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Abstract

The complexity of cell biology calls for research on the fundamental rules
underlying biological mechanisms. Endocytosis is a major cellular regulator of
homoeostatic processes that allows for ’ingestion’ of materials from the outside to
the inside of the cell. It plays a fundamental role in processes such as uptake of
nutrients, receptor signalling, cell migration, cell attachment, cell-cell interactions,
neurotransmission, cell division or tissue clearance from pathogens and cell debris.
Viruses and intracellular bacteria exploit endocytosis to access the protective cell
micro-environment to grow and reproduce. While they come in different shapes
and sizes, we do not fully understand how these physical properties are related to
endocytosis. In this thesis I investigate how shape and size are sensed by cells in
the endocytic processes.
I used advanced microscopy techniques, nanotechnology, cell biology and
quantitative data analysis to uncover the principles of shape- and size- dependent
effects on endocytosis kinetics and intracellular trafficking. Using synthetic
polymeric nanoparticles of finely controlled properties, we mimicked their nature’s
counterparts in order to access information about the effect of isolated properties,
avoiding the complexity of a biological system. We show that spherical particles
have substantially different kinetics and trafficking profiles compared to tubular or
high genus particles. The size of the spheres ranging between 20 nm and 100 nm
also affected the kinetics of endocytosis.
Moreover, the nanoparticle system is applied to bypass natural viruses’ endocytic
pathway and to employ it for intracellular gene delivery. Artificial polymeric
envelopes are constructed for adeno-associated viruses in order to improve gene
expression in mammalian cells.
With this thesis I aim to demonstrate that physical approaches and the development
of novel methodologies allow us to address challenging questions in cell biology
that could otherwise remain unanswered.
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Chapter 1

Introduction

Endocytosis is a cellular ’ingestion’ process, a series of mechanisms that take

materials from the outside of the cell or its outer membrane to the inside. Although,

early on it was considered as a simple transportation process of nutrients across

the cell membrane, during the last few decades it has been recognised as the

major regulator of the cell by providing logistics for most, if not all, cellular

functions. In addition to the role in uptake of nutrients, endocytosis regulates

cell homoeostasis, receptor signalling, cell migration, cell attachment, cell-cell

interactions, neurotransmission, cell division, cell clearance, to mention a few

mechanisms [1, 2, 3, 4].

The engulfment of an external species by a cell was observed as early as the end

of XIX century, when Metchnikoff and coleagues were investigating the defence

mechanisms of cells against pathogens, what we would call now as phagocytosis,

a type of endocytosis [5]. It was not until the second half of XX century that

endocytosis has been recognised as a more general process not only limited to the

engulfement of microorganisms. In 1963 Christian de Duve has given the name to
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the field as ’endocytosis’ [6, 7].

Already early on, the fundamental knowledge of endocytic processes has been

valued for its involvement in human health and disease. The search for the basics

of a genetic form of hypercholesterolemia pointed towards endocytosis of Low

Density Lipoprotein receptors (LDLR) in 1976 [8]. Many more human diseases

such as cancer, myopathies, neuropathies, metabolic genetic syndromes, psychiatric

and neurodegenerative diseases, cardiovascular diseases or diabetes [9, 3, 10] have

been associated with disruptions in endocytosis since then.

Until now we have acquired broad knowledge of mechanisms and molecular players

from the cell biology perspective. We understand that endocytosis is a complex set

of dynamic mechanisms that occur in parallel, can be cell type specific or more

generic, may occur in isolation or as an interplay between other mechanisms.

From a cell biology perspective, endocytosis consists of several steps (Figure 1.1).

This includes:

• binding of a ligand or so called ’cargo’ to the cell membrane receptors or

other attachment factors;

• local remodelling of the membrane to form an endocytic pit or enveloping

membrane protrusions;

• pulling of the ligand associated membrane towards the inside of the cell;

• pinching off the cell membrane in a closed vesicle called endocytic trafficking

vesicle;
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• trafficking of the endocytic vesicle to the early/sorting endosome, macropinosome

or phagosome.

The complexity of problems and the importance of endocytosis has

attracted interests of scientists from many disciplines from cell biologists and

biochemists, through virologists and microbiologists, to engineers, physicists and

mathematicians. Endocytosis presents a wide variety of questions that require

interdisciplinary approaches to be fully answered.

Cell biologists and biochemists have looked into the multiplicity of molecular

pathways and important players, while realising there is more than one way

of entering the cells. The most studied pathway namely clathrin mediated

endocytosis (CME) occurs in parallel with caveolin mediated endocytosis (CavME),

macropinocytosis, phagocytosis, and several less well understood pathways lumped

together as clathrin and caveolin independent endocytosis (CIE).

Virologists’ and microbiologists’ interests have focused on the interface between

host and pathogens. Viruses and intracellular bacteria evolved to hijack endocytosis

to gain access to the cell environment and machinery and therefore replicate and

propagate their genetic information. Whereas, bacteria that does not need cellular

factors to survive, aim to avoid phagocytic cells that would otherwise endocytose the

pathogen and kill it. Studying host-pathogen interactions led to many discoveries

of basic cellular physiology.

On the other side, engineers, physicists and mathematicians were intrigued by

the mechanical and physical problems that the cell overcomes in the endocytic

processes. This includes, forces that determine bending and stretching of a
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Figure 1.1: The cartoons representing general stages of endocytosis in order 1-5.
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membrane, the influence of physical properties of objects entering the cell, and

complexity of thermodynamics at the environment-membrane interface.

Moreover, scientists interested in applying their knowledge to practical solutions

and novel inventions are actively looking at endocytosis as a portal for delivery of

new medicines and gene therapeutics.

In this thesis, I aimed to describe the state of art of our understanding of

mechanisms of endocytosis from the interdisciplinary perspective, including the

relevant knowledge from cell biology and physics. Building the bridge between

these two fundamentally different approaches is not a trivial task. However, working

towards the goal of understanding the fundamental rules governing endocytic

mechanisms that explain cell biology observations has become a major challenge

for this thesis work. The main question I asked is, how the basic physical properties

of objects interacting with cells affect endocytosis, if the cell senses their shape

and size, and if size and shape control endocytosis mechanisms. This would allow

us to explain why viruses evolved in an assortment of various shapes and sizes

(see Figure 1.2) and what advantages this could provide to them. While viruses

are excellent study objects, a variety of different ligand-receptor interactions and

specialisation of viruses to operate in specific environment niche and enter specific

cell subtypes, would make the attempts to isolate the effect of a single property

difficult, if not impossible. Instead of directly studying natural viruses entering the

cell, we decided to build nanotechnological tools that will allow us to finely control

the physical properties and simplify the complexity. We employed chemistry,
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Figure 1.2: The Transmission Electron Micrographs (TEM) of the examples of various
shapes and size of viruses existing in nature. Images come from International
Committee on Taxonomy of Viruses (ICTV) website.

physics and nanotechnology to build artificial nanoparticles that aim to mimic the

natural subjects of endocytosis. We used nanoparticles of defined shapes and sizes

to study the effect of their isolated properties on the endocytic behaviour in human

cells. Using quantitative microscopy methods and model fitting we demonstrated

the influence of shape and size on the kinetics of endocytosis and the trafficking

pathways. We also applied the nanoparticles to bypass natural virus internalisation

and demonstrate new possibilities to finely tune gene delivery systems in potentially

therapeutic approaches.

This thesis aims to introduce readers from a wide range of backgrounds to

the interdisciplinary field of endocytosis. The first two chapters describe the

cell biology and quantitative approaches to endocytosis. I then, focus on more

specific aspects, the endocytosis of nanoparticles, both nature’s ones (viruses) and
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artificial ones. I then, show our experimental results in the study of mechanisms

of endocytosis and its application to intracellular delivery. With this thesis I

aimed to contribute to the challenging but promising new aspects of biology,

where approaches from physical sciences can drive systematic and analytical

investigations of biological problems. I hope to demonstrate that research without

traditional discipline boundaries, development of new tools, and use of current

technological advances, can allow us to study questions that we could not access

before.





Chapter 2

Biology of endocytosis

2.1 Historic view

Endocytosis, from Greek endo - within, kytos - cell, means a collection of

multiple processes that result in the internalisation into the cell. The birth of

’endocytosis’ as a scientific term dates back to 1963 when it was first used by

Christian de Duve as an improvement to the earlier proposed term of ’cytosis’

by Alex Novikoff [6, 7]. The term is meant to encompass all processes that

function as entry portals to the cell involving membrane deformations. However,

the cell defence mechanism in which specialised cells internalise pathogens, namely

phagocytosis, had already been observed in the late XIX century [5]. The pioneer of

phagocytosis research, Elie Metchnikoff, was awarded the Nobel Prize in medicine

in 1908 for the work on immunity in infections, for what we see now formed the

fundamentals of endocytosis research. Nowadays, we recognise endocytosis as an

umbrella term for phagocytosis, as well as macropinocytosis, clathrin-mediated and

clathrin-independent endocytic pathways.
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The search for basics of a genetic disease, familial hypercholesterolemia,

resulted in the discovery of endocytosis as a receptor-mediated process. Anderson,

Brown and Goldstein discovered that the basics of Low Density Lipoprotein (LDL)

uptake regulation are binding to the specific cell surface receptors (LDL Receptors

(LDLR)) and internalisation in coated pits [8, 11]. The role of receptors as well

as coated pits were back then just becoming recognised as important players in

endocytosis. Coated pits were discovered a decade earlier by Roth and Porter [12]

and purified and characterised in 1976 by Pearse [13].

Endocytosis is involved in the regulation of nutrients and their receptor

circulation, such as iron with transferrin and transferrin receptors or mannose-6-phosphate

and mannose-6-phosphate receptors. The acidification of the early endocytic

intracellular compartment plays an important role in this process. The endosome

as the first intracellular compartment that the endocytosed cargo in the trafficking

vesicle fuses with were discovered and initially characterised in 1983 [14]. The

acidic environment was shown to be controlled by proton pumps and energy driven

ATPases [15]. Early on, different types of endosomes were recognised based on

their cellular location (peripheral or Golgi-lysosome proximity) and morphological

features, such as size or shape (spherical, tubular or multivesicular) [14]. These

were later named as early (sorting), late or recycling endosomes. Endosomes

can vary in size from 0.3 µm to 1 µm with approximately 240 endosomes in

macrophages per cell at any time [14]. Early endosomes are often characterised
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as Rab5 positive, whereas late endosomes as Rab7 positive. Another subtype of

endosomes is the recycling endosome, labelled with Rab11, and functioning in

the retrieval of the cargo to the plasma membrane [16]. Before the endosome, the

lysosome was discovered by already mentioned here Christian de Duve [6].

Endocytosis involves association of cargo with plasma membrane (binding),

internalisation and trafficking of the cargo through the endo-lysosomal pathway (see

Figure 1.1 in chapter 1). Trafficking from plasma membrane through endosomes to

lysosomes or through recycling route have been a topic of a longstanding debate in

the community with discussions between four models: purely vesicular transport,

maturation, kiss-and-run and hybrid model (See Figure 2.1 for the comparison of

different models [17])

Several studies have indicated that small vesicles transport the cargo between

static larger organelles of endosomes towards the lysosome in the vesicular

transport model [18, 19]. The trafficking vesicles are formed by pinching off

from endosomes and fusing with other endosomes or lysosome.

On the other hand, the endososomal maturation model claims the formation

of early/sorting endosomes via fusion of trafficking vesicles. This is followed

by maturation processes that include: exchange of membrane identity proteins

and phospholipids, progressive acidification, changes of other ion and enzymatic

hydrolase concentrations [14, 20, 21, 22]. In the result, early endosome matures

into a late endosome and eventually a lysosome.
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Figure 2.1: The cartoon representing different model of trafficking proposed: maturation,
vesicular trafficking, kiss-and-run, and hybrid. Taken from reference [17]

The kiss-and-run model describes the transient repeating contacts between

endosomes and lysosomes. The late endosome transiently fuses with lysosome

(’kiss’) , delivers the cargo and dissociates from it (’run’). Moreover, a hybrid

model has been proposed, in which a hybrid organelle late endosome/lysosome is

formed [17].

It is now becoming more widely accepted that both vesicular transport and a level of

endosomal maturation play significant roles in endo-lysosomal trafficking [23, 24].

The kiss-and-run model might play a role in the exchanges between late endosome

and lysosome [23], as well as intra Golgi trafficking [25] or in the specialised

synaptic vesicle endo-/exo- cytosis [26].

The arising generic model of endocytosis suggests that the small pre-endosomal

vesicles traffic to and fuse with early/sorting endosomes. Microdomains of
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early endosomes mature by acquiring specific identity proteins and accumulating

selective phospholipids in order to pinch off into intermediate trafficking vesicles

transporting cargos to late endosomes, recycling endosome, plasma membrane

or Golgi. It is important to point out here that endosomes are considered as

stable cellular organelles rather than transient maturing compartments. The similar

process occurs at the next step of the pathway between late endosome and lysosome

or between recycling endosome and plasma membrane, as well as in-between the

Golgi stacks. However, it has also been proposed that the exchange between late

endosome and lysosome might also involve a ’kiss-an-run’ mechanism [23].

2.2 Role in cell function and implications in human

health

As it has been suggested very early on, endocytosis plays an important role in

mammalian health. In addition to the observed role in the immune responses

in the form of phagocytosis, endocytosis controls multiple other cellular

homoeostatic processes, such as nutrient uptake, cell migration, receptor signalling,

neurotransmission, cell-cell communication, tissue development or tissue clearance

from dead and aged cells or pathogenic species. Essentially, endocytosis is

considered as a major cell regulator [27, 28].

Receptor signalling regulation is one of the main functions of endocytosis.

Receptors can be downregulated or upregulated at the main sites of ligand binding

and signal transduction, i.e. at the cell surface, as well as on early and late endosome
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membranes [29, 30, 31]. Many signalling pathways have been shown to be regulated

by endocytosis and endocytic trafficking. Receptor tyrosine kinases, Transforming

Growth Factor (TGF), Tumour Necrosis Factor (TNF), Wingless-related integration

site (Wnt), Notch and many other fundamental signalling cascades are controlled

through endocytosis [32]. Receptors can be controlled by regulation of their surface

levels through the control of availability of receptors and ligands. This is done by

uptake and degradation or recycling of receptors to cell surface. Both early and late

endosomes are not just sorting stations inside the cells but also the hubs for signal

reception and attenuation throughout the cell [29, 30, 31].

In embryonic tissue development endocytosis seems to play a major role in

morphogen gradient formation. The establishment, propagation and shaping of the

signals are driven by endocytic regulations and are essential for the coordinated

spatio-temporal arrangement of signals in the tissue development processes [32].

Endocytosis is an essential immunological processes involved in the removal

of aged or dead cells from a tissue as well as a defence mechanism against viruses

and microorganisms [33].

Although it has been assumed for a long time that integrin activity is majorily

controlled by their structural confirmation, during the last two decades, the role

of endocytosis as a major player has become apparent. Integrins, as the plasma

membrane receptors, are regulated through a spatiotemporal control of their
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internalisation, recycling to the cell surface, and membrane domain location.

Integrins play a major role in cell migration, a fundamental process in the tissue

organisation, development and interaction with the environment. By sensing

the extracellular matrix ligands, internalisation of ligand-receptor complexes and

contact with other cells in both chemical and mechanical ways, endocytosis controls

cell interactions with its environment [34, 35, 36, 37, 38].

Endocytosis lays in the centre of human cell homeostasis. It is not surprising

that certain human diseases were implicated in endocytic perturbations, and vice

versa, understanding of disease mechanism has stimulated endocytosis research.

Disruptions to major endocytosis players such as actin, dynamin or clathrin, is

embryonic lethal and small perturbations to certain endocytic functions can lead

to cancer, myopathies, neuropathies, metabolic genetic syndromes, psychiatric and

neurodegenerative diseases, cardiovascular diseases or diabetes [9, 3, 10].

Lysosomal storage disorders (LSDs) are directly implicated in endo-lysosomal

trafficking disruptions, where the lack of appropriate levels of lysosomal enzymes

leads to problems in degradation of uptaken macromolecular cargos. Additionally,

it starts to appear that the root of the problems in LSDs lay not only in lysosomes

but also in other endocytic compartments [39].

The genetic metabolic disease, familial hypercholesterolemia led to the

discoveries of basics in LDL uptake. LDL is produced from the cholesterol in
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bloodstream. In excessive cholesterol diet, LDL receptors are uptaken by cells and

their recycling is inhibited, which leads to high cholesterol levels in bloodstream

and is a major cause of cardiovascular diseases such as atherosclerosis [40].

In muscle tissue and adipose tissue endocytosis regulates uptake of glucose.

The intracellular signals result in the internalisation of GLUT-4 glucose transporters

or their recycling to the plasma membrane. In Type II diabetes melitus the endocytic

transport of GLUT4 does not function correctly [41, 42].

Enterocytes, the specialised polarised epithelial cells lining mammalian

digestive tract are responsible for uptake of consumed nutrients and pharmacological

agents from intestines as well as protection against viruses and toxins. Endocytosis

controls their function by providing means to recognise incoming substances and

regulate absorption of required nutrients. Many inflammatory diseases of digestive

tract, which are becoming more common in the developed world, have their roots

in incorrect functioning of endocytosis in enterocytes. This includes inflammatory

bowel diseases, food allergies, celiac disease, Crohn’s disease, or ulcerative colitis

[43].

The major physiological changes in Azheimer’s disease, such as the formation

and degradation of amyloid fibrils are thought to be associated with disrupted

endocytic trafficking and signalling , with the particular role of transport between

specialised domains of endosomes, so called retromers and the Trans Golgi Network
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[40]. Moreover, a specialised form of transport acrross the cell, that combines

both endocytosis (from the outside to the inside) and exocytosis (from the inside to

the outside), namely transcytosis, plays a crucial role in transportation of nutrients

and signalling molecules from the blood stream to the brain across the blood-brain

barrier (BBB). This barrier is especially important for the protection of the brain

and regulation of a specialised microenvironment by a layer of endothelial cells,

however, a mechanism to transport cargo across in a highly controllable manner is

needed [44].

2.3 Endocytosis pathways and molecular characterisation

Endocytosis, defines a variety of ways enabling transport of endogenous and

exogenous species, macromolecules, nutrients, small molecules and ions across

the plasma membrane into the inside of the cell. Plasma membrane constitutes the

first barrier between the cell and its environment. While small uncharged molecules

such as oxygen or water can diffuse across the plasma membrane without the

need of any facilitation of their transport, the larger or charged species cannot.

Ions and nutrients such as glucose use specialised channels and carriers formed

by transmembrane proteins. The cell membrane proteins are internalised from the

plasma membrane in the constitutive membrane recycling as well as controlled

receptor trafficking involved in intracellular signalling processes [45].

Exogenous species such as viruses and bacteria exploit cellular entry pathways

involved in cell surface receptor trafficking and membrane recycling, as

well as specialised forms of endocytosis such as extracellular fluid and
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macromolecule uptake mechanisms (macropinocytosis) and pathogen defence

system (phagocytosis) [46].

As a process, endocytosis, starts at the plasma membrane interface between

the cell interior and extracellular space. Solute or liquid molecules and particles

accumulate and/or attach to the cell surface proteins (receptors), carbohydrates

and lipids (various attachment factors and co-receptors) through specific and

non-specific binding. To begin internalisation of membrane non-permeable

species in endocytic process, complex interactions between binding, receptor

rearrangements, membrane remodelling, and recruitment of intracellular molecules

to the internal side of the membrane have to happen. The membrane needs to

invaginate or form outside pointing protrusions in order to encapsulate the endocytic

cargo into a membrane vesicle.

