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Popular Science Summary

One of the first things you are taught in chemistry at school is that water
and oil don’t mix. Some molecules, however, have parts that like water
(hydrophilic) and parts that like oil (hydrophobic or ’water hating’), such
as the lipids which make up cell membranes in your body. These lipids are
called amphiphilic lipids and are composed of a hydrophilic head group and
a hydrophobic hydrocarbon tail.

When you mix amphiphilic lipids with water, they form a structure that
hides the hydrophobic part away, so that only the hydrophilic part is in
contact with the water. These lipids can form a wide variety of structures,
from simple spheres to a 2D sheet (bilayer) and complicated 3D channel
networks, depending on the lipid shape and its environment (e.g. temper-
ature and pH). By changing the lipid (or lipid mixture) used, we can tune
the structures formed and their properties for different applications. One
common application in both the food and pharmaceutical industries for
these lipid structures is the encapsulation of biomolecules, such as proteins
and nucleic acids (like DNA and RNA). As these biomolecules can be quite
sensitive, encapsulation can help to keep them more stable.

In this thesis, we have looked at two different lipid systems. The first
lipid system was used to encapsulate proteins intended for use in the food
industry, so all of the lipids were similar to those found in olive oil and
were safe to be eaten. These lipids assemble into a structure called ’sponge
phase’, which (as you can probably guess) looks similar to a sponge with
the structure of a disordered water channel network and the ’sponge’ part
made up by the lipid membrane. We looked at the effect of encapsulating
four proteins with different sizes, structures, and functions on the structure
of the sponge phase and how encapsulation affected the protein function.
Two of these proteins were enzymes, which are responsible for speeding
up biological reactions. β-galactosidase is used to make lactose free dairy
products, and aspartic protease is used in cheese ripening. The other two
are oxygen binding proteins with iron bound to a haeme group. Phyto-
globin, a plant haemoglobin, from sugar beet has been proposed as an
alternative iron supplement to treat anaemia, and myoglobin was used as
a model protein for comparison, as it has a similar structure. We saw very
different effects on the sponge phase structure; with some proteins inter-
acting strongly with the lipids and others only weakly, and some stabilising
the sponge phase structure and others destroying it.
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The second lipid system we looked at was very similar to those used in
the Pfizer/BioNTech and Moderna COVID-19 vaccines. This is made up
of a complicated mixture of different lipids, but the main component was
an ionisable lipid which changes its charge from positive to neutral with
increasing pH. When mixed in the right conditions these lipids form lipid
nanoparticles (particles with a size on the nanometre scale), which can be
used for nucleic acid delivery to cells. We used two types of model messenger
RNA, which contains the instructions the cell uses to make proteins, and
two types of DNA, single stranded and double stranded (which is the one
you’ve probably seen before). We looked at how these different nucleic acids
affected the structure and stability of the lipid nanoparticles. As these lipid
nanoparticles are now being tested to target a range of different diseases,
therefore to encapsulate a range of different nucleic acids, understanding
changes in structure and how it relates to their function is key for their
successful application.

In summary, it’s always more complicated than you think!
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The purpose of this chapter is to introduce the systems studied. In this
thesis, I studied the interactions between three of the four biological build-
ing blocks of life: lipids, proteins and nucleic acids (the fourth is carbo-
hydrates if anyone was wondering).

1.1 What is a lipid and why do we care?

Lipids, the main player we will discuss in this work, can be defined as ”any
of a class of organic compounds that are fatty acids or their derivatives and
are insoluble or have low solubility in water.”1, which is a general definition.
Lipids play a vital role in most biological processes, including making up
the cell membrane of living organisms.

1.1.1 Structure and self-assembly

In this thesis, we will consider specifically polar lipids, which are made up
of a hydrophilic head group and a hydrophobic hydrocarbon chain (Figure
1.1a). Due to their amphiphilic nature, these lipids will self-assemble in
an aqueous environment into different structures in order to minimise the
contact between the non-polar part of the lipid and the solvent.

A rich variety of structures can form depending on the balance between the
forces of the system: the hydrophobic effect, driving the self-assembly, and
the hydrophilic, ionic or steric repulsion of the head groups, opposing the
close contact between the lipid molecules. The packing or geometry of these
structures can be generally described in terms of the packing parameter, or
their interfacial curvatures, respectively2,3.

A simple approach to describing the effective shape of the lipid molecule
is the critical packing parameter, also known as the surfactant number Ns,
which considers the ratio between the volumes of the polar and non-polar
parts of the molecule:

Ns =
v

a0lc
(1.1)

where v is the volume of the hydrocarbon chain(s), a0 is the effective head
group area and lc is the critical hydrocarbon chain length. For Ns > 1
(Figure 1.1b), ’inverse’ structures are formed, where the head group-tail
interface curves towards the head groups; for Ns ≈ 1 (Figure 1.1c), more
planar structures are formed, such as extended bilayers; and for Ns < 1
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Figure 1.1 (a) Example of how the hydrophilic head group and hydrophobic hydrocarbon
tail are defined in a polar lipid using POPC as a model. A simplified representation for a
lipid with (b) Ns >1, (c) Ns ≈ 1 and (d) Ns < 1, showing how the lipid shape affects the
molecular packing into different structures.

(Figure 1.1d), ’normal’ structures are formed, where the head group-tail
interface curves towards the tails2-4.

The structure can similarly be described by the curvature of the interfacial
plane; the (imaginary) plane that lies close to the neutral surface, where the
area per molecule does not change upon bending5. The interfacial plane
can be described in terms of its mean, H, and Gaussian, K, curvatures,
which are defined as:

H =
c1 + c2

2
(1.2)

K = c1c2 (1.3)

where c1 and c2 are the principal curvatures at point P on the interfacial
plane and c1 = 1/r1. Conventionally, for a lipid monolayer, H > 0 when
the plane curves towards the chain region of the lipid and these structures
are termed ’normal’ phase, whereas when H < 0, the plane curves towards
the head group (or polar) region and these are called ’inverse’ phases. The

3



Gaussian curvature is more abstract, as it describes the continuity of the
structure in different dimensions. For K > 0, elliptical structures form,
which are discontinuous and have closed shells; e.g. micelles. For K = 0
(i.e. when either c1 or c2 is zero), parabolic structures form, which are
continuous in one direction; e.g. lamellar or hexagonal phases. For K < 0
(i.e. when c1 and c2 have opposite signs), the structure is hyperbolic and
continuous in all three dimensions; e.g. bicontinuous cubic phases5.

Lipid bulk phases

Figure 1.2 shows the normal and inverse versions of some of the common
lipid liquid crystalline (LLC) phases.

A micelle is the simplest structure into which surfactants can self-assemble.
In a normal micelle with Ns < 1 (Figure 1.2: L1), the surfactant head
group forms a closed sphere at the surface with the aqueous solvent and
the tail points inwards, forming a hydrophobic core. For some systems,
extended ’wormlike’ micelles can also form, which have the shape of an
extended cylinder with a hemisphere capping each end6.

The normal hexagonal phase (Figure 1.2: H1) is formed of extended cyl-
inders with the head group at the aqueous interface and the tails pointing
inwards. These cylinders are closely packed on a hexagonal lattice and have
a continuous aqueous phase5.

When the respective polar and non-polar volumes of the lipid have approx-
imately the same size (i.e. Ns ≈ 1), the lipids self-assemble into planar
sheets. A single planar sheet, is known as a bilayer with the two lay-
ers of lipids referred to as its outer and inner leaflet. The bilayer is the
basic structural unit for most biological membranes and some other LLC
phases. When multiple bilayers, or lamellae, form stacks, this is referred to
as lamellar phase (Figure 1.2, Lα)

4,5.

Bicontinuous cubic phases are based on a bilayer draped over an infinite
periodic minimal surface (IPMS), forming a network of two distinct inter-
woven water channels separated by a continuous bilayer, in the inverse case
(Figure 1.2: Q2). The three inverse bicontinuous cubic phases Ia3d (Q230),
Pn3m (Q224) and Im3m (Q229) are based on the G (gyroid), F (double
diamond) and P (primitive) IPMSs, respectively. Due to its distinct and
continuous hydrophilic and hydrophobic compartments and large surface
area to volume ratio, the Q2 phase has been extensively investigated for

4



Figure 1.2 The structural units for different self-assembled lipid structures are presented.
From left to right: micellar (L1), micellar cubic (I1), hexagonal (H1), bicontinuous cubic
(Q1), lamellar (Lα), sponge (L3), inverse bicontinous cubic (Q2), inverse hexagonal (H2),
inverse micellar cubic (I2) and inverse micellar (L2).

delivery and controlled release of small molecule drugs, encapsulation of
biomolecules and for membrane protein crystallisation (7 and ref.s within).

The sponge phase (Figure 1.2: L3) is often referred to as a ’melted cubic
phase’, in that it has the same short range structure of a network of inter-
woven water channels separated by a continuous bilayer, but without the
same well-defined periodicity and long range order of the cubic phase5,8.
Typically the sponge phase has larger water pores and a less rigid nano-
structure than the cubic phase, making it well-suited to encapsulate large
biomolecules9.

Lipid dispersions

The bulk self-assembled lipid structures can often be dispersed into excess
water to form nanoparticles with the internal structure retained from the
bulk structure, which makes them attractive for use as nanomedicines. For
the bulk structures listed above, the corresponding dispersions would be;
inverse hexagonal phase to hexosomes, inverse bicontinuous cubic phase to
cubosomes, lamellar to vesicles and sponge phase to spongosomes or sponge
phase nanoparticles (L3NPs). Additional surfactants or surface stabilisers
are often required in order to improve the colloidal stability and decrease
the polydispersity of the dispersion, but these can have an effect on the
internal structure10.
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1.1.2 Dynamics

Often self-assembled lipid structures are presented as static and only their
time averaged structures are discussed, like the ones shown in Figure 1.2.
In reality, however, at physiological temperatures, they are highly dynamic
and undergo significant fluctuations in shape and structure. This is very
important in nature, as most systems exist out of equilibrium and are
constantly changing to react to changes in the environment.

The dynamics of a lipid bilayer are very hierarchical, meaning that there
are many different motions occurring simultaneously over a wide range of
length and time scales11,12.

Nanostructure: On the mesophase scale, membrane remodelling and to-
pological changes occur, such as the making and breaking of water channels
in the sponge phase.

Bilayer: Collective motions of the bilayer are observed, such as thick-
ness fluctuations and membrane undulations. By measuring these motions,
mechanical properties such as bending rigidity can be determined.

Individual molecule: Motions of the individual molecule can vary greatly
in time scale; protrusion from the bilayer is typically short-lived but the
characteristic times for lipid diffusion within the plane of the bilayer and
flip flop between bilayer leaflets depend greatly on the system.

Within the lipid molecule: The number of degrees of freedom within
a molecule vary depending on its structure, which dictate intramolecular
motions, such as rotation of terminal methyl groups.

Figure 1.3 Possible motions occurring within a bilayer stack from the length scale of the
periodic repeat unit of the structure to individual groups within the molecule.
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1.1.3 Factors affecting lipid self-assembly

The self-assembly of lipids, and therefore the formation of these different
structures and their dynamics, can be affected by several factors, including
the lipids themselves and their surrounding environment4.

Lipid composition
Both the head group and hydrocarbon tail can have a large effect on the
Ns, in terms of their size and their interactions. For the hydrophobic tail,
increasing the chain length will increase the effective tail volume, the chain
melting temperature and hydrophobicity. The presence of double bonds or
bulky groups in the tail can both decrease the chain melting temperature
and increase the tail volume. Different head groups will have different
sterics, charge/polarity and possibilities for head group-head group or head
group-water bonding.

When you start adding other lipids, things become even more complicated.
If two lipids with similar biophysical characteristics are mixed, it is likely
that there won’t be such a big change in the self-assembled structure. If,
however, you start mixing lipids with different characteristics, the system
becomes more complicated. In a simple scenario, the weighted average of
the Ns can predict the structure. However, with increasing complexity, it
becomes increasingly likely that the lipids will not be homogeneously dis-
tributed, potentially resulting in effects such as phase separation or asym-
metric distribution across lipid bilayer leaflets5.

Temperature
In LLC phases, the lipid tails are, as the name suggests, in a disordered,
liquid like state and can adopt a range of conformations. As the temperat-
ure increases, the tails can move through a larger volume with increasing
trans-gauche isomerisation, increasing their effective volume and Ns

13.

Hydration
The effective area of the head group considers not only the size of the
actual lipid head group, but also the molecules and ions associated with
it. Addition of hydration water will, therefore, increase the effective cross
sectional area of the head group5. Water also plays a stabilising role by
forming water bridges between lipid head groups, thereby reducing head
group mobility14,15.

Solution conditions:
Buffer ions: Typically polar solutes, such as buffer ions, dehydrate the lipid
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head groups by competing with the lipid to interact with water molecules
or even binding to the lipid head group itself, displacing water molecules.
For specific strongly hydrophilic ions, however, this binding can actually
enhance the hydration. For charged lipids, ions will additionally screen the
head group charges, reducing electrostatic repulsion.
pH: The effect of pH strongly depends on the pKa of any ionisable groups
in the system, which can changes extensively depending on their envir-
onment. Changing the pH can affect the polar head group-head group
interactions, even to the extent of head group (de)protonation, thereby
possibly strengthening or weakening electrostatic interactions in the sys-
tems or changing them e.g. from attractive to repulsive.

Additives
Introducing an ’additive’ to a system could range from introducing a simple
co-surfactant like ethanol to a bacterial membrane in the form of hand
sanitiser to the presence of complex biomolecules like nucleic acids and
proteins in the cell membrane. As there is a massive range of possible
additives, there is an equally massive range of possible effects depending
on the extent to which they interact with the lipids and with which part of
the structure they interact.

1.1.4 System 1: Sponge phase (L3) for protein encapsulation

The first system investigated in this thesis was made up of Capmul GMO-
50, diglycerol monooleate and polysorbate 80, which formed a swollen lipid
sponge phase (L3).

