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.We have to confront young students with the frontiers of science and knowledge.
And | think you need a playground there to go in unknown territory. Not to be
guided too much along the paths we already know. Please! Please! Let universities
be a playground for the youth to be creative and let them use their brains and
creativity. That will move us forward. ....... | treat my students like real talents. They
are probably smatter than | am. And | always tell them use your opportunities....... /
give my students a lot of freedom, because they are so talented. And | have to
encourage them and make them enthusiastic. And then, they will use that university

playground with all the beauty you can find there.”

Prof. Dr. Ben Feringa

Interview from the Nobel Banquet on the 10" of December 2016

»Wir missen junge Studenten mit den Grenzen der Wissenschaft und des Wissens in
Berlihrung bringen. Und ich glaube, man braucht dort einen Spielplatz, um in
unbekanntes Gebiet zu vorzudringen. Um nicht zu sehr auf die Wege gefiihrt zu
werden, die wir bereits kennen. Bitte! Ich bitte Sie! Lassen Sie die Universitaten eine
Spielwiese fiir die Jugend sein, damit sie kreativ sein kénnen und ihren Verstand und
ihre Kreativitat nutzen kénnen. Das wird uns vorwartsbringen. ....... Ich behandle
meine Studenten wie echte Talente. Sie sind wahrscheinlich kliiger als ich. Und ich
sage ihnen immer, dass sie ihre Chancen nutzen sollen......... Ich gebe meinen
Schilern viel Freiheit, weil sie so talentiert sind. Und ich muss sie ermutigen und sie
begeistern. Und dann werden sie diesen Universitatsspielplatz mit all der Schonheit

nutzen, die man dort finden kann.”

Prof. Dr. Ben Feringa

Interview vom Nobelpreis Bankett am 10. Dezember 2016



Abstract

Man-made assemblies exist in- or close to equilibrium. In comparison, biological
assemblies exist out-of-equilibrium driven, by constant energy dissipation. To adopt
unique properties, like the ability to self-heal or to be controlled in space and time,
the dissipative nature of biological assemblies has to be implemented into man-made
assembilies, leading to a new class of materials. The aim of thesis is design and study
a chemical reaction cycle, which is driven by the consumption of a chemical fuel. This
chemical reaction cycle converts a precursor into its corresponding product, which is
able to self-assemble into a dissipative supramolecular assembly.

The thesis starts with a short introduction to the field of supramolecular assembilies.
Chapter 2 | will give design strategies to construct chemical reaction cycles either
driven by chemical fuels or light. The following Chapter 3, couples these artificial
reaction cycles to assemblies. | will discuss in detail three different strategies, which
can form dissipative assemblies, the abolishment of charges, the combination of two
non-assembling precursors, and the conformational change of the precursor.

In the first experimental chapter, i.e. Chapter 4, | describe a chemical reaction cycle
based on short peptides or amino acids driven by hydrolysis of carbodiimides. This
versatile reaction cycle leads to dissipative assemblies, for example, colloids or fiber-
forming hydrogels, which can be controlled in space and time and are reusable. The
assembled colloids can encapsulate hydrophobic dyes, which could lead to a
potential application for drug delivery. With our quantitative understanding of the
chemical reaction cycle, we explored the feedback of the colloids on the kinetics of
their chemical reaction cycle. Such feedback is crucial for the design of assemblies
with biological properties, like oscillations or pattern formation. With this system, we
found conditions to tune and also completely switch of this feedback.

After a concluding chapter, | finish the thesis with a list of publications and the reprint

of two review articles on the top of dissipative assemblies.



Zusammenfassung

Von Menschen geschaffene zusammengelagerte Strukturen existieren im oder nahe
dem Gleichgewicht. Im Vergleich dazu, existieren biologische Assemblierungen
auBerhalb des Gleichgewichts, wobei sie kontinuierlich Energie verbrauchen. Um die
einzigartigen Eigenschaften, wie die Fahigkeit zur Selbstheilung oder die zeitliche und
ortliche Kontrolle, auf kiinstliche Assemblierungen zu libertragen, muss die dissipative
Natur biologischer Baugruppen implementiert werden. Dies fliihrt zu einer neuen
Klasse von Materialien. Das Ziel der Arbeit ist die Entwicklung und Untersuchung eines
chemischen Reaktionszyklus, der durch den Verbrauch eines chemischen Treibstoffs
angetrieben wird. Dieser chemische Reaktionszyklus wandelt einen Prakursor in sein
entsprechendes Produkt um, welches in der Lage ist sich zu einer dissipativen,
supramolekularen Struktur zusammen zu lagern.

Die Arbeit beginnt mit einer kurzen Einflihrung in das Gebiet der supramolekularen
Assemblierungen. In Kapitel 2 werden Entwurfsstrategien zur Konstruktion
chemischer Reaktionskreislaufe gegeben, die entweder durch chemische Brennstoffe
oder durch Licht angetrieben werden. Im darauffolgende Kapitel 3, zeige ich auf wie
diese Zyklen zu gewlinschten Assemblierungen fihren kénnen. Ich werde drei
verschiedene Strategien im Detail besprechen, die dissipative Assemblierungen
bilden kénnen, die Aufhebung von Ladungen, die Kombination von zwei nicht-
assemblierenden Bausteinen und die Konformationsédnderung des Prakursurs.

Im ersten experimentellen Kapitel, d.h. in Kapitel 4, beschreibe ich einen chemischen
Reaktionszyklus, der auf kurzen Peptiden oder Aminosauren basiert und durch die
Hydrolyse von Carbodiimiden angetrieben wird. Dieser vielseitige Reaktionszyklus
fihrt zu dissipativen Zusammensetzungen, z.B. Kolloiden oder faserbildenden
Hydrogelen, die raumlich und =zeitlich kontrolliert werden koénnen und
wiederverwendbar sind. Die zusammengelagerten Kolloide kénnen hydrophobe

Farbstoffe einkapseln, was zu einer potenziellen Anwendung fir die Abgabe von



Medikamenten flihren kdnnte. Mit unserem quantitativen Verstandnis des chemischen
Reaktionszyklus, haben wir die Rickkopplung der Kolloide auf die Kinetik ihres
chemischen Reaktionszyklus untersucht. Eine solche Riickkopplung ist entscheidend
fir die Gestaltung von Baugruppen mit biologischen Eigenschaften, wie Oszillationen
oder Musterbildung. Mit diesem System haben wir Bedingungen gefunden, um diese
Riickkopplung einzustellen oder gar vollstandig auszuschalten.

Nach einem abschlieBenden Kapitel schlieBe ich die Arbeit mit einer Liste der
Veréffentlichungen und dem Nachdruck von zwei Ubersichtsartikeln tiber dissipative

Assemblierungen ab.



Abbreviations

ADP
ATP
CMC
CRC
DIC
DSA
EDC
Fmoc
Pi
PKA
yPP
MES

Adenosine diphosphate

Adenosine triphosphate
N-Cyclohexyl-N'-(2-morpholinoethyl)carbodiimide
Chemical reaction cycle
diisopropylcarbodiimide

Dissipative self-assembly
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Fluorenylmethyloxycarbonyl protecting group
inorganic phosphor

protein

y-protein phosphatase

2-(N-morpholino)ethanesulfonic acid
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Self-Assembly In- and Out-of-Equilibrium

1. Design of Chemical Reaction Cycles

Abstract.

In this chapter, | will give a brief introduction into the field of self-assembled materials
in and out-of-equilibrium, how these materials are formed and what are the minimal
requirements for man-made supramolecular materials in and out-of-equilibrium. | will
end this section with recent examples of man-made chemical reaction cycles driven
by the catalyzed hydrolysis of a chemical fuel by the reduction of an oxidizing agent

or light.

Parts of this chapter are based on the ideas published in the following manuscripts:
1. B. RieB*; R. K. Grotsch*; J. Boekhoven, The Design of Dissipative Molecular
Assemblies Driven by Chemical Reaction Cycles. Chem 2019 doi:
10.1016/j.chempr.2019.11.008
2. B. RieB; J. Boekhoven, Applications of Dissipative Supramolecular Materials with a

Tunable Lifetime. ChemNanoMat 2018, 4 (8), 710-719



Self-Assembly In- and Out-of-Equilibrium

1.1 Self-Assembly In- and Out-of-Equilibrium

1.1.1 Thermodynamics of In- and Out-of-Equilibrium Self-Assembly

Molecules are able to assemble into larger structures driven by non-covalent
interactions, like hydrogen bonding, van der Waals interactions, n-Orbital overlap, as
well as others.” From a thermodynamic point of view, these assemblies can be
classified in three major categories, in-, out- and dissipative out-of-equilibrium self-
assemblies®*.

The first group are assemblies that exist in-equilibrium. This category is the most
explored of the three and can result in various structures like fibers>®, tubes™'?,
weaves or vesicles.""> Some of these assemblies can already be found in
everybody's everyday life, for example, liquid crystals in LC-Displays'®'?, as drug
delivery platform with supramolecular vesicles®® or as peptide assemblies for
regenerative medicine.?"? In these materials, energy is gained by the self-assembly
process as the self-assembled material is in a global minimum on the thermodynamic
energy landscape and so thermodynamically more favored (Figure 1 a). The self-
assembled structure can exchange building blocks with the surrounding media. In
other words, building blocks can leave the assembly and can be replaced immediately
by ones from solution, but at equal rates. This means, there is no net flow of energy

and matter taking place.?® Consequently, these assemblies are stable, i.e., over time,

a) A b) 4

>

Free Energy
Free Energy

Figure 1: Scheme of free energy landscapes of a) In-equilibrium self-assembly b) Out-

of-equilibrium self-assembly
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their properties will not change. Because of the exchange, the structures can be
changed with an external stimuli like change in pH or solvent change.

In contrast to the in-equilibrium assemblies, the energy state of assemblies out-of-
equilibrium does not exist in a global but in a local energy minimum (Figure 1 b).3 %
The system, therefore, tries to find the optimal configuration to find the
thermodynamically more favored state. In other words, the assemblies are not in
equilibrium, as there is a net exchange of matter and energy between the assembly
and the rest of the system. Depending on the energy (E.) to overcome this barrier
towards a surrounding lower minimum, two scenarios are possible. The energy E. can
be lower or in the same range than the thermal energy available in the system (koT,
Boltzmann constant (ks), and temperature (T)). In this state, building blocks can leave
the assembled state towards the thermodynamically more favored state. This state is
called metastable, and the assemblies have a finite lifetime.?® Compare to in-
equilibrium assemblies, the exchange is relatively slow, as the noncovalent
interactions are stronger.?® The energy E, can be higher than the thermal energy
available, and an exchange of matter and energy is not possible. On experimental
timescales, the so-called kinetically trapped assemblies have an infinite lifetime.® This
kind of assembled-structures can be transferred into a metastable out-of-equilibrium
structure by an external energy source, like heat or sonication.?> ?-?® |n the next
subsection, | will compare biological out-of-equilibrium materials and discuss the

missing third category of man-made self-assembled structures.

1.1.2 Dissipative Out-of-Equilibrium Self-Assembly of Actin

In-equilibrium, kinetically trapped, and metastable systems, described in the
subsection before, can form the same type of structures like biological materials,
which do not exist in or close to equilibrium. However, man-made supramolecular
materials lack properties such as adaptivity or self-healing. A further drawback is that
they cannot be controlled in space and time. Therefore, supramolecular chemists were

highly inspired by the actin network of the cytoskeletal network, which self-assembles
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driven by the hydrolysis of ATP to ADP as waste product.?” The structure of the cell
wall, cell locomotion and other functions of the cell are controlled by the actin
network.’® The assembly and disassembly of actin subunits do not occur
spontaneously but is driven by a chemical reaction cycle. Each actin subunit can bind
one molecule of ATP forming actin-ATP, which can self-assemble with other ATP-
bound actin subunits to assemble in a head-to-tail fashion to form a fibril. In the
assembled state, ATP-bound actin is autocatalytically converted to actin-ADP and P;
as waste, which has a lower binding constant compared to ATP-bound actin. Due to
the loss in the binding constant, the ADP-bound actin disassembles. As long as ATP
is present, ADP of the ADP-bound actin can be replaced by another ATP molecule.
The binding constant is, therefore increased again, and actin-ATP can undergo the
self-assembly process again. This also means that the building blocks are recycled and
can be used for the same or different purposes. The assembly process of actin
subunits is controlled by kinetics than by thermodynamics, which allows the cell to
adapt the cytoskeleton network rapidly to internal or external stimuli. When the
system is running low on ATP, the self-assembled structure will fall apart. This whole
process is called dissipative self-assembly and can be schematically represented as

reaction cycle (Figure 2 a).*'

Activation b) 4
a) 2,
ATP 0L
Actin-ATP
0 \ 5
Y] 3
Actin/Actin-ADP = LL
= o)
o
L
Deactivation
i Assembly
disassembly

Figure 2: Comparison of actin polymerization and dissipative self-assembly. a)
Reaction cycle of the polymerization. b) Scheme of the free energy landscape of

dissipative out-of-equilibrium assemblies.
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Inspired by this beautiful example of dissipative self-assembly of actin into fibrils by
the consumption of fuel, artificial dissipative assemblies were designed. The free
energy landscapes of dissipative out-of-equilibrium assemblies is different from the
ones of in-equilibrium or non-dissipative out-of-equilibrium self-assembly (Figure 2
b).*32%¢ The precursor resides in a thermodynamic minimum and can be activated by
a high energy molecule, in the actin example, ATP. In the following sections, | will
explain in detail which artificial high energy molecules can be used to fuel man-made
chemical reaction cycles. The product formed by the activation reaction, has a higher
free energy than the starting state. The system gains free energy by the self-assembly
process, and this state is lower in energy, representing a local minimum in the free
energy landscape. The deactivation reaction converts the product back to the
precursor and brings so the system back to its starting free energy. The deactivation
reaction, the autocatalytic hydrolysis of ATP in actin-ATP to actin-ADP, brings the
system back to its starting free energy. As long as fuel is present, the precursor can
be reactivated by the fuel and undergo the described energy pathway again. The
complete system comes back to the global energy minimum when all fuel is
hydrolyzed to the corresponding waste product. This process can be restarted by the
addition of a new batch of fuel. In the next chapter, | will explain how this theoretical
understanding lead to man-made chemical reaction cycles and what minimal

requirements are need for the design.

1.2 Minimal requirements of chemical reaction cycles for dissipative

out-of-equilibrium assemblies

The understanding of the chemical reaction cycle of actin and also tubulin
polymerization®¢, raises the question can scientist engineer similar reaction cycles,
which lead to man-made dissipative assemblies with exciting properties, like self-
healing or the ability to be controlled in space and time? The challenge is to find

suitable precursors, which are converted into the metastable product driven by the
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addition of a high energy molecule. The product has to be able to self-assemble into
the desired structure. The energy barrier from the assembled state to the precursor
state has to be lower or in the same range of the free energy of the system (Figure

2b). Otherwise, the assembly is kinetically trapped and will not disassemble.

The chemical reaction cycle comprises at least two chemical reactions, i.e., the
activation of the precursor and deactivation of the product. These two reactions
regulate the concentrations of the precursor and product. The chemical reaction cycle
is driven by an energy source, which can either be a chemical fuel or light (Figure 3).
In the activation reaction, the energy source is consumed irreversibly. Chemically
fueled reaction cycles are effective catalytic reaction cycles, which means the
conversion of fuel to waste is faster than without a reaction cycle present.’? 3% The
activation reaction leads to the production of a waste product or to the generation of
heat. The deactivation reaction closes the cycle and is, in contrast, a spontaneous
reaction. The deactivation reaction happens by a reaction of the product in solvent or
by solvolysis and reverts the product to the precursor. By bringing both reactions
together, the product is per definition metastable, and its half-life is defined by the

rate constant of deactivation. The concentration of the product is regulated by both

Waste

Fuel k ‘:‘.
' Product
e
)Assembly

Precursor Waste

~
-
Waste
X

Figure 3: Scheme of an energy-dissipating chemical reaction cycle driven by chemical

fuels.
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the activation and deactivation reaction. After the fuel is completely consumed and
all product has been deactivated, the only difference between the starting point of
the experiment and the end of the cycle is the generation of a waste molecule. In
other words, the driving force of the chemical reaction cycles is the conversion of fuel
into the corresponding waste. This fact makes the design of artificial chemical reaction
cycles even more complicated because the reaction of fuel to waste without precursor
has to be drastically slower compared to the reaction of the precursor with fuel to the
product and waste. Supramolecular chemists have overcome these challenges by
designing artificial chemical reaction cycles. | will give examples for different fuel-

driven chemical reaction cycles in the next section.

1.3 Examples of Artificial Chemical Reaction Cycles

In this section, | will give various examples of chemical reaction cycles driven either by
chemical fuels or by light. All these reaction cycles fulfill the basic requirements of the
section above. In other words, each cycle | will describe contains an energy-driven
activation reaction and a spontaneous deactivation reaction. In most cases, the
transient product that is formed can self-assemble. The design rules and challenges
associated with the assembly are described in section 2. The reaction cycles driven by
chemical fuels can be divided into two classes. The first subclass is driven by the
hydrolysis of the fuel to waste. For the second one, the energy to drive the chemical
reaction cycle is gained from the reduction of a reducing agent. The section closes

with examples of light-driven chemical reaction cycles, which produce heat as waste.

1.3.1 Chemical Reaction Cycles Driven by the Hydrolysis of Fuels

One of the pioneering works on chemical reaction cycles, driven by the hydrolysis of
the fuel to the corresponding waste product, was designed by van Esch, Eelkema and
co-workers.**¢ In this work, methylating agents like such as methyl iodide or dimethyl

sulfate were used as fuel. The energy for the chemical reaction cycle was produced
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by the reaction of a molecule of dimethyl sulfate with a hydroxy ion (net reaction of
fuel to waste, Figure 4a) to generate methanol and methyl bisulfate as waste. Under
their working conditions and in the absence of the precursor, the degradation of fuel
to waste is very slow, and the fuel has a half-life of 41 minutes. Under the same
conditions but with precursor present, the reaction rate dramatically increases. The
rate increases by a factor of 2.5, if a precursor is present, which forms a metastable
ester-based product. The well-soluble carboxylate precursor reacts in the activation
reaction with dimethyl sulfate forming its corresponding metastable methyl ester and
a waste molecule, methyl bisulfate (Figure 4 b). In the deactivation reaction, the
product reacts with a hydroxide ion to form the original precursor and releasing
methanol, as a second waste product. As the transient product is able to self-assemble
into fibers, the chemical reaction cycle yields a dissipative hydrogel. | will discuss the
exact properties and design strategies in Chapter 2. This specific chemical reaction
cycle is highly pH dependent, which allows a fine-tuning of the reaction rates of the
hydrolysis reaction. But this chemical reaction cycle shows also some drawbacks. For
example, the fuel, dimethyl sulfate, is toxic for living organisms, because it can
methylate parts of the DNA. Therefore, the chemical reaction cycle cannot be used
for biological or medical materials. The reaction rates are also slow compared to

examples of dissipative out-of-equilibrium materials from biology.
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a) b)
(CH,),50, CH,S0,

N ©
Me-g' "o-Me + oH

O O
O\\ //O R)J\O@ R O/
8/S\O’Me + MeOH

CH,OH O

Figure 4: Chemical reaction cycle driven by the hydrolysis of dimethyl sulfide a) The
energy is gained from the reaction of fuel with hydroxy ions from solution. b)

Increased hydrolysis of the fuel by the chemical reaction cycle.

In biology, ATP is frequently used as an energy source.”’-*® Also, there are countless
examples of enzymes driven by the hydrolysis of ATP to ADP or AMP, which convert
different precursors to their corresponding products, like helicase, ATPase domaines
on dynein and DNase.**! Based on this variety, new man-made chemical ATP-driven
chemical reaction cycles can be designed. For example, Hermans and co-worker
designed a chemical reaction cycle, that transiently phosphorylates the side chain of
serine by the protein kinase A (PKA) with the energy of the hydrolysis of ATP to ADP.>?
The phosphorylated peptide sequence (LRRASL) is metastable as the second enzyme
y-protein phosphatase (y-PP) removes the phosphate group. The inorganic
phosphate, generated by the deactivation reaction, is a potent inhibitor of the enzyme
y-PP. In other words, the chemical reaction cycle can just be refueled once, because
the waste accumulation is slowing down or even completely inhibiting the
deactivation reaction. To overcome this downside, the authors designed a new setup

with a membrane, allowing constant addition of fuel and removal of the waste.
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1.3.2 Chemical Reaction Cycles Driven by the Reduction of Oxidizing Agents
Besides the Chemical reaction cycles driven by the hydrolysis of fuel, chemical
reaction cycles based on carefully balancing redox chemistry have been explored. In
this strategy, oxidizing agents are used as chemical fuels in reducing environments,
which results in the reduction of these agents. In a recent example, the Hermans group
designed a chemical reaction cycle, which is driven by the oxidation of dithionite ions
into hydrogen sulfite by oxygen (Figure 5).3 A perylene diimide derivative (PDI*) was
oxidized in the activation reaction by oxygen from the surrounding air to form the
product (PDI). In the presence of dithionite, the deactivation reaction reverts PDI to
the precursor state, while releasing hydrogen sulfite as waste. The net equation of the
redox reaction between oxygen and dithionite yields two molecules of hydrogen
sulfite and leads to the transient activation of the precursor (Figure 5b). The properties
of the material formed by this chemical reaction cycle will be discussed in section 2.

a) b)
1/20,+ H,0 +5,0,% 1720, + H,0 2 OH

S SO
2 HSOy R-N . N-R R-N . N-R

2 HSOy 20H +5,0,%
Figure 5: Chemical reaction cycle driven by the oxidation of dithionite a) The net
reaction of the redox reaction, which drives the chemical reaction cycle. b) The

uncharged product is formed by the oxidation of the precursor.

In the recent work of Fletcher and co-workers, two non-assembling precursors are
combined in a chemical reaction cycle to form a transient amphiphilic product. The
energy to drive this chemical reaction cycle was harvested by the oxidation of two

thiol derivatives into their corresponding disulfide by the fuel hydrogen peroxide.>* In

10
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the activation reaction, the product is formed by the precursor, 2-nitro-5-
sulfidobenzoate, and 1-octanethiol in a two-step reaction. The disulfide product is
deactivated in a second thiol-disulfide exchange into the precursor, while
simultaneously, the waste product, octyl disulfide, is formed. The net equation of the
redox reaction between one molecule of hydrogen peroxide and two molecules of 1-
octanethiol leading to the corresponding disulfide and water is the driving force of
the chemical reaction cycle. The self-assembling of the transient product and the
unique characteristics of this particular chemical reaction cycle will be discussed in

section 2.

1.3.3 Light Driven Chemical Reaction Cycles

Besides using high energy molecules, the energy source for man-made chemical
reaction cycle can also come from the absorption of light.**® The precursor gets
activated by absorbing a photon and can, therefore, undergo a photochemical

reaction, for example, photoisomerization (Figure 6).57¢

Heat

Light %/ \"
Product
0/%

ight
Precursor Heat Assembly

~
-
Heat '

Figure 6: General scheme of a light driven chemical reaction cycle: The precursor is
activated by light to form a metastable product, which can either be deactivated,
spontaneously or by another light source, or is able to self-assemble into a

nanostructure.
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The deactivation reaction of the product back to the precursor typically occurs
spontaneously or by the adsorption of a second photon. In comparison to the
chemical fueled chemical reaction cycle, the light-driven reaction cycles show two
differences. One, the light-driven chemical reaction cycles do not produce a waste
molecule. This fact can be a major advantage, as the chemical fueled reaction cycles
can be poisoned by the accumulation of waste products. Second, light-driven reaction
cycles are not catalytic reaction cycles as chemical fueled ones are. In other words,
the conversion of the energy of a photon into heat occurs at the same rates if a
precursor is present or not.

In an early example by Sleiman and co-workers azobenzene derivatives were used in
a chemical reaction cycle.® Upon UV-light irradiation, the precursor (Figure 7) is able
to photo-isomerize from its thermodynamically favored trans-to its cis-conformation.
This state is thermodynamically not favored and will, therefore, lead to a spontaneous
back isomerization to the trans-state. Both the precursor and the product are able to
self-assemble. The trans-conformation of the precursor is leading to linear tapes,
which can subsequently organize into larger ordered structures. Upon continuous
irradiation of the sample, a morphological transition takes place, where the product
is formed, and cyclic structures are formed. After the light irradiation is stopped, the

cycle reverts back to the original precursor state.

H
OR ©

N=N

OR
@)

OH R = CioHyy

Figure 7: Azobenzene derivate, which can undergo a photoisomerization reaction

upon UV-light irradiation.

12



Self-Assembly In- and Out-of-Equilibrium

In another example of light-driven reaction cycle by van Esch and co-workers
diarylethene based molecular switches are used as precursors (Figure 8).°? In the
precursor state, the molecule is relatively flexible, soluble in toluene, and barriers an
open ring motive. After irritation with UV-light of 313 nm a ring closure reaction takes
place, and therefore the molecule is more rigid.®*** The product is able to self-
assemble into fibers due to hydrogen bonding between the amide groups and
decreased solubility due to the increased rigidity. The deactivation reaction takes
place by irradiation of the sample with green light of 520 nm. Irradiating the sample
with both wavelengths, the light-driven chemical reaction cycles takes place. In other

words, the molecular switch is converted to the product back and forth.

Figure 8: Diarylethene based molecular switch, which can undergo a ring closure

reaction upon irradiation with UV-light of 313 nm.
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1.4 Conclusion and Outlook

Over the past years, the field of dissipative out-of-equilibrium self-assembled
materials has gained much attention because of their unique properties like the ability
to self-heal. Supramolecular chemists were able to adept the biological principles to
artificial chemical reaction cycles, which led to an impressive number of man-made
catalytic reaction cycles, as shown in this section. The accumulation of waste materials
is still a big problem because it can interfere with the cycle or completely inhibits one
of the reactions. This problem has to be overcome, not just theoretically but also
experimentally, to design and create man-made dissipative out-of-equilibrium
materials with unique properties. Possible ways to overcome that problem could be
that the waste molecule is not interfering at all with the chemistry, somehow
reactivated to form a new molecule of fuel or that the waste is precipitating out or
leaving the sample as gas. It is also conceivable that computer-based discovery helps
in the future to overcome this problem. This method could also lead to new reaction
cycles based on completely new activation or deactivation reactions.®>® The
deactivation of most chemical reaction cycles reported so far is based on the
metastability of the product in its surrounding media. This fact makes it very
complicated to tune the rate of this reaction. This can be overcome by implementing
an enzyme or chemical driven deactivation reaction, which is not interfering with the
activation reaction.*” Besides these facts, fuels used so far are toxic to living
organisms, which makes the assembled material unsuitable for the application as
biomaterials, like transiently covering of wounds. Enzyme driven chemical reaction
cycles have the downside that they are hard to analyze with typical analytical methods
like HPLC. The kinetic rates of the reaction of these chemical reaction cycles can,
therefore, also not be extracted that easily, which makes it hard to set up a mathematic
model to predict the outcome, like the lifetime or half-life of the product, of these
cycles. Another downside of the reported examples is that the chemical reaction

cycles are relatively slow, which means the assembled materials have relative long
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lifetimes, and the exchange of material in the assembly is also slow compared to the
biological. This downside prevents most unique properties, like self-healing or self-
division, because the system cannot adjust the assembly fast enough to overcome the
external stress onto the assembly. To overcome this, downside the kinetics of the
chemical reaction cycle have to tuned to be much faster. Theoretical calculations have
already shown that oildroplets can spontaneously self-divide if the chemical fluxes of

the building blocks are fast enough and carefully balanced.®’
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2. Strategies for Coupling Reaction Cycles to Self-Assembly of

Molecules

Abstract.

In the previous chapter, | discussed how chemical reaction cycles can be designed
that harvest energy from chemical fuels or light and transform this energy into
transient products. In this chapter, | will show how these energy chemical reaction
cycles are used to create molecules assemblies. | have identified three different
strategies. In the first strategy, the chemical reaction cycle abolishes the charges of
the precursor. In these examples, the activation reactions convert the precursors to
the corresponding uncharged or less charged products, which is, therefore, able to
self-assemble. The second group of examples is based on the combination of two
non-assembling precursors. There the activation reaction combines the two
precursors to form the product, which is able to self-assemble due to intermolecular
interactions. The last group consists of examples in which the precursor undergoes a
conformational change. The isomerized product can self-assemble to the dissipative
material, due to the increased non-covalent interactions. From these design rules, |
will distill three major design rules for the precursor molecules in chemical reaction

cycles.

