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Chapter 1: Introduction and Literature Review 

higher degrees of tailorability and control than top-down artificial cells, and therefore 

their potential in technological applications remains enticing. 

For many bottom-up synthetic biologists, the first point of call in producing artificial cells 

has been in producing a suitable structural chassis which delineates the cell boundary, 

and allows for the maintenance of a cellular environment and the selective exchange of 

solutes across a semi-permeable membrane29. A number of different structures have 

been explored, including polymersomes30-32 and coacervates33, but phospholipid 

membranes have thus far been the most studied due to their biological relevance and 

ability to produce sub-compartmentalised structures. Phospholipids, phospholipid 

membranes and artificial cells constructed using such structures will be overviewed in 

section 1.2. 

1.2 Lipid membranes 

Lipid membranes are ubiquitous structures within the realm of biology that mediate 

compartmentalisation34. They form semi-permeable barriers that delineate cell 

boundaries as well as certain organelles, such as the nucleus, lysosomes and 

mitochondria, whilst being the main structural component of other organelles such as 

the Golgi apparatus and endoplasmic reticulum. The compartmentalisation offered by 

lipid membranes is essential for the function of biological systems for their ability to 

selective include or exclude different molecular species, and maintain concentration 

gradients between different cellular compartments as well as with their extracellular 

environment. Aside from this, lipid membranes also perform a variety of other functions 

such as cell signalling and small molecule transport, often aided by a variety of 

macromolecules such as transmembrane proteins, which are embedded within the 

membrane. Lipid membranes are formed via the self-assembly of lipid molecules into 

bimolecular leaflets. 





 

17 

 

Chapter 1: Introduction and Literature Review 

Diagram Name Notes 

 

Micelles and 
inverse micelles 

In polar solvents, lipids aggregate into 
spheres where the lipid head groups 
shield the tail groups. The inverse 
occurs in non-polar solvents.  
Micelles form in solvents when lipids 
are sufficiently concentrated in a 
solvent, defined by the critical micelle 
concentration (CMC). 

 

Lamellar phase 

Lamellar phases are composed of a 
bimolecular layer of lipids where lipid 
tail groups face each other and head 
groups are in contact with the polar 
solvent. This is the most important 
phase from a biological perspective. 

 

Hexagonal and 
inverse 

hexagonal 

Lipids in low quantities of water may 
form tubular structures with 
hydrocarbon chains on the inside in 
contact with each other, and the polar 
heads facing the water. Tubes form 
bundles of six, hence hexagonal 
phase. This disposition is thought to be 
a result of the hydrophobic effect36. 
Inverse hexagonal phases form in non-
polar solvents, in a similar fashion to 
inverse micelles37. 
 

 

Cubic phases 

Various cubic phases (such as Fd3m, 
Im3m, Ia3m, Pn3m, and Pm3m) form in 
water under certain conditions, such as 
high temperatures and high lipid 
concentrations38. Cubic phases are 
liquid crystalline bicontinuous 
structures that are not strongly 
favoured and involve high energy of 
activation barriers39. 
 

Table 1 Table depicting the main, different kinds of structures that lipids can give rise to. Images adapted 
from referenced publication40. 
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crystalline state where lipids exhibit a higher cross-sectional area and are more able to 

diffuse laterally45. In this state, lipid bilayers can be considered 2D-fluids, able to reseal 

holes and with varying degrees of mechanical rigidity34. The transition temperature 

between the gel and liquid states (Tg) depends on the nature of the lipid employed. For 

example, longer fatty acid chains give rise to higher Tg whilst chain unsaturation lowers 

it. 

The movement of lipids across the bilayer from leaflet to another is also possible 

although occurs at a slow rate in the absence of specialised enzymes46, due to the 

energetically unfavourable process of lipid heads having to traverse the hydrophobic 

region within the bilayer47.  

