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Abstract

Living organisms are complex systems capable of exhibiting emergent behavior such as sensing,
interacting with and adapting to their environment. This behavior is enabled by the spatial,
temporal and hierarchical organization of their component processes, which operate out of
thermodynamic equilibrium through constant consumption of high-energy input molecules. Such
dissipative systems provide a prime example for next-generation materials, capable of dynamic and
autonomous operation. One key step in achieving such materials has been employing chemical
reaction networks (CRNSs) driven by chemical fuels to either directly control material properties or
modulate key input stimuli over time. Despite great progress in this regard, the step from
autonomously operating, out of equilibrium CRNs and functional devices driven by them remains
an open field for exploration. Polymeric materials provide an excellent opportunity, due to the
ease with which they can be tailored to a specific application.

This thesis presents the use of chemically fueled CRNs that operate both by a direct activation,
active material pathway and to control an out-of-equilibrium active environment. These are
employed control the behavior of polymeric materials based on the dually responsive dicarboxylic
acid building block aspartic acid N-acrylamide (A”).

The first example employs the carbodiimide-fueled formation of anhydrides to drive the self-
assembly of block copolymers (BCPs). This active material CRN relies on direct activation of A’
by the fuel molecule, with deactivation occurring through hydrolysis of the anhydride. By altering
BCP architecture, a range of self-assembled morphologies can be targeted. Altering the ratio of
responsive A’ units to unresponsive hydrophobic units in the responsive segment, fuel efficient
self-assembly, arising from reduced fuel requirements for increased self-assembly lifetimes, is
demonstrated.

By employing tribromoacetic acid (TBA) as a chemical fuel to drive an active environment CRN,
the second example in this thesis demonstrates the use of a one-molecule pH control mechanism
to control the self-assembly of BCPs in solution. The CRN is characterized by a rapid pH drop on
addition of fuel, which drives BCP self-assembly due to protonation of carboxylate groups in the
A’ unit, and a slow rise back to original pH, during which the polymer assemblies disassemble.
The threshold assembly and disassembly pH can be controlled by altering the composition of the
pH-responsive BCP segment, and the lifetime and magnitude of the transient pH drop is
controlled through the interplay of fuel loading, buffer concentration, and the self-buffering effect
of the polymer itself. These results are used to construct a kinetic model capable of accurately
predicting the evolution of pH over time in the system.

Finally, the TBA CRN is employed to control the transient deswelling of pH-responsive poly(A?)
hydrogels. The lifetime of the pH drop is tailored to match the kinetics of gel deswelling, and the
transiently deswelling hydrogels are coupled to unresponsive gels to obtain bilayer actuators. Both
the magnitude and duration of actuation can be controlled by altering fuel loading. Autonomous
harpoons capable of object capture and self-locking active interfaces demonstrate the unique
benefits of this control mechanism for soft robotic devices. An additional layer of
chemomechanical feedback is included by coupling actuating devices to a mechanically-gated urea-
urease reaction. By demonstrating the application of this CRN to macroscopic soft robotic devices,
a pathway from CRN implementation to functional devices is laid out.
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Zusammenfassung

Lebende Organismen sind komplexe Systeme, die emergentes Verhalten zeigen, indem sie ihre
Umwelt wahrnehmen, mit dieser interagieren und sich an diese adaptieren. Dieses Verhalten wird
durch die riumliche, zeitliche und hierarchische Organisation ihrer Teilprozesse ermdglicht, die
durch den stindigen Verbrauch energiereicher Antriebsmolekile aus dem thermodynamischen
Gleichgewicht gebracht werden. Diese dissipativen Systeme sind ein hervorragendes Beispiel fiir
die nichste Generation von Materialien, die zu dynamischem und autonomem Betrieb fihig sind.
Ein wichtiger Schritt auf dem Weg zu solchen Materialien ist der Einsatz chemischer
Reaktionsnetzwerke (CRN), die durch chemische Treibstoffe angetrieben werden, um entweder
die Materialeigenschaften direkt zu steuern oder wichtige Stimuli im Laufe der Zeit zu modulieren.
Trotz grofer Fortschritte in dieser Hinsicht bleibt der Schritt von autonom arbeitenden, aus dem
Gleichgewicht geratenen CRNs zu funktionalen Geriten, die durch sie angetrieben werden, ein
offenes Feld fir die Erforschung. Polymere Materialien bieten eine hervorragende Gelegenheit,

dies zu tun, da sie leicht fiir eine bestimmte Anwendung zugeschnitten werden kénnen.

