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ABSTRACT

A living system profoundly relies on mass, information and energy interactions through cell-cell and
cell-environment networks. As a step towards understanding such interactions, it is beneficial to
design and create bottom-up artificial living systems from non-living components, with a specific
focus on synergistic interactivity between artificial cells (protocells) and their local environment.
Although there are several routes for fabricating protocellular systems, we recognise key challenges
associated with a) developing protocellular models with high levels of organisational tunability, b)
achieving cell-environment bilateral communication, and c) realising autonomous self-assembly and
regulation of protocell systems. The aim of this thesis is thus to review some matrix-based and
matrix-free methods of inorganic protocell (colloidosome) 3D-spatial organisation, as judicious
system designs capable of cell-cell and cell-environment communication, collective behaviours, and
dynamic self-assembly, in close relation with local environments.

The first experimental chapter details assembly of colloidosomes within hydrogel or coacervate-
based matrices. A droplet microfluidic technique is employed as a novel method for encapsulating
segregated colloidosome colonies within alginate hydrogel microspheres. The technique exploits high
tunability for customisable size, ratio, microscale geometry, and 3D-patterning parameters.

Benefiting from the versatility associated with such matrix-based systems, the second experimental
chapter develops 3D-organised colloidosomes for collective signalling and emergent behaviours.
Notably, spatially segregated colonies show proximity-mediated chemical communication with
increased kinetics compared to analogous homogenous arrangements. This proximity-enhanced
colloidosome signalling is exploited, alongside segregated ionic/covalent crosslinking transitions in
the environment, to obtain simultaneous structural degradation and resilience of hydrogel
hemispheres as a programmable mechanism for protocell ejection. Colloidosomes are also employed
as simple signalling hotspots within coacervate-matrix systems.

The final experimental chapter aims to re-imagine colloidosome organisation into a matrix-free
system, capable of dynamic self-assembly and self-sorting via electrostatically-active membrane
appendages. Alginate-coated and chitosan-coated colloidosomes are either co-assembled or self-
sorted, in response to varied pH environments. Again, these systems are highly coordinated with
their environment and as such, can be spatially pattered according to temporal pH changes through
endogenous enzyme catalysis. Furthermore, a spatiotemporal effect on the rate of colloidosome
communication in the presence of a hostile guest molecule is demonstrated.
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CHAPTER

INTRODUCTION

living system comprises complex networks of interactive subsystems, which together define

the self-sustaining and open organisation, capable of living functionalities. A living cell

constitutes the primary level of a living system, within a nested hierarchy of different living
subsystems.! Intrinsic to the living cell, there are estimated to be 20 process-systems that require
mass, energy, and information flows, to be sustained. For example, the reproductive process system
relies on mass, energy and information exchange in the form of DNA/RNA molecules to realise
genetic material replication and cell division.? Similarly, the boundary process system delivers mass,
energy and information through stimuli-responsive membrane filters and membrane receptors to
control ion channels, offer cell protection, ingest inputs and extrude waste products.® Evidently such
processes exploit mass, energy and information networks through a close relationship between the

cell and the cell environment.

Cells that form closely related communities (tissues) have a major influence on the operation and
complexity of a universal living system. A tissue is defined as an organised consortia of primary
component living cells, that lies in the gap between cell and organ subsystems. The behaviour of a
tissue cannot be understood as simply the accumulation of component-cell phenomena, as there are
emergent structures and process that arise from a higher number of components with complicated
interactive relationships. This increased capacity means that tissues often respond to more varied

and dynamic cell-environment interactions.!



Evidently, a living system is inherently complicated. Non-linear mass, energy, and information
interactions are increasingly complex upon each hierarchical subsystem (cell — tissues — organ) and
cannot be understood by adding constituent behaviours. Therefore, to gather an understanding of
how a living system works, it is incredibly useful to mimic facets of a living system in a greatly
simplified way. Logically, researchers have developed artificial cells to give insight into the primary
cell unit, which has been closely followed by artificial tissues, as a step towards understanding cell-
cell interactions and organ behaviour. Moreover, it has been recently suggested that the creation of

simplified cells might give insight into the origin of living systems.*

As a strategy for mimicking living cells, researchers have fabricated cell-like entities called protocells,
which exploit key facets of living cells without maintaining their living status. This provides an
efficient platform aiming to investigate specific life behaviours. Protocell models have been achieved
via top-down, bottom-up and side-on approaches, that each produce cell-mimics with varying levels

of internal complexity and control.®

Currently, a bottom-up approach offers the highest level of tunability and thus provides a popular
platform for studying fundamental processes within living cells therein mimicking mass, energy and
information interactions to explain subsystem phenomena. In single cell systems such interactions
have been used to mimic membrane gating,® motility,” structural reconfiguration,? selective uptake,’
and photo-responsiveness.’® Researchers have also developed tissue-mimicking structures
(prototissues) to study similar interactions within organised hierarchical networks. Although some
subsystem processes, such as contractile motions and electric pathways, have been successfully
mimicked within prototissues, a lack of organisational tunability has prevented further sophistication
in subsystem mimicries. In an attempt to develop more interactive and sophisticated processes
between different cell communities, behaviours such as predator-prey relationships,! phagocytosis?
and translocation®® have been achieved. Despite these cell-cell interactions successfully exploiting
mass, energy, and information flows to initiate collective behaviours, a key challenge is to

incorporate environment-cell interactions, especially within organised architectures.

Beyond creating new living process-mimics through protocell chemistries, the scientific community
desires a deep understanding of mechanisms that drive protocell behaviours, to infer how a living
system might operate. This has been developed to some extent, for example through an in-depth
review of division mechanisms and genetic expression within protocells, to study reproductive
interactions.’* Moreover, living boundary interactions have been understood through protocell

membrane studies.'® Understanding these processes remains a key challenge, and further knowledge



could lead to more sophisticated behaviours, especially relating to the design of autonomous

systems.

Current protocell models help us to understand basic living system processes, especially through
controlling mass, energy, and information flows. Protocell and prototissue research has delivered
promising application in drug delivery, biomedical chemistries, biomimetic microbots and
cytomimetic materials. Developing this research, in particular through more complex and organised
protocell communities, is therefore key to understanding how a living system works, can give insight
into living system origins, and could have potentially ground-breaking application in bio-inspired

medicine and engineering.

OBJECTIVE

This thesis endeavours to deepen our understanding of living system behaviours whilst part-unveiling
the route through which contemporary life forms might have emerged from likely-simple matter. A
strategy is employed using cell-like entities (protocells) to model life-like phenomena and to gain
insight into original cell behaviours through the mimicry of one or more cell functionalities within
such artificially made constructs. It is proposed that by exploring how cell consortia work together
and thus by creating protocellular systems, deeper insight into living cell behaviours and primitive
evolutionary occurrences towards multicellular life can be perceived. Furthermore, spatial
organisation of protocell constructs can mimic higher order and more sophisticated biological
systems, providing us with additional control for exploring cell-cell and cell-environment interactive
behaviours. The aim of this thesis is therefore to study how the collective behaviour of spatially
organised protocells can lead to emerging behaviours that mimic life-like phenomena, enhance
chemical communication pathways, and generally improve our understanding of cell-cell behaviours
within more organised structures. This introduction communicates the significance and history of
protocell research, describes strategies for organising cells and introduces key materials used

throughout the work.



1.1 Protocells

1.1.1 Origin of the protocell

In order to comprehend how something operates, it is often helpful to understand how something is
fundamentally made. Living systems are intrinsically complicated and thus it can be beneficial to

study the possible origins of a living system, as a route to understanding how it operates.

As yet, the origin of a living system is undetermined. On account of heated debates between
prominent scientists and philosophers, current ‘Origin of Life’ theory suggests that under certain
conditions, simple life probably emerged from non-living matter (abiogenesis).’® Understanding and
exploring how such simple non-living molecules might have assembled into the first living structure,

is an ongoing ‘hot topic’ in the scientific world.
In 1967 Bernal suggested that the ‘Origin of Life’ phenomenon could be split into 3 stages.’

1. Origin of biological monomers
2. Origin of biological polymers

3. Evolution from molecules to cells

The following thesis ignores stages 1 and 2, pro tempore, assuming simple biological monomers and
polymers to be present and available. Instead, the work focuses on stage 3, aiming to understand the

emergence and behaviours of a basic living cell and basic cell systems.

The concept of a ‘basic living cell’ is complicated, since the definition ‘living’ is in many ways debated.
Therefore, to help tackle the evolution of cells from molecules (stage 3), researchers have designed
simplistic entities that mimic living cells, but are not themselves living. These entities are called
protocells and they bridge a gap between non-living biological molecules and a ‘basic living cell’,

aiming to get ever closer to the latter.

To understand this ultimate ‘goal’ for a protocell model, it is important to be clear about what a
‘basic living cell’ means. Biologically speaking ‘living’ can now defined as an entity that, within
boundaries created by its own making, is capable of self-maintenance from components produced by
the system itself.!® Referring briefly to the days of Aristotle’s nature/living things debates, it is
evident that there is nothing basic about a living system and thus the concept is in some ways an
oxymoron.’ A living cell can, however, despite these philosophical debates and under the definition
presented above, be underlined by some fundamental principles that are key to the properties of

modern life. These are summarised in table 1.1.



Table 1.1. Key features that are deemed necessary for a living system.>

Feature Function

Systems interface Compartmentalisation to induce spatial coupling
of genotype and phenotype

Protection against parasitic attack

Exchange of materials and energy with the
external environment

Signalling

Internal network system Energy generation and storage

Metabolism

Replication

Evolutionary capacity

The features and functions presented in table 1.1 incorporate a range of interactive systems that
require novel chemistries and concepts to replicate and study. To satisfy the term ‘basic’, a primitive
cell is therefore designed to encompass only a few of the necessary functions presented. The self-
assembly of simple molecules to form compartmentalised capsules that perform some primitive life
operations is thus proposed as the principle behind protocell design in the laboratory, with a general
aim to help understand how living systems function from determining how they might have

originated (‘Origin of Life’).”

Typically, the protocell model demonstrates a bottom-up approach to creating life-like cells. A
bottom-up approach is defined by the self-assembly of abiogenic building blocks, to achieve
complexity and higher order structure.?® This approach provides a stark contrast to the more
traditional top-down approach, which involves removing cell functionalities from modern living cells
to study primitive cell formation. A bottom-up approach often provides increased freedom for
exploring different ‘Origin of Life’ theories and concepts. Both bottom-up and top-down strategies
are important and can work together towards the bigger primitive cell picture. An example of this

was recently reported in literature through a side-on approach to creating bacteriogenic protocells.?



1.1.2 Overview of the protocell

The foundation of modern protocell research was established by Oparin??, who put forward the
hypothesis that cell-like entities could emerge as a consequence of a different prebiotic atmosphere,
allowing the gradual progression of inorganic precursors into organic molecules and self-contained
structures with increasing complexity and life properties. There is now a plethora of protocell designs
(figure 1.1), most commonly categorised by type of membrane. As a most obvious mimic to
contemporary cells surrounded by a self-assembled membrane of amphiphilic lipid molecules, lipid
or fatty acid-based vesicles have a well-established reputation.?®>?* However these designs are not
perfect when considering primitive models, as phospholipids suffer from low permeability and, being
complex structures, it is plausible that phospholipid ingredients were not readily available under
prebiotic conditions.?® Fatty acids on the other hand, seem prebiotically plausible candidates but
have decreased vesicle stability due to low hydrophobicity.?® Membranes formed by other
candidates, such as from protein-polymer nanoconjugates (proteinosomes)??%, inorganic
nanoparticles (colloidosomes)®'#2° and polymer amphiphiles (polymersomes)®, whilst perhaps being
more distant replicas of a contemporary cell, show a range of improved functions and life-mimicking
properties. Furthermore, membrane-free (coacervates)®*2and hybrid®*3* protocells have established
themselves as good models for mimicking living cellular processes. In all cases, a semipermeable
barrier compartmentalises chemical processes, delivering some key functions of living systems, as
summarised in table 1.1. Most importantly, this barrier is necessary to separate internal processes
from the environment, to protect them against parasitic attack, to keep molecules spatially
connected thus allowing for an evolutionary effect and to regulate the internal cell environment.®
Although each protocell model possesses distinct advantages and disadvantages, this thesis will focus

on the inorganic protocell model (colloidosomes), primarily due to its robustness.



Figure 1.1. Different types of protocell models.



1.1.3 Colloidosomes

Colloidal particles are small particles (typically ranging from 1 nm to 10 um) that are dispersed within
a liquid or gas phase.?® Colloidosomes are microcapsules with shells comprising of colloidal particles.
They are produced by the self-assembly of colloidal particles at the interface between two immiscible
liquid phases to form a Pickering emulsion, driven by a decrease in free energy.® The category of
Pickering emulsion is governed by how each colloidal particle sits at the fluid interface. Either more
of the particle is submerged in the water phase, more of the particle is submerged in the oil phase or
exactly half the particle is submerged in each phase (figure 1.2). A key parameter called the contact
angle, is used to measure how much of the particle is submerged in each phase (convention is to
measure through the more polar liquid) and thus defines the type of Pickering emulsion. The contact
angle measurement depends on the interfacial tension between the particle and oil (yp,), the
particle and water (¥, ) and the oil and water (¥, ), according to Young's equation.

cos () = o tew Equation 1.1

Yow

For more hydrophilic particles where y,, > ¥,y , the contact angle 6 will be < 90°and an oil in
water (O/W) emulsion will be realised. For more hydrophobic particles where y,,, < ¥,,, the contact

angle > 90° and a W/O emulsion will be realised.?”: 38
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Figure 1.2. Wettability of colloidal particles and resulting type of emulsion.

With regards to colloidosome protocells, a water in oil (W/O) Pickering emulsion is desirable. This is
because the colloidosome core aims to mimic a living cell, which would be an aqueous environment.
The Pickering emulsion is highly stable due to a large reduction in free energy (AG) when the colloidal
particles move from free solution to the W/O interface.® In typical emulsions, surfactant molecules
bind at the interface with AG =5 K,T enabling molecules to hop on and off. In a Pickering emulsion,
particles tend to be adsorbed with AG ~10* K,T for a 90° contact angle and AG ~10? KT for a 30°
contact angle.*® This is considerably greater than a typical emulsion and means that the membrane
particles are bound more strongly. The colloidal shells have interstitial gaps which form pores,
allowing for selective permeability across the membrane. They are often locked into place by a
crosslinking process so that the capsules can be transferred into a different medium, often
resembling the inside core (figure 1.3), whilst retaining structural integrity and encapsulated material
inside the core. Overall, colloidosomes afford a high level of control over membrane permeability,
which is altered by colloidal particle size, the extent of crosslinking and the strength of binding at the
interface.”* A range of colloidosomes have been prepared using a variety of inorganic colloidal

materials such as silica®?, clay*, CaC0O3*, Fe30,4'% and gold nanoparticles®, to name a few.
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Figure 1.3. Preparation of colloidosomes. Colloidosomes prepared by forming a water in oil Pickering
emulsion followed by crosslinking of the colloidal shell and subsequent transferal to water.

In literature, partially hydrophobic silica colloidal nanoparticles have been used to stabilise water
droplets, to form a Pickering emulsion. Silica nanoparticles are treated with salinising agent
dichlorodimethylsiliane in the presence of water, to change silanol groups (-OsSiOH) to
dimethylsilane (-0,Si(CHs),) groups of varying extent, as a method of fine-tuning the hydrophobicity
of the silica.*> Work by Binks et al.*® showed that varying the hydrophobicity of silica therein varied
the contact angle and thus the stabilisation of water foam by silica nanoparticles. At present, it is
difficult to determine the contact angle of silica nanoparticles at the surface of the fluid interface.
However, from Binks’ work it can be assumed that a 100% SiOH particle has a 20° contact angle
whereas a < 20% SiOH particle has contact angle 130°.*’ In this thesis we use approximately 50%

SiOH silica nanoparticles which have a contact angle just below 90°.

As previously discussed, protocells are compartmentalised platforms with the ability to perform one
or more biological process, as a mimic of a living system. In literature, colloidosomes loaded with
simple biological materials have been shown to demonstrate life-like behaviours such as cell-free
gene expression*?, enzyme mediated catalysis, and growth and division*. Colloidosome communities
have also been employed as primitive models for the early stages of proto communication, signalling,
and collective behaviour, for example in phagocytosis inspired behaviour'? and in enzyme signalling

pathways.*?
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1.1.4 Coacervate microdroplets

Colloidosomes, along with most other protocell models, harness membrane assembly into the
formation of platforms for synthetic cellularity. Despite these membrane-bound platforms having
technological merit and showing promise for biomedical/bioengineering applications, they are poor
candidates for the ‘first cell’ and are in fact quite peripheral to the question of ‘Origin of Life’. Even
lipid vesicles, which are most akin to contemporary cells, have significant limitations regarding pH
and ionic strength sensitivity and low encapsulation efficiencies.?” In the 1930s Oparin noted that the
spontaneous formation of compartmentalised entities through liquid-liquid phase separation was a
likely step in the early life process, thus declaring complex coacervates as having strong relevance in
‘Origin of Life’ research. Furthermore, membrane-less compartments were first spotted within living
cells in 1830s and have since shown diversity in subcellular locations and functions.*® Such
membrane-less organelles are therefore a relevant mimic to living cell compartments and are thus

important to develop and explore, in terms of understanding a living system.

Complex coacervates are formed from spontaneous liquid-liquid phase separation via electrostatic
interactions between macromolecules or polymers. This produces membrane-free microdroplets
with a chemically rich interior within a chemically deficient aqueous phase. Many coacervate entities
have been achieved, mostly using larger macromolecules and high molecular weight polymers.
Breakthrough coacervate protocell experiments were achieved by the spontaneous formation of low
molecular weight mononucleotides and simple cationic peptides.3! Mann et al. were able to make
coacervate liquids using small molecules, which displayed physical properties different enough from
the bulk to give interesting functionalitites.®® Many biomolecular substrates, proteins, RNA,
chloroplasts have been sequestered into coacervates to achieve various biological functions.
Behaviours such as metamorphosis®, gene expression®, selective uptake and protein refolding®,

52,53

light-induced chemistries®>>3, enzyme and ribozyme activities®**> have been displayed.

Coacervates have also been significant in the development of hybrid protocells. Coacervate tendency
to coalesce is a disadvantage and sometimes an absence of membrane is a drawback in their design.
These challenges can be addressed through forming a membrane around the coacervate interior.
Examples of different membranes including fatty acids®®, lipid membrane fragments®, gold
nanoparticles/PEG®, proteins®® and surfactants.® Even the coacervates themselves can form part of
a membrane structure around an aqueous lumen®®. Alternatively, coacervates can be nested within
other protocell models as organelle-like structures®’, or they can reconfigure into vesicle-like

structures.®?
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1.2 Protocell communication

1.2.1 Motivation for protocell communication

Despite new protocell designs being somewhat necessary for discerning primitive life forms, it seems
clear that another important step in the transition between non-living and living matter, and for
understanding living processes, is the communication and systems interaction between these basic
protocells. A paper by A. M. Brizard proposes a 4-step strategy to the formation of a complete

artificial cell.3*

Biomimetic containers
Construction mimic

Communication and exchange

A W N R

Metabolic process mimic

Whilst new synthetic protocell designs aim to advance steps 1 and 2, studying the communication
and collective behaviour between protocell models is vital in stage 3 and for the possibility of
achieving stage 4. The challenge is therefore to use existing protocell models to explore how
protocells could work together to form hierarchical structures such as tissues, and how chemical

signalling could create environments in which protocells might autonomously develop and evolve.

Protocell communication defines the transferral of a signal (usually a chemical molecule) from a
sender protocell or protocell community to a receiver protocell or protocell community, to initiate a
guantitative response. Protocell communication, as a mimic of living cell communication, can help
better understand cell-cell interactions, better mimic complex emergent cell processes and
eventually lead to the development of biological behaviours such as differentiation, chemotaxis and
cell division.** Generally, chemical communication between protocells (and living cells) can be
categorised by proximity as either contact-dependent (juxtacrine), through-space (paracrine,
endocrine) or nested/within itself (autocrine).%> Proximity plays an important role in the mass, energy
and information exchange between protocells, thus influencing any resulting life-like behaviour.
Communication protocell models are built by harnessing different protocell communities into
populations and then linking them through chemical networks such as enzyme cascades®*°,
DNA®”%880r in vitro gene expressions.”®’%72 Controlling individual chemical networks can offer a step

towards understanding living system interactions.
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a Contact-dependent (Juxtacrine) b Through-space (Paracrine)

Signal cell Target cell

C Through-space (Endocrine) d  Nested (Autocrine)

bloodstream

Figure 1.4. Four types of chemical signalling between cells. a, Contact-depended (Juxtacrine)
signalling. b, Through-space (Paracrine) signalling. ¢, Through-space (Endocrine) signalling. d, Nested
or internalised (Autocrine) signalling.5*®

1.2.2 Living cell communication

A living system relies on the interaction and communication between living cells and between living
cells and their environment in order to perform specially designed functions and to promote
environmental adaption.”® In multicellular organisms, cells communicate to become specialised
(differentiation), as a step to forming higher-order structures such as tissues and organs. In single cell
systems, communication leads to cells working together to perform emergent functions such as
swarming. The communication pathways within and between living cells is extremely complex, thus
it is beneficial to use protocells as simplified models for exploring how communication can lead to

specialisation and collective behaviours.

Communication between living cells occurs via specialised cell-to-cell or environment-to-cell
signalling processes, which can be categorised as mechanical, light-induced, temperature-induced,
electrical or, most commonly, as chemical. Chemical communication in most biological cells relies on
signalling molecules that are released from one cell and received by another cell wherein the signal
molecules are processed to generate a quantifiable response, function or output.”* For example in
synaptic transmission, neurotransmitters are released from a neuron, travel across the synapse and
are then received by, say, a muscle cell with a target neuron, which responds by changing.”

Importantly, these response-driven functions cannot be achieved by a single population of cells.
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Chemical signalling processes have been studied by synthetic biologists and resultingly, artificial cell-
cell communication has been developed in striped down, yet still complicated, living cell systems.”®
Unfortunately, these systems are difficult to work with as cell components are diverse and
synthesising gene networks is particularly challenging. On the contrary, cell-cell communication

between minimal protocell communities could offer easier levels of control and tunability.