In addition to the interactions at the external part of the membrane, involvement

of intracellular assemblies, as well as bending or pulling forces from the inside of

the cell play a major role in the membrane deformations proceeding the formation

of an endocytic vesicle. These events are orchestrated by interactions between cell

surface receptors in the form of clustering and intermolecular rearrangements,

formation of pulling or pushing tracks by cytoskeleton and motor proteins,

formation of protein coats and membrane remodelling scaffolds by various proteins

such as clathrin or Bin-Amphiphysin-Rvs (BAR) domain containing family of

proteins (BAR-p).
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In the complexity of these interactions, several distinct mechanisms have been

characterised. Endocytosis could be initially classified based on the membrane

deformation strategy of the cell and the size of the endocytic vesicle formed (See

Figure 2.2). While protrusions of up to several microns in diameter are formed

in phagocytosis and macropinocytosis (Figure 2.2 A), the sub-micron membrane

investigations are formed in other forms of receptor-mediated endocytosis (Figure

2.2 B). The different forms of membrane curvature could be defined as negative

for protrusions - membrane extensions pointing towards the cell environment, and

positive for invaginations formed towards the inside of the cell.

Negative membrane curvature - protrusions

Macropinocytosis is considered as fluid and bulk solute uptake mechanism that

is not always driven by specific receptor interactions. It can act as a constitutive

mechanism that can be stimulated by general activation of homoeostatic signalling

pathways often involving growth factors. It can also be exploited by pathogens as

it holds higher size flexibility. [47].

Phagocytosis is a more specialised form of receptor-mediated endocytic pathway

that internalises pathogenic particles such as bacteria and some viruses, as well

as cell debris and apoptotic bodies by the recognition of antigens via cell surface

receptor and antibodies of specialised phagocytic cells. Phagocytes engulf particles

using outside pointing membrane extensions [48]. The membrane protrusions
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Figure 2.2: Classification of modes of endocytosis based on membrane curvature strategy.
A. Represents two main negative curvature based endocytic processes, when
membrane protrusions are formed to internalise a cargo. Macropinocytosis
and phagocytosis can both be involved in endocytosis of a large cargo up to
micron scale size, however, smaller cargoes can also enter through this route.
Macropinocytosis involves formation of extensive actin network (in red) and
it occurs in most cell types. Phagocytosis, also involves actin, however, it is
based on the recognition of antigens on the surface of pathogens or apoptotic
bodies and is only used by specialised phagocytic cells. B. Illustrates the
positive membrane forming invaginations towards the cell interior. The most
characterised endocytic pathway, CME, involves formation of clathrin-coated
pits. CavME involves formation of cavin and caveolin-based coating of the
flask shaped pits. Other pathways that are independent of clathrin and caveolin
(CIE) also exist. Their molecular players are the topic of current research.

formation is driven by actin.

Small scale protrusion mechanisms were observed in addition to micron scale

membrane deformations that are accessible via macropinocytosis and phagocytosis

for interleukin 2 (IL-2) receptors with diameters of approximately 100 nm. The

mechanism is clathrin and caveolin independent. It is actin driven and depends on
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protein complexes called WAVE and Wiskott–Aldrich Syndrome protein (N-WASP)

[49].

Positive membrane curvature - invaginations

Although most of the endocytic routes including macropinocytosis and phagocytosis

can involve receptor binding as the initial step, historically the term ’receptor

mediated endocytosis’ has been limited to the finely controlled submicron scale

pathways that were known to be induced by initial ligand binding to receptors

in distinction to macropinocytosis or phagocytosis, which were not early on

recognised as receptor driven. ’Receptor mediated endocytosis’ pathways are

essentially the mechanisms that results in formation of up to several hundreds

nanometre in diameter invaginations towards the interior of the cell. It is often

further sub- classified based on major endocytic proteins involved, such as protein

coats (clathrin or caveolin), dynamin or actin.

Clathrin coated pits form the canonical example of ’receptor mediated endocytosis’.

CME has been most widely studied for several decades since the discovery

of the coated pits and their major component - clathrin in 1970s [13]. CME

is known to internalise important cargoes like transferrin, LDL or Epidermal

Growth Factor(EGF). The binding of a ligand to its receptor and enrichment in

phosphatidylinositol-4,5-bisphosphate (PI45P2) is followed by the recruitment of

a series of proteins responsible for several stages of endocytosis such as FCH
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domain only (FCHo) for the initiation, adaptor protein 2 (AP2) for cargo selection,

and finally clathrin heavy (CHC) and light chains (CLC) for the formation of the

protein coat. The coated endocytic pit is then detached from the plasma membrane

by scission with the help of dynamin and uncoated from clathrin with the help of

auxilin and heat shock cognate 70 (HSC70). Mechanical pulling of the pit and the

newly formed endocytic vesicle is supported by actin and its adaptors [3].

Caveolae endocytic pits were discovered almost 20 years after the observations

of clathrin coated pits. It turned out clathrin is not the only protein forming the

coat-like structures on the membranes [50]. Although the mechanisms of clathrin

independent endocytosis are not fullly understood, it has been suggested that they

can be facilitated by the presence of caveolin and cavin proteins coating caveolae.

Flexible flask-shaped caveolae pits were observed to be implicated in endocytois

of 50 nm diameter viruses such as Simian virus 40 (SV40) as well as in the

internalisation of glycophosphatidylinositol (GPI)-linked proteins or cholera toxins.

The mechanism is actin and dynamin dependent but clathrin independent [51, 52].

Caveolae structure was initially identified before its function in endocytosis has

been studied in 1950s by Palade and Yamada [53]. In contrast to CME, Caveolin

Mediated Endocytosis (CavME) seems to be cell type or tissue specific, especially

importaant in lung and adipose tissue but with less clear role in heart or other

tissues [54]. Apart from its ability to internalise cargo [55, 56], more recently, the

role of caveolae in mechanical protection of cell membrane has been investigated

[53, 57, 58].
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Clathrin and Caveolae Independent pathways (CIE) started to be more widely

recognised during 1990s. The investigations for the mechanisms of CIE are still

ongoing and many major players have been implicated, such as RhoA [59], flotillin

[60, 61], Arf6 [62], CDC42 [63], or more recently endophilin (FEME pathway)

[64]. The CLIC-GEEC pathway, i.e. Clathrin Independent Carrier-GPI anchored

protein enriched early endosomal compartment pathway was one of the first

pathways that cargo has been identified (e.g. CDC44) and has lacked similarities

with clathrin or caveolae pits. It is defined as endocytosis in tubular invaginations

that is independent of dynamin but is affected by inhibition of CDC42, Arf1,

GRAF1, cholesterol or actin. The ongoing and future research aims to characterise

these pathways in a systematic way [65]. The distinctive from the fast dynamics

point of view are the pathways involved in synaptic transmissions. An ’ultrafast’

endocytic pathway, 200 times faster then CME has been more recently identified to

play an important role in synapse signal transduction [66].

2.4 Endocytic trafficking and regulation

Location plays a major role in the endocytic trafficking. Organelles of the endocytic

pathways are labelled with specific markers that allow for the spatiotemporal

regulation of endocyic trafficking. Phosphoinosites (PIs) and Rab GTPases (Rabs)

play a major role in the coordination of endocytosis. The similarities in the

regulation of Rabs and PIs, coordination between them and common downstream
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effectors indicate the importance of their collaboration in the endocytic signalling

and trafficking [67].

Phosphoinosites

PIs are phosphorylated forms of phosphatidylinositol (PtdIns). Phosphate groups

can be placed at three, four or five hydroxide positions with one, two or three

phosphates at a molecule of PtdIns at the same time (Figure 2.3 [68]), allowing

for existence of seven different PIs. The variety of phosphoinosites is controlled

by a range of kinases (phosphate ’adding’ enzymes) and phosphatases (phosphate

’removing’ enzymes) and it allows for the specification of chemical, physical and

steric state of the PIs. Distinct forms of PIs coordinated with different forms of

Rabs mark different locations in endocytic trafficking of membranes [69].

Rabs

Rabs are a part of Ras superfamily of guanine nucleotide-binding proteins (G

proteins), which localise to the cytosolic membrane of various organelles in the

active form and act as molecular switches. Rab GTPases exist in active and inactive

state. This is controlled by Rab GEFs and Rab GAPs that catalyse the change of

bound nucleotides. Guanine necleotide Exchange Factor (GEF) activates Rabs by

exchanging GDP for GTP, whereas GAP (GTPase Activating Protein) catalyses

hydrolysis of one phosphate group at GTP to make GDP and inactivate the Rab.

The active Rabs are bound to the membrane and are able to bind their effector
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Figure 2.3: Chemical structure of PIs. Taken from reference [68].

molecules, enabling tethering and or fusion of the membranes, and therefore

enabling trafficking between different compartments (Figure 2.4 ) [19, 70].

Coordination of membrane identity establishment

Endocytic trafficking is marked by various protein and phospholipid markers. Rab5

family of Rabs is involved in trafficking to early endosomes, Rab7 in trafficking

between early and late endosome, Rab11 in trafficking between early and recycling

endosome, Rab4 between early endosome and plasma membrane in the fast

recycling route as well as early or late endosome and Golgi transport [16, 71].

Similarily, different forms of PIs accumulate in different organelle membranes

or microdomains (See Figure 2.5). PI45P2 is a major PI on the plasma

membrane in addition to Phosphatidylinositol-3,4-bisphosphate (PI34P2) and
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Figure 2.4: The activation and deactivation cycle of Rabs. GDP-bound Rab is converted
into the GTP-bound form through the exchange of GDP for GTP catalysed
by a guanine nucleotide exchange factor (GEF). The GTP-bound (active) can
be converted back to the GDP-bound (inactive) form through hydrolysis of
GTP catalysed by a GTPase-activating protein (GAP) producing phosphate
(Pi). Rab-GDP is recognised by a Rab escort protein (REP), which connects
it to a geranylgeranyl transferase (GGT), which adds a geranylgeranyl to the
Rab. This allows for GDP-Rab to be recognised by Rab GDP dissociation
inhibitor (GDI), which controls the Rab at the membrane through targeting by
the membrane-bound GDI displacement factor (GDF). Taken from reference
[16].

Phosphatidylinositol-3,4,5-trisphosphate (PI345P3). The action of specific

phosphatases and kinases allows for accumulation of Phosphatidylinositol-3-phosphate

(PI3P) at the site of the endocytocic pits and therefore the majority of early

endosomes is dominated by PI3P. Further phosphorylation of PI3P on the maturing

microdomain of early endosome, allows for vesicular transfer from early endosome

to late endosome with Phosphatidylinositol-3,5-bis-phosphate (PI35P2) as the major

phospholipid on the lysosome [69].

The Rabs similarily as PIs, form a spatially and temporally dynamic system.
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Figure 2.5: The localisation of various Rabs and PIs in the cell. Taken from reference [67].

Different Rabs often occupy different microdomains at the same organelle.

Rab5-occupied early endosome can create other Rab domains specific to later

compartments in the process of endosomal trafficking and maturation (Rab7).

Pinching off a vesicle from Rab7 subdomain of majorily Rab5 positive (Rab5+)

early endosome towards the late endosome commits the enclosed cargo towards

the lysosomal pathway [21, 72, 73]. Similarly, Rab11 subcompartment recognises

recycling motifs on a cargo and pinches off to fuse with the recycling endosome.

Rab4 labelled subcompartments can pinch off to recycle cargo in a fast route form

early endosome straight to the plasma membrane.
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Physical membrane remodelling in the process of formation of subcompartments

is required in addition to the switch of membrane identity driven by Rabs and PIs.

SNX-BAR proteins (Sorting Nexin BAR containing domain proteins) can sense

and drive membrane deformations thanks to what is called ’coincidence detection’

[69, 74], that is the recognition of specific PIs and particular membrane curvature

at the same time by the ’banana’ shaped protein complexes.

Coordination of Rabs activation, PIs membrane identity establishment and

SNX-BAR membrane remodelling events can drive endosome maturation and

vesicular trafficking between distinct endosome types on various routes towards

cargos’ destiny inside the cell. For instance, PI3P and Rab5-GTP (active) together

specify recruitment of early endosome antigen 1 (EEA1) to early endosomes, which

allows for tethering and fusion of the trafficking vesicle with early endosome [75].

Whereas, Rabenosyn-5 connects PI3P and Rab5 in the formation of Rab4 domains

for the fast recycling route from early endosomes [76, 77].

Before endocytosed cargo enters an endosome, it is transported in a trafficking

vesicle that has been formed from the plasma membrane, receptors that recognise

cargo (ligand binding) in the outer part of the membrane, and membrane

remodelling, coating and scaffolding molecules at the inner part of the membrane.

Endocytic pits in CME have been a topic of interest for several decades and

have been characterised in detail. The trafficking of cargo after the fusion of

the trafficking vesicle with the early endosome has been broadly investigated,
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although we still discover new elements of this complex orchestration between

cargo, receptors, phospholipids and proteins involved. The trafficking of a newly

formed preendosomal vesicle after pinching off from the plasma membrane as well

as different populations of early endosomes have been studied only more recently.

It has been demonstrated that not only Rab5 and its effector Early Endosome

Antigen 1 (EEA1) proteins mark the early/sorting endosome, but also more recently

other populations of early endosomes have been discovered. The structures positive

for Rab5 but negative for EEA1 (Rab5+/EEA1-) have been observed and inititally

identified as pre-endosomal vesicles [22, 24, 78]. For instance APPL1 (adaptor

protein, phosphotyrosine interacting with PH domain and leucine zipper 1) has

been identified as a protein associated with pre-endosomal vesicles, acting as an

effector of Rab5, that is present on the vesicles prior to the fusion with early

sorting endosomes (Rab5+/EEA1+) [78, 22]. It was observed that the maturation

process drives exchange between APPL1 and EEA1 during the delivery of cargo

to the early/sorting endosome. APPL1 would hence compete with EEA1 for

binding to Rab5. Researchers also demonstrated that Rab5 activation and PI3P

colocalisation is involved in endosomal docking of pre-endosomal vesicle with

EEA1 compartments [79, 80, 75]. It has been suggested that APPL1, which is a

BAR-domain and PH domain containing protein, can bind to the plasma membrane.

The in vitro experiments indicate that APPL1 binds to PI3P amongst other PIs which

is associated with endocytic pits and early endosomes [81]. APPL1 can also bind

to Rab5 [78, 82].
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However, the most recent work has shown that Rab5+/APPL1+/EEA1- structures

are actually acting like stable sorting endosomes capable of sorting the incoming

cargo to the recycling endosomes and late endosome [83]. It is not clear if the

function of Rab5+/APPL1+/EEA1- and Rab5+/APPL1-/EEA1+ endosomes is

redundant or if they receive different types of cargoes and traffic them in different

ways for a reason. The pre-endosomal vesicles have been proposed to be also

bound in addition to APPL1 by other markers, such as SNX4, Rab4 or Rab11.

However, these proteins might be associated with the vesicles transporting cargo in

the revere direction, i.e. towards the fast or slow recycling pathway, as all three of

these markers accumulate later on the recycling vesicles and recycling endosomes

[24].

We could therefore suggest a model where APPL1 accumulates at the

endocytic pits, possibly acts as a membrane remodelling protein due to its BAR

domain, forms the trafficking vesicle, which then fuses with the Rab5+/APPL1+

positive early endosome which then may or may not transport cargo to

Rab5+/EEA1+ early endosome or sort the cargo to the recycling or late endosome,

or to the Golgi. In addition to EEA1 endosomes and APPL1 endosomes, other

endosomes might exist. This hypothesis of different populations of early endosomes

coexisting in the cells is summarised in Figure 2.6.

In addition to the molecular markers and physical changes on the endo-lysosomal

route, several chemical changes inside of the compartments occur. The
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Figure 2.6: Hypothesis of different populations of early endosomes coming from different
interactions of proteins labelling trafficking vesicles. So far APPL1 has
been identified to label a pool of trafficking vesicles which then fuses with
APPL1+/Rab5+ early endosomes [83]. Other early endosomes such as
Rab5+/EEA1+ exist [80]. We hypothesise that other molecules playing a role
of markers of different populations of early endosomes and trafficking vesicles
could also exist.

Figure 2.7: Changes in pH, ion and protease concentration over time course of
endo-lysosomal trafficking. The image taken from [84].
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concentration of H+ and other ions, such as K+, Ca2+ or Cl − (See Figure 2.7) [85]

as well as activity of hydrolytic enzymes increases, with more hostile conditions

and more enzymatic activity closer to the lysosome - underlying its degradative role

[23]. These changes are important in the sorting of the cargo and are exploited by

intracellular pathogens in the cytoplasm penetration strategies.

2.5 Proteins in membrane remodelling thermodynamics

The cooperative work of cellular proteins allows for highly efficient membrane

remodelling processes in the cell. Proteins can sense, induce and drive curvature

formation (e.g. BAR-domain containing proteins, BAR-p), coat the curved

membrane (e.g. clathrin cages on endocytic pits or COPI cages on Golgi structures),

pull or push the membrane domain (molecular motors on microtubules or actin

filaments) and facilitate scission at the neck of the deformed membrane pit (e.g.

dynamin) into an isolated vesicle, in a highly efficient manner. These observations

have become the basics for the investigations, in which the effect of proteins on

the membrane remodelling thermodynamics is the main focus [86, 87, 88, 89, 90].

The physical effects of protein actions on membrane thermodynamics has been

suggested to play important role in CME as well as CIE pathways [65]. In

addition to the endocytic processes, the transformations of an overall flat membrane

into high curvature structures are common in many locations in the cell, such

as long membrane extension that form primary cilia, tubular organelles such as

mitochondria or small spherical trafficking vesicles coming from Golgi network

[89].
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Figure 2.8: Mechanisms of membrane curvature induction. Taken from reference [88].

Positive or negative spontaneous curvatures can be induced by several

biological processes such as listed below and described in Figure 2.8:

• Asymmetric protein insertion and/or lipid compaction (Figure 2.8 A and
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B) - In nature, Shiga toxin binds to glycosphingolipids at the surface of the

cell, forming cone shaped protein-lipid complexes and compacting the lipid

headgroups [91].

• Scaffolding (Figure 2.8 D) - Formation of tight protein complexes with a rigid

and curved geometry onto a membrane restricts the membrane curvature. For

example BAR-p is known to form ’banana-shaped’ dimers [92].

• Coating - Some proteins have the ability to self-assemble into rigid, curved,

shells around the membrane, for example clathrin cages drive one of the main

mechanisms of endocytosis [93].

• Crowding (Figure 2.8 E) - A mechanism in which steric interactions between

membrane proteins or peripheral proteins and the membrane create lateral

pressure that results in spontaneous bending [94].

• Chirality (Figure 2.8 C) - Intrinsic asymmetry of lipids, which can also

be induced by external influence such as cholera toxin, which binding

reorganises the lipid phase called ’textured phase’ [95].

• Local pulling - Molecular motor proteins can attach to the membrane through

their adaptors and pull it on microtubule or actin fiber tracks, e.g. kinesin,

myosin or dynein [96].

• Line tension - The tension that is caused by misalignment of lipids at

membrane domain interfaces that results from curvature or height mismatches

in the lipid bilayer. This can be caused by external effects such as binding of
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Figure 2.9: Comparison of energetic costs and benefits in the membrane remodelling
processes on the example of formation of a clathrin-coated pit. Taken from
reference [89].

Shiga toxin to the cell membrane [91].

Protein-related effects that lower down or increase the energetic barrier for

the induction of membrane curvature in endocytosis were analysed by Stachowiak

and colleagues [89]. In their cost-benefit analysis they included such effects as

crowding at both sides of the membrane, membrane insertions and the effects

of actin and clathrin. Crowding of the cargo (membrane proteins and/or their
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ligands) at the outside leaflet of the membrane adds additional energetic cost to

membrane bending due to the increase of steric repulsion among cargo molecules

resulting in higher steric pressure at the outer side of the membrane and decreased

steric pressure at the intracellular side. However, crowding of adaptor proteins at

the cytosolic (intracellular) side drives the formation of membrane invaginations.

Asymmetric membrane insertions, polymerisation of actin or formation of a rigid

frame for the endocytic pit (clathrin cage) lower down the energetic costs.