In dieser Dissertation werden chemisch angetriebene CRNs vorgestellt, die sowohl iiber eine
direkte Aktivierung als auch uber einen aktiven Materialpfad funktionieren und einen
Umweltstimulus als aktive Umgebung aulerhalb des Gleichgewichts steuern, um das Verhalten
von Polymermaterialien auf der Grundlage des doppelt reaktionsfdhigen Dicarbonsaure-Bausteins
Asparaginsiure-N-Acrylamid (A’) zu kontrollieren.

Das erste Beispiel nutzt die Carbodiimid-getriebene Bildung von Anhydriden, um die
Selbstorganisation von Block-Copolymeren (BCPs) voranzutreiben. Dieses aktive Material CRN
beruht auf der direkten Aktivierung von A’ durch das Antriebsmolekiil, wobei die Deaktivierung
durch Hydrolyse des Anhydrids erfolgt. Durch Verinderung der BCP-Architektur kann eine Reihe
von selbstorganisierenden Morphologien erreicht werden. Durch Veridnderung des Verhiltnisses
von reaktiven A’-Einheiten zu nicht reaktiven hydrophoben Einheiten im reaktiven Segment wird
cine treibstoffeffiziente Selbstorganisation demonstriert, die sich aus einem geringeren
Treibstoftbedarf bei lingerer Dauer der Selbstorganisation ergibt.

Durch den Einsatz von Tribromessigsiure (TBA) als chemischer Treibstoff zum Antrieb eines
aktiven Umgebungs-CRIN demonstriert das zweite Beispiel in dieser Dissertation die Verwendung
eines Ein-Molekil-pH-Kontrollmechanismus zur Kontrolle der Selbstorganisation von BCPs in
Loésung. Das CRN ist durch einen schnellen pH- Abfall bei der Zugabe von Treibstoff
gekennzeichnet, der die Selbstorganisation von BCPs aufgrund der Protonierung von
Carboxylatgruppen in der A’-Finheit antreibt, sowie durch einen langsamen Anstieg zuriick zum
urspringlichen pH-Wert, wihrend dessen sich die Polymer-Assemblierungen wieder auflsen. Der
Grenzwert fiir den Zusammenbau und den Abfall des pH-Wertes kann durch Anderung der
Zusammensetzung, des auf den pH-Wert reagierenden BCP-Segments, gesteuert werden. Die
Dauer und das Ausmal3 des voribergehenden pH-Wert-Abfalls werden durch das Zusammenspiel
von Treibstoffmenge, Pufferkonzentration und dem Selbstpuffereffekt des Polymers selbst
gesteuert. Diese Ergebnisse werden verwendet, um ein kinetisches Modell zu konstruieren, das die
Entwicklung des pH-Werts im Laufe der Zeit in dem System genau vorhersagen kann.

SchlieBlich wird das TBA CRN eingesetzt, um die voriibergehende Abschwellung von auf den
pH-responsiven Poly(A’)-Hydrogelen zu steuern. Die Dauer des pH-Abfalls wird auf die Kinetik
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des Abschwellens des Gels abgestimmt, und die voriibergehend abschwellenden Hydrogele
werden mit nicht responsiven Gelen gekoppelt, um Doppelschicht-Aktuatoren zu erhalten.
Sowohl das Ausmal} als auch die Dauer der Bewegung kénnen durch Verinderung der
Treibstoffzufuhr gesteuert werden, und es werden einzigartige Anwendungen demonstriert. Dabei
wird die autonome Natur des CRN genutzt, wie z. B. in autonomen Harpunen, die Objekte
cinfangen konnen, und selbstsichernde aktive Schnittstellen. Fine zusitzliche Ebene der
chemomechanischen Ruckkopplung wird durch die Kopplung von Aktuatoren mit einer
mechanisch gesteuerten Harnstoff-Urease-Reaktion eingefiihrt. Durch die Demonstration der
Anwendung dieses CRN auf makroskopische Soft-Roboter wird ein Weg vom CRN zu
funktionalen Geriten aufgezeigt.
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Chapter

