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Abstract

Engineered nanoparticles (NPs) are nanoscale materials with unique
physicochemical properties compared to bulk materials which provide novel and still
largely unknown ways of interaction with biological systems. Since the gateway to the
cell is the plasma membrane, understanding the interplay between NPs and
membranes is a primary step towards understanding the behaviour of nanomaterials
within biological systems. In this thesis, advanced spectroscopy and fluorescence
microscopy techniques are employed to study the responses of large unilamellar lipid
vesicles (LUVs) and giant unilamellar lipid vesicles (GUVSs), respectively, to the
interaction with silver NPs (AgNPs) and silica NPs (SiOz NPs).

Beyond the physicochemical properties of NPs and the membrane, the
conditions of the medium also play a fundamental, but often overlooked, role in the
NP-membrane interactions. Here, we provide evidence of the influence of the ionic
strength of medium on the colloidal stability and membrane interactions of AgNPs,
showing that at physiological ionic strength conditions AgNPs form small aggregates
which display enhanced membrane activity. In a following investigation, we show that
albumin proteins suspended in the medium adhere to the surface of SiO, NPs reducing
the adhesion energy between the NPs and the membrane and consequently inducing

major changes in the interaction mechanisms.

The ability of NPs to interact with lipid membranes also offer the prospect of
using these nanomaterials in synthetic biology to develop membrane remodelling tools
simpler and more robust than natural protein complexes. As an example, here we
present 30 nm SiO; NPs as a protein-free membrane fusion system. We propose a
mechanistic model to explain the NP-triggered fusion according to which the non-
specific interaction between 30 nm SiO> NPs and lipid vesicles generates the right
membrane curvature and tension conditions needed for the membranes to fuse.
Finally, we use these NPs to build phase separated GUVs by fusing two single-phase
vesicles. This represents a proof of increased membrane complexity achieved via
membrane fusion. Moreover, membrane intermediate states during these fusion
events reveal interesting phase dynamics involving the formation of transient
asymmetric domains and interleaflet coupling processes. These initial observations
can inspire future research programs focused on the development of novel-NP-based

strategies to mimic protein functions.
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Chapter 1

Chapter 1:
Introduction

This thesis focuses on the study of the response of lipid membranes to the
contact with engineered nanoparticles. The following chapter aims to give readers the
basic background information on biological membranes, engineered nanomaterials
and important factors governing the interactions between them. Finally, we introduce

the possibility of using nanomaterials as protein mimics in bottom-up synthetic biology.

1.1 Biological membranes

Biological membranes are extremely important for the life of cells. The plasma
membrane acts as a semi-permeable barrier that separates the extracellular medium
from the cytosol and maintains the cellular homeostasis . Moreover, biomembranes
play a crucial role in cell signalling, control the cellular transport of substances, and, in
eukaryatic cells, form specialised intracellular compartments, called organelles, each
of them with a particular inner environment, which enable eukaryotic cells to perform

numerous biochemical reactions simultaneously and very efficiently 2.

1.1.1. Structure of biological membranes and lipids

In 1972, Singer and Nicolson proposed the fluid mosaic model to describe the
structure of cell membranes 3. This model is still accepted and defines biological
membranes as dynamic and fluid lipid bilayers with proteins inserted or bound to their
surface (Fig. 1.1). The principal component of biological membranes are
phospholipids, which are amphiphilic molecules, or amphiphiles, composed of a
hydrophilic phosphate head group and two hydrophobic acyl chains. The most
common type of phospholipids in eukaryotic membranes are glycerophospholipids.

These molecules have a headgroup formed by an alcohol derivative attached to a
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phosphate which in turn is linked to the hydrophobic backbone formed by a
diacylglycerol (Fig 1.1) 4. Glycerophospholipids are classified according to their
headgroup. Typical glycerophospholipids found in biological membranes are
phosphatidylcholine (PC) and phosphatidylethanolamine (PE), both zwitterionic at
physiological pH, and phosphatidylserine (PS) which is negatively charged. Another
physiologically relevant type of phospholipids located in biomembranes are
sphingolipids, which are built from ceramide instead of diacylglycerol. The most
abundant sphingolipid in eukaryotic cells is sphingomyelin (SM) * 4 5 Although
phospholipids are normally classified by the structure of their hydrophilic headgroup,
membrane lipids also differ in the length and degree of saturation of their hydrophobic
acyl chains. Besides phospholipids, sterols constitute a major type of lipid found in
biomembranes. The more abundant sterol in animal membranes is cholesterol 4 5. The
final class of lipids comprised in biomembranes are glycolipids, which are analogous
to sphingolipids but in this case, the ceramide backbone is linked to a sugar instead

of a phosphate-linked head group *.
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Figure 1.1. Schematic representation of a cell plasma membrane and chemical structure of a
membrane phospholipid (POPC). (Figure adapted from Encyclopedia Britannica, Inc.)
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1.1.2. Membrane asymmetry

Biological membranes exhibit differences in the lipid content of each leaflet. This
property, known as membrane asymmetry, is conserved across organisms of all living
kingdoms, from bacteria to animal and plant cells, and plays a fundamental role in
numerous cellular functions . The asymmetric distribution of phospholipid headgroups
in cell membranes was experimentally proven for the first time in the early 1970s in
human red blood cells 7 and was later confirmed in several cell types 8. In mammalian
cells, the membrane of the endoplasmic reticulum shows symmetric lipid distribution,
but the plasma membrane and the membranes of other organelles, such as Golgi and
endosomes, are asymmetric, with the inner leaflet rich in PS and PE while PC, SM

and glycolipids are predominant in the outer monolayer (Fig. 1.2) 4 7.

The first studies proved the asymmetric distribution of just phospholipid
headgroups, but the membrane asymmetry does not only involve the lipid headgroups.
In a recent publication, Lorent et al. have demonstrated that the plasma membrane of
human erythrocytes is also asymmetric in the degree of saturation of the acyl chains,
with the inner leaflets enriched in lipids with polyunsaturated acyl chains (Fig. 1.2) °.
These findings imply that each leaflet has not only a different chemical composition
but also different biophysical properties. The acyl chain asymmetry can therefore have
significant implications on several biophysical properties of the membrane, including
membrane order, fluidity, and curvature, as well as on the insertion of transmembrane
proteins in the bilayer °. Nonetheless, there is still a considerable lack of knowledge
about the biophysical properties of asymmetric membranes, mainly because most
studies employ symmetric model membranes due to their ease of production and

longer stability.
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Figure 1.2. Asymmetric distribution of lipids in biological membranes. The bar plots show the
transbilayer distribution of phospholipids across the human erythrocyte membrane by type of
headgroup (left) and number of acyl chain unsaturations (right). (Figure adapted from
references 6 and 7)

1.1.3. Membrane fluidity

Cell membranes are not rigid and static shells but fluid structures where the
individual lipids are moving constantly. One of the most important lipid movements that
occur within a membrane is the transversal diffusion or “flip flop” which refers to the
ability of lipids to migrate from one leaflet of the membrane to the other one 0.
Spontaneous interleaflet lipid flip-flop is thought to be a very slow process since it
requires the transient location of the hydrophilic lipid headgroup in the hydrophobic
region of the membrane. In vivo, lipid flip-flop is regulated and catalysed by the
enzymes flipases, which transport lipids from the outer to the inner leaflet, and

flopases, which move the lipids in the opposite direction © 1%,

Lipids also move laterally within the leaflets through the membrane plane via
lateral diffusion. This lateral diffusion is indeed the principal type of lipid movement
that happens within a cell membrane and occurs much faster than the flip-flop. The
lipid lateral diffusion can result in membrane lateral heterogeneities where particular

types of lipids, usually SM and cholesterol, gather together into membrane domains.
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1.1.4. Amphiphile self-assembly and lipid phases

In aqueous solutions, amphiphiles can spontaneously self-assemble into
supramolecular structures if their concentration is above a threshold called critical
micelle concentration (CMC) 2. This self-assembly is driven by the hydrophobic effect
which forces the molecules to expose their hydrophilic head to the water while the
hydrophobic tails are hidden from the aqueous solution 3. The type of structure that
amphiphilic molecules form in agueous environments depends on their packing
parameter (P):

Equation 1.1 P=V/Al

where V is the hydrophobic volume, Ao is the interface area occupied by the
head group and I is the acyl chain length 1. Amphiphiles with only one tail, where Aq
is considerably larger than V//, have a conical geometry (type I lipids) and are likely
to form spherical or cylindrical micelles (P < 1/2) (Fig.1.3a-b). Lipids with two acyl
chains have larger hydrophobic volume and can be considered as a cylinder (type O
lipids), where V=A,!l. This molecular geometry has a packaging parameter of 1/2< P <
1, which favours the formation of lamellar phases or lipid bilayers (Fig.1.3c). A final
scenario occurs when the packing parameter is larger than 1 (P>1), in this case the
lipids are inverted cone-shaped (type II lipids) and tend to adopt inverse hexagonal
and cubic geometries (Fig.1.3d). Biological membranes are formed mainly by cylinder-
shaped phospholipids, however, they also contain lipids that favour other geometries.
Those non-bilayer lipids have a significant effect on the membrane curvature and the
lateral stress profile and are thought to be involved in membrane remodeling
processes 5. Moreover, non-lamellar phases have become extremely popular in

nanomedicine to develop lipid nanoparticle-based drug delivery systems 16.
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Figure 1.3. Molecular shape, packing parameter and favoured self-assembly geometry of
different amphiphiles. a) Detergents, such as LDAO, have a conical shape which favours the
formation of spherical micelles. b) Lyso-phospholipids, i.e., lyso-PE, are represented as
truncated cones and tend to self-assemble into cylindrical micelles. ¢) DOPC is a cylindrical-
shaped phospholipid that self-assembles into lipid bilayers. d) DOPE is a phospholipid with a
small head group that tends to adopt inverted structures such as inverse hexagonal phase.

Lipid bilayers can exhibit different levels of order depending on their lipid
composition and the temperature. These two parameters determine how densely
packed the lipids will arrange within the membrane. Above a given temperature
threshold, called melting temperature (Tm), phospholipid membranes (without
cholesterol) undergo reversible thermotropic phase transitions from the liquid
crystalline or liquid disordered phase (L4), where lipids are loosely packed and show
maximal lateral diffusion, to the solid or gel phase (Lg) where lipids are immobile and
densely packed with their acyl chains completely extended (Fig. 1.4) 7 18
Phospholipids with long and saturated acyl tails have higher Tr, than lipids with short
and unsaturated acyl tails, hence at physiologically relevant temperatures the former

will arrange into the Lg phase while the latter will form Lg membranes.

When cholesterol is present in the membrane, a third membrane phase can
appear. This phase is called liquid ordered phase (Lo) and itis an intermediate between
Lg and Lg, where lipids are densely packed but they still can diffuse laterally, although
at a slower rate than in the Lq phase (Fig. 1.4) 1718, Cholesterol can induce stiffening

of liquid disordered membranes while it makes gel phase membranes more fluid. In
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ternary lipid mixtures, liquid disordered and liquid ordered phases often coexist in the
membrane giving rise to membrane domains. In this situation, cholesterol molecules
interact preferentially with saturated lipids and consequently, the regions of the
membrane rich in saturated lipids are enriched with cholesterol and form L, domains.
In cell membranes, L, domains are thought to be composed essentially of
sphingolipids and cholesterol, although other phospholipids and glycolipids with long
acyl chains, such as DPPC, can also form L, phases in the presence of cholesterol 1"
19 The L, domains, often called lipid rafts, are thought to be involved in many cellular
signalling and trafficking pathways 2°. However, while the formation of membrane
domains in model membranes is well documented, the lipid raft concept associated
with the formation of nanodomains in cell membranes is still very controversial since
there is no strong experimental evidence of their existence and relevance. The
membrane phase also influences other physical properties of the membrane such as
membrane thickness, with Lg and L, domains being thicker than Ly domains,

membrane curvature and bending rigidity 223,
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Figure 1.4. Membrane phase transitions. Above a given melting temperature and in absence of
cholesterol, lipid membranes undergo reversible phase transitions from solid ordered gel phase
(Lp) to disordered liquid phase (Lqg). Membranes with cholesterol can adopt a liquid ordered
phase (Lo) which is an intermediate between Lg and L, phases.
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1.1.5. Lateral stress profile and membrane stored elastic stress

The lateral stress profile (P(z)) results from the distribution of repulsive and
attractive forces between lipid molecules at different depths (z) of a membrane
monolayer. For each lipid monolayer the lateral pressure profile shows three different
regions: i) a repulsive component in the headgroup region derived principally from
electrostatic, steric and hydrational repulsions; ii) a strong attractive force generated
by the hydrophobic effect at the hydrophobic-hydrophilic interface; iii) a repulsive force
in the hydrophobic region due to high steric repulsions > %524 (Fig. 1.5). The strong
hydrophobic effect occurring in the hydrophobic-hydrophilic interface is the most
important force for the structural stability of the membrane because it holds the lipids
together and prevents the exposure of the hydrophobic tails to the aqueous

environment, which is energetically unfavourable 1°.

The integral of the lateral stress profile across the lipid monolayer is known as
the net lateral tension. For a monolayer at equilibrium, the net lateral tension must be
zero (JP(z)dz=0). The spontaneous curvature of the monolayer (co) is proportional to

the torque (T) acting on it, given by the first moment of the stress profile 24
Equation 1.2 T = sz(z)dz =0 = —Kycy

where xyp, is the bending modulus. When the monolayer is formed exclusively by
cylindrical-shaped type 0 lipids which, as was mentioned before, tend to form bilayers
spontaneously, the net torque is zero and the flat monolayer remains stable. However,
the presence of non-bilayer lipids produces a non-zero torque, which provides a
preferred spontaneous curvature to the monolayer. Type I lipids promote positive
spontaneous curvature whereas type II lipids favour negative spontaneous curvature

(inverse hexagonal structures).
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Figure 1.5. Lateral pressure profile of a phospholipid monolayer. Repulsive forces dominate at
the hydrophilic headgroups and the hydrophobic acyl chains regions whereas a strong attractive
force driven by the hydrophobic effect governs the hydrophobic-hydrophilic interface.

In lipid bilayers, the intrinsic wish of non-bilayer lipids would lead to monolayer
separation (void formation), which implies an enormous energetic cost. To prevent
such an unfavourable process, the lipid molecules are reshaped and forced to adopt
flat curvatures to maintain the back-to-back arrangement of the two lipid monolayers
(Fig. 1.6) 24, This gives rise to a stored elastic stress in the membrane, which produces
a lateral expansion of the bilayer and hence a wider separation between the head
groups as well as increased exposure of the hydrophobic chains to the aqueous
environment 3. The stored elastic stress in the bilayer is expected to increase with the
proportion of non-bilayer lipids. Nonetheless, the membrane bilayer can only hold a
limited stored stress above which the hydrophobic effect at the hydrophobic-
hydrophilic interface is not strong enough to maintain the bilayer structure the lipids
experience a transition into inverse phases. The formation of inverse phases due to
increased elastic stress is thought to be biologically relevant and has been proposed

to be important during membrane fusion events 2.
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Figure 1.6. Stored elastic stress. The inclusion of non-bilayer lipids of type I or II in the
membrane induces their monolayers to have a preferred spontaneous curvature, positive or
negative respectively, which would generate energetically unfavourable voids in the
membrane. However, in the lipid bilayer monolayers adopt a flat configuration against their
“whish” which result in stored elastic stress. (Figure modified from reference 25).

In cell membranes, the membrane asymmetry implies that in a flat configuration,
the lateral pressure profile of each monolayer may be different and therefore one of
the monolayers will be subjected to greater elastic stress than the other. The stressed
monolayer produces a membrane spontaneous curvature (Co) which balances the
lateral pressure in the bilayer, and consequently redistribute the stored elastic energy

equally between the two monolayers (Fig. 1.7) 5.
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Figure 1.7. Membrane spontaneous curvature derived from membrane asymmetry. In lipid
bilayers with compositional differences between each leaflet, the lateral pressure profile is
unevenly distributed. To balance the stored elastic stress, the monolayer subjected to greater
elastic stress bends and eventually, the bilayer lateral pressure profile reaches the equilibrium.
(Figure reproduced from reference 13).

1.1.6. Membrane curvature and elasticity

Cell membranes are subjected to forces applied in different directions by
biomolecules, essentially proteins, surrounding cells and other external compounds
and materials, such as drugs or nanoparticles, which might generate membrane
deformations. In 1973, Wolfgang Helfrich proposed a theoretical model of membrane
elasticity in which the biomembrane resistance to deformation depends on two main
elastic properties: stretching and bending 2°. This model assumes that the membrane
is a two-dimensional elastic sheet and its thickness is marginal compared with its
lateral surface dimension 2. The elastic contribution per unit area to the free energy of

the membrane (E) is defined by the Helfrich Hamiltonian:
Equation 1.3 E=E,+Eg

The term Ey is the free energy per unit area due to membrane bending and Es:
is the free energy per unit area due to membrane stretching. The stretching term refers
to the surface tension of the membrane. The change in free energy per unit area due

to stretching can be expressed as:

11
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K4y (DA
Equation 1.4 Eg = (7'4) (A_)
0

where xa is the area expansion modulus, AA is the change in membrane area
and Ay is the initial membrane area. The stretching term is often ignored in Equation
1.3 because lipid bilayers are strongly resistant to stretching, due to the energetically
unfavourable exposure of the hydrophobic lipid chains to water that stretching would

produce %77,

The most significant contribution to the membrane free energy is therefore the
bending energy. The three-dimensional geometrical shape adopted by two-
dimensional membranes (assuming infinitesimal thickness) can be described by their
two principal curvatures, C; and C», which equate to the inverse of the principal radii
of curvature (1/R: and 1/R>) (Fig. 1.8) 2. These curvatures are perpendicular to each
other and their combination defines the mean curvature (H) and the Gaussian

curvature (G) at a particular point of the membrane:

1
Equation 1.5 H = > (Cy+Cy)

Equation 1.6 G=C X (,

The bending energy is dependent on these two curvatures as well as the elastic
moduli associated with them, the bending modulus (x,) and the Gaussian modulus
(xc), which indicate the energy cost per unit area needed to change the mean and

Gaussian curvatures, respectively. The bending energy can be then expressed as:
Equation 1.7 Eb = %Kb(ZH - Co)z + KgG

The Gaussian term of the equation is only relevant when the membrane
experiences a topological transition (i.e., fusion, fission and poration), otherwise its
integral over the whole membrane surface does not change with the shape and the

Gaussian elasticity term can be neglected % 12,

12
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Figure 1.8. Schematic representation of principal membrane curvatures (C; and C,) in different
geometrical shapes.

1.1.7. Biomimetic model membranes

A frequent limitation of biochemical, biophysical and cell biology studies is the
enormous complexity of biological systems. To deal with this issue, it is fundamental
to find ways to reconstitute simpler in vitro systems easier to control. One example of
such simplified systems are biomimetic (or artificial) model membranes, which are
synthetic lipid bilayers where the lipid composition can be selected, the lipids can be
modified, for instance labelled with a fluorescent dye, and the environmental
conditions (pH, osmolarity, temperature, etc.) can be controlled 2. Importantly, artificial
model membranes retain fundamental physical and chemical characteristics of cell
membranes and thus are extremely useful tools to gain information on the structure,
functions and mechanical and dynamical properties of biological membranes as well
as on their interactions with proteins, drugs and nanomaterials. The most commonly
used artificial model membranes include supported lipid bilayers (SLBs), lipid droplets

and lipid vesicles. This later system is the type of model membrane employed in this

13
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thesis. Additionally, giant plasma membrane vesicles (GPMVs) where the membrane
is taken directly from an actual cell plasma membrane are becoming increasingly

popular in the last years.

Lipid vesicles are spherical, free-standing model membranes with an
encapsulated aqueous compartment extensively used in several research fields
including biophysics, biochemistry, synthetic biology, toxicology, etc. Depending on
the preparation method and the lipid composition, lipid vesicles can display different
properties including the number of membranes, surface charge, and vesicle size.
Based on the number of bilayers, vesicles are classified into multilamellar vesicles
(MLVs) and unilamellar vesicles. The latter category is the most biologically relevant
and is in turn subdivided according to the vesicle size into small (not used in this

project), large and giant unilamellar vesicles (Fig. 1.9) %°.

LUVs:
1 um-100 nm

)
SUVs <100 nm

GUVs > 1 uym
(5 ym - 50 um)

Figure 1.9. Classification of unilamellar lipid vesicles. From the biggest to smallest: Giant
Unilamellar Vesicles (GUVs) larger than 1 pm (usually 5 -50); Large Unilamellar Vesicles
(LUVSs) between 1 um and 100 nm; Small Unilamellar Vesicles (SUVs) smaller than 100 nm.

14
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1.1.7.1. Large unilamellar vesicles

Large unilamellar vesicles (LUVS) are liposomes with a diameter between 100
nm and 1 um, which is below the resolution of conventional optical microscopy. Hence,
LUVs are usually employed in ensemble experiments based on spectroscopy, light
scattering and calorimetry methods which provide information about the averaged
behaviour of the vesicles in the sample, making easier and faster the acquisition and
analysis of statistical data 2. Due to their great efficiency to encapsulate hydrophilic
molecules, LUVs are frequently used in membrane permeability assays. Moreover,
LUVs are extensively employed for cryo-electron microscopy and other common
techniques used in structural studies, such as small-angle neutron scattering (SANS)
and small-angle X-ray scattering (SAXS). Notably, LUVs are of great interest in
nanomedicine as they can be used as vectors of both hydrophilic drugs encapsulated

in their lumen and hydrophobic compounds inserted in their membrane 2°.

1.1.7.2. Giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) are cell-sized biomimetic membrane systems
that are visible via optical microscopy techniques at the single vesicle level 2 3°. Hence,
GUVs can be studied using a variety of microscopy-based methods that provide
information about a wide range of biophysical properties of membranes . Moreover,
single vesicle analysis reveals transient intermediate states impossible to distinguish
in LUVs. Importantly, GUVs can encapsulate biological machineries which reproduce
biochemical reactions occurring naturally in living cells. Thus, GUVs are common
model architectures used in bottom-up synthetic biology as plasma membrane mimics
to replicate complex biological systems in a simpler context. This allows to gain a
better understanding of fundamental cellular processes and to develop novel concepts
and biotechnologies 3034, In addition, the possibility of recreating minimal protocells

makes GUVs extremely important in origins-of-life and cellular evolution research .
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1.2 Engineered nanoparticles

At the end of the 20" century, scientists zoomed into the nanoworld and found
an unexplored source of technological innovations. In the early 2000s, nanotechnology
already moved from academic laboratories towards commercialisation. Since that
moment, it has experienced a rapid and continuous development that has led to an
exponential growth in the use of engineered nanoparticles (NPs) in a wide range of

industries including construction materials, electronics, textiles, and pharmaceutics.

Officially, engineered nanoparticles are defined as materials with at least one
external dimension in a size range between 1 nm and 100 nm 6. Compared to bulk
material, the nanoscale provides enhanced surface reactivity, high surface to volume
ratio and other novel physicochemical properties as well as the ability to enter
individual cells and gain access to their inner biochemistry. Nanomaterials are
therefore very promising tools in biomedicine and biotechnology to develop biosensing

and bioimaging technologies, drug delivery systems, and diagnostic devices.

However, NPs can also produce cytotoxic effects which range from mild cellular
injuries to cell death. The cytotoxicity of NPs is often related to the generation of
reactive oxygen species (ROS), often due to the release of ions from the NP surface,
which produce oxidative stress in the cells and lead to inflammatory responses and
mitochondrial perturbations related linked to the release of pro-apoptotic factors and
programmed cell death %740, The interaction of NPs with cells can also induce protein
depletion and DNA damages which alter fundamental signalling pathways and gene
expression 3740, Additionally, another principal cytotoxicity pathway arises from the
interaction between NPs and the plasma membrane which often produce membrane
perturbations. These membrane defects can result in severe cell damage even if this

contact does not lead to the cellular uptake of NPs 37.40-42,
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Depending on their composition, NPs can be classified as organic nanomaterials
(liposomes, dendrimers and carbon-based nanomaterials, etc.) or inorganic
nanoparticles (metals, metal oxides, quantum dots, etc). In addition, these two groups
of NPs can be combined to form another class of nanomaterials known as
nanocomposites 3. According to the Nanotechnology Consumer Products Inventory
(CPI), metal and metal oxides are the nanomaterials most employed in commercially
available products #4. The research presented in this thesis is focused on two types of

inorganic nanomaterials, silver NPs (AgNPs) and silica NPs (SiO2 NPs).

1.2.1 Silver nanoparticles

Noble metal NPs, especially AgNPs, are the most widely used nanomaterials in
consumer products 4445, The remarkable interest raised by AgNPs is principally due
to their antimicrobial activity and their unique optical properties which make these

nanomaterials very attractive for biomedical and biotechnological applications 46 47 48,

Silver and silver salts have been used for centuries as antimicrobial agents for
the treatment of burns, wounds and bacterial infections 4°. Currently, AgNPs are
routinely employed to sterilise medical equipment and other consumer products
including clothes, food storage bags and refrigerator surfaces. Several studies have
proven the highly efficient bactericidal activity of AQNPs against the gram-negative
bacteria Escherichia coli 553, AgNPs have also shown bactericidal activity against
gram-negative Pseudomonas fluorescens 4, and more remarkably against gram
positive bacteria resistant to broad-spectrum antibiotics, such as Staphylococcus
aureus and Staphylococcus epidermidis %°. Besides its antibacterial properties, AgQNPs
have exhibited antifungal effects against human pathogenic fungi of the genus
Candida ¢, as well as antiviral activity against human immunodeficiency virus (HIV)

57 hepatitis B virus (HBV) %8 and H1NL1 influenza A virus 9.
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The extraordinary optical properties of AgNPs arise from their localised surface
plasmon resonance (LSPR), which is a collective coherent oscillation of the free
electrons (electron cloud) on the metal surface that occurs when it is excited by light
at a specific wavelength (Fig. 1.10). The LSPR results in strongly enhanced light
absorption and scattering properties at that particular wavelength 662, The light
scattering at the same frequency as the incident light radiation is known as Rayleigh
light scattering. The enhanced Rayleigh scattering displayed by AgNPs makes them
much brighter and resistant to photobleaching than common fluorescent dyes,
allowing stronger light excitation energy and longer working times . The enhanced
Rayleigh scattering can be successfully exploited in a range of biophysical methods,
biological sensing, imaging, medical diagnosis and cancer theranostics. The LSPR of
AgNPs also enhances the Raman scattering of surrounding molecules up to 104
times. This property is known as surface-enhanced Raman scattering (SERS).
Spectroscopy and microscopy methods based on SERS can be applied for antigen
localisation and quantification, detection of microorganisms in blood and in vivo
recognition of cancer cells 62 3, Although important advances have been made in the
detection of analytes, such as antigens, antibodies, enzymes and nucleotides, in
solution and cell cultures, the application of these biosensing methods in vivo is more
challenging and still in development but SERS diagnosis studies and SERS image-

guided surgery have shown very promising results 62 63,
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Figure 1.10. Schematic representation of localised surface plasmon resonance of AgNPs
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1.2.2 Silica nanoparticles

SiO; NPs are one of the most popular nanomaterials in biomedical
investigations. Natural crystalline silica NPs, such as quartz and cristobalite found in
coal mine dust for instance, are known to be highly toxic and induce lung diseases
such as chronic obstructive pulmonary disease, lung cancer and silicosis 6 %°. On the
contrary, amorphous SiO, NPs have shown better biocompatibility and enormous
versatility in terms of pharmacological and biotechnological applications. Amid these
applications, SiO, NPs are being extensively studied as delivery systems of drugs and
peptides in cancer therapies, proteins and genes in cell and molecular biology studies

and dyes and contrast agents in molecular imaging and diagnostic procedures ©°.

Amorphous SiO; NPs offer numerous advantageous properties for biomedical
applications. Firstly, they can be produced on a large scale at a low cost . Also, the
size and shape of SiO, NPs can be precisely controlled within a wide range of sizes.
The accurate control of these physical properties is extremely important since they are
the primary factor that controls their biological activity and potential toxicity. The
hydrophilic surface of these nanomaterials favours prolonged blood protected
circulation 6. Moreover, the surface of SiO, NPs presents silanol groups (Si-OH) which
facilitate the functionalisation of their surface via physical adsorption or covalent
conjugation of different chemical compounds, polymers, dyes and targeting ligands 66
67, These surface functionalisations can modify the surface charge of the particle,
improve their stability and biocompatibility and provide controllable release of drugs,
proteins, and other small molecules conjugated to the NP surface or encapsulated
within hollow SiO», NPs. In addition, amorphous SiO, NPs can present pores in their
surface which are normally exploited for the adsorption of the molecular cargo.
According to the porosity of their surface, amorphous SiO> NPs are classified into
mesoporous SiO2 NPs and non-porous SiO2 NPs. The SiO, NPs used in the present

thesis are within the latter group.
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1.2.3 Nanoparticle-biomembrane interactions

The use of NPs in biomedicine implies their direct contact with cells. The
potential pharmacological and biomedical applications of nanomaterials often rely on
their ability to gain access to the intracellular environment and reach specific
subcellular targets. In this context, the first barrier that NPs encounter is the plasma
membrane of cells and subsequently the biomembranes that delimit the intracellular
compartments. Normally. the internalisation of large macromolecules into the cell
occurs via receptor-mediated endocytosis, however, it has been observed that some
NPs can penetrate artificial model membranes without involving any specific receptor-
mediated interaction ®. This suggests that the NPs uptake can be driven just by
physicochemical interactions, nevertheless during the process they can lead to
cytotoxicity by damaging the plasma membrane and thereby inducing the loss of
cellular homeostasis ¢ 7°. Hence, it is crucial to understand how biomembranes
behave when exposed to NPs and which are the physicochemical processes
governing the interactions between NPs and biomembranes. Such non-specific
physical interactions are extremely complex and involve several forces acting together

at the nanoparticle-membrane interface (nanobio interface).