1.2.3 Protocell communication

Due to extensive research into various types of soft compartmentalised microsystems, there is now a
plethora of protocell models available for the construction of networked systems capable of
signalling pathways. There have been several reviews publicising current protocell communication
research, which recognise challenges and opportunities, especially related to higher order organised
systems.®*%>77 Communication between protocells relies on the production and conveyance of
molecules that originate from sender protocells, are transferred to receiver protocells via contact-
dependent, through-space or nested means, and then are generated into quantifiable responses or
outputs. From these communication modes it can be noted that the extent of separation between
protocells, and the nature of protocell interfaces are perhaps the most significant factors which
determine how fast or easy a communication pathway can be achieved. Further detail into these
modes will be described in chapters 4 and 5. Importantly within each mode, complexity and higher
order functionality can be achieved by three system changes; increasing the integration of different
synthetic cell varieties, increasing signal type complexity and by increasing the level of spatial

organisation or hierarchical patterning.®

Typically, chemical signalling between protocells is implemented by through-space (paracrine and
endocrine — mimicking) induction and activation of chemical activity via coupled enzyme reactions, in
vitro gene expression or DNA strand development. Enzyme coupling reactions are often the easiest
networks to achieve in through-space systems, for example the communication between glucose
oxidase (GOx) and horseradish peroxidase (HRP)-containing protocells. In these examples
communication is often achieved by a glucose input, hydrogen peroxide signal and Amplex red-
derived resorufin output. This coupled enzyme-induced communicative system has been

implemented in both randomly arranged’® and spatially organised’ through-space systems.
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Beyond coupled enzyme cascades, the implementation of cell-free gene expression systems within
vesicle-based protocells has been utilised for diffuse, through-space signalling and communication.
Typically, membrane-impermeable signalling molecules are transferred through the use of gene
circuitry to endogenously synthesise signal molecules. Examples of such signalling include the
construction of multiple gene cascades under the control of external signals and communication,”
and the genetic/enzyme coupling communication between vesicles and proteinosomes.”? To afford a
higher level of programmability, and as a higher complexity technique, the encapsulation of DNA and
the integration of DNA nanotechnology has been employed to construct protocell-protocell
communication networks by through-space communication modes. For example, proteinosomes
with encapsulated DNA have been shown to send, process and respond to DNA based messages.®®
Through-space communication between various protocell models has been well studied. System
complexity is increased by either the integration of different protocell models, programmability (for
example using DNA), the integration of different communication proximity/modes, and by
implementing spatial organisation with corresponding localised signalling. Increased complexity leads

to a closer mimic of real living interactive systems.

As a different strategy for better mimicking the complexity of a living system, communication
between artificial and living cells has been explored. As with protocell-protocell communication,
protocell-living communication can be categorised into three proximity modes: through-space
populations, contact-dependent and nested populations. Within through-space populations there
are a range of studies, typically where a protocell biochemical signal induces a change in bacterial,
and to a lesser extent, eukaryotic cells. A simple example is the synthesis of sugars in a lipid protocell
to engage in quorum sensing of marine bacterium.® Within contact-dependent networks of cells
there are steps towards creating interfacially connected artificial-biological tissues to achieve
immune responses.®* Within nested populations there are rudimentary examples of endocytosis
wherein synthetic cells are ingested by living cells, and more advanced examples of signals between

sender living cells (entrapped) to the contents of the host protocells.®

1.2.4 Collective behaviour between protocells

As discussed, protocell communication has received breakthrough attention in the past 5 years, such
that signalling networks between various types of protocells have been established. Despite
relatively complex signalling networks, protocell communication remains the starting point for

mimicking life-like, complex biological processes. Signalling networks can be creatively designed and
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programmed to achieve life-like emerging behaviours. In a natural progression from protocell
communication, there have been several studies that look at the collective behaviour between
protocell communities. Collective behaviours occur when the communication between cells initiates
a response in more than one protocell, ideally in a community of several, that cannot occur from a
singular protocell. This response, carried out in several protocells, determines an overall behaviour in
the system. The variety of behaviours is thus phenomenal, and the type of behaviour depends on the
number of protocells involved, the type of protocells involved and the type of signalling. As with
signalling networks, these collective processes can be categorised into contact-dependent, through-

space and nested modes.

Most examples of collective behaviour have been demonstrated in randomly arranged populations of
protocells. Between contact-dependent communities of protocells tissue mimicking contractions and
expansions®, phagocytosis inspired behaviour'? and buoyancy® (especially within nested protocell
communities) have been demonstrated. Between through-space communities translocation®® and
morphological differentiation® have been achieved. Some collective protocell systems rely of both
types of signalling, such as reconfiguration® and predator-prey!' mimicking relationships. These
collective processes have had an impact on developing synergistic sensing systems, biomimetic

engineering applications and tissue engineering.

1.2.5 Prototissues

The collective assembly of protocell building blocks into higher order structures can lead to the
formation of 3D interconnected networks that mimic tissue structures (prototissues).®®> Prototissues
are becoming an increasingly popular stream of ‘Origin of Life’ research, as they develop insight into
the basis of multicellularity as an important evolutionary transition from singular cells towards more
sophisticated and complex life forms.®® In addition to advancing fundamental scientific ideas,
prototissues have a probable impact in areas of biomedical science, environmental science and soft
robotics. As a potentially highly programmable, biocompatible and life-mimicking material,
prototissues therefore provide an excellent matrix for protocell community design. The ability to
organise protocell communities by prototissue construction is a key motivation for prototissue

research, especially throughout this thesis.

Within natural tissues, cells are often organised into spatial patterns to afford specific functionality.®
Being able to mimic such organisation within prototissues, could therefore constitute extremely

advanced and evolved life-like functions. The most advanced method for creating spatially coded
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prototissues is using picolitre droplets connected via droplet interface bilayers (DIBs) fabricated using
a 3D printing device. Tissues created with this method are capable of several functionalities such as,
electrical communication and shape change, protein synthesis and light controlled protein
expression.®”# However, such tissues exist in an oil phase and have a short half-life of only a few
hours. Another method for prototissue formation involves the magnetophoresis of GUVs into
spatially coded prototissue-like arrays that can display basic communications between community
arrangements. However, these tissues are formed in a MnCl; solution and succumb to
deconstruction when the magnetic field is turned off. The challenge therefore is to create free
standing, spatially organised protocells in an aqueous phase, capable of functionalities hinged upon

their spatial arrangement.®°

As a step towards this endeavour, free standing prototissues in an aqueous environment have been
developed in spheroid, bio-orthogonally connected proteinosome systems.®? Such tissues are capable
of contractile functionalities and communication. Furthermore, a floating mould assembly technique
has led to such tissues possessing some basic level of spatial control.®® However, there is still
abundant opportunity for developing spatially organised prototissues capable of advanced
functionalities and communication pathways. A new model of prototissue, fabricated in an aqueous
phase within minutes, has been fabricated using coacervate building blocks. Coacervate micro drops
with gold (Au)/polyethylene glycol (PEG) nanoparticles at the interface, facilitate bidentate PEG-
mediated bridging of jammed membranes to realise a robust prototissue capable of communication,

self-healing and selective disassembly.

In all cases, cell spatial organisation has not been fully exploited and prototissue communities

comprising different cell-types have not been explored.
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1.3 Protocell organisation techniques

1.3.1 Spatially arranged protocell models

Spatial organisation is ubiquitous across all levels of a living system. The spatial patterning of
protocell communities can therefore lead to more realistic mimics of living systems and provide a
platform for higher order, collective, cell-like behaviours. To-date, the spatial grouping of protocells
has been used to mimic tissue structures®° and to exploit synergistic and cumulative interactions
for more complex communication pathways between various types of protocells.’® Protocell
patterning can have the added benefit of creating anisotropy within systems, which could be used to
mimic embryo development and further advance collective behaviours. However, some key
challenges have not yet been addressed. These challenges include the development of organised
protocell-environment communication, ordered collective processes and dynamic protocell
organisation. Thus far, several techniques have been used to drive the organisation of protocells
including microfluidics, acoustic trapping, magnetic fields, 3D printing, layer by layer tissue formation
and electrostatic interactions. In this background microfluidics is reviewed in some depth, as the
technique is central throughout the thesis. This is followed by a brief overview of acoustic trapping

and a small overview covering 3D printing, magnetophoresis and electrostatic interactions.

1.3.2 Microfluidics

Microfluidics is the science of fluid control and manipulation on a microscale,’>*? typically using
networks of channels (tens to hundreds of micrometers) that are intricately designed to carry and
contain small (107° to 1078 litres) volumes of fluid.?**°> The value of microfluidics comes from its
small size, and consequential unique fluid physics.”® The small size means that low volumes of
precious reagents are required, that analysis times are rapid, and that mass-transfer is highly
efficient, leading to quick and resourceful chemical reactions.”” As the size of channels, through
which a fluid flows, decreases, the dominant forces on that fluid change significantly from what is
observed in the macroscale. Thus, in microfluidics, dominant effects are no longer governed by
gravity but rather by laminar flow, diffusion, specific surface area and surface tension.®® These
dominant effects mean that diffusion and mixing can be precisely predicted and controlled, and that

various types of microparticles can be formed.
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Laminar Turbulent

Figure 1.5. Laminar and turbulent flow systems.

1.3.2.1 History of microfluidics
The first microfluidic device is regarded to be the oscillograph, published by Sweet et al. in 1965.%

This device emerged following a sequence of events driven by microelectronic research and the
desire for improved telecommunication. The invention of the transistor in 1947 kick started these
events, leading to the creation of the first integrated circuit (IC) and the onset of a revolutionary
‘silicon age’. As the silicon age advanced, lithography and micro processing techniques pioneered by
Kilby (following his IC invention), were popularised, and became more complex.® This ultimately led
to the oscillograph (inkjet printing device) published by Sweet becoming the first microfluidic device.
However, work published by Terry et al. in 1979, which described the fabrication of a microscale gas
chromatography system, is believed to be the first ‘Lab on a chip’ style microfluidic device and it was
this work which really established microfluidics as a field of its own.!®® Continuing along this
microfluidic timeline, the invention of 3D printing in the 80s'%, the introduction of PDMS as a

103

suitable material for microfluidic devices' and the increasing demand of bioinspired applications,

were all notable milestones, culminating in the field of microfluidics today. The 21 century has

revealed a generation of new microfluidic devices with a range of functionalities including droplet

7104

microfluidics, 3D printed devices, the ‘organ on a chip’**, open microfluidics, paper analytical
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devices™ plus many more. The timeline of microfluidics is presented below in figure 1.6.
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Figure 1.6. 30-year timeline of microfluidics.'®

1.3.2.2 Droplet-based microfluidics
Droplet-based microfluidics is a subcategory of microfluidics which has been recognised by its

distinctive ability to produce homogenous, monodisperse microdroplets. The technique is
incentivised by a goal to create ‘lab on a chip’ technologies and the will to miniaturise systems for
efficient chemical and biological analysis.!® Microspheres are especially useful as independent flow
reactors to enable rapid mixing of reagents, and for individual drop analysis.'%” As examples, droplet-
based microfluidics in PCR has been shown to increase efficiency by eliminating reagent dispersion
and adhesion to device surfaces, and droplet-based microfluidics in protein crystallisation has been
used as a fast individual screening technique.'® Importantly, microspheres prepared by droplet-
based microfluidics can provide ideal boundary conditions for the isolation and protection of
materials. As such, droplet-based microfluidics is used to compartmentalise biological entities and
encapsulate biomedical material for use in drug delivery systems, biopharmaceuticals, and cell

mimiCS.109’110'111

Droplet-based microfluidics usually involves two main steps: droplet generation and droplet
solidifying. Solidifying commonly takes place by chemical, photochemical or physical processes. The

next section discusses droplet generation.
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1.3.2.3 Drop formation
In all types of microfluidic systems, physical flow dynamics at the microscale differ from the

macroscale, bringing about dominant viscous (internal friction) over inertial (fluid momentum) forces
and dominant surface tension over gravity.''? The fluid dynamics are therefore characterised by a set
of dimensionless numbers that are calculated by the fluid properties and device parameters. In
physics, dimensionless numbers are used to compare the importance of different physical properties.
In droplet microfluidics there are three important dimensionless numbers, the Reynolds number (Re),

the Webber number (We) and the Capillary number (Ca).!** Such numbers are presented in table 1.2.

Droplets are formed by a shearing action when two immiscible phases flowing inside the
microchannels are exposed to dominant forces. Immiscible fluid phases are driven into a
microchannel using an external measurable and controllable driving force. This is typically a syringe
pump which applies a steady force to an injection syringe that is programmed to maintain specific
flow rates. Pumps are favourable over other driving forces such as air pressure or gravity, as they are
easier to control, variable and considerably faster.!* The immiscible phases meet in a confined
microchannel wherein the geometry of the device dictates how the interacting phases break up into
droplets. Unique control over the size and shape of droplets is afforded through tuneable dominant
force restraints, resulting in high levels of monodispersity with high throughput and reproducibility.
Emulsion droplets are formed one-at-a-time inside the microfluidic device due to a balance of the
inertial force, viscosity, interfacial tension and buoyancy acting upon the fluid flow. In most instances
buoyancy is negligible due to a small volume, channel size and slow velocity. Thus, droplet break-up

depends on quantities primarily related to interfacial tension and viscous drag.
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Table 1.2. A comparison of dimensionless numbers that are used to understand droplet formation in
droplet-based microfluidics.**®

Dimensionless number Symbol Equation Forces compared

Reynolds Re ﬁ Inertial and viscous
u

Webber We pv2iL Inertial and surface
o

Capillary Ca uv Viscous and surface
o

where p= mass density, u= dynamic viscosity, v= mean velocity of fluid, L= characteristic length scale,
o= interfacial tension

As previously established, droplet generation arises from fluid instabilities caused by tensions when
one immiscible fluid is introduced into another. Depending on the balance of forces, droplets can be
formed in different regimes and characterised by different dimensionless numbers. The regimes are
most commonly either the dripping (where viscous forces dominate) or jetting (where inertial forces
dominate). In microfluidic devices, Re is between 10® and 10, so viscous forces dominate inertia
forces yielding a laminar flow. Mostly the capillary number is used to help predict droplet formation
as it compares the two prominent and relevant forces, viscous and interfacial surface.!!*'° For most
regimes We < 1 as inertial force is small, however when inertial forces become more prominent as in
the jetting regime, the Webber number becomes larger and can be used to characterise the droplet
formation process. Droplet break-up is also determined by the geometry of the device itself. There
are three common geometries: co-flow, cross-flow and flow focusing, as shown in figure 1.7. Each
geometry expresses different advantages and disadvantages over the extent of droplet internal

mixing, droplet sizes and droplet encapsulation. The three geometries are discussed in more detail.

Figure 1.7. Droplet microfluidic geometries. Droplet-microfluidic (a) co-flow (b) flow-focusing (c) T-
junction geometries.''’
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o Co-Flow
A Co-flow geometry is formed by coaxial alignment of immiscible phases. These phases break into

droplets through contact at an orifice. As an example, Tan et al.*® described a microfluidic device
fabricated from 3D glass capillaries which was used to study how the size of an alginate droplet
depended upon flow rates, viscosity, and fluid properties. Co-flow systems have also been used to
study the transition between dripping and jetting regimes, concluding that at some value related to
the capillary number (Ca), droplet break up goes from absolute instabilities in the dripping phase, to
convective instabilities in the jetting phase.!’® A co-flow microfluidics device is often favoured for
applications involving multiple emulsions or cell encapsulation due to the 3D capillaries forming a

symmetrical flow and a potential inner phase being able to avoid contact with device walls.

o Flow focusing
Flow focusing geometry is reported in many journals due to the geometry being easy to mould in

popular PDMS devices. In flow focusing, the two immiscible phases flow coaxially through a
contracted region, which aids the break-up of droplets. An advantage of this system is that droplets
smaller than the orifice size can be formed. Xu et al. demonstrated a novel flow-focusing device for
creating sodium alginate droplets with in situ crosslinking.??® Flow focusing devices can also be placed

in sequence to form more complex double and triple emulsions, as seen by the work of Seo et al. 1*

o Cross-Flow
The most common cross-flow devices feature a T-junction geometry (figure 7c) however, V- and K-

junctions have also been reported in the literature.’?>!2 |n such cross-flow devices, one immiscible
phase meets the other at an angle, and a droplet is subsequently formed due to a pressure drop and
shearing force that occurs because one phase is partially blocked by the other. The size of the droplet
thus depends highly on the shear stress.!?* Interestingly a microfluidic T-junction device has been
employed to create monodisperse alginate spheres that were crosslinked using an off-device method.
The alginate spheres, when mixed in the aqueous solution of nanoparticles, were shown to
encapsulate Ag and AuNPs.!?> The off-device crosslinking method was adapted for this thesis

however, droplets were not made using a T-junction device due to increased internal mixing.

o Thesis device geometry
There are many literature examples of droplets (notably alginate droplets) formed via droplet-based

microfluidics. Upon reviewing these geometries, a co-flow glass capillary device was used throughout
the thesis as the droplet size and internal patterning could be easily controlled by device parameters

and an off-device crosslinking method could be implemented
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1.3.2.4 Device materials
Droplet based microfluidic devices can be made from a variety of materials such as silicon, PDMS,

glass capillaries, quartz and PMMA. Original devices were made from silicon due to microfluidics
stemming from the silica age of microelectronics. However, fabrication of silica moulds is time
consuming, making them less desirable in the face of new, faster technologies. PDMS has quickly
revolutionised the microfluidics industry due to moulds being relatively quick and cheap to
manufacture. Glass is often a good material for device fabrication that can be left untreated however,
the production of capillary-based devices is often manual, time consuming and difficult to reproduce.
3D printing is a newer technique that offers quick mould fabrication and easy design variation.
However, because the process is new it remains less reliable. A variety of fluid materials can be
injected into microfluidic devices as the dispersed phase to form droplets. Typically, these include

natural and synthetic polymers. 9292114

1.3.2.5 Microfluidics and protocells
Droplet based microfluidics has been used in artificial cell research as a technique for

127 and

compartmentalising biological molecules into cell-like structures (polymersomes'?®, liposomes
coacervate-in-liposomes hybrid protocells'?®) and recently for encapsulating protocells into micro
filaments.? Although the technique has shown promise in these areas, it has not been fully explored
as a method for spatially organising protocells. Spatial organisation can be afforded through
microfluidics by trapping protocells in a gel-matrix or by physically trapping protocells in a device.
Although microfluidics has great potential for spatially organising protocells, higher-order patterns

are often difficult to achieve. Other methods, such as acoustic trapping, can sometimes offer easier

routes to complex protocell patterning.

1.3.3 Acoustic trapping

Acoustic trapping involves the immobilisation of cells and particles by ultrasonic wave formation. The
phenomenon was first observed by Faraday in 1831, through the patterning of sand on a vibrating
Chladni plate.’®® In the 1860s, Kundt cleverly utilised acoustic trapping to measure the speed of
sound in different gasses and solid materials.’3® He noticed that a vibrating metal tube accumulated
fine powder at specific intervals. These intervals related to the nodal positions of the acoustic
standing wave and were positioned with half-wavelength spacing. The speed of sound was therein
calculated through the relationship between half-wavelength spacing and propagating medium.

Kundt followed this work by developing the acoustic trapping of particles in a liquid. Since the 1930s

=24 -



acoustic trapping of particles has become increasingly researched and in 1971 the biological impact
of acoustic cell manipulation was published by Dyson et al. who were able to stop the flow of red
blood cells with ultrasound.’®' Since then, acoustic trapping of particles has been used for
applications such as acoustic tweezers, enriching low concentration samples, washing or fractioning
cell populations, acoustic levitation and particle-based bioassays.’® One main advantage of this
technique is that the device is not in contact with the trapped objects and thus provides non-invasive

control of particle motion.

Acoustic trapping relies on the acoustic radiation force experienced by particles when a standing
wave is established. As an acoustic wave propagates through a medium with suspended particles, it
hits the particles and produces a force on the particles (called the acoustic radiation force**) which
tends to move these particles to areas of low/high pressure and velocity depending on their relative
density and compressibility.’** Cells with higher densities and lower compressibility than the
suspending medium, tend towards area of low pressure, corresponding to the nodes in a standing

wave (figure 1.8).

Transducer
Jaonpsuely

Figure 1.8. Standing wave formation between two transducers, assuming no reflection. Diagram
shows waves (light blue and dark blue) from each transducer. Node and antinode denoted by N and A
in a grey circle. Acoustic radiation force (F) tends particles towards the node of the waves.

Acoustic trapping has been implemented into protocell research for the localisation and spatial
control of protocell communities. Tian et al. demonstrated spatiotemporal sensing between trapped
coacervate arrays’®, and coacervate differentiation within acoustically trapped arrays.®* Parallel
catalytic processing was also demonstrated using similar devices.’®® Protocells and living cells have

been localised together in acoustic trapping devices, such as GUVs with E. coli'*® and GUVs with red-

-25-



blood cells.?® More permanent patterning has been achieved via hydrogelation of coacervates to

trap enzymes into patterned arrays.'*®

Trapping Water
pzT chamber chamber antinode node
L. N

N\ K255

e DOOOC

Figure 1.9. Acoustic trapping devices for protocells. a, Diagram showing the acoustic chambers and
piezoelectric transducers (PZT) elements that generate the acoustic waves. b, Computerised nodal
(red, low pressure) and antinodal (blue, high pressure) pattern of acoustic waves. Reproduced with
permission.*® ¢, Acoustically assembled GUVs. Scale bar, 100 um. Reproduced with permission.*®

Although acoustic trapping can spatially organise protocells/protocell communities into a variety of
complex patterns, the distance between each node is relatively far. Other spatial organisation
techniques, such as 3D printing, have therefore been implemented to organise protocells into close-

proximity contacting arrays.

1.3.4 3D printing

3D printing is a relatively recent technology, with the first 3D printer being made in 1988 by Charles
Hull of 3D systems.’3® In general, 3D printing is the software-programmed addition of material, layer-
by-layer into a 3D object. A category of such, 3D bioprinting, is the layer-by-layer addition of
biomaterials and living cells into pre-determined 3D architectures that resemble tissue constructs.
The technique has been developed since the 1990s by laser-based 3D cell patterning. Bayley et al.
have designed a system which uses aqueous droplets as a bio ink (figure 1.10). The droplets are
joined by a single lipid bilayer to create a software-defined 3D protocell network. Thus far these 3D
printed prototissues have been used to realise electrical communication, shape change, enzyme

140

cascades? and synthetic/living hybrid functionalities.®
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Figure 1.10. 3D printing of lipid droplets. a, Schematic of 3D droplet printing from glass capillary
nozzles that are each connected to a chamber interfaced with a piezoelectric disk, to enable the
picolitre droplet printing of aqueous droplets into an oil bath. b, Aqueous droplets connected by a
droplet interface bilayer of lipids.®” ¢, 4-petal, 3D printed, spatially organised arrangements of
droplets with different osmolaries.®® All images reproduced from paper by M. Booth and H. Bayley
with permissions.®’

1.3.5 Magnetophoresis and layer-by-layer

There are a few, less common, techniques that have been exploited for spatial control over protocell
communities. These include magnetic manipulation and layered assembly. In general, these
techniques endeavour to pack protocell communities into tight arrays so that they resemble

prototissues and are capable of life-like behaviours.