Energetic costs and benefits are calculated based on the sum of contribution of

known processes. The cargo crowding effect is calculated based on an estimation

of surface pressure using a non-linear equation of state for rigid spheres in two

dimensions proposed by Carnahan and Starling and used to calculate the cost of

crowding as a function of density of protein molecules [97, 98]. The accessory

protein crowding effect was calculated in the same way as the cargo crowding

effect. This contribution however, drives the curvature instead of opposing it,

because the area at the outer side of the membrane is increased in the process of

invagination, therefore reducing the steric pressure and increasing the entropy.

The hydrophobic protein membrane insertion contributions were calculated based

on the Helfrich bending energy equation [99] and the estimated membrane

curvature, with assumption of 2% membrane coverage in the endocytic pit [100].

The formation of clathrin cage was estimated based on the coarse-grain simulations

measuring the energy released during the assembly of the cage from clathrin

triskelions [101]. Actin polymerisation contribution to the endocytic vesicle

formation is not fully understood. However, the presented calculations were based
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Figure 2.10: Proposed basic model of formation of endocytic pit without clathrin. Taken
from [65].

on the experiments showing that actin polymerisation is required for the completion

of a clathrin-coated vesicle during a high osmotic pressure condition, and this is

achieved by opposing the membrane tension [102].

The comparison of all of these effects is summarised in Figure 2.9 from reference

[89]. The important point of the analysis is that the energetic cost of endocytosis of

a very small endocytic vesicle in clathrin-mediated endocytosis is higher than the

energetic gain, explaining the narrow range of clathrin cage size.

In addition to clathrin mediated endocytosis, other mechanisms exist, where,

size and morphology of endocytic pits without the coats are different. The lack

of a coat does not decrease the efficiency of endocytosis. Other mechanisms

are therefore required to overcome the energetic costs of membrane bending and

wrapping. Some of the recent interests of researchers using physics approaches,
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focused on the analysis of clathrin independent mechanisms (CIE) with the aim

to establish generic modules required to form an endocytic pit without clathrin or

caveolin coats [103, 88, 65, 90, 87]. In these studies the role of intracellular and

extracellular clustering of actin and lectins at endocytic sites has been highlighted

[65]. The importance of lectins and BAR-p in the extracellular and intracellular

(respectively) bending mechanisms has been proposed. Lectins can reorganise

membrane from the extracellular site. BAR-p, can form the rigid scaffolds at

the phosphoinosite-containing membrane domains that could allow to recruit other

proteins or produce line tension that could drive membrane bending [65]. This

scenario is summarised in Figure 2.10.



Chapter 3

Quantitative studies of endocytosis

kinetics

3.1 Kinetic models of endocytosis

The cell is a dynamic structure. Endocytosis is a complex combination of various

events that allow to internalise the selected cargo. Although thermodynamics and

membrane mechanics descriptions of endocytosis tell us about the energies and

elastic moduli involved in the formation of endocytic pits, they do not look into

rates or routes of the processes taken in order to deliver an external material to the

inside of the cell. For this purpose kinetics of endocytosis have been studied in

1980s and 1990s to shed more light on the mechanisms of endocytosis.

The basic kinetic model of endocytosis has been summarised by Lauffenburger

and Linderman [104] in Figure 3.1 and is reviewed here.

The main steps of endocytic trafficking included in the model are as follows:

• Cell surface binding (specific, non-specific) and unbinding;
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Figure 3.1: The scheme of endocytic cycle with annotated kinetic rate constants. Taken
from reference [104].

• Internalisation through various endocytic pathways or non-specific ’fluid

uptake’;

• Trafficking: Endo-lysosomal escape, or sorting back to the membrane, other

organelles or degradation in the lysosome;

• Biosynthesis of new receptors.

The model identifies basic processes that describe main components of

endocytic mechanisms and the associated kinetic rates. This includes binding of
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a ligand L to cell surface receptors RS with association and dissociation kinetic

rate constants of k f and kr to form cell surface complexes CS. Complexes or

receptors can be removed from the cell surface in the process of internalisation

(i.e. endocytosis) at internalisation rate ke to form CI . Here, the internalisation

of complexes (keC) could be distinguished from free receptor internalisation (keR)

that happens in processes of constitutive membrane recycling. We now know that

internalisation occurs via various endocytic routes with a distinct pool of molecular

players. Already at the early stages of endocytosis research, the protein coated

and uncoated endocytic pits have been identified. The internalisation through

these routes for the same ligand-receptor complexes can happen in parallel at

varying rates. Additionally, endocytosis has been in the past subdivided into

receptor-mediated mechanisms and fluid-phase uptake and the latter term is taken

into account in the models’ kinetic equations.

In addition to binding and internalisation processes, ligand-receptor complexes

and internalised free receptors can be returned to cell surface after endocytic

sorting and recycling. Ligands, receptors or their complexes can also be degraded

inside of the cell if the endo-lysosomal route is followed until the lysosome.

These processes are reflected in the krec and kdeg for recycling and degradation

respectively. Additionally, receptors can be exported to the cell surface after their

de novo synthesis, which is depicted in the Figure 3.1 as the synthesis rate vs.

Therefore, the following scheme could illustrate these events:
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L+RS

k f

�
kr

CS
keC
�
krec

CI
kdeg→ Cdeg

↑vs (3.1)

RI

In case of ligand centred measurement additional term for ”fluid uptake” is

included. This term refers to the non-specific, uptake of ligands through constitutive

macropinocytosis and is described by k f pNAvL, where NAv is the Avogadro’s

number, and k f p is the rate constant for passive fluid internalisation.

At the time the model was constructed, the different routes of recycling have not

been known yet. In accordance with current literature, the recycling of receptors

can happen via fast and slow routes. The fast route comes from retrieval of

receptors from early endosomes, whereas, the slow recycling involves passing

through recycling endosomes after sorting from early endosomes [105].

Various approaches can be employed to analyse quantitatively endocytosis,

depending on experimental set ups and accessible measurements. Measurable

parameters include amount of free ligands, amount of internalised ligand, amount

of surface bound ligand, and similarly for receptors. Ligands and receptors can be

followed separately or as complexes, however, it has to be taken into account that

although initially ligand and receptor may be internalised together, they may not be

trafficked through the same pathway. A simple first order kinetic balance equations

can be used to characterise the endocytic processes.

For example, when the measured parameter is surface bound receptor-ligand
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complexes (CS) followed over time (t), the following equation can be used:

dCs

dt
= k f LRS− krCS− keCS (3.2)

Ideally, other parameters should be measured in the same or separately designed

experiments. Similarly, free surface receptors (RS), internalised receptors (RI) or

internalised ligands (LI) can be measured quantitatively over time and the following

kinetic equations can be used:

dRS

dt
=−k f LRS + krCS− keRS + krec(1− fR)RI + vs (3.3)

dRI

dt
= keRRS + keCCS− [krec(1− fR)+ kdeg fR]RI (3.4)

dLI

dt
= keC− [krec(1− fL)+ kdeg fL]LI + k f pNAvL (3.5)

Where fL and fR represent fractions of ligands or receptors. This method

could also allow to identify if a particular ligand is internalised upon binding to a

particular receptor, or how the receptors are regulated. For this purpose a way to

follow ligand and receptor trafficking is necessary. The ratio of surface receptors

RS at time zero and followed after certain time-points could be compared in the

presence and absence of a ligand.

Receptor upregulation or downregulation can be observed in the presence of

binding of a ligand. This indicates the signalling involved in the regulation of the
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receptor numbers on the cell surface and potentially suggest a function of receptor

or ligand-receptor complexes. According to different behaviours of ligands and

receptors and changes to their rates, three classes of receptors can be identified.

Surface receptor number is controlled by sorting downregulation when binding

of a ligand results in increased degradation rate (dkdeg > 0), while internalisation

(dkeR = 0) and synthesis (dvs = 0)rates are unaffected. Therefore, the receptor is

constitutively endocytosed and recycled back to the surface in the absence of the

ligand. However, in the presence of the ligand the trafficking route is changed and

the receptor is directed for degradation. An example of such a receptor is neutrophil

chemotactic peptide receptor [106].

Surface receptor number is controlled by endocytic downregulation when binding

of a ligand downregulates the receptor only by an increase in internalisation rate

(dkeR > 0), while the recycling (dkrec = 0), degradation (dkdeg = 0) or synthesis

(dvs = 0) rates are unaffected. This situation means that ligand binding stimulates

internalisation, which in the absence of the ligand is low or negligible. This happens

in the case of EGFR [107, 108].

Surface receptor number is controlled by synthetic downregulation when neither

internalisation (dkeR = 0) nor degradation (dkdeg = 0) rates are affected by binding

of a ligand, while de novo synthesis of the receptor is slowed down (dvs < 0). This

is the case in the LDL binding to LDLR [109].

Importantly, these early methods and basic models of receptor endocytosis

could be used in future for the basis of quantitative analysis of further trafficking
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steps beyond the receptor regulation as well as development of more complex and

complete models. For example, the model has been extended by Tzafriri et al.

[110] to study how receptors interact inside of endosomal compartments and how

this relates to their function based on particular subcellular location.

Since the discovery of endocytosis as a regulated cellular process in the centre

of cell homeostasis and inter-cellular communication, many efforts were focused

on the identification of basic mechanisms. Initial reports investigated the kinetics

of endocytic events in the so called receptor-mediated endocytosis. However, the

advances in molecular biology and imaging techniques have driven the growth

of the field towards the characterisation of molecular players, discoveries of the

multiplicity of pathways and visualisations of the nano- to micro-scale events in

single cell imaging studies.

The early mathematical models of endocytosis and quantitative experiments

have been fundamental to our understanding of the regulation of major receptors

at the cell membrane, such as EGFR and LDLR. Although, kinetics of receptor

binding, internalisation, recycling or degradation in endocytosis were modelled

and evaluated experimentally in 1980s and 1990s, they have not been extensively

revisited since then in the light of new discoveries. The technological improvements

and accessibility of new experimental methods call for the emerging role of physical

approaches towards the biological questions as a next step forward in quantitative

cell biology and further understanding of the role of constantly increasing number
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of novel molecular players. Although, several pathways of endocytosis have been

characterised at the molecular level, the limited understanding of physics rules

behind the sequence of molecular interactions is urging for more of the fundamental

quantitative research.

Our understanding of endocytosis could substantially benefit from the

investigations based on physics and mathematics approaches, where basic rules

and physical properties of systems involved are studied. Quantitative analysis of

cell biology processes can provide fundamental insights that would not be possible

when we limit ourselves to visual or morphological examinations. Building of

mathematical models through thorough understanding of interactions and physical

processes could allow us to elucidate mechanisms of cell physiology. Using models

to fit experimental data may enable analysis of ligand/receptors interactions from

particular experimental set ups and could allow for systematic comparative studies

between various systems. Since endocytosis is the key regulator of many cellular

processes, quantitative and physics-based understanding could stimulate further

investigations of complex mechanisms of cellular homoeostasis, as well as the large

scale cell behaviours in tissues and organisms in systems biology research.

3.2 Experimental methods for quantitative endocytosis

studies

The models of endocytosis were used or constructed in order to understand

experimental data and guide experimental designs. Several methods have been
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developed in order to measure endocytic events in a quantitative way. The main

obstacle to the measurements is the dynamic nature of the processes. None of the

stages of endocytosis occurs in isolation, but rather in parallel and coordination,

and at relatively short time scales. Binding to receptors happens at the same time as

internalisation, recycling or de novo synthesis in the same cell. Ideally, all of these

processes should be considered in an experimental set up and included in analysis

of the kinetics.

However, several experimental strategies have been adapted in order to

discriminate between different stages of endocytosis and separate the effects for

simplicity of analysis. Binding experiments are often designed at low temperature

(e.g. +4 oC) when trafficking is substantially inhibited or in the presence of

pharmacological inhibitors of trafficking. However, binding kinetics itself can

be affected at low temperature and wide-spectrum of action of pharmaceutical

inhibitors may cause side effects to binding or normal cell function [111, 112, 113].

Additionally, although ligand-receptor binding is often considered as an interaction

of one ligand with one receptor, i.e. the interaction is monovalent, there are many

examples of the receptors where this is not the case, for instance in the case of

binding of viruses. The multivalency of ligands and/or receptors may add to the

complexity of analysis of binding experiments due to additional terms such as the

effect of aggregation and crosslinking of receptors, and cooperativity of binding

[104].
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In trafficking experiments, free ligand is often removed from cell media after

a particular time, when ligands are let to bind, then internalisation is measured.

The commonly adopted practice is to remove also membrane bound ligands by

lowering pH using the so called ’acid stripping’ protocols [114]. For many ligands

low pH decreases binding affinity [115], therefore bound ligands can be removed.

Comparison of signals from total associated ligand prior to acid stripping and after

internalisation at different stages can suggest rates of internalisation.

Receptors recycling measurements have to be taken in a way that it can

be distinguished between sorting of internalised receptors back to the plasma

membrane and de novo synthesis of receptors. Time scales of these events can vary

from minutes to hours. Cells are able to recycle the whole cell surface membranes

in between 15 minutes to 5 hours depending on a cell type and receptors in question

[116].

Experimental set ups vary and certainly technological advances such as

development of molecular biology, discoveries of fluorescent proteins or new

microscopic techniques have changed the way endocytosis can be studied.

However, some of the experimental set ups have been based on the basic

biochemistry methods and still find their application. Total cell-associated

ligands can be measured by following radioactivity or fluorescence of labelled

ligands using microscopy or fluorescence-activated cell sorting (FACS). The acid

stripping methods [114] are still being used to descriminate between the bound and
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internalised ligands.

To follow trafficking of a ligand, ligands are often labelled with a pH sensitive

fluorophore, indicating their progression through different organelles [117].

Instead of whole cell analysis, organelles can also be separated by gradient

centrifugation (based on density) or by free-flow electrophoresis (based on density

and charge) [118]. Due to the light microscopy resolution limits, especially before

the development of super resolution microscopy, and high resolution confocal

microscopy, the electron microscopy methods were adapted to study sub-cellular

localisation of ligands. Often ligands or receptors are labelled with electron

dense molecules such as colloidal gold or ferritin [119]. Immunocytochemistry

and immunofluorescence assays allow for localisation of ligands or receptors in

compartments based on the use of antibodies against protein markers of particular

compartments. The radiolabelling [120] or fluorescence labels [121] can be used.

To follow receptors, experimental set ups can involve so called ’antibody feeding’

protocols, where cells are fed with labelled antibodies against receptors and the

antibodies internalisation is followed [122]. Biotinylation protocols allow to label

all cell surface receptors, followed by identification of particular receptors through

affinity purification and sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) quantitation [123, 124].

All of these methods are useful in quantitative assessments of cell biology

processes. However, the main disadvantage, is the use of fixed cells instead of live

cells. While quantitation is largely benefited from analysis of snapshots of events in
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fixed cells, some of the processes that are more dynamic may not be seen properly.

Moreover, fixation techniques may affect binding of ligands to receptors, as well

as, hinder some of the observations by creating artefacts. Observations of endocytic

processes using live cell microscopy and simultaneous analysis of the combination

of different stages of endocytosis, although challenging, would be the ideal solution,

as long as conditions of experiments do not perturb the cell function.

Importantly, a balance between spatial and temporal resolution as well as potential

artefacts coming from photo-toxicity have to be established. Illumination of the

cell with high intensity laser light might result in not only bleaching of a dye but

also disturbance of cell physiology [125, 126, 127]. Care has to be taken in order to

minimise the intensity of light, frequency of illuminations and time of acquisition in

order to minimise the total dosage of laser power. Additionally it is advisable to use

higher wavelength fluorophores, in order to avoid stronger lasers, i.e. blue, green

and far red blue, green and red excitation lasers are less damaging than ultraviolet

lasers. It has been observed that the total exposure of less than a couple kJ per cm2

allows for imaging live cells without noticeable damage. This could be calculated

from laser power used (in Watts) per the field of illumination (in cm2) during the

length of illumination ( inverse of scan speed in seconds) [125]. Moreover, both

the effect of laser exposure on the cell morphology as well as photobleaching of the

fluorophore should be monitored. The first one can be observed by simultaneous

recording of the bright field or phase contrast images, whereas the latter can be

calculated by measurement of fluorescence intensity decay from the fist to the last

frame.
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Endocytosis of viruses and

nanoparticles

4.1 Endocytosis of natural nanoparticles - viruses

The advances in understanding of cellular mechanisms of internalisation come, to a

large extent, from studies of viruses and intracellular bacteria interacting with host

mammalian cells. Mammalian cellular pathogens, evolved to exploit numerous

cellular machineries in order to access cellular compartments required for their

replication. To survive, pass on their genetic information and replicate, viruses

have to enter the host cell. Unlike most of bacteria that can exist and replicate

outside the cell, some can also take advantage of the intracellular environment. As

a result, many of the known endocytic pathways have been found through studies

of host-pathogen interactions [46].

Two major types of viruses are recognised as enveloped and non-enveloped.

Enveloped viruses have an additional outer lipid-based membrane around their
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Figure 4.1: Diagram illustrating two major virus structures - enveloped and non- enveloped
viruses. An enveloped virus, in addition to the proteinous capsid surrounding
its DNA or RNA genome, has a lipid membrane envelope.

proteinous capsid that encapsulates genetic material (Figure 4.1).

Viruses employ various endocytic pathways in order to enter the cell. Most

viruses enter cells via formation of a vesicle from the plasma membrane of the cell,

which happens through endocytosis. For some viruses it is believed that they can

perform a direct fusion with the plasma membrane instead. However, for instance,

HIV was believed to belong to the ’fusing’ class of viruses for a long time, while the

new studies show evidence that HIV engages with endocytic pathways [128, 129]

The diagram demonstrating the viral entry strategies is presented in Figure 4.2 from

reference [130].

In general, virus internalisation via endocytosis is based on stepwise

mechanisms of attachment to cell surface receptors or other attachment factors,

lateral diffusion (’surfing’), clustering of bound receptors/attachment factors,

induction of cellular signalling through interaction with receptors or injection

of factors through a pore formed by the virus, membrane invagination and
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Figure 4.2: Diagram illustrating major enveloped and non-enveloped viruses’ strategies to
enter the cell. Most viruses seem to rely on endocytosis with various strategies
to interact with the plasma membrane and escape the endo-lysosomal route.
This includes engagement with ’receptor mediated endocytosis’ (CME, CavME
or CIE)(A) and escape from endo-lysosomal trafficking via pH dependent or
independent fusion. Some viruses are believed to enter the cell through a direct
fusion with the plasma membrane via pH independent mode and actin cortex
dissolution(B). The figure was taken from reference [130].

internalisation in an endocytic vesicle. Depending on the initial attachment factors

and the endocytic mechanism, the endocytic trafficking vesicle fuses with early

endosome, caveosome and macropinosome [130]. While most viruses are believed

to engage small scale positive curvature endocytic pathways such as CME, CavME

or CIE, Ebola virus for instance enters the cell by hijacking macropinocytosis
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[130]).

Trafficking through endo-lysosomal pathway exposes viruses to the intra-organelle

environment, that quite often changes in increased acidification (increase in [H+]),

ionic composition (e.g. increase in K+ ions in late endosome) or protein content

(appearance of degradative enzymes in late endosome and lysosome) [85, 131, 23].

Changes in the environment often trigger alterations in viral structure in the

process of escape into the cytosol. Some viruses depend on low pH for escape

to cytoplasm, some, like HIV, may not require pH drop. Mechanisms of cytosolic

penetration rely therefore, on conformational changes of a virus that in turn lead to

membrane disruption of an organelle. Membrane disruption can involve exposure

of a hydrophobic moiety or release of lytic proteins from the viral capsid in the

case of non-enveloped viruses [132], or direct fusion with the organelle membrane

by enveloped viruses [133]. Viral escape portals include early endosomes (e.g.