Parts of this chapter are based on the ideas published in the following manuscripts:
1. B. RieB*; R. K. Grotsch*; J. Boekhoven, The Design of Dissipative Molecular
Assemblies Driven by Chemical Reaction Cycles. Chem 2019 doi:
10.1016/j.chempr.2019.11.008
2. B. RieB3; J. Boekhoven, Applications of Dissipative Supramolecular Materials with a

Tunable Lifetime. ChemNanoMat 2018, 4 (8), 710-719
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2.1 Three Strategies to Couple Chemical Reaction Cycles to

Dissipative Materials

In the previous section, | described minimal requirements for chemical reaction cycles
and three examples of how these cycles can be powered by different high energy
molecules or light. The energy from the fuel is stored temporally in the metastable
product, which is able to self-assemble. The thermodynamic minimum is reached after
all fuel has been depleted and all product is hydrolyzed. In other words, all of the
energy from the fuel is catalytically depleted by the chemical reaction cycle by forming
the corresponding waste molecules. In this section now, | describe three main design
strategies how these energy dissipating cycles can be coupled to dissipative out-of-
equilibrium materials. The main goal is to find a precursor that is well-soluble and,
after activation to the product, is able to self-assemble into the dissipative material.
The properties of the molecular assemblies are determined by the kinetics of the
reaction cycle, for example, reaction rates of the activation and deactivation reaction,
which is completely different from the materials in-equilibrium, which are determined
by the thermodynamics of the system, like the features of the free energy landscape

or the temperature of the system.
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Figure 9: Schemes of chemical reaction cycles, where the product is able to self-
assemble. a) The charged precursor gets converted into its corresponding non-
charged product, which reduces electrostatic repulsions. b) Two non-assembling

precursors are combined to one product by the activation reaction.

In the first strategy to design dissipative materials, the precursor is ionically charged
and, therefore, well soluble in the reaction medium (Figure 9a). In other words, due
to the electrostatic repulsion between the precursor molecules, the precursor is not
able to self-assemble. The activation reaction converts the precursor into an
uncharged or less charged product, which can subsequently undergo a self-assembly
process due to the decreased electrostatic interactions.

The second strategy makes use of transiently combining two non-assembling
molecules to form an assembling transient product (Figure 9b). In the activation
reaction, two non-assembling precursors are combined into the transient product.
That product has the ability to form more non-covalent interactions than the individual
precursor components and is thus able to self-assemble.

The last strategy is based on a conformational change in the precursor molecule. The
precursor is well soluble and is not able to self-assemble due to the missing
intermolecular interactions (Figure 10). After activating the precursor with fuel, the

precursor changes conformation, for example, from trans- to cis- configuration of a
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double bond. Due to this change, the intermolecular interactions are increased, and

the product is able to self-assemble.
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Figure 10: Schemes of chemical reaction cycles, where the product undergoes

conformational change upon activation.

2.2 Fuel-Driven Decrease of Electrostatic Repulsion Between

Molecules

A frequently used strategy to induce self-assembly with a chemical reaction cycle is
by abolishing the charges of the precursor by the activation with chemical fuel. The
activation reacting is converting a charged precursor into an uncharged or less
charged product. The loss of the charges is able to induce self-assemble due to the
decreased electrostatic repulsion. In the deactivation reaction, the charges of the
precursor are reestablished. This strategy is relatively well explored because the
design principles are similar to the pH-triggered self-assembly of molecules. Upon a
change in pH the charge the charges of a molecule are removed, for example, by
protonating a carboxylate group.®®’? The material can be redissolved by reverting the
pH back to starting value. | have identified several examples based on the abolishing
of charges by chemical reaction cycles, which will be discussed below. Even though
this is a frequently applied method of inducing dissipative self-assembly, these
examples are the most far away from biological examples, like the GTP-fueled
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microtubules, because in biological systems, this type of dissipative material is hard
to realize. It is worth mentioning, that this method has also been explored for fuel
driven chemical reaction cycles which are indirectly responsible for the self-assembly
of molecules. For example, a fuel-driven chemical reaction cycle can change
transiently the pH of the surrounding, which induces self-assembly of the precursor.”"
3 In the indirect chemical reaction cycles the fuel does not react with the precursor
and is thus not catalyzing the fuel conversion.

The first example of a dissipative out-of-equilibrium material | want to highlight is the
hydrogel developed by van Esch, Eelkema and co-workers.*>*¢ In this reaction cycle,
the well soluble precursor dibenzoyl-L-cysteine is used as a precursor, which can self-
assemble into hydrogel-forming fibers if the pH is lowered below the two pKas.”
Instead of changing the pH of the environment, the authors used methylating agents
to transiently decrease the charges of the precursor by forming the corresponding
methyl esters (Figure 4). The product can assemble into bundles of fibers after
reaching a threshold concentration. The fiber formation leads to a self-standing
hydrogel, which collapses if all product is hydrolyzed to the precursor. The lifetime of
the hydrogel can be tuned by kinetic parameters like the initial amount of fuel or the
pH of the system. Dynamic growth and collapse of the fibers, almost like microtubule
fibers, could be observed at the tips of the fibers. The constant activation and
deactivation of the precursor to the product by the chemical reaction cycle as long as

fuel is present in the cycle is leading to this phenomenon.
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Figure 11: Dissipative self-assembly of dibenzoyl-L-cysteine into fibers. a) Molecular
structure of the precursor, which is transformed into its uncharged product after
methylation. b) Photographs of the transient formation of the hydrogel formed by
the chemical reaction cycle. ¢) Confocal micrographs showing the dynamics of the

assemblies (scale bar 10 um).

In the second example by Hermans and co-workers, the double negatively charged
perylene diimide derivate precursor (PDI#) is oxidized to the uncharged product PDI
(Figure 5).>* 7> In other words, the negative charges are abolished by the activation
reaction. The uncharged product is able to self-assemble into stacks, which
subsequently organize side-by-side into colloids. The product is metastable due to
the reducing environment, which reduces PDI back to the precursor. The lifetime of
the colloids depends on the amount of fuel, in this case, the oxidizing agent, added.
By a continuous supply of oxidizing and reduction agent, the system shows complex
behavior, which is reflected by a periodical change of the morphology of the
assemblies, caused by the different oxidation states. The self-assembly process occurs
through a nucleation-elongation-fragmentation mechanism leading to a lag phase,
which is then followed by an autocatalytic growth. The self-assembly process is non-

linear and also the disassembly process as it is size-dependent. With low fuel amounts
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continuously added to the system, steady-states with constant product-, fuel- and
precursor concentrations could be obtained. An increase in the fuel flux leads to the
oscillator behavior described above. By increasing the flux even further, the product
precipitates out of the solution. Or in other words, the oscillatory behavior of the

system was tunable by the fuel flux into the system before it collapses.

2.3 Fuel Driven Combination of Two Non-Assembling Segments

The second design strategy to couple reaction cycles to the self-assembly of
molecules is based on chemical reaction cycles in which two soluble non-assembling
precursor molecules are combined by the activation reaction.”*”® The product formed
by these chemical reaction cycles is then able to self-assemble into the desired
structure, due to increased intermolecular interactions. After the product is
deactivated and all the fuel is depleted, the material will dissipate again into the two
soluble precursor molecules, which can undergo another fueling round.

In a very nice example, Fletcher and co-workers designed a chemical reaction cycle
based on the assembly of two non-assembling precursors into an amphiphilic
product.>* They used two thiol derivatives, which are oxidized by the added fuel,
hydrogen peroxide. The disulfide product is formed out of the well-soluble precursor
2-nitro-5-sulfidobenzoate and the barely soluble second precursor 1-octanethiol into
a two-step reaction. The product, with its well-soluble and less-soluble group, has an
amphiphilic character. Indeed, if the product concentration exceeds 0.2 mM the
disulfide product is able to self-assemble into micelles due to its amphiphilic
character. In the deactivation reaction, a second thiol-disulfide exchange between the
product and 1-octanthiol takes place, which reforms the precursor and octyl-disulfide
as waste product. The net reaction of fuel to waste can be written as follows. Two
molecules of 1-octanthiol react with hydrogen peroxide to form one molecule of
waste, octyl-disulfide, and one molecule of water. The interesting feature of this

chemical reaction cycle is its autocatalytic behavior, which arises under the right
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circumstances from the self-assembled process. The micelles help to solubilize 1-
octanthiol and therefore help to increase the rate of the activation reaction. As a
consequence, the precursor concentration decreases faster, and therefore, the
product is formed faster, compared to a reaction cycle without assemblies present.
The design of the chemical reaction cycle is outstanding, as the assemblies and
kinetics are directly influenced by each other, meaning they exert feedback on one
another.

The second chemical reaction cycle example from Ulijn and co-workers is based on
the combination of two water-soluble segments to form a product which is able to
self-assemble into fibers, which subsequently form a hydrogel.”*#® The energy to drive
this chemical reaction cycle is obtained from the hydrolysis of the methyl ester of
aspartame. This reaction is catalyzed by the enzyme chymotrypsin and forms aspartate
as fuel and methanol as waste (Figure 10a). In the activation reaction, the N terminus
of the phenylalanine amid precursor reacts with the methylated C terminus of the fuel,
the peptide aspartame, to form the corresponding tripeptide (Figure 12). The
tripeptide is deactivated by hydrolysis into the original precursor and demethylated
aspartame as waste product. The deactivation reaction is catalyzed by the same
enzyme, chymotrypsin. The tripeptide can assemble into fibers, which form a hydrogel
based on the interactions in the extended peptide backbone. The maximal
concentration of tripeptide is measured by HPLC after 30 minutes, but the hydrogel
for this specific sample has a lifetime of 24 hours due to the slow hydrolysis of the
product. The system can be refueled up to three times, with a loss in conversion of

the product, due to the accumulation of waste products. Despite this fact, this
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example cleverly uses just one enzyme for both the activation and deactivation

reaction, which negates the need for orthogonal conditions, like buffer or pH.
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Figure 12: Transient formation of a hydrogel driven by the hydrolysis of aspartame. a)
Molecular structure of the precursor and the fuel, which are combined by the
activation reaction leading to the product and methanol as waste. b) Conversion
profile of the product shows transient formation of the hydrogel (curve above the
dotted line). c) TEM images of the gel formed by DFF-NH;show the dissolution of the

hydrogel (scale bar 500 nm).

2.4 Fuel Driven Conformational Change to Induce Self-Assembly

In the last strategy | discuss, the self-assembly of the product is induced by a
conformational change of the precursor molecule of dissipative self-assembled
materials are based on a change of the conformation of the precursor. The generated
product can self-assemble. Fundamentally, this strategy is similar to the ATP-driven
self-assembly of actin.?’ The binding of ATP to actin changes the conformation of the

actin-subunit and activates it to self-assemble with another product. Nevertheless, it
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is hard to design such chemical reaction networks, which limits the explored examples
to just a few.82# The method of changing the conformation of a molecule can also be
used the other way around to trigger disassembly of the assembled structure.®2 8
The work on chemical reaction cycles by Hartley et al. is based on the hydrolysis of
carbodiimides where a dicarboxylic acid precursor is condensed in its corresponding
anhydride.® The oligo(ethylene glycol) precursor is functionalized with two carboxylic
moieties, one at each end of the molecule. The fuel condenses these two groups to
form the cyclic anhydride. The fuel-induced change in conformation is leading to an
increased affinity to bind metal ions, lithium, sodium, potassium, and cesium. In their
study, two different precursors, which are based on the design of crown ethers (18-
crown-6 and 21-crown-7) are used.®®” Counterintuitively, the metastable products of
both precursors showed decreased binding affinity to the metal ions, which match the
size of the cavity of the macrocycle and visa versa. This negative templating effect led
to lower concentration of the product compared to reaction cycles without
mismatched ions present.

In the work of Grzybowski and co-workers, the dissipative self-assembly of gold or
silver-nanoparticles is driven by UV-light.® Both types of nanoparticles are
functionalized with an azobenzene derivative. The azobenzene unit can isomerize by
the irradiation with UV-light from the thermodynamically favored trans- to the cis-
conformation of the azobenzene (Figure 13). This unfavored state quickly reverts to
the initial trans-precursor. The change in conformation induces a change of the dipole
moment of the precursor. This change is sufficient to induce the self-assembly of the
nanoparticles into larger clusters. The clusters started disassembling when the fuel
source, light, was switched off. The assembly of the gold nanoparticles caused a color
change of the sample from red to blue. The silver nanoparticles changed from yellow
to blue. This fact makes both chemical reaction cycles interesting for an application
as temporal inks. Therefore, the chemical reaction cycle was embedded in a polymer
gel and irradiated with UV-light through a photomask. Where the light activated the

nanoparticles, they started to self-assemble into clusters and changed the color of the
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polymer gel, respectively. It was so possible to write messages with a UV-laser pen or
created complex patterns via the photomasks. After removing the light source, the
clusters disassembled over time, and the messages or patterns disappeared
completely. The polymer gel with the embedded nanoparticles could be used over
and over again, as the chemical reaction cycle does not produce any waste molecule
except heat. The time the messages or patterns were visible could be tuned from
seconds to hours. The lifetime of the messages or patterns was depending on the
precursor used for the chemical reaction network. The message created from silver
nanoparticles was erased after sixty seconds. In contrast, the pattern created from

embedded gold nanoparticles disappeared completely after 9 hours.
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Figure 13: Conformational change induced by UV-light irradiation. a) Gold and silver
nanoparticles are functionalized with an azobenzene derivative. b) Isomerization of
the precursor driven by the irradiation with UV-light. c¢) The gold nanoparticles can
be used to temporally show patterns. d) Temporal ink used to write messages with a

lifetime of 60 seconds.
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2.5 Conclusion and Outlook

The past decades showed a tremendous increase in the development of chemical
reaction cycles leading to dissipative out-of-equilibrium materials. Biological
examples of dissipative self-assembled materials show unique features like the ability
to self-heal®”, and the ability to regulate the kinetics of the reaction by exerting
feedback between the material and the chemical reaction cycle. For example, the
assembly of microtubules catalyzes its building block deactivation, which is a crucial
element of the complex behavior of the emerging structure.” Complex behavior is
leading to self-replication”, self-selection??, motion?**, molecular evolution”™% and
exertion of forces.” In the discussed examples, these complex behaviors are still
missing. Robustness and feedback of the assemblies onto the kinetics of the chemical
reaction cycle are still hard to design. A few examples, like the work of Walther and
co-workers, shows already a nice starting point of these complex behaviors’.
Nevertheless, the kinetics of the chemical reaction cycle and the assemblies are not
reciprocally coupled. The deactivation reaction in this example is influenced by a
reagent, which slowly changes the pH back to the original value. So, it remains a big
challenge for the field of dissipative out-of-equilibrium chemistry to include such
feedback and robustness between the self-assembled materials and the chemical
reaction cycles.

Another downside of the listed examples is that the materials are not biocompatible
or bio-orthogonal. The gap between living matter and man-made materials could be
bridged by materials that interfacing with each other.®” In other words, the properties
of the materials would be able to dynamically adapt to the stress of their surrounding

living matter or visa versa.*
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3. Aim of the Thesis

Synthetic dissipative materials have drawn much attention in the last years because
they offer unique properties compared to their in-equilibrium counterparts. Because
these materials are under kinetic control, as opposed to thermodynamic control, these
materials can be regulated in space and time by gradients of reactants. As mentioned
in Chapter 1, most examples discussed so far involve toxic chemicals or enzymes,
which makes the materials incompatible for healthcare application and hard to analyze
quantitively. Besides that, for unique biological properties, like self-healing or
adaptivity, the reaction rates of the chemical reaction cycles and turnover rates are
generally too slow. As concluded from Chapter 2, dissipative out-of-equilibrium
materials do not have reciprocal coupling between the assembled structures and the
kinetics of the chemical reaction cycle either. In other words, the assemblies do not
show real feedback on the kinetics of the chemical reaction cycle like biology typically
does.

The first aim of the thesis is thus to develop a chemical reaction cycle which does not
operate that toxic chemicals and could, therefore, be used in or close to physiological
conditions. The second aim is to increase the reaction rates in the chemical reaction
cycle compared to the current state of the art. In Chapter 4, | describe such a chemical
reaction cycle, which comprises mild reagents and takes place in water, making it
therefore extremely versatile and scalable. This chemical reaction cycle can be driven
by several non-toxic fuels and can be coupled to numerous precursors. The transient
products are able to self-assemble into a wide range of dissipative out-of-equilibrium
structures. We showed that these materials emerge and decay in response to chemical
fuel. Moreover, it was possible to tune the lifetimes of these materials from minutes
to hours. Finally, we demonstrate that, after the materials had decayed, we could
reuse this precursor many times without interference of the waste. With our
quantitative understanding of the chemical reaction cycle, we set out to develop new

strategies to implement feedback into the chemical reaction cycle. It was possible to
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include and study the robustness of the assemblies. The feedback of the assembled
colloids is reciprocally coupled to their kinetics. The tuneability of the robustness of
assemblies is shown in Chapter 5.

In conclusion, the aim of the thesis is to develop new chemical reaction cycles that
induce the dissipative self-assembly of different water-soluble precursors, like Fmoc-
protected amino acids or short peptides. With these newly developed chemical
reaction cycles | aim to design feedback of the assemblies on their chemical reaction

network.
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4. Non-equilibrium dissipative supramolecular materials with a

tunable lifetime

Abstract.

Over the past decades, a huge number of supramolecular assemblies, for example
supramolecular polymers, fiber forming hydrogels or vesicles have been developed.
Such assemblies consist of molecular building blocks, the precursors, which are able
to self-assemble due to their intermolecular interactions. The development of this kind
of assembilies already led to materials which can be found in everyone’s everyday life,
for example liquid crystals in LC-displays or as application as drug delivery platform.
These assemblies and materials remain in stark contrast with biological non-
equilibrium supramolecular assemblies, which are driven by a chemical reaction cycle.
Biological supramolecular assemblies show unique features like adaptivity and the
ability to be controlled in space and time and are controlled by kinetics rather than by
thermodynamics. As these systems are challenging to design, the already developed
examples remain limited and the unique material properties are hardy explored.

In this work, we describe a new chemical reaction cycle that can drive the self-
assembly of different Fmoc-protected short peptides and amino acids. In the chemical
reaction cycle, a precursor that carries two carboxylate groups is converted into its
corresponding anhydride after the addition of fuel. This anhydride product is
metastable and rapidly hydrolyzes back to its initial precursor state. The loss of
electrostatic repulsion induces the assembly of the product. Depending on the
molecular design of the precursor, we found different types of assemblies in response
to the chemical fuels. For example, fiber-forming hydrogels, hydrophobic colloids,
and spherulites. We could demonstrate that these assemblies are transient, that the
lifetime could be tuned from minutes to hours and that the chemical reaction cycles
can be restarted with a new batch of fuel without any change in the lifetime or the

property of the assembly.
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Many biological materials exist in non-equilibrium states driven by the irreversible
consumption of high-energy molecules like ATP or GTP. These energy-dissipating structures
are governed by kinetics and are thus endowed with unique properties including spatio-
temporal control over their presence. Here we show man-made equivalents of materials
driven by the consumption of high-energy molecules and explore their unique properties.
A chemical reaction network converts dicarboxylates into metastable anhydrides driven by
the irreversible consumption of carbodiimide fuels. The anhydrides hydrolyse rapidly to the
original dicarboxylates and are designed to assemble into hydrophobic colloids, hydrogels or
inks. The spatiotemporal control over the formation and degradation of materials allows for
the development of colloids that release hydrophobic contents in a predictable fashion,
temporary self-erasing inks and transient hydrogels. Moreover, we show that each material
can be re-used for several cycles.
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upramolecular materials consist of molecular building
blocks that are assembled via non-covalent interactions
such as hydrogen bonding and ionic interactions!.
Examples include supramolecular polymers?,  bioactive
hydrogels®, photocatalytic fibre that can produce hydrogen* as
well as macroscopic actuators assembled from small molecules.
The past decades have seen tremendous development in the field,
and as a result of combined efforts, supramolecular materials are
now found in healthcare®, opto-electronics’ and others areas.
More recent advances have led to supramolecular materials that
change their function in response to externally applied stimuli
such as light®, oscillations in pH>!? enzymes'! or even cellular
activity'2. Despite this progress, these materials remain in stark
contrast with biological non-equilibrium  supramolecular
structures especially when it comes to their autonomy and
adaptivity!3. Biological materials typically exist in states far-from-
equilibrium, for example, driven by chemical reaction networks
that consume chemical fuels like ATP (adenosine triphosphate)
or GTP (guanosine triphosphate). As a result, these materials are
kinetically controlled, in contrast to man-made materials that
are governed by thermodynamic parameters, like free energy
landscapes and temperature. This kinetic control endows
biological materials with unique properties including a tunable
lifetime, robustness, adaptivity and the capacity to self-heal'4,
Inspired by biology, molecular assemblies coupled to chemical
reaction networks that involve enzymes have recently been
developed to drive man-made molecular assemblers out-of-
equilibrium!>16. As these systems remain challenging to design,
the number of molecular assemblies driven by chemical reaction
networks based on exclusively non-biological entities remain
limited'”!8, and their use as supramolecular materials with
unique properties is largely unexplored terrain.

Here we show a class of autonomously forming
and disappearing supramolecular materials. The transient,
non-equilibrium materials are produced by a chemical reaction
network that can be fully rationalized by a set of kinetic
equations. The network comprises mild, man-made reagents and
takes place in water making it extremely versatile and scalable.
It can be driven by several fuels and coupled to numerous
precursors, which allows for the exploration of a wide range of
autonomous forming and degrading aqueous supramolecular
materials. We demonstrate that these materials are transient, that
their lifetimes can be tuned from minutes to hours and that they
can be reused by application of another batch of fuel.

Results

Characterization of the chemical reaction network. The
chemical reaction network we describe takes place in buffered
water at pH 6 at room temperature and consists of a dicarbox-
ylate (precursor) that is converted into an anhydride (product) by
consumption of a carbodiimide (fuel; Fig. 1la). The aqueous
anhydride product is unstable and rapidly hydrolyses back to the
corresponding dicarboxylate. While the dicarboxylate precursor
carries two negative charges under the described conditions, the
anhydride product is uncharged. We used this hydrophobization,
driven by our chemical reaction network, to decrease the
solubility of the precursor and thus induce self-assembly. We
explored precursors based on aspartate (D) and glutamate (E)
because their corresponding cyclic anhydrides were formed with
high relative yields. Moreover, being natural amino acids, these
precursors were commercially available in numerous variations or
could be incorporated in peptide-based supramolecular materials.
We tested three fuels and six precursors (Fig. 1b,c). The pre-
cursors all bear a relatively large hydrophobic protecting group
(fluoren-9-ylmethoxycarbonyl, Fmoc) that aids assembly driven
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by m-orbital overlap and hydrophobic collapse. Indeed, we found
that the anhydrides of Fmoc-D and Fmoc-E assembled in
spherulites and colloids, respectively (vide infra). We introduced
the amino acids alanine and valine (A and V, respectively) with a
high propensity to form B-sheets with neighboring peptides to
increase the anisotropy of the assemblies. Indeed, we found that
the anhydrides of Fmoc-AAD, Fmoc-AVD, Fmoc-AAE and
Fmoc-AVE assembled into anisotropic fibres (vide infra).

By means of high-pressure liquid chromatography (HPLC) and
electrospray ionization mass spectroscopy, the evolution of the
concentration of fuel, precursor and product was followed. In all
experiments, a batch of carbodiimide fuel was added to a buffered
solution of 10 mM precursor. At a concentration of 10 mM, we
did not find any evidence of assemblies for any of the precursors
(Supplementary Fig. 1a,b). We monitored the pH during a cycle
to confirm that under these conditions the buffer has sufficient
capacity (Supplementary Fig. 1c). The highest anhydride yields
were found for the fuel based on ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) as it was relatively stable in our buffer
(Supplementary Fig. 1d), yet reactive towards our precursors.
Although the other carbodiimide fuels also formed anhydrides
and were able to induce self-assembly (vide infra), their yields
were drastically lower (Supplementary Fig. le). We therefore
focused most of our studies on EDC. Each precursor-EDC
combination resulted in the transient formation of the anhydride
product with a cycle time in the range of tens of minutes to
several hours (Fig. 2; Supplementary Figs 2-4). It was found that
the chemical reaction networks that used derivatives based on
glutamic acid (E) as a precursor were prone to the unwanted
N-acylisourea formation as a side reaction, a reaction which yields
a stable product of the carbodiimide attached to the precursor.
The yields of this unwanted side reaction were not >2% as
expressed in amount of fuel added (Supplementary Note 1;
Supplementary Table 4), and it is unlikely that these concentra-
tions affect material properties.

A kinetic model was used to describe all relevant reactions in
our chemical reaction networks (Supplementary Note 2). These
reactions are the direct hydrolysis of EDC, the formation of
O-acylisourea by reaction of fuel with precursor, the conversion
of the O-acylisourea to the anhydride, the direct hydrolysis of the
O-acylisourea to the original precursor, and the hydrolysis of
the anhydride to the precursor. The rate-determining step in the
anhydride formation was the formation of the O-acylisourea.
This reaction had a second-order rate constant which was in the
same order of magnitude for each dicarboxylate we tested
(Supplementary Table 1). In contrast, the first-order rate constant
for anhydride hydrolysis differed up to two orders of magnitude,

a
R, o Precursors
RN e R iR o ° °
N " ¥ | o' fmoc. L n\,)L Fmoc., HJ
Fuel Waste 0 N I/\ ﬂj\g -
Formation n=1| Fmoc-D Fmoc-AVD Fmoc-AAD
W o WO n=2 | Fmoc-E  Fmoc-AVE Fmoc-AAE
aN g ] N\/)(O
: ‘%gﬂo ( lm‘o € Fuels
Precursor Product EDC CmMmC DIC
Degradation | o <:> R -
? H,0 ! QN/H g —(ﬁ:)
" ’ | ~ >

Figure 1| Transient anhydride formation by carbodiimide fuels.

(a) Scheme of the chemical reaction network for the fuel driven
formation of a transient anhydride bond. (b) Molecular structures of the
dicarboxylates precursors used in this study. (¢) Molecular structures of the
fuels used in this study.
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Figure 2 | Evolution of anhydride concentrations through fuel driven cycles
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lated by kinetic models. (a-f) 3D plots of the anhydride concentration

against time in a dissipative cycle for different initial EDC concentrations for Fmoc-D, Fmoc-AAD, Fmoc-AVD, Fmoc-E, Fmoc-AAE and Fmoc-AVE.

The black markers represent the calculated concentration using the kinetic model, the planes represent interpolations between the model data. Note the
different x (time) and y (fuel) axis for a,d compared to the Fmoc-AA and Fmoc-AV series. The insets show a 2D graph of the concentration anhydride
against time for one batch of fuel (10 or 50 mM) as determined by HPLC (markers) and the kinetic model (solid line).

ranging from 3.8 x 10 ~2s ! for Fmoc-AVD to 3.8 x 10 ~4s~!
for Fmoc-D corresponding to an anhydride half-life of 0.3 and
30 min, respectively (Supplementary Table 1). For all precursors
except Fmoc-E and Fmoc-D, the model was straightforward and
the rate constants for the above-mentioned reactions were
sufficient to fit our data, whether assemblies were present or
not (Supplementary Figs 2-4). To our surprise, for Fmoc-E and
Fmoc-D, the anhydride hydrolysis rate constant was found to be
significantly lower in the presence of assemblies. In effect,
the large three dimensional assemblies that these products
formed exerted negative feedback on their own hydrolysis
rate by protecting the anhydrides from water, thereby increasing
the lifetime of the materials (vide infra). The feedback was
implemented into the kinetic model by introducing a second
k-value for hydrolysis above a threshold concentration. This
threshold concentration was determined such that the model
fitted the HPLC data best (see Supplementary Note 2 for a
discussion on the feedback and threshold concentration). Using
our kinetic models, the evolution of the relevant chemical species
through the cycle could be calculated for each precursor (Fig. 2).

