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CHAPTER 1

Motility strategies of

cell-mimicking soft compartments

Abstract

Cells, sophisticated membrane-bound units that contain the fundamental molecules of
life, provide ‘a precious library’ for inspiration and motivation for scientists from various
disciplines. This inspiration has been the basis of the emerging field of artificial cell
research. Herein, scientists both try to provide fundamental answers how life evolved and
to create systems with life-like features. Great endeavours have been made towards the
engineering of artificial counterparts that integrate structural or functional cellular
elements. The first step from prebiotic soup to a living cell has been proposed to be
compartmentalization as it is vital to provide a clear distinction between the inner cellular
environment and the outside world. Furthermore, living systems are generally out-of-
equilibrium and equipped with dissipative biological processes that require constant
supplies of energy and building blocks. Natural cells fulfil such request by metabolism, a
set of life-sustaining chemical reactions. The integration of chemical reactions which
generate energy in the artificial cell platform paves the way to more advanced and
complex functionalities, such as responsiveness to environmental cues and motility. In
this chapter, we highlight recent developments toward mimicry of cellular motility
utilizing soft compartments. We will subsequently discuss compartmentalization,

biological reactions for energy production and, in the end, motility.

This chapter is adapted from the publication: Wang, L.*; Song, S.*; van Hest, J.; Abdelmohsen, L. K. E.
A.; Huang, X.; Sanchez, S., Biomimicry of Cellular Motility and Communication Based on Synthetic Soft-
Architectures. Smal/2020, 76(27), 1907680.

*These authors contributed equally.
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1.1 Introduction

Natural cells are considered as the basis of biological complexity. As such, they have long
been the inspiration for scientists to create systems that mimic life. The field of synthetic
biology tries to gain insights about prebiotic forms of early life, especially towards
understanding the structure, function and their evolutionary process." Although it is
impossible to know how exactly life emerged, creating synthetic cells with life-like
features is a first step in the direction to understand the prerequisites that would have
enabled complex molecular systems to evolve into a living entity. For this purpose, a
bottom-up approach that aims to construct a fully functional synthetic cell from abiotic
building blocks has been adopted. A wide range of representative synthetic cell models
have been created based on this bottom-up approach, ranging from liposomes,
polymersomes,® proteinosomes™,  caposomes,® to  coacervates®  Such
compartmentalized systems provide a shielded inner milieu to allow efficient and
undisturbed biochemical reactions to take place that could provide resources for adaptive
life-like behaviours. Motility can be considered as a basic form of adaptivity, as living
organisms migrate in response to environmental cues or energy sources. Though
microscale swimmers have been designed theoretically and realized experimentally,
motility mimicry in a synthetic cell system has only been reported recently. In this chapter,
we summarize and discuss the recent advances in cellular mimicry, following the main
outline of cellular evolution, from basic compartmentalization, biological reactions for
energy production, to adaptive motility behaviour. We have limited ourselves to soft
organic systems, and structures like bimetallic swimmers, which have been extensively

reviewed,”'% are therefore beyond the scope of this introduction.

1.2 Biomimetic Soft Systems

Inspired by nature, researchers aim to create complex, multi-functional systems that are
able to show life-like behaviours. Indeed, research towards protocellular systems is
gaining increased attention. One significant feature in natural systems s
compartmentalization, which is an essential element of all living systems - it allows
complex reactions to occur with high efficiency whilst providing stabilizing and spatially
ordered micro- and/or nano environments for diverse (complex) enzymatic networks.
Membrane-bound biological systems (e.g,, mitochondria, endosomes or the nucleus) are

examples of this compartmentalization strategy. The membranes confine, for example,
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functional enzymes and genetic information, whilst facilitating and controlling molecular
transport between different organelles. Engineering synthetic replicas of these biological
systems has attracted the attention of many research groups across the globe. The
demonstration of life-like behaviours (such as growth, division, metabolism and motility)
based on artificial compartments whilst mimicking intricate structural features of
biological systems is still a challenging task. In general, biological compartments are soft,
allow selective exchange of small molecules, able to undertake various reactions without
unwanted cross-talks. Soft synthetic compartments (artificial cell candidates) are mainly
built from liposomes, proteinosomes, coacervates, polymersomes and capsosomes, as
shown in Figure 1-2. Their capabilities to display various properties is dictated by the
chemical structure of their components and/or their formation process, which enables
control over size, shape, response to pH and temperature, amphiphilicity, and
biofunctionalization. Detailed fabrication strategies have been extensively reviewed

elsewhere and will not be discussed here.3 1722

B. Proteinosome

A. Liposome

BSA-PNIPAAmM

E. Capsosome
Liposome

D. Polymersome

Figure 1-1 | Systematic overview of biomimetic scaffolds. Center image shows an artistic impression of a
synthetic cell (Credit: Graham Johnson / BaSyC consortium); A-E show potential constructs as cell-
mimetics - which are soft, semi-permeable and compartmentalized systems. Adapted with
permissions.”>2¢ Copyright 2010, ACS. Copyright 2013, Nature. Copyright 2019, Portland press. Copyright
2014, United States National Academy of Sciences.
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Tunable permeability of soft compartments, which enables in- and efflux of substrates
and products, is a vital property when mimicking a living cell and has been realized in
different artificial cell platforms. Exemplary of this are the polymersomes self-assembled
from PEGylated polycationic and PEGylated polyanionic polymers (PICsomes) with loosely
packed membrane, which permits free diffusion of small molecules.?”? For liposomes or
polymersomes that are not inherently permeable, they can be engineered to be
permanently permeable through the insertion of membrane proteins (such as OmpF, a-
hemolysin or melittin) or DNA nanopores.”?®3% For example, Noireaux et al. utilized giant
liposomes as a platform for cell-free protein synthesis. They successfully reconstituted a-
hemolysin into the lipid membrane without disruption, which allowed externally added
nutrients (amino acids, nucleotides) to enter liposomes and efficiently prolonged /n vitro
transcription and translation mediated protein expression.®" Another widely used
approach is the on-demand control of permeability, which was achieved through the
design of membranes that comprise stimulus-responsive moieties. Such permeability can
be switched either on or off upon triggers such as pH,? temperature,®® redox®* or
light.?' Built from naturally occurring proteins, a new class of soft vesicles,
proteinosomes?*> 3¢ have been shown to possess tunable permeability through a “self-
sacrificing” strategy. The permeability of the membrane was tuned by first assembling the
proteinosomes from different proteins, which was followed by subsequent removal of
one or more protein species from the membrane by tris(2-carboxyethyl)phosphine (TCEP)
mediated disulfide cleavage and protease degradation.*” By the combination of these
methods, proteinosomes were made permeable toward macromolecules with molecular
weight up to 70 kDa.

There are also soft compartments that are inherently membrane-free. A membrane-less
coacervate was reported by Oparin as a prebiotic protocell model and a basic metabolic
unit resembling those formed on the early Earth before the formation of membranes.®
Membrane generation is a complex process and the exchange of compounds between a
membrane-delimited compartment and external environment requires complicated
enzymes and proteins that did not exist in prebiotic time.**!

The main class of membraneless compartments in artificial cell research is based on
complex coacervates. These structures are assembled from oppositely charged synthetic
polyelectrolytes or biomacromolecules (polysaccharides, polypeptides and nucleotides)
have been widely studied and investigated as mimics of the crowded intracellular

environment, providing a useful platform for the modelling cellular behaviour /n vitro.
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Coacervates formed from small nucleotides and polycationic species have been
investigated as a novel protocell model. The properties and behaviour of the nucleotide-
based coacervates are unique as the viscoelastic, crowded phase can readily sequester a
host of molecular and macromolecular components dependent upon their charge and
hydrophobicity. The efficacy of the crowded internal environment of coacervates has
been utilized to activate a complex multi-enzyme system (minimal polyketide synthase)
with up to 20-fold rate increase — due to enrichment of enzymes and stabilization of
enzyme complexes arising from the interactions with the crowded environment."*”
Membrane-free  coacervates assembled from  peptide/ nucleotide and
polymer/nucleotide are able to endure dynamic environmental changes (e.g. pH and
temperature) and selectively sequester and concentrate  molecules.*#2
Polymer/nucleotide coacervates which were assembled from
(poly(diallyldimethylammonium) chloride (PDDA) and adenosine triphosphate (ATP))
displayed the sequestration ability toward a wide range of objects, including
nanoparticles and proteins.""! Recently, Kumar et al. reported the encapsulation of an
organelle chloroplast in a polymer/polysaccharide coacervate (Figure 1-2A). Such a
complex was able to display light-induced electron transfer, which is an important first
step in photosynthesis, representing an excellent example of a synthetic cell with a
functional organelle.*?!

The coacervates’ membrane-less nature renders them a rudimentary form of protocells,
which lacks a strong resemblance to eukaryotic cells.!" ** Such coacervate systems are
sensitive to ionic strength and easily dissociated at sufficiently high salt concentration. To
overcome this limitation, our group reported semipermeable membrane-stabilized
coacervates.” They were assembled from oppositely charged amylose derivatives, and
stabilized by the addition of a terpolymer, comprised of a hydrophilic poly(ethylene
glycol) segment, a hydrophobic poly(caprolactone-gradient-trimethylene carbonate)
domain and a negatively charged poly(glutamic acid) block, which interacted with the net
positively charged coacervate phase (Figure 1-2C). This protocell system was used to
mimic cellular compartmentalization, emulating the cellular logic of eukaryotic
organisms.?® This was accomplished by the spontaneous sequestration of proto-
organelles, in this case, semi-permeable polymersomes, generating a unique biomimetic
platform reminiscent of the spatial organization in eukaryotic cells. The importance of the
presence of these proto-organelles was shown via the spatial ordering of incompatible

enzymes to prevent catalytic cross-talks and proteolytic deactivation. Additionally, the
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robust nature of this hierarchical system was highlighted in a co-culture experiment
where the stability of such sub-compartmentalized protocell was maintained in the same
medium as living cells. The robustness and versatility make this coacervate protocell a
very promising candidate for biochemical functionalization and therefore an obvious

choice as platform for the development of cellular motility mimics.

Membrane-free coacervates

Polymer-polysaccharide

PEG-dextran ATPS
coacervate

Membranized coacervates
C D
.

X
Small liposome

Polymer-membranized Liposome-stabilized
polysaccharide coacervate =~ PEG-dextran ATPS

Figure 1-2 | Schematic illustration of membrane-free and membranized coacervates. A.
Polymer/polysaccharide ~ coacervate  micro-droplets ~ comprised  of  positively  charged
poly(diallyldimethylammonium chloride) (PDDA) and negatively charged carboxymethyl-dextran
(CMDX); B. Aqueous two-phase system (ATPS) with dextran-rich phase dispersed in a continuous PEG-rich
phase; C. Hierarchical structure of a triblock polymer-membranized coacervate with oppositely charged
amylose biopolymers in the coacervate core; D. Small liposome-stabilized ATPS coacervates. Adapted

with permissions.>#5! Copyright, ACS. Copyright, RSC.

Another category of coacervates are aqueous two-phase systems (ATPS), which have
also been adapted to mimic cells.*”? The most common type of ATPS comprises two water-
soluble polymers, such as poly(ethylene glycol) (PEG) and dextran (Figure 1-2B). When

the concentrations of both PEG and dextran are sufficiently high, macrophase separation
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occurs.” The partitioning of compounds between the two phases endows the formed
system with the ability of spatial separation and enrichment of molecules. Due to the
difference in hydrophobicity in the PEG and dextran-rich phases, functional proteins
accumulate in the dextran-rich phase and denatured proteins in the PEG-rich phase (as
the exposed hydrophobic areas in denatured proteins match the more hydrophobic PEG).
Moreover, the partitioning process is dependent on the size of the solutes. Similar to
complex coacervate systems, the stability of ATPS coacervates can be drastically increased

after membrane formation, using for example polymers or lipids (Figure 1-2D).“8

1.3 Soft Compartments as Artificial Life-like Biochemical Reactors

Metabolism is a key biochemical activity, responsible for harnessing external sources of
energy (fuel) and converting them into another form of energy essential to the cell’s
survival. Via metabolic processes cells are able to physically respond to chemical triggers,
which can lead to, for example, motility or changes of the cells’ shape (deformation). This
section will describe different approaches how synthetic soft compartments are endowed
with biochemical processes. We classify biochemical reactors reported so far into two
categories, namely systems that enable kinetic enhancement or modulation of the

biochemical process.

The kinetic enhancement of enzymatic reactions

Cellular machineries allow reactions to proceed with unsurpassed efficiency and
specificity. Biological catalysts, enzymes, ensure a low activation energy barrier whilst
enabling efficient conversion of substrates. Cells deploy various mechanisms to ensure
such efficiency, such as substrate channeling and metabolon formation. The spatial
organization of enzymes leads to a number of benefits for the overall process: i) lag times
are reduced by consecutive conversion of intermediate products; ii) kinetics and
thermodynamics of enzymatic processes are regulated by optimizing substrate-enzyme
binding processes. Translating this information towards enzymatic kinetic enhancement
in cell-like soft systems is an emerging topic, which has been demonstrated by several
groups. Mann’s group showed enhanced ATP-dependent enzymatic reactions in a
membrane-less nucleotide/peptide coacervate.*! ATP was utilized as a building block for
their coacervate protocell model. The ATP-rich coacervate phase permitted efficient ATP-
catalysed enzymatic reactions in such a confined and crowded environment. Indeed,

hexokinase (HK), an enzyme that requires ATP for its function, displayed two times faster
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kinetics when it was sequestered in the coacervate phase. Besides HK sequestration,
which led to high local enzyme concentration, also the hydrophobic modulation of HK via
the interaction between hydrophobic motifs of HK and the hydrophobic droplet interior
resulted in the enhanced kinetics.>”

Similarly, Keating's group showed an enhancement of ribozymes' rate of catalysis when
they were encapsulated in an aqueous two-phase (ATPS) membrane-less coacervate
system,® comprised of poly(ethylene glycol) (PEG) and dextran. As the polar character of
the ribozyme more closely resembled that of dextran, the catalyst was sequestered into
the dextran-rich phase.”® The partitioning of ribozymes was found to be dependent on
the length of the ribozyme RNA strand that was used, allowing control over selective
uptake and/or exclusion. The enrichment of ribozymes in the coacervate phase led to a
70-fold kinetic enhancement. This was mainly attributed to enrichment (at least a 100-fold
concentration in the RNA-enriched dextran-rich phase). Due to the limited stability of such
ATPS coacervate systems, the same group developed a system which was stabilized using
nanoscale liposomes (d~130 nm), forming a Pickering type emulsion with a dextran-rich
phase dispersed in continuous PEG-rich phase.”® The additional layer of liposomes at the
emulsion interface provided extra stability whilst allowing the in-/out- transport of RNA
and DNA across the liposomal layer. Additionally, the ribozyme cleavage reaction
enhancement was maintained at the same level after liposomal stabilization. These
features make the liposome stabilized coacervate a good candidate for a protocellular
reactor.

Another example of utilizing liposomes as subcompartments in protocell models are the
capsosomes. The spatial organization of liposomes in such protocells facilitates
biochemical processes without destructive cross-talk. As an example, Hosta-Rigau et al.
carried out an enzyme cascade comprising uricase and horseradish peroxidase (HRP)
enzymes, with both enzymes loaded separately in two populations of liposomes before
they were assembled into capsosomes as liposomal subcompartments. Capsosomes are
constructed via a layer-by-layer approach in which the liposomes are layered in between
polymers with opposite charge (see Figure 1-1E). Subcompartmentalized enzymes
showed enzymatic turnover and steadily increased conversion over time.®! Additionally,
a third reaction involving ascorbate oxidase (AO) was performed parallel in liposomal
subcompartments to the aforementioned uricase-HRP enzyme cascade. The ability to

perform multiple enzyme reactions in the subcompartments of a concentric system is
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reminiscent of organisms with enzymatic reactions performing in the middle space of
their double membranes (e.g. mitochondria).

Similarly, a coacervate protocell with hierarchal subcompartmentalization
(polymersome-in-coacervate protocell) has been demonstrated by our group.®
Polymersomes, pre-loaded with glucose oxidase (GOx) and/or HRP, as proto-organelle
were encapsulated in the interior of coacervate protocells. Two different spatial layouts of
enzymes were obtained - GOx and HRP were separately encapsulated in polymersomes,
or GOx and HRP were co-encapsulated in one population of polymersomes. As expected,
the kinetic enhancement employing co-encapsulation surpassed separate encapsulation,
since GOx and HRP remained in proximity in one polymersome in the case of co-
encapsulation, and the intermediate substrate hydrogen peroxide did not need to diffuse
across polymeric membranes to be converted (Figure 1-3A). Moreover, the cascade was
still performed successfully in the case of separate encapsulation, illustrating the
transmembrane and cross-interior transport of intermediates from one polymersome to
the other, which endowed such protocells with the ability of inter-organelle
communication. Multiple enzymes were also incorporated in a polymersome system with
spatial control.5? Three enzymes, Candida antarctica lipase B (CALB), glucose oxidase
(GOx) and horseradish peroxidase (HRP) were each located in different domains. GOx was
encapsulated in the aqueous lumen of the polymersome, HRP was placed in the
polymersomal membrane and CALB was added to the external milieu. A cascade reaction

was smoothly performed upon the addition of substrate to the external solution.

Modulation of enzyme activity

Enzyme activity is modulated by various factors, including enzyme conformation and
structure, dynamics and substrate / active site accessibility. Modulating enzyme activity is
critical to regulating enzymatic networks in biology. Attempting to replicate such
behaviour in the lab, several methods have been developed, such as spatial organization
of enzymes, responsive substrate entry upon tunable membrane permeability and
incorporation of positive and negative feedback routes.”>>* One example of the role of
spatial organization in modulating the rate of enzymatic reactions has been presented by
Huang et al.®® They incorporated a functional enzymatic cascade comprising three
enzymes; glucose amylase (GA), GOx and HRP, in proteinosomes.*™ These three enzymes
were conjugated to PNIPAAm to form amphiphilic protein-polymer nanoconjugates, as

the building blocks of the membrane of the proteinosomes. Using starch as a substrate, a
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significant variation of activity was observed upon translocation of intermediate products
glucose and hydrogen peroxide around the proteinosomes (Figure 1-3B). When either
GOx or HRP was moved from the membrane into the aqueous lumen of the
proteinosomes, the reaction rate remained constant. The semi-permeability of the
membrane played a key role — substrates for both GOx and HRP are small enough to
diffuse over the proteinosome membrane, therefore relocation of either enzyme had no
impact on the overall cascade reaction rate. As expected, however, the reaction rate was
reduced by ca. 90% when GA was translocated to the lumen. This was attributed to the
diffusion-limited uptake of the GA substrate, starch, which cannot diffuse across the
proteinosome membrane. Moreover, proteinosomes were shown to have a membrane
thermo-responsive behaviour, as PNIPAAm possesses a lower critical solution
temperature (LCST) at 33°C, which was used to modulate peroxide myoglobin activity
upon encapsulation in proteinosomes.?®! The reaction rate increased with elevated
temperature until 33°C, after which a drastic drop of the reaction rate was observed. By
increasing or decreasing the temperature, a high degree of control over the permeability
of the proteinosome membrane toward substrate was achieved, and as such a switch of
activity of encapsulated peroxidase myoglobin; this feature could also be employed in

controlled release of chemicals, for example in protocellular communication.
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Figure 1-3 | Schematic representation of soft compartments as artificial life-like biochemical reactors. A.
A two-step enzymatic reaction in a multicompartmentalized polymersome-in-coacervate system; B. A
proteinosome membrane-mediated three-stage cascade reaction in water; C. A compartmentalized
metabolic network confined in a stomatocyte; D. A modular multicompartment system composed of
reduction sensitive subcompartments for triggered enzymatic activity and ion channel recruitment,
encapsulated within polymeric giant unilamellar vesicles. Adapted with permissions.263452 55561

A metabolic pathway comprising a network of 6 enzymes with regulatory feedback was
sequestered inside the aqueous cavity of bowl-shaped polymer vesicles, or
stomatocytes.*® This enzymatic network was operated far from equilibrium and able to
convert chemical fuel (glucose) into kinetic energy as output (Figure 1-3C). The metabolic
network, starting with an ATP-mediated reaction cycle containing hexokinase (HK) and
pyruvate kinase (PK), used ATP as an internal regulator to modulate the reaction rate of a
second circle comprising a self-inhibitory enzyme at high substrate concentration.
Furthermore, the output of this compartmentalized out-of-equilibrium network was
sustained even at very low concentration of fuel (< 5mM), which was due to the built-in
modulation regulatory machinery. Similarly, metabolic mimicry has been performed in a
multi-compartmentalized polymersome-in-polymer capsule.?® Utilizing an enzyme
cascade comprising GOx and myoglobin, Voit and Appelhans et al. demonstrated
biomimetic metabolism through communication between sub-compartmentalized
polymersomes. Moreover, the authors showed the ability to control this behaviour by
using external stimuli such as pH and temperature. To do so, polymersomes (as artificial
organelles) were made from poly(ethylene glycol)-6-poly(2-(diethylamino)ethyl
methacrylate)-stat-2-hydroxy-4-(methacryloyloxy) benzophenone (PEG-PDEAEMA-stat-
BMA) and polymer capsules were made from poly(N-isopropyl acrylamide)-6-
poly(methacrylic acid)-(3,4-dimethyl maleic imidobutyl methacrylate) (PNIPAAmM-b-
PMAA-DMIBM), which contained a pH-responsive PDEAEMA segment and a temperature-
responsive block PNIPAAm respectively. These two segments enabled enhanced
permeability at acidic (pH < 6.9) and low temperature (T < 32 °C) conditions, which
allowed the system to control substrate access to encapsulated enzymes and therefore
activity modulation with the dual responsiveness of the membrane (Figure 1-3D). It is
worth mentioning that the spatial positioning of enzymes, by increasing or decreasing
the diffusiometric barriers, played a role in controlling enzymatic activity. The close
proximity of two kinds of enzymes was shown to benefit cascade activity. This kind of
behaviour is indeed expected and, in the future, can be utilized towards various

applications requiring control over enzyme activity.

11
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The aforementioned representative examples provide insights in designing artificial cell
models with enzymatic reactions; the output of these processes can be used for a wide
range of applications, from the production of target molecules to chemical signalling and
motility. Moreover, the ability to modulate output via (multi-)compartmentalization and
various types of tunable permeability enables improved control over these cell mimetic

systems. This is a significant step towards mimicry of more complex life-like features.

