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Abstract

Droplet-based microfluidic devices can generate complex, soft-matter emulsion systems
towards drug screening applications and artificial cell membrane studies. This thesis investigates a
methodology for the eventual ‘programmed’ release of pharmaceuticals to treat breast cancer cells that
are encapsulated and cultured within small diameter (<2 mm), artificial cell chassis hydrogel capsules.
A pharmaceutical analogue was compartmentalised within smaller, membrane-bound, inner cores, that
are arranged inside the overall hydrogel capsule. The membrane was based upon droplet interface
bilayers (DIBs), which are widely employed for the study of artificial cell membrane transport
properties. The whole capsule and contents were produced using enclosed 3D-printed multi-material,
microfluidic devices. Methods to control the (programmed) release of compounds from the inner cores
to the hydrogel shell, were investigated. The application-specific study was used as an exemplar for a
more generally applicable model system.

Monolithic microfluidic devices were fabricated using 3D printing and filaments of cyclic
olefin copolymer (COC) and nylon for the production of single, double and triple emulsions. With these
devices, monodispersed single-emulsion microgels suitable for cell encapsulation were produced,
whilst dual-junction devices generated double-emulsion capsules with a controlled number of oil cores.
Multi-junction devices also produced triple emulsion, encapsulated droplet interface bilayers (eDIBs),
which were subsequently monitored and characterised. Additionally, to demonstrate the ability of
eDIBs to act as programmed pharmaceutical delivery systems, assays were performed to induce core
release, using membrane modulation by lysolipids (LPC). Computational simulations and DIB
electrophysiology experiments were performed to investigate the effect of LPC on the system. MCF-7
model breast cancer cells were encapsulated in alginate-collagen emulsion capsules and their viability
was assessed. Moreover, multicellular tumour spheroids (MCTSs) in oil core microgels showed no
response to tested doxorubicin concentrations, while proliferated at certain LPC concentrations.
Encapsulated cells in eDIBs formed tumour spheroids, however, the DIB survival was low. The
integration of living cells and artificial cell membranes within a single entity presents a hybrid model

for studying their interaction, towards applications in synthetic biology and drug delivery/screening.
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Chapter 1

Introduction and literature review

Engineered systems inspired by biology are often employed in the fields of cell mimicry and
tissue culture models. Cell mimicry focuses on the imitation of native cellular structures and
functionalities, through miniaturised artificial systems, using non-living engineered materials (bottom-
up) !. These systems are usually referred to as artificial cells, synthetic cells or protocells. Tissue culture
models, on the other hand, utilise bioinspired materials to fabricate artificial environments with similar
properties to the native environments of living cells 2. Thus, one field focuses on the construction of
artificial cells, while the other focuses on the creation of artificial extracellular environments.

One of the primary constituents of biological membranes and widely used in bottom-up
artificial cell construction is the phospholipid membrane. The assembly of synthetic phospholipid
membranes produces robust cell-mimicking models, including lipid vesicles (or known as liposomes),
and isolated phospholipid cell membranes. Some of the aims of such models include the study of
autonomous cellular functionalities and the investigation of membrane/bilayer interplay and their
interaction with drug molecules **. Many seek to investigate communication routes between protocells
and living cells by developing hybrid models °, however only a handful of published work focuses on
the interaction with cultured tissues.

One primary aim of tumour tissue culture models is to combat drug resistance, an underlying
challenge related to cancer progression and metastasis °. Bioinspired hydrogels can resemble the
dynamics of biological tissues 7, hence can recreate the in-vivo tumour microenvironment, artificially.
So far, drug-laden liposome treatments are the main form of lipid-based artificial cells which have
established interactions with cultured tumours 8.

Droplet microfluidics is an important enabler towards the automation and high yield of in-vitro
platforms !°, While high-resolution microfluidic devices are costly and require advanced technical
skills and labour, 3D printing offers a tool, though at lower resolution and accuracy, for rapid device
fabrication to simplify the process of a prototype development. The following paragraphs examine the
bottom-up construction of lipid-based artificial cell models and their contribution in applications, such
as synthetic biology and their interaction with living cells. An overview of the development of three-
dimensional tumour formation and support materials often used, is also provided. Some applications of
droplet microfluidics are discussed, including, the production of multiple emulsions, droplet interface
bilayers (DIBs) and cell encapsulation for cancer studies. Finally, examples of common 3D printing

methods are briefly discussed, as an introduction to Chapter II of this thesis.
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1.1.  Biological lipid membranes

Cells were first discovered by Robert Hooke in 1665 and later on, around the 1830s, Schleiden
and Schwann, established that cells are the primary unit of any living entity on planet Earth ''. The
contents of biological cells are held within a semi-permeable membrane composed of lipids, proteins
and carbohydrates, known as plasma membrane. This encloses the cytoplasm and organelles such as
mitochondria, which are energy-producing organelles, the nucleus that holds the genetic material
(DNA) and ribosomes, which facilitate protein synthesis. Some organelles have their own semi-
permeable membrane. The ratio of the membrane components (e.g., lipids and proteins) is variable
between organisms and their location within the organism. For example, the amount of proteins and
lipids in the plasma membrane of most mammalian cells, is roughly the same ( ~ 50 % ), while the ratio
of proteins to lipids in the mitochondrial membranes is higher >4,

The cellular membranes have fluid properties to allow lateral diffusion of proteins and lipids,
and medial diffusion of molecules, therefore the study of their interactions is essential. Phospholipids
are amphiphilic molecules, meaning they possess a hydrophilic and a hydrophobic region, and hold a
large fraction of the total lipids in the membrane. The organisation of proteins and lipids within the
membranes guides cells to execute a series of functions, such as the activation of extracellular and
intracellular signalling pathways and the stimulation of morphological changes, including cell migration
and division 5. Levental and Lyman 2022, discussed how amphiphilic proteins prefer to be surrounded
by phospholipids with a well-matched hydrophobic thickness '¢. Phospholipids reorganise to match the
tension and packing of the protein nano-environment required for protein conformational changes,
which in turn mediate cellular functions.

Phospholipids along with other lipids (sphingomyelin, glycolipids, cholesterol) are assembled
in lipid monolayers. The cellular membrane comprises of two lipid monolayers, known as the lipid
bilayer, which holds the membrane’s components. Cellular membranes permit the exchange of nutrients
and gas via passive diffusion, or via interactions of molecules (ions and ligands) with membrane
proteins *. Some extracellular molecules can interact with the cell’s surface, and via receptor-mediated
endocytosis, cells can uptake molecules and ligands into their cytoplasm by inward membrane budding.
Therefore, the biological lipid membrane regulates communication between the extracellular and the
intracellular environment, through the exchange of information. The well-orchestrated cellular
pathways, as well as the complexity of cell membranes and compartmentalised organelles, raise
scientific questions related to their nature, specificity and interactions with environmental cues. Thus,
research fields, including, but not limited to, synthetic biology, biophysics, engineering and molecular

biology, aim to develop novel systems for better understanding the nature and functions of cells.
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1.1.1. Phospholipids

Phospholipids, which constitute a major element of biological membranes, are amphiphilic
molecules with a polar phosphate headgroup (hydrophilic) and non-polar (hydrophobic) fatty acid tails.
In an aqueous solution, phospholipids self-arrange to shield the hydrophobic tails and expose the
headgroup. But, when surrounded by a non-polar solvent (e.g. hydrocarbon and oils), the hydrophobic
tails of phospholipids are exposed and self-assembled to shield the polar headgroup. Phospholipids may
possess a negative charge, or be zwitterionic with zero net charge.

Phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS) are
three examples of phospholipids found in the cell membrane of animal and plant cells. At physiological
pH, PC and PE are zwitterionic, while PS is negatively charged. Lipids and phospholipids self-assemble
into different molecular shapes depending on their structure and environment. This is known as lipid
polymorphism and it is a characteristic that can influence the stress, pressure and shape of lipid
membranes 5. When phospholipids are isolated into polar (water) and non-polar (oils) solvents, they
organise into distinct structures, and one key factor is the head-totail volume ratio. For example, PC
and PS self-assemble into lamellar lipid bilayers upon hydration, due to their cylindrical shape (no
curvature) (Figure 1.1A) '7. On the other hand, PE has a smaller head group, leading to lipid membranes

with conical structures (negative curvature) (Figure 1. 1C). This arrangement of PE phospholipids is
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Figure 1. 1: Examples of phospholipids categorised by their shape and curvature. A) Cylindrical shaped phospholipids (PC,
PS) have similar head to tail ratio which results in the formation of lamellar flat phospholipid bilayers. B) Phospholipids like
LPC are inverted cone shaped with larger head group than the tail, forming micelles of positive curvature. C) PE phospholipids
are cone shaped, with larger tail group than the head group, forming inverted hexagonal phase of negative curvature. Image
adapted from [,
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also known as an inverted hexagonal phase, which formation has been attributed to elevated

temperatures and longer acyl chains '%.

Lysolipids, such as lysophosphatidylcholine (LPC) are
phospholipids with a single hydrophobic tail and form micelles due to their inverted cone-like shape

(positive curvature) (Figure 1. 1B).

1.1.2. Membrane Fluidity

Scientists often use the Fluid Mosaic model to explain the organisation and functions of
biological cell membranes. One of the characteristics of cell membranes is their fluidity and it is
important for the lateral diffusion of membrane components °. The fluidity is affected by the lipid
composition (saturated and unsaturated lipids), the presence of cholesterol and temperature %°. Saturated
phospholipids tend to have straight hydrophobic tails, while unsaturated lipids possess bent fatty acyl

21 Additionally, lipid membranes with

chains, due to the double bond between carbon atoms
unsaturated phospholipids and phospholipids with short fatty acid tails, give rise to membranes with
increased fluidity '®?2. The presence of cholesterol makes a cellular membrane less fluid affecting the
lateral diffusion of proteins and phospholipids #*. Lastly, temperature affects the fluidity of phospholipid
membranes, where phospholipids are closely packed at low temperatures and loosely packed at higher
temperatures 2°. Therefore, phospholipids have a critical temperature, above which their physical state

changes from gel to liquid, and this is known as the phase transition temperature (Tm).
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1.2. Lipid-based artificial cells

Artificial cells were first developed in 1957, by Thomas M. S. Chang, who captured
haemoglobin and red blood cell enzymes in polymeric membranes using emulsification methods .
After this, a lot of attention was given to the fabrication of artificial cells, bringing us to an era where
artificial cells are ubiquitously studied. In order for an artificial cell to signify as ‘alive’, it requires to
have three main elements, including a semi-permeable membrane which allows material exchange (e.g.
gas and nutrients), genetic matter for evolutionary purposes, and pathways which can energise, maintain
and renew the cell, as well as process information %°. Until today, no fully functional and autonomous
artificial cell has been publicly reported that obtains all three features.

Additionally, artificial cells have been categorised as ‘typical’ or ‘non-typical’, depending on
their internal features and morphologies. For example, the term ‘typical’ describes artificial cells which
possess similar structure to living cells and can support some essential features, such as material
metabolism, self-reproduction and evolution '. The term ‘non-typical’ refers to engineered materials
and environments, also referred to as ‘cell mimics’, that simulate cellular characteristics of biological

cells (functions, membrane, shape), without any structural restraints .

1.2.1. Bottom-up artificial cells

A key aim within the research field of artificial cells is to impart new functionalities upon either
engineered natural cells through a top-down approach, or using bottom-up constructed protocells from
non-living elements ?°. In top-down approaches, the genetic material of natural cells is minimised,
altered or replaced with new genetic material to obtain a ‘minimal’ cell with at least the ability to survive
!, On the other hand, bottom-up approaches aim to formulate ‘living’ artificial cells using non-living
materials, which increases the complexity of the system (Figure 1.2). The term ‘artificial cell’ is used
interchangeably within the field, with other terms like, ‘synthetic cell’ and ‘protocell’, although
protocells are usually developed only by bottom-up approaches. On the other hand, the terms ‘artificial’
and ‘synthetic’ are used for both bottom-up and top-down developed constructs.

Bottom-up constructed artificial cells, may be imparted with one or more cell-like features. This
can be achieved through the organisation of reactions and the control of chemically-mediated
communication, within internal compartmentalised structures 2%, The formation of artificial cells
relies on the self-organisation of molecules, forming membrane-bound droplets with amphiphilic lipids,

3031 Hence, with

polymers and nanoparticles °, as well as, membrane-free systems from coacervation
amphiphilic molecules and appropriate complexes, several vesicle-based protocell models have been
developed, including lipid vesicles or liposomes 2, polymersomes *, proteinosomes *, colloidosomes
35 and coacervates *°. In the attempt to create these systems, bottom-up artificial cells have been
constructed by supplying semi-permeable membranes, genetic circuit entrapment for engineering

proteins and energy molecules (i.e., ATP) for the execution of metabolic reactions. The following
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section reviews and discusses bottom-up constructed lipid-based vesicles, which are referred to as

‘artificial’, ‘synthetic’ cells or ‘protocells’.
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Figure 1. 2: Construction of artificial or synthetic cells divided into the top-down and bottom-up approaches. Top-down
methods involve the editing of the genome of living organisms and is considered a less complex approach. Synthetic cells
created using non-living matter (phospholipids, macromolecules, DNA, emulsion systems, polymers, etc) is described by the
bottom-up strategy, which increases the complexity of the system. Most images within the figure above were created using
Microsoft 365 and BioRender.com.
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1.2.2. Lipid vesicles as artificial cells

Vesicles take part in cellular endocytosis and exocytosis, which is either the uptake or secretion
of material, respectively, in the form of enclosed lipid membrane fragments. They are one of the most
frequently studied structure of artificial cells and they can be fabricated in different sizes and forms.
Their sizes can vary from giant unilamellar vesicles (GUVs > 1 um) to large unilamellar vesicles
(LUVs, 100 nm to 1 pm) and small unilamellar vesicles (SUVs <100 nm) 3. Additionally,
compartmentalised formats of lipid vesicles, such as multilamellar (MLVs) and multivesicular vesicles
(MVVs) also exist and often used.

The main component of these vesicles is the phospholipid molecules and for engineering
artificial cells, their composition can be variable, depending on the application. The cylindrical structure
of PC allows them to form stable bilayers '®, hence they are used as a large fraction in most lipid-based
artificial cell studies. Dioleoyl-phosphatidylcholine (DOPC), Diphytanoyl-phosphatidylcholine
(DPhPC) and dipalmitoyl-phosphatidylcholine (DPPC) are widely used phospholipids for the
construction and study of artificial cells and membranes. The approximate Tr, of DOPC is -17 °C, of
DPPC is 41 °C, while there is no reported T for DPhPC between -120 and 120 °C ¥, Lipid vesicle

formation and their application as artificial cells are discussed in the following sections.

1.2.2.1. Vesicle fabrication

GUVs are widely operated as artificial cell platforms, since they are of the same magnitude and
diameter as biological cells. All GUV fabrication methods have in common the self-assembly of the
amphiphilic molecules around an aqueous solution, which are illustrated in Figure 1. 3 These methods
include the thin-film hydration method, electroformation, phase-transfer and droplet microfluidics. The
hydration method and the electroformation method, utilise the same principle of membrane swelling in
the presence of a buffer solution, although the latter approach has the dry lipid film deposited onto an
indium tin oxide (ITO)-coated glass to which an electric field is applied 3. The primary advantage of
the phase transfer method is the control over the lipid composition of the inner and outer leaflets of the
vesicle 3%, whilst miniaturised microfluidic devices offer high-throughput liposome production. Both,
phase-transfer and droplet-microfluidic production of lipid GUVs are capable to control the formation
of compartmentalised lipid-based artificial cell constructs 3**°. Microfluidic principles, devices and

applications will be discussed later in this chapter.
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Figure 1. 3: Fabrication methods for lipid GUVs. A) Thin film hydration method requires a dry lipid film, which in the
presence of buffer starts to swell and form GUVs with aqueous core. B) Electroformation uses alternating current electric field
to form GUVs following membrane swelling when buffer is added. C) GUVs formed using phase transfer between immiscible
solutions stabilised by lipids. The transfer of a water droplet coated with a lipid monolayer to an oil- water solution with a
lipid interface, can form lipid bilayers and subsequently GUVs. D) GUV production using droplet-microfluidic channels. This

requires a lipid-containing oil phase which breaks up the inner aqueous phase into droplets, followed by an outer water phase
for vesicle formation. Image adapted from 3.
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1.2.2.2.  Lipid-based artificial cells

Phospholipid vesicles take up a large proportion in the exploration of artificial cells, simply due
to their mimicking properties of biological cell membranes. Designed lipid vesicles/liposomes can
protect encapsulants and ‘hold’ transmembrane proteins to facilitate and regulate communication
between the intravesicular and extravesicular environment. Despite the analogy to living cells and
biocompatibility, some of their disadvantages as artificial cell membranes include increased sensitivity
and permeability, reduced stability and chemical compatibility *!.

Regardless, liposomes have established a baseline, paving the way into developing complex
bottom-up artificial cells. One of the first scientific accomplishments in the field was the cell-free
protein synthesis in liposomes, which has been extensively studied since the early 2000s ****. Within
the artificial cell research area, the protein synthesis from living cells is emulated by expressing protein
pores or channels inside lipid vesicles, which subsequently assemble spontaneously into the membrane
to facilitate communication across the lipid bilayer **. Additionally, in the attempt to study cell division,
Kuruma, et al. 2009 encapsulated enzyme-producing pathways in liposomes to stimulate autonomous
membrane growth 43, Zhu and Szostak, 2009 demonstrated the growth of MLVs by incorporating fatty
acid micelles and produced daughter vesicles through agitation . Sakuma, et al. 2010, employed a
temperature dependant phase-separation approach in GUVs with lipid compositions of varying
curvature and Tm, to control their morphological changes (vesicle adhesion, pore formation and
budding) *’. These publications utilised lipid vesicles to investigate membrane dynamics, therefore,
represent robust artificial cell membrane models.

In more recent years, lipid-based artificial cells have adopted more complex sequential
reactions, which involve aforementioned phospholipid membranes, cell-free synthesis, transmembrane
proteins and other. Such complex systems may contain de-novo enzymatic cascades, molecule and
protein synthesis, stimulated by predefined factors similar to native cells.

Experimentally, transmembrane proteins are frequently incorporated into the membranes of
lipid-based vesicle systems. Two most commonly used are, pore-forming toxin a-hemolysin (¢HL) and
mechanosensitive channels (MScL), which are derived from the bacterium of Staphylococcus aureus
and Escherichia coli (E.coli), respectively. Enhanced insertion of aHL in lipid vesicles has been
associated with the presence of PC phospholipids and cholesterol “*°. Hilburger, et al. 2019, externally
introduced micelles to liposomes encapsulating an ‘inactive’ form of aHL (low concentrations of
cholesterol) and induced enhanced core release, hence controlling the permeability of the vesicles in
response to external signals (Figure 1.4A) °. A nested artificial cell network was reported by Hindley,
et al. 2020, who introduced aHL pores into cholesterol-free GUVs encapsulating phospholipase A,
(PLA,) and additional LUVs with membrane-embedded MscL channels “°. Externally added calcium
ions transported through the aHL pore into the lumen of the GUV, interacted with PLA; to produce
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LPC lipids, which led to the opening of the MScL channel, through membrane pressure instabilities
(Figure 1. 4)

Moreover, the natural protein synthesis of living cells, known as transcription-translation, is
another system being explored using artificial cells **2. While others utilise cell extracts for in-vitro
transcription-translation (IVTT) protein expression ¥, Dwidar, et al. 2019, utilised an alternative
bottom-up (from scratch) approach. He and colleagues encapsulated different IVTT systems in
liposomal artificial cells, which were responsive to an externally introduced molecule that would initiate
protein expression . Eventually the liposomes, either expressed a reporter fluorescent molecule, or
released small molecules through the formation of pores after expression, or were self-destructed 3.

Furthermore, signal transduction between natural cells regulates cell communication, as well
as autonomous behaviour and has indeed been recapitulated in protocells >, Artificial cell populations
in the form of GUVs have been exploited to simulate cell-cell communication, through either paracrine
or contact dependant signalling. An example includes the production of signalling molecules in GUVs,
and their diffusion to receiver GUVs, which translated the signal into an optical readout *’. As opposed
to Buddingh, et al. 2020, signal transduction established by Chakraborty and Wegner 2021, showed a
population of bioluminescent artificial cells inducing lysis of the receiving artificial cells, upon direct

contact *%.
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Figure 1. 4: Bottom-up constructed vesicles as artificial cell membrane models. A) SUVs with aHL monomers (inactive)
encapsulating fluorescently quenched dye, calcein. The external addition of oleic acid as micelles alters the membrane tension
and induces the formation of aHL pores (active), leading to enlarged vesicles and fluorescent signal, due to the release of the
quenched dye. Image adapted from °Y/. B) Nested artificial cell network of a GUV encapsulating LUVs and PLA: in its lumen.
The externally added Ca’* passes into the lumen through the aHL pore (i-ii), to cause the conversion of phosphatidylcholines

to Lyso-PC, by PLA: (iv,v). Then, the presence of Lyso-PC in the membrane induces pressure changes and activates MScL of
the LUV to release their content (iii,vi). Image adapted from (%',
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1.2.3. Liposomes as drug carriers

Due to their biocompatibility, properties and adaptability, lipid-based synthetic cells, have been
applied to pharmaceutical processes, where compartmentalised liposomes act as storage units and drug-
vehicles ¥, Liposomes can encapsulate hydrophobic and hydrophilic drugs, which may be released
in a controlled manner compared to bulk solutions, posing an effective and safe drug delivery method
8. The designed drug-laden liposomes may host special agents (phospholipids and particles sensitive to
environmental conditions), hence the system can be integrated with orchestrated susceptibilities,
resulting to ‘turn ON’ type of engineered liposomes. These are known as stimuli-responsive liposomes.
Several works demonstrated the feasibility of employing artificial cells as smart carriers in anticancer
drug delivery and screening, through targeting specific cell lines using membrane functionalisation -2,
The pivotal contributor in achieving bottom-up artificial cells as drug carriers is the combination of
synthetic biology and nanomedicine to engineer systems with long blood circulation, tissue site specific

and sub-cellular specific characteristics, therefore targeting unhealthy tissues, while avoiding harm to

healthy tissues .

1.2.3.1.  Stimuli-responsive liposomes

Liposomes serve as effective drug delivery vehicles, due to their unique characteristics, such as
structural fluidity, low toxicity and non-immunogenicity, making them ideal platforms for hydrophilic
and hydrophobic drug encapsulation *. A broadly used example of stimuli-responsive liposomes are
thermo-sensitive liposomes (TSLs), which rely upon the phase transition of phospholipids, Tm, where
above this characteristic Tm, liposomal contents leak out . The addition of lysolipids and polymers
into liposomes can reduce the transition temperature to that which is much closer to physiological
temperatures **%’. Some other external stimuli for inducing liposomal responses include ultrasound ¢,
magnetic fields 7%’!, near-infrared (NIR) light 7>7*, and ultraviolet (UV) radiation ™. Most of these rely
on the heating of liposomes and the transition from the gel phase to the leaky fluid phase.

Various stimuli-responsive liposome constructs can release encapsulated content under external
effects, whether they are composed of susceptible lipids, polymers, or other particles. It is of
considerable importance that drug-laden and stimuli-responsive liposomes, function effectively, but
simultaneously ensure that the external stimulus does not induce undesired effects upon the host tissue.
Liposomes can be tailored to target specific tissues and initiate drug release locally by passive means

73, based on the characteristics and expression of the targeted cells; an example includes cancerous tissue

76
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1.2.3.2. Tumour-Targeted liposomes

Therapies involving tumour-targeted liposomes follow either passive or active accumulation at
cancerous tissues. Active accumulation is driven by the immobilisation of special ligands to liposomes,
whose receptor is highly expressed at the tumour microenvironment ’’. Antibodies, peptides and DNA
have been functionalised on liposomes and used as tumour-targeted ligands 8. Some examples of
overexpressed cell surface receptors in tumours include transferrin °, epidermal growth factor receptors
(EGFR) % and human epidermal growth factor receptor 2 (HER-2) 3!. By targeting these receptors and

guiding selective endocytosis and drug release upon contact 52

, issues associated with safety, efficacy
in cancer theranostics and suffering of pre-clinical animal models can be reduced. Furthermore, the
tumour microenvironment differs from normal, healthy tissues, due to its altered characteristics, such
as acidic pH, higher temperatures, enhanced enzymatic activity and hypoxia 3. Several researchers have
developed drug-loaded, ligand-carrying liposomes that can endogenously release drugs upon contact

with such characteristics 763,
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1.3.  Artificial cell membranes models

Apart from lipid vesicles, other models have been developed to study the cell membrane, which
include supported lipid bilayers (SLBs), droplet-interface bilayers (DIBs) and droplet-hydrogel bilayers
(DHBS). Electrophysiology is widely used in combination with artificial cell membrane models to study
membrane properties, protein pores, ionic and molecular transport %, This technique originates from
the electrical properties of organs and cells, which Sakmann and Neher first established by detecting
the ionic flow through single cell membranes, in 1981 %, This is an essential tool combined with tailored
planar lipid bilayers, SLB, DHB and DIBs *’. The following sections focus on the overall fabrication

and use of such cell membrane models, where more focus is paid to findings using the DIB approach.

1.3.1. Supported Lipid Bilayers (SLBs)

SLBs are planar lipid bilayers formed on a solid substrate. The formation of the SLB relies on
the spontaneous adsorption of vesicles on a treated substrate. Such lipid bilayer platforms are
compatible with various post-processing methods which are surface sensitive including atomic force
microscopy (AFM) * and fluorescence ¥. Vesicle fusion from a buffer solution is the most commonly

9091 "but other researchers developed alternative fabrication methods.

used method for producing SLBs
Jackmann and Cho, 2020, presented the solvent-assisted lipid bilayer (SALB) and bicelle (mixture of
short and long lipids) adsorption methods for producing SLBs on a wider variety of substrates and
claimed to form SLB quicker and easier (Figure 1. 5A) °. Despite the limited compatibility of SLBs
with solid substrates, they are still widely studied for understanding lipid membranes and bilayer

functionalisation through macromolecules 3.

1.3.2. Droplet-Hydrogel Bilayers (DHBs)

Besides solid surfaces, thin hydrogel films have been used as a substrate for planar bilayer
formation. In the presence of phospholipids in the surrounding oil, an aqueous droplet is deposited onto
a hydrogel film forming a droplet-hydrogel bilayer (DHB) (Figure 1. 5SB), which when compared to
other artificial membrane models, has been reported to last for several weeks '°. This method is
compatible with single-molecule fluorescence microscopy *4, single-channel recordings °° and has been
utilised for the study and activation of ion channels and large pores **°7. Modelling artificial lipid
bilayers using DHBs appears to be an attractive method for developing and investigating asymmetric
lipid bilayers, while incorporating proteoliposomes *® and cell components into the hydrogel substrate
%8, Finally, the DHB experiments can be executed on a range of materials, from glass to milled

poly(methyl methacrylate) (PMMA) and 3D-printed substrates *°.
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Figure 1. 5: Methods for fabricating artificial lipid bilayer membrane models. A) Three approaches for forming SLBs. Vesicle
fusion relies on the spontaneous adsorption of vesicles from the buffer solution onto a treated surface. SALB requires the
incremental replacement of the lipid-containing organic solvent with buffer. Image adapted from . Bicelle adsorption uses
a suspension of bicelles formed by short (red) and long (yellow) chained phospholipids. B) DHB model, where the model lipid
bilayer membrane is formed between a hydrogel-coated (usually agarose) glass surface and an aqueous droplet surrounded
by a lipid-containing oil. Image adapted from [%%I. C) DIB model membrane formed by two contacting aqueous droplets in the
presence of lipids, either in the oil solvent or inside the droplets as vesicles (blue particles). Each droplet is coated by a lipid
monolayer, when two aqueous droplets come in contact the oil is replaced and a lipid bilayer is formed. Image adapted from
[85]

1.3.3. Droplet-interface bilayers (DIBs)

DIBs are an alternative and versatile method for fabricating artificial cell membrane models in
a lipid-containing oil environment (Figure 1. 5C). They are commonly applied and can be created using
a ‘lipid-in’ or a ‘lipid-out’ approach, which describes the location of lipids in the system, whether they
are inside (in the form of vesicles) or outside the droplets, respectively. Both of these approaches are
also employed in DHB formation. The ‘lipid-out’ method forms identical lipid bilayer leaflets, while
asymmetric bilayers can be formed using the ‘lipid-in’ approach, which is of great significance since
most biological cells and organelles have distinct inner and outer leaflet compositions. Similar to DHBs,
the DIBs are compatible with electrical recordings, however they are not compatible with single-
molecule fluorescence microscopy '®. DIB resembles a standard procedure and the simplest model for
studying the electrical activity through nanometre-thick lipid membranes with varying lipid and protein
compositions.

Symmetric and asymmetric bilayer formation in DIBs offers a robust and facile method for
probing artificial cell membranes. Many studies have focused on the examination of lipid compositions

and the implementation of ion channels and transmembrane pores. For example, asymmetric DIBs
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rendering oppositely charged leaflets were investigated in the presence of a transmembrane outer
membrane protein (OmpG) and showed how gating effects were more active when the protein was
inserted from the negatively charged leaflet '°!. More recently, Lee and Bayley, 2022, showed that the
orientation of another transmembrane protein (OmpF) inserted into an asymmetric DIB was
independent of the lipid composition and that the translocation of a toxin through the pore dependent
on the presence of lipopolysaccharides *. In earlier years, an attempt was made to reconstruct double
membranes, which are highly relevant in the study of gram-negative bacteria '®°, while more recently,
Allen, et al. 2022 reported a method for emerging multi-layered DIBs 2. The concept of multi-layered
membranes was applied in vesicles ', but yet, there have not been claims of a functional multi-layered
DIB model membrane, with additional cell-mimicking characteristics.

Free of transmembrane protein pores DIB translocation studies have also been carried out '*.
The translocation of small molecular weight substances depends on the degree of permeability through
the membrane of living cells. Therefore, researchers utilised DIB systems to show the dependence of
permeability on the phospholipid structure and composition (saturated or unsaturated acyl chain,
charged or uncharged head) and also reported that results vary according to the oil solution used '%.
Fluorescence microscopy is compatible and widely utilised with the DIB devices, however it requires
labelling agents. Recently, in the attempt to develop a pharmaceutically compatible, label-free, DIB
platform, Strutt, et al. 2022, studied the permeability of compounds, using a UV detection device
integrated with a DIB system %

Additionally, droplets surrounded by lipid monolayers can be arranged in a series, or in arrays,
to form DIB networks. These facilitate a network of sequential reactions, in which transport of
molecules is assisted by the presence of transmembrane proteins or passive diffusion. Others have
utilised magnetic particles to dynamically manipulate the rearrangement of a DIB network, in order to
form new membranes in-situ '°’. Such external manipulation can potentially act as a reaction initiator.
Magnetic manipulation was also established by Li, et al. 2022, where a levitated DIB network was
magnetically locked to activate MScL channels and demonstrated network communication '%®. By
combining multiple external manipulation techniques of levitated DIB networks (heating, micro-
centrifugation, magnetic actuation), they developed a ‘droplet laboratory’ for mimicking cellular
functionalities '°. As opposed to DIB models with protein pores only at an open state, such as the earlier
mentioned aHL, single DIBs and networks have been developed with embedded MscL channels. The

109119 " and physical actuators ',

open/close state of MscL channels can be manipulated by chemical
Thus, such mechanosensitive channels offer means of on-demand communication in artificial
membrane models. As reported by Strutt, et al. 2021, MscL channels in DIBs exhibited a dependency
on the membrane’s asymmetry, where they remained open in the presence of single-tailed LPC lipids
in one of the leaflets 2,

Moreover, IVTT cell-free protein expression has been successfully accomplished in individual

DIBs and DIB networks, using light activation '°%!!3114 Qthers, by translating the molecular transport
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of neurons into an agarose-based biomaterial device with DIBs at different ends, it was possible to
produce a synthetic neural network, capable of signal transmission, moving one step closer to synthetic
tissue bioelectronic devices ''°.

The compartmentalisation of cellular contents is an important feature of living cells aimed to
be recapitulated in protocells and membrane models like DIBs. One of the main issues associated with
DIBs, is the fact that they are formed in oil, rather than in aqueous environments. Therefore, researchers
have developed ways to permit the isolation of DIBs within an aqueous external environment. In this
way the aqueous environment can facilitate communication between adjacent lipid-segregated aqueous
phases. These compartmentalised structures were first defined by Villar, et al. 2011, as multisomes
16117 "and since then have been explored using various methods and tools (Figure 1.6A). Encapsulated
DIBs form communicating compartments and have been achieved either by placing the DIBs (in oil)

18 or using multi-phase droplet microfluidics '°.

on a Teflon wire loop surrounded by water
The Teflon wire loop method relies on the suspension of an oil droplet in an aqueous
environment, held in place by the Teflon-coated wire. Using this method, Booth, et al. 2019 transported
a molecule from one compartment of a DIB into the other, where an ion sensitive pore was in-situ
expressed and assembled into the lipid bilayer in contact with the external aqueous environment '%°.
The pore was then activated on-demand through the external addition of an ionic solution. Cazimoglu,
et al. 2021 showed parallel chemical communication between reaction-containing DIBs and the
aqueous environment ''® (Figure 1.6B). They formulated a DIB network of compartments with aHL
pores, responsible for signal transduction, sensing (process 1) and enzymatic reactions (process 2),
which were activated by the molecules present in the aqueous environment (lactose, Ca* or Mg?") 118,
Following the same concept around the isolation of cell membrane models in physiological
environments, DIBs were encapsulated in hydrogels to mimic networks, from proto-organelles to
prototissues '?'. Such hydrogel encapsulated DIBs (eDIBs) have been generated using primarily droplet
microfluidics and integrated with cell mimicking functions, presenting free-standing artificial cell
models. Droplet-microfluidics and sequential emulsification yielded eDIBs with controlled number of
cores, whilst communication between the inner and outer environments, was enabled through the in-
situ assembly of nanopores at the lipid bilayer interfaces (Figure 1. 6C) '%*. The customisation of eDIBs
broadens their application which led to the development of magnetically polarised hierarchical artificial
cell chassis '%, formation of bioluminescent detection platforms for thermal DNA amplification '** and
high-throughput membrane screening studies using the synergy of pore-forming peptides '*.
Compartmentalised structures, including vesicles and DIBs can be shaped within artificial cell

consortia, as a counterpart to natural cells and organelles. Their integration with living cells would

explore emergent and collective behaviours to direct higher level activities.

Page | 17



Chapter [

Alginate shell

Communication with external solution B) C)

Oil containing lipid

Water droplets containing
.. quenched calcei

Communication

oil within network

pH- and temperature-dependent release Dropletdnterface Bilayers

Figure 1. 6: DIB-based multisomes for artificial cell membrane studies. A) The first suggested DIB multisome model in an
aqueous solution, consisting of aqueous cores, pores for communication with the external environment (top), within the network
(middle) and tailored interfaces with sensitivity to pH and temperature for controlled release (bottom). Image adapted from
1151 B) DIB encapsulated by an aqueous environment for executing two different processes with a signal transduction droplet
(green) acting as the mediator. In this schematic, process 1 was activated (pink fluorescence) by input 1 in the external aqueous
environment. Image adapted from ['1%]. C) Encapsulated DIB (eDIB) with a hydrogel alginate shell produced using droplet-
microfluidic technology, where lipid bilayers are formed between adjacent aqueous phases (droplets and hydrogel shell). The
droplet interface bilayers indicate possible sites of pore assembly. Image adapted from 1?7,
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1.4. Artificial cell and living cell interactions

Bottom-up artificial cell studies focus on non-biological materials, but very often cell-derived
components are also involved. Cell membranes derived from natural cells can decorate nanoparticles
and act as camouflaged drug delivery vehicles '2%!?7. Membranes derived from cancer cells ¢!, and red
blood cells '8, managed to be used as surface mimics °, while materials like soft polymers have been
used as shape mimics '%. On the contrary, recent scientific interests lay in the interactions between
artificial and living cells, aiming communication and stimulation between entities.

Systematic advances have been made in developing hybrid models of interacting artificial cells
with either bacteria or mammalian living cells. Lentini, et al. 2014 compiled ‘chemical translator’
artificial cells, which induced a response in Escherichia coli bacteria, only when aHL pore were
expressed within the artificial cells '*°. Quorum sensing is the ‘language’ of bacteria when existing
within the same environment, which is a great method to evaluate communication between artificial

cells and bacteria "*"132

Interestingly, lipid-based artificial cells have mediated a two-way
communication between bacterial populations, through the synthesis and release of quorum sensing
signals '3, One of the most recent and fascinating coacervate-based artificial cell system, which
involved living bacteria was developed by Xu, et al. 2022 '**, They transformed a membrane-less
coacervate, to a bacteriogenic protocell with proto-organelles, a DNA-containing proto-nucleus and
other cellular components, which ultimately formed an irregular more cell-like morphology, as shown
in Figure 1. 7A.

The application of stimuli-responsive liposomes earlier discussed, is not limited to drug
delivery and treatments. Engineering artificial cells sensitive to the external environment (light, heat),
paves the way in programming communication routes between artificial cells and living cells within
hybrid systems '*°>. By combining top-down genetic manipulation, and bottom-up non-living matter
constructs, complex and environment-responsive hybrid systems can be developed .

To enable efficient interactions, artificial cells and living cells need to be appropriately

integrated within their cell signalling range '*’

. The exchange between non-contacting artificial cells
and natural cells can be assisted by molecular diffusion from one population to the other. A reaction,
which is widely used in synthetic biology and hybridisation concepts, but not limited to, is the glucose
oxidation reaction '*, In many cases, this involves one population (sender) being introduced to external
molecules, which can be catalysed and converted into a secondary substance, to which the second
population (receiver) is susceptible. This has been characterised as a ‘population hybridisation’ or
‘distributed population’ method >!*°. Qian, et al. 2021, investigated the transfer of enzymatically
produced fluorescent probes from hydrogel-based artificial cells to liver cells, leading to light-emitting
cell cultures ', Within the same group, scientists simulated energy production in hydrogels by

encapsulating mitochondria and enzymes, capable of producing energy in-situ '*'. Another approach

involves the direct contact and organisation of the artificial cell and living cell populations, for material
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exchange and communication, which has been achieved using acoustic standing wave patterning '4>!4,

This has been described as ‘network hybridisation’ or ‘contact-dependant’ interactions >!%°,

The nano and micro-scale production of artificial cells permits their encapsulation within living
cells, or vice-versa. Hybrid models that take this form are recognised as ‘embedded’ or ‘nested’
hybridisation methods 3!'*. An example includes the encapsulation of a single mammalian cell within
a vesicle, to couple the intracellular hydrolysis of lactose to glucose, to a non-biological fluorescence-
producing pathway (Figure 1. 7B) **. Additionally, the vesicle acted as a defence mechanism for the
cell in the presence of toxic molecules. Another example of embedded hybridisation, involved the
encapsulation of cyanobacteria in vesicles to act as converters of light into energy, which in turn
initiated an intravesicular reaction . Finally, living cells can be bound within artificial cells via DNA
tags 16,

Cellular differentiation is an event that occurs in maturing cells with altering gene expressions,
affected by physical (extracellular matrix) and chemical (stimulants) cues '*’. As in all biological cells,

148 "a fact which

the extracellular environment is one of the primary determinants of cell differentiation
was employed for the differentiation of neuron cells using artificial cells as mediators or initiators 4.
Toparlak, et al. 2020, established not only the communication of mammalian cells and artificial cells
but also, achieved differentiation of neural cells, by introducing artificial cells with expressed large
protein pores and factors that drove differentiation '*.