Adenovirus [134]), recycling endosomes (e.g. Foot-and-mouth disease virus

(FMDV) [135]), late endosomes (e.g. Human Papillomavirus 16 (HPV16) [136]),

macropinosomes (e.g. Vaccinia virus [137]) as well as ER (e.g. Simian Virus 40

(SV40) [138, 139]) as illustrated in Figure 4.3 from reference [130].

In addition to the different chemical composition of the virus structure, viruses

come in a variety of sizes and shapes. The examples of electromicrographs of

virus morphologies can be seen in Chapter 1 Figure 1.2. Many are spherical

(icosahedral) and of nanometre scale, however, bullet-shaped, brick-shaped and

long filamentous (tubular) shapes in the range from ∼20 nm to several µm exist.
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Figure 4.3: Viral escape portals. The figure was taken from reference [130].

Table 4.1 presents a variety of viral shapes, sizes and their endocytic entry and

cytoplasm penetration mechanisms. Although most viruses enter cells through a
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specific major pathway, an alternative pathway can be used depending on several

conditions, such as availability of the endocytic machinery in particular cell types

or the infectious/non-infectious state of the virus [140, 141, 142]. The huge variety

of viruses, their ligand-receptor interactions and multiplicity of endocytic pathways

make it difficult to clearly categorise the effect of fundamental physical properties

of viruses such as shape or size on their interactions with cells. Simplified artificial

systems could possibly shed some more light on the effect of viral biophysics on

the interactions with cells.
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4.2 Endocytosis of artificial nanoparticles

Studying endocytosis by looking at the interactions of viruses and bacteria with

mammalian cells has led to many advances in the molecular understanding of the

processes. However, in order to investigate the basics of endocytosis - physics

behind biology, we need to simplify the investigations and limit the number of

variables that we observe at the same time.

Inspired by advances in nanotechnology and nature’s masters of cellular

entrance and gene delivery - viruses, scientists have been designing artificial

systems that would resemble size and shape of their natural counterparts in the

form of nanoparticles [155]. Many initial biological studies of nanoparticles have

focused on the proof of concept of nanoparticle cell uptake, cellular toxicity and

application in cancer targeting, diagnostics or drug delivery. Seeing these potentials,

researchers had to start taking steps backwards and address the emerging questions

of interactions with biological systems in terms of the effects of physico-chemical

properties of nanoparticle and mechanistic details of cellular uptake. Very early

on it has been observed that size, shape, surface charge, chemistry and rigidity of

nanoparticles affect efficiency of cellular uptake [156, 84, 157].

4.2.1 Size dependence of endocytosis

From a physics point of view two different types of nanoparticle-cell interactions

and therefore different processes can occur [157]. Nanoparticle binding to the

plasma membrane of the cell can be specific, i.e. involving an interaction with
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specific cell surface molecules, or non-specific. Both of the cases of binding can

be seen as adhesion to the membrane. Adhesion energy can include electrostatic

and van der Waals interactions, hydrophobic forces, and in the case of specific

interactions, more complex intermolecular binding of ligands and receptors.

Physical forces themselves can drive membrane bending and wrapping in case of

non-specific binding. This can happen in a particular range of parameters, requiring

a particle to pay off the bending energy with its adhesion energy depending on

its radius. The theoretical basis of the thermodynamics of these processes have

been described by Helfrich. He defined the free energy required for bending

by introducing three elastic terms: total bending modulus κ , Gaussian bending

modulus κ̄ and spontaneous curvature Js in the following form:

fbending =
κ

2
(2J− JS)

2 + κ̄K (4.1)

In descriptive terms the elastic properties introduced by Helfrich could be

defined as follows. The bending modulus κ describes intrinsic mechanical

characteristics of a membrane, depending on its phospholipid composition. κ

describes the energy that is required to bend a membrane, i.e. how rigid a membrane

is. As a principle, the membranes made of saturated acyl chain lipids (sphingolipids

and cholesterol), are more rigid, have higher bending modulus, whereas membranes

composed from lipids composed of unsaturated fatty acids, are more fluid and have

lower bending modulus. In biological membranes κ ranges between 10 kBT and 60

kBT with typical 40 kBT for mammalian cells (where kB is Boltzmann’s constant
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and T is Kelvin’s temperature) [88].

Gaussian bending modulus κ̄ and its related Gaussian curvature K are the

terms referring to topological1 changes in the membrane. Spontanous curvature JS

is the term describing the unstressed geometry of a membrane at equilibrium, and

it depends on the composition of a membrane, in terms of its chemical make-up

and the components’ geometry. By convention, JS can be ’positive’ when bending

occurs towards the reference point (e.g. membrane associated proteins inducing the

curvature), and ’negative’, when bending away [158].

Lipowsky and colleagues [159, 160, 161] used the Helfrich theory to show

that particles in contact with simple lipid membranes can induce bending of a

membrane based on strictly physical interactions. In this model, a flat membrane

or a membrane vesicle, which are orders of magnitudes larger than the interacting

particle, can be bent providing that the adhesion energy between the membrane and

the particle can overcome membrane rigidity. In the result of efficient membrane

bending, the particle is wrapped within the membrane, and therefore it becomes

internalised. This allowed for the estimation of minimum radius of a particle, Rmin,

that is required to efficiently bend the membrane:

Rmin =

√
2κA
εkBT

(4.2)

1Topology is a term describing complex geometrical arrangements. For example a high genus
structure is a result of topological deformations of a sphere.
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Rmin depends here on bending rigidity of the membrane κ , area of the membrane

A and adhesion energy ε . These results are illustrated in Figure 4.4. Below Rmin

particle adhesion energy is not enough to induce bending, whereas larger particle

size compared to membrane size will not induce enough curvature upon binding.

The particles above minimum radius can be passively endocytosed (without specific

interactions) as long as the size of the invagination does not cause large membrane

tension. For nanoparticles relatively small as compared to the cell membrane area,

the effect of membrane tension increase resulting from the deformation can be

neglected. However, if the particle is large, membrane tension starts playing the

role and should be included in the calculations of thermodynamically allowed size

for endocytosis.

The Lipowsky model has been further extended to account for interparticle

interactions [162]. Non-interacting particles would behave according to the

previous model with the strict Rmin cut off below which endocytosis cannot occur.

However, attractive interaction between particles allow for smaller particles to be

engulfed by cellular membranes, therefore shifting the Rmin. The analysis also

showed that attraction between particles improves the efficiency of endocytosis.

On the other hand, repulsive interaction between particles, does not shift the Rmin,

but it reduces the efficiency of nanoparticle endocytosis [162]. This is illustrated in

Figure 4.5.

The cooperative effect between more than one particle has been suggested to affect

bending and wrapping efficiencies [163]. It can be caused by reduction in the
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Figure 4.4: The predicted effect of radius of a nanoparticle on endocytosis efficiency. The
graph was taken from reference [162].

energy needed to be overcome when two or more particles are bound together by

the membrane, which is facilitated by the attractive interactions between particles.

When a particular ligand-receptor binding drives bending and wrapping of

the membrane around a particle, the adhesion energy can be split into entropic
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Figure 4.5: The effect of interactions between nanoparticles on the endocytosis efficiency
and Rmin. Adapted from the reference [162].

and enthalpic terms. The enthalpic term relates to the chemical energy of

a ligand-receptor bond with the bound receptor density, whereas the entropic

term is defined by the local receptor density during the depletion of receptors

from the area around the endocytic pit. Therefore, in the case of specific

ligand-receptor interactions the balance of the entropic and enthalpic energies

defines the nanoparticle adhesion strength [157] and the Lipowsky model has to

be extended as follows (Equation 4.3):

Rmins =

√
2κA

(µξI + ln(ξ0/ξI))kBT
(4.3)

Where, µ stands for chemical potential of the interaction, ξ0 for the receptor
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density in the proximity region of binding, and ξI for the receptor density bound to

the nanoparticle [157].

Wrapping of a particle involves membrane bending, and in the case of larger

particles membrane stretching. In the process of internalisation of more biologically

relevant nanoparticles, particles that interact with specific receptors, additional

effects play important roles. Most importantly, ligand-receptor interactions during

wrapping processes involve concentration of receptors at the site of endocytosis.

This process is mainly limited by the diffusion rate, that characterises the lateral

movement of receptors in the plasma membrane towards the endocytic site.

Therefore, concentration and spacing of ligands on a particle interplay with receptor

recruitment in the wrapping processes. Wrapping of a particle interacting in a

specific manner is correlated with an entropic penalty due to reorganisation of

receptors. It also leads to a loss of the local character of the interaction at a specific

site of the membrane by altering the entire cell membrane receptor distribution.

The release of energy from the binding of ligands to the receptors has to overcome

additionally to the bending and tension energy, the entropic penalty [164].

The kinetics of nanoparticle endocytosis - how fast a particle can be

endocytosed depends on the size of particles and the strength of interactions, which

regulate the membrane bending. However, in the case of specific binding, when

the size and adhesion energy is optimised, the receptor diffusion becomes the

limiting factor. Therefore density of ligands correlated with nanoparticle size have
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Figure 4.6: The phase diagram describing the dependence of endocytosis efficiency on
availability of receptors and ligands. The colour-coded map indicates the
efficiency of cellular uptake from the maximum of possible events. Taken form
reference [164].

a major role in efficiency of endocytosis. This has been described by a phase

diagram showing that particular combinations of size and ligand density can be

optimal for efficiency of endocytosis (Figure 4.6 [164]). In this diagram, it can be

noticed that larger nanoparticle does not have to be saturated with ligand density

in order to achieve efficient endocytosis, whereas at the saturated ligand density of

1 (when each receptor in the area is bound by a particle) the particle of radius of

25 nm achieves the most efficient endocytosis [164]. We can therefore calculate

the optimal density of ligands for a specific nanoparticle size. In nature, the ligand

density on the surface of viral capsid or envelope is strictly specified. For example

Semliki Forest virus, which is about 35 nm in radius has 80 ligands per capsid [165].

Experimental and numerical simulations reports confirming the theoretical
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approches of optimum nanoparticle size for cellular uptake come from several

research groups working on various particle systems. Chithrani et al. have

shown that spherical gold nanoparticles of 50 nm in diameter enter cells more

efficiently than smaller 14 or 30 nm and larger 74 or 100 nm nanoparticles

[166]. Similar conclusions were obtained from studies of transferrin-decorated

gold nanoparticles [167]. Langston-Suen and Chan have shown that folate-coated

polymeric nanoparticles internalise through clathrin and caveolin-mediated

pathways in a size dependent manner [168]. Glycocluster virus-like nanoparticles

and glycolipid-lysosomes have internalised efficiently only in the size limit of

up to 50 or 70 nm respectively [169, 170]. These results came into agreement

with theoretical approaches and numerical simulations (see for example reference

[171]). Gonzalez-Rodriguez et al. have explained through theoretical and modeling

approaches that larger particles internalise less efficiently. However, the efficiency

drop is more gradual than below the Rmin and this is due to the square root relation

of the radius to maximum membrane depth a particle can be internalised [171].

Banerjee et al. has shown through simulation and experiments that size of particle

plays important role in the efficiency of clathrin cage assembly. Particles larger

than the normal cage geometry can still be endocytosed, however, at slower rates,

as the cage needs to be deformed [172].

Although some reports claimed also the lack of size dependence in phagocytosis

or macropinocytosis, it has to be noted that the effect of protein corona formation

around the particles can significantly alter the physical properties of nanoparticles.

Particles that are not inert , and often carry surface charge interact non-specifically
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with serum proteins, which are present in the conventional cell culture medium or

in blood in in vivo experiments. This results in the loss of the control over the size

of nanoparticles [173, 174]. A special precaution about the protein absorption and

formation of protein corona has to be taken when designing the studies looking at

the size effect [175].

4.2.2 Shape dependence of endocytosis

The biophysical principles established for spherical particles and the effect of

size are still relevant for different shapes of nanoparticles. The major differences

however, are the membrane wrapping processes that may be more complex due to

particles geometry.

The experimental studies on the effect of shape are less consistent, as well

as less numerous, although the researcher’s interest in this area has been growing

during the last few years. This might be due to the fact that the synthesis of

nanoparticles of different shapes might be more complex and less controlled and

only recently we are gaining more control on the synthesis and purification methods

[176]. Also, in order to study the shape of nanoparticles in terms of their effect on

the interaction with the cells, the control of the shape in the relevant media, and

prevention of protein adsorption is essential.

Rod-shaped gold nanoparticles [166, 167], exhibited slower uptake kinetics than

spherical nanoparticles of the same dimensions both in terms of length and diameter.
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However, it appears that the aspect ratio (diameter:length) has a significant effect

on the uptake of non-spherical gold nanoparticles, with improved uptake using a

lower aspect ratio (1:3 better than 1:5).

De Simone and co-workers attempted to catalogue the physical properties of

nanoparticles in terms of cellular interactions in isolation of the effect of surface

chemistry (functionalisation, protein coating), surface charge and material specific

interactions. Using a biologically inert polymer, poly(ethylene glycol) (PEG),

and the lithographic methods, specifically Particle Replication In Non-wetting

Templates or PRINT, to produce finely defined hydrogel nanoparticles in cubical

and cylindrical shapes. They demonstrated that size and aspect ratio affect uptake

kinetics and internalisation pathways [177]. In this study, it was the higher aspect

ratio of cylindrical nanoparticles that resulted in faster uptake kinetics and a better

internalisation efficiency than cubic nanoparticles.

More recently, the same group investigated the effect of ligand density on

nanoparticles of different size and aspect ratio. Comparing ellipsoid PRINT

particles of 55 nm × 60 nm and 80 nm × 320 nm, they showed that ligand density

was only important for larger rod-like particles in vitro, possibly due to non-specific

interactions playing an important role for the smaller particle. However, in the in

vivo set up both particles were affected by ligand density [178]. The study however,

need to be verified with the use of other nanoparticle systems, in particular of more

mechanical resistance and non hydrogel in nature, in order to resemble properties

of biological particles. Our group described different uptake kinetics profile

and cell-type dependent internalisation efficiency of tubular polymeric vesicles
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(polymersomes) as compared to spherical polymersomes [179].

Computer simulations aim to bypass experimental obstacles and facilitate the

understanding of the effect of shape on endocytosis. Several reports have indicated

the shape can alter the interaction with the cell. For example, the model of Decuzzi

and Ferrari suggested that cylindrical nanoparticles with large aspect ratio may

undergo ’frustrated endocytosis’ where the particle is only partially wrapped

as opposed to a fully wrapped spherical particle [180]. Molecular dynamics

simulation performed by Vacha et al. suggested that cylindrical nanoparticles

should be more efficiently internalised than their spherical counterparts when no

energy-driven processes are involved [181]. However, this study focused on rather

small nanoparticles of approximately 5 - 15 nm diameter or length. Huang et al.

suggested that rotational rearrangement of cylindrical nanoparticles are required

for the formation of the initial interaction with the cellular surface for efficient

membrane wrapping [182].

Coarse-grain simulation by Chen et al. compared aspect ratio, volume and

interaction strength with internalisation and wrapping modes of small and large

ellipsoids, as well as oblate and prolate particles. They concluded that small

ellipsoids take additional step of ’laying down’, i.e. rotating to form the membrane

contact with a larger area of the particle, whereas larger ellipsoids do not. The

endocytosis was slower for oblate particles as compared to prolate ones. They also

confirmed that the interaction strength speeds up endocytosis rate [183]. On the

contrary, Bahrami et al. suggested that the bending energy during the wrapping
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process of a non-spherical particle (in this case ellipsoid) only depends on the

aspect ratio and not on the size. Moreover, the bending energy is minimal for the

sphere case and increases when the aspect ratio is different than one (see Figure

4.7) [184].

Recently, a model of endocytosis built by Richards and Endres has further

emphasised that shape plays a major role in endocytosis and phagocytosis. Using

a simplified basic 1D model, they showed that the local curvature at the edge

of endocytic pit determines thermodynamics and kinetics of engulfment. For

cylindrical shapes, the more close the aspect ratio was to a sphere, the quicker

the engulfment. On the other hand, some spheroids were endocytosed faster than

spheres. Using a 2D model they investigated the influence of the orientation of

nonspherical particles at the membrane. The more curved orientation facing the

membrane resulted in slower internalisation. Moreover, they confirmed the earlier

experimental observations [185] showing that prolate spheroids were engulfed

faster when they presented themselves with the curved tip. Additionally, the oblate

spheroids were engulfed faster when they lay flat on the membrane, and can be

endocytosed faster than spheres (see Figure 4.8). By adding the role of receptor

diffusion as well as periplasmic actin, they suggested that shape dependence

plays similar role in all types of endocytosis including phagocytosis, however,

phagocytosis is more capable of accommodating different shapes for engulfment

[186].
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Figure 4.7: The relationship between the aspect ratio and the bending energy. Taken from
[184].

Figure 4.8: The relationship between orientation of a spheroid and engulfment time. The
dotted line indicates an equivalent sphere. The x-axis R, represents the radius
of a particle presented to the membrane, the other dimensions are chosen so
that the surface area is the same as for 0.4 µm sphere. The blue line represents
oblate spheroids, whereas the green line prolate spheroids. Taken from [186].
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4.2.3 Other physico-chemical parameters affecting endocytosis

of nanoparticles

Surface charge which is closely related to the protein corona effect has been

implicated as another important factor in endocytosis. For instance, cationic

nanoparticles such as gold nanoparticles were observed to be more efficient in

membrane binding due to their interactions with negatively charged proteoglycans.

However, the electrostatic interactions with plasma membrane have been seen to

disrupt cell membrane potential and could result in toxicity [187]. Moreover, the

protein corona effect may actually hinder any of the charge effects and result in the

increase in the effective size of the particle and neutralisation of the surface charge

due to adsorption of proteins present in the blood or cell media components.

Rigidity of nanoparticles, that is their ’soft’ or ’hard’ character defined by elastic

moduli is also important in the interactions at the nanoparticle - cell interface.

Anselmo et al. showed on the example of poly(ethylene glycol) diacrylate

(PEGDA) hydrogels of uniform size (200 nm) that although ’soft’ nanoparticles

had a reduced cellular uptake efficiency, their blood circulation time in vivo was

longer [188].

Many efforts from experimentalists, theoreticians and computational scientists

have elucidated some basic rules on the efficiency of cellular uptake of

nanoparticles. However, more detailed studies on the interaction at the

cell-nanomaterial interface are needed, with special attention to the experimental
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conditions, such as the significant effect of protein corona. The characterisation

of the effect of physicochemical properties on the biological pathways with

molecular details should allow for the better understanding of cellular processes

and interactions of pathogenic species in infections, or for the rational design of

therapeutic and diagnostic nanoparticles.

4.2.4 Polymersomes

In order to study endocytosis, an artificial system has been chosen. Polymersomes,

as soft nanoparticles have some characteristics, such as size and shape, that

correspond to those found in viruses. Moreover, the added benefit of using

polymersomes for the studies is their potential for future therapeutic applications,

such as drug and gene delivery. Having the ability to control the shape and size of

polymersomes I chose them as a model system for this thesis studies and aim to

introduce them in this section.

Polymersomes are nanoscopic polymeric vesicles made of amphiphilic block

copolymers. The amphiphilic nature of the polymers provides the basis for

formation of the polymersomes based on self-assembly. The water soluble

copolymer made of two blocks can become a building element for polymersomes

when one block becomes hydrophobic due to changes to the solvent environment.

The hydrophilic part of the copolymer is exposed at the water-polymer interface,

whereas, hydrophobic part tends to bury itself away of water driving self-assembly

by the power of hydrophobic effect [189].
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Figure 4.9: Self-assembly of polymersomes from polymeric unimers upon changes in pH
(A). The chemical reaction driving the process of assembly is represented in
(B). The cartoon of the polymersome is the courtesy of Silvia Bianco.

Polymersomes can be made of various polymers, that have amphiphilic structure.