Characterization of self-erasing inks. We found that application
of 10mM EDC as a fuel to a solution of 10mM Fmoc-D turned
the clear solution into a turbid one, pointing to assemblies formed
by the Fmoc-D anhydride with sizes of at least hundreds
of nanometers. The assembly process can be explained by the
conversion of the two negatively charged carboxylates into a
relatively hydrophobic anhydride. The hydrophobization renders
the molecules insoluble and induces self-assembly, likely driven
by m-orbital overlap and hydrophobic collapse. Confocal micro-
scopy images of these samples revealed the presence of spherulites
with diameters of tens of micrometres 10 min after fuel addition

(Fig. 3a). The turbid solutions turned transparent over time
and a lack of assemblies was verified by confocal microscopy
(Supplementary Fig. 5a—c). The transient turbidity was quantified
by UV/Vis spectroscopy and we found that the greater the batch
of fuel, the longer the solutions remained turbid (Fig. 3b). An
arbitrary threshold of 0.1 absorbance units was chosen to define
the turbidity of the samples. We found that 10 mM of fuel kept
the samples turbid for 132 £ 5min corresponding to a threshold
concentration of 0.3 + 0.1 mM of Fmoc-D anhydride according to
the introduced kinetic model. This threshold concentration was
used to calculate the lifetime of turbid solutions for other initial
fuel concentrations. Indeed, the calculations corresponded well to
the experimentally determined lifetimes of turbidity and our
active solutions could be kept turbid for 87 to 164 £ 5 min for 5 to
20 mM of EDC (Fig. 3c). Finally, the reusability of our system was
tested by adding 5mM of EDC as fuel and measuring the tur-
bidity for 100min for five cycles. No significant differences
between the cycles were observed (Supplementary Fig. 5d).

We sought out the applicability of our the Fmoc-D solutions
with transient turbidity as a carrier for temporary messages with a
tunable lifetime, that is, as a self-erasing medium (Fig. 3d).
Dynamic self-assembled structures have been demonstrated
before in the context of self-erasing ink using nanoparticle
self-assembly driven by light, which makes tuning the lifetime by
amount of energy applied challenging!'®. We immobilized 10 mM
Fmoc-D in a polyacrylamide polymer hydrogel and applied high
concentrations of fuel as ink with a spray coater through a three-
dimensional (3D) printed mask. The transparent gels rapidly
turned turbid, but only where the fuel had been applied. Over
time the messages auto-erased allowing the reuse of the message
carrier. Different EDC concentrations ranging from 0.25 to 2M
were used as ink and all concentrations showed the messages
(Supplementary Fig. 5e-h). Using time-lapse photography and
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Figure 3 | Self-erasing inks with a tunable lifetime formed by Fmoc-D. (a) Confocal micrographs of a solution of 10 MM Fmoc-D anhydride 10 min after
addition of 10 mM EDC in the presence of 2.5 uM Nile Red (scale bars represent 10 um). (b) Absorbance at 600 nm as a measure for turbidity for solutions
of 10 mM Fmoc-D against time after addition of a batch of fuel. The dotted black line represents the selected threshold of 0.1 absorbance units.

(c) The lifetime of the turbidity of the samples as determined by data from b (markers) and calculated by the kinetic model (solid lines) against initial fuel
concentration. Error bars represent the s.d. (n=3). (d) Schematic representation of self-erasing medium. Fmoc-D is dissolved in a 30% polyacrylamide
hydrogel. Only where fuel is applied turbidity appears. (e) Photographs of gels over time. The polyacrylamide gels were placed on a black surface and
side-lit with white light to improve contrast. After 600 min, no evidence of the original image was found and the material was rinsed and reused (scale bar
represents 1cm). (f) Average grey values of photographs of inked areas over time.

image analysis software, we quantified the visibility over time.
The initial visibility increased with increasing concentration of
fuel, but this trend did not hold beyond 1M of fuel. At this
moment, it is not clear why this trend fails at high fuel
concentrations. The visibility of the prints decreased over time
and was fully erased after roughly 10 h. Crucially, the lifetimes of
the visible prints could be tuned from roughly 200 to 500 min by
altering the concentration of fuel (Fig. 3f).

Colloids with a tunable lifetime. Next, we studied the behaviour
of Fmoc-E in response to fuel. While 10mM of this precursor
yielded clear solutions, application of 5mM or more EDC formed
transient turbid solutions. Confocal microscopy showed, to our
surprise, uniform colloids 10 min after application of the fuel
(Fig. 4a). Dynamic light scattering (DLS) confirmed the transient
presence of particles and showed that their radii initially rapidly
grew to a plateau value of 0.6pm. After the plateau, the
particles decreased their size until all had disappeared (Fig. 4b;
Supplementary Fig. 6a). This plateau value was independent of
the amount of fuel added. Above 20 mM of EDC, the particles
precipitated, while below 5mM EDC no particles were found.
Within this window of fuel concentrations, particles were
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transiently present. The DLS scattering intensity data was used to
find the time where no more particles were found. For instance,
in the case of 10mM of fuel, the scattering intensity reached its
original level after 53 *2min, corresponding to an Fmoc-E
anhydride concentration of 0.07+0.02mM according to the
model. This threshold concentration was used in combination
with the kinetic model to predict the lifetime of the particles for
other initial fuel concentrations. With the model, we found that
the lifetime increased linearly from 20 to 120 min for 5 to 20 mM
of EDC, and DLS verified that the model predicted these lifetimes
correctly. Moreover, application of a second batch of fuel resulted
in the reformation of the transient particles with similar radii
and lifetimes demonstrating the reusability of these systems
(Supplementary Fig. 6b). Even after 15 cycles, the particles still
transiently formed with similar radii, albeit with a somewhat
shorter lifetime.

For Fmoc-E, the assembly process drastically affected the
anhydride hydrolysis kinetics. When small batches of fuel were
applied, for instance below 5mM, no assemblies were formed. In
the absence of assemblies, hydrolysis was first order in anhydride
concentration. However, in the presence of assemblies,
hydrolysis followed Oth order kinetics with a rate constant of
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Figure 4 | Transient colloids formed by Fmoc-E. (a) Confocal micrographs of 10 mM Fmoc-E with 10 mM EDC after 10 min shows the formation of colloids
in the presence of 2.5 uM Nile. The scale bars represent 25 pm and 1pm for the lower and higher magnification, respectively. (b) DLS scattering intensity
against time for 10 MM Fmoc-E with varying concentration of fuel. (¢) The lifetimes of the colloids as a function of concentration of initial fuel as

determined by DLS and the kinetic model. The two dotted lines indicate the window where particles were found. (d) Micrographs of 10 mM Fmoc-E with
10 mM EDC after 10 min that were prepared in the presence of 250 nM Nile Red while 2.5 uM pyrene was added after 5min. The red (Nile Red) and blue
(pyrene) channels were overlaid. Scale bar, 25 (lower magnification); Tum (higher magnification). (e) Micrographs of 10 mM Fmoc-E with 10 mM EDC after
10 min that were prepared in the presence of 250 nM pyrene while 2.5 uM Nile Red was added after 5 min. The red (Nile Red) and blue (pyrene) channels
were overlaid. The scale bars represent 25 um and 1um for the lower and higher magnification, respectively. (f) Release profiles of pyrene (blue markers)
and Nile Red (red markers) of the particle described in d. Data collection was started 10 min after addition of EDC. All error bars represent the s.d. (n=2).

1.5x 10 ~®Ms 1, drastically slowing down the hydrolysis upon
self-assembly. In other words, the assembly of the Fmoc-E
anhydride into colloids has a negative feedback on its own
hydrolysis. Because the Fmoc-E anhydride assembles into large
colloids driven by hydrophobic collapse, they likely shield the
anhydride from water, effectively excluding it from the chemical
reaction network. As a result, anhydride hydrolysis mostly
happens on free anhydride in solution and is thus limited by its
solubility. The pool of soluble anhydride is replenished by the
particles until all particles have disassembled. This finding implies
that particles should first collectively grow until the system runs
out of fuel and then collectively shrink by surface erosion, that is,
degradation from the particle’s surface that is limited by the
solubility of the anhydride. Such a mechanism contrasts a
dynamic mechanism where individual particles grow while others
collapse. To confirm the proposed mechanism, we prepared
particles in the presence of 250 nM Nile Red. After 5min, 2.5 M
of the hydrophobic dye pyrene was added, and the particles were
imaged after 10min (Fig. 4d). While Nile Red had mostly
incorporated into the core of the particles, pyrene was primarily
found in their shell. When the addition of dyes was carried out in
the opposite order, the cores had encapsulated Pyrene, while the
shell was emitting in the Nile Red channel (Fig. 4e). In contrast,
when both dyes were present from the beginning of the cycle,
particles were found that had incorporated both dyes homo-
genously (Supplementary Fig. 6d). These observations confirm
the above-proposed mechanism of sequential growth and collapse
steps. It is worth to note that also the other two fuels (CMC and
DIC) were able to induce the formation of colloids when added to
solutions of Fmoc-E (Supplementary Fig. 6d.e).

We used the mechanism of sequential growth and collapse
to develop particles that can release hydrophobic agents
sequentially. As described above, we prepared particles with Nile
Red in their interior and a shell with pyrene incorporated into it.
Using a fluorescence spectrophotometer, the release of both dyes
from the particles into solution was measured. From the release
profiles (Fig. 4f) it can be observed that pyrene release
commences after 30min in the cycle, and most dye has been
released after 40 min. In contrast, Nile Red was only released after
50 min. Moreover, when the dyes had Pyrene in their interior and
Nile Red in their shell, an opposite release pattern was found
(Supplementary Fig. 6f).

Hydrogels with a predictable lifetime. When 100 mM EDC was
added to solutions of either 10 mM Fmoc-AAD or Fmoc-AAE,
each of them rapidly turned into gels. Fmoc-AAD formed weak
gels that did not pass the inverted tube test (Supplementary
Fig. 7a). Crucially, the gels collapsed within an hour. We
confirmed these observations by macrorheology, and found that
both precursors formed viscoelastic gels (G'>G”) if at least
50 mM EDC was added (Fig. 5a; Supplementary Fig. 7b,c). The
maximum gel elasticity for Fmoc-AAD with 100 mM of fuel was
obtained after 4 min and was in the range of 100-300 Pa, while
the maximum elasticity obtained for Fmoc-AAE was between 40
and 100Pa and observed after 10 min. Then, the gel stiffness
decreased and eventually a solution was found (G”>G’). For
100 mM of fuel, this point occurred at 37 £ 1 and 59 £ 2 min for
Fmoc-AAD and Fmoc-AAE, respectively (Fig. 5¢). According to
our kinetic model, the concentration of anhydride at these times
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Figure 5 | Temporary hydrogels formed by Fmoc-tripeptides. (ab) Rheological time sweeps of gels formed by 10 mM Fmoc-AAD and Fmoc-AAE,

or Fmoc-AVD and Fmoc-AVE precursor combined with 100 mM EDC. Solid line represents the storage modulus (G'), dashed line represents the loss
modulus (G”). (¢) The lifetimes of the gels described in a, as measured by rheology (markers) or calculated by the kinetic model (solid lines). Error bars
represent the s.d. (n=3). (d-g) Confocal microscopy of 100 mM EDC combined with 10 mM Fmoc-AAD, Fmoc-AVD, Fmoc-AAE and Fmoc-AVE after

10 min. Scale bar, 10 pm.

is 100+50 and 180 +80uM for Fmoc-AAD and Fmoc-AAE,
respectively. These concentrations were then used to predict the
lifetimes of our gels for other initial concentrations of fuels
(Fig. 5¢). To our surprise, whereas the prediction made by the
model seemed to agree for lower concentrations of fuel,
it deviated far from the rheology data for higher concentrations of
fuel. For example, for 200mM of EDC added to Fmoc-AAE,
the anhydride concentration falls below 180 uM after 80 min
while the gel sustained for roughly 2h. Although both the
experimentally determined lifetime of the gel and the crossing
through the threshold concentration of anhydride scaled linearly
with the amount of fuel added, their slopes were not equal
(Fig. 5¢). In other words, we can predict and tune the lifetimes of
the transient gels ranging from 18 to 152 min for 50 to 300 mM
of fuel, but the moment the gel becomes a liquid does not
correspond to one critical threshold concentration of anhydride.
These observations could be justified by the complex behaviour of
hydrogels that not only rely on the gelator concentration, but also
on the type and number of crosslinks, and the length and
mechanical properties of the fibres it comprises?®. To test the
reusability of our fuel driven hydrogels, a second batch of fuel was
added to the solution after the cycle had finished. Similar gel
stiffnesses and lifetimes were found for the first four cycles driven
by 50 mM of fuel (Supplementary Fig. 7d).

For both Fmoc-AA precursors, confocal microscopy showed
no assemblies before addition of fuel (Supplementary Fig. 8a,c),
while addition of 100 mM of fuel rapidly induced the transient
formation of fibrillar assemblies (Fig. 5d,f; Supplementary
Fig. 8a,). With this amount of fuel, we found a relatively
dense network of fibres for both gelators. Crucially, all fibres
of the Fmoc-AA series had completely disappeared after 4h
(Supplementary Fig. 8a,c). We followed the gel formation with
circular dichroism spectroscopy at 305nm, where the signal of
the Fmoc-groups is typically recorded?!. Before initiating
the cycle, we found a small positive signal at 305nm for the
Fmoc-AA precursors (Supplementary Fig. 9a). After addition of
fuel, the signal rapidly grew, but, over time, returned to its
original value pointing to full disassembly after roughly 80 and
200min for Fmoc-AAD and Fmoc-AAE, respectively. We also
followed the Fmoc-fluorescence emission over time during a
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cycle as a direct indication for m-orbital overlap between the
Fmoc-moieties (Supplementary Fig. 9c-e). Before starting the
cycle, a relatively sharp peak at 318 nm was found, indicative for
fluorenyl-groups that are not engaged in n-7 interactions. Upon
addition of fuel, the 318 nm signal rapidly decreased, while a
broad peak at 460 nm appeared. Both observations point to n-n
stacking of the Fmoc-groups!!. Over time the 318 nm peak grew
back to its original level, while the 460 nm peak disappeared,
pointing to loss of the 7-7 interactions.

Kinetic trapping of assemblers via dissipative pathways.
When 100 mM of EDC was added to solutions of Fmoc-AVD
or Fmoc-AVE, each of them rapidly turned into gels
(Supplementary Fig. 7a). To our surprise, these gels did not revert
to their original solutions, even after 4h when no significant
amounts of anhydride were present according to our model or
HPLC. These surprising observations were confirmed by rheology
that showed a decrease in gel-stiffness as the overall anhydride
concentration decreased to zero, but never a full recovery to a
liquid state (Fig. 5b). The lack of recovery was not a result of the
accumulating waste (EDU), as addition of 100mM or more
EDU to solutions of precursor did not change their rheological
behaviour (data not shown). Confocal microscopy on the
Fmoc-AV systems showed no assemblies before, and dense
networks of fibres after addition of fuel (Fig. 5e,g; Supplementary
Fig. 8b and d). In contrast to the Fmoc-AA series, the fibres
did not disappear, even after 24h. The longer presence of
these fibres allowed us to study them with cryo-transmission
electron microscopy (TEM), which confirmed the presence of
fibres for both Fmoc-AVD and Fmoc-AVE, with diameters
of 6.9+0.6 and 4.8+0.6nm, respectively. Finally, circular
dichroism showed a small peak at 305nm before initiating
the chemical reaction network that decreased to negative
values during the cycle. Although the negative signal decreased
in magnitude as the system had run out of fuel, it never
returned to the small peak found before initiating the cycle.
The original spectrum, as observed before fuel addition,
could only be regenerated by heating the sample to 80 degrees
and subsequently cooling it down to room temperature
(Supplementary Fig. 9a).
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We can conclude that all the Fmoc-tripeptides studied in this
work assembled into fibres in their anhydride state that
subsequently formed viscoelastic gels. The assembly into fibres
was driven by f-sheet formation between molecules as evidenced
by a Thioflavin-T (THT) assay, and m-orbital overlap between
the Fmoc-groups as evidenced by fluorescence-spectroscopy
(Supplementary Fig. 9). For the Fmoc-AA series, as the system
was running out of fuel, the hydrolyzed anhydrides fibres became
unstable which resulted in full disassembly of the fibres and
a transition to a liquid. Whether the dicarboxylates left the
fibres instantaneously, or a co-assembly of pure anhydride and
precursors could exist is not clear at this moment. However, it is
evident that when all anhydride had hydrolyzed, all fibres had
disappeared. Thus, we conclude that fibres comprising exclusively
Fmoc-AAD or Fmoc-AAE dicarboxylates could not exist. In
contrast, when all Fmoc-AVE or Fmoc-AVD anhydride had
hydrolysed towards their corresponding carboxylates, fibres were
still observed. These observations imply that hydrolysis towards
the dicarboxylates did not induce (full) disassembly and fibres
comprising exclusively the dicarboxylate could exist for the
Fmoc-AV series. Only heating and cooling the sample resulted in
full disassembly of the dicarboxylate fibres, which demonstrates
that the dicarboxylates’ thermodynamic minimum is a
disassembled state. From the overall results, we conclude that
the dissipative cycle, initiated by addition of fuel, kinetically
trapped the dicarboxylates into fibres by temporarily converting
them into their corresponding anhydrides. The existence of such
a kinetically trapped state implies that the molecules did not have
sufficient free energy to break out of the fibres, but can only be
brought to their thermodynamic minimum by application of heat.
The ability to kinetically trap Fmoc-AV, but not Fmoc-AA, likely
has to do with the increased B-sheet forming propensity of V
versus A?2 Kinetically trapping molecules in fibres by B-sheet
formation and hydrophobic interactions is frequently observed
for assemblies in, or close to, equilibrium??, but are rare in the
context of chemically driven out-of-equilibrium cycles!®. Our
observations demonstrate that the balance between assembly and
disassembly is crucial in the design of assemblers for materials
driven by chemical reactions; when the driving force for assembly
is too weak, no assembly will take place, but in contrast, when the
driving force is too strong, assemblies can be kinetically trapped
in non-favourable states.

Discussion

We have described a chemical reaction network that drives
an anionic dicarboxylate out-of-equilibrium by forming its
corresponding metastable non-charged anhydride. Because of
the versatility of the network, it can easily be incorporated into
peptide-based self-assembling structures, which we showcase with
hydrophobic colloids, supramolecular inks and self-assembled
hydrogels. Unlike the more classical supramolecular materials,
the behaviour of these non-equilibrium materials is dictated by
kinetics rather than thermodynamics. This allows us to tune their
lifetimes and their decomposition pathway, and we can use them
for several cycles. We found that some of the assemblies exert
feedback on their own degradation by excluding their building
blocks from the chemical reaction network, which we used to
our advantage to increase the lifetime of their corresponding
materials. Such feedback of assemblies is also one of the crucial
ingredients to study more complex life-like behaviour of
non-equilibrium assemblies, including robustness, adaptive and
oscillatory behaviour of the assemblies.

Methods
Materials. All reagents were purchased from Sigma-Aldrich and Alfa-Aesar and
used without any further purification unless otherwise indicated.

Peptide synthesis and purification. All peptides were synthesized by solid
phase synthesis. Their purity was determined by analytical HPLC as well as
electrospray ionization mass spectrometry in positive mode. See Supplementary
Methods and Supplementary Tables 2-3 for more details.

Sample preparation. Stock solutions of the precursor were prepared by dissolving
the peptide in 200 mM MES buffer, after which the pH was adjusted to pH 6.0.
Stock solutions of EDC were prepared by dissolving the EDC powder in MQ
water and used freshly. Reaction networks were started by addition of the high
concentration EDC to the precursor solution.

Kinetics. The kinetics of the chemical reaction networks were monitored over time
by means of analytical HPLC. A 750 pl sample was prepared as described above
and placed into a screw cap HPLC vial. Every 10 min, samples of these

solutions were directly injected and all compounds involved were separated and
quantified. To avoid aggregation during the injection, samples of Fmoc-D were
continuously stirred. In the case of the gelators, the gels were slightly broken
manually before injection into the HPLC. See Supplementary Methods and
Supplementary Figs 10-15 for more details.

Kinetic model. A kinetic model was written using Matlab in which all
reactions were described. The concentrations of each reactant were calculated
for every 1s in the cycle and k-values were fitted to the HPLC data. See
Supplementary Methods for more details.

UV/Vis. The UV/Vis measurements were carried out using a UV/VIS
spectrophotometer to monitor turbidity. See Supplementary Methods for
more details.

Dynamic light scattering. DLS measurements on Fmoc-E solutions were
performed using a DynaPro NanoStar from Wyatt following a literature procedure.
See Supplementary Methods for more details.

Rheology. Rheological measurements were carried out on a Antor Paar Modular
Compact Rheometer using steel parallel plate-plate geometry. See Supplementary
Methods for more details.

Spray coating set-up. The fuel deposition via spray coating was performed using
a spray gun set up. Applying a constant nitrogen pressure of 2 bar, the flow rate of
the solution was set to about 15uls ~ ! by tuning the nozzle diameter accordingly.
About 300 pl of the respective solution were deposited on the substrate using 2
spray shots of 10 s duration with a short pause. 3D-printed masks were placed onto
the substrates in order to create reproducible, detailed images. After the completed
spray deposition, the substrates were immediately transferred to an imaging
station. See Supplementary Methods for more details.

Fluorescence spectroscopy. Fluorescence spectroscopy was performed on a

Jasco (Jasco FP-8300) spectrofluorimeter with an external temperature control
(Jasco MCB-100). See Supplementary Methods for more details about Fmoc-,
THT fluorescence and release assays.

Cryo-TEM. Cryo-TEM was performed on a Jeol JEM-1400 plus operating at
120kV. See Supplementary Methods for more details.

Circular dichroism spectroscopy. Circular dichroism measurements were
performed on a Jasco (Jasco J750) equipped with a Peltier temperature Control.
See Supplementary Methods for more details.

Confocal microscopy. Confocal fluorescence microscopy was performed on a
Leica SP5 confocal microscope using a x 63 oil immersion objective. Samples were
prepared as described above, but with 2.5 pM Nile Red as dye. Twenty microlitre of
the sample was deposited on the glass slide and covered with a 12mm diameter
coverslip. Samples were excited with 543 nm laser and imaged at 580-700 nm.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Supplementary Note 1. In chemical reaction networks that use E (glutamic acid) as a precursor, we found
significant N-acyl urea side product. Although that did not affect material properties, it did accumulate as the
cycle progressed. The amount of N-Acyl urea we found was never greater than 2% of the amount of EDC added.
For instance, after the addition of 10 mM fuel to 10 mM solution of precursor the N-acyl urea detected for
Fmoc-E was 2%. The percentage of N-acyl urea was less than 0.5% for Fmoc-AAE and less than 0.1% for
Fmoc-AVE.

Supplementary Note 2. A kinetic model was written using Matlab in which the reactions below were
described. The concentrations of each reactant were calculated for every 1 second in the cycle.

Reaction 0 (ky)
o]
- R AL R
RN THO —— Ry
N* H H
Direct hydrolysis of carbodiimide with a first order rate constant of 1.3x10” sec as determined by HPLC (See
Supplementary Figure 1c) and implies that in most experiments, this reaction is irrelevant.

Reaction 1 (k;)

o
RN - R o9 R\N
o R._N ’
I ( o © R. //c’/N g 0—c
A N 0 (L _o HN-g
o} T

o
Formation of O-acylisourea by reaction with EDC. This second order rate constant was dependent on the nature
of the precursor. The rate constant was determined for each precursor by HPLC, by monitoring the EDC
consumption.

Reaction (k;)

o 9 R 0
RN N H o]
o—¢ R__N
1)( ( O HN-gr 7 T O+ R‘NJLN’R
n o (% H H
o) o]

Formation of anhydride with a first order rate constant. This rate constant could not be determined because the
O-acylisourea was never observed. It was therefore set to be twice the rate of k;. As a result, the O-acylisourea
did never reach concentrations over 1 pM in the model.

Reaction 3 (k3)

« 58

o]
R._N N H 0
o—¢ Lpo — . RN A r g
O(nOHN~R bl NN
o (Y_o

Oﬁ n
0

Direct hydrolysis of O-acylisourea (unwanted side reaction). This reaction rate could not be obtained because
the O-acylisourea was not observed. The ratio of k, and k; (anhydride formation and competing direct hydrolysis
of O-acylisourea) was varied to fit the HPLC data for several concentration of [fuel]y and [di-acid]o,
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Reaction 4 (kyand ks)

o + H,0 RT o

Hydrolysis of anhydride proceeded with a (pseudo)-first order rate as determined by HPLC. We found that for
Fmoc-D, this rate was slowed down two orders of magnitude if assemblies were formed. When small amounts
of fuel were added and no assemblies were formed, the HPLC data could be fitted with k4. However, when a
greater batch of fuel was added (3mM or more), we could not fit the data and had to implement a 1* order ks
for the hydrolysis reaction in the models that acts when the concentration anhydride was >0.08 mM. In other
words, the assemblies exerted negative feedback on their own degradation (they slowed down hydrolysis).

For Fmoc-E, similar behavior was found. At low fuel concentrations, the model could fit the data well with k.
As soon as we added 5 mM or more fuel, the concentration anhydride reached values higher than 0.13 mM and
the data could not be fit. Here, the behavior was somewhat different than for Fmoc-D. We needed to implement
a 0" order ks that only acted when the concentration anhydride was > 0.13 mM in order to fit the data well. This
can be rationalized by a mechanism where the assemblies exclude water from the anhydrides, protecting them
from degradation. They do that such that hydrolysis is limited by the solubility of the anhydride.