Capmul GMO-50 (GMO-50) is a commercially available mixture of
monoglycerides (53.8%), diglycerides (15-35%) and triglycerides (2-10%).
The main fatty acid chain is oleic (18:1, 86.6%), with others including li-
noleic (18:2, 4.9%), palmitic (16:0, 4.1%) and stearic (18:0, 3.3%). The
main component of GMO-50 is glycerol monooleate (GMO), which has a
rich binary phase diagram with water and typically forms structures with
H ⩽ 0 (Ns ⩾ 1), due to the large volume occupied by the tail as a res-
ult of the double bond between C9 and C1016. The additional di- and
triglycerides present in GMO-50 increase this curvature even further, due
to the additional acyl chains. As a result, GMO-50/water forms an inverse
hexagonal (H2) phase compared to the lamellar (Lα) and inverse bicon-
tinuous cubic phases (Q2) formed by GMO/water at low and high water
content, respectively9,16-19.
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Figure 1.4 L3 lipids. (a) DGMO, (b) GMO-50 where R(’)=H or 18:1, (c) P80 where
x+y+z=20.

Diglycerol monooleate (DGMO) has an additional glycerol in the head
group, therefore has a lower curvature and DGMO/water mixtures instead
form lamellar phase9. Consequently the DGMO/GMO-50/water ternary
phase diagram, has larger regions of Lα and Q2 and an additional sponge
(L3) phase region compared to the binary systems9,20.

Polysorbate 80 (P80) is a non-ionic polymeric surfactant commonly used as
a solubilising agent and surface stabiliser. It has the same oleic acid chain
as GMO and DGMO, but with a very large branched head group. This
gives it a low Ns, and it forms micelles at room temperature (RT) when
dispersed in water21,22. The effect of adding P80 to the DGMO/GMO-
50/water system is two-fold9,21,22:

(i) the addition of a component with a very large head group reduces the
overall curvature, shifting the system towards forming structures with
lower curvature,

(ii) when the bulk phase is dispersed into nanoparticles, enrichment of
P80 at the particle surface helps to stabilise the particle.

These components were chosen due to their approval by the Food and Drug
Administration (FDA) for use in food products, alongside their ability to
form L3 phases, making them compatible with the potential applications
for the encapsulated proteins investigated in this thesis23.

An additional key feature of the system is the ability to prepare and disperse
the bulk phase into nanoparticles by shaking, i.e. without high energy
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input, such as ultrasonication, or organic solvents, which have traditionally
been used. This is vital for the encapsulation of fragile biomolecules, like
proteins which would be denatured by these harsh methods9,21,24,25.

In Papers I-III, the L3 phase formed of GMO-50/DGMO/P80 was studied
for the encapsulation of proteins with different sizes and structures. Both
the bulk phase and the dispersions were studied in order to understand
how the encapsulation of the protein affected both the lipid structure and
dynamics, as well as the protein structure and functionality. Additionally
the effect of common buffers used with these proteins (phosphate, acetate
and Tris) on the L3 structure was studied at different pHs.

1.1.5 System 2: Lipid nanoparticles for nucleic acid delivery

The second system investigated in this thesis is based on a common lipid
composition successfully used in mRNA delivery in in vitro cell studies and
is closely related to the composition of the mRNA LNP based SARS-Cov-2
vaccines mRNA-127326 and BNT162b27. The general formulation for the
cationic ionisable lipid-containing lipid nanoparticles contains a cationic
ionisable lipid (CIL), cholesterol, a neutral helper lipid and a PEG-lipid.

CILs were developed to address some of the challenges associated with en-
capsulation of nucleic acids (NAs) in lipid nanoparticles (LNPs) for NA
based drug delivery28. The most successful CILs, including DLin-MC3-
DMA (MC3), ALC-0315 (BioNTech/Pfizer SARS-Cov-2 vaccine) and SM-
102 (Moderna SARS-Cov-2 vaccine), are positively charged at the low pH
used during the initial LNP formulation step and neutral at physiological
pH. This improves the encapsulation efficiency for the NA cargo during
formulation while avoiding the degree of toxicity associated with cationic
lipid formulations26,27,29-32. Subsequent optimisation of CIL structure, in-
cluding unsaturation in the lipid tails and pKa of the ionisable group, have
shown that a pKa between 6 and 7 is optimal with respect to delivery and
transfection efficacy33-36. It should be noted, however, that this optimal
pKa between 6 and 7 is the apparent pKa of the CIL in the interior of the
LNP. The pKa of the free monomer in water of each previously mentioned
lipid is higher (MC3: 9.4735, ALC-0315: 7.837, SM-102: 8.037) and that
this optimal pKa value has mostly been discussed with respect to siRNA
delivery. Additionally, these lipids all have high Ns and a strong preference
for forming inverse structures34,37. Here, we used the CIL MC3, one of the
most effective and widely used CILs in research, which has two cis-double
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Figure 1.5 LNP lipids. (a) MC3, (b) DSPC, (c) Cholesterol, (d) DMPE-PEG2000.

bonds in each tail and an amino head group (Figure 1.5) with an apparent
pKa of 6.44 in the interior of an LNP34.

The remaining lipid components forming this system are cholesterol, DSPC
and DMPE-PEG2000. Cholesterol is present in both the core and shell,
whereas DSPC is present only in the shell. DMPE-PEG2000 is at the LNP
surface, providing steric stabilisation for the particle and controlling its
size.

Nanoparticles for this system are prepared via microfluidic mixing of the
lipid mixture in ethanol with the nucleic acid cargo in a low pH aqueous
solution. The mixture is then dialysed, to remove the ethanol and bring
the pH and salt concentration to physiological conditions, and finally con-
centrated via centrifugation to the final formulation.

Although this type of formulation has often been discussed as a ’delivery
platform’, assuming that the cargo has no effect on the structure, it is be-
coming increasingly clear that this is not the case. In Paper IV, we have
studied a model lipid system composed of DOPC and MC3 in different ra-
tios and its interactions with different mRNAs in a cell relevant pH range.
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In Papers V and VI, we apply these findings to discuss the effect of different
NA cargos and cargo concentrations with a benchmark NA LNP lipid for-
mulation on the LNP colloidal stability, the lipid composition in different
compartments of the LNP and the structure of the LNP core.

1.2 What is a protein and why do we care?

The second type of biological building block relevant to this thesis are pro-
teins. Proteins are the most multi-functional group of biomolecules, which
are involved in almost all biological processes. Unsurprisingly, there is
massive variation in protein structure to address this abundance of func-
tions; from integral membrane proteins, like ion channels which allow select-
ive uptake of ions across a membrane at a rate of 1x108 s−1 38, to structural
proteins, like collagen which forms the major structural element of the
body’s connective tissues39, and enzymes, like lipases which break down
triglycerides during digestion40. Typically proteins are described as having
a strongly hierarchical structure with several layers of self-assembly:

Primary structure: Amino acid sequence
Proteins are composed of a linear chain of amino acid units linked by amide
bonds. There are 20 different amino acids which consist of a central car-
bon connected to an amino group, a hydrogen atom and a side chain. It
is this side chain that differs between each amino acid and allows them
to be roughly grouped into the following categories: hydrophobic, polar,
positively charged and negatively charged.

Secondary structure: Local spatial arrangement
Flexibility of the amino acid backbone, steric exclusion of the side chains
and optimisation of H-bonding between the amino acids limit the possible
local conformations the polypeptide chain can adopt. As a result, proteins
tend to fold into a few well-defined local structures; α helices, β sheets and
Ω loops.

Tertiary structure: Protein folding
Most proteins further fold these local structures into an even more complex
structure based on its surroundings. For a protein in solution, this is typ-
ically driven by the removal and sequestration of the hydrophobic and/or
fully H-bonded residues from the aqueous medium and the presence of
amino acids at the surface which are charged, polar and/or available for
H-bonding41.
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Figure 1.6 Levels of protein structure demostrated using β-galactosidase (PDB:
3OBA 42,43) from the amino acid sequence (primary), to the local α helix (secondary), to
protein folding (tertiary) and tetramer formation (quaternary).

Quaternary structure: Multi sub unit proteins
If a protein is made up of multiple sub-units, there can be an additional
fourth level of structure, which describes the arrangement of and interac-
tions between sub-units in a protein41.

Each level of protein structure is often key for its function. The active site
of an enzyme, for example, is usually formed by groups that come from
far apart in the protein chain and has a very specific microenvironment.
The specific folding required to bring them into close contact is vital to the
enzyme function.

Most of the interactions dictating the secondary, tertiary and quaternary
protein structure are non-covalent, therefore are relatively weak and re-
quire little energy to disrupt41. As a result, proteins are typically easily
denatured by heat, high concentrations of salt, shaking, excessive dilution
or concentration, etc.

In the following section, the proteins studied in Papers I-III of this thesis
are introduced, including key physicochemical properties presented in Table
1.1 and their 3D structure in Figure 1.8.

1.2.1 β-galactosidase

β-galactosidase (from Kluyveromyces Lactis) is one of the most important
enzymes in the food industry. It is used to cleave lactose into glucose and
galactose, most commonly to make lactose free dairy products44.

β-galactosidase is a tetramer (4128 residues, 476 kDa) made up of four
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Figure 1.7 β-galactosidase catalysed reactions. (Top) Lactose hydrolysis, (Bottom) ONPG
hydrolysis

identical monomeric subunits (119 kDa), which associate initially into di-
mers, which in turn associate to form the tetramer43,45. Both the tetrameric
and dimeric forms are enzymatically active, but the monomeric is not (45

and refs within), as the catalytic pocket is formed at the interface between
two dimerised monomers43. As the dissociation energy of the tetramer to
dimers is low (6 kcal/mol) compared to that of the dimer to monomers
(20 kcal/mol), the different forms of β-galactosidase likly exist in equilib-
rium with each other43. The β-galactosidase used in this work came from
Ha-Lactase 5200, composed of 50% glycerol (E422), water and neutral β-
galactosidase46. After dialysis of Ha-Lactase 5200 to remove the glycerol,
the enzyme is mostly in its dimeric form25.

The biological function of β-galactosidase is the catalysis of the hydrolysis
of lactose into D-glucose and D-galactose (Figure 1.7). In order to meas-
ure the activity of β-galactoseidase, however, it is more convenient to use
the synthetic substrate o-nitrophenyl-β-D-galactoside (ONPG), as this is
cleaved by β-galactoside into D-galactose and o-nitrophenol (Figure 1.7),
which can be measured spectrophotometrically at λ = 420 nm47.
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1.2.2 Aspartic protease

Aspartic proteases are another type of protein relevant for food industry
applications, as they are used in the cheese ripening process. By cleaving κ-
casein, a protein found in milk, at a specific site, endothiapepsin accelerates
the coagulation of milk into curd, which is then dehydrated, compressed
and matured to produce the desired cheese48,49.

The aspartic protease (from Cryophonecyria parasitica) used here is a
monomer (329 residues, 34 kDa) and came from Thermolase 625, composed
of glycerol, water and endothiapepsin50,51. Thermolase 625 was dialysed
before use to remove the glycerol.

1.2.3 Phytoglobin BvPgb 1.2

Recently phytoglobins, haemoglobins from plants, have been shown to have
the same globin fold as human haemoglobin, but with a higher oxygen
affinity and thermal and oxidative stability, generating interest for their use
in biotechnical applications52-54. In particluar, BvPgb 1.2, a phytoglobin
isolated from sugar beet (Beta vulgaris ssp. vulgaris) demonstrated high
thermal stability and no haeme loss, making it an attractive candidate for
use in dietary supplements with haeme bound iron or meat analogues.

BvPgb 1.2 exists as a homodimer (342 residues, 38.4 kDa) containing the
typical globin fold, made up of 8 right handed α-helices joined by random
coils, and a hexacoordinated haeme group55.

1.2.4 Myoglobin

Myoglobin is an oxygen binding protein found primarily in muscle. Here
the main interest in myoglobin was as a structurally similar comparison
for BvPgb 1.2, as myoglobin contains a pentacoordinated haeme group and
has a higher affinity for oxygen than haemoglobin56.

The horse skeletal myoglobin used here is a monomer (153 residues, 17.6
kDa) with the haeme group buried between helices 5 and 6 of the globin
fold56,57.
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Figure 1.8 3D structures of the proteins discussed in this thesis. (a) shows β-galactosidase
with the each monomeric subunit in a different colour. The secondary structures of (b) β-
galactosidase (3OBA), (c) aspartic protease (1OEW) and (d) BvPgb1.2 monomeric subunit
(7ZOS) are shown with three-ten helices in red, α helices in orange, beta strands in yellow
and coils in blue 43,50,55. In (e), the haeme sub-unit shown in (d) is highlighted, with the two
ditsal histidine residues complexed with the central Fe atom, with Fe in orange, C in green,
N in blue and O in red. These images were generated using Mol* 42.

Table 1.1 Table containing key physicochemical properties of the proteins investigated in
this thesis.

Protein PDB code MW/kDa Rh/Å pI

β-galactosidase 3OBA 476 (tetramer)43 - 5.41/5.5823

(K. lactis) 238 (dimer) 5925 5.3425

Aspartic protease 1OEW 3450 3024 4.14/4.4023

(C. parasitica)

Phytoglobin 7ZOS 38.4 (dimer)55 3458 8.3258

(Beta vulgaris) 19.2 (monomer) - 7.3558

Myoglobin - 17.657 2258 7.3/6.859

1.3 What is a nucleic acid and why do we care?

The final type of building block included in this thesis are nucleic acids
(NAs). Nucleic acids are responsible for information storage and transfer
in the cell; the sequence of the bases in deoxyribonucleic acid (DNA) defines
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your genes. These are transcribed to ribonucleic acid (RNA), which serves
as a template for protein synthesis.

Single strands of both DNA and RNA are composed of a linear chain of
nucleotides, which are made up of a phosphate, a sugar and a base. The
nucleotides are linked by phosphodiester bonds between the OH on the
3’ carbon of the sugar to the phosphate and between the phosphate and
the OH on the 5’ carbon of the following sugar. This forms a negatively
charged phosphate-sugar backbone with the bases bonded to the 1’ carbon
and extending to the side of the backbone.

The difference between the backbones of DNA and RNA lie in the sugar
group: DNA has deoxyribose sugar units, which have an H on the 2’ car-
bon, whereas RNA has ribose units, which have an OH group on the 2’
carbon. This makes the DNA backbone less vulnerable to nucleophilic at-
tack, therefore more stable to hydrolysis than RNA.