1.4 Motility Mimicry

Nature offers numerous types of motile behaviour of microscopic life, such as cells or
bacteria, which move through liquids by different motion styles, including swimming,
gliding, twitching or floating.”’*® Many of them follow a tactic rule, ie. they sense
gradients and then move towards or away from the gradient, which enables cells to adapt
to their favourable environments. Inspired by these natural swimmers, cell-like structures
have been constructed with motility and self-propulsion. From a fundamental point of
view, both natural and synthetic compartments need to overcome thermal fluctuations
and low Reynolds numbers (viscous forces) to achieve self-propulsion. However, the
absence of inertia and dominance of viscous forces at micro- and nano- length scales
(leading to low Reynolds numbers) make it impossible to employ conventional swimming
mechanisms, and no net displacement is achieved by for example flapping two
(micro)arms in a time-reversal manner.%%% Additionally, Brownian motion due to thermal
fluctuations makes it challenging for swimmers to generate constant and directed motion
and maintain their orientations.®" To this end, synthetic swimmers are generally designed
to comprise out-of-equilibrium machineries that can convert energy from their
surroundings to mechanical energy to overcome such obstacles. From a practical point of
view, to generate and control propulsion lie at the core of various potential microscale
technologies. Moreover, a better control over motility could help to reproduce cellular
functionalities such as communication and sensing.!'®

Many investigations have been carried out on inorganic active matter systems, for
example, Janus motors comprised of bimetallic materials or organic/inorganic hybrid
materials (i.e. polymers and metallic coating).®*%8 However, these structures are far away
from the regular components of which cells are composed of, and the design and
construction of self-propelled cell-like compartments in fact still remain challenging. Only

recently there have been the first examples of soft compartments capable of autonomous
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motion.®®72 This section will focus on the recent developments on self-propelled
synthetic soft compartments that are akin to motile cell models.

In most cases, self-propulsion can be used interchangeably with autonomous motion,
which is characterized by the independent moving trajectory of each motile
compartment.”? These motors generally convert source energy to mechanical propulsion
locally. For example, chemically driven swimmers are normally considered autonomous
and self-propulsive, whereas motors driven by externally applied fields (i.e. magnetic or
electric field)”*” are commonly non-autonomous. These externally driven motors
normally move along electric or magnetic field lines, while autonomous motors move as
if they have their own destination. However, there are exceptions of externally driven
motors that are autonomous in nature. A notable example is Janus particles half-coated
with a light-absorbing gold layer that were able to generate a local thermal gradient,
leading to autonomous motion under an externally applied light field.”® Although
externally driven motion allows functions such as navigation and highly accurate
manipulation,”’78 autonomous motion is at the core of mimicking cellular motility and
more complex behaviours (i.e., swarming and quorum sensing).

Among several theoretically proposed propulsion mechanisms to drive autonomous
motion, two of them have attracted growing attention - phoretic motion and the
Marangoni effect. Phoretic motion relies on the interaction between a motile particle and
its surrounding field, such as a chemical concentration gradient or temperature gradient,
while the Marangoni effect is based on surface tension gradients of the active droplet,

leading to fluid flow and therefore propulsion.”83

Phoretic motion

It is important to note that phoretic motion is a force-free and torque-free propulsion
mechanism; the local gradient that the active particle interacts with could be externally
imposed (named phoresis) or be a result of symmetry breaking of the active particle itself
(named self-phoresis).5%8 Such symmetry breaking could be achieved in the form of
asymmetric particle composition, shape or surface reactions. One famous example of
symmetry breaking in particle composition are Janus swimmers with one half decorated
with catalysts and the other half being inert. Such swimmers only generate product
molecules on one side and therefore produce an asymmetric chemical field gradient. This
asymmetry in product molecule field induces an osmotic imbalance and leads to

autonomous motion.'® ® Based on different field gradients, common phoretic self-
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propulsion mechanisms can be categorized into several classes: (i) Self-electrophoresis:
the active particle responds to a self-generated electric field gradient; (ii) Self-
diffusiophoresis: the active particle responds to inhomogeneous distribution of solute
molecules (a self-generated chemical field gradient); (iii) Self-thermophoresis: the active
particle responds to a temperature gradient.

Experimentally, the phoretic mechanism can be used solely or in tandem with other
mechanisms to propel soft artificial compartments. Our group reported autonomous
motion of soft nanosized polymersomes assembled from PEG-6-PS block copolymers.”®
81 Such polymersomes were folded inward to form bowl-shaped particles, or
“stomatocytes” via an osmotically induced shape transformation process (Figure 1-4A).
Polymersomes can be shape-transformed into stomatocytes via several approaches - all
of which involve the introduction of an osmotic imbalance over the membrane, leading
to an outflow of solvent from the polymersome lumen and thus, volume reduction and
consequent shape transformation. Such stomatocytes possess dual compartments and
are able to encapsulate enzymes in their cavity. Furthermore, due to their unique
asymmetric shape, they can be engineered into motile particles. By encapsulation of
catalase (CAT), which decomposes hydrogen peroxide into water and oxygen, and an
enzymatic cascade couple CAT-GOx, of which the latter decomposes glucose into
hydrogen peroxide in the nanocavity of stomatocytes, these particles achieved
autonomous motion (up to 176 body lengths /s) in the presence of respective fuel.’® The
propulsion mechanism was proposed to be fuel concentration dependent, suggesting
self-diffusiophoresis at low concentration and bubble propulsion at high concentration
of hydrogen peroxide.”™ Further control over the propulsion speed of stomatocytes was
achieved by grafting thermosensitive polymer brushes poly(N-isopropylacrylamide)
(PNIPAAmM) on the surface of stomatocytes.” Increasing temperature above the lower
critical solution temperature (LCST) of PNIPAAm led to collapse of the polymer and
therefore closing of the neck of the stomatocytes and no entrance for fuel.

To fulfil the requirement of self-propulsion, asymmetry in polymersome shape can be
alternatively achieved through membrane topology. Battaglia et al. reported that an
asymmetric polymersome, assembled from two different kinds of copolymers with
encapsulated CAT and/or GOx in the lumen, was capable of chemotaxis and biological
barrier crossing.®"” The two copolymers forming the polymersomal membrane phase
separated into two individual domains (Figure 1-4B). One domain was comprised of

poly(ethylene oxide)-poly(butylene oxide)(PEO-PBO) with the PBO segment highly
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permeable toward enzyme substrate and product (glucose and hydrogen peroxide). As
such, a product molecule gradient was preferably generated at the PEO-PBO side, leading
to diffusiophoretic behaviour and eventually self-propulsion. Moreover, chemotactic
behaviour of such asymmetric polymersomes has been displayed toward high glucose
concentration, where an alternation of propulsion and reorientation has been observed
during chemotaxis.”"
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Figure 1-4 | A. Schematic representation of a stomatocyte assembled from PEG-PS propelled by an
enzyme cascade reaction of glucose oxidase and catalase. B. Schematic representation of an asymmetric
chemotactic polymersome using a combination of PEO-PBO mixed with either poly[(2-methacryloyl) ethyl
phosphorylcholine]-poly[2-(diisopropylamino)ethyl methacrylate] (PMPC-PDPA) or poly[oligo(ethylene
glycol) methyl methacrylate] (POEGMA)-PDPA. Adapted with permissions.”®°" Copyright 2017, AAAS.

Marangoni effect

Besides the abovementioned examples of intrinsic asymmetry through swimmer
geometry (i.e, asymmetric polymersomes), symmetry breaking can be alternatively
achieved by instantaneous or dynamic asymmetry. Active droplets driven by the
Marangoni effect are a notable example of such instantaneous asymmetry. The
Marangoni effect originates from the surface tension gradient at a fluid-fluid interface
(fluid flows from a low surface tension area to a high surface tension area), which arises
from the response of droplets to temperature or concentration gradients in the
surroundings.®" In most cases, droplets of one liquid are dispersed in another immiscible

liquid (continuous phase) and stabilized by surfactants at the liquid-liquid interface.®" %2
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In the absence of any gradients, surfactant molecules distribute homogenously along the
droplet interface and the whole system is symmetric (Figure 1-5A). However, if the local
surfactant concentration at the interface changes, symmetry is broken, and such
spontaneous asymmetric surface tension leads to a surrounding liquid flow around the

droplets and eventually self-propulsion (Figure 1-5A).
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Figure 1-5 | Active droplets driven by the Marangoni effect. A. Droplets with homogenous and
inhomogeneous interfacial surfactant coverage. The curved grey arrows point towards the high surface
tension area where surrounding liquid flows toward. The droplet moves to the opposite direction. B. Oil
droplets driven by the Marangoni effect arising from micellar solubilization are capable of positive

chemotaxis and maze solving. Adapted with permissions.”® 8" Copyright 2016 by Annual Reviews.

A surface tension gradient is required to drive droplets by Marangoni stress. To maintain
a surface tension difference at the interface, surfactant gradients could be sustained by a
chemical reaction or micellular solubilization.”*#" Maass et al. reported a self-propelled
droplet system capable of chemotaxis similar to that of a biological system.’® They
dissolved an oil phase consisting of 4-pentyl-4’-cyano-biphenyl (5CB) in an ionic
surfactant tetradecyltrimethylammonium bromide (TTAB) containing solution. During
the dissolution, oil molecules from the oil droplets continuously migrated to the centre of

the surfactant micelles in the aqueous solution. This random migration led to
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inhomogeneous surfactant coverage of oil droplets and induced Marangoni flow
surrounding the oil droplets, eventually resulting in self-propulsion (Figure 1-5B).
Furthermore, oil droplets displayed positive chemotaxis toward the TTAB gradient. Taking
advantage of their chemotactic behaviour, such active droplets demonstrated
biomimetic maze solving ability when TTAB solid was placed at the exit of maze.”
Inhomogeneous surfactant coverage arising from a chemical reaction has also been
employed in cellular motility mimicry. An active droplet driven by bond-forming reactions
of lipid surfactants has been reported by Katsonis et al.®¥ Interestingly, the Marangoni
effect working in tandem with diffusiophoretic Janus micromotors has been shown to
lead to collective behaviour®¥ At high micromotor density, their catalytic half
decomposed hydrogen peroxide and generated oxygen at high speed and caused
nucleation and growth of oxygen bubbles. Such bubble growth in the aqueous solution
gave rise to Marangoni flow around the bubbles, leading to collective migration of

micromotors toward the centre of the oxygen bubble.®¥

Other propulsion mechanisms

In addition to phoretic motion and the Marangoni effect, several other mechanisms
have been employed to build self-propelled soft compartments and mimic cellular
motility. For instance, Mann’s group designed a catalase-containing organoclay/DNA
semipermeable microcapsule, which in the presence of hydrogen peroxide exhibits
enzyme-mediated oxygen bubble-dependent buoyancy.”" Such buoyant motion of a
giant protocell model could reach up to 40 mm/s and was offset by competing GOx-
mediated consumption of the entrapped bubbles, which mimicked gas vesicle-mediated
buoyancy of certain bacteria and archaea.”® Based on the idea of buoyant motion, Wang
etal. developed a system comprised of lipase-coated oil globules in water that are capable
of seeking substrate upwards and settling down for digestion by adjusting their buoyancy
through temperature-controlled enzyme reactions.” Inspired by actin polymerisation-
induced motion of Listeria, Matsuura et al. developed a motile liposome system driven by
light-responsive fibre growth at the posterior.” A photocleavable conjugate which
released peptides was asymmetrically introduced to the surface of phase-segregated
giant liposomes. Upon irradiation, peptides released from one side of the liposomes and
self-assembled into nanofibers, driving propulsion of the liposomes, which is comparable

to that of actin fibre-driven bacteria.””
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1.5 Conclusions & Future perspective

The past decade has witnessed great progress in the emerging field of biomimicry — that
is, as defined in this chapter, mimicking cellular behaviours via the “bottom-up”
construction of cell-mimetic soft compartments. In order to construct such artificial
cytomimetics, scientists from various disciplines have set out to engineer a diverse array
of bio-inspired structural mimics, ranging from liposomes, polymersomes, proteinosomes
to coacervates. Such soft architectures with unique physicochemical properties have
advanced biomimetic processes in various aspects. Prominent advances include the
construction of artificial cells with biocatalytic function mimicry of a rudimentary
metabolism machinery inside soft compartments and better control over composition
and permeability of artificial compartments. An important recent advance is the
incorporation of motility, which can be triggered by signalling molecules and/or energy
molecules in the system.

To further explore the possibilities of motile systems, an important next step would be
incorporating propulsion mechanisms inspired by living systems into the design of next
generation motors. In addition to their remarkable individual dynamics, it is worth
exploring interactions between motors and their environments. An accurate description
of their dynamics and environmental impact would provide an interesting platform to
study fundamental processes and develop higher-order functionalities. In the end,
mimicry of cellular functionalities will not only provide improved insights into
fundamental principles of living systems, but could also pave the way for applications in
nanotechnology and biomedicine with novel designs that can sense, respond to and

interact with their surroundings.

1.6 Aim and Outline of this thesis

The general aim of this thesis is to develop a novel platform towards the microscopic
engineering of motile and adaptive life-like systems. Various life-like functionalities and
biomimetic processes, ranging from /n vitro transcription-translation to cell budding and
division, have been incorporated into synthetic cells. However, imitating cellular motility
has been much less explored. In part, this is due to the lack of structural similarity between
natural and synthetic systems, and the difficulty of integrating motion mechanisms in cell-
mimetic systems. The bottom-up construction and engineering of a synthetic cell based

micromotor is the objective of the research performed in Chapter 2, which demonstrates
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control over size and (chemical) topology of a coacervate microdroplet cloaked with a
polymer membrane. Such polymer membrane is endowed with chemical versatility which
allows surface modification with catalytic species to drive autonomous motion. The
fluidity and dynamicity of the membrane paves the way toward modulation of motion
dynamics.

To propel at the microscale, random fluctuations are the first obstacle to overcome.
Indeed, random fluctuations are inherent to all complex molecular systems. Nature has
evolved mechanisms to control stochastic events to achieve the desired biological output.
Inspired by this, Chapter 3 presents an artificial platform based on coacervates that
enables us to exploit stochasticity to direct motile behaviour. The fluidity of the polymer
membrane and the diffusivity of surface propulsive units play a central role in generating
a transient and dynamic asymmetry that imparts motility to such coacervates.

Motility is commonly studied as an individual functional element. Interaction between
motors and their surroundings has important implications in the design of higher-order
functionalities such as collective behaviour and inter-system communication. Chapter 4
demonstrates a tunable experimental platform to gain insight into the dynamics of active
particles in environments with restricted 3D topology. Self-propulsive soft micromotors
are examined inside a larger soft lipid vesicle where confinement leads to a decrease in
motility.

Chapter 5 presents a hierarchical motile system where propulsive nanoswimmers act
as powering engine of a microscale soft compartment. As a motile unit, self-
thermophoretic Janus swimmers recently reported by our group are employed. We
encapsulate them inside coacervates to examine the transfer of phoretic motion from the
individual nanoswimmers to the coacervate they reside in.

Finally, Chapter 6 concludes this thesis and looks forward to further developments.
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CHAPTER 2

Assembly and characterization

of coacervate-based micromotors

Abstract

Over the past decade, various life-like functionalities and biomimetic processes, ranging
from Jjn vitro transcription-translation to cell budding and division, have been
incorporated into synthetic cells. However, imitating cellular motility has been much less
explored. In part, this is due to the lack of structural similarity between natural and
synthetic systems, and the difficulty of integrating motion mechanisms in cell-mimetic
systems. In this chapter, we report on the bottom-up construction and engineering of a
synthetic cell based micromotor, namely, a coacervate microdroplet cloaked with a
polymer membrane. The chemical versatility of such membrane allows for the
conjugation of catalytic units (i.e. enzymes), which are able to transduce chemical energy
into motion. Moreover, this polymeric membrane is fluidic, able to translocate transiently
and randomly, allowing enzymes to freely diffuse laterally, giving rise to transient
morphological heterogeneity. This leads to transient asymmetry in catalyst positioning,

causing self-propulsion upon addition of fuel.

This chapter is adapted from the publication: Song, S.; Mason, A. F.; Post, R. A. J.; De Corato, M.; Mestre,
R.; Yewdall, N. A; Cao, S.; van der Hofstad, R. W.; Sanchez, S.; Abdelmohsen, L. K. E. A;; van Hest, J. C. M.,
Engineering transient dynamics of artificial cells by stochastic distribution of enzymes. Nat. Commun.
2021, 72(1), 6897.
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2.1 Introduction

Natural cells are sophisticated membrane-bound units that comprise the fundamental
molecules and functions that keep organisms alive."? Research in the area of synthetic
cells (or protocell models) focuses on shedding light on prebiotic forms of early life,
especially towards understanding the structure, function and their evolutionary process.”!
Although it is impossible to know how exactly life emerged, creating synthetic cells with
life-like features is a first step in the direction to understand the prerequisites that would
have enabled complex molecular systems to evolve in a living entity. For this purpose a
wide range of representative synthetic cell models have been created, based on, for
example, liposomes, polymersomes ! and proteinosomes®®. Among these promising
candidates, there has been a surge in the application of liquid-liquid phase separated
materials (i.e. coacervates) as synthetic cell platforms due to their remarkable ability to
strongly sequester functional materials and their resemblance to the crowded
microenvironment found in the cell's cytoplasm. One common type of coacervate
compartments are membrane-free microdroplets, formed through the interaction
between oppositely charged polyionic (macro)molecules. A membrane-less coacervate
was reported by Oparin as a prebiotic protocell model and a basic metabolic unit
resembling those formed on the early earth before the formation of membranes.”
However, the coacervates’ membrane-less nature renders them a rudimentary form of
protocells, which limits the resemblance to eukaryotic cells.? ® Their lack of a boundary
can result in rapid coalescence and poor temporal stability. Such coacervate systems are
also sensitive to variations in ionic strength and they easily dissociate at sufficiently high
salt concentration. To overcome this complication, a semipermeable membrane-
stabilized coacervate was developed in our group,” which involves self-assembly of a
polymer membrane on the surface of a coacervate microdroplet. The coacervate core was
first assembled from oppositely charged amylose derivatives, and was subsequently
stabilized by the addition of a block terpolymer, comprised of a hydrophilic poly(ethylene
glycol) (PEG) segment, a hydrophobic poly(caprolactone-gradient-trimethylene
carbonate) (PCL-g-PTMC) domain and a negatively charged poly(glutamic acid) (PGlu)
unit for anchoring onto the net positively charged coacervate core (PEG-b6-PCL-g-PTMC-
b-PGlu). Several life-like functions have been achieved with this polymer-stabilised
coacervate system, such as mimicry of cellular compartmentalization,'” spatial

organization of bioactive components'” and interaction with living cells'”? The
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coacervate core has been extensively studied,"™ however, the unique features of the
polymeric membrane remain underexplored.

In this chapter, we aim to equip the above-mentioned polymer-stabilized coacervate
system with higher-order functionality; namely, motility — an essential behaviour of living
systems across different length scales. Such motile function is crucial for cells and
organisms to survive in complex environments. The introduction of motile features in
synthetic cell systems allows us to deepen our understanding of motion on the
microscale, which could be potentially applied to a wide range of fields, such as drug
delivery and soft nano robotics. To translate cell-like motility to an active artificial motor
system, a robust platform should be created that is able to change its properties while
retaining its integrity. This requirement could be fulfilled by the physicochemical
engineering of the aforementioned polymer-stabilized coacervate system. To this end, we
embarked on the bottom-up engineering of motile coacervate-based synthetic cells that
are equipped with a fluidic polymeric membrane and surface-attached laterally diffusive
enzymes. The lateral diffusion should lead to dynamic asymmetry of enzyme distribution,
which could be applied to induce motility in presence of fuel, as will be discussed in
Chapter 3. In this chapter, we describe methodologies to control the size and topology of

the coacervate system and thoroughly study the dynamics of the polymeric membrane.

2.2 Assembly and size control of polymer-stabilized coacervates

Previously, our group demonstrated that a triblock polymer, poly(ethylene glycol)-6-
poly(e-caprolactone)-g-poly(trimethylene carbonate)-6-poly(glutamic acid) (PEG-6-PCL-
g-PTMC-b-PGlu), can stabilize a coacervate system,'¥ composed of two oppositely
charged amyloses. The synthesis of PEGas- H-PCLso-g-PTMCse-6-PGlus was carried out in
four main steps: A ring-opening polymerization of e-caprolactone and trimethylene
carbonate was performed with monomethoxy-PEG-OH macroinitiator, aiming for a
composition of PEG4s-PCLso-PTMCso.l"™ This was followed by a carbodiimide-mediated
esterification between PEG-PCL-PTMC and Boc-L-phenylalanine (Boc-L-Phe), and
deprotection of the Boc group with trifluoro acetic acid (TFA) to introduce a terminal
amine onto the diblock copolymer. The primary amine was used as initiator for the ring-
opening polymerization of the Atcarboxyanhydride y-benzyl-L.-glutamate (NCA-BLG),
which after hydrogenation of the purified product to remove the benzyl-protecting

group, yielded the final terpolymer with an oligo(glutamate block) (this step was

27



| Chapter 2

performed by Dr. Alexander Mason). The composition of the resulting terpolymer was
confirmed using "H NMR spectroscopy (Figure S2-1).

To assemble polymer-stabilized coacervates, electrostatic interaction was employed:
the complex coacervate core was first assembled from two amylose derivatives,
quaternary amine modified amylose (Q-Am) and carboxymethyl modified amylose (Cm-
Am) in 2:1 molar ratio. These two amylose derivatives are oppositely charged, and the 2:1
molar ratio resulted in an overall positively charged coacervate core. The subsequent
addition of the PEG-b6-PCL-g-PTMC-6-PGlu terpolymer with a negatively charged
poly(glutamic acid) segment facilitated the stabilization of the whole system via

electrostatic interaction (Figure 2-1).

A Assembly of polymer-stabilized coacervate

Terpolymer

Time
Figure 2-1 | A. Schematic illustration of hierarchical assembly of polymer-stabilized coacervates. First,
oppositely charged modified amyloses (Q-Am and Cm-Am) are mixed in a 2:1 molar ratio, immediately
forming complex coacervate microdroplets that coalesce and increase in size over time. This growth is
arrested by the addition of a carefully designed block terpolymer, PEG-PCL-PTMC-PGlu, which self-
assembles on the surface of coacervate microdroplets. B. Confocal images of polymer-stabilized
coacervates. Grey: Nile red in the polymeric membrane; Cyan: Atto 488 labelled BSA, added as cargo to
the coacervates. Scale bar represents 10 um.