For the studies of cell biology, the biologically compatible, non-toxic, inert

materials are preferred. The use of polymersomes can be exampled by

PMPC25-PDPA70 based vesicles that we have chosen in this thesis studies as
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model nanoparticles. PMPC25-PDPA70 stands for poly (2-(methacryloyloxy) ethyl

phosphorylcholine)-b-poly-(2-(diisopropylamino) ethyl methacrylate) where 25

and 70 indicate the mean polymerisation number in the polymeric unimers. The

PDPA block is pH sensitive, which becomes a driving force in the process of vesicle

formation. Below the pKa of PDPA, pH 6.4, the block copolymer is hydrophilic,

however, increase in pH leads to deprotonation of PDPA and introduction of

hydrophobicity, which together with hydrophilic PMPC creates an amphiphilic

block copolymer ready for self-assembly into polymersomes (Figure 4.9).

The hydrophobic effect therefore drives the formation of polymeric aggregates,

which depending on thermodynamics of the process leads to the formation of

several structures such as micelles, spherical vesicles or high genus vesicles [190].

As opposed to this bottom-up approach, polymersomes can also be formed using

top-down approach, where a thin polymeric film is formed on a surface of a glass

vial by drying out polymeric unimers dissolved in organic solvent under vacuum.

Following the rehydration of the film with aqueous solvent under constant stirring,

the polymeric vesicles are gradually pinched off the film. The slow kinetics of the

process, due to high molecular weight, allows for the initial formation of tubular

vesicles that slowly get broken down into spherical vesicles at the time scale of 4-8

weeks [179].

The amphiphilic and vesicular nature of polymersomes allows for encapsulation

of hydrophobic and amphiphilic molecules within or at the interface of the

polymeric membrane, and hydrophilic molecules within the aqueous interior. The
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non compulsory pH sensitivity of the polymer, such as PMPC25-PDPA70 also has

the advantage in cellular interactions, providing a mechanism for the release of

the encapsulated cargo in the acidic compartments of the cell [191, 192] and its

penetration into the cytoplasm.

Several other characteristics of polymersomes give them advantages over other

commonly used nanoparticles in the studies of physical basics of cell biology.

Significantly higher molecular weights (approximately 20 kDa) of the polymeric

unimers compared to lipids (approximately 1 kDa) used for formation of liposomes,

and high level of entanglement of the unimers in the membrane structures provides

higher stability and flexibility of the polymeric vesicles [193]. The soft nature

of the polymer as opposed to inorganic nanoparticles (e.g. gold) allows for bio-

mimicking interactions with the cells. While, natural molecules, such as lipids

forming liposomes, would be the first bio-mimicking particles of choice, the nearly

zero critical aggregate concentration (CAC) of polymersomes related to the high

molecular weight of the polymer makes the polymeric vesicles better candidates.

This is due to very limited exchange of the polymers with their environment once

vesicles are formed even over extended time periods, which gives polymersomes

a significant stability advantage over their lipid counterparts (liposomes) [194].

Importantly polymersome chemistry and physico-mechanical structure can prevent

the non-specific interactions of particles with serum-borne proteins such as albumin.

The chemical inertness of PMPC [195] as well as high level of entanglement of

polymeric unimers[193] provides a shield against the binding of proteins, avoiding

formation of protein corona. This makes polymersomes a good soft nanoparticle
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model for the study of cellular biophysics, where the control of size, shape and

chemistry is crucial.

Moreover, the long polymeric chains of the polymers allow for high level of

flexibility in modification and design of the polymersomes without affecting the

amphiphilic nature of the vesicles. This allows for functionalisation with ligands

or coating with other macromolecules, as required in the experimental design.

Together with the protective nature for the encapsulated cargo, polymersomes make

a good candidate for cellular delivery of macromolecules [84, 155, 192]. Our group

has shown the efficient polymersome-mediated intracellular delivery of various

molecules, ranging from dyes [196], probes [197], anticancer drugs [198, 199],

phospholipids [200], globular proteins [179], antibodies [201] and nucleic acids

[202].

The initial studies on the cellular uptake mechanism of polymersomes have

suggested an active uptake through endocytosis (sensitivity to nocodazole and

chlorquinone treatment) [196] with a strong indication for the interaction with

a widely abundant cell-surface receptor Scavenger Receptor Class B Member 1

(SRB1) [198]. It is now well recognised that SRB1 is a receptor for high-density

lipoprotein (HDL) particles [203], oxidised LDL particles [204] , several lipid

soluble vitamins [205, 206, 207] and Hepatitis C Virus [147]. The interactions with

lipoprotein particles are mainly driven by recognition of Apo-protein I [208, 209].

It is believed that Hepatitis C virus [130] and HDL particles [203] enter the cells

via clathrin-mediated endocytosis, therefore, it could also be a potential cellular

entrance portal for PMPC-PDPA polymersomes.
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Polymersomes can be made in a variety of sizes (from 30-200 nm for spherical

micelles and vesicles), shapes (spheres, tubes, high genus) and upon introduction

of a mix of different co-polymers, also with different surface topologies

[210, 211, 190]. Using various purification methods, it is possible to obtain highly

homogenous structures in polymersome solutions [176].

Polymersomes hence, can be considered as synthetic soft nanoparticle model

reproducing some of the properties of viruses, such as size and shape, interacting

with cellular receptors, and inducing endocytosis mechanisms, with an advantage

of improved control of the physico-chemical properties as compared to natural

systems. Therefore, in addition to their potential in diagnostic and therapeutic

application, they are perfectly suited for studies of the effect of size, shape or

surface topology on the cellular internalisation and trafficking pathways.



Chapter 5

Results - Mechanisms of nanoparticle

endocytosis - shape and size

dependence

Abstract

Viruses and bacteria vary from small spherical shapes, through long tubular

structures to more complex geometries. While we understand the interactions

of particular species with human cells on the molecular level, we still lack the

basic understanding of the purpose of the physical properties of these natural

nano- or micro- particles. In this thesis we investigated how the shape and

size of model nanoparticles affect the interactions with human cells at the level

of plasma membrane in endocytic processes and intracellular trafficking. By

employing quantitative live cell microscopy, kinetic data analysis and model fitting,

we show that the nanoparticle uptake depends on their shape and size, and
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various stages of the interactions - plasma membrane binding kinetics, membrane

dwelling time and rates of internalisation are affected distinctly depending on the

different physical properties of the particles. We demonstrate that despite of the

same chemistry and molecular interactions, the shape and size of nanoparticles

determine the involvement of endocytic proteins, like clathrin light chain in their

endocytic processes. Additionally, the internalised particles exhibited differences

in the trafficking pathways. Only spherical and not tubular, nor genus particles

were involved in a dynamic fusion with and release from Rab5a positive and

EEA1 negative endosomes. The dynamics of interactions with lysosomes varied

depending on shape. We aimed to reinforce with a soft nanoparticle system

that physical properties cannot be underestimated in cell biology studies and

nanotechnology can provide appropriate tools for systematic quantitative cell

biophysics research.

5.1 Introduction

Endocytosis is an important biological mechanism that regulates most of the cell

processes involved in the maintenance of cell homeostasis, receptor signalling,

cell migration, neurotransmission, embryonic tissue development, defence system

against pathogens, or nutrient uptake to name a few. Moreover, viruses and

intracellular bacteria have evolved to hijack this process for their own survival

mechanisms and propagation of their genetic material in infections. Endocytosis

has been studied since the last century when Metchnikoff has observed the process

of cellular defence against the pathogens in the uptake of bacteria by phagocytes
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[5]. Since then, the molecular basics of endocytic mechanisms have been studied in

much detail. However, the complexity of the process of arguable the most important

mechanims in cell homeostatis is still far from well understood. To understand the

basics we should not neglect the fundamentals of the physical interactions of the

cell with its environment.

In this part of the thesis we aimed to characterise the effect of physical

properties of the species interacting with the cell, in particular the shape and

size of nano-metre scale particles. Instead of studying natural endocytic particles

such as viruses we decided to design a synthetic system that avoids the inherent

complexity of variability of ligand - recptor interactions from one virus species to

another and allows for the fine control of the basic physical properties. Using the

same material chemistry, we made the simplified model nanoparticles and purified

spherical nanoparticles in sizes varying from 30 nm to 200 nm, and in three different

shapes: spherical, high genus and tubular.

Systematic studies correlating the physico-chemical properties of nanoparticles

with their interactions with biological systems are of fundamental significance to

the contribution to our understanding of cell biology and virology, as well as to the

development of therapeutic strategies. The number of reports of the importance of

size and shape of nanoparticles on their cell entry efficiency has been published

during the last few decades. However, the detailed characterisation of endocytosis

extending beyond the uptake efficiency, and including plasma membrane interaction
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mechanisms and trafficking dynamics through the endo-lysosomal system is still

missing. The aim of this part of the thesis work is to start filling the gaps in our

current understanding of the effect of shape and size on the endocytosis.

We chose polymersomes, as the model nanoparticle system, that provides

biological inertness, mechanical stability and lasting control on the physical

properties of nanoparticles, which is often neglected in many experimental set

ups. These polymeric vesicular nanoparticles, made of pH-sensitive amphiphilic

block copolymers (PMPC25-PDPA70) were used as model nanoparticles, where

physical properties such as size, shape or topology can be modulated, controlled

and preserved throughout the experimental time.

We employed fast real time three-dimensional imaging techniques based on laser

scanning confocal microscopy in order to enable monitoring and quantitation of

dynamics of nanoparticle interactions at the plasma membrane and endosome

interfaces.

We quantified plasma membrane binding and endocytosis kinetics at the early

interaction stages in real time for spherical vesicles (approximately 100 nm

diameter), spherical micelles (approximately 30nm diameter), high genus and tubes.

The level of colocalisation with early endosomal markers (Rab5 and EEA1) has

been established for the available shapes of nanoparticles and the detailed study

of dynamic processes at the interface of early endocytic compartment has been

characterised for spherical vesicular nanoparticles. We also found the involvement

of both clathrin and caveolin in the endocytosis of spherical nanoparticles.
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5.2 Materials and Methods

5.2.1 Preparation of nanoparticles

Nanoparticles were prepared by self-assembly methods using amphiphilic block

copolymers, in particular (poly (2-(methacryloyloxy) ethyl phosphorylcholine)

-b-poly-(2-(diisopropylamino) ethyl methacrylate)) unimers(PMPC25-PDPA70) or

Rhodamine or cy3 labelled PMPC25-PDPA70 that were synthesised as previously

described [212]. Two self-assembly methods, as described below, were utilised for

the preparation of polymersomes, relying on a bottom up or a top-down approach

(See Figure 4.9 B in Chapter 4). The assembly of polymersomes from unimeric

polymers by altering the solubility environment was carried out based on the

pH sensitivity of the polymer in the pH switch method (bottom-up approach)

as adapted from Blanazs et al. [213] . Alternatively, in the film rehydration

method (top-down approach), polymersomes were formed by rehydration-driven

detachment of unilammeral structures from the polymeric film assembly as adapted

from the previously published method[214].

5.2.1.1 pH switch method

Rhodamine- or cy3- labelled PMPC25-PDPA70 polymers were mixed at 1: 10 w/w

ratio with unlabelled PMPC25-PDPA70 up to 20 mg, dissolved in 2 ml of Phosphate

Buffered Saline (PBS) adjusted to pH 2 and filtered with a sterile 0.2 µm pore size

syringe filter. pH was then slowly increased to pH 7 at a initial rate of 50 µl/min,
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decreased to 10 µl/min around pH 5, with constant stirring, using a syringe pump

and stirring plate with a magnetic bar inside the vial at room temperature (RT,

21oC). Prepared polymersomes were sonicated in a cold-water bath for 15 minutes.

Any large aggregates were removed by centrifugation at 1000 relative centrifugal

forces (rcf) for 5 minutes and the removal of the formed pellet.

Non-vesicular small spherical polymer aggregates, i.e. micelles, were prepared

using the same method with faster kinetics of the process using increased

temperature and high rate of the pH increase. The preparation involved the same

protocol except with pH adjustment carried out in a hot water bath (55oC) and

at high constant rate of 50 µl/min. Additionally the micelle preparation was

centrifuged at 20 000 rcf for 20 minutes to remove any contaminating vesicles in

the pellet. All procedures were carried out under sterile conditions.

5.2.1.2 Film rehydration method

Rhodamine- or cy3- PMPC25-PDPA70 and PMPC25-PDPA70 (unlabelled) polymers

mixed at 1:10 w/w ratio up to 20 mg were dissolved in 2 ml of chloroform :

methanol solution (2:1 v/v ratio) and filtered using sterile 0.2 µm pore size syringe

filter. The solution was dried down on the internal surface of a glass vial in a vacuum

oven at 37oC for 24-48 hours. The resulting dried polymer film was rehydrated with

2 ml of PBS (pH 7.4) and left stirring on a magnetic plate with a stirring bar inside

the vial for 2 weeks for tube preparation, or at least 4 weeks for sphere preparation,

at RT. The samples were centrifuged at 1000 rcf for 5 minutes to remove any larger

aggregates in pellets. All procedures were carried out under sterile conditions.
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5.2.2 Purification of shapes and sizes

5.2.2.1 Purification by centrifugation and gel permeation chromatography

(GPC) for size separation

The added advantage of the dynamic process of polymersomes formation is that a

mixed population of different sizes of polymersomes is obtained, with spherical

sizes available from 50-200 nm (diameter). Smaller non-vesicular spheres of

approximately 20-30 nm in the micelles form can be obtained as well.

Spherical polymersomes in different size ranges were prepared by pH switch or film

rehydration method and purified using a centrifugation-based method that enables

separation of different particles based on their density. The polymersome dispersion

was centrifuged at 15 000 rcf for 10 minutes and the supernatant and pellet were

then separated, with pellet being subsequently re-suspended into the initial volume.

The obtained two fractions were then characterised as described below expecting

larger particles to be present in the pellet fraction.

Based on the method developed by Robertson et al. [179], after centrifugation

the gel permeation chromatography (GPC) method was used to further purify size

fractions. The separated supernatant and rehydrated pellet were loaded onto a

sepharose GPC column and eluted volume droplets were separated into the wells

of a 96-well plate. Further examination of sizes of polymersomes by Dynamic

Light Scattering (DLS) revealed separation of populations of different sizes

with decreasing diameter with the later elution fractions (Figure 5.1). However,
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Figure 5.1: Separation of spherical polymersomes by size using GPC purification method
and DLS quantitation of the size of particles. The legend categories represent
different elution fractions in µl.

centrifugation has led to the rough size separation that resulted in two ranges of sizes

with average diameter of 150nm and 250nm (as measured by number percentage

using DLS). Therefore, this method was used as the generic size separation of

spherical polymersomes in later experiments.

5.2.2.2 Purification by sucrose density gradient for shape separation

The preparation of nanoparticles by two different methods (pH switch and film

rehydration) allows to access three distinctive morphologies. In addition to

spherical vesicles, tubes can be obtained with the film rehydration method, and

high genus vesicles using the pH switch method. The shapes were separated

as described before [176] using a sucrose density gradient centrifugation, that

allows for separation of spheres from tubes or genus particles in different sucrose
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concentration layers based on their density. Briefly, the sample of polymersome

preparation was placed on the top of a discontinuous gradient of 25, 20, 15, 10 and

5 % w/v sucrose, centrifuged at 20 000 rcf for 1.5 hours and the two fractions of the

sample that equilibrated at 15-20 % w/v and 5-10 % w/v sucrose were collected,

yielding tubes or genus suspended in the higher concentration of sucrose (15-20 %

w/v) and spheres at 5-10 % w/v.

5.2.3 Characterisation of nanoparticles

5.2.3.1 Dynamic Light Scattering(DLS)

DLS was used to estimate particle size in the case of spherical particles using

Zeta Sizer Nano ZS (Malvern). The samples diluted to approximately 0.1 mg/ml

(polymer concentration) in PBS (filtered through 0.2 µm syringe filter) into

polypropylene small volume cuvettes were used for three measurements of 10-15

10-second runs at 25oC. The sample analysis assumed the refractive index (RI) of

the material of 1.59, absorption efficiency of 0.01, RI of dispersant of 1.32, viscosity

of 0.89 cP. The HeNe laser at 173o backscatter angle was used for scattering

measurements.

5.2.3.2 Transmission Electron Microscopy(TEM)

Samples diluted to approximately 0.5 mg/ml were deposited on carbon coated,

plasma discharged copper grids (mesh size 400) for 1 minute, blotted and stained

in 0.75 % w/v phoshotungstic acid (PTA). The electromicrographs were acquired
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with JEOL JEM-1010 (100 kV) electron microscope system.

5.2.3.3 Ultra Violet - Visible Spectrophotometry and Fluorometry

Standard curve of known concentrations of cy3-PMPC-PDPA polymer was

constructed in order to quantify the concentration of the samples after the

purification methods in the range from 5 mg/ml to 0.16 mg/ml in two-fold

serial dilution. The standard concentration absorption at 545 nm or fluorescence

intensities were measured using Ultra Violet - Visual (UV-Vis) Spectrophotometer

(Jasco) or fluorometric plate reader to quantify samples based on their cy3

aborbance/emission intensities. The linear or logarithmic fit was applied to best

fit standard curve points and the concentration of the purified samples were found

according to the fit line equation.

5.2.4 Cell culture, transfections and imaging

Human adenocarcinoma A549 and human cervical cancer HeLa cells were obtained

from ATCC (US) and cultured according to standard procedures using Dulbecco’s

Modified Eagle Medium (DMEM (high glucose), Sigma, UK) complemented with

10 % v/v Fetal Bovine Serum (Biosera, US), 1 % v/v (4mM) L-glutamine (Sigma,

UK) and 1% v/v Penicillin-Streptomycin (1 unit/ml of Penicillin, 1 µg/ml of

Streptomycin, Sigma, UK).

For endocytosis studies, A549 cells were labelled with plasma membrane



5.2. Materials and Methods 105

markers, early endosome markers, and constructs for Scavenger Receptor Class

B Member 1 (SRB1), Clathrin light Chain (CLC) and Caveolin 1(Cav1) using

transient transfections procedures. R-Pre-GFP construct was obtained from

Addgene (Plasmid # 17274, created by Grinstein lab, University of Toronto, Canada

[215]) and used for plasma mebrane labelling.

EEA1-GFP, eGFP-Cav1 and eGFP-CLC were a kind gift from Emmanuel

Boucrot lab (UCL, UK). To visualise SRB1, HaloTag-SCARB1 ORF clone was

ordered from Promega (FHC12025) and was visualised after transfection with

Lipofectamine and staining with HaloTag diAcFAM Ligand (Promega, G8273).

GFP-Rab5a and GFP-Lamp1 was purchased in a form of a baculovirus construct

(CellLight, Life Technologies, UK). Plasmid constructs were introduced to the

cells following standard lipofection procedures using Lipofectamine-LTX with Plus

reagent (Life Technologies, UK) diluted in Opti-MEM media (Life Technologies,

UK) with 150 ng DNA/ 10 000 cells. GFP-Rab5a CellLight reagent was used

according to manufacturer’s guidance using 50 particles per cell concentration.

HeLa cells under clathrin light chain or clathrin heavy chain knock downs were

provided by Prof. Frances Brodsky Lab. Hela cells were treated with siRNA

constructs by lipofection. The cells were used 96 hours after the siRNA treatment.

The total uptake studies for the involvement of clathrin chains in endocytosis

of varying sizes and shapes were carried out using Hela cells. The cells were

re-seeded after siRNA transfection into a 96-well plate (micro-clear glass-like flat

bottom, Greiner Bio-One, Germany) and treated with spherical polymersomes (0.5
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mg/ml) at least 96 hours post siRNA knockdowns at approximately 70% confluence

for the incubation time points of 30 minutes, 1 hour and 6 hours. The cells were

then washed using an acid wash procedure in order to remove any cell surface

bound polymersomes. Briefly, cells were placed on ice, washed with PBS three

times, washed with ice-cold stripping buffer (150 mM NaCl,5 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, adjusted to pH 4 with acetic acid) and washed again with

PBS to neutralise pH. The cells were then fixed with 3.7 % v/v Formaldehyde

(in PBS) on ice for 5 minutes and at RT for further 5 minutes, washed with PBS

at RT, stained with Hoechst dye (2 µg/ml, 10 minutes; Life Technologies) and

washed with imaging solution. The cells were imaged fixed with confocal laser

scanning microscope (Leica TCS SP8, Germany) using automated tile scan to

image entire plate area tile-by-tile with 10× magnification and 405 nm and 561 nm

lasers simultaneously.