41



Non-equilibrium dissipative supramolecular materials with a tunable lifetime

Supplementary Table 1: Table of k values used in Kinetic model

ki(M'xsec’) |k, K3 K, (sec™) Half-life of | ks(M xsec | Half-life of
anhydride l) anhydride
(calculated (calculated by:
by: In(2)/ky) In(2)/ks)
Order ond 1™ 1% 1% 0"or 1%
Fmoc-D 1.2x107! 2%k, | 4.0%k; | 1.4x107 t,,=0.8 min | 3.8x107*(1%" | t,,=30 min
order)
Fmoc-AVD | 2.0x10™ 2%k, | 2.5%k, |3.8x107 t,,=0.3 min | NA NA
Fmoc-AAD | 0.95x10 2%k, | 2.5%k, ‘2.8)(10’2 t;,=0.4 min | NA NA
Fmoc-E 0.50x10" 2%k, | 2.0%k; | 0.75x107 ty,=1.5min | 1.5x10° NA
(0"order) | Depends on
[anhydride]
Fmoc-AVE | 1.5x10™! 2%k, |2.5%k; | 1.1x1072 tip=1.1 min | NA NA
Fmoc-AAE | 0.40x10" 2%k, [ 2.9%k, | 1.3x107 t,=0.9 min | NA NA
Supplementary Table 2: Characterization of precursors
mass retention
name purity [%] structure mass[ c/?:lcol:]lated found time
8 [g/mol] [min]
Commercial: O Mw = 355.11 378.1
Fmoc-D (A o B on . 6.13
95% CyoH;sNO Mw+N
(4 O IOIO?J 19H17NOg [Mw-+Na]
Commercial: O " o Mw =369.12 392.1
Fmoc-E 05% oTNr)kOH CaoH1oNOg [Mw-+Na]" 6.14
OO OH
9 o b A Lk R Mw = 511.20 5342
Fmoc-AAE 97 Tf : gJT ;j/\on CosHN:Os [Mw-+Na] 5.64
o) OH
i A oon 2 1a b Mw = 497.18 520.3
Fmoc-AAD . Ty g CoftoNiOy | MwiNap | T
[o]
9 o "ﬂjiw@’ Mw = 539.23 562.2
Fmoc-AVE 98 I TNyE™ CysH33N303 [Mw+Na]" 6.21
[} 'OH
3
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mass calculated mass retention
name purity [%] structure found time
[g/mol] N
[g/mol] [min]
) s “ﬂﬁf“ﬂ Mw = 525.21 548.2
Fmoc-AVD 99 70( WY Yg: CyHyN1Og [Mw+Na]* 6.21
o
Supplementary Table 3: Characterization of main products of the chemical reaction network
mass calculated | mass found rete.ntlon
name structure (g/mol] T time
g [min]
. O Mw =337.10 360.0
Fmoc-D-anhydride O’ oA . C1oH sNOs [Mw-+Na]" 7.88
o
. O Mw =351.11 373.9
Fmoc-E-anhydride C’ oL M CasH1-NOs [Mw-+Na]" 7.68
o
. o Mw =493.18 516.2
Fmoc-AAE-anhydride . o N_I ] n 6.68
7N Cy6H27N30 Mw+Na
O Tg | Il 2611270307 [ ]
. o Mw =479.17 502.1
Fmoc-AAD-anhydride . o N_I R \ 6.93
O TN Q CysH,sN304 [Mw+Na]
VR . () W oY Mw = 521.22 544.3
Fmoc-AVE-anhydride O’ OYN\:)LNITNI\A[\ CasHpsN304 [Mw-+Na]* 732
¢} = o
o~ 0" "o
. O - H Mw = 507.20 530.2
Fmoc-AVD-anhydride C’ Of';%u o CoHuN:O; | [Mw+Na]' | 4
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Supplementary Table 4: Characterization of the side products of the chemical reaction network

1mass mass found | retention time
Name side product calculated [g/mol] k]|
[g/mol]
Fmoc-E-N- O
acyl-urea . H 9 j’\ Mw = 524.26 525.5 6.97
O OTN)\M T CasHiNOs | [MwHH] '
© " on \ ‘
Fmoc-AAE- O
N-acyl-urea-1 v D -
y C’ OYN%NJYN%N&&MT/ l\éwH 6]36.033 6674 65
o = o j\ 3411461N6\V8 [MW+H]
07 "OH
Fmoc-AAE- Ao
N-acyl-urea-2
OYNH
O N~ Mw = 821.48 822.2 6.60
o - ‘ C4oHgsNyOg [Mw+H] ’
H H
Q AN A AL A A
o O
. O. OH
o u © ™
Fmoc-AVE- Q OXNJ\TNJ:S\(NYO Mw = 694.37 695.5 684
N-acyl-urea-1 O foo AH O;NH C36HsoN¢Os [Mw-+H]" :
/N\
|
N\
Fmoc-AVE- Mw = 849.51 850.6 712
Cy44Hg7NoOg [1\/IW+H]Jr :

0.
O N~
N-acyl-urea-2
o w9 ( H |
Q o)kw/'ﬁ(”&kwg”j(”\/\/'“\
o e
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Supplementary Figure 1. Buffer stability, background hydrolysis of fuel and responses of Fmoc-E to
different fuels. a, b, Nile Red fluorescence intensity at 635 nm against concentration precursor. The
intensity of the solvatochromic dye serves as an indication for self-assembly and was not observed for
concentrations below 15 mM Fmoc-D or Fmoc-E (a), or below a concentration of 12 mM for Fmoc-
AVD, Fmoc-AVE, Fmoc-AAD or Fmoc-AAE (b). ¢, pH against time of a solution of 10 mM Fmoc-AVE
as precursor in response to 50 mM EDC. d, Natural logarithm of concentration profiles of 40 mM EDC
in MES buffer. A linear fit (black line) gave a ky-value 1.3x107 sec’!. Error bars represent the standard
deviation (n=3). e, Concentration profiles of chemical reaction networks with 10 mM Fmoc-E as
precursor and 10 mM of fuel (EDC, CMC or DIC). All fuels yielded the Fmoc-E anhydride transiently.
EDC gave the highest relative yield and our studies therefore focus on this fuel.
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Supplementary Figure 2: Kinetic traces of Fmoc-D and Fmoc-E with EDC. a, Concentration profiles of
chemical reaction network with 10 mM Fmoc-D as precursor and varying concentrations of fuel. The black
markers represent the calculated concentration using the kinetic model, the planes represent interpolations
between the model data. b, 2D plot of the data shown in a for 3, 5 and 10 mM of fuel with corresponding
HPLC data. ¢, Concentration profiles of chemical reaction network with 10 mM Fmoc-E as precursor and
varying concentrations of fuel in 3D plot. Colored plane is the data from the kinetic model. d, 2D plot of the
data shown in ¢ for 5, 7.5, 10 and 15 mM of fuel with corresponding HPLC data. All experiments were
performed at 25°C with 10 mM precursor in 200 mM MES at pH6.
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Supplementary Figure 3: Kinetic traces of Fmoc-AAE and Fmoc-AAD with EDC. a, Concentration profiles
of chemical reaction network with 10 mM Fmoc-AAE as precursor and varying concentrations of fuel. The
black markers represent the calculated concentration using the kinetic model, the planes represent
interpolations between the model data. b, 2D plot of the data shown in a for 10, 25, 50 and 100 mM of fuel
with corresponding HPLC data. ¢, Concentration profiles of chemical reaction network with 10 mM Fmoc-
AAD as precursor and varying concentrations of fuel in 3D plot. Colored plane is the data from the kinetic
model. d, 2D plot of the data shown in ¢ for 10, 25, 50 and 100 mM of fuel with corresponding HPLC data.
All experiments were performed at 25°C with 10 mM precursor in 200 mM MES at pH6.
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Supplementary Figure 4: Kinetic traces of Fmoc-AVE and Fmoc-AVD with EDC. a, Concentration profiles
of chemical reaction network with 10 mM Fmoc-AVE as precursor and varying concentrations of fuel. The
black markers represent the calculated concentration using the kinetic model, the planes represent
interpolations between the model data. b, 2D plot of the data shown in a for 10, 25, 50 and 100 mM of fuel
with corresponding HPLC data. ¢, Concentration profiles of chemical reaction network with 10 mM Fmoc-
AVD as precursor and varying concentrations of fuel in 3D plot. Colored plane is the data from the kinetic
model. d, 2D plot of the data shown in ¢ for 10, 25, 50 and 100 mM of fuel with corresponding HPLC data.
Note the missing HPLC data for 100 mM of fuel between 3 and 12 minutes. Data acquisition was not possible
for these time points as a result of the stiff gels formed. All experiments were performed at 25°C with 10 mM
precursor in 200 mM MES at pH6.
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Supplementary Figure 5: Characterization of Fmoc-D in response to EDC. Micrographs of solutions of 10
mM Fmoc-D combined with 10 mM EDC and 2.5 uM Nile Red, a, before addition of EDC, b, after 10 minutes,
and c, after 4 hours (scale bars represent 10 um, 1 um for the inset). d, Absorbance at 600 nm as an indication
of turbidity against time. 5 mM of fuel was added at each step indicated by arrows. e-h, Photographs of
sprayed solutions with varying concentrations of fuel (scale bar represents 1 cm).
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Supplementary Figure 6: Characterization of Fmoc-E in response to fuels. a, Hydrodynamic radii as
determined by DLS as a function of time for various initial fuel concentration. The error bars represent the
standard deviation (n=2). b, DLS scattering intensity against time for four repetitive cycles of 10 mM EDC
against time. New fuel was added every 60 minutes. ¢, Micrographs of solutions of 10 mM Fmoc-E with 10
mM EDC and 2.5uM Nile Red and 2.5 uM pyrene as dyes. Both pyrene and Nile Red were present from the
beginning of the cycle. The scale bars represent 25 um and 1 um for the lower and higher magnification
respectively. d, e, Micrographs of solutions of 10 mM Fmoc-E with 50 mM DIC (d) or with 50 mM CMC (e)
and 25uM Nile Red. The scale bars represent 25 um and 1 um for the lower and higher magnification
respectively. f, Release profiles of pyrene (blue markers) and Nile Red (red markers) of the particle described
in Figure 4e. Data collection was started 10 minutes after addition of EDC. All error bars represent the
standard deviation (n=2).
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Supplementary Figure 7: Characterization of self-assembly of Fmoc-tripeptides in response to EDC. a,
Photographs of gels of tripeptides 10 minutes after addition of 100 mM of fuel. b, ¢, Representative rheology
time sweeps of gels formed by 10 mM Fmoc-AAD and Fmoc-AAE respectively using different EDC
concentrations ranging from 50 to 300 mm. Solid lines represent the storage modulus (G'), dashed line
represents the loss modulus (G"), arrows indicated the crossover point. d, Rheology time sweeps of gels
formed by 10 mM of Fmoc-AAE and 4 cycles of 50 mM EDC addition. Gels were prepared in a separate
container and placed between the two plates immediately after a new fuel addition. Fuel addition was
performed every 12 hours. e, f, Cryo-TEM images for Fmoc-AVD and Fmoc-AVE 24 hour after addition of
fuel (scale bars represent 100 nm).
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a Fmoc-AAD, before 10 min after 100 mM EDC 24 hr after 100 mM EDC

*

b Fmoc-AVD, before

¢ Fmoc-AAE, before

d Fmoc AVE, before

Supplementary Figure 8: Confocal micrographs of Fmoc-AA and Fmoc-AV series in response to EDC. a,
Fmoc-AAD, b, Fmoc-AVD, ¢, Fmoc-AAE and d, Fmoc-AVE before, 10 minutes and 24 hours after addition
of 100 mM EDC. All scale bars are 10 um.
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Supplementary Figure 9: Spectroscopic characterization of self-assembly of Fmoc-tripeptides in response
to EDC. a, CD spectroscopy signal at 305 nm as an indication of self-assembly (pathlength is 1 mm). Note
that the Fmoc-AV series remains in an assembled state, due to kinetic trapping within the assemblies. Only
after heating and cooling is the original level obtained. b, THT intensity at 485 nm against time as a measure
for the presence of f-sheets in the self-assembled fibers. ¢, Fluorescence emission spectrum of the Fmoc-
AAD at 10 mM (excitation wavelength 285 nm). d, e, Fluorescence emission intensity at 318 nm and 460 nm
respectively against time (excitation wavelength 285 nm). Note that the signal at 318 nm (corresponding to
the monomeric fluorenyl group) initially decreases while the signal at 460 nm (corresponding to fluorenyl
excimer) increases upon the self-assembly. Both trends demonstrate the aromatic interaction in the assembly
process. Again, the Fmoc-AAX recovers to values at similar to those at the beginning of the cycle, whil the
Fmoc-AVX tripeptides remain trapped.
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Supplementary Figure 10: Representative HPLC traces of Fmoc-E after EDC addition. HPLC traces of 10
mM Fmoc-E after 11 minutes of EDC addition (10 mM). EDC consumption was monitored at 220 nm (a) while
changes in precursor and anhydride concentration were monitored at 254 nm (b). Chromatogram represents a
linear gradient water: ACN from 40.:60 to 2:98.
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Supplementary Figure 11: Representative HPLC traces of Fmoc-D after EDC addition. HPLC traces of 10
mM Fmoc-D after 11 minutes of EDC addition (10 mM). EDC consumption was monitored at 220 nm (a) while
changes in precursor and anhydride concentration were monitored at 254 nm (b). Chromatogram represents a
linear gradient water: ACN from 40.:60 to 2:98.
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Supplementary Figure 12: Representative HPLC traces of Fmoc-AAE after EDC addition. HPLC traces of
10 mM Fmoc-AAE after 11 minutes of EDC addition (10 mM). EDC consumption was monitored at 220 nm (a)

while changes in precursor and anhydride concentration were monitored at 254 nm (b). Chromatogram
represents a linear gradient water: ACN firom 40:60 to 2:98.
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Supplementary Figure 13: Representative HPLC traces of Fmoc-AAD after EDC addition. HPLC traces of
10 mM Fmoc-AAD after 11 minutes of EDC addition (10 mM). EDC consumption was monitored at 220 nm (a)

while changes in precursor and anhydride concentration were monitored at 254 nm (b). Chromatogram
represents a linear gradient water: ACN from 40:60 to 2:98.
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Supplementary Figure 14: Representative HPLC traces of Fmoc-AVE after EDC addition. HPLC traces of
10 mM Fmoc-AVE after 11 minutes of EDC addition (10 mM). EDC consumption was monitored at 220 nm (a)
while changes in precursor and anhydride concentration were monitored at 254 nm (b). Chromatogram
represents a linear gradient water: ACN from 40:60 to 2:98.
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Supplementary Figure 15: Representative HPLC traces of Fmoc-AVD after EDC addition. HPLC traces of
10 mM Fmoc-AVD after 11 minutes of EDC addition (10 mM). EDC consumption was monitored at 220 nm (a)
while changes in precursor and anhydride concentration were monitored at 254 nm (b). Chromatogram
represents a linear gradient water: ACN from 40:60 to 2:98.
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Supplementary Methods

Peptide synthesis and purification. All peptides were synthesized using standard fluoren-9-
ylmethoxycarbonyl (Fmoc) solid-phase peptide synthesis on Wang resin (100-200 mesh, 1.1 mmol/g loading).
Synthesis was performed on a CEM Liberty microwave-assisted peptide synthesizer. The first amino acid
coupling to the resin was accomplished by using symmetrical anhydride methodology. Briefly, a 0.2 M solution
of the Fmoc-amino acid symmetrical anhydride was prepared by allowing the corresponding Fmoc-protected
amino acid (FmocE(OtBu)OH or FmocD(OtBu)OH, 12 mmol) and N,N'-diisopropylcarbodiimide (DIC, 6
mmol) to react in 30 mL N,N-dimethylformamide (DMF) for 40 min. The solution was placed in the freezer for
15 min and the solid urea formed was filtered out before next step. Loading of the resin was performed using
the automated peptide synthesizer. The symmetrical anhydride solution (0.2 M, 12 mL) and 4-
(dimethylamino)pyridine (DMAP) solution in DMF (20 mM, 2.5 mL) were added to the pre-swollen Wang
resin (0.5 mmol, 1.1 mmol/g) and heated in the microwave (30 min, 75 °C). The coupling was repeated twice.
The resin was then washed with DMF (2x10 mL). Following couplings were achieved using 4 equivalents (eq.)
of Fmoc-protected amino acid in DMF, 4 eq. of DIC and 4 eq. of ethyl (hydroxyimino)cyanoacetate (Oxyma).
The resin solution was then heated in the microwave (1x2 min, 90°C). Fmoc removal was accomplished using
a solution of 20% piperidine in DMF (1x2 min, 90°C). The resin was washed with DMF (3x7 mL) between
different steps. Tripeptides were cleaved from the resin using a mixture of 95% trifluoroacetic acid (TFA), 2.5%
water, and 2.5% triisopropylsilane (TIPS). The solvent was removed by co-distillation with ether by rotary
evaporation and dried under reduced pressure. The product was purified using reversed-phase high-performance
liquid chromatography (HPLC, Thermofisher Dionex Ultimate 3000, Hypersil Gold 250x4.8 mm) in a linear
gradient of acetonitrile (ACN, 40% to 98%) and water with 0.1% TFA. Purified product was lyophilized and
stored at -20 °C until further use. The purity of the tripeptides was analysed by electrospray ionization mass
spectrometry in positive mode (ESI-MS) as well as analytical HPLC (Thermofisher Dionex Ultimate 3000,
eluted with a gradient of 0.1% TFA in water: ACN from 40:60 to 2:98 in 10 min, see below for results).

Sample preparation. Stock solutions of the precursor were prepared by dissolving the precursor in 200 mM
MES buftfer, after which the pH was adjusted to pH 6.0. Stock solutions of EDC were prepared by dissolving
the EDC powder in MQ water. Typically, stock solutions of 1.0 M EDC were used freshly. Reaction networks
were started by addition of the high concentration EDC to the peptide solution.

HPLC. The kinetics of the chemical reaction networks were monitored over time by means of analytical HPLC
(HPLC, Thermofisher Dionex Ultimate 3000, Hypersil Gold 250 x 4.8 mm). A 750 pL sample was prepared as
described above and placed into a screw cap HPLC vial. Every 10 minutes, samples of these solutions were
directly injected without further dilution, and all compounds involved were separated using a linear gradient
water: ACN from 40:60 to 2:98. In order to avoid aggregation problems during the injection, samples of Fmoc-
D were continuously stirred. In the case of the gelators, gels were just slightly broken manually by shaking the
vial before the injection took place.

Calibration curves for fuels (A= 220 nm) and precursors (A= 254 nm) were performed in triplicate in order to
quantify the compounds over time. Calibration was not possible for the anhydrides due to their intrinsic
instability. Instead, the absorption coefficient of their corresponding precursor was used. Measurements were
performed at 25 °C.
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UV/Vis Spectroscopy. The UV/Vis measurements were carried out using a Genesys 10S (ThermoFisher) UV-
VIS spectrophotometer. Samples were prepared as described above and placed in a 10 mm quartz cell
(HellmaAnalytics) and stirred while acquiring data. Data was measured at 600 nm with an interval of 7 seconds.

DLS. DLS measurements on Fmoc-E solutions were performed using a DynaPro NanoStar from Wyatt with a
laser wavelength of 658 nm. The MES buffered samples were measured using the disposable cuvette for DLS
from Wyatt. Each measurement consisted of 5 acquisitions with an acquisition time of 10 s. For measurements
and analysis the software Dynamics V7 was used. Measurements were performed at 25 °C.

Rheology. Rheological measurements were carried out on a stress controlled rheometer (MCR 302, Antor Paar,
Graz, Austria) using a plate-plate geometry (PP25, Anton Paar, Graz, Austria) and a plate separation of 0.3 mm.
Samples were prepared as previously mentioned and placed between the two plates. Frequency and strain values
were fixed to 1 Hz and 10 % respectively. A solvent trap was placed around the sample holder to avoid
evaporation. Data was recorded at 25 °C. The reusability experiments were performed by first preparing gels in
an Eppendorf tube and, after at least 24 hours, the second, third or fourth gel was prepared in the rheometer
using the above described procedure.

Confocal Fluorescence Microscopy. Confocal fluorescence microscopy was performed on a Leica SP5
confocal microscope using a 63x oil immersion objective. Samples were prepared as described above, but with
25 uM Nile Red as dye. 20 uL of the sample was deposited on the glass slide and covered with a 12mm diameter
coverslip. Samples were excited with 543 nm laser and imaged at 580-700 nm.

Fluorescence Microscopy. For samples that used both Nile Red and Pyrene as dye, we used conventional
fluorescence microscopy. Sample preparation was performed as described above and micrographs were
acquired on a Leica DMi8 microscope using a 100x oil immersion objective.

Fluorescence Spectroscopy. Fluorescence spectroscopy was performed on a Jasco (Jasco FP-8300)
spectrofluorimeter with an external temperature control (Jasco MCB-100).

In order to measure the cumulative release of Nile Red and pyrene, we used the solvatochromic properties of
these dyes when free in water. Over time, as the particles hydrolysed, the Nile Red and pyrene signal decreased
as it was expelled into the water phase. The signal was normalized as a measured for release of dye. Nile Red
was excited at 550 nm and its emission was traced over time at 630 nm, while pyrene was excited at 330 nm
and its emission traced at 384 nm. Measurements were performed at 25 °C.

The Nile Red assay was performed on the same spectrofluorimeter as described above. Samples were directly
prepared in the 10 mm quartz cuvette (Precision Cells Inc.) by mixing different concentrations of precursor
(from 2.5 to 15 mM in MES 0.2 M) with Nile Red (5 uM). The fluorescence intensities were measured at 635
nm with and excitation at 550 nm.

The THT assay was performed on the same spectrofluorimeter as described above. Samples were directly
prepared in the 10 mm quartz cuvette (Precision Cells Inc.) by mixing precursor (10 mM in MES 0.2M) with
EDC (100 mM) and THT (5 uM). The fluorescence intensities were measured over time, every 2 minutes, at
485 nm with excitation at 450 nm.

The Fmoc assay was performed on the same spectrofluorimeter as described above. Samples were directly
prepared in the 10 mm quartz cuvette (Precision Cells Inc.) by mixing precursor (10 mM in MES 0.2M) with
EDC (100 mM). The fluorescence intensities were measured over time, every 5.8 minutes, from 300 to 600 nm
with excitation at 285 nm.
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Circular Dichroism Spectroscopy. Circular dichroism measurements were performed on a Jasco (Jasco J750)
equipped with a Peltier temperature Control. Samples were prepare as described above and placed into a 1 mm
quartz cell (Hellma Analytics) cuvette. Spectra were recorded from 325 to 280 nm with 0.2 nm step, | nm
bandwidth. For single measurements, final spectra are the average of 10 accumulations at scan speed of 50
nm/min. For kinetic measurements spectra were recorded every 2 minutes with no accumulation at scan speed
of 100 nm/min. Measurements were performed at 25 °C.

Spray Coating. For the preparation of the self-erasing medium, Fmoc-D was immobilized in a 30%
polyacrylamide hydrogel. Briefly, a solution of 30% (29:1) acrylamide: bisacrylamide was prepared. In this
solution, 10 mM Fmoc-D and 200 mM MES was dissolved. To prepare a gel, 4mL of this stock solution was
deposited in a petridish and 8uL tetramethylethylenediamine (TEMED) was added. The gelation was started by
addition of 60pL 10w/w/% ammonium persulfate in water. The reaction was allowed to proceed for at least 2
hours, before EDC was spray coated or painted.

The fuel deposition via spray coating was performed using a spray gun (Harder & Steenbeck GmbH & Co. KG,
Grafo T3) and oil-free nitrogen as carrier gas. The spray gun was fastened on a mount above a vertically
adjustable sample stage to fixate the nozzle-to-sample distance at 15 cm. Applying a constant nitrogen pressure
of 2 bar, the flow rate of the solution was set to about 15 uL s by tuning the nozzle diameter accordingly. The
spray time and thereby the amount of deposited material was defined by an electronic controller. About 300 pL
of the respective solution were deposited on the substrate using 2 spray shots of 10 s duration with a short pause.
3D-printed masks were placed onto the substrates in order to create reproducible, detailed images. After the
completed spray deposition, the substrates were immediately transferred to an imaging station for further
analysis.

ESI. ESI-MS measurements were performed using a Varian 500 MS LC ion trap spectrometer. The samples
were diluted in acetonitrile and injected into an acetonitrile carrier flow (20 uL/min).

Cryogenic-Transmission Electron Microscopy (cryo-TEM). Samples for TEM were prepared as described
above. Shortly before imaging the samples were diluted a 10-fold to decrease the density of fibers in the
micrographs. Cryo-TEM imaging was performed on a Jeol JEM-1400 plus operating at 120 kV. The images
were recorded in a low-dose mode on a CCD camera. Quantifoil R2/2 on Cu-grid 400 mesh were used. The
grids were freshly glow-discharged for 30 seconds prior to use. Preparation of the grids was performed in a FEI
Vitrobot at 21 °C with the relative humidity set to 100% and the blotting force was set to -5. The sample (5 pL)
was incubated for 30 seconds, blotted twice for 3.5 seconds and then directly plunged into liquid ethane that
was pre-cooled by liquid nitrogen. The cryo-EM grids were transferred and stored in liquid nitrogen, and when
needed, placed into a Gatan 625 cryo-specimen holder to insert into the microscope. The specimen temperature
was maintained at -170 °C during the data collection.
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5. Dissipative Assemblies that Inhibit Their Deactivation

Abstract.

Supramolecular dissipative examples from biology, like the GTP-fueled
polymerization of microtubules and ATP driven actin assembly, led to the
development of artificial supramolecular dissipative assemblies driven by chemical
reaction cycles. These examples from biology show unique properties of the
emerging assemblies, like pattern formation or oscillatory behavior. Until now such
complex responses could not be implemented into assemblies, because of the lack
of feedback mechanisms of the assemblies on their chemical reaction network.

The focus of this Chapter is to generalize and explore the mechanism of inhibition for
other building blocks. The chemical reaction cycle, which was developed and
characterized in Chapter 4 is used to study the mechanism of the inhibition of the
hydrolysis reaction in the presence of colloids. These precursors are designed to self-
assemble after the addition of fuel and are able to self-assemble exclusively into
colloids. The activation reaction converts the two carboxylic acids of the precursor
into the corresponding anhydride. Due to their metastability in the MES buffered
media, the product rapidly hydrolyzes back to the initial precursors. By decreasing the
intermolecular interactions between the product molecules, the formation of colloids
can be switched off. In the presence of colloids, just the rate of the deactivation
reaction changed. The colloids inhibit the hydrolysis of the product, due to their
structure and hydrophobic character. By the addition of a surfactant or by changing
the buffer concentration, the feedback of the assemblies on the chemical reaction
cycle can be switched off completely or fine-tuned in a desired way. With this
mechanism in hand, it was possible to show that colloids with a high rate of inhibition
survive a period without fuel much longer compared to colloids with low rate of
inhibition. In other words, increasing the inhibition of the hydrolysis reaction by the

colloids leads to high robustness of the assemblies towards starvation periods.
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Dissipative assemblies that inhibit their
deactivation¥

Benedikt RieB,+® Caren Wanzke,® Marta Tena-Solsona,®® Raphael K. Grétsch,®
Chandan Maity® and Job Boekhoven () *°

Dissipative self-assembly is a process in which energy-consuming chemical reaction networks drive
the assembly of molecules. Prominent examples from biology include the GTP-fueled microtubule and
ATP-driven actin assembly. Pattern formation and oscillatory behavior are some of the unique properties
of the emerging assemblies. While artificial counterparts exist, researchers have not observed such
complex responses. One reason for the missing complexity is the lack of feedback mechanisms of the
assemblies on their chemical reaction network. In this work, we describe the dissipative self-assembly of
colloids that protect the hydrolysis of their building blocks. The mechanism of inhibition is generalized
and explored for other building blocks. We show that we can tune the level of inhibition by the
assemblies. Finally, we show that the robustness of the assemblies towards starvation is affected by the

rsc.li/soft-matter-journal degree of inhibition.

Introduction

Molecular self-assembly into various structures has received
widespread attention over the past decades'™ and has resulted
in biomaterials,*” catalysts,® molecular electronics,” and many
other supramolecular materials.'® Inspired by biological
assemblies such as the GTP-driven assembly of micro-
tubules,'" or the ATP-fueled crosslinking of actin filaments,'?
the dissipative self-assembly of non-biological molecules has
been pioneered."® In dissipative assembly, the assembly process is
induced by a chemical reaction network that consists of at least
two chemical reactions."*™*® First, a precursor is activated for
self-assembly by the irreversible consumption of a high-energy
molecule (fuel) or photon (light). We refer to this reaction as the
activation reaction. A second reaction reverts the activated product
spontaneously to its initial precursor state. We refer to this
reaction as the deactivation. The activated product, in its limited
lifetime, can self-assemble. Researchers have described both
light-driven'® and fuel-driven'**° dissipative assembly.

The kinetics of the activation and deactivation control the
material properties of dissipative assemblies, which makes
them intrinsically different than their in-equilibrium counter-
parts. For example, these materials can be controlled over space
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and time which opens the door to temporary materials with
a predefined lifetime. To that end, researchers have developed
self-erasing inks,*"** hydrogels that disappear after a prede-
fined lifetime*>™° colloids that can release hydrophobic mole-
cules after a tunable time,”® and others.?*>® Other unique
material properties of dissipative assemblies, include adaptivity
and autonomous self-healing.?®

Until now, the complex behavior we find in dissipative
biological assemblies, like oscillations or pattern formation,*
have not been observed in artificial analogs. A reason for the
discrepancy in complex behavior in dissipative assemblies is
the lack of feedback mechanisms of dissipative assemblies on
their chemical reaction network. For example, the assembly
of tubulin into microtubules catalyzes its own deactivation.*'
One of the goals for the field of dissipative self-assembly is
thus to implement mechanisms by which the assemblies exert
feedback on their activation and deactivation reaction.

We recently introduced a new chemical reaction network
that takes place in buffered water at pH 6. The chemical
reaction network converts a dicarboxylate precursor into a
transient anhydride at the expense of a carbodiimide (Scheme 1a).
In the activation reaction, derivatives of aspartic (D) or glutamic
(E) acid reacted with a carbodiimide to form their corresponding
O-acylisourea. This O-acylisourea further reacted to form its
corresponding anhydride. The reaction released one molecule
of urea. We called the urea waste, as it had no further function in
the cycle. Our previous study has shown that the waste does not
affect the assemblies or kinetics significantly.”” In the deactiva-
tion reaction, the anhydride hydrolyzed back to the original
dicarboxylate precursor. Upon addition of a finite amount of

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 (a) The chemical reaction network employed to drive self-
assembly of anhydrides. The dicarboxylate precursor is converted into the
metastable product (anhydride) by a high energy condensing agent (EDC).
For Fmoc-E or Fmoc-GD as a precursor, this product is able to self-
assemble into colloids. In the aqueous environment, the product is
hydrolyzed back to the precursor. (b) The molecular structure of precur-
sors used in this study.

Fmoc-E

carbodiimide fuel, the anhydride was temporarily present at the
expense of the carbodiimide. Work by others demonstrated the
generality of the carbodiimide induced transient anhydride
formation.*>

While the dicarboxylate precursor carried two anions, the
anhydride was charge-neutral. This hydrophobization con-
verted soluble precursors into assembling anhydride products.
We found that one specific precursor, N-fluorenylmethyloxy-
carbonyl glutamic acid (Fmoc-E), formed colloids. These colloids
significantly decreased the rate of hydrolysis of its anhydride
building blocks.