Both DNA and RNA have four possible bases, shown in Figure 1.9. For
both NAs; adenine (A), guanine (G) and cytosine (C); for DNA only, thym-
ine (T); and for RNA only, uracil (U). These are derivatives of two different
structures; purine in the case of A and G, and pyrimidine for C, T and U.

DNA typically exists as a right handed double helix (Figure 1.10a), with
the backbone on the outside and the bases paired with those in the oppos-
ite strand. The main driving force for this base pairing comes from the
hydrophobic effect, as the more hydrophobic bases cluster inside the helix
and the negatively charged backbone is in contact with the surrounding
aqueous environment. The strand is additionally stabilised by specific hy-
drogen bonds between the A-T and C-G bases and van der Waals forces
between the stacked base pairs. By heating above its melting temperature
or adding strong acid/alkali, the DNA double helix can reversibly dissociate
into single strands, which reform when the change is reversed41.

RNA, however, is usually present as a single strand, therefore is more flex-
ible and base pairing between short sections of the strand (≥ 3 base pairs)
can result in a wide variety of complex structures. Both canonical (A-U
and G-C) and non-canonical base pairing, the most common of which is
the ’G-U wobble’, and hydrogen bonding can contribute to the formation
of structures such as hairpin stems and loops (Figure 1.10 (b)), bulges,
internal loops and 3 way junctions60,61. These structures can then fold into
tertiary structures, analogously to protein folding. The structure also tends
to be highly dynamic and responsive to environmental conditions, resulting
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Figure 1.9 The bases of DNA and RNA are shown to the left and the structure of the
sugar (black) - phosphate (purple) backbone is shown to the right. The base is linked to the
sugar via a glycosidic linkage between the coloured nitrogen in the base structure and the 1’
carbon on the sugar, labelled in blue. When this bond is formed, the H on the base and the
OH on the sugar, labelled in grey, are lost as water. On the 2’ carbon, DNA has an H and
RNA has an OH group, highlighted in pink.

in multiple coexisting states for the same RNA sequence61.

In the following section, the nucleic acids used in Papers IV - VI are in-
troduced, where we focus specifically on the difference in the interaction
between the formulation lipids with; (i) single stranded DNA (ssDNA) and
double stranded DNA (dsDNA) and (ii) coding and model messenger RNA
(mRNA).

1.3.1 Calf thymus DNA

Commercially available sonicated DNA from calf thymus was used as a
model DNA source. The length of the DNA fragments was 587 - 831 base
pairs and the sequence was unknown, but assumed to contain an equal
proportion of A, G, C and T bases.
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Figure 1.10 (a) Example of base pairing between two strands of DNA to form a double
helix. The double strand image in (a) was generated using Mol* 42 from PDB entry 3NAO 62.
(b) Example of a hairpin stem-loop, which can be formed by single strands of NAs, using a
single RNA strand.

1.3.2 Erythropoietin mRNA

Erythropoietin (EPO) mRNA was used as a representative mRNA mo-
lecule. The EPO mRNA used here codes for the human EPO protein,
which controls red blood cell production63. The sequence is 858 nucle-
otides (nt) and contains 15.8 % A, 35.4 % G, 35.7 % C and 13.1 % U in
the main sequence with a polyadenylated tail64.

1.3.3 Model mRNA

Typically optimisation of LNP systems and structural studies require rel-
atively large quantities of NA material, such that the cost of the NA can
become a limiting factor in such studies65,66. ’Model mRNAs’ present a
more accessible option, as they are both cheaper, commercially available in
larger quantities and well characterised.

In this thesis, we have used two model mRNAs; polyadenylic acid (polyA)
and polyuridylic acid (polyU), which are synthetic homopolymers of the
RNA nucleotides adenosine and uracil respectively. Despite the fact that in
this context, NAs are often treated as negatively charged polyelectrolytes,
over the pH range investigated in this thesis and relevant to RNA-LNP
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formulation, polyA undergoes several structural transitions (67 and ref.s
within). In physiological pH (≥ 7.3), polyA exists as a single stranded,
right handed helix containing coil domains67. Decreasing the pH to ≈6.5
(pH 6.2 - 6.5), these single strands start to form double stranded structures.
Initially the intermediate ’basic’ (B) structure dominates, coexisting with
the tightly packed ’acidic’ (A) form at ≈pH 6, which becomes gel-like in
appearance at lower pH (≤ 4)68,69. polyU, on the other hand, exists as a
random coil in the conditions investigated here (70 and ref.s within).

Both model mRNAs have are polydisperse and have a wide distribution
of chain lengths: for polyA, ≈ 2200 - 11,100 nt (700 - 3500 kDa) and for
polyU, ≈ 350 - 3500 nt (100 - 1000 kDa)37,71.
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2 Methods
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In this chapter, the experimental techniques used throughout this thesis
are introduced.

Three types of samples were characterised in this work: bulk LLC phases,
lipid nanoparticle dispersions and supported lipid layers. A summary of
the different techniques used to characterise the structure, dynamics, in-
teractions, composition and size of the samples are summarised in Figure
2.1.

Figure 2.1 Summary of the experimental techniques used in this thesis to characterise lipid
bulk phases, dispersions and deposited layers, including small angle x-ray/neutron scattering
(SAX/NS), activity test using ultraviolet-visible spectroscopy (Activity test(UV-Vis)), neut-
ron spin echo spectroscopy (NSE), dynamic light scattering (DLS), cryogenic transmission
electron microscopy (cryoTEM), fluorescence spectroscopy (Flu), quartz crystal microbal-
ance with dissipation monitoring (QCM-D) and neutron reflectometry (NR).

2.1 Bulk scattering techniques

Many of the techniques used in this thesis are based on the interac-
tion between radiation and matter. Depending on the energy, therefore
wavelength, of radiation used, different length scales can be interrogated.
Here, we have used x-rays and neutrons to investigate the length scales 1
- 600 nm, corresponding to particle size and structure, and visible light to
monitor larger sizes, including particle aggregation72.
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Figure 2.2 Schematic representation of a small angle scattering experiment.

2.1.1 Small angle scattering (SAS)

In small angle scattering, the elastic scattering of radiation by the sample
is measured, which provides information about the time averaged structure
of the system.

In a typical SAS experiment (Figure 2.2), the incident beam with a well
defined energy and direction is scattered elastically by the sample (i.e. it
undergoes a change in direction, but not energy) and the intensity of the
scattered beam is recorded on a 2D detector72. If the sample is isotropic
(i.e. the sample is randomly oriented), like a micellar dispersion, the scat-
tering pattern will appear as concentric circles (like the inner rings in Figure
2.3). If the sample is anisotropic (i.e. the sample is at least partially ori-
ented), like an aligned multilamellar stack, the scattering pattern will have
modulations in intensity in these rings (like the outer ring in Figure 2.3).
The difference between the wave vector of the incident beam (ki) and the
scattered beam (ks) is known as the scattering vector q, defined as:

q =
4π

λ
sin(

θ

2
) (2.1)

For elastic scattering, the amplitude of the scattered wave A(q) from N
atoms in vacuum is:

A(q) =
N∑
j=1

bje
−iq·rj (2.2)

where e−iq·rj describes a complex wave and bj is the scattering length of
atom j. bj is a measure of how strongly an atom interacts with the incident
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Figure 2.3 Radial averaging of a 2D detector image to a 1D scattering pattern. The peak
positions in the 1D scattering pattern have a ratio of 1:2 indicating that this sample is
lamellar.

radiation and varies with atom and radiation type. In a real SAS sample,
it is often a particle or molecule that acts as the scattering centre, and it is
instead more useful to use the scattering length density, SLD, ρ =

∑
j bj/Vp

(i.e. the sum of all the scattering lengths of the atoms in a molecule or
particle divided by its volume). The scattering can then be defined using
a continuum description as follows:

A(q) =

∫
V

ρ(r)e−iq·rjdr (2.3)

where ρ(r) is the distribution of SLD in space. In a scattering experiment,
the intensity I(q) of the scattered beam is measured. As I(q) = |A(q)|2, the
phase information contained in the complex term is lost, which is known
as ”the phase problem”. Consequently it is not possible to obtain the
scattering length density distribution by inverse Fourier transform and we
must instead use alternative methods of data analysis72.

For the purpose of SAS data analysis, the intensity measured from a 2D
detector image is commonly radially averaged, scaled to absolute intensity
and presented as a 1D scattering pattern (Figure 2.3). This can generally
be expressed as:

I(q) = ϕpVp∆ρ
2P(q)S(q) + B (2.4)

where ϕp is the volume fraction of particles in the sample, Vp is the particle
volume, ∆ρ is the difference in SLD between the particles and the solvent,
P(q) is the form factor, S(q) is the structure factor and B is the background,
which usually comes from incoherent scattering. P(q) describes the intra-
particle interference, i.e. the size and shape of the scattering particle. S(q)
describes the interparticle interactions, i.e. the periodic arrangement of
the scattering particles. At very low particle concentrations (i.e. dilute
systems), S(q) → 1 and interparticle interactions can be ignored.
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Table 2.1 Table of the ratio of the Bragg peak positions of different bicontinuous cubic
phases.

Phase Ratio of peak positions

Q2 with Pn3m space group
√
2,

√
3,

√
4,

√
6,

√
8...

Q2 with Im3m space group
√
2,

√
4,

√
6,

√
8,

√
10...

If the scattering objects have a highly periodic arrangement (i.e. a
well defined repeat distance), such as in lipid liquid crystals, interference
between scattered waves is constructive, resulting in sharp, intense peaks.
These are known as Bragg peaks, as they are observed when Bragg’s law
is satisfied:

nλ = 2dhklsin(
θhkl
2

) (2.5)

where n is an integer, λ is the wavelength of the scattered radiation, dhkl
is the spacing between the crystal planes with Miller indices h,k,l and θ is
the scattering angle, as defined in Figure 2.2. Depending on the structure,
reflections with different values of h,k,l are allowed or forbidden, therefore
the positions of the peaks observed in the SAXS data can be used to de-
termine the structure of the sample5. In this thesis, this approach was used
for the determination of different bicontinuous cubic phase structures (see
Table 2.1)73.

For more disordered systems, however, the data is much more ambiguous
and it is incredibly important to have sufficient complementary data and
prior knowledge of the system72. In the case of the lipid L3 phase, for
example, in the scattering pattern for the bulk phase, there are two charac-
teristic broad peaks present. The lower q peak (≈ 0.05 Å−1) corresponds to
the cell-cell correlation distance and the high q peak (≈ 0.11 Å−1) can be
attributed to the bilayer form factor. These peaks could only be confidently
assigned, however, by looking at neighbouring phases in the phase diagram
and complementary microscopy images9.

Data can also be fitted with mathematical models in order to extract ad-
ditional information about the sample. When fitting scattering data, the
choice of model is key. SAS data is often quite featureless and could be
fit very well with multiple, very different models, therefore it is very im-
portant to know your system well. This is especially the case for many
soft matter systems, where the models can be complex and have a large
number of fitting parameters. In order to have an overdetermined system,
the number of fitting parameters in the model should be lower than the
number of datasets for the sample. It is therefore vital to (a) use as simple
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a model as possible, in order to minimise the number of fitting paramet-
ers, (b) estimate and constrain the fitting parameters and range as much
as possible from prior knowledge of the system and complementary data,
and (c) measure the sample in different conditions (e.g. in different solvent
contrasts), in order to constrain unknown but constant fitting parameters
in the model72.

Small angle x-ray scattering (SAXS)

In small angle x-ray scattering, an x-ray beam interacts with the electron
clouds of the atoms in the sample. The contrast between different mater-
ials therefore depends on the electron density of the sample atoms, with
bx−ray increasing with proton number. In soft matter, however, a sample
is typically composed of H, C, N and O, which have similarly low proton
numbers. There is, therefore, very low contrast between different parts
of the lipid (head group vs tail), but sufficient contrast between (e.g.) a
lipid bilayer and water. Along with the accessibility of lab based x-ray
sources, this makes SAXS well suited for LLC phase assignment. For more
complex experiments, such as time resolved measurements or very weakly
scattering samples, the higher flux and resolution of a synchrotron source
are required72.

SAXS measurements were used in Papers I and III to study the effect of en-
capsulated protein and dispersing medium on the structure of sponge phase
in bulk and dispersions. In Papers V and VI, in situ SAXS during micro-
fudic mixing and static SAXS of the final formulation was used to study
the effect of different cargos and cargo loadings on the internal structure
of LNPs for NA delivery. These SAXS measurements were performed on
the CoSAXS beamline at MAX IV Laboratory (Lund, Sweden), as well as
using the inhouse instrument SAXSLab Ganesha 300XL (SAXSLab ApS,
Denmark).

Small angle neutron scattering (SANS)

In small angle neutron scattering, neutrons interact with the nuclei in the
sample. The contrast between different materials, therefore, depends on
the composition of the nucleus and the scattering length differs for isotopes
of the same element. Unlike bx−ray, neutron scattering lengths bneutron
do not appear to follow a trend and vary randomly between elements and
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Figure 2.4 An example of using solvent contrast variation to highlight different parts of a
core shell structure. (Left) The core (yellow) shell (red) particles in a solvent (blue) which
is not matched to any part of the particle. (Middle) Particles in a solvent matched to the
shell SLD, highlighting the core. (Right) Particles in a solvent matched to the core SLD,
highlighting the shell.

isotopes. This is incredibly useful in soft matter, as there is natural contrast
between different (parts of) biomolecules (e.g. SLD of RNA ≥ 3x10−6 Å−2

vs SLD of lipid ≈ 0.2x10−6 Å−2) and isotopic substitution can be used to
tune the SLD of a system to highlight or match out parts of a sample, as
shown in Figure 2.4.

One simple way to do this is to change the SLD of the solvent by varying the
ratio of H2O (SLD = -0.56x10−6 Å−2) and D2O (SLD = 6.36x10−6 Å−2)
used to make a buffer. Alternatively, the lipid components themselves
can be exchanged for their partially or fully deuterated analogues. This
enables us to obtain different information about a sample with minimal
perturbation to the structure, therefore providing different information for
the same sample for simultaneous model fitting72.