The plasma membrane kinetics and trafficking dynamics studies were carried

out on A549 cells seeded in glass-bottom dishes (10 mm glass insert diameter,

MatTek). 24 hours after transfection procedures with R-Pre-GFP, GFP-Rab5a,

GFP-EEA1 or GFP-Lamp1 constructs, the cells were incubated with imaging media

(prepared from 700 mM NaCl, 9 mM CaCl2, 12.5 mM KCl, 5 mM MgCl2, 100

mM Glucose, 100 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid) adjusted to pH 7; all chemicals obtained from Sigma, UK). Rhodamine-or

cy3- labelled polymersomes were added to the media at final concentration of 0.5

mg/ml or as indicated otherwise. The cells were imaged straight after polymersome
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addition using confocal laser scanning microscope equipped with resonant scanner

at the maximum imaging speed (8000 Hz) using 488 nm and 561 nm lasers and

63x lens (1.4 numerical aperture (NA)). The 3D time-lapse images were collected

at approximately 1 frame/s rate for early endosome and lysosomes studies and

approximately 0.2 frame/s for plasma membrane studies, at 37oC.

All imaging acquisition was undertaken at low laser powers in order to avoid

photo-toxicity related damage to cell function and minimise photobleaching. The

experimental conditions varied between 0.75 J cm−2 to 1.5 kJ cm−2, as calculated

from 0.5% to 5% laser power used (maximum laser output at 100% for Argon

laser was 200 mW), using 63× lens (area of approximately 8495µm2) and using

scan speeds between 400 Hz and 8 kHz (for 512× 512 pixel images, the times

of illumination per frame is 1.28 s and 0.064 s respectively).The calculated dose

of laser power should not cause significant damage to cell function according to

literature [125, 126, 127].

5.2.5 Data analysis

5.2.5.1 Fluorescence data normalisation

Total uptake study

The total association kinetics data was analysed by measurement of total

fluorescence intensity in entire wells after re-assembly of the tiles using Leica

LAS X or ImageJ software. Total fluorescence in cy3 (FC) and Hoechst(FH )

channels was measured as the Integrated Density. Background fluorescence for
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each well (and each channel) was measured by selecting three small areas within

the well that were not occupied by cells and measuring the mean fluorescence for

three of them. Each mean background fluorescence was then multiplied by the area

of the entire well to create artificially ’background wells’ for each sample well.

Each mean background well was subtracted from the corresponding sample well’s

integrated fluorescence. All background subtracted cy3 fluorescence measurements

were then corrected by division by background subtracted Hoechst signal to

normalise for the number of cells, according to the equation below (Equation

5.1) to obtain normalised fluorescence values (F). For the duplicate or triplicate

conditions mean and standard deviation of normalised wells were calculated. The

normalised fluorescence values were then represented as percentage of maximum

fluorescence(FP) to compare different treatment groups and expressed as shown in

Equation 5.2.

F = FC/FH/L (5.1)

FP =
F

Fmax
×100% (5.2)

Live plasma membrane interaction kinetics

The live plasma membrane kinetics data was analysed using fluorescence analysis

of time lapse 3D data of approximately 10 µm section of a single cell. The resulting

4D images were then converted into maximum z projections and mean fluorescence

over time for green and red channels was measured using LAS software (Leica,
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Germany). The data was then normalised according to the following equations

(Equations 5.3, 5.4 and 5.5).

VG = FG/FGmax (5.3)

F = FC/VG (5.4)

FP =
F−Fmin

Fmax
−Fmin×100% (5.5)

F is the normalised fluorescence at time t, that was obtained by normalisation

of the raw polymersomes (cy3) fluorescence at time t (FC) (Equation 5.5). FC was

corrected for the external imaging noise caused by such problems as fluctuation of

focus plane and photobleaching. This correction was based on the variability of

green fluorescence (VG) to obtain normalised red fluoresence (F) (Equation 5.4).

Plasma membrane (green) fluorescence signal variability factor (VG) was calculated

as green fluorescence at time t (FG) as a fraction of the maximum green fluorescence

(FGmax) (Equation 5.3). Subsequently, F was corrected for the background red

fluorescence signal by substraction of the minimum red signal (F) and finally

expressed as the percentage of the maximum red signal (Fmax) (Equation 5.5) in

FP.
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5.2.5.2 Kinetics data model fitting

The obtained live plasma membrane kinetics data was plotted as FP as a function of

time and then split into three subsequent phases: binding, dwelling and endocytosis.

The first part of the kinetics (binding) was fitted to the ligand association equation

[104], the second part was measured as the time scale of dwelling event, the

third part (endocytosis) was fitted to the ligand dissociation equation [104]. The

fitting was done using Python software (Python Software Foundation) equipped

with NumPy, Matplotlib [216], and Statsmodels packages.

Binding kinetics

The binding kinetics was derived from the generic equation describing radioligand-receptor

association kinetics in the form (Equation 5.6) [104]:

Y = Ymax
(
1− exp

[
−
(
ko f f + konL

)
t
])

(5.6)

Where Y is binding signal, Ymax is maximum binding signal, kon is association

rate constant (in M−1min−1), ko f f is binding dissociation constant (in min−1), L

is ligand concentration (in M) and t is time (in min). The equation was renamed

to accommodate for the nanoparticle binding rate constant kb and normalised

fluorescence signal FP in the following form (Equation 5.7):

FP = Fmax
(
1− exp

[
−
(
ko f f + kbL

)
t
])

(5.7)
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In order to calculate nanoparticle concentration in M (mol/l), the calculations of the

number of moles of particles per volume were done by converting weight/volume

concentrations of polymers, and using the theoretical number of polymer aggregates

in one particle calculated based on [217] in order to obtain the concentration of

nanoparticles in moles of nanoparticles /volume (MC) as detailed in supplementary

information (Section 5.5.1, Equations 5.12, 5.13, 5.14, 5.15, 5.16, 5.17 and 5.18).

Endocytosis kinetics

The endocytosis kinetics was derived from the generic equation describing

radioligand-receptor dissociation kinetics in the following form (Equation 5.8)

[104]:

Y = [(Y0−NS)/exp(ko f f t)]+NS (5.8)

Where Y is specific binding signal, Y0 is binding at time 0 (start of signal decay),

NS is non-specific binding, ko f f is a dissociation rate constant (in min−1), t is

time (in min). The equation was renamed to accommodate for the nanoparticle

endocytosis rate constant ke and normalised fluorescence signal FP in the following

form (Equation 5.9):

FP = [(F0−NS)/exp(ket)]+NS (5.9)

Dwelling time

The dwelling time (tD) was measured as the time length of the normalised

fluorescence (FP) within 90-100% FP signal.
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5.2.5.3 Colocalisation dynamics analysis

For early endosome studies the images were first deconvolved using ImageJ

software [218] equipped with DeconvolutionLab plugin (Biomedical Image Group,

EPFL, Switzerland [219]) and PSF Generator (Biomedical Image Group, EPFL,

Switzerland [220]) plugin. The point spread function (PSF) was generated for

each channel of each dataset using PSF Generator plugin with Richards and Wolf

function. The 3D time-lapse images were separated into z-slices and deconvolved

slice-by slice using batch processing mode in the DeconvolutionLab plugin.

Deconvolution was computed using Tikhonov-Miller function. After deconvolution

images were re-assembled into 3D time-lapse stacks and underwent colocalisation

analysis using Imaris software (Bitplane, Switzerland). The data was masked for

green channel to exclude any background and Manders’ coefficient measured for

each slice at each time point for red channel was used for analysis. The same

colocalisation analysis was done for colocalisation with lysosomes. Additionally

for single endosome or lysosome dynamics analysis, the data was normalised

according to the following equations (Equations 5.10 and 5.11):

M = ∑VC/∑VR (5.10)

MN =
M−Mmin

Mmax−Mmin
×100% (5.11)

Manders’ coefficient for red channel (M) at time t was calculated according
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to general Manders’ colocalisation equation (Equation 5.10 [221]) where, ∑VC is a

sum of colocalised voxels, and ∑VR is a sum of all red voxels (indicating amount

of cy3-labelled polymer). The Manders’ Coeffcient (M) was then normalised

to present normalised colocalisation at time t (MN)as a percentage of maximum

Manders’ coeffcient(Mmax) observed with minimum M (Mmin) subtracted (Equation

5.11).

5.3 Results and Discussion

The plasma membrane binding, endocytosis and trafficking of nanoparticles can

depend on their shape and size. In this work we studied this hypothesis by looking

at the kinetics of interactions at the plasma membrane interface, the trafficking

dynamics inside the cell and the dependence of the uptake on the presence of one of

the most recognised proteins in endocytosis - clathrin. We used polymersomes as a

model nanoparticles in different shapes and sizes (large spherical vesicles (approx.

200 nm in diameter), small spherical vesicles (approx. 100 nm in diameter),

spherical micelles (approx. 30 nm in diameter), genus vesicles and tubular vesicles

in order to compare the effect of shape between spheres, genus and tubes, and size

between larger spherical vesicles and smaller spherical micelles. The representative

TEM micrographs are shown in Figure 5.2.
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Figure 5.2: TEM images of purified shapes of nanoparticles (spheres (A), micelles (B),
genus (C) and tubes (D) with cartoon representation in the top right corners.
Cartoons are courtesy of Silvia Bianco.

5.3.1 Three-stage kinetics of interactions at the plasma membrane

changes with the shape and size

To further look into the kinetics of the interactions of the nanoparticles with the

plasma membrane at the early stages we designed an experimental system where

we monitored and quantified the nanoparticles at the high image acquisition speed

in live cells.

The plasma membrane of the cells was labelled with a genetically encoded

marker (R-Pre) fused to Green Fluorescence Protein (GFP). The incoming
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Figure 5.3: The methodology of monitoring plasma membrane kinetics of nanoparticles
in live cells. (A) 2D fluorescence images demonstrating plasma membrane
labelling with R-Pre-GFP plasmid (green) and polymersomes (labelled with
Rhodamine, red) binding to the membrane at an early stage of incubation, with
magnification on a region of the plasma membrane in (B) of a representative
size used for real time 3D time-lapse imaging and analysis represented by
snapshots in (C).

fluorescence from nanoparticles was monitored from the time of the start of

the treatment for approximately 1 hour using high speed live cell microscopy.

This allowed us to observe the early stage of plasma membrane binding and

diminishing of the nanoparticles from the plasma membrane as the consequence

of their internalisation. The developed in this thesis work method of imaging is

demonstrated in the Figure 5.3.

The plasma membrane interactions appeared to be a three stage process of binding,

membrane dwelling and endocytosis (or internalisation). We were able to measure



116Chapter 5. Results - Mechanisms of nanoparticle endocytosis - shape and size dependence

the kinetics of these events and by fitting the data to the conventional models used

for receptor binding and dissociation assays [104] we obtained the values of rate

constants for binding (kb) and endocytosis (ke). We also measured the time length

of saturation of the membrane prior to the internalisation events, the membrane

dwelling time (tD).

The individual real time kinetics data was collected for spherical vesicles of

approximately 70 nm in diameter, tubular vesicles of approximately 500 nm in

length and 70 nm in diameter, the genus vesicles of third order on average (based on

TEM observations) with each ring diameter of 70 nm and small spherical micelles

of approximately 30 nm in diameter, and is presented in Figure 5.4.

The quantitation, normalisation and model fitting of the live imaging data shed

some light on the varying mechanisms of the interactions of the particles of different

shapes with the plasma membrane of the cells. The binding rate constants show

that tubes perform the strongest binding, followed by spherical vesicles, genus and

micelles. Moreover, the overall kb values were relatively high in comparison with

the known endocytosis ligands such as transferrin [222]. The rate of endocytosis

(ke) is highest for the spheres, whereas, micelles, genus and tubes perform very

similarly in terms of the rate of endocytosis of the particles from the cell surface.

The dwelling time (tD) of the nanoparticles reveals, that the strong binding of

the tubes corresponds also to the long dwelling time (approximately 25 minutes).

However, the dwelling time is not directly proportional to the binding rates of other

nanoparticles, indicating that possibly tubes exhibit a lot of non-specific binding to
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Figure 5.4: Plasma membrane binding and endocytosis kinetics comparison for different
shapes and sizes of nanoparticles. kb represents the rate constant for binding,
ke - the rate constant for endocytosis, tD - the dwelling time.

the plasma membrane, or their shape is not preferential for the uptake mechanism

machinery already existing in the cells. The longer dwelling time of small spherical

aggregates, i.e. micelles as compared to larger spherical vesicles, could confirm the

theory from literature suggesting an optimal size of the spherical particles that is
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able to deform the membrane of the cell to be around 50 nm, and the necessity of

the smaller particles to accumulate on the plasma membrane of the cell in order to

induce enough curvature of the membrane [164, 223].

5.3.2 Colocalisation with SRB1, clathrin and caveolin

Using chemical inhibitors of various cell surface receptors and antibody blocking,

the receptors involved in binding of PMPC-PDPA polymersomes were identified as

SRB1 in previous work [198]. To confirm these results we show here colocalisation

images of A549 cells expressing SRB1 fused with HaloTag and stained with

diAcFAM dye for HaloTag detection (excitation max. at 492 and emission max. at

521 nm) (Figure 5.5). The cells treated with 0.5 mg/ml of spherical polymersomes

of between 50- 150 nm in diameter fo 1 hour has shown colocalisation with the

receptors at the plasma membrane as well as inside of the cell, indicating that

polymersomes are trafficked together with the receptor.

In order to start descriminating between different pathways involved in endocytosis

of nanoparticles we identified and transfected cells with the major players of

two endocytic pathways: clathrin-dependent and caveolin-dependent. Using

microscopy techniques we observed some events of interplay between the caveolin1

(cav1) as well as clathrin light chain(CLC). The colocalisation images are presented

in Figure 5.6. We have observed colocalisation with both GFP- Clathrin Light

Chain (CLC) and GFP-Caveolin 1 (Cav1) (Figure 5.6). These results could suggest

that the high variablity of the size of the spherical nanoparticle may allow for the

involvement of both clathrin and caveolin mediated endocytosis. This could suggest
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Figure 5.5: Colocalisation of cy3 labelled polymersomes (spheres) with Halo-SRB1
expressed in A549 cells and labelled with fluorescein dye.The top left image
shows the whole cell two channel picture. The top right image represents
magnified area at the plasma membrane of the cell with two channels merged.
The bottom images are corresponding green and red channels for SCARB1 and
cy3-polymersomes respectively. The line in the bottom left image indicates the
plasma membrane of the cell.
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Figure 5.6: Colocalisation of cy3 labelled polymersomes (spheres) with GFP-Clathrin light
chain (A) and GFP-Caveolin 1 (B).

that perhaps one range of size might be endocytosed via CME and another one via

CavME. However, to confirm that further experiments are needed looking at the

efficiency of endocytosis of nanoparticles of different sizes under the inhibition or

knock down of key players in the particular pathways.

5.3.3 Shape and size affects involvement of clathrin light chain

in endocytosis

Clathrin is a protein that is at the core of the major endocytic mechanism - CME.

Depletion of the specific chains of clathrin that affects internalisation may indicate

the involvement and the importance of these chains in the endocytic pathways.
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Although, disruption of the main endocytic mechanism may trigger the substitution

of this mechanism with another way by which the nanoparticles can be internalised,

the efficiency of these alternative interactions might be relatively lower. It has to be

noted that clathrin, and heavy chain of clathrin (CHC) in particular, is also involved

in other non-endocytic processes inside the cell [224]. Therefore, not all of the

observed effects of CHC depletion may be assigned to CME. Clathrin Light chain

(CLC) is more specific to the CME.

In the preliminary work using small interfering RNA constructs (siRNA) we

knocked down separately CHC and CLC (type a and type b) with 95 and

85% respectively efficiency and observed the effects of the depletion on the

efficiency of the internalisation of spherical (large approximately 250 nm and small

approximately 150 nm) and tubular (approximately 500 nm× 70 nm ) nanoparticles

(Figure 5.7). We observed that the depletion of clathrin light chain unlike the

depletion of clathrin heavy chain affects negatively the uptake of small spherical

nanoparticles.

The depletion of heavy chain in the case of small spheres, large spheres and

tubes increases the overall uptake efficiency which may indicate that effects of

the knock-down on the other cellular processes may pre-condition the cells for

the more efficient uptake of nanoparticles, most likely independently on the effects

on CME. The results further confirm that the shape (spherical or tubular) as well

as size (150 or 250 nm in diameter) determines the mechanism of the uptake of

nanoparticles. Despite of the same chemistry of the particles and same receptor

interactions on the molecular recognition level, the results suggest that only small
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spherical nanoparticles, not large nor tubular nanoparticles, specifically rely on

CME as the depletion of CLC reduced the uptake efficiency.

5.3.4 Spherical polymersomes and not other shapes traffic

through Rab5a positive, EEA1 negative endosomes

After the initial internalisation of nanoparticles through endocytic pathways, the

endocytic vesicles merge with the endo-lysosomal trafficking pathway. The first

compartment named as an early endosome (EE), is typically characterised by the

slightly decreased pH (pH 6.8-5.9) and colocalisation with Rab5a protein [131].

Early endosome antigen 1 (EEA1) is a Rab5 effector that specifies the classical

early or sorting endosomes. The trafficking vesicles fuse with the EE. Therefore,

a fusion of vesicles containing nanoparticles with Rab5 and/or EEA1 containing

intracellular compartments would be expected.

In order to identify the timing of the trafficking of nanoparticles through EE,

we looked at the interactions of spherical nanoparticles with early endosomes at

certain time-points (Figure 5.8).

We synchronised the uptake process by allowing nanoparticles to bind to

the plasma membrane but not to internalise using low temperature conditions and

then bringing back to the temperature of physiological conditions (+ 37 oC). We

observed that at 3 different time-points: 10 minutes, 30 minutes and 60 minutes,

nanoparticles enter the interior of the Rab5 positive EE within the 10 minute
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Figure 5.7: Total uptake kinetics summary for spheres (large and small) and tubes under
different knock down conditions of heavy or light chain. The error bars are
standard deviation of n=2 repeats in the same experiment. Abbreviations: WT
= wild type, HC KD = Clathrin Heavy Chain Knock Down, LC KD = Clathrin
Light Chain Knock Down.
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Figure 5.8: 2D confocal images of EE (labelled with GFP-Rab5a, green) and
polymersomes (labelled with cy3, red) at 3 different time-points: 10, 30 and
60 minutes with magnifications to the small area of the cells.

incubation time-point, followed by the release of fluorescence signal of cy3-labelled

polymers from EE to the cytoplasm after 30 minutes and accumulation of cy3

in vesicular Rab5 negative compartments after 60 minutes. This would indicate

the entrance to Rab5 positive EE within 10 minutes, escape of the particles, or

more likely disassembled polymers, from the compartment within 30 minutes and

possibly fusion of polymers with other compartments in close proximity within 60

minutes.