1 Introduction

1.1. Motivation

A living organism is a complex system composed of interconnected chemical processes that are
spatially, temporally, and hierarchically organized. This intricate organization enables living
organisms to exhibit behaviors far more complex than the sum of their individual processes. While
attempting a general definition of life is fraught with pitfalls, it can be agreed that the fundamental
goal of life is reproduction - the process of passing on genetic information to subsequent
generations. Indeed, common definitions describe life as a self-sustaining chemical process capable
of Darwinian evolution through self-replication.” To support this goal, a living organism must
be capable of maintaining homeostasis and organizing its component processes, which are also
frequently included as criteria for life.” To achieve these functions, an organism interacts with its
environment, sensing, adapting to, and responding to external stimuli, through the interface of
complex biomaterial systems such as rod and cone cells in the eyes or skin receptors for sensing,
muscles for locomotion and neurons for information processing.

Inspired by and attempting to improve on these exceptional properties of natural material systems,
the last two centuries have seen an astounding increase in the discovery and manufacture of novel
synthetic materials, of which the most ubiquitous are polymers. Since the introduction of
Staudinger’s macromolecular theory,”® a wide atray of synthetic polymers has been introduced
for a myriad of applications, based on an equally broad chemical space of repeating units. Advances
in polymer design have yielded materials capable of responding to the very same set of stimuli

. Q
" or mechanical stress,” or

living organisms do,” be they physical such as temperature,” light!
chemical signals, such as pH.'"""? Tt is, however, the integration of stimuli responsive materials
into complete systems that allows them to be exploited for real-world and life-like applications.

Two types of systems where stimuli-responsive polymers have been extensively studied are

solution-phase self-assembly,">"'

particularly with a view to controlled release in a therapeutic
context,"” and stimuli-responsive hydrogel devices, of particular interest in the realm of non-
electronic actuators and soft robotics.”*! These two types of systems ate effectively two sides of
the same coin, being controlled by the balance of polymer-polymer and polymer-solvent
interactions, which are modulated by external stimuli. In both examples, polymer architecture is
key. In the case of self-assembling systems, part of the polymer must drive the self-assembly
process by favoring polymer-polymer interactions, while another part must act to stabilize the
assemblies in solution. For this reason, block copolymers (BCPs), composed of two or more such

PISIT263U Tn systems featuring hydrogel materials as actuating

segments, are often employed.!
elements, the primary goal is to achieve changes in network swelling, and therefore a volume
change that can be exploited for mechanical motion.”™ This places significant importance on the

choice of responsive unit based on, for example, factors such as its pK, in pH-responsive systems
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or the lower critical solution temperature (LCST) and desired system temperature range for

thermally-responsive systems.

To date, however, the vast majority of such polymer systems are only classically responsive. That
is, they respond to a change in the thermodynamic landscape achieving the new lowest-energy
equilibrium state. To achieve more lifelike systems capable of intelligent, autonomous operation,
more complex, time-defined control over both the stimulus experienced by the material and the
material’s response to said stimulus must be achieved.””" One approach to this problem is to take

inspiration from the out-of-equilibrium systems seen in nature.

The following introduction contains a qualitative discussion of the thermodynamics of out-of-
equilibrium systems, focusing on chemically fueled dissipative systems. By discussing key examples
from the state of the art, we discuss both active material and active environment systems. In each
category, we explore key historical and current examples, leading to those most relevant to the
context of this thesis. Namely, carbodiimide fueling in the active material context, and pH
modulation in that of active environments. By discussing their operation and application, we
highlight their benefits and drawbacks, how they can be applied to polymeric materials, with a
particular focus on polymer self-assembly and hydrogels.

1.2. Responsive and Out-Of-Equilibrium Systems

The initial step in achieving the goal of life-like materials is to design a responsive system that can
respond to stimuli by switching between two thermodynamically stable states (Figure 1.1a), where
these stimuli take the form of two opposing triggers (“on” stimulus/“off” stimulus or
stimulus/anti-stimulus). Taking the example of solution phase self-assembly, one can imagine a
thermodynamically stable state where the building blocks exist as individual units in solution (State
A). Until an appropriate stimulus is provided, no self-assembly will take place. On application of
this stimulus, the thermodynamic landscape of the system shifts, and the building blocks are driven

to self-assemble (State B). They remain in this state until a reverse stimulus is applied. Self-assembly

135
b

is driven by the minimization of Gibbs free energy, G,”” and therefore by entropy maximization

P9 When they reside at the global thermodynamic minimum,

and/or enthalpy minimization.
systems are termed equilibrium self-assemblies. If these systems instead reside at local energy
minima, with energetic barriers larger than available kinetic energy, these are termed kinetically

trapped assemblies."”