SANS was used in Papers V and VI to determine the structure of NA
LNPs and contrast variation allowed us to highlight different parts of the
core shell structure of NA LNPs in order to determine the lipid composition
of each part. SANS measurements were performed on NG7 30 m SANS at
the NIST Center for Neutron Research (NCNR) at the National Institute of
Standards and Technology (NIST) (Gaithersburg, MD, USA), QUOKKA
at the Australian Nuclear Science and Technology Organisation (ANSTO)
(Lucas Heights, NSW, Australia) and SANS2D at the ISIS Neutron and
Muon Source (STFC Rutherford Appleton Laboratory, Didcot, UK).

2.1.2 Neutron spin echo spectroscopy (NSE)

Neutron spin echo spectroscopy is an inelastic neutron scattering technique,
which can be used to measure the collective dynamics of systems occurring
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Figure 2.5 Illustration of how the spin of a neutron is used to measure changes in energy
after scattering.

over the nanosecond to hundreds of nanoseconds time scale with a similar
length scale to SANS. It is most commonly used to study the dynamics of
polymers, glasses and lipid membranes74.

NSE works by using the change in neutron spin polarisation to measure
the change in energy of the neutron after it is scattered by the sample.
The neutron beam is first polarised, so that the neutron spins are all in the
same direction. A magnetic field is then applied at 90◦ to the spin direction,
causing the neutron to undergo Larmor precession. The neutron beam is
then scattered by the sample, either elastically so that the neutron energy is
the same as before scattering, or inelastically, therefore the neutron gains or
loses energy. After the sample, a magentic field is applied which is identical
to that before the sample except the field direction is flipped by 180◦. This
will cause the neutron spins to precess in the opposite direction. If the
neutron was scattered elastically, the spin will precess back to its starting
point, whereas, if the neutron gained or lost energy, its polarisation will be
different from its starting orientation. This change in polarisation is then
measured as a change in neutron energy74.

NSE measures the intermediate structure factor (ISF, I(q,t)), which is the
Fourier transform of the dynamic structure factor S(q,ω) and can be fitted
with a decay function to derive characteristic relaxation times of the motion.

In Paper II, the dynamics of the sponge phase with encapsulated protein
were characterised by NSE on the NGA NSE spectrometer at the NIST
Center for Neutron Research (NCNR) at the National Institute of Stand-
ards and Technology (NIST) (Gaithersburg, MD, USA). The data was fitted
using a modified Zilman-Granek model over a suitable q range to describe
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membrane undulation and calculate the bending rigidity of the membrane.

2.1.3 Dynamic light scattering (DLS)

Dynamic light scattering can be used to measure the size distribution of
particles.

During the measurement, a laser is directed through the sample and elastic-
ally scattered by the particles as a function of their size and shape (here the
contrast is refractive index). As the particles undergo Brownian motion,
the intensity of the scattered light fluctuates. These intensity fluctuations
are recorded and plotted against time. As the size of the particles affects
the speed of fluctuations, the decay rate of the autocorrelation function (i.e.
the correlation of the scattering data at time t = 0 and after a time lag) can
be fitted and used to determine the particle diffusion constant D75. The
autocorrelation function is typically fit using either ’cumulant analysis’ or
CONTIN method, which uses the Laplace transform75. In cumulant ana-
lysis76, it is assumed that the size distribution is monomodal and is used
to calculate the polydispersity index (PDI). CONTIN77,78, however, does
not assume a monomodal sized distribution.

The hydrodynamic radius (Rh) of the particles can then be calculated using
the Stokes-Einstein equation:

D =
kbT

6πηRh
(2.6)

where kb is the Boltzmann constant (1.380Ö10−23kg m2s−2K−1), T is the
temperature (K) and η is the solvent viscosity (m2s−1)75. The hydro-
dynamic size of the particle is defined as ’the size of the corresponding
sphere that diffuses at the same rate as the particles in the sample’ and in-
cludes the solvent shell around the particles, which is affected by the charge
of the particle, the ions in solution and anything adsorbed to the surface.

DLS was used in Papers I, III, V, VI to determine the size distribution of
lipid nanoparticle dispersions and to monitor sample aggregation.

2.2 Surface techniques

Up to this point, the experimental techniques have been used for bulk
or dispersed systems. It can, however, be challenging to understand and
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Figure 2.6 Example correlation functions from a DLS measurement of small (left) and large
(right) particles.

quantify interactions between the lipids and added biomolecules (proteins
and NAs) in such samples. Using a supported lipid layer to investigate the
interactions allowed us to reduce the complexity of the system and focus in
more detail on the changes induced by biomolecule adsorption.

2.2.1 Neutron reflectometry (NR)

In specular neutron reflectometry, the reflection of the neutron beam from
a surface is measured as a function of q, which provides information on the
structure of the sample in the direction perpendicular to the surface79.

A neutron beam, which is highly collimated in the z direction, passes
through the substrate, is incident at a low angle on the sample and is reflec-
ted off the interface at the same angle. The neutron beam will be reflected
from any interface in the sample, i.e. where there is sufficient difference in
SLD between two layers, therefore NR can be used to interrogate buried
layers in a sample80,81. The detector measures the intensity of the reflected
neutron beam and from that the reflectivity, R, can be calculated79.

NR data is most commonly modelled using Abeles matrix method82 for a
stratified interface, which splits the sample into a series of slabs described by
an SLD, volume fraction of solvent, thickness and roughness. For example,
a lipid bilayer can be described with three slabs (Figure 2.7); inner head
groups, hydrophobic tail region and outer head groups, as the SLD of the
head groups (e.g. PC head ≈ 1.9x10−6Å−2) is higher than the tail SLD (⩽
-0.1x10−6Å−2) for most common lipids.

As with SANS and NSE, changing the deuteration of the system can provide
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.

Figure 2.7 Illustration of a typical neutron reflectometry experiment on a silicon substrate
with a lipid bilayer (left) compared to a slab model which can be used to fit the data (right).
For specular reflection, θi = θr

extra information. For NR measurements, multiple solution contrasts are
usually used (i.e. the isotopic contrast of the bulk solution is changed)79.

In Paper IV, the structure of a supported lipid layer containing MC3 and
DOPC was investigated in different pHs before and after interaction with
different NAs. For each step of the experiment (bare substrate, deposited
lipid layer, after incubation with NA), the sample was characterised in at
least three isotropic contrasts: buffer prepared with D2O, H2O and water
contrast matched to silicon (38 % D2O/62 % H2O). These NR measure-
ments were performed on POLREF at the ISIS Neutron and Muon Source
(STFC Rutherford Appleton Laboratory, Didcot, UK) and D17 at the In-
stitut Laue-Langevin (Grenoble, France).

2.2.2 Quartz crystal microbalance with dissipation (QCM-
D)

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a
surface technique, which can be used to characterise the mass of an ad-
sorbed layer, including interfacial and trapped water. QCM-D works using
a quartz crystal as a sensor, which can be induced to oscillate in an altern-
ating electric field (Figure 2.8a). The natural resonant frequency of the
crystal (Figure 2.8b) and its (odd) overtones, can be used to characterise
layers adsorbed to the crystal surface. Adding mass to the crystal surface
will result in a decrease in the resonant frequency (∆ f < 0, Figure 2.8c),
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Figure 2.8 Illustration of the effect on the (b) natural resonance of the quartz crystal if
(c) mass is added to the surface causing a decrease in frequency or (d) a viscoelastic layer is
added causing an increase in dissipation. (e) shows how the dissipation is measured by first
exciting the crystal to resonance, then switching off the power and following the decay.

whereas an increase in frequency (∆ f > 0) generally indicates that the mass
of the crystal has decreased, therefore that something has desorbed from
the surface.

Another vital aspect of the film can be characterised using dissipation mon-
itoring. As the crystal undergoes frictional or viscous losses in the film and
to the environment, its oscillation will be damped (Figure 2.8d,e). Dis-
sipation can be used to understand how rigid the layer is. A high dissipa-
tion indicates that the adsorbed entities are not rigid and/or couple to the
surrounding solution, giving the formed layer viscoelastic properties (e.g.
intact vesicles). A low dissipation indicates the adsorption of a rigid layer
(e.g. lipid bilayer). It should be noted that ∆f and ∆D are changes relative
to the baseline, therefore if the environment changes (e.g. liquid to air,
density of liquid, temperature), this will also affect these values53.

For a rigid, uniformly adsorbed film with low ∆D (∆D < 10−6, no/low
overtone spreading) and small mass relative to the mass of the crystal,
the relationship between ∆f and change in mass (∆m) is linear and can be
described by the Sauerbrey equation83:

∆m =
C∆f

n
(2.7)

where ∆m is adsorbed mass per area (ng/cm2), C is the crystal constant
(-17.7 ng Hz−1 cm−2 for a 5 MHz crystal that is used here), n is the over-
tone number, ∆f is the change in frequency (Hz). For films with higher
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dissipation, this linear relationship breaks down and, in liquid, the Sauer-
brey equation will tend to underestimate the adsorbed mass. Instead, more
complex models considering the viscoelastic nature of the film must be em-
ployed, such as the Voigt model.

In Paper IV, the adsorbed mass of the lipid layer before and after addition
of different mRNAs was measured for the DOPC/MC3 model system in a
range of pHs.

2.3 Cryogenic transmission electron microscopy
(cryoTEM)

CryoTEM is a microscopy technique that allows high resolution imaging of
nanometre scale samples in their solution state.

The sample is prepared for imaging by pipetting a small volume (few µL)
of sample in solution onto a holey carbon grid, shortly blotting the sample
from the other side of the grid and rapidly freezing by plunging the grid
into liquid ethane (-183◦C). Such rapid freezing prevents formation of ice
crystals, trapping the sample in a thin, glassy ice layer, ideally with a
thickness of 50 to hundreds of nm84-86. The sample is then imaged using
a highly focussed beam of electrons (λ ≈ 0.02 Å at 300kV), with sample
electron density providing the contrast, while the temperature is maintained
at ≈-175◦C with liquid nitrogen or helium84,85.

CryoTEM is incredibly useful to study particle morphology, especially as a
complement to SAS data. It provides a useful guide for the choice of SAS
model, shows local structural details and inhomogeneities which would not
be visible in SAS data and it is possible to see different populations of
which SAS would provide an average. On the other hand, as cryoTEM
images typically show individual particles, they are rarely representative of
the whole sample, especially if the sample is heterogeneous. This is exacer-
bated by the preparation aretfacts inherent to the technique, such as shear
from the blotting process causing distortion of particles and compression
of particles larger than the ice thickness84.

CryoTEM was used in Papers I, III, V and VI to study the particle mor-
phology. In Paper III, it was used to discuss the ambiguity in the SAXS
data for a sample with mixed populations of vesicles and L3NPs. In Papers
V and VI, cryoEM images of LNPs containing different cargos informed the
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choice of model for fitting of SANS data and were used to inform the dis-
cussion of the internal structure of the LNPs and the different populations
present in the aggregated LNP samples with polyU.

2.4 Ultraviolet-Visible spectroscopy (UV-Vis)

Activity tests for encapsulated β-galactosidase were used as a proxy to de-
termine the effect of encapsulation on the kinetics and thermal stability of
the enzyme. As previously described in Section 1.2.1, the activity of β-
galactosidase can be measured spectrophotometrically by following the hy-
drolysis of the synthetic substrate o-nitrophenyl-β-D-galactoside (ONPG),
which is colourless, into D-galactose and o-nitrophenol (ONP), which is
yellow (λ = 420 nm)47. The change in concentration of ONP in the solu-
tion can be detected by following the absorption of light at 420 nm using a
ultraviolet-visible (UV-Vis) spectrophotometer. The change in absorption
could be converted to a concentration using the Beer-Lambert Law87 and
used to calculate the β-galactosidase activity, expressed as Neutral Lactase
Units per g (NLU/g).

This activity test was used in Paper I to study the effect of encapsulation
on β-galactosidase and its kinetic characteristics, as compared to the free
enzyme and the commercial enzyme product Ha-Lactase 5200.

2.5 Fluorescence

Fluorescence based encapsulation efficiency (EE) assays were performed for
LNPs containing NA to ensure that sufficiently high NA encapsulation was
achieved during formulation. In general, the binding of a fluorescent dye to
the LNP with and without the presence of Triton X-100, a surfactant which
destroys the LNP structure, was compared to a standard curve and used
to calculate the encapsulation efficiency of the LNP88. Two NA binding
fluorescent dyes were compared; Ribogreen, which binds to polymeric NAs,
and Picogreen, which binds specifically to dsDNA89,90.

The Ribogreen EE assay was used to determine the encapsulation efficiency
of LNPs with different NA cargos in Paper V and the results from the
Ribogreen and Picogreen EE assays were compared in Paper VI to estimate
the extent of base pairing of DNA inside LNPs.
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3 Results

”Started making it... Had a breakdown... Bon appetit!”
-James Acaster, The Great British Bake Off
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In this chapter we will discuss the results summarised in the 6 papers in-
cluded in this thesis. The discussion can be divided in 2 parts. In section
1, we discuss results regarding the sponge phase system and interactions
with proteins with respect to structure and dynamics. In section 2, we
discuss results regarding the interaction between the ionisable lipid DLin-
MC3-DMA with different nucleic acids in both a model system and a phar-
maceutically relevant lipid formulation.

3.1 System 1: Sponge phase (L3) for protein en-
capsulation

The lipid sponge, L3, phase composed of GMO-50/DGMO/P80 has pre-
viously been proposed as an encapsulation matrix for large biomolecules
relevant to the food industry due to its large water channel size, structural
flexibility and food-safe components9. The aim of this section of the thesis
was to characterise the effect of encapsulation on the stability and function
of four proteins with applications in the food industry. It is well-known,
however, that LLCs are very sensitive to additives, therefore the effect of
the added proteins on the structure and dynamics of the lipid phase were
studied. The effect of beta-galactosidase (Paper I), myoglobin (Paper III)
and BvPgb 1.2 (Paper III) on the structure of the L3 phase was studied in
bulk and dispersions. In Paper I, the thermal stability and kinetic charac-
teristics of free and encapsulated β-galactosidase were compared, in order
to determine the effect of encapsulation on the enzyme function. In Paper
II, the effect of encapsulated β-galactosidase and aspartic protease on the
dynamics of L3 phase were investigated.