In the current work, we study the underlying mechanism
of the inhibition of the hydrolysis reaction in the presence
of colloids. We show that the mechanism is a result of the
assemblies protecting its anhydride product from deactivation
and that the mechanism can be generalized for other colloid-
forming anhydrides. We demonstrate that we can tune the level
of the inhibition of the hydrolysis. With that control, we can
manipulate the survival time of the colloids and their robustness
towards periods of starvation from their energy source.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion
Chemical reaction network

We studied the kinetics of the chemical reaction network using
four different dicarboxylate precursors (Scheme 1b). Two
precursors were derivatives of aspartic acid (D), while the other
two were derivatives of glutamic acid (E). Of the aspartic acid
derivatives, we used the N-carboxybenzyl protected amino acid
(Cbz-D), and an N-fluorenylmethyloxycarbonyl protected-glycine
derivative (Fmoc-GD). Of the glutamic acid derivatives, we investi-
gated Cbz-E and Fmoc-E. The anhydrides of the Cbz-amino acids
were well soluble under all experimental conditions, whereas
the anhydrides of Fmoc-E and Fmoc-GD assembled into colloids
(vide infra). In all experiments, we used 10 mM solutions of
the precursor in water buffered at pH 6 with MES. We added
finite amounts of carbodiimide as fuel (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, EDC) to these solutions
and measured the response of the chemical reaction network
by high-pressure liquid chromatography and electrospray
ionization mass spectroscopy (HPLC, ESI-MS, Fig. 1 and
Tables S1-S3, ESIf). It should be noted that the reactions
between fuel and Fmoc-E or Cbz-E resulted in a small amount
of the N-acylurea (Table S3, ESIT) which did not interfere with
the other reactions or the assemblies. Finally, we should note
that our HPLC method was optimized and verified to ensure
that all anhydride, be it in an assembly or not, was injected.
In other words, the assembling species was not filtered out by
the analysis method neither did it sediment during the
experiment.
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[Anhydride] / mM &

"0 20 40 60 "0 20 40 60
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c) d)
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Fig. 1 Concentration anhydride against time in response to addition of
EDC as determined by HPLC (markers) or the kinetic model (solid line) for
(@) 10 mM Fmoc-GD (red) or Cbz-D (black) with 10 mM EDC, (b) 10 mM
Fmoc-E (red) or Cbz-E (black) with 3 mM EDC, (c) 10 mM Fmoc-GD (red)
or Cbz-D (black) with 25 mM EDC, (d) 10 mM Fmoc-E (red) and Cbz-E
(black) with 10 mM EDC.
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We recorded the concentration of the fuel, the precursor,
and the product over time (Fig. 1a and b). These concentrations
were used to fit a previously described kinetic model.** The
model could be used to predict the concentrations accurately
when the chemical reaction network did not produce any
assemblies (Fig. 1a and b, the rate constants can be found in
Table S4, see Supplementary Notes 1 for a description of the
kinetic model, ESIt). We found similar yields, reaction times
and k-values for precursors based on the same terminal amino
acid demonstrating that the reactivity was not drastically
affected by the protecting group. For example, adding 3 mM of
EDC to Cbz-E or Fmoc-E resulted in a maximum concentration of
anhydride of 0.15 mM after 5 minutes.

When we added relatively large batches of fuel, differences
between the evolution of the concentration product of Cbz-D
and Fmoc-GD, as well as Cbz-E and Fmoc-E were evident
(Fig. 1c and d). For instance, when we added 10 mM of EDC
to 10 mM of Cbz-E, a maximum concentration of anhydride
was found after 5 minutes at 0.42 mM whereas, for the same
experiment with Fmoc-E, the maximum anhydride was a four-
fold higher at 1.6 mM after 18 minutes. Similar higher anhydride
concentrations and delays of the maxima were found for
Fmoc-GD when compared to Cbz-D. The apparent change in the
kinetics was not a result of a change in the activation kinetics
as the EDC consumption showed a similar profile for Cbz-E
compared to Fmoc-E as well as Cbz-D compared to Fmoc-GD
(Fig. S1a and b, ESIY).

Morphological assessment of the assemblies

We used dynamic light scattering (DLS) to assess the nature of
the assemblies of the anhydrides of Fmoc-E and Fmoc-GD.
We initiated the cycle by addition of 10 mM EDC to 10 mM
Fmoc-E, or 25 mM EDC to 10 mM Fmoc-GD which rapidly
turned the transparent precursor solutions turbid. We mea-
sured an increase in the DLS scattering rate of at least an order
of magnitude compared to before addition of fuel for both
Fmoc-GD and Fmoc-E (Fig. 2a and b). The radii calculated by
the fitted DLS data peaked after roughly 7 minutes at 390 nm,
and after 20 minutes at 550 nm for Fmoc-GD and Fmoc-E,
respectively (Fig. 2c and d). It is worth to note that these times
correspond to the time of maximum anhydride concentration.
The increased turbidity was temporary, and the scattering rates
decreased to their original values after roughly 15 and 50 minutes,
respectively. We found no evidence for assemblies when adding
10 mM or 3 mM of EDC to Fmoc-GD or Fmoc-E, respectively
(Fig. 2a and b).

We utilized fluorescence microscopy with Nile Red as a
hydrophobic dye to further assess the assemblies. Microscopy
showed no assemblies before addition of the fuel. In contrast,
minutes after addition of fuel, colloids were found for both
Fmoc-GD and Fmoc-E (Fig. 3a-d). Using image analysis software
on micrographs taken around 7 minutes for Fmoc-GD and
20 minutes for Fmoc-E, the radii of at least 2500 colloids were
measured. The radii of the colloids were found to be in line with
those found by DLS: 0.35 pm for Fmoc-GD and 0.4 pm for Fmoc-E
(Fig. 3e and f). Finally, cryo-TEM microscopy further confirmed
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Fig. 2 Scattering rates against time as measured by DLS (a) Fmoc-GD
(red) or Cbz-D (black) and 25 mM EDC, and (b) Fmoc-E (red) or Cbz-E
(black) with 10 mM EDC. Note that the Cbz-based experiments did not
increase the turbidity and their scattering rate thus remains around 0.
(c and d) Hydrodynamic radii against time for the experiments described in
a and b, respectively. We obtained no reliable data for the Cbz-based
precursors because of the limited scattering. All error bars represent the
standard deviation of the mean for a sample size n = 3.

that the colloids were already present within the first minutes of
the chemical reaction network with a radius in the range of 300 to
400 nm (Fig. 3g and h). From all of the above observations, we
concluded that the increased anhydride concentrations were a
result of the presence of the colloids.

Mechanism of inhibition of the deactivation

In the following, we explain the mechanism of inhibition.
In the presence of colloids, the activation of the anhydride
remained unchanged (Fig. S1a and b, ESI{). The difference in
the kinetics in the presence of colloids must thus be a result of
the deactivation reaction. To that end, we hypothesized that the
assemblies protect the anhydride from hydrolysis, via a simple
mechanism. The colloids are relatively large and hydrophobic,
which means that any anhydride in these colloids is effectively
separated from the aqueous environment. In other words, the
colloids protect their anhydrides from hydrolysis, but only
the fraction that is found in the colloids. The anhydride that
remained in solution thus remained susceptible to hydrolysis.
The protection from hydrolysis explained the relatively high
concentration of anhydride when colloids were formed.

To confirm our hypothesis, we adjusted the kinetic model to
exclude from hydrolysis the fraction of the anhydride above
the critical aggregation concentration (CAC). In other words,
hydrolysis of the anhydride only occurred on the fraction that
remained in solution, and hydrolysis was thus limited to a rate
of v, = k; x CAC. In that equation, k, is the first order rate
constant for hydrolysis in solution. Empirically determining the
CAC was challenging, given the metastability of the anhydride.
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Fig. 3 Fluorescence microscopy micrographs of (a) Fmoc-GD with 25 mM
EDC after roughly 7 minutes and (b) Fmoc-E with 10 mM EDC after roughly
20 minutes. Fluorescence microscopy micrographs of (c) Fmoc-GD with
25 mM EDC after roughly 7 minutes and (d) Fmoc-E with 10 mM EDC after
roughly 20 minutes, with high magnification. (e and f) Histograms of the
normalized colloid's radii distribution (n > 2500) of the micrographs of
(c) and (d), respectively. Cryo-TEM of colloids under the same conditions in
the first minute for (g) Fmoc-E and (h) Fmoc-GD.

Instead, we used the updated kinetic model and adjusted the
CAC to fit the HPLC data (Table S4, ESIY). Since both k, and the
CAC are both constants, the resulting rate is also a constant,
i.e., the hydrolysis followed Oth order kinetics. This rather
simple addition to the kinetic model allowed us to fit all HPLC
data for cycles that did or did not form assemblies (Fig. 1a-d).

Fig. 4 depicts a tentative mechanism of the evolution of the
dissipative cycle. At the beginning of the cycle, the rate of
building block activation was high, because the amount of
fuel was at its highest. Within the first minute, the solution
reached supersaturation and excess anhydride self-assembled
into colloids. When these first colloids were present, we
hypothesized that any activated anhydride was deposited on
the existing colloids. This deposition was confirmed by the
increase in radius as observed by DLS (Fig. 2). After 7 minutes
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Fig. 4 Mechanism of kinetically controlled assembly into colloids during a
dissipative cycle. The assemblies inhibit deactivation of anhydride (2) to
carboxylate (1).

for Fmoc-GD and 20 minutes for Fmoc-E, the fuel level had
decreased such that the activation rate is lower than hydrolysis
rate. The net anhydride formation was thus negative, and the
concentration of anhydride in the system decreased. As the
hydrolysis happened in solution, the solution became under-
saturated. The undersaturated solution could now accept
anhydride from the colloids, resulting in a decrease of the
colloids radii. Here, we assumed that anhydride disassembly
from the colloids is faster than hydrolysis.*® The colloids kept
on supplying the undersaturated solution with anhydride until
they had disappeared. At this point, the inhibition is switched
off, and hydrolysis proceeded with first order kinetics.

While we understood the above mechanism qualitatively
for Fmoc-E, we confirmed the mechanism for other colloid-
forming assemblies and could quantitatively express the level
of inhibition with our kinetic model. The quantitative under-
standing allows us to set some preliminary design rules for this
type of inhibition in dissipative assemblies. First, the deactivation
reaction of the assembling species needs to be driven either
by reaction with the solvent or a reagent in the solvent. The
assembly needs to be sufficiently large compared to its building
blocks in all three dimensions, and it needs to exclude the
building blocks from the solvent. We mention large in three
dimensions, as we have not seen this effect in large one-
dimensional fibers.”> Under these conditions, the assemblies
protected their anhydride building blocks from hydrolysis.
Finally, the disassembly rate is required to be faster than the
hydrolysis rate, such that the rate determining step is the hydro-
lysis and not the exchange of building blocks between assemblies
and solution.

Tuning the deactivation inhibition

We wondered if we could control the level of inhibition of
the assemblies on the anhydride hydrolysis rate. We first
performed experiments under conditions that prevent the
self-assembly of the anhydride of Fmoc-E into the observed
colloids. To do so, we added 1.0 mM of cetyltrimethylammonium
bromide® (CTAB). CTAB is a common cationic surfactant with a
critical micelle concentration of 0.1 mM under the employed
conditions (Fig. S2, ESIT). We reasoned that CTAB micelles would
solubilize the anhydride of Fmoc-E, thus inhibiting its self-
assembly into colloids. Indeed, with CTAB, no increased turbidity
was found after addition of 10 mM EDC to 10 mM Fmoc-E.
HPLC analysis showed that the EDC consumption rate was
similar compared to without CTAB (Fig. S1c, ESIT). However, the
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Fig. 5 (a) The concentration of Fmoc-E anhydride in response to 10 mM
EDC with (black) or without (red) 1 mM of CTAB. (b) The concentration of
Fmoc-E anhydride in response to 10 mM EDC with varying MES concen-
tration. (c) The same experiment at b, but with only 3 mM of EDC. (d) Level
of inhibition against the concentration of MES buffer. The inhibition level
scaled between 0 and 100% where 0% is no inhibition, and 100% is
complete inhibition of the hydrolysis.

anhydride concentration remained much lower compared to with-
out CTAB (Fig. 5a). The HPLC data was fitted using the kinetic
model, and we obtained a good fit by removing the inhibition
mechanism (Table S4, ESIT). In summary, the addition of the
surfactant increased the anhydride solubility and prevented
the formation of colloids required for the inhibition of the
deactivation.

In the next experiments, we aimed at tuning the level of
inhibition by the colloids. To do so, the CAC is to be altered by
minimal amounts. We found that the concentration MES buffer
could tune the solubility of the precursor, i.e., the more MES we
added, the higher the solubility (Fig. S3, ESIT). Such an effect is
referred to as “salting in.”** We assumed a similar trend for the
anhydride of Fmoc-E. We also verified that at the relatively low
buffer concentration of 50 mM MES, the buffer still had
sufficient capacity to diminish fluctuations in pH (Fig. S4,
ESIt). Addition of 10 mM EDC to 10 mM Fmoc-E in 50 mM
MES buffer at pH 6 resulted in a maximum anhydride concen-
tration around 2.5 mM (Fig. 5b). In contrast, when we performed
the same experiment in 1350 mM MES, the maximum anhydride
concentration was only 0.5 mM, and the evolution of the
anhydride concentration resembled the one without the inhibi-
tion mechanism. To our surprise, the drastically different
evolution of the chemical reaction network could be fitted by
only adjusting the CAC in the kinetic model (Fig. 5b). The CAC
in 200 mM MES was previously fitted to be 0.24 mM. For 50 mM
MES, a good fit was obtained by decreasing the CAC to
0.17 mM. In contrast, for 1350 mM, we removed the inhibition
mechanism to obtain a good fit (Fig. 5b).

As a control, we carried out a similar experiment but added
only 3 mM of EDC to ensure the absence of assemblies under
any of the conditions. Under these control conditions, the
evolution of the anhydride concentration was similar for each

4856 | Soft Matter, 2018, 14, 4852-4859

View Article Online

Paper

buffer concentration (Fig. 5c¢). We quantified the level of
inhibition by calculating the Oth order hydrolysis rate as a
fraction of the maximum hydrolysis rate without inhibition
(Fig. 5d and Supplementary Notes 2, ESI{ for calculations).
In this calculation, 0% equals no inhibition, and 100% implies
a complete inhibition of the hydrolysis.

Inhibition of deactivation makes the assemblies more robust

Finally, we set out to test the robustness of our assemblies
towards periods of starvation. We fueled our assemblies with a
batch of 10 mM EDC. After the fueling, we starved them from
fuel for 50 minutes after which we gave them another batch of
10 mM EDC. We performed this fueling-starvation sequence for
three rounds. We tested the response of two levels of inhibition:
a system with an intermediate amount of inhibition (+£50% at
200 mM MES) and a system with a high amount of inhibition
(£70% at 50 mM MES). The model showed that for a low
amount of inhibition, the concentration anhydride would fall
below the CAC in the starvation period (Fig. 6a). In contrast,
in the high inhibition experiment, the concentration would
remain above the CAC throughout the experiment. In other
words, in the high inhibition experiments, colloids can “survive”
the entire experiment, whereas a colloid in the intermediate
inhibition experiment will likely disassemble.

— 50mM MES
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Fig. 6 (a) The concentration of anhydride against time as calculated by
the kinetic model. Every 50 minutes a new batch of 10 mM EDC is
added. 15 minutes after addition of EDC the solutions were imaged.
(b) Micrographs of the samples as described in Fig. 4d. Scale bar corre-
sponds to 1 pm. The left micrographs correspond to 50 mM MES and the
right ones to 200 mM MES.
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To confirm the survival or disassembly of the colloids,
we had to mark them with a dye that could distinguish colloids
that had disassembled from colloids that had remained
assembled. To do so, 5 minutes after initiating the first cycle,
2.5 uM Nile Red was added. In the first 5 minutes, the colloids
had grown to roughly 400 nm in radius. That means that the
hydrophobic dye could only incorporate into a layer around the
core of the particles, which looked like a ring under the micro-
scope (Fig. 6b). If the colloids disassembled and reassembled
later, they lost that unique dye distribution, which allowed us to
distinguish them from colloids that had survived the experi-
ment (vide infra). The samples were imaged 20 minutes after
each fuel addition. In the first fueling round, microscopy
revealed colloids of roughly 1 pm with the characteristic ring
(Fig. 6b). After the 50 minute-starvation period, the second
batch of fuel was added. In the second fueling round, both
solutions showed particles of roughly 1 pm. In the high
inhibition-experiment, microscopy showed particles, that
maintained the characteristic ring, serving as a strong indica-
tion that they had survived the starvation period. In contrast,
the colloids with intermediate inhibition showed a homoge-
neous distribution of the dye through the core of the particle
(Fig. 6b). After the second starvation period, the system was
refueled for the third time. The final imaging round showed
similar particles as the second round.

The layered dye distribution throughout the colloids rendered
them unique, and only a colloid that “survived” the entire
experiment could carry the unique color code. In contrast, a
particle that had disassembled would have released its dye into
the solution and subsequently reincorporated it into the core of
new colloids upon addition of new fuel. The coding allowed us to
discriminate particles that had “survived” the starvation from
particles that had “died.” These last experiments show that
our colloids with a high level of inhibition all “survived” the
starvation periods of 50 minutes. In contrast, the particles with
low inhibition did not show the color coding and had thus fully
disassembled during the starvation period.

Conclusions

Our work shows a method of incorporating a feedback mechanism
into dissipative non-equilibrium assemblies. The understanding of
the molecular mechanisms at play allows us to switch on or off the
inhibition or to tune it. We show that increasing inhibition gives
the inherently unstable assemblies increased robustness towards
starvation periods.

Experimental
Materials

Fmoc-E, Cbz-E, Cbz-D, EDC, urea, MES were purchased from
Sigma-Aldrich and Alfa-Aesar and used without any further
purification unless otherwise indicated. Fmoc-GD was synthesized
using standard fluoren-9-ylmethoxycarbonyl (Fmoc) solid-phase
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peptide synthesis on Wang resin (100-200 mesh, 1.1 mmol g~
loading). Peptides were synthesized on a CEM Liberty microwave-
assisted peptide synthesizer. The ESIT gives a detailed description
of the synthesis.

Kinetic model. We used a kinetic model to predict the
evolution of the anhydride concentration over time. In brief,
the kinetic model uses rate constant for six reactions in the
chemical reaction network. Each second, the kinetic model
calculates the concentrations of the reactants and product.
The kinetic model and MatLab code are described in detail
Supplementary Notes 1 (ESIt). Table S4 (ESIf) gives the rate
constants.

Dynamic light scattering. We carried out DLS measurements
on all solutions with a DynaPro NanoStar from Wyatt with a
laser wavelength of 658 nm in disposable cuvette for DLS from
Wyatt. The measurements for Fmoc-E with 10 mM EDC and
Fmoc-GD with 25 mM EDC consisted of 5 acquisitions with an
acquisition time of 10 seconds. The remaining experiments
consisted of 1 acquisition with an acquisition time of 5 seconds. For
measurements and analysis, we used the software Dynamics V7.

HPLC. We monitored the kinetics of the chemical reaction
networks over time by using analytical HPLC (HPLC, Thermo-
fisher Dionex Ultimate 3000, Hypersil Gold 250 x 4.8 mm).
A 750 pL sample was prepared as described above and placed
into a screw cap HPLC vial. We injected samples of the
solutions directly, without further dilution. The HPLC sepa-
rated all compounds involved using a linear gradient of water
with 0.1% TFA:ACN with 0.1% TFA from 40:60 to 2:98.

We performed calibration curves for the EDC (4, = 220 nm)
and precursors (4,ps = 254 nm) in triplicate. Calibration was not
possible for the anhydrides due to their intrinsic instability.
Instead, we used the absorption coefficient of their corresponding
precursor.

Fluorescence microscopy. Fluorescence microscopy was per-
formed on a Leica DMi8 microscope using a 63 x oil immersion
objective. We prepared samples as described above but with
25 pM Nile Red as a dye. We deposited 20 pL of the sample on
the glass slide and covered with a 12 mm diameter coverslip.
Samples were excited with 543 nm laser and imaged at
580-700 nm. Particle diameters were counted using Image] cell
counting package.

ESI. ESI-MS measurements were performed using a Varian
500 MS LC ion trap spectrometer. The samples were diluted
in acetonitrile and injected into an acetonitrile carrier flow
(20 uL min™?).

Cryogenic-transmission electron microscopy (cryo-TEM).
Samples for TEM were prepared as described above. The grids
(Quantifoil R2/2 on Cu-grid 400 mesh) were freshly glow-
discharged for 30 (Fmoc-GD) or 90 seconds (Fmoc-E) before use.
Preparation of the grids was performed in an FEI/Thermo Fisher
Vitrobot at 25 °C with the relative humidity set to 100%. Fmoc-GD
(5 L) was incubated for 30 seconds, blotted twice for 3.5 seconds
(blotting force set to —5) and then directly plunged into liquid
ethane that was pre-cooled by liquid nitrogen. Fmoc-E (5 pL)
was incubated for 15 seconds, blotted for 2 seconds (blotting
force set to —1) and then also directly plunged into liquid ethane.
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The cryo-EM grids were transferred and stored in liquid nitrogen,
and when needed, placed into a Gatan cryo-transfer-specimen
holder to insert into the microscope. The specimen temperature
was maintained at —170 °C during the data collection. Cryo-TEM
imaging of Fmoc-GD was performed on a Jeol JEM-1400 plus
operating at 120 kV, and CryoTEM imaging of Fmoc-E was
performed on a Tecnai Spirit microscope (FEI/Thermo Fisher)
operating at 120 kV. The images were recorded in a low-dose mode
on a CCD camera.

Solubility determination of precursors. The samples of
Fmoc-E (10 mM) were prepared as described above in different
buffer concentrations (50, 100, 200, 500 and 1350 mM MES).
After the pH was adjusted to 1, the precipitate was filtered
off with a 200 nm syringe filter. HPLC analysis was carried out
like described above to determine the remaining Fmoc-E in
solution.

Sample preparation. Stock solutions of the precursor were
prepared by dissolving the precursor in MES buffer, after which
the pH was adjusted to pH 6.0. Stock solutions of EDC were
prepared by dissolving the EDC powder in MQ water. Typically,
stock solutions of 1.0 M EDC were used freshly. Reaction
networks were started by addition of the high concentration
EDC to the peptide solution. All analysis was carried out at
25 °C.
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Fmoc-GD synthesis. Fmoc-GD was synthesized using standard fluoren-9-ylmethoxycarbonyl (Fmoc)
solid-phase peptide synthesis on Wang resin (100-200 mesh, 1.1 mmol/g loading). Synthesis was
performed on a CEM Liberty microwave-assisted peptide synthesizer. The first amino acid coupling to
the resin was accomplished by using symmetrical anhydride methodology. Briefly, a 0.2 M solution of
the Fmoc-FmocD(OtBu)OH symmetrical anhydride was prepared by allowing the corresponding Fmoc-
protected amino acid (FmocD(OtBu)OH, 12 mmol) and N,N'-diisopropylcarbodiimide (DIC, 6 mmol) to
reactin 30 mLN,N-dimethylformamide (DMF) for 40 minutes. The solution was placed inthe freezer for
15 minutes and the solid urea formed was filtered out before next step. Loading of the resin was
performed using the automated peptide synthesizer. The symmetrical anhydride solution (0.2 M, 12 mL)
and 4-(dimethylamino)pyridine (DMAP) solution in DMF (20 mM, 2.5 mL) were added to the pre-swollen
Wangresin (0.5mmol, 1.1 mmol/g) and heated in the microwave (30 minutes, 75 2C). The coupling was
repeated twice in order to increase the yield. The resin was then washed with DMF (2x10 mL). Before
the following coupling the Fmoc protecting group was removed using a 20% solution of piperidine in
DMF. The reaction mixture was heated in the microwave (1x1 minutes, 90 °C) and then washed with
DMF (2x10mL). The couplingwas achieved by using 4 equivalents (eq.) of Fmoc-glycine in DMF, 4 eq. of
DICand 4 eq. of ethyl (hydroxyimino)cyanoacetate (Oxyma). The resin solution was then heated in the
microwave (1x2 minutes, 902C). This coupling was also repeated twice to increase the yield. The
peptide wasthencleaved fromthe resin using a mixture (10 mL) of 50% DCM, 47.5% trifluoroacetic acid
(TFA), 1.25% water, and 1.25% triisopropylsilane (TIPS). The solvent was removed by co-distillation with
etherbyrotaryevaporationanddried underreduced pressure. The product was purified using reversed-
phase high-performance liquid chromatography (HPLC, Thermofisher Dionex Ultimate 3000, Hypersil
Gold 250x4.8 mm) in a linear gradient of acetonitrile (ACN with 0.1% TFA, 40% to 98%) and water with
0.1% TFA. Purified product was lyophilized and stored at-20 °C until further use. The purity of the
peptidewasanalysed by electrospray ionization massspectrometryinpositive mode (ESI-MS) aswellas
analytical HPLC (Thermofisher Dionex Ultimate 3000, eluted with a gradient of 0.1% TFA in water:
0.1% TFAin ACN from 40:60 to 2:98 in 10 minutes, see below for results).
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Supplementary Methods

Sample preparation. Stock solutions of the precursor were prepared by dissolving the precursor in MES
buffer, after which the pH was adjusted to pH 6.0. Stock solutions of EDC were prepared by dissolving
the EDC powder in MQ water. Typically, stock solutions of 1.0 M EDC were used freshly. Reaction
networks were started by addition of the high concentration EDC to the peptide solution. All analysis
was carried out at 25°C.
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Supporting Table 1: Assessment of the used materials and their purity

mass retention
. mass calculated .
name purity [%] structure [/mol] observed | time
[g/mol] [min]
fmocE | Commercial o Mw = 369.12 392.1 614
’ 95% oyt on | CyoHiNO Mw+Nal* |
o O Ooﬁ 20M19NOg [ ]
Synthesized Q
0 OH Mw = 412.13 435.0
Fmoc-GD (see methods) O ( 1Y°8 , | 5.61
97% O T \Au OH C21H20N207 [MW+Na]
Commercial: Ol 3 Mw = 281.09 304.1
Cbz-E ot oH 4.51
? 97% Tﬂ CasHisNOs [Mw+Nal*
Commercial: @V 4 Mw = 267.07 290.9
Cbz-D O oH 4.47
‘ 99% T XY Ca2Hi3NOg [Mw+Na]*
Table S1. Characterization of precursors.
Supporting Table 2: Assessment of the products
mass retention
mass calculated X
name structure [/mol] oberved time
[g/mol] [min]
@) Mw=35111 3739
Fmoc-E anhydrid i 7.68
moc-E anhyaride C’ Or C20H17NO5 [MW"‘Na]+
O
() g Mw = 394.12 4172
Fmoc-GD anhydrid T 7.02
mosTER SmETee O, OYNQLN/\): Ca1H1gN206 [Mw+Na]*
i Mw = 263.08 286.1
-E h i ©\/° N 14
Cbz-E anhydride To;(olo CysH15NOs [Mw+Nal* 6
N Mw = 249.06 272.22
Cbz-D anhydride ©V Y o 6.36
i yer TOI?; C12H11NOs [Mw+Na]*

Table S2. Characterization of main products of the chemical reaction network.
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mass retention
mass calculated .
name structure [/mol] observed | time
g [g¢/mol]  [min]
O Mw = 524.26 525.5
Fmoc-E N-acyl K i 6.97
moc acylurea O’ o Nr)kN)kHMN/ CogHasN4O6 [Mw+H]
OO OH K !
o 1 9 Mw = 436.23 459.4
Cbz-E N-acy! ©v0 N K~y : ' 4.82
Z= Rracylurea TJOI;)LN FTY CaH3N4Og [Mw+Na]'
Table S3. Characterization of the side products of the chemical reaction network.
Supporting Table 4
k1 kZ k3 k4
P Al
recursor - ' x sec’) (sec’™) (sec™) (sec™) CAC (mM)
Cbz-D 8.0%107 2xk, 1.5xk1 1.5%107 N/A
0.60
Fmoc-GD 11¥107? 2xk 1.5xk 2.0%107
moc-G 0 xki 5xki 0*10 (200 mM MES)
Cbz-E 3.5%107 2xky 0.5xky 1.0%1072 N/A
} . N/A
Fmoc-E .0%1072 2xk 1.5xk .75%1072
moc 5.0%10 xki XKy 0.75*10 (1350 mM MES)
0.45
Fmoc-E 5.0%¥107 2xk 1.5xk 0.75%107
moc X< X (500 mM MES)
0.24
Fmoc-E .0%1072 2xk 1.5xk .75%1072
moc 5.0*%10 xki 5xki 0.75*10 (200 mM MES)
0.21
Fmoc-E 5.0%¥1072 2xk 1.5xk 0.75%107
moc X X (100 mM MES)
0.17
Fmoc-E 5.0%107 2xk 1.5xk 0.75%107
moc X< XK (50 mM MES)
N/A
Fmoc-E 5.0%107? 2xky 1.5xk; 0.75%107 (200 mM MES+1 mM
CTAB)

Table S4. Rate constant used in the kinetic model.
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Supporting notes 1: Description of model

Akinetic model was written in MATLAB that described five reactions involved in the chemical reaction
networkexcept. Itdid notinclude minorsidereactionthatformedthe N-acylurea. The concentrations of
each reactant were calculated for every 1 second in the cycle. The model was used to fit the obtained
HPLC datathat described the evolution of the concentration of anhydride, EDCand acid over time. In all
experiments, the concentration ofthe precursorwas 10 mM. Forall precursor/product combinations, at
least three different batch sizes of fuel were used to obtain an accurate fit (e.g. 10 mM Cbz-D + 10, 25
and 50 mM of EDC).