The size of a micromotor has a great impact on its motion dynamics, therefore it is
important to control the size during assembly of the coacervates. To this end, three
methods were developed. First, the size of the coacervate droplets was controlled during
their formation, by halting the growth of the coacervates by adding stabilizing terpolymer
at different time points after the start of the coacervation process.' However, this process
has as main drawback that there is a lower limit of size (about 6 um in diameter). To further
downsize coacervates, firstly the volume of amylose solutions was varied. We observed

the overall tendency that size decreased as the volume decreased. 1 unit volume (1V)
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denotes 200 uL Q-Am and 100 pL Cm-Am. As volume decreased from 1V to 0.2V (40 pL Q-
Am and 20 uL Cm-Am), the diameter of the coacervates decreased from 10.3 £ 3.4 to 2.57
+ 0.71 um, as shown in Figure 2-2 (Dye Atto 488 labelled BSA was encapsulated in the
coacervates for image analysis, see Experimental section for details). A significant drop in
size was observed from 0.5V to 0.4V, where the size declined from 9.34 + 2.57 um to 3.10
+ 1.29 ym. Although intuitively one would expect no relationship between the solution
volume and coacervation process (i.e. coacervate size), our results could be attributed to
potential change in shear stress that takes place during the mixing process, which is
performed in an Eppendorf shaker under continuous shaking conditions (See
Experimental section). Indeed, previous investigations demonstrated the impact of shear
stress and Reynolds number (shear stress is a function of Reynolds number) on the final
complex coacervates’ morphology and size. "' Reynolds number (Re), a dimensionless
value that represents the ratio between inertial and viscous forces, is typically used to

indicate the flow state (i.e., laminar or turbulent) and consequent shear stress of fluid flow.

Reis defined as Re = %, where pis the fluid density, vthe flow speed, i the viscosity of

fluid and d the characteristic dimension. In our case, the shaking speed was constant
amongst all samples, but the different volumes (ranging from 60 L for 0.2V to 300 pL for
1V) with the same shaking speed are expected to lead to variations in the Reynolds
number, specifically the characteristic dimension d. Several studies demonstrated that
under shaking conditions (as compared to stirring conditions) the Reynolds number had
a more complex form and non-linearly increased with filling volume in one sample
vessel.'®19 Such relation between volume and Re can explain the observed decrease in

coacervate size.
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Figure 2-2 | Controlling the size of coacervates via the applied volume of amylose derivative solutions. 1V
denotes 200 uL Q-Am and 100 uL CM-Am, and terpolymer was added after 1 min of growth time. A.
Histogram charts were obtained by analyzing at least 100 coacervates for each volume using confocal
microscopy. B. Representative confocal images of each size group (Green: Atto 488 labelled BSA). Scale
bar represents 20 pm.

In order to construct coacervates with a diameter of less than 2 um, the following
ultrasonication method was developed. Eppendorf tubes containing amylose solutions
were placed in an ultrasonic bath instead of an Eppendorf shaker used in the previous
methods. With this approach, the diameter of the coacervates was reduced to ca. 1.2 um
(Figure 2-3). Interestingly, the coacervate growth time had in this case a minor influence
on the size, as only slight differences in size were observed when terpolymer was added
after 1.5, 3 or 5 min.

Finally, we applied mechanical extrusion as a methodology to reduce the coacervate
size. Extrusion is a common technique used to produce homogenous nano-sized
liposomes. Coacervates were filtered using a mini-extruder with a pore size of 1 um.
Surprisingly, this did not result in size reduction, and, on the contrary, an overall decrease

in coacervate number was observed, evident from bright-field and confocal images
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(Figure S2-2). Such decrease in number could be attributed to the adhesion of the

polymeric membrane onto the filter, leading to their disruption and disassociation.
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Figure 2-3 | Size of coacervates is significantly reduced with the ultrasonication method. Coacervate
growth time does not have a significant effect on the size. Scale bar represents 5 pm. Histogram charts
were obtained by including at least 280 coacervates per condition.

2.3 Surface attachment of enzymes as propulsive units

To equip our coacervate system with motility, propulsive (catalytic) units had to be
installed. Therefore, two enzymes, catalase (CAT) and urease (UR), were selected as the
propulsive units due to their frequently reported use as catalytic engines able to propel
micron and nano-sized particles in the presence of hydrogen peroxide or urea,
respectively.?22 The attachment of these enzymes to the coacervate membrane (Figure
2-4) was facilitated by the strain-promoted alkyne-azide cycloaddition (SPAAC) reaction.
For this purpose, CAT and UR were firstly functionalized with dibenzocyclooctyne (DBCO)
and Cyanine5 (Cy5, for visualization under confocal microscopy), generating DBCO-CAT
and DBCO-UR. By using a combination of PEG-b6-PCL-g-PTMC-b-PGlu terpolymer and an
azide-functionalized  block  polymer, a-azido-poly(ethylene  glycol)-b-poly(e-

caprolactone-gradient-trimethylene carbonate) (composition confirmed by '"H NMR as
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shown in Figure S2-3), an azido-functionalized polymer membrane was created around
the coacervate core. DBCO-CAT (or DBCO-UR) was subsequently added to the azido-
coacervate suspension to initiate the conjugation. After 2 hours, unbound enzymes were
removed by centrifugation and enzyme-attached coacervates were resuspended in
phosphate-buffered saline (PBS).

Enzyme attachment via SPAAC

,}‘\\ it )f-, \_ e + —_—
— _, azide DBCO
ZE s
AN N3-PEG-PCI-PTMC Y
":"-’!,“;g'is,}\\ PEG-PCI-PTMC-PGlu <7amnn "'f!;it‘.}\“

Propulsive enzymes

Figure 2-4 | Schematic illustration of DBCO-functionalized enzyme attachment on the azido-containing
polymeric membrane via strain-promoted alkyne-azide cycloaddition (SPAAC) click reaction.

To validate the attachment of the enzymes to the coacervate surface, confocal
microscopy images were taken, which confirmed the successful enzyme-membrane
coupling, manifested as a ring-like distribution of Cy5-labelled CAT (Figure 2-5). UR was
also successfully attached to the polymeric membrane of coacervates (Figure S2-4).
Conjugation efficiency (amount of enzymes that were covalently attached on the
coacervates compared to amount of enzymes added in the beginning) was obtained by
measuring and comparing the fluorescence of dye-labelled enzymes from the
supernatant (unbound enzymes) and pellet (enzymes on the membrane). The
conjugation efficiencies of CAT/UR attached onto coacervates (d~1.2 um) are listed in
Table 2-1.

Table 2-1| Conjugation efficiencies of CAT/UR attached onto coacervates.

Conditions Conjugation efficiency / %
CAT-coacervate (d~1.2 um) 16.0
UR-coacervate (d~1.2 um) 14.8
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A. Before CAT attachment B. After CAT attachment

Figure 2-5 | Coacervate functionalization with CAT. Before (A) and after (B) CAT attachment to the surface
of coacervates. A ring structure was seen in B indicating surface-localized attachment of enzymes (Green:
Cy5 labelled CAT). Inserts are corresponding bright-field images. Scale bar represents 2 um.

2.4 Fluidic membrane and laterally diffusive enzymes

Previous research from our group indicated that the terpolymer has a glass transition
temperature (7;) below 0 °C,"'¥ meaning the membrane is fluidic at room temperature. To
explore the influence of membrane fluidity on the enzyme distribution, we performed
fluorescence recovery after photobleaching (FRAP) experiments on the enzyme-attached
coacervates. To monitor the lateral diffusion of surface-attached enzymes, a selected
circular area on the membrane was bleached (100% laser intensity), and the fluorescence
intensity in the bleached area was monitored (with 1-2% laser intensity) over time. Faster
fluorescence recovery in the bleached area indicated faster lateral diffusion of enzymes
on the membrane. Image analysis revealed that the fluorescence from CAT recovered
after 52 seconds (Figure 2-6A). To obtain a quantitative result, the average background
fluorescence (Bg) was subtracted from the fluorescence intensity at time t, I(t), and
corrected for unintentional photobleaching, which was calculated as
)= ROIt)— Bg’

Ref(t)— Bg

whereas ROI(t) is the intensity of the bleached area at time t, Ref(t) is the intensity of an
unbleached fluorescent area (same size as bleached area) and Bg is the average intensity
of a background area. I(t) was further normalized such that pre-bleach intensity was set to
1. This was done by dividing I(t) by the average value of background-subtracted pre-
bleach intensity within the bleach area. Normalized intensity I(t)normaizea Was plotted
against time to get the FRAP recovery curve (Figure 2-6B). This recovery curve was fitted

with 1(t)nomaiized = B — Ae™, assuming exponential kinetics, to obtain parameter t. In the
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above equation, T is the recovery time constant and A and B are two independent
constants. Then, the recovery half-time 1y, and apparent diffusion coefficient D, were
calculated from 11, = - In0.5 / T and D, = 0.88 w? / 21:; (for a circular bleaching area),
respectively.”® We obtained a lateral diffusion (D.) of 3.6 X 102+ 8.0 x 10* um?/ s for CAT-
coacervatesand 3.0 X 102+ 5.0 X 10 um?/ s for UR-coacervates (Figure $2-5). The results
were obtained by measuring at least 6 different enzyme-attached coacervates for each
case. Such results confirmed the ability of membrane-bound enzymes to translocate
diffusively along the surface. Moreover, the lateral diffusivity of surface-bound UR is very
close to that of CAT, as the fluidity of this polymeric membrane instead of enzyme
properties probably plays a dominant role in diffusivity of these surface-tethered

substances.
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Figure 2-6 | A. FRAP measurement showing laser-mediated bleaching of a circular spot on the membrane
and subsequent fluorescence recovery of the bleached spot due to Cy5 (green) labelled catalase laterally
diffusing along the fluidic membrane. B. FRAP recovery curve with black dots representing experimental
data and red curve exponential fitting.

2.5 “Freezing” the diffusion of enzymes

Having confirmed the lateral diffusion of enzymes on the surface of the coacervates, we
continued to investigate a method that allows tuning of enzyme diffusivity. We
envisioned that enzyme diffusion can be “frozen” or slowed down by means of in-situ
crosslinking. This was performed by crosslinking of catalase using a chemical crosslinker,
namely, glutaraldehyde (GA). In order to avoid unwanted aggregation of catalase,
crosslinking was carried out after extensive washing steps to remove any unbound
catalase (Figure 2-7). FRAP measurements were performed on CAT-coacervates with
crosslinked surface enzymes to test the extent of decrease in lateral diffusivity. An evident

drop in fluorescence recovery speed was observed, as there was no significant recovery
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more than 100 s after bleaching (Figure 2-8A), compared to obvious fluorescence

recovery after ~52 s in the case of no crosslinking (Figure 2-6). Although the enzyme

diffusivity was drastically diminished, it is important to note that enzymes were not fully

static even after crosslinking, as a slight recovery in intensity was observed (Figure 2-8B).
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Figure 2-7 | CAT-coacervates before (A) and after (B) unbound CAT removal by centrifugation and
resuspension. Line intensity profiles of corresponding yellow lines in A and B show that the background
fluorescence intensity after unbound CAT removal (D) is significantly lower than before (C), indicating the

effectiveness of said purification. Scale bars represent 20 pm.
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Figure 2-8 | A. FRAP measurements confirmed decreased lateral diffusivity of CAT after crosslinking, with
no significant recovery in the bleached area even 100 s after bleaching (green: Cy5-CAT). Scale bar
represents 2 um. B. The fluorescence recovery curve shows only a slight recovery in intensity, indicating
that crosslinked CAT clusters diffuse much more slowly compared to non-crosslinked CAT molecules on
the membrane.

2.6 Conclusions

In summary, we constructed a polymer-cloaked coacervate system, which allows control
over two key parameters essential for motion; namely size and (chemical) topology.
Control over coacervate size with narrow size distribution was attained by two methods
based on ultrasonication and amylose volume tuning. Secondly, the chemical versatility
of the PEG-b6-PCL-g-PTMC polymer membrane promoted surface modification of the
coacervates, by conjugation of enzymes. FRAP measurements confirmed the fluidity of
the enzyme-bound polymeric membrane and consequent lateral enzyme diffusivity. Such
dynamic membrane generates a system with transient asymmetry. Further in-situ
crosslinking of surface enzymes allowed us to tune the enzyme diffusivity, paving the way

toward possible modulation of motion dynamics.
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Experimental section

Materials

All materials were used as received unless otherwise stated. For the synthesis of polymers: monomethoxy
poly(ethylene glycol) (1 and 2 kDa) and azido-PEG-OH macroinitiator (3 kDa) were purchased from Rapp
Polymere, trimethylene carbonate was purchased from TCl Europe. For the preparation of modified
amylose derivatives: amylose (12-16 kDa) was supplied by Carbosynth and 3-chloro-2-
hydroxypropyltrimethyl ammonium chloride (65 wt% in water) was supplied by TCl Europe. Catalase
(from bovine liver), urease (Jack bean), dibenzocyclooctyne-PEG4-maleimide (DBCO-PEG4-mal),
dibenzocyclooctyne-NHS ester (DBCO-NHS), 30% hydrogen peroxide solution, Atto 488-NHS ester were
obtained from Sigma-Aldrich. Sulfo-Cyanine5 NHS ester was obtained from Lumiprobe. 3-Azido-7-
hydroxycoumarin was obtained from Baseclick GmbH. Hydrogen peroxide solutions used for motility
experiments were prepared by sequential dilutions of 30% hydrogen peroxide solution.

Synthesis of polymers

Synthesis of poly(ethylene glycol)-b-poly(e-caprolactone)-g-poly(trimethylene carbonate)-b-
poly(glutamic acid) (PEGas- b-PCLso-g-PTMCso-b-PGlus) terpolymer

Step 1 - Preparation of poly(ethylene glycol)-poly(e-caprolactone-gradient-trimethylene carbonate)
(PEG-PCI-PTMC). According to a modified literature procedure, the organocatalyzed ring-opening
polymerization of e-caprolactone and trimethylene carbonate was performed, aiming for a composition
of PEGas-PCLso-g-TMCs0.l"® Monomethoxy-PEG-OH macroinitiator (2 kDa, 0.2 mmol, 400 mg) was weighed
into a round-bottomed flask along with g-caprolactone (e-CL, 10 mmol, 1108 pL) and trimethylene
carbonate (TMC, 10 mmol, 1121 mg) and dried via azeotropic evaporation of added toluene (x3). The dried
reagents were then re-dissolved in dry toluene (20 mL) and methanesulfonic acid (0.6 mmol, 39 uL) was
added, under argon. The reaction mixture was stirred at 30 °C for 6 h, after which the product was
precipitated into ice-cold methanol. This yielded 2.1 g of a waxy solid (85 % yield) and the composition of
the resulting copolymer was confirmed by '"H NMR (Figure S2-1), comparing the protons of PEG (3.65-3.7
ppm), terminal methyl unit (singlet at 3.40 ppm) to PCL CH. (multiplet at 2.40-2.25 ppm) and PTMC CH,
(multiplet at 2.2-1.8 ppm). GPC analysis (using a PL gel 5 pm mixed D column, with THF as eluent and PS
standards) yielded a B of 1.1.

Step 2 - Chain-end modification with Boc-L-phenylalanine and deprotection. For the incorporation of a
terminal amine onto the diblock copolymer, we performed a carbodiimide-mediated esterification
between PEG-PCL-PTMC and Boc-L-phenylalanine (Boc-L-Phe). 1.3 g (ca. 0.1 mmol) of PEG-PCL-PTMC
copolymer was dissolved in acetonitrile and to it was added N,N*dicyclohexylcarbodiimide (0.2 mmol,
41.9 mq), Boc-L-Phe (0.5 mmol, 23.4 mg), and 4-dimethylaminopyridine (0.02 mmol, 2.5 mg) on ice. The
reaction mixture was stirred for 24 h at RT and afterwards placed directly in the freezer overnight to
facilitate precipitation of dicyclohexylurea by-product. After cold filtration of the reaction mixture, it was
concentrated and then precipitated into cold methanol. 'TH NMR spectroscopy was used to verify the
product and to confirm disappearance of the terminal TMC signal at 1.92 ppm due to addition of
phenylalanine at the terminus, and emergence of aromatic protons at around 7.2-7.3 ppm and Boc
protons at 1.45 ppm, before deprotection. The resulting copolymer was then dissolved in 5 mL DCM, to
which 5 mL of trifluoro acetic acid (TFA) was added (on ice) and the mixture was allowed to warm to RT
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whilst stirring for 2 h. After 2 h the solvent was evaporated and the copolymer was washed with NaHCOs,
1 M NaCl and brine before drying on MgSO,, filtration and evaporation of the majority of the solvent so
that the copolymer could be precipitated into ice-cold methanol. 'H NMR clearly showed that the signal
arising from the Boc group had disappeared. GPC analysis before and after deprotection yielded a b of
1.1, indicating that TFA  treatment did not induce copolymer  hydrolysis.

1. Ring-opening polymerization

0 T™C
PEG-PCLgTMC (85% yield)
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o H
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Scheme S1: Synthesis of PEGas-bH-PClso-g-PTMCso-b-PGlus terpolymer. Poly(ethylene glycol)s
monomethyl ether was used to initiate the ring opening polymerisation of &-caprolactone and
trimethylene carbonate (step 1). The terminal alcohol of this polymer was subsequently modified via a
Steglich esterification with Boc-L-Phe-OH to yield a primary amine after TFA deprotection (step 2). The
final poly(L-glutamic acid) block was introduced by the ring opening polymerization of A
carboxyanhydride y-benzyl-L-glutamate, followed by hydrogenation (step 3).

Step 3 - Polymerization and deprotection of A-carboxyanhydride y-benzyl-L-glutamate (NCA-BLG)
(performed by Dr. Alexander Mason). Following a published method for the controlled polymerization of
NCA-BLG by lowering the temperature and maintaining a constant flow of N: in order to remove CO: by-
product,®” we aimed to add between 8 and 10 BLG units onto the amine-terminus of the copolymer
chains. 1 g of Phe-terminated copolymer was weighed into a Schlenk flask and dissolved with ca. 3 mL of
dry DMF and cooled in an ice bath. To the cooled mixture 160 mg of NCA-BLG was added under Ar and
the reaction was left under a constant flow of N for 24 h. The product was precipitated into cold methanol
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and analysed by 'H NMR to confirm the overall composition and, in particular, the presence of benzylic
and aromatic protons at 5.0-5.2 and 7.1-7.4 ppm, respectively. Benzyl-protected terpolymer was dissolved
in 10 mL THF and 10 mL methanol was added before applying hydrogenation using the H-Cube at 60 °C
with 30 bars of H, pressure and a flow rate of 1 mL/min to facilitate removal of the benzyl protecting
groups. The product was concentrated, then precipitated into cold ether, and dissolved in dioxane before
lyophilisation to yield a waxy solid, 0.9 g (85 % yield). "H NMR was used to confirm successful deprotection
of the BLG units, and GPC data indicated that the polydispersity did not increase beyond 1.1 during this
process.

Synthesis of azido-poly(ethylene glycol)-b-poly(e-caprolactone)-g-poly(trimethylene carbonate)
(azido-PEGes-b-PCL50-g-PTMCso) block copolymers (azido-pol)

This synthesis was performed by Dr. Shoupeng Cao. The synthesis protocol was modified from a literature
procedure." First, azido-PEG-OH macroinitiator (3 kDa, 0.1 mmol, 300 mg) was weighed into a round
bottom flask along - CL (5 mmol, 553 pL) and TMC (5 mmol, 510 mg) and dried via azeotropic evaporation
of added toluene (x3). The dried reagents were then re-dissolved in dry DCM (10 mL) and dry
methanesulfonic acid (0.2 mmol, 14 pL) was added under argon. The reaction was stirred at 30 °C
overnight, after which there was no sign of unreacted monomers, as confirmed by 'H NMR. After the
reaction was finished, the solution was concentrated and copolymer precipitated into ice cold MeOH (x2),
followed by dissolution in dioxane and lyophilization to yield 1.01 g of a waxy solid (78% yield). Copolymer
composition was ascertained from the '"H NMR spectrum in the same manner as for step 1 of the
terpolymer synthesis above. GPC analysis (using a PL gel 5 pm mixed D column, with THF as eluent and
PS standards) yielded Mn = 15.7 kDa, B = 1.12. Copolymer composition was confirmed by 'H NMR (Figure
S2-3).

Modification of enzymes
Catalase modification: Cy5-DBCO-Catalase

Catalase was modified with Cy5 and DBCO as follows: 20 mg (0.08 umol) catalase was dissolved in
25 mL 0.1 M sodium bicarbonate buffer (adjusted to pH = 8.2) in a glass vial, to which
125 pL of an aqueous solution of sulfo-Cy5-NHS ester (4 mg/mL, 5.1 mM) was added. This 8:1 (dye: protein)
stoichiometry was chosen to ensure sufficient dye labeling as the NHS ester is easily hydrolyzed. The
mixture was covered with aluminum foil and stirred overnight at 4°C and then dialyzed for 24 hours
against 1x PBS buffer. Cy5 labeled catalase was purified via fast protein liquid chromatography (FPLC,
BioRad NGC system). DBCO-PEG4-mal was dissolved in PBS (1 mg/mL, 1.5 mM) by vigorous vortexing and
sonication and added into the Cy5-catalase solution. The reaction was carried out overnight by gentle
stirring at 4°C. The obtained CAT was purified by FPLC. The concentration was determined to be 2.3
mg/mL (9.3 uM) by Nanodrop analysis. The Cy5 labelling number per catalase tetramer was determined
to be 2 and DBCO (absorption peak at 310 nm) labelling number per catalase tetramer was determined
to be 1 by Nanodrop analysis.

Urease modification: Cy5-DBCO-Urease

Urease was modified with Sulfo-Cy5-NHS ester and DBCO-NHS ester as follows: 100 mg (0.18 umol) urease
was dissolved in 10 mL 0.1 M sodium bicarbonate buffer (adjusted to pH = 8.2) in a glass vial, to which
1.14 mg (1.47 umol) sulfo-Cy5-NHS ester powder and 0.3 mg (0.73 umol) DBCO-NHS ester (in DMSO) were
added. The excess of NHS ester was to ensure sufficient dye labeling as it is easily hydrolyzed. The mixture
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was covered with aluminum foil and stirred overnight at 4°C and then dialyzed for 24 hours against 1x
PBS buffer. The obtained UR was then purified with FPLC. The concentration was determined to be 3.7
mg/mL (6.7 pM) by Nanodrop analysis. The Cy5 labelling number per urease was determined to be 1.4
and DBCO (absorption peak at 310 nm) labelling number per catalase tetramer was determined to be 0.5
by Nanodrop analysis.