1.2.2.2.2 Curvature 

Depending on the overall geometry and the lateral stress profile of lipids, lipids can 

have a natural tendency to induce curvature in their supramolecular assembly, giving 

rise to different lipid structures. The relative widths of the head and tail groups of a 

particular lipid will give rise to different packing conformations, some of which are 

conducive to giving rise to curved structures, driven by the hydrophobic effect 

described earlier48. This varies depending on the relative polarity of the head group, the 

number and length of the fatty acid chains that form the lipid tail, and the degree of fatty 

acid chain unsaturation, which gives rise to kinks in the chain. Broadly, there are three 

main types of lipid geometric profiles which are shown in Figure 1.348. Cylindrical lipids 

are more likely to give rise to lamellar phases, whilst conical lipids with wider heads 

than tails will have a tendency to form micelles. Inversely conical lipids will tend to 

curve in the opposite direction, giving rise to inverse lipid phases as described in Table 

1. 
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to store charge at either side of the membrane54. Bilayer capacitance is proportional to 

bilayer area and inversely proportional to bilayer thickness, and can be measured via 

electrophysiology, where electrodes are placed at either side of the membrane and the 

current can be measured under an applied voltage. 

1.2.3 Biological membranes 

Lipid bilayers can be considered the main structural component of biological 

membranes, although they significantly differ from pure lipid membranes in their 

structure and function. This section will look at the main features of cell membranes, 

how they differ from pure lipid bilayers, and their significance within research. 

1.2.3.1 Gross structure and function 

The fluid mosaic model is the main conceptual representation via which cell 

membranes are understood (Figure 1.4), although the model has been updated 

significantly since its conception in 197255. The fluid mosaic model touches upon two 

basic features of cell membranes: they are fluid as described in section 1.2.2.2.1, 

where molecules are able to laterally diffuse with various degrees of freedom within the 

2-dimensional space of the bilayer; and they are composed of a large variety of 

different kinds of molecules.  
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Figure 1.4 Diagram depicting the main features of a cell membrane, including lipids and 
membrane proteins. The region containing cytoskeleton filaments represent the intracellular 
region. Image adapted from Wikimedia Commons. 

Typically, lipids compose around 50% of the mass of a cell membrane, with the 

remainder being mostly protein56. Glycolipids and glycoproteins are common which 

display carbohydrate moieties to the inside or the outside of the cell. The glycocalyx 

refers to the layer of carbohydrate moieties that forms on the exterior of cell 

membranes, with some being particularly dense such as with animal epithelial cells and 

certain bacteria. The interior face of the cell membrane is attached to the cell 

cytoskeleton, in particular with the actin cytoskeleton, which mediates cell structure as 

well as performing a variety of other signalling and transport functions. 

Being the main interface between a cell and its environment, the cell membrane 

performs a large variety of important cellular functions. Structurally, it provides a self-

repairing boundary to the cell and maintains it shape and integrity34. It provides an 

interface where molecular assemblies can come together and perform various 

functions, such as the signal transduction processes arising from G protein-coupled 

receptors. Other membrane proteins aid in the transport of molecules across the 

membrane and aid in setting up membrane action potentials. The glycocalyx is used for 

cell recognition, adhesion and signalling. The cell membrane is also involved in cell 

division and other whole-cell processes such as certain kinds of cellular motility.  
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receptor tyrosine kinases and G protein-coupled receptors60. Lipid rafts are also 

thought to be involved in the mediation of caveolae, which are specialised 

invaginations in cell membranes. Lipid rafts are an intense subject of investigation 

within the field, with on-going debates regarding their significance, existence, and 

mechanisms of function62. 

1.2.3.2.2 Membrane proteins 

It is estimated that around 30% of the proteome of a typical cell are membrane 

proteins63. Membrane proteins can be classified by localisation within the membrane: 

integral membrane proteins span across the membrane while peripheral membrane 

proteins attach to a particular side of the membrane. Their localisation is aided by their 

structure, with integral proteins containing hydrophobic regions that sit with the 

hydrophobic regions of the lipid bilayer, for example. Many proteins are able to rotate 

and diffuse laterally within the lipid membrane59. Membrane proteins mediate a large 

number of functions56: 

Transport: many integral membrane proteins function as pores and transporters, with 

some actively transporting molecules or ions at the expense of energy, and others 

passively transporting molecular species by providing a channel in the membrane. 