Although the phase behaviour of the GMO-50/DGMO/P80 system has
been well-studied with water in bulk and dispersions9,22, the choice of pH
and buffer was shown to be important in the protein encapsulation studies.
The effect of buffer and pH on the structure of the L3 phase in bulk and
dispersions, was therefore systematically investigated and the preliminary
results are presented here.
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Figure 3.1 SAXS of bulk phases with varying concentrations of β-gal (a, the data are offset
for clarity) and the calculated change in water channel diameter with concentration of β-gal
(b).

3.1.1 Enzymes: β-galactosidase and aspartic protease

Bulk structure

A stock β-galactosidase solution was prepared by dialysis of the commercial
product Ha-Lactase 5200 against 50 mM phosphate buffer pH 7.2, in order
to remove the glycerol as glycerol has been shown to induce structural
changes of the LLC phase24. After concentration of the dialysed protein
via centrifugation, a concentration series of β-galactosidase solutions were
prepared via dilution with the same buffer.

Bulk phases with a lipid composition of DGMO/GMO-50/P80 28/42/30
(by mass) and varying concentrations of β-galactosidase were prepared and
measured with SAXS (Figure 3.1(a)). For the full concentration range,
the characteristic broad peaks of the L3 phase are present, although both
peaks also shift to higher q with increasing concentration.The water channel
size, estimated by comparison to the preceding cubic phase in the dilution
series, decreases with increasing protein concentration (Figure 3.1(b)).
Considering its size, the protein is likely partially in the water channel and
the bilayer, thereby dehydrating the head groups.
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Figure 3.2 (Left) Activity change over time of free β-gal at 4 ◦C (black) and RT (red) and
encapsulated β-gal (blue) measured using 15 mM ONPG at 24 ◦C and absorbance measured
at 420 nm. The results were normalised to Ha-lactase activity and a concentration of 1
mg/ml. (Right) The effectiveness factor, η, plotted as function of substrate concentration,
where η is initial rate of the encapsulated β-gal divided by the initial rate of free β-gal.

Enzyme activity and kinetics

In order to evaluate the suitability of the L3 phase as an encapsulation
matrix to improve the stability of β-galactosidase (β-gal), the change in
activity was compared between encapsulated β-gal and free β-gal stored
at room temperature and free β-gal stored at 4◦C over 2 weeks using the
activity test described in Section 2.4 (Figure 3.2: Left). From the activity
profiles, assuming first order deactivation kinetics, the rate of deactivation
was estimated as kenc = 3.4 x10−7s−1, kfree,4◦C = 3.2 x10−7s−1 and kfree,RT =
5.1 x10−6s−1. Encapsulation in L3 slowed the rate of deactivation compared
to the free β-gal stored at the same temperature, but still decreased in
activity faster than the free β-gal stored at 4◦C. From visual inspection of
the free β-gal stored at RT, the loss of activity appears to be associated with
degree of protein aggregation, which was not observed for the encapsulated
β-gal or the free β-gal stored at 4◦C.

Table 3.1 Table summarising key parameters from the Michaelis-Menten kinetic model for
Ha-Lactase 5200, the free β-gal after dialysis and encapsulated β-gal.

Sample KM (mM) Vmax (∆A/min)

Ha-Lactase 5200 1.9 ± 0.1 0.244 ± 0.006
Free β-gal (4◦C) 1.9 ± 0.1 0.193 ± 0.003

L3 + β-gal 2.9 ± 0.1 0.104 ± 0.002

The kinetic characteristics of Ha-Lactase 5200, free β-gal after dialysis and
encapsulated β-gal were evaluated according to the Michaelis–Menten kin-
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Figure 3.3 CryoTEM images of (a) empty L3NPs (reproduced from 9), (b) L3NPs contain-
ing β-gal and (c) L3NPs containing aspartic protease.

etic model91. The key parameters are Vmax, the maximum rate, and KM,
the concentration of substrate at which 1

2 Vmax is achieved and indicates
enzyme-substrate affinity. The lower Vmax and higher KM of the encapsu-
lated β-gal are likely a combination of (i) diffusion limitations, as shown by
the plateau at higher concentration of the effectiveness factor (Figure 3.2:
Right), and (ii) limited access to the active site/damage to the β-gal due
to the encapsulation. This is discussed in more detail in Paper I.

Dispersions

The bulk phases containing encapsulated β-gal were dispersed into Milli Q
and formed nanoparticles, which retained the internal sponge phase struc-
ture and had a well-defined size distribution. Notably, inclusion of β-gal ap-
pears to increase the homogeneity across the particle, as the highly swollen
surface layer visible in the empty L3NPs (Figure 3.3(a)) is not present with
the encapsulated β-gal (Figure 3.3(b)). The same effect can be observed
to a lesser extent for L3NPs containing aspartic protease, prepared in an
analogous manner.

The mean hydrodynamic size and PDI of the dispersions were similar for
the L3NPs containing no enzyme (empty)9,25, aspartic protease24 and β-
gal, although a lower PDI was observed in the case of both enzymes (Table
3.2).

Table 3.2 Table summarising DLS results for L3NPs containing no enzyme (empty), as-
partic protease and β-gal.

Sample < Z > diameter/nm PDI

Empty L3NPs 152 ± 12 0.17 ± 0.04
L3NPs + β-gal 163 ± 1 0.10 ± 0.01
L3NPs + asp 155 ± 1 0.12 ± 0.03
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Dynamics

In order to understand the effect of encapsulating β-gal and aspartic pro-
tease (asp) on the dynamics of the lipid membrane, NSE measurement were
carried out for empty L3NPs, L3NPs containing a high and low concentra-
tion of β-gal and L3NPs containing a high and low concentration of asp.

As discussed in Section 1.1.2, the lipid bilayer undergoes different motions
simultaneously and the dominant motion depends strongly on the length
and time scale measured. Considering previous SANS measurements of the
empty L3NPs

22 and SAXS measurements of the bulk phase24,25, the NSE
data was divided into three q ranges (indicated in Figure 3.4(a,b) by the
vertical dashed lines); (i) low q (q≤0.07 Å−1), where topological membrane
changes dominate, (ii) intermediate q (0.07Å−1 ≤q≤0.13Å−1), the Zilman-
Granek (Z-G) model range where membrane undulations dominate, and
(iii) high q (q>0.13Å−1), where bilayer thickness fluctuations dominate.
For all q ranges (Figure 3.4(a,b)), a decrease in dynamics was observed
with increasing protein concentration, with a larger effect for β-gal than
asp.

A modified version of the Z-G model including diffusion (for the full de-
scription, see Paper II) was fit to the data in the intermediate q range
(Figure 3.4(c,d)), in order to calculate the membrane bending modulus, κ
for each sample. The relative membrane bending moduli κrel were calcu-
lated by normalising the κ extracted from the fit to the bending modulus
for the empty sponge phase (κempty = 10.8 ± 0.3kbT) and are shown plot-
ted against the final enzyme concentration in the L3NPs in Figure 3.4(e).
For both proteins, the membrane bending modulus increased (i.e. the mem-
brane became stiffer) with increasing [protein], with a larger effect for β-gal
than asp.

This trend can be discussed in terms of the interactions between the L3

lipid membrane and the different proteins and the structural changes they
induce. Aspartic protease has been shown with NR and Raman spectro-
scopy23,24 to penetrate into the hydrophobic region of the bilayer and de-
hydrate the lipid groups. This eventually triggered the transition from the
L3 to Pn3m cubic phase, which has a more ordered structure with less mo-
bile acyl chains. Similar NR measurements have shown that β-galactosidase
can also spontaneously penetrate into lipid bilayer, but causes large struc-
tural rearrangement and thickening of the layer23. The SAXS data in Fig-
ure 3.1 shows that increasing [β-gal] results in a decrease in unit cell size,
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Figure 3.4 Summary of the results from NSE measurements of L3NPs with (a) β-gal and
(b) asp. The fit of Z-G model to the intermediate q range of NSE data for L3NPs with (c)
β-gal and (d) asp was used to calculate the relative membrane bending modulus (e).

most likely due to head group dehydration, but no phase transition. The
activity test data, measured with a water soluble substrate, shows that the
active site is exposed to the water channel, therefore there is a part of the
β-gal present in the water channel, which would act to limit the available
volume in the channel free for the membrane bending motion. Considering
its larger size in combination with the membrane perturbation and thicken-
ing and head group dehydration, it is unsurprising that β-gal has a larger
effect on the membrane rigidity.
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3.1.2 Haeme-containing proteins: BvPgb and Mb

Bulk structure

Figure 3.5 SAXS of bulk phases with varying concentrations of Mb (a,c) and BvPgb1.2
(b,d) and % P80. The data are offset for clarity. Change in water channel diameter with
concentration of Mb (e) and BvPgb (f). The filled symbols refer to the lipid composition
with 25 % P80 and the empty symbols with 30 %P80. The symbols refer to the following
structures: sponge phase, L3 (circle), Pn3m cubic (square), mixed phase including Pn3m
cubic (inverted triangle) and Im3m cubic (diamond).
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A stock myoglobin (Mb) solution was prepared from a commercially avail-
able freeze dried powder and a stock phytoglobin BvPgb 1.2 (BvPgb) solu-
tion was prepared by expression in E. coli and purification as summarised
in Paper III. Both stock solutions were prepared in 50 mM Tris-HCl buffer
pH 8.5 and the same buffer was used to dilute them to the concentrations
used to prepare the bulk phase samples.

Two lipid compositions were investigated for both proteins in which the
DGMO/GMO-50 ratio was kept constant at 40/60 and the ratio of P80
was varied: DGMO/GMO-50/P80 28/42/30 (30 % P80, as for the β-gal
samples) and 30/45/25 (25 % P80). Bulk phase samples with a range of
Mb and BvPgb concentrations were prepared and measured with SAXS
(Figure 3.5(a-d)). For both 25 % P80 series (Figure 3.5(a,b)), the bulk
phase transitioned from Im3m to Pn3m cubic phase with increasing protein
concentration, which is associated with a decrease in hydration. For Mb,
the calculated water channel diameter decreased in size, whereas for BvPbg,
it remained constant over the whole concentration range (Figure 3.5(e)).
For both 30 % P80 series (Figure 3.5(c,d)), the L3 was observed for all
samples with almost no change in water channel diameter for either protein
(Figure 3.5(f)). In the SAXS curves for 30 % P80 series with BvPgb (Figure
3.5(d)), a concentration dependent low q upturn was observed, indicating
possible BvPgb aggregation. For the highest [BvPgb], reversible gravity
induced phase separation into a protein rich and protein poor phase was
observed.

Dispersions

The bulk phases containing Mb and BvPgb were dispersed into Milli Q,
however in all cases, the resulting dispersion had a very high PDI and the
size distribution from DLS was multimodal.

Broad peaks in the SAXS data were observed for all samples (Figure 3.6),
although the peak was flatter and broader for both 30 % P80 series (Figure
3.6(c,d)). For the BvPgb samples, a low q [BvPgb] dependent upturn
indicating aggregation was observed for both %P80 (Figure 3.6(b,d)), with
visible red-orange aggregates for the 25 % P80 series. For Mb, however, a
low q [Mb] independent upturn was only observed for the 25 % P80 series
(Figure 3.6(a)) . The bilayer form factor peak tends to dominate the
SAXS curves for L3NPs, as the cell-cell correlation peak becomes weaker
due to the limited size of the particles and surface effects of the particle
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Figure 3.6 SAXS of dispersions in MQ with varying concentrations (0–60 mg/mL) of Mb
(a,c) and BvPgb (b,d). The data are offset for clarity.

morphology. As the bilayer form factor peak is present in both the SAXS
pattern of L3NPs and unilamellar vesicles, it is difficult to determine the
relative proportions of the populations. In cryoTEM images of the 30 %
P80 samples containing 60 mg/mL of BvPgb (Figure 3.7: left) and Mb
(Figure 3.7: right), there is a large vesicle population present. It should be
noted, however, that high shear during the blotting can cause a transition
from L3NPs to vesicles.

In the 25 % P80 dispersions, aggregation of the proteins is apparent from
the low q upturn observed with the Mb samples (Figure 3.6(a)) and the
visible aggregates observed in the BvPgb samples. As the stability of pro-
teins is highly dependent on the environment, multiple factors could affect
the stability of the encapsulated protein, including the protein-lipid inter-
actions and the solution conditions. As the dispersing solvent easily diffuses
in and out of the water channels in the bicontinuous phases, the overall con-

44



Figure 3.7 CryoTEM images for 30 % P80 with 60 mg/mL BvPgb (left), which show the
presence of vesicles in coexistence with the sponge phase particles and for 30 % P80 with
60 mg/mL Mb (right), which show a mixture of large and small vesicles.

centration of Tris-HCl buffer in the system will decrease and the buffering
effect of the Tris-HCl buffer in the bulk systems is affected by the large area
of lipid-aqueous interface. Due to the lower buffering capacity and that the
“local pH” close to the lipid interfaces in the particles can be different to
the ”bulk pH”, the apparent pH experienced by the encapsulated Mb and
BvPgb could be close to or below their isoelectric points, pI, which could
contribute to their aggregation.

In order to test this effect, an additional Mb dispersion series with 25
% P80 was prepared. The bulk phases were prepared with a series of
Mb concentrations in 50 mM Tris-HCl buffer pH 8.5 as before, but the
dispersions were prepared using the same buffer (instead of Milli Q) as
the dispersing solvent. The low q [Mb] independent upturn, indicating
possible aggregation, was no longer observed in the SAXS data for the
dispersions in Tris-HCl. In the DLS correlation curves for these dispersions,
however, the growth of a shoulder at longer relaxation time and decrease in
y intercept with increasing [Mb], indicates an increasing contribution from
larger objects, that were likely sedimenting. This indicates that dispersion
in Tris-HCl buffer instead increases the rate or extent of aggregation with
Mb. One proposed biological function of Mb is in fatty acid transport
and it has previously been shown that Mb can bind specifically and non-
specifically to fatty acid, including strong binding to oleic acid, which is
the fatty acid chain of all lipids used in this system92,93. The higher pH of
the dispersing solvent could, therefore, improve the stability of the protein
and thereby allow increased binding and aggregation.