Bovine serum albumin modification

Bovine serum albumin (BSA) was succinylated and modified with the Atto 488 dye as follows: 5 mg BSA
was dissolved in 2.5 mL 100 mM NaHCO:s (adjusted to pH 9) in a 1.5 mL Eppendorf tube (BSA concentration
2.5 mg/mL), to which 20 pL Atto 488-NHS ester (10 mM, in DMSO) was subsequently added. The reaction
mixture was gently stirred at room temperature overnight. The next day, succinic anhydride was added
directly to the reaction mixture at a final concentration of 50 mM. The reaction mixture was gently stirred
under aluminum foil for another 4 hours before purification by FPLC and the concentration was
determined to be approximately 1.2 mg/mL. Atto 488 labeling number per BSA was determined to be 1.2
by UV-Vis spectroscopy.

Catalase activity assay before and after modification

The activity of Cy5-DBCO-CAT was determined by measuring the decomposition of hydrogen peroxide
over time via UV-Vis spectroscopy (JASCO V-650). In these assays, 0.1 mL of diluted catalase (unmodified,
5 pg/mL or modified, 6.9 ug/mL) in PBS solution was mixed with 2.9 mL hydrogen peroxide solution (0.036
wt% in water), and the characteristic absorbance at 240 nm (Az40) was monitored over time. Enzyme
activity was calculated according to:

3.45 x df

Units/mL =—0
nits/mL enzyme time X 01

where 3.45 corresponds to the decomposition of 3.45 pmoles of hydrogen peroxide in a 3.0 ml reaction
mixture producing a decrease in the A, from 0.45 to 0.40, dfis the dilution factor and time (minutes) is
the time for Ao to decrease from 0.45 to 0.40. Enzyme activities of unmodified catalase and modified
catalase were determined after 3 individual measurements to be about 10x10° U/mg and 5x10° U/mg,
respectively. Unit (U) is defined as: one unit of catalase will decompose 1.0 pmole of H.O. per minute at
pH 7.0 at 25 °C.1%

Urease activity assay before and after modification

Urease activity was tested by measuring the pH change in solution upon addition of its substrate urea.
First the pH of the urease solution was adjusted to around 4.0 by HCl addition, then urea was added and
the pH change over time was recorded. Ten minutes after urea addition, the pH recording stopped. Urease
activity before and after modification were both tested. The urease (before modification, as purchased
from Sigma-Aldrich) has an enzyme activity about 30000 units/g solid. After modification, urease kept
about 74% activity according to:

ApH (urease after modification)

Relati tivity = 2
elative activity ApH (urease before modification)

One micromolar unit will produce 1.0 umole of NHs from urea per min at pH 7.0 at 25 °C.

Assembly of polymer-stabilized coacervates

Volume tuning method using Eppendorf shaker
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To 200 pL 0.5 mg/mL quaternized amylose (Q-Am) solution in an Eppendorf tube was added 100 pL 0.5
mg/mL carboxymethyl amylose (Cm-Am) solution to induce coacervation. The mixture was placed in an
Eppendorf shaker (ThermoMixer) at 1500 rpm for 1 minute to allow the coacervate growth, followed by
addition of 10 pyL 50 mg/mL terpolymer mixture in PEG 350 to generate a polymeric membrane and
stabilize the coacervate core. The final concentration of coacervate suspension was 0.32 mg/mL in Q-Am.

1 unit volume (1V) denotes 200 pL Q-Am and 100 uL Cm-Am. For other volumes, corresponding amounts
of amylose solutions and polymer solution were added to form coacervates. For example, 100 uL Q-Am,
50 pL Cm-Am and 5 pL polymer mixture were used to form 0.5V coacervates.

Ultrasonication method

The amylose mixture was placed in an ultrasonication bath instead of an Eppendorf shaker. Other steps
are the same as the volume tuning method.

Extrusion method

Mini-extruder from Avanti was used to perform extrusion of coacervates. A filter with a pore size of 1 ym
was pre-wet by 1x PBS and secured on the filter support, followed by assembly of extruder. Coacervate
suspension obtained from volume tuning method was filled in a gas-tight glass syringe. This filled syringe
and another empty syringe were inserted into the extruder stand. The plunger of the filled syringe was
gently pushed until the coacervate suspension was completely transferred to the alternate syringe. 5
pushes were conducted in total to make 10 passes of through the filter.

Coacervates for image analysis

To facilitate size analysis, succinylated Atto 488 labelled bovine serum albumin (BSA) was loaded in the
interior of the coacervates. To assemble BSA loaded coacervates, after addition of Cm-Am, 10 pL BSA was
added to the amylose mixture, followed by a proper growth time and addition of the membrane-forming
terpolymer.

Coacervates for enzyme surface attachment

A polymer mixture (20%v/v 50 mg/mL azido-PEGes-b-PCLso-g-PTMCso and 80%v/v 50 mg/mL terpolymer
in PEG 350) was used to make coacervates with an azide-functional membrane for enzyme attachment.
Other steps were the same as described above.

Surface attachment of CAT and UR to coacervate surface

After the assembly of coacervates, 46 ug (2.3 mg/mL, 20 pL) of CAT (Cy5-DBCO-Catalase) or 54 ug (3.7
mg/mL, 14.5 pL) UR (Cy5-DBCO-Urease) were added to 0.32 mg/mL 300 plL coacervate suspension to allow
enzyme attachment on the polymeric membrane through strain-promoted azide-alkyne cycloaddition
(SPAAC) between the azido-group installed on the polymer membrane and the DBCO moiety introduced
in the enzyme. The reaction was carried out for two hours, followed by separation of unbound enzymes
by centrifugation and refreshing the supernatant with 1x PBS.

Conjugation efficiency was obtained by measuring and comparing the fluorescence of dye-labelled
enzymes from the supernatant (unbound enzymes) and pellet (enzymes on the membrane). First, CAT-
/UR-coacervates were centrifugated (800XG, 5 min) to obtain supernatant containing unbound enzymes
and pellet containing enzyme-attached coacervates, followed by resuspension of pellet with 1x PBS. The
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fluorescence from the supernatant and resuspended pellet were subsequently measured by a plate
reader (triplicate samples). Conjugation efficiency was calculated as follows:

1
Conjugation efficiency (%) = —=>—~2—— x 100,
Ip,avg Is,avg

where /,ais average fluorescence intensity of the pellet and /.agaverage fluorescence intensity of the
supernatant.

Enzyme activity test after surface attachment via SPAAC reaction

Catalase activity after surface attachment was tested qualitatively. After surface attachment and removal
of unbound catalase via centrifugation, 0.2 mL 5 wt% H,O, was added to 0.2 mL 0.32 mg/mL CAT-
coacervate suspension in PBS buffer, and generation of a large amount of oxygen bubbles was observed,
which confirmed catalase was still sufficiently active after surface attachment.

In situ crosslinking of CAT on the polymeric membrane

After CAT-coacervate fabrication, 109 pL of glutaraldehyde in 1x PBS (GA, 275 mM) and 91 uL of 1x PBS
were added to 100 pL 0.32 mg/mL CAT-coacervate suspension. The final concentration of GA was 100
mM. The reaction was carried out for 3 hours at room temperature with mild stirring. Unreacted GA was
removed by centrifugation and resuspension of the coacervates twice in 1x PBS.
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Figure S2-1 | 'H NMR analysis of terpolymer synthesis. (a) analysis of PEG-PCLgPTMC, (b) demonstration
of the complete chain-end modification of PEG-PCLgPTMC with Boc-L-Phe, (c) analysis of the product of
ring opening polymerization of BLG-NCA and (d) specific evaluation of PBLG content of the resulting

terpolymer using benzylic and aromatic protons at 5.0-5.2 and 7.1-7.4 ppm, with upper spectrum showing

successful deprotection by hydrogenation.
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. After extrusion %
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Figure S2-2 | Coacervates analyzed before and after filtration with a micro-extruder. A, B. Bright-field and
confocal images of coacervates before extrusion. Green: Atto488-labeled BSA encapsulated in the core of
coacervates. Scale bar represents 10 um. C, D. Bright-field and confocal images of coacervates after
extrusion. Red: Nile Red in the membrane of coacervates. Scale bar represents 5 um. It is clear from the

confocal image (D) that coacervate cores were dissociated from the polymer membrane.
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Figure S2-3 | "H NMR analysis of azido-PEGes-b-PCLso-g-PTMCso. This spectrum confirms M. by comparing
the integrals of the PEG block to the new PCL and PTMC blocks, and the retention of azido functionality

(a*).

Figure S2-4 | Bright field (A) and confocal image (B) of UR-coacervates. The ring-like structure in (B)
confirms the successful enzyme-membrane coupling. Scale bars represent 20 um (A) and 5 um (B).
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Figure S2-5 | FRAP measurements were performed on UR-coacervates to test the lateral diffusivity of
urease. (A) Substantial recovery 52.2 seconds after laser bleaching was observed (Green: Cy5 from CAT).
(B) FRAP recovery curve with black dots representing experimental data and red curve exponential fitting.
Lateral diffusivity of surface-bound UR was determined to be around 0.03 um?/s. Scale bar represents 2
pm.
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CHAPTER 3

Engineering
coacervate-based motors by
stochastic distribution of enzymes

Abstract

Random fluctuations are inherent to all complex molecular systems. Although nature
has evolved mechanisms to control stochastic events to achieve the desired biological
output, reproducing this in synthetic systems represents a significant challenge. Here we
present an artificial platform that enables us to exploit stochasticity to direct motile
behavior. We find that enzymes, when confined to the fluidic polymer membrane of a
core-shell coacervate, are distributed stochastically in time and space. This results in a
transient, asymmetric configuration of propulsive units, which imparts motility to such
coacervates in presence of substrate. This mechanism is confirmed by stochastic
modelling and simulations in silico. Furthermore, we show that a deeper understanding
of the mechanism of stochasticity could be utilized to modulate the motion output.
Conceptually, this work represents a leap in design philosophy in the construction of

synthetic systems with life-like behaviours.

This chapter is adapted from the publication: Song, S.; Mason, A. F.; Post, R. A. J.; De Corato, M.; Mestre,
R.; Yewdall, N. A; Cao, S.; van der Hofstad, R. W.; Sanchez, S.; Abdelmohsen, L. K. E. A;; van Hest, J. C. M.,
Engineering transient dynamics of artificial cells by stochastic distribution of enzymes. Nat. Commun.
2021, 72(1), 6897.
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3.1 Introduction

Underlying the macroscopic behaviour of living organisms are a plethora of transient
processes comprising nano/microscopic supramolecular systems. At this length scale,
random thermal fluctuations can have significant consequences on the macroscopic
outcome. Stochastic events that occur in an ever-fluctuating biological environment play
an important role in directing complex cellular processes. In order to provide a robust
response to varying input, nature has developed a range of approaches to translate
stochasticity into adaptive biological output. Specific examples include the dampening of
cellular noise to stabilize stochastic decisions in neuronal cell development™ and the
autonomous motion of motor proteins,”*! a consequence of fluctuating biochemical
reactions.

Self-propulsion, as a consequence of transducing chemical energy into kinetic energy,
is an intrinsically recognizable biological behaviour that requires a number of dynamic
and internally regulated processes. For example, motion observed in cells is a
consequence of the constant remodelling of the tubulin-based cytoskeleton, where
constructive and deconstructive processes are working in concert under control of,
amongst others, fluctuations in GTP concentration.” While a number of synthetic systems
are capable of autonomous motion at length scales similar to those observed in biology,*
1 they do not rival the natural ones in terms of dynamic complexity. This overarching
challenge can be overcome by exploiting inherently dynamic systems (i.e., systems with
stochastic/random properties) for motion.

Stochasticity is of course not only present in biological systems. Stochastic processes
have been observed in many synthetic systems as well, and have been used to interpret
their specific behaviour. For example, in the field of active systems, the stochastic
positioning of propulsive units has been used as an explanation for the observed non-
Brownian behaviour (e.g. motility). Specific examples include the stochastic attachment
in a fixed position of enzymes to the surface of nanoparticles by Sanchez et al.,"'” and the
conjugation of enzymes to the fluid membrane of liposomes by Sen et al."" However, in
contrast to nature, stochasticity has not yet been used in active motor systems, or any
other synthetic systems, as a purposely introduced component to control the system’s
features. In order to incorporate more life-like behaviour in active matter, stochasticity
should be given a more prominent role.

In this chapter, we describe a micromotor system in which we have been able to include

stochasticity as a design element. Our micromotor is based on the coacervate
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microdroplet cloaked with a fluidic polymer membrane, as described in Chapter 2. To this
membrane, enzymes are conjugated as propulsive units. Moreover, as this membrane is
fluid at room temperature,'>"3! the continuous spatiotemporal reorganization of such
propulsive units is ensured. As such, we hypothesize that this transient asymmetry will
lead to a variety of random, continuously changing organizational states, with a fraction
of these displaying sufficient polarization to generate an instantaneous net propulsion
capable of actively propelling the coacervates. This mechanistic hypothesis has been
validated experimentally and /in silico. We have also identified important parameters for
the modulation of these molecular fluctuations, namely, enzyme density and lateral
diffusivity, which impact the motility output. Importantly, theoretical simulations further

confirm our hypothesis that a stochastic process governs the motile behaviour.

3.2 Design and rationale of coacervate-based micromotors

Morphological asymmetry (e.g., motor shape, catalyst distribution) is a prerequisite for
autonomous motion."'7! Asymmetry can be imposed on the motor through its external
environment (e.g., concentration gradient) or in the motor structure itself (e.g., shape).
This has been achieved by, for example, the construction of Janus particles, which are
hemi-spherically covered with active catalysts.” '¥211 Marangoni stress has also been
employed as a propulsion force in surfactant-stabilised liquid droplet systems,2228 which
can be achieved by modification of surfactant layers and consequent spontaneous
symmetry-breaking of droplet interfaces. Recently, a random surface distribution of
enzymes has been shown to propel micromotors in the presence of fuel.'® This inspired
us to construct a system, in which asymmetry (i.e. heterogeneous distribution of enzymes)
is transient and dynamic, enabled by the inherent fluidity of a polymer membrane (Figure
3-1D, E). This approach is in contrast to other investigations that employ static and fixed
surface distribution of catalysts (Figure 3-1B, C). Our platform is composed of a complex
coacervate droplet stabilized by a terpolymer membrane, as described in Chapter 2. The
chemical nature of the membrane made it possible to securely tether enzymes (catalase
CAT and urease UR) to the surface (Chapter 2). Due to the experimentally validated
membrane fluidity and enzyme diffusivity, the enzyme organization on the surface
continuously changed. During the course of time-lapse confocal imaging, a highly
punctate, dynamic radial distribution of CAT was observed (Figure 3-2), confirming our
hypothesis that the fluidic polymer membrane results in dynamic enzyme clustering and

hence a transient asymmetrical distribution of propulsive units. With this unique design,
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we proposed that a fraction of these transient asymmetrical organizations of propulsive
enzymes would generate sufficient polarization and lead to self-propulsion of coacervates

in presence of fuel (Figure 3-1A).
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Figure 3-1 | Design philosophy to translate a stochastic process into autonomous motion in an artificial
system. A. Coacervates with surface-confined enzymes and consequent transient asymmetry, leading to
autonomous motility of coacervates in the presence of fuel. Schematic outlining the difference between
static (B, €) and dynamic (D, E) structural asymmetry. Static asymmetry with fixed enzyme distribution
does not change with time (C), while dynamic asymmetry features a spatiotemporally stochastic enzyme
distribution (E). F. Stochasticity can be utilized for modulating the motion output via tuning either the
lifetime of the transient asymmetry (enzyme diffusivity) or the organizational states of enzyme
distribution (enzyme density).
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Figure 3-2 | Confocal images taken at different time points (upper row) of one single enzyme-
functionalized coacervate, with brighter spots along the ring suggesting catalase enzyme clustering.
Bottom row displays corresponding intensity radial plots with spikes representing higher local intensity.
A radial number of 1.0 indicates evenly distributed enzymes, while a radial number > 1.0 indicates higher
local enzyme density (enzyme clustering). Scale bar represents 2 um.

3.3 Motility of coacervate-based micromotors

Having confirmed the transient asymmetry on the coacervate membrane, we set out to
test coacervate motility. Motion of CAT- and UR-coacervates was recorded in the presence
or absence of their respective substrate by bright-field microscopy. Coacervates with a
diameter of 1.2 £ 0.4 um (assembly of differently sized coacervates was discussed in
Chapter 2) were chosen for motility experiments due to their small size and their ability to
exhibit Brownian motion, which facilitates their autonomous motion (in the presence of
fuel) and decreases the chance of sedimentation, compared to their larger counterparts.
The coacervate suspension and their corresponding substrate (hydrogen peroxide or urea)
were first mixed thoroughly and immediately added to the experimental chamber. The
recording started shortly after. Videos were recorded at 25 FPS and for a period of 30-35
s. For each condition, 15-20 coacervates were analysed. For CAT-coacervates, the
hydrogen peroxide concentration after mixing was set to 10 mM. This rather low
concentration was chosen to avoid oxygen bubble generation that could disturb the

liquid inside the chamber and mask self-propulsion. CAT- or UR-coacervate suspensions
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in the experimental chamber were generally replaced every 3 minutes to maintain a
constant substrate concentration.

The motility of both CAT- and UR-coacervates was analysed using a tailor-made Python
script,?*3% where X and Y trajectory data were extracted and the mean square
displacement (MSD) was calculated. MSD is a measure of deviation of the position of a
particle with respect to its initial position over time. It is commonly used to analyse motion
dynamics of self-propelled particles and is calculated in 2D projection using the following
equation:

MSD (t) = ((x'(t) — % (0))?), M
where ¥(0) is the initial position of the coacervate, and ¥(t) is the position of the
coacervate when time is £ One well-known solution of the MSD equation (1) is:

MSD = 4D;At + V?At?, (2a)
at shorter timescale (At « tg), giving a curved MSD vs. At plot, and

MSD = (4Dr + V?tp)At = 4D, fAt, (2b)

at longer timescale (At > 1), which is similar to the case of Brownian motion but with
the enhanced diffusion coefficient D.s Dy = 6%7; is the translational diffusion coefficient,

kgT . . T -
8;’;3 is the rotational diffusion coefficient of the coacervate, kT represents the

R =
thermal energy, 77 is the viscosity of the liquid suspending the particle and Ris the radius
of the coacervate. T, = D! and is the characteristic timescale that determines the
transition from the ballistic regime at short timescales to the diffusive regime at long
timescales.'32 The direction of self-propulsion randomizes over long timescales (At >
Tr) because of the intrinsic rotation of the micro-sized coacervate motors, leading to
crossover from propulsive behaviour to enhanced diffusion.

In the absence of fuel, both CAT- and UR-coacervates, with a diameter of 1.2 um and
medium density enzyme coverage (discussed in Section 3.4), exhibited typical Brownian
motion, with linear MSD fitting profiles (Figure 3-3D, E and Figure S3-1). Upon addition
of fuel, 10 mM H,0, or 500 mM urea (final concentration) respectively, enhanced
propulsion with significant increase in MSD profiles was observed for both CAT- and UR-
coacervates (Figure 3-3D, E). Moreover, individual trajectories (Figure 3-3B, C) showed
significant path expansion after fuel addition, confirming coacervate propulsion in the
presence of fuel, without the need for deliberate structural or externally manipulated

asymmetric features.
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Figure 3-3 | Motility observed in enzyme-tethered coacervates: experimental data. A. Schematic
illustration of transient asymmetry inducing enzyme-powered self-propulsion. B. Representative
trajectories of UR-coacervates (diameter~1.2 um) over 15 s with 500 mM, 100 mM and 0 mM urea
respectively. C. Representative trajectories of CAT-coacervates (diameter~1.2 um) with 10 mM and 0 mM
H.0, respectively. D. MSD curves of UR-coacervates with 500 mM, 100 mM and 0 mM urea. E. MSD curves
of CAT-coacervates with 10 mM and 0 mM H.O.. MSD curves (D, E) with error bars (mean + SEM) are
available in Figure S3-1.

3.4 Tuning motion dynamics by varying enzyme density

An important parameter that influences the degree of asymmetry in the system, and
hence the motile output, is the coverage of enzymes (proportional to number/density of
enzymes) on the surface of the coacervates. We set out to test the impact of enzyme
density on motility by fabricating both CAT- and UR-coacervates with three different

surface enzyme densities - low, medium and high. For CAT-coacervates, low, medium and
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high surface densities were formed by the addition of 4.6, 46, and 81 ug CAT to 300 uL
coacervates (0.32 mg/mL in Q-Am) after coacervate formation. For UR-coacervates, these
amounts were 5.4, 54, and108 pg UR respectively. After purification, unbound enzymes
were removed. To quantify the actual enzyme density on the coacervate surface, we first
calculated the number of coacervates at a given volume, and then determined, using Cy5-
labeled enzymes, the total amount of attached enzymes via fluorescence spectroscopy.
To estimate the coacervate number, we first measured the density of the interior
coacervate phase. The coacervate phase was generated by mixing 6 mL of 3 mg/mL Q-
Am and 3 mL of 3 mg/mL Cm-Am for 5 min (no stabilizing polymer was added).
Subsequent centrifugation led to macroscopic phase separation, and supernatant was
removed. 10 pL pellet (coacervate phase) weighed 10.5 ug, therefore the density of the
coacervate phase was determined to be 1050 mg/mL. As the mass of Q-Am and Cm-Am

and density of the coacervate phase are known, the total volume of all coacervates was
mQ-am+mMcm-Am

densitycoacervate

calculated according to Vot = . The average volume (V) of one

coacervate was calculated from the average diameter of the coacervate (obtained from
confocal image analysis, see Chapter 2). By dividing Vo over V., the number of

coacervates was calculated. Results are listed in Table 3-1.

Table 3-1 | Number of Coacervates per mL with different sizes.

Diameter of coacervates (um) Number of coacervates / mL
10.3 800 x10°
3.6 29 x10°
1.2 510 x10°

The total amount of CAT or UR attached on the coacervates was estimated through Cy5
fluorescence emission (for enzyme modification, see Chapter 2). Enzyme-coacervates
were centrifugated into a pellet, while unbound enzymes stayed in the supernatant. After
removing the supernatant, the pellet was resuspended in PBS buffer. Cy5 fluorescence
emission from the supernatant and resuspended pellet were measured by a plate reader

(TECAN Spark 10M). The percentage of enzymes attached was calculated by

Cy5 emission in pellet

— ——— . Then, this percentage and the total number
Cy5 emission in pellet + Cy5 emission in supernatant

of coacervates obtained above (Table 3-1) were used to calculate the average number of

enzyme molecules attached to one coacervate. The enzyme coverage on the coacervate
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surface was obtained using the previously reported diameters of catalase®¥ and urease®¥,

which are 5 nm and 7 nm, respectively (Table 3-2).