In the model, the following reactions were taken into account:

Reaction 0 (ko)

R 0]
+ H,0 — R‘NXN’R
H

|
R c"N
N H

N

The direct hydrolysis of carbodiimide with a first order rate constant of 1.3x10° sec *as determined by
HPLC in previous work.%?In the experiments, this reaction is irrelevant as it is so slow.

Reaction 1 (kq)

o)
R H - R Ho @ R
0 \ R. N N
W + N — O_C//
O ( (6] R‘N’/C \
n o L0 HN-R
o _

O

The formation of O-acylisourea by reaction with EDC with a second order rate constant that was
dependent on the nature of the precursor (Table S4). The rate constant was determined for all
precursors by HPLC, by monitoring the EDC consumption.

Reaction (k;)

w 9 R
R Ho P o)
o—¢ "y e
\ —_—— O R‘ ,R
0 [hyo MR o (% * NN
o) o)
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The formation of anhydride with a first order rate constant (Table S4). This rate constant could not be
determined because the O-acylisourea was never observed. It was therefore set to be twice the rate of
ky.As aresult, the O-acylisourea did never reach concentrations over 1 uMin the model.

Reaction 3 (k3)

R
R H i \ H o o}
O_é\/ FHO — R N o R. ).k R
O (%0 HN-R bl NN
o (Y_o
o “O

Thedirecthydrolysis of O-acylisourea with afirstorderrate constant (Table S4). This reaction rate could
not be obtained because the O-acylisourea was not observed. The ratio of k; and k3 (anhydride
formation and competing direct hydrolysis of O-acylisourea) was varied to fit the HPLC data for several
concentrations of [fuel]pand [di-acid]o.

Reaction 4 (ky)

o + HO — = RT o

The hydrolysis of anhydride proceeded with a (pseudo)-first order rate as determined by HPLC (Table
S4). This reaction describes the hydrolysis on the fraction of anhydride in solution. When the
concentration was greater than the solubility of the anhydride, only the fraction thatremained in
solution was taken into account. In other words, above the solubility the rates was calculation by
k4*CAC.
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The model that takes into account all these equations in MATLAB code:

%l/11] SETUP ///]1]

clf, clear

hr  =3600; Y%amount of seconds per hour

t =1*hr; %amount of hours to be calculated
plot_ EDC=0; %Plot the [EDC]? (0 or 1 for yes or no)
plot ANH=1; %Plotthe [anhydride]? (0 or 1 foryes orno)

%////// SET THE INITIAL CONCENTRATIONS/////

COOH(1) =0.02; %Concentration COOH groupsin M (i.e. 0.020 mM for 10 mM fmoc-GD)
EDC(1) =25/1000; %concentration EDC inM

COOEDC(1)=0; %concentrationO-acylureainM

C000C(1) =0; %concentrationO-acylureainM

%I/11///SETTHERATE CONSTANTS/////
CAC=0.65/1000; %CACinM

k0 = 1.35E-5;
kl =1.1e-1;
k2 = 2*k1;
k3 = 1.5%1;
k4 = 2e-2;
%I/////I CALCULATIONS OF THE RATES/////
fori=1:t
r0(i) =kO*EDC(i); %EDC => EDU (direct hydrolysis)
r1(i) = k1*EDC(i)*COOH(i); %C00 + EDC => COOEDC
r2(i)=k2*COOEDC(i); %C00 + COOEDC =>CO00C +EDU
r3(i) =k3*COOEDC(i); %COOEDC => COO + EDCU
ifCOOOC(i)> CAC %testifconcentrationanhydrideisgreaterthanits solubility
rd(i) = CAC*k4; %CO00C =>2C00
else
r4(i) =k4*COOOC(i); %C000C =>2C00
end
EDC(i+1) =EDC(i)-r1(i)-ro(i); %Calculationofallthe new concentrations.

COOH(i+1) = COOH(i)-r1(i)-r2(i)+2*rd(i) +r3(i);
COOEDC(i+1)= COOEDC(i)+r1(i)-r2(i)-r3(i);
CO0O0C(i+1) = COOOC(i)+r2(i)-ré(i);

end

%l/// PLOTTING ///11/

if plot_ EDC ==
plot((1:t)/60,EDC(1:t)*1000,"-m'"); %plots [EDC]in mM and a data point per minute in magenta
hold on

end

if plot_ANH ==
plot((1:t)/60,CO00C(1:t)*1000,'-b'); %plots [Anhydride]in mMand a data point per minute in blue
hold on

end

Supporting notes 2: Description of the quantification of feedback.

According to the above described model, when 10 mM of EDC was added to 10 mM of Fmoc-E and no
feedback was in place, the maximum hydrolysis rate was found after 5.1 minutes at a rate of
4.02 uM/sec. When feedback was in place, the maximum hydrolysis rate was limited to ks*CAC, where
kg is the 1%t order rate constant for hydrolysis and CAC is the critical aggregation concentration. This
relation implied that the rydecreased with decreasing CAC. In order to quantify the feedback, the
decreased ryas a result of the feedback was divided by the maximum rate (4.02 uM/sec). This fraction
wasnormalized between 0and 100%, where 100%implied fullinhibition of the hydrolysis (r4=0uM/sec)
and 0% meant no inhibition of the hydrolysis (r4=4.02 uM/sec).
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Fig. S1. Concentration EDC against timein response determined by HPLC (markers) fora) 10 mM Fmoc-
GD (red) or Cbz-D (black) with 25mM EDC, b) 10 mM Fmoc-E (red) or Cbz-E (black) with 10 mM EDC, c)
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b) 10. ; e oy 10 . s
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10 mM Fmoc-E with (red) or without (black) CTAB and 10 mM EDC.

Supporting Figure 2
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Fig. S2. Nile Red emission intensity at 635 nm again concentration of CTAB. Adrastic increase intensity

was observed around 0.1 mM, indicative of the critical micelle concentration of CTAB.
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Fig. $3. Solubility of Fmoc-E at pH 1 at different MES concentrations. The error bars depict the standard
deviation (n=3).

Supporting Figure 4
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Fig. S4. pHagainst time for a solution of 1L0mM Fmoc-E in response to 10mM EDC for 200mM MES
buffer (black) and 50 mM MES (red).
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6. Conclusion and Outlook

The overarching goal of this thesis was to develop a new chemical reaction cycle that
can be used to form dissipative assemblies. Up until the start of my Ph.D. work,
chemical reaction cycle had been slow, and relied on toxic chemical fuels. The further
aims of this work were to use the network to control the assemblies, and to find
mechanism by which the assemblies can control the reaction cycles (i.e., feedback
mechanisms).

In the first chapter, | describe general design rules for chemical reaction cycles and
how they can drive the self-assembly of molecules. The energy to drive dissipative
self-assembly can be harvested from the conversion of a fuel into waste or from the
conversion of light into heat. The second chapter describes how these chemical
reaction cycle can be coupled to the assembly of molecules. We identified three
strategies: the reaction cycle can be used to transiently abolish ionic charges,
transiently combine two non-assembling precursors, or to induce a conformational
change of the precursors.

In Chapter 4, | demonstrate the development and design of a versatile chemical
reaction cycle, which operates close to physiological conditions. The Fmoc-protected
precursors react to the corresponding metastable product by the consumption of the
carbodiimide. The products are designed such that they are able to self-assemble into
different dissipative structures. The products rapidly hydrolyze back to the precursor
state and can be reactivated as long as fuel is present. It was possible to encapsulate
hydrophobic dyes into the dissipative colloids formed by Fmoc-glutamic acid. These
colloids could be further explored to encapsulate and release hydrophobic drugs. It
could also be possible that these colloids help to increase reaction rates of reactions
taking place in or close to the assemblies. Further, it was possible to have control of
the assemblies in space and time. In contrast to biological examples, like the
microtubule networks, the fibers of the self-standing hydrogels do not show dynamic

formation and degradation, which would be an important element for the ability to
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self-heal. The dynamics of the fibers can be enhanced by either decreasing the
precursor concentration to create a pseudo steady-state in precursor, fuel and
product concentration. Other experimental setups, like continuous fueling through a
membrane, could also help to increase the dynamics of the fibers.

In Chapter 5, | describe how the robustness of assemblies based on the newly
developed chemical reaction cycle can be fine-tuned or switched off completely. The
colloidal assemblies inhibit the deactivation reaction of the chemical reaction cycle by
shielding the anhydride from hydrolysis. It was possible to show that assemblies with
high inhibition rates survive starvation periods without fuel compared to assemblies
with low inhibition properties. It is crucial to understand the underlying mechanism of
the inhibition to further implement this property into other types of assembly. Further,
true complex behavior can arise from such feedback, like adaptivity or oscillatory
behavior of the assembilies. In the future, true feedback of the assemblies on either
the activation or deactivation reaction has to be implemented to lead to assemblies
closer to biological examples. This could be done by including histidine into the
precursor molecule or designing a catalyst, which is able to co-assemble with the
product. The histidine moiety can act as a proton shuttle in the assembled state. This
catalytic behavior would then lead to an increased rate of the deactivation reaction,
which could be tuned by the histidine concentration.

In conclusion, this work describes the development and analysis of a newly developed
chemical reaction cycle, which is versatile, scalable, and operates under close to
physiological conditions. The assemblies show life-like properties, like reusability, and
can be controlled in space and time. Furthermore, | could show how the assemblies
affect the deactivation reaction of a chemical reaction cycle. The development of such
a versatile chemical reaction cycle and the design of assemblies with robustness
against their degradation opens the door for new man-made dissipative

supramolecular assemblies and applications with unique properties.
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7. Further Publications

Besides the two publications reprinted in sections 4 and 5 with the focus on dissipative
materials ranging from fibers to colloidal structures | contributed to five more

publications. One manuscript is in preparation.
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7.2 Application of Dissipative Supramolecular Materials with a Tunable

Lifetime

Abstract.

The research and application of supramolecular materials have grown rapidly over the
past years. But in comparison to biological materials, these man-made supramolecular
materials exist in equilibrium. Biological materials, in contrast, exist out-of-equilibrium
and have, therefore, outstanding properties. Properties like a tunable lifetime, the
ability to self-heal, or even to self-replicate. Inspired by biology, researchers have
developed analogs of dissipative supramolecular materials, which can be controlled
in space and time. In this review article, we introduce the crucial difference between
in-equilibrium and dissipative out-of-equilibrium materials. Furthermore, we focus on
materials that have a tunable lifetime. A facial way to tune the lifetime is by the initial
amount of fuel added to the chemical reaction cycle. We extracted other methods,
which also lead to tunable lifetimes, like adjusting the precursor concentration or the
concentration of reactants, which are involved in the deactivation reaction. Besides
this key property, we list materials which can have application in everyone's everyday
life. So, dissipative out-of-equilibrium materials can be used as temporary inks or as
reusable paper. Another type of assemblies is self-standing hydrogels, which can find
its application as drug delivery platforms or as biofilm, to help in the body to
regenerate tissue. The last type of dissipative assemblies discussed are assemblies
which can help to control rates of reactions. The biological property of spatio-
temporal control has been successfully implemented into man-made dissipative
supramolecular assemblies. But true complex behavior of the assembly on the

chemical reaction cycle is still missing.
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Abstract: Supramolecular materials are materials in which
molecular building blocks are held together by non-covalent
interactions. These materials exist in equilibrium with their
environment. In contrast, most biological materials exist out
of equilibrium. They require constant dissipation of energy
and consumption of nutrients to be sustained. As a result of
their non-equilibrium nature, biological materials have superi-
or properties compared to their in-equilibrium counterparts.
These properties include spatial and temporal control over

their presence, the ability to self-heal and even the ability to
self-replicate. Inspired by biology, researchers have developed
analogs of such dissipative supramolecular materials. This
Focus Review introduces the crucial differences between in-
equilibrium and dissipative supramolecular materials. We
focus on one unique property of the emerging materials:
their tunable lifetime. With recent examples, we show the
principles involved and how these materials can be applied in
the future.
J

1. Introduction

Supramolecular materials are materials in which molecular
building blocks are held together by non-covalent interactions,
like hydrogen bonding or m-orbital overlap."” Over the past
decades, the field of supramolecular materials has seen
explosive growth, in part because of design rules®® new
synthetic methods and prominent applications.”"" Successful
examples include block copolymer micelles™ that can be used
to deliver drugs at diseased sites>' or supramolecular
polymers" that help the body to regenerate lost tissue.'*'”
Despite their success, man-made supramolecular materials
remain rather basic compared to supramolecular materials as
found in biology. Biological supramolecular materials, like skin,
bone or even cells, demonstrate some remarkable features,
including self-replication, the ability to make decisions and the
ability to self-heal."® Although many of these processes in
biological supramolecular materials are ill-understood, one
concept recurs in all of these materials: supramolecular bio-
logical materials almost always exist out of equilibrium with
their environment."® That means that biological materials can
only exist by constant dissipation of energy taken from their
surrounding.®*” Irreversible (photo-)chemical reactions deliver
the source of energy. A prime example is the dissipative self-
assembly of microtubules driven by GTP2" Due to their energy-
dissipating nature, these materials have several unique proper-
ties that we do not observe in in-equilibrium materials.

In this review, we will explain the difference between
equilibrium and dissipative supramolecular materials. We will
highlight the unique properties of the dissipative materials, and
we will focus on one of their specific features: the ability to be
controlled over time. We will review strategies to manage the
lifetimes of these materials, their possible applications and we
close with an outlook.
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2. Chemical Reactions to form Unique
Materials Supramolecular Materials

2.1 Chemical Reaction Networks to Induce Dissipative
Self-assembly

In dissipative supramolecular materials, materials are formed by
the self-assembly of molecules. Crucially, the formation of these
assemblies is coupled to a chemical reaction network of at least
two chemical reactions.? In the activation reaction, a non-
assembling molecule (precursor) reacts with a sacrificial high-
energy molecule (fuel) or with light (photon) to form a
metastable product (Figure 1a). It is essential that this activation
reaction is irreversible and that the fuel is thus irreversibly
“burned.” The second reaction brings the product back to the
precursor. Also for this deactivation reaction, it is crucial that
the reaction is irreversible and the reaction has to occur
spontaneously. Under these set of conditions, a product is
formed by the dissipation of energy (fuel or photon), and it
remains transiently present. In its limited lifetime, the product
can act as a building block to form assemblies which constitute
the supramolecular material.

We clarify the above definition with a recently introduced
chemical reaction network by our group.?” The precursors are
derivatives of aspartic acid (Figure 1b). The two carboxylates of
aspartic acid render the molecule well soluble in aqueous
buffer. In the activation reaction, the two carboxylates react
with a carbodiimide fuel to irreversible transforms it into an
cyclic anhydride (product). The product, in the aqueous
environment, is metastable and hydrolyzes to its original
precursor state. The half-life of the anhydride is in the range of
several minutes to several seconds at pH 6, depending on its
nature. Hartley and coworkers described that the chemical
reaction network could also be applied to larger macrocycles.*®
In essence, the chemical reaction networks entail the transient
anhydride formation driven by carbodiimide hydrolysis.

The conversion of the precursor’s two anionic carboxylates
into non-charged anhydride makes the product more hydro-
phobic than its precursor. The hydrophobization can be used to
induce self-assembly into a supramolecular material, which we
will discuss in detail in the sections below. In contrast to
equilibrium materials, the properties of the emerging
supramolecular material are determined by the governing
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reaction rates and lifetimes of the product, which is the focus of
this review.

2.2 Unique Properties of Dissipative Supramolecular
Materials

Because of their non-equilibrium nature, dissipative
supramolecular materials have unique properties compared to
their in-equilibrium counterparts.” Due to the dynamic
product activation and deactivation, the emerging materials
can be intrinsically self-healing. To that end, researchers have
shown that supramolecular hydrogels that are typically not self-
healing, can regenerate after damage when formed via
dissipative self-assembly.?® Another unique property of dissipa-
tive assemblies is that patterns of the assemblies can emerge
on much greater length-scales than the molecules or assem-
blies themselves. This phenomenon, referred to as self-organ-
ization, has so far only been demonstrated for biological
dissipative assemblies, like microtubules®"” that form asters and
vortexes on millimeter length scales.?**" Other properties of
dissipative assemblies include the ability to self-replicate and
the ability to be controlled over space and time. The temporal
control has been the most studied unique property of
dissipative materials and is the focus of this review.

3. Supramolecular Materials with a Tunable
Lifetime

In this section, we will discuss examples of dissipative
supramolecular materials, in which the researchers focused on
controlling the lifetime of the emerging materials.”” The
general strategy in these studies involves the application of a
finite amount of energy to the chemical reaction network
(Figure 2). The energy in these examples is added in the form of
a chemical fuel or by irradiation with light. In response, the
chemical reaction network activates some of its precursors to
their product state. The product can then self-assemble into
the supramolecular material. With the formation of the product,
deactivation commences. As the reaction network is running
out of fuel, the rate of deactivation will be higher than the
activation rate, and, consequently, the supramolecular material
starts to decay. Equilibrium is reinstated when all fuel has been
consumed, and the material has entirely decayed. We demon-
strate the success of dissipative supramolecular materials with
self-erasing inks, self-abolishing hydrogels, assemblies that
release molecules after a predetermined time, and materials
that can enhance or inhibit reactions for specific times.

3.1 Self-erasing Inks

In dissipative supramolecular inks, the self-assembly of building
blocks results in a change in color or turbidity of the material.
In these systems, a polymeric matrix traps the precursors and

ChemNanoMat 2018, 4, 710-719 www.chemnanomat.org
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their solvent such that energy can be applied locally. Thus, a
pattern, image or message appears only where the energy is
applied. During the reinstatement of equilibrium, the message
self-erases after which the material can be reused. As such,
dissipative supramolecular inks, offer an exciting platform for
the development of a reusable paper.

To that end, Grzybowski and coworkers introduced a first
self-erasing ink based on the dissipative self-assembly of gold-
or silver-nanoparticles driven by UV-light (Figure 3).°* They
functionalized nanoparticles with a trans-azobenzene derivative
which served as the precursor in the chemical reaction network
(Figure 3a). The precursor can isomerize to cis-azobenzene in
response to UV-light as the energy source (Figure 3b). Impor-
tantly, the isomerized cis-azobenzene state was not the
thermodynamically favored state but reverted to the trans-state
spontaneously. The UV-induced isomerization caused a change
in the dipole moment of the azobenzene-functionalized
particles. That dipole moment-shift was sufficient to induce the
self-assembly of the nanoparticles into large clusters (Figure 3c).
As the cis-azobenzene groups spontaneously isomerized back
to their thermodynamically more favored trans-state, the cluster
started disassembling over time, when the energy source (UV-
light) was taken away. Taken together, UV-light can convert
precursor into an activated product state that can self-
assemble, but the thermal energy spontaneously brings the
activated state back to the disassembled precursor.

The dissipative assembly of these nanoparticles induced a
color-shift of the sample from red to blue. The researchers
embedded the chemical reaction network in a polymer gel and
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Figure 1. a) General chemical reaction network for dissipative self-assembly. A precursor (blue) reacts irreversibly with a fuel (purple) to form a product (red) in
the activation reaction. The metastable product reverts spontaneously to the original precursor in the deactivation reaction. In its limited lifetime, the product
can self-assemble into a supramolecular material. b) In the depicted chemical reaction network, a dicarboxylate precursor converts into a metastable

anhydride driven by the hydrolysis of carbodiimides.
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Figure 2. Generalized profile of material properties against time for
dissipative supramolecular materials. At t,, a finite amount of energy is
added. Consequently, the supramolecular material (red line) emerges. When
the system runs out of energy, equilibrium (blue line) is reinstated. The
lifetime of the material can be controlled by parameters like the amount of
fuel applied or the concentration of precursor.

irradiated the gel with UV-light through a photomask. Upon
irradiation, the color of the gel changed from red to blue for
the gold nanoparticles. For the silver nanoparticles, the color-
shift was from yellow to blue (Figure 3d). The researchers
showed that a UV-laser pen could also be used induce the
color—shift. Moreover, they were able to write messages on the
material. Crucially, all the patterns and messages erased over
time as soon as the researchers removed the source of UV-light.
The self-erasure time could be tuned from seconds to hours.
Our group recently demonstrated that self-erasing inks
could also be based on chemical fuels, as opposed to UV-light,
to deliver the required energy. The chemical reaction network is
similar to the one described in Figure 1b. The precursor in this
reaction network consisted of fluorenylmethyloxycarbonyl
protected aspartic acid (Fmoc-D, Figure 4a). The precursor
converted into its corresponding anhydride by addition of
carbodiimide condensing agent as a fuel (Figure 4b). Upon
conversion from precursor to product, the molecule lost two of
its negatively charged carboxylates which made it less soluble.
As a consequence, the anhydride product self-assembled into
spherulites which transformed an initially clear solution into a
turbid one (Figure 4c). Because of the anhydride’s transient

ChemNanoMat 2018, 4, 710-719 www.chemnanomat.org

nature, the spherulites were temporary present, and the turbid
solution reverted to a clear one when the system ran out of
fuel. A solution of the precursor was trapped in a polyacryla-
mide hydrogel, and the fuel was applied onto the gel, either
with a paint-brush or using a spray-coating setup. As a result,
the turbidity of the gel increased where fuel was applied, and
messages could be written (Figure 4d). Due to their non-
equilibrium nature, the hydrogels lost their increased turbidity
over the course of hours. Moreover, the self-erasure time could
be tuned from one to several hours by the concentration of the
applied fuel solution.

3.2 Self-abolishing Hydrogels

In supramolecular hydrogels, molecules assemble into fibers
that subsequently form a network that traps its solvent.>*3
Consequently, the self-assembly of molecules can convert an
aqueous buffer into a material with solid-like properties.*” For
biomedical purposes, hydrogels have proven extremely power-
ful, ranging from applications as scaffolds for cells®®**" to
reservoirs that control the release of drugs.“>** Coupling these
useful features of hydrogels to the unique properties dissipative
self-assembly can thus result in self-abolishing hydrogels with a
finite lifetime which is the focus of this section.

Van Esch and Eelkema introduced the first example of
chemically driven dissipative self-assembly of fibers."** The
chemical reaction network involved a well-soluble precursor,
N,N'-dibenzoyl-L-cystine, that has two carboxylates (Figure 5a).
When a methylating agent like methyl iodide or dimethyl
sulfate was added, it reacted with the precursor to form the
corresponding methyl ester (Figure 5b). Under the employed
conditions, the methyl-ester product deactivated to the original
precursor via hydrolysis. The reaction network thus formed
metastable methyl-esters at the expense of methylating agent.
The methyl ester, due to its loss of anionic carboxylates, was
less soluble and self-assembled into fibers. The ensemble was

713 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Schematic depiction of the precursor used in the study. b) In the depicted chemical reaction network, the azobenzene precursor (blue) absorbs a
UV-photon (fuel, purple) and is isomerized to the metastable product (red). The product reverts spontaneously to the original precursor. ¢) TEM images of the
precursor in solution (left) and the aggregates (right). The scale bar measures 100 nm. d) Photographs of self-erasing images or text using gold nanoparticles
(first row) and silver nanoparticles (second row). The scale bars measure 1 cm. Reproduced with permission from Ref. 32. Copyright 2009 Wiley-VCH.
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Figure 4. a) Chemical structure of the precursor Fmoc-D. b) In the depicted chemical reaction network, the dicarboxylate precursor (blue) reacts irreversibly
with a carbodiimide fuel (purple) to form a metastable anhydride product (red). Hydrolysis deactivates the anhydride to the precursor. ¢) Confocal micrograph
of the transiently arising spherulites of Fmoc-D in response to carbodiimide as fuel. The scale bar measures 10 um. d) Photographs of the self-erasing inks at
different times during the cycles. The scale bar measures 1 cm. Reproduced with permission from Ref. 26. Copyright 2017 Nature Publishing Group.

thus able to transform a solution of the precursor into a fuel (Figure 5¢). The lifetime of the hydrogels could be tuned
temporary hydrogel at the expense of methylating agent as from several hours to days by the pH of the solution or the
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Figure 5. a) The molecular structure of the N,N-dibenzoyl cystine precursor. b) The depicted chemical reaction network converts the precursor into its
corresponding methyl ester product at the expense of dimethylsulfate as fuel. The methyl ester hydrolyzes back to the precursor over time. c) Photographs of
the transient hydrogel at different times after addition of fuel. d) The viscoelastic response against time of the samples as measured by plate-plate rheology in
response to various amounts of fuel. When more fuel was added, gels were stronger and persisted for longer times. Reproduced with permission from Ref. 28.
Copyright 2015 American Association for the Advancement of Science.

amount and nature of the methylating agent as fuel added but could also be induced by enzymes.“** The study described
(Figure 5d). a tyrosine-based precursor (Figure 6a). The precursor that was

Work by Ulijn and coworkers showed that the formation of activated by reaction with a second amino acid as fuel,
dissipative hydrogels was not limited to methylating agents, specifically the methyl ester of tyrosine with its N-terminus
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Figure 6. a) The molecular structures of the tyrosine-based precursors. b) The depicted chemical reaction network converts the precursor into a dipeptide
product at the expense of the tyrosine methyl ester as fuel. The network requires chymotrypsin (green) for both the activation and deactivation reaction. c)
Photographs of the transient hydrogel taken at different times after addition of fuel. Reproduced with permission from Ref. 47. Copyright 2015 Wiley-VCH.
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protected by a naphthoxyacetyl group (Figure 6b). The activa-
tion reaction did not occur spontaneously, but the enzyme a-
chymotrypsin was used to catalyze it. Crucially, the same
enzyme catalyzed the hydrolysis of the dipeptide product to
the precursor, which rendered the dipeptide metastable. The
dipeptide was designed to assemble into a hydrogel-forming
fiber network (Figure 6¢c). With the enzyme concentration and
the nature of the precursor, the authors could tune the lifetime
of the hydrogel from minutes to several hours.

The self-abolishing hydrogels and supramolecular polymers
we highlighted above, as well as work by others,*>*” are an
exciting development for the field of biomaterials. Specifically,
in regenerative medicine, the creation of a hydrogel with
embedded cells that changes its function over time has been a
long-standing challenge.*®

3.3 Temporary Materials as Delivery Devices

Another promising biomedical application for materials with a
tunable lifetime is as a delivery vehicle for drugs. To that end,
Walther and coworkers demonstrated the burst release of a
product from a dissipative hydrogel.*” The chemical reaction
network was described in earlier work and based on the
addition of the enzyme urease and citric acid as fuel (Fig-
ure 7a).*” The acid addition induced a decrease in the pH. In
parallel, the urease hydrolyzed urea to form ammonia as a
product. The released ammonia raised the pH back to alkaline.
As a result, the pH was only temporary brought to acidic values
and reverted to the starting pH.
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The unique approach allowed the researchers to couple pH-
responsive assemblies to the chemical reaction network. In-
deed, when the chemical reaction cycle was carried out in the
presence of a pH-responsive hydrogelator, the decrease in pH
resulted in the formation of a transient gel (Figure 7b). The
researchers demonstrated that the lifetime of the hydrogel
could be tuned from minutes to hours by the amount of urease
in the system (Figure 7c). Moreover, it was also demonstrated
that their temporary hydrogels could release hydrophilic dye
after a preprogrammed time (Figure 7d). Because of the
generality of the principle, several other assemblies have been
formed via this principle including DNA i-motifs’®" and photonic
devices.*?