Although there is a clear case for the potential effect of the buffer and
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Figure 3.8 (a) SAXS of dispersions in MQ with varying concentrations (0–60 mg/mL) of
Mb dispersed in MQ (solid line) and Tris-HCl buffer (dashed line). The data are offset for
clarity. DLS correlograms comparing lipid particles with 25 % P80 in MQ (b) and Tris-HCl
buffer (c) for different concentrations of Mb (0–60 mg/mL).

pH on the protein, it seems that it also has an effect on the lipids. A
high polydispersity of > 0.4 was observed for the dispersion of bulk phase
with no protein using Milli Q as the dispersing solvent, with a large vesicle
population in cryoTEM images of the same sample. This was therefore
investigated in more depth in the following project.

3.1.3 Buffer effects

Given the destabilising effect observed with the Tris buffer and higher pH
when dispersing the bulk phase, the effect of buffers used in previous work
with proteins encapsulated in the L3 phase was investigated over a wide
pH range:

(i) For the low pH range (pH 5-5.5), acetate buffer, which was used in the
activity test for encapsulated aspartic protease24.

(ii) For the intermediate pH range (pH 6-8), phosphate buffer, which was
used in the encapsulation of and activity test for β-galactosidase (Paper I,
II).

(iii) For the higher pH (pH 8-9), Tris-HCl buffer, which was used in the
encapsulation of myoglobin and BvPgb (Paper III).

This work is an ongoing project in collaboration with the group of Prof.
Joshua Jackman (SKKU, South Korea), but preliminary results measured
together with Hyeonjin Park are presented below.
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Figure 3.9 SAXS data for bulk L3 samples prepared with different buffers over the pH
range 5-9 (left), which was used to estimate the water channel diameter change with pH
(right). The peak position and water channel size for the L3 bulk phase prepared with Milli
Q is included for reference. The SAXS data were offset for clarity.

Bulk phase samples were prepared as previously with the different buffers
range and measured using SAXS (Figure 3.9: Left). It is clear from the
SAXS data that the L3 phase was formed for all the buffer conditions,
however the position of the two characteristic peaks varied. To more easily
visualise the effect of the buffers and pH on the position of the low q
peak, corresponding to the cell-cell correlation distance, the water channel
diameter estimated from the q value of this peak was plotted against pH
in Figure 3.9 along with the water channel size observed with MQ as a
reference point.

From this data, it is clear that both the buffer and the pH affect the L3

structure. With respect to pH; for both the acetate and phosphate buffered
samples, the water channel size did not change with pH, whereas for Tris-
HCl buffer samples, the water channel increased in size with increasing pH.
With respect to buffer; the water channel sizes for samples prepared with
pH 8 phosphate and Tris-HCl differ by ≈5 Å, demonstrating a clear specific
buffer effect.

The main difference with pH occurs near the expected pKa value for long
chain fatty acids near an interface (pH 8-8.5), which are expected to be
present to a small degree in the sample, as trace amounts in the components
and possibly as a result of glyceride hydrolysis94. With increasing pH and
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Figure 3.10 SAXS data for bulk phases prepared with different buffers dispersed in the
same buffer (top row) or Milli Q (bottom row). The black lines correspond to the peak
positions for the bulk phase prepared with Milli Q and the data were offset for clarity.

decreasing protonation, oleic acid has been shown to adopt structures with
lower curvature, which is in line with the increase in water channel diameter
with pH observed here95,96. When considering the structure of the ions in
the buffers compared to the lipid head groups, the similarity decreases as
Tris>acetate>phosphate, therefore the expected interaction strength with
the lipid head groups decreases in the same order.

The bulk phases were then dispersed by shaking into either Milli Q or the
same buffer with which they were prepared (i.e. the bulk phase prepared
with 50 mM Tris-HCL and dispersed into 50 mM Tris-HCl). The structure,
size and zeta potential of the corresponding dispersions were then measured
using SAXS and DLS.

In the SAXS data (Figure 3.10), the bilayer form factor was clearly present
in all of the samples. The cell-cell correlation peak at ≈0.05 Å−1, however,
was much more visible in the samples dispersed in buffer and is most clearly
visible in the phosphate buffered samples for all pHs. In the dispersions in
Tris buffer, there appears to be a trend in the intensity of the correlation
peak with pH; it is somewhat visible as a shoulder at pH 8, but becomes
less so as the pH increases to 9.
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Figure 3.11 Results from DLS measurements of dispersions of bulk phase in Milli Q and
different buffers, including the <Z> diameter (a) and PDI (b). The zeta potential measured
in buffer and in Milli Q are shown in (c) and (d) respectively.

The <Z> diameter and PDI determined from DLS measurements were
plotted in Figure 3.11(a,b). Due to the high polydispersity observed for
some of these samples, it is more informative to consider the PDI values
for the dispersions. Generally, the phosphate buffered samples, with the
exception of pH 6, seem to have similar PDI values for both dispersions in
Milli Q and in buffer. For the acetate buffered samples, a much higher PDI
is observed for the dispersions in buffer than Milli Q, whereas the opposite
trend was observed for the Tris buffered samples.

As expected, the zeta potential of the dispersions in buffer became more
negative as the pH increased (Figure 3.11(c)), whereas the zeta potential
was similar for all of the dispersions in Milli Q at ≈-30 mV (Figure 3.11(d)).
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3.2 System 2: Lipid nanoparticles for nucleic acid
delivery

LNP formulations containing cationic ionisable lipids (CILs) for RNA de-
livery have been shown to be widely successful and have had a large societal
impact97. As a result, this has become a rapidly expanding field, with a
large push for the optimisation of lipid formulation composition and de-
velopment of new lipids and lipidoids to optimise function in vitro/vivo
(30 and ref.s within,31 and ref.s within). Despite this, there remains a
lack of understanding of the mechanism of action of these LNPs, their
structure-function-efficacy relationship and the behaviour and interactions
of the newly developed CILs.

In this section of the thesis, the aim was to understand how the NA cargo
and its structure affected its interaction with the CIL MC3 in both a model
system and with a benchmark LNP lipid composition. In Paper IV, we in-
vestigated a model system of a supported lipid layer composed of varying
ratios of the CIL MC3 and DOPC and its interaction with different RNAs
(human erythropoietin (EPO) mRNA, polyA and polyU) in a pH range
covering the apparent pKa of MC3. In Papers V and VI, we have charac-
terised the effect of type and concentration of NA (polyA, polyU, dsDNA
and ssDNA) on the LNP structure, including the lipid composition of the
core and shell, colloidal stability of the LNP and its internal structure. Ad-
ditionally in Paper V, we have followed the structural evolution of the LNP
during the initial formulation steps of microfludic mixing and dialysis.

3.2.1 Model system

The model lipid layer was investigated with a range of mol% MC3 ran-
ging from 0 - 15 %, in order to have a stable layer over the time period
required for NR experiments, and over a pH range of 6-8, which includes
the apparent pKa of MC3 6.4434. From QCM-D measurements of the lipid
layer alone, the adsorbed mass of the layer was the same within error for
all compositions and pHs studied (Figure 3.12(a)). The dissipation, how-
ever, was higher for all the MC3 containing layers than the pure DOPC
layer, indicating a more viscoelastic layer, possibly due to increasing water
uptake and/or disorder in the layer (Figure 3.12(b)). The highest value
of dissipation was measured for 5 % MC3 and decreased with increasing
proportion of MC3.
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Figure 3.12 Change in (a) adsorbed mass and (b) dissipation from QCM-D measurements
for lipid layers with different MC3 content at different pHs before incubation with nucleic acid.
For comparison, the adsorbed mass of a full coverage DOPC bilayer is ≈420 ng/cm−2 98.

NR data for the different lipid layers were recorded for pH 6 and 7 buf-
fers, i.e. below and above the apparent pKa of MC3. For all lipid layers
measured in acidic conditions (5, 10, and 15% MC3), the data were well-
described by a bilayer model, which is consistent with simulation results
for this system99,100 and only very minor differences at high q are visible.
For the lipid layers measured in neutral conditions (5, and 15% MC3), the
fitting is more complicated, as simulation results indicate clustering of the
MC3 in its neutral form in the centre of the layer at higher pH but the
extent of clustering varies depending on force field used99,100. Due to the
small amount of %MC3 and the similar SLDs of DOPC and MC3, it was not
possible to unambiguously locate the MC3 in the layer. Multiple models
were therefore compared in the data fitting for the lipid layers measured in
pH 7 buffers, including the bilayer model used for the pH 6 data, a bilayer
+ water interlayer model, a generic 3 slab model and a generic 4 slab model.
The data for the 5% MC3 layer in pH 7 was reasonably well-described by
a bilayer model with similar structural parameters as in pH 6 with the ex-
ception of a higher number of water molecules per lipid head group. The
data for the 15% MC3 layer in pH 7, however, was more complex. All of
the models tested describe the data reasonably well with the same trends
in hydration and roughness of the layer, with a small increase in hydration
and a large increase in roughness. There is, however, some disagreement
in all cases between the data and fits for 0.07 Å−1 > q > 0.11 Å−1 in the
CMSi contrast, indicating that the models do not fully describe the system.
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Figure 3.13 The change in adsorbed mass before and after equilibration is shown for polyA
(a, b) and polyU (c,d). For mRNA in all conditions, the adsorbed mass remained the same
after equilibration (e). Change in adsorbed mass before equilibration was calculated using
the difference in frequency between the lipid layer and the initial minimum after addition of
the NA.

The interaction between the different NAs and the lipid layer was charac-
terised using QCM-D measurements of the lipid layer with a range of mol%
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Figure 3.14 Table of QCM-D case with pH and %MC3 for polyA (red), polyU (green) and
EPO mRNA (orange).

MC3 ranging from 0 - 15 % and over a pH range of pH 6 - 7 for the three
types of RNA; polyA, polyU and EPO mRNA (Figure 3.13). Different
adsorption behaviour with lipid composition and pH was observed for each
type of RNA (Figure 3.14). Three cases were observed for the QCM-D
results after addition of RNA to the equilibrated lipid layer: case (i) with
no significant difference between ∆f or D before addition of NA and after
equilibration and rinsing; case (ii) where a decrease in ∆f to a minimum
and increase in ∆D to a maximum upon addition of NA was observed,
which recovered to the pre-nucleic acid values after equilibration and rins-
ing; and case (iii) where a decrease in ∆f to a minimum and increase in ∆D
to a maximum upon addition of NA was observed which remained after
equilibration and rinsing.

For selected lipid compositions, pHs and RNAs, NR measurements were
performed after incubation of the lipid layer with RNA and rinsing, in
order to provide insight into the structural changes driving the differences
in adsorbed mass and rigidity observed with QCM-D (Figure 3.15). For
the 5% MC3 layers in pH 6 and 7 after incubation with EPO mRNA, as
expected from the QCM-D data (Figure 3.14), only minor changes were
observed in the data, which could be described using a bilayer model (Figure
3.15 (a,b)). For the 10 % (pH 6) and 15 % lipid layers (pH 6 and 7) after
incubation with EPO mRNA, the broad peak at ≈0.082 Å−1 indicated the
formation of a multilayer with a repeat distance of ≈77 Å. This data was
fitted with a mixed area model of a bilayer (with the parameters fixed from
the lipid layer fit) and a repeating stack of 2 slabs. For these samples,
the parameters describing the 2 slabs were similar with one less hydrated,
lipid rich layer and one more hydrated, mRNA rich layer. A similar broad
peak at ≈ 0.09 Å−1 is visible in the data for the 15% MC3 lipid layer after
incubation with polyU, which was described using the same mixed area
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model with similar fit values for the slabs. The main differences were a
lower slab roughness and the smaller thickness for the mRNA rich slab for
polyU data, which was expected due to the higher q position of the peak
(Figure 3.15).

There is some disagreement between the model and data for these samples,
which is more visible in the H2O contrast and most likely stems from fixing
the bilayer fitting parameters in this model. Given the lack of interaction
with NA observed for the pure DOPC layer, it is likely that the MC3
preferentially interacts with the RNA and would be enriched in or close
to the multilayer domains. This would result in differences in composition,
therefore most likely also structure, in the remaining bilayer regions. Due to
the lack of contrast between DOPC and MC3, however, it was not possible
to distinguish between the contributions from the different lipids. It should
be noted that fitting with varying bilayer parameters was attempted but
was not possible due to the number of highly correlated parameters.

The fitting of the 15 % MC3 (pH 6) data after incubation with polyA
did not have a similar broad peak and was therefore instead fitted with a
bilayer (with varying parameters) with a single slab on top. As the largest
difference is in the H2O contrast, this implies that the change is in the head
group region of the layer. This can further be seen in the high roughness
of the slab for this model, as the roughness is higher than the thickness of
the slab. This indicates that the interface between the layers is very poorly
defined and there is likely a wide distribution of polyA chain lengths and
penetration depths in this ’layer’.

Comparing the cases observed in the QCM-D data in combination with
NR data measured for select compositions and pHs after addition of NA
(Figure 3.15), these could be interpreted as: case (i) no significant inter-
action between the lipid and NA; for case (ii) the RNA penetrates into the
lipid layer, displacing water associated with the layer and possibly remov-
ing lipid from the layer; and for case (iii) the NA adsorbs to the surface of
lipid layer possibly with some extent of penetration into it. A general trend
was observed for all the RNAs, that with increasing %MC3 and decreasing
pH, the behaviour changed from case (i) through case (ii) (for polyA and
polyU) to case (iii) (see Figure 3.14).
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Figure 3.15 Neutron reflectometry data for the different %MC3 containing lipid layers
after incubation with different NAs. For the 5% MC3 layers in both pHs (a,b), only minor
changes are observed after incubation with mRNA. For the 15% MC3 layers in both pHs (c,d)
after incubation with mRNA, the formation of a broad peak can be observed at ≈0.09 Å−1,
indicating the presence of a multilayer. For the 15% MC3 layer in pH 6 buffer after incubation
with polyA (e), minor changes were observed, mostly in the H2O contrast, whereas after
incubation with polyU (f), a subtle broad peak can be observed, mostly in the D2O contrast,
similar to the ones in (c,d).