The nature of the NP-biomembrane interactions and their potential toxicity do
not only depend on the composition of the NPs but are strongly influenced by their
physicochemical properties 7% 72, the conditions of the medium * 73 and the
composition and biophysical properties of the membrane " 7> (Fig. 1.11). Due to the
large number of parameters influencing the NP behaviour in biological systems and
the complexity of such systems, understanding these interactions is extremely
challenging. Consequently, reductionist approaches, usually based on biomimetic
model membrane systems, are commonly employed to investigate the interplay

between NPs and biomembranes.
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Figure 1.11. Principal factors that affect the NP-membrane interactions. The interactions
between NPs and lipid membranes are influenced by the composition and intrinsic
characteristics of the NPs, the conditions of the surrounding medium and the biophysical
properties and lipid composition of the membrane. (Figure inspired in reference 66)

The mechanism of interaction between engineered nanoparticles and lipid
membranes is determined by a balance between the adhesion energy (w), which
attracts the NPs towards the membrane, and the membrane’s resistance to
deformation, which opposes the membrane wrapping around the spherical NPs,
defined by the elastic properties of the membrane. Assuming a tensionless membrane,
the ratio between the bending rigidity (k,) of the membrane and the adhesion energy
defines a critical diameter (dc) above which the NP is spontaneously wrapped by the

membrane: 76

Equation 1.8 d. =2 |[—

According to this simple model, a nanopatrticle of a given size will be completely
wrapped by the membrane only if the adhesion energy is high enough to overcome
the energy cost needed to bend the membrane. The relationship between NP size and
membrane wrapping has been proved experimentally. For example, cryo-electron
microscopy and tomography images have shown that SiO» NPs with a diameter larger
than 30 nm are totally wrapped by DOPC membranes and internalised into large
unilamellar vesicles LUVs, while SiO; NPs of 15 nm remain attached to the LUV

surface but are not engulfed by the membrane 7. Fluorescence confocal microscopy
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studies have also shown similar results ’® 9. However, there are intermediate states
where NPs only get partially wrapped by the membrane. The degree of wrapping is
thought to be limited by the membrane tension, which represents an additional energy
cost that has to be overcome by the adhesion energy to achieve full wrapping 8 75 8.
81 In addition, NPs can show cooperative behaviour once adsorbed to the membrane
which can enhance their ability to produce membrane deformations and become
wrapped. An example of NP cooperative behaviour has been recently shown by
Contini et al. who reported that gold nanoparticles (AuNPs) with a diameter equal to
or below 10 nm undergo cooperative absorption and can form tubular deformations in
the membrane, while the adsorption and ability to bend membranes of larger AUNPs

is significantly reduced &°.

The adhesion energy is often difficult to evaluate because it is the result of a
combination of several forces acting together at the nanoparticle-membrane interface,
including hydration, van der Waals, electrostatic, and steric interactions 7 82, Besides
the size and composition of the NPs, the forces acting at the nanobio interface are
also influenced by other properties of the NPs such as the shape, surface charge or
hydrophobicity. Chithrani et al observed higher cellular uptake of spherical gold
nanoparticles (AuNPs) into HelLa cells than rod-shaped AuNPs &. Moghadam et al
showed that AuNPs and titanium dioxide (TiO2) NPs with positive surface charge
significantly increase the permeability of DOPC membranes while negatively charged
TiO2 NPs barely induce any dye leakage 8. Dubavik and co-workers compared the
uptake of amphiphilic and hydrophilic cadmium telluride quantum dots (CdTe QDs)
into GUVs and GPMVs and observed that only amphiphilic CdTe QDs penetrated the
vesicles . They also tested the internalization of these particles into Chinese Hamster
Ovary cells and reported that both types of QDs were internalized, nonetheless, they
noticed that amphiphilic QDs penetrated directly through the cell membrane while

hydrophilic QDs were internalized via endocytosis .
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The membrane charge also modulates the NP-membrane adhesion strength. In
a recent publication by Zuraw-Weston et al, the authors show that the adhesion energy
can be tuned by including different fractions of lipids positively charged (DOTAP) or
negatively charged (DOPS) in the membrane 5. They found that below a threshold
fraction of DOPS or DOTAP, AuNPs and SiO, NPs, respectively, adsorb onto the
surface of the vesicles but do not produce any major perturbation in the membrane. In
this scenario, the NPs can be partially wrapped by two different membranes and thus
act as an adhesive bridge that mediates GUV-GUV adhesion. In contrast, when the
charged lipid fraction in the membrane reaches or exceeds the threshold value, the
NPs are wrapped by the membrane showing cooperative behaviour and induce a
series of perturbations in the GUVs which eventually lead to complete vesicle
destruction 7. The interaction mechanisms shown in this publication will be further

discussed and compared with our results in Chapter 4 and Chapter 5 of this thesis.

Finally, the properties of the surrounding medium also have a profound impact
on the stability and surface properties of NPs and thus modulate their adhesion energy
and biological activity 7> 738, For instance, the ionic strength of the medium is known
to induce aggregation and degradation of some types of NPs 889 however, less
attention has been put to its effect on the interaction with lipid membranes. Depending
on the type of nanoparticle, the ionic strength can reduce or enhance the affinity of the
NPs for the membrane. For instance, the adhesion of cationic polystyrene NPs to
zwitterionic PC GUVs decreases as the concentration of NaCl in the medium
increases . On the contrary, 10 nm AuNPs have been recently shown to induce
significant dye leakage from DOPC LUVs only when the interaction occurs in a solution

containing NaCl 0.

Moreover, physiological media contain a myriad of biomolecules that have a
great impact on the biological behaviour of NPs. When NPs are immersed in such
complex biological fluids, many different molecules compete to adsorb onto the

surface of the NPs. Consequently, the NP surface becomes rapidly covered by
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biomolecules, principally proteins, forming a biomolecular adsorption layer around the
nanoparticles, known as biomolecular corona °!. Since the proteins are the primary
component of biomolecular coatings and little is still known about the contribution of
other biomolecules, such as lipids, sugars or nucleic acids, the biomolecular corona is
commonly considered to be a protein corona. The structure and composition of the
protein corona as well as the state of the proteins that form it is not yet clear and shows
great variability °2. For example, the analysis of protein coronas formed on SiO, NPs
and polystyrene NPs have revealed more than 100 different types of proteins among
which the most abundant are albumin, apolipoproteins, and hemoglobin subunits 9% 3.
94, Protein coronas are thought to be dynamic structures where some proteins bind
irreversibly to the NP surface (hard corona) but others with a weaker binding affinity
(soft corona) show a dynamic and reversible attachment and detachment from the
protein corona 7% 92.95.%_ The degree of surface coverage and binding affinity for the

NP surface depends on both the type of protein and the properties of the NPs 9197, 98,

Independently of the composition, thickness and organisation of the corona, it is
universally accepted that protein coronas induce profound changes in the surface
properties of bare NPs and also that proteins adsorbed onto the NP surface can
undergo conformational changes which can lead to the exposure of new peptide
sequences (epitopes) or altered protein function 7% %. These effects influence the NP
biointeractions in two different but complementary ways. On one hand, protein coronas
significantly affect the non-specific interactions of NPs with lipid membranes as they
can lower the surface energy of the NPs, screen their surface charge and hinder
potential surface functionalisations. On the other hand, the adsorbed proteins, either
in their native configuration or in altered conformations, can potentially interact with
membrane receptors and activate different cellular responses . Therefore, protein (or
biomolecular) coronas likely produce great impacts on the potential toxicity of NPs and

their viability for biomedical applications.
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1.3 Synthetic Biology

Biotechnology relies on the production and utilisation of biological organisms.
Such organisms are extremely complex and present redundant components which
makes them difficult to control and less energetically efficient. Thus, simpler systems,
easier to study and manipulate are desirable. In this context, synthetic biology
emerges as a new interdisciplinary field, which merges biology, physics and
engineering. Synthetic biology is then a young discipline within biotechnology involved
in the design and construction of minimal biological entities as well as in the redesign
of natural biological systems for functional purposes but also to improve our

understanding of different biological components and systems.

The field of synthetic biology uses two approaches: top-down and bottom-up.
The former involves the modification of living cells to equip them with new
functionalities. For instance, the cellular genome can be reprogrammed to design new
metabolic and signalling pathways within the cell ®°. The bottom-up approach, on the
contrary, aims to reconstruct cellular elements from non-living building blocks. A
central and exceptionally challenging objective of bottom-up synthetic biology is
building a living synthetic cell from a minimal set of functional elements 1°0-192 Artificial
cell projects adopt modular engineering strategies for the assembly of cell-like minimal
systems within the synthetic cell (Fig. 1.12). Most studies propose the following

elementary characteristics that such minimal cells must have 190-192;

e Compartmentalisation.

e Storage, processing and replication of information.
e Metabolism and signalling.

e Spatiotemporal integration and coordination.

e Sensing and communication with the environment.

e Growth and division.
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Lipid vesicles, especially GUVs, are the most common architecture used to
mimic the plasma membrane and delimit the boundary of artificial cells. Thus, lipid
vesicles themselves provide one of the key features of living systems,
compartmentalisation, and serve as the elementary building block which will host the
rest of components of the synthetic cell. Examples of biological entities reconstituted
inside GUVs include cytoskeleton components, DNA nanostructures, cell-free protein

expression systems (PURE), small unilamellar vesicles and bacteria 1°3.
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Figure 1.12. Building blocks of artificial cells. a) Modular components of a synthetic cell.
(Figure taken from reference 96). b) Actin cytoskeleton, DNA nanostructures, SUVs, PURE
system and E. coli cells encapsulated within GUVs. (Images taken from reference 99)
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1.3.1. Engineered nanoparticles for Synthetic Biology

A difficulty often encountered when trying to reconstitute protein complexes
inside an artificial cell is that different enzymes and proteins need particular
environmental conditions to be structurally stable and functional. In addition, many of
those proteins, particularly transmembrane proteins, are very difficult to express and
purify. This limitation might be circumvented by the incorporation of inorganic
engineered nanoparticles to the artificial cell toolbox as protein mimics because NPs

are usually cheaper to produce and more stable and robust than natural proteins.

Albeit the structure and function of proteins are usually very precise, proteins
and NPs can present similarities in terms of size, charge, shape, and surface functional
groups 1%, While some protein functions are very specific and difficult to imitate, others
mediate common biochemical reactions or physical processes easier to mimic. For
example, AuNPs with different surface functionalisations have exhibited various
enzymatic activities 1% 106, Besides enzymatic activity, the ability of NPs to interact
with lipid membranes might confer nanomaterials the capacity to perform other protein
activities including membrane remodelling and shape transformations, exchange of
substances between the lumen of the artificial cell and the environment and cell-cell
(vesicle-vesicle) adhesion 75 197. 1% _|n living cells, these processes are performed by
specific and highly regulated protein complexes, however, NPs have the potential to
induce similar modifications in the membrane than natural protein complexes which in
principle would lead to similar outcomes. To test this hypothesis, in the present thesis

we investigate the potential ability of SiO, NPs to mediate membrane fusion.

The life of cells is largely dependent on membrane fusion processes. Eukaryotic
cells require sequential fusion events to transport substances between membrane-
bound organelles, to release molecules to the extracellular environment or to
incorporate nutrients via endocytosis 19 10, In artificial cells, membrane fusion is

employed as a growth mechanism as well as to deliver new biochemical species into
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the cellular compartment 1%, Fusion events in living cells are intricate phenomena that
require the coordinated action of multicomponent protein complexes. The main
molecular machinery that performs membrane fusion in eukaryotic cells is the SNARE
protein complex. SNARE proteins (and other viral fusion proteins) mediate membrane
fusion by driving a delicate balance of membrane curvature and tension between two
closely apposed membranes 1113, Hence, according to our hypothesis, NPs able to
produce membrane curvature and at the same time increase the membrane tension

might have a latent fusogenic activity.

As introduced in Section 1.2.3, the interaction between NPs and lipid membranes
is governed by the balance between the adhesion energy and the membrane’s
resistance to deformation (Equation 1.8), determined by its elastic properties. This
relationship determines a critical NP diameter above which the NPs can be wrapped
by the membrane. The interaction between SiO, NPs and lipid membranes is known
to be particularly sensitive to the NP size, thus by tuning the size of the NPs, the effect
that they produce on lipid membranes can be considerably modified. In 2012, Zhang
et al showed that SiO, NPs of 18 nm diameter interact with DOPC giant unilamellar
vesicles (GUVs) inducing high tension, solidification and rupture of lipid membranes,
whereas larger SiO, NPs of 78 nm and 182 nm are wrapped by the membrane 7°. In
that study they propose that a cross-over between both effects will be observed when
the membrane adhesion and curvature elastic energies become equal, that is when
the size of the SiO, NPs equals the critical diameter. Introducing typical values of
bending rigidity of DOPC membranes (19-24 kgT)!** 115 and the adhesion energy
between SiO, and phosphocholine (PC) membranes (0.5 and 1 mJ/m?) 116 in Equation
1.8 renders a critical diameter in the range of 25-40 nm. We hypothesise that SiO2 NPs
within this critical size range (30 nm SiO2 NPs) will provide a balance between
membrane curvature and membrane tension analogous to the physical membrane
perturbations induced by natural membrane fusion complexes and therefore will be

able to mediate fusion of lipid membranes.
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1.4 Project outline

The general purpose of this thesis is to study the interactions of inorganic

engineered nanoparticles with model lipid membranes with two principal objectives:

1) To gain insight into how the physical perturbations that inorganic
nanomaterials cause to the structural, mechanical and dynamical
properties of lipid membranes are influenced by the medium conditions.

2) To evaluate the potential of nanomaterials to mimic membrane

remodelling functions of natural protein complexes.

To reach these goals, the response of artificial model membranes, LUVs and
GUVs, to the interaction with NPs will be analysed using advanced spectroscopy and
fluorescence microscopy techniques, respectively. A detailed explanation of the

experimental methods and the theoretic basis behind them is provided in Chapter 2.

Two chapters of the thesis will be dedicated to each point (Fig. 1.13). More
specifically, within the first one we will explore the impact of the ionic strength of the
medium (Chapter 3) and the presence of proteins (Chapter 4) on the interplay
between NPs and lipid membranes. The second part of the thesis will focus on
studying the mechanisms by which SiO, NPs trigger membrane fusion (Chapter 5)
and a proof-of-concept study where NP-triggered fusion is used to generate phase

separated membranes (Chapter 6).
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Impact of medium conditions on NP-membrane interactions
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Chapter 2:
Materials and methods

This chapter outlines the methods used repeatedly throughout this thesis. The first
section in this chapter gives theoretical background on fundamental analytical
methods used for the study of membrane biophysics and NP-membrane interactions.
The next sections describe the materials and the detailed experimental procedures

employed in the work presented in Chapters 3, 4, 5 and 6.

2.1 Theory and instrumentation

2.1.1 Dynamic light scattering

Dynamic light scattering (DLS) is a technique employed to determine the size or
size distribution of particles in suspension. DLS is therefore very important to
characterise the size of NPs and LUVs as well as to assess the colloidal stability of

NPs in suspension.

The DLS instrument commonly consists of a He-Ne laser at 633 nm which is
directed to the sample cuvette and a photon detector situated at a particular scattering
angle (normally 90° or 173° to measure the scattered light (Fig. 2.1). The size
measured by DLS is called hydrodynamic radius (or hydrodynamic diameter) and is
defined as the radius (or diameter) of a sphere with the same diffusion coefficient as
the sample under investigation . In suspension, particles diffuse through Brownian
motion and this movement results in fluctuations of the laser light intensity. These
fluctuations in the scattered intensity are processed using the autocorrelation function
(G(1)), which compares the intensity of the signal () at an initial time (t) with its intensity

after a time delay (1) (Fig. 2.1):

Equation 2.1 G) =<I®I(t+71)>
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If the intensity of the signal at the initial time is compared with the intensity at
a very short time later, the correlation between them is strong. However, when the
initial intensity is compared with the intensity of the signal at a longer time, the
correlation is lower. Thus, the autocorrelation of the signal drops with time until there
is no correlation. For monodisperse suspensions of particles undergoing Brownian

motion, the autocorrelation function decreases exponentially with the time delay *2:
Equation 2.2 G(r) = A(1 + Be‘Zquf)

where A and B are the baseline and the intercept of the autocorrelation function
respectively, D is the diffusion coefficient and q is the magnitude of the scattering

vector given by:
Equation 2.3 q = (4nn/A)sin(6/2)

where n is the refractive index of the medium, A is the wavelength of the laser and 8 is
the scattering angle. Large particles diffuse relatively slowly through the medium
resulting in a slower fluctuating intensity signal as compared to the small particles,
which diffuse faster 8, Therefore, the decay of the signal for large particles happens
at longer times than for small particles. For polydisperse samples the autocorrelation

function includes the sum of the exponential decays of the different particle sizes:

Equation 2.4 G(r)=A (1 + BZ e—zuqz‘t)

Finally, the diffusion coefficient (D) obtained from the autocorrelation function,
can be used to calculate the hydrodynamic radius (R) of the particles, applying the

Stokes-Einstein equation:

. kT
Equation 2.5 D= gk

where T is the temperature in Kelvin (K), kg is the Boltzmann constant and n is the

viscosity of the solvent.
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Figure 2.1. Schematic representation of DLS and data processing of particles of different sizes.
The laser light is directed to the sample and the particles scatter the light which is then detected
by a photon detector placed at a scattering angle 6. The Brownian motion of the particles results
in fluctuations of the light intensity. The rate of time intensity fluctuations is processed using
the autocorrelation function and the Stokes-Einstein equation to determine the particle size.

The size distribution of particles obtained by DLS is relative to the intensity of
the light scattered. The distribution by intensity provides good results for monodisperse
particles, but for polydisperse samples with particles of different sizes or aggregates,
a size distribution by number gives information about the proportion of particles of each
size comprised in the sample. To convert the distribution by intensity into distribution
by number, DLS uses the Mie theory which describes the light scattering produced by
spherical particles of all sizes and optical properties '°. To do this conversion, Mie
theory considers the difference between the refractive index of the dispersant and the
particles 7. According to Rayleigh’s approximation, the intensity of scattering is
proportional to the sixth power of the particle diameter (d®), thus the size by number
graph for a sample with two populations of particles of 10 nm and 100 nm equal in
number will show two identical peaks. However, the peak at 100 nm in the size by

intensity plot will be a million times higher than the one at 10 nm (Fig. 2.2) 11°.
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Figure 2.2. Size distribution by intensity and by number of a sample containing particles of 10
nm and 100 nm equal in number. (Figure adapted from reference 119)

2.1.2 Doppler electrophoretic light scattering analysis

Doppler electrophoretic light scattering analysis (DELSA) is a method that allows
to measure the zeta (0) potential of particles in suspension. In this thesis, (and in NP
studies in general) the zeta potential is used as an estimation of the surface charge of

colloidal NPs.

When suspended in aqueous media, most particles acquire an electric charge
which in turn affects the distribution of ions in their vicinity forming an electrical double
layer 129, In the inner region of the electrical double layer, called Stern layer, a high
concentration of counterions is strongly bound to the surface of the particle. The outer
region of the electrical double layer is the diffuse layer, where the distribution of ions
(co-ions and counterions) is determined by electrostatic forces and thermal motion 129,
Within this layer, there is a boundary known as shear or slipping plane which separates
the ions that remain tightly attached to the particle (stationary phase) from the ions
which are free in the bulk solution (mobile phase) 2%, The potential at the slipping

plane is the C potential (Fig. 2.3).

34



Chapter 2

N \
\
Negatively é_“I—SIipping plane
charged : |
!

particle -I |
| I
I
I
I
I
I

|Surface potential

*"I/ :Stern potential

\ T~

I
- [ ¢ potential
Stern layer Diffuse layer : I |
L ]
I || |
Electrical double | I
Iayer Distance from particle surface

Figure 2.3. Schematic representation of the electric double layer formed around a particle
suspended in an aqueous solution.

DELSA uses microelectrophoresis to estimate the ¢ potential of the particles in
suspension. Electrophoresis is an electrokinetic process that causes the movement of
charged particles in solution when an external electric field is applied. In practice, the
sample is placed in a special cuvette that has an electrode at either end and after the
electric field is applied, the particles move towards the oppositely charged electrode.
During the process, the sample is irradiated by a laser beam and the movement of the
particles induces shifts in the frequency of the scattered light (4f) which are used to

calculate the velocity (v) at which the particles move 2%
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v sin(0/2)

Equation 2.6 Af 1

where 0 is the scattering angle and A is the laser wavelength. In a typical optical
configuration for DELSA measurements, the detector is placed at a scattering angle

of 17° and the light source is a He-Ne laser with a wavelength of 633 nm.

The particle velocity can then be used to estimate the electrophoretic mobility

(Ue) of the particles under an applied electric field (E) 122

v
Equation 2.7 U, = z

Finally, the electrophoretic mobility is converted into ¢ potential ({) by using
Henry’s equation 12 122;

_2¢¢ F(ka)

Equation 2.8 U, 3

where ¢ is the dielectric constant; n is the viscosity of the medium and F(ka) is the
Henry function. When the particles are suspended in an aqueous solution with
moderate electrolyte concentration and the particle radius is larger than the thickness
of the double layer, F(ka) takes the value of 1.5 (3/2) 22, This is known as the
Smoluchowski approximation of Henry’s equation and it is the most commonly used
equation to calculate the ¢ potential of the particles 2. Using the Smoluchowski

approximation, Henry’s equation (Equation 2.8) is simplified to:

. £¢
Equation2.9 U, = T

36



Chapter 2

2.1.3 Ultraviolet-Visible spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy is a widely used technique that offers
a myriad of possibilities to perform both quantitative and qualitative sample analysis
based on colorimetric measurements. For instance, in this thesis UV-Vis spectroscopy
is used to determine the lipid concentration in LUVs samples and the absorbance peak
of AgNPs is an indicator of their size and aggregation state. UV-Vis spectroscopic
methods measure the light absorbed by an analyte within the ultraviolet (200-350 nm)

and visible (350-700 nm) regions of the electromagnetic spectrum.

Light can be considered to behave either as waves propagating in an
electromagnetic field or as particles with discrete amounts of energy, called photons.
The interaction of these photons with matter leads to the phenomena of light
absorption and emission 123, The result of this interaction depends on the energy of
the photon and the electronic state of the molecules radiated. In an atom or a molecule,
the electrons can travel in different orbitals characterised by well-defined energy
levels, hence the energetic state of the electrons determine in which orbital they are
placed. The absorption of UV or visible light by a molecule can induce the promotion
of electrons from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). However, for this transition from the electronic
ground state to an excited state to happen, the energy of the photon absorbed must
be equal to the energy gap between the orbitals *?4. The energy of the photon (E) is
related to the frequency (v) and the wavelength (A) of the electromagnetic radiation by

the Plank-Einstein relation:

hc
Equation 2.10 E=hy= -

where h is the Planck constant and c is the speed of light.

The wavelength at which the light absorbed by an analyte reaches its maximum

can be easily determined by recording its absorption spectrum using UV-Vis
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spectroscopy. When a sample is irradiated with an incident beam of light of intensity
lo, part of the light is absorbed and the rest is transmitted '24. The transmitted beam
will have lower intensity (I) than the original beam. The absorbance (A) is then

calculated as:
. Iy
Equation2.11 A =log <7)

Both Iy and | are measured in watts (W), hence, the absorbance is a unitless
parameter. Usually, a reference sample with the same solvent and cuvette type is used
as baseline to account for any absorbance that is not due to the analyte. In this case,
lo in Equation 2.11 is the intensity of the light transmitted through the reference sample.
The absorbance of the sample is proportional to the amount of HOMO to LUMO
excitations occurring in it, or what is the same, the number of absorbing molecules in
the sample. This allows to calculate the concentration of analyte (c) in the sample from

its absorbance using the Beer-Lambert law 24
Equation 2.12 A = gcl

where | is the path length of the cuvette containing the sample and ¢ is the molar
extinction coefficient, also known as molar absorptivity, which indicates how strongly

a substance absorbs light at a specific wavelength.

The light absorbance is measured using an UV-Vis spectrophotometer. In its
simpler configuration, this instrument consists of a UV-Vis light source, a
monochromator, a sample compartment and a photodetector. The most common light
sources are deuterium lamps for the UV range of wavelengths and tungsten halogen
lamps for visible light. The monochromator breaks the spectrum of wavelengths
produced by each lamp into individual wavelengths. The light at the selected
wavelength passes through the sample and the transmitted light goes to the
photodetector, commonly photomultiplier tubes or silicon photodiodes %4 125 (Fig 2.4).

The instrument employed in this project was a Cary 100 UV Vis spectrophotometer.
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Figure 2.4. Schematic diagram of the basic components of a UV-Vis spectrophotometer.

2.1.4 Fluorescence spectroscopy

Fluorescence is another type of interaction between light and matter resulting
from the ability of some molecules, known as fluorophores, to absorb and emit
photons. The absorption peak of a fluorophore is equivalent to its maximum excitation
wavelength. Nearly instantaneously to being excited, the fluorophore emits light

(fluorescence) at longer wavelengths, thus with less energy, than the excitation beam.

The fluorescence process begins with the excitation of an electron from the
electronic ground singlet state (So) to a high vibrational level of a singlet excited state
(S1) by a light beam at the maximum excitation wavelength. Once excited, the
molecule releases some energy via non-radiative processes, such as vibrational
relaxation or heat release. This non-radiative relaxation is called internal conversion
and induces the electron to pass from higher vibrational levels in the excited state to
the lowest vibrational level of the excited state. Next, the electron relaxes from the
lowest vibrational level of the excited state to the ground singlet state releasing a
photon, hence emitting fluorescence. The released photon is lower in energy than the
incident beam due to energy being previously lost through internal conversion. This
energy loss between excitation and emission is known as the Stokes shift 126, The
processes occurring during the absorption of light and fluorescence emission by a

fluorophore is illustrated by the Jablonski diagram (Fig. 2.5).
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Figure 2.5. Jablonski diagram and example of absorption and fluorescence spectra of a
fluorophore (NBD). The absorption of light (hv) induces the excitation of an electron from the
electronic ground state to a high vibrational level of an electronic excited state (blue arrow).
The molecule initially relaxes through non-radiative processes (internal conversion) and the
electron passes from higher vibrational levels in the excited state to the lowest vibrational level
of the excited state (red dashed arrow). The electron finally relaxed back to the ground state
emitting a fluorescence (green arrow). The released photons are lower in energy, hence of
higher wavelength, than the incident light as shown in the absorption/fluorescence spectra of
the fluorophore NBD. This loss of energy is called Stokes shift.
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Fluorescence spectroscopy methods are extensively used in ensemble
experiments to analyse changes in membrane permeability and lipid packing produced
by NPs interacting with LUVs. The fluorescence intensity is measured with a
fluorescence spectrophotometer or fluorometer (Fig. 2.6). The instrument used in this
thesis was a FluoroMax-Plus fluorometer (Horiba Scientific). The first part of a
fluorometer is similar to the UV-Vis spectrophotometer and is formed by an UV-Vis
light source and a monochromator to select the adequate excitation wavelength. The
most common light sources used in fluorescence spectroscopy are low-pressure
mercury lamps and xenon arc lamps, although light-emitting diodes (LEDs) and lasers
are gaining popularity. The light beam is then directed to the sample which
consequently emits fluorescence in the UV, visible or infrared (IR) region of the
electromagnetic spectrum. The light emitted is passed through a second
monochromator situated at 90° respect to the excitation beam, which selects the
emission wavelength of interest and removes the excitation light from the signal. The
fluorescence intensity at the selected wavelength is finally detected using either

photomultiplier tubes or silicon photodiodes 124 126,

source
Monochromator 1

Monochromator 2

Figure 2.6. Schematic diagram of the basic components of a fluorometer.
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2.1.4.1. Forster resonance energy transfer

Forster resonance energy transfer (FRET) is a phenomenon, originally
described by Theodor Forster, which involves the transfer of energy between two
different and compatible molecules, commonly referred to as FRET pairs. To be
compatible, the fluorescence emission spectrum of the first fluorescent dye (donor)
must overlap at least partially the absorption, or excitation, spectrum of the second
molecule (acceptor). This implies that the acceptor and donor ground and excited
electronic states are of the same magnitude of energy and some of their vibrational
levels are in resonance 127, Besides, the lower vibrational levels of the excited state in
the acceptor are of lower energy than in the donor, thus the energy transferred is high
enough to induce the excitation of the acceptor *?. FRET assays are used in
membrane fusion studies to detect merging between LUVs labelled with a FRET pair
and unlabelled LUVs, as will be explained later in Section 2.3.5. Although in most
FRET applications the acceptor is a fluorophore, this is not mandatory. The non-
fluorescent acceptors act as fluorescence quenchers of the donors. Classic methods
to evaluate membrane permeability, such as the carboxyfluorescein leakage assay

described in Section 2.3.4, are examples of quenching-based experiments.

The first stage of FRET is the same described for fluorescence: the absorption
of light by the donor fluorophore induces the elevation of an electron to a higher excited
singlet state. After the initial internal conversion, the electron returns from the lowest
vibrational level of the excited state to the ground electronic state, however, this
transition does not produce the emission of a photon. Rather than originating
fluorescence emission, in FRET processes the energy of the excited donor molecule
is transferred to a neighbour acceptor molecule through a non-radiative long-range
dipole-dipole coupling mechanism 26128, Consequently, an electron in the acceptor
jumps to a higher excited state. The relaxation of the electron to the ground electronic
state is accompanied by fluorescence emission if the acceptor is fluorescent (Fig. 2.7),

whereas if the acceptor is not fluorescent the energy is dissipated as heat 126,
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Figure 2.7. Jablonski diagram of FRET process and example of excitation and emission spectra
of a FRET pair (NBD-Rhodamine). After excitation, the donor dye instead of emitting
fluorescence, transfers its energy to the acceptor through FRET and the excited electron returns
to the ground state. Consequently, an electron of the acceptor molecule passes to an electronic
excited state. Finally, the excited electron returns to the ground state and the acceptor molecule
emits fluorescence. The bottom plot shows the overlap of the fluorescence emission of the
FRET donor with the excitation spectrum of the FRET acceptor needed for FRET to occur.
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In addition to the spectral overlap, the FRET efficiency (E) is also highly
dependent upon the distance between the donor and the acceptor 126 128;

R§

Equation 2.13 E=——
1 RS + 16

where r is the distance between the donor and the acceptor and Ro is the Forster
distance in A, which is defined as the distance where FRET efficiency is 50% and can
be estimated using the following equation 2¢:

Equation 2.14 Ry = 0.211(k*n"*¢pJ(1))V/°

where n is the refractive index of the medium, «? is a dimensionless factor ranging
between 0 and 4 which indicates the relative dipolar orientation of the two molecules;
®o is the quantum yield of the donor which refers to the ratio of photons absorbed to
photons emitted by a fluorescent dye; and J(A) (in units of M- cm™ nm?) is the spectral
overlap integral 126128, Thus, Equation 2.13 shows that the further is the donor from
the acceptor the lower is the FRET efficiency whereas if the distance between the
donor and the acceptor is below R, the efficiency increases considerably. FRET
processes are usually limited to distances ranging from 1 to 10 nm 1%8.12°, The FRET
efficiency can be experimentally determined by comparing the maximum fluorescence
intensity of the donor in the absence of acceptor (Dp) and when the acceptor is present
(Dpa):

. DDA
Equation 2.15 E=1—-———
Dp

A further parameter used for evaluating experimentally FRET processes
occurring in the sample of interest is the FRET ratio (F) which serve to monitor relative

changes in the FRET efficiency under different conditions:

_Apa

Equation 2.16 F=—
DDA
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where Apa is the maximum fluorescence intensity of the acceptor when both the donor
and the acceptor are present in the sample. The FRET ratio only can be used when

the acceptor is a fluorescent dye.