Magnetophoresis is the contactless migration of particles within a magnetic field. It can be
categorised as positive or negative migration relating to whether the particles move towards area of
maximum field intensity (positive) or towards an area of minimum intensity (negative). The magnetic
susceptibility of a particle and its surrounding medium is crucial for controlling magnetophoresis.
Positive magnetophoresis occurs with magnetic particle samples, whereas negative magnetophoresis
occurs with objects having lower magnetic susceptibility than the surrounding medium. Both
traditional magnetophoresis types require high magnetic field intensities to move the objects.
However, a subcategory of negative magnetophoresis, called the magneto-Archimedes effect can be
achieved by a weaker magnetic field.?*! The magneto-Archimedes effect is observed when particles
of low magnetic susceptibility are dispersed in a paramagnetic medium. In such a case, the externally
applied inhomogeneous magnetic field attracts the surrounding paramagnetic medium towards the
area of a field maximum, pushing the material with a smaller magnetic susceptibility the minimum

magnetic field.*?
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Layer by Layer assembly is a widely used technique for the engineering of materials and coatings.
Early uses of the technique involved assembly from graphite oxides, clay sheets and nanoparticles.
More recently the technique has been used for energy materials, complex self-assembly and
biomimetic components.!*® Layer by layer spatial organisation of protocells has thus far been studied

in proteinosome prototissue moulds® and in hydrogel-protocell assemblies.'**

1.3.6 Intermolecular interactions to drive spatial organisation

This thesis endeavours to spatially organise protocells by using an electrostatic interaction driving
force. The technique is dynamic and thus patterning can be changed by external stimuli (most likely
pH). One example of exploiting electrostatic interactions within protocell systems is the spatial
positioning of coacervates inside proteinosomes by tuning the electrostatic interaction of
encapsulated coacervate and negative proteinosome membrane.®? A predator-prey relationship has

also been established using a selective electrostatic interaction to initiate a killing mechanism.#

1.4 Hydrogels

1.4.1 Hydrogel overview

Throughout this thesis hydrogels have been used as a compartmentalising extra protocellular
scaffold. Hydrogels are classified as water-swelling 3D polymeric networks that maintain structure
through the crosslinking of their polymeric chains.'* This unique water-swelling property, along with
soft structure, biocompatibility and molecular transport capabilities, appeals to various biological
applications such as drug delivery, tissue engineering, wound healing, biosensing, bacterial culture
and immunotherapy.'” In the 1960s, Wichterle and Lim discovered crosslinked poly hydroxyethyl
methacrylate (pHEMA) for use in contact lenses. This discovery pioneered the current hydrogel
research field, immediately highlighting usefulness for biomedical applications.’*® There are several
ways to form hydrogel networks, such as through covalent click bonding, enzymatic covalent
reactions, photo optical polymerisation, ionic bonding, mechanical bonding, and supramolecular
chemistry. Differently formed hydrogels give rise to varying properties, especially with relation to
how the material responds to external environment. For example, temperature- and pH- dependent
crosslinking is directly related to variation in temperature and pH environments, removal of ions can

undo ionic crosslinking and reversal of reactions can undo covalent crosslinking. In this thesis, the
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individual response of covalent and ionically crosslinked hydrogels, to environmental conditions is

exploited.

When a hydrogel responds in a controlled way to external stimuli such as pH, temperature, and
chemical environment, it is classified as a ‘smart material’.}*® Responses can be programmed by the
modification of polymer chains to alter crosslinking or other polymeric interactions. As an example,
PNIPAAm is often incorporated into hydrogel polymeric chains as it has a transition temperature of
~32°C (perfect for bio-applications) and can be used as a polypeptide mimic. When heated above
this temperature, water molecules are released from between the polymer chains and it shrinks,
whereas below the transition temperature, polymer chains have strong hydrophilic interactions with
surrounding water molecules, and the gel is swollen. Further modifications to PNIPAAm hydrogels
include the addition of other hydrophilic or hydrophobic groups to change the phase transition
temperature, as this can be useful for controlled release applications in drug delivery and tissue

engineering.'*®

1.4.2 Swelling

Hydrogels are water-swollen 3D polymeric networks that can intake water up to a thousand times
their dry weight. The water inside hydrogels can act as a medium for the diffusive transport of
certain solute molecules, whilst the 3D polymeric network holds the structure together. The swelling
property of a hydrogel is characteristic, and the extent of swelling can determine the degree of
solute diffusion. This could, for example, determine the amount of nutrients that might reach a cell
within the hydrogel.’®* The mechanism of hydrogel swelling is relatively complex. Starting with a
dried hydrogel, water first enters the matrix and hydrates hydrophilic groups in the polymer chains.
This is called the primary bound water. Following this, the network swells and water begins to
surround newly exposed hydrophobic groups, causing attractive interactions with the primary bound
water. This is called secondary bound water. Once all sites have been taken, the hydrogel continues
to swell as additional water is absorbed by the networks due to the osmotic driving force of network
chains to dilution. This is called bulk water. Crosslinking of polymer chains opposes this osmotic

pressure and results in an elastic resilience force that leads to an equilibrium swelling.12

In general, hydrogels are classified into either synthetic or natural polymer categories. Synthetic
hydrogels for example can be made from polyethylene glycol, polyacrylamide and polyvinyl alcohol.

Natural hydrogels often come from polysaccharides and include sodium alginate, chitosan, cellulose

-29-



or agarose.'® Natural polysaccharides have been chosen for this work due to them being easy to

extract/acquire, having biological relevance and potential health benefits.

1.4.3 Sodium alginate

Sodium alginate is a naturally occurring polysaccharide derived from brown algae (phaeophyceae).
The co-polymer chain contains §-D mannuronate blocks (M blocks) and B-L guluronate blocks (G
blocks) with 1,4 linkage. The larger network structure is comprised of random sequences of these
MMM and GGG or MGMG residues and the residue combination depends on the natural source of
the polymer.’ The combination of the blocks can affect material behaviour, for example increasing
GGG blocks can lead to a stiffer hydrogel, which is discussed later. The polymer chains are crosslinked
by divalent cations to form the 3D network, which is able to swell and uptake water due to the highly
hydrophilic chains. Most commonly Ca?* is used to bind the polymer chains together. This is achieved
by the displacement of Na* ions by the divalent Ca?* and ionic interaction between carboxyl groups

on neighbouring chains in an ‘egg box’ fashion as shown in figure 1.11.%%

0

o OH o)
NH
- 0 z 3
-0 o
‘ OH . Ho d1o o
0
o) —OH NH,
o o)
OH o o
G G M M

Figure 1.11. The chemical structure of G and M blocks in sodium alginate polymer chain.

The degree of crosslinking thus depends on the electrostatic interaction and coordination function of
the Ca?* as a chelating centre. Other divalent ions have been shown to crosslink alginate chains
together. Sr** and Ba?* form more rigid hydrogels as they are larger ions and thus have greater
coordination opportunity and so crosslinking is stronger and chains are pulled tighter together. It is
also seen that the crosslinking ions will preferentially bind G blocks together in the egg box
arrangement before linking M blocks together. This can be explained by the pre-organised
arrangement of side groups that are in the optimal position for binding in the G blocks. The carboxyl

group is pointing inwards and other OH groups are also pointing towards the gap and can be involved
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in weaker binding to the divalent ions as seen in figure 1.12. This is also the reason GGG blocks tend

to be stiffer than MMM blocks.

Figure 1.12. Egg box ionic crosslinking of alginate chains.

1.4.4 Chitosan

As with alginate, chitosan is a naturally occurring polysaccharide. It is produced from the
deacetylation of chitin, which is found and extracted from the outer skeleton of crustaceans such as
crab, lobster, and shrimp. This linear biopolymer chain is made up of majority D-glucosamine units
with a few N-acetyl-D-glucosamine units remaining from incomplete deacetylation processes (figure
1.13). The degree of each unit thus results from the degree of deacetylation (DD) which varies
according to the origin of the biopolymer and the deacetylation method. Most commonly the DD is in
the 60-98% range.'®® Chitosan forms strong intermolecular hydrogen bonds through the amine and
hydroxyl groups at the C2, C3 and C6 positions, leading to its insolubility in water. Due to this
insolubility, applications of chitosan can be limited and thus chitosan is often modified at the amine
or hydroxyl sites. The cationic amine groups can also react with several multi-valent anions, enabling
chitosan to form a hydrogel network. Like alginate, chitosan is biocompatible, non-toxic and
biodegradable. These properties of chitosan therefore make it increasingly important in drug delivery

and tissue engineering applications.*’
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Figure 1.13. Deacetylation of chitin to chitosan.

1.4.5 Hydrogel applications

Historically, hydrogels have been used in a variety of industries including agriculture, food,
pharmaceutical, hygiene product, tissue engineering and biomedical.'>> More specifically, sodium
alginate hydrogels have been used in various food applications as a stabiliser, emulsifier or gelling
agent®™® and in agriculture for soil additives that increase the ability of soil to retain water.'* In the
biomedical industry sodium alginate has been widely used for therapeutics, dental impressions and
as wound dressings. Alginate is a particularly good wound dressing because it is highly hydrophilic,
thus promoting the absorption of wound exudate, whilst also being used as a delivery platform for
controlled release of drugs around the wound.® Alginates as drug delivery systems are favourable as
they are often gelled via a non-intrusive ionic crosslinking mechanism. This gentle gelling process
means that cell or drug encapsulation of various substances can occur with minimal trauma, thus
enabling them to become some form of delivery platform. The release of drugs can also be
stimulated by external factors and ‘smart’ properties of the hydrogel such as pH.*! Most drug
release mechanisms rely on a diffusion barrier whereby the nature of drug release depends upon the
interaction between the drug and the alginate. For example, hydrophilic drugs will diffuse quickly

whilst hydrophobic drugs more slowly through the gel network.

Hydrogels have been featured in protocell research previously published by the Mann research group.
In this context, hydrogels have been used for both an ECM mimicking environment 138 (with protocell
compartments) and as an internal protocell medium.'®? Specific examples related to these
phenomena will be discussed in chapter 3. The potential application of hydrogels in ‘Origin of Life’
studies and cell mimicking applications is prominent however, the full breadth of advantages in using

hydrogels in this work has not been fully explored.
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1.5 Introduction conclusions

Living systems comprise complex networks of interacting subsystems that are maintained through
mass, energy, and information flows. There is a strong desire to understand how these systems
function and how these systems might have originated. However, living systems are extremely
complex and thus protocell chemistries have been developed as simple methods for mimicking the
composition and behaviour of living cells. There are several different protocell designs, each with
unique advantages that make them either a closer mimic to contemporary cells or a more simplified
and robust primitive cell design. It has been recognised that, a detailed understanding of how
protocell communities interact with each other and with their environment is crucial to primitive cell
research and for mimicking living, emergent behaviours. To-date, communication has been
developed within spatially organised and randomly distributed arrangements of protocells, via
through-space, nested, or contact-dependent signalling networks. A range of collective behaviours,
that mimic living processes, have also been developed within protocell arrangements however, such
behaviours are scarce in spatially organised communities. Nevertheless, several techniques have
been used to spatially organise cells and protocells, primarily into tissue-like constructs. In particular,
droplet microfluidics provides an excellent technique for the manipulation and control of cell-like

particles.

Despite growing research in communication between protocell communities, there are key
challenges associated with organised protocell functionalities, cell-environment interactions and
dynamic or autonomously regulated communities. This background has given an overview of
protocell chemistry, focusing on colloidosomes, protocell communication pathways and techniques
for protocell spatial organisation, with a focus on microfluidics. The key materials (alginate and
chitosan) used throughout this thesis have also been outlined and hydrogels are highlighted as a
useful biocompatible material, ideal for biomedical engineering applications and for protocell

scaffolding.
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CHAPTER

MATERIALS AND METHODS

his chapter describes the materials and experimental methods used to complete this thesis.
The chapter begins with a brief overview of common procedures and techniques used across
all thesis chapters. This is followed by a more detailed account of specific experimental

methods, categorised sequentially by each thesis chapter.
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2.1 General materials and techniques

2.1.1 Materials
Throughout this thesis all chemicals were purchased and used as received. The following enzymes

were purchased from Sigma Aldrich; GOx (50-100 kU g), HRP (179.2 kU g}), urease (URS, 50-100 kU
g?), B-glucosidase (B-Glu, > 6 kU g?), catalase (Cat, 3000 kU g?), alcohol oxidase (AOx, 10-40 kU g?)
and invertase (INV, > 300 kU g?!). Dyes rhodamine B isothiocyanate (RITC) and fluorescein
isothiocyanate (FITC) were also purchased from Sigma Aldrich, whereas DyLight™ 405 NHS Ester
(Dy405) was purchased from Thermo Fisher Scientific. Enzyme substrates including ethanol, d-
glucose, sucrose, ortho-phenylenediamine (o-PD), gluconolactone (GDL) and fluorescein di-B-D-
glucopyranoside (FDGIu) were purchased from Sigma Aldrich whereas urea was purchased from
Merk Millipore and Amplex red was purchased from Thermo Fisher Scientific. Sodium alginate
(medium viscosity) was purchased from MP Biomedicals LLC. HDK H30 silica nanoparticles were
purchased from IMCD UK Ltd. Tetramethyl orthosilicate (TMOS), (3-glycidyloxypropyl) trimethoxy
silane (GLYMO), dodecane, bis(trimethoxysilyllhexane (BMOSH), chitosan (high viscosity), PEG-
silicate, calcium bromide (CaBr;), decanol, sodium citrate, H,0, (30% v/v), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-Hydroxysulfosuccinimide sodium salt
(NHSS), polyallylamine hydrochloride (PAH), azobenzene-3-carbozylic acid (AzoCOOH) and succinyl
a-cyclodextrin (CD) were purchased from Sigma Aldrich. Tyramine hydrochloride was purchased from
Acros Organics. Dialysis bags with molecular weight cut off (MWCO, 12-14k) were purchased from

Millipore.

2.1.2 Data analysis
Numerical data was analysed in Excel and plotted in Origin software. Microscope images were

analysed or processed using Fiji (Image J) and videos were processed using VSDC video editing

software.

2.1.3 Microscopy

2.1.3.1 Optical microscopy
Quick optical microscopies were performed on an Olympus BX53 top-down microscope equipped

with a camera connected to an Olympus cellSens Standard software. Optical and fluorescence
microscopies were performed on a Leica DM13000 B manual inversed fluorescence microscope with

Leica EL6000 light source attached. A fluorescence filter with excitation wavelengths at 515-560 nm,
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450-490 nm and 355-435 nm was used (table 2.1) to observe fluorescent dyes RITC, FITC and Dy405

respectively.

Optical microscopy works by reflecting light through a series of lenses which, due to having different
refractive indexes, bend the light to make an image appear magnified.®® Fluorescence microscopy
works by irradiation of a sample with a specific band of wavelengths which causes specific electrons
to be excited into higher energy level bands. The electrons subsequently fluoresce to lower energy
levels releasing a different wavelength of light, that is detected by the microscope. The light emitted

from the sample is separated from the light exciting the sample by a series of optical filters.64

Table 2.1. Optical filters available on Leica DM13000 B manual inversed fluorescence microscope.

Value Fluorescence Excitation /nm Excitation cut-off /nm
13 Blue 450-490 510
N2.1 Green 515-560 580
D Violet 355-435 455
A uv 340-380 400

2.1.3.2 Confocal microscopy
A Leica SP5-Il confocal laser scanning microscope with 50 mW laser (405 nm), 150 mW Ar laser (488

nm) and 20 mW solid state yellow laser (561 nm) attached to a Leica DMI 6000 inverted
epifluorescence microscope was used for detailed imaging and analysis. A confocal microscope, in
contrast to a standard fluorescence microscope, measures one point of a sample at a time, thus
creating an image by scanning across the sample. The advantage of only scanning one point at a time
is that the emitted light can be focused through a pinhole and therefore scattering from other points
in the sample are discarded.'®® Images taken by the Leica SP5-1I confocal laser scanning microscope

were then processed with the LEICA LAS X software.

2.1.3.3 Light sheet microscopy
A Zeiss 2.1 light sheet system was used to take images and 3D animations of colloidosome-

encapsulated Janus hydrogel microspheres. Hydrogel microspheres were embedded in 1% low
melting agarose before being entered into the light sheet. Automated imaging was taken through

Zeiss Zen software and data was analysed on a second workstation with advanced 3D/4D rendering
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through Arivis Vision4D software. In light sheet microscopy (also known as single plane illumination
microscopy; SPIM) a laser beam is focused in one direction into a light sheet which illuminates a very
thin strip of sample, exciting electrons within certain energy levels. Electrons are then emitted and
observed in a plane perpendicular to the laser sheet through a normal optical microscope objective.
Due to only illuminating a thin strip that is being observed, photodamage of the sample is

significantly reduced and thus a clear 3D image can be more easily obtained.®

2.1.3.4 Wide field microscopy
A Leica LAS-X microscope attached to a Leica DM IRBE inverted epifluorescence microscope with

phase-contrast was used for widefield microscopy. A widefield microscope illuminates the entire
thickness of a sample which can create a blur from areas out of focus, above and below the image
plane.’® In this case, wide field microscopy was used to obtain lower magnification images as the

confocal microscope was not equipped with low enough magnification lenses.

2.1.3.5 Microscope slide preparations
Channelled slides were used to image solutions and suspensions more clearly. These were prepared

using cover slips and glass microscope slides, affixed using UV cured glue (figure 2.1a). For imaging of
matrix-based constructs and enzyme cascade reactions, slides with individual wells were prepared
(figure 2.1b). Glass cover slips were fixed using UV adhesive, onto a glass slide with pre-drilled holes

to create wells to hold ca. 60 pl solution.

L ) — L L) — (e 7
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Figure 2.1. Microscope slide preparation. a, Channel slide preparation using microscope slide and
coverslips fixed together using UV cured glue. b, Well slide preparation using pre drilled microscope
slides and coverslips fixed together using UV cured glue. Hole diameter, 70 mm.
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2.1.3.6 Scanning and transmission electron microscopy

Scanning electron microscopy (SEM) analysis was carried out on a Jeol IT300 system. Colloidosomes
were dispersed into deionised water and dried at room temperature onto a carbon coated Cu grid
for analysis. Transmission electron microscopy (TEM) and scanning transmission electron
microscopy-darkfield (STEM-DF) images were undertaken on a Jeol TEM 2100. Again, colloidosome
solutions were dispersed in deionised water and dried at room temperature onto a carbon coated Cu
grid for analysis. EDX analysis of Ca®* loaded, uncoated and alginate coated colloidosomes was also

performed on individual colloidosome samples.

SEM analysis requires an electron source to generate a stream of electrons towards a sample. These
high energy electrons interact with the sample to generate secondary electrons (electrons that have
been knocked off the sample), backscattered electrons, and X-rays. As the electron beam is scanned
across the sample, these scattered electrons are detected to give an image.'®”1® TEM analysis
involves electrons being transmitted through a sample, interacting with the sample internal structure,

and then arriving at a detector below to create an image.'®®

2.1.4 Spectroscopy

2.1.4.1 Ultraviolet-visible spectroscopy
Ultraviolet-visible spectroscopy (UV-Vis) experiments were undertaken on a Perkin-Elmer Lambda
750 Spectrometer. Samples were prepared in 1 cm wide quartz cuvettes and a background spectrum

of deionised water was always taken.

UV-Vis spectroscopy is used to quantify the amount of discrete light being absorbed by a sample.
This is achieved by measuring the intensity of incident light and transmitted light through a sample at
each wavelength, in comparison to a reference sample. Electrons in a sample can be excited from the
highest occupied molecular orbital- (HOMO) to the lowest unoccupied molecular orbital- (LUMO)
energy level by absorbing light. The bigger the energy gap is then the lower the wavelength of light
needed to excite the electrons in the sample and thus the greater the absorbed of light at that
wavelength. Different electron environments change the size of this HOMO-LUMO energy gap,

meaning that samples with different composition show different absorbance spectra.t”®
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2.1.4.2 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FT-IR) was conducted on dry samples using a Perkin Elmer-
Spectrum One FT-IR Spectrometer. Colloidosome samples were pipetted onto a glass slide where

they were left to air dry before being gathered up and placed on the spectrometer.

Typically FT-IR spectroscopy detects absorption or transmission of light in the infrared region of the
electromagnetic spectrum, after interacting with a sample. This technique does not interact with
electrons in a sample (like UV-Vis) but instead resonates with molecular vibrations. The frequency of
infrared light absorbed must match the intrinsic vibration of a molecular bond which can be
categorised into symmetric stretches, asymmetric stretches or bending. The strength of a bond and
the mass of atoms either end of the bond determines the vibrational frequency and thus the
absorbance/transmission in an FT-IR spectrum. FT relates to the Fourier transformation technique

used to turn raw data into an absorbance/transmission spectrum.’%172

2.1.4.3 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectra were collected using a Varian 500a NMR spectrometer.

All samples were dissolved in deuterated water (D,0) at a concentration between 2.5-10 mg ml™2.

NMR is a technique used to characterise chemical molecular structure (in great detail) based on the
interaction of an external magnetic field with atomic nuclei. All atomic nuclei have an intrinsic spin
property. If a nucleus spin is not zero, then the nucleus has a small magnetic moment and so can
behave as a tiny magnet. In the absence of an external magnetic field the magnet-like nucleus is
randomly orientated however, as soon as an external magnetic field is applied, the nucleus lines up
with either low energy or high energy. To make analysis more straightforward, NMR techniques
typically analyse atoms with spin state %, as this gives just two energy levels. Spins can flip at an
exact quantum of energy. NMR therefore measures the frequency of radio waves required to flip
spin states in different atoms. Importantly every atom is surrounded by electrons that shield the
nucleus from the external magnetic field therein changing the effect on energy levels between spin
states. This means that different frequencies of radio waves are required to flip spins in different

atoms.'”?
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2.1.5 Dynamic light scattering and zeta potential

Dynamic light scattering (DLS) and zeta potential (ZP) measurements were taken using a Malvern
Nano series Zetasizer. Samples for DLS were placed in a 1cm wide quartz cuvette, whilst ZP samples
were placed in a Malvern DTS1070 cell. All samples were run at room temperature and left to

equilibrate for 120 s inside the device.

DLS is a technique used to determine the size of small particles. All particles randomly move when
suspended in a solvent, according to Brownian motion caused by particle-solvent collisions. Smaller
particles move faster than larger particles due to the collisions having a greater effect on them. The
speed of a moving particle can be related to the particle hydrodynamic diameter using Stokes-

Einstein equation.t’#17

KpT
6mnRy

Equation 2.1

where D is translational diffusion coefficient ‘speed’, K is Boltzmann constant, T is temperature, n is
viscosity of solvent and Ry is hydrodynamic diameter.

In DLS, light is scattered by the moving particles and measured over time at a certain angle. Faster
(smaller) particles show faster fluctuations in scattered light over time and thus this measurement

can be used to determine particle velocity.

Zeta potential measurements can be used to infer the surface charge of a particle suspended in
solution. When colloids are dispersed in a solution, they are surrounded by a double layer of charged
ions (from the surrounding medium). The inner layer ‘stern layer’ is a tightly bound ring of strongly
ionic interacting ions. The second layer ‘slipping plane’ consists of more loosely interacting ions
which can exchange with the surrounding medium. A zeta potential is taken as the electric potential
between the slipping plane and a point in the bulk medium. By applying an external electric field, a
measure of the electrophoretic mobility can be recorded, which can subsequently be used by Henry’s

equation to calculate the zeta potential.}”®

Ue = 28;—5180 ¢ f(ka) Equation 2.2

where U is the electrophoretic mobility, € is the dielectric constant, n is viscosity of solvent, { is the
zeta potential and f (ka) is Henry’s function.'”’
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2.2 General methods

2.2.1 Making small silica colloidosomes

Partially hydrophobic silica nanoparticles (20 mg) were mixed with dodecane (2 ml) for 1 min by
sonication in an ultrasound bath. Gentle pipetting was used to further disperse large aggregates of
silica nanoparticles. 30 pl of enzyme aqueous solution was added to the oil/silica suspension and
then vigorously shaken by hand for 1 min to form a Pickering emulsion. This was followed by
sonication for 4 min with gentle pipetting within the sonication bath. TMOS (15 pl) was added to the
Pickering emulsion which was then rotated on a Stuart tube rotator at 25 rotations per min (rpm) for
24 h. Colloidosomes were then transferred to water via a series of washing steps. The colloidosomes
in oil were washed with a solution of 7 : 3 (v : v) ethanol : water before being centrifuged for 2 min at
2000 rpm. Subsequent washing steps were 2x 7 : 3 (v : v) ethanol : water 1x 1 : 1 (v : v) ethanol :

water, 1x water.