More complex behavior, such as autonomous assembly and disassembly with the application of a
single stimulus, cannot be achieved by applying stimulus and anti-stimulus contemporaneously, as
their effects would cancel out. This can be circumvented by designing a system where the desired
“on” state lies out of both thermodynamic equilibrium and any local minima (Figure 1.1b). In such
a case, the assembled state can only exist as long as energy is provided to it. Since a constant supply
of energy, which is then lost, or dissipated, is required to maintain the desired assembled state,
such examples have come to be known as dissipative systems."*
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Figure 1.1: Two different cases for stimuli-responsiveness. (a) Static assemblies reside at energetic minima and
are stable as long as they are exposed to conditions which bias the energy landscape in their favor. (b) Dissipative
assemblies exist in a dynamic quasi-steady state where activation and deactivation reactions are in equilibrium. To
sustain this high-energy quasi-steady state, the system constantly consumes chemical fuel as part of the activation
reaction. Once fuel is depleted, building blocks are increasingly deactivated until the system returns to equilibrium.

Dissipative systems where energy is provided by a chemical reaction network (CRN), consuming
chemical energy in the form of input molecules have been commonly termed chemically fueled
systems.”?**"*3 While this terminology has proven controversial,*’ it is, at the very least, helpful
in identifying the role of components in a CRN and aids in understanding at a conceptual level,

and will therefore be employed throughout this thesis.

The simplest possible CRN (Figure 1.2a) is composed of two reactions, the first being an activation
reaction, where the substrate is irreversibly converted, consuming energy and forming a self-
assembling or otherwise out-of-equilibrium intermediate product. Deactivation occurs as a
spontaneous reaction where the high-energy intermediate is consumed to yield the original building

block, in most cases additionally a waste product.

Chemically fueled systems can be divided into two broad categories based on their mechanism of
activation (Figure 1.2b)."” In an active material system, energy uptake occurs at the level of
individual building blocks by direct reaction with a chemical fuel. Building blocks act as an integral
component of the CRN, participating in activation reactions, provided there is fuel available, and
deactivation. Because of this concurrent activation and deactivation, there is a turnover in building
blocks within assemblies over time, and these systems can exhibit persistent dynamic behaviors,
for example self-healing.*"*! An assembly can be disrupted (for example, mechanically), but due

to the constant supply of freshly activated building blocks, can repair where it is damaged.

Active environment systems experience a global, system-wide change in chemical potential driven
by the chemical fuel. Like static systems, activation and deactivation is simultaneous for all building
blocks but, in this case, it is the stimulus that is autonomous, with a CRN modulating the
concentration of some key activating species over time, and building blocks are simply coupled to
the stimulus. The building blocks can be thought of as being at a temporary equilibrium with their
out-of-equilibrium surroundings. Therefore, these systems tend to lack dynamic character at the
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scale of individual building blocks, and are better suited for autonomous control of macroscopic

Figure 1.2: Fundamentals of chemically fueled dissipative systems. (a) Minimal reaction cycle necessaty for a
dissipative system, consisting of activation and deactivation reactions. (b) The two principal types of chemically fueled
systems. Active material systems rely on the direct activation of responsive units, with concurrent activation and
deactivation reactions. Active environments instead rely on a kinetically decoupled system-wide change, with
simultaneous activation and deactivation of each responsive unit.

properties, such as gel formation or hydrogel actuation.