With the increasing precision of bioengineering, complex artificial cell colonies or prototissues
can be constructed to facilitate artificial-natural cell interactions. Prototissue models can be
programmed to have precise, arrangement and geometries '*°, and be responsive to external stimuli to
trigger sequential biochemical reactions ''>!317153 Recently, pioneer studies demonstrate that DIB
prototissue models can be utilised to explore the metabolic pathway of natural cells and the

developmental processes of organs '**

. These synthetic multi-compartment tissues are aimed at
applications in tissue engineering '>, while 3D bioprinting offers control over the position, as well as
the dimensionality (2D or 3D-printed DIB networks) '°®!7. The organisation of different cell lines can
be controlled, which is vital in mimicking in-vitro tissue and organ formation '*°. To recapitulate the
mechanics of the extracellular matrix (ECM), Graham, ef al. 2017 utilised agarose-based bioinks to
print two populations of mammalian cells in a controlled pattern, forming 3D DIB networks (Figure 1.
7C), while maintaining their viability and functionality '*®. Using a similar approach, but using a bioink
more accurately representative of the in-vivo ECM, Zhou, et al. 2020, accomplished the formation of
3D-printed neural stem cell-laden DIB networks, which differentiated into stimulus-responsive brain
tissues '**. Hence, it is recognised that 3D bioprinting can support the fabrication of multifunctional
DIB networks, where the compartments can be stimuli-responsive, or encapsulate connecting pores,
reagents, as well as living cells 316!,

As discussed in earlier sections of this chapter, some aims of artificial cell research include the

development of novel drug carriers, in-situ drug synthesisers and perhaps reporters. Hence, their
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implementation as advanced tools would benefit areas in biosensing '**!9, smart drug delivery '*4, and
therapeutics '>1, Artificial cell membrane models, such as SLBs, have been used in combination with
living cells, to study target-specific coatings and membrane-bound interactions '’. Furthermore,
artificial cells have been engineered to produce toxic proteins on-site while being incubated with breast
cancer tumours leading to their suppression **1%, Moreover, an interesting area is the programmability
of bacteria into synthetic bacteria to target cancer cells and kill upon contact, towards cancer therapy
166 From a clinical perspective, soft protocells may offer possibilities as implants either for tissue
regeneration or pathology treatments ', Lastly, engineering cellular behaviours, through
communicating artificial cells, or perhaps the opposite, can be the key towards next-generation

programmable drug treatments.
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Figure 1. 7: Protocell-living cell interaction models using various approaches. A) (i) Bacteria in coacervates rearranged
spontaneously in either the periphery or the cores (green: Escherichia coli, red: Pseudomonas aeruginosa). (ii) Spherical
protocell adopted a cell-like morphology over time (coacervate outer membrane (1), proto-cytoplasm (2), proto-nucleus (3),
E.coli cells (4), proto-cytoskeleton (5), membrane bound proto-organelle (6), amoeba-like morphology (7). Image adapted
from (134, B) (i) Example of embedded hybridisation, where a mammalian cell is encapsulated within a liposome. (i) The cell
catalyses the lactose to glucose, which activates a reaction inside the liposome, leading to the production of a fluorescent agent
(resorufin). Image adapted from ['*. C) (i) 3D-printed DIB networks with mammalian cells encapsulated in the bioink (ii)

Printed DIB network, left: bright field image, right: red fluorescent labelled lipids. Scale bar is 100 um. Image adapted from
[158]
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1.5. Breast Cancer

One of the most frequently diagnosed forms of cancer in females is breast cancer, which
develops in the breast tissue area. According to Public Health England, breast cancer is in the top five
cancer types with the most 5-year survival rates in England reported between 2014 and 2019 (>85 %)
! During the Covid-19 pandemic outbreak in 2020, the number of diagnosed cases of cancer had
dropped considerably compared to the previous year, due to the paused services and refused referrals
172,173‘

Breast cancer is treated using 4 different approaches including radiotherapy, chemotherapy,
hormone therapy and cancer-targeted pharmaceuticals. Radiotherapy uses high-energy radiation in the
form of X-rays to kill cancer cells locally, either applied internally or externally *. Hormone therapy
targets hormone receptors expressed by breast cancer cells, which receptors facilitate breast cancer
survival and growth 7>, Examples of these hormonal receptors in breast cancer, include the estrogen
receptor (ER) and progesterone receptor (PR). In addition, chemotherapy, involves drugs usually
delivered through the blood stream, slowing down cancer cell division '7¢!”7. Unlike hormonal and
chemotherapeutic anti-cancer drugs, cancer-targeted therapy, aims to fight breast cancer cells by
targeting their selective receptors. An example of an overexpressed receptor in some breast cancer cells,
is the human epidermal growth factor receptor 2 (HER-2) '7®. The therapy of choice is determined
depending on the gene expression of the breast cancer cell line after biopsy, as well as the health

condition of the patient.

1.5.1. Breast cancer cells

Cell lines are characterised based on their gene and receptor expression, which can determine
the treatment approach. Some examples of breast cancer cell lines that express different receptors are
MCF-7, MDA-MB-231 and SK-BR-3. For example, MCF-7 cells express ER and PR, but no HER-2,
while SK-BR-3 do not express ER nor PR, but does HER-2, and MDA-MB-231 express none of these
receptors ™. Based on their surface receptors, these cell lines are categorised as Luminal A, HER-2
positive and triple negative B, for MCF-7, SK-BR-3 and MDA-MB-231, respectively ¥, MCF-7 cells
are considered to be less aggressive and more responsive to therapies than other cell lines '8!, Tumour
formation is initiated by mutation occurrences in-situ within the milk ducts (or lobules) of the mammary
glands (ductal carcinoma in-situ), which develops into invasive ductal carcinoma (IDC), as illustrated
in Figure 1. 8 '82. Because the tumour is formed in the glands of the breast, it is also referred to as
adenocarcinoma. The underlying issue with cancer pathologies is the drug resistance developed by

tumours during the course of treatment.
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Figure 1. 8: Schematic of the breast tissue and formation of carcinoma. A) Anatomical cross section of the breast. B)
Mammary milk ducts and lobules C) Cross-section of the mammary duct, noting the lumen, the basement membrane
surrounding the duct, luminal cells which express ER and PR (ER+, PR+), while the basal cells do not express these receptors
(ER-, PR-). D) Initial stages of ductal carcinoma in-situ (DCIS), cellular mutations lead to the differentiation of cells into
tumour cells. E) As the carcinoma progresses, it starts to invade the basement membrane, becoming invasive ductal carcinoma
(IDC). Image adapted from 8%,

Conventional cancer studies are performed in two-dimensional (2D) cultures, which technique
has been around since the start of the 20" century '®. This technique has led to outstanding medicinal
developments over the past century, although pathologies such as cancer require more complex and
realistic platforms than monolayer cultures. By introducing the third dimension to cell culture systems
(3D culture), cell-cell junctions become more realistic, and it is possible to maintain cell culture
simplicity, using scaffold-free methods (Figure 1. 9). However, when an ECM is incorporated in the
form of hydrogels, cells are reinforced mechanically through the interactions with the ECM, which is
vital in the in-vivo tumour microenvironments and tissue engineering applications (Figure 1. 9B) 84,
Characteristics such as cell morphology, proliferation, drug resistance and more, strongly differ
between 3D and 2D cultured systems, which are only formed on a flat tissue-treated surface '*°.
Therefore, anti-cancer drug resistance research emphasises on the development of novel adjuvant drugs
and realistic tissue culture models to simulate and study the behaviour of cancers 7613518 [n_vivo

mimicking platforms in cancer research include tumour-on-a-chip devices and 3D multicellular tumour

spheroid (MCTS) cultures '¥7, with hydrogels as one of the primary materials used as the ECM.
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Figure 1. 9: Tissue culture morphology in 2D versus 3D (scaffold and scaffold-free). Monolayer cellular arrangement in 2D
does not accurately mimic the formation of tissue in the body, while 3D cultures are more realistic. 3D cultures can be formed
(A) in liquid media without the incorporation of an ECM, or (B) with hydrogel as the ECM to simulate the surrounding tissue
of the tumour. Image recreated using BioRender.com.

1.5.2. Hydrogel-based 3D cultures

Natural polymers originate from natural sources, often rendering them highly biocompatible,
with gelling conditions dependent on ionic interactions, pH and temperature. Polysaccharides and
proteins derived from plant and animal tissues have been used in tumour-related studies to replicate in-
vivo tumour microenvironment characteristics.

The majority of natural polymers derived from the ECM of tissues and organs include proteins.
Matrigel is a basement membrane extracellular (BME) matrix protein extract, which can be derived
from Engelbreth-Holm-Swarm (EHS) mouse sarcoma and consists of laminin, collagen type IV and
other proteins '*8. Collagen type I is another major protein present in the ECM of tissues and improves

189,190

cellular attachment and invasion in MCTS studies . Polysaccharides are also used as hydrogels to

replicate the structural characteristics of in-vivo tissues. Polysaccharides including alginate, chitosan

191 192

, hyaluronic acid '*?, and agarose '°, cover a range of hydrogels that have a demonstrated ability to
promote cancer cell growth and MCTS formation. The current interest in hydrogel composites as a
platform for MCTS formation and drug testing is increasing. Hybrid protein and polysaccharide
hydrogel scaffolds generate in-vitro 3D MCTSs, where their formulation and mixing ratio can affect
directly the physical properties of the hydrogel (porosity and pore interconnectivity) and the subsequent
MCTS formation 1%, Although numerous proteins and polysaccharides have been reported to
promote MCTSs, only the alginate and collagen are discussed along with some of their fundamental

characteristics. Table 1. 1 summarises the advantages and disadvantages of protein, polysaccharide,

and hybrid hydrogels.
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Table 1. 1: Advantages and disadvantages of protein, polysaccharide and hybrid hydrogels.

Hydrogel

Proteins

Polysaccharides

Hybrids

Advantages Disadvantages
Biocompatible, biodegradable e Batch-to-batch variations
Provide cell adhesion sites e Low mechanical properties

Encourage cell proliferation
Physical crosslinking

Ideal for cell dynamics and
migration

Angiogenesis promotion in MCTS

systems
Biocompatible, biodegradable e  Batch-to-batch variations
Easily functionalised e Lack of cell adhesive ligands

Some are bio adhesive
Structural support of cells

Mild gelation conditions

Improved mechanical properties e Crosslinking mechanisms
Improved pore interconnectivity may be difficult to achieve
Cell adhesion sites available e  May be difficult to tune
Tunable characteristics physicochemical

Realistic recapitulation of tissue characteristics

stiffness

Good pore interconnectivity

Ref.

196,197

196,198,

199

200-202
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1.5.2.1.  Alginate

Alginate is a polyanionic polymer extracted from brown seaweed and is probably the most
commonly used hydrogel in numerous fields. The molecular structure of alginate consists of B-D-
mannuronic acid (M) and a-L-Guluronic acid (G) residues, forming polysaccharide chains with GG,
GM and MM sequences 2. The compositional ratio of G/M in the alginate and its molecular weight,
depend on the source from which the polymer was isolated from, and defines the physical properties of
the alginate hydrogel 2. For example, alginate rich in G blocks, results in stiffer hydrogels, while
alginate with larger M block fractions has increased water solubility and tends to be more flexible 2%,
During ionic crosslinking of alginate, divalent cations, such as Ca®" and Ba?* bind to the GG sequences
of alginate, causing the structure to fold and form the ‘egg box’ structure, as illustrated in Figure 1. 10
206207 These conformational changes of the polymer chains lead to the formation of a biocompatible
and biodegradable hydrogel, making alginate a strong candidate for biomaterial applications.

The molecular chains of alginate can follow ionic crosslinking through internal or external
gelation approaches. The latter relates to the alginate solution encountering divalent cations, which
crosslink the alginate at a degree that depends on the diffusion of the ions through the alginate phase
298 The internal gelation on the other hand, involves the slow release of divalent cations from an alginate
mixture with chelating agents, usually upon protonation 2*7. The great mechanical properties of alginate
hydrogels and their simple crosslinking methods, have permitted their application in cell encapsulation

and tumour spheroid formation 2%.

However, when it comes to MCTS proliferation and invasion
studies, alginate is frequently used in combination with cell adhesive peptides, through simple mixing

or covalent crosslinking 2!

Figure 1. 10: Alginate crosslinking using divalent cations of calcium (Ca®*). During ionic crosslinking, the Ca** binds to the

GG sequences, bringing close the linear alginate polysaccharide chains to form the ‘egg box’ structure. Image adapted from
[206]
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1.5.2.2.  Collagen

Collagen is a triple helix protein and is the most abundant protein in mammals. Collagen type
I protein is the main form of collagen type present in the ECM of tissues, such as bone, tendon and
cornea '*°. Amongst all collagen types, type 1, is considered the primarily investigated and utilised in
biomedical engineering ?!!. It is soluble in acid, while at neutral pH it undergoes fibrillogenesis, forming
an opaque gel 2'2. Neutralised collagen solutions can be hindered from gelling by keeping the solution
on ice, but when temperature is raised to 20-37 °C, fibrils start to build up a network resulting to collagen
gelation 213, Collagen type I provides ligands important for cell attachment and growth, thus it is widely
utilised as an ECM material for MCTS formation. Zhao, et al. 2019 used the hanging drop method for
MCTS formation and utilised collagen gels to study the migrating and invasive behaviour of 3D breast
cancer tissues 2'*. In addition, tumour vascularisation and drug resistance of breast cancers have been
explored using collagen-containing hydrogels '*4.

Protein/polysaccharide hybrid hydrogels have been reported to accurately mimic the in-vivo
tumour microenvironment, due to the improved mechanical properties and cellular adhesion sites
provided. Liu, ef al. 2018, claimed that their collagen-alginate 3D gel system performed better than
commercial invasion-promoting hydrogels, such as Matrigel, by showing the invasion of fibroblasts
followed by tumour cells ?°!. In fact, by altering the CaCl, gelling solution, they were able to match
almost perfectly the stiffness of in-vivo tumours (~4000 Pa) 2'°, Increasing the concentration of collagen
(= 1.5 mg/ml) or alginate (> 2 %), increases the stiffness of the hydrogel, which consequently decreased
the proliferation of MCF-7 cells according to Agarwal, et al. 2017 4215, Therefore, the gelation method
and concentrations, as well as the collagen to alginate ratio affects the mechanical properties of in-vitro
tumours 2%, The well-characterised alginate and collagen offer a relatively easy and versatile method
for developing MCTSs, since they provide physicochemical attributes to recreate the in-vivo physiology

and invasion of tumours.

Page | 27



Chapter I

1.6. Microfluidics

Microfluidic technology is now a well-studied field with multidisciplinary applications.
Miniaturised devices of such technology are characterised by patterned, micro-scale, fluid-restricting
channels. The forerunners of microfluidic fabrication include the techniques of silicon manufacturing,
integrated circuits and photolithography invented in the 1950s 2!, The complementary applications of
these fields led to advances in microelectronics, microanalysis, biodefence and molecular biology 2!7.
Indeed, the military expressed a great interest in these technologies and funded this research, which led
to the development of miniaturised microelectromechanical systems (MEMS). Since then, scientists
worked into reducing the large size of integrated circuits, in order to develop portable platforms for
applications, such as medicine. Then came Andreas Manz and colleagues in 1990s, who revolutionised
laboratory-on-a-chip (LOC) applications, by developing and introducing the concept of miniaturised
Total Chemical Analysis System (u-TAS), promoting efficient and reduced volume analysis and
separation of chemical samples 2!, Monophasic systems, including p-TAS, are also known as single-
phase microfluidics 2"°.

During the uprising period of microfluidic technology, devices were fabricated with silicon
substrates, similar to microelectronic devices. Using the photolithography technique, a silicon wafer
with a photoresist layer is used in combination with a photomask, which creates a pattern on the wafer
upon UV exposure. Other techniques for the fabrication of silicon-based microfluidic devices include
thin film deposition and etching 2*°, which rely on the addition or removal of material, respectively. Due
to the high costs of silicon substrates, they are often replaced with other affordable materials, such as
polymethylmethacrylate (PMMA), polydimethylsiloxane (PDMS), glass and others *'. Yet, the
fabrication of microfluidic devices using these techniques and materials remained complex, which led
to the development of soft lithography and the use of cheap, easy-to-produce and transparent elastomers,
including PDMS ?%2, Until today, PDMS micromoulding is the most widely used microfluidic device
fabrication method in academia. Microfluidics are now famously studied and applied in major fields,
leading to breakthroughs in digital microfluidics, organ-on-a-chip and paper-based microfluidics 2%
More recently, microfluidic engineers have expressed an interest in 3D printing as an alternative

microfluidic device rapid fabrication method .

1.6.1. Droplet microfluidics

Fluid flow behaviour in the micro-scale is differentiated from the fluid behaviour in the
macroscale. Although, any fluid flow with density (p), velocity (u), viscosity (¢) and characteristic
length (L), can be described by the dimensionless Reynolds number (R.) (Equation 1.1) **. The R
number creates a correlation between the inertial and viscous forces, which determines the nature of the

fluidic stream.
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pul (1.1)

At high R. values, the inertial forces are dominant, producing a non-predictable mixing of the
fluid, known as a turbulent flow, which is a phenomenon that abundantly occurs at the macroscale. On
the other hand, most microfluidic systems are usually governed by low R, values, defined as a laminar
flow, due to the micro-scale dimensions and the dominance by viscous forces. If a fluid was to be
imagined flowing within a tube in a laminar fashion, the fluid appears as smooth layers, with zero
velocity at the walls and maximum velocity at the centre of the tube.

Droplet microfluidics is one of the daughter fields of microfluidics, which is governed by the
production of droplets using immiscible phases. Small volume droplets are generated, and due to the
microscale of microfluidics and the high surface area to volume ratio, accelerated reactions can occur
226 Within this daughter field, droplet sorting and mixing are utilised in order to separate distinct
populations of droplets and facilitate reactions, respectively %, Segmented flows is another regime
which also relies on immiscible phases, where discrete and separated volumes of fluid, flow along the
continuous channel of microfluidic devices, with applications as bioreactors and high-throughput
chemical analysis 22722,

When developing a droplet-microfluidic system, care must be taken over the material of the
microfluidic channels, depending on the type of emulsion created, as well as the properties of fluids
being involved. The formation of an emulsion in droplet-microfluidics is described by a dispersed
phase, which is the fluid to be broken into droplets, and a continuous phase, which shears and carries
the droplets. Water-in-oil (W/O) and oil-in-water (O/W) are the simplest single emulsion examples,
which require channels with hydrophobic and hydrophilic wetting properties, respectively, for their
stable formation. In order to keep an emulsion stable, hydrophilic and hydrophobic surfactants may be
introduced, which can also minimise the effect of droplet coalescence **. The presence of surfactants,
the viscosity (1) and most importantly, the size of droplet-forming orifice, influence the diameter and
uniformity of the produced droplet population. Additionally, the interfacial tension (y) between the two
immiscible phases affects the droplet break-up. These fluid and system parameters, and their influence
on the droplet dynamics, are described by the dimensionless Capillary number (C,), which defines the

relationship between viscous forces to interfacial tension forces (Equation 1.2):
C, = pHu (1.2)
where u, is the velocity of the continuous phase. The C,, varies between microfluidic systems and

droplet break-up occurs, when the C,, exceeds a critical C, ??°. In microscale T-junctions and flow-

focusing junctions, the C, is usually considerably lower than 1 (< 1) #!. At low C,, the interfacial
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tension forces dominate over the viscous forces, while at high C,, the viscous forces are dominant,
which makes droplet formation more difficult. Therefore velocity, viscosity and surface tension are

important parameters which can determine the nature and regime of droplet formation.

1.6.2. Droplet-forming geometries

There are three different hydrodynamic focusing junctions that lead to droplet formation. These
include, T-shape, flow-focusing and co-flow junctions. These junctions vary in their geometry and
arrangement, but all have in common the ability to host a dispersed and a continuous phase, which meet,
and periodically break the dispersed phase into droplets, which continue to flow in a single downstream

main channel 232233,

1.6.2.1. T-junction

The droplet-forming geometry considered to be the simplest, is the T-junction. This consists of
two channels that meet perpendicularly (at 90 °), or in modified channels meet at an angle (0 ° - 180 °).
As the dispersed phase enters the downstream channel, the shear forces of the continuous phase attempt
to lengthen the dispersed phase, forming a neck with increased pressure, leading to droplet break-up.
The formation regime of the droplet will vary depending on factors including the C,, as well as the

channel width ratio 23*

. For example, at high C,, the T-junction generates droplets, with diameter smaller
than the main channel and near the orifice (dripping regime), while at low C,, the droplet diameter
exceeds the channel diameter, resulting to an upstream pressure build-up that causes droplet pinch-off
(squeezing regime) 2*3. However, when the flow rates are increased further, jetting regimes can occur,
where droplets are pinched-off further downstream away from the orifice. These droplet-forming

regimes are illustrated in Figure 1. 11 2%,

A
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Figure 1. 11: Droplet formation using the T-junction at the three different flow-regimes. A) Dripping regime occurring at

high capillary number (1Ca). B) Squeezing regime occurring at low capillary number (| Co) and C) Jetting regime at very high
capillary number (111Ca), where the shear forces dominate . Images were adapted from Elveflow (233,
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1.6.2.2.  Flow-focusing

Flow-focusing droplet-forming junctions focus the fluid flow into a narrow orifice defined by
the geometrical design. The dispersed phase and two opposite-in-direction continuous phases of a planar
flow-focusing junction, meet at a cross-section, where droplet formation is initiated. As the continuous
phases elongate the dispersed phase into the narrow region, the inner phase forms a neck, on which high
pressure is exerted, leading to pinch-off by Plateau—Rayleigh instability (Figure 1. 12A). Flow-focusing
geometries offer a more controlled way of producing uniform, smaller droplets 2*¢. Similar to the T-
junction, the flow-focusing junction, exhibits dripping and jetting behaviours, depending on the C,,
whereas at very low C, values, the droplet generation is geometrically driven, producing droplets much
larger than the narrow region 2%’ Additionally, the fabrication of flow-focusing junctions in one
plane, requires the surface treatment of the fluidic walls to ensure stable emulsion. This led to the
development of axisymmetric flow-focusing junctions, also known as non-planar junctions (Figure 1.
12B), which generate smaller and more uniform droplets compared to planar junctions ¥, while others

utilised them to produce multiple emulsions, by avoiding channel surface treatments 2324,

Figure 1. 12: Droplet formation using flow-focusing junctions. A) Planar flow-focusing junction showing droplet formation
following the dripping regime. Images were adapted from Elveflow >3, B) Non-planar or axisymmetric flow-focusing junction,
where the dispersed phase orifice (grey) has a very small cross section, and it is completely surrounded by the outer phase
(white). Image adapted from 3%,
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1.6.2.3.  Co-flow junction

This droplet-forming geometry relies on the co-axial arrangement of the dispersed phase
channel aligned within a larger continuous phase channel (Figure 1. 13). Similar to the other droplet-
forming geometries, the C, number can predict the droplet formation regime. In co-flow focusing
channels, the flow rate of the two immiscible phases has a greater effect on the size of the droplets,
compared to the viscosity 2*¢. Droplet break-up near the orifice of the inner channel (dripping), occurs
at high continuous phase flow rates, while droplets broken up further away from the tip of the inner
channel (jetting), takes place with higher dispersed phase flow rates. Therefore, droplet formation relies
more on the interplay between the shear stresses induced by the continuous phase and the interfacial
tension, leading to either dripping or jetting regimes. One of the main benefits of using co-flow for
periodic droplet formation, is the fact that the dispersed fluid is completely surrounded by the
continuous fluid, meaning that the channel wetting properties do not influence droplet formation and
stability. For this reason, many have employed this geometry for the formation of multiple emulsions,

as they require fluidic channels with specific and alternating surface wetting properties 2*!.

A)
i
l'ﬁ
\

Figure 1. 13: Droplet formation with co-flow microfluidic junctions. A) Dripping regime, where droplet break-up happens
very close to the orifice of the dispersed phase (dripping). Images were adapted from Elveflow (73], B) Droplet formation
occurs, with the outer fluid introduced from the opposite direction and hydrodynamic forces focus the dispersed phase into the
orifice. This figure shows the transition from the dripping regime to the jetting regime, as the break-up occurs some distance
from the orifice. Image adapted firom 1>*,
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1.6.3. Applications of droplet microfluidics

1.6.3.1. Multiple emulsion production

The formation of multiple emulsions using conventional methods, such as mechanical agitation
have limited control over the emulsion size and uniformity 2*?. Microfluidic devices on the other hand
offer controlled formation of hierarchically structured multiple emulsions by alternating between the
channel wetting properties, leading to the precise generation of emulsions, one-by-one ?*!. By
encapsulating single emulsions (W/O or O/W) with subsequent immiscible phases, double (O/W/O),
triple (W/O/W/QO) and higher order emulsions can be generated, as shown in Figure 1. 14. To achieve
the formation and conservation of multiple emulsions, stabilizing agents are required. These can be in
the form of surfactants, viscosity altering or gelling agents, that prevent coalescence and ensure stable
emulsification >*. One of the advantages of complex emulsion production using microfluidics, is the

precision over the number, size and composition of the encapsulated cores **.

() (ii) (iii) (iv) v)

w/0 0o/wW/0 W/0/W/0 W/0/W/0 0/W/0/W/0

(R CRCRENG

Figure 1. 14: Illustrations showing single and complex emulsions of different structures. Grey and green spheres are water
phases, yellow resembles oil, and the outer light blue/grey phase is oil in all examples. (i) Single emulsion (W/0), (ii) double
emulsion (O/W/0), (iii) triple emulsion (W/O/W/0), (v) concentric quadruple emulsion (O/W/O/W/O). The emulsions’
structure can be altered using appropriate flow rates for example the triple emulsion in (iv).

Multiple emulsions can be produced using the aforementioned droplet-forming geometries (T-
junction, flow-focusing, co-flow) and other more recently invented bifurcated geometries 2*°. One of
the earliest double emulsion systems with controlled dual-core population, was produced by Okushima,
et al. 2004 using two T-junctions in series 2%°. Since then, by ensuring the correct surface modifications,
high-order emulsions have been produced with different microfluidic devices fabricated with
techniques, such as glass capillaries (Figure 1. 15A) 24124724 PDMS moulding 2**°°, PMMA milling
21 and 3D-printing (Figure 1. 15B&C) 2252253 Soft and robust triple emulsion hydrogels, have been
produced using surface treated capillaries 2**, while others utilised hybrid devices to produce all aqueous
complex emulsions 2°°. Even though capillary microfluidic devices generate highly monodispersed and
precise multiple emulsions, their fabrication is labour intensive and requires advanced technical skills
233 By modifying the surface wetting properties of PDMS microfluidic channels, highly monodispersed
single to quintuple emulsions have been formed 2% . Interestingly, others have integrated single
emulsion devices to form multiple emulsions, by employing methods such as drop-by-drop engulfing

258

257 or controlled 3D droplet printing 2%, It should be noted that numerical studies are particularly
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important to be conducted, in order to explore and understand further the effects of interfacial tension
and viscous forces around complex emulsion formation >*?%°, The compartmentalisation using
emulsion microfluidics facilitates the high-throughput encapsulation and storage of reagents, which are
valuable in applications such as food industry 2!, pharmaceutics and cosmetics *°, as well as cell

encapsulation *° and drug delivery 6.

Figure 1. 15: Diverse microfluidic devices for producing complex emulsions. A) (i) Glass capillary microfluidic device
manifold of cylindrical capillaries in cube capillaries, (ii) facilitated production of triple emulsions of controlled and precise
number, ratio, and composition of internal compartments. Image adapted from ***]. B) (i) Assembled multi-module microfluidic
device fabricated using 3D printing stereolithography, (ii) generated double emulsions with control over the number of aqueous
blue cores. Image adapted from Image adapted from [?3. C) (i) Fused filament fabricated 3D-printed microfluidic device
made of polylactic acid (PLA) and polyvinyl alcohol (PVA) filaments, (ii) produced approximately 3 mm diameter triple
emulsions with control number of cores. Image adapted from 1?3,
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1.6.3.2.  Artificial cell DIB models

In comparison to other fabrication methods, droplet microfluidics has the advantage of high-
throughput production of constructs such as DIBs, multisomes and vesicles for cell mimicry studies
119,144 " Apart from high yield, microfluidics offer control over the compartments’ volume, structure and
composition 263264, Thereby, the precision control afforded by the use of microfluidics, provides a
versatile platform to develop new cell-like functionalities, such as membrane properties 2%, sequential

267 and protein synthesis 2°%. These are wonderful

biochemical reactions 2, cell-free gene expression
examples for artificial cell model applications, as earlier discussed, which in fact have been utilised in
combination with droplet-microfluidics. For example, Elani, ef al. 2016 used a hydrophobic and
hydrophilic treated PDMS microfluidic device to produce double emulsion multisomes and achieved
chemical synthesis through the communicating compartments of the DIB ''°. By using microfluidic
technology to produce DIB multisomes, they were able to scale-up their experiments. Similarly, Baxani,
et al. 2016 utilised custom-made hybrid (3D-printed/glass capillary) microfluidic devices to produce
triple emulsion eDIBs, with transmembrane pores embedded in the artificial membranes for
communication with the external environment '?>. Hence, microfluidically produced DIBs may be
implement in high-throughput artificial cell membrane studies '*°, contact angle investigations ?%°, or as
stand-alone small bioreactor capsules '?*. Finally, DIB can be trapped in microfluidic wells or arrays

270,271

for parallel artificial cell membrane studies , aiming to evoke lab-on-a-chip applications %,

1.6.3.3.  Cell encapsulation

Multiphase droplet-based microfluidics is a method extensively applied for cell encapsulation,
as it is governed by the automated formation of cell-laden droplets ?’>?73. High-throughput cell
encapsulation techniques are needed for cell and tissue analysis and microfluidics serve as a useful
platform 2%, Single cell and multiple cell encapsulation protocols have been established using
microfluidics and hydrogels, in order to investigate cellular behaviour within a designated ECM, and to
study cell-cell and cell-ECM interactions 27>27¢, The application of microfluidics in cell culture studies
allows for experimental flexibility and agility, whilst the minimised resource consumption, is of
considerable benefit in pharmaceutical research, due to the high costs and demanding precision of drugs
277.

Entrapped cells in confined hydrogel beads produced using microfluidic technology, can be
analysed on or off-chip ?’*. The combination of droplet-forming geometries, liquid polymers and
biocompatible crosslinking, results in the formation of biological scaffolds for the cellular growth into
3D cultures 28?7, Relatively simple T-junction microfluidic geometries are widely used for cell
encapsulation in hydrogels, due to the increased monodispersity of produced droplets 25928 Although,
flow-focusing junction geometries are preferred platforms for cell encapsulation, due to the

sophisticated control over gelation, protection of cells from potential harmful environments, as well as
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the reduced shear stresses applied compared to T-junctions 28!-2%3, Moreover, the density and viscosity
of reagents flowing through microfluidic channels are important parameters that influence the dynamics
of cell encapsulation %, With the appropriate manipulation of these fluid properties and the droplet-
forming geometry, core-shell hydrogel spatial arrangements can be produced for multi-cell line
encapsulation towards in-vitro organ studies (Figure 1. 16B) 23228528 Agarwal, et al. 2017 used
droplet-based microfluidic devices to form MCF-7 microtumours in a collagen core surrounded by an
alginate shell (Figure 1. 16C) '*. These microcapsules were formed at the junction of five microfluidic
channels and when these capsules developed microtumours, they assessed anticancer drugs based on
3D vascularisation experiments. Additionally, microfluidic devices like organ-on-a-chip, can integrate
complex fluidic circuitry and multi-functionalism that is required for high yield cancer studies %2727,
Therefore, droplet-based microfluidic devices can diversify the architectural format of cell-laden
scaffolds to better simulate in-vivo tissue complexity ', and increase efficiency to target rapid patient-

specific treatments (Figure 1. 16A) 2%,
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Figure 1. 16: Cell encapsulation using droplet-forming microfluidic devices and applications. A) The rationale behind the
combination of droplet microfluidics, hydrogels, and cancer cell encapsulation in order to produce high-throughput
personalised drug treatments. Image adapted from %%, B) Microfluidic assisted formation of liver-in-a-droplet, where
different cell lines are encapsulated in the core and shell of the capsule. Image adapted from 1°%). C) A droplet-forming
microfluidics device for the formation of MCTSs in collagen-core and alginate-shell capsules for 3D tumour vascularisation
and drug resistance studies. Image adapted from ['%¥.
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1.6.3.4. Nanoparticle production

With more recent advances in nanofabrication, nano-scale droplet-forming junctions can be
integrated within conventional microfluidic circuits to produce monodisperse nanoparticles for
intracellular drug delivery and preclinical drug screening 2**°, With advancing new materials and
complex emulsion microfluidics, sophisticated microparticles can be constructed with hierarchical
structures, towards programmable drug encapsulation with selective release processes. These efforts
are one step forward to manufacture smart drug microcarriers that harness on-demand active targeting
and enable quantity-controlled release of drugs for cancer therapy.

Depending on the nature and scale of the final product, the fabrication of particles varies. For
example, cell-sized polymer and liposomal particles are produced using droplet-forming junctions to
control size, monodispersity and structure, as opposed to conventional agitation methods. Although, for
drug delivery systems, the scale of particles needs to fall down to the nanoscale, but the channel
dimensions and insufficient production frequency of droplet-forming microfluidic devices, make this
technology unfit, in most cases. At least this is the case with less sophisticated microfluidic device
fabrication methods than nanofabrication ?°!. Therefore, polymer and lipid nanoparticles have been
produced using microfluidic devices integrated with chaotic advection modules, to improve mixing of
aqueous and organic solutions that lead to the formation of the particles 2>?°, Such devices are
microfluidic hydrodynamic focusing (MHF) 2%, which rely on the characteristic diffusion length
between an aqueous solution and an organic solution, and staggered herringbone micromixers (SHM)
295.29 Drug-loaded nanoscale polymer particles and liposomes produced using MHF and SHM devices,
have reached tumour sites due to their very narrow size, and their sufficient encapsulation efficacy

296297 renders them as key contributors in combating cancer.
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1.7. 3D printing

Fabrication of microfluidic devices in the last 25 to 30 years has been diverse, due to the
variable characteristics between fabrication techniques. Photolithography is expensive, time costly and
requires a clean room, micromachining utilises expensive equipment and is moderately automatic,
while 3D-printing is fast, but yields channels of poor resolution 2**. According to Elvira, et al. 2022, up
to the year 2021, almost 6000 publications had utilised PDMS microfluidic devices, of which almost
600 articles were related to droplet microfluidics 8. This signifies that PDMS moulding is worldwide
used, due to its biocompatibility, transparency, adaptability with other materials and ease of fabrication
225 Interestingly, the growing interest in 3D printing has led to its use as a fabrication method in droplet
microfluidics, although technical improvements are yet to be made >°.

Rapid prototyping or 3D printing became a beneficial innovation for many industrial and

303-305 and

research areas, including automotive %, construction systems **!3%2, biomedical engineering
others. The most famously used 3D printing approaches, are stereolithography (SLA) and fused
deposition modelling (FDM), also known as fused filament fabrication (FFF). Others include, multiJet
modelling (MJM) and selective laser sintering (SLS). The manufacturing processes between the
mentioned techniques strongly differ, but they all follow the same principle of layer-by-layer
deposition. The layer-by-layer deposition refers to the deposition and solidification process, where one
layer of material is deposited and solidified before another layer is added.

Microfluidic devices have been fabricated using SLA and FDM 3D printing 2533%, During the
SLA printing process, UV light is emitted into a bath of photocurable resin to solidify the structure of
the designed part (Figure 1. 17A), while FFF uses a printing nozzle from which melted plastic is being
extruded (Figure 1. 17B). As opposed to SLA, FFF devices usually do not require any cleaning, post
processing or curing, unless degradable support material was also printed. Hence, FFF 3D-printed
microfluidic devices would be ready and functional instantly after printing. Other advantages for
making microfluidic devices with FFF, rather than SLA, is the ability to print and fuse multiple
materials. This is particularly beneficial in microfluidic formation of multiple emulsions, using plastics
of different wetting properties '*. Additionally, the resolution of SLA printed channels (~100 pum) is
better than that of FFF (~500 um) *%, although many have reported clogging of SLA microchannels by
the cured resin 3°72%,

The limitations of 3D printing as a technology, make FFF cumbersome to explore as a
fabrication technique for microfluidic devices. Lack of transparency and reduced printing resolution of
3D FFF constitute as some of these major challenges °. The printing of opaque plastic filaments limits
optical characterisation of the fluid flow and on-chip occurring events. However, less opaque filaments,
such as PLA and Cyclic olefin copolymer (COC) have been reported to result in microfluidic devices

with glass-like bottom surfaces 3%-*1°, Nevertheless, this method of rapid prototyping offers versatility

and multiple material printing, which is indispensable in specific applications of microfluidics.
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Figure 1. 17: Schematics of stereolithography (SLA) and fused filament fabrication (FFF) 3D printing methods. A) For
SLA printing, the UV light source is emitted into a bath of resin and crosslinks the resin according to the programmed design.
The laser source can be emitted from the top (as shown in the figure) or from the bottom (not shown). Image adapted from 3%,
B) FFF or FDM 3D printing fabricates the designed dual-material part by melting the plastic filament material and extruding
it from the nozzle onto a moving platform. Image adapted from 3°U.

Foreseen enhancements of affordable 3D printing technologies would benefit multidisciplinary
laboratories around the world to explore the application of microfluidic circuits. Droplet microfluidic
devices in fields like cell encapsulation and synthetic biology, would replace the repeated manual
pipetting with automated system production. Additionally, 3D printing would be valued in research that
requires proof of concept and prototypes, before advancing to more complicated manufacturing

approaches.
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1.8.  Conclusion and scope of thesis

Based on the overview of the current literature, we have entered a generation of advanced
systems in synthetic biology and in-vitro tumour investigation. Research within the field of synthetic
biology has made remarkable advancements in the construction of artificial cells and membrane models
from non-living matter, thus the next step would be the integration with matured living systems.
Exploring and mimicking functionalities of living cells, and the development of novel and
programmable drug carriers are some of the focuses within the area of artificial cells. The co-culture of
tumour spheroids and protocells may have applications in, but not limited to, drug resistance studies.
As demonstrated by the literature overview, microfluidic circuits and emulsion-generating devices are
powerful tools compatible with applications, such as bioengineering and synthetic biology. Although,
prototype fluidic circuit fabrication suffers from long and complicated procedures, which can be
resolved with rapid prototyping.

This thesis aims to bring together multiple disciplines including microfluidic engineering,
synthetic biology and tissue engineering. The project desired the production of multiple emulsions using
monolithic, multi-material, 3D Fused Filament Fabricated (FFF) microfluidic devices, suitable for the
formation of artificial cell chassis (i.e., encapsulated Droplet Interface bilayers, eDIBs) and the
encapsulation and survival of breast cancer cells. The rest of the thesis comprises of five chapters
described below.

In Chapter II, three 3D-printed droplet-forming microfluidic devices were designed and
performed. The first microfluidic device was used to produce monodispersed alginate hydrogel
microbeads using a filament considered as hydrophobic. The second device produced double emulsion
capsules with controlled number of oil cores and an alginate shell using dual-material printing, while
the final device was utilised to form triple emulsion eDIB capsules (W/O/W/O). The complex
emulsification was established by using surfactants and hydrophobic/hydrophilic filaments.

In Chapter 111, the same protocol for eDIB production was employed. The produced eDIBs
were characterised in terms of their dimensions and stability under different conditions. Additionally,
an on-demand core release (from the eDIBs) protocol was established using lysolipids, which altered
the fluidity of the lipid bilayers, leading to the bursting of the inner cores. The effect of lysolipids on
the lipid bilayer was also assessed based on electrophysiology traces of a DIB membrane model.