Table 3-2 | Number density and surface area coverage of CAT/UR attached on one coacervate. Both CAT-

and UR-coacervates have an average diameter of 1.2 + 0.4 um.

CAT-coacervate

UR-coacervate

Enzyme Number of CAT Coverage Enzyme Number of UR Coverage
density /coacervate of enzyme density /coacervate of enzyme
Low 6 x10% - 8 x10° 2-3% Low 5x10° -7 x10° 2-3%
Medium | 100 x10%- 120 x10° 43-52% | Medium 40 x10°-50 x10° 17-22%
High 150 x10° - 200 x10° 65-87 % High 100 x10°- 120 x103 43-52%
A . CAT-coacervate motor B . UR-coacervate motor
—— Low — Low
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Figure 3-4 | Tuning transient asymmetry by enzyme density varies motion dynamics. A, B. MSD curves of
CAT-coacervates and UR-coacervates (diameter~1.2 um) with three different enzyme densities, namely
low, medium, high (Table 3-2). Data are presented as mean + SEM. C, D. The corresponding velocity
derived from MSD curves fitting. 18 coacervates were analysed per condition for CAT-coacervates and 17
coacervates were analysed per condition for UR-coacervates.

Indeed, in presence of their respective fuels, 10 mM H,0, and 500 mM urea, CAT and UR-
coacervates, with different enzyme densities and same average size (diameter~1.2 um),

moved with different MSDs and velocities (Figure 3-4). Surprisingly, coacervates with
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medium enzyme density moved faster than those with high and low densities, contrary
to the monotonic increasing trend one would expect. In addition, the velocity (obtained
from MSD curves fitted with Equation 2a) of coacervates with high enzyme density was
close to those with low enzyme density (Figure 3-4C, D).

To investigate the mechanism behind the nonmonotonic trend of enzyme density and
motility, we first ruled out local substrate depletion as the reason for high enzyme density
coacervates yielding diminished propulsion. We estimated the relative rate of the

enzymatic reaction versus substrate diffusion by calculating the Damkohler number:
7 R

Da =

d Csub

where 7 is the reaction rate, Ris the radius of the coacervate, dis the diffusion coefficient

3)

of the substrate and cg,;, is the concentration of the substrate far from the coacervate. The
reaction rate 7 can be estimated as the product of the maximum turnover rate k.,; of the
enzyme multiplied by the surface density of the enzymes I}: 7 = k4. [. We estimated

surface density of the enzymes in the case of maximum packing (100% enzyme coverage):

Iy ~ =22 4)

TiTenz

where 1, is the characteristic size of the enzyme.

Da of 0.13 and 4.5-10* were obtained for CAT- and UR-coacervates respectively (Table
3-3). In both cases, the Damko6hler number is smaller than 1 even with the overestimated
full coverage of the surface with enzymes (experimental enzyme coverage is up to 87%,
see Table 3-2). This means that diffusion is faster than the reaction rate and substrate

molecules can be resupplied as soon as they react, implying no local substrate depletion.

Table 3-3 | Parameters used for estimation of the Damk&hler number.

CAT-coacervate UR-coacervate
R(pm) 0.60 0.60
Substrate Hydrogen peroxide Urea
d(x10°m?/s) 0.90* 1.30%
Csup(MM) 10 100
Csus(Nnumber of molecule/m3) | 6.022 x 10 6.022 x 10
fenz(NM) 5% 7*
Kear(s") 1.00 X 10° 1.00 x 10*
Da 0.13 0.00045
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*Data sources: Diffusion coefficient of hydrogen peroxide and urea,* hydrodynamic radius of catalase®®¥!
and urease.*

We therefore hypothesized that the maximal velocity was obtained as a balance
between transient asymmetry and enzyme density. The number of enzymes on each
coacervate is directly related to the potential of these enzymes to form asymmetric
organizational states. For example, a coacervate with maximum enzyme loading will have
a saturated, homogeneous distribution of enzymes (Figure 3-5A). Hence, in the presence
of fuel, such coacervates with on average high symmetry (and thus very low probability
of significant asymmetry) will have zero net propulsion. Although at low enzyme density
the probability of asymmetric enzyme organization is higher than that at medium enzyme
density, the net propulsion is still weaker as fewer enzymes are able to impart velocity,
thus yielding a smaller drive capable of actively propelling the coacervate as a whole.'®
In the case of medium enzyme density, there is a favourable balance between the
probability of transient asymmetry and the absolute number of enzymes contributing to
propulsion, thus resulting in a larger net propulsion than for those with low and high

enzyme density.
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Figure 3-5 | A. Schematic illustration of coacervates with different enzyme densities (low, medium and
high) leading to different organizational states. B. The distribution of the number of enzymes per
coacervate is presented per density based on 100000 simulated functionalized particles of each density
(Aow= 100, Amedium = 300, Angh = 1000). The asymmetry was computed as the net propulsion in the (x, y)-
plane divided by the number of enzymes (as v, = 1 um/s in these simulations) per coacervate.
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To demonstrate the interplay of transient asymmetry and enzyme density, a model
probability density plot of the degree of asymmetry with different enzyme numbers was
derived (Figure 3-5B). The measure of asymmetry was defined by the net propulsion
divided by the product of the enzyme number and v.. Then two theoretical extremes were
formulated: a uniform (equidistant) organization of enzymes results in 0% asymmetry,
while 100% asymmetry is caused by all enzymes clustering at a single point. Sketching the
relationship between enzyme density and net propulsion in a schematic illustration
shows that the delicate interplay between the parameters is indeed logical (Figure S3-2),

and in agreement with the probability density plot in Figure 3-5B.

3.5 Stochastic mechanism proven by modelling and simulation

To further substantiate our hypothesis of transient asymmetry-induced motility, in close
collaboration with Dr. Marco de Corato we developed a stochastic mechanical model,
which verified our findings from two aspects. First, we parameterized our stochastic
model based on the Active Brownian Particle (ABP) model®" to include the mobility and
the fluctuations of the enzyme distributions along the surface. In this way, we were able
to look at the ensemble effect of propulsive units imposed on overall coacervate motion
in our system. Second, simulation (in close collaboration with Richard Post and Prof.
Remco van der Hofstad) from the same stochastic model was used to verify the analytical
expression and further allowed us to examine the system at the level of the individual
enzyme.

In general, a stochastic process is a process where an object behaves in a random way.
A well-known example is Brownian motion. In our setting, we have three stochastic
processes of interest: the inherent translational (1) and rotational (2) diffusion of
coacervates on microscale, as well as the lateral diffusivity (3) of the propulsive units (i.e.
CAT or UR), which is unique to this system. The location of the propulsive units drives the
coacervate in a particular direction, governed by the dynamic and asymmetrical
distribution of the enzymes on the coacervate surface; the coacervates are reoriented
during their motion as a result of the rotational diffusion.

We obtained our stochastic model by modifying the ABP model, which was originally
developed to describe the motion of Janus particles.®" In the ABP model, the catalytic
hemisphere defines the direction along which the particle moves, while the rotational
diffusion (72 randomizes the orientation of the particle making its motion diffusive at long

timescales (4t > 7.5 In contrast, the coacervates described in this work do not display a
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fixed preferential direction since the distribution of the enzyme propulsive units
fluctuates with enzymes undergoing lateral diffusion. Our stochastic model assumes that
the coacervate moves along the direction of the dipole of the surface distribution with a

velocity proportional to its magnitude. The MSD after a time Atwas derived as

2
_ (Vv —2AtD,
MSDE) = 2(5=) (e240%err + 24tDyyy = 1) + 4Dy 4, 5)
where
Degp =D+ (1+2) 2 (6)
Dy = 6’;5; is the translational diffusion coefficient, D; is the lateral diffusion coefficient

kBT3 is the rotational diffusion coefficient of the coacervate, kgT

of the enzymes, D, = p—

represents the thermal energy, 7 is the viscosity of the liquid suspending the particle, Ris

the radius of the coacervate, 1 is the number of enzymes on the coacervate, and Vis the

expected coacervate propelling velocity (V = v, f%/l where v, is the propelling velocity

of coacervate induced by one single enzyme).

This expression has limiting forms of MSD(At) = 4D;At + V2At? for At < 7% and
MSD(At) = (4Dy + V21*)At for At > t*, where T* = Dy . The transition between the
ballistic and diffusive regimes is determined by this new timescale 7*, which thus depends
on both the lateral diffusivity of the enzymes and on the rotational diffusion of the
coacervate. It is important to note that enzyme lateral diffusivity contributes to the
coacervate velocity and overall MSD in the stochastic model, while the ABP model did not
take these two factors into account.*"

In general, this stochastic model predicts a ballistic motion at short times and a diffusive
motion at long times (Figure 3-6A) and this crossover from ballistic to diffusive regimes
was indeed observed in the experimental data (Figure 3-3). In the case of rapid diffusion
of surface-bound enzymes, the lifetime of asymmetry becomes short, which in turn leads
to rapid velocity fluctuations. This results in a fast transition of MSD from the ballistic
regime to the diffusive regime. Conversely, in the limit of diffusion-limited (static)
enzymes, the polarization becomes permanent, leading to recovery of MSD, similar to
those of Janus particles.®" Similarly, motion scenarios predicted in numerical simulation
have a good agreement with experimental results (Figure 3-6B) with the extra
consideration of enzyme lateral diffusion. Brownian motion of each enzyme along the

surface of the active particle was simulated. The velocity of the particle was calculated
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from the diffusion of each individual enzyme, which confirmed the analytical theory
presented here and explored cases where the number of enzymes is small, and

fluctuations are large.
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Figure 3-6 | A. Fitting of the MSD curve of CAT-coacervates in presence of 10 mM H.O, with the stochastic
model. B. The predicted MSD curves of CAT-coacervates in presence of 10 mM and 0 mM H.0O, with
stochastic simulation.

3.6 Tuning motion dynamics by enzyme lateral diffusivity

The simulation identified lateral diffusivity of enzymes (D)) as a key parameter that has
a crucial impact on transient asymmetry, due to the speed at which enzyme clusters can
form. Therefore, to further control the system with stochastically dominated parameters,
we set out to examine the impact of lateral diffusion of enzymes on the motility by
experiment and simulation. To this end, we tuned the diffusivity of surface-bound catalase
experimentally by means of in-situ crosslinking of catalase using a chemical crosslinker;
namely, glutaraldehyde (GA) (shown in Chapter 2, section 2.5, Figure 3-7). Coacervates
with medium CAT density, the best performer from the enzyme density experiments, were
chosen to test this diffusivity hypothesis. In order to avoid aggregation of catalase,
crosslinking was carried out after extensive washing steps to remove any unbound
catalase, as previously described in Chapter 2. FRAP measurements confirmed that
enzyme diffusivity was drastically diminished after in-situ crosslinking of CAT-coacervates

(Figure 2-8), as compared to that of no crosslinking.
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Chemical Crosslinking
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Figure 3-7 | Schematic illustration of transient asymmetry slowed down by crosslinking, leading to faster
propulsion.

In order to amplify the motility output, and thus to observe any difference that might
arise because of changing the lateral diffusion of enzymes, we aimed at capturing the
ballistic regime of MSD curves (rather than the diffusive regime). In order to do so, CAT-
coacervates with average diameter of 3.6 um (see Chapter 2 for coacervate size tuning
method) were chosen to perform motility testing, as their characteristic timescale satisfies
™ >> At resulting in a more predominant influence of D, on the coacervates’ motion
(Equation 6). After crosslinking, a clear difference was observed regarding motility: CAT-
coacervates with crosslinked surface enzymes, with the same average size, exhibited
increased MSDs and velocities when compared to their non-crosslinked counterparts
(Figure 3-8). This propulsive motion can clearly be seen in the movement trajectories,
where more stretched and expanded paths were observed for crosslinked ones (Figure
3-8A). Should the organizational state of enzymes in the non-crosslinked state be
permanent and not changing with time, there would not have been a motion
enhancement after fixating the enzymes. By tuning enzyme lateral diffusivity, we
eventually imposed control over the lifetime of transient asymmetry, which was
manifested in the motility output. The enhanced propulsion after crosslinking clearly
confirmed the role of the fluidic membrane in imparting transient asymmetry and thus

motility.

65



| Chapter 3

A 2] 204

No Fuel 201 Non-crosslinked Crosslinked
10 mM Hz20: 10 mM’:ﬁ«/
04 mp 04 B Wl 04
Background Self-propulsion Faster
-20{ Brownian motion -204 prop -204 Self-propulsion
20 0 20 20 0 20 20 0 20
B Experiments C Stochastic simulation
40— Crosslinked 1201
— Non-crosslinked
301 No Fuel > 90+ Enzyme diffusivity
£ ®© decreases
3 =
= 20 Q 601
) T
210 o
%) 301
0 =
| 0
0O 2 4 6 8 10 0O 2 4 6 8 10
At (s) At (s)

Figure 3-8 | A, B. Representative trajectories and MSD curves of non-crosslinked CAT-coacervates
(diameter~3.6 um) with no hydrogen peroxide (no fuel), 10 mM peroxide (non-crosslinked) and
crosslinked CAT-coacervates with 10 mM hydrogen peroxide, respectively. MSD curves with error bars
(mean + SEM) are available in Figure S3-3. C. Stochastic simulation predicts that MSD increases with
decreasing enzyme diffusivity.

We further tested the impact of lateral diffusion of enzymes on the motility by tuning D,
in the stochastic model. In the extreme case, where D, = 0 (completely static motor
arrangement), the MSD is at the maximum. While in the theoretical case where D; is
infinite, dynamic enzyme clustering and its resultant transient asymmetry fluctuate at a
rate that is much faster than the measurement timeframe, the MSD profile is the same as
that of Brownian motion. Overall, by decreasing 0, in the stochastic model, an increase in
MSDs was predicted (Figure 3-8C). Moreover, by matching O, in simulation with
experimental values from FRAP, our prediction by stochastic simulation is in line with
experimental results (Figure $3-3B). This agreement between theoretical predictions and
experimental validation provides a valuable framework for the incorporation of stochastic
mechanisms in synthetic systems.

In addition, an interesting phenomenon was observed that ca. 10% of such non-
crosslinked coacervates exhibited anomalous type of motion, so-called run-and-tumble,

hitherto only observed in bacteria (e.g., £scherichia Coli ®%). These non-linear run-and-
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tumble movements can be characterized by remarkable consecutive alternations
between diffusive motion and directional propulsion (Figure 3-9). Analysis of the
instantaneous velocity confirmed our observation, with the experimentally observed ‘run’
regime exhibiting significantly higher velocities than predicted by the stochastic model.
With our current theoretical settings, we could not simulate this run-and-tumble
behaviour, indicating another degree of stochasticity/complexity in the system. As this
behaviour was only observed with the catalase attached coacervates, we tentatively
attribute this phenomenon to a possible explanation - the stochastic release of oxygen
microbubbles, as previously reported by the group of Wang. 7 Nevertheless, a thorough

investigation is needed to substantiate this explanation.

A Trajectory B Run and Tumble Self-Propulsion
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Figure 3-9 | A. Representative trajectory of a CAT-coacervate undergoing run-and-tumble in the presence
of 10mM H;0.. Run and tumble regimes are indicated with green and white arrows, respectively. Scale bar
represents 1 um. B. Instantaneous velocity of run-and-tumble, self-propulsion (10 mM H.0.) and Brownian
motion (0 mM H0.). In the case of run-and-tumble, velocity suddenly increased during run phases (as

depicted in B). Such sudden increase of velocity was not observed in the case of normal self-propulsion.

3.7 Conclusions

Stochasticity is abundant in nature and of great importance for the regulation of many
biological processes. Although this has been well recognized, it has mainly been studied
from a phenomenological point of view and its active exploitation is underexplored. This
certainly accounts for artificial systems, where researchers have in some cases
acknowledged stochasticity to play a key role in the behaviour of their systems but have
not controlled, let alone designed-in, this phenomenon. In this chapter we have
demonstrated an engineered motile system that is fully governed by stochasticity. By
following a combined experimental and theoretical/simulation approach with our

collaborators, we have been able not only to describe the motile process but also to
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engineer the key parameters that determine stochastic behaviour. The great fit between
theory and experiment demonstrates that we now have a high level of control over this
process. We have added only one more level of stochasticity (lateral diffusion of enzyme)
on two inherent stochastic processes (translational and rotational diffusion) present in
motor systems. Although our results explain the majority of motile events, we have also
observed a small fraction that shows an intriguing ‘run-and-tumble’ behaviour. These
extreme cases cannot be described by our current theoretical model and most probably
result from a combination of stochastic processes that we do not fully understand yet. It
however demonstrates that exploring stochasticity can enable the creation of even more
complex, non-linear behaviour. For example, research exploring the impact of
confinement on such stochastic-induced motility will be discussed in the next chapter.
Hopefully this study will inspire other researchers to recognize and apply stochasticity as
a powerful method to design and engineer other adaptive systems based on fluctuating

extrinsic and intrinsic conditions.
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Experimental section

Materials

All materials were used as received unless otherwise stated. The preparation of the enzyme-labeled
coacervates was described in Chapter 2. 30% hydrogen peroxide solution, urea and glutaraldehyde
solution were obtained from Sigma-Aldrich. Hydrogen peroxide solutions used for motility experiments
were prepared by sequential dilutions of 30% hydrogen peroxide solution.

Motility test for CAT-/UR-coacervates

Experimental chamber

A simple experimental chamber was designed and prepared to minimize side effects that could be
mistaken as self-propulsion, such as drift or solution evaporation. This chamber was made from two glass
microscopy slides spaced by two pieces of autoclave tape. Autoclave tape was first attached to a larger
glass slide on two ends, followed by the addition of sample in the middle, and capping by a smaller glass
slide.

Optical recording

The videos of coacervate motion were recorded using a camera (Hamamatsu Digital Camera C11440) on
aninverted optical microscope (Leica DMi8). A 63x water immersion objective was used for this recording.

Stochastic simulation

The backbone of the stochastic simulation (as designed by our collaborators Richard Post and Prof. Remco
van der Hofstad) is a result of the simulation of a Spherical Brownian Motion (SBM).® The motility of a
coacervate with a dynamic membrane was simulated by the union of three independent stochastic
processes: i) the translational diffusion of the coacervate was simulated as a realization of a three-
dimensional Brownian motion depending on the diffusion speed Dy, ii) the rotational diffusion of the
coacervate, causing the direction of the net velocity to change over time, was simulated by
implementation of an SBM of one of the unit axes. This way we could implement rotation of the 3D
coordinate system at a speed depending on D, and iii) the lateral diffusion of each single enzyme, causing
the magnitude of the net velocity to change over time, was simulated as independent SBM at a speed
depending on D..

Estimation of simulation parameters

In the stochastic simulation there were 6 parameters that influenced the motility of enzyme-tethered
coacervates; namely, the propelling velocity of coacervates induced by one single enzyme ., coacervate
radius A, translational diffusion coefficient Dy, rotational diffusion coefficient Ds, enzyme lateral diffusion
coefficient D, and enzyme number on the surface of coacervate A. However, from Equation 5 it became

clear that the impact of v and A could be integrated in the expected coacervate velocity V = v, El

because the influence of A on D.r(stated in Equation 6) could be ignored for the order of A (shown in
Table 3-2). This thus reduces the number of relevant simulation parameters to 5.
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Rwas obtained from the analysis of coacervate confocal images (Chapter 2). To obtain realistic parameter

estimates, first :;;: was estimated to equal 0.14 based on the experimental MSD curves of coacervates in

the absence of fuel (Figure $3-4) and in turn used to estimate Dzand Draccording to the Stokes-Einstein

equation. After substituting the estimates of Dzand Drinto Equation 5 and 6, this equation was fitted to

the experimentally obtained MSD curves to estimate D, and V/for the conditions of interest. Besides, the

estimate of Vis within reasonable range of micromotors (see Table below) and comparable to other

micromotor systems which used the same type of enzyme as propulsion unit.?”

Parameter

Vs

Vo.6low-cAT

V0.6,med-cAT

V0.6,nigh-cAT

V0.6 low-Ur

V0.6, med-Ur

V0.6,high-Ur

Estimate used in simulation = Standard Error

(pm/s)

0.576 0.002
0.587 0.025
0.964 0.009
0.754 0.020
0.470 0.052
0.985 0.098
0.295 0.051

* Voslow-cat: V for CAT-coacervates (radius of ~0.6 um) with low enzyme density.
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Figure S3-1 | MSD curves of CAT-coacervates (A) (n = 18, mean + SEM) and UR-coacervates (B) (n =17,
mean * SEM) in the absence / presence of their respective fuels.
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Figure $3-2 | Schematic illustration of relationship between vector density (enzyme density in 2D) and
total generated propulsion. Please note: this figure is only for illustrating the idea of interplay, and it
doesn’t imply the moving direction of enzymes or coacervates.
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Figure $3-3 | A. MSD curves of non-crosslinked CAT-coacervates (diameter~3.6 um) with no hydrogen
peroxide (no fuel), 10 mM peroxide (non-crosslinked) and crosslinked CAT-coacervates with 10 mM
peroxide. For all conditions, n = 18, and data are represented as mean = SEM. B. MSD curves predicted by

stochastic simulation.
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Figure S3-4 | Linear fitting of MSD curve of UR-coacervates ((diameter~1.2 um, n = 17) in the absence of
fuel. The fitting equation is derived from Equation 2a (V= 0 without fuel).
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CHAPTER 4

Confined Motion: Motility of Active
coacervate motors in Cell-Sized
Lipid Vesicles

Abstract

Active materials can transduce external energy into kinetic energy at the nano and
micron length scales. Traditionally, motility is studied as a function of internal features
such as particle topology, while external parameters such as energy source are assessed
mainly in bulk. However, in real-life applications, confinement plays a crucial role in
determining the type of motion active particles can adapt. This feature has been however
surprisingly underexplored experimentally. In this chapter, we showcase a tunable
experimental platform to gain insight into the dynamics of active particles in
environments with restricted 3D topology. Particularly, we examined the autonomous
motion of coacervate micromotors confined in giant unilamellar vesicles (GUVs) spanning
10 to 40 um size range, and varied parameters including fuel and micromotor
concentration. We observed anomalous diffusion upon confinement, leading to
decreased motility, which was more pronounced in smaller GUVs. The results indicate that
the theoretically predicted hydrodynamic effect dominates the motion mechanism within

this platform.