2.1.5 Confocal laser scanning microscopy

Confocal laser scanning microscopy is an optical imaging technique that uses
spatial filters (pinholes) to eliminate out-of-focus light or glare of fluorescently labelled
specimens thicker than the plane of focus . This allows to collect bidimensional (2D)
images at different focal planes, or sample depths, that can be overlapped to
reconstruct three-dimensional (3D) images. The elimination of out-of-focus glare also
provides high-resolution images of samples labelled with multiple fluorophores and

hence it is extensively used for studying biological systems 131,

In a typical confocal microscope configuration, a laser system is used as
excitation source and two pinhole apertures, situated in a conjugated focal (confocal)
plane to each other and with a scanning plane on the specimen, define the sample
thickness that will be scanned. The light emitted by the laser passes through a first
pinhole aperture, is reflected by a dichromatic mirror and is focused to a point of the
specimen by a microscope objective. The dichromatic mirror reflects light of
wavelengths shorter than a determined value whereas light of longer wavelength is
transmitted 3. A confocal microscope usually has different dichromatic mirrors for
specific excitation lasers and fluorescence emission spectra to adjust the light source
to the excitation wavelength of the fluorophore of interest and collect the emitted
fluorescence within the desired wavelength range. Once the light reaches the sample,
the fluorophores excited emit fluorescence at a higher wavelength than the excitation
light. The fluorescence emitted go back through the dichromatic mirror and just the
light emitted from the desired focal plane passes through the second pinhole to the

photomultiplier detector, while the out-of-focus light is blocked 30 (Fig. 2.8).
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Confocal microscopy is a very powerful technique for both qualitative and
guantitative analysis of biological systems. For instance, in terms of membrane
studies, it provides qualitative information about the morphology and topology of
membranes, lipid phase separation and potential localisation of proteins and other
fluorescently labelled molecules in the membrane. In addition to qualitative properties,
a myriad of techniques based on confocal imaging are extensively used for the
gquantitative study of permeability, fluidity and mechanical properties of the membrane.
Two of these quantitative methods, fluorescence recovery after photobleaching
(FRAP) and flickering spectroscopy, are explained in detail in the following sub-

sections.

All confocal microscopy experiments shown in this thesis were performed in a
Zeiss LSM-880 inverted laser scanning confocal microscope with a Plan-Apochromat

40x/1.4 Oil DIC M27 objective lens (NA = 1.4).
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Figure 2.8. Schematic diagram of the basic configuration of a confocal laser scanning
microscope along with the pathway of the excitation laser (green) and the fluorescence
emission (red). (Figure reproduced from reference 130).
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2.1.5.1 Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) is a powerful confocal
microscopy-based method to study the mobility and interactions of fluorescent
biomolecules and compounds in biological and biomimetic systems at the micrometre
scale. FRAP is commonly used in membrane biophysics investigations to determine
the lateral diffusion coefficient of lipids within the membrane. Along with molecular
diffusion, the basic principle behind FRAP is the fluorescence photobleaching. When
a fluorophore is excited by a high-intensity laser, its excited electrons tend to change
their spin state from an excited singlet state to an excited triplet state (T1) through a
process called intersystem crossing. Fluorophores in the triplet excited state can easily
react with other molecules in the system leading to a chemical product that is no longer

fluorescent, in other words, a photobleached fluorophore 132,

In a FRAP experiment, a region of interest (ROI) in a fluorescently labelled
sample is initially irreversibly bleached with a high-intensity laser pulse. This results in
a considerable loss of fluorescence intensity in the photobleached ROI. After the
photobleaching, the rate of fluorescence recovery in the ROI is monitored by imaging
the sample with a low-intensity laser to avoid further photobleaching 3% 34 The
fluorescence is recovered because the unbleached fluorophores surrounding the
bleached region diffuse into the ROl whereas the bleached molecules diffuse out and
get diluted in the sample *2. The fluorescence intensity in the ROI over time is
normalised against the fluorescence intensity prior to bleaching in the same region of
the sample. The normalised fluorescence intensity is plotted against time to obtain a
recovery curve characteristic of FRAP. The final fluorescence intensity is usually
slightly lower than before the bleach because a proportion of the molecules in the

sample is photobleached (Fig. 2.9).
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To quantify the diffusion rate of the molecules in the sample, the recovery curves
must be fitted to a theoretical FRAP model. The fluorescence recovery within circular

ROIs is accurately described by the Soumpasis equation 3.

2Tp 2Tp

Equation 2.17 fiH)y=4 {exp (— 2%) [ 0 (T) + /1 (T)]}

where t is time, A is the fluorescence recovery level, 1p is the characteristic recovery
time, and Jo and J; are modified Bessel functions of the first kind. Finally, the diffusion
coefficient (D) can be calculated from the recovery times and the radius of the

bleached region (w) using:

Equation 2.18 D=—
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Figure 2.9. Confocal micrographs of FRAP experiment performed on the top pole of a GUV
and fluoresce recovery curve. The white circle in the micrographs indicates the region of
interest (ROI). Initially, the ROI shows a maximum fluorescence intensity. The fluorophores
in the ROI are then bleached using a high-intensity laser pulse. After bleaching, the
fluorescence is gradually recovered via lateral diffusion of fluorescent lipids into the ROI.
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2.1.5.2 Flickering spectroscopy

Flickering or fluctuation spectroscopy is a non-invasive image analysis
technique based on the analysis of the thermal shape fluctuations of lipid membranes
originated from the Brownian motion of water molecules around the membrane 36, |t
was firstly used by Brochard and Lennon in 1975 to describe the flicker phenomena
of red blood cells *¥7, and since then it has become one the most popular methods to

gain information about the mechanical properties of lipid membranes 114 115 138,

In 1984 Helfrich and Servuss calculated the membrane fluctuation spectrum for
small thermal undulations using a quasi-planar continuous bilayer approximation 13,
According to Helfrich’s formulation, the elastic energy (E) needed to deform a
membrane depends on two main mechanical parameters, the membrane tension (o)

and the bending rigidity (), and is given by:
1
Equation 2.19 E= E_f {J(Vh(x. y))z + k(V2h(x, y))z} dx dy

where h(x,y) is the height of the membrane relative to a fixed horizontal plane in
the point of coordinates (X, y), or what is the same, the displacement of the membrane
contour respect its average position. By transforming the displacement into Fourier
space and assuming equipartition of energy, the mean square amplitude of each
fluctuation mode ({| h(g)? )), also known as fluctuation spectrum, can be related to the

membrane tension and bending rigidity by:

kgT
L?(0q%+Kq?)

Equation 2.20 (lh())?) =
where L? is the area of the membrane, q the wavevectors (q=(gx*+qy)*?), ks the
Boltzmann’s constant and T the absolute temperature.

In addition to the quasi-planar model shown above, alternative quasi-spherical
models which expand the membrane fluctuations into spherical harmonics are also

commonly used to describe the thermal fluctuations of lipid vesicles. However,
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Pecreaux et al. 149 pointed out that when only the equatorial plane (y =0) of a lipid
vesicle is being analysed (as it is the case of video microscopy), only the fluctuations
in this plane are accessible and the quasi-planar and quasi-spherical formulations of
the fluctuation spectrum are equivalent for all but the lowest fluctuation modes. The
fluctuation spectrum in the equatorial plane of the vesicle is then given by:

Equation 2.21 (lh(gy, y = 0)]?) =1kB—T 1t

L 20 q o‘+q2

Experimentally, the shape fluctuations of the membrane can be observed in
GUVs using optical microscopy methods, commonly phase contrast 2% 115 141 gnd
confocal microscopy 14 115 142 Hence, the first step of flickering spectroscopy is
collecting videos of single GUVs imaged at their equatorial plane. Then the contour of
the GUV is extracted from the videos to analyse the fluctuations of the membrane
respect its mean shape over time. Detailed descriptions about the contour detection
algorithm can be found elsewhere 14 143, Briefly, in the case of fluorescence confocal
microscopy images, the position of the membrane is detected with subpixel resolution
by finding the radial maximum intensity profile, expressed in polar coordinates r(¢),

from every frame of the time-series.

The radial profiles show the fluctuations of the distance from the centre of the
GUV to the membrane, and the amplitude of the membrane fluctuations is calculated
relative to the mean radius of the vesicle. Then the amplitude of the fluctuations is
Fourier transformed to calculate the mean square amplitude of each Fourier mode.
Finally, the values of the bending rigidity and membrane tension can be obtained by

fitting the experimental fluctuation spectrum with Equation 2.21.
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2.2 Materials

2.2.1 Lipids

The main lipids used in this research are 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
cholesterol (from ovine wool), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Rh-DOPE,) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium
salt) (NBD-DOPE) were purchased from Avanti Polar Lipids Inc. (Alabaster, USA) .

The molecular structure of the main lipids used in this research is represented in Figure

2.10.
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Figure 2.10. Molecular structure of DOPC, DPPC, Rh-DOPE, NBD-DOPE and cholesterol.

51



Chapter 2

2.2.2 Nanoparticles

Silver nanoparticles (AgNPs) were provided by collaborators from the “Inorganic
Nanoparticles Group” from the Institut Catala de Nanociéncia i Nanotecnologia (ICN2)
(Barcelona, Spain). Silica nanopatrticles (SiO2 NPs) LUDOX SM-30 and LUDOX TM-

50 were purchased from Sigma-Aldrich Co. (Gillingham, UK).

2.2.3 Buffers

Most of the experiments in this thesis were performed in a buffer resembling the
ionic strength of physiological media made of 20 mM HEPES and 150 mM NaCl. Some
experiments were conducted in a low ionic strength buffer containing 20 mM HEPES
but 300 mM glucose instead of NaCl to maintain the same osmolality of the medium.
The osmolality of the buffer was measured with a 3320 Micro-Osmometer (Advanced
Instruments, Norwood, UK). All buffers were adjusted to pH 7.4 with NaOH. HEPES,

NaCl, glucose, and NaOH were obtained from Sigma-Aldrich Co. (Gillingham, UK).

224 Miscellaneous materials

Indium titanium oxide (ITO) coated glass slides (surface resistivity 8—12 V sqg),
AgNOs, sucrose, bovine serum albumin (BSA), 5(6)-carboxyfluorescein and
tetramethylrhodamine isothiocyanate (TRITC)-dextran 70 kDa were purchased from
Sigma-Aldrich Co. (Gillingham, UK). Microscope p-slide 8 well glass bottom chambers
(Ibidi GmbH) were purchased from Thistle Scientific Ltd (Glasgow, UK). 3,3-
dioctadecyloxacarbocyanine perchlorate (DiO), 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD), 6-Dodecanoyl-
2-Dimethylaminonaphthalene (Laurdan), cascade blue-dextran 10 kDa and TRITC-

dextran 40 kDa were purchased from ThermoFisher Scientific Ltd. (Loughborough,
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UK). Naphtho[2,3-a]pyrene (naphthopyrene) was obtained from Tokyo Chemical

Industries UK Ltd (Oxford, UK).

2.2.4.1. 5(6)-Carboxyfluorescein

The hydrophilic fluorescent dye 5(6)-carboxyfluorescein (CF), a mixture of 5-
carboxyfluorescein and 6-carboxyfluorescein (Fig. 2.11), is a common tool to study
changes in membrane permeability as well as to investigate the controlled content
release from drug carries. This is due to its self-quenching ability at high

concentrations.
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Figure 2.11. Chemical structure of 5- and 6-carboxyfluorescein.

The mechanism of CF fluorescence quenching inside lipid vesicles was first
investigated by Chen and Knutson 44, They showed that when encapsulated at a high
concentration (200 mM) in DPPC liposomes, CF undergoes self-quenching, losing 97-
98% of its fluorescence signal. They attributed the self-quenching to the formation of
non-fluorescent CF dimers. These dimers, apart from not being fluorescent
themselves, quench the fluorescence of the solution through Férster resonance

energy transfer from the fluorescent CF monomers.
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2.2.4.2. Environment-sensitive fluorophore Laurdan

Laurdan is a naphthalene derivative firstly synthesised in 1979 by Weber and
Farris 145, Laurdan is a polar-sensitive fluorophore: upon excitation in polar solvents,
its dipole moment increases producing a reorientation of the surrounding polar

molecules which results in a red shift of the fluorescence emission of the probe 34 146,

Laurdan has been extensively used in membrane biophysics to assess the lipid
packing within the membrane 147. Laurdan localises in the hydrophilic/hydrophobic
interface region of the membrane %8, showing maximum fluorescence at 490 nm or
440 nm depending on the membrane hydration (Fig. 2.12). Thus, an emission peak at
490 nm implies a hydrated and disordered membrane, while an emission maximum at
440 nm indicates a more ordered membrane where lipids are tightly packed and fewer
water molecules are located near the dye. The fluorescence intensity at 440 nm (la4o)
and 490 nm (lago) is used to calculate a quantitative indicator of membrane order called

generalized polarization (GP) **8, which increases with the order of the membrane:

Iygo — 1
Equation 2.22 GP = 40 490
144-0 + 1490

The GP of membranes labelled with Laurdan can be determined via

fluorescence spectroscopy measurements 4% 150 or by spectral imaging 50-152,
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Figure 2.12. Schematic representation of Laurdan molecules within membranes with different
levels of hydration along with characteristic fluorescence emission spectra in each condition.
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2.3 Experimental procedures

2.3.1 Preparation of large unilamellar vesicles

LUVs were prepared by lipid thin film hydration followed by extrusion. Initially, a
vial of 100 ul of the desired lipid mixture was dried from chloroform under vacuum
overnight to get a lipid thin film. The lipid film was then rehydrated with 500 ul of the
desired buffer and vortexed to form a suspension of vesicles polydisperse in size and
lamellarity. Next, to break the multilamellar vesicles (MLVs) and form unilamellar
liposomes, the sample was frozen in liquid nitrogen, thaw in a water bath at 60° C and
vortexed. This freeze-thaw-vortex cycle was carried out 5 times. The sample was
subsequently extruded 11 times by passing through a 400 nm pore size polycarbonate
membrane using either an Avanti mini-extruder (Avanti Polar Lipids) or a LiposoFast
extruder (Avestin Inc.) to obtain a homogeneous population of 400 nm LUVs. The size
of the LUVs was determined by DLS and the lipid concentration by a standard

phosphorus assay.

2.3.2 DLS and DELSA

DLS and DELSA experiments were performed with a Malvern Zetasizer Nano
ZS (Malvern Panalytical, Malvern, UK). DLS was used to determine the size of LUVS,
AgNPs and SiO; NPs as well as for evaluating the stability and aggregation state of
NPs under different medium conditions. 200 ul of sample was placed in a microcuvette
and each sample was measured three times (unless otherwise specified) at a fixed
173° back-scattering angle. The hydrodynamic size was reported as the average of
the three readings. The results were processed using the Malvern Zetasizer software
to obtain the hydrodynamic diameter from the analysis of the autocorrelation function

of the light intensity scattered by the suspended particles in solution.
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The C potential of NPs in solution was determined by DELSA. Approximately 1
ml of sample was introduced in a special cuvette for {-potential measurements (cuvette
DTS1070, Malvern Panalytical, Malvern, UK). Each sample was measured three times
at a fixed 17° back-scattering angle. The ¢ potential was calculated from the measured
electrophoretic mobility using the Smoluchowski approximation. The data were

analysed with the Malvern Zetasizer software.

2.3.3 Phosphorus assay

The phospholipid concentration in the LUVs samples was determined using the
phosphorus assay, which consists in digesting the organic sample into inorganic
phosphorus. A phosphorus standard solution was used to prepare six calibration test
tubes (0 umol, 0.0325 pmol, 0.065 pmol, 0.114 pmol, 0.163 umol, and 0.228 umol) to
use as calibration curve and three replicates of LUVs sample were made by adding
70 ul aliquots of the LUVs sample to sample test tubes. The digestion process begins
with the addition of 450 ul of H,SO4 (8.9 M) to each tube before heating at 215° C for
25 min. After cooling the samples at room temperature, 150 yl H,O, were added and
the samples were heated at the same temperature for a further 30 min. The samples
were cooled again before adding 3.9 ml of mili-Q water. Finally, 500 ul of both 2.5%
(w/v) ammonium molybdate tetrahydrate and 10% (w/v) ascorbic acid were added and
the tubes were sealed and vortexed before heating at 100° C for 7 min. The
absorbance of the samples was measured at 820 nm using a Cary 100 UV Vis
spectrophotometer and the concentration of lipid in the LUVs sample was estimated

from the calibration curve made with the standard samples.
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2.3.4 5(6)-carboxyfluorescein leakage assay

The leakage assay is a technique widely used in cytotoxicity studies for the
detection of changes in membrane permeability upon interaction with potential
membrane disruptors such as peptides, proteins, drugs or nanoparticles with lipid
membranes. It is based on the fluorescence self-quenching that CF undergoes at high
concentrations. In the context of this thesis, LUVs encapsulating self-quenched CF
were exposed to NPs. The interaction of the NPs with the lipid membrane can lead to
pore formation and even complete rupture of the LUVs which results in the release of
the CF to the external medium where it gets diluted and hence, its fluorescence signal

increases significantly (Fig. 2.13).
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Figure 2.13. Schematic representation of CF leakage from a lipid vesicle. Inside the LUVs CF
is self-quenched. The addition of NPs produces membrane pores and leads to the release of the
dye from the vesicle to the external medium where it gets diluted and become fluorescent.

LUVs were prepared as explained in Section 2.3.1. To load the vesicles with CF,
the lipid film was rehydrated with 500 ul of 20 mM HEPES, 120 mM CF, pH 7.4. After
the extrusion, the sample was passed through a Sephadex G-25 column to remove
the unencapsulated CF via size exclusion chromatography, obtaining DOPC LUVs
with self-quenched CF encapsulated. Samples were prepared by suspending the
LUVs in isotonic buffer at a final phospholipid concentration of 0.1 pM. Each sample
was exposed to different concentrations of NPs and the fluorescence intensity was

measured from 500 nm to 600 nm (excitation at 492 nm) using a fluorometer. The
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results were calculated from the fluorescence intensity values at 514 nm (l,) and are
presented as the normalized fraction of dye leakage. To calculate the fraction of dye
release, a sample of LUVs non-treated with NPs was used as baseline signal which
was subtracted from the emission spectrum (lp) and values for complete dye leakage
(Imax) were obtained by adding 50 pl of the surfactant Triton X-100 (10% wi/v) which

causes the lysis of the LUVs. The normalized fraction of CF leakage (L) is given by:

. In = Iy
Equation 2.23 L, =——x100
Imax - IO
2.3.5 Intervesicular lipid mixing measured by FRET

The Forster Resonance Energy Transfer (FRET) between NBD and rhodamine
(Rh) was used to measure the lipid mixing between LUVs upon exposure to SiO; NPs,
which is an indicator of membrane fusion and hemifusion. For these experiments,
LUVs labelled with 0.25 mol% NBD-DOPE and 0.25 mol% Rh-DOPE as well as non-
labelled LUVs were prepared via lipid thin film hydration followed by extrusion. The
two sets of LUVs were mixed in a 1:4 ratio (20 uM labelled LUVs and 80 puM non-
labelled LUVs) and incubated for 30 minutes with different concentrations of SiO, NPs.
In addition, samples of LUVs non-treated with SiO> NPs were used as negative control
and samples of LUVs labelled with 0.05 mol% NBD-DOPE and 0.05 mol% Rh-DOPE
were used as full lipid mixing control. The fluorescence intensity of the samples was
measured between 500 nm and 650 nm, using the excitation wavelength of NBD (460
nm). The maximum fluorescence intensity of NBD (Dap at 530 nm) and Rh (Aap at 590
nm) was used to calculate the FRET ratio (F) of each sample using Equation 2.16.
The membrane fusion between the two populations of LUVs leads to final fused
vesicles with a mixed membrane where the distance between the fluorophores
increases and consequently the FRET ratio decreases. The percentage of lipid mixing

was then calculated by normalising the FRET ratios of each sample (F.) between the
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baseline samples of LUVs untreated with SiO, NPs (Fo) and the full lipid mixing

controls (Fu):

Equation 2.24 % Lipid mixing = H x 100
full — o

Moreover, the fluorescence intensity of NBD (donor) at 530 nm when the
acceptor Rh is present (Dpa) and absent (LUVs labelled only with 0.25 mol% NBD-

DOPE) (Dp) was measured to calculate the FRET efficiency (E) using Equation 2.16.

2.3.6 Electroformation of giant unilamellar vesicles

In 1986, Angelova and Dimitrov observed that electric fields can induce swelling
of lipids films and developed a method to prepare Giant Unilamellar Vesicles (GUVs)
based on applying direct current (DC) electric fields to dried lipid films rehydrated in
water solutions 153, This protocol, known as electro-swelling or electroformation, was
later improved using alternating current (AC) electric fields which reduce the formation

of gas bubbles and increase the production rate of GUVs 154 155,

GUVs were prepared using the electroformation method. First, 15 pul of lipid
solution (0.7 mM) were deposited as a thin layer over the conductive side of two ITO
coated glass slides and then dried under a nitrogen stream. The ITO slides were then
assembled into an electroformation chamber each in contact with a copper tape and
separated by a 1.6 mm Teflon gasket (Fig. 2.14). The chamber was filled with a 300
mM sucrose solution (300 mOsm kg*) and connected to a function generator to apply
an AC electric field. The frequency of the electric field was set at 10 Hz and the voltage
was gradually increased from 1 V peak-to-peak (Vpp) to 5 Vpp over 15 minutes and
maintained at 5 Vpp for two hours. Finally, the frequency was gradually reduced to 0.1
Hz over 10 minutes to facilitate the closure and detachment of GUVs from the slide.
For mixtures of lipids with melting transition temperatures (Tm) below 15 °C the

electroformation was carried out at room temperature, otherwise, the GUVs were
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electroformed at a temperature above the transition temperature of the lipid with the
highest T, in the mixture. After electroformation, the GUVs were suspended in isotonic

(unless otherwise specified) buffer.

To prepare GUVs loaded with fluorescent dextran, the sucrose solution was
doped with 0.5 mg/ml of TRITC-dextran and the electroformation was carried out at
35 °C using the same settings detailed above. After electroformation, 200 pl of the
GUVs were diluted with 800 pl of isotonic buffer. The diluted GUVs were then
centrifuged for 5 minutes at 100g, so the GUVs sink to the bottom of the tube and the
free dextran remains in the supernatant. Then, 600 pl of the supernatant were carefully
removed from the tube and 600 pl of isotonic buffer were added to the GUVs. The
sample was centrifuged again (5 min at 100g), 600 pul of the supernatant were removed

and 600 pl of isotonic buffer were added again to resuspend the GUVSs.

—— Lipid film
/ Copper tape,

ITO coated glass slides

Lipid film

Figure 2.14. Schematic representation of an electroformation chamber.
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2.3.7 Detection of changes in morphology and permeability of GUVs

Confocal laser scanning microscopy was used to monitor changes in the
permeability and the morphology of GUVs induced by NPs. Table 2.1 shows the
excitation laser and the fluorescence emission range for every dye used in confocal
microscopy experiments in this thesis. Before beginning the experiments, the glass
surfaces of the 8-well microscope chamber slides are treated with 5% BSA solution in
mili-Q water for 10 minutes and then rinsed with Milli-Q water and dried under a

nitrogen stream to prevent GUVs from adhering and rupturing onto the glass.

Table 2.1. Dyes used in confocal microscopy experiments

Fluorescent dye Excitation laser Emission range
Naphthopyrene Diode 405 nm 410-503 nm
Cascade blue Diode 405 nm 410-483 nm
CF Argon 488 nm 493-556 nm
DiO Argon 488 nm 493-553 nm

DiD HeNe 633 nm 638-750 nm

To identify morphological changes in the vesicles produced by the NPs, 200 ul
of GUVs were initially deposited into a well of the microscope slide. Then the NPs were
carefully added to the GUVs and their morphology was monitored by taking snapshots

or by collecting time series to follow the process over time.

To study changes in membrane permeability, a membrane-impermeable
fluorescent dye (fluorescent dextran or CF) is added to the 200 ul GUVs suspension,
consequently, the bulk solution becomes fluorescent whereas the lumen of the GUVs
remains uncoloured. The tile scanning option was used to image large areas of the
sample and facilitate the acquisition of statistical data (Fig. 2.15). These scans were
acquired before and after incubating the GUVs with the NPs. The fluorescence

intensity in the lumen of GUVs was quantified and normalised using Equation 2.23
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where now L, is the percentage of dye that leak into a particular GUV, |y is the average
pixel intensity of the dye in the lumen of the GUVs before adding the NPs, I, is the
average pixel intensity of the dye in the lumen of the GUV analysed and Imax is the
average pixel intensity of the dye in the bulk solution. Only GUVs with a normalised
fluorescence intensity in their lumen higher than 20% were considered permeable to
the fluorescent molecules in the external medium. The images were analysed using
the Fiji extension of ImageJ software (National Institutes of Health, Bethesda, MD) and

the proportion of GUVs affected by the NPs was determined by manual counting.

100 pm

Figure 2.15. Example of confocal microscopy tile scan image of GUVs (red) with cascade blue-
dextran molecules in solution (background blue fluorescence).

2.3.8 Imaging of membrane fusion and estimation of lipid mixing rate

Two populations of GUVs differently labelled were prepared by electroformation.
Then 100 pl of each GUV population were mixed and, once the GUVs have sunk to
the bottom of the imaging-slide well, 25 pg/ml SiO, NPs were added. Confocal
microscopy time series were recorded to follow the fusion process over time. Images
were analysed with Fiji to measure the fluorescence intensity of each dye in different

regions of the membrane of the GUVs.
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To estimate the lipid mixing rate, we monitored the fluorescence increase over
time of one of the dyes while it invades the GUV initially labelled with the other
fluorophore. The fluorescence was normalised to the maximum intensity reached after
fusion. The data were fitted to an exponential function (f(x) = A(1-exp(-t/r))) where A
is the change in fluorescence, t is the time passed since the lipids begin to mix and 1
is the time constant. The rate of lipid mixing was calculated as the diffusion coefficient
(Equation 2.18), where w is now the radius of a circle with a surface area equivalent
to the GUV analysed. The analysis of the images and the data was performed with Fiji

and Origin Pro.

2.3.9 Acquisition and analysis of FRAP data

The potential changes in the fluidity of the membrane of GUVs induced by the
NPs were investigated using FRAP. FRAP experiments were performed on the top
pole of GUVs before and after adding the NPs. A circular ROI of 5 £ 0.5 um diameter
was exposed to 5 bleaching scans at 100% laser power and the recovery was
monitored by recording time series of 100 frames. The recovery curves were fitted with
Origin Pro using the fluorescence recovery model shown in Equation 2.17 and from
the recovery times, the diffusion coefficient is calculated using Equation 2.18. The
movement of GUVs during the data acquisition might provide faster fluorescence
recovery times than the one due solely to lipid diffusion. To minimise this issue, only
measurements where the GUVs remained stationary during the bleaching and
recovery process were included in the data analysis and the diffusion coefficient is
given as the average of at least 15 individual measurements. In addition, this issue
affects equally to control and non-control samples so the obtained data allows to detect
relative changes in lipid diffusion coefficient between the (non-control) samples and

the controls.
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2.3.10 Acquisition and analysis of flickering spectroscopy data

The mechanical properties of GUVs were determined using flicker spectroscopy.
After electroformation, the GUVs were suspended in a hyperosmotic buffer (315
mOsm kg?) (1 vol GUVs: 4 vol buffer) and incubated overnight at 4° C to osmotically
relax the tension of the membrane. Confocal microscopy time series of 1000 frames
and a resolution of 1024 x 1024 pixels were taken at the equatorial plane of single
GUVs before and after exposure to the NPs. The confocal pinhole aperture was
adjusted to 0.7 um and, to increase the scan speed, single GUVs were zoomed in
upon to the maximum magnification that allows imaging of the whole vesicle. The
contour detection and fluctuation analysis were performed using an algorithm
developed in MATLAB (The MathWorks) kindly provided by Prof. Pietro Cicuta and
co-workers at the University of Cambridge, UK. This programme analyses each frame
of the time series and quantifies the membrane tension and bending rigidity by fitting

the fluctuation power spectrum of the membrane with Equation 2.21.

2.3.11 Laurdan spectral imaging

GUVs labelled with 0.5 mol% Laurdan were prepared by electroformation. The
spectral imaging is acquired using the lambda mode of the Zeiss LSM880 confocal
microscope, which allows split the fluorescence emission spectrum of a dye into up to
34 spectral intervals recorded in individual detection channels. Laurdan was excited
with the 405 nm laser and the fluorescence detection range was set between 410 nm
and 550 nm with a spectral step of 8.9 nm per channel. Snapshots of Laurdan labelled
GUVs were acquired before and after exposure to NPs. The images were analysed
with a Fiji plugin developed by Sezgin et al , setting 440 nm and 490 nm as maximum

emission wavelengths to calculate the GP values as shown in Equation 2.22.
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Chapter 3:

Effect of the ionic strength of the medium
on the interaction between silver
nanoparticles and lipid membranes

3.1 Introduction

Silver nanoparticles (AgNPs) are very appealing for industrial and biomedical
applications due to their antimicrobial activity and their unique optical properties (see
Section 1.2.1) but have also shown significant toxicity against different eukaryotic cell
types. The mechanisms of AgNPs-induced cytotoxicity are still unclear and vary
depending on the physicochemical properties of the NPs, their concentration and the
exposure time, but also on the cell type they encounter . For instance, Kim et al.
observed that AgNPs induce cytotoxic effects in HeLa cells, Chinese Hamster Ovary
cells, mouse preosteoblast MC3T3-E1 cells and rat adrenal medulla PC12 cells, with

the two latter being most affected %6,

The interaction of AgNPs with the plasma membrane is essential for their
biomedical activity but is also the initial step of the toxicity pathway. This interaction
often leads to the internalisation of the NPs into the cell and can induce loss of
membrane integrity 5% 70. Once internalised, AgNPs could cross and damage other
sub-cellular membranes, such as the inner mitochondrial membrane generating
mitochondrial respiratory chain dysfunction and originating endogenous reactive
oxygen species (ROS) 69 70.157. 158 |n addition, AQNPs are very susceptible to changes
in the medium composition that can lead to corrosion, aggregation and oxidation
processes which change their physicochemical properties and therefore their

biological activity and cytotoxic effect 157,
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In this chapter, we investigate how changes in the ionic strength of the medium
influence the surface charge and colloidal stability of AGNPs as well as their effect on
the biophysical properties of lipid membranes. In this manner, we can relate how
modifications of AgNPs produced by changes in the ionic strength of the medium

influence their ability to interact with lipid membranes.

3.2 AgNPs tend to aggregate in physiological ionic strength
buffer

The citrate coated AgNPs used in this study were synthesised by collaborators
from the Institut Catala de Nanociéncia y Nanotecnologia (Barcelona, Spain), using
the seeded-growth method '*°. These AgNPs were nanospheres with a diameter of

22.4 + 2.5 nm as determined by transmission electron microscopy (TEM) (Fig. 3.1).