In Chapter 1V, all the devices developed in Chapter Il were applied for the encapsulation of
breast cancer cells and 3D tumour spheroid formation in hydrogel capsules. Collagen type I was also
added to the hydrogel. Tumour formation and proliferation was characterised using microscopy and a
metabolic assay. 3D tumours in oil-core, hydrogel-shell capsules were treated with an anticancer drug,
lysolipids and a fluorescent conjugate. eDIBs encapsulating cells and tumours were assessed in terms

of their survival and structural integrity. The chapter then introduces a model named as ‘Droplet
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Incubator’, as standalone capsules for the encapsulation and co-culture of artificial cell membranes and
living cells.
The final Chapter V examines the findings from all the earlier chapters, presents limitations

and suggests future work.
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Fused Filament Fabricated (FFF) microfluidic
devices for single, double, and triple emulsion

hydrogel capsules

2.1.  Chapter summary

This chapter focuses on the design, fabrication, optimisation and execution of 3D-printed
droplet-forming microfluidic devices. Three microfluidic devices were designed for either single or
dual-material 3D printing. By combining the FFF microfluidic printed devices and alginate hydrogel
crosslinking, single, double and triple emulsion microgel capsules were produced. Product
characterisation such as the droplet frequency, droplet size, structural integrity and other, were
investigated and discussed. The microfluidic devices developed in this chapter, were further explored
for cell encapsulation experiments in Chapter IV. Additionally, the triple emulsion device, aimed the
stable emulsification of encapsulated Droplet Interface Bilayers (eDIBs). These emulsions enclosed
aqueous internal compartments that were segregated by artificial lipid membranes. The eDIB structure
presents an artificial cell chassis, however, the eDIBs formulated in this chapter were intended for

encapsulating living cells.
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2.2. Introduction

Precision droplet-microfluidic devices for microgel production are often fabricated by
stereolithography (SLA) or polydimethylsiloxane (PDMS) moulding -4 However, these fabrication

techniques possess limitations, including possible reactions with non-polar solutions, post-fabrication
processing, device assembly, and the incapability of printing multiple materials >°. Fused Filament
Fabrication (FFF), or Fused Deposition Modelling (FDM), is a rapid prototyping technique based on
layer-by-layer deposition and fusion of melted plastic filament. One of the main advantages of FFF, is
that FFF parts and devices are fabricated rapidly and are usually ready-to-use, unless degradable support
material was also printed (e.g. polyvinyl alcohol, PVA support) 7. Although, when compared to SLA
and PDMS, FFF devices usually lack transparency, hence compromising the visualisation of the channel
restricted flow. 8. On that note, transparent filaments are commercially available and with the
appropriate manipulation of the printing setup, channel visualisation can be enhanced °. With regard to
3D-printed microfluidic channels, the resolution is often poor, but it can be improved by altering the
print settings and providing the appropriate tools for controlling the variables (environment, materials
storage) that influence the quality of the printed module.

Although transparent FFF microfluidic device manufacturing and optimisation may be

challenging, FFF 3D printers facilitate dual-material printing, which is of significant value for achieving

high-order emulsions 10, Multiple emulsion architectures have applications in drug delivery, reagent

compartmentalisation, multi-cellular cultures and synthetic biology 2113, Alginate is widely used in
droplet-microfluidics as an encapsulation matrix, due to its biocompatibility, handling convenience, and
its amenability to flexible crosslinking 14, Usually, the gelation process will determine the

monodispersity of single emulsion microgels and the stability of high-order emulsions. Moreover, the

addition of interfacial tension-altering molecules, known as surfactants, are essential in emulsification

systems 15, Phospholipids are a class of surfactants, which may be used in the formation of complex

emulsion capsules, such as the previously reported encapsulated droplet interface bilayers (eDIBs) 16,

eDIB models published in earlier years obtained large diameters ( > 3 mm) and were generated by
hybrid fluidic circuits or double emulsion FFF microfluidic devices 16,

This chapter reports the formation and gelation of single, double and triple emulsion microgels,
using monolithic 3D FFF droplet-microfluidic devices, made out of cyclic olefin copolymer (COC) and
Nylon filaments. These filament materials were fused together to alter between the wetting properties
of the droplet-forming junctions and channels, leading to stable multiple emulsions. Three types of
microfluidic devices were fabricated. The first device was investigated to obtain microgels suitable for

cell encapsulation (presented in Chapter 1V), while the second microfluidic device was used for the

formation of oil-in-hydrogel-in-oil (O/H/O) emulsions with either single or multiple internal
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compartments. Finally, free-standing eDIBs were produced using the third device, consisting of three

consecutive 3D FFF droplet-forming junctions, with no surface modifications and W/O/H/O emulsions.
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2.3. Materials and Methods

Each 3D Fused Filament Fabricated (FFF) microfluidic device generated a different emulsion
system and was named accordingly. The devices are listed in Table 2. 1 with their acronyms explained
as follows; the emulsion order (single emulsion (SE), double emulsion (DE) or triple emulsion (TE))-
Microfluidic Device (MD). For example, the microfluidic device that produced double emulsion

hydrogel capsules (O/H/O) will have the acronym of DE-MD.

Table 2. 1: A list of the microfluidic devices utilised across the project.

Device acronym Filament On-chip emulsion Off-chip end-product
SE-MD COC* Single Hydrogel capsules
H/O
DE-MD Nylon/COC Double Oil-in-Hydrogel capsules
O/H/O
TE-MD COC/Nylon/COC Triple Water-in-Oil-in-Hydrogel
W/O/H/O capsules

*COC = Cyclin Olefin Copolymer, W = water, O = oil, H= hydrogel, / indicates one order of emulsion

2.3.1. Contact angle of COC and Nylon

Contact angle (CA) measurements for cyclic olefin copolymer (COC) (Creamelt, Grade 8007,
TOPAS) and Nylon 3D-printed samples were collected according to BS EN 828:2013. The contact
angle measuring system comprised of an optical tensiometer, OneAttension Theta Lite (Figure 2. 1A).
The samples were printed as blocks with dimensions 3 cm x 3 cm x 0.1 cm, using the Ultimaker S5 Pro
Buddle and the same print settings as the microfluidic devices (Table 2. 2). The samples were printed
on a glass platform, after a thin layer of polyvinyl alcohol (PVA) glue was applied. Each block sample
was cleaned after fabrication with deionised (DI) water and 70% ethanol to remove residual PVA glue

and dust. Each sample was positioned on the OneAttension platform and a 2 pul water drop was placed

Figure 2. 1: Contact angle (CA) setup. A) OneAttension Theta Lite optical tensiometer setup for CA measurements. B) A
schematic of the camera’s front view for CA (6) measurements between the 2ul water droplet and 3D-printed part (grey area).
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on each surface of the sample (top and bottom). Measurements of the contact angle (CA) were taken by
the camera over 10 s, starting as soon as the 2 ul water drop was placed on each surface (Figure 2. 1B).
The top and bottom surface of four (n=4) 3D-printed block samples of COC and Nylon were tested for
the contact angle. COC wafer (unknown manufacturer) was also used for contact angle measurements,
as reference for COC. The reported CAs are the average over 1 s immediately after the water droplet
touches the surface. This was chosen, because the water droplet starts to evaporate after deposition and

the CA changes since the water can flow through the micro-scale gaps.

2.3.2. Microfluidic device design, fabrication and operation

All microfluidic devices were designed using COMSOL Multiphysics (versions 5.4-5.6) and
fabricated using the Ultimaker S5 Pro Bundle. Each design was exported from COMSOL Multiphysics
software as an .STL file and imported into CURA slicing software. In CURA, the print settings were
assigned as summarised in Table 2. 2, to generate a G-CODE file for the 3D printer. Figure 2. 2,
summarises the device fabrication steps, starting from the Computer Aided Design (CAD) to the
printing and ready-to-use microfluidic device. A thin layer of PVA glue was applied to the glass
platform of the 3D printer, before a device of Nylon was fabricated. All devices after printing were
stored with silica gel sachets. Each liquid phase was delivered to the microfluidic device using SGE
gas-tight glass syringes loaded onto positive displacement syringe pumps (KD Scientific). The SGE
syringes were connected directly to the 3D-printed microfluidic inlets using polytetrafluoroethylene
(PTFE) tubing ( ® = 1.58 mm). A small amount of ultraviolet (UV) resin was applied to each inlet to
seal the fluidic connection and was cured with a UV torch (365 nm). The microfluidic flows from day-

to-day experiments were imaged using a Dino-Lite Edge USB microscope, unless otherwise stated.

Table 2. 2: COC and Nylon print settings assigned within CURA software for Ultimaker S5 3D printer. These setting were

used ior all exieriments and microfiluidic devices.

Speed 25 mm/s 20 mm/s
Infill 100 % (0.69 mm) 100 % (0.69 mm)
Initial Layer Height 0.18 mm 0.18 mm
Layer height 0.06 mm 0.06 mm
Line width 0.22 mm 0.23 mm
Wall line width 0.22 mm 0.23 mm
Material Flow 100 % 100 %
Fan Speed 100 % 10 %
Printing temperature 255 °C 245 °C
Build plate temperature 85°C 85°C

*Brim Tower for Dual Printing was enabled
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Figure 2. 2: Flow chart showing the fabrication steps of 3D-printed devices. Step 1-2 are basic practice for rapid prototyping.
The engineer uses COMSOL or other CAD software (e.g., SolidWorks) to design the microfluidic devices, which can be an
assembly of various pieces. Each piece is imported to a slicing program to assign the appropriate materials (COC or Nylon)
and a G-code is generated using each assigned printing profile (Step 1). The 3D printer translates the G-code commands and
fabricates the device (Step 2). After fabrication the microfluidic device is ready to be assembled with the rest of the microfluidic
setup and for experiments to begin (Step 3).

2.3.3. Production of Hydrogel capsules (H/O) using SE-MD

The single emulsion-microfluidic device (SE-MD) from Figure 2. 4A was utilised to produce
capsules of alginate hydrogel. This COC device consisted of a single droplet-forming T-junction
(Figure 2. 4B). The dispersed phase is cut off by the continuous phase and the droplets undergo on-
chip gelation in a serpentine mixing outlet channel (OC1). The dispersed phase consisted of 1 % w/v
alginate (AP1) in 0.9 % w/v sodium chloride (NaCl) solution. The continuous oil phase (OP1) was a
Ca’'-infused mineral oil emulsion, prepared by mixing an aqueous solution of 1 g/ml CaCl, and mineral
oil at 1:9 volume ratio, plus 1.2 % SPAN 80 surfactant. This mixture was stirred for at least 10 minutes
using a magnetic stirrer and plate, creating a Ca**-infused nanoemulsion. During experiments, the outlet
orifice was slightly submerged in 0.2 M CaCl.. The flow rates of the dispersed and continuous phases
ranged between 1-5 ml/hr and 10-50 ml/hr, respectively. All reagents were purchased form Merck,

unless otherwise stated.
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2.3.4. Production of Oil-in-Hydrogel capsules (O/H/O) using DE-MD

Double emulsion-microfluidic devices (DE-MDs) were optimised to make oil-core, alginate-
shell capsules (Figure 2. 7). The device consisted of two droplet-forming junctions. The first was a T-
junction, identical to the one of the SE-MD (Figure 2. 4B) but was designed without the serpentine
mixing channel, and printed as a straight channel with Nylon filament, instead. At the 1* droplet-
forming junction, the oil phase (OP2) was broken into droplets, by a 2 % w/v or 2.5 % w/v alginate
phase (AP2), creating an O/H emulsion. The oil phase was a mixture of hexadecane (Hex) (code:
H6703) and silicone oil (AR20) (code: 10836) at a ratio of 2:1. Occasionally, the hexadecane was dyed
with oil-red O (code: 00625) at various concentrations (not mentioned) for visualisation purposes. The
O/H emulsion was pinched-off at a COC flow-focusing junction (Figure 2. 7B - 2™ droplet-forming
junction), by a Ca®*-infused nanoemulsion (1:9 or 1: 6), as described in Section 2.3.3 (OC2), forming
O/H/O. The outlet was submerged in a 0.2 M CaCl, bath for completing gelation and collecting the
capsules. The oil and hydrogel flow rates were manipulated accordingly to obtain an incremental

increase of oil core number. All reagents were purchased form Merck, unless otherwise stated.

2.3.5. Production of Water-in-Oil-in-Hydrogel eDIB capsules (W/O/H/O) using
TE-MD

The triple emulsion-microfluidic device (TE-MD) (Figure 2. 10) was used to form triple
emulsion eDIB capsules. The inner water phase (WP3) consisted of a buffer solution of 0.05 M HEPES,
0.15 M potassium chloride (KCl), 200 uM of sulforhodamine B (SulfB) (My= 580.65 g/mol) or calcein
(Mw= 622.53 g/mol). The middle oil phase (OP3) consisted of 1,2-di-oleoyl-sn-glycero-3-
phosphocholine (DOPC, P6354, M,,=786.11 g/mol) in a mixture of hexadecane (Hex) and silicone oil
AR20 or Hex alone (12.5 mg/ml or 30 mg/ml). DOPC was first dispersed in hexadecane following the
thin film lipid hydration method suggested by the manufacturer 7. Briefly, the DOPC powder was
dissolved in chloroform and evaporated using a gentle nitrogen stream until a thin film of lipids was
formed. The DOPC film was subjected to a vacuum for at least 30 minutes to evaporate any residual
chloroform and then released under nitrogen gas. Hex volume was added to the DOPC film depending
on the final concentration needed, or whether AR20 was going to be added too. The shell phase (AP3)
consisted of 1 — 1.5 % w/v alginate and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC,
850355C, My, = 734.04 g/mol) vesicles (0.5 mg/ml — 12.5 mg/ml). The DPPC vesicle solution was
prepared using the thin film lipid hydration method, but the vacuum period was extended to a minimum
of 3 hours or overnight (~15 hours). Following the nitrogen gas vacuum release, the DPPC film was
dispersed in the buffer solution, vortexed for 30 seconds and sonicated in a water bath at 55 °C for 15
min or until a milky solution was obtained without crystals. The vesicle solution was kept at 4 °C and

used within 1 week. Before use they were diluted with the appropriate volume of buffer and alginate to
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achieve desired concentrations. Like the SE-MD and DE-MD, the gelation of alginate was achieved
using a Ca**-infused nano-emulsion (1:9) (OC3 + OC4). The microfluidic setup and execution, aimed
at the formation of 1-2 mm diameter eDIBs, with water compartments segregated by artificial lipid

membranes (i.e., droplet interface bilayers or DIBs).

2.4. Results and Discussion
2.4.1. Selection of filament materials

Generally, microfluidic device manufacturing is dominated by the use of soft lithography with
polydimethylsiloxane (PDMS), by which large-scale production is doubtful '*. On the contrary, 3D
Fused Filament Fabrication (FFF) offers an automated alternative method for rapid prototyping
microfluidic devices, with a large selection of filament materials. Multi-material 3D-printed
microfluidic chips were reported to have satisfactory performance, however, most of the reported 3D-
printed microfluidic devices are single material, as they are believed to have improved pressure
resistance compared to PDMS/glass devices . To ensure successful dual-filament microfluidic device
manufacturing, the printed filaments need to fuse together during printing. Some examples of filament
pairs that exhibited good adhesion are polylactic acid (PLA)-polyvinyl alcohol (PVA), PLA-Nylon and
thermoplastic polyurethane (TPU)-acrylonitrile butadiene styrene (ABS) 2°%2. In fact, PLA-PVA and
PLA-Nylon have been reported to generate multiple emulsions '“*, PVA is a water-soluble polymer,
which degrades in the presence of water, limiting the duration and consistency of microfluidic
experiments. This drawback of PVA, presented Nylon as an attractive filament to use as the hydrophilic
channels. The main advantage of Nylon is that it is not water-soluble, and it minimally reacts with
organic solutions (e.g. ethanol), oil and hydrocarbons **72°. However, it is hygroscopic, meaning it
absorbs moisture, which directly influences the quality of 3D-printed nylon filament, unless the
environment has low humidity levels . PLA filament is commonly used in 3D FFF. Microfluidic
mixers and channels have been fabricated with it; however, it is slightly opaque once printed. In
comparison to PLA, cyclic olefin copolymer (COC) was preferred due to its biocompatibility %7,
chemical resistance 2® and transparency. Moreover, it was reported that COC has low water absorption
compared to PDMS and PMMA, promising stability and consistency, but the downside of COC is its

reactive nature with non-polar solvents %°.
2.4.2. Contact angle measurements of COC and Nylon

Droplet formation and multiple emulsion systems using microfluidic devices rely largely on the

wettability of the channels which can be characterised by the contact angle. The contact angles (CAs)
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of 3D-printed Nylon substrates, 3D-printed COC substrate, and commercially available compression
moulded COC wafer, were measured and listed in Table 2. 3.

The measurements of the bottom and top faces of the 3D-printed samples (Figure 2. 3A), reveal
how the contact with the glass substrate increased the CA by 16.1 ° for COC and 12.9 ° for Nylon. The
printed side facing the glass (bottom) yielded a lower surface roughness (Ra |), compared to the tougher
top surface (Ra 7). The R, is a measurement that describes the texture of a surface with peaks, although
this was not measured as part of this project. In the nanoscale, hydrophobicity (CA > 90 °) and
superhydrophobicity (CA > 150 °) have been corelated with high Ra 3%3!. However, in the microscale
of 3D-printed components, the higher the Ra, the more hydrophilic a surface can be 3>, which agrees
with the findings in Table 2. 3. These observations could be a result of the capillary action occurring
between the aqueous droplet and the 3D-printed rough surface of the sample. The internal microfluidic
channels are more likely to possess higher Ra, with values closer to the top surface of the measured
samples. Therefore, the CAs for COC and Nylon are considered to be 77.8 © + 1.1 and 45.5 ° + 0.7,
respectively (Figure 2. 3B). Injection moulded COC parts have CA of approximately 90 ° **, hence
roughly 7 © higher than that of the measured COC wafer. This difference could be due to the COC grade
and type of sample tested. Such samples have been used as substrates for milling and found that the
contact angle could be varied between 76 © and 109 ° by manipulating the milling parameters *. Finally,
according to the manufacturer Ultimaker, the Nylon filament has polyamide 6/66 grade, which has been
reported to have a contact angle of approximately 68 ° 3, which is considerably higher than the CAs

measured here

Table 2. 3: Contact angles values for all tested materials (n=3 per surface and + indicates the uncertainty of the average

CA).
Surface Contact Angle
COCtop 77.8°+1.1°
COChottom 93.9°+03°
Nylontop 455°+£0.7°
Nylonbottom 584°+16°
COC wafer 82.8°+2.4°
A) bottom top B)
Faces the glass COC top

platform

Smooth Rough
topography  topography

(Ra |) (Ra 1)

Figure 2. 3: The smooth and rough surfaces of the 3D-printed parts and the CA of COC and Nylon substrates. A) Schematic
of the 3D-printed samples (bottom and top view) used for CA measurements, noting that the bottom face contacting the glass
substrate has a smoother topography (Ra |) than the top face (Ra 1). B) Images of the water droplet on COCuop (78 °) and
Nyloniwp (46 °) 3D-printed samples, as acquired through the camera setup.
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2.4.3. Single emulsion microfluidic device (SE-MD)

Alginate microgel bead production was achieved using the 3D-printed COC microfluidic
device shown in Figure 2. 4A-C. The biocompatibility of COC renders it as a highly suitable
microfluidic device material for further cell encapsulation experiments, but first, the droplet frequency
and droplet diameter needed to be evaluated. The oil phase (OP1) and alginate phase (AP1) flow rates

were varied as mentioned in Section 2.3.3, to assess droplet pinch-off at the T-junction (Figure 2. 4B).
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Figure 2. 4: SE-MD experimental device, setup and droplet production affected by the inlet flow rates. A) COC microfluidic
device with a carrier serpentine channel utilised for microgel production (angle between intersecting channels is 54.83 °).
LHS: Bottom view of the 3D-printed device and RHS: Top view of the STL file generated by CAD software. B) Side view of the
designated T-junction for microgel production C) COC images taken by the mega speed camera where the dotted circle
indicates the site of the droplet breakup (i), and its subsequent flow in the serpentine channel (ii), and eventually exiting though
the orifice (iii) into the collection container (scale bars are 1 mm). D) Line/dotted graph of the relationship between the droplet
frequency production (Hz) against the alginate dispersed flow rate (n=20 per flow rate combination,).

2.43.1. Droplet frequency production

For each applied flow rate ratio (OP1:AP1), the droplet production frequency was captured
using the MegaSpeed camera (at 600 FPS) (Figure 2. 4C(i)-(ii)). The video recordings of 5s duration
were processed in Fiji Image], where a macro was generated to measure the droplet generation
frequency based on the grey value intensity changes (4ppendix 2.A4). The droplet frequency increased
as the flow rates of either OP1 or AP1 was increased (Figure 2. 4D). It was also observed that an
increase in the continuous flow, OP1 affected the production frequency to a greater extent than the
dispersed phase, AP1. For example, the flow rate combination of 50:5 (ml/hour), produced droplets

almost 6 times faster than the 10:5 (ml/hour) combination.
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2.4.3.2. Hydrogel diameter

The same flow rate variations were applied to investigate the size of the droplets after gelation.
Alginate droplet partial gelation occurred on-chip and then exited the outlet (Figure 2. 4C(iii)) into a
0.2 M CaCl; bath to complete gelation 3¢. When transferred into a container with deionised water, the
microgels’ diameter from each set of flow rates was imaged using a GXM-XDY-2 inverted microscope.
Microgel diameter was measured using Fiji ImageJ and the microgels of nine flow rate combinations
(10:1, 10:3, 10:5, 30:1, 30:3, 30:5, 50:1, 50:3, 50:5) are shown in Figure 2. 5.

The diameter for each set of flow rates was plotted against the dispersed phase and the
continuous carrier oil phase (Figure 2. 6A&B). The orange highlighted diameter measurements and
coefficient of variation (CV) from Figure 2. 6A-Table A and Figure 2. 6B-Table B, show that the
most suitable flow rate ratio for producing monodisperse capsules of diameter approximately 510 pm,
is 30:5 ml/hr (Figure 2. 6C). It should be noted that Figure 2. 6A reveals some instabilities on the
microgel diameter at flow rate ratios of 50:3, 40:3 and 30:3. However, there is no clear explanation for
this phenomenon. Finally, the inverse relationship between the droplet frequency and droplet diameter
with the increase of the carrier phase flow rate is illustrated in Figure 2. 6D, confirming that the higher

the carrier oil flow rate, the larger the production frequency and the smaller the droplet diameter.
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Figure 2. 5: Images of different microgels produced using SE-MD and various flow rate ratio combinations. Microgels of
9 out of 25 flow rate combinations captured with the GXM-XDY-2 inverted microscope. Each image corresponds to a dispersed
flow noted on the LHS (horizontal grouping) and a continuous flow (vertical grouping). Scale bar denotes 500 um.
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Table A) Dispersed alginate flow rate (ml/hr) Table B) Carrier oil flow rate (ml/hr)
Flow rate (ml/hr) 1 2 3 4 5 Flow rate (ml/hr) 10 20 30 40 50
Diameter (um) 484.9 | 4721 | 4074 | 496.5 | 513.8 Diameter (pm) 7247 | 628.4 | 513.8 | 495.6 | 423.9
+6.4 +20 | £103 | £29 | £1.0 +85 | +47 | £1.0 | +69 | +3.0
CV (%) 13.2 43 254 6.0 2.0 CV (%) 1.7 7.5 2.0 13.9 71
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Figure 2. 6: The effect of various flow rate combinations on microgel production using 3D-printed SE-MD, further analysis
of monodispersity and correlation between droplet frequency and diameter. A) Microgel diameter against the dispersed
phase (ml/hr) graph, while maintaining each carrier phase constant (n=50). Table A) lists the diameter values (n=50) and
CV (%) of the graphed black line data relating to the constant carrier flow rate of 30 ml/hr and varying alginate phase. B)
Microgel diameter against continuous phase (ml/hr), while maintaining each dispersed phase constant (n=50). Table B) has
the diameter values (n=50) and CV (%) of the graphed blue line data relating to the constant dispersed flow rate of 5 ml/hr
and varying the carrier phase. The orange highlighted area in the tables corresponds to the flow rates used for further
experiments involving cell encapsulation. C) Microgel diameter distribution for the flow rate ratio 30:5 ml/hr, concluding the
generation of monodispersed microgels (n=100). D) The inversely proportional relationship between droplet frequency
(n=20) and droplet diameter (n=50) against the continuous flow rate.
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2.4.4. Double emulsion microfluidic device (DE-MD)

The intent of this section is to understand and explore the formation of oil-core hydrogel
capsules, to further utilise them for enclosing droplet interface bilayers (DIBs) (Section 2.4.5).
Although, the formation of the desired single oil-core capsules was relatively easy to achieve, the
control of multiple oil-core encapsulation in alginate was challenging and further investigated. Double
emulsion, oil-core, alginate-shell capsules were produced using the device (DE-MD) shown in Figure
2. 7A. This 3D-printed microfluidic device consisted of a Nylon T-junction, [with design and
dimensions same as the SE-MD (see Section 2.4.32.4.2 above)] and a 2" COC flow-focusing junction

(Figure 2. 7B).

2.44.1. Single-core O/H/O

Single-core alginate-shell capsules, from Figure 2. 7C, were produced and gelled as described
in Section 2.3.4. The inner oil phase, OP2 (3.5 ml/hr), alginate mid-phase, AP2 (17.5 ml/hr), and carrier
gelling emulsion, OC2 (34 ml/hr) facilitated the production of the oil-core hydrogel-shell capsules. The
diameter of the oil-core hydrogel capsules was measured on-chip during formation, and off-chip, after
full gelation had occurred. On-chip diameter measurements revealed that the red oil droplets had
diameter 421.7 um + 5.5 and the whole capsules (i.e., alginate diameter) had diameter of 947.9 um +
14.3 (Figure 2. 7C(i)). The double emulsion formation in Figure 2. 7C(i), seemed to be governed by
the dripping regime with the final capsules being relatively uniform in size (Figure 2. 7C(ii)-(v)).
According to Utada et. al 2005 the dripping regime can produce droplets with diameters close to the
orifice diameter (in this case diameter, a, in Figure 2. 7B), while during jetting, droplet break-up occurs
further downstream, at a distance three times the orifice diameter *’. This delayed double emulsion
break-up was not observed here, hence the assumption of the dripping regime. In addition, the 2
droplet-forming orifice (a) in the CAD model was assigned to have diameter of 800 um (Figure 2. 7B),
which was approximately 150 um less than the measured on-chip diameter of the eDIB capsules.

Furthermore, it was observed that off-chip diameter measurements of the alginate capsules
of alginate in the presence of Ca®" ions *. This off-chip diameter decrease could also be due to the
eliminated shape restriction occurring on-chip. In the attempt to increase the number of oil cores, by
increasing the inner OP2 flow rate, the formed oil droplets were dominant in size with respect to the

alginate shell area, leading to merging with the carrier phase, OC2.
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Figure 2. 7: DE-MD experimental setup and device dimensions for single oil-core hydrogel-shell production. A) Top view
of the DE-MD utilised for O/H/O emulsion formation (LHS: 3D-printed device, RHS: STL file generated by COMSOL
Multiphysics). B) Side and top view of the flow-focusing 2" droplet-forming junction (light yellow: Nylon material, light blue:
COC material), with annotated channel dimensions. C) Oil-core capsules produced using 3.5, 17.5 and 34 ml/hr for the inner,
alginate and outer oil phase, respectively (i) Mega Speed camera image of the 2" junction, with an array of single oil-core
alginate-shell capsules (scale bar is 1 mm). (ii)-(v) Isolated single oil-core capsules in a petri dish with mineral oil, after

complete gelation.
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2.4.4.2. Multi-core O/H/O

To understand the controlled oil core encapsulation in O/H/O emulsions, the flow rates of
follow-up experiments were decreased substantially. The oil phase (OP2) ranged from 0.1 to 1 ml/hr,
in increments of 0.1 ml/hr, while the alginate phase (AP2) and carrier oil phase (OC2) were kept
constant at 2 ml/hr and 8 ml/hr, respectively. At every 0.1 ml/hr increment, an increase in the number
of oil cores was observed as shown by the increasing size of the bubbles in the graph of Figure 2. 8A.
Two additional observations were made when the AP2 flow rate was increased further to 3 and 4 ml/hr,
while the OP2 was kept constant at 0.7 ml/hr. First, as expected, the diameter of the oil droplets had
decreased, and second, the number of the encapsulated oil cores increased by a greater extent (3-4 oil
cores) compared to the rest of the flow rates (orange highlighted regions in Figure 2. 8A). These data
shows that in order to control the number of encapsulated oil cores, it is not enough to only increase the
inner oil phase, but the alginate middle phase as well *’.

To explore the encapsulation of more oil cores (>3 oil droplets per capsule), the AP2 rate was
increased from 2 ml/hr to 5 ml/hr (Figure 2. 8B). The flow rate of 5 ml/hr reduced the inner oil cores’
diameter and resulted in up to 7 oil droplets being encapsulated in the alginate shell. It is noteworthy to
mention that the experiments summarised and plotted in Figure 2. 8A&B resulted from the droplet
formation following the jetting or squeezing regime (Appendix 2.B). In the squeezing regime, the
emerging alginate droplet that carried the oil cores, occupied the whole area of the microfluidic channel,
leading to an upstream pressure build-up that broke the alginate phase into droplets 3°*°. These effects
strongly depend on the carrier flow rate, which in this case was 10 ml/hr.

Subsequently, it was hypothesised that to achieve an incremental and consistent multi-core
encapsulation, both the alginate and inner oil flow rates needed to be manipulated (Figure 2. 8C). Based
on this hypothesis, the flow rates were increased almost equally every time, and a linear relationship
was obtained between the number of oil cores and flow rate ratio Q4/Q. (Figure 2. 8D). A similar
relationship and phenomena of the controlled encapsulation of inner cores, has been previously
characterised by Ji, et al. 2018, as the synchronised regime *'. Images of single and multi-core O/H/O
capsules across multiple experiments are shown in Figure 2. 9A. Finally, Figure 2. 9B shows the
O/H/O monodispersed capsules from the final dripping/synchronised regime experiment (Figure 2.
8C&D), before and after gelation. Detailed tables on the flow rates, average core number, diameter

measurements and the error of mean, can be found in Appendix 2.C.
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Figure 2. 8: Production of multi-core O/H/O capsules using the DE-MD and the effect of different flow rates on the number
of encapsulated cores. A) The first experiment showing that a slight increase in the alginate flow rate can have a greater
impact on the control over the number of encapsulated cores compared to the increase of the inner oil phase (n=10-14). Here,
the continuous carrier phase was 8 mi/hr. B) The second experiment establishes that the oil droplet diameter is also a
significant factor for controlling the core number (n=21-36 except 4+0 with n=4). The continuous carrier phase was 10 ml/hr.
C) Conclusive data showing that the incremental increase of both the inner oil and alginate phase, benefitted the control over
the core number (£ SEM = 0, due to the consistent encapsulation number). In this experiment, the continuous carrier phase
was 35 ml/hr. The size of the bubbles in all graphs corresponds to the oil core number. The average core number was calculated
based on a 10 s video of O/H/O formation and the diameter is the average of multiple oil cores (n=14). D) A linear trendline
was obtained between the number of encapsulated oil cores against the Qu/Qc, based on data from C).
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Figure 2. 9: Images of various single and multi-core capsules produced using DE-MD. A) Images of the outlet channel, right
before the O/H/O capsules are collected in 0.2 M CaCl: (OC2 is pure mineral oil). B) High speed video frames of 1-4 red oil-
core hydrogel-shell capsules, before (on-chip) and after crosslinking of alginate (capsules are in a petri dish with mineral oil).
OC2 is a 1:6 Ca’*-infused nano-emulsion. Scale bar of 1 mm included.
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2.4.5. Triple emulsion microfluidic device (TE-MD)

Compared to the DE-MD, the TE-MD required more development time in terms of optimising
the 3D-printed microfluidic channel dimensions, the encapsulated droplet interface bilayer (eDIB)
material components and stability of the artificial lipid membranes. So far in this chapter, 3D FFF
printed microfluidic devices produced double emulsions using two droplet-forming junctions. In this
section, triple emulsion and eDIB formation is reported using a triple junction 3D-printed microfluidic
device made of COC and Nylon. The TE-MD was inspired by the SE-MD and DE-MD and the
development stages are presented in Appendix 2.D. The final 3D-printed microfluidic device employed
for the formation of eDIBs is shown in Figure 2. 10A, along with the top and side view channel
dimensions, displayed in Figure 2. 10B and Figure 2. 10C, respectively. The channel overlap, between
inner water phase (WP3) and lipid-oil phase (OP3) channels shown in Figure 2. 10C(i) of
approximately 0.06 mm along the z-axis (layer height assigned in CURA print settings), minimises the

area of the 1% droplet-forming junction, compared to a planar flow focusing device (4dppendix 2.E).

3D printed eDIB producing microfluidic device
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Figure 2. 10: The final TE-MD and its dimensions utilised for triple emulsion capsule and eDIB formation. A) The
COC/Nylon/COC 3D-printed TE-MD after fabrication. B) Top and C) Side view CAD (STL) dimensions of the microfluidic
channels that make up the microfluidic device for eDIB production. The TE-MD consists of a 1%, 2" and 3" droplet-forming
junction, responsible for the W/O, W/O/H, W/O/H/O emulsion formation, respectively.
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2.4.5.1. CAD geometry dimensions Vs 3D-printed dimensions

Understanding the printing capabilities of the Ultimaker S5 3D printer is crucial, therefore the
STL design dimensions were compared to the dimensions of the microfluidic device after production
(Figure 2. 11). These comparisons are also important for the practical formation of the DIB buffer
droplets and the mid-oil core, with respect to the overall eDIB capsule. The comparisons were limited
to the top view dimensions, given that the channels were impossible to visualise from the side, with the
equipment available. In addition, due to the lack of transparency of printed Nylon, only the COC
channel dimensions were analysed.

Except one (el), all the microfluidic channels had decreased dimensions after fabrication
compared to the designed (STL) channels. These diameter reductions ranged from 3 % to 14 % for the
cylindrical channels (=) and 33 % to 40 % for the rectangular channels (01 ) (Table in Figure 2. 11).
Similar observations were made in a different study on stereolithography (SLA) 3D-printed cylindrical
and rectangular channels, where the designed cylindrical channel dimensions complemented the
microscopically measured dimensions, while the rectangular dimensions not so much >, These claims
were made by Wang, et al. 2021, who printed these geometries with the open faces along the z-axis,
while the open faces of the TE-MD presented here, are along the y-axis. Only the channel e/, which is
responsible for slowing down the water-in-oil (W/O) emulsion and incubating the droplets to form a

lipid monolayer, showed a post-fabrication diameter increase of 6 %.

I Top view (3D FFF device dimensions)

z
I X
y
1000 pm N 'S 1000 pm 00D; i 1000 pm
able b O d ele e2w iw ke
Design dimensions 0.36 mm | 0.50 mm | 0.50 mm | 0.50 mm 1 mm 1.40 mm | 1.60 mm 1 mm

3D printed device dimension | 0.24 mm | 0.30 mm | 0.53 mm | 0.45 mm | 0.86 mm | 1.36 mm | 1.50 mm | 0.95 mm
% difference 33% | 40 % | 6 % 1 10 % | 14 % | 3% | 6% | 5%\

Figure 2. 11: Microscopy images of the 3D-printed, COC, TE-MD channels and comparisons with the CAD assigned
dimensions. TOP: Images taken by the widefield microscope (MMS800) of the microfluidic channels after fabrication by the
Ultimaker S5 Pro Bundle. Each red letter corresponds to the same dimension as the CAD STL file from the previous figure.
BOTTOM: Table summarising the design dimensions and microscopically measured dimensions of the microfluidic device.
The percentage (%) difference of each dimension was calculated to show the impact of filament deposition on the designated
channel sizes.

Page | 94



Chapter 11

The rectangular channels (81) had the largest size differences between the design and post-
fabrication channel dimensions. Despite that, they are more suited for small-scale printing and droplet
production, compared to the cylindrical microfluidic channels, since the area of a rectangle is smaller
than the area of a circle. Moreover, it is more likely for cylindrical small-scale channels to be clogged,
due to the infill pattern (Raster fill, Contour fill or a combination) and travelling of the nozzle **. Figure
2. 12A, shows these three infill patterns for material deposition of a closed cylinder, being printed along
the z-axis. However, for open loop channels (e.g., inlets and vertical cylindrical channels), Figure 2.
12B provides a more accurate representation of the combination infill pattern. The circular motions and
curved lines can lead to the deposition of melted plastic to the channel, leading to the clogging of the
device. Therefore, care should be taken regarding the selection of the geometries that make up the
microfluidic channels, their contribution on the finished device and, the post-fabrication dimensional

changes.

of the open

©

Figure 2. 12: 3D printing infill patterns and nozzle travel of cylinder geometries. A) (a) Raster fill (b) Contour fill (c)
Raster/Contour combination of closed-loop structures 6. B) Infill pattern raster/contour combination of cylinder geometry
with an open channel ( OP3 inlet). Scale bar is 1 mm.
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2.4.5.2. eDIB formation, from the inside-out
2.4.5.2.1. 1% droplet-forming junction

The 1* part of the TE-MD is the hydrophobic COC droplet-forming junction, which enables
the formation and long incubation (at least 10 s) of buffer droplets in dioleoyl-phosphatidylcholine
(DOPC) phospholipid-containing hexadecane oil (W/O). This is a non-planar, two-layer droplet-
forming junction (Figure 2. 10C(i)) and it is shown in Figure 2. 13A, during operation *. The decreased
dimensions of the 3D-printed microfluidic devices, enabled the production of smaller droplets than
initially planned (designed as 360 pum, printed as 240 pm, Figure 2. 11-BOTTOM), which was
beneficial for faster and more complete lipid monolayer assembly and eventually stable eDIB
formation. The printed COC had good transparency, supporting the visualisation of the channel and
possible calculation of droplet generation (Hz), either with the use of fluorescently excited dyes (e.g.,
sulforhodamine B, SulfB and Calcein) or under ambient lighting (Figure 2. 13B).

The W/O emulsion occasionally caused clogging of the 1% droplet-forming channel, due to
possible lipid aggregates in the hexadecane solution or, more likely, the softening of the materials due
to hexadecane. The former phenomena can occur when an oil lipid-containing solution comes in contact
with water, undesirably, forming lipid aggregates leading to clogging of the first junction. Although,

the latter reasoning is more likely to be the clogging factor, due to the reported dissolution of COC in

non-polar solvent, including hexadecane *.

B) (@i.)

Hydrophobic 15‘ﬁroplet—forming
junction

TE-MD. A) Schematic of the Ist junction showing the water-in-oil emulsion formation. The lipid monolayer is formed around
the water droplets as they flow through the central channel. B) Photographs of the I*' junction showing the water-in-oil
emulsion. The droplet production frequency of this experiment was 3.6 Hz. The yellow arrows indicate the location of the
junction, and the white arrows show the emerged droplets. (i.) The calcein droplets were excited by a UV torch of wavelength
365 nm (no filter used). Red arrows reveal the channels of the continuous lipid-containing oil. (ii.) Panel figure of the droplet
pinch-off in ambient light at four consecutive timepoints. Images of this figure were acquired using Dino-Lite edge USB camera.
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The serpentine channels were tailored to support the lipid monolayer formation around the W/O
buffer droplets, by prolonging incubation time. However, premature bilayer formation between multiple
adjacent droplets, as shown in the schematic of Figure 2. 14 was regularly observed. This could be a
result of a combination of factors, including the pressure differences between droplet aggregates and
aggregates having different velocities, or due to printed artifacts around the curved fluidic channels #°4°.
Therefore, the design, as well as the 3D printing process, can give rise to irregularities of the flow.
These irregularities are not ideal for applications that depend on droplet volume control and consistency.
However, the aim of this chapter is the production of stable eDIBs, with the least possible participation
of synthetic reagents (for biocompatibility reasons in Chapter IV). Thus, this final design progressed to
further experimentation, despite the challenges with the uncontrolled premature bilayer formation

between several buffer droplets.

{ D

Droplet interface bilayers (DIBs)

One DIB between two buffer
droplets

—

Five DIBs between six buffer
droplets

1
I

L1

Exit to hydrophilic 2
droplet-forming junction

Figure 2. 14: From single to multiple DIB formation in the 1st COC microfluidic serpentine component of the TE-MD. DIBs
are formed when two or more lipid-coated water droplets come in contact. Pressure differences along the serpentine channel
causes buffer droplets to come closer to each other, forming numerous premature bilayers (ranging from 1 bilayer to many
bilayers).
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2.4.5.2.2. 2" droplet-forming junction

The stable emulsification of the W/O by the AP3, was difficult to achieve, due to the decreased
surface tension (y) of lipid-containing hexadecane oil and the presence of DIBs inside the oil #”#%, The
lipid-oil mixture was usually made of pure hexadecane, but oil mixtures from initial experiments
consisted of silicone oil (AR20), too. Most earlier reported DIB studies, incorporate AR20 as it forms
stable lipid bilayers, and is difficult to manipulate and separate *°. Although, AR20 decreases the y of
an oil mixture further, making emulsification more challenging *!. To increase the stability of the
DIBs and evidently the formation of eDIBs, moderate DOPC concentration of 12.5 mg/ml was primarily
used.