To demonstrate the use of dissipative materials as delivery
vehicles, we recently described the release of hydrophobic dyes
from a dissipative supramolecular material. We used Fmoc-
protected glutamic acid (Fmoc-E, Figure 8a) as a precursor in
the carbodiimide-fueled chemical reaction network described in
Figure 3a. The activated building block self-assembled into
colloids driven by hydrophobic collapse. Due to the transient
nature of the activated anhydride building block, the colloids
had a finite lifetime that could be tuned from 30 to 120 minutes
by the amount of fuel added to the system (Figure 8b). We
found that hydrophobic dyes could be incorporated into these
colloids. Moreover, the time point in the cycle when the dye
was added determined where it was incorporated. For example,
when Nile Red was added from the beginning of the cycle, i.e.,
with the fuel, it was incorporated in the core of the colloid
(Figure 8c). When pyrene was added 10 minutes after initiating
the cycle, it was built into the outer layers of the colloids. The
inhomogeneous distribution of the dyes could be used to
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Figure 7. a) In the depicted chemical reaction network, citric acid is used as a fuel to release protons. The decrease in pH-activated the enzyme urease which
releases ammonia and resets the pH to the original value. If the cycle was carried out in the presence of a dipeptide as a precursor, it was temporarily
protonated and self-assembled into fibers. b) Photographs of the gel at different time points. ¢) A plot of the lifetime against concentration urease. The
amount of enzyme can tune the lifetime of the hydrogel. d) Photographs of a static (left) and a transient (right) hydrogel at different times. The transient
hydrogel decayed after a preprogrammed time and released the encapsulated dye Resazurin. The scale bar measures 1 cm. Reproduced with permission from

Ref. 58. Copyright 2015 Wiley-VCH.
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Figure 8. a) Chemical structure of Fmoc-E used as a precursor molecule for the dissipative chemical reaction network based on carbodiimide hydrolysis. b)
DLS measurement of the dissipative network against time showed the transient nature of the assemblies. ¢) Confocal images of colloids coded with Nile red
and pyrene. The scale bar measures 1 um. d) Release profile obtained from the collapse of the colloids. Reproduced with permission from Ref. 26. Copyright

2017 Nature Publishing Group.

control the order of the release of the hydrophobic molecules
from the colloids. Because the colloids were deactivated from
their outer shells, the blue pyrene was released first (Figure 8d).
Near the end of the lifetime of the colloids, also the Nile Red in
the core was released. Consequently, the sequence of release of
hydrophobic dyes could be controlled by order of incorporation
of the dyes during the preparation of the colloids. Moreover,
the amount of fuel could be used to tune the point at which
the molecules were released.

The examples described above demonstrate the ability to
release both hydrophobic and hydrophilic dyes from dissipative
assemblies. Moreover, both the time when the material is
released as well as the sequence of the released dyes can be
predetermined by the users. These studies, as well as other
from the field,””” show the exciting possibilities of dissipative
supramolecular materials as drug delivery vehicles or other
biomaterials in the future.

3.4 Transient Assemblies to Control Reaction Rates

Besides the application of dissipative assemblies as delivery
devices, researchers have used dissipative supramolecular
materials to control reaction rates. A recent study of Prins and
coworkers explored that principle. In their work, a cationic
surfactant, C,;TACN'Zn?>* (Figure 9a), served as a precursor.*”
The precursor was electrostatically complexed by the anionic
fuel ATP (Figure 9b). The complexation screened the charges of
the surfactant and induced its assembly into vesicles (Figure 9c¢)
as evidenced by confocal and electron microscopy (Figure 9d).
However, under the employed conditions, the ATP was unstable
and hydrolyzed to AMP. As a consequence, the surfactant
disassociated from the AMP which induced the disassembly of
the vesicles. Addition of the enzyme potato apyrase increased
the hydrolysis rate, which allowed the researchers to control
the lifetime of the transient vesicles.

The researchers hypothesized that the bilayer of the vesicles
could serve as a hydrophobic container that hosts reactants.
Following that idea, they were able to tune the kinetics of an
aromatic nucleophilic substitution reaction between two hydro-
phobic compounds (Figure 9e). The amount of ATP added to
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the system increase the number of vesicles in the solution and,
consequently, it increased the yield of the aromatic nucleophilic
substitution (Figure 9f).

Examples of the dissipative assembly of nanoparticles have
also been reported. The systems make use of nanoparticles but
with different roles. In a first example, the surface of the
nanoparticles acted as a catalyst, and their transient assembly
thus decreased the reaction rate.*” Klajn etal. described a
system in which the assembly helped concentrating the
reactants, thus serving as a temporary “nano flask.”® As a
result, reaction rates accelerated upon assembly.

4. Conclusions

In this Focus Review, we described recent examples of
dissipative self-assembly that researchers developed with the
intention to tune the lifetime of the emerging materials. In
these dissipative supramolecular materials, energy-dissipating
chemical reaction networks are coupled directly or indirectly to
the self-assembly of molecules into supramolecular materials.
The emerging materials have properties that are determined by
the kinetics of the chemical reaction networks. In this Focus
Review, we chose to focus on the finite lifetime of the material.
A facile way to tune the lifetime is by the initial amount of fuel
added. Other methods include adjusting the precursor concen-
tration or the concentration of reactants that are involved in
the deactivation.

Preliminary studies have shown that the emerging dissipa-
tive supramolecular materials can be used as self-erasing inks
or as a reusable paper. Another application includes self-
abolishing hydrogels. Such gels could find application as a
biomaterial that aids the body to regenerate lost tissue, and,
after its function has been carried out, self-abolish. Alternatively,
these materials can be used to deliver pharmaceuticals at a
predetermined time or following a specific sequence. A final
application of dissipative supramolecular materials we dis-
cussed is as a material that can control reaction rates over time.

In biological dissipative materials, we can find, besides a
finite lifetime also other exciting, unique properties, which
include the ability to self-heal, self-replicate and to sponta-
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Figure 9. a) Molecular structure of the amphiphilic C,,TACN-Zn?* precursor. b) Chemical reaction network that forms vesicles under ATP usage by coordinating
the precursor. The enzyme potato apyrase (green) hydrolyzes ATP to AMP and two-times P,. ¢) Schematic representation of the vesicle bilayer. d) Cryo-TEM of
the dissipative vesicle. The scale bar measures 50 nm. e) Scheme of the aromatic nucleophilic substitution reaction carried out in the vesicular system. f) The
yield of NBD-Cj as a function of ATP concentration after a reaction time of 30 minutes. Reproduced with permission from Ref. 63. Copyright 2016 Nature

Publishing Group.

neously form patterns. Engineering such behavior in artificial
supramolecular materials is one of the primary goals for the
field of supramolecular chemistry. A step towards that objective
is implementing feedback of the assemblies on their chemical
reaction network. For example, the assembly of microtubules
catalyzes its building block deactivation, which is a crucial
element of the complex behavior of the emerging structures.?”
Very recent work by our group has shown that feedback of the
assemblies on their network can indeed initiate new behavior
that includes self-selection®” or an increased robustness of the
assemblies.” However, true complex behavior of the resulting
materials, like self-replication or pattern formation is still
missing. With these unique properties, we foresee a significant
role of dissipative self-assembly in the materials of the future.
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7.3 The Design of Dissipative Molecular Assemblies Driven by

Chemical Reaction Cycles

Abstract.

The field of supramolecular materials has undergone a change in the last years. The
field first focused on assemblies and materials, which are formed in equilibrium. These
materials already have a widespread application like liquid crystals in LC-screens. In
the last couple of years, the focus of the field moved towards assemblies, which are
formed out-of-equilibrium by a constant energy dissipation by a chemical reaction
cycle. These assemblies are closer to biological examples like microtubule networks.
Both man-made and biological examples can be controlled in time and space. But
biological examples show more complex properties, like self-healing or self-division.
With this review article, we explain clear design rules how chemical reaction cycles
can be developed to obtain dissipative supramolecular assemblies. First, we clarify
minimal requirements for the chemical reaction cycles and show how complex cycles
can be designed. We extracted three major categories based on what kind of fuel is
used to drive the chemical reaction cycles. The energy can come from the hydrolysis
of the fuel, the reduction of oxidizing agents, or light. The first two are catalytic
reaction cycles. In other words, the activation and deactivation of the chemical
reaction cycle lead to faster conversion of the fuel to its waste product. Based on the
extracted reactions, we found three major design strategies, how reaction cycles can
be coupled to the self-assembly of molecules. We end with examples for the
abolishment of electrostatic charges, the combination of two non-assembling

precursors, and the change of the molecular conformation.
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The Design of Dissipative Molecular

Assemblies Driven by Chemical

Reaction Cycles

Benedikt RieB,"* Raphael Kurt Grétsch,’* and Job Boekhoven'-2*

The field of supramolecular chemistry and molecular self-assembly has entered a
new phase in which the use of chemical reactions to create out-of-equilibrium
molecular assemblies is becoming more common. These dynamic assemblies
have vastly different properties than their in-equilibrium counterparts, which
include the ability to be controlled over space and time or the ability to self-
replicate. Such behaviors would set significant steps toward the synthesis of
artificial life. However, a limiting factor toward the revolution of the field is
the lack of clear definitions and design rules for such systems. In this review,
we explain the core principles that help to design energy-dissipating chemical
reaction cycles that can drive molecular assemblies. We discuss strategies for
coupling these reaction cycles to building blocks for the materials. We conclude
with an outlook for the field of dissipative self-assembly and its potential role as
a material or model for life.

INTRODUCTION

In supramolecular materials, molecules self-assemble into large structures driven by
non-covalent interactions yielding functional assemblies." Such non-covalent inter-
actions include hydrogen bonding, van der Waals interactions, the hydrophobic
effect, electrostatic attraction, as well as others. When these forces are tailored to
2% molecules can self-
8-11

balance repulsive interactions, such as ion-ion repulsion,
assemble into well-ordered structures, which include fibers,*” tubes,
5 coordination com|c>|e><es,16
assembled peptides,”'”"'® and DNA-based assemblies'” can also be designed

and produced. Such molecular assemblies have attracted significant attention
20,21

weaves,'”
or vesicles.”*'* Complex structures such as cages,

over the last decades partly because of emerging design rules and their wide
range of applications. Prominent examples of applications include liquid crystals
in liquid-crystal displays,””** vesicles used to deliver drugs,”® or peptide assemblies

used for regenerative medicine.”’*®

Molecular self-assembly is typically an in- or close-to-equilibrium process.””*° That
means that the molecular assembly can exchange building blocks with its surround-
ing environment. However, the exchange of building blocks is, on average,
balanced. No energy or matter is injected into or released from the system.*' The
in-equilibrium nature of self-assembly of synthetic structures starkly contrasts molec-
ular self-assembly in biology. Like synthetic supramolecular materials, living systems
comprise self-assembled molecules, such as fiber- or vesicle-forming building
blocks. However, the assemblies in living systems do not exist in or close to equilib-
rium. In life, most molecular assemblies exist out of equilibrium, driven by energy
harvested from reaction cycles.****

552 Chem 6, 552-578, March 12, 2020 © 2019 Elsevier Inc.

The Bigger Picture

If we want to create materials as
sophisticated as biological ones,
we should use strategies similar to
those used in biology. Living
biological materials, like skin or
bone, are made through the self-
assembly of molecules and exist
far out of chemical equilibrium,
which means that these molecular
assemblies require the constant
input and dissipation of energy in
order to be sustained. Because of
their dissipative nature, living
materials possess properties that
we typically associate with life and
do not find in classical materials:
properties such as spontaneous
emergence, the ability to self-
heal, or the ability to adapt to a
change in environment. Inspired
by biology, researchers have been
coupling energy-dissipative
chemical reaction cycles to the
creation of supramolecular
materials. Indeed, the emerging
materials are endowed with some
of the unique properties we
typically associate with life. The
design strategies are the focus of
this review.
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We explain the out-of-equilibrium nature of biological assemblies with a reasonably
well-understood example, i.e., the self-assembly of the actin network driven by the
hydrolysis of ATP.** The actin network is a cytoskeletal network that is responsible
for the structure of the cell wall and cell locomotion as well as other functions.*
The building blocks for the actin network are actin subunits that can assemble in a
head-to-tail fashion to form a filament. The process of assembly and disassembly
does not occur spontaneously but is driven by a chemical reaction cycle that hydro-
lyzes ATP. Each actin subunit can bind a molecule of ATP, which activates the actin
subunit for self-assembly with other activated actin monomers. Consequently, in the
presence of ATP, actin monomers rapidly assemble into fibrils. However, the ATP
bound to the actin hydrolyzes into ADP upon self-assembly. The binding strength
to other actin subunits decreases upon hydrolysis of ATP-bound to ADP-bound
actin. Therefore, upon self-assembly, the actin hydrolyzes and disassembles, after
which it can bind a new molecule of ATP and repeat the cycle. The consequence
is a dynamic assembly, with its building blocks’ assembly and disassembly tightly
regulated by the kinetics of the reaction cycle. That kinetic control allows the cell
to adapt its cytoskeleton to internal or external stimuli rapidly. It also means that
building blocks are recycled and can be used for different purposes. And finally, us-
ing kinetics to regulate molecular assemblies can give rise to materials with unique
features that are unimaginable in equilibrium. For example, the process of treadmil-
ling, in which an actin fiber grows on one end and collapses on the other.*®

From the example above, it is clear that the dissipative assembly of molecules en-
dows the emerging structures with exciting properties, which raises the question:
can we engineer similar principles into synthetic self-assembled systems? With the
unique features that dissipative self-assembly offers us and the scalability of syn-
thetic chemistry, we can envision exciting materials for the future.®’*® For example,
a supramolecular polymer that heals itself after externally applied damage, as our
skin does. Alternatively, the dynamic nature of these materials can be exploited as
a self-erasing paper that can be reused over and over,”” similar to how the building
blocks of our cells are reused.

This review will discuss strategies by which dissipative assemblies have been devel-
oped synthetically. We divide the review into the two essential components of dissi-
pative self-assembly, i.e., the chemical reaction cycle that consumes energy as it is
proceeding and the self-assembly of one of the metastable products in the chemical
reaction cycle. In The Chemical Reaction Cycle, we explain the minimal requirements
for the chemical reaction cycle, which we clarify with recent examples. We end the
section with design rules for energy-dissipating cycles. In Strategies for Coupling Re-
action Cycles to Self-Assembly of Molecules, we clarify the requirements from the
self-assembly part of dissipative self-assembly. We discuss three design strategies
to couple the chemical reaction cycle to the self-assembly of molecules. We close
the review with an outlook on the future of the field.

THE CHEMICAL REACTION CYCLE

In this section, we focus on the design of the chemical reaction to drive dissipative
self-assembly. We will first explain the minimal requirements for the chemical reac-
tion cycle, after which, we provide examples of successfully applied reaction cycles.
We divide the latter into two parts according to the nature of the source of energy
that drives the chemical reaction cycle, that is, dissipative reaction cycles driven
by the conversion of chemical fuels into waste and cycles driven by the conversion
of light into heat.
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Minimal Requirements for the Chemical Reaction Cycle

The chemical reaction cycles we discuss in this section follow the minimal require-
ments to drive dissipative self-assembly. The chemical reaction cycle comprises at
least two chemical reactions, an activation and a deactivation, that regulate the con-
centrations of a minimum of two species, a precursor and a product (Figure 1). The
activation is a reaction that converts a precursor into a product that is driven by the
irreversible consumption of an energy source. In other words, the reaction is driven
by the consumption of a chemical fuel (Fuel-Driven Reaction Cycles Are, Effectively,
Catalytic Reaction Cycles) or by the absorption of light (Chemical Reaction Cycles
Driven by the Conversion of Light into Heat). The activation reaction has to be irre-
versible. That means that the fuel is irreversibly “burned” or the photon is absorbed
to convert the precursor into a product, and the energy cannot be regained. In
contrast, the deactivation is a spontaneous reaction that reverts the product to
the precursor. The ensemble means that the product molecule is by definition meta-
stable, and its half-life is defined by the rate constant of deactivation, while its con-
centration is regulated by both the rate of activation and deactivation. In its finite
lifetime, the product can either assemble, which is the topic of Strategies for
Coupling Reaction Cycles to Self-Assembly of Molecules.

Fuel-Driven Reaction Cycles Are, Effectively, Catalytic Reaction Cycles

We discuss chemical reaction cycles that are driven by the conversion of a chemical
fuel (Figure 2A). In fuel-driven reaction cycles, the activation converts the precursor
into a metastable product at the expense of chemical fuel. That metastable product
spontaneously reverts to the precursor state in the deactivation reaction. The latter
reaction typically occurs by reaction with a ubiquitous species in the reaction solu-
tion (indicated by X in Figure 2A). For example, we will describe reaction cycles in
which Xis a molecule of water or a reducing agent. Because the product is eventually
reverted to the precursor, the cycle, per definition, has to generate molecules of
waste. Therefore, we treat this class of reaction cycles separately from the light-
driven reaction cycles where the energy is converted into heat, but no waste is
generated.

After the fuel is depleted and all product has been deactivated, the only difference
between the starting point of the experiment is the conversion of fuel into waste. We
can thus consider that the net reaction that drives the formation of the transient
product is the reaction of fuel with the ubiquitous molecule in solution (e.g., H,O

554  Chem 6, 552-578, March 12, 2020
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Figure 2. Dissipative Self-Assembly Driven by the Conversion of Chemical Fuels

(A) The generic design of an energy-dissipating chemical reaction cycle driven by chemical fuels.
(B) The energy is obtained from the conversion of fuel into waste by reaction with a species in
solution (X).

(C) The dissipative reaction cycle catalyzes the conversion of fuel into waste.

or reducing agent). In other words, these reaction cycles are effectively driven by the
conversion of fuel into waste (Figure 2B). A challenge in the design of dissipative re-
action cycles is to choose the chemistry such that the direct conversion of fuel into
waste (e.g., direct hydrolysis of ATP) is drastically slower than the reaction of fuel
with the precursor. When these requirements are fulfilled, the reaction cycles are,
effectively, catalysts for the conversion of fuel into waste products (Figure 2C). As
an analogy, a car engine is effectively a catalyst for the conversion of fuel into exhaust
gases, and as it does so, it produces work and heat. Similarly, the chemical reaction
cycles we discuss are catalysts that convert fuel into waste while producing transient
building blocks for self-assembly. While doing so, the reaction cycle reroutes the
flow of energy from fuel to waste and temporarily stores energy into the metastable
product. That temporary energy storage in a metastable product can subsequently
induce assembly into dynamic structures, as we will discuss in Strategies for
Coupling Reaction Cycles to Self-Assembly of Molecules.

Chemical Reaction Cycles Driven by the Hydrolysis of Fuels

In the following, we will describe examples of catalytic reaction cycles that catalyze
the hydrolysis of a fuel. In pioneering work, van Esch, Eelkema, and co-workers
developed a chemical reaction cycle that catalyzes the hydrolysis of methylating
agents such as methyl iodide or dimethyl sulfate.”*" In the case of dimethyl sul-
fate, the energy to drive the reaction cycle is extracted from the reaction of a mole-
cule of dimethyl sulfate (fuel) with a hydroxide ion (X) to generate methanol and
methyl bisulfate (waste) (Figure 3A). In the absence of precursor, the hydrolysis
of the dimethyl sulfate fuel is slow, i.e., the fuel has a half-life of 41 min. We refer
to that reaction as the direct fuel conversion. In contrast, in the presence of the pre-
cursor, the conversion of the fuel occurs at a 2.5-fold faster rate. In other words, the
presence of the precursor catalyzes the conversion of the dimethyl sulfate into
methanol and methyl bisulfate while forming a transient, metastable ester-based
product.

In the activation reaction, a molecule of carboxylate reacts with the dimethyl sulfate
to form its corresponding methyl ester and a waste molecule of methyl bisulfate (Fig-
ure 3B). In other words, part of the waste (methyl bisulfate) is generated in the
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Figure 3. A Chemical Reaction Cycle Driven by the Hydrolysis of Dimethyl Sulfate

(A) The energy to drive the chemical reaction cycle is obtained from the hydrolysis of dimethyl-
sulfate.

(B) The addition of a carboxylate-based precursor (blue) increases the rate of dimethyl sulfate
hydrolysis by forming the transient ester product (red).

The reaction cycle is adapted from Boekhoven et al.“®

activation step. In the deactivation reaction, the metastable methyl ester reacts with
a hydroxide ion to form the original precursor and releasing methanol (waste). In this
specific study, the precursors are chosen such that they are well soluble in the pre-
cursor state but self-assemble into fibers upon conversion into the product state.
The result is a hydrogel that comprises dynamically growing and shrinking fibers.
We discuss the design considerations for the self-assembly in Strategies for
Coupling Reaction Cycles to Self-Assembly of Molecules.

The rate constants of each reaction in the chemical reaction cycle are determined
experimentally, and kinetic models are used to quantitatively predict the evolution
of concentration in response to a batch of fuel or the continuous addition of fuel.
Another feature of the reaction cycle is its sensitivity to pH, which allows tuning
the reaction rates of the hydrolysis reaction. The cycle also has some shortcomings.
For example, the rates of the reaction cycle are relatively slow, particularly in com-
parison with the rates of biological reaction cycles. To put that in perspective, under
the fastest conditions described (pH 11), the cycle lasted 8 h when fueled with
200 mM dimethyl sulfate.

To increase the rates in the chemical reaction cycles, our group and the Hartley
group developed a reaction cycle that s driven by the energy obtained by the hydro-
lysis of carbodiimides (Figure 4A).**~*® The precursor in the cycle is a dicarboxylate
that converts into its corresponding anhydride in the activation reaction (Figure 4B).
The anhydride reacts with water in the deactivation reaction in a first-order reaction
with a half-life of roughly 30 s at pH 6. Given the short half-life of the anhydride, the
overall cycle is also fast. The cycle lasts under 1 h when 200 mM EDC is added to
10 mM of the aspartic acid-based peptides. Under the employed conditions, carbo-
diimides such as EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) are rela-
tively stable with a half-life in the range of 14 h. In contrast, with the aspartic acid
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Figure 4. Chemical Reaction Cycles Driven by the Hydrolysis of Carbodiimides

(A) The energy to drive the chemical reaction cycle is obtained from the hydrolysis of carbodiimide.
(B) The addition of a dicarboxylate-based precursor (blue) increases the rate of carbodiimide
hydrolysis by forming the transient product (red).

(C) Similarly, the use of a carboxylate-based precursor combined with NHS increased the rate of
carbodiimide hydrolysis by forming the transient NHS-ester.

The reaction cycles are adapted from Tena-Solsona et al.,*” RieB et al.,"* and Tena-Solsona et al.*

derivatives as a precursor, the half-life of EDC decreases to roughly 14 min (with
10 mM precursor). In other words, under these specific conditions, the catalytic cycle
accelerates the hydrolysis of EDC by a factor of 60 while producing transient building
blocks for dissipative assemblies. Using the same energy source, we also developed
a chemical reaction cycle that forms active esters based on N-hydroxysuccinimide
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Figure 5. A Chemical Reaction Cycle Driven by the Hydrolysis of ATP

(A) The energy to drive the chemical reaction cycle is obtained from the hydrolysis of ATP into ADP
and phosphate.

(B) The precursor in the cycle carries a serine amino acid that can be transiently phosphorylated.
The reaction cycle is adapted from Sorrenti et al.*®

(NHS) (Figure 4C).*”*® Given the increased stability of the NHS-ester, the overall cy-
cle lasts roughly 15 h, roughly seven times longer when compared to the anhydride-
based cycle. Other nucleophiles, inclduing 4-nitrophenol, have also been used to
form the transient active ester product49

A final reaction cycle we discuss in this section is a cycle driven by the energy ob-
tained from hydrolyzing adenosine triphosphate (ATP) to adenosine diphosphate
(ADP) (Figure 5A). As ATP is biology's frequently used energy current, the number
of ATP-driven enzymes is virtually countless, as is the number of precursors and
products that can be used in these reaction cycles. The broad range of ATP-driven
cycles gives researchers a large toolbox to choose reactions and enzymes. As an
example, Hermans and co-workers®® used the combination of protein kinase A
(PKA) that phosphorylates the side-chain of serine driven by the hydrolysis of ATP
into ADP and a y-protein phosphatase (yPP) that simultaneously removes the phos-
phate group (Figure 5B). The precursor in the reaction cycle contains a peptide
sequence (LRRASL) that is easily phosphorylated by the kinase into the product. Sub-
sequently, the product is dephosphorylated by the phosphatase. The inhibition of
the phosphatase by accumulating waste products limits the chemical reaction cycle
to a few repetitions. However, the authors cleverly overcome that problem by engi-
neering an experimental setup that simultaneously fuels a reactor and removes
waste products.
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Figure 6. A Chemical Reaction Cycle Driven by the Oxidation of Dithionite

(A) The net reaction of the redox reaction, which drives the chemical reaction cycle.
(B) The cycle can be used to generate the non-charged product PDI temporally.
The reaction cycle is adapted from Leira-Iglesias et al.”’

Chemical Reaction Cycles Driven by the Reduction of Oxidizing Agents

The use of cycles driven by redox chemistry has also been explored. In these cycles,
an oxidizing agent is used in a reducing environment resulting in the reduction of the
oxidizing agent as the driving force for the reaction. We demonstrate the design
with a recent example by the Hermans group, who used a chemical reaction cycle
that is driven by the oxidation of dithionite ions into hydrogen sulfite by oxygen (Fig-
ure 6A).°" In the activation reaction, the precursor, a perylene diimide derivative
(PDI?7), is oxidized by oxygen from the surrounding air and converted to the un-
charged PDI. In the deactivation reaction, the oxidized PDI product can react with
amolecule of dithionite to the original precursor state while releasing hydrogen sul-
fite as waste (Figure 6B). As a consequence, the net reaction occurs between oxygen
and dithionite to yield two molecules of hydrogen sulfite, while transiently activating
a PDl-based molecule for assembly. We will discuss the self-assembly in more detail
in Strategies for Coupling Reaction Cycles to Self-Assembly of Molecules.

Chemical Reaction Cycles Driven by the Conversion of Light into Heat

In this subsection, we discuss chemical reaction cycles that are designed to induce
dissipative self-assembly and are driven by the energy consumed from absorbing
a photon, i.e., reaction cycles driven by the conversion of light into heat.*?**™>% In
the activation reaction of these cycles, a precursor molecule absorbs a photon and
undergoes a photochemical reaction, e.g., photoisomerization. The deactivation,
where isomerization is reverted, typically occurs spontaneously or by the absorption
of a second photon (Figure 7).

These reaction cycles are different from the reaction cycles driven by the consump-
tion of a chemical fuel in two ways. The first difference is that light-driven reaction
cycles do not create (chemical) waste, while the fuel-driven reaction cycles do.
That difference can be advantageous, considering that the waste can accumulate
and interfere with the reaction cycle or assembly process. Second, while the chem-
ical fuel-driven reaction cycles are catalytic reaction cycles that catalyze the conver-
sion of fuel in waste, light-driven reaction cycles are not. That means that with or
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without the presence of the precursor, the energy is not converted into heat signif-
icantly faster.

A particularly illustrative example has been described that uses a diarylethene-
based molecular switch as a precursor in a chemical reaction cycle.”® This type of mo-
lecular switch converts from a ring-open, relatively flexible molecule to a ring-closed
rigid molecule upon irradiation with UV light of 313 nm in wavelength (Figure 8).%"->°
The ring-closed state is photochemically reverted to the open state by irradiation
with green light with a wavelength of 520 nm. Interestingly, when the diaryle-
thene-based precursor is irradiated with both wavelengths simultaneously, a photo-
stationary state emerges in which the precursor and product rapidly switch back and
forth.

The authors designed the specific molecular variation of the diarylethene-based mo-
lecular switch such that it is well soluble in toluene due to the relatively flexible nature
of the ring-opened photoisomer. However, upon ring-closing the cycle, the mole-
cules self-assemble into fibers due to hydrogen bonding between the amide groups
and increased rigidity of the molecule. The assembly is driven by the photostationary
state and thus rapidly exchanges precursors and products between the fibers and
solution.

Design Considerations for the Chemical Reaction Cycle

The chemical reaction cycle is the motor of dissipative self-assembly: it converts en-
ergy into transient building blocks for dynamic self-assembly. When designing such
reaction cycles, it is important to consider the type of energy source, i.e., energy
from fuel or energy from light, as they operate on independent design principles.
Chemical reaction cycles based on the conversion of fuel into waste should follow
the design stipulated in Figure 3. These cycles are effectively catalytic reaction cycles
that convert fuel into waste. Chemical reaction cycles driven by light should follow
the design as stipulated in Figure 7.