120 224+25nm

0 10 20 30 40 50
Diameter / nm

Figure 3.1. TEM images of spherical AgNPs. The data presented in this figure were acquired
and analysed by collaborators from the Institut Catala de Nanociéncia y Nanotecnologia
(ICN2) in Barcelona.
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Nonetheless, when suspended in biological media, the physicochemical
properties of AQNPs can change as a result of dissolution and aggregation processes,
as well as adsorption of biomolecules to the NP surface, which have an important
influence on the biological activity of the NPs 1%°, The aggregation of ANPs can be
easily detected using UV-vis spectrophotometry. The maximum absorption peak of the
UV-vis spectrum of AgNPs corresponds with the LSPR peak. The absorbance
spectrum of AgNPs suspended in water shows a single peak, typical of monodisperse
AgNPs, at 417 nm (Fig 3.2). However, the LSPR is very sensitive to changes in the
physicochemical properties of AgNPs produced by the medium. For instance,
aggregation processes are known to produce a sharp decrease and broadening in the
LSPR peak, an increase of absorbance at longer wavelengths and, sometimes, the
appearance of secondary peaks 4’. This aggregation pattern is observed when the

AgNPs are suspended in HEPES-buffered saline solution (Fig. 3.2).

104 —— 100 pM AgNPs in Mili-Q water
=100 uM AgNPs in HEPES saline buffer

0.9+
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Wavelength / nm
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Figure 3.2. UV-vis spectrum of AgNPs suspended in mili-Q water and HEPES saline buffer.
The LSPR peak of AgNPs in mili-Q water corresponds to 417 nm. In HEPES saline buffer
the drop of LSPR peak and the increase in absorbance at longer wavelengths is an indicator
of aggregation.
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Additionally, the colloidal stability AGNPs in physiological and low ionic strength
buffers was also tested by comparing the hydrodynamic size of AQNPs suspended in
milli-Q water with their hydrodynamic size when suspended in the buffer of interest.
The size distribution by intensity shows that the hydrodynamic diameter of AgNPs
suspended in HEPES glucose buffer (43.5 = 0.9 nm) does not differ significantly from
the results in milli-Q water (40.2 £ 1.0 nm), hence the NPs are highly monodispersed
and stable in this buffer. The bigger size obtained by DLS compared to TEM is
expected because, while TEM measures only the physical size of the core NPs, DLS
measures the hydrodynamic size which, in addition to the NP core, takes into account
the stabiliser coating and the electrical double layer around the NPs 161162 On the
contrary, the rise of the ionic strength of the medium to physiological levels leads to
aggregation as indicated by the appearance of a secondary peak around 200 nm in
the DLS intensity distribution. However, the size distribution by number at this ANPs
concentration (50 uM), and incubation time (30 min) does not show differences with
respect to the distributions in mili-Q water and HEPES glucose buffer, therefore most

of the AgNPs are still monodisperse (Fig. 3.3).

30 -
X — 50uM AgNPs in milli-Q water
a—_) 20 4 — 50uM AgNPs in HEPES glucose buffer
.g — 50uM AgNPs in HEPES saline buffer
5 10 4
P
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Figure 3.3. DLS data of 50 uM AgNPs suspended in mili-Q water, HEPES saline and
HEPES glucose buffer for 30 minutes. The size distribution by number (top graph) shows a
monodisperse distribution of AgNPs with peaks around 25 nm. The size distribution by
intensity (bottom graph) is similar for AgNPs dispersed in mili-Q water and HEPES glucose
buffer, whereas in HEPES saline buffer AgNPs show a tendency to form aggregates.
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Doppler electrophoretic light scattering analysis (DELSA) was used to determine
the C potential of AgNPs in different solutions. Similar to the hydrodynamic size, the
potential of AgNPs is comparable in milli-Q water and HEPES glucose buffer, -28.0 +
6.08 mV and -21.2 = 9.20 mV respectively, whereas in HEPES saline buffer the
surface charge of AQNPs becomes less negative (-8.99 + 15.18 mV) (Table 3.1). This
less negative C potential is the reason behind the aggregation tendency in HEPES
saline buffer. According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,
the colloidal stability of NPs in suspension is determined by the balance between
attractive forces, mainly Van der Waals forces, and electrostatic double-layer
repulsions 71163 |n Jow ionic strength medium, the negative surface charge provided
by the citrate coating stabilises the AgNPs suspension by electrostatic double-layer
repulsions. However, in HEPES saline buffer the high concentration of ions produces
a screening of the surface charge that compresses the electrical double layer around
the AgNPs 8% 164 165 Consequently, the electrostatic repulsions between AgNPs

become weaker and their aggregation tendency increases.

Table 3.1. { potential of AgNPs in different media

MEDIUM ¢-potential

Mili-Q water -28.0 £ 6.08 mV
HEPES glucose buffer -21.2£9.20 mV
HEPES saline buffer -8.99 + 15.18 mV

DLS was also employed to monitor the temporal evolution of the hydrodynamic
size of AgNPs suspended in low ionic strength (100 uM AgNPs) and physiological
ionic strength buffers (50 puM, 100 pM and 250 pM AgNPs) for 2 hours by taking
measurements every 60 seconds. The aggregation kinetics of colloidal suspensions
can be fast when there is not a repulsive barrier between the particles and every
collision between particles leads to attachment, or slow when the particles encounter

a repulsive energy barrier and only a fraction of collisions are effective. The probability
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of effective collisions is indicated by the attachment efficiency (a). It can be estimated
by normalising the slow aggregation rate constant (ks) to the aggregation rate constant
in the fast aggregation regime (Krast)®:

kfast

Equation 3.1 a

The fast aggregation rate constant can be estimated using Smoluchowski
coagulation theory, where kg is Boltzmann’s constant, T is the temperature and n is

the viscosity of the medium 29,

. 4kgT

Equation 3.2 kfast = ?

The slow aggregation rate constant is calculated from the experimental data.

The increase in hydrodynamic diameter (D) of AgNPs at early time was analysed

using a linear least-squares regression, and the slope ((dDx(t))/dt) o) is used for

calculating ks 28:

E tion3.3 —
quation 1t

Dio (dDh (t))

In low ionic strength, the hydrodynamic size of AgNPs does not change with
time, whereas the aggregation profile of AgNPs in HEPES saline buffer shows a
relatively fast initial increase in hydrodynamic diameter that slows down after about 10
minutes (Fig. 3.4). As expected, the more concentrated samples exhibit faster growth,
forming larger aggregates. Analysis of the early, linear stage of aggregate growth was
used to calculate the average aggregation rate constant (ks) for AQNPs in HEPES
saline buffer, which in turn lead to calculate an average attachment efficiency of
AgNPs in this medium of: a = 0.016 £ 0.003. The low value of a is typical of a weakly
aggregating regime where less than 2% of collisions result in aggregation. Given this
value of a, the AgNPs must overcome a 4.1 ksT energy barrier (Ep) in a collision in

order to stick to each other.
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Figure 3.4. Aggregation kinetics of AgNPs. In HEPES saline buffer the hydrodynamic
diameter increases with time and NP concentration. Data are presented as the mean (dots) +
SD (error bars) of three independent measurements. The inset plot to the right is the enlarged

early time aggregation used for calculating the aggregation rate constant (ks).

3.3 Theionic strength of the medium modulates the effect

The optical

of AgNPs on the membrane permeability

properties of AgNPs occasionally lead to interferences in

spectroscopy-based methods, especially in wavelengths near the LSPR peak.

Although the maximum absorption peak of these AgNPs (417 nm) is far from the

working wavelength of 5(6)-carboxyfluorescein (Aex 492nm; Aem 514nm), the

aggregates have different optical properties and might enhance or weaken the

fluorescence signal of 5(6)-carboxyfluorescein (CF).

To assess whether the fluorescence emission of CF is affected by the presence

of AgNPs in the sample, the fluorescence intensity of CF at various concentrations

was compared with the intensity of the same samples after the addition of 100 uM

AgNPs. No significant difference in fluorescence intensity of CF was observed before

and after the addition of AgNPs (Fig. 3.5).
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Figure 3.5. Comparison of fluorescence intensity signal of CF samples at different
concentrations in the presence and absence of 100 uM AgNPs.

Therefore, the effect of AQNPs on the membrane permeability was initially
investigated by quantifying the release of CF from DOPC LUVs. The CF-loaded LUVs
(400 nm diameter) were suspended in isotonic HEPES saline buffer or HEPES
glucose buffer reaching a final phospholipid concentration of 0.10 + 0.02 uM. The LUV
suspensions were then exposed to various concentrations of AgNPs (1 uM, 3 uM, 10
1M, 30 uM and 100 uM) and the fluorescence intensity at 514 nm was measured every
15 minutes during a total time of 90 minutes. In both media, concentrations of AQNPs
below 10 uM do not induce any change in membrane permeability. In HEPES glucose
buffer, the highest concentrations of AgNPs (30 uM and 100 uM) induce just a
marginal dye release which does not increase significantly over time, remaining below
the 10%. On the other hand, in physiological ionic strength buffer, the exposure of
LUVs to 10 uM AgNPs produce a minimal dye leakage, but at higher AgNPs
concentrations the dye release begins to be more extensive, reaching a maximum
leakage of nearly 15% and 30% after 30 minutes of exposure to 30 yM and 100 M
AgNPs, respectively. At that moment, the dye release levels off and remains stable for

the next 60 minutes (Fig. 3.6).
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These results evidence a strong influence of the medium conditions on the
interaction between AgNPs and zwitterionic phospholipid membranes and suggest
that only weakly aggregated AgNPs are able to interact with the membrane. Given the
dependence of AgNPs aggregation upon concentration and time when suspended in
physiological ionic strength buffer, at the same incubation time, the highest
concentrations of AgNPs lead to more and larger aggregates. These aggregates are
however still in suspension and able to interact with the vesicles and permeate their
membrane, whereas single NPs do not change the permeability of the membrane. At
longer times, the aggregates gradually grow bigger until they reach a size where are

expelled from the solution and no longer able to interact with the suspended vesicles.
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Figure 3.6. Leakage of CF from DOPC LUVs induced by AgNPs. In HEPES saline buffer
AgNPs induce a higher dose-dependent leakage CF from LUVs than in HEPES glucose
buffer. Inset shows the dye leakage percentage as a function of NP concentration after 90
minutes of incubation. Data are presented as the mean (dots) £ SD (error bars) of three
independent measurements
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The release of the dye from the lumen of the vesicles can be a consequence of
different processes, from the opening of small membrane pores to the complete lysis
of the liposomes. The mechanism behind the change in membrane permeability was
identified using confocal microscopy to directly observe the influx of hydrophilic
macromolecules (10 kDa cascade blue dextran) into GUVs after 20 + 5 minutes of
exposure to 50 uM, 100 uM and 250 uM AgNPs. Additionally, control experiments
were carried out adding equivalent volumes of milli-Q water to the GUVs to test the

effect of a potential osmotic shock.

Confocal microscopy observations firstly confirmed the regulating role of the
medium composition on the AgNPs-membrane interactions. In low ionic strength
buffer, the incubation of GUVs with AgNPs barely produces any change in their
permeability to dextran 10 kDa. On the contrary, at physiological ionic strength, the
exposure to AgNPs induces a dose-dependent increase in GUVs permeable to 10 kDa
dextran. The GUVs permeable to fluorescent dextran do not experience dramatic
morphological changes, such as vesicle burst or large membrane holes (Fig. 3.7 a).
This rise in the proportion of permeable GUVs is statistically significant at the three
concentrations of AgNPs tested, but it does not exceed 15% even at the highest
AgNPs concentration (Fig. 3.7 b). The osmotic shock controls discard a contribution
of changes in the osmotic pressure to the effects observed. The diffusion of large
hydrophilic macromolecules, such as 10 kDa dextran, into the lumen of GUVs is an

indicator of the formation of membrane pores, which can vary in size and lifetime

166, 167
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Figure 3.7. Effect of AgNPs in the permeability of DOPC GUVs. a) DOPC GUYV labelled
with Rh-DOPE before (upper panel) and GUV permeable to 10 KDa Cascade blue dextran
after exposure to 100 uM AgNPs (lower panel). b) The proportion of GUVs permeable to
10 kDa dextran upon exposure to AgNPs in physiological ionic strength medium (blue bars),
low ionic strength medium (green bar) and osmotic shock controls (red bars). Data obtained
from analysing 700 = 75 GUVs (from 5 different samples) for each condition. Bar plot
indicates mean +SD. Statistical significance was tested using a one-way ANOVA with

Bonferroni multiple comparisons test (*p < 0.05, **p <0.01).

To get further information about the characteristics of the pores, the permeability
of GUVs to 10 kDa dextran was compared with their permeability to the much smaller
dye CF (0.376 kDa). Using confocal microscopy, we analysed the specific level of
leakage in every GUV observed (Fig. 3.8 a). The proportion of GUVs permeable to CF
molecules after exposure to 100 yM AgNPs is nearly three times higher than to bigger
dextran molecules (Fig. 3.8 b). This difference is a consequence of the nanoscale size

of the pores which allow easier and faster transmembrane diffusion of small molecules
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and limit the passage of big macromolecules across the membrane. Moreover, the
distribution of permeable GUVs according to their level of leakage shows that nearly
40% of the permeable GUVs were fully filled (> 80% dye leakage) with CF after
exposure to 100 uM AgNPs. In contrast, less than the 20% of GUVs permeable to 10
kDa dextran showed more than 60% of leakage, of which just a marginal proportion
was fully leaked (Fig. 3.8 c¢). The fact that most of the GUVs observed were just
partially filled with the fluorescence extravesicular medium indicates that the
nanosized pores formed are transient and the membrane can recover its integrity and

block the diffusion of hydrophilic macromolecules.
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Figure 3.8. Influx of CF and 10 kDa dextran into DOPC GUVs after exposure to 100 uM
AgNPs. a) Percentage of CF and dextran leaked into the lumen of each GUV analysed. The
red dashed line indicates the level (20%) above which GUVs are considered permeable.
Confocal micrograph shows GUVs with different degrees of permeability to 10 kDa cascade
blue dextran: unleaked GUV (1), partially leaked GUVs (2 and 3) and fully leaked GUV (4).
b) Proportion of GUVs permeable to CF and 10 kDa dextran (mean + SD of 5 different
samples). c) Distribution of permeable GUVs according to their level of leakage (cartoon
represents GUVs with different levels of dye leakage). Data obtained from the analysis of
700 GUVs (from 5 different samples) for each different condition.
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In addition to aggregation, the conditions of the medium can also induce
dissolution of AgNPs that leads to the release of Ag* ions which might also induce
changes in the physicochemical properties of lipid membranes. To assess whether the
membrane perturbations observed in physiological ionic strength buffer are produced
by the release of Ag* or by the AgNPs themselves, control experiments were
performed adding AgNOs to the GUVs at concentrations equivalent to the AgNPs. The
results summarised in figure 3.9 indicate that Ag* ions do not induce changes in
membrane permeability and therefore the leakage observed in the previous

experiments is exclusively induced by weakly aggregated AgNPs.

%

GUVs 100uM 100uM 250uM 250uM
AgNPs AgNO,  AgNPs AgNO4

Figure 3.9. Effect of AgNPs and AgNOs in the permeability of DOPC GUVs to 10 kDa
dextran. The presence of Ag* ions does not induce changes in the permeability of GUVs.
Data obtained from the analysis of 700 + 50 GUVs for each different condition. Data
obtained from analysing 700 + 75 GUVs (from 5 different samples) for each condition. Bar
plot indicates mean £SD. The statistical significance was tested using a one-way ANOVA
with Bonferroni multiple comparisons test (*p < 0.05, **p <0.01).
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3.4 AgNPs induce formation of intraluminal vesicles in

physiological ionic strength conditions

Confocal microscopy also revealed that AgNPs can form membrane
invaginations and intraluminal vesicles (ILVS) in a small proportion of the GUVs when
suspended in high ionic strength buffer (Fig. 3.10). These ILVs are small vesicles filled
with extravesicular medium within the lumen of the GUVs. The formation of ILVs is
extremely fast, however potential intermediate states in the form of pearling tubes
were observed. This phenomenon has been previously reported by Yu and Granick,
who observed that aliphatic amine NPs encapsulated within DOPC GUVs adsorb onto
the membrane and induce the protrusion of large tubes followed by pearling events
107 Similarly, Montis et al. observed that cationic gold nanorods (AuNR) produce

tubular protrusions that breakup into pearls in POPC GUVs 1€8,

Cascade blue Rh-DOPE Merged

Figure 3.10. DOPC GUVs with intraluminal vesicles (ILVs) and pearling tubular structures
(yellow arrows) filled with bulk solution (10 kDa dextran labelled with cascade blue) after
exposure to AgNPs.
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The experimental procedure and data analysis used for these experiments were
the same employed for the estimation of dye leakage into GUVs. ILVs were not seen
in low ionic strength buffer, hence this effect is also influenced by the composition of
the medium. At physiological ionic strength, the proportion of GUVs with ILVs
observed is low but statistically significant with respect to the GUVs before exposure
to AgNPs and the osmotic shock controls. However, the ILVs formation does not vary
significantly with the concentration of AgNPs, representing in all cases between the
5% and 6% of GUVs observed (Fig. 3.11). The size and the number of ILVs per GUV
observed are highly variable, but this variability is also independent from the

concentration of AgNPs.

Bl HEPES saline buffer
20 1 [ Osmotic Shock control
18 - r [ HEPES glucose buffer

12 4 %

**k %k *x * %K

% GUVs
=

0 ———
GUVs Osm 50uM Osm 100uM Osm 250uM  250uM
shock AgNPs  shock AgNPs  shock AgNPs  AgNPs
(50pM) (100uM) (250pM)

Figure 3.11. Proportion of GUVs with ILVs after exposure to AgNPs. In HEPES saline
buffer, the proportion of GUVs with ILVs is low and similar at the three concentrations of
AgNPs explored. Insignificant proportion of GUVs with ILVs was observed in the Osmotic
shock controls and HEPES glucose buffer. Data obtained from analysing 700 + 75 GUVs
(from 5 different samples) for each condition. Bar plot indicates mean +SD. The statistical
significance was tested using a one-way ANOVA with Bonferroni multiple comparisons test
(*p <0.05, **p < 0.01).
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These results suggest that the formation of ILVs is a stochastic event that has
already reached its maximal extend at 50 uM AgNPs. We propose that this effect could
be related to the aggregation of AQNPs in physiological conditions. The aggregation
of NPs is a stochastic process that may lead to a large number of aggregates
polydisperse in size and shape. Molecular dynamics studies have shown that the
configuration NPs adopt to form clusters or aggregates modifies their ability to bend
lipid membranes 6% 170, According to these simulations, the formation of ILVs could be
a result of the assembly of AQNPs aggregates on the GUV membrane. Nonetheless,
only aggregates with a particular shape, size and orientation would be able to
efficiently bend the membrane to induce tubular membrane invaginations and form

ILVs.

ILVs are not observed after exposure to AgNOs, thus the membrane remodeling
processes are not induced by the release of Ag+ ions near the membrane but only by

slightly aggregated AgNPs (Fig 3.12).

20+

*%

ok

GUVs 100uM 100uM 250uM 250uM
AgNPs AgNO;  AgNPs AgNQ,

Figure 3.12. Proportion of GUVs with ILVs after exposure to AgNPs and AgNOs. Ag” ions
do not induce ILVs formation. Data obtained from analysing 700 = 75 GUVs (from 5
different samples) for each condition. Bar plot indicates mean £SD. Statistical significance
tested using a one-way ANOVA with Bonferroni multiple comparisons test (*p < 0.05, **p
<0.01).
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3.5 AgNPs slightly decrease the membrane fluidity in

physiological ionic strength conditions.

The impact of AgNPs on the lipid lateral diffusion through the membrane was
studied using FRAP. The experiments were conducted before and after incubation of
DOPC GUVs with 100 uM AgNPs in both physiological and low ionic strength buffers.
An example of the recovery curves obtained is presented in Figure 3.13, showing that

full fluorescence recovery (around 90%) is achieved in all cases.

HEPES Saline Buffer HEPES Glucose buffer
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Figure 3.13. FRAP recovery curves of GUVs before and after exposure to 100 uM AgNPs
in HEPES saline buffer and HEPES glucose buffer.

Figure 3.14 shows the distribution of GUVs by their diffusion coefficient. At
physiological ionic strength, the diffusion coefficient of the DOPC membrane after
exposure to 100 uM AgNPs drops by an average of 16%, from 3.02 + 0.34 um s to
2.54 + 0.31 um s1, whereas the exposure to 100 uM AgNO3 do not modify the lipid
lateral mobility (2.99 + 0.27 um s1). This subtle impact of AgNPs in the fluidity of the
membrane could be originated by generic adsorption interactions of AgNPs on the
membrane. In striking contrast to the low probability effects of poration and ILV
formation seen in previous experiments, the decrease in membrane fluidity occurs
across all GUVs observed, hence the change in the membrane fluidity is not the initial

mechanism that gives rise to the membrane perturbations seen in previous sections.
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In low ionic strength buffer, AgNPs barely modify the lipid lateral mobility.
Interestingly, the mean diffusion coefficient of DOPC in these conditions (2.54 + 0.31
pum s?) is lower than in HEPES saline buffer. Previous fluorescence correlation
spectroscopy (FCS) studies have reported that sugars reduce the lipid lateral diffusion
in a concentration-dependent manner 1. Hence, we attribute the lower membrane

fluidity in low ionic strength buffer to the high concentration of glucose in the medium.
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Figure 3.14. Distribution of diffusion coefficients obtained from FRAP recovery curves. D
values indicate the mean diffusion coefficient calculated in each condition. In HEPES saline
buffer, AgNPs induce a slight but statistically significant decrease in lipid lateral diffusion.
The exposure to AgNO; (bottom left panel) does not modify the lipid lateral diffusion. In
low ionic strength medium, the membrane fluidity of DOPC GUVs is lower than in HEPES
saline and does not change after incubation with AgNPs.
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3.6 AgNPs affect the mechanical properties of a sub-

population of GUVs in physiological ionic strength buffer.

The ability of AgNPs to adsorb to the membrane and occasionally produce
membrane remodeling events suggests that these NPs might also modify the
mechanical properties of the membrane. The membrane tension (o) and bending
modulus (k) of GUVs were quantified by analysing the thermal fluctuations of the
membrane using flicker spectroscopy. This technique has a limitation in the
spatiotemporal resolution which does not allow to calculate accurately the mean
amplitude of the membrane fluctuations ({Jh(q)|?)) of high-tension GUVs within a
wavenumber (q) range broad enough 2. To circumvent this issue, the GUVs were
incubated overnight in hyperosmotic buffer to reduce the mean membrane tension.
This osmotic relaxation increases the amplitude of the membrane thermal fluctuations
making the analysis of the flicker spectrum more reliable. Additionally, the osmolarity
of the AgNPs suspension was balanced with sucrose until isotonic to the experimental

medium to prevent changes in the osmolarity of the medium during the experiment.

As expected, in low ionic strength buffer AQNPs do not induce any change in
either the tension or the bending rigidity of the membrane. However, in physiological
ionic strength conditions, the addition of 100 uM AgNPs to the osmotically relaxed
GUVs induces subtle changes in the mechanical properties of the membrane and
widens the distribution of both the tension and the bending rigidity values. The
exposure of GUVs to AgNPs produces a rise in the mean membrane tension which,
in spite of not being a drastic change, is statistically significant (p < 0.01) (Fig. 3.15 a).
This increase in membrane tension is accompanied by a small decrease in bending
rigidity, nevertheless, the latter does not show statistical significance (Fig. 3.15 b).
Interestingly, these changes in membrane mechanics are not produced by slight shifts
in every GUV in the sample but arise from significant changes in membrane tension

and bending rigidity of a sub-population of the GUVs analysed (Figure 3.15 c).
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Figure 3.15. Mechanical properties of osmotically relaxed GUVs in HEPES saline and
HEPES glucose buffer before and after exposure to 100 uM AgNPs. a) In HEPES glucose
buffer, the membrane tension (c) does not vary after exposure to 100 uM AgNPs whereas
in HEPES saline a statistically significant change in membrane tension is observed (**p <
0.01, ANOVA with Bonferroni multiple comparisons test) b) In HEPES saline buffer,
AgNPs induce a broader distribution and a slight shift in bending rigidity (x»). In HEPES
glucose buffer, the bending rigidity barely changes. c) The plot of bending rigidity against
membrane tension shows that most of the GUVs analysed have similar membrane tension
(>5x10-7 Nm-1) and bending rigidity (15-35 kgT). However, after exposure to AgNPs, a
sub-population of GUVs in HEPES saline (dashed box) experiences a significant increase in
membrane tension (<5x10-7 Nm-1) and a small decrease in membrane bending rigidity (10-
15 kgT).
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These results could be directly linked to the formation of membrane pores,
invaginations and ILVs described in previous sections, which also occur in a small
proportion of the GUVs population. A recent study has shown that the formation of
ILVs by the endosomal sorting complex required for transport (ESCRT) produces a
significant increase in membrane tension of GUVs originated by the removal of excess
membrane surface area 3. Furthermore, the increase of the membrane tension is
known to favour the membrane poration 174176 and therefore could favour the

membrane permeation effect induced by AgNPs.

Finally, we observed that the membrane tension and bending rigidity of GUVs
do not vary after exposure to 100 yM AgNOs; (Fig. 3.16). Therefore, we can confirm
that the changes in the mechanical properties of the membrane at physiological ionic
strength conditions are not induced by the presence of Ag* but by the interaction of

weakly aggregating AgNPs with the membrane.
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Figure 3.16. Comparison between the effect of AgNPs and AgNOs; in the mechanical
properties of DOPC GUVs. Exposure to AgNOs does not change the mechanical properties
of GUVs. The membrane tension of GUVs after exposure to 100 uM AgNPs is significantly
higher than the membrane tension of pre-treated GUVs (**p < 0.01) and GUVs treated with
100 uM AgNOs (*p <0.05). The statistical significance was tested using a one-way ANOVA
with Bonferroni multiple comparisons test.
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3.7 Discussion

The results presented in this chapter firstly evidence a significant impact of the
medium conditions on the surface charge and colloidal stability of AgNPs. The
behaviour of nanomaterials in biological systems is governed by their physicochemical
properties, nonetheless, these properties are susceptible to change once the NPs
enter biological media. The citrate coating of ANPs gives them a negative surface
charge and stabilises the colloidal suspension in low ionic strength media through
electrostatic double-layer repulsions. However, the high concentration of ions in
physiological conditions modifies the ¢ potential of AgNPs and promotes their
aggregation. In this medium, Na* ions screen the negative surface charge and reduce
the inter-particle repulsive force to a thermally accessible energy barrier of 4.1 kgT,
thereby facilitating the concentration-dependent aggregation of AgNPs 163 177 The
analysis of the aggregation kinetics of AQNPs indicates a weak aggregation regime
with 1.6% of AgNPs collisions resulting in an aggregation event and where most of the

aggregates are still in suspension at the experimental incubation times.

Several previous investigations have focused on the effect of the attachment of
proteins to the NP surface (protein corona) on the biological activities of NPs 178184
however, comparatively less attention has been paid to other properties of the
medium, such as pH or ionic strength, which can also alter the physicochemical
properties of NPs and their biointeractions. Our data show that in physiological ionic
strength conditions, AgNPs induce subtle but important effects on the physicochemical
properties of the membrane, whereas in low ionic strength buffer the membrane
maintains its integrity after exposure to AgNPs. Therefore, the buffer conditions modify
the interactions of AgNPs acting at the nanobio interface and hence modulate their
interaction with membranes. Control experiments also show that any membrane

perturbation observed is not caused by the dissolution of Ag* ions from the AgNPs.
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At pH 7.4, the DOPC membrane carries a slight negative charge . Thus, in
low ionic strength environments, electrostatic repulsion between AgNPs and the
DOPC bilayer may dominate over other attractive forces, preventing significant
interaction. However, when the ionic strength increases, the screening of the surface
charge of AgNPs decreases electrostatic repulsive forces between the NPs and the
membrane, increasing the likelihood of more significant interaction. In addition, the
loss of colloidal stability and weak aggregation behaviour of AQNPs makes them less
soluble and more surface-active, further increasing membrane interactions. This
modulatory effect of the ionic strength of the medium on the AgNPs-membrane
interaction has been reported earlier by Wang et al, who, using quartz crystal
microbalance with dissipation (QCM-D), found that the deposition rates of AGNPs on
DOPC supported lipid bilayers (SLBs) increases when the concentration of salt in the
medium rises 8. A similar electrostatically mediated interaction was reported by Li
and Malmstadt for cationic polystyrene NPs (PNPs) which interact weakly with the

membrane as the ionic strength of the medium increases .

In physiological conditions, we observe that AgNPs induce changes in
membrane permeability and can form membrane invaginations such as ILVs. Several
studies have shown the ability of eukaryotic, bacterial and virus proteins as well as
antibacterial peptides and NPs to change the morphology of the membrane and form
invaginations and ILVs without the need of cellular endocytic mechanisms or external
sources of energy 107 142, 168, 187190 Generally, the interaction of single proteins or
particles is not strong enough to induce these large deformations of the membrane
and thus many molecules or particles must cooperate to bend the membrane 16° 188,
For instance, the clustering of Gb3-binding B subunit of the bacterial Shiga toxin
(STxB) can induce membrane invagination in artificial model membranes, however,
these invaginations are not observed when the clustering is inhibited #7. In a recent
study, Contini et al showed a cooperative behaviour of 10 nm AuNPs adsorbed onto

DOPC and POPC LUVs &, These AuNPs can form linear clusters perpendicular to the
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lipid bilayer which induce tubular deformations of the membrane towards the lumen of
the liposome. Moreover, in the same study they reported that the presence of NaCl in
the medium increases considerably the leakage of calcein from LUVs produced by 10
nm AuNPs, however, they do not show whether the aggregation tendency of the NPs
increases or not in saline buffer . From our observations, we propose that single
AgNPs are not able to bend the membrane, nonetheless the formation of NP clusters
of a particular size, shape and orientation relative to the lipid bilayer will increase their

ability to deform the membrane and produce tubular invaginations and ILVs.

Membrane remodeling processes, such as invaginations and ILVsS, remove
excess membrane, which, along with the pressure generated by the AgNPs that
adhere onto the membrane, increases the membrane tension and can lead to
membrane poration °°. The increase in membrane tension is also known to be the
driving force for the opening of pores which will in turn produce membrane permeation,
causing the membrane translocation of impermeable dextran probes and the
relaxation of the membrane tension. The lifetime of membrane pores is usually short
because as the membrane tension relaxes, the line tension at the pore edge drives
the closure of the pore 17+ %1, The size of the pore defines the minimum size of the
molecules that can diffuse across the membrane. The higher permeability to
carboxyfluorescein (0.37 kDa) than to dextran (10 kDa) observed in our experiments
represents the presence of nanoscale pores in the membrane as a result of the
AgNPs. Furthermore, the fact that most of the GUVs observed were not fully leaked

indicates these pores are transient.