2.2.2 Fluorescent labelling of proteins

In general, enzymes (20 mg) were dissolved in 10 ml sodium carbonate buffer (100 mM, pH 8.5)
followed by addition of 100 pl fluorescent dye, FITC/RITC/Dy405 (2 mg mlt DMSO) which was added
dropwise. The solution was stirred in the fridge for 12 h, purified by dialysing against milli-Q water

for 3 days and then freeze-dried.

2.2.3 Fluorescent labelling of alginate

Sodium alginate (0.9 g, 1 wt.% ag. solution) was dissolved in acetate buffer (pH 5.18) for 90 min with
continuous stirring. The dissolved alginate was subsequently mixed with EDC/NHSS (4 mg/2.5 mg)
and stirred for 30 min to activate carbonyl groups on the alginate. 1,6 diaminohexane (70 mg) was
dissolved in acetate buffer (5 ml) and added dropwise to the bulk reaction solution. The reaction was
left at room temperature for 4 h to allow the amine to react with the activated carbonyl on the
alginate. The mixture was precipitated in isopropanol twice to remove unreacted amine and dried
overnight in the oven. The alginate-amine derivative (180 mg) was dissolved in sodium bicarbonate
(10 ml, pH 8.5) and deionised water (10 ml) then reacted with either RITC or FITC (0.003g, 1 m|l DMSO)

for 4 h (scheme 2.1). The solution was dialysed against milli-Q water, then freeze-dried.17%179.180
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Scheme 2.1. Synthesis of RITC-sodium alginate. The same procedure was followed with FITC in place
of RITC.

2.2.4 Fluorescent labelling of chitosan

Chitosan (310-375 kDa, 50 mg) was dissolved in 0.1 M acetic acid (5 ml). Methanol (5 ml) was added
to the solution, followed by slow addition of FITC (6 mg, 2.5 ml methanol) under continuous stirring.
The reaction was left stirring at room temperature for 4 h. After 4 h the reaction mixture was poured
into NaOH (50 ml, 0.5 M) then centrifuged (10 min, 3000 rpm). NaOH was removed, and the solid
product washed with 7 : 3 (v : v) methanol : water solution three times. The washed solid was
dissolved in acetic acid (10 ml, 0.1 M) before being dialysed in the dark against milli-Q water (4 days)

and then freeze-dried.'®
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2.3 Chapter 3 experimental methods

2.3.1 Microfluidic device manufacture

2.3.1.1 Materials

The following borosilicate capillaries were supplied by World Precision Instruments Inc. and CM
Scientific; theta capillary (inner diameter (ID), 1.02 mm; outer diameter, 1.5 mm), collection capillary
(ID, 1.02 mm; OD, 1.55 mm), small round capillary (ID, 0.58 mm; OD, 1.00 mm), square capillary (ID,
2.00 mm + 6%; wall thickness, 0.400 mm), small square capillary (ID, 1.05 mm; OD, 1.5 mm) and
three-barrel capillary (ID, 1.00 mm; OD, 0.75 mm). 5-minute epoxy resin was supplied by Thorlabs
and polypropylene hub dispensing needles, GA20 (ID 0.6 mm; OD 0.89 mm; length 12.7 mm) were
supplied by Onecall.

2.3.1.2 Device for spherical hydrogel microspheres

A round capillary (ID, 0.58 mm) was tapered using a P-97 Flaming/Brown type micropipette puller.
Tapered capillaries were subsequently hand-grafted using Grit 5000 sandpaper to produce an orifice
size ca. 80 um in diameter. The orifice was observed and measured using quick microscopy on the
Olympus SC50 light microscope and Olympus cellSens Standard system. The tapered and grafted
theta capillaries were flushed with ethanol and dried using compressed air to remove debris from the
sanding process. A square capillary (ID, 1.05 mm) was fixed to a glass microscope slide with 5-minute
Epoxy and the tapered capillary was inserted inside. This was coaxially aligned with a collection tube
(ID, 0.58 mm) and sealed using 5-minute Epoxy. A hypodermic needle with polypropylene hub was

attached between the injection and the square capillary to introduce the outer phase.

2.3.1.3 Device for spherical hydrogel microspheres with Janus internal patterning

A theta septum borosilicate capillary was tapered using a P-97 Flaming/Brown type micropipette
puller. Tapered capillaries were subsequently hand-grafted using Grit 5000 sandpaper to produce an
orifice size ca. 200-350 um in diameter. The tapered and grafted theta capillaries were flushed with
ethanol and dried using compressed air to remove debris from the sanding process. A square
capillary (ID, 2 mm, length 2 mm) was fixed to a glass microscope slide with 5-minute Epoxy and the
tapered theta tube was inserted inside. This was coaxially aligned with a collection tube (ID, 1.02 mm)
and sealed using 5-minute Epoxy. A smaller round capillary (ID, 0.58 mm) was pulled using a flame

torch to form bent capillaries with narrow orifices (ca. 100-150 um). These were inserted into each
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side of the theta capillary and sealed with 5-minute Epoxy. A hypodermic needle with polypropylene

hub sealed the join of the injection tube and the square capillary (scheme 2.2).

Scheme 2.2. Fabrication of a theta co-flow glass capillary microfluidic device. (1) The glass slide. (2)
Square capillary fixed to the glass slide. (3) The theta septum capillary. (4) The tapered theta
capillary. (5) The grafted theta capillary. (6) Coaxially aligned theta capillary and collection capillary.
(7) Attachment of hypodermic needle to introduce the outer phase. (8) The bent capillaries created by
pulling straight capillaries using a flame torch. (9) Positioning of bent capillaries within the theta
capillary. Red and Green colours representing the two different inner phases introduced through
these capillaries.

2.3.1.4 Device for spherical hydrogel microspheres with ternary internal patterning

A three-bore borosilicate capillary was tapered using the P-97 Flaming/Brown type micropipette
puller. Tapered capillaries were subsequently hand-grafted using Grit 5000 sandpaper to produce an
orifice size ca. ~300-450 um in diameter. The tapered and grafted three-bore capillaries were
flushed with ethanol and dried using compressed air to remove debris from the sanding process. A
square capillary (ID, 2 mm, length 20 mm) was fixed to a glass microscope slide with 5-minute Epoxy
and the tapered three-bore tube was inserted inside. This was coaxially aligned with a collection tube
(ID, 1.02 mm) and sealed using 5-minute Epoxy. Smaller round capillaries (ID, 0.58 mm) were pulled

using a flame torch to form bent capillaries with narrow orifices (ca. 100-150 um). These were
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inserted into each side of the three-bore capillary and sealed with 5-minute Epoxy. A hypodermic

needle with polypropylene hub sealed the join of the injection tube and the square capillary.

2.3.1.5 Device for rod-shaped hydrogel microspheres with Janus internal patterning

A theta borosilicate capillary was tapered using the P-97 Flaming/Brown type micropipette puller.
Tapered capillaries were subsequently hand-grafted using Grit 5000 sandpaper to produce an orifice
size ca. 400 um in diameter. The tapered and grafted theta capillaries were flushed with ethanol and
dried using compressed air to remove debris from the sanding process. Two glass microscope slides
were glued together (short ends adjoined). A square capillary (ID, 2 mm, length 20 mm) was fixed to
one slide and a square capillary (ID, 1.05 mm, length 20 mm) was fixed, horizontally aligned, on the
other slide. The tapered theta tube was inserted inside the large square capillary and was coaxially
aligned with a collection tube (ID,0.58 mm) which was inserted at the other end into the small square
capillary at a length that ended halfway through the square capillary. A smaller round capillary (ID,
0.58 mm) was pulled using a flame torch to form bent capillaries with narrow orifices (ca. 100-150
pum). These were inserted into each side of the theta capillary and sealed with 5-minute Epoxy. Two
hypodermic needles with polypropylene hub sealed each join of the injection tube and the square
capillaries. An extension capillary tube (with zigzag path) was inserted into the small square capillary
and fixed leaving a 1 mm gap between the end of the collection tube. This extension capillary
restricted microdroplets into a rod-shaped morphology and increased the residence time through

the device allowing some crosslinking to take place.

2.3.2 Fabrication of basic hydrogel microspheres

A standard microfluidic device with single round capillary (ID, 0.58 mm) was connected to 1 ml and
10 ml syringes via polyethylene tubing. An inner phase comprising RITC labelled alginate (Alg, 2 wt.%)
was injected into the device from the 1 ml syringe (Vin» = 0.2 ml h?) and an outer phase comprising
decanol was injected from the 10 ml syringe (Vout = 4 ml h?) via the hypodermic needle. Droplets
were collected in CaBr; (3 mM, decanol). Droplets were left at room temperature to crosslink for 24
h before being transferred to an aqueous environment via washing steps. 2x 7 : 3 ( v : v) ethanol:

water 2x 1 : 1( v : v) ethanol: water 1x water.
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2.3.3 Fabrication of hydrogel microspheres through theta orifice

A theta microfluidic device was connected from the injection capillaries, via polyethylene tubing, to
two syringes (1 ml) with dispensing needles. The syringes were filled with an aqueous inner phase
and were connected to two different syringe pumps (Havard Apparatus model 11 Elite). Tubing also
connected the microfluidic device to a 10 ml syringe filled with decanol outer phase. The inner
aqueous phases were pumped through the device at Vi, ranging from 0.005-0.25 ml h'! and the outer
phase was pumped through the device at Vou: ranging from 5-100 ml ht. Droplets were collected in a
petri dish filled with the 1-decanol outer phase and CaBr; crosslinker. Droplets were left at room
temperature to crosslink for 24 h before being transferred to an aqueous environment via washing

steps (2x 7 : 3 (v : v) ethanol: water 2x 1 : 1 (v : v) ethanol: water 1x water).

2.3.4 Hydrogel microspheres with segregated binary alginate populations

Hydrogel microspheres comprising a Janus-like distribution of fluorescently labelled sodium alginate
were fabricated using the theta microfluidic device. Two independent aqueous inner phases, FITC-Alg
(3.5 wt.%) and RITC-Alg (3.5 wt.%), were injected into the device through two syringes. Each syringe
was connected to the injection capillaries inserted within the theta capillary and each with a Vi, =
0.05 ml h'l. A decanol outer phase was injected at a Vout = 30 ml h™. The microspheres were collected
immediately in a 5 mM crosslinking solution and left for 20-24 h. Following transfer to water by
repeated washing steps, images of the hydrogel microspheres were taken using CLSM. Microsphere

diameters and fluorescence intensity were measured and analysed using Fiji software.

2.3.5 Different microsphere sizes by varying inner and outer phase velocities

Hydrogel microspheres were prepared using the theta septum glass capillary microfluidic device. Two
independent RITC-Alg (3.5 wt.%) inner phases were injected into the device through a theta capillary
each with Vi, =0.12 ml hX. A decanol outer phase was injected at various Vou: = 10 ml h™ to 100 ml h-
1. The microspheres were collected immediately in crosslinking solution for different time lengths so
that the final concentration of CaBr, remained constant (5 mM). After 24 h crosslinking, the spheres
were transferred to water. Hydrogel microspheres were prepared with each inner phase
simultaneously injected at various Vi, = 1.2 to 0.012 whilst the outer phase kept a constant Vou: = 20

ml ht. The microspheres were collected immediately in a 5 mM crosslinking solution over a 1.5 min
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time period, left to crosslink for 24 h, and then transferred to water. Microscope images were taken

and then diameters were measured.

2.3.6 Changing CaBr, concentration

Hydrogel microspheres were prepared using the theta septum glass capillary microfluidic device. Two
independent RITC-Alg (3.5 wt.%) inner phases were injected into the device through a theta capillary
each with Vi, = 0.05 ml hl. A decanol outer phase was injected at Vout = 25 ml h™. The microspheres
were immediately collected in various concentrations of CaBr, ranging from 1-11 mM, left overnight
and then transferred to an aqueous environment. The coefficient variance (CV) of a collection of

hydrogel microspheres was calculated by mean diameter/standard deviation.

2.3.7 Changing microfluidic device orifice size

Several theta septum glass capillary microfluidic devices were manufactured, each with a hand-
grafted orifice of ca. 200, 250, 300, 350 um respectively. Two independent RITC-Alg (3.5 wt.%) inner
phases were injected into the device through a theta capillary each with Vi, = 0.1 ml hX. A decanol
outer phase was injected at Vout = 25 ml h't. The microspheres were immediately collected in a petri

dish containing decanol.

2.3.8 Hydrogel microspheres with Janus colloidosome populations

Hydrogel microspheres comprising a Janus-like distribution of a binary population of colloidosome-
based protocells were prepared using the theta septum glass capillary microfluidic device.
Colloidosomes were dispersed into Alg using pipette mixing. Two independent colloidosome-Alg (3.5
wt.%) inner phases (RITC-GOx colloid. and Dy405-HRP colloid.) were injected into the device through
a theta capillary each with Vi, = 0.15 ml h™. A decanol outer phase was injected at Vout = 30 ml ht,

The microspheres were collected in 3 mM CaBr; before transferral to water.
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2.3.9 Hydrogel microspheres with free enzymes

Hydrogel microspheres were prepared using the theta septum glass capillary microfluidic device. Two
independent enzyme-Alg (3.5 wt.%) inner phases (RITC-GOx and Dy405-HRP, 2 mg ml) were injected
into the device through a theta capillary each with Vi, = 0.1 ml h'l. A decanol outer phase was
injected at Vout = 30 ml h'l. The microspheres were immediately collected in various concentrations of

CaBr, =3, 4,5, 6, 7 mM, left overnight and then transferred to an aqueous environment.

2.3.10 Hydrogel microspheres with different volume ratios of segregated
colloidosome populations

Hydrogel microspheres were fabricated using Alg (3.5 wt.%) and CaBr; (3 mM) crosslinker. Different
Vin values for the two inner phases were used to produce spatially segregated micro-colonies with
different protocell volume ratios. For example, at Vi, = 0.1-0.25 ml h'* and Vou = 100 ml h?, a 70%
volume ratio of GOx-containing colloidosomes was achieved at a 5 : 2 (0.25 : 0.1 ml h'!) RITC-labelled
GOx : Dy405-labelled HRP velocity ratio; this volume ratio was reduced to 60, 50 or 25% by changing

the velocity ratioto 5:3(0.2:0.12 ml h),3:50r 2 : 5, respectively.

2.3.11 Hydrogel microspheres with three segregated colloidosome
populations

Hydrogel microspheres were prepared using the three-bore glass capillary microfluidic device. Three
independent colloidosome-Alg inner phases (RITC-GOx colloid., FITC-GOx colloid., Dy-HRP colloid.)
were injected into the device through the three-bore capillary each with Vi, = 0.2 ml hX. A decanol
outer phase was injected at Vo, = 100 ml h't, Hydrogel microspheres were collected in 5 mM CaBr,,

left overnight and then transferred to an aqueous environment.

2.3.12 Rod-shaped hydrogel microparticles with segregated colloidosome
populations

Rod shaped hydrogel microparticles comprising a Janus-like distribution of a binary population of
colloidosome-based protocells were fabricated using a theta septum microfluidic device with smaller

collection tube (ID, 0.58 mm) to spatially compress the microparticles into rod-like shapes. CaBr; was
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introduced into the device downstream, to initiate the microparticle crosslinking process. Two
independent colloidosome-Alg (3.5 wt%) inner phases (RITC-GOx colloid. and Dy405-HRP colloid.)
were injected into the device through a theta capillary each with Vi, =1 ml h'. A decanol outer phase
was injected at Vou: = 10 ml h't and a CaBr; (25 mM) outer phase injected at Vou: = 10 ml h't. Spheres
were collected in decanol, left to crosslink and then transferred to aqueous phase via standard

washing steps.

2.3.13 Preparation of Au nanoparticles

100 pl HAuCl, aqueous solution (100 mg ml?) was added to a 250 ml aqua regia-treated round
bottom flask with 80 ml deionised water. The solution was heated to 60 °C. Sodium citrate (0.049 g),
tannic acid (0.01 g) and K>COs (0.0036 g) were dissolved in 20 ml deionised water and also heated to
60 °C. After 15 min of heating at 60 °C the sodium citrate/tannic acid/K>COs solution was quickly
transferred to the HAuCI, solution and reacted under magnetic stirring (400 rpm) for 10 min at 60 °C.
The temperature was then further increased (ca. 100 °C) so that the reaction boiled for 5 min before

being cooled to room temp.

2.3.14 Preparation of caged coacervate droplets

A coacervate phase was prepared by mixing 400 ul PDDA (400 mM, PBS 10 mM pH 7.4) with 900 pl
CM-dextran (370 mM, PBS 5 mM pH 7.4) and isolating by centrifugation (6000 rpm, 3 min). Caged
coacervate droplets were then fabricated under vortex mixing following the addition of Au
nanoparticles (100 ul) and TA-PEG 20k-TA (5 pl) to the coacervate phase (10 pl). Fluorescently
labelled coacervate droplets were prepared by adding 10 upl FITC-labelled CM-dextran to the

coacervate preparation phase.”®

2.3.15 Preparation of coacervate-based prototissue

Caged coacervate droplets were prepared as above, then centrifuged (1000 rpm, 3 min) to form a

PEG-Au nanoparticle coated coacervate prototissue.

-50-



2.3.16 Small PEG-coated colloidosomes

Small colloidosomes were made according to the method in section 2.2.1. However, after the
addition of TMOS and 20 h rotation overnight, PEG silicate (10 pl) was added to the solution and the
colloidosomes were further rotated for 3 h. Colloidosomes were then transferred to water via the

normal procedure.

2.3.17 Large PEG-coated colloidosomes

Partially hydrophobic silica nanoparticles (15 mg) were mixed with dodecane (2 ml) for 1 minute by
sonication in an ultrasound bath whilst being continuously pipetted. 100 ul of an aqueous solution of
enzyme (30 mg ml?, pH 8.5 sodium bicarbonate buffer) was added to the oil/silica suspension and
then vigorously shaken by hand for 1 minute to form a Pickering emulsion. Bis(trimethoxysilyl)hexane
(BMOSH, 15 ul) was added to the Pickering emulsion which was then rotated on a Stuart tube rotator
at 25 rotations per minute (rpm) for 20 h. After 20 h, PEG silicate (10 ul) was added to the solution

and the colloidosomes were further rotated for 24 h.

2.3.18 Coacervate prototissue with dispersed colloidosome population

Caged coacervate droplets were fabricated under vortex mixing following the addition of Au
nanoparticles (100 ul) and TA-PEG 20k-TA (5 pl) to a FITC-labelled coacervate phase (10 pl). PEG-
coated colloidosomes (2-10 ul) were added to the caged coacervate solution and mixed by pipetting

for 20 seconds. The solution was then centrifuged (1000 rpm, 3 min).

2.3.19 Coacervate prototissue with segregated colloidosome populations

Colloidosome-coacervate prototissues were fabricated with RITC-GOx colloidosome and FITC-GOx
colloidosome populations respectively. The prototissues were placed on top of each other inside an
Eppendorf and 50 pl of caged coacervate droplets were added. Upon centrifugation (1000 rpm, 3

min) the two prototissues were joined together.
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2.4 Chapter 4 experimental methods

2.4.1 Enzyme cascades within colloidosome-embedded microspheres

All microspheres were prepared using [Alg] = 3.5 wt.%, [CaBr;] =3 mM.

2.4.1.1 Enzyme cascade within segregated hydrogel microparticles with Janus
colloidosome populations

Hydrogel microspheres with spatially segregated populations of RITC-GOx (30 mg ml?)-containing
colloidosomes and Dy405-HRP (30 mg ml?)-containing colloidosomes were transferred to a
microscope slide well, followed by the removal of excess water using a pipette. D-glucose (50 ul, 1 M)
and o-Phenylenediamine o-PD (10 pl, 10 mM) were added to the well simultaneously. CLSM images
were taken at regular time intervals over a 40-min period to observe the appearance of 2,3-DAP.
Control experiments, in the absence of d-glucose input, were conducted with the addition of
deionised water (50 pl) to the microscope well along with o-PD (10 ul, 10 mM). The input d-glucose
concentration was also varied from 0-1 M by dilution with deionised water before microscope well

addition.

2.4.1.2 Enzyme cascade with BSA and either GOx or HRP colloidosome community

Hydrogel microspheres with spatially segregated populations of RITC-GOx (30 mg ml?)-containing
colloidosomes and Dy405-BSA (10 mg ml?)-containing colloidosomes were prepared. Similarly,
hydrogel microspheres with spatially segregated populations of RITC-BSA (5 mg ml!)-containing
colloidosomes and Dy405-HRP (30 mg ml?)-containing colloidosomes were prepared. A fresh batch
of microspheres with spatially segregated populations of RITC-GOx (30 mg ml?)-containing
colloidosomes and Dy405-HRP (30 mg ml?)-containing colloidosomes were also fabricated. 10
spheres of one type of microsphere were transferred to a microscope well. D-glucose (8.4 M) and o-
PD (17 mM) were added to the well simultaneously and CLSM images were taken at 5 min time

intervals over a 25 min period. The process was then repeated for each microsphere population.

2.4.1.3 Comparison between Janus and homogeneous colloidosome arrangements
Hydrogel microspheres with Janus spatially segregated populations of RITC-GOx (30 mg ml?)-
containing colloidosomes and Dy405-HRP (30 mg ml?)-containing colloidosomes were fabricated.

The inner phases comprising colloidosome-Alg, were then mixed together to form the inner phases
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for homogeneous spheres. Hydrogel microspheres containing a homogeneous population of RITC-
GOx (30 mg mlY)-containing colloidosomes and Dy405-HRP (30 mg ml?)-containing colloidosomes
were therefore created. In each experiment ca. 40 spheres of one type of either Janus or
homogeneous microsphere were placed in the microscope well. A d-glucose/o-PD mixture (35 pl,
0.84 M/17 mM) was added to the external solution and images were taken at 5 min intervals over a

30 min period.

2.4.1.4 Enzyme cascade within rod-shaped microparticles

Rod-like hydrogel microparticles comprising a Janus-like distribution of a binary population of RITC-
GOx (30 mg ml™Y)-containing colloidosomes and Dy405-HRP (30 mg ml?)-containing colloidosomes
were transferred to a microscope well. D-glucose (1.2 M) and o-PD (14 mM) were added to the well

and CLSM images were taken at 5 min time intervals over 30 min.

2.4.1.5 Enzyme cascade within ternary segregated microspheres

Hydrogel microparticles comprising a ternary distribution of Dy405-Inv (30 mg ml)-containing, RITC-
GOx (30 mg ml?t)-containing and HRP (30 mg ml?)-containing colloidosomes were transferred to a
microscope well (ca. 15 spheres). A sucrose/o-PD mixture (35 pl, 0.84 M/17 mM) was added to the

well at t = 0 min and CLSM images were taken at 5 min time intervals over 20 min.