In the general design of fuel-driven reaction cycles, it is important to consider the
half-life of the product species in this reaction cycle. If the deactivation of this prod-
uct is fast and its half-life thus short, it becomes challenging to reach sufficient con-
centrations of product required to induce self-assembly. The activation reaction is
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Figure 8. A Photochemical Reaction Cycle Driven by Irradiation with UV Light
The precursor is based on a diarylethene switch that can switch to its closed form by UV light. The
reaction cycle is adapted from de Jong et al.*®

typically a second-order reaction in precursor and fuel, so the rapid loss of the prod-
uct can be overcome by increasing the fuel and precursor concentration.

In most designs, the deactivation reaction is based on the reaction of the product
with an abundant species in solution. For example, the product reacts with water
or a hydroxide ion in the hydrolysis reactions (Chemical Reaction Cycles Driven by
the Hydrolysis of Fuels) or it reacts with a reducing agent (Chemical Reaction Cycles
Driven by the Reduction of Oxidizing Agents). Consequently, the reaction follows
pseudo-first-order kinetics and can be tuned to some degree by the pH or amount
of reducing agent, respectively. Interestingly, because the chemical reaction re-
quires a reagent from the solvent, the assembly process can “protect” its product
from the deactivation reaction. For example, when the assembly is sufficiently large,
it can change the order of deactivation reaction from pseudo first order to zeroth
order*®** or to a surface erosion mechanism.”' Such design rules (i.e., large assem-
blies combined with deactivation occurring in solution can change the deactivation
pathway) lead to an increased crosstalk between the assembly and its reaction ki-
netics, which results in complex behavior including selection of assembling species
or even oscillations in the morphology of the assemblies.”’

In these reaction cycles, one should also consider the effect of waste, as it may inter-
fere with the reaction cycle or the assembly process. A trick used to avoid the build-
up of waste exploited by Hermans and co-workers is the use of continuously fueled
reactors that allow the in- and outflow of precursor, fuel, and waste, thus creating a
steady state in waste.”’

A final design consideration involves both chemically and light-fueled reaction cy-
cles: the possibility of side reactions. The precursor in the reaction cycle is activated
and deactivated tens or even hundreds of times. (The actual number for chemically
fueled cycles can be calculated by dividing the concentration precursor by the total
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concentration of fuel added.) At these numbers, even a minor side reaction becomes
a major problem.

Analysis of Chemical Reaction Cycles

A thorough understanding of the kinetics in the chemical reaction cycle can be
important to relate kinetic parameters to material properties. Typically, the concen-
trations of the components in the reaction cycle are experimentally determined with
techniques such as HPLC (high-performance liquid chromatography), NMR, fluores-
cence, or UV-visible (UV-vis) spectroscopy. An important consideration here is that
the technique offers an accurate measure of the concentration within a time window.
Depending on the rates of the chemical reactions in the reaction cycle, that window
can be seconds or minutes. For example, HPLC is accurate and also offers direct in-
sights in the formation of side products because reactants are separated, but itis a
rather “slow” technique. When the reaction rates are fast and lifetimes are in the or-
der of seconds, HPLC may fail as an experimental technique (e.g., because chemical
reactions occur on the HPLC column). In other words, for fast chemistry, it may be
better to use stopped-flow spectroscopy techniques. Alternatively, a trick that we
are currently exploring is to “quench” the chemistry such that activation and deacti-
vation are effectively stopped, and the concentration can be analyzed in detail with
the right method. “Quenching” in this context can be a rapid dilution, snap-freezing,
or the addition of reagent that stops all reactions.

When an appropriate technique is found, we typically measure the concentrations of
reactants and side products during the evolution of batch-fueled cycles. Typically,
we vary the amount of fuel added to initiate the cycle. It is particularly powerful to
fit the gathered data with kinetic models that describe the chemical reactions that
are operating in the chemical reaction cycle. These kinetic models allow finding
rate constants of reactions that are difficult to measure empirically. For example,
the concentration product is governed by both the activation and deactivation
rate simultaneously. It can thus be challenging to measure the “pure” deactivation
rate from the product concentration. In contrast, a kinetic model allows fitting the
deactivation rate when the activation rate is known. Finding the rate constant of
the “pure” deactivation then allows calculating the half-life of the product.

We usually find the rate constants of the reaction cycle at fuel concentrations where
assemblies are observed and no assemblies are found. These experiments allow
calculation of what is roughly the threshold concentration of product above which
one can expect assemblies by intrapolation. More importantly, these experiments
can rapidly identify whether the assemblies change the kinetics of the cycle and
thus exert feedback on their reaction cycle which is a strong indication of feedback
mechanisms playing a role.***'>?

STRATEGIES FOR COUPLING REACTION CYCLES TO SELF-ASSEMBLY
OF MOLECULES

In the previous section, we described two types of reaction cycles that can drive
dissipative self-assembly. In this section, we describe three molecular design strate-
gies to ensure the transient product of the reaction cycle self-assembles. The overall
goal is to design a reaction cycle precursor that is well soluble while being able to
self-assemble in its product state. In that case, kinetic properties, such as reaction
rates, regulate the properties of the molecular assemblies, which is fundamentally
different from that of in-equilibrium self-assembly.
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Figure 9. Strategies to Induce Dissipative Self-Assembly with Chemical Reaction Cycles

(A) The chemical reaction cycle abolishes an electrostatic charge of the precursor, thereby inducing
self-assembly.

(B) The chemical reaction network forms a bond between two non-assembling building blocks.
(C) The product undergoes a conformational change to the product and can therefore self-
assemble.

In the first design strategy, the precursor molecule is charged, and the deactivation
reaction negates or decreases the charges on the molecule (Figure 9A). As a result of
electrostatic repulsion, the precursor is not able to self-assemble. In contrast, upon
conversion to the product, the electrostatic repulsion is decreased, allowing product
molecules to self-assemble. In the second strategy, the self-assembly is induced by
combining two non-assembling molecular components such that the product is able
to self-assemble (Figure 9B). In a final strategy, the catalytic reaction cycle induces a
conformational change of the precursor such that the product can form intermolec-
ular non-covalent interactions and subsequent self-assembly (Figure 9C).

The Activation Decreases Electrostatic Repulsion to Induce Self-Assembly

In this section, we describe the design strategy that uses the chemical reaction cycle
to transiently remove a charge on a precursor, thereby decreasing intermolecular
electrostatic repulsion and thus inducing self-assembly (Figure 10A). This strategy
has been relatively well explored, in part, because the design principles are similar
to the pH-triggered self-assembly of molecules, i.e., in pH-triggered self-assembly,
a charge is removed by an increase or decrease in pH, e.g., by protonating a carbox-
ylate group (Figure 10B).59

In the examples of dissipative self-assembly that uses the abolishment of a charge,
we focus on reaction cycles where the fuel reacts directly with the precursor to form a
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(A) Chemically fueled dissipative self-assembly based on charge abolishment driven by the
reaction cycle.
(B) Self-assembly of building blocks induced by a decrease in pH.

transient product, which self-assembles following the reaction cycles discussed in
The Chemical Reaction Cycle. We should point out that another strategy has been
explored successfully in which a fuel-driven chemical reaction cycle is indirectly
responsible for the self-assembly of molecules. As an example, a fuel-driven chem-
ical reaction cycle can transiently change the pH of a solution, which induces self-as-
sembly.®** The crucial difference between dissipative self-assembly and the indi-
rectly coupled self-assembly is that the self-assembling building block does not
directly react with the fuel and is thus not catalyzing the fuel conversion.

In an early example of chemically fueled negation of charges, the precursor is based
on dibenzoyl-L-cystine (Figure 11A), a molecule that is well soluble in water because
of its two carboxylate groups. When the pH is lowered to below its two pKas, diben-
zoyl-L-cystine is charge neutral and self-assembles into hydrogel-forming fibers.*®
Van Esch, Eelkema, and co-workers used the pH-responsive nature of this molecule
to drive the self-assembly process. However, rather than protonating the precursor,
they used the chemical reaction cycle that transiently methylates the carboxylates as
fuel described in Chemical Reaction Cycles Driven by the Hydrolysis of Fuels (Fig-
ure 3). Thus, the chemical reaction cycle converts the anionic carboxylates into their
corresponding uncharged methyl esters to drive the self-assembly of dibenzoyl-L-
cystine. “>*" Upon methylation, the product assembles into bundles of fibers that
form a self-supporting hydrogel (Figure 11B). When a finite amount of fuel is added,
the emerging hydrogels are transient, and their lifetime is regulated by kinetic pa-
rameters like the pH or the initial amount of added fuel. Over time, all product hy-
drolyzes to the precursor, which results in complete dissolution of the gel. More
excitingly, as a result of the dynamics of the reaction cycle, which transiently acti-
vates and deactivates molecules for self-assembly, dynamic growth and collapse
of the fibers could be observed at the tips of the fibers (Figure 11C).

We recently used the design strategy that uses a chemical reaction cycle to negated
charges and induce the dissipative self-assembly of fluorenylmethyloxycarbonyl
(Fmoc)-protected amino acids and peptides (see Figure 12A) driven by the reaction
cycle depicted in Figure 4B.** The hydrophobic and aromatic Fmoc protecting
group in these peptides is widely used as a peptide modification to drive their
self-assembly.®”*® In our design strategy, we used the anionic amino acids aspartic
(D) or glutamic (E) acid on the peptide’s C terminus in order to balance the driving
force for assembly of the Fmoc group which yielded well-soluble precursors. The
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Figure 11. Dissipative Self-Assembly of Dibenzoyl-L.-Cystine into Fibers

(A) The molecular structure of the precursor dibenzoyl-L-cystine-based precursor forming
dissipative fibers. Upon methylation, the charges on the precursor are abolished, which induces its
self-assembly.

(B) Photographs of the transient hydrogel that forms in response to the addition of a methylating
agent as fuel.

(C) Dynamic confocal micrographs of the fibers over time (scale bars: 10 pm). The blue ellipses
highlight the growth of fibers, which occurs in the proximity of collapsing fibers (red ellipses).
Reprinted with permission from Boekhoven et al.”” Copyright 2015 AAAS.

reaction cycle converts the two carboxylates of the C-terminal aspartic (D) or gluta-
mic (E) acid into their corresponding anhydride driven by the hydrolysis of a
condensing agent (carbodiimide, EDC). Consequently, all precursors carry two
anionic carboxylate groups that convert into an uncharged product. The loss of
the two anions upon activation drives the self-assembly of the product.

Depending on the molecular design of the precursor, the product self-assembles
into spherulites, colloids, or hydrogel-forming fibers. For example, Fmoc-protected
aspartic acid (Fmoc-D) is soluble at concentrations over 10 mM, but upon activation
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Figure 12. Dissipative Self-Assembly Driven by Carbodiimides

(A) List of precursors forming various supramolecular structures.

(B) Confocal micrograph of spherulites by Fmoc-D fueled with EDC (scale bar: 10 um).

(C) Application of the self-assembled spherulites as self-erasing ink.

(D) A confocal micrograph of colloids formed by Fmoc-E fueled with EDC (scale bar: 1 um).

(E) Confocal micrographs of the fibers formed by the tripeptide precursor Fmoc-AAD fueled with
EDC (scale bar: 10 um).

Reprinted with permission from Tena-Solsona et al.**

Copyright 2017 Springer Nature.

into its corresponding cyclic anhydride product, it self-assembles into spherulites
(Figure 12B). These spherulites disassemble over time as the deactivation reaction
reverts the cyclic anhydride product to the charged precursor. Because the spheru-
lites are sufficiently large to scatter light, they convert transparent solutions into
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turbid ones. When the precursor is embedded into a polyacrylamide hydrogel
and the fuel applied through a mask by spray coating, the spherulites appear only
where the fuel reacts with the precursor. Consequently, the transient spherulites
can be used as a platform to write temporary messages, i.e., a self-erasing ink
(Figure 12C).

Similarly, Fmoc-protected glutamic acid (Fmoc-E) is well soluble, but self-assembles
into colloids upon carbodiimide-driven activation into its corresponding cycle anhy-
dride (Figure 12D). We used these colloids to encapsulate and release various hy-
drophobic dyes. Excitingly, the colloids show a self-protection behavior against
the deactivation reaction.** Because the deactivation of the anhydride occurs via hy-
drolysis, it requires water. Since the colloids are hydrophobic and expel water, the
hydrolysis reaction cannot take place in the colloids, but exclusively at the surface
of the colloids and on the fraction that remains in solution. Consequently, the hydro-
lysis occurs at much lower rates compared to a similar precursor that does not
assemble.

Finally, the strategy of negating negative charges is used to induce the self-assembly
of tripeptides into fibers such as Fmoc-AAD, in which A stands for alanine and D
stands for aspartic acids. In the precursor state, this tripeptide is well soluble in wa-
ter. Upon activation of the precursor into the product, this tripeptide assembles into
fibers that consecutively entangle and form hydrogels (Figure 12E).

51,69
Hermans and co-workers®'®

used the strategy of negating charges by a chemical
reaction cycle to induce the dissipative self-assembly of a perylene diimide derivate
(PDI) (Figure 13A). In the activation reaction, the negatively charged PDI?~ is
oxidized to yield the uncharged PDI (Figure 6). Due to its loss of charges, the un-
charged PDI self-assembles into stacks that subsequently organize side-by-side
into colloids (Figures 13B and 13C). The reaction is performed in a reducing environ-
ment, and the PDI thus reduces back to its charged precursor state, PDI?>~. Conse-
quently, the colloids are transient, and their presence depends on the presence of
the oxidizing agent as fuel.

The authors observe complex oscillatory behavior when the solutions are continu-
ously fueled with an oxidizing and reducing agent: the morphology of the assem-
blies periodically changes, which is reflected in the color of the solution (Figure 13D).
The oscillatory behavior is a result of non-linear relations in the self-assembly
behavior of the PDI. For example, self-assembly occurs through a nucleation-elon-
gation-fragmentation mechanism, which results in a lag phase followed by an auto-
catalytic growth. Similarly, the disassembly mechanism follows a size-dependent
pathway resulting in further non-linearity in the process. The oscillatory behavior
was tunable by the amount of fuel flowing through the systems. For example, with
low fuel fluxes, the system reaches a steady state, where the product, fuel, and pre-
cursor concentrations stay constant and dynamically exchange. By increasing the
fuel flux, the reaction mixture starts oscillating (Figure 13D). Further increasing the
fuel flux results in precipitation of the product.

The Activation Combines Non-assembling Molecular Segments to Form a
Building Block

In this section, we focus on the design strategy that uses two non-assembling seg-
ments that are combined in the activation reaction to yield a product that can self-
assemble (Figure 9B).”%""
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Figure 13. Oscillations in Supramolecular Structure Driven by the Conversion of Dithionite
(A) The precursor used for the chemical reaction cycle.

(B) Schematic representation of the assembly formed upon fueling the reaction cycle.

(C) Confocal image of 100 uM perylene diimide assemblies (scale bar: 50 pm).

(D) Vials with PDI oscillations of different oxidations states.

Reprinted with permission from Leira-Iglesias et al.”’ Copyright 2018 Springer Nature.

A particularly illustrative example of this design strategy was recently described by
Fletcher and co-workers. In their work, two non-assembling precursors are com-
bined in a chemical reaction cycle to form an amphiphilic product (Figure 14A).>7
The reaction cycle is driven by the oxidation of two thiol derivatives into their
corresponding disulfide at the expense of hydrogen peroxide as fuel.”” The well-sol-
uble precursor 2-nitro-5-sulfidobenzoate is conjugated with the marginally soluble
1-octanethiol in a two-step reaction (Figure 14B). The disulfide product has an
amphiphilic character and assembles into micelles once the product concentration
is greater than 0.2 mM. The deactivation reaction comprises a second thiol-disulfide
exchange between 1-octanethiol and the product deactivates into the precursor and
form octyl disulfide as waste. Overall, one molecule of hydrogen peroxide and two
molecules of 1-octanethiol are combined to form the corresponding disulfide and

water.
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Figure 14. Autocatalytic Formation of Micelles Driven by the Conversion of Hydrogen Peroxide
A) The energy to drive the reaction cycles is harvested from the oxidation of 1-octanethiol.

B) The catalytic reaction cycle that transiently forms an amphiphilic product (red).

C) The autocatalytic behavior of the micelles increases the concentration of product over time
dashed lines represent micelles; solid line represents a control experiment).

D) The precursor is consumed faster with micelles (dashed line) than without them (solid line).
Reprinted with permission from Morrow et al.”” Copyright 2019 Springer.
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Interestingly, the catalytic reaction cycle can be autocatalytic under the right circum-
stances. Since the product forms micelles, it can aid the solubilization of the 1-octa-
nethiol, which is a reactant in the activation. The autocatalytic behavior leads to a
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Figure 15. The Formation of Dynamic Vesicles Driven by the Hydrolysis of ATP

(A) The chemical reaction cycle that forms dissipative vesicles by hydrolyzing ATP.

(B) Cryogenic transmission electron microscopy (cryo-TEM) micrographs of a vesicle (scale bar:
50 nm).

(C) Aromatic nucleophilic substitution carried out in the presence of the vesicles.

(D) The yield of the reaction depicted in (C) as a function of fuel (ATP) added.

Reprinted with permission from Maiti et al.”” Copyright 2019 Springer Nature.

faster decrease of precursor and a faster formation of the product (Figures 14C and
14D). Thus, the presence of the micelles increases the local concentration, thereby
increasing the rate of activation. The autocatalytic reaction cycle is a rare and well-
designed example of a system in which the assemblies and the kinetics of the reac-
tion cycles are reciprocally coupled and exert feedback on one another, which
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means that the assembly will form as a result of the reaction cycle, and the reaction
cycle will operate faster as a result of the assemblies.

Prins and co-workers explored the strategy that combines a soluble precursor with a
soluble fuel to form self-assembled vesicles through dissipative self-assembly. The
assembly is driven by a chemical reaction cycle fueled by ATP. ATP plays a double
role in the cycle, as it both the fuel and an amphiphilic headgroup that forms a com-
plex with three surfactant tails (C14TACN -« Zn?* in Figure 15A).”% Because of the
combination of the molecules, the resulting complex is able to self-assemble into
vesicles as evidenced by confocal microscopy and cryo-electron microscopy (Fig-
ure 15B). With the help of the enzyme potato apyrase, the ATP hydrolyzes to ADP,
and the vesicles disassemble to their precursor state. The lifetime of the emerging
vesicles can be tuned by the amount of ATP added or by the amount of the enzyme
in the system. Interestingly, the authors used the dissipative vesicles as transient
nanoreactors for reactions that will usually not occur at high rates in water (Fig-
ure 15C). For example, the temporary vesicles are used to compartmentalize two hy-
drophobic reactants 1-octanethiol and NBD-CI (4-chloro-7-nitrobenzofurazan). In
the presence of the vesicles, the aromatic nucleophilic substitution between the
two reagents occurred with higher yields compared to without vesicles (Figure 15D).

Ulijn and co-workers explored the design strategy to combine two well-soluble seg-
ments in the activation reaction to form a product that self-assembles into fibers.”*’*
They used a chemical reaction cycle that is driven by the energy obtained from the
hydrolysis of aspartame—specifically, the hydrolysis of the methyl ester of aspar-
tame (Figure 16A). In the activation reaction, the methylated C terminus of the
peptide aspartame is reacted with the N terminus of phenylalanine amide (F-NH,,
precursor) to yield the tripeptide product DFF-NH, (Figure 16B). That reaction is
not spontaneous but is catalyzed by the enzyme chymotrypsin. Chymotrypsin also
catalyzes the subsequent hydrolysis of the peptide product, yielding the original
precursor and the demethylated aspartame as waste. The resulting cycle is thus
driven by the hydrolysis of aspartame into aspartate as fuel releasing the demethy-
lated fuel and methanol as waste products. The approach cleverly uses only one
enzyme to catalyze multiple reactions, which negates the need for orthogonal con-
ditions (buffer, temperature, and pH) to suit the need of multiple enzymes.

While both the fuel and precursor were well soluble in water, the product was able to
self-assemble into fibers due to its extended peptide backbone. The product (DFF-
NH,) self-assembles into an entangled fiber network with fibers around 5 pm (Fig-
ure 16C). The maximum conversion to the product could be observed after roughly
30 min by HPLC. After 24 h, the tripeptide DFF-NH, concentration falls below the
critical aggregation concentration due to the hydrolysis of the product (dashed
line, Figure 16D). The reaction cycle cycles can be refueled up to three times, but
with a loss in conversion to the corresponding tripeptide, due to the accumulation
of waste products of the deactivation reaction.

Conformational Changes to Induce Self-Assembly upon Activation

The final design strategy to induce self-assembly driven by the chemical reaction
cycles we discuss involves changing the conformation of the precursor, such that it
becomes able to self-assemble. This strategy is the most similar to the ATP-driven
self-assembly of the actin filaments that we discussed above. In that example, the
binding of ATP induces a conformational change of the actin monomer that allows
it to bind to other activated monomers. However, this strategy has been
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Figure 16. Transient Hydrogel Formation Driven by the Hydrolysis of Aspartame

(A) The energy to drive the chemical reaction cycle is obtained from the hydrolysis of aspartame.
(B) The chemical reaction cycle hydrolyzes aspartame and yields the transient tripeptide product (red).
(C) TEM image of the gel formed by DFF-NH, after 5 min (scale bar: 500 nm).

(D) HPLC analysis of the chemical reaction network shows the emergence and decay of product (red).
Reprinted with permission from Pappas et al.”* Copyright 2015 Wiley-VCH.

underexplored when it comes to synthetic dissipative self-assembly, i.e., the number
of examples that use conformational changes to induce self-assembly remains
limited.

Photo-isomerization reactions are ideal chemical reactions to induce a change in the

conformation of a molecule. For example, the photo-induced isomerization of azo-
benzene or stilbene from their (Z) to (E) conformation results in a relatively large
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Figure 17. Dissipative Self-Assembly Driven by UV Light

(A) The chemical reaction cycle that forms rod-like structures driven by UV light.

(B) TEM of directly deposited films of the product of the CRN (scale bar: 50 nm).
Reprinted with permission from Rakotondradany et al.*” Copyright 2003 Wiley-VCH.

conformational change, which has been described to induce self-assembly’>7¢ as

well as disassembly.”>”” Other examples of light-switchable derivatives to control
assemblies include hydrazine-based switches’® and the previously discussed diary-
lethene-based switches.”’

Indeed, photoisomerization reactions have been used to induce a conformational
change of a precursor molecule that drives dissipative self-assembly.”’"’" An early
example by Sleiman and co-workers®” demonstrates the design strategy well. The
authors used an azobenzene derivative as a precursor in the chemical reaction cycle.
The precursor is able to photo-isomerize from its thermodynamically favored trans
conformation to the cis conformation by irradiation with UV light, which constitutes
the activation reaction (Figure 17A). Because the cis state is thermodynamically not
favored, it spontaneously isomerizes back to its trans state. Consequently, a dynamic
reaction cycle in which molecules reach a photostationary state can be reached
with continuous light irradiation. In the trans configuration, the precursor can
self-assemble and form linear tapes, which can subsequently organize into larger,
higher-ordered structures (Figure 17B). However, upon UV-light irradiation, the cis
configuration is dynamically formed, which leads to a morphological transition.
Evidenced by X-ray powder diffraction, the authors demonstrate the cyclic structures
formed in the cis configuration results rod- or bundles of rod-like assemblies, which
constitutes the first example of dissipative self-assembly driven by a conformation
change in the precursor.
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Figure 18. Dissipative Formation of Crown Ethers Driven by the Hydrolysis of Carbodiimide Fuels
The chemical reaction cycle driven by the hydrolysis of carbodiimides that forms dissipative crown

ethers that can host cations. The reaction cycle is adapted from Kariyawasam and Hartley.

The final example of a chemical reaction cycle that induces a conformational change
in a precursor which drives assembly was recently described by Hartley et al.** The
work relies on the chemical reaction cycle that is driven by the hydrolysis of carbodii-
mides and forms transient anhydride as we discussed above. The precursor in the cy-
cle is based on oligo(ethylene glycol) that is functionalized with a carboxylic acid on
each of its extremities (Figure 18). The carbodiimide-driven activation ring closes the
precursor and forms the corresponding cyclic anhydride. The conformational
change from an extended oligomer to a macrocycle affects the affinity to bind metal.
In this particular example, two precursors are used that, in their product state, mirror
the design of the crown ethers 18-crown-6°" and 21-crown-7°" (Figure 18). The
behavior of the crown ethers was tested with four different metal ions: lithium,
sodium, potassium, and cesium. The presence of the ions had a negative templating
effect that is somewhat counterintuitive. That means the authors found lower con-
centrations of the transient macrocyclic product, when the matching ion was present
in solution, yet more product with an ion that was not exactly matching the size of the
cavity of the macrocycles.

CONCLUSION AND OUTLOOK

In the past decades, the field of supramolecular chemistry has focused on creating
structures beyond the molecule, using non-covalent interaction, as opposed to co-
valent bonds, in order to create molecular constructs with ever-increasing size and
complexity.®” Because biology uses a similar approach toward complexity, this strat-
egy led us leaps forward toward life-like behavior in synthetic structures. Moreover,
the combination with systems chemistry resulted in emergent behavior from libraries
of simple components.®* However, the use of supramolecular chemistry at equilib-
rium is not sufficient to create living systems. If we want to create molecular assem-
blies as complex and functional as the molecular assemblies in living systems, we
should develop these assemblies out of equilibrium. Out of equilibrium, we can
find complex behavior such as pattern formation, self—r(—:plication,84 molecular evo-

85,86 87,88

lution, motion, the exertion of forces,®” and oscillations.”' These synthetic
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assemblies with complex behavior can be ideal model systems for biological assem-
blies and teach us the fundamentals of molecular self-assembly in living systems.
Fundamental knowledge of these assemblies will also serve as stepping stones to-
ward synthetic life.

In this work, we have set out several strategies to synthesize molecular assemblies
driven by chemical reaction cycles. For the reaction cycle, we have identified two
possible energy carriers, i.e., energy harvested from the conversion of fuel into
waste or energy harvested from the conversion of photons into heat. The first
type of reaction cycle is, in fact, a catalytic reaction cycle in which precursor mole-
cules catalyze the conversion of fuel into waste. While doing so, some of the energy
is used to form transient dynamic structures. To couple these energy-consuming
reaction cycles to the formation of dissipative assemblies, we identified three stra-
tegies, i.e., the reaction cycle can transiently negate an ionic charge on the precur-
sor, the reaction cycle can transiently couple two non-assembling blocks, or the re-
action cycle can transiently change the conformation of the precursor. By
identifying these strategies, we have set out preliminary design rules for dissipative
self-assembly.

Despite the progress in the field, there is still work to do. We believe that the num-
ber of successful chemical reaction cycles to drive dissipative assembly remains
rather limited. Given the enormous number of chemical reactions that chemists
have at their disposal, we foresee many new reaction cycles that can drive dissipa-
tive self-assembly. The challenge is, however, to find an activation and deactivation
reaction that operates under one set of reaction conditions. Another challenge is
the accumulating amount of waste as the reaction cycle proceeds. Using a waste
product that precipitates or escapes as gas could be a solution. Alternatively, a
third chemical reaction that reverts the waste into fuel would be ideal.

We believe that the use of dissipative assemblies to perform a function is unex-
plored. Biology assembles microtubules in the spindle apparatus to assist during
cell division, while the actin network is assembled used to generate force in our
muscles. In these examples, the energy harvested from the chemical reaction cy-
cles is used to perform a function, while the assembly serves as a tool. In the com-
ing years, we anticipate seeing more examples of the use of the kinetically
controlled assembly as a tool. For example, calculations have shown that droplets
can spontaneously divide as a result of chemical fluxes of building blocks,”® and
other work has shown that chemical fuels can regulate transport through a
membrane.”’

Finally, the time is now ripe to further focus on the fundamental questions of dissi-
pative self-assembly. For example, our lab is interested in how kinetic parameters,
like the half-life of the product or the order of a chemical reaction, affect the
behavior of the dissipative assembly. Such fundamental insights would support or
oppose theoretical predictions. Moreover, fundamental knowledge could offer
valuable insights into biological systems, which can be too complex to study indi-
vidually. Particularly exciting in these future reaction cycles is to engineer autocat-
alytic or self-inhibiting reactions within these cycles. When coupled to assembilies,
we can expect self-replication and competitive behavior between assemblies, which
would truly be the first step toward synthetic life. These future developments will be
the first step toward synthetic life from the bottom up.
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