In general, toxicology studies focus on terminal effects where the analytes
induce severe damages in the plasma membrane or other cellular components that
lead to cell death. However, other subtle effects in the physicochemical properties of
the membrane can also have biological importance. Cells are able to sense

mechanical stimuli and convert them into biochemical signals to adapt to their
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microenvironment 192, Mechanical forces can modify the elastic and dynamical
properties of the membrane, which in turn can lead to conformational changes in
membrane proteins, such as ion channels 1°3, G-protein coupled receptors (GPCRS)
194-196 and integrins °7. These proteins trigger metabolic cascades that induce different
cellular responses such as cell migration, differentiation, and proliferation % 19, For
instance, in endothelial cells the plasma membrane senses haemodynamical forces
generated by the blood and activates downstream signalling pathways related to
inflammatory responses, regulation of blood pressure or coagulation processes 2%,
Another important example of mechanical sensing and transduction is the Hippo
pathway, which controls organ growth by regulating cell proliferation 201, The
mechanical stress applied to the plasma membrane modulates the actin cytoskeleton
and activates GPCRs. This begins a complex signal pathway that eventually activates
the proto-oncogenes proteins YAP/TAZ which translocate from the cytoplasm to the
nucleus and induce cell proliferation 2°2. Prolonged mechanical stress can lead to an
overexpression of YAP/TAZ which promotes unregulated cell proliferation and
eventually oncogenesis 2°% 202, Thus, even small changes in the mechanical and
dynamical properties of the membrane, such as the ones produced by AgNPs, can
induce multiple cellular responses which lead to a myriad of processes encompassing

from inflammatory responses to the development of serious diseases.

3.8 Conclusions

To summarise, here we show the significant impact that the ionic strength of the
medium has on the physicochemical properties of AQNPs and their interactions with
biomembranes (Fig. 3.17). From our results, we propose that monodisperse AgNPs
are non-interacting and could be safely exploited as imaging contrast agents for
diagnosis and cancer theranostics. However, the aggregation of AgNPs would lead to

two different possibilities: i) large aggregates precipitate and are expelled from the
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solution and do not interact with the membrane. These large aggregates are expected
to be highly toxic because they are more difficult to be transported in the blood and
can be accumulated in certain organs before reaching their specific targets and
produce severe damage 2%. ii) smaller aggregates become more membrane-active
than monodisperse AgNPs increasing the tension of the membrane and opening
pores. The formation of transient pores offers opportunities in transfection

technologies but at the same time raises nanotoxicology concerns.

LOW IONIC STRENGTH " PHYSIOLOGICAL IONIC STRENGTH
. . L]

e . O ‘
= e o Weakly aggregating AgNPs
Monodisperse o
i AgNPs )
R . Membrane pores
L]
.
® o
[ ] ~
@ . -
® Low tension Membrane adsorption
membrane .
No membrane | o High : ¥
interaction / il "
embrane Membrane remodelling
e e O -~
. | ,

Figure 3.17. Summary of AgNPs behaviour in low and physiological ionic strength media
and their effects of the biophysical properties of lipid membranes

In the next chapter, we will continue exploring the influence of the medium
conditions on the interaction between NPs and lipid membranes, particularly the effect
of a simplified protein corona formed around the NPs. For that study we will use silica
nanoparticles, which are known to strongly interact with biomimetic model
membranes, to facilitate the detection of changes in the interaction mechanisms

induced by the proteins adsorbed to the NP surface.
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Chapter 4:

Impact of serum albumin corona on the
interaction between silica nanoparticles
and lipid membranes

4.1 Introduction

Silica nanoparticles (SiO, NPs) are highly bioactive nanomaterials. The
interaction between SiO, NPs and lipid membranes has been reported to be
dependent on the NP size. Cryo-electron microscopy and tomography images have
shown that SiO, NPs with a diameter larger than 30 nm are completely wrapped by
DOPC membranes and internalised into large unilamellar vesicles LUVs, while SiO-
NPs of 15 nm remain attached to the LUV surface but are not engulfed by the
membrane 7. This size-controlled interaction has also been seen in GUVs imaged

with fluorescence confocal microscopy 78 7°.

While the strong interaction of SiO, NPs might result in highly toxic
consequences, it also provides an excellent opportunity to develop novel biomedical
devices. The use of NPs for biomedical purposes implies their inoculation into the
organism where they encounter the blood serum and other biological fluids. As
mentioned in Section 1.2.3, under such conditions, biomolecules (lipids, nucleic acids,
proteins, etc,) adsorb onto the NP surface creating a biomolecular corona 9 9%,
Proteins are considered the most relevant component of these coronas to the point
that most studies consider coronas composed exclusively of these biomolecules. The
protein corona can alter and even completely screen the intrinsic surface properties of
the bare NPs and hence confer a new biological identity to the nanoparticles which

determines their biointeractions 71 9296, 98,204
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In this chapter, we investigate the influence of a model bovine serum albumin
corona on the fundamental interaction mechanisms between SiO2 NPs of two different
sizes (18 nm and 30 nm) with DOPC membranes. First, we characterise the SiO2 NPs
with and without corona using TEM, DLS and DELSA. Then, we evaluate the effect of
those NPs in the permeability of LUVs and finally we use confocal microscopy to
identify morphological transitions experienced by GUVs after being exposed to the
SiO2 NPs with and without protein corona as well as to quantify changes in lipid

packing from Laurdan spectral imaging data.

4.2 Characterisation of SiO2 NPs with and without a serum

albumin corona

In this work, we employed two types of commercial amorphous SiO»> NPs,
LUDOX SM-30 and LUDOX TM-50. TEM images show that both types of SiO, NPs
are roughly spherical but they differ in their size: the first type has an average diameter
of nearly 18 nm (17.8 + 4.8 nm) and the mean diameter of the second class is around
30 nm (30.8 + 3.9 nm) (Fig. 4.1a-b). A similar size distribution is observed by DLS,
although the hydrodynamic diameters measured by DLS are larger (24.9 + 0.9 nm for
LUDOX SM-30 and 43.0 £ 1.4 nm for LUDOX TM-50) than the actual diameters
observed in the TEM images. For clarity purposes, in this chapter LUDOX SM-30 NPs
and LUDOX TM-50 NPs will be referred to as SNPs-18 and SNPs-30, respectively.
DLS also show that both kinds of SiO> NPs are colloidally stable in the experimental
HEPES saline buffer (20 mM HEPES, 150 mM NacCl, pH 7.4) for at least 48 h (Fig.
4.2a-b). The SiO, NPs are negatively charged as determined by DELSA. The
measured ¢ potential indicates that SNPs-30 are slightly more negatively charged (-

18.2 + 1.8 mV) than SNPs-18 (-15.8 + 0.4 mV) (Fig. 4.2c).
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Figure 4.1 Transmission electron microscopy images of SiO2 NPs and analysis of their size
distribution. a) SiO, NPs LUDOX SM-30 have an average diameter of 17.8 + 4.8 nm. b) SiO;
NPs LUDOX TM-50 have an average diameter of 30.8 £ 3.9 nm. (TEM images were collected
by Dr Nicole Hondow, School of Chemical and Process Engineering, University of Leeds)

We next evaluated the influence of the adsorption of serum albumin to the
surface of SiO2 NPs in their size, surface charge and colloidal stability. Albumin is the
most abundant protein in blood serum, representing more than 50% of the total serum
proteins, and has been reported to be a major component of protein coronas formed
around SiO, NPs when suspended in biological media ° °4. Bovine serum albumin
(BSA) was employed to recreate a simplified version of a protein corona formed
around SiO2 NPs. The concentration of BSA (100 mg/ml) used to prepare the protein-
coated SiO; NPs solutions is comparable to the total concentration of proteins in blood
serum. We prepared initial stocks of 10 mg/ml SiO, NPs suspended in a solution of
100 mg/ml BSA in HEPES saline buffer. The stock solutions were incubated at 4 °C
for 24 hours (unless otherwise specified) and then diluted into experimental samples
at the desired concentrations. From this point, the SiO, NPs with the BSA corona will

be denoted as SiO,NPs@BSA, SNPs-18@BSA or SNPs-30@BSA.
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Figure 4.2. Hydrodynamic diameter and ¢ potential of SiO, NPs with and without BSA corona.
a) Hydrodynamic diameter of bare SNPs-18 (blue), SNPs-18@BSA (magenta) and free BSA
control (grey) after 1 h, 24 h and 48 h of incubation in the buffer. b) Hydrodynamic diameter
of bare SNPs-30 (blue), SNPs-30@BSA (magenta) and free BSA control (grey) after 1 h, 24 h
and 48 h of incubation in the buffer. BSA molecules adhere to both types of NPs producing an
increase in their hydrodynamic diameter. The small peak in the SiO;NPs@BSA samples
corresponds to free BSA molecules that are not attached to the NP surface. ¢) { potential of
SiO; NPs with and without BSA corona as well as free BSA control. The  potential of SNPs-
30 is slightly more negative than SNPs-18. The BSA corona induces mild changes in the {
potential of both types of SiO, NPs which becomes more negative. Free BSA molecules show
lower C potential (also negative) than SiO, NPs and SiO.NPs@BSA samples. Bar plot indicates
mean £SD of 3 independent measurements.

94



Chapter 4

We measured the hydrodynamic diameter of the SiO, NPs after 1 h, 24 h and 48 h of
incubation in the BSA solution (Figure 4.2 a-b). After 1 h in the BSA solution, the
hydrodynamic diameter of SNPs-18 rises from around 25 nm to 58.8 =+ 2.6 nm (Fig.
4.2a). SNPs-30 show similar behaviour with an increment from around 40 nm to 82.9
+ 3.1 nm (Fig. 4.2b). The increase in the hydrodynamic size of the SiO> NPs arises
from the adhesion of BSA to the SiO, NP surface creating a protein corona. Some
small NP clusters are also likely to form in presence of BSA but there are no signs of
large aggregates. The small peaks displayed in the SiO:NPs@BSA samples
correspond to free BSA molecules in solution. As observed for the bare SiO; NPs, the
hydrodynamic size of SNPs-18@BSA and SNPs-30@BSA also remains stable for at

least 48 hours (Fig. 4.2a-b).

The formation of a protein corona is initially dominated by the binding affinity
between the NP surface and the proteins °2 %. The stable protein corona around the
NPs detected in the DLS data indicates a high affinity between BSA and the surface
of the SiO, NPs. Once the surface of the NPs has been coated with proteins, the
protein corona can grow but the process is now governed by protein-protein
interactions %. The binding affinity of BSA proteins for the BSA-coated SiO, NPs will
be lower than for the bare SiO. surface, hence not all proteins in solution are included
in the corona but a proportion of them remains free in solution. This explanation agrees
with a previous study of protein corona formation on SiO, which reported a high binding
affinity between BSA and SiO; NPs and the reduction of the binding affinity between

bovine serum proteins and SiO, NPs with a preformed protein corona *.

The BSA corona also produces mild changes in the surface charge of the SiO-
NPs, which become more negatively charged. The ¢ potential of SiO, NPs measured
after incubating them for 24 h in BSA solution was SNPs-18@BSA =-17.1 £ 1.8 mV

and SNPs-30@BSA = -20.4 + 0.2 mV (Fig. 4.2c).
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4.3 BSA-corona modify the effect of SiO2 NPs on the
permeability of LUVs

CF leakage assay was employed to investigate the effect of SiO, NPs and
SIO2NPs@BSA in the permeability of 400 nm DOPC LUVs. CF loaded LUVs were
prepared via extrusion as stated in Sections 2.3.1 and 2.3.4. The LUVs were
suspended in isotonic buffer and incubated for 30 min with the appropriate SiO2 NPs.
A wide range of NP concentrations was tested for each type of SiO, NPs with and

without BSA corona, covering from 10 ug/ml to 300 pg/ml.

Both SNPs-18 and SNPs-30 induce a dose-dependent leakage of CF from the
LUVs (Fig. 4.3a-b). The dye release begins to be noticeable at NPs concentrations
between 0.01 pg/ml and 0.1 pg/ml and then increases progressively as the NP
concentration is raised, until it reaches a maximum level of approximately 55% at 10
pg/ml SNPs-18 and 3 pg/ml SNPs-30. From this point, CF leakage percentage
observed in samples of SNPs-30 at higher concentrations remains stable at around
55% (Fig. 4.3b), while more concentrated samples of SNPs-18 show lower leakage

(40-45%) than the observed at 10 pg/ml SNPs-18 (Fig. 4.3a).

The leakage decrease at the highest concentrations of SNPs-18 is unexpected
and suggest that the NPs are somehow impeding the release of contents from the
LUVs. Vakurov et al. studied the interaction of SiO2 NPs with supported DOPC
monolayers using Scanning Electron Microscopy and observed that the SiO2 NPs
organise themselves forming a thin monolayer that adheres to and fully covers the
lipid monolayer surface 2%. Based on this observation, we propose a hypothesis to
explain our results. When the LUVs are exposed to high SNPs-18 concentrations (>10
pg/ml), the SNPs-18 initially form pores in the membrane and the CF is released from
the lumen of the LUVs. However, as time passes the NPs would cover completely the
surface of the LUVs forming a sealing shell that reduces the rate of dye leakage. As a

result, after 30 minutes these samples with high SNPs-18 concentration would show
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lower leakage than samples where the SNPs-18 are less concentrated. Samples of
SNPs-30 do not show the drop of leakage at high concentrations but a plateau which
indicates that the maximum leakage that these NPs induce has been reached at 3
pg/ml. This subtle difference in the leakage data likely indicates that SNPs-30 have a
different interaction mechanism and so the protective shell formed by the SNPs-18

might not happen with larger NPs.

The presence of a protein corona modifies the effect of the SiO2 NPs on the
permeability of the LUVs. SNPs-18@BSA induce higher CF leakage from the LUVs
than SNPs-18. In the concentration range between 0.01 pg/ml and 3 pg/ml the leakage
produced by SNPs-18@BSA is just slightly higher than in samples of SNPs-18 without
BSA corona. At higher concentrations, SNPs-18@BSA do not show the reduction of
leakage observed for the SNPs-18 but the dye release keeps increasing, reaching
values of nearly 80% CF release at 300 ug/ml (Fig. 4.3a). The BSA corona might be
preventing the formation of the NP sealing shell around the LUVs so the leakage is

not suppressed at high concentrations.

On the contrary, the BSA corona reduces the leakage induced by the larger
SNPs-30. This suggests that the BSA corona might be weakening the interactions of
these NPs with the membrane. This leakage reduction is especially noticeable
between 0.01 pug/ml and 30 pg/ml. In samples of 30 ug/ml and higher concentrations,
the dye release produced by SNPs-30@BSA is closer to that observed in SNPs-30
samples (Fig. 4.3b). The different effect of the BSA corona on the leakage produced
by each type of SiO, NPs is a further indicator of different interaction mechanisms at

play depending on the size of the NP.

Additionally, we performed control measurements of samples where the LUVs
were exposed to free BSA at concentrations equivalent to the BSA concentration in
the SIO.NPs@BSA samples. We detect that free BSA also induces CF leakage in a

concentration-dependent manner, beginning to produce marginal leakage at 10 pg/mi
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BSA and reaching 25% CF leakage at 3 mg/ml. In SIiO;NPs@BSA samples most of
the proteins are expected to have adhered to the SiO, NPs surface, but there is an
excess of free BSA that might contribute to the leakage observed in those samples.
Nevertheless, the contribution of free BSA to the leakage is expected to be nuanced

since most of the proteins are adhered to the NPs.

a) Si0, NPs 18 nm (SNPs-18) b) SiO, NPs 30 nm (SNPs-30)
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Figure 4.3. CF leakage from DOPC LUVs after 30 minutes of incubation with SiO2 NPs with
and without BSA corona at a wide range of concentrations. a) Leakage induced by SNPs-18
(blue open circles) and SNPs-18@BSA (magenta circles). b) Leakage induced by SNPs-30
(blue open circles) and SNPs-30@BSA (magenta open circles). Gray crosses in a and b indicate
leakage induced by free BSA (concentration of BSA indicated in the upper axis, only valid for
samples of free BSA and SiO2 NPs with BSA corona). Data indicate mean £SD of 3 replicates.

4.4 NP size and BSA corona change significantly the

interaction between SiO2 NPs and GUVs

Confocal microscopy was used to visualise morphological changes experienced
by DOPC GUVs labelled with 0.5 mol% Rh-DOPE after interacting with SNPs-18,
SNPs-18@BSA, SNPs-30 and SNPs-30@BSA. Additionally, using spectral imaging
on GUVs labelled with 0.5 mol% Laurdan we measured the generalised polarisation
(GP) of this polar-sensitive dye to detect changes in lipid packing within the membrane
of the GUVs caused by the different types of SiO, NPs. All experiments were carried

out at a SiO, NP concentration of 25 pug/ml. Control experiments confirmed that

neither the morphology of the GUVs nor the lipid packing (Fig. 4.8) is affected by
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the presence of BSA in the medium at the concentration (0.25 mg/ml) at which

they are found in the SNPs-18@BSA and SNPs-30@BSA samples.

Upon interaction with SNPs-18, the GUVs become wrinkled and show
permanent microsized pores (Fig. 4.4). The formation of these large pores by this type
of SiO2 NPs has been already reported by Zhang et al, who also showed that this
effect was accompanied by a considerable decrease in lipid lateral diffusion 7°. They
proposed that the interaction of the SiO, NPs with the membrane produces a change
in the tilt angle of the P-N* dipole in the PC headgroup of the lipids which would
produce a denser lipid packing and consequently decrease the membrane fluidity and
increase the membrane tension 7°. This increased lateral tension generates elastic
stress which is released by the fracture of the membrane which leads to the formation

of single microsized holes in the GUVs.

Laurdan imaging data show that SNPs-18 induce a large increase in average
GP of the DOPC GUVs, from around -0.45 to nearly -0.25 after exposure to SNPs-18
(Fig 4.8) This confirms that SNPs-18 produce a tighter packing of the lipids within the
membrane, however, the average GP of the GUVs is still within the GP range
corresponding to liquid disordered membrane 150 151, |n our experiments, Laurdan is
equally distributed along the inner and outer leaflet of the membrane so the GP values
we observe correspond to the mean values of both monolayers. However, SNPs-18
adhere primarily to the outer leaflet so the effect of the SNPs in the packing density of
the lipids might be stronger in the outer leaflet than in the inner monolayer. In that
case, the barely changed GP of the inner monolayer would mask a less negative or

even positive GP value corresponding to the outer leaflet.

Therefore, SNPs-18 potentially generate an asymmetric lipid packing between
the membrane leaflets with the lipids in the outer monolayer more densely packed
than in the inner leaflet. This asymmetry might explain the final morphology adopted

by the GUVs. At the edge of the microsized pores, we observe enhanced fluorescence
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intensity due to the high curvature adopted by the membrane, which appears to be
rolled up (Fig. 4.4). This rolled-rim pot-shaped GUV has been proposed to be stabilised
by the asymmetric distribution of the lipids within the membrane 2%. According to a
theoretical model developed by Sakuma and co-workers, the membrane asymmetry
generates negative spontaneous curvature which competes with the line tension at
the rim of the pore. Consequently, the membrane adopts a rolled-up structure that

stabilises the pore edge 2%.

GUV equator
(2D)

4 —

5 um

5 um

Max. intensity
z-projection (3D)

Figure 4.4. Confocal microscopy images of DOPC GUVs labelled with Rh-DOPE after
exposure to 25 pg/ml SNPs-18. Left micrographs show the GUVs at the equator plane and
images on the right show three-dimensional maximum intensity projections. Yellow arrows
indicate the permanent microsized pores produced by the SNPs-18 on the GUVs.

The presence of a BSA corona around the SNPs-18 deeply modifies their
interaction with DOPC GUVs. SNPs-18@BSA do not form large pores in the
membrane but produce a progressive shrinkage of the GUVs. Real-time confocal
microscopy images show that the size of the GUVs decreases while their membrane

becomes thicker and its fluorescence more intense (Fig 4.5a-c). The analysis of the
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vesicle size against time shows a progressive shrinkage which suggests that the
adhesion of SNPs-18@BSA to the GUVs induces a slow gradual rearrangement of
the membrane. At the end of the process, the apparent radius of the vesicles is
between 30% and 70% smaller compared to the radius of the initial GUVs. In most of
the observed events, the apparent shrinking rate varies between 1 pm?/s and 6 pum?/s,
but we observe two isolated events that show significantly faster (10 um?/s and 20

um?/s) apparent shrinking rate (Fig 4.5c).

Occasionally the GUVs seem to collapse, nevertheless, this final breakdown is
only apparent (Fig 4.5a, bottom panel). Three-dimensional z-projections indicate that
the GUVs exposed to SNPs-18@BSA do not fully collapse and retain an
approximately spherical shape (Fig 4.5d). During the collection of confocal
microscopy time series, GUVs are initially imaged at their equatorial plane, however,
while the vesicles shrink, they can move out from the confocal plane. Consequently,
the images are no longer taken at the GUV equator but closer to its upper pole where
its diameter is smaller and the vesicles can appear to have collapsed. This also
contributes to the variability of the apparent shrinking rate observed between different
events (Fig. 4.5c), since the movement of the GUVs out from the confocal plane would
produce an apparent size reduction rate faster than the actual rate of vesicle shrinkage

induced by the SNPs-18@BSA.

The increase in membrane thickness and fluorescence intensity likely denotes
that SNPs-18@BSA are wrapped and generate highly curved sub-micrometre
membrane invaginations. Moreover, nanosized pores are expected to be formed on
the membrane allowing the contents in the lumen to be expelled from the GUVs while
they shrink. The average Laurdan GP of the GUVs after exposure to SNPs-18@BSA
indicates that the lipids become densely packed in the highly curved membrane (Fig
4.8). The lipid packing of the GUVs after interacting with SNPs-18@BSA (GP=-0.29)

is however lower on average than the induced by the bare SNPs-18 (GP= -0.25).
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Figure 4.5 a) Confocal microscopy time series of DOPC GUVs labelled with Rh-DOPE show
a gradual shrinkage of the vesicles accompanied by an increase in membrane thickness and
fluorescence intensity. b) Example of radial integrated fluorescence intensity measurement of
a GUV interacting with SNPs-18@BSA. The radius of the GUV decreases with time (see
colour bar) and the fluorescence intensity increases. The wider curves at longer times indicate
a thicker membrane. ¢) Apparent shrinking of individual GUVs. The y-axis represents the
normalised GUV radius at each time point and the colour of the lines indicate the actual radius
of the GUV (see colour bar). Plot on the right shows the apparent shrinking rate distribution
(mean = SD). d) Confocal microscopy images of a GUV after SNPs-18@BSA-induced
shrinkage at different focal planes (z-planes) and three-dimensional maximum intensity
projection. The GUV appears damaged but still maintains its spherical shape.
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The interaction between SNPs-30 and GUVs is extremely interesting and
demonstrates the striking importance of the NP size in the interaction between SiO;
NPs and lipid membranes. As introduced in Section 1.3.1, these NPs are within the
critical size range (25-40 nm) at which the adhesion energy, which drives NPs towards
the lipid membrane, equates the elastic energy, which determines the resistance of
the membrane to be deformed. Zhang et al suggested that SiO, NPs within this size
range are expected to induce a cross-over between tension-driven and curvature-
driven interaction regimes °. Since natural protein complexes trigger membrane
fusion by generating a balance of membrane curvature and tension 109 111,207 e
proposed that SiO, NPs with a diameter of 30 nm might be able to mimic the activity

of those protein complexes and induce fusion of artificial lipid membranes.

Real-time confocal microscopy images show that when SNPs-30 interact with
two closely localised GUVs, the vesicles fuse generating a final GUV with a membrane
composed of a mixture of the lipids in the initial vesicles (Fig. 4.6). The SiO, NPs-
triggered fusion mechanisms and the fusion efficiency of 30 nm SiO, NPs will be
studied in more detail in the next chapter of this thesis. Nonetheless, these initial
observations clearly confirm the ability of SNPs-30 to trigger fusion of apposing GUVs
and therefore validate our initial hypothesis. Moreover, Laurdan spectral imaging
shows that SNPs-30 induce a mild but statistically significant increase in the average
GP of the Laurdan molecules embedded in the membrane (GP=-0.40) (Fig. 4.8). This
increased membrane order, although more moderate than that induced by SNPs-18,
could still increase the membrane tension and facilitate the contact between closely
localised membranes. 79 1% 208210 |n gddition, changes in the membrane order can
lead to localised lipid packing defects which have been previously considered as an

initial step required for two adjacent membranes to fuse 198 211,212,
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Figure 4.6. Confocal microscopy time series of DOPC GUVs undergoing fusion after
interaction with 25 pg/ml SNPs-30. In the top panel both GUVs are labelled with Rh-DOPE
and in the bottom panel, one GUV is labelled with Rh-DOPE (red) and the other with DiO
(green). Both dyes colocalise in the membrane of the final fused GUV.

The BSA corona suppresses the fusogenic ability of SNPs-30. The interaction
between SNPs-30@BSA promotes the adhesion of the GUVs which gather forming
clusters of tens of vesicles (Fig. 4.7). The GUVs maintain their integrity and neither
membrane perturbations nor fusion events are observed. Although the interaction
between the SNPs-30@BSA and GUVs does not lead to fusion events, the
experiments with homogeneously labelled vesicles might be hindering a potential lipid
transfer between the adhered GUVs due to the formation of fusion intermediate states
where only the outer monolayers of the membranes are fused. Experiments mixing
populations of GUVs, one labelled with Rh-DOPE and the other with the green dye
DiO (1 mol%) were used to detect such lipid transfer between the GUVs, which would
lead to the colocalization of both dyes in the membrane of the same GUV. After 30
minutes of incubation with 25 pg/ml, we again observe clusters of vesicles composed
of both types of GUVs but we do not detect any transfer of lipids between the
oppositely labelled GUVs (Fig. 4.7). The mean Laurdan GP of the GUVs remains
unchanged after exposure to SNPs-30@BSA (GP= -0.45) (Fig. 4.8). Hence, the

adhesion of SNPs-30@BSA to the membrane is unable to induce any packing defects.
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These results, together with the reduced CF leakage seen before, suggest the
BSA corona weakens the interaction between SNPs-30 and lipid membranes. The first
stage of the fusion produced by SNPs-30 implicates the close apposition of the
neighbouring GUVs. SNPs-30@BSA seem to retain this ability but the protein corona
prevents the generation of the membrane perturbations (packing defects, curvature

and lateral tension) required for the GUVs to fuse.

DOPC GUVs 25 pg/ml
(control) SNPs-30@BSA

Figure 4.7. Confocal microscopy images of DOPC GUVs before and after incubation with
SNPs-30@BSA for 30 min. In the top images GUVs are labelled with Rh-DOPE and in the
bottom images, one population of GUVs is labelled with Rh-DOPE (red) and the other with
DiO (green). After incubation with SNPs-30@BSA, the GUVs gather into clusters but maintain
their integrity and do not fuse. No lipid mixing between the differently labelled GUVs is
detected.
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Figure 4.8 Spectral imaging of DOPC GUVs labelled with Laurdan before and after exposure
to 25 pg/ml SiO, NPs with and without BSA corona. a) Examples of Laurdan GP maps of
GUVs under the different experimental conditions. b) Distribution of average Laurdan GP of
the GUVs before and after 30 min incubation with the different SiO, NPs with and without
BSA corona as well as after incubation with 0.25 mg/ml BSA. Data presented as mean + SD,
circles indicate each individual measurement (DOPC GUVs: n=35/ SNPs-18: n=26 / SNPs-
18@BSA: n=29/ SNPs-30: n=25/ SNPs-18@BSA: n=26 / BSA: n=26). Statistical significance
tested using a one-way ANOVA with a post-hoc Bonferroni test (***p< 0.001)
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45 Discussion

Here we studied the interplay between SiO> NPs of two different sizes (SNPs-18
of 18 nm and SNPs-30 of 30 nm) and DOPC vesicles and how the presence of a
protein corona coating the NPs alters those interactions. Our results first corroborate
the well-known influence of the NP size on these interactions 77°. Bare SiO, NPs of
both sizes interact strongly with lipid membranes as indicated by the high proportion
of CF released from LUVs after exposure to SiO> NPs. The two types of SiO> NPs
induce similar dye leakage from DOPC LUVs, however, this data suggests completely
different interaction mechanisms later revealed by confocal imaging of GUVs. SNPs-
18 induce microsized permanent pores in the GUVs and a considerably tighter packing
of the lipids in the membrane whereas SNPs-30 promote fusion of closely localised

GUVs and a milder increase in Laurdan GP.

The biomedical interest of SiO, NPs makes it important to understand the
behaviour of these nanomaterials when they come in contact with biological media.
Cell membranes rarely encounter bare nanomaterials but NPs coated by biomolecules
present in biological fluids. The main and more extensively studied component of such
coatings are proteins, which form the protein corona %. The adsorption of proteins to
the NP surface and the reversibility of the process is determined by the binding affinity
of the proteins for the nanomaterial °8. This binding affinity depends principally on the

type of protein and the surface properties of the NPs and their size °% 9. 97,

To mimic the protein coverage experienced by NPs in biological media we
incubated the SiO2, NPs with BSA proteins. This leads to a very simplified protein
corona made exclusively of BSA which provides information about changes in the
interaction between both types of SiO, NPs and the lipid membranes induced by the
surface coating of the NPs with proteins but this does not necessarily correspond to
what would happen in vivo, where much more complex coronas composed of different

proteins as well as other biomolecules cover the surface of NPs.
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The formation of the BSA corona around the SiO, NPs is detected as an increase
in the hydrodynamic diameter of the NPs, which approximately doubles the
hydrodynamic size of the bare SiO, NPs. The size of the SiO;NPsS@BSA remains
stable for at least 48 hours. This stable protein corona likely indicates a high affinity
of BSA by the SiO, NPs where they get strongly bound covering their surface
completely. This complete surface coverage of SiO, NPs by strongly bound proteins
has been reported previously %%, The free BSA observed in SiO;NPs@BSA samples
correspond to proteins that cannot access the NP surface. Once all the NP surface
has been covered by BSA molecules, the adhesion of excess proteins to the corona
is controlled by protein-protein interactions which are weaker than the affinity of BSA
towards SiO, NPs %. The more external layer of the protein corona (often called soft
corona) is thought to be very dynamic with their proteins getting exchanged with free
proteins in the surrounding environment °. In our samples, since only one type of
protein (BSA) is present the dynamic exchange between free proteins and the more
external BSA molecules of the corona would reach an adsorption-desorption

equilibrium which maintains the BSA corona apparently stable.

The BSA corona surrounding the SiO2 NPs modifies their membrane activity, but
the effect is different between the two types of SiO, NPs investigated. These results
imply that although the protein corona gives a new identity to the NPs, the size of the
pristine SiO» NPs still defines the interaction mechanism to some extent. The
membrane permeability assays indicate that the BSA corona enhances the dye
leakage from the LUVs produced by the smaller particles of 18 nm. On the contrary,

SNPs-30@BSA cause a lower dye release than the bare SNPs-30.

The differential interaction of bare SiO, NPs and SiO.NPs@BSA with lipid
membranes becomes unequivocally evident in view of how they affect the morphology
of GUVs and the lipid packing of their membrane. Unlike SNPs-18, which produce
large permanent pores, SNPs-18@BSA induce a gradual shrinkage of the GUVs

which eventually result in considerably smaller vesicles with a thick crumpled
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membrane. These final GUVs conserve a spherical shape with an aqueous lumen
encapsulated unlike the pot-shaped GUVs with large permanent pores generated by
SNPs-18. SNPs-18@BSA keep the ability to induce tighter packing of the lipid shown

by the pristine SNPs-18, but this effect is slightly weakened by the BSA corona.