Shidong Song, Antoni Llopis-Lorente, et al., Manuscript in preparation
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4.1 Introduction

Nano and micromotors are a class of materials able to harness free energy from their
surroundings and transform it into kinetic energy.'"" This ability, as well as their wide
application window, have incited a considerable interest in active materials to further
explore their adaptability, versatility, and functionality. The vast majority of research has
focused on controlling intrinsic parameters of the motor systems that govern their
activity, such as size, shape and asymmetric placement of motile units.'*'” External
factors that have been studied mainly concern the application of different energy sources,
which can vary from chemical fuels to light and magnetic field induced motion.*> 1820
With these external forces, it has proven to be possible to induce life-like behaviour, such
as directed motion (e.g. chemo- and phototaxis)?'? and swarming behaviour,>*! when
single motile particles are able to interact with each other in a concerted fashion. In all of
these cases motile behaviour is regarded as a bulk property. One aspect that has however
hardly been taken into account is that in living systems motion is often restricted by the
confined space in which the motile objects operate. This feature is apparent when for
example the motility of bacteria in biofilms and the restricted motion of blood cells in
capillary veins is regarded. To get a better understanding of how motile particles move
under real-life conditions, in a considerable number of cases confinement should
therefore be taken into account.

Still, only a limited number of theoretical and even fewer experimental studies have
investigated motion of microparticles near 2D surfaces or under microfluidic
confinement.®®3 |n general, these studies focus on the influence of the motor
architecture and composition, and the topology of the environment (e.g., dimensional
space and surface pattern). Different types of motion including diffusion, sliding along the
wall, and docking and unclogging, were observed experimentally for Janus-type micro
swimmers as a result of varying the size of confinement.®® For example, Liu et al.B®
investigated a self-propulsive bimetallic swimmer in linear and curved microfluidic
channels - both experimentally and with numerical simulations. They observed enhanced
motion upon confinement as a result of an increased self-generated electric field, which
acted as the motors’ driving force. They predicted a further increase in velocity upon
decreasing the size of confinement. On the contrary, Khezri et al. reported an
experimentally observed reduction in velocity of copper/platinum bimetallic swimmers
upon confinement in microfluidic channels.®”? Moreover, decreasing the size of the

channels resulted in a significant decrease in velocity. Besides bimetallic self-
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electrophoretic motors (which move by the generation of a local electric gradient),
diffusiophoretic motors (which move by the generation of a local gradient of
decomposition products) have also been studied under confinement. However, two
theoretical studies reported opposite results — one predicted an increase in velocity in
spherical confinement,®*® and the other predicted a slowing-down when motors were
near the confining boundaries.®¥ Both studies attributed the changes in velocity to
interaction between the boundaries and the chemical concentration gradients generated
by the motors. It is clear from all these reports that a complex, yet poorly understood
interplay exists between the confinement topology and the propulsion mechanism,
which is responsible for dictating motion dynamics in confined spaces. There is thus a
clear need for robust experimental systems that allow the validation of the theoretical
models that have been proposed.

A probable cause for the lack of experimental data is the difficulty of establishing such
a platform in which motile behaviour can be effectively studied in a 3D confined space. In
this chapter, we report the experimental realization of compartmentalized micromotors
in the interior of 3D, semi-permeable micron-sized vesicles, which enables us to
systematically study their motile behaviour under confinement. In particular, we show the
compartmentalization in giant unilamellar vesicles (GUVs) of active soft particles,
composed of coacervates, surface-decorated with enzyme motile units. We demonstrate
their restricted autonomous movement, when compared to unrestricted, bulk situations.
By analysis of the motors’ mean square displacements (MSD), we could identify that the
motile systems attained anomalous diffusion coefficients, which meant that they show
remarkable sub-diffusive behaviour in absence or presence of relatively low
concentrations of chemical fuel; normal diffusivity was restored upon increasing the
substrate concentration. These effects were systematically studied as a function of GUV
size, motor density and fuel concentration. Based on these results, we can conclude 3D

confinement leads to restricted motion of motor systems.

4.2 Assembly of GUV of light-driven coacervate micromotors.

The construction of our confined motile platform is depicted in Figure 4-1. As active
particles, we employed our previously developed enzyme-functionalized coacervate
microdroplets (diameter 1.2 £ 0.4 um, see Chapter 2 and 3). In brief, coacervates were
formed by self-assembly of two oppositely charged amyloses (carboxymethylated and

ammonium quaternized, respectively), followed by addition of a mixture of Ns-
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functionalized block polymer and non-functionalized terpolymer that together formed a
stabilizing and fluidic membrane on the coacervate surface. Afterwards,
dibenzocyclooctyne (DBCO) modified catalase enzymes (CAT) were attached to the
coacervate membrane through a strain-promoted alkyne-azide cycloaddition (SPAAC)
reaction. Thereafter we encapsulated the enzyme-functionalized coacervates in giant
unilamellar vesicles (GUVs) employing an inverted emulsion technique (also known as
droplet transfer method) to construct our compartmentalized motor system. First, we
prepared a mixture of lipids in paraffin oil, to which an aqueous phase containing the
coacervates was added. Upon emulsification, lipid-stabilized water-in-oil droplets were
formed and the mixture was then layered on top of an aqueous phase for centrifugation
(Figure 4-1A). The centrifugal force led to a transfer of droplets through the interface
containing a single layer of lipid molecules, forming bilayered GUVs that sedimented at
the bottom of the centrifugal tube, from where they could be harvested and purified. Both
the lipid GUV bilayer and the coacervate particles were labelled with complementary
markers (RhB-DOPC and Cy5-catalase, respectively), which allowed their visualization by
fluorescence confocal microscopy. Importantly, the addition of coacervate particles did
not compromise the assembly and integrity of the GUVs (Figure S4-1), and 3D confocal
imaging confirmed the successful integration of coacervates inside the lipid micro-

compartment (Figure 4-1B).
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Figure 4-1 | Assembly of GUVs containing active coacervate particles. A. Schematic illustration of
coacervate motors being encapsulated in GUVs via the droplet transfer method. B. Upper image shows a
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cartoon of compartmentalized CAT-coacervates inside a GUV. Lower image displays a 3D confocal image
reconstituted from confocal image stacks (Green: catalase which was modified with Cyanine 5, grey: RhB-
DOPC as marker of the lipid membrane). Scale bar represents 10 um.

4.3 Motion dynamics of coacervate motors under GUV confinement

Having confirmed the encapsulation of coacervates in GUVs, we first measured their
autonomous motion under non-compartmentalizing conditions (i.e., in bulk as in Chapter
3). For this purpose we employed similar CAT-coacervates as used for the
compartmentalization approach. Their motility was recorded in the presence or absence
of their substrate, H,0,, by bright-field microscopy (5 frames per second). Thereafter, we
analysed the X, Y trajectories and calculated the mean square displacement (MSD) of 40
coacervate particles, from multiple videos, by using a tailor-made Python script.*** In the
absence of fuel, typical Brownian motion with linear MSD fitting profiles (Figure 4-2A)
was observed for the CAT-coacervates. Upon addition of H,0, (0.034% v/v), CAT-
coacervates displayed enhanced diffusion with expanded trajectories and significantly
increased MSD profiles, leaning toward a parabolic curve (Figure 4-2A). This behaviour
was in line with previous findings shown in Chapter 3. The mechanism of coacervate
motion is regarded to be self-diffusiophoretic in nature (Figure 4-2B), i.e., by converting
the fuel, the particles intrinsically create a product gradient surrounding their active
patches (where catalase molecules cluster), which causes an osmotic imbalance and
results in enhanced propulsion of the particles.

Next, we studied the motility of the CAT-coacervates within GUV confinement. First,
coacervates-in-GUVs were diluted in an aqueous phase (either containing or not
containing the enzymatic substrate as fuel, i.e., H,O,) and subsequently transferred to an
experimental chamber (same as in Chapter 3). To record the coacervate trajectories, we
examined their motion using bright field microscopy, as it allowed to combine the
observation of both the GUV compartment and inner coacervate motors. In the absence
of fuel, coacervates confined in GUVs underwent motion with relatively short paths, which
translated into a flattened MSD profile (Figure 4-2C). In the presence of fuel, we observed
enhanced propulsion as a result of catalase-mediated decomposition of H,0,, which
translated into expanded trajectories and a significant increase in the MSD profile (Figure
4-2C). Remarkably, comparing the MSD profiles of non-compartmentalized vs.
compartmentalized coacervates (Figure 4-2A and C), we found striking differences in

their autonomous motion behaviours: not only did the compartmentalized coacervates
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exhibit lower MSD values in the absence and presence of fuel, but the shape of the MSD
curves in the presence of fuel changed from concave upward for the non-
compartmentalized particles to nearly linear for the compartmentalized ones (indicative
of restricted motion). To further confirm the effect of confinement on the motion
dynamics and rule out effects of membrane-induced limited diffusion of
substrate/products, we monitored the coacervates’ motion in GUVs comprising a highly
permeable membrane (i.e., with inserted a-hemolysin membrane pores, see Experimental
section). The MSDs resulting from coacervate motion upon addition of H,0,(0.034% v/v)
(Figure 4-2D) showed a similar MSD curve shape as displayed in Figure 4-2C, thus
indicating that the anomalous motion dynamics were not affected by substrate diffusion
issues, but a result of the confinement effect.

The change in motion dynamics under confinement, when compared to unrestrained
conditions, allowed us to probe different theories that describe confined motion. 343> For
this purpose, we systematically investigated three parameters which we expected to have
an effect on motility, namely fuel concentration, GUV confinement size and coacervate

motor density.
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Figure 4-2 | Investigation of CAT-coacervates’ motion dynamics under GUV confinement. A. Motility
profile of CAT-coacervates in bulk solution. A parabolic increase in MSD curves was observed upon
addition of fuel. B. Schematic illustration of self-diffusiophoresis of coacervates in solution. Active patches
(catalase dynamic clusters) along the coacervate membrane release product molecules in the
surrounding, leading to an asymmetric product molecule gradient field and therefore osmotic imbalance.
Subsequent fluid flow induced by osmotic pressure eventually results in motion of coacervates. C. Motility
profile of CAT-coacervate motors in GUVs. A significant increase in the MSD curve and an expansion in
trajectory were observed upon addition of fuel. D. Motility profile of CAT-coacervate motors in GUVs with
inserted a-hemolysin. Data of MSD curves (A, C, D) are represented as mean + SEM.

4.4 Motion dynamics of coacervates in GUVs depending on fuel
concentration

Having confirmed that GUV confinement altered motion regimes, we set out to
investigate the extent of the confinement effect on motion dynamics by studying the
crossover of different motion regimes in confinement. We therefore performed motility
experiments of coacervates-in-GUVs at different fuel concentrations. A direct relationship
between the MSD values and fuel concentrations was observed (Figure 4-3A), with
higher H,O, concentration leading to faster motion and more expanded trajectories
(Figure 4-3B). Interestingly, in the presence of H,0,, MSD curves deviated from a straight
line at higher time intervals (At >5s), resulting in a concave downward shape. Generally,
when colloidal particles undergo Brownian motion, i.e. normal diffusion, they exhibit an
MSD that is linear in time - a deviation from such trend is indicative of anomalous
diffusion. Mathematically, anomalous diffusion is described as MSD = KA. Here a is
the anomalous exponent that indicates how far the motion deviates from normal
Brownian motion: (i) a = 1 indicates Brownian (or normal diffusive) motion, (ii) a > 1 is
indicative of a super-diffusive process, and (iii) a < 1 is indicative of a sub-diffusive process.
To gain further insight into the motile behaviour of the confined coacervates, MSD curves
were fitted with MSD = KA4¢° to obtain the anomalous exponent a. The resulting a values
at different fuel concentrations are summarized in Figure 4-3C and Figure S4-2.
Noteworthy, there is a clear trend toward lower a at lower fuel concentration. In the
absence of fuel, the a value for coacervates-in-GUVs was 0.85, indicating constrained
motion (sub-diffusion); in comparison, fitting of MSD plots of coacervates in bulk solution,
in absence of fuel (Figure 4-2A), resulted in an a of 1.00 (normal diffusion). This further
confirmed that motion behaviour was altered by confinement imposed by the GUV

membrane. When the hydrogen peroxide concentration increased, a values steadily
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increased and reached 1.01 at 3.4% v/v H,O, (Figure 4-3C). Such increase in a indicated a
transition from sub-diffusion toward normal diffusion upon addition of fuel, which means
that the autonomous motion of the particles was able to compensate for the confinement
effect. In addition, the translational diffusion coefficient (D;) was obtained by fitting MSD
profiles with the equation MSD =4D:At. By applying this formula, we obtained a two-fold
increase in Drwhen the H,O, concentration increased from 0% to 0.85% (Figure 4-3D). A
further increase in Drat higher fuel concentration reflects the enhanced self-propulsion
of coacervates under confinement. Altogether, these results indicated an enhanced self-
propulsion and crossover from sub-diffusive toward normal diffusion of active particles in

GUV confinement when increasing the fuel concentration.
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Figure 4-3 | Investigation of motion dynamics depending on fuel concentration. A, B. MSD profiles and
trajectories of CAT-coacervates in GUVs with different hydrogen peroxide concentrations. Higher fuel
concentration resulted in an increased MSD and expanded trajectory. C. Diffusion regime indicated by
the anomalous exponent a. With [H.0:] rising from 0% to 3.4%, a increased from 0.85 to 1.01, suggesting
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a transition from sub-diffusion to normal diffusion. D. Translational diffusion coefficient values, at
different fuel concentrations.

4.5 Motion dynamics of coacervates in GUVs depending on GUV size

Subsequently, we investigated the correlation between compartment size (i.e.,, GUV
diameter) and motility of the confined active particles. Our hypothesis was that smaller
GUVs would display a more pronounced confinement effect as the hydrodynamic
interaction between coacervates and the membrane would be increased. GUVs
assembled by the droplet transfer method show a relatively wide size distribution (Figure
S$4-3) - thus, we set out to analyse coacervate motion in GUVs categorized in three
different diameter groups: small (14-24 ym), medium (25-34 um) and large GUVs (>34
um). We compared trajectories, the anomalous diffusion exponent (a) and diffusion
coefficient (Dy) of the different size groups (Figure 4-4 and Figure S4-2) at different fuel
concentrations. Indeed, as depicted in representative trajectories in Figure 4-4B,
coacervates in small GUVs were more prone to be in close proximity of the GUV
membrane in their path, whereas coacervates in larger GUVs had more space to diffuse
around, being less restrained in their movement. This observation correlated with the
extracted a and Drvalues (Figure 4-4C, D). At all fuel concentrations, a positive correlation
between a and GUV size was observed, with a sub-diffusion regime in smaller GUVs and
normal diffusion in larger GUVs at 3.4% v/v H,0.. A similar trend was observed for D;,
indicating a more effective propulsion of coacervates in larger GUVs. Noteworthy, for the
small size group (14-24 um), a and Drincreased when the concentration of H,O, increased
from 0% to 0.85% v/v; a further increase in fuel concentration did not alter both values. In
contrast, for medium (25-34 um) and large GUV (>34 um) sizes, we observed a continuous
increase in a and Drfrom 0% to 3.4% v/v H,0.. Thus, under the investigated conditions,
small GUVs (14-24 um) severely restricted the motility of coacervates to the point that
enhanced motion reached its limit and additional chemical energy could not be
converted into additional motion. Altogether, these results indicate that a decrease in

GUV compartment size correlates with a decrease in the motility of active particles.
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Figure 4-4 | Investigation of motion dynamics depending on the compartment size. A. Schematic
illustration of coacervates in small and large GUVs. B. Trajectories of coacervates in small and large GUVs
with [H202] of 3.4%. Bright field tracking is overlaid on top of confocal images of coacervates in GUVs.
Scale bars represent 10 um. C, D. Anomalous exponent and diffusion coefficient depending on the GUV
size, at different fuel concentrations. For each size group, 10 — 20 coacervates were analysed at each
[H:0:]. Data in Cand D are represented as mean + SD.

4.6 Motion dynamics of coacervates in GUVs depending on
coacervates concentration

Finally, we set out to investigate if differences in the relative concentration of
coacervates per compartment could influence their motile properties. We hypothesized
that the behaviour of active particles could be heavily affected by the presence of other
active particles in their surroundings due to, for example, potential proximal particle-
particle interactions. It would be of interest to experimentally validate this hypothesis to
know if the concentration of active particles should be considered in future theoretical
models. Therefore, we carried out experiments acquiring z-stacks of coacervates in GUVs
(by confocal microscopy) prior to recording the motion of the compartmentalized

particles (by bright field microscopy, upon addition of 0.85% as fuel). In all cases, 45
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images along the z-axis were captured, revealing fluorescent signals of coacervates
located at different planes. A circular ROl area (same size as the GUV) was selected for each
frame, and grey value measurements (for fluorescence intensity) were performed for that
ROI area of the whole confocal z stack (45 images). Then, the total fluorescence (sum of
the 45 planes) of each GUV (N = 40) was used as an estimation of their relative coacervate

concentration (Figure 4-5).
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Figure 4-5 | Analysis procedure of the concentration of coacervates in GUVs. A. Reconstructed 3D image
of coacervates (green fluorescence) in a GUV (grey fluorescence) from a confocal image stack along the z-
axis. B. Representative confocal images used to estimate coacervate concentration with different z-
position from one confocal image stack. C. Representative fluorescence intensity across z axis of
coacervates in one GUV. Y axis stands for fluorescence intensity of coacervates obtained from one single
image out of 45 z images in one confocal image stack. The total fluorescence (sum of 45 fluorescence
intensity from 45 z planes) of each GUV (N = 40) was used as an estimation of their relative coacervate
concentration, correlated to relative [Coacervate].

As depicted in Figure 4-6B, most GUVs had a relative coacervate concentration within
a range of 100-175 arbitrary units (a.u.), yet we observed some heterogeneity with a
fraction of GUVs located above (>175 a.u., high concentration) and below this range (<100
a.u., low concentration). Interestingly, when we extracted the motion of coacervates for
each group, we found larger MSD values for confined coacervates of the low coacervate
concentration group (at 10 s, MSD = 9.5 + 1.0 um?), as compared to the medium (at 10 s,
8.3 + 1.0 um?) and high concentration group (at 10's, 5.6 + 1.5 um?; significant difference

with p<0.05 compared to the low conc. group) (Figure 4-6C). Accordingly, these data
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suggests that active particle motion in confinement is affected by the overall particle
concentration, in a way that relatively high concentrations result in decreased motion

which could be attributed to a distortion of the product gradient field by surrounding

particles.
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Figure 4-6 | Investigation of coacervate concentration and its effect on motion dynamics. A. Projection
of confocal image stacks of 2 representative GUVs with high and low coacervate concentration. Scale bar
represents 10 um. B. 40 GUVs were analysed using confocal image stacking, to determine the relative
[Coacervate]. The coacervate concentrations were (arbitrarily) grouped in three regions: the [Coacervate]
lower than 100 a.u. was denoted as low, [Coacervate] between 100 and 175 a.u. was denoted as medium
and [Coacervate] higher than 175 a.u. was denoted as high. C. With 0.85% hydrogen peroxide as fuel, MSD
values of coacervate motors in a time frame of 10 seconds were categorized into the three [Coacervate]
groups: low, medium and high. Statistical significance between conditions is indicated by the asterisk
(*p<0.05).

4.7 Discussion

Our results reveal several interesting effects about the behaviour of active particles
within 3D confinement. First, the motion of such compartmentalized particles is
decreased as compared to the same particles free in solution. Furthermore,
compartmentalized particles move in a sub-diffusion regime and the presence of fuel

compensates for the confinement effect and enhances motility toward normal diffusion.
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In contrast, the same non-compartmentalized particles move under Brownian motion in
the absence and with (super diffusion) ballistic motion in the presence of fuel. Thirdly, the
size of the compartment matters, with a stronger sub-diffusive effect (i.e., restricted
motion) in smaller compartments. Finally, particles are influenced by the relative
concentration of peers in their surroundings, with higher concentrations leading to a
decreased motion.

It has been theoretically proposed®+* that there are two competing phenomena that
influence the motion of swimmer particles in confinement: (i) the hydrodynamic effect:
the velocity of fluid flow diminishes to zero toward the confinement wall (so called “no-
slip condition”, Figure 4-7A), which results in particles experiencing a viscous fluid drag
and a diminished motion; and (ii) the phoretic effect: the confinement boundary affects
the transport of product molecules, leading to a local increase of the product gradient
field, resulting in increased motion. As mentioned above, our catalytically active particles
move by self-diffusiophoresis, and the product molecule gradient is the key driving factor
for self-propulsion. Among the two competing effects (hydrodynamic effect and phoretic
effect), our findings suggest that the decelerating hydrodynamic effect is the dominating
one for our chemically fueled swimmers, as we see an overall decrease in motion upon
confinement. In fact, when there is no product gradient (i.e., in the absence of fuel and
therefore the phoretic effect can be ruled out), the difference in motion of non-
compartmentalized (Brownian) vs. compartmentalized particles (sub-diffusive) confirms
that the hydrodynamic effect influences motion. Addition of fuel leads to the enhanced
propulsion of the particles, which partially counteracts the hydrodynamic effect, yet
motion is still partially restricted as compared to their non-compartmentalized
counterparts. Additionally, our results also indicate that active particles in smaller
compartments experience a larger hydrodynamic drag (i.e., more restricted motion).
These findings are in agreement with other reports which describe a deceleration of
particles near solid surfaces and in microfluidic channels.®" 3 In contrast, Popescu and co-
workers theoretically predicted an increase in velocity for a diffusiophoretic motor in a
spherical (impermeable) compartment,® caused by the phoretic effect and despite the
opposing hydrodynamic drag caused by the confinement boundaries. However, only
impermeable confining walls were considered in their study, in which case the phoretic
effect is more pronounced (by preventing the equilibration of the product gradient). Our
phospholipid vesicles are highly permeable to oxygen and therefore the phoretic effect is

expected to be mitigated in our system (Figure 4-7). The contradiction between their
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theory and our experimental results can therefore be explained by the semi-permeability
of the GUV membrane.

Self-propulsion in confinement: two competing effects

A. Hydrodynamic viscous drag: decreases motion

Fluid flow velocity profile

L] 1 o
Confinement zero velocity at surface

due to no-slip condition

B. Phoretic effect: increases motion

Semi-permeable GUV

Distortion of product
molecule gradient field

Local increase of product
molecule concentration
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Figure 4-7 | Self-propulsion of self-diffusiophoretic coacervates in GUV confinement. A. No-slip condition
of fluid at the confining boundary. The slowdown of fluid is transferred to active coacervates suspended
in the fluid, leading to a decrease in motion. B. Impermeable confinement distorts the product molecule
gradient field and increases local product concentration, leading to an increase in motion. However, semi-
permeable GUVs alleviate the distortion of the product molecule gradient field, resulting in the
decelerating hydrodynamic effect being the dominant force.