Certain protein pores act as toxins produced by pathogenic microorganisms, by 

inserting in their host´s membranes and causing lysis. For example, Staphylococcus 

aureus produce water-soluble hemolysins which lyse red blood cells via the production 

of pores in their membranes64. Electrophysiology techniques can measure the 

presence and activity of certain transport proteins due to their ability to modulate the 

flow of charge across a membrane65. 

Receptor: certain proteins can recognise specific signalling molecules in their 

extracellular face and give rise to intracellular signal transduction mechanisms. Two 
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major classes of receptor membrane proteins are G protein-coupled receptors and 

receptor tyrosine kinases. 

Enzymes: certain enzymes are anchored to cell membranes and mediate cell 

transduction mechanisms and other cellular functions. For example, receptor tyrosine 

kinases use their intracellular enzymatic activity to transmit signals upon extracellular 

ligand recognition. 

Adhesion: certain cells adhere to each other or to extracellular matrices and other 

surfaces. Transmembrane glycoproteins such as selectins and cadherins mediate cell 

adhesion processes. 

1.2.3.3 Importance of studying lipid membranes 

Biological membranes are the interface via which cells interact with the World and a 

biological surface that facilitates a large number of cellular processes. As such, many 

diseases and pathogenic pathways involve the cell membrane in one way or another, 

and over 60% of pharmaceutical drugs for a variety of applications target the cell 

membrane66. The design of many other drugs need to take membranes into 

consideration as the bioavailability of intracellular drugs will depend on their ability to 

cross membranes, and many other drugs need to be screened for toxicity against 

membrane components that perform vital functions, such as cardiac membrane 

proteins. Additionally, their biological significance and material properties make 

membranes a valuable topic of study for biophysicists and synthetic biologists. For all 

of these reasons, the understanding of the structure and function of membrane 

components is of tremendous value for both fundamental and applied sciences. 
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1.2.4 Artificial lipid membranes 

Biological sciences have largely benefitted from a reductionist method where biological 

systems are studied via their dissection into parts67. Due to the complexity and 

heterogeneity of biological membranes, the isolation of membrane part and processes 

in situ is challenging. Thus, the fabrication of artificial lipid membranes (ALMs) is a 

valuable technique that promises to give rise to a platform via which lipid bilayers can 

be studied in the absence of the influence of other biological components. Such 

biological components can also be individually incorporated into the ALMs in order to 

study their activity in isolation. The ability to form ALMs is aided by lipid self-assembly, 

as is the study of certain membrane proteins that are also able to self-assemble into 

lipid bilayers.  

ALMs are not only useful as a method to study the fundamental properties of biological 

membranes, but can be used in the pharmaceutical industry to screen substances 

against lipid bilayers or proteins reconstituted into them68. Certain ALM types can be 

used as encapsulation devices for drug delivery and cell transfections69, or as chassis 

for artificial cells70, 71.  

Different methods exist in the production of ALMs, including black lipid membranes 

(BLM)72, supported lipid membranes73, vesicles74 and droplet interface bilayers 

(DIBs)75. The following sections will focus mostly on DIBs as they are extensively used 

throughout this thesis, and vesicles, which have given rise to interesting biomimetic 

and artificial cell developments. 

1.2.4.1 Vesicles 

Vesicles are spherical constructs that are composed of a volume of water encapsulated 

by a lipid bilayer (Figure 1.5). The addition of water to a dried lipid film will give rise to 

multi-lamellar vesicles (MLVs) composed of a number of concentric lipid bilayer 
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1.3.1.1 Advantages 

The radically different fluid behaviours that are evident in microscale flows enables the 

emergence of potential new functionalities, experimental paradigms and. Low reagent 

volumes and increased surface area to volume ratios are inherent benefits of 

miniaturisation. Miniaturisation allows for enhanced process parallelization for high-

throughput processes and the integration of sequential reactions that would usually 

involve large or laborious laboratory set-ups127, 128. It also allows for portability, which 

has given rise to novel point-of-care diagnostic devices129. High control over physical 

and chemical properties allow for uniform reaction conditions to obtain high purity 

products130. Efficient heat transfer and a low footprint make microfluidics 

environmentally friendly120. Predictable fluidic environments and integration with 

microelectromechanical systems (MEMS) enable large-scale multi-process 

automation131-133. The creation of miniature, controlled environments allow for the study 

of biological cells in unprecedented manners134. Furthermore, droplet microfluidics 

allows for a new liquid handling paradigm and enables further advancements with 

regards to volume reductions, high-throughput135 and large surface to volume ratios for 

interfacial processes106, via the ability to generate large numbers of highly 

monodisperse droplets that can act as individual experimental units. One commercially 

successful example of a droplet microfluidic technology is the development of digital 