Zuraw-Weston et al. performed a study where they modulated the adhesion
strength of NPs to the membrane by changing the surface charge of the membrane 7.
At the strong adhesion regime, they observed a multistage vesicle destruction
process. In the first stage of that process, the NPs get wrapped by the membrane
inducing a gradual shrinkage of the GUVs as well as highly curved structures of their
surface. The vesicles that shrank faster surpass a tension threshold that makes them
advance to the next step of the destruction process that consists of the opening of a
large permanent pore similar to the ones induced by the SNPs-18 5. Thus, comparing
their results with what we observed in our study, a possible explanation to our results
is that the contact of SNPs-18 with the GUVs drives them to rapidly shrink (faster than
the temporal resolution of the confocal microscope) and consequently transition into
the permanent pore configuration, apparently skipping the first stage. In the case of
SNPs-18@BSA, the BSA corona would slow down the shrinkage rate and prevent the
membrane tension to reach the lysis tension threshold, thus arresting the process at
the first destruction stage. However, in our results, SNPs-18 do not show any evidence
of a multistage interaction process but the vesicle shrinkage and pore opening happen
suddenly resembling a first-order phase transition. We believe that this effect does not
involve wrapping processes but is due to the condensation of the lipid headgroups of
the outer leaflet of the membrane where the SNPs-18 adhere, which induce an
increase in membrane tension that drives the opening of the pore and an asymmetric
lipid packing which helps to stabilise the pore edges. The BSA corona modifies the
interaction mechanisms so NPs can now get wrapped by the membrane creating

highly curved membrane structures and inducing a gentle shrinkage of the GUVs.
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The BSA corona around SNPs-30 seems to diminish the ability of these particles
to interact with lipid membranes. SNPs-30@BSA induce the adhesion of GUVs which
gather forming clusters but the BSA corona suppresses the fusogenic activity and the
ability to induce changes in the lipid packing of the GUVSs. In this case, the BSA corona
likely reduces the adhesion energy of the NPs to the membrane and impedes the
generation of membrane perturbations needed to trigger the fusion process. An
analogous weakening effect of the protein corona on the bioactivity of SiO, NPs was
reported by Lesniak et al., who observed that the protein corona hampers the adhesion
of 50 nm SiO2 NPs to the plasma membrane of live cells and consequently reduce the
NP uptake levels 2°4, NPs of different chemical compositions, such as gold and
polystyrene, have also exhibited reduced membrane activity when coated with protein
coronas 178 213 On the contrary, Churchman et al. reported that the protein corona
improves the colloidal stability of otherwise aggregated zinc oxide NPs (ZnO NPs) and

this enhances their interaction with DOPC membranes 179,

From a toxicological perspective, it is generally accepted that protein coronas
improve the biocompatibility of NPs and thereby reduce their potentially hazardous
effects 2. For instance, it has been observed that protein coronas protect cells from
the cytotoxic effect induced by bare positively charged polystyrene NPs 215, The
adsorption of proteins can also minimise the toxicity by preventing the aggregation and
degradation that some types of NPs experience when suspended in aqueous solutions
216-218 On the contrary, the protein corona has been reported to increase the cellular
uptake of AgNPs which, once internalised in the cells, produce severe cytotoxic effects
183,219 Moreover, occasionally the protein corona can affect the stability of the NPs
and promote aggregation %, which is expected to increase the toxicity of

nanomaterials.

The knowledge about the impact of protein coronas on the NP-membrane
interactions and the potential cytotoxicity arising from them still presents considerable

gaps. The myriad of parameters influencing the non-specific biomolecular coating of
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nanomaterials leads to highly complex and variable structures formed under different
experimental conditions which makes it difficult to extract unified conclusions. In
addition, different types of membranes and cell lines can react distinctively to the NP
contact. Understanding how biomolecular coronas form and their relevance in the NP
stability, reactivity and biocompatibility is thereby an extremely challenging task that
needs the combination of different experimental perspectives. In this context,
reductionist studies represent a first step that provides elementary information on
structural and dynamical aspects of the assembly of different biomolecular coronas,

as well as their influence on the stability and membrane activity of NPs.

4.6 Conclusions

The results shown here manifest the great impact that the size and protein
corona have on the interaction between SiO2, NPs and lipid membranes. Using BSA
to form a model protein corona of controlled composition, we observe that the corona
weakens the interaction of SiO, NPs with the membrane leading to outcomes
completely different to the ones produced by pristine SiO», NPs. Bare SNPs-18
produce large permanent pores on DOPC GUVs as well as a significantly tighter
packing of the lipids in the membrane. When a BSA corona is formed around those
NPs, they are wrapped by the membrane, forming sub-micrometre highly curved
structures and transient nanosized pores in the GUVs which consequently suffer a
gradual shrinkage. The BSA corona reduces considerably the ability of SNPs-30 to
interact with lipid membranes and suppresses their fusogenic activity. The different
membrane responses produced by the two types of SiO.NPs@BSA indicate that the

size of the bare NPs still determines the interaction mechanism with the membrane.

The fusogenic activity of 30 nm SiO, NPs will be explored in depth in the next
chapter, where we will analyse the intermediate states that membranes adopt during

SiO2 NPs-triggered fusion and propose a mechanistic explanation for the process.
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Chapter 5:

Biomimetic membrane fusion induced by
silica nanoparticles

5.1 Introduction

Membrane fusion is a key communication and transport process in living cells
that is highly desirable to replicate in artificial cell systems to modify their membrane
composition, volume, surface area and shape as well as to control chemical
compartmentalisation and trigger targeted chemical processes. Mechanistic models
for membrane fusion involve a series of sequential intermediate steps. The process
begins with the docking of two membranes. This is followed by the destabilisation of
the lipids by inducing these membranes to curve towards each other and increasing
their local lateral tension. This leads to the hemifusion of the contacting outer leaflets
followed by the final formation and expansion of a full fusion pore, which completes

the process 207220,

In living cells, membrane fusion is regulated and catalysed by the coordinated
action of protein complexes, among which the SNARE proteins are possibly the best
known. 119 However, protein-free membrane fusion can be achieved in vitro using other
chemical stimuli, including particular membrane compositions 2% 221, membrane-
anchored DNA 222, peptides 223 224 and multivalent ions 22> or by physical stimuli such
as optically heated gold nanoparticles 2?6228 or electric pulses 22°. All these fusion
strategies (including proteins) share the ability to induce one or more changes in
membrane tension, curvature, fluidity, or other biophysical properties of the membrane
which can lower the energy barrier to membrane fusion with varying degrees of
efficiency. The ability of engineered nanoparticles (NPs) to deform membranes and
facilitate remodelling processes can also be exploited in synthetic biology to efficiently

trigger and control membrane fusion. An example of a NP-based fusion system has
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been recently presented by Tahir et al. who designed amphiphilic nanoparticles
composed of a gold core functionalized with a mixed monolayer of alkanethiol ligands

able to perform calcium-triggered membrane fusion 1.

Here, we investigate the potential for 30 nm diameter SiO>, NPs as artificial
membrane fusion machinery. The efficiency of these SiO, NPs in promoting lipid
mixing, considered an essential consequence of membrane fusion events, in
populations of LUVs is studied using a Férster Resonance Energy Transfer (FRET)
assay. However, this method is insufficient to investigate the mechanisms involved in
fusion events. For this reason, we perform further confocal microscopy studies GUVs,
which allow time-resolved investigation of the trajectories of fusion events between
individual pairs of GUVs. Direct imaging of kinetic pathways of membrane fusion
permits the identification of intermediate fusion states and quantification of the rate of
lipid mixing between fusing GUVs in order to propose a mechanistic interpretation of

the process.

5.2 Intervesicular lipid mixing quantified by FRET

The fusogenic activity of 30 nm SiO, NPs was initially evaluated by a lipid
mixing assay based on FRET 230, DOPC LUVs labelled with both NBD-DOPE and Rh-
DOPE are mixed with probe-free DOPC LUVs at a 1:5 ratio and exposed to different
concentrations of SiO, NPs for 30 min. The values for full lipid mixing are obtained
from samples containing only LUVs labelled with 0.05 mol% NBD-DOPE and Rh-
DOPE, which represent the maximum dilution of the probes in the membrane that can

be reached in our experiments.

The samples not treated with SiO> NPs show reduced NBD intensity and high
Rh-DOPE fluorescence emission because both fluorophores are closely colocalised

in the labelled LUVs leading to a maximum FRET ratio. However, the exposure to SiO-
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NPs induces a decrease in FRET ratio (increased NBD fluorescence and reduced Rh-
DOPE intensity), which is indicative of dose-dependent lipid mixing between vesicles
(Fig. 5.1a-b). Our results show that nearly 50% lipid mixing is reached when the LUVs
are incubated with 30 pug/ml SiO2 NPs and around 80% lipid mixing happens when
LUVs are exposed to 100 pg/ml SiO, NPs (Fig. 5.1¢). The presence of SiO; NPs in
solution promotes the exchange of lipids between labelled and unlabelled LUVs,
hence the distance between the donor and acceptor fluorophores increases as they
get diluted into the unlabelled membranes and the FRET signal drops. These results
must be interpreted carefully since the changes in the FRET signal are not exclusively
produced by fusion but can result from other processes such as hemifusion 23! and

rupture of the vesicles 2%,

The complete fusion of liposomes upon interaction with SiO> NPs would lead to
a population of larger vesicles. Hence, we used DLS to measure changes in the
hydrodynamic size of LUVs after exposure to SiO2 NPs with the aim to assess whether
SiO2 NPs induce complete fusion of LUVs. We observe that the size distribution of
LUVs increases after incubation with 30 pg/ml and 100 pg/ml SiO2 NPs for 30 min from
347.40 £ 14.05 nm to 482.90 + 52.02 nm and 564.10 + 23.23 nm, respectively, thus a
large proportion of the LUVs in the sample has fused into larger vesicles (Fig. 5.1d).
Assuming that vesicle volumes are conserved during fusion events, these increases
in vesicle size distributions are equivalent to, on average, 2.7 vesicles (30 pg/ml) and
4.3 vesicles (100 pg/ml) fusing with one another to form the larger vesicle population.
These estimates are consistent with the 50% and 80% lipid mixing values reported by
FRET at these NP concentrations when starting from an initial 1:4 mixture of labelled

to unlabelled vesicles.

114



Chapter 5

a) . . 0 ugiml b) 25 106
% 2.5x10 3 pg/mi [ .
2, 2.0x10° : ;g pg:m: 291 &
2 pg/m o 04 c
@ — 100 pg/ml 51.54 -
© 1.5x10° — Max. fusion = E
= =
1= T ©
8 1.0x10% e Jo2tu
c L ‘o
& o
O ‘
@ 5.0x10° 0.5
3 0.0 0.0
e 0.0 T ' v r r ) - :
[T 0 3 10 30 100 Max.
500 525 550 575 600 625 650 ugiml giml pgiml pgimi pg/mi fusion
Wavelength / nm control
C) _ d) “] ) .
100 - High FRET Low FRET 0 pg/ml SiO, NPs —— Replicate 1
ratio ) ratio Replicate 2
s'.O:.NPs 201 Replicate 3
b + — @ 0
o Lipid n]ixing o T T 1
OPC 0. % | fusion o= 404 .
E DOPC0.26 mol ; 30 pg/ml Si0, NPs —— Replicate 1
-2 60 4 LUVs = Replicate 2
£ B 204 p
- % —— Replicate 3
o
S 0
2 = 401 _ .
3 100 pg/ml SiO, NPs — Replicate 1
204 Replicate 2
201 Replicate 3
0- 0 x r )
3 10 30 100 10 100 1000 10000
[SiIO,NPs] / pg/ml Diameter / nm

Figure 5.1. Fusogenic activity of SiO, NPs evaluated by FRET and DLS. a) Example of
fluorescence emission spectrum of DOPC LUVs labelled with 0.25 mol% Rh-DOPE and NBD
exposed to different concentrations of SiO, NPs for 30 min (Max fusion control sample made
of LUVs labelled with 0.05 mol% Rh-DOPE and NBD). b) Average FRET ratio and FRET
efficiency at a range of SiO, NP concentrations after 30 min incubation with LUVSs. c)
Percentage of lipid mixing induced by SiO, NPs. Lipid mixing is detected as a decrease of
FRET ratio in samples containing unlabelled DOPC LUVs and DOPC LUVs labelled with
NBD-DOPE and rhodamine-DOPE (inset). The lipid mixing rises as the LUVs population is
exposed to increased concentrations of SiO, NPs. d) Hydrodynamic size distribution of DOPC
LUVs before (0 pg/ml SiO, NPs) and after exposure to 30 pg/ml and 100 pg/ml SiO, NPs for
30 minutes measured by DLS. After incubation with SiO, NPs the size of the LUVs increases.
Data in b and c presented as mean +SD of 3 replicates.
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5.3 SiO2 NPs mediate fusion of GUV membranes and

contents

As anticipated in the previous chapter (Section 4.4), 30 nm SiO, NPs promote
fusion of DOPC GUVs. Initial confocal microscopy movies of GUVs labelled with 0.5
mol% Rh-DOPE (Rh-GUVSs) after exposure to 25 pg/ml SiO2 NPs show that not all the
fusion events mediated by SiO2 NPs occur in the same manner but various processes,

involving distinct morphological changes of GUVs, can lead to membrane fusion.

Figure 5.2a shows a sequence of two fusion processes occurring between two
apposed GUVs, one of them with a third GUV inside. Initially, one of the GUVs begins
to shrink and its membrane is apparently transferred to the neighbour GUV which
progressively gets bigger. At the same time, the third GUV, which was inside the
growing one, is expelled from the lumen. These two GUVs remain attached to each
other and slowly get smaller until eventually their membranes fuse resulting in a single
final GUV (Supplementary Movie 5.1). During the process, we observe spots in the
GUV surface with a fluorescence signal considerably brighter than the rest of the
membrane. This enhanced localised fluorescence intensity is attributed to highly
curved regions of the membrane induced by the NPs adhering to the GUV surface and
being wrapped by the membrane 7° 233, The nanoscale membrane curvature induces
an increased membrane area, and therefore number of fluorophores, per pixel in the
x-y plane of the image, which translates into a brighter fluorescent signal. If NPs get
fully wrapped by the membrane, they can lead to fission processes that pull the
membrane which engulfs the NPs out from the GUV membrane 7@ 233, These fission
processes explain the fluorescence signal observed in the lumen of the GUVs in Figure
5.2a. A different mechanism is observed in Figure 5.2b, where the fusion occurs after
the sudden breakage of the membrane at one end of the GUV contact region. The
membrane at the contact region gets trapped in the lumen of the fused GUV and

quickly rearranges to form an intraluminal vesicle (Supplementary Movie 5.2).
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We observe increased fluorescence intensity at the rim of the membrane
interface which separates the GUVs (Fig. 5.2a-b). This locally enhanced intensity likely
denotes that three bilayers are contacting at these points (Y-like junction), one bilayer
from each GUV and a mixed bilayer formed at the interface, commonly named
hemifusion diaphragm. In such Y-like junctions, the membranes are under high
curvature stress and the lipids get condensed. The formation of fusion intermediate

states will be further discussed in the following sections.

To observe whether the contents of the DOPC GUVs mix upon vesicle fusion,
we carried out additional experiments mixing a population of GUVs encapsulating a
sucrose solution with a second GUV population containing a mixture of sucrose and
fluorescent 70 kDa TRITC-dextran (TRITC-filled GUV). The analysis of the
fluorescence intensity of the GUV cargo during the fusion process indicates a
complete mixing of the lumens once the GUVs fuse (Fig. 5.2¢, Supplementary movie
5.3). Before the GUVs fully fuse, there is a lipid transfer between the GUVs which
results in the simultaneous swelling of the fluorescently loaded vesicle and shrinking
of the contiguous GUV. This swelling requires the entry of non-fluorescent content into
the TRITC-filled GUV which causes a gradual dilution of the TRITC in the lumen and
explains the gradual drop of its fluorescent observed before fusion. By comparing the
fluorescence intensity in the lumen of the TRITC-filled GUV with its volume at the
different time points, we clearly observe that the increase of the TRITC-filled GUV
volume is proportional to the drop of the fluorescence intensity in its lumen (Fig 5.2c).
However, it is unclear whether the swelling is driven by the net influx of contents into
the TRITC-filled GUV from the shrinking GUV, from the outer medium or both, through
transient nanopores opened in the membrane. During the swelling process, we do not
observe transfer of TRITC-dextran from the growing GUV to the shrinking GUV until
the fusion pore opens. Once the GUVs fuse, the lumens of the two GUVs mix
completely, consequently the fluorescent dextran molecules get diluted in the final

lumen and the fluorescent intensity of the GUV cargo decreases steeply (Fig. 5.2¢).
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Figure 5.2. Confocal microscopy images of GUVs fusion triggered upon exposure to 25 pg/mi
SiO2NPs. Inpanels aand b, GUVs are labelled with Rh-DOPE and its fluorescence is presented
as a pseudocolour associated with the intensity as indicated in the colour code scale. a) Initially
two GUVs are docked (1 and 3) and the first one has a third vesicle inside (2). As time
progresses, the GUV 3 gradually merges into the GUV 1 and at the same time, GUV 2 is
ejected. The resulting 1+3 GUV and GUV 2 remain attached and the former start shrinking.
Eventually, the GUVs fuse originating a single final GUV 1+3+2. b) The boundary membrane
which separates the two GUVSs suddenly breaks at one end and the GUVs fuse. A membrane
fragment gets trapped in the lumen of the new GUV and forms an intraluminal vesicle. Red
arrows indicate regions of enhanced fluorescence intensity at the edges of the docking regions.
¢) Micrographs showing lumen mixing during fusion. One of the GUVs, labelled with 1 mol%
DiO (green) is loaded with sucrose and TRITC-dextran 70 kDa (yellow) and the other is
labelled with 1 mol% DiD (magenta) and its lumen contains only sucrose (non-fluorescent).
The plot shows the fluorescence intensity of TRITC-dextran (blue circles, blue y-axis) in the
region of the GUV lumen indicated by the blue box in the micrographs as well as the volume
of the TRITC-filled GUV (black crosses, black y-axis) against time. The drop in fluorescence
intensity before fusion corresponds with the swelling of the GUV. After fusion, the lumens of
the two GUVs mix inducing a sharp drop of fluorescent intensity in the lumen of the resultant
GUV.

118



Chapter 5

5.4 Fusion efficiency is influenced by membrane tension

Membrane tension is known to be a crucial biophysical parameter for the
progress of membrane fusion events 1. 113234236 Hence, we investigated the effect
of the membrane tension in the fusion process triggered by SiO» NPs. The first step to
assess the influence of membrane tension in the fusion process was to modify the
tension of the GUVs after electroformation by incubating them in hypertonic, isotonic
or hypotonic buffer overnight to obtain “relaxed”, “neutral”, or “tense” GUVs,
respectively. Then, to quantify the proportion of GUVs undergoing fusion in the sample
we mixed equally tense Rh-GUVs and DiO-GUVs (DOPC labelled with 1 mol% DiO)
in a 1.1 volume ratio before adding the SiO2> NPs (25 pug/ml). Finally, after incubating
the GUVs with the NPs for 30 min we took tile scans and counted the proportion of

GUVs with both dyes colocalised in the membrane (lipid mixed GUVS).

The images of vesicles incubated in isotonic buffer show an average proportion
of lipid mixed and fused GUVs of 12.25 % from the total number of GUVs. The osmotic
relaxation of the GUVs reduces the mean proportion of lipid mixed GUVs in the
samples to 7.90 %, while in the samples of osmotically tensed GUVs the average
percentage of vesicles fusing rises to 15.96 % (Fig. 5.3a). The tile scans were taken
from 5 independent samples for each condition. These data denote a clear impact of
the membrane tension on the fusion process induced by the SiO, NPs. Similar results
were obtained by FRET spectroscopy on LUVs samples (Fig. 5.3b). The membrane

tension of the LUVs was osmotically modified using the same strategy than for GUVs.

Besides promoting the fusion process itself, membrane tension can also
facilitate the close apposition of two GUVs by favouring partial NP wrapping over
complete engulfment &. At the interface between two GUVs, SiO, NPs might get
partially wrapped by both membranes and promote their adhesion. This idea is

supported by a recent study which has shown that gold nanoparticles and silica

119



Chapter 5

nanoparticles partially wrapped by the membrane can promote the adhesion of GUVs,

while complete wrapping induces vesicle tubulation and collapse "°.

Note that from the confocal microscopy images we are only counting the fusion
events occurring between oppositely labelled GUVs, but fusions between GUVs
labelled with the same dye are also taking place. In our samples, a Rh-GUV has the
same probability to fuse with a DIO-GUV than with another Rh-GUV, and the same
applies for a DiIO-GUV. Therefore, the proportion of GUVs undergoing fusion in our
samples is, in theory, double than the quantified in the images. Also note that the
proportion of fused GUVs is likely lower than that observed in LUV experiments due
to the much larger GUVs exhibiting limited diffusion compared to LUVs, significantly
reducing the number of collision events between these vesicles, which are required to

facilitate membrane adhesion and fusion.
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Figure 5.3. Impact of membrane tension on the efficiency of SiO, NPs-triggered fusion. a)
Percentage of lipid mixed GUVs observed in confocal microscopy images depending on the
membrane tension after incubation with 25 pg/ml SiO, NPs. The bars show the mean and the
error bars the standard deviation. The overlayed circles represent the proportion of lipid mixed
GUVs in each image analysed (Tense GUVs = 26 images; Neutral GUVs = 25 images; Relaxed
GUVs = 24 images). b) Effect of membrane tension on the percentage of lipid mixing of LUVs
samples after exposure to SiO2 NPs for 30 min measured by FRET. The bars show the mean,
the error bars the standard deviation and circles indicate each individual measurement. The
statistical significance in a and b was tested using a one-way ANOVA with a post-hoc
Bonferroni test (in b) *p< 0.05).
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5.5 SiO2 NPs induce fusion of GUVs via three different
pathways

With the aim of getting a further mechanistic insight into the processes leading
to membrane fusion, we perform additional real-time confocal microscopy experiments
to record single fusion events between Rh-GUVs and DiO-GUVs. These experiments
provide information about intermediate states as well as the kinetics of the fusion

process by detecting the lipid mixing between GUV pairs.

First, we localise GUV pairs composed of one Rh-GUV and a DiO-GUV which
show only red and green fluorescence, respectively. After SiO, NPs are added to the
sample, we monitor changes in fluorescence intensity in each channel over time at the
interface between vesicles and the more distal regions of each GUV. Our observations
show that once SiO; NPs interact with a pair of GUVs, the vesicles adopt different
intermediate states characterised by the degree of lipid mixing before their eventual
fusion. The fusion process begins with a localised merging of the outer leaflets of the
apposed GUVs as a result of high local curvature and lipid packing defects induced by
the SiO, NPs. The resulting structure would be a fusion stalk where the inner
monolayers of the neighbouring membranes form a bilayer in a small region where the
GUVs are docked. The outer leaflets thus reorganise themselves into a highly bent
monolayer, which would be expected to begin to merge 2%7. From this point, depending
on the different intermediate states and morphological transitions that GUVs

experience, we identify three main fusion pathways mediated by SiO, NPs.

Direct Full Fusion. In the first pathway, no or marginal intervesicular lipid
exchange is observed before the GUVs fuse. The membrane breaks at one edge of
the interface and the GUVs suddenly fuse. Immediately following fusion, the lipids from
the original vesicles are observed to be not yet mixed, and the new GUV shows two
easily distinguishable hemispheres, one green and one red, which then mix rapidly in

the newly merged membrane (Fig. 5.4, Supplementary Movie 5.4). The interaction of
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SiO2 NPs with the membrane of the GUVs would induce membrane defects which
generate large elastic stress at the rim of the docking region. The stalk presumably
originates at the edge of the boundary region but the persistent elastic stress would
conceivably compel the membrane to break, forming a pore that would be anticipated
to expand laterally along the perimeter of the docking zone. Consequently, the
membrane region that was separating the individual GUVs would get trapped inside
the new GUV and therefore reorganise to avoid exposure of hydrophobic lipid tails,

forming an intraluminal vesicle (Fig. 5.4 and 5.2b).
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Figure 5.4. Fusion of GUVs via the direct full fusion pathway. Confocal microscopy images
show the state of the GUVs at particular stages of the process. DOPC GUVs are labelled with
Rh-DOPE (red) and DiO (green). The bar plots show the fluorescence intensity of each dye
measured at the ROIs indicated by the blue boxes. Cartoons are schematic representations of
the lipid mixing and topological transformations occurring at that particular time point. The bar
plots indicate that lipid mixing occurs after the GUVs fuse. The membrane boundary gets
trapped in the final GUV and reorganise originating an intraluminal vesicle. The line plot
displays the evolution of the fluorescence intensity in both channels over time at the ROI C.
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A similar fusion mechanism was reported by Tanaka et al., who observed that
trivalent lanthanum ions (La®*) induce the fusion of DOPC GUVs 238, They propose
that the outer monolayer of the membranes merge at one edge of the region, where
membranes are in contact, and this destabilises the packing of the lipid tails that
causes the breakage of the membrane, leading to fused GUVs with an intraluminal
vesicle. Moreover, previous studies on vacuole fusion mediated by the SNARE
complex have proposed that the formation of an intraluminal vesicle during the fusion
occurs when the fusion pore forms at one point on the rim of the stalk and expands
laterally along the perimeter entrapping a membrane fragment, which becomes an
intraluminal vesicle 23240, In one of these studies, Mattie and colleagues showed that
the expansion of the stalk into a hemifusion diaphragm inversely correlates with

intraluminal fragment formation 240,

Hemifusion —fusion. In this pathway, a gradual bidirectional exchange of lipids
between the contacting GUVs is detected before the eventual fusion of the vesicles
(Fig. 5.5, Supplementary Movie 5.5). This second fusion pathway resembles the
classic fusion model in which the expansion of the stalk into a hemifusion diaphragm
precedes the formation of the fusion pore 25 2%%. A hemifusion diaphragm is an
intermediate state where the outer monolayers of the fusing GUVs are merged and

the inner monolayers form a mixed bilayer at the contact region.

The hemifusion intermediate is detected by the presence of both dyes in the
same GUV 209,241 Although the resolution of the confocal microscope does not allow
us to see whether the dyes are located in the inner or the outer monolayer of the
membrane, their fluorescence intensity is indicative of their presence in one or both
leaflets of the bilayer. Before the fusion begins, the fluorescence intensity of Rh-DOPE
is maximum in the Rh-GUV (bilayer intensity= 1; inner monolayer intensity=0.5; outer
monolayer intensity=0.5), where it is present in both membrane leaflets, whereas no
Rh-DOPE fluorescence is observed in the initial DIO GUV. When the GUVs become

hemifused, as only the lipids in the outer monolayer are mixed, the Rh-DOPE
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molecules in the outer monolayer of the Rh-GUV diffuse into the outer monolayer of
the opposing GUV. Consequently, the dye gets diluted across the merged outer
monolayer of the two GUVs. Assuming that the two vesicles have the same size, the
relative intensity of Rh-DOPE in the Rh-GUV will now represent 75% of the initial
intensity (bilayer intensity= 0.75; inner monolayer intensity=0.5; outer monolayer
intensity=0.25) and the relative intensity of Rh-DOPE in the DiO-GUV will be 25%
(bilayer intensity= 0.25; inner monolayer intensity=0; outer monolayer intensity=0.25).
This is equivalent to saying that when the GUVs are hemifused, the Rh-DOPE
fluorescence intensity in the DIO GUV represents the 33% of its fluorescent intensity
in the Rh GUV. Depending on the relative sizes of the GUVs this value can vary, but
if only the outer monolayers are fused it is always expected to be lower than 50%. The

same explanation applies to the fluorescence of DiO but in the opposite direction.

The analysis of the fluorescence intensity in different regions of the GUVs
indicate that the lipids of the outer leaflets mix completely before the GUVs fuse, as
observed in Figure 5.5 (frame t=239.4 s). The enhanced fluorescence intensity
displayed by both dyes at the GUV interface is probably due to lipid condensation at
the rim of the hemifusion diaphragm, where the membrane is expected to be highly
curved. Images at longer times indicate a further level of lipid mixing, suggesting some
extent of interleaflet lipid exchange. Eventually, a fusion pore opens and expands
quickly through the hemifusion diaphragm and the GUVs fuse completing a classic
hemifusion-fusion pathway. The newly formed GUV progressively adopts the spherical
shape typical of vesicles and the lipids get homogeneously distributed across the
membrane. In this case, the final GUV does not show the single intraluminal vesicle

characteristic from the direct full fusion pathway.

While the hemifusion is taking place, the GUVs slowly shrink and bright dots
appear in their lumen, suggesting that lipids are being removed from the membrane
by the SiO, NPs (Fig. 5.5). Cryo-EM studies have revealed that SiO, NPs completely

wrapped by the membrane are internalised inside liposomes, showing a supported
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lipid bilayer coating removed from the membrane of the vesicle 77 242, A different
investigation by Strobl et al showed that SiO, NPs are able to cross DOPC membranes
and, during the process, they take small membrane sections with them, inducing the
shrinkage of the GUV and a rise in its membrane tension 8. This is very similar to
what we observe in our experiments. Hence, the opening of the fusion pore would
seemingly be driven by a further increase in membrane tension induced by SiO, NPs

removing membrane surface area from the GUVs.
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Figure 5.5. Fusion of GUVs via hemifusion-fusion pathway. Confocal microscopy images
showing intermediate states of the fusion process. DOPC GUVs are labelled with Rh-DOPE
(red channel) and DiO (green channel). The bar plots show the fluorescence intensity of each
fluorophore measured at the ROIs indicated by the blue boxes. Cartoons are schematic
interpretations of the data. The lipid mixing observed before the GUVs fuse indicates that a
hemifusion intermediate has formed. Eventually the GUVs fuse. The fluorescence intensity
observed in the lumen of the GUVs is likely to proceed from small patches of the membrane
removed by the SiO2 NPs. The line plot displays the evolution of the fluorescence intensity in
both channels over time at the ROI A.
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Gentle merging. The fusion processes are not always completed by the
opening of a fusion pore at the hemifusion diaphragm. On these occasions, one of the
GUVs is gradually absorbed by the other and their membranes fuse by a process that
we have called gentle membrane merging (Fig. 5.6, Supplementary Movie 5.6). Like
in the previous pathway, the fluorescence intensity analysis indicates an initial lipid
mixing just in the outer monolayers followed by further lipid mixing in the inner
monolayers. However, unlike the hemifusion-fusion pathway, during these events,
there is an apparent full bilayer lipid mixing while the two GUVs are still separated. We
hypothesise that the elastic stress at which the membranes are subjected is not high
enough to drive the opening of a large fusion pore at the hemifusion diaphragm. The
tension at the hemifusion diaphragm is presumably stably maintained and the elastic
stress could be totally relaxed at the rim of the hemifusion diaphragm by enhanced
flip-flop and the formation of transient nanosized pores. As the lipid bilayers mix, one
of the apposed GUVs gets progressively smaller and its membrane is transferred to
the neighbouring vesicle, which consequently grows until the shrinking GUV is
completely engulfed and only one GUV with a fully mixed membrane survives. The
result from these events is then a GUV formed by a mixture of the membranes from
the two initial GUVs and whose volume equals the sum of the volumes of the initial

vesicles (Figure 5.6).