4.8 Conclusions

In conclusion, we have presented a study about the confined motion dynamics of
catalytically active particles in cell-sized lipid vesicles. The fabrication methodology, based
on the direct encapsulation of pre-formed particles during GUV formation, is versatile and
could be extended to the study of other active particles (e.g., light-propelled motors). We
observed that the confinement hinders the motion of coacervates and results in a sub-
diffusion regime. Interestingly, addition of chemical fuel changes the behaviour of
coacervates inside GUVs toward normal diffusion and counteracts the confinement effect.

Furthermore, we determined that the confinement effect correlates with the
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compartment size, with more restricted motion in smaller compartments. Finally, we
observed that the overall internal coacervate concentration influences motion dynamics.
These results all are in line with theoretical models that predict a leading role for the
hydrodynamic effect in confined motion. Our study highlights the importance of
considering the dynamics of active matter in confinement, such as in cell-like

compartments, and provides a versatile platform to assess experimentally this feature of
motile systems.
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Materials

All materials were used as received unless otherwise stated. Catalase (from bovine liver), sulfo-
dibenzocyclooctyne-NHS ester (DBCO-NHS) and 30% hydrogen peroxide solution were obtained from
Sigma-Aldrich. Hydrogen peroxide solutions used for motility experiments were prepared by sequential
dilutions of 30% hydrogen peroxide solution. Sulfo-Cyanine5 NHS ester was obtained from Lumiprobe.
Lipids for GUV assembly: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPQ), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- -
[biotinyl(polyethylene glycol)-2000] (DSPE-PEG), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPE-RhB) were provided by Avanti Polar Lipids.
Paraffin oil (0.86 g/cm? at 20 °C) was from JT Baker. Cholesterol, glucose, sucrose, bovine serum albumin
(BSA), and alpha-hemolysin (aHL) from Staphylococcus aureus were purchased from Sigma-Aldrich.
Modified amyloses, polymers and modified catalase were prepared as described in Chapter 2.

Preparation of giant unilamellar vesicles (GUVs) with encapsulated coacervates

Our protocol for the preparation of GUVs is based on the droplet transfer method.*? In close collaboration
with Dr. Antoni Llopis-Lorente , lipid stock solutions were prepared in chloroform and stored at -20 °C
until use. Lipid solution aliquots were taken and mixed with 200 L of paraffin oil to obtain a lipid mixture
containing DOPC, POPC and cholesterol in a molar ratio of 35/35/30 (10 mM total concentration). In
addition, 1% of DSPE-PEG (to prevent GUV aggregation) and 0.06% of DOPE-RhB (for membrane labelling)
were also incorporated. Firstly, the lipid mixture in paraffin was heated at 80 °C for 30 min and cooled on
ice for 10 min. Next, 20 uL of inner phase solution (PBS 0.8X containing the as-made coacervates, 200 mM
sucrose, pH 7.4) was emulsified in the 200 L of lipid solution by strong vortexing for 25 s while turning
the reaction tube to prevent sedimentation of the water droplet. Thereafter, the emulsion was incubated
on ice for 10 min. Subsequently, the mixture was layered on top of 150 pL of pre-cooled outer phase (PBS
0.8X, 200 mM glucose, pH 7.4) solution in a 1.5 mL plastic tube and immediately centrifuged at 4 °C for 20
min at 3300 rcf. GUVs were harvested by puncturing the tube at the position of the GUV pellet and
dripping the aqueous phase. To remove any non-encapsulated material, GUVs were pelleted by
centrifugation at 1500 rcf for 2 min after which the supernatant was replaced with 40 L fresh outer phase,
which was repeated twice.

For alpha-hemolysin insertion, GUVs were incubated with 10 ug mL" of alpha-hemolysin for at least 15
min prior to motility studies.

Confocal imaging of coacervates in GUVs

Confocal laser scanning microscopy (Leica TCS SP8) was used to capture images of catalase-coacervates
in GUVs with a 638 nm laser line (for Cy5) and a 552 nm laser line (for DOPE-RhB) using a 63%, 1.20 NA
water immersion objective. The pinhole was set to 1 Airy Unit (156 pm). For confocal z stacks, 45 images
per GUV per laser line were taken to reconstitute 3D images.
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Motility experiments and data analysis
Experimental chamber:

A simple experimental chamber was designed and prepared to minimize side effects that could be
mistaken as self-propulsion, such as drift or solution evaporation. This chamber was made from two glass
microscopy slides spaced by two pieces of autoclave tape. Autoclave tape was first attached to a larger
glass slide on two ends, followed by the addition of sample in the middle, and capping by a smaller glass
slide.

Optical recording:

The videos of coacervate motion were recorded using a bright-field camera (DFC7000T) on a confocal
laser scanning microscope (Leica TCS SP8). A 63x water immersion objective was used for this recording.
The coacervates in GUV suspension and the enzyme substrate (hydrogen peroxide) were first mixed
thoroughly and immediately added to the chamber. The recording (5 fps, > 60 s per recording) started
shortly after. The highest hydrogen peroxide concentration after mixing was set to 3.4%. This
concentration was chosen to avoid oxygen bubble generation that could disturb the liquid inside the
chamber and mask self-propulsion. The sample in the experimental chamber was replaced at least every
5 min to maintain the same substrate concentration.

Data analysis of motion:

A tailor-made Python script (same as the one used in Chapter 3) was used to track the coacervates and
obtain the mean square displacement (MSD). MSD is a measure of deviation of the position of a particle
with respect to its initial position over time. It is commonly used to analyze the dynamics of self-propelled
particles and is calculated as below in 2D projection:

MSD (t) =((x'(t) — % (0))%),
where X(0) is the initial position of the coacervate, and X(t) is the position of the coacervate when time
is £ Then the obtained MSD was plotted against the time interval 4t

Statistical analysis:

MSD curves were obtained by averaging data collected from 40 coacervates each condition, and are
presented as mean + SEM.

To obtain the anomalous exponent a and translational diffusion coefficient D;, MSD curves were fitted
with an exponential model MSD = A4¢#°and a linear model MSD = 4DrAt, respectively. Both exponential
model and linear model fit the experimental data well with R? higher than 0.99. Figure S4-4 shows the
fitted curves. Data in histograms displaying aand Dr are represented as mean + SD.
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Supporting Information
A ~ -

Figure S4-1 | CAT-coacervates were successfully encapsulated in GUVs without compromising GUV
integrity. A) Bright-field image of coacervates-in-GUVs. B) Confocal image (Green: catalase which was
modified with Cyanine 5, grey: RhB-DOPC as marker of the lipid membrane) of coacervates-in-GUVs. Scale

bar represents 20 um.
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Figure S4-2 | Motility profile of CAT-coacervate motors in GUVs with [H.02] of 0% (A) and 3.4% (B) with
different GUV compartment size. An increase in the MSD curve and a was observed in larger GUV

compartments.
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Figure S4-3 | GUV size distribution. A) Confocal image of GUVs (with RhB-DOPC as marker) (A). Scale bar
represents 50 um. B) Histogram analysis of confocal microscopy images of GUVs showing an average GUV

diameter of 22.1 £ 6.2 um.
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Figure S4-4 | Statistical analysis of anomalous exponent a by fitting MSD curves with equation MSD =
KAt Black curves with error bars represent experimental MSD curves (mean + SEM, sample number = 40),

and red curves represent fitted curves.
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CHAPTER 5

Hierarchical coacervate motors
driven by light-activated
photothermal effect

Abstract

Micro- and nano-motors driven by external stimuli, such as electric and magnetic fields,
and light, are another interesting class of active materials in addition to chemically-driven
motors. Such motors are able to sense and respond to distant environmental signals (i.e.,
external fields) by converting energy associated with these sources to mechanical power.
In this chapter, we present a hierarchical motor system where motion of our cell-sized
coacervate system can be driven by the action of compartmentalized light-responsive
nanomotors. We find that, surprisingly, such hierarchical motor system displays positive
phototaxis (moving toward the light source), whereas the individual nanomotors move
away from the source of light. We systematically rule out photothermal effects as the
reason for driving the motion of the coacervates, confirming that the anisotropy of the
photothermal gradient is key to such motion dynamics. Furthermore, the delicate
interplay between the nanomotors and their environment is attributed to the observed

reversal of tactic behaviour.
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5.1 Introduction

Externally driven nano- and micro-motors are a class of active materials that are
propelled by external stimuli (e.g. light, acoustic or magnetic fields). " They are able to
sense and respond to distant environmental signals (i.e., external fields) by converting
energy associated with these sources to mechanical power. The ability to do so is
reminiscent of bacterial tactic behaviour, which allows their migration to more favourable
environments.” ' Externally driven motors have a broadened application window in
cases where relatively toxic chemical fuels (e.g., hydrogen peroxide) are not allowed.""
For instance, the decomposition of hydrogen peroxide and the accumulation of reaction
products could lead to oxygen bubble generation or changes in ion strength and pH,
which could hamper motor performance in confined spaces and biological
environments."" Additionally, external fields can be more easily manipulated, which
facilitates, for example, remote on/off control and navigation.

Among the available external physical stimuli, photo-induced motion has attracted
special attention due to its versatility and potential in biomedical applications, such as
photodynamic therapy.'>"® Furthermore, self-phoretic light-driven motors do not
sacrifice their ability of individual, autonomous motion. This is in contrast with many other
externally driven motors, which move collectively in response to either electric or
magnetic fields. For instance, swimmers driven by a rotating magnetic field align and
move into the same direction; this type of motion is not autonomous."” Depending on
the mechanism of their motion, two types of light-driven motors can be identified; these
are either photochemical or photothermal. The former type of motors generally converts
photon energy into chemical gradients through, for example, photocatalytic reactions,
leading to propulsion via self-diffusiophoresis or self-electrophoresis.'>'! Besides
chemical gradients, light can induce local thermal gradients around the motors through,
for example, the utility of light-absorbing materials such as gold (Au).?%22 Such motors
are driven by self-thermophoresis.>24 Structural asymmetry is an important design of
motor systems; in case of photothermal motors Janus particles with a hemispherical gold
coating are often applied, of which the gold layer generates heat under red/near infrared
laser irradiation due to its unique plasmonic property.> %225 Self-thermophoretic Janus
motors have displayed a wide variety of behaviours, including rotation,?* schooling and
swarming® % and both positive and negative phototaxis have been observed.’?*2621 For
example, a gold-coated Janus polymersome with a diameter of around 400 nm has been

reported by our group to be self-propulsive and negatively phototactic.”® Additionally,
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photothermal propulsion has been used in combination with other external stimuli, such
as electric and magnetic fields, for various applications.'* ' 281 However, using the
cooperative action of self-thermophoretic swimmers as active elements to drive a larger
system has been rarely reported.

In this chapter we have developed a hierarchical motor system where light-driven
nanomotors are encapsulated inside a micron-sized coacervate, to provide the artificial
cell mimic with internal means to drive motility. To be able to do so, two requirements
have to be fulfilled in the design of such system. First of all, the kinetic energy of the
nanoswimmers must be transferred to the larger compartment to enable motion of the
entire system. Secondly, since multiple nanomotors will be incorporated in a single
coacervate they must work in unison to achieve a net displacement. To this end, we have
employed Janus gold-coated polymersome nanomotors, which were previously reported
by our group,'? and encapsulated them inside the micron-sized coacervate system
reported in Chapter 2 and 3. We have coated the polymersomes with a negatively charged
polymer shell via layer-by-layer assembly to enhance electrostatic interactions between
the nanomotors and the positively charged coacervate interior, as this electrostatic
interaction is thought to be key for kinetic energy transfer. After hierarchical assembly, we
have studied the motile features of this system in detail, and observed a remarkable

positive phototactic behaviour.

5.2 Fabrication of light-driven coacervate micromotors

We started with the fabrication of gold-coated polymersomes in close collaboration
with Dr. Jingxin Shao. Polymersomes were assembled from the block polymer
poly(ethylene glycol)ss-b-polystyrene,io (PEG-PS) through a well-documented solvent
switch method (Figure 5-1).293% |n brief, PEG-PS (10 g) was first dissolved in 1 mL mixture
of tetrahydrofuran/dioxane (80:20 v/v), followed by a slow addition of T mL Milli-Q water
(up of 50% v/v) via a syringe pump at a rate of 1 mL / h. The addition of water drove the
assembly of hydrophobic segments to form polymersomes, leading to a cloudy
suspension which was dialyzed against Milli-Q water and purified from organic solvents.
To facilitate visualization under confocal microscopy, a dye, fluorescein isothiocyanate
(FITC), was sequestered in the lumen of the polymersomes during assembly. Such
polymersomes were slightly negatively charged near neutral pH due to the PEG segment

(C potential =-3 mV).
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To ensure efficient encapsulation of the polymersomes in the coacervates, the
polymersomes’ surface charge must be considered. The encapsulation of materials by
complex coacervates is largely dependent on the electrostatic interaction between the
material itself and the coacervate interior, as previously demonstrated by our group,=!
although other parameters, such as size and hydrophobicity, can also have an impact on
the uptake.’3? Although the encapsulation of similar polymersomes (also with PEG
segment) in coacervates has been reported before in our group,? it was demonstrated
that the slight negative charge on the polymersomes was not sufficient for an efficient
uptake in the positively charged coacervate interior. In fact, the encapsulation efficiency
of the bare polymersomes was only 3%.2% When polymersomes were loaded with
negatively charged cargo, which also affected the overall net charge of the polymersomes,
encapsulation efficiency went up to 9%.% To increase the negative surface charge, we
used a layer-by-layer (LBL) assembly technique to apply a thin layer of charged polymers
around the polymersomes, as we have previously performed in our group.??! With this
method, it is possible to modulate the surface charge without changing the chemical
nature of the polymersomes directly. To this end, a cationic polyelectrolyte
poly(allylamine hydrochloride) (PAH) was first assembled on the surface of PEG-PS
polymersomes, followed by the assembly of a second layer comprising an anionic
polyelectrolyte poly(styrene sulfonate) (PSS) (Figure 5-1). This LBL-on-polymersome
approach was successful, with PAH-polymersomes displaying a slightly positive zeta-
potential of 2 mV and the final LBL polymersomes (with PSS as the outermost layer)
possessing a significant negative zeta-potential of -32 mV. The last step of the gold-coated
Janus polymersome fabrication process was to install asymmetry and photo-
responsiveness, by depositing a thin layer of gold onto one side of the LBL polymersomes

through sputter coating.
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Figure 5-1 | Self-assembly of light-responsive Janus Au polymersomal sub-components. Polymersomes
were assembled from PEG-PS through the solvent switch method, after which they were coated with a
thin layer of charged polymers (PAH and PSS) by LBL assembly. Thereafter, a thin layer of gold was
deposited on one side of the LBL polymersomes through sputter coating to generate Janus
polymersomes.

The integrity and morphology of the polymersomes was confirmed by scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and dynamic light
scattering (DLS) (Figure 5-2). The vesicular nature of polymersomes was clearly seen in
both SEM and TEM images before and after sputter coating (Figure 5-2A-D), although
there were several slight deformations because of the drying process during sample
preparation before imaging. The size of the polymersomes remained similar (ca. 400 nm)
in diameter before and after gold coating (Figure 5-2E) with relatively low dispersity,
suggesting that sputter coating did not compromise the polymersomes’ integrity. The
actual presence of the gold shell and the Janus polymersome morphology were
confirmed by SEM and TEM (Figure 5-2B, D inset), with the brighter side indicating the
presence of gold by SEM and the darker side indicating gold by TEM.
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Figure 5-2 | Characterization of polymersomes. A. Scanning electron microscopy (SEM) image of uniform
LBL polymersomes. B. SEM image of Janus Au polymersomes. Brighter side of the polymersome shown in
the inset indicates the Au shell. (Scale bar inset: 100 nm). C. Transmission electron microscope (TEM)
image of LBL polymersomes. D. TEM image of Janus Au polymersomes. Darker side of the polymersome
shown in the inset indicates the Au shell (Scale bar inset: 100 nm). E. Polymersome size distribution by
dynamic light scattering (DLS) before and after gold coating.
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Figure 5-3 | Schematic illustration of assembly and fabrication of light-driven coacervate micromotors.

Light-responsive Janus gold-coated polymersomes (Au polymersomes) were added prior to terpolymer
stabilization to ensure effective encapsulation.
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Having confirmed the structural integrity of the Janus gold-coated polymersomes (Au
polymersomes), we set out to investigate their encapsulation in the coacervates’ interior.
The assembly process of the coacervates was performed in a similar way to that discussed
in the previous chapters, where two oppositely charged amlyose derivatives were mixed
to induce coacervation, followed by the addition of Au polymersomes before terpolymer
stabilization (Figure 5-3). As mentioned earlier, bare PEG-PS polymersomes don't possess
sufficient negative charge to be efficiently taken up by the positively charged coacervate
interior, which was also confirmed by a confocal image (Figure 5-4A) with bare
polymersomes mostly located at the periphery of the coacervates. More negatively
charged LBL polymersomes were observed to be encapsulated in the interior of the
coacervates (Figure 5-4B-D). However, some coacervates were deformed into a peanut-
like shape after the addition of charged LBL polymersomes (Figure 5-4B). When we
decreased the added volume from 20 pL to 10 uL of the LBL polymersome dispersion (2
mg/mL) to 300 pL coacervates, more coacervates retained a spherical shape (Figure
5-4C). When only 5 yL LBL polymersome dispersion was used, the spherical shape of
coacervates was completely restored (Figure 5-4D). The sequestration efficiency was
determined to be 15.9 £ 0.9, 14.9 + 1.6 and 27.2 + 3.0 % (Experimental section) for 20 pL,
10 pL and 5 pL added LBL polymersome dispersions, respectively. These sequestration
efficiencies for LBL polymersomes were significantly higher than for bare polymersomes,
which had a sequestration efficiency of 9.0 £1.2 %. From these results, we determined the
condition of 5 uL 2 mg/mL added LBL polymersome dispersion to be the most optimal, as
the highest sequestration efficiency was achieved, and no coacervate deformation was
observed, evident by the bright cyan fluorescence confirming the coacervate morphology
and integrity (Figure 5-4D).

The deformation effect of encapsulated cargos on coacervate shape has not been
observed in previous investigations where several cargos, such as proteins, DNA strands,
dyes and dextran, were encapsulated.®" Proteins can be encapsulated in coacervates with
a much higher sequestration efficiency, likely due to their small size compared to
polymersomes. For example, succinylated bovine serum albumin was loaded in
coacervates with a sequestration efficiency of 88 + 7%, and coacervates still retained a
spherical shape (Figure S5-2). As such, this deformation effect could be attributed to the
exclusion volume effect due to the much larger size of polymersomes (diameter = ca. 400

nm) compared to other cargos, suggesting a larger volume inside coacervate was needed
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to accommodate polymersomes. This hypothesis is also in line with the observation that

coacervates restored to spherical shapes with less polymersomes encapsulated.

Small amount

Figure 5-4 | Coacervate micromotors with encapsulated polymersomes. A. Coacervates with 10 pL, 2
mg/mL added bare PEG-PS polymersome dispersion. B. Coacervates with 20 pL, 2 mg/mL added LBL
polymersome dispersion. C. Coacervates with 10 pL, 2 mg/mL added LBL polymersome dispersion. D.
Coacervates with 5 L, 2 mg/mL added LBL polymersome dispersion. Cyan: FITC in the lumen of
polymersomes. Scale bars represent 10 pm.

5.3 Motility of light-activated hierarchical coacervate micromotors

With Au polymersomes effectively sequestered inside the coacervates (Figure S5-1), we
set out to study the motion dynamics of such hierarchical coacervate motors upon

irradiation with red laser light. Janus Au polymersomes have already been shown to
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undergo photo-induced motility and directional movement (i.e. negative phototaxis)
under the irradiation of a red or near-infrared laser due to asymmetric plasmonic
heating.!>2% Motion of the hierarchical coacervate motors was recorded in the presence
and absence of laser irradiation by bright-field microscopy. Coacervates with a diameter
of 3.6 £ 1.6 um were chosen for the motility experiments because of two reasons: firstly,
larger coacervates tend to sediment quickly and a response time is needed to build self-
generated thermal gradients to drive the motion, secondly, smaller coacervates used in
Chapter 3 and 4 (d ~ 1.2 um) might not be able to encapsulate enough polymersomes
that can drive their motion.

To test light-driven motility of the hierarchical coacervate motors, a red laser (660nm
DPSS Red Diode Laser, BeamQ) was placed on the left side of the microscope and
experimental chamber. After addition of the hierarchical coacervate suspension in the
chamber, the irradiation was started at the left side (Figure 5-5C) and the recording was
initiated shortly after. For each condition, 20 - 30 coacervate motors were analysed. Upon
laser irradiation (660 nm, 0.5 W/cm™) for 3 min, the hierarchical coacervate motors (with
Janus Au polymersomes) underwent enhanced diffusion as compared to Brownian
motion without irradiation. Mean square displacement (MSD) of the hierarchical
coacervate motors increased two-fold with laser irradiation at a time interval of 20s
(Figure 5-5A). Analysis of the trajectories also suggested a transition from Brownian
motion to enhanced motion upon laser irradiation, as movement trajectories became
more directional (Figure 5-5B). To distinguish propulsion from enhanced diffusion, first a

characteristic timescale T was calculated as:
- kpT
TR 1 = B 3
8mnNR

(1)

where kT represents the thermal energy, 7 is the viscosity of the liquid suspending the
particle, and Ris the radius of the coacervate. For coacervates with a diameter of 3.6 um,
Tr was calculated to be 35s. For any particle, when At > 15, the moving direction of the
particle is randomized due to the intrinsic rotational diffusion and the MSD curve should
be linear.?3! However, when At < g, ballistic particles should display a parabolic MSD
curve while diffusive particles should demonstrate a linear curve. It is evident from Figure
5-5A that both MSD curves were linear in time, suggesting diffusive behaviour. However,
the MSD curve upon irradiation had a much larger slope, indicating enhanced diffusion.
By fitting the MSD curves with:

MSD = 4D,/ At @)
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an effective diffusion coefficient D.¢ of the hierarchical coacervate motors upon laser
irradiation was obtained to be 0.229 um?/s, which is almost 2-fold higher than non-
irradiated coacervates (D.¢= 0.118 um?/s). Additionally, the experimentally obtained D.x
of 0.118 um?/s is in line with the theoretical value of 0.125 um?/s, which was calculated by:

_ kT
- 6mnNR (3)

T
confirming that the high D.rof irradiated coacervates is due to their motion and not noise.