PCR136. Droplets can be selectively transported, sorted, fused, split etc.137, and can 

embody Boolean logic within fluidic systems138. Novel microencapsulation techniques 

have also emerged from droplet microfluidics, such as the ability to encapsulate 

individual biological cells139, or generate hierarchically encapsulated droplets (droplets 

inside droplets) 140.  
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1.3.1 Fluid Flow in the Microscale 

All organisms, including ourselves, live in some form of liquid or gaseous fluid. The 

intuitions that we have developed over the course of our lifetimes regarding our 

interactions with our fluidic environments are subject to a size scale dependency that 

becomes apparent when examining a radically different scale, such as the microscale. 

For example, in swimming, we produce a forward force by some form of stroke, in 

which we cause a turbulent, overall directional movement of fluid around us, propelling 

us forward even for some time after the stroke has been performed. Due to our 

relatively large mass, the force we generate with a stroke is large enough to greatly 

overcome the resistance offered by the fluid around us to being deformed (i.e. viscous 

forces), giving rise to turbulence and inertia. The way in which we swim would be 

fundamentally different if we were the size of a microorganism, as we would no longer 

be able to generate forces that out-compete other inherent forces in the system, such 

as viscosity and surface tension. This scenario exemplifies how fluid flow changes from 

the macro to the microscale, due to a relativistic difference in the magnitude of the 

different forces that govern a given fluidic system. 

The Reynolds number describes the ratio of inertial to viscous forces, and can thus be 

used to predict the scale dependencies of fluid flow depicted in the analogy. As the 

scale decreases, or as channels become microfluidic channels, viscous forces start to 

dominate inertial forces118. This viscosity is given by the velocity of flow caused by a 

given shear stress, such as a pressure gradient, and is a measure of the internal 

friction within the particles that constitute a fluid. Newtonian fluids display a linear 

relationship profile between shear stress and velocity, whilst the viscosity of Non-

Newtonian fluids varies depending on the rate of shear stress applied141.  
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1.3.2.1.2 Droplet Coalescence  

A dispersion of droplets in an immiscible carrier phase is a thermodynamically 

unfavourable system due to the total interfacial area between the droplets and the 

carrier fluid, in comparison to a system where the fluids are separated by a continuous 

interface. This drives smaller, miscible droplets present in a system to coalesce with 

each other when in close proximity in order to minimize the total surface area between 

both fluids, in a mechanism called Ostwald ripening154. In a system without any 

surface-active molecules, the only resistance to coalescence is the thinning and 

evacuation of the immiscible fluid between one droplet and another, which is affected 

by the proximity of the droplets and the viscosity of the carrier phase155. Therefore, in 

order to avoid the coalescence of droplets into larger droplets, surfactant molecule 

solutions are used, which adsorb at immiscible interfaces (i.e. water and oil) due to 

their amphiphillic structure. Surfactants decrease the surface tension between the 

fluids which decreases the drive for coalescence, as well as providing electrostatic or 

steric repulsion between droplet interfaces149. This has an overall effect of droplet 

stabilization, and droplet microfluidics makes extensive use of surfactants for this 

particular purpose.  