2.4.1.6 Enzyme cascade within different volume ratios of segregated colloidosomes

Hydrogel spheres comprising spatially segregated micro-colonies with different protocell volume
ratios were prepared. Specifically, three types of hydrogel microsphere with RITC-GOx (30 mg ml?)-
containing colloidosome populations (70 %, 50% and 30%) and Dy405-HRP (30 mg ml?)-containing
colloidosome populations (30 %, 50% and 70%) were fabricated. 20 microspheres were transferred
to a well followed by simultaneous addition of d-glucose (1.2 M) and o-PD (14 mM). A control

experiment wherein glucose was replaced with deionised water was also performed.

2.4.1.7 Fluorescence intensity measurements
Microscope setting were as follows; Dylight405 Aex= 405 Aem= 415-460 nm, RITC Aeyx= 561 Aem= 571-630
nm 2,3-DAP Ae= 458 Aem= 470-540 nm. Unless otherwise stated, fluorescence intensity

measurements were obtained using FlJI software to measure the green intensity across the whole of
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a single hydrogel microparticle at each timepoint. This data was then plotted in Origin. Error bars

were obtained by repeating the experiment three times and then calculating the standard deviation.

2.4.2 Urease-mediated hydrogel microsphere disassembly

Ca. 50 hydrogel microspheres comprising a homogeneous population of URS-containing
colloidosomes (45 kU ml) were transferred to the well of a microscope slide. Following this, excess
water was removed. Urea (35 ul, 1 M) was added to the well and bright field and fluorescent
microscopy images were taken at regular time intervals over a 3 h period. Control experiments were
conducted whereby the hydrogel spheres were left in deionised water for the same duration of time.
Hydrogel microspheres comprising a homogeneous population of RITC-URS (45 kU ml?) containing
colloidosomes were also fabricated as a method of visualising the release of colloidosomes from the

hydrogel matrix.

2.4.3 Tyramine-labelled alginate synthesis

Sodium alginate (0.1 g, 0.5 wt.% aq. solution) was dissolved in pH 6 MES buffer (0.1 M, 20 ml) for 2 h
with continuous stirring. EDC (0.048 g) and NHSS (0.027 g) were subsequently added, and the
reaction stirred for 30 min to activate the carbonyl groups. Tyramine hydrochloride (0.9 g) was added
and left to stir at room temperature for 24 h. The solution was dialysed for 3 days, then freeze-

dried.®?

OH

OH

EDC, NHSS
MES buffer (pH 5.8)

_—

NH,

Scheme 2.3. Synthesis of tyramine labelled alginate (ty-Alg).
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The percentage of tyramine was calculated using UV-Vis spectroscopy. A calibration curve which
measured the absorbance of tyramine at 275 nm over concentrations ranging from 0.00005 — 0.0011
wt.% was created. The absorbance of tyramine functionalised alginate (ty-Alg, 0.02 wt.%) at 275 was
measured (0.29) and the value was used with the calibration trend line to work out the tyramine
concentration. This was then adjusted for dilutions (0.0004 wt.%). The substitution degree was

therein worked out as 3%.
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Figure 2.2. Calibration concentrations of tyramine. Calibration plot showing the absorbance of
tyramine at 275 nm for concentrations 0.00005-0.0011 wt.%.

2.4.4 H,0,2/HRP mediated covalent crosslinking of hydrogel microspheres

Hydrogel microspheres fabricated using ty-Alg (3.5 wt.%) inner phases were ionically crosslinked
using CaBr; (3 mM) in decanol before being transferred to water. A mixture of H,O, (400 ul, 0.9 mM)
and HRP (40 pl, 450 U ml') was added to a collection of ca. 50 microspheres and left to covalently
crosslink for 3 h. These spheres were subsequently transferred to the well of a microscope slide
where sodium citrate (0.5 %) was added. Microscope videos were taken over a 10 min period.

Control experiments were conducted in the absence of either HRP or H,0,.

2.4.5 GOx/HRP mediated covalent crosslinking of hydrogel microspheres

Hydrogel microspheres containing FITC-GOx (20 mg ml?) loaded colloidosomes were prepared by

microfluidics using tyramine functionalised alginate and crosslinked with CaBr; (3 mM) in decanol. Ca.
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50 microspheres were transferred to the well of a microscope slide and excess water was removed.
D-glucose (35 pl, 1M) and HRP (2.5 pl, 600 U ml) were added to the well and left for a minimum of 3
h to produce a network of covalent crosslinks. The external solution was removed and sodium citrate
(0.5 wt.%) was then added to remove the Ca?* ionic crosslinks. Control experiments were conducted
in the absence of glucose whereby deionised water (35 pl) and HRP (2.5 pl, 600 U mIt) were added to
the well and left for the same duration of time. Bright field and fluorescence images were taken at

regular time intervals after the addition of sodium citrate (0.5 wt.%).

2.4.6 Collective disassembly/resilience of hydrogel microspheres

Janus hydrogel microspheres with one domain containing RITC-Alg, unlabelled Alg and URS (130 KU
ml?)- containing colloidosomes and the other domain containing ty-Alg (25%), non-modified Alg (75%)
and FITC-GOx-(30 mg ml?) loaded colloidosomes were prepared by microfluidics at an inner phase
Alg : inner phase ty-Alg velocity ratio, 0.75 : 0.25 ml hl. These microspheres were ionically
crosslinked off-device using CaBr, (3 mM) in decanol and microspheres were then transferred to
aqueous environment after 24 h. The ionically crosslinked hydrogel microspheres were transferred to
the well of a microscope slide (ca. x50). D-glucose (0.5 M), urea (0.5 M) and HRP (3 mg) were added
simultaneously into the well and a coverslip placed over to seal it. Fluorescence and optical images
were taken every 2 h. Control experiments were conducted whereby just deionised water was added

to the well in place of d-glucose and urea, and just urea (1 M) in place of d-glucose.

2.4.7 Programmed disassembly of hydrogel microspheres

Hydrogel microspheres were made comprising a segregated community of URS-containing
colloidosomes in unmodified-Alg and FITC-GOx-containing colloidosomes in ty-Alg. Four different
collections of microspheres were made, each with URS-containing colloidosomes containing different
concentrations of URS (10, 50, 100, 150 kU). 20 spheres were placed in a microscope well and a
mixture of glucose (0.5 M), urea (0.5 M) and HRP (3 mg) was added. The spheres were monitored
over 30 h, with microscope optical images being taken a t=0, t=6 and t=30. The ‘disassembly time’
was the required time for the entire URS-containing domain to completely degrade. Each experiment

was repeated three times.
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2.4.8 Collective disassembly/assembly of hydrogel microspheres

Control experiments were also performed with non-segregated colloidosome and hydrogel
microsphere domains. Firstly, completely homogenous hydrogel microspheres with both domains
containing ty-Alg (12.5 wt.%), RITC-labelled and non-modified alginate (87.5 wt.%), URS-loaded
colloidosomes and FITC-GOx-loaded colloidosomes were prepared. Secondly, Janus hydrogel
microspheres were prepared with a Janus population of hydrogel but a homogeneous population of
colloidosomes. This meant that one domain (Vi,= 25 ml h) contained ty-Alg (25%), non-modified
alginate (75%) and a non-segregated mixed community of URS-loaded colloidosomes and FITC-GOx-
loaded colloidosomes. The other domain (Vin= 75 ml h!) contained RITC-labelled Alg, unlabelled Alg
and a non-segregated mixed community of URS-loaded colloidosomes and FITC-GOx-loaded
colloidosomes. In these experiments, d-glucose (0.48 M), urea (0.48 M) and HRP (30 mg ml?) were
simultaneously added into the microscope well. More control experiments were conducted whereby

urea (0.48 M) and HRP (30 mg ml') were added in the absence of d-glucose.

2.4.9 Jettisoning hydrogel microspheres

Janus hydrogel microspheres with one domain (Vi,= 75 ml h) containing unlabelled Alg and FITC-
labelled GOx-(30 mg ml?) loaded colloidosomes and the other domain (Vin= 25 ml h!) containing ty-
Alg (25%), RITC-Alg (75%) and URS (130 kU ml?)-containing colloidosomes were prepared by
microfluidics and ionically crosslinked off-device using CaBr, (3 mM) in decanol and then transferred
to aqueous environment after 24 h. The ionically crosslinked hydrogel microspheres were transferred
to the well of a microscope slide (ca. x50). D-glucose (0.5 M), urea (0.5 M) and HRP (3 mg) were
added simultaneously into the well and a coverslip placed over to seal it. An image was taken at t=0
and t=24. Control experiments were conducted whereby just water was added to the well in place of

d-glucose and urea and just urea (1 M) in place of d-glucose.

2.4.10 Enzyme cascades within colloidosome hotspots

Caged coacervate droplets were fabricated under vortex mixing following the addition of Au
nanoparticles (100 pl) and TA-PEG 20k-TA (5 pl) to a coacervate phase (10 pl). Large PEG-coated
RITC-GOx (30 mg ml?)-loaded colloidosomes (4 pl) were added to the caged coacervate solution and

mixed by pipetting for 20 seconds. The solution was then centrifuged (1000 rpm, 3 min). The tissue
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was transferred to a microscope slide well and d-glucose (0.16 M), HRP (0.2 mg) and o-PD (0.01 mM)
were simultaneously added to the outside of the tissue. CLSM images were taken at 1 min time

intervals for a total of 15 min.

Experiments wherein large PEG-coated RITC-S-glucosidase (30 mg ml*)-loaded colloidosomes were
embedded inside the caged coacervate tissue were also conducted. The tissue was transferred to a
microscope slide well and fluorescein di-3-D-glucopyranoside (FDGlu, 0.25 mg ml™*) was added to the

outside of the tissue. CLSM images were taken over a 20 min time-period.

2.4.11 Enzyme cascades between colloidosome hotspots

Caged coacervate droplets were fabricated under vortex mixing following the addition of Au
nanoparticles (50 pl) and TA-PEG 20k-TA (2.5 pl) to a coacervate phase (5 ul). Small PEG-coated RITC-
GOx (30 mg ml?)-loaded colloidosomes (0.5 pl) were added to the caged coacervate solution and
mixed by pipetting for 20 seconds. The solution was then centrifuged (1000 rpm, 3 min). Another
caged coacervate tissue was fabricated with small DyHRP (30 mg ml?)-loaded colloidosomes (0.5 pl)
embedded inside. Each tissue (with GOx and HRP loaded colloidosomes) was transferred to a fresh
solution of caged coacervates and was centrifuged (1000 rpm, 3 min). The tissue was transferred to a
microscope slide well and d-glucose (0.16 M), and o0-PD (0.01 mM) were simultaneously added to the
outside of the tissue. CLSM images were taken at 1 min time intervals for a total of 15 min. Control

experiments were conducted in the absence of d-glucose. The experiment was repeated 3 times.
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2.5 Chapter 5 experimental methods
2.5.1 Attaching polymers to small silica colloidosomes

Colloidosomes were made according to section 2.2.1. Following the addition of TMOS, the
colloidosomes were rotated for 4 h on a Stuart tube rotator at 25 rpm. GLYMO (15 pl) was
subsequently added to the colloidosome suspension and left to rotate for a further 20 h. As with
section 2.2.1, colloidosomes were then transferred to water via a series of washing steps, 2x 7 : 3 (v :
v) ethanol : water, 1x 1 : 1 (v : v) ethanol : water, 1x polymer. During the final wash, an aqueous
polymer solution was added (alginate or chitosan, 0.08 wt. %). The suspension was further rotated

overnight for 20 h at 25 rpm.
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Scheme 2.4. Synthesis of polymer coated silica nanoparticle colloidosomes.
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2.5.1.1 Preparation of RITC labelled alginate-coated colloidosomes

Colloidosomes were prepared according to the previous method (2.5.1). Specifically, FITC-labelled
GOx (30 pl, 30 mg mlt) was added to a suspension of silica nanoparticles in dodecane to form a
Pickering emulsion. 4 h after the addition of TMOS (15 ul), GLYMO (15 ul) was added to the
colloidosomes and they were rotated overnight for ca. 20 h at 25 rpm. Colloidosomes were then
transferred to an aqueous solution wherein the final wash consisted of an RITC-labelled alginate
(0.08 wt.%) solution. Colloidosomes were collected by centrifugation (2000 rpm, 2 min) then
dispersed in 0.5 ml deionised water to give a concentration of ca. 10 x10° colloidosomes ml?* (section

2.5.1.3).

2.5.1.2 Preparation of FITC labelled chitosan-coated colloidosomes

Colloidosomes were prepared according to the previous method (2.5.1). Specifically, RITC-labelled
GOx (30 pl, 30 mg ml?) was added to the suspension of silica nanoparticles in dodecane to form a
Pickering emulsion. 4 h after the addition of TMOS (15 ul), GLYMO (15 ul) was added to the
colloidosomes and they were rotated overnight for ca. 20 h at 25 rpm. Colloidosomes were then
transferred to an aqueous solution wherein the final wash consisted of an FITC-labelled chitosan
(0.08 wt. %). Colloidosomes were collected by centrifugation (2000 rpm, 2 min) then dispersed in 0.5

ml dialysed water to give a concentration of ca. 10 x10° colloidosomes ml™ (section 2.5.1.3).
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Scheme 2.5. Step by step vial synthesis of polymer-coated colloidosomes. (1) Aqueous enzyme
solution is added to a silica nanoparticle dispersion in oil. (2) Vigorous hand shaking makes Pickering
emulsion. (3) TMOS is added to crosslink silica nanoparticles. (4) GLYMO is added to attach epoxide
groups. (5) Colloidosomes are transferred to water environment. (6) Polymer is added to the
environment. (7) Colloidosomes are rotated for 20 h. (8) Colloidosomes are washed with water.

2.5.1.3 Calculation of colloidosome concentration in stock solution

Bulk colloidosome solutions were diluted (x20) and fluorescence microscope images were taken. A
colloidosome number density was calculated within a 100 pm? area from the image. This number
density was extrapolated into a 100 um® dimension by assuming the average diameter of a
colloidosome to be 5 um and so by multiplying the number density in 100 um? by 20. This was then

multiplied to account for the dilution factor. The number density was then converted from no.
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colloidosomes per pm? into no. colloidosomes per ml. The final concentrations were ca. 10 x10°

colloidosomes ml™.

Figure 2.3. Colloidosome number density. Fluorescence images of Ch coated RITC-GOx loaded
colloidosomes diluted by a factor of 20. Scale bar, 25 um. Square region (yellow box) showing a 100
um? area, which is magnified to show the colloidosome number density.

2.5.1.4 DLS and zeta potential measurements
1 ml PBS buffer (0.001M, pH 4.5) containing each uncoated, FITC-Alg and RITC-Ch coated
colloidosomes (10 pl) were prepared for DLS and zeta potential analysis, to work out the size

distribution and surface charge of the colloidosomes.

2.5.2 Colloidosomes without GLYMO

Colloidosomes were prepared according to a previous method (section 2.3.1). Specifically, FITC-
labelled GOx (30 ul, 30 mg ml?) was added to a suspension of silica nanoparticles in dodecane to
form a Pickering emulsion. TMOS (15 pl) was subsequently added, and the colloidosomes were
rotated overnight for 20 h at 25 rpm. Colloidosomes were then transferred to an aqueous solution
via a series of washes, 2x 7 : 3 (v : v) ethanol : water, 1x 1 : 1 (v : v) ethanol : water, 1x polymer. The
final polymer wash consisted of a solution of RITC-labelled Alg (0.08 wt. %). The aqueous solution of
colloidosomes was then rotated for a further 24 h at 25 rpm. Colloidosomes were collected by

centrifugation (2000 rpm, 2 mins) then dispersed in 0.5 ml deionised water. This method was
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repeated with RITC-labelled GOx (30 mg ml?) and the addition of FITC-labelled Ch. CLSM images
were taken in the red and green channel to observe the absence of fluorescent polymer due to the

lack of GLYMO step.
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Scheme 2.6. Attempted attachment of polymers with no GLYMO step.

2.5.3 Colloidosome assembly experiments

0.5 ml PBS buffer (0.001M, pH 4.5) was added to a small glass vial. Alg-coated colloidosomes (6 pl)
were dispersed into the PBS solution and gently stirred for 1 min at 100 rpm. A second 0.5 ml PBS
solution (0.001M, pH 4.5) with Ch-coated colloidosomes (6 pl) was prepared. The Ch-colloidosome
suspension (in vial 2) was injected into the Alg-coated colloidosome suspension (vial 1) and stirred at
5 min at 100 rpm. A Canon EOS 500D Digital SLR Camera with EF-S 60 mm macro lens was used to
capture a video of the whole process. Snap shots of the video were taken at t=0 and 5 min. 40 pl
samples of the solution were collected into glass channel slides for CLSM observations. Control

experiments with uncoated colloidosomes were achieved by the same process.
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Scheme 2.7. Self-assembly of Alg and Ch coated colloidosomes. (1) Addition of Alg-coated
colloidosomes and Ch-coated colloidosomes to two PBS solution-containing vials respectively. (2)
contents of the vial containing Ch-coated colloidosomes is syringed into the other vial. (3) Solution
stirred at 100 rpm for 5 min. (4) Colloidosomes show visible self-assembly after 5 min.

2.5.4 Zeta potential measurements of polymer-coated colloidosomes

RITC-Ch and FITC-Alg-coated colloidosomes were each diluted (x100) into 1 ml PBS buffer (0.001M)
at various pHs (pH 2, 2.5, 3,3.5,4,4.5,6,6.5,7, 7.5, 8, 8.5 and 9). The suspensions were transferred

into a Malvern DTS1070 cell, and zeta potential was measured by a Malvern Nano series Zetasizer.

2.5.5 pH-triggered self-assembly of Alg and Ch coated colloidosomes

PBS (0.001 M) solutions at pH 2, 4.5 and 7 were prepared. HCl and NaOH were used to alter the pH.
0.5 ml PBS solutions containing suspended colloidosomes were prepared according to table 2.2. Vial
2 was injected into vial 1 and stirred at 100 rpm for 5 min. Each combination was observed by CLSM

imaging and a video was taken.
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Table 2.2. 1 : 1 mixing of polymer-coated polymers.

pH Colloidosomes in Vial 1 Colloidosomes in Vial 2
4.5 Alg-coated FITC-GOx containing Ch-coated RITC-GOx containing
4.5 Alg-coated FITC-GOx containing Alg-coated FITC-GOx containing
4.5 Ch-coated RITC-GOx containing Ch-coated RITC-GOx containing
7 Alg-coated FITC-GOx containing Ch-coated RITC-GOx containing
7 Alg-coated FITC-GOx containing Alg-coated FITC-GOx containing
7 Ch-coated RITC-GOx containing Ch-coated RITC-GOx containing
2 Alg-coated FITC-GOx containing Ch-coated RITC-GOx containing
2 Alg-coated FITC-GOx containing Alg-coated FITC-GOx containing
2 Ch-coated RITC-GOx containing Ch-coated RITC-GOx containing
4.5 RITC-GOx containing FITC-GOx containing

2.5.6 Fluorescence activated cell sorting (FACS)

FACS analysis was carried out on a BD LSRFortessa X-20 sorting machine, operating at low pressure
with a 100 um sorting nozzle. A minimum of 10° particles were analysed to obtain 2D plots of the
forward scattering (FSC) and side scattering (SSC) light. Time series of counting were obtained and
FlowJo 7.6 software was used for all the data analysis. Samples for FACS analysis were prepared
according to section 2.5.3. In brief, a total 12 pul colloidosomes were stirred in 1 ml PBS solutions

(0.001M) at various pHs. These samples were then immediately drawn into the FACS machine.

2.5.7 Tissue formation

100 pl of Alg-coated colloidosomes were placed into a PDMS mould with a cut-out (I : w:h,1:0.5:
0.5 cm) placed on a microscope slide. 50 ul CaCl; (5 wt.%) was added to the cut-out and a coverslip
placed over the opening and then left to rest overnight. The mould was then removed. 5 pl each of
Alg and Ch-coated colloidosomes were transferred into a 1 ml PBS solution (0.001M, pH 4.5) and
stirred to form aggregates. 2 uL of 100 mM CaCl, was added into the solution and the resulting
aggregates left to settle and gel. Gelled tissues were imaged by CLSM z-stacking, through an optical

microscope and by a camera.
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2.5.8 Acoustic trapping

A custom-built acoustic trapping device based on a square arrangement of four piezoelectric
transducers (Noliac, NCE 51, L15 x W2mm x T1 mm) was used. The opposing transducer pairs were
wired in series, driven by two signal generators (Agilent 33220a-001), and connected to an
oscilloscope (Agilent DSOX2014A). A glass coverslip was attached to the bottom of the device using

an adhesive.

For in situ 2D array self-assembly of colloidosomes, 100 ul of polymer coated colloidosome solutions
(total volume = 0.5 ml, 1 mM PBS, 4.5 pH) were added into the sample chamber at the orthogonal
transducer pairs. Waves were produced at third harmonic frequency (7.00/7.01 MHz and 10 V). The
solution was kept standing for 30 min to ensure homogeneous colloidosome assembly formation at a
separation of 50 um. The supernatant in the acoustic chamber was carefully removed and exchanged
with deionised water three times, under the same acoustic force field. High contrast images against
the background solution were obtained after one hour of in situ pattern formation. When the
acoustic wave was switched off, after self-assembly, colloidosomes remained in position. Controls
with uncoated colloidosomes showed the random dispersion of colloidosomes. For colloidosome co-
assembly at different ratios, either Alg-coated or Ch-coated colloidosomes (varying ratios, total
volume = 0.5 ml) were introduced into the sample chamber followed by supernatant replacement
with deionised water. Then 50 pl of complementary polymer coated colloidosomes were added,

supernatant was replaced, and the resulting assembly was observed under fluorescence microscope.

2.5.9 Region of interest (ROI) calculations

ROI calculations were obtained by importing a CLSM image into FlJI and manually drawing around
each individual fluorescent region. The regions were then counted and plotted in Origin. ROIs for
each fluorescence channel were calculated. When there was a mix of channels, all the regions were
selected, if there was a red and green in a region, then it was counted for both counts. CLSM images
of assembled or physically separated colloidosome solutions were also directly imported into Origin

and converted to corresponding heatmap representation in pixels and analysed.

- 66 -



80

70

60

50

Count

40
30
201
104

0 T

80

70

60

50

40

Count

30

20

10

0

Figure 2.4. ROl measurements from image data. As an example, CLSM images of Alg-coated
colloidosomes (green) and Ch-coated colloidosomes (red) at pH 7. Hand-selected regions outlined by
yellow were counted and plotted in corresponding bar charts.

2.5.10 Turbidity measurements

The pH dependence on colloidosome self-assembly or disassembly was investigated by monitoring
the changes in absorbance at a fixed wavelength (A = 500 nm) from which the turbidity was

calculated following the formula 100-%T (%T = % transmission = 100 x10, and A = absorbance).

2.5.11 Enzyme induced colloidosome aggregation

D-glucose (300 pl, 1 M) was added to a PBS solution (1 ml, pH 7.75) to give an overall pH 7.5 solution.
30 ul of each Alg-coated FITC-GOx (30 mg ml?) and Ch-coated RITC-GOx (30 mg ml?) colloidosomes
were added to the PBS solution and stirred continuously (100 rpm) the pH was measured at intervals
over 23 h. Three aliquots (20 ul each) were taken from the solution at t = 0-2 h, three aliquots
between 7-9 h and three aliquots between 21-23 h. CLSM images were taken immediately. This

method was repeated for solutions 60 pl Alg-coated FITC-GOx (30 mg ml™?) and 60 pl Ch-coated RITC-

-67 -



GOx (30 mg ml?) colloidosomes respectively. A turbidity measurement of each sample was taken at 6

timepoints throughout the enzyme-induced pH drop.