The DIBs or W/O emulsions enter the 2™ droplet-forming junction (Nylon) and are pinched-
off by the AP3 with considerably higher flow rates than the earlier oil phase (OP3) (approx. 10 times
higher). The 3D-printed Nylon filament is not as transparent as the COC, as it appears from Figure 2.
15. However, some information was successfully extracted from high-speed videos relating to the
W/O/H emulsion, which was satisfactory for some flow and droplet formation assumptions. During the
double emulsion formation (W/O/H) and after pinch-off, the water droplets moved in a circular, vortex-
like motion which has been previously described as planetary-like motion %2, The water droplets

appeared to be rotating along the periphery of the oil droplet.

Hydrophilic 2" droplet-forming junction

e e e e |

Figure 2. 15: Nylon microfluidic component of the TE-MD responsible for enclosing the DIBs in single oil droplets, by an
alginate phase. The droplets or DIBs enter the 2" droplet-forming junction, follow a vortex-like mixing and continued to mix
after the W/O/H emulsion was pinched-off. The orange cores here are 70 mM calcein buffer droplets (WP3) in 12.5 mg/ml
DOPC/Hex grey droplet (OP3) and the alginate phase (AP3) consists < 1 mg/ml DPPC vesicles. Images in this figure were
acquired using Dino-Lite edge USB camera.
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2.4.5.2.3. 3"¢ droplet-forming junction and eDIB protocol optimisation

The eDIBs, as triple emulsion capsules, need to retain their structure and ensure minimal
cytotoxicity for subsequent experiments. For the formation of eDIBs, oils of different characteristic
properties were used throughout this chapter (hexadecane, silicone oil, mineral oil), to either facilitate
DIB formation or ensure aqueous phase pinch-off. Their density, viscosity and surface tension can be
found in the table in Appendix 2.F. The use of surfactants for the formation of complex emulsions is

beneficial, however surfactants can injure the biological cell membrane 33

. During preliminary
experiments, the lack of surfactants led to merging between miscible phases upon the entry into the
subsequent junction or channel. This occurred between the inner water droplets (WP3) and the alginate
phase (AP3) or, between the mid-oil phase (OP3) and the outer oil carrier phase (OC3). These
observations related to the merging of miscible phases within the microfluidic chip in the absence of
surfactants are animated in Figure 2. 16A. In order to minimise the effect of coalescence, lipid-vesicles
were incorporated into the alginate phase (AP3) and were studied in the following paragraphs to obtain

the final eDIB protocol.

No surfactant in the alginate shell phase

A) OC3

DIB formation DIB encapsulation eDIB gelation;

DPPC vesicles as a surfactant in alginate shell phase

B) OC3

Figure 2. 16: Schematics of the microfluidic channel sequence without and with DPPC vesicles, starting from the lipid
monolayer assembly to the DIB formation, encapsulation and eDIB production. A) Microfluidic phase flow setup lacking
the vesicles. The pink buffer droplets (WP3) leak into the AP3 upon entering the 2" droplet-forming junction (nylon) and the
oil core (OP3) merges with the Ca’* nano emulsion (OC3). B) Phase flow setup with DPPC vesicles in the alginate. The
vesicles prevent the water droplets and DIBs from merging with the outer alginate phase (AP3). The W/O/H emulsion enters
the 3™ droplet-forming junction (COC) forming W/O/H/O, where the oil core (OP3) is stopped from merging with carrier nano
emulsion (OC3), by the stabilising vesicles in the alginate.
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Dipalmitoyl-phosphatidylcholine (DPPC) vesicle addition and study

The troubleshooting procedure for resolving the merging issue, involved the addition of
surfactants to the alginate solution, starting with Tween 20. Tween 20 of 1 % final concentration in
alginate was tested for eDIB formation (Appendix 2.G). The incorporation of 1% Tween 20 to the eDIB
recipe, formed somewhat successful eDIBs, however synthetic surfactants at high concentrations can
be toxic to living cells 3. To combat the coalescence during on-chip microfluidic formation of eDIBs,
others added CaCOs particles in the alginate phase which acted as viscosity-altering and gelling agents
16 Consequently, an alternative surfactant was considered, which involved the supply of small lipid
particles, DPPC vesicles, as shown in Figure 2. 16B. DPPC lipids reduced the y of alginate >**> and
acted as small particles that supported lipid bilayer formation ***7. Additionally, lipid vesicles can act
as emulsion stabilising agents, by developing a barrier that mitigates merging effects between miscible
phases. The stabilising property of lipid particles inspired the addition of lipid vesicles to the alginate
phase, to facilitate the generation of eDIBs.

Through the process of trial and error, it was revealed that a variety of concentrations of DPPC
can facilitate eDIB formation. Final DPPC concentrations in alginate for eDIB formation ranged
between 0.5 and 12.5 mg/ml. However, as the vesicle concentration approached the upper limit of this
concentration range, challenges emerged relating to the droplet pinch-off at the 3™ droplet-forming
junction. Two concentrations of DPPC vesicles in alginate (7.3 mg/ml and 12.5 mg/ml) were
investigated with similar flow rates, in order to examine the effect of the vesicle concentration on the
eDIB generation. The panel images in Figure 1. 17A&B, indicate that higher vesicle concentration
complicates the droplet break-up and introduced an unstable jetting regime. Such unstable formation of
droplets and jets correlates with high Capillary number (Ca), which grows as the y lowers by the
increasing concentration of DPPC vesicles (inertial forces dominate interfacial forces) 3%,
Additionally, the chaotic flow could be an indication of density differences within the alginate phase,
due to the highly concentrated, polydisperse and multilamellar vesicles (for microscopy images of
vesicle see Appendix 2.H) .

Further decrease of DPPC vesicles to 6.5 mg/ml and increase of the DOPC concentration to 30
mg/ml, resulted in effective microfluidic eDIB formation (Figure 1. 18A&B). The diameter of the
eDIBs post-gelation ( s.pis ) was approximately 1347.1 um + 37.4 (n=15). The internal SulfB buffer
droplets ( wint ) were stable after production (Figure 1. 18C), however overnight merging caused the
internal droplets to almost triple in size ( ®in =460.7 pum + 16.2, n=25), compared to their diameter right
after production ( ®iy =189.9 um + 4.6, n=25) (Figure 1. 18D).

One of the concerns of the incorporation of vesicles in the aqueous alginate phase, is the
formation of asymmetric lipid bilayers, instead of symmetric. From the timepoint where the oil core
meets the alginate shell phase (2 junction), up until the complete gelation of the alginate shell, DPPC
vesicles can fused with the lipid bilayer, forming DOPC /DPPC asymmetric bilayers.
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7.3 mg/ml DPPC

1 % alginate

B)12 5 mg/iml DPPC

1 % alginate

41000 um La® 1000 um

t=1383 ms t=1833 ms t=4583 ms

1000 um

Yo

1000 um ¥4 1000 um v 1000 um

Figure 1. 17: Time-lapse images of eDIB formation with different final concentration of DPPC vesicles in the alginate
phase (AP3). A) Lower concentration of DPPC in the alginate (7.3 mg/ml DPPC) permits more consistent eDIB formation.
B) Higher DPPC vesicles concentration in alginate (12.5 mg/ml DPPC) introduces unstable jetting regime and difficulties
in emulsifying the W/O/H emulsion. For this experiment, no gelation of the eDIBs was attempted. The rest of the phases are

t=17000 ms t=22000 ms t=26000 ms
\ Water droplets

\
X >

eDIB capsule

Figure 1. 18: Microfluidically formed eDIBs using 6.5 mg/ml final DPPC concentration in alginate shell and 30 mg/ml
DOPC in Hex as the middle oil phase. A) lllustration of an eDIB capsule consisting of multiple water droplets encapsulated
by a lipid-containing oil, surrounded by a hydrogel shell. B) Timepoint images of consistent eDIB production at the 3"
droplet-forming junction. C) eDIBs after production with sepis = 1128.5 um and sine = 114.2 um + 2.8. D) Images of eDIBs
(Sepip = 1347.1 um +37.4 ) at t=0 hrs (sin =189.9 um +4.6) and at t= 24 hrs (sine =460.7 pm + 16.2). The rest of the phases
are WP3: Sph-B=buffer, OP3=30 mg/ml DOPC/Hex, OC3-OC4= 1:9 Ca’*-nano emulsion. Photographs in this figure were
obtained using Dino-Lite edge USB camera.
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Middle-oil phase (OP3) compositional changes and effect on surface tension (y)

Changes of the phases’ flow rates across the eDIB experiments, were well kept at minimum.
Details on the approximate microfluidic phase flow rates applied for the eDIB formation can be found
in Chapter III, Section 3.3.1. The mid-oil core droplets (=i ) of the eDIBs using 30 mg/ml DOPC, were
larger ((®oii = 954.5 um =+ 30.5) than the 12.5 mg/ml DOPC in Hex:AR20 ( ®oii = 776.9 um =+ 31.7).
According to Yanagisawa, et al. 2013, the addition of DOPC to hexadecane oil reduces the interfacial
tension of water-hexadecane by 95 % (air-hexadecane y = 27.5 mN/m) 6!, A later study, by Taylor, et
al. 2015, demonstrated that the monolayer tension of diphytanoyl-phosphatidylcholine (DPhPC) in
hexadecane solution decreased by 17 %, when silicone oil of equal hexadecane volume (1:1) was added
31, Different concentrations, lipid compositions and oils yield a distinct y, depending on their strong or
weak interactions and the size differences between hydrophilic heads and hydrophobic tails *%.

Therefore, it was understood that the 30 mg/ml DOPC in hexadecane only, had higher y than moderate

DOPC concentration of 12.5 mg/ml in 1:1 Hex:AR20 mixture, resulting to larger volume oil droplets.

Final eDIB protocol

Despite the overnight merging observations in Figure 2.18D, it was decided to use a moderate
DOPC concentration (12.5 mg/ml) in hexadecane and removed the AR20 entirely from the ‘equation’.
Lastly, high-levels of vesicle content caused the hydrogel shell to become opaque, due to the milk-
looking solution of DPPC/buffer. Therefore, the DPPC concentration was further reduced, leading to
significant transparency differences between the < 1 mg/ml DPPC and 12. 5 mg /ml DPPC eDIB
(Figure 2.19A&B). The final eDIB formulation experiments were conducted with DPPC vesicle
concentration as low as 0.5 mg/ml in 1.5 % w/v alginate. These experiments finalised the eDIB protocol,
where the internal cores (WP3) consisted of SulfB buffer, the mid-oil phase (OP3) was 12.5 mg/ml
DOPC in pure Hex, the 1.5 % w/v alginate phase (AP3) had 0.5 mg/ml DPPC vesicles and finally the
carrier phase (OC3-OC4) consisted of 1:9 Ca?*-nanoemulsion. These tailored soft eDIB capsules
maintained their stability and their transparency, while obtaining high contrast between each layer and
compartments for further imaging and analysis (B). Such well-compartmentalised and durable 1-2 mm
eDIBs can withstand external shocks, such as pipetting and washing, therefore they can be further
studied and imaged using more sophisticated microscopes (confocal microscopy and light-sheet

microscopy).
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|
500 ym

—
500 pm

Figure 1. 19: Images of eDIBs created using the final protocol. A) Comparison between eDIBs with 12.5 mg/ml (high
concentration) and <0.1 mg/ml (low concentration) DPPC vesicles in the alginate shell. Side to side comparison of eDIB
between the high and low DPPC in alginate concentration, where the red dashed box encloses the eDIBs with low DPPC
concentration. Images were obtained with the Dino-Lite edge USB camera. B) Bright and Dark field images of SulfB/buffer
(red fluorescent droplets) encapsulated in eDIBs produced following the final protocol. The diameters of these eDIBs, oil
cores and internal cores were measured approximately to be sepip =1285.1 um £27.5 (n=21), soi= 804.8 um + 20.9 (n=21)
and sine =241.7 um + 8.1(n=21). Images were obtained with the GXM-XDY-2 inverted microscope.
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2.5. Conclusion

The novelty of this thesis chapter lies within the combination of monolithic triple-junction 3D-
printed microfluidic devices for encapsulated Droplet Interface Bilayer (eDIB) production. Hydrogel-
in-oil (H/O), oil-in-hydrogel-in-oil (O/H/O) and water-in-oil-in-hydrogel-in-oil (W/O/H/O) emulsion
microgel capsules were formed with increasingly complicated 3D-printed microfluidic devices by
Fused Filament Fabrication (FFF). Using this fabrication technique monodispersed microgels, oil core-
containing microgels and triple-order emulsions were formed using droplet-forming microfluidic
circuits. The eDIB model is a W/O/H/O emulsion, fabricated using multi-material, multi-junction FFF
microfluidic devices and very importantly, with no channel surface modifications and negligible
involvement of synthetic surfactants. Therefore, this eDIB model, which is considered as being of low
cytotoxicity and with effective compartmentalisation capability, can contribute to scientific
accomplishments in tissue culture and engineering, drug delivery and screening, as well as synthetic
biology and soft matter materials. The release of the cores encapsulated in eDIB constructs is
investigated in Chapter III using artificial lipid membrane modulation, while cancer cell and spheroids
culture in hydrogel microbeads, oil-core microgels and triple emulsion eDIBs are investigated in

Chapter IV.
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Chapter 111

Characterisation, post-processing and in-situ
content release activation from encapsulated

Droplet Interface Bilayer synthetic cell interiors

3.1. Chapter summary

This chapter focuses on the imaging, characterisation, and post-processing of encapsulated droplet
interface bilayers (eDIBs). Individual or batch-produced eDIBs were analysed with respect to their
stability, core size distribution and DIB liquid contact angle. EVOS and Optical Coherence
Tomography (OCT) imaging provided complementary analysis of eDIBs. Further tests on eDIB
stability were conducted using elevated temperatures and centrifugal force. Moreover, the release of the
internal compartments of eDIBs was controlled in-sifu, through membrane modulation by
lysophosphatidylcholine (LPC). Fluorescence intensity measurements were collected throughout the
incubation of eDIBs with LPC, evidencing a consistent method for eDIBs’ core release. Computational
simulations (2D and 3D) were performed for the diffusion of LPC and subsequent core release by
varying the threshold concentration and the hydrogel parameters. The LPC effect on lipid bilayers was
further supported by DIB electrophysiology studies.
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3.2. Introduction

Droplet interface bilayers (DIBs) are models that mimic cellular membranes, fabricated using
simple bottom-up reconstruction. These biomimetic systems are formed when lipid monolayer-coated
aqueous droplets encounter one another, forming an artificial lipid bilayer. The coating of the droplets
is achieved, by incorporating phospholipids inside the aqueous droplets, as liposomes (lipid-in) or by
dispersing them in an outer oil solution (lipid-out). DIBs present a tool for engineering artificial lipid
bilayers containing plasma membrane components and may be used as molecular biosensors . Some
concepts that attracted the research community into developing soft biomimicking devices, i.e. DIBs,
include the understanding of the electrical potentials across cellular membranes 2, toxin susceptibility
and translocation in cells *, as well as contained and controlled sequential chemical reactions *.

DIBs are tailored to the application and end-goal. For example, self-supported DIB tissue-like
structures, have previously been established using a thermoresponsive polymer, while maintaining the
functionality of embedded transmembrane pores °. Zhou, ef al. 2020 used DIB network bioprinting, for
encapsulating living cells and maintaining their viability ®. Others have utilised DIB as biodevices for
in-vitro transcription / translation (IVTT) for protein production, with subsequent insertion into the lipid
bilayer 7. Attention is also given to explore the interactions between molecules, ion channels and pores
using DIBs models or droplet-hydrogel bilayers (DHBs) 3°. DHBs provide a platform for single
molecule fluorescent studies and similar to DIBs, they are usually performed by hand and manual
pipetting, suggesting that the throughput of experiments may be low.

Droplet-microfluidics increase the throughput and yield to a large number of individual DIBs.
Microfluidic production of DIBs can be achieved through double emulsions, or triple emulsions, with

10,11 Before

devices that are tailored to form multi-compartment systems, often termed as multisomes
attempting to increase production rates using microfluidic technologies, it is important to understand
the susceptibility of DIB systems. For example, DIBs have been reported to be sensitive to temperatures
that may lead to evaporation effects 2. The stability and durability of planar lipid bilayers '*, and device-
encapsulated DIBs, have been previously studied by exposing them to mechanical stresses '*. Sarles
and Leo (2010), reported that DIBs surrounded by lipid-containing oil, can maintain their stability by
the continuous feeding of lipid molecules into the lipid bilayer, even under mechanical agitation '*.
Hence, the isolation of DIBs in oils and additional outer layers, would be beneficial. The encapsulation
of DIBs in oil surrounded by a soft hydrogel, introduces new possibilities for their application and these
have been previously generated using droplet-microfluidics and were termed as encapsulated droplet
interface bilayers (eDIBs) '°. This encapsulation process of DIB systems can allow them to be used in
physiological aqueous environments *, and permit their manipulation and post-processing in various

ways, including electrophysiology which is a standard operating procedure for DIB membrane studies

16
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Tailored eDIB constructs can carry cellular building blocks or engineered materials responsive
to external stimuli. This would lead to on-demand encapsulant release, targeting drug delivery and
screening applications !. Their characterisation is important, but most of the characterisation of
artificial cell membranes has been focused on DIBs, which lack the bilayer interface between the droplet
and the hydrogel. The stability of DIBs and consequently, eDIBs, is highly dependent on the
surrounding environment and needs to be maintained, but also understood and explored, especially
when it comes to designing content release platforms. This should be considered, as eDIBs are not only,
a robust artificial/synthetic cell mimicking chassis, but they also offer a biodevice skeleton for drug
screening applications.

Reagent encapsulation in eDIBs could potentially offer drug transport and delivery to a diseased
area, following controlled release. Usually, drugs are encapsulated in hydrogels, polymer particles or
liposomes. They are designed to protect the load from the outer environment, until it reaches the
designated target '®. Some stimuli-responsive liposomes and microparticles are used clinically and in
research, and some stimuli examples include temperature, pH, photo-activation and membrane

modulation %23

. Disruption of artificial lipid bilayers has been achieved using membrane modulation
by metal oxide particles %%, and the use of lysolipids 2°. Egg lysophosphatidylcholine (LPC) are cone-
shaped, single-tailed phospholipids with a headgroup larger than the tail, making up lipid structures
with positive curvature 2°. They have been reported to activate mechanosensitive pores in DIB systems
%7 increase the permeability of cell membranes for drug uptake studies 2%, and induce cell apoptosis at
various concentrations depending on the cell line (50 pM and higher) 2°2°.

The molecular transport in DIB or eDIBs, in the absence of transmembrane pores, is usually
dominated by slow diffusion, if possible, between the encapsulated compartments and the outer
environment *'. In this chapter, eDIB structures were characterised further, after executing the final
eDIB protocol from Chapter II. Different imaging techniques were used to image and analyse eDIBs
and their stability was assessed after experiencing high temperatures and gravitational forces. The
interplay between compartments and the outer environment is dominated by diffusion, since no
transmembrane pores were utilised. An active content release protocol was demonstrated, which applies
in-situ membrane modulation, driven by the diffusion of LPC molecules through the porous hydrogel
shell of eDIBs. This was further studied by 2D and 3D computational simulations governed by Fick’s
Law of Diffusion and Millington and Quirk model. Finally, DIB electrophysiology experiments were

performed, to delve into the effect of LPC molecules on artificial lipid bilayers.
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3.3. Materials and Methods

All the studied encapsulated droplet interface bilayers (eDIBs) were produced using the triple
emulsion microfluidic device (TE-MD) (Figure 3. 1A) developed in Chapter II — Section 2.3.2 and
formulated with materials described in Chapter II - Section 2.3.5, with a few modifications based on
the final eDIB protocol (Chapter II - Section 2.4.5.2.3 - Final eDIB protocol). The internal
compartments of eDIBs consisted of sulforhodamine B (sulfB) or calcein dye in buffer or Phosphate
Buffered Saline, PBS (pH 7.4, 1 X, Gibco, UK). The buffer used throughout this thesis consisted of
0.05 M HEPES, 0.15 M KCI in deionised water. For the DIB formation, 12.5 mg/ml dioleoyl-
phosphatidylcholine (DOPC) in hexadecane (Hex) was used and for comparison experiments, this was
replaced with 12.5 mg/ml diphytanoyl-phosphatidylcholine (DPhPC) in Hex or 4 mg/ml DOPC in Hex
with 10 % silicone oil (AR20). The shell phase of the eDIBs remained as 1.5 % alginate with 0.5 mg/ml
dipalmitoyl-phosphatidylcholine (DPPC) vesicles, and was gelled by 1:9 ratio Ca*'-infused
nanoemulsion.

For the experiments related to the active content release from eDIBs, Egg
lysophosphatidylcholine (LPC) in chloroform was purchased from Merck/Sigma-Aldrich (830071C)
and prepared in buffer solution, following the thin film hydration method (same as DOPC and DPPC
in Chapter II - Section 2.3.5).

o ;
1000 .pm ' 1000 ym ; 1000 ym

Figure 3. 1: Photographs of the TE-MD developed in Chapter 11 for triple emulsion eDIB production. A) FFF 3D-printed
microfluidic device, made from COC/ Nylon/COC filaments and droplet-forming junctions. Red arrow indicates the 3™ droplet-
forming junction. B) Timelapse images of the eDIB formation at the 3™ junction of the TE-MD. The eDIBs showed were
produced using sulfB/buffer cores in 10 mg/ml DOPC in Hex with 20 % AR20 and 6.5 mg/ ml DPPC in 1 % w/v alginate.
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3.3.1. Imaging of eDIBs

Day-to-day microfluidic experiments and eDIB formation were monitored using the Dino-Lite
Edge USB microscope (Figure 3. 1B). The analysis of eDIBs (contact angle, diameter, etc) was
primarily based on images acquired using EVOS M7000 Imaging System (Thermofisher, UK). Contact
angle (CA) measurements were also carried out using Optical Coherence Tomography (OCT). Any

other means of imaging will be mentioned in the appropriate section.

3.3.1.1. EVOS

eDIBs after production were transferred from the collection dish to a well plate suitable for
imaging with EVOS. Depending on the dye encapsulated in the cores of the eDIBs, the appropriate
LED light cubes were used, those being Texas Red (Ex = 585/29 nm, Em= 628/32 nm) for SulfB and
GFP (Ex =470/22 nm, Em= 525/50 nm) for calcein dye. Bright-field images were also obtained. For
multi-well and multi-timepoint imaging, the eDIBs were immobilised at the bottom of the well by
depositing a thin layer (50-100 pl) of 1 % w/v low temperature melting agarose (A9414, Merck)
dissolved in buffer at 37 °C. For immediate imaging and quenched calcein experiments (Section
3.3.3.2), eDIBs were placed in clear buffer. Imaging was carried out at room temperature unless
otherwise stated and for prolonged imaging, the wells were sealed with microplate tape to avoid
evaporation. For imaging and further manipulation or treatments, a clear buffer of 0.05 M HEPES, 0.15
M KCI was used.

3.3.1.2. OCT

Optical Coherence Tomography (OCT) (VivoSight System, Michelson Diagnostics, UK)
machine was used to take axial images of eDIBs. The eDIBs were transferred onto a microscope glass
slide, which was in turn placed on the imaging platform. The moving platform was adjusted to focus
the microscope objective on the eDIBs by tuning its z-axis dial. An area of 6 mm? was scanned at 500
FPS with a 4 um step size. Image processing was carried out using ImageJ Fiji, for the visualisation of

eDIBs’ orthogonal views and 3D image reconstruction.
3.3.2. Stability of eDIBs

eDIBs were stored in buffer solution and three days after microfluidic production their stability
was assessed. To do that, they were exposed to temperatures and centrifugal forces varying from 30 to
80 °C, and 39xg to 3913xg, respectively. The eDIBs (n=5) were transferred to 1.5 ml Eppendorf vials
with 500 ul of mineral oil and were either placed on a heating block with the pre-set temperature for 30
minutes or centrifuged for 5 minutes. After each test, the Eppendorf was placed on a microtube rack for

imaging using a custom-built fluorescent microscope. This consisted of a Nikon SMZ745T microscope,
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an RGB LED light source (RS) for exciting the sulfB encapsulated in the cores, a 600 nm (for the
encapsulated sulfB) bandpass filter to remove some of the excitation wavelength and a Basler Pulse
pul280-54 um camera 2. The eDIBs were imaged with this set up and image acquisition was performed
using Basler’s pylon viewer software V6.2.

The performance of the eDIBs after each test was assessed based on the visualisation of the
internal core fluorescence and any detected leakage was identified by adjusting the contrast of images
in ImageJ, Fiji. For the centrifugation experiments, two eDIB populations were studied, one with

smaller diameter internal cores (= < 100 um), and one with larger diameter internal cores (= > 200 pum).
3.3.3. eDIB core release using LPC
3.3.3.1. Leakage assay based on fluorescence decrease

eDIBs encapsulating sulfB were washed with buffer, immobilised with 1 % w/v low
temperature melting agarose in wells of a 96-well plate and imaged using EVOS M7000 Imaging
System. LPC in buffer was prepared and used appropriately, in order for each well to have final LPC
concentration of 1, 10, 100 and 1000 uM. Imaging was carried out for a minimum of 14 hours at 37 °C.
The core release was evaluated by monitoring the decrease in the fluorescence of sulfB from the cores
of individual eDIBs. The timepoint images were processed using Imagel and intensity measurements
were based on the fluorescent areas falling within a pre-defined threshold intensity range (Adppendix

3.4).

3.3.3.2. Leakage assay based on fluorescence increase

Self-quenched calcein at a concentration of 70 mM was encapsulated in the aqueous cores of
eDIBs, following the protocol in Section 3.3. The core release assay was similar to the fluorescent
decrease assay (Section 3.3.3.1). However, the eDIBs were floating in buffer and the final LPC
concentrations tested were 1, 10, 100 and 300 uM. Image processing for each timepoint was based on

the fluorescence of the whole well and not individual eDIBs, as in the earlier assay from Section 3.3.3.1.
3.34. COMSOL simulations on the LPC diffusion and core release

Computational simulations were performed using COMSOL Multiphysics version 5.6 to
investigate the LPC diffusion and concentration dependant core release rate. The ‘Transport of Diluted
species (TDS) in Porous medium’ module was employed along with a Time-transient study, for a 2D
and a 3D geometry of the eDIB structure, with an extremely fine mesh (physics-controlled mesh). For
details on the dimensions of each geometrical model see Appendix 3.B. The 2D and 3D models are
based on the reaction sequence illustrated in Figure 3. 2, where the LPC molecules added to the aqueous

bath (light blue), diffuse through the porous alginate medium (dark blue) and reach the lipid bilayer
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(yellow line), causing the release of the cores (orange domains) into the hydrogel shell through the lipid
bilayers only.

For random three-dimensional (x,y,z) transport of species, Fick’s first Law of Diffusion was
considered in the model, (Equation 3.1) ¥, where the Diffusive Flux (J, mol/m’s ), is dependent on the

Diffusion coefficient (D, m’/s) and concentration of the species (c, mol/m’):

dc, ¢y, Oc, (3.1)
—pye= 2 %
J ‘= T ez

The TDS model also supports the mass transport due to diffusion (Fick’s Law), through porous
media, by using the Millington and Quirk model **, (Equation 3.2), based on the tortuosity 7, or 7; of

the porous medium:

7 7 (3.2)
L =6, 3£p, 16 = 9g3€§,
where &, is the porosity, 8; is the liquid volume fraction and 6, is the gas volume fraction. A
saturated porous medium was considered, so 6; = &,, where the pores of the medium are only filled
with liquid (no gas is present), therefore Equation 3.2 becomes :

= (3.3)

TL:gp

Several 2D COMSOL studies were carried out, including the effect of eDIB shell porosity (10
— 90 %), shell thickness (0.4-0.7 mm) and the threshold LPC concentration (1 x 108, 1 x 107,1 x 107,
1 x 107°). The threshold LPC concentration was defined as the concentration of LPC that causes the
breach of the lipid bilayers and subsequent core release. This was imported in the model as a contributor
within a step function employed in the model, and can be found in Appendix 3.B. Similar 3D simulations

were also performed. Comparisons were subsequently made between the COMSOL simulations and

the practical experiments.

hydrogel ' \ [ ‘

/ 2. Lipid bilayer

Figure 3. 2: COMSOL designed geometry of the 2D model explaining the rationale behind the simulations. Illustration of
the sequence of actions, including the diffusion of LPC lipids (Step 1) through the hydrogel to the lipid bilayer (Step 2) and
subsequent activation of the core release into the hydrogel shell (Step 3).

Page | 118



Chapter III

3.3.5. DIB electrophysiology

Custom made 20-30 cm electrodes were used for the DIB electrophysiology experiments. These
were connected to a 203BU head stage, which was in turn connected to an Axopatch 200B amplifier
(Axon Instruments, Inc). To make the electrodes, silver wires were polished with fine sandpaper and
then submerged in sodium hypochlorite solution for a minimum of 30 minutes for bleaching. This
creates a thin silver chloride (Ag/AgCl) layer, which allows these wires to be used as electrodes. Prior
to each experiment, the tips of the Ag/AgCl electrodes were lightly coated with 1 % w/v low
temperature melting agarose. Current and voltage data were obtained through the WinEDR software
(University of Strathclyde), and further processing and plotting was done in MATLAB R2022a
software. The voltage applied during experiments was either a +/- 23 mV triangular wave at 10 Hz, or
a fixed potential of 20 mV set on the Axopatch 200B equipment (V-clamp mode and 5 kHz low pass
Bessel filter). The triangular waveform of the applied voltage, induces a square wave output for the
current, allowing the capacitance measurement of the lipid bilayer (not carried out).

The setup for the DIB electrophysiology execution included, two Ag/AgCl agarose coated
electrodes, two micromanipulators, a polymethylmethacrylate (PMMA) milled device with 3-5 mm
deep wells, a reflective surface (e.g., back of a CD) and a Dino-Lite USB microscope (Figure 3. 20A).
The PMMA wells were cleaned with deionised water and ethanol, prior to the experiment. One well of
the PMMA device, was filled with approximately 30 % of Diethyl phthalate (DEP) oil and 70 % of a
lipid mixture, consisting of 8 mg/ml DOPC in 64 % Hex and 36 % AR20 (oil bath). Subsequently, one
electrode at a time, was submerged into the oil bath and 0.2 ul of each solution in test, was pipetted onto
it. One droplet was deposited on the ground electrode (= or cis) and the other droplet on the electrode
through which the voltage was applied (Vapp o1 trans). Following an incubation time of 2-3 minutes, the
two electrodes were brought into close proximity using micromanipulators, and at this point data
acquisition began. The droplets after the incubation time were assumed to have formed a lipid
monolayer around their periphery, and when in contact with each other, the oil between the droplets
will be replaced by a lipid bilayer. The control experiment consisted of two identical buffer droplets. A
second droplet pair consisted of a buffer droplet on the cis electrode and an LPC-containing buffer
droplet on the trans electrode. Final concentrations of LPC tested were 100 uM, 500 uM or 1000 pM.
For the third DIB pair test, the cis electrode had a droplet of 100 uM LPC in buffer and the trans
electrode had a gelled alginate droplet containing DPPC vesicles. This formed a DHB-like system. The
gelled droplet on the electrode was prepared as follows; a clean well of the PMMA device was filled
with hexadecane oil, an electrode was submerged into the oil bath, then 0.2 ul of 1.5 % w/v alginate
with 0.5 mg/ml DPPC vesicles was pipetted onto the electrode, and subsequently 50-100 ul of 0.2 M
CaCl, was pipetted above the droplet to gel it (< 30 s) (Appendix 3.C). The electrode with the gelled
droplet was then transferred into the lipid-containing oil to begin the experiment, after attempting to

form a bilayer between the gelled droplet and the 100 uM LPC-containing buffer.
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3.4. Results and Discussion
3.4.1. Encapsulated Droplet Interface Bilayer (eDIB) characterisation

Microfluidic formation of eDIBs became a high-yield daily operation, using the triple emulsion
microfluidic device (TE-MD) reported in Chapter II. The eDIBs were produced using a range of flow

rates as shown in Table 3. 1, subsequently imaged and their overall stability assessed.

Table 3. 1: Summarised phases and flow rate ranges used for eDIB production.

Liquid Phase Description Flow rates
Aqueous inner cores with dye Buffer or PBS with calcein or sulfB * 0.1- 0.5 ml/hr
Lipid-containing oil 12.5 mg/ml phospholipids in hexadecane 0.2-0.8 ml/hr

Hydrogel shell 1.5 % alginate, 0.5 mg/ml DPPC * 3-6 ml/hr

Nanoemulsion 1:9 Ca?*-infused mineral oil 5-12 ml/hr

*PBS=Phosphate Buffered Saline, sulfB=sulforhodamine B, DPPC=dipalmitoyl-phosphatidylcholine

The aqueous core diameter was varied by controlling the flow rates of the inner aqueous phase
and middle lipid oil phase. For reducing the diameter of the core droplets, the inner droplet phase flow
rate was decreased, and the lipid-containing oil was increased, and vice versa for increasing the droplets’
diameter. By doing so, the total flow rate of the system was kept approximately constant. This led to
eDIBs encapsulating large cores of diameter around 236.3 pm =+ 8.72 (n=64) (Figure 3. 3(i-iv)) or small
cores of diameter approximately 90 pm = 1.5 (n=35) (Figure 3. 3(v-vi)). Image analysis of the eDIBs

\‘.‘...

(| water droplea
“‘.}

—
500 pm

Figure 3. 3: eDIBs with calcein/buffer inner droplets produced using dual-material 3D-printed microfluidic devices. (i)-(iv)
Merged BF and GFP images of eDIBs encapsulating large (>200 um) , fluorescent cores in DOPC/Hex. (v)-(vi) Merged BF
and GFP channels of eDIB-containing fluorescent cores of smaller diameter (<100 um), in DPhPC/Hex. The outer shell for
all these samples is 1.5 % alginate with 0.5 mg/ml DPPC vesicles.
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with large cores revealed contact angles () of 31.2 °© £2.1 (n=10) between aqueous cores and formed
lipid bilayer interfaces of 100.8 pm + 5.3 (n=24).

It was unclear whether the large cores were a result of merging between smaller droplets during
production and settling, or whether they were generated due to the 3D-printed microfluidic junction
inconsistencies and artefacts. The merging of inner cores was a frequent phenomenon, that could be a
result of poor lipid monolayer and bilayer formation. Figure 3. 4A, shows eDIBs from the same
experiment, starting from the eDIBs with the smallest measured inner cores (= = 65.1 pm) to the eDIBs
with the largest cores after merging (= > 195.2 pm). The most frequent droplet diameter in this batch
of eDIB was approximately 100 um (Figure 3. 4B). As described in Chapter II - Section 2.4.5.2.1, when
approaching the exit of the COC channel, some droplets accumulate together, forming a network of
DIBs, which perhaps could be the cause of merging, if the lipid bilayer was poor and unstable in the
COC channel. Yet, this was a phenomenon which could have occurred off-chip as well. After repeated
eDIB encapsulation experiments, it was noticed that less successful microfluidic experiments (which
exhibited leaking and clogging), produced eDIBs that were often unstable, especially during the first

few hours after production.

Merging effect

Diameter (um)

Figure 3. 4: Merging of the inner aqueous cores encapsulated in eDIBs. A) Cores encapsulating sulfB/buffer undergo a
degree of merging (following the direction of the arrow) after microfluidic production, as shown in the BF/Texas red
fluorescence images. B) Histogram of the inner droplets’ diameter distribution after settling of the eDIBs (n=80 for inner
droplets).
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Most production of eDIBs throughout this thesis was completed using dioleoyl-
phosphatidylcholine (DOPC) lipids. However, most DIBs and transmembrane protein studies use
diphytanoyl-phosphatidylcholine (DPhPC) in hexadecane (Hex) or undecane with some fraction of
silicone oil *. Hence, eDIBs were formed using 12.5 mg/ml DPhPC in Hex (Figure 3. 5A) or 4 mg/ml
DOPC in Hex with 10 % silicone oil (AR20) (Figure 3. 5B). While the contact angle and lipid bilayer
interface of DPhPC eDIBs did not exhibit distinct differences compared to the DOPC eDIBs, the
silicone oil-containing eDIBs demonstrated an increase in the contact angle 6 (41.9 = 1.4 °) and an
obvious increase in the lipid bilayer interface (163.2 + 19.3 pm). The addition of a small volume fraction
(10 %) of silicone oil AR20 formed less spherical aqueous cores, due to the surface tension decrease of
the bilayers between the aqueous droplets and the hydrogel shell and according to earlier claims in

literature, such formations have been correlated with more stable and robust DIBs (Figure 3. 5B) 3!,

Figure 3. 5: eDIB capsules with different lipid oil compositions exhibit distinct morphologies. A) eDIB with calcein/PBS
fluorescent droplets produced with 12.5 mg/ml DPhPC (i) GFP, (ii) BF, and (iii) BF/GFP. Images taken with EVOS Imaging
system. B) (i)-(iii) eDIBs produced using 4 mg/ml DOPC in 10 % silicon oil with sulfB cores and (BF: LHS and red LUT :
RHS). Images obtained with the custom-built fluorescent microscope.

Page | 122



Chapter III

3.4.2. Optical Coherence Tomography (OCT) imaging of eDIBs

OCT uses a light source of low-coherence, and the imaging process relies on light interference
37, The emitted light from the optical probe penetrates the sample and is reflected along the same axis
back to the detector, allowing its characterisation. This is because the layers that make up the test
sample, may have different refractive indices and reflection properties, resulting to a distinct
backscattered light at their interface. Depending on the material, light along the scanning axis (depth of
the sample) is scattered back and received by the detector, which is then translated into a pixelated grey
scale image 3*3°. The field of depth of OCT is usually a few millimetres, but it also depends on the light
absorbance and attenuation of the sample *. The resolution of OCT is approximately 10 pm for clinical,
or less for research OCT equipment .

By performing OCT imaging on eDIBs, it is possible to extract information, otherwise difficult
to obtain using other imaging procedures. As the principle of OCT relies on the scattering and reflective
properties of the sample being imaged, the contrast is enhanced at the interface of each phase or layer

of the eDIB (Figure 3. 6). OCT imaging is usually used for the diagnosis of skin and eye pathologies

41,42 4344

, although various groups have used OCT for imaging characteristic properties of capsules

By exploiting OCT’s capability to image along the depth of eDIB samples and perform axial
scanning with resolution of 4 um, it was possible to obtain the orthogonal views (Figure 3. 6A-C) and
reconstruct 3D stacked images of eDIBs (Figure 3. 6D). The orthogonal views can be used to extract
data like the diameter of simple oil-core capsules (Figure 3. 6A) and the contact angle of DIBs (Figure
3. 7A). From the OCT imaging of a single eDIB with three cores, at least 12 contact angles were
recorded, while with conventional imaging, this would be limited to 2-4 contact angles. Additionally,
the volume of each aqueous core was calculated to be between 6-8 nl, by utilizing the high contrast
axial images. This was achieved by measuring the area of each core at every axial scan and multiplying
the sum of the area with the step resolution (4 pm). The hydrogel shell of the eDIB sample shown in
Figure 3. 7A, was also measured at two locations, the thickest and the thinnest hydrogel layer between
the air and oil interface. The average thickness from all orthogonal views of the hydrogel shell was
measured to be 339.9 pm =+ 30.7 for the thickest, and 37.2 pm =+ 2.9 for the thinnest.