1.3.3 Droplet-generating Geometries 

In order to generate droplets in multiphase microfluidics, two (or more) immiscible fluids 

need to be delivered into a common channel. It is at the point where the two fluids meet 

that droplet formation occurs, often aided by specific channel geometries that 

encourage monodisperse droplet formation of a desired size or configuration. Here, the 

T-junction, flow-focusing and coaxial geometries will be described. 
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1.3.4 Complex Emulsions 

Complex emulsions refer to fluidic constructs comprised of droplets containing droplets 

of an immiscible phase. Commonly produced complex emulsions are water-in-oil-in-

water (W/O/W) or oil-in-water-in-oil (O/W/O) emulsions. These can be described as 

double emulsions. Complex emulsions are considered to be metastable constructs163, 

as droplets contained within another droplet of an immiscible phase are likely to get 

ejected in order to minimise contacting surface areas. However, they can maintain their 

structure for extended periods of time when surfactants are used to stabilise the 

interfaces.  

Although first described in 1924164, interest in complex emulsions had not garnered 

much interest until the recent decades. Due to their compartmentalised nature, double 

emulsions have gained interest for applications in pharmaceuticals165, foods166 and 

cosmetics167. Particularly, a number of studies have focused on the potential 

pharmaceutical use of W/O/W emulsions as targeted delivery systems for water-

soluble drugs168. Double emulsions have also been regarded as a thin liquid film 

chemical extraction method, for example for the removal of mercury from waste 

water169. Alternatively, double emulsions can be used as intermediate structures to 

produce solid capsules via solidification methods170, 171. 

 Prior to the development of microfluidic techniques, complex emulsions have been 

generated in a bulk and heterogeneous manner via the use of valve homogenisers and 

membranes172. One notable example of this was performed by Higashi et al., who used 

a porous glass membrane to produce W/O/W emulsions composed of epirubicin-

containing water droplets within an iodinated poppy seed oil droplet, which 

preferentially accumulates in hepatocellular carcinoma tumours173. Although double 

emulsions could be generated with a low coefficient of variation in terms of the total 

emulsion size (below 10%), there was no control over the number or size of 
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encapsulated droplets using these bulk methods and hence their applicability was 

limited. Regardless, the prospect of using double emulsions for drug delivery due to 

their ability to transport and deliver water-soluble substances in a controlled or 

sustained manner remained enticing168. 

1.3.4.1 Microfluidic production of complex emulsions 

Microfluidic methods for complex emulsion generation often involve sequential droplet-

generating geometries, but other methods exist which produce complex emulsions in 

an integrated manner (single-step methods). Surface modification techniques are often 

employed for the production of complex emulsions due to the common requirement of 

having to generate droplets of two immiscible phases, which requires the preferential 

wetting of the channel walls with one phase or another. 

1.3.4.1.1 Sequential emulsification 

In 2005, Okushima et al. provided the first instance of double emulsion production 

using microfluidic techniques174, which harnessed the high degree of control that 

microfluidics offers in terms of monodisperse droplet generation and droplet 

manipulation to produce W/O/W emulsions containing a prescribed number of inner 

droplets as well as containing droplets of different identities (i.e. one containing a red 

dye and another containing a blue dye). First, droplets of water in oil are created using 

a T-junction design constructed out of PTFE tubes, comprising the hydrophobic portion 

of the device. The PTFE tubing is then connected to a glass capillary flowing water in a 

perpendicular manner, forming a second T-junction (Figure 1.15a). Similar devices 

fabricated from PDMS have also been produced175, with some available 

commercially176.  
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Furthermore, Abate et al. found that a similar method could be implemented which not 

only allows for the production of double emulsions, but for higher order emulsions 

including triple, quadruple and quintuple emulsions177, by sequentially aligning flow-

focusing droplet-generating geometries in series with alternating channel surface 

wettabilities (Figure 1.15b). Although these higher order emulsions have not yet found 

practical applications, their production is a feat in itself, demonstrates the capabilities of 

microfluidic emulsion generation. 

Other implementations of this sequential method have involved the use of coaxial 

droplet-generating geometries formed from glass capillaries (Figure 1.15c)178. Control 

of droplet size and the number of encapsulated droplets is achieved via the adjustment 

of the capillary orifice dimensions and flow rates. These devices have also 

demonstrated to be able to produce further, higher order emulsions, via the sequential 

alignment of an additional droplet-generating geometry following the generation of 

double emulsions (W/O/W), producing triple emulsions (W/O/W/O) 179.  
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capillaries flowing the internal aqueous phase(s). The outer capillary flows the external 

aqueous phase. Thus, the oil flowing from the multi-bore capillary fuse together, 

enveloping a number of droplets contained inside, defined by the number of inner 

capillaries and the flow rates used. Although elegant, this method does not appear to 

give rise to the same degree of control over droplet size and the number of 

encapsulated droplets as other methods described here. However, its straightforward 

device fabrication and operation make it an attractive method to generate double 

emulsions.  