We suggest that once the GUVs become hemifused, before the fusion pore can
open, one of the vesicles would be stochastically disrupted by the NPs and that would
allow the transfer of its membrane to the apposed GUV. This process would be
potentially driven by differential Laplace pressure between the two vesicles as well as
other unknown energy minimisation processes. However, from our observations, there
is insufficient experimental evidence yet to claim a definitive mechanism that explains

the gentle membrane merging events.
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Figure 5.6. Fusion of GUVs via gentle merging pathway. Confocal microscopy images show the state of
the GUVs at different stages of the process. The DOPC GUVs are labelled with Rh-DOPE (red channel)
and DiO (green channel). The bar plots show the fluorescence intensity of each fluorophore measured at
the ROlIs indicated by the blue boxes. Cartoons are schematic interpretations of lipid mixing membrane
configuration state at the stage of the process shown in the micrographs. The lipid mixing observed before
the GUVs fuse indicates that a hemifusion intermediate has formed. One of the GUVs gradually shrinks
and the other GUV grows consequently. At the same time, their membranes merge gently until forming
a single GUV with a mixed membrane. The line plot displays the evolution of the fluorescence intensity
in both channels over time at the ROI C.
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We also measured the diameter of the GUVs at the beginning and the end of
the fusion processes to calculate their volume. The change of GUV volume is reported
as the ratio between the volume of the final fused GUV and the sum of the volume of

the two initial GUVs:

Volume of final GUV
Volume of initial GUV 1 + Volume of initial GUV 2

If this ratio is 1, the volume of the two initial GUVs is conserved in the final GUV,
while lower values indicate volume loss during the fusion process. During the direct
full fusion and gentle merging pathways there is volume conservation (direct full fusion
= 0.92 + 0.03; gentle merging = 0.93 * 0.05) (Fig. 5.7). These pathways generate a
final GUV with a volume that is approximately equivalent to the sum of the volumes of
the initial GUVs. On the other hand, during the hemifusion-fusion pathway there is a
significant loss of volume in the final GUV in comparison to the GUVs at the beginning
of the fusion process (0.63 + 0.24) (Fig. 5.7). In this case, we also analysed the change
in volume between the final GUV and the GUVs at the time just before the fusion pore
opens (denoted as Hemifusion-fusion* in Figure 5.7)) and observed that the opening
of the fusion pore is not associated with a volume reduction (0.96 + 0.07) (Fig. 5.7),
but the loss of volume occurs while the GUVs are hemifused, as observed in Figure

5.5 and Supplementary Movie 5.5.
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Figure 5.7. Ratio of change of GUVs volume after each fusion pathway (Mean £ SD).
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5.6 The rate of lipid mixing is slower in fusion pathways

involving hemifusion intermediates

Further analysis of the confocal time series allows quantification of the rate of
lipid mixing in the different fusion pathways. For this analysis, we measure the increase
in fluorescence intensity over time from the moment when one of the dyes begin to
migrate into its neighbouring vesicle. The increase of fluorescence intensity over time
was well described by an exponential decay function. The time constant obtained from
the empirical exponential fitting was used to calculate the rate of lipid mixing along the

membrane surface.

The results summarised in Figure 5.8 show a much slower lipid mixing rate when

the fusion pathway involves the formation of a hemifusion diaphragm. The lipid mixing

rate calculated from the direct full fusion events (3.22 £ 0.60 um2 s'l) is consistent with
literature values for the lateral diffusion coefficient of DOPC 7% 243, therefore in this
pathway the lipid mixing is driven solely by the lateral diffusion of lipids once the

vesicles have fused.

In contrast, the lipid mixing rates estimated for the other two fusion pathways are
considerably slower than DOPC lateral diffusion, with values of 0.33 + 0.36 um2 s™ for

the hemifusion-fusion pathway and 0.48 + 0.24 pm2 s™ for the gentle merging. Similar
slow diffusion of lipids has been reported previously in protein-free and SNARE-
mediated hemifused GUVs 223 241 We observe that full bilayer mixing can be reached
while the GUVs are hemifused. This bilayer mixing may result from enhanced lipid flip-
flop between the membrane leaflets which considerably reduces the rate of lipid mixing
compared to lateral diffusion alone. The formation of a stable hemifusion diaphragm
implies that the surface area of the inner leaflets of the membranes must be larger
than that of outer monolayers. This requires the transport of lipids from the outer leaflet
to the inner leaflet via flip-flop. The lipid flip-flop would be expected to be particularly

enhanced at the rim of the hemifusion diaphragm. In this region, the significant
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negative curvature of the membrane likely generates a mechanical stress different in
each monolayer and the membranes becomes highly unstable. The differential
mechanical stress derived from increased membrane curvature as well as local
membrane deformations are known to significantly increase the rate of interleaflet lipid
transport. 244 245 Moreover, molecular dynamics simulations have shown that lipid flip-
flop is a preferential mechanism to reduce the instability at the junction site of three

bilayers and maintain a metastable hemifusion diaphragm 24,

Another potential contribution to bilayer lipid mixing involves the formation of
transient nanoscopic pores in the membrane, which allows short-lifetime pulses of lipid
transfer between monolayers. Such interleaflet lipid exchange would relax the stress
in the membrane by the net removal of lipids from the compressed outer monolayer to
the expanded regions of the inner leaflets during the bidirectional diffusional exchange

of lipids across the open pore.
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Figure 5.8. Rate of lipid mixing during each fusion pathway. The calculated average lipid
mixing rate for the fusion events via direct full fusion is 3.22 + 0.60 pm? s whereas the
hemifusion-fusion pathway and the gentle merging show reduced lipid mixing rates, 0.33
0.36 pm? st and 0.48 + 0.24 um? s, respectively (The bar plot show the mean + SD with the
individual datapoints overlayed). The inset plot shows the normalised fluorescence intensity of
the dye when it begins to colonise a membrane where it was not present initially as a function
of time per unit area. The curves of individual events were fitted using an exponential function
(see methods) to estimate the rate of lipid diffusion.
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5.7 Discussion

In this work, we introduce a protein-free membrane fusion platform based on the
ability of 30 nm SiO; NPs to trigger membrane curvature and tension that mimics the
physicochemical effects of natural protein complexes for membrane fusion. Initial
FRET experiments performed in bulk LUV populations show a significant increase in
intervesicular lipid mixing dependent on the concentration of SiO, NPs in solution. The
fusogenic activity of SiO, NPs is confirmed by direct imaging of GUVs using confocal
microscopy, which also allows to identify intermediate states adopted by the

membranes during the fusion process.

Figure 5.9 summarises the proposed nanoscale molecular mechanisms that
occur as SiO2 NPs induce the contact and fusion of two membranes. Based on our
observations, we propose a scenario where membrane tension is the principal driving
force of the fusion events. This view agrees with previous studies, including theoretical
models 175 208 simulations 23* 235 247 and experimental investigations 236 248 In our
system, the fusion starts when SiO, NPs in suspension interact with closely localised
GUVs. This interaction likely favours the close contact between the membranes of two
GUVs by inducing local changes in membrane curvature. Molecular simulations have
shown that any protein complex located between two opposing membranes generates
a local membrane curvature that promotes the close approximation of the opposing
leaflets needed to begin the fusion process 24°. Additionally, 30 nm SiO, NPs affect
the membrane order and might induce lipid packing defects (See Chapter 4). The
negative surface charge of SiO, NPs is predicted to cause a reorientation of the DOPC
headgroup dipole generating an electrostatic condensation of the area per lipid in the

outer membrane leaflet, which would generate an increase in membrane tension 20,

The fusogenic activity of SiO> NPs relies on its capacity to generate a membrane
tension high enough to overcome different energy barriers during the fusion process.

The energy required to initiate the fusion and form the fusion stalk has been estimated
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to be in the range of 20-35 kgT 2°1:252, The rise in membrane tension generates elastic
stress which, along with high local membrane curvature and lipid packing defects, can
result in energetically unfavourable exposure of hydrophobic lipid tails to the agueous
medium. The elastic stress is released by the reorganisation of the membranes in the
boundary between the GUVs so the exposed hydrophobic region of one membrane
matches the hydrophobic region of the inner leaflet of the adjacent membrane 2%°. This

leads to the formation of the fusion stalk where the outer monolayers start merging.

After the stalk is formed, GUVs can follow three different pathways that lead to
membrane fusion: i) direct full fusion, ii) hemifusion-fusion and iii) gentle merging. The
direct full fusion is the fastest but more energetically demanding process. The opening
of the fusion pore directly from the stalk implies an energy cost of around 100 kgT 2.
Hence a significant increase in membrane tension would be needed for the
membranes to fuse immediately after the stalk formation. Such a high energetic cost
implies that the membrane tension acquired is not always sufficient to trigger this
pathway. However, instead of aborting the process, the system finds an alternative
route, the hemifusion intermediate, which is slower but requires less energy. The
energy barrier for the expansion of the stalk into a hemifusion diaphragm varies
between 15 and 35 kT depending on the lipid composition, the membrane tension
and the spontaneous curvature 251253, At this point, a further increase of the membrane
tension can drive the opening and expansion of the fusion pore at the hemifusion
diaphragm to complete the hemifusion-fusion pathway. If the energy needed for the
opening and expansion of a fusion pore at the hemifusion diaphragm (35-40 kgT) 25!
cannot be overcome, the process finishes via gentle membrane merging. At this lower
tension, the probability of a stochastic disruption of the membrane of one GUV before
full fusion increases. Once one GUV is disrupted, it begins to shrink while the other
grows and uptakes lipids from the disrupted one. This process is likely to be initially
driven by a differential Laplace pressure inside each GUV, but other forces are needed

for the process to advance until the membranes fully merge into a final bigger GUV.

132



Chapter 5

Direct full
fusion

Gentle
merging

Hemifusion
fusion

Fusion pore

Lipid mixing by
lateral diffusion

Fusion pore

No fusion pore |: /

\ Intralumenal

7.
£ < vesicle (ILV)

Final fused GUV
Final fused GUV with single ILV

Figure 5.9. Schematic representation of membrane transitions occurring at the docking region
during fusion events triggered by SiO2 NPs. The SiO, NPs facilitate the initial contact between
two membranes and induce high local curvature, increased tension and lipid packing defects.
This promotes the formation of a stalk. At this point, a fusion pore can form directly from the
stalk leading to a sudden full fusion of the GUVs. After the GUVs fuse, the lipids in the
membrane mix via lateral diffusion and the membrane previously placed at the boundary is
trapped in the lumen and forms an intraluminal vesicle (Sudden full fusion pathway). The stalk
can also expand into a hemifusion diaphragm stabilised by enhanced lipid flip-flop at its rim.
If a fusion pore opens at the hemifusion diaphragm the fusion process is completed
(Hemifusion-fusion pathway). However, if this does not happen the hemifusion diaphragm
persists stabilised by flip-flop and transient nanopores. In this case, one of the GUVs is
gradually absorbed by the other one and their membranes gently merge (Gentle membrane
merging pathway).
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The effect of membrane tension in the fusion efficiency was evaluated in LUVs
and GUVs using FRET and confocal microscopy, respectively. Our results show a
higher proportion of vesicles fused or undergoing fusion when the tension of their
membranes was osmotically increased and vice versa. Unfortunately, our
experimental approach does not allow us to quantify the proportion of fusion events
taking place through each different pathway, so different strategies might be
considered in the future to overcome this limitation and get more information about

biophysical parameters influencing which fusion pathway is going to be followed.

Beyond the balance of adhesion and bending energies, the size of the nanopatrticle
may also be important in obtaining fusogenic activity. In the study by Zuraw-Weston
et al., where they investigated the topological transitions experienced by charged
GUVs upon interaction with oppositely charged NPs, they used smaller NPs than the
SiO2 NPs LUDOX TM-50 employed in our study, some of which with a radius (r)
comparable to the thickness of the lipid bilayer 7>. Membrane rupture and GUV
destruction were observed for wr?/k, > 0.6 but membrane fusion was not reported 7.
Notably, we propose that wa?/ky, ~ 2 is required for membrane fusion, a regime that
was not explored in the study by Zuraw-Weston et al. This suggests that there may be
a size range optimal to induce membrane fusion such that the radius of curvature of

the nanoparticle is not so great that the membrane ruptures during partial wrapping.

Since the effect that SiO, NPs of a given size produce in lipid membranes
depends on the balance between adhesive forces and the elastic properties of the
membrane, changes in the solution environment (such as ionic strength, pH,
temperature), SiO2 NPs surface functionalisation and membrane composition might
affect the fusogenic activity of 30 nm SiO, NPs. Modifications of such parameters have
not yet been investigated, but new experimental conditions might require changing the
SiO2 NP size to maintain the right balance between adhesion and bending energies
needed to obtain fusogenic activity. In Chapter 4 we showed that the presence of a

BSA corona coating these NPs suppresses their fusogenic activity. The BSA corona
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would lower the adhesion energy of SiO, NPs which consequently become unable to
induce lipid packing defects, membrane curvature and increased membrane tension

required to initiate the fusion events

A current major challenge in the study of membrane remodelling processes is
understanding the role that Gaussian curvature plays in them. The experimental
investigation of Gaussian curvature is very challenging and requires membrane
systems whose topology can be tightly controlled 24°. The fact that the same fusogen
can induce membrane fusion via different pathways represents an advantage for the
study of membrane fusion mechanisms because it implies that by changing particular
conditions (membrane composition, vesicle shape, ionic strength, divalent cations
such as Ca?*, etc.) the system could be tuned to favour a specific fusion pathway over
the others and give information about the influence of specific parameters, such as
membrane curvature and tension, in the fusion process. Also, these SiO; NPs are
inexpensive to produce, can remain colloidally stable in solution for long periods of
time and its surface can be easily functionalised to increase or decrease their affinity
for the membrane ¢’. Therefore, SiO, NPs are a promising synthetic biology tool for

triggering membrane fusion in a broad range of experimental scenarios.

5.8 Conclusions

Here we have investigated the mechanisms by which SiO, NPs of 30 nm are
able to mediate membrane fusion. The size of these NPs provides them with the ability
to induce a combination of membrane curvature, increased membrane tension and
lipid disorganisation which initiate fusion of closely localised membranes. The fusion
mediated by SiO, NPs occurs via three different pathways characterised by the
intermediate states adopted by the membranes during the process. According to our
hypothesis, the tension acquired by the membranes is the principal factor that selects

which fusion pathway is followed.
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Our results offer the prospect of using SiO, NPs as a nanotechnological tool in
synthetic biology to create more complex model membrane systems, which better
mimic the properties of cell membranes. As a proof of concept, in the next chapter, we
will use these SiO2 NPs to generate phase separated membranes by fusing two single-
phased GUVs and analysing the remarkable membrane reorganisation phenomena

that occur during the process.
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Chapter 6:
Phase separated GUVs generated by fusion

6.1 Introduction

Biological membranes are formed by a myriad of different lipids which provide
them with particular biophysical properties and functionality. Such functionality is often
associated to the formation of membrane domains where saturated phospholipids with
long acyl chains and cholesterol accumulate and create the right conditions to recruit

membrane proteins and initiate signalling pathways 2% 254-257,

The lateral organisation of lipids within membranes which leads to the formation
of membrane domains is commonly studied in multicomponent model membranes,
usually GUVs and GPMVs, which exhibit a behaviour reminiscent of living cell
membranes 17:257.258_Sych multicomponent vesicles are usually prepared directly from
solutions containing a mixture of the desired lipids. However, alternative methods to
induce phase separation in initially homogeneous membranes can provide more
precise control over the final composition of the vesicles and a better understanding
of the domain formation process. Membrane fusion represents an effective strategy to
fulfil this purpose. Bezlyepkina et al used electrofusion to generate three-component
GUVs from simpler vesicles and determine the tie lines of ternary lipid mixtures in the
final GUV 259, Other studies have also employed membrane fusion to generate GUVs

with liquid disordered (Lq) and liquid ordered (L,) coexisting domains 227: 260,

In the previous chapter, we showed that 30 nm SiO, NPs effectively trigger
fusion of DOPC membranes by imposing a balance between membrane curvature and
increased lateral tension in the membranes. However, L, membranes are more
resistant to be deformed 138, consequently, the fusogenic activity of SiO> NPs might be

reduced if one of the membranes participating in the fusion is in the L, phase. In this
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chapter, we will test the ability of the same 30 nm SiO, NPs to mediate membrane
fusion between a liquid disordered membrane and a liquid ordered membrane with the
final aim to generate phase separated GUVs. Phase separation is detected using
confocal microscopy to image GUVs labelled with phase partitioning dyes and Laurdan

to determine the physical state of the membrane.

6.2 SiO2 NPs mediate fusion between Lg and Lo, GUVs

To test whether SiO2 NPs of 30 nm can be used to generate phase separated
GUVs by fusing single-phase vesicles, we mixed, in a 1:1 volume ratio, DOPC GUVs
with GUVs composed of 7:3 mol ratio DPPC and cholesterol (Chol). The experiments
were performed at room temperature, below the melting temperature of DPPC (Tm=
41°C) so the DPPC/Chol (7:3) membranes adopt a liquid ordered phase. Then, we
incubated the GUVs with 25 pg/ml SiO2 NPs of 30 nm diameter and used fluorescence
confocal microscopy to image the samples. To visualise the phase state of the
membrane we incorporated Rh-DOPE (0.5 mol%) into the DOPC GUVs and
naphthopyrene (Npy) (1 mol%) into the GUVs made of DPPC and cholesterol. These
dyes are commonly used as membrane phase markers as Rh-DOPE preferentially

partitions into the Lq phase of the membrane and Npy into L, domains 262,

From confocal microscopy time series, we observe that 30 nm SiO, NPs promote
fusion between a Ls GUV and a L, GUV. These results demonstrate that the fusion
ability of 30 nm SiO2 NPs is not limited to just DOPC membranes but they are also
effective when one of the membranes is stiffer, as in the case of DPPC/ Chol GUVs.
Importantly, once fused the membrane of the new GUV lowers its free energy by
remaining phase separated displaying large Lq and L, micro-domains (Fig. 6.1,
Supplementary movie 6.1). Our observations are consistent with previous studies on
membrane phase separation in DOPC/ DPPC/ Chol GUVs 262, Considering that the

initial GUVs are of the same size, the final membrane composition of the fused GUV
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is predicted to be 50:35:15 DOPC/ DPPC/ Chol. At room temperature, this ternary lipid
composition is in the liquid-liquid immiscibility region of the phase diagram where Lqg
and L, domains coexist in the membrane 2¢2. The fused membrane shows a L, domain
rich in DPPC and cholesterol which is expected to be more densely packed, less fluid
and thicker than DOPC-rich Ly domains. Three-dimensional images of the phase
separated GUVs show some darker patches in the L, phase which might indicate the
formation of disordered domains within the L, phase from which the L, dye gets
excluded (Fig. 6.1). The lipids segregate into large domains to minimise the line
tension at the phase boundary generated by an energetically unfavourable exposure

of the hydrophobic acyl chains which arises from a thickness mismatch at the
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Figure 6.1. Confocal microscopy images of L, and Ly GUVs before and after fusion. L,
DPPC/Chol (7:3) GUV is labelled with naphthopyrene (Npy) (cyan) and Ls DOPC GUV is
labelled with Rh-DOPE (red). After fusion Npy partitions into the L, phase and Rh-DOPE into
the Lq phase. Plots in the right show the fluorescence intensity profile of Rh-DOPE (red) and
Npy (blue) along the yellow arrow shown in the micrographs. Bottom image shows a 3-D
maximum intensity projection of a phase separated fused GUV, dye excluding patches are
observed in the L, phase and potentially indicate disordered domains formed within the L,
phase. The phase diagram is not empirical, but an approximation for illustrative purposes to
show the position of pure DOPC (red circle), DPPC/Chol (7:3) (blue circle) and the theoretical
composition of a fused GUV assuming equal surface area of the initial vesicles (purple circle).
The shaded region indicates the approximate liquid-liquid coexistence region.
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Next, using the tile scan function of the confocal microscope, we quantified the
proportion of phase separated GUVs generated after incubating the vesicles with the
SiO2 NPs to test whether the fusion efficiency is affected by the introduction of L,
membranes in the system. The images show an average of 11.2% GUVs phase
separated, a very similar proportion to the fused GUVs observed in samples containing
just pure DOPC GUVs (12.25 %) (Fig. 6.2). There are two plausible explanations for
these results. The first one is that although the bending rigidity of L, membranes is
predicted to be from 1.25 times to even an order of magnitude higher than Lg
membranes 2% 138, the adhesion strength of the 30 nm SiO, NPs to the PC bilayer is
still sufficient to overcome the energy cost required to bend the membrane, and so the
NPs can adhere to both DPPC/Chol and DOPC membranes and induce their fusion.
The other possibility is that the bending of only one of the membranes (the DOPC one

in this case) in the adhesion site is sufficient to trigger fusion,
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Figure 6.2. Example of confocal microscopy tile scan after incubating the GUVs with 25 pg/ml
SiO2 NPs. Yellow arrows highlight the phase separated GUVs. The top left image shows a
zoomed-in phase separated GUV. The plot shows the percentage of fused GUVs observed in
the tile scans in samples of DOPC GUVs mixed with DPPC/Chol (7:3) GUVs ina 1:1 volume
ratio (blue) and in samples of DOPC GUVs where half of the GUVs are labelled with Rh-
DOPE and the other half with DiO (magenta). Data are presented as mean = SD, circles
indicate the percentage of fused GUVs observed in each image (number of individual
datapoints indicated in the plot). The proportion of observed fused GUVSs in the two conditions
does not show statistical difference (one-way ANOVA with a p < 0.5 post-hoc Bonferroni test)
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Further analysis of the membrane phase was performed using Laurdan spectral
imaging. In this case, the DOPC and the DPPC/ Chol (7:3) GUVs were labelled with
0.5% mol Laurdan. In addition, 0.1 mol% Rh-DOPE was also added to the DOPC lipid
mixture as a Lq phase marker to show the correlation between Lq phase and GP values
in fused GUVs. Mean Laurdan GP values of control DOPC GUVs are around -0.45,
while the GP values of DPPC/ Chol GUVs are much higher, peaking at 0.30, as
expected for more ordered membranes 1. After fusion, the Laurdan GP map clearly
shows two easily distinguishable regions in the membrane, which correspond to the
Lo, (positive GP values) and Lyg (negative GP values) domains. The Rh-DOPE
fluorescence signal in the fused GUV matches perfectly with the region of the

membrane displaying negative GP values (Fig. 6.3).

Compared to the control DOPC GUVs, the Ly domains of the phase separated
GUVs generated by fusion show significantly higher (less negative) average GP
values (GP= -0.10), which indicates a denser lipid packing (Fig. 6.3). After fusion, the
lipids in the new phase separated vesicle redistribute across the membrane, and the
equilibrium lipid composition of each coexisting domain in the fused GUV is
determined by the tie lines of the phase diagram. The lipid redistribution is governed
by the gradient in the chemical potentials of the lipids which at equilibrium must be the
same in each phase 2°°. Consequently, in the equilibrium, the Ly phase of the fused
GUV will no longer be a pure DOPC membrane but a DOPC-rich domain, and the
same will occur with the L, phase, which will be enriched in DPPC and cholesterol but
not exclusively formed by these lipids. We therefore attribute the higher GP of the Lg
domains of the phase separated GUVs to a lateral diffusion of DPPC molecules from
the L, domains to the disordered membrane phase. Additionally, cholesterol molecules
are also expected to diffuse into the Ly phase, but to a lesser extent due to their slight
preference for L, domains 2. In the Lq phase, cholesterol is known to produce a tighter
packing of the DOPC lipids in the membrane 264 265, The redistribution of cholesterol

is also envisaged to induce denser packing of the DPPC lipids in the ordered phase
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262,266 however, the GP values observed in the L, domains of the fused GUVs are
slightly less positive than in the control DPPC/ Chol GUVs. This is due to the migration
of DOPC molecules into the L, domains, as dictated by the tie lines in the Lg-Lo
coexisting region of the phase diagram. This capacity of low concentrations of DOPC
molecules to disrupt the dense packing of DPPC lipids in gel-phase membranes and
generate more disordered phases has been demonstrated using wide-angle X-ray
scattering (WAXS)266,
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Figure 6.3. Laurdan GP maps and histograms of DOPC GUV (top) DPPC/Chol (7:3) GUV
(middle) and fused phase separated GUV (bottom). Rh-DOPC fluorescence in fused GUV
(bottom left image), which partitions into the Ly phase, matches with lower values of Laurdan
GP while it is excluded from the L, domain which shows positive GP values. Bar plot shows
average GP values + SD of Lgand L, phase in DOPC GUVs (n= 26), DPPC/Chol (7:3) (n=16)
GUVs and fused phase separated GUVs (n=26). The average GP value of the Ly phase is
significantly less negative in the fused GUVs (GP= -0.10+0.05) than in the pure DOPC GUVs
(GP=-0.45+0.02). The average GP of the L, phase is slightly higher in the DPPC/Chol (7:3)
GUVs (GP= 0.28+0.03) than in the fused phase separated GUVs (GP= 0.24%£0.04). The
statistical significance was tested using a one-way ANOVA with Bonferroni multiple
comparisons test (*p < 0.05, **p <0.01).
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6.3 Fusion between Lo, and Lq GUVs always involves

opening of fusion pore

In the previous chapter, we identified three fusion pathways by which 30 nm SiO.
NPs mediate fusion of pure DOPC membranes. We proposed that those pathways are
controlled by the mechanical properties of the membranes undergoing fusion, hence
changes in the lipid composition of one or both membranes might modify the fusion
mechanisms. So, we employed real-time confocal microscopy to record single fusion
events between DOPC GUV and DPPC/ Chol (7:3) GUVs. From 41 movies collected,
32 showed completed fusion events. The remaining videos (n=9) were discarded
because either the dyes were considerably bleached before full fusion was observed
due to the extended exposure to the laser beam (over 15 minutes) (n=7) or the GUVs

lost their integrity during the process (n=2).

The analysis of the 31 complete fusion events showed differences compared to
the fusion between pure DOPC membranes. In just over half of the movies (n=17) the
GUVs experienced a direct full fusion where the fusion occurs before any lipid transfer
between the GUVs is detected. In the other 15 observations, the opening of the fusion
pore was preceded by a hemifusion intermediate state. A more thorough analysis and
discussion of the hemifusion process will be given in the next section. Interestingly,
the gentle membrane merging pathway seems to be suppressed when one of the
GUVs has a L, membrane. The reason for the absence of gentle merging membrane
events is unclear. One possibility is that the transbilayer asymmetry at the hemifusion
diaphragm, formed by a DOPC monolayer and a DPPC/ Chol monolayer, might make
the membrane more unstable or increase the membrane tension and thus lower the
energy barrier to the eventual opening of the fusion pore. Using flicker spectroscopy,
Elani et al. demonstrated that asymmetric GUVs, with one leaflet composed of DOPC
and the other with POPC, show a significantly increased membrane bending rigidity

compared to symmetric bilayers 267, Theoretical modelling and coarse-grained
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simulations have also suggested that imbalanced lipid packing in each leaflet of
asymmetric membranes can generate a differential lateral stress which can have a
strong impact on the mechanical properties of the membrane, including membrane

tension, bending rigidity and spontaneous curvature 268,

The absence of gentle membrane merging events is not the only difference
between the fusions of Ly and L, GUVs compared with the fusion of two DOPC GUVs.
In every direct full fusion event observed between two DOPC GUVs, the membrane at
the contact region got trapped and reorganised into an intraluminal vesicle (ILV) once
the vesicles fuse. On the contrary, the intraluminal membrane trapping was never
observed when the DOPC vesicles underwent fusion through the hemifusion-fusion
pathway. However, in fusions between DOPC GUVs and DPPC/ Chol GUVs the
membrane trapping occurs (or not) independently of the fusion pathway followed. We
detected this phenomenon in about 47% (8 out of 17) of the direct full fusions and 40%
(6 out of 15) of the hemifusion-fusion events. The trapped membrane presents two
behaviours which consist of either adopting a curved shape or getting progressively
retracted towards its end still in contact with the GUV membrane (Fig. 6.4). Eventually,
the intraluminal membrane fragment is reabsorbed back into the surface of the fused
GUV. The time it takes for the membrane fragment to be reabsorbed shows high
variability, ranging from minutes to less than a second (Fig. 6.4). This varying
reabsorption speed might indicate that the membrane at the contact region is always
trapped in the fused GUV but it cannot always be observed in the movies because it
can occur faster than the frame rate acquisition of the confocal microscope, which in

our movies ranges between 0.30 s/frame and 0.64 s/frame.
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Figure 6.4. Confocal microscopy time-lapse images showing the fate of the membrane
fragment trapped within fused GUVs. Once trapped inside the fused GUV, the membrane
previously situated at the contact region adopts a curved shape (2) or retracts towards the GUV
membrane (b-d). The retraction speed is highly variable ranging from less than a second (b), a
few seconds (c) to even a couple of minutes (d). Yellow arrows denote trapped membrane
fragments.
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6.4 Asymmetric domains and interleaflet coupling in
hemifused GUVs

As mentioned above, in nearly half of the fusion events observed the GUVs
become hemifused as indicated by the diffusion of lipids from one GUV to the opposing
vesicle. The reorganisation of the lipids in the hemifused GUVs reveals two
remarkable biophysical phenomena: membrane asymmetry and interleaflet coupling.
Figure 6.5 shows time-lapse confocal microscopy images of two GUVs during
hemifusion along with fluorescence intensity data in different regions of their
membranes. Maximum fluorescence intensity of rhodamine (Rhmax) corresponds to
regions of the membrane where both leaflets are formed mainly by Ly DOPC lipids,
whereas in L, bilayers the fluorescence intensity of the L, marker Npy is maximum
(Npymax). If the dyes were present in only one of the membrane monolayers, their

fluorescence intensity would be 50% lower than those maximum values.