Moreover, the capsule diameters from each orthogonal view can be measured to identify the
exact location of the oil core in three dimensions (3D). The 3D central position of the oil core (ps3p) was
expressed as P3p(centre) = 0.62x + 0.66y + 0.42z, by measuring the diameter of the eDIB outer shell
in every axis (s = 1.135 mm , &y = 1.150 mm, &, = 1.045 mm) and considering the bottom left corner
as the origin (x,y,z) = (0,0,0) (Figure 3. 7B). Therefore, by using this quick and cost-effective imaging
technique in combination with precise image processing, equations can be generated for
compartmentalised structures including, but not limited to, the central location of the oil core and

quantification of the oil core’s offset in all three dimensions.
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A) Front view Side view | B) Frontview . | Side view
pre 33 s ‘L s _—

-

Figure 3. 6: eDIB orthogonal views and 3D reconstructed image using OCT imaging. A) Orthogonal views and z-projection
of a false 16-colour LUT oil-core capsule. B-C) Orthogonal views and z-projection of two eDIBs (with false 16-colour LUT).
D) 3D volume reconstructed eDIB sample with adjusted threshold for 3D visualisation of the internal core structure. The
volume of the cores was accurately calculated from the slices to be 6, 7 and 8 nl (vellow arrows).
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Figure 3. 7: Contact angles and 3D location extracted from an individual eDIB following OCT imaging and analysis. A)
OCT orthogonal views of one eDIB with 12 annotated contact angle values. B) By measuring the eDIB diameter at the different
planes (x, &y, ), the central position of the oil core in 3D was expressed as ps3p.
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3.4.3. Centrifugation and temperature stability tests

The eDIBs which survived prolonged storage after production and maintained a degree of
structure, were exposed to temperature and centrifugation tests. The samples referred to as ‘control’,
were not exposed to centrifugation or elevated temperatures.

Small and large core-containing eDIBs exposed to centrifugal forces exhibited different
responses. The eDIBs with the small cores were imaged after the centrifugation (0 hrs) and two days
later (48 hrs), in order to report any leakage disruption of the lipid bilayer. The centrifugation process
caused the small cores of eDIBs to sediment and tightly pack at the bottom of the oil core (Figure 3.
8). Tightly packed DIBs are associated with stability 3!, which could possibly explain why there was no
leaking over the period of 48 hours. On the contrary, large core-containing eDIBs showed evidence of
leakage 30 min after centrifugation, as shown in Figure 3. 9B. From this, it was evident that the leakage
was induced by the centrifugation step, since the control eDIBs (non-centrifuged samples) did not show
any significant fluorescent dye leakage from the cores to the hydrogel shell, when imaged five days
after the experiment (Figure 3. 9A). Large core-containing eDIBs, were also subject to a gradual 5 min
centrifugation, which caused a strong fluorescence in the hydrogel shell (Figure 3. 9C). Finally, an
eDIB was captured after 3913xg centrifugation with leaking encapsulated cores, as pointed out in

Figure 3. 9E.

0 hrs after centrifugation

control 39x%xg 156 x g 3913 x g

48 hrs after centrifugation

control 39x%xg 156 x g 3913 x g

Figure 3. 8: eDIBs with encapsulated cores of diameters less than 100 um, imaged at 0 hrs and 48 hrs after centrifugation.
Small cores formed tightly packed networks with no indication of leakage into the hydrogel. The eDIBs were centrifuged in
mineral oil and imaged from the side of the vial.
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A)  Control - Day 5 B) 30 min after
3913x g 3913 x g

control

500 pm

Figure 3. 9: eDIBs with encapsulated cores of diameters greater than 200 um, imaged at different timepoints after
centrifugation. A) Control eDIBs were stable for more than 5 days (LHS: merged BF and fluorescent channel; RHS:
fluorescent channel only) B) Centrifugation at 3913 xg showed increased fluorescence in the hydrogel shell (white arrows)
after 30 min. C) Gradual centrifugation form 39xg to 3913 xg, instantly showed fluorescence in the shell, with a couple of
cores remaining. D) BF (LHS) and fluorescent (RHS) images of an individual eDIB before the experiment reveals a distinct
core organisation. E) Captured a leaking eDIB right after centrifugation at 3913 xg (white arrow). The eDIBs were centrifuged
in mineral oil and imaged from the side of the vial.

Using the same imaging setup as in the centrifugation tests, the vials with eDIBs were exposed
to varying temperatures ( 30-80 °C), showing changes in their arrangement. Significant changes were
observed at 60 °C and higher, where the water cores started to sediment at the bottom of the oil core,
similar to the centrifugation tests (Figure 3. 10). However, the water cores were not closely packed,
since there were no strong gravitational forces acting on them. Increased temperatures reduce the
surface tension of oil and water *>*, Here, the temperature of 60 °C reduced the surface tension of the
oil to a degree that allowed droplets to rearrange lightly at the bottom of the oil. Their integrity at this
temperature was preserved, as also shown in previously reported eDIBs exposed to 60 °C for a

bioluminescent reaction assay *’.

Page | 127



Chapter III

Figure 3. 10: Fluorescent images of eDIBs exposed to temperatures ranging from 30 to 80 °C for 30 minutes. White arrows
indicate aqueous fluorescent cores, which were not influenced by the set temperature (< 40 °C), while as the temperature
increases (> 50 °C) , the cores sedimented due to surface tension changes. Above 60 °C, all the fluorescent aqueous cores are
found at the bottom part of the oil core. The eDIBs were heated in mineral oil and imaged from the side of the vial.
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3.4.4. Active core content release assays using lysophosphatidylcholine (LPC)

Microfluidically formed eDIBs can be tailored to become responsive to external stimulus, by
encapsulating key reagents and altering the environment accordingly, to actuate eDIBs, as desired >4/,
For example, locomotion of eDIBs was previously demonstrated by encapsulating magnetic
nanoparticles in the hydrogel shell !!, demonstrating the ability to design magnetic field-responsive
eDIB capsules. Light seemed an attractive and somewhat less toxic stimulus for eDIB encapsulant
release, and therefore in collaboration with Oxford University, some experiments were conducted using
custom-made photo-switchable lipids (Professor Matthew Langton, Oxford University) “4°. However,
very little was known about the physical and chemical properties of these lab-made lipids and
experiments were inconclusive. For this reason, these experiments were not included in the main thesis,
but can be found in Appendix 3.D.

eDIB technology has the potential for reagent storage and release, by regulating the external
environment. This was demonstrated in this thesis, by promoting the controlled aqueous core content
release, through the in-situ lysolipid-induced membrane artifacts. A concentration dependant release of
the cores was demonstrated, by performing two fluorescent assays. The LPC lysolipid added to the
physiological aqueous environment of the eDIB would follow passive diffusion and interaction with
other present lipids. These included the DPPC vesicles in the alginate shell and the DOPC lipid bilayer
interfaces between the hydrogel shell and internal cores.

As shown in Figure 3. 11A, the two highest concentrations of 1000 uM and 100 uM LPC
activated core release within the first 6 hours. The eDIBs exposed to 100 uM, held on to some of the
cores for longer period, while the 1000 uM LPC emptied the fluorescent cores completely after
approximately 4 hours. Small changes in the rearrangement of the cores occurred during the first few
hours of eDIB incubation at 37 °C with 1 uM and 10 uM LPC.

The LPC effect on the core release from eDIBs, was further analysed in terms of the
fluorescence decrease over time across a population of eDIB capsules (n= 11 (control - 0 pM), n=15 (1
uM), n=19 (10 uM), n=17 (100 uM), n=16 (1000 uM)). The core release profile for each concentration
over a period of 15 hours is shown in Figure 3. 11B. It was noticeable, that the control experiment (0
uM) had also shown unexpected intensity reduction. These reductions were justified as optical mishaps
due to the core rearrangement at 37 °C and stresses exerted by the moving EVOS platform. The imaging
platform and incubation temperature had caused shifting of the eDIBs’ location, taking them out of
focus and reducing the fluorescence. It may be that the core location shifting impacted all the eDIBs
exposed to all LPC concentrations. Despite the fact that the initial timepoints of the experiments were
compromised by the imaging setup, the aqueous core release profiles still indicated an LPC
concentration dependence. Additionally, it should be noted that after approximately 4 hours of

incubation, the intensity almost stabilised for eDIBs exposed to 0 uM and 1 uM LPC concentrations,
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indicating that subsequent intensity reductions was only related to the effect of LPC, and that any other

effects by the imaging setup were negligible.

t=2 hrs t=4 hrs t=6 hrs

B)'7 eOpM e1uM ©10pM ©100uM ©1000uM
S
‘li oy

LI IS
£ S84 RE1EEE:

time (hours)

Figure 3. 11: LPC concentration dependant release of encapsulated cores in eDIBs, according to the fluorescence decrease
assay. A) BF and fluorescent timelapse images of individual eDIBs during the initial 6 hours under the influence of different
LPC concentrations. White arrows for concentrations 1 uM and 10 uM, indicated a degree of rearrangement of the cores.
Higher concentrations induced quick bursting of the inner cores. B) Release rate profiles of the internal fluorescent cores
induced by the presence of different LPC molarities. The data of the intensity measured by ImageJ, where normalised based
on the overall raw recorded data and the error bars indicate the calculated £SEM of each data set (n= 11 (control - 0 uM),
n=15 (1 uM), n=19 (10 uM), n=17 (100 uM), n=16 (1000 uM)).

A similar assay was performed on eDIBs encapsulating self-quenched 70 mM calcein dye and
imaged in wells with 100 pl of clear buffer. The diameter distribution of the internal cores of an
exemplar calcein-encapsulating eDIB can be found in Appendix 3.E. This experiment aimed to obtain
a fluorescence intensity profile induced by the addition of LPC, which could give an estimated time of
maximum core leakage. The busting of the inner cores would be characterised by a signal of strong
fluorescence around the shell of the eDIB. Figure 3. 12A, shows eDIBs treated with three LPC
concentrations (0, 10 and 100 uM). The 100 uM caused a rapid bursting compared to both the control
and 10 uM LPC. There was a small amount of fluorescence at the periphery of the well around 7 hours
after the addition of 10 uM of LPC, which closely correlates with quantitative data in Figure 3. 12C.

The calcein dye was not fluorescent at a concentration of 70 mM in buffer, but it would
fluoresce, once it was de-quenched by dilution. Therefore, attempts were made to encapsulate the non-
fluorescent calcein in the cores of eDIBs, in order to assess their release and dilution after the external
addition of LPC. It is noteworthy that during microfluidic generation of eDIBs, calcein had leaked from
the cores into one of the other phases, which led to the contamination of the microfluidic channels
(especially the hydrophilic Nylon channel) and unpredictable eDIB formation. This unstable and

compromised eDIB formation resulted to the merging of the droplets, which in turn translated into
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bright fluorescent cores captured within the eDIBs, as shown in Figure 3. 12B (0 uM and 10 uM).
Despite this slight calcein dilution in the cores, the dye was still able to give high intensity when de-
quenched further, however the number of samples was reduced (n= 11 (0 uM), n=5 (1 uM), n=3 (10
uM), n=3 (100 uM), n=3 (300 uM)). The de-quenching of the calcein in the eDIBs was stimulated
further by the introduction of LPC, which evidently revealed the release profiles describing the
fluorescence of the well (Figure 3. 12C). According to the intensity profile results, maximum release
or bursting for concentrations of 300 uM, 100 uM and 10 pM occurred at approximately 2, 3 and 8

hours, respectively.

A) B)
t=15hrs 0 uM, t=0 10 uM, t=0 100 uM, t=0
0 uM
10 uM
e0pM e1pM 10puM @100 yM ©300 M
C) "1 44
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22064 @ ? ®08aliii;
100 uM 25028 0008 ;;; ifi
095 4000008888¢
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Figure 3. 12: LPC concentration dependant release of encapsulated cores in eDIBs, according to the fluorescence increase
assay. A) Dark field fluorescent timelapse images of eDIBs when incubated with 0 uM (no strong leaked fluorescence), 10 uM
(see white arrow for small fluorescence in the well periphery around 7 hours) and 100 uM (quickly leaked and strong
fluorescence) over 15 hours. B) eDIB BF images (top) and fluorescent images of the internal cores at t= 0, which revealed
dilution of the quenched dye due to strong fluorescent signal in the cores. C) Release rate profiles of the internal fluorescent
cores induced by the presence of different LPC concentrations. Maximum fluorescence signals for 10 uM, 100 uM and 1000
uM LPC were at 8, 3 and 2 hours, respectively. The data of the intensity measured by ImageJ, where normalised based on the
overall raw recorded data and the error bars indicate the calculated +SEM of each data set (n= 11 (0 uM), n=5 (1 uM), n=3
(10 uM), n=3 (100 uM), n=3 (300 uM)).

The action of LPC within the eDIB system is certainly effected and triggered by the diffusion
of LPC molecules to the lipid bilayer 2°. However, it is plausible that the LPC also interacts with the
DPPC vesicles near the interface of the bilayer and the hydrogel, however there is no evidence to
support this. Others have reported that LPC introduced to the outer leaflet of liposomes induces pressure
changes to the lipid bilayer and enhances membrane permeability **. LPC lipid molecules have one
hydrophobic tail, forming a cone-shaped lipid structure with positive curvature, known as micelles.
According to Avanti Lipids (the manufacturer), the Egg Lyso PC composition is dominated by
approximately 69 % of 16:0 Lyso PC, leading to the assumption that the critical micelle concentration

(CMC) is that of 16:0 Lyso PC. This CMC value for 16:0 Lyso PC was published to be between 4 pM
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and 8.3 uM at temperatures ranging from 4 °C to 49 °C 3!, Hara, et al. 1960, reported a similar 8 pM
CMC of LPC in water at 20 °C 2, Therefore, the 10 uM concentration used in the current practical
experiments was very close to previously reported CMCs. However, the CMC value is a variable of
temperature, pH and salt, which means that the form of LPC delivered to the eDIBs was uncertain. This
would be, either individual LPC lipid molecules, monomers (<CMC) or micelles (>CMC). In
accordance with the fluorescence assays, concentrations above 100 uM LPC exhibited a faster release
rate, as these concentrations were well above the CMC and higher concentration of LPC micelles were
delivered to the targeted site. Thereby, depending on the concentration added to the external buffer bath,
below or above the CMC, the LPC will diffuse to the lipid bilayer in the form of monomers or micelles.
Subsequently, these lysolipids of positive curvature insert the bilayer, promote asymmetry across the
leaflets and result to the release of the cores, where the release rate depends on the concentration of the
added lysolipids (Figure 3. 13).

As briefly mentioned in Chapter II, a theoretically asymmetric bilayer could have formed
between the hydrogel and water cores (i.e., asymmetric DHB), where some DPPC vesicles could have
fused with the DHB. Therefore, in the instance of a DOPC/DPPC asymmetric bilayer, the addition of
LPC would have promoted further asymmetry, hence fluidity changes and subsequent core release,

depending on the LPC concentration (<CMC or > CMC) (4dppendix 3.F).

aqueous
qcore core content
release

Lipid bilayer

LPC micelle
alginate
shell

LPC monomer

<CMC >CMC

Figure 3. 13: Schematic representation of the LPC effect on the lipid bilayer of and eDIB. A symmetric stable bilayer between
an aqueous core and the hydrogel shell or as often referred to as DHB (1). Addition of LPC lipids either as monomers (<CMC)
or as micellar structures (>CMC) (2). Both LPC micelles and individual lipids, interact with the leaflet adjacent to the
hydrogel, LPC molecules insert the bilayer, causing membrane pressure differences and eventual rupture of the membrane and
consequently the content of the internal cores is released (3).
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3.4.5. The effect of low LPC concentrations (1 pM and 10 pM) on eDIBs

eDIBs with characteristics and structures like the one shown in Figure 3. 14A, were incubated
with 1 uM and 10 uM LPC to study how the addition of LPC affects the rearrangement of the droplets.
Microfluidic experiments produced eDIBs with aqueous core average diameter 201.1 pm + 5.3 (Figure
3. 14B, t=0) and a contact angle 6 of approximately 36.6 ° + 0.6. After introducing the LPC of 1 uM
and 10 uM, droplets started to rearrange, while merging occurred approximately 10 hours later, in cores
exposed to 10 uM (Figure 3. 14B, t=600 min). This was revealed by a drop in the core number with
diameters around 210 pm (indicated by the yellow and red stars in Figure 3. 14B) . The addition of 1
pM LPC induced similar merging of the aqueous cores, but not as substantially observed with 10 pM
LPC. It should be noted that due to the merging of the cores in the presence of 10 uM of LPC, the
number of samples measured 16 hours later, was reduced by 7 (n=21—14), while the measured samples
for 1 uM reduce by 2 (n=23—21). The considerable drop in the core number caused by 10 uM LPC,
within a single eDIB, is evidence that merger occurs between cores and that core release into the
hydrogel was very likely (missing yellow line trace of 10 uM treated eDIB at 650 min in Figure 3.
14C). eDIB samples were monitored over 10 hours and every 5 minutes the position of the cores was
recorded using a tracking tool on ImageJ. It is clear from Figure 3. 14C (only shows 5 timepoints), that
there was significant movement and merging action in the cores of eDIBs treated with 10 uM LPC,

compared to the control and 1 uM LPC.
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Figure 3. 14: Effects of 1 uM and 10 uM LPC on the internal cores of eDIB. A) Untreated eDIB with 7 cores of diameter
172 um (BF (LHS) and dark field fluorescence image (RHS)). B) eDIBs treated with 10 uM LPC for 600 min (10 hours),
undertook significant merging between internal cores or they were released into the hydrogel, compared to the ones treated
with 1 uM (see red and yellow stars) (for 1 uM, n=23(t=0), n=21(t=600 min) and for 10 uM, n=21(t=0), n=14(t=600 min)).
C) Tracking of inner cores stimulated by 0, 1 and 10 uM LPC in buffer. The dots indicate the position of the cores, starting at
t=0, while the coloured lines indicate their locomotory movement from the starting point (t=0) to each timepoint shown. Scale
bar in A) indicates 500 um and in C) 200 pm.
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3.4.6. COMSOL simulations on the LPC transport and core release in an eDIB-
like design

For simulating the diffusion of LPC through the eDIB hydrogel shell and subsequent core
release, the parameters listed in Table 3. 2 were employed to the COMSOL TDS module:

Table 3. 2: Expressions, descriptions and units of parameters used within COMSOL Multiphysics for 2D and
3D computational simulation.

Parameters Description Value
Dr,Lrc Diffusion coef. of the LPC through the hydrogel 1 x 10" m%/s
Dk, Diffusion coef. of the core contents (C) through the hydrogel 1 x 10" m%/s
Ds.Lec Diffusion coef. of the LPC through the lipid bilayer 1 x 102 m%/s

ds Thin diffusion barrier, i.e., lipid bilayer thickness 7 %107 m

C Inner droplet concentration 0.002 mol/m?

D. Diffusion coef. of C within the water domains 2 x 10 m%/s
Dvrrc Diffusion coef. of LPC within the water domains 2 x 10 m%/s
LPC LPC concentration introduced outside the hydrogel shell 1, 10, 100, 1000 uM
porH Hydrogel porosity 0.7 (dimensionless)

The molecular weight of LPC and SulfB is 503.334 g/mol and 580.65 g/mol, respectively. Due
to the relatively similar molecular weights of LPC and SulfB, their diffusion coefficients through the
hydrogel were set to 1 x 10'! m?/s. This order of magnitude was selected according to a previously

53,54

published COMSOL simulations of diffusion of species through hydrogel media >>~*. The parameter of
the thin diffusion barrier described the thickness of the lipid bilayer, which was set to be 7 nm, slightly
higher than reported artificial lipid bilayer thicknesses (2-5 nm) and slightly lower than that of
eukaryotic cell membranes (8-10 nm) 36, The LPC molecules diffuse through the hydrogel and
subsequently reach and disrupt the lipid bilayer, but do not diffuse through it. Therefore, the diffusion
coefficient of the lipid bilayer was set to 1 x 1026 m%/s, considering it negligible during the study. The
LPC and SulfB diffusion through the water domains was set to 2 x 10 m?/s 3. The hydrogel porosity
of the shell was kept at 0.7 for all the simulations apart from the porosity study in Section 3.4.6.2, and

similarly the hydrogel thickness was kept at 0.6 mm, excluding the study in Section 3.4.6.3.
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3.4.6.1. Threshold concentration for core release activation (2D)

According to the experimental results from Section 3.4.4, the addition of LPC to eDIBs
constructs, induced the release of the encapsulated content (Figure 3. 11). This led to the indication that
there is a threshold concentration of LPC, which activates the release from the internal cores. This was
further explored by employing a threshold concentration of LPC into the computational models, which
would trigger the release from the cores.

The release of the cores’ contents in the model, occurred only when the boundary at the thin
diffusion barrier, i.e., the lipid bilayer, reached the pre-set LPC molar concentration threshold.
Increasing this threshold value by a 10-fold, the initial concentration drop followed a delay, as computed
in Figure 3. 15. The threshold values tested were 1 x 10 mol/m?, 1 x 107 mol/m?, 1 x 10 mol/m?, 1
x 107 mol/m>. Each highlighted region indicates a group of data sets corresponding to the introduced
LPC concentration. It should be noted that 1 uM LPC data, did not show any concentration decrease
throughout the simulation period, a phenomenon which was usually observed in the practical
experiments. The three lowest threshold concentrations tested with 1000 uM LPC, exhibited minimal
differences in the inner droplet concentration reduction profiles (overlapping data points in yellow
highlighted region). Similar minor differences in the release were also shown by the 100 uM LPC
concentration (overlapping data points for the three lowest thresholds in the intersection of the
yellow/blue highlighted regions). When the 2D model was treated with 10 uM LPC, the thresholds were
met, and the cores released the encapsulant analogue after 4-6 hours. For subsequent computational
simulations, the threshold concentration of LPC at the lipid bilayer was set to 1 x 10 mol/m?, while the

concentration of the introduced LPC in subsequent models was 100 pM.
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Figure 3. 15: The effect of the LPC concentration (1, 10, 100, 1000 uM) on the inner droplet intensity decrease, depending
on the LPC threshold value, defined within the model. Data are grouped according to the concentration of LPC introduced
to the model (colour highlighted regions), and each profile within each region, corresponds to a pre-set threshold
concentration (as categorised in the legend). By increasing the threshold value, the initial core release was hindered, due
to the insufficient accumulation of LPC at the bilayer. The lowest concentration of LPC, 1 uM, (green region) was unable
to activate the release at these threshold values.

3.4.6.2. Porosity of the hydrogel shell (2D)

One of the required parameters for simulating the mass transport through porous medium, is
the porosity of the hydrogel material. Alginate hydrogel has been reported to obtain very high porosity,
which can vary depending on the viscosity, origin, concentration and crosslinking method €,
According to the published work by Ceccaldi, et al. 2017 and others, the porosity of CaCl, crosslinked
alginate is quite high and can span between 60-95 % *°!-63. Moreover, the lipid vesicles in the alginate
hydrogel shell of the eDIBs, could potentially reduce the porosity, as vesicles may fill the voids of the
porous material. This has been attributed, by earlier works, to the diffusion resistance of drug-laden
liposomes entrapped in alginate microbeads *. Equally, the liposomes present in the hydrogel shell of
the eDIB model, may be hypothesised to affect the diffusion of a substance through the material. By
changing the porosity of the porous medium in the model, the diffusive flux of LPC through the
hydrogel was computed. This was plotted over time for a region of interest on the lipid bilayer,
indicating that, as the porosity tends to one (¢,0r porH = 1), i.e. high porosity, the mass transport over
an area is higher as it appears in Figure 3. 16A. As the LPC concentration increases at the lipid bilayer,
the concentration gradient between the LPC bath and the lipid bilayer weakens and the diffusive flux

decays.
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3.4.6.3. Hydrogel shell thickness (t_H) (2D)

Similar to the porosity, the hydrogel shell thickness (t H) was also studied to show this
parameter’s effect on the diffusion of LPC. The hydrogel porosity and diffusion coefficient of the LPC
were kept at 0.7 and 1 x 10! m?%s, respectively. In practise, the hydrogel shell thickness can be
controlled by altering the microfluidic flow rates of the alginate and carrier phase that produce the
eDIBs. Moreover, as presented by the OCT data and p3p equation in Section 3.4.2, the oil core’s location
was not centred, leading to the hydrogel thickness to be varied around the eDIBs. Figure 3. 16B shows
that by increasing the thickness of the hydrogel within the simulation’s geometry, the time to reach a
plateau of the LPC concentration at the lipid bilayer is extended. This implies that the threshold
concentration at the thin diffusion barrier (lipid bilayer) is met at a later timepoint, directly affecting
and delaying the initial core release. As an example, Figure 3. 17 illustrates the contour plots for the
LPC and core concentration distribution at t=180 min for t H= 0.4 mm and t H=0.7 mm. At this
timepoint, the threshold was met and core release was already triggered. These graphic plots show that
increasing the shell thickness to 0.7 mm, caused a delay to the uniform distribution and delivery of LPC

to the lipid bilayer, which in turn affected the contour of the core intensity.

The last two computational studies, determine that the diffusion and subsequent effect of LPC
on the eDIBs and internal cores, can be controlled by manipulating the structural characteristics of the
hydrogel. The porosity has a direct effect on the diffusion coefficient, while the shell thickness affects
the distance travelled by the LPC source to the targeted area (lipid bilayer). Both of these parameters
are involved in Fick’s Law of the diffusive flux and are factors that influence the core release profile,
hence their control can give rise to a programmed release system.

In practice, the eDIBs did not always obtain a concentric oil core, hence the diffusion of the
LPC was not symmetric or uniform. Hence, eDIBs with offset mid-oil cores, would lead to inconsistent
results during LPC diffusion and activation of the drug release system. The inhomogeneities of the
hydrogel shell thickness around the oil core occur during the emulsification process and as the alginate
shell crosslinks by the carrier phase in the downstream channel. To overcome this problems and
achieved concentric emulsions, many have employed density matching of phases or by applying electric
fields on double emulsion droplets with different dielectric properties ®>%. Other parameters that may
influence the concentricity of multiple emulsions are the carrier phase velocity and viscosity, the core

to shell diameter ratio, while larger capillaries may also minimise the non-uniformity of emulsions ¢”.
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Figure 3. 16: Diffusive flux of LPC (100 uM) at a point near the lipid bilayer, where the decrease of the porosity and increase
of the shell thickness exhibits delayed LPC concentration build-up at the lipid bilayer. A) The porosity is a characteristic of
the porous material, and it is required to solve the model. Increasing the porosity (porH), yields a faster travel of the LPC
substance to the lipid bilayer. B) The shell thickness of the eDIB model can be controlled during the microfluidic experiment.
While the diffusion coefficient and porosity are kept the same, the increase of the porous shell material delays the build-up of
the LPC concentration at the lipid bilayer. The triangles indicate the timepoints at which the LPC concentration at the lipid
bilayer region of interest matches the LPC concentration in the surroundings (equilibrium), which was interpreted as a drop
of the diffusive flux magnitude.
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Figure 3. 17: 2D concentration contour plots at t= 180 min for the LPC and internal cores, resulting from different hydrogel
shell thicknesses (t_H). These contour plots show the release of the cores after the LPC had met the threshold value at the
bilayer barrier (prior to 180 min). As the t H increases from 0.4 mm to 0.7 mm, the LPC concentration at the lipid bilayers
turns from a red contour colour to green. The red contour is attributed to high LPC concentration at this timepoint, while green
attributed to a lower concentration. This reduction is due to the larger distance travelled. With the smaller shell thickness (0.4
mm), the LPC reached the lipid bilayer faster, hence the content of the cores was released and dissipated all over the porous
shell, in contrast to the 0.7 mm thickness.
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3.4.6.4. 3D simulation

Totally realistic computational simulations using this module, are difficult to achieve, since
there are elements from the practical experiments which were not included in the simulation. For
example, the eDIBs carry multilamellar and polydisperse DPPC vesicles in the hydrogel shell. The
degree of interaction between the DPPC and the introduced LPC, such as adsorption was not included
in the simulation. Other environmental factors such as salt concentration and temperature were not
included in the simulation either. To improve the simulation results and predictions, a 3D eDIB model
was built to perform simulation with enhanced dimensional accuracy. The 3D model utilised porH =
0.7, threshold concentration = 1 x 10"® mol/m® and shell thickness of 0.6 mm. Figure 3. 18A&B show
the LPC and inner droplet concentration contour plots at t=180 min, respectively for both the 2D and
3D computational models. Both of these concentration profiles were compared between the 2D and 3D
models over a 16-hour period study, indicating a faster diffusion of LPC to the lipid bilayer and

consequently a faster release of the cores within the 3D model (Figure 3. 18C).
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Figure 3. 18: 2D and 3D simulation comparisons focusing on the LPC and inner core concentrations. A) LPC concentration
contour plots at t=180 min. The LPC concentration near the cores is higher in the 3D model than in the 2D model (see colour
scale bars). B) Core concentration contour plots at t=180 min. The inner core concentration leaving the lipid bilayer is lower
at this timepoint in the 3D model than in the 2D model (see colour scale bars), because of the faster. C) Two y-axis data plot
of core and LPC concentrations exported from the 2D and 3D models. Each data point of the line graph represents a computed
value (in total 960 datapoints).

Page | 141



Chapter III

3.4.6.5. Practical versus computational results

The 2D and 3D simulation results were compared to the practical experiments related to the
core content release activated by LPC, from Section 3.4.4. First, the data points from the 2D simulated
threshold concentration of 1 x 10 M LPC from Section 3.4.6.1, were exported and normalised, for
subsequent plotting with the practical data. Both practical and computational normalised data
(intensities) were plotted as I/Imax. The only significant correlation observed here, is the closely matched
reduction profile caused by 100 uM LPC, in both the 2D COMSOL and practical experiments (Figure
3. 19A(i)). The 100 uM LPC from the practical experiment also overlaps with the 1000 uM LPC
COMSOL simulation. The linear trendline of the concentration release profiles, were also plotted in
Figure 3. 19A(ii) (with intercept set to 1).

The same analysis was carried out for the 3D COMSOL simulation. Even though the earlier
comparison showed well matched datapoints for the 100 uM data, this was not conveyed in the 3D
simulation. Figure 3. 19B(i), reveals a fairly balanced release profile under the influence of 1000 uM
LPC in both 3D simulations and in practice. Additionally, the 10 uM endpoints of the 3D simulation
and practical experiments are in closer proximity than in 2D. As mentioned earlier, there are a few
additional parameters which were not considered in the computational simulations, including also the
CMC of LPC (4-8.3 uM) 32, The COMSOL model assumes the diffusion of diluted species and does
not utilise the CMC of LPC, which, depending on the structure of the lipid (monomers or micelles), it
could affect the diffusion of the species through the porous medium. Hence, the exclusion of the CMC
values from the computational model, could justify the divergence of the data regarding the 10 uM
LPC.

The laboratory (wet) and computational (dry) tests varied largely in theory and in practice,
which explains the large differences between data. Despite that, it was possible to obtain some
satisfactory results after the comparison of the experiments, such as the similarity between release
profiles. However, the higher concentrations of LPC (1000 uM and 100 pM ) in the practical
experiments induced bursting of the cores, due to the extreme and abundant concentration of LPC
presented to the lipid bilayers. At lower concentrations, the bursting effect was reduced but still apparent
in some cases (e.g. 10 uM). On the contrary the computational simulations performed precise constant
core release, guided by leaking effects and not abrupt bursting effects as seen in the practical

experiments from Sections 3.4.4.
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Figure 3. 19: Plotted wet (practical) and dry (computational) laboratory data for the LPC triggered core release over 14
hours. A) The 2D computed inner droplet concentration reduction data points were exported every 60 min and (i) plotted with
experimental data against time. The trendlines of all release profiles from (i) were plotted in (ii),with 1 set as the intercept.
Overlap between computational and non-computational data resulted from the cores treated with 100 uM LPC. B) The 3D
computed inner droplet intensity release data points were exported every 60 min and (i) plotted with experimental data versus
time. The trendlines of all release profiles from (i) were plotted in (ii),with 1 set as the intercept. Well match data points
between computational and non-computational data resulted from the cores treated with 1000 uM LPC.
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3.4.7. DIB electrophysiology

The DIB electrophysiology experiments were conducted following the setup in Figure 3. 20A,
in order to obtain any further information on the impact of LPC molecules on artificial lipid bilayers.
The DIB acts as a capacitor and can store charge when a voltage is applied (Figure 3. 20B). This enables
the investigation of any interactions between the droplets and the formed DIB artificial membrane, by
recording current traces under an applied voltage. For initial indication of the bilayer formation, the
voltage applied to a buffer-buffer DIB setup was +/- 23 mV triangular wave (10 Hz). As the two
conductive droplets slowly touch and rearrange their lipid monolayer into a bilayer (Figure 3. 20C),
the peak-to-peak current changed from 40 pA to approximately 180 pA, displaying a characteristic
current trace as shown in Figure 3. 20D. During bilayer stabilisation, the amplitude increased up to 200
PA and eventually stabilised at approximately 160 pA (current trace not shown). The bilayer of the
control buffer-buffer DIB became stable after 1-2 min.

DIB electrophysiology setup

&

app —

B) D)

A)

Bllayer formation

iLbath WWWWMWWWMMMM
I
= A 200 pA |

DEP trans cis g

Figure 3. 20: DIB electrophysiology setup and control bilayer formation. A) DIB experimental setup included one
micromanipulator (1) on each side of the platform, a fixed handheld camera with a light source (2), a platform with a reflective
surface for contrast reasons (3) and a PMMA device with milled wells (4). B) Schematic representation of the DIB, acting as
a capacitor in a closed circuit. C) In a PMMA well filled with lipid-oil mixture, the electrodes were deposited with two identical
buffer droplets, which are shown before they come in contact (i) and after (ii), leading to the DIB formation. Scale bar: 500
um. D) Capacitive current trace indicating the formation of a lipid bilayer between two buffer droplets, by the current
amplification from 40 pA to 180 pA.
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In contrast to the buffer-buffer pairs, when LPC was introduced at a concentration of 100 uM
in the trans droplet, under the same applied voltage (+/- 23 mV triangular voltage at 10 Hz), the bilayer
kept growing even after 8 min, reaching peak-to-peak currents of almost 6000 pA (Figure 3. 21A&B).
At a concentration of 100 pM of LPC, means that the LPC molecules encapsulated in the trans bufter
droplet, are in the form of micelles and the expansion of the lipid bilayer could be an indication of the

steady fusion of micelles with the lipid bilayer.
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Figure 3. 21: Lipid bilayer amplification and expansion in the presence of 100 uM LPC in the trans droplet of the DIB
electrophysiology setup. A) DIB experiment, showing the lipid bilayer formation (ty), growth (t1) and stabilisation (t2). B) (i)
Bilayer capacitive current trace expansion in an experiment carried out for longer than 15 minutes (ii) Schematic of the DIB
before (LHS) and after (RHS) obvious lipid bilayer area increase and current amplification.
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However, as the concentration of LPC in the trans droplet was increased to 500 uM and 1000
uM, the bilayer became unstable or failed to form. The electrophysiology traces evidenced bilayer
formation for approximately 20 s, between a 500 uM LPC trans droplet and a cis buffer droplet. The
LPC caused the formation of a considerably leaky bilayer, while the area of the DIB increased over
time and eventually the bilayer failed, as shown in Figure 3. 22A. By increasing the LPC concentration
further to 1000 uM, the DIB was difficult to form. This could be due to the substantial reduction of the
droplet’s surface tension carrying the highly concentrated LPC micelles. In fact, it was observed that
the 1000 pM trans droplet engulfed the cis buffer droplet of significantly higher surface tension %,
leading to the instant failure of the lipid bilayer, as revealed in Figure 3. 22B.

500 uyM LPC Bilayer failure 1000 uM LPC

A) B)

Engulfing

Bilayer formation

|

Bilayer failure No lipid bilayer Engulfing

EERERE ...

Figure 3. 22: DIB electrophysiology experiments with 500 uM and 1000 uM of LPC in the trans droplet, resulted in bilayer
failure. A) 500 uM LPC in one DIB droplet formed unstable lipid bilayers, leading to merging and failure of the lipid bilayer.
B) A DIB system with 1000 uM LPC in one of the buffer droplets never attained bilayer formation and an engulfing behavior
was expressed by the highly concentrated LPC droplet. Scale bar is 500 pum.
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To explore the hypothesis regarding the fusion effect of LPC micelles with the lipid bilayer
(Figure 3. 23), the voltage was switched to a constant and continuous +/- 20 mV voltage, after stable
bilayer formation. The applied voltage to a buffer-buffer DIB (Figure 3. 24A a-(i)), induced a steady
reoccurring current of approximately 10 pA, as plotted in Figure 3. 24A a-(ii). Then, the introduction
of LPC to the trans droplet, gave rise to a noisy current trace (Figure 3. 24B b-(i)), which corresponded
to approximately 40-60 pA according to the histogram analysis, as illustrated in Figure 3. 24B b-(ii).
The 40 pA and 60 pA capacitances shown under positive and negative potentials (t;= 440 s), were
assumed to be an indication of noise (Figure 3. 24B(b-(ii))). A similar observation was made at later
timepoint t, =750 s, with currents around 95 pA and 115 pA (Figure 3. 24C(c-(ii))). To obtain accurate
capacitive current values, these set of data were filtered using the Chung-Kennedy filtration, developed
by another researcher (Appendix 3.G) *7°. The data filtration revealed current occurrences for
timepoints t; and t,, at 50 pA and 105 pA, respectively (Figure 3. 24B(b-(iii)) & C(c-(iii))).

The continuous amplification of the current traces throughout the lifetime of a single
experiment, was due to the increasing area of the bilayer, caused by LPC micelle fusion with the DIB.
Interestingly, Strutt, et al. 2021 reported no such effects when they introduced vesicles with 15 % LPC
to an asymmetric, lipid-in, micelle-free DIB system %’. Thus, to conclude on the experimental results
presented in Figure 3. 24, the buffer-buffer DIBs, produced a stable current flow across the lipid bilayer.
When the 100 uM LPC was introduced to one of the droplets of the DIB system, the bilayer became
leakier, and it is possible that over time pores were formed due to the fusion of micelles, as indicated
by the small sudden current steps at t,=750 s. A recent study by El-Beyrouthy, et al. 2022 studied DIBs
and their surface interactions with membrane disrupting agents, i.e. surfactants, where they correlated
unexpected jumps in the current to the membrane permeabilisation, due to the formation of pores by
the flip-flop nature of the surfactants to the second leaflet ”'. These abrupt current changes induced
extreme noise to their system. Their evidence validates the results in Figure 3. 24B(b-(ii)) & C(c-(ii)

where the noisy current traces only arose when the LPC was present in the system.
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Figure 3. 23: lllustration of the hypothesis related to the fusion of LPC micelles with the lipid bilayer of the DIB during
electrophysiology experiments.
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Figure 3. 24: DIB electrophysiology current traces and occurrences under applied potential of +/- 20 mV in buffer-buffer
and buffer-100 uM LPC. A) Buffer-buffer droplet pair under an applied +/- 20 mV, showed stable current trace (a-(i)).
Histogram with most frequent current approximately at 10 pA (a-(ii)). B) A DIB of 100 uM LPC and buffer droplets at ti= 440
s, under applied +/- 20 mV recorded a noisy trace (b-(i)), accompanied by a histogram analysis with positive and negative
peaks at 40 and 60 pA (b-(ii)). The Chung Kennedy filtration of the data revealed 50 pA at t1 (b-(iii)). C) The same droplet
pair at a later timepoint, t2= 750 s, under +20 mV (c-(i)), held the noisy trace at higher current due to the bilayer area increase
(95-115 pA), as evidenced by the histogram analysis (c-(ii)). The Chung Kennedy filtration of the data revealed current
occurrences of 100 pA (c-(iii)).