Activation
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In both active material and active environment systems the pathways for activation and
deactivation must be decoupled to prevent the annihilation of stimuli.**! In active material
systems this is achieved by tuning the rate constants of activation and deactivation to obtain a
significantly faster activation reaction. This may be improved upon by employing catalysis to

increase the rate of activation,""” or chemo-structural feedback mechanisms to modify the rates of

48-50

activation and deactivation.*>” Active environment systems instead necessitate a built-in temporal

separation of activation and deactivation. As will be discussed below, this can be achieved by gating

the deactivation reaction such that it can only commence once the activated state is reached,®” or

52-53

by generating the deactivating species directly from the consumed fuel.?*> Changes in the

environment can also be leveraged to tune the catalytic generation of (de)activating species over

time, for example in enzymatic systems.**>



Chemical Fuels for Direct Activation of Materials

1.3. Chemical Fuels for Direct Activation of Materials

Direct activation of materials by a chemical fuel, at its simplest, involves kinetically asymmetrical
activation and deactivation reactions. This constraint necessitates the use of highly reactive
molecules as fuel. The following is an overview of the most impactful and widespread chemical
fuels, with a particular view to applications in polymeric materials.

1.3.1. Methylating Agents

Interest in chemically-fueled systems was first generated by reports from van Esch and coworkers
of small-molecule self-assembly fueled by methyl iodide (Figure 1.32)."¥ The dicarboxylate
building block dibenzoyl-(L)-cysteine (IDBC) reacts with the methyl iodide to yield mono and di-
methyl esters. The methylation reaction neutralizes negative charges present in the carboxylate
groups, and leads to transient self-assembly of DBC into a fibrous network. Hydrolysis of the
esters acts as the deactivating reaction, dissipating chemical energy and returning the building block
to its original state. Although the rate of the methylation reaction could be tuned somewhat by
tuning the system pH and concentration of fuel, the timescale of activation proved very long
(hundreds of hours). To overcome this, dimethylsulfate (DMS), a much stronger methylating
agent, can be employed.”*>” This leads to a significantly faster activation step, and allows system
pH to be tuned such that the hydroxide-mediated deactivation reaction also occurs faster, allowing
for shorter gel lifetimes when using DBC as a building block (Figure 1.3b)." Use of methylating
agents as fuel has also been demonstrated in polymeric materials.”” Colloidal polystyrene particles
decorated with an inner shell of hydrophilic poly(IN-isopropylacrylamide) (PNIPAm) and an outer
shell of pH-responsive poly(methacrylic acid) (PMAA) dispersed in alkaline aqueous solution are
electrostatically stabilized by the negatively charged PMAA segment. DMS-fueled methylation of
the PMAA carboxylate groups removes these stabilizing charges, leading to transient clustering of
the particles (Figure 1.3c).”

While chemically fueled methylation acts as a prototypal example of a chemical fuel cycle, and
initiated interest in the field of fueled self-assembly, it suffers from significant drawbacks as a
method. Firstly, methylating agents are by their very nature highly toxic, limiting real-world
applications and secondly, the deactivating hydrolysis reaction is impractically slow for any desired
lifetimes below the tens of hours.
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Figure 1.3: Methylating agents as chemical fuels for self-assembly. (a) Use of methyl iodide to fuel assembly of
DBC. (i) General scheme for the reaction cycle. (if) Concentration profiles for DBC (squares) DBC-Ome (circles) and
DBC-(OMe): (triangles) over the course of two fueling cycles. (iii) Transient aggregation monitored »/z light scattering
coincides with increase in methylated species. Adapted from [38] with permission from Wiley. (b) Use of DMS as a
fuel to drive the assembly of carboxylate building blocks. (i) General scheme of the reaction cycle. (i) Cryo-TEM
micrographs of fibers formed by methylation of DBC, scale bars = 100 nm. (iii) Vial inversion test demonstrating the
formation of a stiff hydrogel by fiber formation. Adapted from [56] with permission from the AAAS. (c¢) DMS-fueled
clustering of polystyrene particles decorated with PNIPAm-PMAA. (i) When in a basic aqueous medium, the PMAA
corona on the particle is charged, providing colloidal stability through electrostatic repulsion. Methylation with DMS
neutralizes these charges, and additionally renders the PMAA segments hydrophobic, driving aggregation. Hydrolysis
of these methyl esters leads to redispersion. (ii) Transient fuel-driven clustering observed by optical microscopy and
dynamic light scattering. Adapted from [57] with permission from the American Chemical Society.
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1.3.2. Carbodiimide Fuels