These changes can be discussed in terms of the (changes in) structure of
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each RNA and the lipid layer. Case (i) is observed for the pure DOPC and
5% MC3 layers for all RNAs at all pHs, indicating that there is a threshold
amount of MC3 required in the layer for significant adsorption of NA. This
concept can be further extended to a required charge density in the layer,
as there is a clear MC3 content and pH dependent trend in the adsorbed
amount for the higher %MC3 layers (see Figure 3.13). As the pH range of
these measurements covers the pKa of MC3, which is ≈6.44, >50% of the
MC3 is expected to be positively charged at the lowest pH studied here and
the proportion of charged MC3 will decrease with increasing pH. The cited
pKa is, however, the apparent pKa and the environment surrounding the
protonation site can have a large effect on the pKa of the ionisable group35.

Case (ii) and (iii) appear to be linked instead to the structure of the RNA.
As described in Section 1.3, polyA undergoes a structural transition from
double to single stranded with increasing pH, which appears to correlate
with the observed change from case (iii) to case (ii) in the QCM-D data.
For polyU, on the other hand, only case (ii) is observed in the QCM-D data
and it exists only in a single stranded form in the range of experimental
conditions explored here. In the case of EPOmRNA, however, the structure
is not clear, due to the higher sequence complexity and potential to form
different secondary structures. It is likely, however, that there are parts of
the strand with extensive base pairing and parts which are single stranded.

Case (iii) was observed for polyA in pH 6, where the double stranded struc-
tures start to dominate, and for mRNA in both pH 6 and 7. If the NA has a
sufficiently ordered or bulky structure or if substantial base pairing occurs,
the linear charge density of the strand would be higher. The main inter-
action would then be via the charged sugar phosphate backbone, meaning
that the strand would likely sit at the outer surface of the lipid layer or
penetrate into the head groups.

Case (ii) was observed in conditions where the RNAs are present in a single
stranded form. This seems to indicate that the single strand allows this pen-
etration into the lipid layer, possibly due its less bulky nature and/or by
allowing accessing to the more hydrophobic bases thereby promoting hy-
drophobic interactions with the lipid acyl chains. This could cause the mul-
tilayer formation observed in the NR data for polyU. As the EPO mRNA
most likely has both single stranded and base paired regions in its structure,
a combination of these effects are probably present, with single stranded
parts of the RNA penetrating into the lipid layer, causing rearrangement
into a multilayer, and double stranded parts interacting mainly with the
lipid head groups at the surface.
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Figure 3.16 A schematic illustration of the ChipShop (CS) Fluidic 187 Herringbone Mixer
chip used for the microfludic mixing (right), with the positions used for the SAXS measure-
ments labelled (left).

3.2.2 Lipid nanoparticles

The formulation process for LNPs for nucleic acid delivery contains multiple
steps, in which the LNP structure and composition evolves:

1. Microfluidic mixing of the lipid mixture in ethanol and the NA cargo
in a low pH buffer

2. Removal of the remaining ethanol and change of the aqueous solution
to phosphate buffered saline (PBS) with a physiological salt concen-
tration. In an research setting, this has typically been achieved with
dialysis, whereas in an industrial setting, alternative processes like
tangential flow filtration have been employed.

3. Concentration of the dialysed formulation via centrifugation

As the LNP structure is strongly dependent on the lipid composition,
a benchmark lipid composition containing MC3:cholesterol:DSPC:DMPE-
PEG2000 in the molar ratio 50:38.5:10:1.5 was used for all LNP formulation.
Two different cargo concentrations, which are conventionally described us-
ing the MC3 nitrogen to nucleotide phosphate ratio (N:P), of N:P 3 and 6
were characterised, where N:P 3 is a higher NA loading than N:P 6.

Microfluidics and dialysis

The structural evolution during microfluidic mixing for two formulations
containing polyA N:P 3 and DNA N:P 3 was followed using in situ SAXS.
SAXS data were collected at four different points of the microfluidic channel
on the chip; three along the staggered herringbone structure in the main
channel and one near the outlet, as shown in Figure 3.16.

57



For both DNA and polyA, the growth of a shoulder at lower q, which
increases in intensity moving along the channel, most likely corresponds to
the ’proto-LNPs’ observed immediately after microfluidic mixing. These
are a combination of NA-MC3 complexes and proto-LNPs composed of the
helper lipids DSPC, DMPE-PEG2000 and cholesterol (with/without NA)
according to work by Li et al.101, which appear as ’vesicle-like’ structures
with electron dense parts88.

For DNA, a peak at ≈0.11 Å−1 at the outlet were observed (Figure
3.17(a,b)). As this peak appears at approximately the same position as
the peak corresponding to the internal structure in SAXS data of the final
formulation, it is likely closely related to the final core structure.

Further SAXS data were collected during the dialysis of LNP formulations
with DNA, polyA and polyU N:P 3 in order to study the LNP structure
during dialysis. For all of the SAXS data measured during dialysis, a peak
at ≈0.1 Å−1 is visible, which initially shifts to higher q during the first
half of the dialysis period and then later to lower q (Figure 3.17(d,e,f)).
Although the position of the peaks for DNA and polyA change during the
dialysis, the peak shape remains consistent. For polyU, however, the peak
changes from a sharp peak early in the dialysis, similar to the sharp peak in
the polyA data, to a broad, low intensity peak at a later stage of dialysis.

As the trend in peak position during dialysis is mostly the same inde-
pendent of cargo, it can be concluded that this is due to general changes
occurring in the LNP structure. These are expected to include fusion of
proto-LNPs with and without NA and NA-MC3 complexes and change in
buffer conditions, resulting in changes in lipid composition and distribution
throughout the LNP structure.

Final formulation

For the final formulation step, we have investigated the structure of LNP
formulations containing dsDNA, ssDNA, polyA and polyU with N:P 3 and
6. The structure of the final LNP formulation was characterised with a com-
bination of scattering techniques (SANS, SAXS and DLS) and cryoTEM.
It should be noted that two different herringbone microfluidic set ups were
used to prepare the LNPs: the self-contained NanoAssemblr (Precision
Nanosytems Inc., denoted ’NA’) or an inhouse set up using a Fluidic 187
Herringbone Mixer chip (ChipShop, denoted ’CS’) and dual syringe pump.
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Figure 3.17 SAXS measurements during the LNP formulation process demonstrate the
evolution of the structure. SAXS data were measured during microfluidic mixing at 4 points
along the microfluidic channel for LNPs containing DNA N:P 3 (a) and polyA N:P 3 (b). The
evolution of the repeat distance during dialysis (c) was calculated from the peak positions
in SAXS data for LNP formulations containing DNA (d), polyA (e) and polyU (f) N:P 3.

SANS measurements with contrast variation were utilised in order to in-
vestigate if the lipid composition of the shell and core changes with cargo
and cargo concentration. Samples containing dsDNA and ssDNA with N:P
3 and 6 were prepared using deuteration scheme 0 (D0, see Table 3.3)
and measured at a particle concentration of 1.75mg/mL, in order to min-
imise the influence of interparticle interactions on the scattering. In order
to increase the contrast in the core, samples containing polyA and polyU
N:P 3 and 6 and dsDNA and ssDNA N:P 3 were prepared using D1 (see
Table 3.3) and measured at a higher LNP concentration of 4 mg/mL.
To provide additional confirmation of the distribution of cholesterol and
DSPC between the shell and core of the structure, two further deuteration
schemes (D2 and D3, see Table 3.3) varying DSPC and cholesterol deu-
teration were prepared for dsDNA and ssDNA N:P 3 and measured at an
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Table 3.3 Lipid deuteration scheme used in SANS contrast variation study.

Deuteration scheme MC3 Chol DSPC DMPE-PEG2000

D0 h d7 d83 h

D1 h d45 h h

D2 h d45 d83 h

D3 h h d83 h

LNP concentration of 4 mg/mL.

Colloidal stability. The size of the different LNP formulations was ini-
tially characterised by DLS. There were no clear trends in the initial size of
the LNPs (Figure 3.18: Day 1) with cargo, however the LNPs with a higher
N:P (i.e. lower amount of NA) were consistently smaller, which has been
previously reported for mRNA LNPs with the same lipid composition88,101.

From DLS, the colloidal stability of the different formulations can also be
discussed by considering the change in size of the LNPs over time. For
the LNPs containing polyA, there was no size change within error over the
measurement period, indicating that they were colloidally stable (Figure
3.18). The LNPs with polyU aggregated almost immediately upon formu-
lation (by day 3); multiple peaks were observed in the intensity distribution
and a high polydispersity, therefore the size for these samples were not in-
cluded in Figure 3.18.

For the dsDNA samples, both in Figure 3.18 and 3.19, no or a minor change
in size was observed, showing that these particles were stable. For the
ssDNA samples, however, the case is more complex. In Figure 3.18, there is
no appreciable change in size at Day 16, however in Figure 3.19, the ssDNA
samples show a significant increase in radius at Day 19, indicating particle
aggregation. The samples prepared with deuteration scheme 0 were stored
throughout the measurement period at 4 ◦C, whereas the samples prepared
with deuteration schemes 1,2,3 were measured during a remote beamtime
at ANSTO (Lucas Heights, Australia) and it is likely that the samples
experienced temperature fluctuations during transit. As these LNPs are
widely regarded to be only kinetically stable, their aggregation is kinetically
controlled, therefore a higher temperature would increase both the rate
and likelihood of aggregation. We attribute the discrepancy between the
observed colloidal stabilities for the ssDNA samples to these temperature
fluctuations and believe this underlines the stability of the dsDNA samples.

As the stability of the LNP formulations appeared to be linked to the base
pairing of the NA, the extent of base pairing in the final LNP formulation
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Figure 3.18 <Z> radius measured by DLS for LNP samples with different cargo and N:P.

was determined for the dsDNA and ssDNA N:P 3 samples (D1,2,3) immedi-
ately after formulation. The encapsulation efficiency of samples was meas-
ured using fluorescence based assays using two different dyes; Ribogreen,
which binds to polymeric NAs, and Picogreen, which specifically binds to
dsDNA. By comparing the encapsulation efficiencies determined for each
dye, the extent of base pairing can be determined. For the dsDNA samples,
the Ribogreen and Picogreen dyes gave almost identical results, indicating
that the dsDNA remains fully base paired (96.2 ± 0.6%) after thr formula-
tion process. For the ssDNA samples, however, the encapsulation efficiency
measured with Picogreen was approximately half of the Ribogreen value,
showing that the 52 ± 2% of the ssDNA strands were base paired.

From these results, there appears to be a link between the colloidal sta-
bility of the LNPs and the extent of base pairing of the NA. Both LNPs
containing polyA, which is expected be double stranded at the initial for-
mulation pH, and dsDNA, which was shown to be fully base paired in the
final formulation, were the most colloidally stable from the DLS results.
LNPs formulated with ssDNA were observed to aggregate in the ssDNA
N:P 3 D1,2,3 samples, however the aggregation was much less extensive
than LNPs containing polyU, which underwent massive aggregation almost
immediately after formulation. PolyU would be the extreme case here, as
it is expected to be single stranded in all of the solution conditions used
here, whereas ssDNA was observed to have ≈50% base paired strands after
formulation.
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Figure 3.19 Comparison between the radii for LNPs formulated with DNA and different
deuteration schemes.

Lipid composition. In previous work describing SANS data for RNA
LNPs with this lipid composition, the data was fit using a core shell sphere
model, where the lipid composition of the shell and core is different, plus
a broad peak at ≈0.1 Å−1 corresponding to the internal structure of the
LNP. As this core-shell structure was compatible with the cryoTEM images
for these samples, the SANS data were fit with either a core shell sphere
(CSS) model or a core shell sphere plus a generic broad peak (CSS+BP)
model.

For the dsDNA and ssDNA N:P 3 and 6 samples with deuteration scheme
D0 measured at [LNP] = 1.75 mg/mL, the broad peak was not visible in
SANS. This was most likely due to the lower particle concentration and
lower deuteration in the core (i.e. using d7 cholesterol). These data were
therefore fit with the CSS sphere model (Figure 3.20).

The remaining samples were measured at a higher [LNP] of 4 mg/mL and
a broad peak was visible at ≈0.1 Å−1, therefore these data were fit with
the combined CSS+BP model (Figure 3.21). These samples were initially
fit using a CSS model over a limited q range. In a second step, the data
were then fit with a combined CSS+BP model in which the structural
parameters (core radius and shell thickness) were fixed from the CSS fit
and the SLD of the core and shell were allowed to vary. Further details on
the fitting process can be found in Papers V and VI.

Excluding the low q upturn observed in the aggregated ssDNA N:P 3
samples, the data were described well by their respective models, indicating
that the core shell sphere structure was also relevant for LNPs with these
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Figure 3.20 Representative SANS data for dsDNA N:P 3 (left) and ssDNA N:P 3 (right)
with deuteration scheme 0, measured at [LNP] = 1.75 mg/mL and fit with a core shell
sphere model (black line). The samples were measured in six different solvent contrasts: 0,
20, 40, 60, 80, 90% D2O (plotted from bottom to top with 0% in the lightest colour and
90% in the darkest). The curves are offset for clarity.

cargoes. In general, the shell thickness of ≈50 Å agreed well with cryoTEM
images (insets of Figure 3.22 and 3.23) and the total particle radius from
the fit was systematically smaller than the measured hydrodynamic radius
from DLS for the non-aggregated samples.

From qualitative evaluation of the fitted SLD values for the core and shell
for the dsDNA and ssDNA N:P 3 samples with deuteration schemes 1,2
and 3, it was possible to confirm the conclusions from previous work that
DSPC is fully present in the LNP shell and the cholesterol is split between
the shell and core.

For all of the samples, it was possible to estimate the lipid composition
of the core and the shell. For this calculation, it was assumed that 100%
of the DSPC and the DMPE portion of DMPE-PEG2000 was present in
the shell and 100% of the NA cargo was present in the core. The results
across the different samples measured at the same [LNP] are remarkably
consistent, especially considering the difference in solvent volume fraction
between the DNA containing LNPs and the polyA and polyU containing
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Figure 3.21 Representative SANS data for (a) polyA, (b) polyU, (c) dsDNA and (d) ssDNA
N:P 3 with deuteration scheme 1, measured at [LNP] = 4 mg/mL and fit with a core shell
sphere plus broad peak model (black line). The samples were measured in five different
solvent contrasts: 0, 20, 40, 60, 80% D2O (plotted from bottom to top with 0% in the
lightest colour and 80% in the darkest). The curves are offset for clarity.