Page | 148



Chapter III

For subsequent experiments, +/- 20 mV voltage was applied through a supposed DHB
consisting of a DPPC-containing gelled alginate droplet (¢rans) and an LPC buffer droplet (cis) (Figure
3. 25(i)). The most frequent current across the lipid bilayer was approximately 160 pA under positive
and negative voltages, as uncovered by the current distribution histogram analysis in Figure 3. 25(iii).
Although, under positive potential, the current distribution was broader (80 — 240 pA), compared to the
negative potential. The electrophysiology trace showed irregular and inconsistent current steps and
peaks, which have been previously corelated to bursting or negligible noisy effects ">7°. However, the
reason for this directionality preference of the current occurrences in Figure 3. 25, was unclear and not
further explored. The setup of this DHB droplet pair was quite complex and perhaps simpler
experiments could provide more insight. However, one assumption for these events is the interaction or
fusion of LPC micelles with an unstable lipid bilayer formed between the liquid droplet and the semi-
solid droplet of the system. Another hypothesis is the interaction of the positive Vapp with the
negatively charged alginate 7, perhaps pulling the alginate away from the lipid bilayer. Other
hypotheses include, the fusion of DPPC vesicles with the bilayer, if they are in close proximity or if
they disassociated from the hydrogel 7, and the electroporation of DPPC vesicles by the applied voltage
7677 releasing their buffer content. The third hypothesis is less likely to occur because electroporation

of vesicles usually takes place at higher applied voltages (> 200 mV) 8.

(iii)

+20 mV -20mv 2000

|5 1500

200pA |

2s

)

160 pA

vﬂpp

1000

|

Oil bath J l (ll 1
500 I
DPPC/
LPC/
geles buffer 0

alginate

y 9 200 pA -200 0 200
DEP 2 Current [pA]

Figure 3. 25: Electrophysiology experiment on a bilayer formed between a DPPC-containing gelled alginate droplet (trans)
and a 100 uM LPC buffer droplet (cis). (i) Current trace of the applied +/- 20 mV voltage through the DIB. (ii)
Electrophysiology traces of applied +/- 23 mV triangular wave for 40 s to indicated bilayer formation (black arrow) and then
alternative between +20 mV and — 20 mV. (iii) Histogram analysis of +/- 20 mV in the red box, shows frequent current around
160 pA, but narrower distribution under negative potential and broader under positive.

Frequency

Overall, the electrophysiology experiments established the affinity of LPC and their
considerable impact on the lipid bilayer. Finally, these results suggest that the durability and fate of the
DIB, highly depend on the concentration of the LPC present in the system, which agrees with the

fluorescent intensity data obtained from the eDIB triggered core content release.
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3.5. Conclusion

This chapter focused on the familiarisation with important parameters, characteristics and
capabilities of soft matter encapsulated Droplet Interface Bilayer (eDIB) devices. Their microfluidic
production uses complex emulsion 3D-printed microfluidic devices, which is a process easily repeated
and adjusted. The eDIB formula is robust and flexible permitting their use in operating protocols,
involving centrifugation and elevated temperatures. Various imaging techniques can be used to further
analyses these capsules, including clinical Optical Coherence Tomography (OCT) imaging, a quick
approach for obtaining information regarding the internal structures of the capsules.

eDIBs, present platforms for drug encapsulation, are capable for prolonged reagent storage, and
can be designed to be reactive to external stimuli, leading to a programmable, controlled and on-demand
encapsulant release. Part of this chapter focused on the specific sensitivity of the lipid bilayers
assembled at the interface of the internal compartments and hydrogel shell of eDIBs. This sensitivity
was explored by introducing surfactant-like, single-tailed lysophosphatidylcholine (LPC) lysolipids,
with great affinity to the lipid bilayer. Fluorescence increase and fluorescence decrease assays
demonstrated an LPC concentration dependent core release. Concentration release profiles were
supported by 2D and 3D computational simulations, with which correlations were mostly established
at the highest concentrations of LPC. On the contrary, the concentrations of LPC closer to the critical
micelle concentration (CMC), did not demonstrate significant correlations with practical experiments.
Finally, the LPC introduction to the eDIB system was then explored with DIB electrophysiology
experiments. These tests showed that LPC micelles have a significant influence on the lipid bilayer area
and current flow, while also demonstrating, once again, an LPC concentration dependent bilayer

stability.
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Chapter IV

From primary to tertiary emulsion microcapsules
for tumour-related studies and potential

compartmentalised drug screening capsules

4.1. Chapter summary

This chapter employs the work completed in Chapter 11, towards the encapsulation of breast
cancer cells using single emulsion microfluidic devices (SE-MDs), double emulsion microfluidic
devices (DE-MDs) and triple emulsion microfluidic devices (TE-MDs). MCF-7 breast cancer cells
demonstrated tumour formation in alginate and alginate-collagen type I capsules, as well as in the shell
of oil-core capsules (OCCs) and encapsulated droplet interface bilayers (eDIBs). The applied methods
and protocols including gelation, encapsulation, and capsule formulation and structure, provided a
robust and well-preserved environment for 3D multicellular tumour spheroid (MCTS) growth. This
was established by monitoring the proliferation of a model cell line (MCF-7) encapsulated in microgel
beads and OCCs, through live/dead cell staining and a metabolic assay. The 3D cultures in OCCs were
not influenced by the tested doxorubicin concentrations, while they proliferated in the presence of
lysophosphatidylcholine (LPC) and also showed transferrin receptor expression. These capsules were
presented as a simplified form of the proposed Droplet Incubator (DI) technology. The DI was
introduced as a biocompatible eDIB screening capsule, which can potentially host interactions between
living cells and artificial cell membranes. Finally, the progressive tumour growth within eDIB

constructs and the preservation of enclosed DIBs was monitored and discussed.
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4.2. Introduction

In-vitro monolayer (2D) cell cultures lack the in-vivo mimicking arrangement of cells that is
evident in 3D cell culture models, and which is a determining factor of drug potency '. This is of
significant importance in cancer research, due to the drug resistance adopted by cells when cultured as

3D multicellular tumour spheroids (MCTSs) 23. Common 3D culture models for MCTSs include

5 6

hanging drop “, low-attachment substrates 5, spinning-cell cultures ¢, scaffolds ’, hydrogels ® and

tumour-on-a-chip devices *!°. Droplet microfluidics is an alternative approach for producing cell-laden
confined environments made of soft materials to host and assist the development of MCTSs !'-13,
Usually, this involves the encapsulation of single or multiple cells in an extracellular matrix (ECM),
which supports cell-substrate interactions, in addition to cell-cell interactions. Alginate and collagen
type I are natural polymers, which provide structural support and binding sites for cells, respectively,
and are widely used as the ECM for the development of 3D cultures and MCTSs %!°. Droplet
microfluidics and cell encapsulation have shown to partner well together, giving rise to high-throughput
drug screening studies !''%!°, This is due to the reproducibility, precise volume control and adaptability

of microfluidic platforms, to meet the experimental outcome.

Microfluidics also offers a controlled way to produce cell friendly complex architectures,

17 18

including multilayer capsules and multiple emulsions '°. Multiple emulsion products from

microfluidic technologies have applications in areas such as cell biology in-vitro systems '8

, synthetic
biology %°, and drug delivery >!*2, The combination of droplet microfluidics and multiple emulsions has
achieved the production of capsules with high-order architectures, utilised as bottom-up constructs for
artificial cells 2%, Droplet interface bilayers (DIBs) are an easy and productive technique for bottom-
up artificial cell membrane studies, since they model a critical element of a living cell, that being the
phospholipid bilayer membrane 2.

Protocells are usually built as enclosed environments capable to execute chemical reactions in-
situ, although these systems are unable to be activated (energised) alone 2°. This was an appealing fact,
that led researchers to develop hybrid models of artificial and living cells. Such hybrid model developed
by Elani, et al. 2018, consisted of an encapsulated living cell within an artificial cell-like construct
(vesicle) and demonstrated a synergistic enzymatic reaction, initiated by the cell’s ability to hydrolyse
lactose ?’. An earlier study by Godoy-Gallardo, et al. 2017, encapsulated functional liposomes within
biological cells and demonstrated their ability to replace dysfunctional organelles . Both
aforementioned studies, are characterised as ‘embedded hybridisation’ methods, where either living or
artificial entities are encapsulated inside the other ?°. Elani, et al. 2021, presented two additional
categories of hybrid models, including ‘population hybridisation’ and ‘network hybridisation’ 2°. The
former hybridisation approach involves separate populations of artificial and living cells, able to
communicate through information exchange, while the latter utilises a network which hosts artificial

cells and living cells capable of physically interacting with each other. With the combination of
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‘network hybridisation” and 3D bioprinting of DIBs, Bayley and colleagues have shown the significance
of tissue-like artificial networks, with potential applications in protein synthesis *°, communication with
the environment through protein pores 3!, and the formation of biological tissues **.

Other bottom-up multiple emulsion models have been developed as artificial cell chassis by
integrating DIB and hydrogels ?*. By entrapping DIBs within hydrogels (i.e., encapsulated droplet
interface bilayers or eDIBs), a complex can be established for hosting artificial membranes and an ECM
hydrogel that supports 3D cell culture. Tailored and programmable entities like microfluidically formed
eDIBs may have applications in organoid formation, drug screening, as well as potential hybrid models
for interplay between live cells and artificial cells or membranes, though their co-culture.

This chapter initially reports the encapsulation and proliferation of a model cell line (MCF-7
breast cancer cells) in single and double emulsion, alginate-collagen type I hydrogel capsules, generated
using 3D-printed microfluidic devices. Additionally, MCTSs formed in oil-core capsules (OCCs) were
treated with doxorubicin, egg lysophosphatidylcholine (LPC) and transferrin conjugates, to assess the
anticancer drug response, micellar susceptibility and transferrin receptor availability, respectively.
Finally, a unique cell culture approach was explored, involving the formation of triple emulsion,
biocompatible eDIB capsules to facilitate tumour spheroid growth. This hybrid model is envisioned to
be utilised as a platform for investigating the communication of living cells and artificial cells, and
potentially be used as a drug screening 3D culture model, which is defined here as the ‘Droplet

Incubator’.
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4.3. Materials and Methods
4.3.1. Cell Culture

Epithelial human breast cancer cells, MCF-7, were obtained from American Type Culture
Collection (ATCC-HTB-22). Cells were maintained in Roswell Park Memorial Institute (RPMI) 1640
(Thermofisher) medium, including 10 % fetal bovine serum (FBS) (Thermofisher) and 1 % Penicillin-
Streptomycin (100 X, 50 mg/ml). Prior to any experiments, MCF-7 cells were grown in tissue culture
treated flasks. The cell culture media was exchanged every 2-3 days and when the culture reached 80-
90 % confluency, cells were trypsinised using Trypsin-Ethylenediaminetetraacetic acid (EDTA, 0.25
%) (Thermofisher) for further culture or use in experiments. MCF-7 cells used for the experiments had
passage numbers between 19 and 23. In the following sections, RPMI is defined as the RPMI culture
medium including additives (10 % FBS and 1 % P/S).

4.3.2. Microfluidic device fabrication

The 3D FFF-printed microfluidic devices utilised for cell encapsulation experiments, included
the single emulsion microfluidic device (SE-MD), double emulsion microfluidic device (DE-MD) and
triple emulsion microfluidic device (TE-MD), which were developed in Chapter II - Sections 2.3. &
2.3.2.

4.3.3. Reagent preparation for microfluidic experiments

All materials were purchased from Merck/Sigma-Aldrich, unless otherwise stated. Alginic acid
from brown seaweed was dissolved overnight using magnetic stirring in phosphate buffered saline
(PBS) or 0.9 % w/v NaCl, at a concentration of 2.5 % w/v (stock alginate solution). The alginate solution
was autoclaved prior to the experiment and was used within a week, if kept sterile. Rat-tail type I
Collagen of concentration 5 mg/ml and 10 X Minimum Essential Medium (MEM) were purchased from
First Link, UK. Collagen neutralisation was achieved using 10 X MEM and sterile filtered 0.1 M NaOH
(according to supplier instructions), prior to microfluidic reagent loading.

Mineral oil suitable for embryo culture was used as purchased in sterile condition or filtered
using vacuum filters. Partial on-chip gelation was achieved using the Ca**-infused nanoemulsion as
described in Chapter II - Section 2.3.3.. Hexadecane (Hex), silicon oil (AR20), SPAN 80, CaCl,, NaCl
and NaOH solutions were sterile filtered using 0.2 um filters. Dioleoyl-phosphatidylcholine (DOPC)-
containing hexadecane oil phase (12.5 mg/ml) and dipalmitoyl-phosphatidylcholine (DPPC) vesicles in
alginate, were prepared as described in Chapter II - Section 2.3.5., although the buffer was replaced
with PBS. The inner aqueous cores of the cell-laden encapsulated droplet interface bilayers (eDIBs)

consisted of 200 uM sulforhodamine B (sulfB) in PBS, which was filtered through a 0.2 pm filter.
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Transferrin-alexa488 (Tf-488), epidermal growth factor-alexa488 (EGF-488) and Doxorubicin
hydrochloride (Mw=543.52 g/mol) were purchased from Fisher Scientific. Tf-488 and EGF-488 were
supplied by a collaborator (Pharmacy Department). Doxorubicin (DOX) powder was dissolved with
deionised water to a stock concentration of 10 mg/ml. Stock concentration of 4.96 mM

lysophosphatidylcholine (LPC) was prepared in PBS as described in Chapter II - Section 3.3.
4.3.4. Microfluidic setup and production of cell-laden capsules

The operation of the microfluidic setup was described in Chapter II - Sections 2.3.2. and the
operation of each microfluidic devices (SE-MD, DE-MD, TE-MD), is described in Sections 2.3.3.,
2.34., 2.3.5., of the same chapter. The operation of these devices was modified to suit cell
encapsulation, meaning that, aseptic techniques were followed. To sterilise the devices and eliminate
possible contamination, the tubing and microfluidic devices were overflooded using 70 % ethanol for a

minimum of 10 minutes, which was washed off thoroughly with sterile PBS.
4.3.5. Cell counting and encapsulation matrix preparation

Once the cell culture had reached 80-90 % confluency, cells were trypsinised, centrifuged and
resuspended in fresh culture media (cell suspension). Subsequently, 100 pl from the cell suspension
was transferred to an empty 1 ml vial. Then, a Vial-cassette (Thermofisher) was used immediately to
aspirate the volume of cell suspension required for cell counting test with the NucleoCounter NC-200
(Thermofisher). After cell counting, an appropriate volume from the cell suspension was transferred
and mixed with the cell encapsulation matrix, to obtain a final cell density of 1 x 10° viable cells/ml.

Table 4. 1 the encapsulation matrices and the corresponding microfluidic device utilised for
each experiment. SE-MDs were utilised to produce 1 % alginate (ALG) and 1 % alginate, ~ 1 mg/ml
collagen type I (ALGCOL) cell-laden microbeads. The DE-MDs generated alginate-collagen type I
(ALGCOL) oil-core capsules (OCCs), with the inner oil phase consisting of 2:1 Hex:AR20. The cell-
containing shell of ALGCOL OCCs consisted of 1 % alginate and ~ 1 mg/ml collagen. Finally, TE-
MDs were utilised to encapsulate cells in the shell of eDIBs using the Final eDIB protocol, from
Chapter II - Section 2.4.5.2.3.. Briefly, the inner aqueous cores of the eDIBs consisted of 200 pM sulfB
in PBS, which in turn were encapsulated in a 12.5 mg/ml DOPC in 100 % Hex and this was emulsified
by a mixture of 1.5 % alginate, ~ 1 mg/ml collagen type I and 0.5 mg/ml DPPC vesicles (vesALGCOL
eDIBs). In the attempt to produce cell-laden eDIBs, OCCs were also produced using the TE-MDs.
These OCCs and eDIBs with no clear aqueous cores (after possible merging with hydrogel shell), were
utilised for subsequent drug treatments and referred to as vesALGCOL OCCs.

ALG and ALGCOL capsules were produced using flow rates of 30 ml/hr and 5 ml/hr for the
gelling nanoemulsion and the cell encapsulation matrix phase, respectively. The flow rates for DE-MDs

were approximately 0.2 ml/hr, 5 ml/hr and 15 ml/hr, for the oil mixture, hydrogel phase and gelling
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emulsion, respectively. Finally, the cell-laden eDIBs and OCCs were produced by TE-MDs with flow
rates shown in Table 3.1 from Chapter III - Section 3.4.1..

Table 4. 1: Encapsulation matrices (including polymer and cell density) and the
corresponding microfluidic device utilised for the experiment.

Encapsulation matrix Microfluidic

device

ALG 1 % alginate SE-MD
1 x 108 cell/ml

ALGCOL 1 % alginate SE-MD

1 mg/ml collagen DE-MD (OCCs)
1 x 10° cell/ml
vesALGCOL 1.5 % alginate TE-MD (OCCs and
1 mg/ml collagen eDIBs)

0.5 mg/ml DPPC vesicles
1 x 10° cell/ml

4.3.6. Culturing the cell-laden capsules

All types of capsules produced and collected in the CaCl, bath, were carefully pipetted into a
cell strainer and washed thoroughly with PBS. Subsequently, the capsules were transferred into a sterile
petri dish using pre-warmed RPMI culture media. ALG, ALGCOL capsules and ALGCOL OCCs were
cultured in separate T-75 tissue culture flasks. The flasks were incubated at 37 °C, 5% CO; and the
culture medium was replaced every 2-3 days. Cell-laden vesALGCOL OCCs and eDIB capsules were
cultured in petri dishes or tissue culture 6-well plates. Bright field images throughout their culture were

captured using conventional inverted microscopes (Olympus or GXM-XDY-2).
4.3.7. Cell proliferation assays and drug treatments
4.3.7.1. MCF-7 culture in ALG, ALGCOL and ALGCOL OCCs

The proliferation of cells in ALG, ALGCOL and ALGCOL OCCs was assessed using the
CellTiter Blue (CTB) assay (Promega) on Days 1, 4, 8 and 11. On Day 0 (encapsulation day), the cell-
laden capsules were transferred into a 24-well plate with three replicates for each timepoint and 1 ml
final volume of culture media. The test began by adding 100 ul of the blue reagent to each well with
the cell-laden microgels, including the blanks (no cells, only RPMI). The blue reagent was incubated
with the microgels at 37 °C, 5% CO; for 1.5 hours. After incubation, three replicates were prepared by
transferring 100 pl of the incubated media under test, to three wells of a 96-well plate (n=3 per one

incubated well). The CTB assay is based on the conversion of resazurin by viable cells into fluorescent
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resorufin, whose fluorescence was recorded (Ex = 545 nm, Em = 600 nm, Gain 1000) using the

microplate reader (Clariostar).

4.3.7.2. DOXics0 and LPC 1cs0 determination of MCF-7 2D cultures

The CTB assay was used to determine the half maximal inhibition concentrations (ICso) of
MCEF-7 breast cancer cells exposed to DOX and LPC. To do this, MCF-7 cells were cultured in a 96-
well plate, with seeding density of 5 x 10° viable cells/well and final RPMI volume of 200 pl. Cells
were incubated for 24-36 hours, or until confluency reached approximately 20 %. After removing the
culture media, cells were washed with PBS and treated with 200 pl of LPC in RPMI at final
concentrations of 1 uM, 10 uM, 100 pM, 300 uM and 1000 puM, while other cells were treated with 200
ul of DOX in RPMI at final concentrations of 0.01 uM, 0.05 uM, 0.21 uM, 0.96 uM, 4.37 uM and 20
puM. Cells were incubated with LPC or DOX concentrations for 72 hours. The control of these
experiments consisted of MCF-7 cultured cells in RPMI only. For the CTB assay here, 40 ul of the blue
reagent was added to each well containing 200 pl of treated and untreated culture media. The plate was
incubated for 1.5 hours at 37 °C, 5% CO,, and then the cell proliferation was recorded using the

microplate reader.

4.3.7.3. DOX and LPC treated 3D cultures in vesSALGCOL OCCs

On the 15" day of MCF-7 3D culture in vesALGCOL OCCs, the capsules were washed with
PBS and transferred to a new well plate, with 1 ml final volume of culture media. On this day, the OCCs
were treated with LPC and DOX using the materials and concentrations described in Section 4.3.7.2..
Cell proliferation of treated and untreated OCCs (control) was assessed on Days 1, 3 and 5, after the

addition of the drug (Day 0, DOX or LPC), by following the same CTB protocol from Section 4.3.7.1..
4.3.8. Tf-488 ligand treated MCF-7 cultures
4.3.8.1. 2D culture

MCF-7 cells were monolayer cultured in a 24-well plate, with seeding density of 40 x 10° viable
cells/well, for 48 hours. Then, the 2D cell cultures were washed with PBS and incubated for 30 minutes
with serum free RPMI media (no FBS, no P/S), also referred to as SFM. This incubation period in SFM,
was defined as the starvation period. Subsequently, the well plate was placed on ice for 5 minutes, and
then the SFM media was replaced with 1 ml of 25 pug/ml Tf-488 in SFM. The cells were incubated for
30 minutes with Tf-488, then washed with PBS and imaged in phenol red-free RPMI, using the EVOS
system (with the GFP cube). For comparison, 1 ml of 500 ng/ml EGF-488 in SFM, was also added after

the starvation period, and as a control cells were incubated with RPMI containing additives.
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4.3.8.2. 3D culture in OCCs

On Day 21 of culture, vesALGCOL OCCs were washed with PBS and transferred to a new
well plate with SFM. The OCCs were incubated at 37 °C, 5% CO, for either 30 minutes or 90 minutes
with SFM. After each starvation duration, the well plates were placed on ice for 2-3 minutes. Then, the
SFM was replaced by 25 pg/ml Tf-488 in SFM. OCCs were incubated with the transferrin solution for
15 minutes and then washed thoroughly with PBS. Imaging of the vesALGCOL OCCs was performed
using the EVOS system, while keeping them in phenol red-free RPMI.

4.3.9. Live/dead Cytotoxicity Assay

Live and dead cells were stained using fluorescent Calcein-acetoxymethylester (calcein-AM)
and Ethidium Homodimer-1 (EthD-1), respectively, which are the components of the LIVE/DEAD™
Viability/Cytotoxicity Kit, for mammalian cells (Thermofisher). A staining stock solution was prepared
by adding 5 pl of Calcein-AM and 20 ul of EthD-1 to 10 ml PBS. Cell-laden capsules were washed
with PBS and incubated with 200-300 pl of staining solution at room temperature for minimum of 25
minutes before imaging. Cell and spheroid staining were imaged using a fluorescent inverted
microscope (Olympus or GXM-XDY-2), with either a mercury lamp or a CoolLED illumination
system. Additional imaging of stained cells was performed using Light Sheet Fluorescent Microscopy

(LSFM) (Zeiss Lightsheet Z.1).
4.3.10. Light Sheet Fluorescent microscopy (LSFM)

For LSFM, all capsules were embedded in 1 % low temperature melting agarose in PBS. All
equipment and agarose solutions were kept at 37 °C, to avoid unwanted gelation. Cell and spheroid-
laden capsules were stained as mentioned in Section 4.3.9. After incubation of the capsules with the
live/dead staining solutions, the excess PBS was removed and replaced with 500-1000 pl of 1% warm
agarose solution. Glass capillaries of the appropriate inner diameter and plungers with Teflon tips were
used to aspirate capsules in the agarose solution. Prior to use, the capillaries were sterilised with 70 %
ethanol and washed with PBS. The microscope’s chamber in Figure 4. 1 was filled with PBS, prior to
loading the capillary with the sample. Z-stack images (slices) were obtained for the green and red
fluorescence using 488 nm and 561 nm lasers respectively, accompanied by the Laser Blocking filter
(LBF) 405/488/561/640. The filters used for the emission selection were BP 505-545 for the green
channel and BP 575-615 for the red channel. Bright field images were also recorded.
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S , Glass capillary
loaded with agarose

Agarose

Capsule

Objective lens

Figure 4. 1: Light sheet fluorescent microscope sample chamber. The camera’s perspective for positioning the sample
capillary within the PBS filled chamber. The glass capillary holds the agarose with the sample (capsule) in front of the objective
lens. Scale bar: 2 mm.

4.3.11. EVOS fluorescent imaging

eDIBs with cultured MCTSs were stained using the live/dead assay (Section 4.3.9) and
followed fluorescent imaging using EVOS M7000 Cell Imaging System. The eDIBs were imaged in a
dish with a small volume of PBS. The sulfB cores were imaged using Texas Red light cube (Ex = 585/29
nm, Em= 628/32 nm). Live cells were imaged with the GFP light cube (Ex = 470/22 nm, Em= 525/50
nm), but no imaging of red cells was performed (RFP light cube was not supplied). Bright field images

were also captured.
4.3.12. Statistical Analysis

All microscopic images were analysed using ImageJ (Fiji). Any green fluorescence analysis
was conducted based on the thresholding method provided by Imagel. When suitable, two-way
ANOVA test was performed to obtain the significance of results. The statistical analysis was carried
out in Microsoft Excel or GraphPad Prism 9. Uncertainties and error bars are described by the standard
error of mean (SEM), unless otherwise stated and p-values (significance) was presented as *p< 0.05,
**p< 0.005, ***p< 0.0005.
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4.4. Results and Discussion

Often, cell-laden alginate capsules involving chelating agents (e.g. Ethylenediaminetetraacetic
acid, EDTA or calcium carbonate, CaCO; particles) are gelled in acidic pH 3334, To avoid the
introduction of such potentially cytotoxic agents and operation at low pH, an alternative gelation
method was employed as part of this thesis. The nanoemulsion gelation method in this thesis was
influenced by Agarwal, et al. 2017, who utilised Ca®*-infused mineral oil for the gelation of collagen-
alginate, core-shell capsules encapsulating breast cancer cells . This gelation method, requires the
addition of emulsion stabilising surfactants (SPAN 80), which can directly affect the shape of the
alginate microbeads, as demonstrated by Liu, et al. 2017 3. The crosslinking of the alginate and
collagen, facilitated the immobilisation of MCF-7 breast cancer cells in single, double, and triple
emulsion soft hydrogel capsules, leading to 3D multicellular tumour spheroid (MCTS) formation. MCF-
7 breast cancer cells constitute a robust cell line with no special culturing requirements, and it is widely

used in cancer related studies, hence its selection as an exemplar model cell line in this chapter.
4.4.1. Microfluidically produced cell-laden single emulsion microgels

As presented in Chapter II, Section 2.4.3.2., the flow rate ratio of 30:5 ml/hr, produced cell-
free microgels of diameter ~513 pm. By introducing the dense cell suspension (1 x 10° cells/ml) to the
same single emulsion microfluidic device (SE-MD) regime, cell-laden capsules of alginate (ALG)
(Figure 4. 2A(i)) and alginate-collagen type I (ALGCOL) (Figure 4. 2A(ii)) were generated with
diameters approximately 476.9 um + 2.6 and 492.1 = 2.9 um, respectively. This diameter reduction
compared to the cell-free system, was attributed to three factors, including, the changes in the surface
tension and viscosity of the dispersed fluid phase and the possible size reduction of the 3D-printed

36,37

droplet-forming junction . The cell suspension may increase the viscosity () of the dispersed phase

3839 and according to Nekouei and Vanapalli, 2017, reported reduced droplet diameter with high

capillary numbers (Ca = %), due to the high viscosity, u .

Also, the cell suspension introduced some flow irregularities, as determined by plotting and
comparing the diameter distribution of cell-laden to the cell-free microgels. According to Kalantarifard,
et al. 2021, pressure variations at the inlet phases and droplet-forming junctions, will influence the flow
rate ratio and hence the monodispersity *’. The diameter distribution of ALG and ALGCOL capsules,
shown in Figure 4. 2B(i)-(ii), was broader than cell-free ALG capsules from Chapter II, Section
2.4.3.2.. The broad diameter distribution and CV > 3 % indicated that the SE-MD produced polydisperse
cell-laden ALG and ALGCOL microcapsules. The variance between cell-laden ALG and ALGCOL
microcapsule populations appeared to be insignificant Figure 4. 2C, although, when compared to the

cell-free ALG microcapsules the variance was significant (*p<0.05).
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Figure 4. 2: Analysis of the polydisperse cell-laden ALG and ALGCOL microgels. A) Bright-field images of (i) ALG and (ii)
ALGCOL microgels encapsulating MCF-7 breast cancer cells (scale bar is 500 um). B) The diameter distribution of (n=100)
(i) ALG and (ii) ALGCOL microgels. The red line shows the normal distribution for each population. C) Comparison of the
coefficient of variation (CV) % between cell-free ALG microgels, and cell-laden ALG and ALGCOL microgels, showing the
loss of the monodispersity when cells were introduced to the dispersed phase. Statistical analysis for the diameter distribution
was performed using the F-test and showed significant variations between the cell-laden and the cell-free populations.
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4.4.2. ALG, ALGCOL and ALGCOL OCCs

3.3.1.3. MCF-7 culture and spheroid formation in ALG, ALGCOL
and ALGCOL OCCs

The MCF-7 breast cancer cells in ALG, ALGCOL and ALGCOL oil-core capsules (OCCs),
were cultured up to 19 days, as shown by the bright field images in Figure 4. 3. The diameter of MCF-
7 cells before encapsulation, was approximately 14-16 pm. The biobank from which the MCF-7 cells
were supplied from, and other reports claim a doubling time between 24-29 hours for 2D cultured MCF-
7 cells 441 although Lovitt, ef al. 2018, reported a doubling time reduction in 3D cultured MCF-7 cells
42, Such proliferation rate hindering was also noticed here, since by day 4, the cells only formed clusters
of 2-3 cells across all capsules. The MCF-7 cells eventually formed tumour spheroids attaining
diameters as large as 200 um longitudinal diameter (day 19); however, the spheroid size was variable
across the different types of capsules.

The MCTSs throughout the culture period, appeared to have broad size distribution in all types
of capsules. This was a reoccurring phenomenon, which was attributed to the low initial cell density
with respect to the hydrogel area and possible encapsulation of cell clusters instead of single cells, which
would proliferate faster into clusters, than single cells ***, Subsequently, the tumour area of MCF-7
spheroids was measured throughout the culture period. It was preferred to measure the area of the
spheroids instead of the diameter, due to the variable shapes and sizes of the developed tumours
(spherical or oblate). Oblate tumour spheroids were reported to be formed due to mechanical stresses
by the surrounding hydrogel #°, but generally different culture conditions (culture medium, cell density,
cell type) and techniques for MCTS formation, yield different spheroid morphologies .

The area of 50 spheroids per capsule type, was measured on day 6, 8, 11 and 18 (Figure 4.
4A&B). From Figure 4. 4A and accompanied statistical analysis, it was clear that the proliferation of
MCF-7 cells into spheroids, benefited by the presence of collagen, either in single emulsion hydrogel
beads or double emulsion OCCs. By day 6, ALGCOL OCCs, displayed significant differences
indicating that the cells were growing slower than in ALG and ALGCOL capsules (Figure 4. 4A&C).
Moreover, all the hydrogel capsules facilitated MCF-7 proliferation over the first 8 days, but after this
period, the tumour spheroids in ALG and ALGCOL capsules proliferated insignificantly. ALGCOL
OCCs proliferated less than the single emulsion capsules by day 8, but their proliferation was
remarkably higher significantly (p<0.0001) from day 11 onwards. Figure 4. 4B, reveals that the area
distribution of the MCTSs increased over time, which profile was consistent with other cell lines too *°.
By day 18, the MCTSs of areas approximately 6700 um?, 8100 pm? and 15300 pm?, had developed in
ALG, ALGCOL and ALGCOL OCCs, respectively .
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Figure 4. 3: Bright Field images of MCF-7 cells in ALG, ALGCOL and ALGCOL OCC at different timepoints, leading to
tumour spheroid formation. MCF-7 cells show no clear differences in their proliferation in the first 4 days of culture in the
microgel capsules, irrespective of the emulsion order (single or double emulsion) and hydrogel composition. However, the
area covered by the MCTSs formed by Day 19, is concisderably higher in collagen capsules (ALGCOL and ALGCOL
OCCs),than alginate only (ALG). All scale bars indicate 200 um.
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Figure 4. 4: MCF-7 tumour spheroid area over time starting from the 6th day of culture in ALG, ALGCOL and ALGCOL
OCCs. A) Average tumour area over time across the three types of capsules. On Day 6, cells are still slow growing and
adapting to the environment. MCF-7 cells proliferated more over time in ALGCOL than ALG capsules, as shown by the
increasing significanct values; however, no significant changes were shown on Day 18. The average area of the MCTSs in
ALGCOL OCCs on Day 18 appeared to be approximately twice the area of MCTSs in single emulsion microgels (n=50 per
timepoint and capsule type). Data shown as mean + SEM. Two-way ANOVA test was performed where, *p<0.05, **p<0.005,
*4p< 0.0005, ****p< 0.00001. B) Scatter plot with measured tumour spheroid areas across all timepoints and microgels
(n=50 per timepoint and capsule type). Over time, the data spread out across the y-axis, than the earlier timepoint, with
ALGCOL OCCs showing the most broad MCTS area distribution by Day 18. The horizontal lines note the median of each
population.C) Bright field images of ALG, ALGCOL and ALGCOL OCC capsules showing MCF-7 tumour spheroids on days
6 and 11. ALG and ALGCOL images have scale bars of 200 um and ALGCOL OCC images have scale bars of 500 pm.
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3.3.14. CellTiter Blue (CTB) Metabolic Assay of MCF-7 cells

The CTB assay detects the fluorescent resorufin, which was produced by the conversion of the
resazurin in the assay’s agent by viable cells. The average number of plated capsules per well of ALG,
ALGCOL and ALGCOL OCCs were 67, 44 and 4, respectively. Figure 4. SA displays the proliferation
profile over time, for ALG (n=67), ALGCOL (n=44) and ALGCOL OCCs (n=4). The number of
samples (n) indicates the average number of capsules in a single well. It appeared that the MCF-7
proliferation expressed in ALG and ALGCOL matrices was similar, with the lag (Day 1-4) and log
(Day 4-8) phases of the cells lasting approximately the same time. The lag phase of MCF-7 cells in a
2D culture lasts for approximately 2 days, where the cells adapt in the culturing conditions, but do not
divide #°. Although in the current 3D culture work, the lag phase lasted for 4 days. During the log phase,
the MCF-7 cells proliferated exponentially and reached a plateau after approximately 4 days (stationary
phase). Towards the late log phase (Day 8), the assay revealed an increased proliferation by the cells in
ALGCOL capsules, which confirms the benefits of collagen type I in the extracellular matrix (ECM).
These proliferation profiles were in agreement with other literature that reported mathematical models

for MCTS growth kinetics **’, and with earlier spheroid area measurements (Figure 4. 4).
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Figure 4. 5: Graphs of the proliferation profiles of MCF-7 in ALG, ALGCOL and ALGCOL OCCs determined by the CTB
metabolic assay. A) The proliferation of tested samples over 11 days (ALG (n=67),ALGCOL (n=44)) or 15 days (ALGCOL
OCC (n=4)). Cell growth phases (lag, log and stationary) were noted on the graph. MCF-7 show similar proliferation in ALG
and ALGCOL capsules, with cells reaching an equilibrium around Day 11. ALGCOL OCC profile was similar, but with
significantly lower fluorescence output, due to the considerably lower number of samples tested (n) per timepoint. The floating
ability of OCCs allowed the assay to be extended minimum of four more days. B) A more detailed inspection of the proliferation
profile of the MCF-7 cells cultured in ALGCOL OCCs (up to Day 11), with lag, log and stationary phases noted. OCCs
continued to proliferate after Day 11 (stationary phase). Error bars indicate the =SEM.
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It is likely that the low fluorescence signal detected in ALGCOL OCCs, was due to the small
sample number (n=4), however this was inconclusive. The subplot in Figure 4. 5B, shows the cell
growth profile of MCF-7 cells with a clear lag, log and stationary phase. It appears that the cells
continued to proliferate, after the 11" day of culture, which was the end of the stationary phase. This
permitted for the prolonged metabolic assay for MCF-7 in ALGCOL OCCs, unlike the ALG and
ALGCOL capsules, which migrated at the bottom of the culture plate, after the 11" day of culture
(Appendix 4.A4). This occurred because the OCCs were floating in the culture media, keeping any cells
from migrating and proliferating on the culture plate, while the ALG and ALGCOL microbeads were
in contact with the bottom of the plate. Therefore, the CTB assay was not performed for cell-laden ALG

and ALGCOL capsules, after this undesired migration had occurred.

3.3.1.5. LSFM live/dead cell staining and intensity quantification

Calcein-AM permeates the plasma membrane of viable cells, where esterase activity converts
it to fluorescent calcein. EthD-1 penetrates mammalian cells with membranes of reduced integrity,
binds to free DNA fragment, and when excited, it emits red fluorescence. Light Sheet Fluorescence
Microscopy (LSFM) was performed on days 1 and 15 of culture, to assess the MCF-7 cell viability and
tumour growth in ALG, ALGCOL and ALGCOL OCCs (Figure 4. 6A). One day after encapsulation
(Day 1), green fluorescence emitted by viable cells was dominant in the capsules, but a small number
of dead cells was indicative of possible overnight cell death. This negligible degree of cell death was
not quantified in any way and was associated to stresses exerted during cell suspension handling or
encapsulation, or due to prolonged imaging in non-cell culture conditions *®.

After two weeks of culture, the hydrogel capsules were stained and imaged, showing formed
tumours of various sizes and morphologies. The green fluorescence intensity from Day 1 and 15 was
quantified across the capsules, using the thresholding method in ImageJ (Figure 4. 6B). According to
the statistical analysis, there were no significant differences between the two timepoints for the viable
cells in ALG and ALGCOL capsules. On the contrary, ALGCOL OCCs had significantly higher
fluorescence on Day 15 compared to Day 1, as well as compared to Day 15 ALG and ALGCOL
capsules. The 3D MCTS formation in ALG and ALGCOL microgels by Day 15 was clear; however,
according to the intensity measurement, this was insignificant when compared to Day 1.

MCEF-7 cells are human mammary epithelial cells and present a model cell line widely used to
study luminal breast cancer and drug responses ***°. The 3D culture of these cells in ALG, ALGCOL
and ALGCOL OCCs, formed MCTSs with a hollow lumen, as indicated in Figure 4. 7A. The fact that
the lumen was not stained suggests that no live or dead cells were present, but only a hollow space. The
formation of a hollow lumen in MCF-7 spheroids, was previously demonstrated in alginate-collagen
hydrogels *!, and scaffold-free systems >, Swaminathan, ef al. 2019, showed that different cell lines

and compositions of hydrogels exhibited different MCTS morphology, with MCF-7 cells in alginate-
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collagen type I capsules forming irregular sized tumours after 5-6 days °!. The fluorescent signals of
cross-sectional slices near the middle of the tumour spheroids, as show in Figure 4. 7A(i), were
processed along the longitudinal diameter (Figure 4. 7A(ii)). The signal plots for each spheroid,
displayed the measured intensity being higher at the edges of the tumour and lowest in the middle,
confirming the central hollow lumen. The close-up analysis of the MCF-7 MCTS and the z-projection
images in Figure 4. 7B, reveal strong cell-cell adhesion and compact spheroids, which is consistent
with other studies 34, Especially, a closer look on the ALG capsules, the morphology of the spheroid
and cell-cell junctions differ from the ones cultured in collagen-containing ECM, although in all cases

the adhesion between cells appears robust.
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Figure 4. 6: LSFM images and intensity analysis relating to MCTS formation (Day 1 and 15). A) Bright field (LHS) and
dark field (RHS) LSFM images of ALG, AGLCOL and ALGCOL OCC on (i) Day 1 and (ii) Day 15. The bright field images
show a single slice, while the fluorescent images shown the projection of the maximum intensity of the slices (z-projection) .
The dashed white lines indicate the oil core of the ALGCOL OCCs. All scale bars are 100 um B) Analysis of green fluorescence
integrated intensity of LSFM images of ALG, ALGCOL and ALGCOL OCC capsules. Significant increase in the fluorescence,
i.e. viable MCTSs, was obtained by ALGCOL OCCs on Day 15 compared to ALG and ALGCOL of the same timepoint. The
samples (n) utilised for the green fluorescence analysis were as follows; for Day 1: ALG (n=2), ALGCOL (n=2), ALGCOL
OCCs (n=2), and for Day 15: ALG (n=5) and ALGCOL (n=5), ALGCOL OCCs (n=4). Data shown as mean + SEM. Two-way
ANOVA test was performed where, *p<0.05, **p<0.005, ***p<0.0005.
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Figure 4. 7: LSFM images of individual MCF-7 MCTSs formed after 15 days of culture in ALG, ALGCOL and ALGCOL
OCCs. A) (i) Z-slices of individual MCTSs near the middle of the spheroids, showing the hollow space. The white dashed line
notes the longitudinal distance along the MCTSs, from which the signal of the lumen was measured and plotted in (ii). B) Z-
projections of each MCTS, revealing compact spheroids and strong cell-cell adhesion. All the scale bars are 50 um.
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4.4.3. QOil-core capsules (OCCs) as a novel 3D culture model

Single (ALG, ALGCOL) and double emulsion hydrogel capsules (ALGCOL OCCs) were
generated using 3D-printed single or dual-material microfluidic devices and established the formation
of spheroids, with a clearly discernible lumen. Their proliferation was benefited by the culture
conditions and ECM materials (alginate and collagen), which are widely used in tissue engineering '°.
The ALGCOL OCCs demonstrated the most significant spheroid growth. The enhanced proliferation
of cells and enlarged tumour spheroids in OCCs, compared to ALG and ALGCOL capsules, could be a
result of the higher number of cells initially encapsulated in the hydrogel shell. The core-to-shell ratio
of OCCs can be controlled by manipulating the flow rates of the double emulsion microfluidic device
(DE-MD). By doing so, OCCs with thin alginate shell and large oil core and vice versa.