To overcome the limitations of methylating agent fuels, the carbodiimide fuel cycle has been
developed. The cycle relies on activation of a carboxylate group in the substrate by a carbodiimide
to yield an activated O-acylurea. The activated O-acylurea then reacts with an additional carboxyl
group to generate an anhydride (Figure 1.4a). Similarly to methylation of carboxylic acids,
anhydride formation both neutralizes any charges present on carboxyl groups and leads to a general
decrease in water-solubility, which acts as a driving force for self-assembly and phase-change
processes in the fueled systems. Crucially, anhydride formation can be between vicinal
carboxylates, leading to building block activation by the formation of a cyclic anhydride, or
between carboxylates that are non-neighboring or part of different molecules, which can be used
both to generate assembling blocks from two coupled monocarboxylates, or be exploited to form
transient crosslinks. As we show in examples below, the former case is particularly useful in self-
assembly applications, whereas the latter is most relevant in the context of macroscopic polymer
and hydrogel materials.

This first case was demonstrated when the fuel system was pioneered in 2017 by Boekhoven,”

using short peptides with aspartic (D) and glutamic acid (E) at the C-termini, which on activation
by a carbodiimide undergo ring-closure to form five and six-membered anhydrides. Alongside the
fluorenylmethoxycarbonyl (Fmoc) functionalized N-termini allowing for hydrophobic
interactions, the formation of the anhydrides renders the peptides insoluble in aqueous buffer,
driving their self-assembly into a number of structures, ranging from colloidal droplets for Fmoc-
E to spherulites for Fmoc-D and fibrillar assemblies in the case of Fmoc-AVD (where A and V
are glutamic acid and valine, respectively, Figure 1.4a), which formed weak hydrogels that
disassembled on complete hydrolysis of the anhydrides. By enclosing the Fmoc-D peptide into a
polyacrylamide hydrogel and applying N-ethyl-N'-(3-dimethyl-aminopropyl)carbodiimide (EDC)
fuel in a pattern, the authors were able to write on the gel as a “self-erasing ink” — areas where
EDC was applied turned turbid due to the formation of spherulites, but once again became
transparent as the fuel was consumed and the spherulites disassembled (Figure 1.4a).

The use of EDC by the Hartley group the same year illustrated the use of non-neighboring
carboxylates to yield crown ether-like macrocycles and linear polymers by coupling oligoethylene
glycols featuring terminal carboxylates (Figure 1.4b).””! Examples by the same authors in polymer
systems will be discussed below.

Additional benefits of this fuel system over methylating agents are the increased half-life of EDC
in aqueous systems (4 to 35 hours, depending on pH,"” versus 1.5 hours for DMS), and faster
deactivation of the formed anhydrides by water, with a half-life on the order of seconds to a few
minutes based on system pH.P**!l One drawback the system often presents is the requitement for
fueling in excess to overcome the rapid deactivation rate.
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Figure 1.4: Pioneering works in EDC-fueled systems. (a) EDC-fueled assembly of peptides by charge
neutralization via anhydride ring formation. (i) General scheme for EDC-fueled anhydride formation in dicarboxylate
substrates. (i) Effect of peptide sequence on morphology of fueled assemblies. Top to bottom: Fmoc-E — droplets,
Fmoc-GGD — vesicles, Fmoc-AVD — fibers, Fmoc-D — spherulites. (iif) Self-erasing ink composed of Fmoc-D
embedded in PAm hydrogel. Application of EDC in a pattern (writing) induces spherulite assembly and increase in
local turbidity. When the fuel is exhausted, the spherulites disassemble and the gel returns to transparent. Amino acid
one letter codes A, D, E, G and V correspond to alanine, aspartic acid, glutamic acid, glycine and valine, respectively.
Adapted from [58], published under CC-BY 4.0 by Springer Nature. (b) EDC-fueled assembly of oligoethylene glycol
diacids into macrocyclic and polymeric anhydrides. Relative yields of macrocycles and polymeric species can be
controlled by addition of metal ions. Adapted from [59] with permission from the American Chemical Society.

1.3.3. Building Block Design in Self-Assembling Systems

Having established the mechanism and fundamentals of EDC-fueled self-assembly, it is worth
considering how control over both the morphology and lifetime of assemblies can be introduced.
The EDC fuel cycle leaves little room to tune lifetime on the CRN side beyond simply altering
fuel loading or system pH, which modulates both the rate of background fuel hydrolysis and
anhydride deactivation. One method to introduce this control is altering the structure of the
building blocks. As can be expected, altering peptide sequence in peptide building blocks alters the
packing parameters alongside the balance of hydrophobic and hydrogen bonding interactions
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between the activated building blocks. Changes in peptide sequence have yielded transiently
assembled fibers, "% vesicles," and colloidal droplets.”**! The very same changes in
interactions that control assembly morphology can be leveraged to control the lifetime of
50]

assemblies by achieving kinetic trapping™ or modulating the rates of (de)activation reactions

through chemo-structural feedback (Figure 1.5).