2.5.12 Large colloidosome preparation

Silica nanoparticles (15 mg) were dispersed in 2 ml dodecane. The mixture was sonicated for 1 min to
disperse the nanoparticles. An aqueous phase containing 20 pl RITC-GOx (30 mg ml?, pH 8.5
bicarbonate buffer) and 80 ul B-glucosidase (30 mg ml?, pH 8.5 bicarbonate buffer) was injected into
the solution, which was shaken by hand for 1 min to create a Pickering emulsion. TMOS (20 ul) was
added to the emulsion, and it was rotated for 4 h. GLYMO (20 pl) was then added to the emulsion,
and it was left to rotate overnight for 20 h. Colloidosomes were transferred to water via washing
steps, as stated in previous methods, and polymer (0.08 wt.%) was added. Large colloidosomes were

further rotated overnight.

2.5.13 Detachment of small colloidosomes from big colloidosomes

Large Ch-coated RITC-GOx loaded colloidosomes and small Alg-coated FITC-GOx loaded
colloidosomes were prepared. 6 ul of each colloidosome population was dispersed in a 1 ml PBS
solution (0.001M, pH 4.5) and stirred (100 rpm) for 5 min. An aliquot (20 pl) of solution was taken
and a CLSM z-stack image of the aggregates was captured. NaOH (to pH 7) was then added to the
solution which was further stirred for 10 mins. Another aliquot (20 ul) of solution was taken and

again, a CLSM z-stack image of the aggregates was captured.

2.5.14 Enzyme cascades

All colloidosomes were mixed at a 1 : 1 ratio. 6 pl each of Alg-coated, FITC-AOx (30 mg ml?)-loaded
colloidosomes and Ch-coated, Dy405-HRP (30 mg ml?)-loaded colloidosomes were mixed in 1 ml PBS
solution (0.01 M, pH 8) and stirred at 100 rpm in a cuvette. GDL (10 ul, 50 mM), o-PD (5 pl, 25 mM)
and EtOH (10 ul, 20 mM) were injected into the colloidosome dispersion and stirred. The reaction

was monitored over time in a UV-Vis spectrometer.

-68 -



The same procedure was repeated with the addition of Cat (0.01 mg ml?) into the colloidosome
dispersion at t=0. The absorbance at 420 nm was recorded and plotted against time. The pH was also

monitored. Rate was calculated as dA/dt.

2.5.14.1 Effect of polymer coating on enzyme cascade rate

6 ul each of uncoated FITC-AOx (30 mg ml?)-loaded and Dy405-HRP (30 mg ml?)-loaded
colloidosomes were mixed in 1 ml PBS solution (0.01 M) at pH 3, 5 and 7. o-PD (5 ul, 25 mM) and
EtOH (10 ul, 20 mM) were injected into the colloidosome dispersion, which was stirred (100 rpm).
The reactions were monitored by UV-Vis over 2 h. This procedure was repeated with the addition of

Cat (0.01 mg ml?) into the colloidosome dispersion at t=0.

Similarly, 6 ul each of Alg-coated, FITC-AOx (30 mg ml?)-loaded colloidosomes and Ch-coated, Dy405-
HRP (30 mg ml?)-loaded colloidosomes were mixed in 1 ml PBS solutions (0.01 M) at pH 3, 5 and 7. o-
PD (5 ul, 25 mM) and EtOH (10 pl, 20 mM) were injected into the colloidosome dispersion, which was
stirred (100 rpm). The reactions were monitored by UV-Vis over 2 h. This procedure was repeated

with the addition of Cat (0.01 mg ml?) into the colloidosome dispersion at t=0.

2.5.14.2 Effect Cat. concentration on enzyme cascade

6 pl each of Alg-coated, FITC-AOx (30 mg ml?)-loaded colloidosomes and Ch-coated, Dy405-HRP (30
mg ml™)-loaded colloidosomes were mixed in 1 ml PBS solutions (0.01M) at pH 3, 5 and 7. At each pH,
0-PD (5 pl, 25 mM) and EtOH (10 ul, 20 mM) were added to the colloidosome mixture, alongside
catalase at concentrations 0.1, 0.05, 0.01 mg ml* respectively. The reactions were monitored by UV-

Vis over 2 h.

2.5.15 Synthesis of CD-PAH

PAH (125 mg) was dissolved in deionised water (5 ml). EDC, NHS and succinyl-CD (60, 30 and 100 mg)
were added to the aqueous solution simultaneously. The reaction was heated to 60°C and stirred for
48 h. Once reacted, the reaction was filtered to remove unreacted CD, and dialysed against Milli Q
water for 5 days. The product was then freeze dried. *H NMR (500 MHz, D,0): § 1.5 (CH2 (PAH); 1.9
(CH (PAH)); 3 (CH2 (PAH)); 2.37-3.2 (CH6 (succinyl)); 3.5-4.15 (C2-6H (CD)); 5.01 (C1H (CD)).
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Scheme 2.8. Synthesis of CD-PAH.
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2.5.16 Synthesis of Azobenzene-PAH

PAH (125 mg) was dissolved in deionised water (5 ml). Azobenzene-3-carboxylic acid (120 mg) was
dissolved in DMSO (300 pl) and added dropwise to NaOH (ag, 0.5 M) at 60 °C. EDC, NHS and
azobenzene-3-carboxylic acid solution (60 mg, 30 mg and 5 ml) was added to the aqueous solution
simultaneously. The reaction was heated to 60 °C and stirred for 48 h. Once reacted, the reaction
was filtered to remove unreacted azobenzene, and dialysed against Milli Q water for 5 days. The
product was then freeze dried. *H NMR (500 MHz, D,0): 6§ 1.13 (CH2 (PAH)); 1.70-2.32 (CH (PAH));
2.90-3.18 (CH2 (PAH)); 7.48 (CH (Azo)).

60 °C
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Scheme 2.7. Synthesis of azobenzene-PAH.
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2.5.17 Co-assembly of CD-PAH-coated colloidosomes and azo-PAH-coated
colloidosomes

CD-PAH coated FITC-GOx loaded and Azo-PAH coated RITC-GOx loaded colloidosomes (10 pl) were
each dispersed in 0.5 ml PBS (0.001M) pH7 solution separately. Both colloidosomes gave a + 30 mV
zeta potential due to the protonated PAH polymer. The solutions were mixed together and stirred for

10 min (100 rpm). Images were recorded by CLSM before and after 1 : 1 volume mixing.

2.5.18 Effect of pH on CD-PAH-coated colloidosomes and azo-PAH-coated
colloidosome spatial organisation

CD-PAH coated FITC-GOx loaded colloidosomes (6 pl) were stirred (10 min) in 0.5 ml PBS buffer
(0.001M) at pH environments 2, 7 and 10. Azo-PAH coated RITC-GOx loaded colloidosomes (6 pl)
were also stirred (10 min) in 0.5 ml PBS buffer (0.001M) at pH environments 2, 7 and 10. A 1:1
volume ratio (total 12 pl) mixed colloidosome solution was also stirred under pH conditions 2, 7 and

10. Images were recorded by CLSM.
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CHAPTER

MATRIX-BASED SPATIALLY ORGANISED COLLOIDOSOMES

his chapter describes in detail, two passive assembly methods for the spatial organisation of
colloidosome colonies. Firstly, droplet-based microfluidics is used to create alginate hydrogel
micro-platforms embedded with segregated populations of colloidosomes. Secondly, a
prototissue assembly method is used to trap colloidosome colonies within a coacervate-based
platform. Both techniques produce distinct scaffolds comprising immobilised spatially controlled
colloidosome populations, as a mimic of living cells held within an extracellular or tissue-like matrix.
Passive assembly techniques provide high levels of control over the colloidosome systems and can

thus lead to complex organised patterning within various size and shape environments.
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3.1 Background

Cells in closely related communities (tissues) are often supported and connected by a network of
proteins and molecules called the extracellular matrix (ECM). This matrix has many roles including
the structural and spatial organisation of cells. Therefore, to understand the link between cellular
interactions and spatial organisation as important processes within a living system, the ECM must be
studied. Again, due to the complexities of a native ECM, mimicking the ECM is often desirable. This
background summarises the composition and role of the ECM and provides an overview of
techniques and materials used to create ECM-mimicking scaffolds. Specifically, this background
studies hydrogels as an ECM mimicking material and outlines important literature associated with
protocell-containing hydrogel scaffolds. With a focus on alginate hydrogels, droplet microfluidics is
reviewed as a technique to make alginate droplets, and the capacity for cell encapsulation and
internal Janus organisation within these droplets is discussed. This background finally provides an
overview of prototissues formed by interface bilayer-connected microdroplets, outlining literature
examples and recognising the potential for such prototissues as a matrix-based scaffold for the

encapsulation and organisation of other protocell communities.

3.1.1 Extra cellular matrix overview

The ECM is a complex water-based network of proteins, minerals, and other macromolecules, which
constitutes the non-cellular component of living tissues. The ECM acts as a physical scaffold for cells
within a tissue, providing anchoring and structural support.’®® This directs cell organisation and
guides cell-community formation, to enable collective functionality for the development of tissue-like
behaviours. The ECM also facilitates important cellular communication pathways guiding growth,
differentiation, morphogenesis, and homeostasis.'® '8 Fundamentally, the ECM is composed of
water, fibrous proteins, glycoproteins and proteoglycans®®® (figure 3.1a) however, ECM composition

and function varies significantly between different types of tissue.

Mimicking the ECM can provide higher order control over cell communities, aid understanding of
complex multicellular systems and function as a biomimetic interactive cell environment. When
combined with protocell chemistries, an ECM-mimic can lead to advanced and complete prototissue
designs. An ECM-mimic must uphold certain features akin to a native ECM, such as the ability to
support cell growth, cell maintenance, gas exchange, nutrients transfer, metabolic waste removal
and signal transduction.’®” Mechanical and biological characteristics of an ECM must also be

sustained by any ECM-mimicking material.'®® Cell-laden hydrogels are suggested as suitable ECM-like
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scaffolds that align with most of the physical characteristics of an ECM and have the ability to absorb
large quantities of water and biological fluids due to hydrophilic porous architectures, enabling small

molecule exchange and diffusion.®”

A variety of synthetic and natural polymers have been used as hydrogel ECM-mimic building blocks.
These include collagen, hyaluronic acid'®, fibrin, alginate!®®, agarose, cellulose?, silk and
poly(ethylene) glycol.’®? Despite collagen being most widely used as it makes up ca. 30% of native
ECM connective tissues, all hydrogels provide a simple ECM-mimicking bottom-up scaffold for
applications such as self-repair (figure 3.1b). Microengineering techniques such as lithography, nano-
/microfluidics and micro-moulding have been used to control hydrogel-cellular microenvironments
to better mimic the inhomogeneous and anisotropic properties of native tissues.'® This chapter
partially explores microfluidics as a means for the microengineering of an alginate-based ECM

mimicking environment for encapsulated protocell communities.
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Figure 3.1. ECM components. a, Diagram representing the components in a native connective tissue
extracellular matrix (ECM).*®> b, Diagram showing example components within a natural-polymer
hydrogel ECM mimic. Reproduced as part of a figure without changes from paper by P. Guan et al.
under CC BY-NC-ND 4.0.*%
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3.1.2 Protocells within a hydrogel scaffold matrix

Immobilising micro-synthetic objects within a hydrogel scaffold offers a route towards tissue-like
structures and engineering opportunities. Incorporating objects within a hydrogel-based network
varies the overall material composition, leading to increased complexity and on-demand
functionalities.® Significantly, establishing well-defined multicompartments within an external
network can provide the opportunity for spatiotemporally controlled functions and life-like domains.

In literature, nano/microparticles and enzymes have been trapped within hydrogel scaffolds for use

195 196

as self-healing building blocks'®®, sensors (figure 3.2a)'°® and biocatalysts!®’. As well as these objects,
compartment-like entities have been trapped within a hydrogel medium to introduce cargoes or
reactive sites (figure 3.2b).2% A variety of cargos have been delivered into hydrogel matrices, but as a
step towards the construction of cell-mimicking compartments, synthetic-like vesicles have been
entrapped. This research was first realised through the agarose trapping of oil-coated liquid droplets,
fused together through droplet bilayer interfaces (figure 3.2c).'*® Removal of the oil phase and thus
the direct trapping of liposomes within a range of hydrogel structures has now been achieved (figure
3.2d).200201 The ambition to increase complexity and encourage life-mimicking behaviour in
encapsulated microcompartments has led to the immobilisation of protocells within hydrogel-based
scaffolds. A current example comprises protein-membranised vesicles (proteinosomes) trapped
within a helical alginate, capable of signal induced movement and protocell-mediated actuation
(figure 3.2e).® Coacervate protocells have also been immobilised within hydrogels (figure 3.2f),
demonstrating communicative interactions and mimicking life-like processes such as nitric-oxide-
induced vasodilation (figure 3.2g).%” In general, hydrogel systems exhibit interpenetrated physical
scaffolding for protocells, can facilitate interactive communication through the exchange/diffusion of
chemicals, and can spatially organise and pattern protocell populations. In most instances, macro-
sized moulds have been used as a preferred method to organise protocells within hydrogel
constructs however, in such designs organisation is limited to the macroscale length and typically to

modular assemblies. More recently microfluidics has been explored as a technique for micro-

organisation of protocell communities within hydrogel matrices.
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Figure 3.2. Towards hydrogel-immobilised protocells. a, Functionalised nanoparticles entrapped
within hydrogel microspheres. Reprinted (adapted) with permission from S. Yue et al. Copyright 2023
American Chemical Society.®® b, Functionalised porous microcompartments immobilised within
hydrogel sphere. Reproduced with permission from N. Gao.'*® ¢, Oil-coated lipid vesicles joined
together through droplet interface bilayers encapsulated within an agarose hydrogel platform. Scale
bar, 1 mm. Reproduced from paper by D. Baxani et al. under CC BY-NC 4.0.*%° d, Fatty acid vesicles
trapped within hydrogel scaffolds. Reprinted (adapted) with permission from M. Dowling et al.
Copyright 2023 American Chemical Society.?®*! e, Proteinosomes encapsulated within helical
hydrogel filament. Scale bar, 400 um. Reproduced with permission.** f, Modular coacervate
communities trapped within an agarose hydrogel. Scale bars, 10 mm. Reproduced with permission.***
g, Coacervates embedded within an agarose hydrogel as a vascular system mimic. Reproduced from
paper by S. Liu et al. under CC BY 4.0. Scale bars, 5 mm.>"-*°

The work in this chapter expands on the proteinosome-in-alginate helix work of Gao et al. by
exploring microfluidics as a technique for encapsulating spatially micro-organised colloidosomes
within a hydrogel matrix. Alginate hydrogel matrix-based platforms are chosen for cell encapsulation

since microfluidic-fabricated alginate systems are well explored. As previously mentioned, alginate
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also offers a natural, biocompatible physical scaffold with the capacity for chemical information

exchange.?%

3.1.3 Microfluidics to form alginate spheres

As previously mentioned, sodium alginate provides a suitable medium for cell encapsulation, is well-
known in the food industry and is a useful drug carrier with high potential in pharmaceutical
applications.®2% Typically in these applications alginate is used in the form of micro-gelled beads,
prepared using a variety of techniques such as simple dripping, spinning disk, emulsification,
electrostatic potential, and droplet-based microfluidics. Droplet-based microfluidics is an excellent
candidate for the fabrication of such micro-beads that yields highly monodisperse droplets, provides
easy droplet size control/manipulation, and issues high droplet through-put rates and droplet shape-
tunability.2® Several publications describe the droplet-microfluidic fabrication of sodium alginate
hydrogels.2%6-208 Droplets with a coefficient variance (CV) < 5% are typically regarded as being
monodisperse. Sodium alginate hydrogels, ionically crosslinked either by an internal or external ionic
solution, often report a CV < 3% thus indicating high monodispersity.2>21° Varying the flow rate of
microfluidic injection channels and thus changing the two-phase flow ratio Vou/Vin, offers tuneable
size control for alginate droplets.12%2!! Additionally, using different geometry injection channels and
developing advanced methods of external crosslinking can lead to high levels of control over the

alginate shape.?!?

3.1.4 Co-flow microfluidics

A co-flow geometry was used throughout this thesis to produce alginate microspheres and microrods.
Glass capillary co-flow microfluidic devices were fabricated on-demand and on the bench top to
afford extra customisability. In co-flow systems, drops are produced in either the dripping or the
jetting regime.?’® The jetting regime produces irregular and polydisperse droplets at the end of a
high-velocity dispersed phase jet, due to the Rayleigh-plateau principle. Instabilities are created by
unequal forces on a liquid stream, causing different pressure points along the jet. High pressure
areas at the troughs squeeze liquid into low pressure areas at the peaks, growing the instabilities. If
the rate of this growth is greater than other effects, eventually a droplet will break off. In the

dripping regime the instability is in a fixed location (at an orifice). A drip occurs at low inner phase
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velocity, when the surface tension between the inner and outer phase is exceeded by the drag force

of the outer phase (figure 3.3).2421%

Outer flow — |

Surface tension \ Drag force
Inner flow ——s —— —

/

Figure 3.3. Droplet microfluidic forces. Diagram which shows the drag force and surface tension
acting on a droplet within a co-flow microfluidic system in the dripping regime.

3.1.5 Encapsulation of cells via microfluidic techniques

Sodium alginate droplets provide excellent platforms for the encapsulation of biological cells,
harbouring cell maintenance, proliferation, and cell culture. Droplet-based microfluidics allows easy
cell-alginate integration through combining cells and alginate as an inner flow. Several studies show
that cells within microfluidic-produced droplets successfully maintain their autopoietic status and
biological functions. For example, M6C cells encapsulated within alginate hydrogel microspheres and
incubated for 6 days, were able to show growth and demonstrate proliferation.?’® A similar
technique was used to encapsulate mammalian cells (Jurkat) inside alginate droplets, again leading
to maintained cell viability.?® The encapsulation of living cells within hydrogel droplets advances cell
delivery systems, generates specific environments for cells analysis and accelerates tissue-
engineering endeavours. The encapsulation of protocells within hydrogel microparticles is thus
predicted to deliver similar advantages in protocell delivery, controlled protocell analysis and

prototissue engineering.

So far, this discussion has examined droplet-based co-flow microfluidics as a tool for creating
monodisperse microdroplets that can encapsulate and support living cells. The discussion has
focused on isotropic droplets. However, within native tissues and many biological systems cells are
often arranged in anisotropic arrangements. It is therefore important to mimic anisotropic patterning
within ECM-mimicking scaffold-like microdroplets. As a step towards anisotropy, Janus-patterned

hydrogels are well-researched and fabricated by similar microfluidic methods.
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3.1.6 Janus particles

Janus particles consist of two segments that are physically and chemically different from each
other.?’” The term ‘Janus’ originates from ancient Roman mythology and is the name given to the
God of beginnings and ends who is depicted as having two faces looking away from each other, at
the past and towards the future.?!® Due to the two segregated segments in a Janus particle and thus
the distinct chemical and physical environments coexisting within a single particle system, Janus
particles have harnessed many unique applications in drug delivery, self-assembly, micromotors and
display devices.?? In biomedical drug delivery systems, Janus particles can combine incompatible
drug molecules and improve targeted delivery, two concepts of vital importance. Modern techniques
for producing Janus particles have originated from the spinning disk method. In this method two
types of molten polymer flow onto different sides of a spinning disk, both flow to the disk ends and
then form small jets which, due to the Rayleigh instability principle, break up into small droplets and
solidify in the air.2?® Other fabrication methods include electrified jetting, deposition methods and
sputtering. Unfortunately, these techniques produce highly polydisperse Janus particles and thus

droplet-based microfluidic techniques have later been developed to improve monodispersity.

External Janus Internal Janus Dumbbell-like

particle particle particle
Raspberry Acorn-like  Snowman-like
Janus particle particle particle

Figure 3.4. Janus pattern. a, The Roman God of beginnings and ends ‘Janus'. b, Image depicting six
different types of Janus particles. Reproduced with permission.**°
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3.1.7 Using microfluidics to make Janus microdroplets

Janus droplets can be fabricated using three different microfluidic processes. Either, two separate
droplets can be coalesced together, two different disperse phase streams can be merged to form one
droplet??! or, droplets can phase separate. Most internal Janus particles (figure 3.4) are produced by
two segregated inner phases running in parallel to the point of droplet formation, upon which a
droplet is formed comprising both miscible inner phases. This one-step method for producing
individual Janus particles can be tuned according to flow rates, device dimensions or solidifying
techniques. In literature, both a Y-channelled microfluidic device with a flow focused orifice and a 3D
glass capillary microfluidic device with a co-flow orifice??? have been used to fabricate Janus droplets
via the merging of inner phase streams. It is of paramount importance when merging two inner
phase miscible streams, that the geometry of the device is symmetrical, and thus T-junction
geometries are often disregarded. Internal mixing can occur between such miscible inner phases
post-droplet formation due to the convective and diffusive internal transport within the droplets,
and thus the droplets must be crosslinked immediately after formation. UV solidification is a
preferable technique, as crosslinking occurs quickly and can be achieved close to the orifice site.
Despite this, other crosslinking methods such as ionic and thermal, have been successfully reported
in literature.??>22* Importantly, literature has shown that Janus droplets can be made using cross-
linkable polymer precursors.?”® This is advantageous as material composition is separated from the
particle gelation process, allowing modification of the material without causing an effect on
gelation.??® The miscible inner phases must also be injected at similar flow rates and constitute
similar viscosities so that segregated hemispheres are obtained. If the two inner phases are not
miscible then internal mixing is negligible and thus a non-symmetric T-junction device could be used.
However, the three different interfacial tensions must be carefully controlled as this parameter will
determine which type of Janus droplet is produced and the extent to which one dispersed phase is

engulfed within the other.??’
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3.1.8 More advanced patterning in microdroplets

Droplet-based microfluidics enables manipulation and control over shape, composition, and
patterning of microdroplets, which is especially useful for the fabrication of Janus particles, 222228229
Disk and rod-shaped hydrogels have been fabricated using flow focusing microfluidic devices,
typically by altering the dimensions of the collection channel to spatially confine droplets. Monomers
mixed with a photo initiator and crosslinked using UV are typically used to create such shapes as this
enables the monomers to be crosslinked inside a confined space, helping to fix the desired shape.?°
It is difficult to control the shape of the hydrogel when crosslinked using external methods as
demonstrated when making sodium alginate tear-drops through crosslinking droplets with an
external solution of CaBr,.23! Advanced patterning within sodium alginate hydrogels has been
realised using a centrifugal microfluidic method. Upon changing an inner capillary to capillaries with
more complexed architectures comprising multiple channels, compartmentalised drops with 3-7
segregated compartments were fabricated. In this example, fluorescently labelled alginate was used
to identify the multi-compartment pattern in the absence of encapsulated species.?®? Despite
droplet-based microfluidics demonstrating shape and pattern tunability, the challenge of
encapsulating cells into these more advanced architectures remains. There is also minimal work with
regards to protocell encapsulation as a platform for prototissues, protocell delivery or controlled

protocell reactions.