When the GUVs become hemifused, Rh-DOPE fluorescence emerges in a
region of the L, membrane. The Npy fluorescence intensity in that membrane region
is simultaneously reduced to about half compared to its fluorescence in the rest of the
membrane, Npymax (Fig 6.5, Supplementary movie 6.2). Assuming that only the outer
leaflets of the GUVs are fused, the fluorescence intensity levels suggest that the Lo
marker is only present in the inner membrane leaflet while the outer monolayer is
enriched with DOPC lipids transferred from the opposite GUV, which induce a phase
transition from L, to Lq indicated by the rise of rhodamine fluorescence. Hence, the
structure in that region of the membrane corresponds to an asymmetric domain with

an ordered DPPC/Chol inner leaflet and a disordered DOPC-rich outer monolayer.
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Figure 6.5. Asymmetric membrane domains and interleaflet coupling observed in hemifused
GUVs. a) and d) Confocal microscopy time-lapse images of GUVs during hemifusion.
Naphthopyrene (Npy) (cyan) and Rh-DOPE (red) are used as L, and Lq markers, respectively.
Yellow arrows indicate regions of the membrane where both dyes are colocalised (asymmetric
domains) and white arrows indicate regions of the membrane where the L, marker is completely
excluded from the membrane due to interleaflet coupling. Bar plots show the normalised
fluorescence intensity measured in the ROIs shown in the merged channel. Fluorescence
intensity in “ROI b”” and “ROI ¢” corresponds to the maximum intensity of Npy and Rh-DOPE,
respectively, and fluorescence in the background is used as minimum intensity. “ROI a” shows
an initial rise in fluorescence intensity of Rh-DOPE simultaneous to a reduction of Npy
fluorescence to about half compared to its maximum intensity (93 s in a) and 9 s in d)). Later
micrographs show a complete exclusion of Npy from that region of the membrane while the
fluorescence intensity of Rh-DOPE in “ROI a” remains close to 0.5 at all times. b) and e)
Normalised fluorescence intensity of Rh-DOPE (red line) and Npy (blue line) in “ROI a”
against time. Kymographs show fluorescence levels over the dyes over time at the pink line
indicated as k in the micrographs at t = 0 s in a) and d. ¢) and f) Phase separated GUV after
fusion. The symmetry is apparently restored in the final fused GUVs
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Strikingly, shortly after the formation of the asymmetric domain, the L, marker is
completely excluded from that region of the membrane while the fluorescence intensity
of rhodamine remains just about 50% of Rhmax (Fig 6.5). The exclusion of Npy from
the asymmetric domain likely responds to a loosening of the lipid packing in the
DPPC/Chol inner monolayer induced by the Lqy outer leaflet. Then, assuming none or
minimal lipid transfer between the membrane leaflets, the resulting structure would be
an asymmetric Ly domain where Rh-DOPE molecules partition into the DOPC-rich
outer leaflet while the inner leaflet is composed of DPPC and cholesterol in a
disorganised configuration, which compels the Npy molecules to diffuse laterally to
regions where the lipids are more densely packed. This phenomenon by which one
membrane monolayer modulates the physical properties of the opposite leaflet is
known as interleaflet coupling. The analysis of the fluorescence intensity dynamics at
the asymmetric domain clearly shows the transient colocalisation of the two dyes
followed by the loss of Npy fluorescence (Fig 6.5b and e). In our observations, the time
elapsed between Rh-DOPE fluorescence is initially detected in the L, GUV and the
Npy molecules are fully excluded from the asymmetric domain varies between
approximately 10 and 100 s. The membrane asymmetry is only maintained while the
GUVs are hemifused. Once the GUVs fully fuse, the membrane symmetry is
apparently restored and the location of the fluorescent dyes in one monolayer matches

its location in the opposite monolayer (Fig.6.5c and f).

The asymmetric membrane domains, detected by the Rh-DOPE fluorescence
(Fig. 6.6 c-d), display Laurdan GP values between -0.2 and 0.2 which are intermediate
between the pure DOPC and the DPPC/ Chol bilayers, in the GP map (Fig.6.6 a-b).
These intermediate GP values can denote a mix of densely packed inner monolayer
and less ordered outer monolayer or an intermediate packing lipid packing across the
bilayer. However, these images do not allow us to discern whether the bilayers in the
asymmetric domain are already coupled or not, because the L, marker Npy and

Laurdan cannot be imaged at the same time due to their spectral overlapping.
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Figure 6.6. Comparison between Laurdan GP and Rh-DOPE fluorescence across the surface
of hemifused GUVs. a) Laurdan GP map of hemifused GUVs. Zoomed region indicates a
disordered domain within the initial L, GUV. b) Laurdan GP histogram of image in shown in
“a”. Shaded region corresponds to the zoomed region in “a”, which shows GP values
intermediate between the more disordered DOPC-rich membrane and the ordered membrane
enriched in DPPC and cholesterol. ¢) Confocal microscopy image showing the localisation of
the Ld marker Rh-DOPE in the membrane of the hemifused GUVs. D) Fluorescence intensity
of Rh-DOPE in ROIs A and B indicated in “c”. The fluorescence intensity likely denotes that
Rh-DOPE in ROI B is only present in one monolayer. This region of the membrane matches
with the region displaying intermediate GP values in a and b.
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6.5 Phase dynamics at the hemifusion diaphragm

Finally, a low proportion (n=3) of the fusion events recorded show dynamical
changes in the membrane phase at an apparently extended hemifusion diaphragm
(Fig. 6.7). Although the low number of observations does not allow us to do a statistical

analysis, we observe two interesting opposite phenomena.

In two of those events, we observe the complete exclusion of the L, phase
marker from the membrane region where the GUVs get in contact (Fig. 6.7a-b,
Supplementary movie 6.3). The exclusion of the L, marker occurs simultaneously to
an expansion and flattening of the contact region and a decrease of the relative
fluorescence intensity of Rh-DOPE. The relative fluorescence intensity of the latter dye
is however slightly higher (~70%) than 50%, which will be expected for a single Lq dye
monolayer. This fluorescence intensity data makes it difficult to confidently define the
configuration adopted by the membrane. A possible scenario is that the observed
structure is an expanded hemifusion diaphragm with a DOPC monolayer labelled with
Rh-DOPE and a DPPC/Chol monolayer from which the Npy dye is excluded due to
the interleaflet coupling processes observed in the previous section. We speculate that
the higher levels of Rh-DOPE fluorescence might be due to some extent of interleaflet
lipid transfer, or a local enhancement of the fluorescence intensity due to a lipid
condensation in this region of the membrane. The expanded hemifusion diaphragm
dominated by the Lqphase show a very short life and it is formed just before the GUVs
fully fuse. In these events, we do not detect migration of dyes from one GUV to the
opposite. The dye exclusion and phase dynamics associated with it are restricted to
the presumed hemifusion diaphragm and the Lq - L, phase boundaries locate at the
edges of it, where the bilayer at the hemifusion diaphragm meets the bilayers of the Lq

and L, GUVs, meet forming a Y-like junction.
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The other movie shows a similar membrane behaviour at the contact region but
in this case, the Ly marker is the one excluded from the membrane at the GUV-GUV
interface (Fig. 6.7c, Supplementary movie 6.4). Contrary to the previous two
observations, where the exclusion of the L, dye from the hemifusion diaphragm
happened suddenly, here we observe that the exclusion of the Ly marker starts at one
edge of the region where the two GUVs are in contact and it gradually advances
towards the other edge. This gradual exclusion of the Rh-DOPE is likely due to a slow
expansion of a hemifusion diaphragm in this region of the GUVs. The relative
fluorescence intensity of the Npy decreases by approximately half, which indicates
that only a single labelled L, monolayer is present in this region of the membrane. The
opposite monolayer would be formed by DOPC but, contrary to what we observed
before, here the L, monolayer would be dominant, increasing the order of the DOPC

leaflet via interleaflet coupling and causing the exclusion of the Ly marker.

In this event, the hemifusion diaphragm does not become flattened but the L,
GUV pushes and bends the Ld GUV. In addition, the fusion process is hot completed
but the GUVs remain adhered by the hemifusion diaphragm. The deformation of the
Ls GUV by the L, GUV might indicate that the former vesicle is not tense enough for
the fusion pore to open and expand. We also observe a lipid transfer from the Ld to
the L, GUV. This leads to the formation of an asymmetric domain in the L, GUV as
indicated by the relative intensity levels of each fluorophore. In that region of the L,
GUV, the Npy relative fluorescence drops down to nearly 50% and the Rh
fluorescence rise reaching about 50% of its maximum value shown in the Ly GUV (Fig.
6.7c inset). These fluorescence intensity values are characteristic of an asymmetric
membrane with one Rh-DOPE-labelled L4 monolayer and one Npy-labelled L,
monolayer. This asymmetric domain is transient, the Rh-DOPE-labelled membrane
retreats to its original GUV and the previously asymmetric domain recovers its Lo
symmetric appearance. Eventually, the phase boundaries locate at the edges of the

hemifusion diaphragm and the membranes seem to reach an equilibrium state.
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Figure 6.7. Phase behaviour at the hemifusion diaphragm. a and b) Confocal microscopy
micrographs showing Naphthopyrene (Npy) exclusion from the contact region before fusion.
Plots show the fluorescence intensity profile of Npy and Rh-DOPE across the yellow arrow
indicated in the micrographs. ¢) Confocal microscopy micrographs showing Rh-DOPE
exclusion from the hemifusion diaphragm. The dye exclusion advances gradually from one
edge to the other. The plots in the left show the fluorescence intensity profile of Npy and Rh-
DOPE across the yellow arrow indicated in the micrographs. White arrows indicate apparent
asymmetric domains that arise from the transfer of lipids from the Ls GUV into the L, GUV.
Inset in ¢): The fluorescence intensity analysis in that region of the membrane (ROI a) shows
a membrane domain where the relative intensity of each dye is approximately 50% of their
maximum fluorescence intensity (ROl b=Npymax; ROl c=Rhmax).
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6.6 Discussion

Biological membranes present lateral heterogeneities which result in the
emergence of lipid domains or lipid rafts. These domains have been proposed to be
involved in lipid and protein sorting in the plasma membrane as well as many different
signal transduction pathways 2% 269270 |n cell membranes, lipid domains are transient
and nanoscopic (<200 nm) and hence difficult to characterise experimentally using
common fluorescence microscopy " 25 2% For this reason, biomimetic model
membranes, especially GUVs, which can display larger microdomains, have been
extensively employed to study the lateral organisation of lipids within phase separated
membranes. Studies using model membranes have identified various parameters that
significantly contribute to the final organisation of lipids in domains including the length
and unsaturation degree of the lipid acyl chains, the preferential segregation of
cholesterol into ordered phases, the line tension at the phase boundaries and the
temperature 1% 262,263 Additionally, phase separated model membranes are very useful
tools for investigating lipid-protein interactions and the lateral organisation of
transmembrane proteins within lipid membranes, as they can reveal preferential

affinity by a particular membrane phase or even by the domain boundary 271274,

Membrane phase separation can also be of great importance in synthetic biology
as a spatiotemporal regulation system of membrane-protein interactions and
membrane remodelling processes. For this purpose, strategies to produce phase
separation in initially homogeneous membranes are desirable. A suitable method to
achieve that goal is membrane fusion. Dreher et al recently showed that phase
separation can lead to the division of a Ld¢/L, GUV into two single-phased daughter
vesicles, one formed by the disordered phase and the other by the ordered phase 2¢°.
They then used DNA-triggered membrane fusion to induce phase separation in the

daughter GUVs and repeat the division process 2¢°.
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Here we employ 30 nm SiO, NPs to mediate fusion between Ly DOPC GUVs
and L, DPPC/Chol (7:3) GUVs. The fusion of such GUVs generates phase separated
GUVs. Laurdan imaging showed that the lipids in the Ly phase of the fused GUVs are
more tightly packed than in the initial pure DOPC GUVs. These results indicate some
degree of lipid redistribution across the fused membrane as dictated by the tie lines of
the phase diagram where the disordered phase is enriched in DOPC, but not purely
DOPC, and the ordered phase is predominantly formed by DPPC and cholesterol.
Remarkably, the hemifusion between a DOPC GUV and a DPPC/Chol vesicle leads
to the formation of asymmetric membrane domains and reveals a modulation of the
physical state of the inner membrane leaflet induced by the outer monolayer in the
asymmetric domain. Generally, we see a disorganisation of the formerly L, inner leaflet
induced by the migration of DOPC molecules from the outer leaflet of L¢ GUV into the
outer monolayer of the initially L, GUV (Fig. 6.8). Only one observation seems to
indicate an opposite behaviour where the L, phase dominates over the Lq opposite

leaflet.

To our knowledge, this is the first time that asymmetric domain formation and
interleaflet coupling are imaged in real-time in GUVs and during fusion processes.
Enoki and Feigenson developed a method by which they created asymmetric GUVs
via hemifusion of the vesicles with a supported lipid bilayer (SLB) 275. Using this
method, they have seen that L, domains of the inner monolayer induce L, domains in
an otherwise L4 outer monolayer, however, they only show the final membrane
configuration but the process leading to the interleaflet coupling is not revealed 275 276,
In their system, the L, domains modulate the lipid order in the opposing leaflet whereas
our results show the opposite tendency. This disparity is continuously repeated in the
literature. For instance, L, domains in the outer leaflet of SLBs have been seen to
induce phase separation in the inner leaflet 277: 28, However, the substrate where SLBs
are formed can have a significant influence on the dynamical behaviour of the lipids in

the inner leaflet, so unsupported model membranes, such as vesicles or pore-
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spanning planar bilayers, are better systems for these investigations. Chiantia and
London showed that long-chain sphingomyelin (SM) in the outer leaflet of vesicles
decreases the lateral diffusion of DOPC lipids in the inner monolayer 27°. They also
saw that the interleaflet coupling is stronger when the PC lipids in the inner monolayer
have one saturated acyl chain and attribute the coupling effect to the interaction

between acyl chains at the bilayer midplane 27°.
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Figure 6.8. Schematic representation of asymmetric domain formation followed by interleaflet
coupling during hemifusion between a Ly GUV and a L, GUV. The process begins with the
interaction of two symmetric GUVSs, one Lq (formed by DOPC) and the other L, (formed by
DPPC and cholesterol), with 30 nm SiO, NPs. This interaction leads to the hemifusion of their
membranes and consequently, DOPC molecules begin to migrate into the outer monolayer of
the L, GUV leading to the formation of an asymmetric domain. After the asymmetric domain
is formed, the disordered outer leaflet induces a disorganising effect in the inner monolayer
leading to a final configuration where the physical state of the leaflets in the asymmetric
domain is coupled. (Note that the Ld monolayer in the asymmetric domain is also expected to
contain some DPPC molecules but this was excluded from the illustration for clarity purposes.
The cholesterol dynamics are also unknown but it is expected to partition preferentially into L,
domains).
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A disorganisation effect of ordered domains by disordered lipids in the opposite
leaflet, analogous to what we observe in most of our results, was reported by Heberle
in asymmetric LUVs where the outer leaflet was composed of DPPC and the inner
leaflet of POPC 28, Using small-angle neutron scattering (SANS), they observed that
the Ly inner monolayer induced a significant decrease in the lipid packing density of
the gel domains in the outer leaflet 28°, Similarly, in a recent work, St. Clair et al have
shown that while symmetric LUVs formed by a mixture of SM, POPC and cholesterol
are phase separated, in asymmetric LUVs with SM/POPC/Chol in the outer leaflet but
a POPC/Chol inner monolayer the formation of L, domains is completely suppressed
281 Wang and London also reported the ability of DOPC/Chol Lq inner leaflet of
asymmetric LUVs to destabilise and destroy ordered domains in the outer monolayer
containing SM 282, This disorganisation of the outer leaflet L, domains is however less
pronounced when its content in SM increases 22, Collins and Keller studied
asymmetric pore spanning planar membranes formed by a Ly inner leaflet and an outer
leaflet with a lipid composition within the Lq-L, coexistence region of the phase diagram
and showed that increasing or decreasing the fraction of high-T lipid in the outer

monolayer induces or suppresses, respectively, the formation of bilayer domains 2.

Membrane asymmetry is a fundamental property of cell membranes with
significant biological implications. The best-known cellular process controlled by the
membrane asymmetry is the display of PS lipids in the outer leaflet in apoptotic cells
as a signal to be consumed by phagocytes 256284285 Moreover, the exposure of PS is
related to other forms of cell death, platelet coagulation, and many biological
processes including immune response, neuronal maintenance and muscle
development 284 285 At the molecular level, membrane asymmetry has been seen to
control the orientation of protein transmembrane domains (TMDs) inserted the bilayer
so the thinner parts of the TMDs are located in the outer leaflet, rich in SM and more
densely packed, whereas the thicker regions are preferentially located in the inner

monolayer where lipids are relatively loosely packed * 286,
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Membrane asymmetry has represented a problem for understanding the
formation of domains in the plasma membrane, since only the outer monolayer
presents the appropriate lipid composition to form such structures, but they exist in
both leaflets 256 287, The reason behind the formation of bilayer domains is that both
leaflets are coupled, so one monolayer can modulate the physical state of the other
and thus determine the physicochemical properties of the membrane bilayer 256258, |n
cells, the interleaflet coupling is thought to represent a lipid-mediated route to transfer
information across the membrane different from the classical signal transduction
mechanisms mediated by transmembrane proteins 256 258 284, 288 For example, the
binding of bacterial toxins to their receptors would promote the formation of L, domains
in the outer leaflet rich in long acyl chain sphingolipids. Those long acyl chain lipids
would then interact with lipids in the inner monolayer and induce them to form L,
domains via interleaflet coupling. Consequently, lipids such as PS or phosphorylated
phosphatidylinositols (PIPs), also known as phosphoinositides, can accumulate in
those domains and recruit cytosolic proteins which then initiate intracellular signalling

cascades 288,

The mechanisms governing the interleaflet coupling phenomena are still not
clear. Investigations on asymmetric model membranes have suggested that
interleaflet coupling might involve many different physicochemical parameters such as
line tension, acyl chain interdigitation, membrane fluctuations, curvature and
differential lateral stress 25% 258 284 Moreover, while several studies have reported a
similar behaviour to what we observed in most of our experiments, with the disordered
leaflet modulating the physical state of the ordered leaflet 229282 many others show
the ordered leaflet dominating the physical state of Ly monolayers 27527°, The type of
model membrane employed in interleaflet coupling studies as well as the varying lipid
composition and experimental conditions used in different investigations are probably

the principal causes behind the apparently contradictory results.
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It is then evident that membrane asymmetry and interleaflet coupling are
fundamental properties of cell membranes. Nevertheless, there is still a long way to
go in order to fully understand the role that these properties play in the membrane
structure and functions. From what we observed in our results, GUVs of different lipid
composition undergoing hemifusion represent a potential experimental system to
create asymmetric membrane domains and observe in real-time they organise as well

as how the membrane leaflets modulate each other’s physical state.

6.7 Conclusions

To summarise, in this chapter we employed 30 nm SiO2 NPs to generate phase
separated GUVs from two single-phased vesicles. Compared to fusion between two
DOPC GUVs, we observed similar fusion efficiency but mechanistic differences, being
the most notable the lack of gentle membrane merging events. Finally, we detected
the formation of asymmetric membrane domains in hemifused GUVs and were able to

image in real-time interleaflet coupling phenomena occurring within those domains.
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Chapter 7:
Conclusions and outlook

Throughout this thesis, we have analysed varying responses of model lipid
membranes to the non-specific contact with inorganic engineered nanomaterials
(AgNPs and SiO2 NPs) with a twofold aim: to provide information about the influence
of the medium conditions on the nature and consequences of the interactions between
NPs and lipid membranes; and to explore the inherent potential of NPs to replicate the
activity of proteins involved in membrane remodelling processes, in particular

membrane fusion.

7.1 Impact of medium conditions on the interactions

between NPs and biomimetic lipid membranes

7.1.1 Summary

In Chapter 3 we studied the influence of the ionic strength of the medium in the
colloidal stability and membrane interaction of AgNPs. For this purpose, we performed
parallel experiments in buffer with either 150 mM NaCl (physiological ionic strength)
or 300 mM glucose (low ionic strength). Using DLS and DELSA we detected a weak
NP agglomeration in physiological ionic strength buffer produced by the screening of
the negative surface charge of the NPs by the Na* ions. The analysis of the
aggregation kinetics indicated that most of the NP clusters remain suspended within
the experimental incubation times. In contrast, AQNPs suspended in glucose buffer
remained monodispersed. We also found that the AgNPs-membrane interactions
strongly depend on the medium ionic strength. While colloidally stable AgNPs in
glucose buffer had a negligible effect on the membrane, at physiological salt

concentrations the weakly aggregated AgNPs induced sporadic but significant
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membrane perturbations. Under these latter conditions, we observed a small
population of vesicles that display a significant change in their mechanical properties
with lower bending rigidity and higher membrane tension. We argue that this low-
probability mechanomodulation by small clusters of AgNPs interacting with the
membrane is closely related to the transient poration and structural remodelling of
some vesicle membranes detected under the same physiological ionic strength

conditions.

In Chapter 4 we investigated the impact of a protein corona on the interaction
between SiO, NPs of two different sizes, 18 nm and 30 nm, and model membranes.
To form a simplified protein corona, we incubated the SiO, NPs in a solution of bovine
serum albumin. Although the BSA corona obtained is much simpler than the
biomolecular coronas formed in vivo, it provides information about the modulation of
the fundamental NP-membrane interactions when a protein layer covers the NP
surface and eliminates the heterogeneity of coronas formed in complex serums which

can introduce large variability to the interaction mechanisms.

Both types of bare SiO2 NPs induced dose-dependent leakage of CF from LUVSs,
but the data showed differences that suggest distinct interaction mechanisms. The
BSA corona induced significant changes in the CF leakage produced by the NPs, but
while in the case of the smaller SiO2 NPs, the NPs with corona produce greater levels
of dye release than the bare SiO, NPs, the BSA corona minimised the leakage caused
by the 30 nm SiO2 NPs. The different interaction mechanisms were clearly confirmed
by confocal microscopy. After being exposed to 18 nm SiO, NPs, DOPC GUVs
exhibited a crumpled membrane with microsized permanent holes and a significantly
tighter lipid packing. The same SiO. NPs coated with a BSA corona were wrapped by
the membrane and produced a gradual shrinkage of the GUVs also accompanied by
a denser packing of the lipids. Finally, in this chapter we observed for the first time the
fusion ability of 30 nm SiO2 NPs, confirming our initial hypothesis. This fusogenic

activity was suppressed by the BSA corona. When exposed to 30 nm SiO2> NPs with
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BSA corona, the GUVs adhere to each other forming vesicle clusters but we did not
detect any lipid exchange between the membranes of different GUVs. This, on one
hand, confirms that the fusion is driven by the interaction of the SiO, NPs with two
closely localised GUVs and, on the other hand, indicates that the protein corona
reduces the adhesion strength between 30 nm SiO> NPs and lipid membranes. In
conclusion, we observed that the BSA corona weakens the ability of NP to interact
with the membrane and this causes a profound impact on the membrane responses
to those interactions, yet the inherent physical properties of the NPs are still a key

factor that determines the interaction mechanism.

7.1.2 Outlook

The studies of the interaction between NPs and model membranes have
generated substantial progress on the understanding of the behaviour of NPs at the
nanobio interface. However, there are still significant missing links between
minimalistic well-controlled experimental systems and the actual biological context.
This makes it challenging to predict the NP fate within biological systems and,
consequently, to synthesise safe-by-design nanomaterials that perform the desired
functions without harmful side effects. In addition, studies on NP-membrane
interactions focused on the evaluation and prediction of potential cytotoxicity outcomes
often obviate subtle impacts which can have greater biological relevance than

expected when tested in more complex systems.

The work presented in this thesis evidences the importance of the environmental
conditions on the interplay between NPs and lipid membranes. In vivo, NPs are
expected to encounter different biological fluids with varying characteristics (pH, ionic
strength, macromolecular crowding...) which will likely modify their physicochemical
properties and biointeractions 1. Hence, understanding the effect of the biological

medium on the behaviour of NPs is critical to developing safe and effective
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nanomaterials. The extensive work produced on the effect of the protein corona on
interactions of NPs and model membranes has provided valuable information for
subsequential use of these materials in vivo. Generally, these investigations have
reported that protein coronas reduce the adhesion strength between NPs and
membranes and therefore change the resulting membrane perturbations.
Nonetheless, many aspects of the formation, structure and protein composition of the
corona itself remain obscure, and the effect of other biomolecules, such as lipids or

nucleic acids, coating the NP surface has not been explored in-depth yet.

The influence of other properties of the medium, such as the ionic strength or
macromolecular crowding, on the biological interactions of NPs are however strikingly
underrepresented in the literature. These properties of the medium are likely to have
important effects on the physicochemical characteristics of the NPs and their
interactions with cell membranes and other biological entities. Hence, more attention
has to be driven towards employing new experimental conditions that replicate a more
realistic biological medium, with for example different ions, proteins and
macromolecular crowding agents, and allow a better prediction of the NP behaviour in

complex biological organisms.

Moreover, despite the experimental advantages and the ability to mimic
fundamental properties of cell membranes that lipid vesicles present, other important
structural and physicochemical characteristics of membranes are not well represented
in these model systems. These include aspects such as the limited variety of lipids
forming the membrane and the absence of proteins and glycolipids and other structural
features such as membrane asymmetry. Within this framework, giant plasma
membrane vesicles (GPMVs) obtained directly from cell membranes arise as an
excellent model to study membrane structure, membrane fluidity and membrane
interactions with nanomaterials, proteins and other biomolecules. This system
maintains the structural and biophysical complexity of cell membranes, with an

intricate mixture of lipids and membrane proteins diffusing through the membrane,
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which make them an intermediate model system between lipid vesicles and cells, with
the experimental advantages of the former and nearly the compositional complexity of
the latter 289 2% Albeit their nearly native composition, GPMVs also present some
limitations including loss of native membrane asymmetry, state of chemical equilibrium
in contrast to the constantly modified live cell membrane and protein crosslinking and

damage induced by some methods employed to obtain them 289292,

Membrane asymmetry is a fundamental property of cell membranes which is
generally overlooked in the study of the membrane responses to NPs. The principal
reason behind this experimental gap is that the most conventional methods to prepare
lipid vesicles (and most model membranes) yield symmetric membranes, even though
much effort is being put to develop new protocols to produce asymmetric LUVs and
GUVs 275,280, 203-297 A recent study has shown that membrane asymmetry only has a
minor impact on the interaction between silica NPs and lipid vesicles 232, However,
more investigations are needed before final conclusions can be drawn, since the
asymmetric distribution of the lipids between the membrane leaflets is known to affect
the mechanical and dynamical properties of the membrane, which in turn are

fundamental players in the NP-membrane interactions.

Finally, the mechanical properties of the cell are defined by the close interplay
between the plasma membrane and an actin cortex which covers the cytoplasmic
surface of the membrane. The actin cortex has been successfully reconstituted inside
GUVs. Such GUVs with cytoskeleton are extensively studied in bottom-up synthetic
biology and could represent the next step of cell model systems. Nevertheless, these

systems have not been used yet in studies on the biointeractions of NPs.
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7.2 Engineered nanomaterials as protein mimics

7.2.1 Summary

In Chapter 5 we investigated in detail the fusogenic activity of 30 nm SiO, NPs.
Initially, we evaluated the fusion activity using a classic method based on Forster
FRET to measure the lipid mixing between LUVs after exposure to varying
concentrations of NPs. From these data, we observed an increase in lipid mixing
dependent on the NP concentration. Then, using confocal microscopy we observed a
direct connection between membrane tension and fusion efficiency and identified
regions on the surface of the GUVs with enhanced fluorescence intensity that indicate
the ability of the NPs to induce high local membrane curvature. Notably, real-time
confocal fluorescence microscopy revealed three distinct mechanistic pathways for
membrane fusion characterised by the intermediate configurations adopted by the
membranes during the process. These pathways were classified as direct full fusion,
hemifusion-fusion and gentle membrane merging. Finally, we proposed a mechanistic
model to explain the different fusion possibilities where membrane tension is placed

as the principal driver of the process.

After having confirmed the fusogenic activity of 30 nm SiO; NPs, in Chapter 6
we performed a proof-of-concept study in which we employed those SiO> NPs to
generate phase separated membranes by fusing two single-phased GUVs. Using
fluorescence dyes that partition preferentially into liquid disordered or liquid ordered
membrane phases we observed membrane domains formed in the fused vesicles.
Using spectral imaging of Laurdan-labelled GUVs we analysed how the lipid packing
varies in each membrane phase between single phased GUVs and phase separated
GUVs. Real-time imaging of hemifused Lq and L, GUVs showed striking dynamical
phenomena involving the formation of asymmetric domains and interleaflet coupling

processes.
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7.2.2 Outlook

The results showed here demonstrate that 30 nm SiO, NPs promote fusion
between two DOPC vesicles and between a DOPC and a DPPC/Chol membrane.
Nevertheless, some questions remain open and further investigations are needed to
improve our understanding and control of the process. First, the conditions of the
medium can alter the interaction mechanism between the NPs and the membrane and
therefore affect the fusogenic activity. As shown in Chapter 4, the formation of a
protein corona inhibits the fusogenic activity of these SiO» NPs. In addition, as we saw
in Chapter 3, the ionic strength of the medium can have important impacts on the
interplay between the NPs and the membrane. Under different ionic strength
conditions, the fusion efficiency of 30 nm SiO, NPs might be affected due to changes
in the adhesion energy induced by the ionic strength of the medium. The new ionic
strength might therefore shift the critical size range within which SiO> NPs can mediate
fusion. If this were the case, the size of the NPs should be adjusted to match the new
critical size. However, more work is required to test whether NPs of other sizes, even
if they are within that new critical size range, are able to mediate fusion or on the
contrary, they induce different effects. Moreover, the presence of divalent cations,
such as Ca?*, which are known to both promote fusion themselves and help other

fusogens to do their work 108 110.225 is another factor to account for in future studies.

Secondly, different membrane compositions can also affect the process. We
showed that changing the composition of only one GUV from DOPC to DPPC/Chol
does not reduce the fusogenic activity but in the same experiments, we did not see
any fusion between two L, GUVs. We were unable to provide quantitative data on L,-
L, fusions because the fluorescence spectra of the L, partitioning dyes to which we
had access overlapped and so their signal could not be separated into different
imaging channels. For those experiments, L, partitioning dyes which emit in the red or

far-red region of the fluorescence spectrum are desirable, however, only a few
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examples of such dyes are found in the literature, including the modified Nile red dye
NR12S 2% and the far-red emitting fluorescent phospholipid analogue DSPE-PEG-
KK114 2%, Beyond the bending rigidity, the surface charge of the membrane is known
to modulate the strength of the NP-membrane interactions >. Thus, this opens a future
investigation to explore how changing the proportion of charged (positively and
negatively) lipids influences the fusion efficiency and the intermediate configurations
adopted by the membranes during the process. This study might provide new insight
on the mechanisms by which SiO, NPs mediate membrane fusion and might even
allow to potentially gain some control or predictability over the fusion process. For
instance, that investigation could help to favour one of the fusion pathways detected
in Chapter 5 over the others, or it could serve to develop a method to arrest the fusion
process at the hemifusion stage to create stabilised hemifused GUVs with asymmetric

domains such as the observed in Chapter 6.

The application of engineered nanomaterials in synthetic biology is not limited to
membrane fusion. Other membrane remodelling and shaping processes can be
induced by the contact of NPs with lipid membranes. Examples of these membrane
transformations are the formation of ILVs produced by AgNPs observed in Chapter 3
of this thesis, and the tubular protrusions induced by cationic NPs encapsulated within
GUVs observed by Yu and Granick 7. In addition, NPs could potentially be used to
mediate protein-free division of artificial cells. In a recent study, Steinkuhler et al. have
shown that His-tagged GFP proteins adhered to the membrane can generate
membrane curvature and depending on the degree of coverage they can divide a
“mother” GUV into two daughter vesicles 3°. That system does not rely on a specific
division activity of the proteins used, but on the curvature induced by the crowding of
those proteins onto the membrane. Hence, a similar curvature-driven division is likely
to be achieved by the binding of NPs to the membrane. In conclusion, there is a vast
range of unexplored possibilities for using engineered nanomaterials as bioinspired

nanomachines in synthetic biology.
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