Altering peptide sequence to include additional hydrophobic residues allows for co-assembly of
activated (anhydride-terminated) and un-activated peptides.*® Carboxylate groups present in the
unreacted building blocks are able to provide protons in a concerted fashion to EDC, accelerating
the formation of anhydrides (Figure 1.5a). At the same time, hydrogen bonding between peptides
assembled into fibers enhances the electrophilicity of the anhydride groups, rendering them more
susceptible to hydrolysis compared to building blocks that are non-assembled. In this manner,
these peptide assemblies simultaneously catalyze their own assembly and disassembly, an

important step towards more dynamic and life-like material systems.P"
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Figure 1.5: Effect of building block design on system behavior. (a)Influence of peptide structure on assembly
kinetics. (i) Kinetic trapping of assembled peptide due to fiber formation. Fmoc-AVD forms fibers, in which the
microenvironment raises the pK, of aspartic acid groups, reducing charge density even after anhydride hydrolysis. Left:
petrcentage of peptides in assemblies 24 hours after fueling, determined by 'H NMR. Right: Vial of Fmoc-AVD fueled
with EDC, visually demonstrating peptide assemblies persisting past complete consumption of fuel. Fmoc-GGD,
which forms vesicles, does not display this behavior. (if) Mechanism of accelerated activation due to fiber formation.
As Fmoc-AVD assembles into fibers, non-activated building blocks are able to provide protons to EDC in a faster,
concerted mechanism, increasing the rate of building block reactivation. Adapted from [48,50] with permission from
the American Chemical Society and Wiley. (b) Autonomous self-immolation of chemically fueled droplets. (i) When
fueling 2-alkeneylsuccinate precursor below its CMC, the system displays typical assembly-disassembly behavior as
fuel is consumed. (ii) Fueling above precursor CMC means that as the building blocks are deactivated, they form
micelles, which solubilize activated building blocks in the droplets, drastically increasing the rate of hydrolysis. Adapted
from [49] published under CC-BY 4.0 by the Royal Society of Chemistry.

A common limitation of chemically-fueled systems is that disassembly is inherently tied to the rate
of deactivation, which in directly fueled systems such as these must necessarily be slower than
activation. This inherently leads to a slow disassembly as all fuel is consumed and building blocks
are gradually deactivated, and precludes the kind of rapid disassembly that may be seen in classically
responsive or active environment systems (Figure 1.1, Figure 1.2). This can be overcome by
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involving the deactivated building blocks as chemo-structural catalysts for disassembly. A key

example of this is seen in systems of 2-alkenylsuccinates assembling into droplets (Figure 1.5b).1*>"

67

The 2-alkenylsuccinate building blocks feature highly hydrophobic tails, and therefore poor water
solubility, even in the un-activated state. Increasing alkene chain length leads to longer lifetimes
and slower droplet disassembly arising from the decreased effective rate of anhydride deactivation
due to the poorer solubility of long-tailed anhydrides in the surrounding aqueous buffer."”’ The
poor water-solubility of the hydrocarbon tails coupled with the hydrophilic succinate groups leads
the un-activated building blocks to form micelles in solution when above the critical micelle
concentration (CMC). This equilibrium assembly of unfueled building blocks may be exploited to
design a system where disassembly of fueled droplets occurs autocatalytically by exploiting
precursor micelles to solubilize activated building blocks and increase the rate of deactivation.”
When fueling at building block concentrations above the CMC, activation into anhydrides leads to
their assembly into droplets, and disassembly of micelles. As fuel is consumed, the precursor
concentration once again rises above the CMC, and the resulting micelles solubilize the phase-
separated droplets, accelerating the hydrolysis of the anhydrides (Figure 1.5b). This allows for
similar fueled state lifetimes, while significantly reducing the disassembly time from >200 to 10
minutes, and would be greatly desirable in controlled release applications.

1.3.4. EDC-Fueled Solution-Phase Polymer Systems
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