The encapsulation of an oil core, which is less dense than the hydrogel shell, led to floating
ALGCOL OCCs in the cell culture medium. Another hypothesis for the formation of larger MCF-7
MCTSs in these OCCs, was the plausible exposure to higher oxygen levels during the cell culture.
However, no gas related studies were conducted in this thesis, and this can only be supported by limited
literature. MCF-7 cells cultured in-vitro under elevated oxygen levels, a study conducted by Crowley,
et al. 2017, showed improved migration and upregulation of proliferating genes *. Therefore, the
presumably elevated oxygen levels could have potentially improved the proliferation of the cells in
OCCs, compared to ALG and ALGCOL sunk capsules.

Place, et al. 2017 argued that cell culture plates do not represent the in-vivo oxygen diffusion
rates, due to the unrealistic distance from the oxygen source, and they proposed alternative in-vitro 3D
models, in order to recapitulate oxygen levels in the body (bioreactors, roller bottle, oxygen permeable

plates) *°. Moreover, the diffusion of oxygen through the cell culture medium was previously described
by Fick’s Law (F = —DVc= —D 2—;) 3657 which assumed similar oxygen transport in lung

capillaries . By considering the culture medium with a diffusivity D, Figure 4. 8 schematically
presents Fick’s Law and implies that the oxygen diffusive flux would be higher for floating OCCs than
sunk ALG and ALGCOL microgel beads. This is due to the position of the floating OCCs being closer
to the air-liquid interface (hg,,c,), hence translates to higher oxygen concentrations. The oxygen
gradient highly depends upon the volume of culture medium, which is why this volume was kept the
same during culture, across all capsules cultured in T-75 flasks. On the other hand, slow proliferation
rates of tumour cells have been correlated to hyperoxic conditions, which could explain the non-
significant proliferation during the first week of culture in ALGCOL OCCs °’.

The most comparable 3D culture model to OCCs, is the hanging-drop method, which faces
challenges such us imaging, culture medium exchange and susceptibility to sudden shocks *°. Lesher-
Perez, et al. 2017, conducted an oxygenation study on 3D spheroid cultures and reported that, the
oxygen levels in hanging-drop spheroids, were higher compared to the oxygen levels of spheroids

cultured in round bottom wells . This was attributed to the null distance between the air-liquid interface
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and the spheroids in the hanging-drop . Therefore, the enhanced proliferation of the cells in the floating
OCCs, may be due to the smaller distance between the spheroids and the air-culture medium interface,
encouraging these microfluidically formed double emulsion capsules, as a novel technology for in-vitro

3D culture oxygenation studies.
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Figure 4. 8: Model graph showing the higher oxygen concentration closer to the surface of the culture medium. The slope
equation describes the concentration gradient along the depth (h) of the culture medium, with a floating OCC exposed to higher
oxygen levels (Co) and a sunk single emulsion microbead exposed to lower oxygen levels (Cb).

4.4.4. Vesicle-containing, alginate-collagen type 1 oil-core capsules
(vesALGCOL OCCs)

The following subsections utilised double emulsion OCCs to evaluate the proliferation and
receptor expression of MCF-7 microtumours, when exposed under certain drugs and ligands. More
specifically, vesicle-containing ALGCOL OCCs (vesALGCOL OCCs) were treated externally with
DOX, LPC and Tf-488. Figure 4. 9 shows bright field images of vesALGCOL OCCs before (Day 1)
and after (Day 15) MCTS formation. Some OCCs, untreated, were also imaged using OCT equipment
to possibly visualise any MCTSs within the hydrogel shell after 28 days of culture (4ppendix 4.B). On
the 15" day of culture, vesALGCOL OCCs were treated with DOX and LPC, externally, and cell
proliferation was assessed. Tf-488 ligands was introduced to vesALGCOL OCCs, towards the end of
3D MCTS culture (Day 21).
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Figure 4. 9: Bright field images of vesALGCOL OCCs, before and after MCTS formation. Day 1 capsules have similar
morphology and oil core diameter (not quantified) and were stored and imaged in a petri dish containing cell culture medium.
Capsules imaged on day 15 originate from a different encapsulation experiment, which explains the difference in oil-core to
hydrogel-shell volume ratio. These vesALGCOL OCCs were imaged in a petri dish with a small volume of PBS.

4.4.4.1. Doxorubicin treatment

Doxorubicin (DOX) is a widely used anticancer drug, which binds and intercalates between
DNA bases, preventing cells from dividing ¢'. 2D cultured MCF-7 cells were treated with DOX for
three days to obtain the half maximal inhibition concentration ICso (DOXicso), which is the value defined
as the concentration to inhibit 50 % of cell proliferation. The calculated DOXicso yielded to be 0.84 uM
+ (.18, as shown in Figure 4. 10A, which value was perfectly matched with the DOXcso reported by
Gong, et al. 2015 (0.46 pg/ml). Others have reported the DOXicso of 2D cultured MCF-7 cells to be
approximately 0.1 uM 2%, and that of drug-resistant MCF-7 cells to be approximately 1-1.9 uM 64,
The ICso of any drug depends on many cell culture and assay variables, including cell density, treatment
periods, cell line and others >,

Subsequently, three concentrations of DOX (0.96 pM, 4.37 uM and 20 uM) were used to treat
MCTSs in vesALGCOL OCCs on Day 15 of culture. According to the CTB metabolic output in Figure
4. 10B and accompanied statistical analysis, none of the tested concentrations was able to show any
evidence of significant cell growth or death over the incubation period with the drug. Essentially, DOX
treated MCF-7 spheroids, seemed to have entered a dormant phase, in which they did not proliferate
further, while the MCF-7 cells in control (0 uM), continued to proliferate. Hence, this proliferation
inhibition agrees with the DOX’s action relating to the cell cycle arrest, by intercalating the DNA and
preventing cell growth and mitosis . The slight increase in 4.37 uM DOX treated MCTSs on Day 3
and 5 could be a result of handling errors, but according to the statistical analysis this was insignificant.
The DOXicso of a 3D culture, has been reported to be approximately 30-50 times higher than the
DOXicso of 2D cultured MCF-7 cells 311166768 Others have established differential DOXcso between
MCTSs in soft (104.5 uM) and stiff (57.4 uM) alginate-collagen type I hydrogels after two weeks of

% Hence, the DOXjcso of the 3D culture could not have been estimated, because the

culture
concentrations tested were not considerably higher than the DOX concentrations tested in 2D cultures

(at least 30 times higher).
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Figure 4. 10: Doxorubicin response of a 2D culture and 3D cultured MCF-7 MCTSs in vesALGCOL OCCs. A) Percentage
of cell proliferation against log[DOX concentration], with data points corresponding to individual replicates. Non-linear
regression curve fitting determined the DOXicso (red dotted lines) of MCF-7 2D cultured cells, when treated with 0.01, 0.05,
0.21, 0.96, 4.37, 20 uM DOX (n=17 across three experiments). The curve fitting showed DOXics0=0.84 uM with R°=0.77 (R>>
0.7 well fitted curve). B) MCF-7 MCTSs in vesALGCOL OCCs treated with DOX concentrations for 5 days (DOX added on
day 15 of culture). No significant differences observed between DOX concentrations, due to increased drug resistance of 3D
cultures, while the control MCTSs, continued to proliferate. Data shown as mean + SEM (n=3). Two-way ANOVA test was
performed where, *p<0.05, **p< 0.005, ***p<0.0005.

After the 5-day treatment, vesALGCOL OCCs were washed with phosphate buffered saline
(PBS) and MCTSs were stained using the calcein AM and EthD-1 (live/dead assay). The fluorescence
microscopy in Figure 4. 11, revealed live and dead cells, as well as the DOX accumulated around the
MCTSs (4.37 uM DOX). The red channel of accumulated DOX fluorescence was obtained using the
same excitation wavelength as the excitation wavelength used to image the viable cells (~470 nm) 7.
Furthermore, no clear spheroid deterioration was observed after DOX treatment, a phenomenon which
was detected by Lovitt, ef al. 2018, in MCF-7 spheroid-laden gels *. Although, from the merged
channels (calcein AM/EthD-1) in Figure 4. 11, the cell-cell contact exhibited some differences after
the DOX treatment, where the control tumours maintained compact spheroids with strong cell-cell
adhesions, while DOX treated MCTSs seemed to had formed loose aggregates *>*2. This phenomenon
would be clearer with more elegant microscopy, such as LSFM or confocal laser microscopy (laser

confocal microscopy image of non-DOX treated 3D cultures can be found in Appendix 4.C).
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Figure 4. 11: Fluorescent images of control (0 uM) and 5 day DOX treated (4.37 uM) MCTSs in vesALGCOL OCCs. Live
and dead cells appear green and red, due to the calcein and EthD-1, respectively. Accumulated DOX appears red under blue
light (~470 nm) in 4.37 um treated MCTSs. Considerably fewer dead cells appear in the control condition than in DOX treated
spheroids. White dashed circles noted on the merged channel images (calcein/EthD-1), show spheroids with morphological
variabilities in their cellular arrangement. Images were obtained using a conventional fluorescent inverted microscope.

4.4.4.2. Lysophosphatidylcholine treatment

Initial LPC experiments involved the calculation of the ICso (LPCicso) of treated 2D cultured
MCF-7 cells. The estimated LPCicso was approximately 86.42 uM = 0.44 (Figure 4. 12A). The LPCicso
was ten-fold higher than the CMC of LPC reported in literature (4-8.3 uM) 7'. The LPCjcso and CMC
values are important, in order to understand the interaction of cancer cells with either single LPC
molecules or LPC micelles. Reported LPCicso of LPC with longer fatty acid chains (LPC(18:0)) on
cancer cells ranged between 120 and 180 uM 2, while in another study cancer cells were treated with
450 uM LPC(16:0) and did not exhibit any significant toxicity °. Weltzien, 1979, suggested a few
modes of interaction of LPC molecules with phospholipid membranes, including the insertion of LPC
molecules into the outer leaflet and ‘flip-flop’ to the inner leaflet, at low concentrations 7*. On the other
hand, at high concentrations, the membrane fluidity may change, micelles may form within the
phospholipid membrane, or the membrane may be solubilised; all three cases lead to pore formation
and evidently cell lysis ™.

Similar to the DOX treatment, LPC concentrations were added to MCTSs in vesALGCOL
OCCS on the 15™ day of culture (Figure 4. 12B). The control group and the 10 uM LPC treated MCF-
7 cells, exhibited similar proliferation profiles, while the concentrations much higher than the CMC of
LPC (100 uM, 300 uM, 1000 uM), affected the cells differently. The impact on the cell proliferation
took place within the first 24 hours of incubation with LPC, especially with 100 uM and above. No
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proliferation occurred during the 5-day incubation with 1000 uM LPC, but cell death was apparent. The
form of cell death was assumed to be cell lysis, due to the drastic increase of the plasma membrane
permeability under the influence of highly concentrated LPC micelles "7, Interestingly, the 100 uM
LPC treated tumours, underwent significant proliferation compared to the control. This enhanced
proliferation was an interesting result, which was attributed to the fusion of LPC molecules with the
cell membrane and possibly their metabolism . These assumptions were based on the reported work
by Raynor, et al. 2015, who associated LPC reduction in the supernatant of 2D cultured MCF-7 cells,
with the extracellular degradation of LPC molecules, subsequent cellular uptake of free fatty acids and
their re-acylation to phosphatidylcholine 7. Bao, et al, 2016, reported this degradation (or cleavage) of
LPC, to occur due to an enzyme highly expressed by cancer cells (lysophosphatidylcholine
acyltransferase 1 - LPCAT1), which led to the drop of LPC levels and increase of phosphatidylcholine
concentrations in the membrane of cancer cells, resulting in enhanced cell proliferation through
membrane remodelling 7778,

Proliferation of the cells plunged on Day 3 for 100 uM and 300 uM LPC. However, the cause
was unclear, and therefore this decrease was assumed to be related to environmental adaptations of
MCF-7 cells in the presence of LPC. According to the proliferation tests, the 3D cultures in
vesALGCOL OCCs were favoured by the presence of 100 uM LPC, which concentration is above the
estimated LPCicso (86.42 uM) of the 2D MCF-7 culture. Finally, the 3D culture of MCF-7, showed an
increased resistance to the cytolytic properties of high LPC micellar concentrations, compared to the

2D culture 77°.
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Figure 4. 12: LPC response of a 2D culture and 3D cultured MCF-7 MCTSs in vesALGCOL OCCs. A) Percentage of cell
proliferation against log[LPC concentration], with data points corresponding to individual replicates. Non-linear regression
curve fitting determined the LPCicso (red dotted lines) of MCF-7 2D cultured cells, when treated with 1,10,100, 300 and 1000
uM LPC (n=16 across three experiments). Curve fitting showed LPCics0=86.42 uM with R°=0.92 (R*> 0.7 well fitted curve).
B) MCF-7 MCTSs in vesALGCOL OCCs treated with LPC concentrations for 5 days (LPC added on day 15 of MCTS culture).
Cell proliferation was favoured by 100 uM LPC and increased over time, whilst 1000 uM induced cell death. Changes in the
cellular proliferation were observed within the first 24 hours and all tested LPC concentrations became diverse over time.
Data shown as mean = SEM (n=3). Two-way ANOVA test was performed where, *p< 0.05, **p<0.005, ***p<0.0005.
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4.4.4.3. Transferrin-488 (Tf-488) labelling of 2D and 3D cultures

All mammalian cells that require iron for cellular functions, including MCF-7 breast cancer
cells, express the transferrin receptor, which regulates iron transport 3. Therefore, MCF-7 MCTSs
cultured in vesALGCOL were assessed in terms of the transferrin receptor expression, by introducing
the Tf-488 ligand.

Before doing so, epidermal growth factor-alexa488 (EGF-488) and Tf-488 were used to
fluorescently label MCF-7 2D cultures, as shown in Figure 4. 13A, to ascertain the ligand more likely
to label the specific cells used for the 3D MCTS formation. The Tf-488 conjugate bound to the MCF-7
cells, as demonstrated by the fluorescent signal, while EGF-488 did not stain any cells, following this
protocol. This is due to the fact that EGFR is not highly expressed on the surface of MCF-7 cells, as
demonstrated by Wymant, et al. 2016 ®'. On the other hand, Tf-488 is abundantly expressed %, as
shown by the green fluorescence emitted by the 2D culture and for this reason, Tf-488 ligand proceeded
to the staining of 3D cultured cells in vesALGCOL OCCs. Figure 4. 13A also shows background
fluorescence by MCF-7 cultured cells in FBS containing media, due to the presence of phenol red. The
transferrin receptor expression can be seen as the green fluorescence in the 3D MCTS cultures in Figure
4. 13B, due to the binding and endocytosis of Tf-488, following 30- and 90-minutes starvation periods.
Small fluorescent intensity differences were observed in MCTSs between the two starvation periods,
with 90 min starved spheroids to appear slightly brighter. However, it would be naive to assume that
there was a starvation period dependence on the binding and uptake of Tf-488, because the experiment
was only carried out once (with n=3 OCCs per starvation period). Most importantly, the Tf-488 diffused
through the hydrogel ECM, reached the MCTSs and was recognised by the MCF-7 cells quite strongly,

irrespective of the starvation period.
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Figure 4. 13: Green fluorescent channel (LHS) and bright field images (RHS) of MCF-7 cells in 2D and 3D MCTS cultures,
after the uptake of Tf-488. A) Starved 2D cultured MCF-7 cells expressed strong fluorescence only in the presence of Tf-488.
No expression of EGFR was shown, and background fluorescence appeared in + FBS cell culture, due to the phenol red in the
culture medium. B) Tf-488 labelling of MCF-7 MCTS cultures in vesALGCOL OCCs, following either 30 minutes or 90 minutes
starvation period (incubation in serum-free media). White arrows note the fluorescence emitted by neighbouring, TF-488
labelled spheroids.
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4.4.5. Cell and Droplet Interface Bilayer (DIB) fate in eDIBs capsules

Cell encapsulation in encapsulated droplet interface bilayers (eDIBs) using triple emulsion
microfluidic devices (TE-MDs) was quite challenging and the preservation of the DIBs was particularly
tricky. The main concern and constant variable component for the cell encapsulation in eDIBs
experiments was the 3D-printed microfluidic device. The formation and stability of the eDIB capsules
relied largely on the dimensions of the 1% cyclic olefin copolymer (COC) droplet-forming junction
(Chapter 11, Section 2.4.5.2.1.). More specifically, this droplet-forming junction, would determine the
diameter of the encapsulated aqueous cores. In addition, the continuous phase flow rate, and the droplet-
to-channel aspect ratio, influence the lipid monolayer incubation around the droplets, frankly affecting
the stability of the formed DIBs ®. Unstable DIBs, are more susceptible to environmental stresses,
leading to merging with the hydrogel shell, leaving an eDIB without internal aqueous compartments
(i.e., OCC).

The 3D printing of a TE-MD with a dimensionally accurate 1% COC droplet-forming junction,
allowed successful capture of MCF-7 cells in the hydrogel shell of eDIBs, as well as improved degree
of DIB stability. The incubation period after production was a crucial stage, which would determine the
fate of the eDIB structure. Merging of the aqueous cores with the hydrogel shell, most likely occurred
during the first hour of incubation at 37 °C and 5 % CO,. This was because the captured DIBs in
dioleoyl-phosphatidylcholine (DOPC)-containing oil were still settling and adjusting within the new
environment. Similar observations, were reported by Barriga, et al. 2014, who used a DOPC DIB
system, which was stabilised after 1 hour, indicating that during the lead time, the DIB was still
susceptible to merging %°. DOPC are unsaturated phospholipids, while diphytanoyl-phosphatidylcholine
(DPhPC) phospholipids, extensively used in DIB membrane models are saturated. Compared to
DPhPC, DOPC phospholipids have bent fatty acyl chains, which influences membrane fluidity and
stability. As a matter of fact, a study by Strutt, ef al. 2022, showed that all of the tested substances (e.g.
paracetamol, caffein) were approximately 40 % more permeable through a DOPC DIB, than a DPhPC
DIB %6, Therefore, DPhPC could enhance the stability of the cell-laden eDIBs, which is particularly
important during the initial incubation period.

Cell-laden vesALGCOL eDIBs, which survived the initial incubation period are shown in
Figure 4. 14A&B. From these figures, it was understood that merging of aqueous cores was apparent,
resulting in their variable diameters. The vesALGCOL eDIB in Figure 4. 14A(iv) encapsulated
considerably small cores in a dumbbell-shaped oil core, that resulted by the coalescence of two eDIBs
during gelation. The formation of these microscopic aqueous droplets were believed to have emerged
due to artefacts at the droplet-forming junction either during fabrication, or due to the softening of COC
by hexadecane ¥’. The sulforhodamine B (sulfB) internal cores of the cell-containing eDIB in Figure

4. 14B, were extremely polydisperse (not quantified), although they survived the initial incubation
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period post-encapsulation. Following 10 days of cell culture, MCTS formation was established in the

shell of the eDIB in Figure 4. 14C, and the majority of the DIB network was preserved.

Figure 4. 14: Bright field and dark field images of cell-laden eDIB capsules before and after MCTS formation. A)(i)-(iii)
Bright field images of individual eDIBs with encapsulated MCF-7 cells, which survived the initial incubation period (1-2 hours)
post-encapsulation experiments. B) Post-encapsulation preserved eDIB (day 0) imaged under the bright field (LHS) and dark
field (RHS-green light excited), where red fluorescence was emitted by sulfB DIB network. C) eDIB cultured for 10 days,
formed MCTSs in the hydrogel shell and maintained some degree of the encapsulated DIB network. White arrows indicate
residue dye from merged cores with the hydrogel shell. The discrete dotted lines in the dark field images show the edges of the
middle oil core and outer hydrogel shell. All the scale bars indicate 500 pm.
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4.4.5.1. Live/dead staining of MCF-7-laden eDIBs

The culture of MCF-7 breast cancer cells in eDIBs appeared to be straight forward, but most
challenges were related to the prolonged preservation of the complex-emulsion structure, while in
culture. The biocompatibility of OCCs was established in earlier sections, through metabolic assays
(Section 3.3.1.4) and live/dead imaging (Section 3.3.1.5). The same live/dead staining protocol was
performed to assess the viability of MCF-7 cells in eDIB capsules. Staining of cells in eDIBs, 24 hours
after microfluidic experiments (Day 1), indicated increased viability, as shown in Figure 4. 15A. The
cell density used for all experiments, was 1 x 10° viable cells/ml, however Figure 4. 15B shows an
eDIB produced with considerably lower cell density, after experiment troubleshooting. The eDIB with
lower cell density, exhibited higher cell death and according to Lin and Anseth, 2011, cell packing
density impacts greatly the cell viability, with low cell packing densities exhibiting poor cell
proliferation .

Furthermore, LSFM imaged eDIB in Figure 4. 16A, revealed approximately 18 % of red
fluorescence (dead cells) of the total fluorescence emitted by MCF-7 stained cells, which was attributed
to the prolonged LSFM imaging. The LSFM image slices were processed to obtain the orthographic
projections of the survived DIB, as illustrated in Figure 4. 16B. The distance between the slices of
imaged eDIB samples during LSFM, ranged between 3.50-6.09 um, enabling good resolution imaging
of the cores %. The side view projection revealed the slightly flattened aqueous cores with a lipid bilayer
less visible than other projections. In contrast, the DIB and its distinct compartments were readily visible
in the front and top view projections.

Clusters of cells started forming small spheroids of longitudinal diameter between 65 pm and
100 um on days 5 and 6 as shown in Figure 4. 17A&B, while maintaining the DIB structure. The LSFM
image of the two-core eDIB on Day 5, clearly displays the lipid bilayer formed between the aqueous
cores, while the eDIB imaged on Day 6 (using an inverted microscope) shows a well organised and
preserved DIB network comprised of more than 15 aqueous cores of approximate diameter 167.2 um +

2.8.
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A) Bright field . Merged green/red channels

Figure 4. 15: Live/dead staining of MCF-7 cells in eDIBs cultured for 24 hours after encapsulation (day 1), at two different
cell densities. A) eDIB formed with cell density of 1 x 10° viable cells/ml in the shell phase during microfluidic encapsulation.
Viables cells were stained as green and dead cells as red (not visible). B) eDIB with considerably lower cell density (due to
experiment inconveniences the exact cell density is unknown). In this example, red fluorescence emitted by dead cells is higher
compared to A). In both eDIBs, the DIB network encapsulating sulfB appears red. The red fluorescence emitted by the sulfB
cores was obtained under green excitation wavelength. The discrete dotted lines show the edges of hydrogel shell.
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A) Bright Field Dark Field (green/red channels)
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Figure 4. 16: Multiple views of a two-core eDIB, with live/dead stained MCF-7 cells (day 1), imaged using LSFM (eDIB is
embedded in agarose). A) Bright field and dark field images indicating the live cells (green), dead cells (red) and sulfB cores
(magenta false colour). The discrete dotted lines were drawn around the edges of the middle oil core and outer hydrogel shell.
B) Z-slices of three different view planes of the sulfB DIB (captured within the eDIB in A). The DIB can be easily identified
(white arrows) in the front and top view, but more difficult to be seen from the side view plane. C) Z-projection of the DIB
slices (front view) revealed a high contrast DIB. White arrows indicate the bilayer formed between the two aqueous sulfB
cores.
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A) Bright Field Dark Field (green/red channels)
Day 5 %

Figure 4. 17: Live (green) and dead (red) stained clusters and MCTSs developed in eDIBs on day 5 and 6 of culture. A)
LSFM image of an eDIB embedded in agarose (day 5), shows small cell cluster formation and a high contrast DIB between
two fluorescent sulfB cores (magenta false colour). The dashed circle in the bright field image indicates an illumination
artefact example. B) Image obtained using a conventional inverted fluorescence microscope (day 6) uncovered highly
organised and well preserved eDIB with viable MCTSs and red fluorescent sulfB cores. White arrow notes fluorescent MCTSs
of a neighbouring capsule.
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A less organised and distinct eDIB is shown in Figure 4. 18A, capturing formed tumours in
eDIBs on the 8" day of culture. The dark field image in Figure 4. 18A, unveils the merged fluorescent
channels of viable MCF-7 cells and MCTSs (green), as wells as the dead cells and the sulfB cores (red).
The EthD-1, which stained the dead cells, has quite a broad excitation (528 nm) and emission (617 nm)
spectra, whereas the sulfB excitation (565 nm) and emission (586 nm) are narrower. The emission filter
used for the red channel acquisition in LSFM (BP 575-615), picked up both light emissions of sulfB
and EthD-1, hence dead cells and sulfB aqueous cores appeared red. A comparative overlap of the
excitation and emission spectra of SulfB and EthD-1, using this filter can be found in Appendix 4.D *°.
Therefore, fluorophores near the oil core of the eDIB appearing red could lead to misinterpretation of

the magnitude of cell death.

A) Bright Field Dark Field (green/red channels)
Day 8

+« Dye residuals

dead cells

Figure 4. 18: eDIB imaged using LSFM with live(green) and dead(red) stained MCF-7 cells and MCTSs on the 8" day of
culture. A) Bright field and dark field images of a quite randomly shaped (non-spherical) eDIB with stained cells and
fluorescent cores. Dead cells and sulfB core emitted the red fluorescence, which could be confusing, hence the dead cells
around the oil core are shown by red arrows. Only two dead cells were observed close to the outside of the oil core, whereas
the remaining red dots (inside the oil core boundary) are assumed to be dye residuals (white arrow shows some dye residuals).
B) Z-stack projection of the oil core’s red channel rotated from 30 ° to 160 °, to reveal the position and morphology of the
same red dye residuals (white arrows) and red dead cell (red arrow). Scale bars indicates 100 um. C) A closer look on the
fluorescent sulfB cores uncovers some degree of lipid bilayer survival (white arrows).
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Damaged cells appeared as red dots, but it may also be hypothesised that these red pigments
are residual particles from the sulfB dye, left behind when merging occurred. Hence, during image
analysis, the stained dead cells were distinguished from the fluorescent residual dye, by reconstructing
a 3D image from the slice images and identifying the position of the red particle (inside or outside the
oil core). Figure 4. 18B, shows the 3D projection of the oil core vicinity rotated by 130 °, noting a dead
cell and presumable residual dye. Red dots present outside the oil core are more likely to be dead cells,
while the red dots found inside the oil core are probable to be residual sulfB dye particles, perhaps
trapped in the oil. This particular eDIB, retained some of the internal DIB structures, as noted in Figure
4. 18C.

MCTSs cultured in eDIBs, overall exhibited continuous proliferation and viability. In fact,
some maintained the internal DIB compartmentalisation, however this requires further stability
optimisation. Figure 4. 19A, shows an eDIB on the 15" day of culture, with viable tumour spheroids
and preserved DIB network. Due to the image acquisition setup and possible artefacts, the resolution of

the DIB network is not clear, although a rough architecture of the DIB network is visible indeed.

Bright Field Dark Field Bright Field Dark Field
A) (GFP+TexasRed) C) (GFP+TexasRed)

Dark Field
(GFP+TexasRed)

Figure 4. 19: Bright field and dark field images (GFP(calcein)+Texas Red(sulfB) obtained using EVOS imaging setup. A)
Day 15 of culture of an eDIB with viable MCTSs, which maintained the DIB network (blurred red fluorescent cores) B) Another
eDIB with viable MCTS, but most of the cores burst, leaving residual dye behind. The white arrow shows a small protrusion
between a cell cluster and MCTS. C) Day 19 of eDIB culture, where only one sulfB core was preserved and some MCTSs
showed more developed protrusions (white arrow). D) Day 19 protrusions seemed to have formed a bridge between two cell
clusters in vesALGCOL eDIB. The scale bar in A-C is 500 um and scale bar in D is 200 pum).
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The ECM of vesALGCOL eDIB constructs, allowed cell-ECM interactions, which led to the
proliferation of cells into MCTSs. Interestingly, in some instances, protrusion from spheroids started to
form around Day 15, as indicated in Figure 4. 19B, which developed into full bridges between MCTSs
by Day 19 (Figure 4. 19C). Usually, invasive behaviour is elicited by supplements, co-cultures and
environmental changes in the culture medium or ECM !6°1-%% Caballero, et al. 2021 studied protrusion
formations in stimuli-free 3D MCF-7 cultures in collagen, and resulted in the dynamic formation of
small protrusions away from the spheroids after 3 days of culture **. Benton, et al. 2015 reported
substantial invasion of MCF-7 spheroids embedded in collagen-basement membrane extract (BME)
gels, cultured in media with 10 % FBS, low pH and low levels of glucose *°. In fact, low glucose levels
have been associated with high glycolysis activity by drug-resistant and invasive tumours *. Since the
invasive behaviour, can be controlled by molecular and biophysical cues *, it was believed that the
alginate and collagen type I offered the mechanical support for cell migration and subsequent protrusion
formation. This is supported by a recent study conducted by Peng, et al. 2022, who formed liver tumour
spheroids in alginate capsules '°, of similar morphology to the MCTSs in Figure 4. 19D. After 12 days
of culture, they described this eventual morphology, as a ‘tadpole shaped’ cluster and attributed the
formation of the shaft-like part to the hydrogel’s ECM inhomogeneities and existence of cell anchoring
molecules 3. In the work presented in this chapter, these anchoring molecules are the collagen type 1
fibres, which support migration and invasion of tumour spheroids 7.

Epithelial-to-mesenchymal transition (EMT) refers to the transition of epithelial cells to
mesenchymal cells by adopting mesenchymal cells characteristics, including invasive ability, enhanced
migration and drug resistance *®. Han, ef al. 2022 and earlier studies by Chen, et al. 2012, showed MCF-
7 spheroid invasion in collagen/polysaccharide complexes, by studying the biomarkers expressed in the
instance of EMT. Others have reported that increasing the stiffness of the ECM, for example by
increasing the concentration of alginate, also increases the gene expression by EMT '©. Therefore, the
cell-ECM interactions are vital regulators for the growth and fate of cells, including cell morphology

and migratory behaviour, which have not been analysed here, but are worth for further investigation.
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4.4.6. The ‘Droplet Incubator’ and its applications

eDIB production using 3D-printed microfluidic devices was demonstrated by forming triple
emulsion W/O/H/O capsules, aided by the contribution of phospholipid molecules (Chapter II). Part of
this thesis aimed to explore the ability to culture breast cancer cells in the hydrogel shell of eDIBs
(objective 1), encapsulate a pharmaceutical analogue in the cores (objective 2) and trigger drug release
through external means (objective 3). This would essentially formulate a drug screening capsule, termed
as “Droplet Incubator (DI)”. The prototype of the DI technology would require a demonstration of all
three mentioned objectives in a sequence, but unfortunately this was not completed during the period
of this thesis study.

Figure 4. 20 illustrates the possible stages of an experiment utilising the DI platform in drug
screening applications. Firstly, the complex architecture of free-standing DI capsules can be fabricated
using droplet-microfluidics technology, which enables high-order emulsion formation and production
of eDIBs. The designed DI capsule consists of two distinct parts: the ECM component and the synthetic
cell component. For in-vitro drug screening applications, the former ensures the survival and perhaps
proliferation of living cells in the hydrogel shell of eDIBs, while the latter provides drug encapsulation
sites in the form of DIBs. In a cancer cell-containing eDIB/DI capsule, the controlled core release
mechanism (LPC protocol from Chapter III) may facilitate the delivery of drug candidates (e.g.,
anticancer drugs, stimulating growth factors, receptor ligands) to the living cells, and provide post-
treatment feedback for further evaluation.

OCCs were earlier studied in the presence of DOX and T{-488. In a fully formulated eDIB/DI
construct, the DOX (anticancer drug) or Tf-488 (ligand) would be encapsulated inside the aqueous
cores. At a preferred timepoint of culture (e.g., Day 6 timepoint in Figure 4. 20), the LPC would be
added externally, triggering the release of the encapsulated DOX or Tf-488. The outcome would
constitute of DOX killing or influencing cell proliferation (red fluorescence read-out), while Tf-488
would bind to the transferrin receptors of cancer cells (MCF-7), emitting a green fluorescent signal.

Doxorubicin was initially planned to be utilised as the pharmaceutical analogue to demonstrate
the drug screening application of the DI technology. However, the claims by Stephenson and Elvira,
2021, regarding the fast DOX leakage though symmetric and asymmetric DIBs (< 5 min), led to the
abandonment of free-DOX encapsulation *°. During initial timepoints of cell culture, any leaked out

61,70 which would lead to

concentration of DOX would kill the cells or induce drug resistance
inconsistent data. Nevertheless, doxorubicin, can be delivered to a diseased tissue in different forms,
including lipid or polymer nanocarriers, and not as free-DOX '%. Therefore, it is hypothesised that
larger doxorubicin-laden particles can be encapsulated within the DI synthetic cell component. Unlike
the passive diffusion of free-DOX through the membrane of a cell, transferrin ligand uptake depends
on receptor-mediated endocytosis %12, Due to this selective recognition and high molecular weight of

transferrin ligands (80 kDa), it is unlikely for it to leak through the artificial lipid bilayer, if incorporated
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as the aqueous compartment in the eDIB/DI platform '

. Furthermore, a complete demonstration of the
DI capsule, according to this thesis, would require the extracapsular addition of LPC, which would
trigger the release of the cores (i.e., drug). The LPC at high concentrations has detergent-like behaviour
and can interact with the cell membrane of living cells and cause cell lysis 7. For this reason, the MCTSs
in vesALGCOL OCCs were treated with LPC (Section 4.4.4.2), which would give a perspective of the
susceptibility and toxicity induced by LPC concentrations, for future experiments.

The DI capsule presents an interesting, yet underdeveloped technology for drug delivery and
screening. The majority of the earlier discussion focused on the DI technology as a drug screening
capsule; however, its applications are vast and need to be explored. For example, in artificial cell
studies, the ECM and synthetic cell components can allow encapsulation of cell lines and reactions or

cell membrane components, respectively. This would convey a programmable capsule which allows

co-culture of artificial cell and living cell for studies related to their interactions .

High-order emulsion Initial DI capsule (eDIB form) |

microfluidics

Drugs

>P@e | Synthetic cell
)~ component
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Figure 4. 20 : Droplet incubator (DI) technology experimental design, summarising cell encapsulation in eDIBs (day 0),
cell culture up to a desired timepoint (day 6) and subsequent activation of aqueous core release and subsequent DI readout.
Top: The combination of high-order droplet-microfluidics to produce complex emulsion eDIB capsules, while encapsulating
drug candidates in the synthetic cell component and breast cancer cells (green dots) in the ECM component. This generates
the initial phase of the DI capsule on day 0. From this point and forward, the stability of the synthetic component is crucial
and mandatory. Bottom: At the desired timepoint, for example after multicellular tumour spheroid (MCTSs) formation
(light/dark green clusters) in the ECM component, the core release (i.e., treatment initialisation) can be commenced via LPC
membrane modulation (core release activation investigated in Chapter II1). The experiment comes to an end when the drug is
released, leaving behind an empty oil core (dashed-line circles in the DI read-out box) and once the treatment can provide a
feedback (readout) in the form of fluorescence (live/dead assays) or culture medium extract traces.
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4.5. Conclusion

Single and dual-material 3D Fused Filament Fabrication (FFF) printed microfluidic devices
produced single, double (OCCs) and triple emulsion capsules for MCF-7 cell encapsulation. The
production and gelation method of the capsules did not induce any noticeable toxicity to the MCF-7
cells. The multicellular tumour spheroids (MCTSs) were favoured by the presence of collagen type I,
which was usually observed around the 6™ day of culture, based on the metabolic assay and tumour area
results and analysis. Additionally, cell proliferation and cellular arrangement, indicated a luminal
structure in the core of the MCTSs, which recapitulates in-vivo growth. The OCCs revealed MCTS with
negligible responses to doxorubicin, making them an interesting and attractive model for in-vitro 3D
culture drug resistance studies. MCTS proliferation in OCCs was enhanced by 100 puM
lysophosphatidylcholine concentrations, while transferrin ligands were recognised by such spheroids.
Furthermore, MCTSs were formed in the hydrogel shell of microfluidically produced encapsulated
droplet interface bilayer (eDIB) complex-emulsion capsules. Although, the preservation of the captured
DIB throughout the cell culture was challenging. Finally, the Droplet Incubator (DI) model was
introduced, which consists of the synthetic cell component for drug analogue entrapment, and the
extracellular matrix component for encapsulation and proliferation of living cells. From the discussion
of this chapter, the DI technology holds the potential for applications in pharmaceutical delivery and
screening, organoid formation, as well as in synthetic biology and artificial cell-living cell interaction

studies.
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Concluding remarks

The union of diverse research fields gives birth to novel techniques and applications with
increased complexity. As shown in this thesis, my work combines multiple technologies, to devise
constructs that incorporate encapsulated Droplet Interface Bilayers (eDIBs) !2, and living cells for
applications in drug screening and artificial cell membrane studies. These constructs were formulated
using biocompatible compositions and affordable 3D-printed microfluidic fabrication methodologies.
This chapter summarises the key research findings towards the development of a hybrid model for co-

culturing synthetic cells and living cells, and discusses future work.

5.1. Summary of findings

5.1.1. Fused Filament Fabricated (FFF) microfluidic devices for single, double, and

triple emulsion hydrogel capsules

Conventional microfluidic device fabrication usually requires a series of assembling steps and
surface treatments, particularly for the formation of multiple emulsions *. In Chapter II of this thesis,
dual-material 3D-printed microfluidic devices were fabricated using two commercially available
filaments. Printed blocks of cyclic olefin copolymer (COC) and Nylon exhibited contact angles of 78 ©
and 46 °, respectively, supporting the formation of single and multiple emulsions. Initially, single
emulsion monodispersed hydrogel capsules of mean diameter 513 pm and a CV of 2 % were produced
using a T-junction made of COC and an on-chip gelation method, inspired by the referenced literature
4. Subsequently, double emulsion microgels with single and multiple oil cores were produced by a
double emulsion microfluidic device consisting of a Nylon T-junction and a COC flow-focusing
junction. The formation of multi-core, hydrogel-shell capsules using this microfluidic design was
achieved by incrementally increasing both the inner oil and alginate flow rates. Following this method,
1-5 oil cores of diameter 340 um were accurately and reproducibly encapsulated within 1 mm hydrogel
capsules.

Chapter Il also presents a novel monolithic 3D-printed FFF microfluidic device for the
formation of triple emulsion hydrogel capsules without the need for device post-processing. These triple
emulsion microfluidic devices (TE-MDs) were used for the generation of gel encapsulated Droplet
Interface Bilayers (eDIBs). The eDIB hydrogel constructs of diameter 1-2 mm consisted of a mid-oil
droplet (with phospholipids) with inner aqueous cores segregated by a lipid membrane (i.e. droplet

interface bilayers, DIBs). The formed oil cores and the inner aqueous cores often had diameters of
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approximately 800 pm and 200 um, respectively. The key challenge that emerged from these triple
emulsions during preliminary experiments was the coalescence of the mid-oil phase with the carrier oil
phase. This was rectified by using an alginate-liposome mixture, where the liposomes acted as viscosity
and surface tension-altering agents °.