Taking into account the pH sensitivity of the nanoparticles [202], the entrance of the

nanoparticles into the acidified compartment of EE is enough to disrupt the structure

of the nanoparticles and their disassembly. This would in turn lead to an osmotic

pressure shock for the EE membrane, and therefore temporal disruption of the EE
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Figure 5.9: Dynamics at the Early Endosome (EE) (A) A snapshot of 3D time-lapse
microscopy. (B) Fluctuations of colocalisation (Manders’ coefficient)
of EE marker (GFP-Rab5a and EEA1) with polymersomes of different
shapes over time, expressed as minimum, maximum, median, 25 and 75
percentiles in the form of box plots. (C) Examples of single EE images
at different stages of interactions with polymersomes quantified by Manders
coefficient colocalisation (D) based on mean data from 46 events collected
from three EEs labelled with GFP-Rab5a and incubated with spherical
Rhodamine-polymersomes. Error bars in (D) represent Standard Error of the
Mean (SEM).

and release of the polymeric material outside of the EE into the cytoplasm. The

released polymers at acidic pH are hydrophilic, however the neutral cytoplasmic pH

turns them amphiphilic, which could enable the incorporation of polymers with the

nearby amphiphilic membranes of other intracellular compartments such as early

or late endosomes.

In order to further investigate the trafficking of the nanoparticles of different

shapes and sizes, we designed experiments where live 3D high speed confocal
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microscopy, genetic labelling of the compartments, image restoration techniques

and quantitation of fluorescence signals allow for the observation of the interactions

of nanoparticles with EE compartments labelled with Rab5-GFP and EEA1-GFP

fusion proteins.

Knowing that the trafficking through the EE is a very dynamic process and therefore

the colocalisation with Rab5a positive compartments will be transient, we opted

for the measurements of colocalisation of the nanoparticles fluorescence (cy3 or

Rhodamine labelled) with Rab5a or EEA1 in fast time-lapse (1s/stack/time point)

in live cells over the time of 1 hour from the initiation of the treatment (Figure

5.9 A and B). The fluctuations of the Manders’ coefficient colocalisation in the

3D space containing several early endosomes (up to 10) over the time of 1 hour

is presented as the box plots in which the median, minimum, maximum, 25 and

75 percentile are displayed. Analysing the colocalisation in this way, allowed

us to notice that the fluctuations of the colocalisations with Rab5a are high for

the spherical, approximately 100 nm (vesicles) and 30 nm (micelles) in diameter,

but it is relatively low for tubular and genus vesicles. This would indicate the

dynamic interactions with EEs - entrance and escape. Surprisingly, no fluctuations

or high level of colocalisation was detected with EEA1 labelled endosomes. This

would indicate that dynamic trafficking via Rab5a positive but EEA1 negative

compartments occurs only for the spherical particles within the first 1 hour of

internalisation.

These results confirm the recently suggested in literature [83] existence of sub
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population of early endosomes that are positive for Rab5 but still negative for EEA1.

They are most likely the very first endosomal compartments that the trafficking

vesicle (negative for Rab5) containing endocytosed nanoparticles fuses with. It

could be hypothesised that these endosomes are APPL1+ endosomes, however,

further investigations are needed to confirm this. It could be then proposed that

the endocytic trafficking vesicle containing spherical polymersomes, negative for

Rab5, possibly with APPL1 on its surface, fuses with a very early endosome that

is Rab5 positive EEA1 negative, and escapes from this very early endosomes that

could otherwise fuse with the EEA1+ early/sorting endosome or transport the cargo

to late or recycling endosome. The APPL1 binding to Rab5 may allow for the initial

fusion of the trafficking vesicle with the Rab5+/APPL1+/EEA1- early endosome.

This model hypothesis that requires future experiments is illustrated in the diagram

below mentioned before in the previous chapter (Chapter 2) ( Figure 5.10).

Focusing even further on the interactions of the nanoparticles with EE we

used live cell imaging at the single endosome level at the high speed using

resonant scanner mode (Figure 5.9 C and D). By recording the high speed images

of the z-stack of a single endosome at approximately 1 stack/1s, reconstructing

the resolution of the images with deconvolution methods and quantitation of the

colocalisation of the fluorescence signal coming from the Rhodamine-labelled

polymers within the EE, we characterised a three-stage interaction of particles

with EE that happens at the 10-15 s dynamic time-length. The initially incoming

particle fused with the early endosome suggesting the entrance to the compartment.
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Figure 5.10: The hypothesis of the trafficking of spherical nanoparticles through
endosomal system.

Following the entrance, the Rhodamine fluorescence within the EE increased in a

burst manner. After that, we could observe the Rhodamine fluorescence appearing

just outside of the EE indicating the release of the polymeric material to the

cytoplasm, i.e. escape from the endolysosomal trafficking pathway.

5.3.5 Spheres, tubes and genus traffic at different dynamics with

lysosomes as the final destiny of the polymeric material

Taking further the initial indications from the time-point imaging of nanoparticles

with Rab5 endosomes (Figure 5.8) we designed a similar experiment of live cell

imaging of lysosomes labelled with GFP-lamp1 construct (Figure 5.11). As we

observed in the earlier experiments after escaping from the Rab5 compartments

the polymers seem to accumulate in other spherical compartments, possibly the
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membranes of the nearby endolysomal compartments. If this is true, the polymer

label (cy3) would follow the endolysosomal pathway to the final destination at the

lysosome. Without the known identity of the membranes that the polymers fused

with, we decided to look at the colocalisation of cy3 with lysosomes over up to 3

hours from the initiation of the treatment.

The live cell fast imaging experiments have indicated the accumulation of the

polymers in the Lamp1 positive compartment. For the polymers coming from

the disassembly of spherical polymersome the increase of the colocalisation values

started approximately 15 minutes from the initiation of the treatment, whereas for

tubes, which we showed before (Figure 5.4) internalise with the longer dwelling

time, the colocalisation with Lamp1 compartment peaks much later around 2.5

hours after the initial treatment.

This could further indicate that spherical and tubular polymersomes enter the cell

via different routes. CME directs trafficking vesicles to early endosomes that

then deliver the cargo to lysosome at 15-30 minutes from the internalisation. The

kinetics of endocytosis of spherical polymersomes would agree with CME and its

trafficking.

It is not clear in literature what happens with endocytic vesicles that enter the

cell via macropinocytosis. Macropinosomes eventually colocalise with lysosomes.

However, the interior of a macropinosome as opposed to EE in neutral [47].

Therefore, the delayed colocalisation of tubes with lysosomes could indicate their

retention in a neutral compartment such as macropinosome. The size and shape of

the tube mimics the characteristics of Ebola virus, that is believed to enter the cells



130Chapter 5. Results - Mechanisms of nanoparticle endocytosis - shape and size dependence

Figure 5.11: The colocalisation of Lamp1 labelled lysosomes with nanoparticles of
different shapes over time.The dashed lines indicate visual observations that
was not quantified.

via macropinocytosis [130]. Further investigations are needed however, in order to

confirm the macropinocytosis based internalisation of tubular polymersomes.

These results indicate that not only the different shapes and sizes of

nanoparticles are trafficked within the cells through different mechanisms but also

that nanoparticles interact with the EE in a very dynamic way, similarly as their

natural counterparts such as viruses. Although the trafficking pathway for different

shapes of nanoparticles are different, the material delivered to the inside of the

cell fuses with the membranes of the cellular organelles. We showed here that the

polymers end up in lysosomal membranes after different timing of the trafficking.

This would suggest that the size and shape of the particle, synthetic or natural, can

dictate or largely influence the endocytic mechanism as well as their trafficking



5.4. Summary 131

pathway, independently of the molecular receptor interactions at the cell surface.

5.4 Summary

In this work we demonstrated that size and shape of the interacting cargo can

be recognised by the cells in the endocytic processes and drive different plasma

membrane kinetics, molecular interactions and endolysosomal trafficking pathways.

Nanotechnology tools have proven to be a suitable model for the systematic

quantitative cell biology study and we hope to encourage future research with the

use of novel technologies and methods.

5.5 Supplementary information

5.5.1 Calculations of molarity of nanoparticles

Conversion of the concentration of polymer in polymersome preparations into molar

concentration of nanoparticles was carried out in order to normalise the kinetics data

in respect to the number of moles of nanoparticles instead of the mass of polymer

used in a volume. This conversion allows to look at the data in terms of the effect

of nanoparticle entities instead of the equivalent mass of polymeric unimers. The

molecular weight of the polymeric unimer used in the experiments composed of

PMPC25-PDPA70 with the chemical structure presented in Figure 4.9 B (Chapter 4)

is approximately 22 300 g/mol.

The concentration of nanoparticles (C) used for the studies of the shape and

size effect on PM kinetics was 1 mg/ml of PMPC25-PDPA70 and the volume of 100

µl was incubated on the cells. For all vesicular nanoparticles (spheres, tubes, genus)
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the packing factor (P) of 1 was assumed. For micelles the packing factor of 0.33

was used. The estimated average membrane thickness th of vesicular structures was

6 nm. The average diameter (d) of a sphere, of a tube cylinder or a single genus was

70 nm. The average diameter of a micelle was 30 nm. The average length l of the

tube was 500 nm, and the average number of genus order was three. The volumes

of polymers in nanoparticles (VNP)of different shapes were calculated according to

the following equations:

Vmicelle = 4/3π(d/3)3 (5.12)

Vsphere = 4/3π((d/3)3− ((d/2)− th)3) (5.13)

Vtube =Vsphere +π((d/2)2l− (d/2− t)2l) (5.14)

Vgenus = 3Vsphere (5.15)

The volume of PDPA chain (VPDPA in molecules/nm3) that creates the most of the

core volume of the polymer in the PMPC25-PDPA70 nanoparticles, was calculated

by using the density of PDPA (dPDPA in g/nm3) of 1×10−21 from Giacomelli et

al. [217], molecular weight of PDPA70 (MwPDPA in g/mol) of 14 910 g/mol and

Avogadro number (NAv) according to the following equation:

VPDPA = MwPDPA/(dPDPA NAv) (5.16)
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Using these values, the number of PMPC25-PDPA70 aggregate (Nagg) per 1

nanoparticle was calculated according to the following equation:

Nagg =VNP/VPDPA P (5.17)

Hence, the molar concentration of nanoparticles (MC in moles NP/l) was calculated

as follows:

MC =C/(Nagg MwPMPC25−PDPA70) (5.18)

The following molar concentrations (MC [M]) were obtained for polymersomes of

1 mg/ml PMPC25-PDPA70 concentration:

NP type MC [M]
Spheres 1.43×10−8

Micelles 2.36×10−7

Genus 4.20×10−9

Tubes 1.63×10−9

Table 5.1: Calculated polymersome molar concentrations.





Chapter 6

Results - Artificially enveloped

viruses

Abstract

Viruses have evolved to hijack endocytic system of the cell. By doing so they deliver

their genetic material to the host cell and replicate inside of the host. Scientists have

been trying to employ viruses for the therapeutic strategies. Upon advancement of

the molecular biology tools, we can modify the genome of a virus to introduce

genes that require therapeutic interventions. However, the risks coming from the

use of natural viruses are a major obstacle. With early designs of synthetic gene

delivery system we gained the control over the safety but we lost the efficiency of

the natural counterparts. In this part of the thesis we tried to combine best of both

- the efficiency of viruses and safety of the synthetic system with the capability

to tune the system for specific targets in intracellular delivery. We designed an

artificial envelope for Adenovirus (Ad) and Adeno-associated (AAV) virus. The
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envelop aims to hinder the virus from immunological or toxicological responses of

the host, deliver the virus with the desired transgene to the target and allow for the

efficient gene delivery. The preliminary results demonstrated here a possibility to

encapsulate small non-enveloped viruses such as AAV or Ad in artificial polymeric

envelopes by self-assembly. The artificial envelope has a potential in altering the

viral vector fate inside the human cell by delivering virus more efficiently. Through

the understanding of the material-cell interaction we aim to show the application

of the fundamental research in physical biology to the potentially therapeutic

approaches.

6.1 Introduction

Studies of host-pathogen interactions not only contributed to the knowledge

of fundamental cell mechanisms but also resulted in therapeutic applications.

The superior ability of viruses to mediate gene delivery has driven the idea of

converting pathogenic species into therapeutic agents. Virologists altered natural

viruses through molecular genetics in order to remove the pathogenic genes and

insert therapeutic genes, whilst retaining the cellular entry and gene expression

capacity, creating recombinant viral vectors. Since 1989, when first clinical trials

in gene therapy started [225], huge progress has been made in the development of

efficient therapeutic approaches employing nucleic acid-based molecules. Not only

genes but also the regulatory molecules, such as small interfering ribonucleic acid

(siRNA), have found the attention of researchers as potential therapeutic agents

enabling correction or modulation of genetic diseases at their source. The cellular
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mechanisms however, act to prevent uncontrolled uptake of foreign material and

therefore, the delivery of nucleic acids into cells has become a major obstacle in the

gene therapy field.

The natural candidates for gene delivery, viruses, have evolved to hijack cellular

barriers and infect cells with high efficiencies. The advances in molecular biology

and recombinant technologies have allowed for the development of viral vectors,

based on retroviruses, adenoviruses (Ad) or more recently adeno-associated viruses

(AAVs), into potential gene therapy agents. However, problems surrounding viral

delivery systems such as pathogenicity, immunological responses and toxicity, halt

them from the progress into clinics [226].

In the attempts to avoid these issues, non-viral vectors such as liposomes or

polymeric nanoparticles encapsulating nucleic acids have been explored. Although

huge progress has been made, gene transfer efficiency of these systems has been

found to be significantly decreased compared to their viral counterparts [227].

The modification of viral vectors has become another approach to bypass their

inherent safety issues while still retaining their superior gene delivery efficiency

[228]. Despite multiple approaches, including chemical and genetic modification,

the success has been limited due to complications resulting in impaired cellular

entry, decreased gene transfer efficiency or unintended alterations of the native

virus tissue tropism [229].

A novel approach based on design of artificial nanoscopic envelopes to hinder the

immunological responses and enable re-targeting of viral vectors has been proposed

by Kostarelos group [230, 231]. Adenoviral vectors enveloped in lipid bilayers
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resembling liposomes, have proven to prevent immunological and toxicological

responses [230, 232]. Despite the initial issues with decreased gene transfer

efficiency, the use of pH sensitive lipids has allowed for the improvements [233].

In collaboration with Kostarelos group we have proposed to create hybrid gene

vectors by artificial envelopment of Ad and AAV based vectors in polymersomes.

Employing this approach should allow for more flexibility in the design of the

vectors in terms of the size, shape, topology or surface chemistry, or targeting

ligands.

AAV is considered non-pathogenic. It has been successfully used in the design

of novel gene therapy strategies. However, there are still obstacles of immune

responses, as well as tissue specificity. Using polymeric envelopes we would like

to avoid these problems by hindering AAV inside of biologically inert polymeric

envelopes, while also allowing for the tuning of delivery of the virus towards the

therapeutically relevant tissues.

The in vitro model in this thesis work has been designed to simply demonstrate

the ability of the polymeric envelope to control the delivery of the virus in a

well characterised cell culture model. In vitro cell culture models differ from

in vivo conditions when studying virus transduction efficiency. AAV9 is able to

efficiently enter and express the genes in vivo, however, in in vitro cell culture

models AAV has exhibited poor performance. This seems to be related to the lower

level of sialylation of cell culture cells than it is observed in vivo [234]. Sialylated
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cell surface glycans might allow for better attachment of the virus to the plasma

membrane of the cell. By enveloping AAV9 in polymersomes, we would expect

hence, the ability of the system to bypass this initial cell entry barrier. The pH

sensitivity of polymersomes allows us to deliver AAV to the endolysosomal system

and release it to the cytoplasm, therefore revealing the virus ony when inside of

cells and allowing it to translocate into the nucleus of the cell where its genome

(single stranded complementary DNA (scDNA)) can be transcribed into RNA and

subsequently the protein can be expressed in the cytoplasm of the cell. This strategy

carries a huge potential for therapeutic applications of AAV-based vector.

The in vivo obstacles in the use of AAV as a gene therapy vector focus mainly on

its not well understood natural tropism for specific tissues and therefore making it

difficult to deliver genes to the desired tissues. In addition immunological responses

could turn the vector unsafe in specific clinical settings.

In this part of the thesis we present the preliminary work required for the

design of the artificially enveloped gene therapy vectors. We have encapsulated

and characterised the vector in vitro. Future work will involve the use of the system

in in vivo scenarios in animal models. Furthermore, we aim to demonstrate that

application of the fundamental understanding of the physico-chemical interactions

of a system with the cells that we investigated in the previous chapter (Chapter 5)

may lead to future applications.
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6.2 Materials and Methods

6.2.1 Cell culture and vector transductions

Human Embryonic Kindney HEK 293T (ATCC, US) cells were cultured according

to standard procedures using Dulbecco’s Modified Eagle Medium (DMEM (high

glucose), Sigma, UK) complemented with 10%v/v Fetal Bovine Serum (Biosera,

US), 1%v/v (4mM) L-glutamine (Sigma, UK) and 1%v/v Penicillin-Streptomycin

(1 unit/ml of Penicillin, 1 µg/ml of Streptomycin, Sigma, UK).

HEK293T cells were transduced with AAV vectors (native, enveloped or premixed

with polymersomes) at 1000 multiplicity of infection (MOI) (1000 viral genomes,

vg, per cell) and incubated for 6 days prior to transduction efficiency analysis. Cells

were also stained with 5 µg/ml of Hoechst dye (Life Technologies) for 30 minutes

prior to imaging.

6.2.2 Encapsulation of viruses

AAV9 or Ad5 viruses incorporating GFP transgene were encapsulated in

polymersomes using pH switch method (as adapted from method described in

Lomas et al.[202]). The strategy is illustrated in the Figure 6.1. Briefly, the

hydrophobic and electrostatic interaction of hydrophilic positively charged polymer

and hydrophilic negatively charged capsid of the virus at mildly acidic pH is

expected to preassembly in a form of artificial envelope of polymer around the

proteinous capsid of the virus. Upon increase of pH above polymer pKa (6.4),
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polymers become amphiphilic and neutral (PDPA loses the charge on the nitrogen

in 2-(diisopropylamino)ethyl), and the viral capsid becomes overall neutral,

while staying hydrophilic. These physico-chemical changes should allow for the

formation of a stable double layer membrane of polymer around the viral capsid -

the artificial polymeric envelope.

Figure 6.1: Cartoon demonstrating the encapsulation strategy based on pH switch method.

The polymers used were PMPC-PDPA and cy3-PMPC-PDPA. For the

preparation of Cy3 labelled PMPC-PDPA encapsulated AAV, 10% of cy3-PMPC-PDPA

was mixed with unlabelled PMPC-PDPA in the freeze-dried powder form. The
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mixture was dissolved in sterile acidified PBS (pH 2) and filter sterilised.

The pH switch was initiated by increasing pH of the solution at a constant

rate using magnetic stirring and syringe pump until pH 6.3. To 1.4ml of

10mg/ml cy3-PMPC-PDPA/PMPC-PDPA 100 µl of AAV9 was added at the initial

concentration of 1× 1010 vg/ml. The pH switch was then continued at the steady

state of 10 µl/min until pH of 7.4 was reached.

Additionally the empty polymersomes control was prepared following the same

method but adding PBS pH 6.3 instead of the viral particles.

6.2.3 Vector characterisation

The hybrid vectors made by encapsulation of viruses in polymeric envelopes were

characterised using DLS and zeta potential analysis to measure average size of the

vectors and their surface charge using Zeta Sizer Nano ZS (Malvern). The samples

diluted to approximately 0.1 mg/ml (polymer concentration) in PBS (filtered

through 0.2 µm syringe filter) into polypropylene small volume cuvettes were

used for three measurements of 10-15 10-second runs at 25oC. The sample analysis

assumed the refractive index (RI) of the material of 1.59, absorption efficiency

of 0.01, RI of dispersant of 1.32, viscosity of 0.89 cP. The HeNe laser at 173o

backscatter angle was used for scattering measurements.

The zeta potential was measured at pH 7 at 25oC using 5× diluted sample in

deionised filtered water.