3.1.9 Prototissues based on interface bilayer-connected microdroplets

As discussed, hydrogels are a good rudimentary ECM mimic. However, designs can be biochemically
uninteresting which generates a ceiling in tissue-related studies. Using ‘biochemically interesting’
protocell building blocks to create prototissues that mimic spatially interconnected living cells, is
therefore a next step for understanding multicellular behaviour and in determining early processes
on earth. Although these prototissues are also an incomplete picture without vital ECM components,
this chapter explores how they could provide a platform for the encapsulation of protocells to

develop collective behaviours and interactive tissue mimics.
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As is the case with protocells, prototissues do not need to be an exact replica of a living tissue,
however they must possess some key components/functions and be a simplified model. Under this
definition, prototissues have been made from interconnected microdroplets, joined together by
bilayer interface interactions.® Several examples of interconnected protocells have been designed to
mimic a tissue and support multi-protocellular functions. GUVs233234 proteinosomes, polymersomes
and water in oil droplets have all provided suitable candidates for the backbone of a prototissue. The
first prototissues based on the concept of connected interface bilayers, were shown by Baley et al
(figure 3.5a).88 The group used 3D printers to spatially organise lipid-coated water droplets designed
to adhere at the interface. The assembly of GUVs into interconnected prototissues was first shown
by Elani et al. whereby optical tweezers were used to assemble networks of vesicles (figure 3.5b)?3°
and by Stur-hamsen et al. whereby GUVs were clustered by surface reactions (figure 3.5¢).?3® Surface
reaction chemistry was also employed by Gobbo et al. to create clustered proteinosomes by carefully
designed crosslinkers (figure 3.5d).82 Such interconnected bilayer constructs can exhibit collective
behaviours, signalling, deformation, and gene expression, thus qualifying them as viable prototissues.
However, these prototissues are relatively weak and suffer from a variety of restrictions related to

mechanical strength, stability and size.
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Figure 3.5. Interface bilayer-connected prototissues. a, 3D printing of lipid vesicles, immobilised
together through bilayer interface interactions. Reproduced from paper by M. Booth et al.®8 b, Inkjet
technique used to assemble GUVs. Reproduced from paper by G. Bolognesi et al. under CC BY 4.0.*% ¢,
Clustering of GUVs using phenyl ester-hydrazine ligation surface chemistry bonding techniques.
Reprinted (adapted) with permission from N. Stuhr-Hansen et al. Copyright 2023 American Chemical
Society.”*® d, Microscope image of proteinosome-based prototissue. Reproduced with permission
from P. Gobbo et al.®?
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3.1.10 Background conclusions

In conclusion, the interaction between closely related cell communities relies on organisation within
a structurally and chemically important matrix. To help understand such cell-cell and cell-
environment interactions, this matrix can be mimicked by simple hydrogels or by interconnected
protocells. Hydrogel-immobilised protocells have been studied as interactive protocell systems
however, spatial organisation has only been achieved at the macroscale and cell-environment
relationships have been neglected. Microfluidics has a rich history in making hydrogel droplets that
have been used for the encapsulation of various cells and used to achieve complex anisotropic
internal droplet patterning at the microscale. Thus, the technique has potential for microscale
patterning of hydrogel-immobilised protocells, as a better mimic of living tissues. Prototissues based
on interface bilayer-connected protocells provide a more biochemically interesting matrix that has

the potential for better cell-environment interactivity.

This chapter studies the microfluidic preparation of alginate hydrogel microparticles as a platform for
the encapsulation of colloidosome protocells. The work develops microscale spatial organisation
through complex shapes and internal patterning. The chapter also studies coacervate prototissues as

a more biochemically interesting platform for colloidosome encapsulation and spatial organisation.
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3.2 Results and Discussion

The aim of this chapter is to study methods for trapping colloidosomes within matrix scaffolds, as a
means for spatial organisation of protocell communities at the micro-scale. The motivation is to
mimic extra-cellular or tissue matrix structures as a harbour for cells and a platform for their
communication and collective behaviours. Two methods were chosen for the matrix-lead
organisation of colloidosome communities; hydrogel-based trapping, controlled by microfluidic
droplet generation, and coacervate-tissue trapping, controlled by layered assembly. The following
results show that colloidosome communities can be successfully organised within matrix-based
constructs, maintaining structural integrity and cell-mimicking capabilities. The ability to localise
enzymes and thus reaction centres via colloidosome encapsulation is shown to exploit increasingly

complex patterns and higher ordered interactions for more advanced multicellular models.

3.2a Hydrogel scaffold matrix

A droplet-based microfluidic technique was used to organise and immobilise colloidosomes within
discrete microparticle alginate hydrogel scaffolds. Typically, this work was conducted in Janus
spherical platforms however, later in the chapter more complex internal patterns and shapes were
explored. Microfluidics was chosen as a good microengineering tool to control protocellular
microenvironments and thus to construct matrices that could better mimic the inhomogeneous and
anisotropic properties within native tissues. The technique enabled good control over the size and
shape of each hydrogel platform and supported a categorical increase in the complexity of protocell

organisation, resulting in aqueous viscoelastic scaffolds as decent mimics of cell-laden ECMs.

3.2a.1 Microfluidics to make sodium alginate droplets

Sodium alginate droplets were continuously formed at the orifice of a co-flow glass capillary
microfluidic device. The glass capillary device was prepared according to the method in section 2.3.1
and was favoured over more commonly used designs, such as PDMS or 3D-printing, due to
biocompatibility, cost, and ease of remodelling/redesigning. The slight hydrophobicity of the glass
also aided W/O droplet formation, minimising alginate adhesion to the capillary wall. However, there
were some drawbacks to the devices such that they were disposable, thus requiring a lot of manual

labour and temporal sacrifice through making a new device for each experiment. This also reduced
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droplet size reproducibility between experiments, as the droplet size depended upon the specific
orifice size within the device. Thus when switching device, human error meant that the orifice size

could not be exactly replicated and hence the droplet sizes were different.

The co-flow glass capillary microfluidic device was used to produce monodisperse spherical hydrogel
platforms with an average diameter (da) of 111 + 1 um, as demonstrated by figure 3.6. A 2 wt.%
RITC-Alg aqueous phase was broken into droplets within an immiscible 1-decanol outer phase to
produce uniform sized spheres at the orifice of the device. The spheres were crosslinked via an
external solution of CaBr; (3 mM) before being transferred to water. Microscope images of the
microspheres in an aqueous environment were used to calculate a size distribution and coefficient
variance (CV) based on each sphere’s diameter measurement. The resulting microdroplets showed a

highly monodisperse size distribution (CV, 1.6 with n=49).
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Figure 3.6. Droplet-based microfluidic preparation of RITC-Alg hydrogel microspheres. Microspheres
were crosslinked in an off-device solution of CaBr, (3.1 mM, decanol) and transferred to water. a, size

distribution of 49 spheres. Bright field (b) and fluorescence (c) microscope images of hydrogel spheres
in aqueous solution. Scale bars, 200 um.
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Spatially segregated Janus internal patterning within the hydrogel microspheres was achieved by
using a theta-septum microfluidic device as prepared in section 2.3.1.3. A monodisperse distribution
of Janus hydrogel spheres comprising RITC-Alg (3.5 wt.%) and FITC-Alg (3.5 wt.%) inner phases (figure
3.7a) was achieved by injecting each inner phase through the theta-septum at the same velocity. The
droplets were crosslinked with a concentration of 1-3 mM CaBr; before transferal to water and
imaging via CLSM (figure 3.7b-d). The characteristic da of the hydrogel spheres in water was 264 + 9
um, and a CV of 3.6 % was calculated by dividing the standard deviation by the mean size (figure
3.7e). 3.6 % lies within the 3-5 % monodisperse category achieved by droplet-based microfluidics in
the published literature. Thus, a monodisperse collection of microspheres is obtained. The
fluorescence intensity of FITC and RITC was measured through the cross section of a single hydrogel
sphere, confirming that a spatially segregated Janus pattern of each Alg population was achieved
(figure 3.7f). The two Alg inner phases are miscible, and the sharpness of the interface thus depends
on the extent of mixing pre-solidification, in this case ionic crosslinking. There is a time-dependent
limit on the crosslinking process, as crosslinking too fast can lead to irregular shapes, whereas
crosslinking at a slower pace can result in a significant amount of mixing between hemispheres and a
gradual change in composition along the axis normal to the interface. A small degree of this mixing is
seen by the fluorescence profile in figure 3.7f however, the existence of a sharp interface in this
circumstance is not crucial. Increasing the viscosity of the inner phase from 1 wt.% to 3.5 wt.%
aqueous sodium alginate was shown to decrease the extent of mixing (figure 3.7f-i), although this

was counterbalanced with an increased risk of blocking the orifice.
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Figure 3.7. Microfluidic-prepared Janus fluorescently labelled hydrogel spheres. a, diagram to show
hydrogel sphere consisting of spatially segregated FITC-labelled (green) and RITC-labelled (red) 3.5
wt.% Alg hemispheres. b, CLSM image of FITC-labelled Alg (Aex= 488 nm and Aem= 498-550 nm). ¢,
CLSM image of RITC-labelled Alg (Aexe= 561 nm and Aem= 570-630 nm). d, CLSM image of FITC-labelled
and RITC-labelled alginate. Scale bars = 200 um. e, size distribution of Janus hydrogel spheres,
calculated by measuring the population diameter in water. f, fluorescence intensity profile through
the cross-section of a Janus hydrogel (yellow dotted line in d). g, fluorescence intensity profile through
the cross-section of a Janus hydrogel (inset) made using 1 wt.% Alg. h, fluorescence intensity profile
through the cross-section of a Janus hydrogel (inset) made using 2 wt.% Alg. g, fluorescence intensity
profile through the cross-section of a Janus hydrogel (inset) made using 3 wt.% Alg. Scale bars (g-i) =
100 um.
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The size of each hydrogel microsphere platform was controlled and tuned by several parameters
both on and off the microfluidic device. Most obviously, changing the size of the inner capillary
orifice on the device, proportionally changed the size of the resulting droplets (figure 3.8). Droplets
fabricated by microfluidic devices with hand-sanded orifices of diameters 200, 250, 300, 350 um and
with controlled velocity parameters, were collected in a decanol bath. Droplet diameters were

measured from optical microscope images, and plotted against orifice size, to show a direct
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Figure 3.8. Controlling the size of the inner capillary orifice to adjust the alginate droplet diameter.
a, Bright field microscope images of a single alginate droplet in decanol, fabricated using dual
microfluidic devices with 200, 250, 300 and 350 um (left to right) orifice diameters. Scale bar, 200 um.
b, A graph showing the directly proportional increase in alginate droplet diameter, with increasing
orifice size. Error bars represent standard deviation (n=3).

Despite a clear relationship between orifice size and droplet diameter, it was more desirable to tune
the droplet size by parameters off the microfluidic device, so that the same device could be used to
fabricate an array of alginate microspheres with different diameters. The velocities at which both the
inner and outer phases were injected through the device, had a significant effect on droplet size. In
experiments where droplets were collected in a decanol bath (figure 3.9a) and where they were
crosslinked in CaBr, before being transferred to water (figure 3.9b), an increase in the outer phase
velocity (keeping inner phase velocity constant) decreased the droplet diameter. For droplets

collected in decanol, the trend exponentially decreased with increasing outer phase velocity,
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plateauing towards high Vou, whereby it was likely that the regime of the drop formation changed
from a dripping to a jetting regime and thus the droplet diameter became limited by the orifice size.
For hydrogel microspheres collected in water, the trend showed a linear decrease in diameter with
increasing outer phase velocity. When hydrogel microspheres were transferred to water, they
swelled significantly due to an influx of water. The size of the final swelled droplet therefore
depended upon the degree of crosslinking in each droplet and the extent of swelling. As a
consequence, the sensitivity of the results was decreased, resulting in a loss of the exponential trend.
This was also represented by an increase in diameter error. At increased outer phase velocity, the
capillary number is higher and thus there is a greater ratio of viscous force to surface tension at the
capillary orifice. This makes the droplets smaller in size as they possess a greater tendency to break

off from the orifice, ceasing droplet growth.
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Figure 3.9. Outer phase velocity effect on sphere diameter. a,b, Graphs to show how changing the
outer phase velocity, at constant inner phase velocity, controls the size of the alginate droplets in oil
(a) and crosslinked (b) droplets in water. Each inner phase was composed of 3.5 wt.% RITC-tagged
alginate. Inner velocities kept constant, Vi, = 0.15 ml h [CaBr;] = 5 mM. ¢, Bright field microscope
images of a droplet formed at Vo,: = 20 ml h. Top image recorded directly after collection in oil,
bottom image recorded after crosslinking for 24 h and transferal to water. Scale bar, 200 um. Error
bars represent standard deviation (n=3).

Changing the inner phase velocities, whilst maintaining a constant outer phase velocity, also
effectuated a change in the droplet size, albeit showing a reduced effect in comparison to changing
the outer phase velocity, and thus being more difficult to control. For example, in the decanol phase,
changing the outer velocity by a factor of x5 from 10 to 50 ml h? resulted in a 285 um change in
droplet diameter whereas changing the inner velocity by a factor of x5 from 0.1 to 0.5 ml h? only
resulted in an 86 um change in droplet diameter. Water phases could not be compared due to a lack

of control from the crosslinking solutions. Each inner phase velocity was increased from 0.01 ml h™to
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1 ml h'? (ratio 1 : 1, 2x RITC-Alg 3.5 wt.%) whilst the outer phase was kept constant at 40 ml hZ.
Droplets in both decanol (figure 3.10a) and water (figure 3.10b), showed a directly proportional
trend between inner phase velocity and droplet diameter, at constant outer phase velocity. The
concentration of CaBr; in this experiment, and thus crosslinking effect, was higher than the outer
velocity experiment, resulting in less droplet swelling and thus smaller hydrogel microspheres
compared to pre-crosslinked droplets in oil. Increasing the inner phase velocity, increases the
significance of inner fluid inertia on the system, and thus the ratio of inertia to surface tension
(Webber number). The rate of growth of droplet therefore increases and thus more liquid is
channelled into the droplet before it breaks away from the orifice. However, this increase in inertial
force also increases the rate at which droplets form and break away from the orifice, thus the overall
increase in droplet size is determined by a balance between quicker droplet formation and increased
droplet growth. These competing effects mean that using inner phase velocity to control the droplet
size is significantly less effective than increasing outer phase velocity. At inner phase velocities
greater than 1 ml h'? a transition into a jetting regime was observed. This second type of dripping to
jetting, observed at high inner flow rates, is controlled by the relative inertia of the dripping phase,

pushing the dripping location downstream and resulting in a jet through the orifice.
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Figure 3.10. Inner phase velocity effect on sphere diameter. Graphs to show how changing each
inner phase velocity, at constant outer phase velocity, can control the size of the alginate droplets in
oil and crosslinked droplets in water. Each inner phase was composed of 3.5 wt.% RITC-tagged Alg.
a,b, Outer velocity kept constant, Vi, = 40 ml h™? [CaBr,] = 8 mM. ¢, Bright field images of a droplet
formed at Vi, = 0.25 ml h™. Optical images showing Janus microsphere at different stages of
fabrication. ¢, in oil immediately after collection and before crosslinking has occurred. d, in oil after
24hrs of crosslinking. e, transferred to water. Scale bar, 200 um. Error bars represent standard
deviation (n=3).

As previously mentioned, the final size of hydrogel microspheres in water, is highly dependent on the
concentration of crosslinker in the external collection solution. To observe this phenomenon
hydrogel droplets were collected into various concentrations of CaBr, (1-11 mM) then left for 24 h
before being transferred to water for diameter measurement. Increasing the concentration of CaBr,
crosslinker decreased the size of the hydrogel spheres (figure 3.11) due to the alginate chains being
held more tightly together by more Ca? ions and a concurrent reduction of water within the
hydrogel matrix. The tightly packed and overlapping chains resulted in deformation of the spherical
drop, thus changing the shape and monodispersity of droplets. A truly reflective diameter was
therefore difficult to obtain in tightly crosslinked drops and, in this thesis, taken as the shortest
diameter (figure 3.11c). At low concentration of CaBr, the hydrogel droplets absorbed large

quantities of water, thus swelling them considerably and increasing the droplet diameter.
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Figure 3.11. Crosslinker concentration effect on sphere diameter. a, Plot of CaBr, concentration vs
hydrogel sphere diameter in water (inner phase, ALG 3.5 wt.%, Vi, = 0.05 ml h'X, Vo, = 25 ml h%). b,
Bright field images of hydrogel spheres prepared in (a) and crosslinked at concentrations (3, 5, 9, 11
mM from i-iv). Scale bar, 100 um c, hydrogel microparticle diameter measurement across smallest
diameter, prepared in (a) crosslinked with CaBr, (11 mM). Scale bar, 50 um. Error bars represent
standard deviation (n=3).

The change in swelling and shape of the hydrogel microparticles, upon crosslinking and transferal to
water, was determined by calculating the coefficient variance (CV) at each concentration of CaBr;
crosslinker. Hydrogel spheres were prepared and crosslinked with CaBr, (1, 4, 8 and 10 mM, 24 h)
before being transferred to water. Bright field microscope images were recorded and each
microparticle diameter was measured to calculate the CV (figure 3.12). At the lowest concentration
of CaBr; crosslinker, significant swelling was observed, and a CV, 9.4 was calculated. This CV value is
significantly greater than the observed range for monodisperse droplets, meaning that hydrogel
microspheres crosslinked with low levels of crosslinker (1 mM) are polydisperse. At the highest
concentration of crosslinker (10 mM), a CV, 6.6 was calculated, again indicating polydisperse
microparticles. Figure 3.12b categorises the shape and CV of hydrogel microparticles based on the
experiments in figure 3.12a. At optimum concentration of crosslinker a monodisperse collection of

spherical hydrogel microparticles is observed.
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Figure 3.12. Crosslinking concentration effect on shape and monodispersity. How the concentration
of CaBr, crosslinker controls the shape and monodispersity of hydrogel microspheres. a, Table
comparing different concentrations of CaBr; with coefficient variance (CV). b, Table summarising how
the shape and CV of microparticles changes depending on [CaBr].

3.2a.2 Encapsulating colloidosomes within hydrogel platforms

Droplet-based microfluidics provides a highly tuneable technique for the fabrication of hydrogel
microspheres through parameters such as orifice size, velocities, and crosslinking solution. At
suitable crosslinking concentrations, alginate microspheres which displayed excellent monodispersity
were created and velocities were programmed to achieve good control over microsphere size. The
co-flow capillary microfluidic device, comprising two inner phase inlets, facilitated the intrinsic Janus
patterning of alginate within the hydrogel microspheres to create distinct and spatially segregated
hemispheres. The next step in developing this technique as a suitable platform for spatially
organising protocells, was to encapsulate protocells through combining them with the alginate inner
phases. Colloidosomes were chosen as a robust protocell that could be encapsulated without loosing

their structure.
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Figure 3.13. Fluorescence images and size distribution of enzyme-loaded colloidosomes in water. a,
FITC-GOx loaded colloidosomes. b, Size distribution of colloidosomes in (a). ¢, RITC-GOx loaded
colloidosomes. d, Size distribution of colloidosomes in (c). e, Dy405-HRP loaded colloidosomes. f, Size
distribution of colloidosomes in (e). Scale bar, 50 um.

Silica colloidosomes with fluorescently labelled GOx cores were prepared according to method 2.2.1.
Each population of colloidosomes FITC-GOx, RITC-GOx and Dy405-HRP had da of 5.61 + 2.65 um,
5.34+ 2.6 um and 6.09 + 3.2 um respectively (figure 3.13). Small colloidosomes were crucial for
avoiding blockages within the capillaries of the microfluidic device. FITC/RITC-GOx displayed more
affinity to the silica colloidosome membrane in comparison to Dy405-HRP, as seen by a fluorescent
ring-like appearance rather than a homogeneous fluorescent sphere. Both enzymes showed similar
overall charges according to their zeta potentials of -11.6 mV and -18.5 mV (RITC-GOx, Dy405-HRP).

An original conclusion was that the more negative charge of Dy405-HRP meant that it repelled
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further away from the silica surface, thus appearing more homogenous throughout the core of the
colloidosome. However, this did not explain why GOx was being adsorbed to the silica membrane,
given its negative charge -11.6 mV. Another conclusion was that the enzyme distribution was
associated with the change in dye and thus groups within the dye structures and silica nanoparticles
were interacting differently. However, experiments which compared Dy405-GOx and RITC-HRP
(figure 3.14) showed that the dye was not influencing this enzyme distribution. From literature,
although GOx is negatively charged, functional groups are unevenly distributed over the protein
surface and thus, a positive region is exposed on the ‘back’ of GOx.?*” This enables it to be attracted
and adsorbed to a negatively charged surface such as the silica nanoparticles on the membrane of
colloidosomes. In contrast, the negative charge of HRP is well distributed across the protein surface
and so the enzyme is repelled by the silica, not adsorbed to the surface, and distributed throughout
the colloidosome interior. This is observed using CLSM images where both RITC-GOx and Dy405-GOx
enzymes were observed to be adsorbed at the membrane of the colloidosome (figure 3.14a,b)

whereas RITC-HRP and Dy405-HRP (figure 3.14c,d) were well dispersed.
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Figure 3.14. Spatial distribution of enzymes within colloidosomes loaded with RITC and Dy405
labelled GOx and HRP. Fluorescence images and intensity profile across the cross section (yellow
dotted line) of a, RITC-tagged GOx loaded colloidosome b, Dy405-tagged GOx loaded colloidosome c,
RITC-tagged HRP loaded colloidosome d, Dy405-tagged HRP loaded colloidosome. Scale bar, 2 um.
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Janus hydrogel spheres were used as distinct platforms for the spatial control and distribution of
colloidosome communities, as a way of mimicking neighbouring cell communities within biological
ECM-based systems. Colloidosomes (~5 um + 5) were dispersed into sodium alginate and used as a
building block for the hydrogel matrix and thus a suitable inner phase for the microfluidic device.
Two independent colloidosome-Alg inner phases were injected into the microfluidic device through a
theta capillary, which led to droplet formation at the co-flow device orifice where an outer phase of
decanol was injected. The droplets were collected immediately into a decanol (off-device) pool
combined with CaBr; crosslinking solution (1-12 mM) and left for ~20 hrs. The crosslinked hydrogel

spheres were subsequently transferred to water by various washing steps (figure 3.15a).