All the microfluidic devices used here required no post-processing and were ready to use
immediately after fabrication. The formation of high-order emulsion hydrogel capsules presents
promising results and thus renders dual-material FFF printing as a powerful method for microfluidic
device fabrication towards rapid prototype demonstrations. In fact, the successful triple emulsification
by FFF 3D-printed microfluidic devices is reported for the first time here. Therefore, the significant and

pioneering achievements of Chapter II can be summarized as:
e Dual-material 3D printing of COC and Nylon filaments.

e 3D-printed COC microfluidic devices with improved transparency that enabled in-flow

characterisation of droplet formation.

e Double and triple emulsion formation using 3D-printed microfluidic devices without post-

fabrication surface treatment.

e Control over the number of oil cores contained within double emulsion hydrogel capsules

was achieved.

e Successful encapsulation of droplet interface bilayers (eDIBs) within a gel matrix using

triple emulsion microfluidic devices (<2 mm eDIB capsules).

e Microfluidic on-chip generation of eDIBs was demonstrated using liposomes as an

alternative to synthetic surfactants.

5.1.2. Characterisation, post-processing and in-situ content release activation from

encapsulated Droplet Interface Bilayer synthetic cell interiors

DIBs present artificial membrane models for the study of cell membrane components, however
they are assembled and operated in an oil environment. Further encapsulation of DIBs within a hydrogel
material yields compartmentalised constructs, enabling their operation in an aqueous environment. This
was demonstrated in Chapter II using the TE-MDs, which devices were also used in Chapter Il
Aqueous inner core encapsulation and organisation varied depending on the flow rates, lipid-oil
composition and the susceptibility to droplet coalescence, which was either in the form of multiple cores
(> 10 cores) of diameter less than 100 pm, or a few cores (< 10 cores) of diameter greater than 200 pm.

Soft, free-standing eDIB constructs were compatible with Optical Coherence Tomography
(OCT), which revealed their internal organisation and structure. These eDIB characteristics obtained by
the OCT provided insights on the contact angle of the DIBs from different orthogonal views at once,
unlike conventional imaging. OCT’s capacity to obtain axial images of the samples for 3D image

reconstruction offers a fast and attractive method for extracting information towards volumetric imaging
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and 3D domain positioning. Therefore, OCT imaging would allow easy and fast image acquisition of
multiple eDIBs at once, and when combined with software automated analysis, information could be
extracted related to their spatial arrangement.

The stability of eDIBs was tested using centrifugal forces and elevated temperatures. According
to the centrifugation experiments (39 x g to 3913 x g) larger cores were released, while smaller cores
in eDIBs remained intact. In fact, the small cores formed very compact DIBs after centrifugation.
Insignificant sedimentation of the inner aqueous cores was observed in eDIBs exposed to temperatures
above 50 °C. Temperature and centrifugation offer possible routes to induce release form the interior
of eDIBs to the external environment. The key to a programmable drug screening eDIB capsule,
includes the control of the encapsulants through microfluidic means, their predictable arrangement
within the capsule, as well as the use of an external stimulus that induces content release °. This may be
investigated by translating the suggestions made by Villar, et al. 2013 on their stimuli-responsive
multisome model 7, to the eDIBs.

Chapter III also investigates the susceptibility of eDIBs to lysophosphatidylcholine (LPC)
lysolipids that promote surface tension instabilities across the leaflets of a lipid bilayer. Different
concentrations (1 pM, 10 uM, 100 uM, 300 uM, 1000 uM) were tested to cause the modulation of the
phospholipid bilayer and eventual core release. The fluidity of the lipid bilayers, or droplet-hydrogel
bilayers (DHBs), was altered by LPC lysolipids presented in the external environment at different rates.
The use of LPC for the core release assays was inspired by Strutt, et al. 2021, who activated the
mechanosensitive channels embedded in asymmetric DIBs using LPC 8. During the active core content
release experiments by lysolipids, it was revealed that the introduction of highly concentrated LPC
micelles (> 100 uM) to the surrounding medium of the eDIB, led to the rapid merging of the cores with
the hydrogel matrix. Instead, at concentrations close to the critical micelle concentration or CMC (10
uM), the core release was delayed and less apparent, whilst at concentrations much lower than the CMC
(1 uM), the cores were sustained within the eDIBs over the study period (10-16 hours). In fact, at 10
uM LPC the cores of eDIBs endured significant organizational changes, which evidently lead to internal
core merging. The practical lysolipid-induced core release experiments were compared to 2D and 3D
COMSOL simulations revealing similar core release profiles. Lastly, electrophysiology experiments
were conducted on planar LPC-containing DIBs to confirm bilayer modulation occurring within eDIBs,
which showed lipid bilayer expansion and possible micelle insertion by the increasing capacitive current
and spikes in the current trace, respectively.

In Chapter 111, eDIBs were exposed to various environmental conditions, in order to capture

their versatility and susceptibility. The main achievements of this chapter are hence summarised below:
e ¢DIBs are stable for prolonged periods (weeks).

e The internal organisation of eDIBs can be varied from a few large aqueous cores to several

small cores.

Page | 209



Chapter V

e OCT can successfully extract information on the internal structure of eDIBs (core number,

diameter, contact angle, volume and position).

e ¢DIBs with small inner aqueous core diameter can withstand strong centrifugal forces and

elevated temperatures.

e Aqueous cores release rate from eDIBs was shown to be dependent on the externally

introduced LPC concentration and molecular structure.

e LPC promotes membrane expansion at the droplet-hydrogel bilayer (DHB) interface of

eDIBs, as confirmed by electrophysiology experiments.

5.1.3. From primary to tertiary emulsion microcapsules for tumour-related studies and

potential compartmentalised drug screening capsules

Cell encapsulation and Multicellular Tumour Spheroid (MCTS) formation in alginate-collagen
type I microgels has been widely studied by other groups in relation to tumour biology °. In Chapter IV,
MCF-7 breast cancer cells were encapsulated in the gel phase of single, double and triple emulsion
capsules, following the calcium infused-nanoemulsion gelation method *. These capsules were
fabricated using the FFF-printed dual-material devices developed in Chapter II. It should be noted that,
Agarwal, et al., 2017 utilised a gelling nanoemulsion with higher CaCl, concentration (20 %) and a
microfluidic design with on-chip capsule washing. However, because the devices in this thesis did not
integrate a washing step, the final concentration of CaCl; was reduced to approximately 10 %, for cell
viability reasons *. MCF-7 cells exhibited mostly increased viability within these structures.

From the diameter analysis of the single emulsion microgels, it was noticeable that the viscous
cell suspension influenced the diameter of the beads and coefficient of variance, which were decreased
(approximately to 480 pm) and increased (5.4-5.8 %), respectively, when compared to cell-free
capsules. In addition, cell proliferation studies showed that the MCF-7 MCTS formation was favoured
by the presence of collagen type I in the alginate matrix and the oil core in double emulsion hydrogel
capsules. Light sheet fluorescence microscopy images of the in-vitro tumour spheroids exposed their
hollow lumen in all compositions and structures, demonstrating in-vivo mimicking tumour morphology
10" An interesting characteristic of oil-core capsules (OCCs) was their floating behaviour, due to the
lighter density of the oil-core, suggesting a compelling method towards oxygenation studies of
encapsulated cells within OCCs.

Doxorubicin anticancer drug susceptibility differed considerably between the 2D cultures and
OCC 3D cultures. The doxorubicin half maximal inhibition concentration (DOXicso) of 2D MCF-7
cultures was 0.84 uM, while no cell death was confirmed on 15-day cultured MCTSs in OCCs, treated
with doxorubicin concentrations between 0.01 pM and 20 pM. Furthermore, the
lysophosphatidylcholine half maximal inhibition concentration (LPCicso) of 2D MCF-7 cultures was
found to be 86.42 uM, but remarkably the MCTSs in OCCs endured different proliferation effects at
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various concentrations. Briefly, no metabolic activity was observed after 24 hours with 1000 uM LPC,
whilst 100 uM LPC promoted proliferation after 5 days of incubation. Other tested concentrations had
no significant effects compared to untreated MCTSs. Increased LPC concentrations usually destabilise
the cellular membranes causing cell death, while steady fusion of LPC molecules with the cell surface
evidently facilitate cellular proliferation !'. Mature MCTS in OCCs were also stained with fluorescent
transferrin ligands, showing that ligands can diffuse through the hydrogel shell of OCCs and bind to
cellular receptors.

Gel encapsulated DIBs can host living cells in the hydrogel shell and artificial membranes in
the interior. Sulforhodamine B (sulfB) is a compound used in cell culture colorimetric assays '2, and
was encapsulated in the cores of cell-laden eDIBs. Breast cancer cell (MCF-7) encapsulation in the shell
of triple emulsion eDIBs was successful and resulted to the eventual formation of MCTSs. The cores
encapsulating sulfB resemble the site for potential anticancer drug (e.g. DOX) encapsulation, hence
exploring the eDIB as a drug screening model, or as the introduced ‘Droplet Incubator (DI)’ technology
6. The DI technology enables the compartmentalisation of multiple entities, including living cells,
artificial cell membranes and pharmaceuticals within free-standing microgel capsules.

The DI technology envisions a versatile hybrid platform consisting of a synthetic cell
component (interior) and an extracellular matrix (ECM) component (exterior), for studying interactions
between encapsulants and living cells. These interactions within the DI model, could facilitate not only
in-vitro anticancer drug studies, but also cellular differentiation and tumour invasion. This could be
achieved by encapsulating growth factors in the aqueous cores, that would change the morphology of
the cells !4, after release by external stimulus (e.g. lysolipids). To conclude, the key methods and

finding demonstrated in Chapter [V are:

e Cell encapsulation and tumour spheroid formation in single, double and triple emulsion

hydrogel capsules generated by monolithic 3D-printed microfluidic devices.
e Alginate-collagen type I and oil-core capsules was shown to give rise to larger spheroids.

e The formulated hydrogel matrices promoted the formation of in-vivo mimicking tumour
spheroids with hollow lumen.

e Floating oil-core hydrogel capsules offer a unique tissue culture model towards
oxygenation studies (hypoxia, normoxia, hyperoxia).

e MCF-7 2D tissue cultures were more susceptible to doxorubicin and lysolipid treatments

than 3D cultures in OCCs.

e (Cell-laden encapsulated eDIBs as a proposed novel model for drug screening and artificial

cell membrane studies, also defined as the ‘Droplet incubator’.
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5.2. Future work

The flowing sections discuss short and long term future work. Short-term work can be achieved
following methods and protocols described in this thesis along with some optimisation steps. Long-
term future work focuses on the incorporation of tools or components, which were not studied in-depth

in this thesis and also suggests some end-user applications.

5.2.1. Short-term future work

3D printing using Fused Filament Fabrication (FFF): Often 3D FFF introduced variability
between prints '°, especially with smaller channel dimensions. This could be minimised by replacing
the 0.25 mm nozzle with a smaller printing nozzle (e.g. commercially available 0.1 mm). To
demonstrate the flexibility of 3D printing, other filament materials could be used in combination with
the print setting of this thesis, to develop microfluidic channels of comparable or enhanced resolution.

Microfluidically-formed asymmetric phospholipid bilayers: Throughout this thesis, the
lipid bilayer formation between the aqueous cores and the hydrogel shell of eDIBs were assumed to be
symmetric, comprising only of DOPC phospholipid molecules, produced by the ‘lipid-out” approach.
Yet, this lipid bilayer could be asymmetric, due to the presence of DPPC lipid vesicles in the aqueous
hydrogel phase, therefore a partial ‘lipid-in’ bilayer formation may have occurred during the on-chip
emulsification process. However, no evidence was found in this thesis to support such a claim. To
determine whether the bilayer is asymmetric or not, the phospholipids within the system may be tagged
with fluorescent conjugates '*!7, to provide visible representation of any possible bilayer asymmetry '8,
Phospholipid bilayer asymmetry is crucial when studying transmembrane pores, pore gating and
molecular translocation %2, If future research is able to validate any degree of asymmetry within the
formulated eDIBs of this thesis, it may present a new method for the formation of asymmetric
encapsulated membrane models using droplet-microfluidics. The eDIB emulsification and asymmetric
bilayer formation could also benefit from unilamellar and monodispersed DPPC vesicles, which can be
achieved via extrusion methods 2'.

Controlling the inner aqueous core number and undesired merging within eDIBs: The
number of the encapsulated water cores within the studied eDIBs was not monitored. Artefacts within
the first COC component of the triple emulsion microfluidic device led to pressure differences along
the fluidic channel, resulting to inconsistent formation of droplet aggregates. Despite this, earlier works
have indeed demonstrated to some extent the control of the oil and water cores within larger eDIB
capsules . Thus, further optimisation of the component responsible for producing the inner aqueous
cores, would be beneficial towards controlling the number of encapsulated cores (e.g., maintain one
channel diameter dimension or use a straight channel). Following this optimisation step, additional core
populations (e.g. other pharmaceutical compounds), can be introduced to the interior (multi-reagent

encapsulation). To minimise the merging effect between the aqueous cores, increasing the contact angle
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of DIBs and enhancing the energy of adhesion by using certain oils (e.g. silicone oil), could yield more
stable and robust eDIBs 2. Most of the published work on DIB studies, involve silicone oil, however,
this thesis focused on the generation of eDIBs using purely hexadecane. The incorporation of silicone
oil to the lipid-oil mixture could facilitate faster monolayer formation around water cores and enhance
the DIB adhesion forces . In addition to the silicone oil, the success rate of DIBs has been reported to
be influenced by the participating synthetic phospholipids, as well as the approach of the DIB formation,
whether that is ‘lipid-in’ or ‘lipid-out’ »*. Hence, eDIB stability could be advanced by further
exploration of possible compositional routes of the lipid-containing oil.

Lysolipid-induced core release at room temperature: All LPC triggered core release
protocols from the eDIBs were conducted at 37 °C. It has been reported that lysolipids reduce the phase
transition temperature (Tm) of phospholipids, such as DPPC below 40 °C ?*. If the DHB was in fact
asymmetric as earlier discussed, this would suggest that core release was not solely activated by the
fusion of LPC with the lipid bilayer and changes in the membrane tension, but also by the leaky nature
of DPPC bilayers (in the presence of LPC) at temperatures close to the Tr,. Hence, it would be wise to
validate the LPC experiments with the assay performed at room temperatures.

Lysolipid-induced core release from cell-laden eDIBs: Assuming that the inner aqueous core
of the eDIBs can be sustained during cell culture, the lysolipids can be introduced to the system to
induce the release of the encapsulants (anticancer drugs, growth factors, fluorescent probes). However,
the living cells can metabolise the externally introduced lysolipids 2°, hence reducing the concentration
of lysolipids that diffuses to the bilayer to promote core release. Experiments are in need to obtain an
optimised lysolipid concentration that would activate the encapsulant release, while maintaining cell
viability and taking into consideration the consumption of lysolipids by the cells during the incubation

period.

5.2.2. Long-term future work

Microfluidics and emulsion formation: Interesting studies may arise from the controlled
encapsulation of water cores and oil cores. For example, Tiribocchi, et al. 2021, conducted simulation
studies and claimed that increasing the number of inner drops in double emulsions, yields a chaotic
droplet arrangement, while at low number of cores (<5), the arrangement of the cores is more
predictable 2°. Hence, the microfluidic formation of multiple emulsions is governed by dynamics, which
are worth exploring towards functionalised materials with predictable and programmable internal
compartment arrangement.

Scaling down the eDIB construct size: Further size reduction of the eDIBs closer to the
cellular scale (10-100 um) could benefit artificial cell studies, due to the more realistic interpretation of
the scale. Nevertheless, this would require more sophisticated and high-resolution microfluidic device

fabrication methods (e.g. soft lithography using a silicon mask)?, than FFF 3D printing *’. Perhaps a
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hybrid approach could be envisaged, where soft lithography is integrated with 3D-printed devices for
multiple emulsion production. Alternately, elastomeric microfluidic devices may be fabricated using a
negative 3D-printed mask (3D-printed channels can map out the channels of the elastomer), instead of
a silicon mask 2,

Controlled release from eDIBs: Other than centrifugation and lipid bilayer instabilities (via
lysolipid molecules), temperature, pH and light offer supplementary and attractive methods to induce
core release from eDIBs. Attempts were made for integrating photo-switchable lipids with the eDIB
system. Although these phospholipids were claimed to be sensitive to red light, they were also sensitive
to other wavelengths which contradicted the specificity of the core release. Hence, due to the limited
knowledge relating to their properties, they were not further explored. Through the encapsulation of

29-31

well characterised (from literature) stimuli-responsive agents or phospholipids , it is possible to

discover new soft matter, smart multisome capsules, as similarly demonstrated in DIBs and DIB
networks %%,

Transmembrane proteins within eDIB capsules: One of the ambitious plans of this thesis,
was the incorporation of mechanosensitive channels (MScL) into eDIBs, which would be activated
using low concentrations of LPC. Unlike other widely used protein channels and pores in artificial cell
studies (e.g. alpha-hemolysin, aHL), MScL has a ‘closed’ and an ‘open’ state, which would be
advantageous for the controlled release of the encapsulants 2°. However, this was not achieved during
the given time, but could be further explored.

Chemically accurate simulation studies: The transport of diluted LPC species was studied
using COMSOL 2D and 3D computation models. Compared to practical experiments, the
computational simulations ensured a steady LPC diffusion and release of the cores. However, this was
not the case during laboratory practical experiments. In order to develop more realistic computational
models, it would be wise to incorporate critical parameters and environmental characteristics, such as
the CMC of LPC and adsorption of species and particles to the porous hydrogel **. The former could
give insights on the rate of LPC fusion down to the bilayer level, while the latter could simulate possible
adsorption of LPC to vesicles in the alginate shell. Moreover, the characteristics of the modelled eDIB,
such as the shell porosity and thickness, influenced the rate of LPC diffusion quite markedly. Hence,
the spatial arrangement of the hydrogel shell and internal cores, as well as the hydrogel porosity, are
vital for future eDIB molecular diffusion and kinetic studies and their reproducibility.

Simplified droplet-hydrogel bilayer electrophysiology experiments: While the
electrophysiology results showed how the LPC amplifies the bilayer area and the current flow, the
attempted reconstruction of a DHB in the form of two droplets (gelled DPPC-alginate and LPC
micelles), needs to be revisited and simplified. Previously reported eDIB artificial cell chassis models,
of approximate diameter 4 mm, have been used in combination with electrophysiology for monitoring
transmembrane pores !. This suggests that the formulated eDIB of this thesis may also be used to obtain

electrical recordings and perhaps study the effect of LPC on the artificial phospholipid membranes
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between a hydrogel and a liquid. Moreover, electrophysiology experiments may be conducted on eDIBs
with embedded transmembrane pores or channels, towards single molecule artificial cell studies.

eDIBs as an artificial cell chassis: Transmembrane pores have been previously embedded in
eDIB hydrogel capsules between DIB compartments and the hydrogel shell !. Others presented eDIBs
in aqueous environments as multisomes, and attained communicating compartments through pore
activation *3°. Either by passive or active diffusion of molecules, communication routes may be
established between the interior and exterior compartments of the eDIB system, aiming to mimic the
complex communication routes of natural, living cells. The encapsulation of multiple cellular
functionalities within the DIB compartments (e.g. protein expression, biochemical reactions) *32, the
incorporation of transmembrane pores for selective diffusion 2, and participation of sensory probes ¢,
gives rise to complex and multi-functional artificial cell models.

Floating oil-core capsules towards in-vitro studies: In-vitro oxygenation studies are often
considered unreliable, due to the exposure of cells to unrealistic oxygen levels *’. A versatile model
such as the oil-core capsules investigated in this thesis, offers a hydrogel-based in-vitro tumour model
that can be employed in a series of oxygenation studies by simply varying the density of the oil, hence
controlling the distance of the cells from the air-liquid interface (highly oxygenated region). Therefore,
with such floating models it is possible to mimic the in-vivo extracellular matrix using certain hydrogels,
as well as manipulate oxygen levels, hence moving a step closer to the replacement, reduction and
refinement (3Rs) of animal studies *.

Artificial cell and living cell hybridisation studies: The architecture of the ‘Droplet
Incubator’ capsule relies on the eDIB format, which has been described as an artificial cell chassis,
since it encloses multiple DIB artificial membranes. The ECM and synthetic cell components of the DI
technology are physically connected, hence capable to direct in-situ communication between artificial
cells of the interior and living cells in the exterior ECM component. It may be argued that the eDIB/DI
describes a ‘population hybridisation’ method for artificial cell-living cell communications *°. However,
if the hydrogel shell thickness is minimised (ultrathin shell) *°, this could immobilise living cells
adjacent to the phospholipid membrane, hence interactions between the living cells and artificial cell
membranes would be mediated by physical contact, i.e. ‘network hybridisation’. Therefore, the
eDIB/DI platforms offer an adjustable hybrid model for the co-culture and possible interface between
growing living cells and protocells. Moreover, the DI may be tailored to obtain particular global or local
sensitivities (pH, light, temperature, membrane fluidity) to trigger the encapsulant release *!, but care
must be taken in maintaining a robust system and not compromising the DIB stability.

Tissue culture and engineering applications of the eDIB/DI technology: Improving the
performance and stability of eDIBs would be of great importance with regard to the co-encapsulation
of drugs and living cells within the eDIB/DI system. Cell biologists could benefit from the eDIB/DI
technology, as it combines biocompatible environments for tissue culture and provides sites for the

encapsulation of multiple drugs at once, using microfluidic technologies. In addition, through the
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appropriate selection of cell lines, hydrogels and microfluidically-assisted spatial arrangement, the DI
may offer a platform for the creation of an organ-in-a-capsule towards tissue engineering applications
and implantation in animal studies **. Lastly, such constructs can be rendered susceptible and selective
to the environment for advanced studies on anticancer drug resistance and antimicrobial resistance.
Synthetic tissue-like network construction has also been an approach that groups investigate by
combining DIB networks, bioprinting and living cells **. For example, Zhou et al., 2020, documented
interactions between cerebral cortex cells encapsulated in 3D-bioprinted DIB networks *. Finally,
recently reported custom-made bioprinting equipment in combination with 3D-printed microfluidic

devices ¥, offer the possibility of producing cell-laden eDIB/DI bioprinted proto-tissues.

5.3. Concluding statement

To conclude, this thesis studied the formation of simple and multiple emulsion microgels using
complex 3D-printed multi-junction microfluidic devices. The encapsulation of living cells in the
formulated biocompatible and multiphase encapsulated Droplet Interface Bilayers (eDIBs), offers vast
opportunities to exercise in biological applications. These opportunities can range from cancer cells
treated with anticancer drugs, to bacteria treated with antibiotics. Encapsulated pharmaceuticals within
the interior of eDIB capsules, can be in-situ directed and released by environmental stimuli and provide
feedback, such as cell death or proliferation. Some end-user applications of the proposed ‘Droplet
Incubator’ (DI) technology, but not limited to, are illustrated in Figure 5. 1. These include drug delivery
and screening, platforms for building bottom-up artificial cells, engineering synthetic tissues for
organoid and organ development and finally investigating interactions between artificial and living
cells, as a new hybrid approach. Such novel microfluidically-aided technologies adopt increased
complexity and precision, which paves the way to mimicking complex living systems and environments

using bottom-up design and (bio)engineering.

A) B) O D)
Drug delivery/screening Artificial cell model Organ/organoid models AC-LC interactions
hybrid model

Figure 5. 1: Application examples for the ‘Droplet Incubator‘(DI) capsule, where the synthetic cell component (purple and
blue cores represent two different populations) and ECM component serve diverse roles. A) Cultured tumours in the shell
and drug encapsulated in the cores. The drug is released under an external stimulus, serving a drug delivery and screening
capsule. B) Bottom-up artificial cell chassis, where artificial membranes are embedded with pores creating selective pathways
between the exterior environment and the interior. C) Organ and organoid tissue engineering by multi-cell line encapsulation
within the synthetic cell component (the blue and purple cores resemble two cell lines) or the ECM component (cells in the
hydrogel not shown). D) A unique hybrid model for artificial cell (AC) and living cell (LC) studies (living cells appear in the
ECM hydrogel component).
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Appendices

Appendix 2.A. Droplet Frequency data acquisition. The yellow line indicates the site of the

droplet pinch-off. Each image corresponds to a single frame and the generated macro
automatically measures the grey value mean intensity across the stack. As the droplet passes
through the yellow line ROI, the mean intensity changes and was measured. Each number
corresponds to one frame and is noted on the graph plotted by Image J of the grey value Mean

intensity Vs the frame number.
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Appendix 2.B. Squeezing regime of multi-oil core experiments. The flow rates and
experiment execution of the DE-MD for producing multi-core hydrogel capsules. The two
experiments (LHS: Figure 2. 8A and RHS: Figure 2. 8B) established the jetting or squeezing
regime at low (top) and high (bottom) OP2 flow rates.

EXPNT : Figure 2. 8A experiment EXPNT: Figure 2. 8B experiment
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Appendix 2.C.
O/H/O capsules using the DE-MD and the effect of different flow rates on the core

Appendices

Tables that support the results in Figure 2. 8A-C. Production of multi-core

encapsulation, SEM, and diameter. (i) Table A: The first experiment, shows that a small

increase in the alginate flow rate increased the number of oil cores encapsulated in the alginate

(highlighted orange rows). (ii) Table B: The increase of the inner oil phase increased the number

of encapsulated oil cores, while the flow rates of alginate and carrier nanoemulsion were kept

at 5 ml/hr and 10 ml/hr, respectively. (iii) Table C: Data showing that the incremental increase

of the inner oil and alginate phase benefits the control over the core number.

(i) Table A
Inner Oil|Alginate (ml/hr)[  Av. Core Diameter +
(ml/hr) number based SEM
on replicates +
SEM
Continuous carrier phase
8 ml/hr

0.1 2 06+0.1 428.6 £8.5
0.2 2 1+0 4534 +15.6
0.3 2 1.8+ 0.1 456.3 £13.0
0.4 2 1.4+0.1 5416+11.4
0.5 2 210 527.4+10.7
0.6 2 21+01 569.0+3.6
0.7 2 25101 544.0 £10.2
0.7 3 36+0.1 4943 +11.8
0.7 4 34+03 4654 +12.7
0.8 2 22+ 0.1 5569.2+7.2
0.9 2 27+0.2 571.6+6.0
1 2 24+01 532.5+75

(i) Table B
Inner QOil|Alginate (ml/hr)]  Av. Core Diameter +
(ml/hr) number based SEM
on replicates +
SEM
Continuous carrier phase
10 ml/hr
0.18 5 1+0 432.4+7.4
0.2 5 1.3+0.1 3951+ 11.2
0.28 5 24+0.1 378.2+6.2
0.3 5 24+ 01 390.0+6.6
0.4 D) 3.3%0.1 391.7+4.3
0.5 5 4+0 423.0+ 19.0
0.6 5 6.7+0.2 323.5+ 5.5
(i) Table C
Inner Oil [Alginate (ml/hr)[  Av. Core Diameter +
(ml/hr) number based SEM
on replicates +
SEM
Continuous carrier phase
35 ml/hr
0.5 5 1+0 336.0+3.8
1 6 210 324.7+4.1
1.5 7.5 310 3444 +31
2.5 8.5 410 362.4 +8.9
4 10 5+0 354.1+11.6
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Appendix 2.D. Optimisation of the TE-MD design. The design progress of the TE-MD

direction is from left to right (—). Even though the grey design of the 1 COC possessed the
two-layer droplet-forming junction (Appendix 2. D), longer incubation of the water droplets in
the lipid-containing oil was needed, because of observed merging between aqueous phases,
leading to the final pink design. The blue Nylon design, did not change much from DE-MD,
but it is mainly shorter. The 2" COC part, facilitated in the gelation of the eDIBs, while

maintaining their integrity.

Design progress Design progress
—_— —_—
( A‘ / \“?ﬂ}\
t ‘ \rz 4 ?Em—- y
o A |
o |
($) |
o =
o =
)
]
-—
Longer lipid
monolayer
incubation ‘ 4 {/ A4 4 ) S
Kneeded \ ! / The sudden Sudden turn eDIBs gelling The serpentine The serpentine
turn shocked removed. close to each prolonged prolonged
4 ) the eDIBs eDIBs did not other. Not gelation time but gelation time.
c and printing favour the enough time multiple eDIBs Extra inlet
(e} artifact, upstream spent on the fused together. facilitates
= destroying travel against gelling separation of
Z their structure gravity channel / eDIBs
G J
2nd COC part
Appendix 2.E. Droplet-forming junction of a planar 3D-printed single layer junction and a

non-planar two-layered junction. The red marked area, indicates the significant difference
between the area of the droplet-forming orifices, which directly influences the size of the

internal cores .

3D-printed fluidic junctions
single layer multiple layers
>\/ ){N » i ) )
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Appendix 2.F. Density, viscosity, and surface tension of oils used in this chapter.

Density (g/mL) Viscosity (mPa.s) Surface tension (mN/m)
at 20 °C at 20 °C at 20-25 °C
Mineral oil 0.83-0.89 2 2.6-14.2 (at 40 °C) 2 26.1-29.33
Hexadecane 0.77 4 344 27.4-28.1°
(Hex)
Silicone oil 1.01° 206 20.6 ¢
AR 20
Appendix 2.G. eDIB formation with 1% Tween 20. Successful eDIB formation was achieved

by adding 1% of synthetic surfactant in alginate. The eDIBs were produced using the TE-MD
with only OC3. Although the eDIB formation was successful, their integrity was compromised.
After consideration and efforts to avoid such surfactants, this concentration was converted to a
concentration of DPPC and was slowly reduced until successful eDIB were formed at a low

DPPC concentration.
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Appendix 2.H. Microscopy images of different DPPC vesicle concentrations in buffer: DPPC

vesicles were produced as mentioned in section 2.3.5.
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Appendix 3.A. Thresholding method using the following Macro for intensity measurements
only within the defined range, i.e., only fluorescent cores. Running the Macro below, lets the
user define a threshold range to be applied through the whole stack of images. Depending on
the threshold range, an ROI is created for each stack image, around the area that lies within the
threshold range (red line around fluorescent cores). Subsequently the ROI areas and intensities

are automatically measured.

Defined threshold range ROI created for values
Green boxes 1 and 2 define threshold within the range
Threshold X

223%

o »

K1l i
Default v| |Red v

[V Dark background ™ Stack histogram

[~ Dontreset range

Autci Av:l-] Resell SelJ

bl s bl | 3
MACRO

e (45-255 in this case)

* Define the intensity thr

The minimum intensity 1i at points wehre the intensity 1s between the defined values

values then click OK *

f the area to analyse.

("Create Selection");

7 | type = selectionType();
if (type==-1)
("Next Slice [>]");
else
iManager("Add");

("Next Slice [

in("Create Selectio

24  type = sele e();
25  if (type==-1)
6 ("Next Slice [>]");

2 else

ough ROI manager to check segmentation of enamel. Click OK to see results.”;

", "area mean standard redirect=None decimal=1");
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Appendix 3.B. Additional information on the COMSOL computational simulations.
A. Dimensions of the 2D (LHS) and 3D (RHS) COMSOL model geometries.

0.15 mm m
0.15 mm 0.8 mm 0.6 mm

© of cores 0.3 mm

B. To activate the release of the core’s species ¢ (orange cores in A.) through the lipid bilayers,
a step function was created as shown below. This step function was imported in the
diffusion coefficient of the species ¢, within the ‘Thin diffusion barrier’ boundary
conditions, which represents the lipid bilayers. Hence, at this boundary conditions a
relationship was created between the local concentration of LPC added to the exterior and
the rate of the transport of species ¢ through the bilayer. This dependent on the assigned

threshold and the transition was set to 0.1 (this value is commonly used).

transition

step function location = threshold + >
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Appendix 3.C. Method for gelling an alginate droplet on the electrode for DHB

electrophysiology experiments.

alg/DPPC" CaCl,
drople\ T

/

electrode

-

" gelled alg/DPPC

\droplet pulled
ut of the CaCl,

-

" } transported to a
fresh lipid containing
oil mixture

N

LPC in buffer
ﬁgc Lipid

‘ — bilayer
/
gelled alngr@let

X

Page | 227



Appendices

Appendix 3.D. Light sensitive phospholipids.

In the interest to fabricated light sensitive eDIBs, a collaboration was initiated with Prof.
Matthew Langton at Oxford University. Some of their work focuses on synthesis of light-
sensitive lipids (redAzoPC), with structures similar to Chander, ef al. 2021 and Morgan, et al.
1987 ¥, By modifying the structure of the lipids, they claimed they were able to make them
sensitive to specific wavelengths. As shown in the molecular structure below (1A), the lipids
have two azobenzene bonds, N=N. If this molecule is exposed to red light with wavelengths
around 625 nm, the azobenzene bonds will bend (Z-state). If then they are exposed to blue light
of wavelength around 455 nm, the azobenzene bonds will return to their initial straight state (E-
state).

Usual experiments with such lipids are contacted in liposomes, but their incorporation in the
eDIB system was not able to work consistently. The lipid composition utilised for the
experiments was 90 % DPPC and 10 % redAzoPC, as instructed, by the chemist who
synthetised the lipids. For redAzoPC in a lipid-containing hexadecane phase, the following was
prepared: 10 mM of 90% DPhPC and 10% redAzoPC in hexadecane. The use of silicone oil,
would cause the lipids to crash (for unknown reason), as shown in 1B below. For redAzoPC
in lipid-containing buffer phase, to mix with alginate, the following was prepared: 1 mM of

lipids, 90% DPhPC and 10% redAzoPC in buffer.

A)

o

Chemical Formula: C4gHssClgNsOgP
Molecular Weight: 1145.5768
Figure 3.D. 1: A) The redAzoPC of molecular weight 1145.56 g/mol, in the E-state B) 10
mM 10% redAzoPC, 90% DPPC in 100 % hexadecane (LHS) and in 60 % hexadecane and
40 % silicon oil (RHS).

According to the team in Oxford the redAzoPC lipids were delivered in the E-state. To ensure
that the lipids are in the E-state the lipids were exposed to UV light for 10 minutes prior to
experiments. After performing the experiment 3 times, only 1 out of 3 showed leakage under
the exposure to red light. This was not reliable because number of samples were limited. As
shown in Figure 3.D. 3A, the redAzoPC lipids phase separate (orange particles). This occurred
in the syringe and the vial, in which the lipids where in hexadecane oil or in buffer. In order for
the lipids to not separated from the rest of the solution, they had to be warmed up at > 40 °C
and vortexed well. If left alone, they would separate from the rest of the solution quickly as the
temperature dropped. Figure 3.D. 3, shows the experimental setup for the red light exposure

tests (all the equipment were purchased from RS). RedAzoPC lipids in the mid-oil core, when
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exposed to the red light, some rearrangement was shown, but the reason was unclear (Figure
3.D. 2A). The only successful experiment where there was a small indication of core release

under red light exposure, is shown in (Figure 3D.3B).

With redAzoPc Without redAzP ]

Figure 3.D. 3: Experimental setup for red light exposure experiments. A) eDIBs produced using
90% DPPC and 10% redAzoPC in alginate/vesicle shell phase (LHS) or 100% DPPC vesicles
(RHS). B) Red light exposure setup with eDIBs in a well plate. The LED was 5 -8 mm away from
the top of the well plate. The LED light was slightly collimated, using a 100 mm lens and tubing.

1.6 hrs 3.2 hrs 4.8 hrs

10 min exposure to blue UV light

"B

] Exposure to red light

t=2 min

Figure 3.D. 4: eDIBs formed with redAzoPC. A) 10% redAzoPC , 90% DPhPC in hexadecane as
the mid-oil core. B) 10% redAzoPC, 90% DPPC the alginate shell solution. eDIBs were exposed to
UV for 10 min and then exposed to red light for 1-2 hours. No fluorescence around the cores, 2. Some
fluorescence around the core. The size of visible oil cores is 500-700 um in diameter.
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Appendix 3.E. A) BF and GFP images of eDIBs encapsulating quenched calcein dye in buffer

at 70 mM. B) Histogram shows the distribution of the inner core sizes.
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Appendix 3.F. Probable symmetric (DOPC) and asymmetric (DOPC/DPPC) droplet-hydrogel
bilayer (DHB) formed within the microfluidically produced eDIB.
The following figure illustrates the symmetric and asymmetric bilayers, before and after the
insertion of LPC monomers (<CMC) or fusion of micelles (>CMC). Top left: eDIB with pink
sulfB cores with a box that locates a DHB. The asymmetric DHB is a result of DPPC vesicle
fusion with the lipid bilayer before complete gelation. Core content release is achieved after the

addition of LPC (monomers or micelles) and fusion with the lipid bilayer.
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Appendix 3.G. Chung-Kennedy filtration of data.
The following macro was utilised to filter noisy DIB electrophysiology current, where K is the
maximum forward/backward moving average filter length (samples), M is the prediction error
analysis window size (samples) and p is the positive scaling of prediction error. For the filtration
of the electrophysiology data in this Chapter, the inputs were set to K=400, M=50 and p=50.
The code was adapted from Little, ef al. 2011°, and by a colleague.

Matlab code

function CK_filtered_current = ckfilter_HB(current, K, M, p);

narginchk(4,4);

N = length(current);
prior = 1/(2*K);

xf = zeros(N,K);
Xb = zeros(N,K);

% Create forward and backwards filters of length L = 1,2..K
L = {2:K)"3
for k = (K+1):(N-K-1)
xf(k,:) = cumsum(current(k+1:k+K))./L;
xb(k,:) = cumsum(current(k-1:-1:k-K))./L;
end

CK_filtered_current = current;

for k = (max(K,M)+1):(N-max(K,M)-1)

yb = repmat(current(k-m+1:k),1,K);
yf = repmat(current(k:k+M-1),1,K);
f = prior*sum((yb-xf(k-M+1:k,:)).~2).~(-p);

b = prior*sum((yf-xb(k:k+M-1,:)).72).~(-p);
if (any(isinf(f)))
f(isinf(f)) = 1;
f(~isinf(f)) = o;
end
if (any(isinf(b)))
f(isinf(b)) = 1;
f(~isinf(b)) = ©
end

fb = sum(f+b);
f = f/fb;
b = b/fb;

CK_filtered_current(k) = f*xf(k,:) '+b*xb(k,:)";
end
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Cell migration into the tissue culture substrate. Figure A) MCF-7 cell adhered

Appendix 4.A.
to the tissue culture flask after they migrated away from the AGL capsules (Day 15). Initial

sign of this behaviour was seen around 10 days after encapsulation. Figure B) Z-stack projection
LSFM image of ALG capsules on Day 15 , showing MCF-7 cells migrated all around the

periphery of the capsules, however some MCTSs can be visualised at the centre of the capsule.
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Appendix 4.B. OCT imaging of ve ALGCOL OCCs or eDIBs with MCF-7 tumour spheroids
after 28 days of culture. OCT imaging was performed as described in Chapter 3, Section 3.1.2.
Figure A) Yellow arrows indicate the oil core and red arrows note MCTSs. Spacing between
each montaged (z01-z06) image is 12 pm. Figure B) Yellow arrows indicate the oil core, red
arrows note MCTSs. Spacing between each montaged image is 40 pm. Figure C) Blue arrows

possibly show aqueous cores. Spacing between each montaged image is 4 pm.
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Appendix 4.C. Example of image (z-projection) obtained using laser confocal microscopy
(200 um depth, z-slicing 6 um) showing high resolution MCTSs. Figure shows ALGCOL
capsules imaged 11 days after encapsulation of MCF-7. Live cells appear green and dead cells
appear red after staining with the live/dead cytotoxicity assay reagents (Calcein-AM and EthD-
1). The white dashed line notes the boundary of the capsule. This capsule was immobilised on

a confocal microscopy dish with alginate 1% and 0.2 M CacCl,.

Appendix 4.D. Excitation emission spectra of SulfB and EthD-1. The bandpass filter used
during LSFM is also indicated. The image was obtained from Searchlight Spectra Viewer from

Semrock 7).
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