1.3.4.2 Applications 

The development of microfluidic methods for the production of complex emulsions 

revived the interest in them for applications mostly in controlled release systems for 

pharmaceutical applications168. Adams et al. developed double emulsion systems with 

the ability to encapsulate up to three different aqueous solution droplets within a single 

oil droplet with control over their number and size, as well as wax-based double 

emulsion systems which allowed for the temperature-controlled release or coalescence 

of internal, aqueous cargoes140. These developments could be envisaged as a method 

to deliver a cocktail of drugs, or drug precursors for short-lived drugs into specific areas 

or tissues within the human body for triggered or sustained release.  

W/O/W double emulsions have been employed for the encapsulation of cells182 and the 

generation of multicellular spheroids183. The use of these double emulsions allows for 

cells to be encapsulated and a microenvironment to be maintained, which allows for 

individual cell secretome analysis184 as well as the maintenance of cell viability182. The 

encapsulation of cells in double emulsions has been proposed as a method for next-

generation single-cell screening184 as well as a vehicle for cell therapies and tissue 

engineering182.  
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Furthermore, double emulsions have been employed in order to generate artificial cells 

and artificial lipid bilayer systems. For example, Ho et al. developed W/O/W emulsions 

which were able to sense mechanical disturbances185 akin to many biological cells, as 

the compression of the emulsions resulted in the thinning of the oil phase which 

allowed for the transfer of calcium ions from the aqueous environment around the 

emulsion to the aqueous droplet within the emulsion. The increased influx of calcium 

could be envisaged as an artificial cell signalling trigger. Furthermore, Elani et al.186 

generated W/O/W emulsions to create multisomes116 comprised of aqueous droplets 

separated by droplet interface bilayers (DIBs), capable of communicating with the 

external aqueous environment through lipid bilayers. This provided with an important 

step forward in generating encapsulated DIB structures in a reproducible manner and 

in large numbers, for their development as artificial cells or compartmentalised 

chemistry vehicles, for example. 

1.4 Thesis aims 

The broad aim of this thesis is the production of robust and freestanding droplet 

interface bilayer networks that are compatible with a range of different environments, 

and that can be used as a chassis for artificial cells and for high-throughput membrane 

studies. Droplet microfluidic techniques will be used in order to produce such 

constructs, as it offers the ability to produce highly monodisperse droplets as well as 

droplets-within-droplets. Proof-of-concept demonstrations will be performed to assess 

the performance of such constructs as a high-throughput assay platform to 

characterise pore-forming molecular species. Additionally, we aim to demonstrate that 

the constructs can act as artificial cells via their ability to form higher order structures 

(i.e. artificial tissues) and also via communication with an external environment. All of 

this aims to widen the scope of applications for droplet interface bilayer networks as 

well as increase the practicality of their use via a facile, automated manufacture 
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method and the enhanced stability of the constructs. The project can be divided into 

the following aims: 

1. Development of a microfluidic device that is capable of producing droplets-

within-droplets in order to produce droplet interface bilayer networks within an 

oil droplet, forming bilayers with an external aqueous environment.  

2. Encapsulation of droplet interface bilayer networks within a hydrogel shell using 

microfluidic methods. This ensures that the constructs are robust whilst at the 

same time able to communicate with their external environment. 

3. Demonstration of the formation of lipid bilayers within such constructs via the 

use of electrophysiological methods and the incorporation of pore-forming 

membrane proteins. 

4. Development of a high-throughput, fluorescence assay capable of assessing 

the interaction of pore-forming species, such as peptides, on lipid bilayers. 

5. Demonstration of the ability of such constructs to form higher-order structures 

such as artificial tissues, via the tethering of constructs to one another. 
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