LNPs and that extensive aggregation had occurred in the polyU samples.
For LNPs with dsDNA and ssDNA, there was no solvent present in the
shell, as has been assumed in previous work with mRNA LNPs88,102. For
polyA and polyU, however, the solvent fraction in the shell was =≈ 0.4.

In general, for all LNPs the majority of the shell dry volume fraction was
composed of cholesterol and DSPC, whereas the dry volume fraction of the
core was dominated by MC3.

A general trend observed with N:P observed for all cargos, was that the
shell compositions are very consistent for different cargos and N:P among
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Table 3.4 Table summarising the lipid molar fractions for the shell and core of the LNP
samples measured at a lower [LNP] of 1.75 mg/mL, which were fit with the core-shell sphere
model. DMPE refers to the part of the pegylated lipid, DMPE-PEG2000. *The position of
these components was fixed so that the DSPC and DMPE portion of the PEG lipid were
present in the shell and the NA cargo was present in the core.

Model: CSS only %mol in shell %mol in core

Sample MC3 Chol DSPC* DMPE* MC3 Chol NA (nt)*

dsDNA N:P 3 (NA) 4±3 71±6 21.2 3.2 70±2 7±4 22.9
dsDNA N:P 6 (NA) 4±7 73±15 19.8 3.0 84±6 3±13 13.1
ssDNA N:P 3 (NA) 4±4 73±9 19.9 3.0 74±3 3±7 23.8
ssDNA N:P 6 (NA) 4±6 71±12 22.0 3.3 78±4 10±9 12.0

data fit with same model, whereas in the core, the molar ratio of MC3
increases with increasing N:P.

Among the higher [LNP] contrast variation series for dsDNA and ssDNA
N:P 3, the composition was very consistent across the different deuteration
schemes, indicating that small changes in total particle size do not largely
affect the shell or core composition.

It should be noted that, although the trends remain the same for the LNPs
with dsDNA and ssDNA measured at different [LNP], the calculated values
of the lipid composition are different. This can be attributed to the the
different models used to fit the SANS data. In the CSS+BP model used
to fit the higher [LNP] data, there is a Porod scaling law term, which has
a larger contribution at lower q. This contribution would result in a lower
fitted SLD difference between the particle and solvent, therefore a higher
volume fraction of solvent in the core, lower dry shell SLD and higher dry
core SLD. This is demonstrated in Paper VI, where the fitted SLD and
solvent fraction values from the CSS and CSS+BP models for the dsDNA
and ssDNA N:P 3 samples measured at higher [LNP] are compared.

Internal structure. The internal structure and core morphology of the
final formulation of the LNPs could be investigated in more detail using a
combination of SAXS and cryoTEM. Typically when discussing the internal
structure of LNPs, it is assumed that the LNP population is homogeneous.
It has been shown by single particle fluorescence studies, however, that
there is a significant proportion of empty LNPs in a typical formulation
for RNA LNPs101,103. The average internal structure of empty LNPs (i.e.
with no RNA in the formulation) and a formulation containing RNA was
also shown to be different using SAXS, in which the peak observed in the
empty LNP SAXS was both broader and shifted to lower q88.
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Table 3.5 Table summarising the lipid molar fractions for the shell and core of the LNP
samples measured at a higher [LNP] of 4 mg/mL, which were fit with the core-shell sphere
plus broad peak model. DMPE refers to the part of the pegylated lipid, DMPE-PEG2000.
*The position of these components was fixed so that the DSPC and DMPE portion of the
PEG lipid were present in the shell and the NA cargo was present in the core. For the dsDNA
and ssDNA N:P 3 (NA), the values presented here are the mean ± standard deviation for
the lipid molar fractions determined from the different deuteration schemes.

Model: CSS+BP %mol in shell %mol in core

Sample MC3 Chol DSPC* DMPE* MC3 Chol NA (nt)*

polyA N:P 3 (CS) 18±2 60±5 19.7 3.0 65±2 13±4 22.3
polyA N:P 6 (CS) 10±4 67±7 19.9 3.0 78±4 8±6 13.9
polyU N:P 3 (CS) 15±3 63±5 19.9 3.0 68±2 11±4 21.1
polyU N:P 6 (CS) 13±5 64±9 20.4 3.1 76±4 13±7 11.3
dsDNA N:P 3 (CS) 19±3 59±7 19.1 2.9 64±3 12±6 23.7
dsDNA N:P 3 (NA) 16±3 63±3 18.7±0.4 2.8±0.1 66±3 7±4 25.7±0.6
ssDNA N:P 3 (NA) 21±2 59±1 16.8±0.4 2.5±0.1 67±2 6±2 27±1

The internal structure peak observed in SAXS for the different LNP for-
mulations is plotted in Figures 3.22 and 3.23. SAXS data for empty
LNPs (kindly provided by Yanez Arteta et al. from ref.88) was fit with a
broad peak model. The SAXS data for the NA LNPs presented here was
therefore fit with a linear combination of the broad peak model describing
the empty LNPs (with the structural parameters fixed from the original
fit) and either 1 or 2 peaks corresponding to the internal structure of NA
containing LNPs, shown in Figures 3.22 and 3.23.

For all the samples, the relative contribution to the scattering from the
empty LNPs was observed to increase slightly with N:P, which is consistent
with previous work101,103.

Both polyA samples and polyU N:P 6 samples could be described by the
empty LNP broad peak plus a single Gaussian peak, whereas an additional
Gaussian peak was required to describe the sharp Bragg peak at ≈0.12 Å−1

in the polyU N:P 3 data (Figure 3.22). As this sharp Bragg peak is most
likely associated with the second population of highly aggregated species
in the polyU samples, it was disregarded for the discussion of the NA LNP
internal structure. For both polyA and polyU, the main Gaussian peak has
the same position and width for both N:P and only the scale of the single
peak relative to the empty LNP contribution decreased with increasing N:P.

For the DNA samples, two Gaussian peaks were required in addition to the
empty LNP peak contribution, in order to better describe the shoulder on
the high q side of the peak (Figure 3.23). For all of the DNA samples,
the data was well-described by a combination of a peak at the maximum
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Figure 3.22 Static SAXS data was fit for LNPs containing polyA N:P 3 (a) and 6 (b) and
polyU N:P 3 (c) and 6 (d) using a broad peak model with either one or two Gaussian peaks.

intensity value and a second, broader peak at a similar or slightly higher q
value. For the N:P 3 samples, the this second peak is ≈0.004 Å−1, whereas
for the N:P 6 samples, the second peak was more than double the width.

This fitting of the DNA samples indicates that there are multiple popu-
lations of LNPs with different internal structures in the sample, including
the empty LNPs and NA LNPs with different internal structures. As the
difference between the DNA samples is observed with N:P, rather than
cargo, it is possible that this is related to the number of DNA molecules
present inside the LNP, as this has been shown to vary with N:P for RNA
LNPs101,103.

For the polyA and polyU samples, however, only a single peak was required
to describe the NA LNP population, indicating that the NA LNP popula-
tion in these samples is more homogeneous. This could be due to the higher
polydispersity of the polyA and polyU than DNA. It has previously been
shown that LNPs have a maximum ’mass limit’ rather than a maximum
number of NA molecules that they can encapsulate. For the LNPs with
DNA, which has a more well defined length, this would result in more dis-
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tinct populations (e.g. with 1, 2, 3, etc DNA molecules per LNP) whereas
the polyA and polyU samples could have a wider range of possible number
of NA molecules with different masses.
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Figure 3.23 Static SAXS data was fit for LNPs containing ssDNA N:P 3 (a) and 6 (b) and
dsDNA N:P 3 (c) and 6 (d) prepared using the NanoAssemblr system and dsDNA N:P 3 (e)
prepared using the ChipShop system using a broad peak model with two Gaussian peaks.
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4 Conclusions
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In this thesis, the encapsulation of large biomolecules in two different lipid
system was investigated.

The first part of this work focussed on the encapsulation of proteins with
applications in the food industry in a lipid sponge phase composed of food
safe ingredients.

It was shown that the enzyme β-galactosidase was successfully encapsulated
in the sponge phase by SAXS and the diffusion limitations observed in activ-
ity tests. The thermal stability of β-galactosidase improved with encapsu-
lation compared to free β-galactosidase stored at the same temperature and
retained good activity and substrate affinity after encapsulation. Upon dis-
persion, L3NPs with high encapsulation efficiency and a well-defined size
were obtained. The effect of encapsulation of β-galactosidase and aspartic
protease on the membrane dynamics of L3NPs were investigated by NSE
spectroscopy. It was shown that encapsulation of both enzymes reduced the
dynamics over the full q range measured. A larger decrease was observed
with increasing protein concentration and with β-galactosidase compared
to aspartic protease.

In comparison, the encapsulation of myoglobin and BvPgb proved to be
more complex. BvPgb did not strongly interact with the membrane and
tended to aggregate when the bulk phase was dispersed, whereas myoglobin
caused significant disruption to the sponge phase structure upon dispersion.
This study also highlighted the importance of considering the effect of the
buffer used to prepare the bulk phase and dispersing medium.

Systematic investigation of the effect of buffer and pH on the sponge phase
structure in bulk and dispersions indicated the presence of specific buffer
effects over the full pH range and a trend of increasing water channel size
with increasing pH above pH 8.

The second part of this work studied the interactions of nucleic acids with
a model system containing the cationic ionisable lipid MC3 and the ef-
fect of different nucleic acids on the structure of LNPs formulated with a
benchmark lipid composition.

In the model system of a supported lipid layer containing MC3 and DOPC,
the adsorbed amount of nucleic acid increased with increasing proportion
of MC3 and decreasing pH (i.e. increasing positive charge density in the
layer). The different adsorption behaviours and effect on the lipid layer
structure observed in NR for EPO mRNA, polyA and polyU could be
related to the structural changes expected for the different NAs with pH.

72



The structure of LNPs containing different nucleic acids and cargo load-
ing was studied throughout the formulation process. SAXS measurements
showed that the LNP structure continues to evolve during microfluidic mix-
ing and the subsequent dialysis. The colloidal stability of the final LNP
formulation appeared to be related to the expected extent of base pairing
of the encapsulated NA following dsDNA ≈ polyA > ssDNA >> polyU.
SANS data for all the formulations confirmed a core shell sphere structure
for the LNPs with a remarkably similar lipid composition of the shell and
core for the LNPs with different cargo at the same N:P. In general, the shell
composition was dominated by DSPC and cholesterol and was similar for
all samples, whereas the core was dominated by MC3. Fitting of the broad
peak in the SAXS data corresponding to the internal structure, showed
that multiple populations of LNPs with different internal structures coex-
ist within the final formulation, including empty LNPs and NA containing
LNPs.

This thesis has highlighted the importance of considering the full complex-
ity present in self-assembled systems. When optimising the encapsulation
of a biomolecule in a self-assembled lipid structure, it is vital to exam-
ine more subtle effects in the system including higher order biomolecule
structure, specific interactions between the biomolecule and the lipids, and
solutions conditions (i.e. specific buffer effects and pH).
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[13] Kučerka, N.; Nieh, M.-P.; Katsaras, J. Fluid phase lipid areas and bilayer thick-
nesses of commonly used phosphatidylcholines as a function of temperature.
Biochimica et Biophysica Acta (BBA) - Biomembranes 2011, 1808, 2761–2771.

[14] Pasenkiewicz-Gierula, M.; Takaoka, Y.; Miyagawa, H.; Kitamura, K.; Kusumi, A.
Hydrogen Bonding of Water to Phosphatidylcholine in the Membrane As Stud-
ied by a Molecular Dynamics Simulation: Location, Geometry, and Lipid-Lipid
Bridging via Hydrogen-Bonded Water. The Journal of Physical Chemistry A 1997,
101, 3677–3691, doi: 10.1021/jp962099v.

[15] Yamamoto, E.; Akimoto, T.; Yasui, M.; Yasuoka, K. Origin of subdiffusion of water
molecules on cell membrane surfaces. Scientific Reports 2014, 4, 4720.

[16] Kulkarni, C. V.; Wachter, W.; Iglesias-Salto, G.; Engelskirchen, S.; Ahualli, S.
Monoolein: a magic lipid? Physical Chemistry Chemical Physics 2011, 13, 3004–
3021.

[17] Hyde, S.; Andersson, S.; Ericsson, B.; Larsson, K. A cubic structure consisting of
a lipid bilayer forming an infinite periodic minimum surface of the gyroid type in
the glycerolmonooleat-water system. Zeitschrift fur Kristallographie - New Crystal
Structures 1984, 168, 213 – 219, Cited by: 453.

[18] Jason Briggs,; Hesson Chung,; Martin Caffrey, The Temperature-Composition
Phase Diagram and Mesophase Structure Characterization of the Monoolein/Water
System. J. Phys. II France 1996, 6, 723–751.

[19] Qiu, H.; Caffrey, M. The phase diagram of the monoolein/water system: metasta-
bility and equilibrium aspects. Biomaterials 2000, 21, 223–234.

[20] Pitzalis, P.; Monduzzi, M.; Krog, N.; Larsson, H.; Ljusberg-Wahren, H.;
Nylander, T. Characterization of the Liquid-Crystalline Phases in the Glycerol
Monooleate/Diglycerol Monooleate/Water System. Langmuir 2000, 16, 6358–
6365.

[21] Barauskas, J.; Misiunas, A.; Gunnarsson, T.; Tiberg, F.; Johnsson, M. “Sponge”
Nanoparticle Dispersions in Aqueous Mixtures of Diglycerol Monooleate, Gly-
cerol Dioleate, and Polysorbate 80. Langmuir 2006, 22, 6328–6334, doi:
10.1021/la060295f.

[22] Valldeperas, M.; Dabkowska, A. P.; Pálsson, G. K.; Rogers, S.; Mahmoudi, N.;
Carnerup, A.; Barauskas, J.; Nylander, T. Interfacial properties of lipid sponge-like
nanoparticles and the role of stabilizer on particle structure and surface interac-
tions. Soft Matter 2019, 15, 2178–2189.

[23] Badell, M. V. Lipid sponge phase nanostructures as carriers for enzymes. 2019.

[24] Valldeperas, M.; Talaikis, M.; Dhayal, S. K.; Velička, M.; Barauskas, J.; Ni-
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