Further examination of the particle trajectories revealed that the hierarchical coacervate
motors (in response to the red laser) moved towards the light source, a phenomenon
known as positive phototaxis (Figure 5-5D). Interestingly, Janus Au polymersomes by
themselves displayed negative phototaxis upon exposure to light.'”? We speculate that
this disparity arises from the drastically different particle-solvent interactions when Au
polymersomes are immersed in a crowded and highly-charged environment (coacervate
phase). It has been previously demonstrated that thermophoresis is a material-dependent
property, and significantly influenced by the interfacial properties of particle and
solvent.?>2" One study revealed that the addition of poly(ethylene glycol) to the particle
solution led to a reversal of thermophoretic direction of isotropic polystyrene (PS)
nanobeads.?” In a temperature gradient, PS nanobeads migrated toward the low
temperature region in water, however, upon addition of PEG, PS nanobeads reversed their
direction and moved toward the high temperature region due to an altered particle-
solvent interaction.?" Similarly, such reversal of moving direction has been found in 1 um
Aus-silica Janus swimmers upon addition of the surfactant Triton-X.2* Therefore, it is
plausible to hypothesize that also the coacervate phase composed of macromolecules
has a great impact on polymersome/solvent interactions and on the self-thermophoretic
direction of Janus Au polymersomes. Such effect is likely to contribute to the positive

phototaxis of the hierarchical coacervate motors.
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Figure 5-5 | Motility and phototaxis of hierarchical coacervate motors A, B. MSD curves and
representative trajectories of hierarchical coacervate motors in the presence and absence of laser
irradiation (660 nm, 0.5 W/cm™). C. Experimental setup to measure directional movement of hierarchical
coacervate motors. D. Directional trajectories of hierarchical coacervate motors under laser radiation from
the left side. E. MSD curve of LBL polymersome loaded coacervate motors upon irradiation (660 nm, 0.5
W/cm?). F. MSD curve of AuNPs loaded coacervate motors upon irradiation (660 nm, 0.5 W/cm2). MSD

curves are represented as mean + SEM.
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To ensure that bulk photothermal heating was not responsible for the observed motion
dynamics, symmetric PEG-PS polymersomes (5 pL, 2 mg/mL) and gold nanoparticles
(AuNPs, 10 uL, d ~200 nm) were encapsulated in coacervates and motion experiments
were performed upon laser irradiation (660 nm, 0.5 W/cm™) for 3 min. From our results, it
is evident that both coacervate systems displayed Brownian motion (Figure 5-5E, F).
Coacervate motors loaded with symmetric PEG-PS polymersomes or AuNPs were
calculated to have a De of 0.122 um?/s, and a Def of 0.127 um?/s, respectively. Both values
were close to the Brownian diffusion coefficient of coacervates (0.118 um?/s). Therefore,
coacervate motility is a result of the Janus Au polymersomes, which transfer their

combined motile force via non-covalent interactions to the integrated system.

5.4 Conclusions

In summary, we have demonstrated the ability to design and generate hierarchical
coacervate micromotors with light-activated Janus polymersomal subcomponents. We
have presented the charge-mediated uptake of Janus gold-coated nanoparticles into the
coacervate phase, which was proven to be the key to enhanced motion of the coacervate.
Such hierarchical coacervate micromotors displayed enhanced diffusion with positive
phototaxis upon irradiation with red laser light. This suggests a successful transfer of
motility / phoretic drive from the nanosized engine polymersomes to the micron-sized
coacervates through non-covalent interactions. Remarkably, Au polymersomes displayed
negative phototaxis in bulk aqueous solution, whereas the coacervate motors
demonstrated positive phototaxis. This is attentively attributed to the crowded and
charged environment inside the coacervate phase, leading to different particle-solvent
interactions as compared to Au polymersomes in bulk. A further step to cross-validate this
hypothesis experimentally would be to load Au polymersomes in bulk coacervate solution
and in a vesicular system (i.e., lipid vesicles) in which the aqueous environment is the same
as in bulk, and examine the light-driven motility in these two environments. This research
demonstrates that an engineering approach to complex compartmentalized systems can
lead to unexpected motile behaviour. Our coacervate platform could thus facilitate a
more thorough systematic investigation to further our knowledge on which aspects

determine motility in micro-environments.

110



Hierarchical coacervate motors driven by light-activated photothermal effect |
Experimental section

Materials

For poly(ethylene glycol)ss-b-polystyrenezio (PEG-PS) synthesis: Poly(ethylene glycol) methyl ether was
purchased from Rapp Polymers. Poly(ethylene glycol) (Mn: 2 kg/mol), bromoisobutyryl bromide (99%),
trimethylamine (98%), styrene (98%) N,N,N’,N”,N"-pentamethyl-diethylenetriamine (PMDETA) (99%) and
copper () bromide (CuBr, 99.99%) were purchased from Sigma-Aldrich. The materials used for the
coacervates assembly are the same as stated in Chapter 2. Poly(allylamine hydrochloride) (PAH, Mw:
50,000), poly(styrene sulfonate) (PSS, Mw:~70,000), NaCl powder, 1,4-dioxane and tetrahydrofuran (THF),
fluorescein isothiocyanate (FITC) and gold nanoparticles (200 nm) were purchased from Sigma-Aldrich.

Layer-by-layer assembly of polymersomes

Poly(ethylene glycol)ss-b-polystyrenezio (PEG-PS) was synthesized by Dr. Jingxin Shao via atom transfer
radical polymerization (ATRP), following a procedure previously reported by our group.* Bare PEG-PS
polymersomes were assembled from this block polymer at a concentration of 2 mg/mL. Poly(allylamine
hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) solutions were prepared at a concentration of 1
mg/mL using 0.1 M NaCl. First, 1 mL PAH solution was added to the PEG-PS polymersome templates (ca.
2 mg/mL), and the mixture was shaken for 10 min at room temperature. Then, 0.1 M NaCl was used to
wash the polymersomes and remove excess PAH before addition of 1 mL PSS solution. The mixture was
shaken for another 10 min at room temperature, followed by centrifugation at 10,000 rpm for 5 min to
remove all the supernatant after which the samples was washed with Milli-Q water three times.

Preparation of Janus Au polymersomes

In order to apply a gold coating, a droplet of the LBL polymersome solution (2 mg / ml) was dropped on
a hydrophilic silica slide to form a monolayer of nanoparticles. After evaporation in air, a turbo sputter
coater (Quorum Technologies, K575X) was used to coat one side of the polymeric particles with a thin
gold layer (65 mV, 30 s). Ultrasound treatment was used to re-disperse the Janus polymeric particles into
aqueous solution. The size and morphology of Janus Au nanomotors were characterized using dynamic
light scatting, scanning electron microscopy and transmission electron microscopy.

Characterization of polymersomes

Zeta (Q) potential measurements and DLS measurements were performed on a Malvern instrument
Zetasizer (model Nano ZSP). Zetasizer software was used to process and analyse the data. SEM images of
both polymersomes and Janus structures were obtained with a FEI Quanta 200 3D FEG. TEM images were
recorded on a FEI Tecnai 20 (type Sphera) at 200 kV. Measurements were performed by dropping 10 pL
samples in MilliQ onto a carbon-coated copper grid. After removing the excess solution by blotting paper,
the samples were dried at ambient conditions. For staining, a drop of phosphotungstic acid (2 %) solution
was placed on the grid for 30 s.

Encapsulation of Janus Au polymersomes in coacervates

The assembly of the coacervates was similar to that discussed in the previous chapters. To 200 uL of 0.5
mg/mL quaternized amylose (Q-Am) solution in an Eppendorf tube, a 100 pL 0.5 mg/mL carboxymethyl
amylose (Cm-Am) solution was added to induce coacervation. 5 pL of 2 mg/mL Au polymersomes was
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immediately added to the amylose mixture. The mixture was placed in an Eppendorf shaker
(ThermoMixer) at 1500 rpm for 1 minute to allow the coacervate growth, followed by addition of 12 pL of
50 mg/mL terpolymer in PEG 350 to generate a polymeric membrane and stabilize the coacervate core.
The final concentration of coacervate suspension was 0.32 mg/mL in Q-Am.

Determining sequestration efficiency of LBL polymersomes in coacervates

The sequestration efficiency was determined by analysing confocal images. The average fluorescence
intensity of polymersomes (FITC in the lumen) was measured inside a number of coacervates, and
compared to the same area outside the coacervates. As polymersomes were concentrated in the
coacervates, the concentration difference between the inside and outside of the coacervates was
corrected by a factor of 100. This value of 100 was obtained by measuring the volume of the coacervate-
rich phase (~1 pL, obtained by centrifugation) compared to the total suspension volume (100 pL) of a

coacervate sample formed in the same way. The sequestration efficiency was thus calculated as:
Avg. Fluorescence inside

SE% = x 100
% Avg. Fluorescence inside + Avg. Fluorescence outside x 100

Motility test for hierarchical coacervate motors

Experimental chamber

A motility experimental chamber was made from two glass microscopy slides spaced by two pieces of
autoclave tape. The autoclave tape was first attached to a larger glass slide on two ends, followed by the
addition of sample in the middle, and capping by a smaller glass slide.

Optical recording

The red laser (660 nm, BeamQ) was placed on the left side of the microscope. Prior to recording, the red
laser was turned on with a distance of 1 cm away from the experimental chamber. The red laser irradiated
the coacervate sample for 3 min before the recording was started. The videos of coacervate motion were
recorded using a bright-field camera (DFC7000T) on a confocal laser scanning microscope (Leica TCS SP8).
A 63x water immersion objective was used for this recording.

The motility of coacervates was analysed using a tailor-made Python script,>3? where X and Y trajectory
data were extracted and MSD was calculated. It is commonly calculated in 2D projection using the
following equation:

MSD (t) = ((x'(t) — % (0))?)
where ¥(0) is the initial position of the coacervate, and X(t) is the position of the coacervate when time
is &. One well-known solution is MSD = 4D, (At, and the effective diffusion coefficient D.rwas obtained
by fitting MSD curves with this equation (Figure S5-3, S5-4)
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Supporting Information

Figure S5-1 | Janus Au polymersomes encapsulated in the coacervate system. 5 uL 2 mg/mL Au
polymersomes was added to 300 pL 0.32 mg/mL coacervate suspension. Scale bar represents 10 um.

Figure S5-2 | Succinylated bovine serum albumin (BSA labelled with dye Atto 488) encapsulated in the
coacervate system. 1.5 pL 1.2 mg/mL BSA was added to 300 pL 0.32 mg/mL coacervate suspension. Scale
bar represents 15 um.
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Figure S5-3 | MSD curve and linear fitting of coacervate motors loaded with symmetric PEG-PS

polymersomes treated with laser irradiation.
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Figure S5-4 | MSD curve and linear fitting of coacervate motors loaded with AuNPs treated with laser
irradiation.
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6.1 Introduction

Over the past decade, the construction of a fully autonomous artificial cell has been one
of the most important outstanding challenges of science. As we have a fair understanding
of biological processes that happen in cells, great progress has been made in the field of
synthetic biology. Various life-like functionalities and biomimetic processes, ranging from
in vitrotranscription-translation to cell budding and division, have been incorporated into
synthetic cells. Adaptivity, as a pivotal feature for the survival of living beings, has been
explored and incorporated in protocell models only recently, such as imitating cellular

motility and sensing the environment.

6.2 Concluding marks of this thesis

Until now, imitating cellular motility remains a very challenging task. In part, this is due
to the lack of structural similarity between natural and synthetic systems, and the difficulty
of integrating motion mechanisms in cell-mimetic systems. In addition to the remarkable
individual dynamics of motile systems, it is worth exploring interactions between motors
and their environments as natural cells live in a very dynamic and ever-changing
environment. In the work presented in this thesis, we have investigated the complexity of
motile behaviour exploiting a soft membrane-bound out-of-equilibrium compartment. In
particular, we have explored a mechanism that takes advantage of ubiquitous and
oftentimes troubling stochasticity (i.e., random fluctuations) to direct motile behavior.
Furthermore, we have studied the complex interplay between such compartments’
motility and their external environment.

Chapter 2 demonstrates the bottom-up engineering of motile coacervate-based
synthetic cells that are equipped with a fluidic polymeric membrane and surface-attached
laterally diffusive enzymes. This coacervate system is robust and able to change its
properties while retaining its integrity. The lateral diffusion of enzymes, the key to self-
propulsion, leads to dynamic asymmetry of enzyme distribution, which is applied to
induce motility in presence of fuel. Chapter 3 demonstrates an engineered motile system
that is fully governed by stochasticity. When enzymes are confined to the fluidic polymer
membrane of coacervates, they are distributed stochastically in time and space. This
results in a transient, asymmetric configuration of propulsive units, which imparts motility
to such coacervates in presence of fuel. Such motile process is described by a combined

experimental and theoretical/simulation approach and key parameters that determine
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stochastic behaviour are identified and utilized to modulate the motion output.
Importantly, this is the first time that membrane dynamicity together with stochastic
positioning of propulsive units is knowingly treated as a design element for a motility
concept.

In most cases motile behaviour is regarded as a bulk property. Despite our
understanding toward individual motion dynamics has improved much, we are still in the
early stages of investigating the complex interplay between motile compartments and
their dynamic environment. One aspect that has however rarely been taken into account
is that in living systems motion is often restricted by the confined space in which the
motile objects operate. While the confinement effect on inorganic motors has been
studied theoretically, only a limited number of experimental studies have investigated
such effect. A probable cause for the lack of experimental data is the difficulty of
establishing a synthetic soft compartment whose motile behaviour can be effectively
studied in a 3D confined space. Chapter 4 reports the experimental realization of
compartmentalized micromotors in the interior of 3D, semi-permeable giant unilamellar
vesicles (GUVs), which enables us to systematically study their motile behaviour under
confinement. The confined active particles are composed of coacervates, surface-
decorated with enzyme motile units, as described in Chapters 2 and 3. Based on the
results, we can conclude that a 3D confinement leads to restricted/diminished motion of
motor systems. Furthermore, the confinement effect correlates with the compartment
size and coacervate motor population density.

Chapter 5 further explores the dynamics of coacervates internally functionalized with
another motor system, namely, self-propulsive Janus polymersomes. We wanted to
investigate if and how an internalized smaller motor system can transfer its phoretic
motion to a larger compartment through non-covalent interactions. In Chapter 5,
nanoscale self-thermophoretic polymersomes are compartmentalized in our coacervates
through electrostatic interactions to generate a hierarchical coacervate motor system,
which can be activated using light. Interestingly, enhanced collective directional
movement toward the side of laser irradiation is observed, which is opposite to the
movement direction of the individual Janus polymersomes, demonstrating the complex

interplay between motor systems and their environment.
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6.3 Perspective and future challenges

It is clear from this thesis that mimicking one single function, i.e. motility, of living
systems is a grand challenge itself, and the journey to explore it often encounters the need
to utilize knowledge and technologies outside the field of synthetic biology. It is therefore
important that we make a joint effort from different disciplines and from both
experimentalists and theorists to achieve the ultimate goal — design of a fully autonomous
artificial cell. Although a significant step forward has been taken in the field, some
challenges remain in the pursuit of such synthetic cell. It has been proposed in the
chemoton model that five hallmarks must be achieved in one single system to be
considered as a living being, which are compartmentalization, information processing
(e.g. DNA to store genetical information), growth and division, energy transduction (i.e.,
metabolism) and adaptivity (e.g. motility). Each individual hallmark has been
reconstructed in a variety of artificial cell platforms; more importantly, a tandem of two
criteria (such as compartmentalization and inter-communication) has also been fulfilled
in several exemplary systems.

In regard to adaptivity, synthetic systems can not rival their natural counterparts in
terms of complexity, ability to sense and respond to environmental cues and collective
behaviours. Because of low Reynolds numbers at the microscale inertia does not exist and
frictional force dominates, which leads to the situation that micromotors only move when
force is exerted on them and stop immediately if such force disappears. Additionally,
highly viscous and complex biological environments filled with ions, cofactors and
biomacromolecules render it more difficult for sufficient motion capability. This requires
synthetic systems to have a constant energy input and robust chemical pathways.
Different propulsion mechanisms can also be explored to adjust the systems to deal with
various environments. Temperature is another common environmental parameter that
might influence micromotors, especially enzyme-powered systems. For example, high
temperature tends to denature enzymes and leads to subunit dissociation.
Compartmentalization is commonly used to accommodate and protect propulsive units,
however, fuel accessibility and waste accumulation remain challenging due to poor
permeability control and the lack of selective influx and efflux in most compartments.
Thermal stability and integrity of the motile systems can also be obtained by enzyme
immobilization or generation of a protective layer of temperature-responsive polymer
around enzymes, which could effectively retain the conformation of enzymes.

Furthermore, most motile systems move upon external addition of fuel and lack the
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Epilogue |

capability to store energy for a prolonged usage. A rudimentary form of metabolism (with
six different enzymes) has been realized by our group, driving the motion of stomatocytes.
A next step would be to design a biochemical pathway to store energy in another
population of synthetic cells if it is difficult to incorporate energy storage and metabolism-
driven motility in a single population of compartments. Such design would also advance
developments regarding inter-system communication and sensing of environmental
changes.

The complex dynamics of motile systems at their individual level, in combination with
interactions with each other and their surroundings, will enable motile systems to display
many surprising collective behaviours. For example, phoretic motors have shown
dynamic clustering behaviour without any build-in attraction mechanism and complex
pattern formation. Another important factor of living beings is the randomness and
unpredictability of their behaviours. The debate over whether such randomness is simply
noise or an active mechanism by living systems to evolve and develop has been going on
for centuries. However, recent decades have witnessed more and more discoveries of
living systems harnessing stochasticity to benefit themselves. For example, immune
system is able to very quickly develop a new antibody in response to a new antigen by
increasing the mutation rate of DNA related to immunoglobulins. Chemotaxis of many
eukaryotic cells is considered as a type of directional random walk. It has been proposed
that such stochasticity in their motions is beneficial in a dynamic and fluctuating
environment to deal with complex and even conflicting signals, which can not be
achieved by deterministic motion. This type of response to environmental signals can be
considered as a raw form of intelligent decision-making, which is desirable in the design
of smart responsive systems. Taken together, it is possible to build a smart synthetic
motile system capable of sensing, memorizing, responding to signals, making a decision
and altering their behaviours accordingly. An accurate description of their dynamics and
environmental impact will provide an interesting platform to study fundamental
processes and develop higher-order functionalities and such investigations will pave the

way for further developments at the interface of active matter and synthetic biology.
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Summary

Microscale engineering of active systems: exploiting dynamicity to
induce motility

Biological systems, such as cells, are highly adaptive, governed by complex processes
that permit their ability to function efficiently under fluctuating conditions. Scientists from
various disciplines seek to replicate and imitate such complex processes to introduce life-
like functionalities in manmade systems such as artificial cells. Various life-like
functionalities and biomimetic processes, ranging from Jjn vitro transcription-translation
(IVTT) to cell budding and division, have been incorporated into synthetic cells. One highly
interesting form of complex biomimetic behaviour is autonomous motion. Nevertheless,
imitating cellular motility has been much less explored. In part, this is due to the lack of
structural similarity between natural and synthetic systems, and the difficulty of
integrating motion mechanisms in cell-mimetic systems. In this thesis, we are aiming at
developing artificial platforms, able to embody biomimetic processes and mechanisms
that can lead to autonomous motion. Our aim requires a synthetic cell platform, made of
robust components with high degree of dynamicity, whilst being able to sense molecular
fuel, and efficiently convert it into kinetic energy. This research and results thereof are
described in five chapters.

Chapter 1 provides an overview of recent literature demonstrating developments
toward mimicry of cellular motility utilizing soft compartments. In this regard, we discuss
important biological features; namely, compartmentalization, biological reactions for
energy production and, finally, motility of different types of biomimetic platforms.

The bottom-up construction and engineering of a synthetic cell based active system,
which demonstrates dynamic behaviour that can lead to motion is the objective of the
research performed in Chapter 2. Utilizing the polymer-stabilized coacervate system that
was previously described by our group, we demonstrate control over size and (chemical)
topology of such coacervate. The polymer membrane is endowed with chemical
versatility, which allows surface modification with catalytic species to drive autonomous
motion. We investigate the properties of the polymer membrane, and demonstrate that
its fluidity and dynamicity can be regarded as an effective way toward biomimetic

modulation of motion dynamics.
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Random molecular fluctuations are inherent to all complex molecular systems. Nature
has evolved mechanisms to control such random stochastic events to achieve the desired
biological output. Inspired by this, Chapter 3 presents the coacervate platform developed
in Chapter 2 in a way that exploits stochastic processes and, in consequence, direct motile
behaviour. We find that enzymes (i.e. catalase and urease), when confined to the fluidic
polymer membrane of a core-shell coacervate, are distributed stochastically in time and
space. This results in a transient, asymmetric configuration of propulsive units, which
imparts motility to such coacervates in presence of the enzymes’ substrates. This
mechanism is confirmed by stochastic modelling and simulations in silico. Furthermore,
we show that a deeper understanding of the mechanism of stochasticity can be utilized
to modulate the motion output.

Motility is commonly studied as an individual functional element, while external
parameters such as energy source are assessed mainly in bulk. Interaction between
motors and their surroundings has important implications in the design of higher-order
functionalities such as collective behaviour and inter-system communication. In real-life
applications, confinement plays a crucial role in determining the type of motion active
particles can adapt. Chapter 4 demonstrates a tunable experimental platform to gain
insight into the dynamics of active particles in environments with restricted 3D topology.
Self-propulsive soft micromotors are examined inside a larger soft lipid vesicle where we
observe anomalous diffusion upon confinement, leading to decreased motility, which is
more pronounced in smaller lipid confinement. The results indicate that the theoretically
predicted hydrodynamic effect dominates the motion mechanism within this platform.

Chapter 5 presents a hierarchical motile system where propulsive nanoscale swimmers
act as powering engine of a microscale soft compartment. As motile units, self-
thermophoretic and light-responsive Janus swimmers (polymersomes half-coated with a
gold layer) recently reported by our group are employed. We encapsulate such Janus
polymersomes inside coacervates to examine the transfer of phoretic motion from
individual nanoswimmers to the coacervate they reside in. Surprisingly, such hierarchical
motor system displays positive phototaxis (i.e., ability to move toward the light source),
whereas the individual nanomotors move away from the source of light. A photothermal
effect is systematically ruled out as the reason for driving the motion of the coacervates,
confirming that the anisotropy of the photothermal gradient is key to such motion

dynamics.
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This thesis provides various approaches to the physiochemical construction and
engineering of active motile systems, and demonstrates motile output controlled by
stochastic processes for the first time. Finally, Chapter 6 summarizes the main findings of

this thesis and looks forward to further developments.
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