The binary population of spatially separated colloidosome communities within a spherical hydrogel
platform (da, ~300-800 um), was observed by CLSM images and corresponding fluorescence
intensity measurements. Figure 3.15a,b clearly shows hydrogel spheres consisting of two distinct
fluorescence regions. The fluorescence emission is derived from RITC-GOx loaded colloidosomes and
Dy405-HRP loaded colloidosomes, which have been successfully localised and encapsulated in a
spatially segregated Janus pattern within the hydrogel platform. Measuring the fluorescence
intensity across the hydrogel platform (yellow dotted line) shows two distinct regions of fluorescence
relating to the RITC and Dy405 fluorescent dyes (figure 15c). Janus spheres with encapsulated
colloidosome communities, fabricated using droplet microfluidics, showed high monodispersity (CV,

1.4%).
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Figure 3.15. Microfluidic-prepared Janus hydrogel spheres comprising spatially segregated
populations of RITC-GOx loaded and Dy405-HRP loaded colloidosomes. a, Microfluidic-based
segregation and immobilisation of a binary population of spherical colloidosomes (red, blue) within
crosslinked hydrogel microspheres. Two independent inner phases consisting of aqueous sodium
alginate with different single populations of spherical colloidosomes merge with a decanol outer
phase (grey) and the resulting Janus droplets are collected and crosslinked in decanol/CaBr;
(turquoise). CLSM image of single (b) and multiple (c) hydrogel spheres in water, made from ALG 3.5
wt.% alginate with segregated populations of RITC-GOx loaded colloidosomes (red) and Dy405-HRP
loaded colloidosomes (blue). Scale bar, 200 um. d, Fluorescence intensity profile through the cross-
section of a single hydrogel sphere (yellow dotted line in (c)). Wide field fluorescence (e) and bright
field (f) image featuring several hydrogel spheres as prepared in (b). Scale bars, 300 um. g, Size
distribution of hydrogel spheres in (f) n, 50.
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Colloidosomes comprise an inorganic shell which is crosslinked to provide extra rigidity. The TMOS-
crosslinked silica colloidosomes prepared in this thesis are therefore excellent candidate protocells
for encapsulating into alginate through relatively harsh techniques such as droplet-based
microfluidics. Colloidosome structures are retained, and enzymes remain captured within the
colloidosome interiors, as seen in figure 3.16. A sample was taken from the RITC-GOx loaded
colloidosome-Alg inner phase and imaged (figure 3.16a). Fluorescence intensity profiles were
measured across two individual colloidosomes to show clear localisation of RITC-GOx enzymes within
the colloidosome boundary. An image was recorded from RITC-GOx loaded colloidosomes
encapsulated within a crosslinked alginate microsphere. Again, fluorescence intensity profiles
showed intact colloidosomes within the alginate matrix. Images taken by a x63 lens were used to get
an even clearer image of single RITC-GOx and Dy405-HRP loaded colloidosomes within the
crosslinked alginate microsphere. Again, GOx is attracted to the membrane of the protocell and HRP
is evenly distributed throughout the colloidosome however, both colloidosomes maintain their
spherical structure and the enzymes remain localised within the colloidosome as seen by

fluorescence intensity measurements.
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Figure 3.16. Retention of colloidosome structure after encapsulating within alginate and following
microfluidic-based fabrication of hydrogel microspheres. a, Fluorescence image of RITC-GOx loaded
colloidosomes embedded within Alg (3.5 wt.%) used as inner phase for the microfluidic set-up. Scale
bar, 20 um. ai and ii show fluorescence profiles across two distinct colloidosomes within (a). b,
Fluorescence image of RITC-GOx loaded colloidosomes embedded in crosslinked hydrogel microsphere
(Alg, 3.5 wt.%). Scale bar, 20 um. bi and ii show fluorescence profiles across two distinct
colloidosomes within (b). ¢, Close-up fluorescence image of RITC-GOx and Dy405-HRP loaded
colloidosomes embedded in crosslinked hydrogel microsphere (Alg, 3.5 wt.%). Scale bar, 10 um. ci and
ii show fluorescence profiles across each distinct colloidosomes within the alginate sphere.

Spatially segregated communities of RITC-GOx loaded and FITC-GOx loaded colloidosomes imaged
using 3D light sheet microscopy, showed that the interior Janus population of colloidosomes was
extended throughout the entire crosslinked hydrogel sphere (figure 3.17). A 3D movie was also
captured, to view the hydrogel sphere from several different angles, and images were isolated at
different orientations. A small degree of colloidosome population mixing occurred due to
unavoidable pre-crosslinking diffusion. This effect remained mostly insignificant, as the bulk

colloidosomes communities clearly show a segregated Janus formation from several angles.
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Figure 3.17. 3D light sheet images of colloidosome-embedded Janus hydrogel spheres comprising
spatially segregated populations of FITC-GOx loaded and RITC-GOx loaded colloidosomes. a, Stack
of images superimposed on top of each other. b, Screenshots from a 3D projection of the hydrogel
sphere rotated 180°around the vertical axis and 180° around the horizontal axis. Scale bar, 200 um.

As well as mimicking a basic living cell unit system, colloidosomes are crucial for the spatial
positioning and localisation of enzymes within the alginate hydrogel microsphere. The colloidosomes
are large enough that they become trapped within the crosslinked hydrogel matrix and can thus be
spatially confined. When enzymes were not encapsulated within a colloidosome they were free to
diffuse throughout the hydrogel matrix and thus could not be successfully trapped or spatially
localised. RITC-GOx and Dy405-HRP enzymes were separately mixed with sodium alginate and used
as each enzyme-Alg inner phases respectively, for the fabrication of hydrogel platforms via
microfluidics. The platforms were crosslinked using 3 mM, 5 mM and 7 mM CaBr; crosslinker. It was
clearly observed (figure 3.18) that a Janus pattern was not realised in any of these microspheres,
showing that spatial segregation could not be achieved using free enzymes. At low concentration of
crosslinker (3 mM) both enzymes diffused into the aqueous environment and were therefore not
confined within the matrix. This was due to hydrogel swelling, which created large pores in the
hydrogel matrix enabling the enzymes to freely diffuse in and out of the microsphere until
equilibrium is reached. At concentrations 5 mM and 7 mM crosslinker, the enzymes are trapped
within the hydrogel platforms, however a Janus pattern has not been achieved. Due to more tightly
bound alginate chains by increased crosslinking, enzymes are trapped within the hydrogel pores.
However, before crosslinking, they were easily able to diffuse throughout the hydrogel resulting in a
large degree of mixing. In this way, a segregated distribution of enzymes cannot be realised without

encapsulation within some compartment that is bigger than the crosslinked hydrogel pores.
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Figure 3.18. Enzyme-encapsulated hydrogel microspheres comprising RITC-GOx and Dy405-HRP. a,
Hydrogel microspheres prepared using RITC-GOx loaded Alg and Dy405-HRP loaded Alg as inner
phases respectively. Fluorescence images of the microspheres in water crosslinked with 3 mM (a), 5
mM (b) and 7 mM (c) CaBr,. Ai-ci, Fluorescence intensity profile through the cross section of each
sphere in a-c (yellow dotted line). Scale bar, 400 um.

Overall, a binary population of colloidosomes was successfully encapsulated inside alginate hydrogel
microspheres and spatially segregated into an internal Janus pattern. Various images and
fluorescence analysis techniques were used to confirm that the colloidosome populations remained

segregated throughout the microsphere and endured the harsh microfluidic processing.

3.2a.3 Patterning of colloidosome communities within hydrogel platforms

Given the ability of droplet-based microfluidics to afford high levels of sphere size control using
velocity and crosslinking parameters, the velocity parameters on colloidosome patterning as a
precise control over the structural design (ratios, species, and morphology) was further investigated.
First, the Janus ratio of colloidosome communities, within each hydrogel platform, was delicately
controlled via the input velocities of each inner phase, as seen in figure 3.19. Each inner phase
comprised one colloidosome community, either RITC- GOx or Dy405- HRP/FITC-GOx, dispersed in Alg
(3.5 wt.%). Each inner phase was injected at Vi, = 0.1-0.25 ml h?, V,i,e = 100 ml h? and collected in an

external solution CaBr; (3 mM). ~70% volume ratio of colloidosomes containing RITC-GOx was
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achieved by a 5 : 2 (0.25 : 0.1 ml h?) velocity ratio of RITC-GOx : Dy405- HRP/FITC-GOx. ~60% by
velocity ratio 5 : 3 (0.2 : 0.12 ml h!), ~45% by velocity ratio 3 : 5 and ~25% by velocity ratio 2 : 5.
Controlling the distribution of colloidosome communities within the hydrogel platform, revealed
internal programmability for possible volume-controlled reactions and communication pathways

between different sized protocell populations.

Two inner phase inlets

Figure 3.19. Using dual microfluidics to manipulate the volume ratio of spatially segregated
colloidosome communities. a, Camera image of dual capillary microfluidic device with an optical
microscope image (ai) of the theta inner capillary orifice. Scale bar, 100 um. b, CLSM images of
hydrogel microsphere with various internal number percentages (7 : 3, 16 : 25, 12 : 25 and 1: 4) of
segregated RITC-GOx loaded colloidosome : Dy405-HRP loaded colloidosome populations. Scale bar =
200 um. ¢, CLSM images of hydrogel microsphere with various internal number percentages (7 : 3, 16 :
25, 12 : 25 and 1: 4) of segregated RITC-GOx loaded colloidosome : FITC-GOx loaded colloidosome
populations. Scale bar, 100 um.

Further complexity in colloidosome population internal patterning was achieved by changing the
inner capillary. A three-bore inner capillary was used to replace the theta capillary within the
microfluidic device, allowing for three segregated inner phases to be injected (figure 3.20a). RITC-
GOx loaded colloidosomes, FITC-GOx loaded colloidosomes and Dy405-HRP loaded colloidosomes

were dispersed within three separate alginate solutions (3.5 wt.%) and each was injected separately
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into one of the three bores of the inner glass capillary. This resulted in hydrogel microspheres
comprising three spatially separated colloidosome communities, wherein each colloidosome
population was encapsulated with approximately equal distribution (1 : 1 : 1) . This introduced higher
order control over colloidosome community distributions, revealing potential for more complex

communication pathways and multiple step reactions within hydrogel microspheres.

Three inner phase inlets /

Figure 3.20. Fabrication of hydrogel microsphere consisting of three spatially segregated
colloidosome communities. a, 3-bore device made using a 3-bore inner capillary and 3 injection
capillaries. ai, Close- up image of the 3-bore orifice. Scale bar, 100 um. b, Combined and filtered
fluorescence channel images of a hydrogel microspheres with segregated RITC-GOx loaded
colloidosomes community (red), FITC-GOx loaded colloidosome community (green) and Dy405-HRP
loaded colloidosome community (blue). Scale bar, 200 um.

Previous results showed that increasing the concentration of CaBr, crosslinker changed the
morphology of the hydrogel platforms from smooth microspheres to irregular oblong microparticles.
Despite morphological changes being potentially interesting, there were several drawbacks to this
method of non-spherical hydrogel production, such as not having control over the elongated
dimension, extremely high crosslinking density and particles being limited to an oval shape.
Alterations to the basic microfluidic capillary device were therefore carried out to enable the
controlled production of rod-shaped hydrogel platforms. Specifically, these rod-like shapes were
realised by enlarging the orifice, using a smaller collection capillary to spatially confine the droplets,
and crosslinking on-device. An additional capillary was also added to the end of the device to extend
crosslinking time on-device (figure 3.21a). The fabrication of colloidosome-encapsulated hydrogel

microrods was challenging due to frequent blockages by over-crosslinked hydrogels in the device.
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The system therefore required a fine balance of parameters so that crosslinking did not block
capillaries but was concentrated enough to arrest spheres into a rod-shape so that they did not

become spherical (their lowest energy configuration) when released into the decanol collection pool.

CaBr, phase inlet

| \/
\ l
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Figure 3.21. Fabrication of hydrogel rods with spatially segregated colloidosome communities. a,
Microfluidic device for creating rod-shaped hydrogels consisting of an additional outer phase inlet for
injecting CaBr; into the device and an extension capillary for crosslinking to occur within the confines
of a capillary. b, CLSM images of several rod-shaped hydrogels with a spatially segregated community
of RITC-GOx (red) and Dy405-HRP (blue) loaded colloidosome communities. Scale bars, 200 um.

Droplet-based co-flow microfluidics has provided an excellent method for controlling the
encapsulation of spatially segregated colloidosomes within alginate hydrogel microsphere platforms.
The size, shape and internal patterning of each hydrogel platform can be easily regulated by altering
device designs and parameters. These hydrogel alginate microparticles are therefore considered

excellent physical ECM mimicking scaffolds for colloidosome spatial organisation.
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3.2b Prototissue matrix

Despite excellent protocell spatial organisation through microfluidic-aided immobilisation of
colloidosomes in an alginate microsphere, the encapsulated colloidosome density was low (1 x10%
col. mlI) resulting in significant space between each protocell within a community, and the alginate
matrix itself lacked inherent biological properties. It therefore seemed logical to develop a physical
scaffold that could simultaneously have a structural and biological impact, whilst comprising a very
dense population of protocells. As discussed in the background, a common prototissue engineering
technique involves interface bilayer connecting protocells to form a packed protocellular-based
matrix. This matrix provides a physical scaffold alongside its own biological functions influenced by
each protocell within the matrix. Therefore, if a second population of protocells could be
encapsulated by the prototissue, bio-inspired matrix behaviours could be exploited alongside matrix-

cell interactions and spatial organisation.

3.2b.1 Colloidosomes encapsulated within coacervate prototissue

Au/PEG-caged coacervates® have been applied as suitable building blocks for interconnected
prototissue generation wherein a matrix of connected and stable coacervate protocells are fused
together within minutes to create a discrete gel-like material. In general, coacervate-based protocells
are a good candidate for prototissue design as they are a reasonably good resemblance of early-life
cells and rely on simplified self-assembly to compartmentalise a chemically rich interior. Coacervate
droplets do not have a membrane however, a membrane can be added (as is the case here) to
prevent coacervate coalescence and to help establish an interconnected structure with defined
cellular compartments. In this thesis, oppositely charged polydiallyldimethylammonium chloride
(PDDA) and carboxymethyl (CM)-dextran macromolecules were self-assembled into coacervate
droplets. These coacervates were subsequently coated with Au nanoparticles and TA-PEG-TA
polymer. Au has a high tendency to be adsorbed by the coacervate microdroplet due to the strong
Au negative charge being attracted to the overall positive coacervate interior. However, the TA-PEG-
TA polymer wants to remain outside the coacervate due to its hydrophilic interaction with water.

These competing forces result in an Au-PEG membrane being bound at the coacervate interface.
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Figure 3.22. a, Methpoly(ethylene glycol)propyltrimethoxysilane (PEG-s) molecule which is attached
to small colloidosomes to aid dispersion in water. b, Thioctic acid (TA)-PEG-TA molecule which is
attached to Au-coacervates.

Small colloidosomes (average diameter, da= 4 um) were made using the method in section 2.3.16,
with the addition of methpoly(ethylene glycol)propyltrimethoxysilane (PEG-s) to aid colloidosome
dispersion and reduce aggregation by creating a more hydrophilic membrane. RITC-GOx loaded
colloidosomes were coated with PEG-s and fluorescence images were recorded to visualise a well-
dispersed population of colloidosomes. (figure 3.23a,b). Coacervated microdroplets were fabricated
using PDDA and FITC-CM-dextran, coated with Au nanoparticles, and then with TA-PEG-TA molecules,

so as to stabilise the microdroplets (figure 3.23c,d).
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Figure 3.23. Fabrication of PEG-coated colloidosomes and Au-PEG-caged coacervate droplets. a,
Diagram of an RITC-GOx loaded colloidosome with TMOS crosslinking and PEG-s coating. Bright field
(b) and fluorescence (c) images of PEG-s coated colloidosomes dispersed in water. d, Diagram of Au-
PEG coated coacervates made from PDDA : CM-dextran. Bright field (e) and fluorescence (f) images of
Au-PEG coated coacervates with PDDA : FITC-CM-dextran interior, dispersed in water. Scale bars, 50
um.

A colloidosome-rich, free-standing, aqueous, coacervate network was fabricated by the mixing of a
colloidosome phase into the Au-PEG-caged coacervates, followed by application of a centrifugal force.
The centrifugal force enabled close contact between coacervates so that the TA-PEG-TA could link
coacervates together to form a closely packed structure. The small colloidosomes were embedded
into interstitial gaps between coacervate droplets within the network, creating small, interspersed

focal points (figure 3.24).
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Figure 3.24. Coacervate prototissue with colloidosomes entrapped within the internal network. a,
Diagram of coacervate prototissue fabricated from Au-PEG-coated coacervates and with a PEG-s
coated colloidosome trapped within the coacervate network. b, Optical image of free-standing Au-
PEG-coated coacervate tissue with PEG-s coated colloidosome trapped within. Scale bar, 2.5 mm.

Different concentrations of colloidosomes were immobilised within the coacervate matrix to
determine the effect of encapsulation on coacervate network structure. Colloidosomes (10 pl, 5 pl
and 2 ul) were added to the Au-PEG caged coacervate suspension (115 pl) before being centrifuged
and made into a coacervate tissue. Small colloidosomes were trapped in the interstitial gaps within
the coacervate tissue and were well dispersed throughout the network (final number densities; 500 x
10° col. ml, 300 x 108 col. ml?, 75 x 108 col. mI?). Bright field images show connected coacervates
and demonstrate that even with the addition of colloidosomes, the coacervate network is well-
maintained (figure 3.25). However, fluorescence images show that the addition of small
colloidosomes resulted in interstitial gaps within the tissue as a consequence of disrupted interfacial
connection between coacervates. Therefore, at higher number density of colloidosomes the
prototissue weakens and a critical number density of small colloidosomes (600 x 10° col. ml?) is

observed, above which a coacervate tissue does not form.
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Figure 3.25. Small colloidosomes embedded within Au-PEG-coated coacervate network.
Fluorescence (a) and bright field (b) images of small RITC-GOx loaded colloidosomes embedded within
Au-PEG-coated PDDA : FITC-CM dextran coacervate network. Final colloidosome number densities;
500 x 10° col. mI%, 300 x 10° col. mI, 75 x10° col. mI* respectively. Scale bar, 50 um.

Larger colloidosomes (average diameter, da= 50 um) were made according to the method in section
2.3.17. These colloidosomes were comparable in size to the Au-PEG-caged coacervates (figure
3.23e,f,g) and thus could directly replace a coacervate position within the coacervate-matrix. RITC- 3-
glucosidase loaded colloidosomes were coated in PEG-s and observed by bright field and
fluorescence microscopy. Images showed a well-dispersed population of spherical colloidosomes in

water (figure 3.26).
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Figure 3.26. Bright field (a) and fluorescence (b) images of RITC- [-glucosidase loaded colloidosomes
coated with PEG-s. Scale bars, 50 um.

A free-standing, aqueous, coacervate network was thus prepared with larger colloidosomes
successfully trapped throughout the matrix. Due to the colloidosomes being a comparable size to the
coacervate building blocks, the contact points for each coacervate remained high and thus the tissue
had minimal ‘gaps’ or breakages. FITC- -glucosidase colloidosomes were successfully trapped within
the coacervate network, creating a hybrid-like tissue structure combining two different protocell
models. This provided a more advanced tissue mimic as often, native tissues comprise a majority cell
with minority cell communities interspersed, to supply complementary functions. Colloidosomes (0.5
ul) were added to the Au-PEG coated coacervate suspension (115 pl) before being centrifuged and
made into a coacervate tissue. Large colloidosomes were trapped within the coacervate tissue and
were well dispersed throughout the network (final number density, 300 x10% col. ml?). Again, a

critical number density of colloidosomes (2500 x 10%) was observed.
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Figure 3.27. Large colloidosomes embedded within Au-PEG-coated coacervate network. Zoomed in
(a) and zoomed out (b) fluorescence and bright field merged image of FITC- 8-glucosidase
colloidosomes (300 x10° col. ml?) trapped within an untagged coacervate matrix. All scale bars, 50
um.

The process by which colloidosomes were encapsulated within the coacervate network, was simple
and quick. The colloidosomes remained well dispersed throughout the network however, a high
number density could not be achieved due to breakdown of the coacervate network as a
consequence of reduced coacervate interface contact. The material showed promise as a good tissue

mimic which importantly combined two different types of protocells.

3.2b.2 Patterning of colloidosome communities within prototissues

Spatial control was afforded by the modular assembly of tissue layers. Each tissue was sandwiched
together by the addition of free-coacervates and an extra centrifugation step. Encapsulating different
types of colloidosomes within each tissue and then sandwiching the tissues together could therefore
lead to spatial segregation of colloidosome communities and patterning of colloidosomes within the
coacervate network. A coacervate tissue harbouring FITC- -glucosidase loaded colloidosomes was
joined together with a coacervate tissue harbouring RITC- S-glucosidase loaded colloidosomes. This
resulted in two segregated communities (red and green), separated by a ‘no man’s land’ with no
colloidosomes, arisen from the extra glue-purposed coacervates (figure 3.28a). Two coacervate
tissues harbouring RITC- $-glucosidase loaded colloidosome communities dispersed throughout were
separated by an FITC-labelled coacervate ‘no man’s land’ (figure 3.28b). Finally, three coacervate

tissues harbouring Dy405-HRP, RITC-GOx and FITC-GOx loaded colloidosomes respectively were
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assembled into one tissue structure (figure 3.28c). These patterns demonstrated that small tissue
building blocks could be used to afford more complex patterns and higher order positioning of

colloidosomes within a prototissue-based matrix.
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Figure 3.28. Spatial organisation of colloidosomes within a coacervate network. a, Diagram, bright
field merged with fluorescence image and fluorescence image of coacervate tissue made from a
coacervate tissue with FITC- f-glucosidase loaded colloidosome, and a coacervate tissue with RITC- -
glucosidase loaded colloidosomes sandwiched together with non-labelled coacervates. b, Diagram,
bright field merged with fluorescence image and fluorescence image of coacervate tissue made from
a two coacervate tissues with RITC- B-glucosidase loaded colloidosomes sandwiched together with
FITC-labelled coacervates. Scale bars, 300 um. ¢, Diagram, bright field merged with fluorescence
image and fluorescence image of coacervate tissue made from a coacervate tissue with FITC-GOx
loaded colloidosomes, RITC-GOx loaded colloidosomes and Dy405-HRP loaded colloidosomes. Scale
bars, 500 um.

In conclusion the coacervate tissue proved a suitable matrix for the trapping and spatial patterning of
colloidosome protocell communities. Although micro-patterning was not as easy or well-controlled
as in the microfluidic technique, encapsulating colloidosomes within a network that in itself could

easily hold biological components was interesting and held huge potential for behavioural studies.
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3.3 Conclusions and future works

The above experiments showed how colloidosomes could be successfully immobilised within matrix
structures as a facile route to microscale organisation and patterning of protocell communities.
Spatial organisation is ubiquitous across all levels of a living system, guiding important interactions
between closely related cell communities. Organisation in a living system is often directed by an
extracellular scaffold which provides both nutrients and structure to living cells. Both a hydrogel
scaffold matrix, mimicking an ECM-like environment, and a protocell interface-connected matrix,
mimicking a packed-cell tissue structure, provided excellent candidates for colloidosome trapping
and strategic organisation of cell communities, to better mimic the true cellular grouping and
anisotropic cell patterning within native tissues. The matrix-trapping of protocells, in comparison to

biological molecules such as enzymes, enabled control over biological hotspots.

Capillary-made droplet-based microfluidics offered an excellent technique for the construction of
spatially organised colloidosome communities within a spherical hydrogel scaffold. Alginate hydrogel
droplets were prepared using a glass capillary co-flow microfluidic device and ionically crosslinked by
CaBr; in an off-device decanol bath. These hydrogel spheres were then transferred to water to
produce a monodisperse population of spherical platforms that could be analogous to an extremely

basic ECM-scaffold building block.

Utilising a theta inner capillary within the co-flow microfluidic device design, and thus the injection of
two alginate phases, led to the fabrication of spatial