TEM was used to show morphology of the vectors. Samples diluted to
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approximately 0.5 mg/ml polymer concentrations were deposited on carbon coated,

plasma discharged copper grids (mesh size 400) for 1 minute, blotted and stained

in 0.75 % w/v phoshotungstic acid (PTA). The electromicrographs were acquired

with JEOL JEM-1010 (100 kV) electron microscope system. AAV and Ad were

visualised using Uranyl acetate staining instead of PTA.

Gel electrophoresis was performed using agarose gels of 0.8 %w/v agarose. The

samples were pre-treated with sodium dodecyl sulphate to disrupt the viral capsid

and expose DNA, and then loaded in a volume of 15 µl and run for 1 hour at 100 V.

The gels were stained with Ethidium Bromide or SyproRuby stains and visualised

with UV light plate.

To estimate the optimal ratio of polymer to virus, titration of the polymer to virus

solution was performed. The zeta potential was monitored over the titration at pH 7

at +4oC when both virus and polymers are charged and hydrophilic due to the shift

of pKa of PDPA at lower temperature.

6.2.4 Quantitation of viral vectors

Viral particles were treated with or without detergent (1%w/v SDS) at different

temperatures (25, 65, 75, 85, 95, 100 and 105 oC) and quantified using PicoGreen

assay according to manufacturer’s (Promega) supplied manual.

High Pressure Liquid Chromatography (HPLC) based quantitation was used to

measure concentration of viral DNA. C18 column was used. After thermal

treatment at 95oC, 5 µl of the sample was loaded in a serial dilution procedure.

Absorbance at 260 nm was measured in the eluted sample.



144 Chapter 6. Results - Artificially enveloped viruses

6.2.5 Gel Permeation Chromatography (GPC)

The interactions between viral particles and polymersomes or micelles were

measured using GPC. The pre-mixed viral particles and polymersomes (5:1 v/v of

5× 109 vg/ml virus particle to 1mg/ml polymersomes or micelles were loaded onto

the pre-packed sepharose column in PBS and eluted. The fluorescence emission

was measured for the detection of Rhodamine labelled polymersomes (540 nm

excitation, 565 nm emission) and for the detection of tryptophan fluorescence from

viral particles (270 nm excitation, 354 nm emission) at the times of elution.

6.2.6 Gold nanoparticles preparation and encapsulation

For gold nanoparticles (gold NP) preparation all used glassware was pre-cleaned

from residual metals impurities with royal water (3:1 mixture of concentrated HCl:

HNO3 ). Citric acid trisodium salt solution was prepared freshly to 0.1 M in filtered

deionised water (MQ water). 250 ml of MQ water was boiled in a condenser set up

and 900 µl of citric acid solution was added. 300 µl of gold(III) chloride trihydrate

was added after 10 minutes of boiling. The nanoparticles were allowed to form

and the progression was visually monitored through the change of the colour of

the solution. The solution was removed form the heat source and cooled down.

The NP were concentrated in polycarbonate vials using centrifugation at 6000

g (gravitational force) for 45 minutes and re-suspension of the pellet in 2 ml MQ

water volume. The NPs UV-Vis spectroscopy was checked to confirm the formation
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of NPs.

NPs were encapsulated in polymersomes using the same procedure as described for

encapsulation of Ad and AAV above.

6.2.7 Imaging and gene expression quantitation

Imaging was done using confocal laser scanning microscopy and semi-automated

whole 96-well plate tile-by-tile scanning mode. 405 nm, 488 nm and 561 nm

lasers were used with 10× lens. The whole wells of the 96-well plate were imaged

in 4×4 tiles, well-by-well. The fluorescence intensity in the form of integrated

density was measured in each well using ImageJ software. The background

fluorescence was calculated by measuring the fluorescence in three small areas

within the well that were not occupied by cells. The mean fluorescence of these

small backgrounds was multiplied by the area of the whole well to calculate the

background intensity. The background intensity was subtracted from the measured

fluorescence intensity. This procedure was repeated for Hoechst staining (for

cell nucleus), green fluorescence (GFP expression from AAV genome) and red

fluorescence (polymersomes internalisation). Both green (GFP) and red (cy3

labelled polymersomes) fluorescence were normalised for the number of cells

by division with the Hoechst fluorescence intensity.

All imaging acquisition was undertaken at low laser powers in order to avoid

photo-toxicity and minimise photobleaching. At the experimental conditions, the
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laser power per frame was approximately 24 J cm−2, as calculated from using 5%

laser power (maximum laser output at 100% for Argon laser was 200 mW), 10×

lens (area of approximately 531519µm2) and using scan speeds between 400 Hz

(for 512× 512 pixel images, the times of illumination per frame is 1.28 s. The

calculated dose of laser power should not cause significant damage to cell function

or large amounts of photobleaching. [125, 126, 127].

6.3 Results and Discussion

6.3.1 Artificial envelopment of viruses

AAV9 and Ad5 viral vectors were encapsulated by introduction of the vectors

into the solution of polymeric unimers at pH 6 during the pH switch procedure

(as described in the Materials and Methods section). The hybrid vectors were

characterised by measurement of size with DLS and zeta potential (Figure 6.2 H).

In order to confirm encapsulation, TEM imaging (Figure 6.2 E and F) and gel

electrophoresis were tested. However, imaging of viral vectors and polymersome

envelopes using the same TEM staining procedure has proven to be difficult and

inconclusive. Therefore different staining procedures were used. To visualise the

virus uranyl acetate staining procedure was used. To visualise polymersomes PTA

staining was used.

It was not possible to visualise viral vectors with gel electrophoresis using lower

density of agarose gels and sensitive Sypro Ruby dye aiming to visualise viral

genome after the capsid disruption protocols using detergents. The problems might

have resulted from large molecular weight of the virus not able to enter the gel
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mesh.

In order to confirm the possibility of encapsulation of 20 nm (diameter) viral

vector, gold NP of the similar size and charge were used as model particles that

can be readily visualised by TEM without additional staining required. The TEM

image of Gold NP encapsulated inside polymersome following the same procedure

as for the encapsulation of viral vectors is presented in Figure 6.2 G.

The optimal ratio of polymer : viral vector for the encapsulation procedure has

been calculated by experimentally titrating polymer solution at pH 7, 4oC (when

the polymer is still in hydrophilic form due to the low temperature) into known viral

vector concentration and measurement of the surface charge (zeta potential) that

changes from a virus-specific negative surface charge to that of polymeric unimers

with a positive surface charge (Figure 6.2 I). The concentration of the polymer

required to neutralise , i.e. balance the charge of the viral capsid is relatively low

to the one used in the encapsulation experiments and difficult to accurately handle.

The excess of polymer has been used for further encapsulation preparations with

assumption that all of the viral particles will be encapsulated, however, some of the

polymers will form empty polymersomes.

6.3.2 Quantitation of viral vectors

For future experiments where we would like to improve the quality of the prepared

gene vectors and make sure that any possibly non encapsulated AAV particles or
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Figure 6.2: Hybrid gene vectors characterisation. TEM images of native (A and B) and
artificially enveloped viral vectors (E and F), empty polymersomes(C) and
enveloped (G) and non-enveloped (D) gold nanoparticles. Size measurements
(DLS), and surface charge (zeta potential) results summary (H). Titration
curve for calculations of zwitterionic ratios of PMPC-PDPA unimers with viral
vectors (I). Error bars represent standard deviation of 3 measurements.

empty polymersomes are removed from the preparation, we aimed to develop a

quantitative method to accurately measure the amount of viral particles after the

preparation and purification techniques. The initial attempts of virus quantitation

were undertaken by releasing viral genome from the capsid (double stranded

deoxyribonucleic acid in the case of Ad) and quantitation of DNA content by

Picogreen fluorescence assay. The method relying on thermal and detergent-based

denaturation of the protein capsid has allowed for the release of DNA while still

ensuring DNA stability as confirmed by side-by-side treatment of λ DNA purified

from Bacteriophage (Figure 6.3 A).
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Picogreen assay was not sensitive sufficiently to detect low amounts of viral vectors.

The more sensitive method has been developed based on the HPLC quantitation of

viral DNA using absorbance at 260 nm detection. Both Ad and AAV vectors were

quantified by this method (Figure 6.3B). As little as 1.3× 109 vg/ml AAV and 1×

1010 vg/ml Ad was quantified using this method.

6.3.3 Interactions of AAV with preformed polymersomes and

micelles

It is known that polymeric micelles exhibit strong interaction with globular proteins

[235]. It is therefore important to examine if encapsulation of viral vectors by

pH switch, which could generate micelles, lead to coating of the vector with

micelles instead of encapsulation with the polymeric membrane. Examination of the

interactions was attempted using GPC size-based separation and detection system.

Automated measurements of Rhodamine-labelled micelles or polymersomes

and protein capsid by detection of fluorescence at 540/565 (Rhodamine) and

270/354 (tryptophan fluorescence) excitation/emission wavelength (nm) were

taken simultaneously during elution (Figure 6.4). Although, both AAV vector and

Rhodamine-labelled polymersomes or micelles were detected, the peak separation

was not good enough to draw any conclusions. Other approaches will need to be

taken, such as ion exchange chromatography or using different GPC columns in

order separate the signal to required levels.
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Figure 6.3: Quantitation of viral content. Viral DNA release assay with Picogreen after
pre-incubation with or without SDS at various temperatures (A). The stability
of DNA was compared with stability of Bacteriophage Lambda DNA (purified).
(Error bars represent standard deviation of 3 measurements). Quantitation of
viral vectors by HPLC-based absorbance measurements at 260 nm (A260) and
quantitation of the area under the curve (AUC) (B).
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Figure 6.4: GPC results for measurement of interactions between AAV and micelles (C)
or polymersomes (A and B). Automated GPC system detection was used for
fluorescence measurements of Rhodamine (ex/em 540/565) and tryptophan
fluorescence for AAV (ex/em 270/354).
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6.3.4 Transduction of cells with hybrid polymersomes-AAV

vectors

The observations of cellular interactions between hybrid gene vectors and HEK

293T cells were designed to investigate the difference between the effect of

encapsulated viral particles and the native viral vectors. The cells were transduced

with native and enveloped AAV9 vectors, expressing GFP, as well as with a mix of

native vector with empty polymersomes as controls (Figure 6.5). The fluorescence

of GFP, Rhodamine or cy3 and Hoechst stain (cell nucleus) was imaged using

confocal microscopy and quantified by measuring fluorescence area in a well

of a 96-well plate. The increase in gene expression levels were observed for

encapsulated AAV as well as AAV mixed with preformed empty polymersomes, as

in comparison to the native AAV vector.

The results suggested that encapsulation of AAV or pre-treatment with

polymersomes causes changes in the interaction of AAV with cells. It is known

that AAV9, although a very efficient virus in vivo, suffers from low transduction

efficiency due to the low level of sialylated glycans, that serve as cell attachment

factors, at the surface of cell culture model cells [234]. By bypassing the weak cell

attachment of AAV in the form of polymersomes-mediated entry, higher level of

AAV is delivered into the cells and therefore, the higher gene expression levels are

observed.

The experiment therefore, demonstrates that encapsulating viral vectors in

polymersomes, i.e. forming hybrid gene vectors, can alter virus interaction with
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Figure 6.5: Transduction of HEK 293 cells with native or artificially enveloped AAV9
carrying GFP transgene. The images of whole 96-well plate well (examples
in A) were acquired using tile-by-tile mode with confocal microscopy (4×4
tiles at 10× magnification).The data was quantified (B) as area occupied by
fluorescent cells and normalised by area occupied by Hoechst staining. AAV
treated = AAV incubated at pH 6 prior to equilibration at pH 7.4 to simulate
pH switch conditions. Error bars represent standard deviations for biological
duplicates.

cells. Moreover, the hybrid gene vector exhibited increased transduction efficiency

compared to the native vectors in cell culture models. It is not clear why the

pre-incubation of the virus with empty polymersomes has a very similar effect. It

may be possible that some interactions occur between the polymeric particles and

viral vectors and some sort of complexes are formed facilitating the viral entry. To
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confirm this hypothesis further investigations are needed.

The AAV9 vectors have high native tropism for neuronal tissues. The behaviour of

hybrid vectors could be therefore examined in the future in neuronal cultures and

models of the blood- brain-barrier in order to explore their therapeutic potential in

neurological and neurodegenerative diseases as well as in in vivo experiments.

6.4 Summary

In this part of thesis we aimed to show that the understanding of interactions

between materials and cells can lead to preliminary application that may result in the

therapeutic strategy in the future. We showed here, that by artificial encapsulation

of AAV9 virus we can improve its ability to transduce cells by delivering the virus

more efficiently.

By combining the targeting motif on the polymersomes we should be able to target

specific tissues and deliver a therapeutic gene to a target. Polymersomes provide

here a protection from the immunological system, as well as the ability to target

any recognised receptor through attachment of the desired ligand to the polymeric

chain. This has shown to be difficult with other systems such as liposomes, due

to the lower molecular weight of lipids, and therefore lack of the stability of the

system with large attachments.

Polymersomes serve as mechanically and chemically stable and therefore can

be used for versatile purposes. We aim to evaluate the system designed here

in neurological in vitro set ups as well as test it for the targeted delivery of

therapeutic genes in future research in vivo. We aimed to demonstrate that using
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nanotechnological tools and understanding of biophysics and materials chemistry,

we could alter the cellular interactions of viral vectors that could bring some future

therapeutic applications.





Chapter 7

Discussion and conclusions

Shape and size controlled access to the cell

Viruses and intracellular bacteria have mastered hijacking of cellular mechanisms.

They have evolved to maximise their chances to enter the protective cellular

environment, exploit the robust intracellular machinery, replicate and propagate

within a host organism. The understanding of molecular mechanisms involved in

the cellular entry process, endocytosis, has been growing thanks to the advances

in virology, molecular biology and cell biology over the last few decades [46].

However, only now, are we starting to appreciate the importance of biophysical

rules governing endocytic interactions [88].

Viruses and bacteria come in many shapes and sizes. The questions of why

they acquired their particular physical properties and how these features influence

endocytic interactions have become the main focus of my thesis. Systematic studies

have been designed by employing nanotechnological advances in the investigations



158 Chapter 7. Discussion and conclusions

of natural processes using a reductionist approach. To dissect the isolated effect of

a particular physical feature, like shape or size, we designed synthetic nanoparticles

that mimic some of the properties of natural viruses by interacting with cell

surface receptors and entering the cells by endocytosis [198]. The particles can

be fabricated in a laboratory with an advantage in the fine control over their shape

and size. We aimed to prove the hypothesis that size and shape are not random in

endocytosis of nanometre range particles, that in nature are represented by viruses.

To address this issue, we made nanoparticles with distinct geometries and

dimensions using synthetic, but biologically compatible, amphiphilic polymers.

By controlling the kinetics of nanoparticle self-assembly and further purification

techniques, based on density gradient centrifugation, we were able to isolate

morphologically distinct particles [176]. In this study, we focused on three

geometries common in viral morphology assortments: spheres, genus particles

and tubes. We also investigated how small spherical particles of 20 nm in

diameter interact with the cells in comparison to larger, approximately 100 nm

diameter particles. Using fast laser scanning confocal microscopy techniques in

live cells, quantitative data analysis, and kinetic model fitting, we demonstrated

the three-stage cellular entry dynamics that vary depending on the shape and size

of the particles. Both shape and size impacted the rates of particle binding to the

membrane of the cell (kb) and internalisation (ke). The dwelling time (tD), the time

during which the particles resided at the membrane prior to internalisation, was

also significantly different for each particle type. The summary of these events is
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Figure 7.1: Cartoon summarising the results of the size and shape dependant endocytosis.

presented in Figure 7.1.

Going a step further, we also explored the particle trafficking pathway inside

the cell. While the spherical particles entered the first acidic compartment, the

Rab5 positive early endosome, the tubes and genus did not. The fast dynamics

of the events at the early endosome interface emphasised that the synthetic

particles behave like natural viral particles by entering the early endosome,

rearranging/disassembling themselves at the acidic pH and penetrating into the

cytoplasm.

Surprisingly, these early endosomal structures were positive for Rab5 (Rab5+)

but negative for EEA1 (EEA1-), both of each are markers of the early or sorting
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endosome. As discussed in previous chapters, the cell biology of early endocytic

events is still not fully understood. EEA1 is known to act as an effector of Rab5,

coming to the early endosome that is capable to sort the incoming cargo to different

destinations. Rab5 is believed to also interact with APPL1, which is thought

to localise to the trafficking vesicles incoming from the endocytosed plasma

membrane. More recently it has been shown that a population of early/sorting

endosomes that are Rab5+, EEA1- and APPL1+ exist [83]. Our results could

therefore confirm that the pre-endosomal vesicles trafficking to the early sorting

endosomes distinctive from Rab5+/EEA1+ early endosomes exist. It has been

observed earlier that Adenovirus can traffic through Rab5+/EEA1- compartments

[134]. As we observed the escape of the pH sensitive nanoparticles from these

Rab5+/EEA1- compartments, it could be assumed that the environment inside of

these early endosomes is acidic (<6.4) because the pKa of the polymers used for

the preparation of the nanoparticles is approximately 6.4 at +37oC [190] and the

drop in pH is required for the drive of endosomal disruption and escape.

Further experiments directly showing the transit of the nanoparticles from

trafficking vesicles, possibly labelled with APPL1 to Rab5+/APPL1+ vesicles

and escape from there would be necessary to prove this hypothesis. Additionally,

non-pH sensitive system could be used to show the traffic from Rab5+/EEA1-/APPL1+

endosomes to late endosomes.

The final fate of the polymeric material released to the cytoplasm after

disruption of the nanoparticles in Rab5+ compartments seemed to be other
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subcellular structures that include the Lamp1+ compartments, that could represent

lysosomes. We also showed that although the other shapes of nanoparticles do not

pass through the Rab+ or EEA1+ endosomes, the polymer they are made of also

ends up in Lamp1+ compartments, although with substantially longer delay. This

suggested that the polymeric nanoparticles enter the cells via different routes, and

eventually the material (either nanoparticles or polymers) ends up in the lysosomal

compartments.

The other interesting result of this work is the interaction of the particles with

clathrin and caveolin, the major players in endocytic pathways. We observed partial

colocalisation of spherical particles of varying sizes with both clathrin and caveolin.

Moreover, the knock-down of clathrin light chains (CLC) or heavy chains (CHC)

did not stop particles from entering the cells and in some case upregulated the

internalisation kinetics. These preliminary results, although initially surprising,

are not unobserved in cell biology. The use of alternative endocytosis pathway

by Simian Virus 40 (SV40), Influenza viruses and Hepatitis C virus (HCV) have

been reported before [140, 141, 142]. The different routes of internalisation were

also observed for Epidermal Growth Factor Receptor (EGFR) regulation depending

on the specific ligand binding to the receptor. Moreover, the knock-down of

CHC may also mean activation or deactivation of other functions in the cell, that

could indirectly affect the internalisation efficiency. It has been reported that CHC

in addition to endocytosis is also involved in other cellular processes, such as

regulation of NFκB [224].



162 Chapter 7. Discussion and conclusions

Artificial viral envelopes

Taking further the system of artificial nanoparticles we aimed to demonstrate how

we can apply the understanding of the cell biology in the therapeutic strategies.

Gene therapy, if safe and efficient has an enormous potential. It becomes apparent

that more and more diseases have an actual genetic basis or molecular malformation

at its root that could be fixed if an appropriate genetic intervention was possible.

While we understand the basics of many genetic diseases, we still struggle with

the efficient strategy to deliver the therapeutic material to the required location

inside the tissue or inside the cell, where it can play its function, while avoiding

the waste of an expensive material in other parts of the body as well as avoiding

the non-desirable immunological responses and side effect [236]. Gene therapy

research is not only focused on the search for the genetic target but also for the

appropriate way to deliver the therapeutic agent. In order to do so we need to

understand the fundamentals of cell biology, such as physical interactions discussed

in the previous chapters, and also engineer the synthetic or natural material to

provide a vehicle for the efficient therapeutic delivery.

We focused in this thesis on engineering of a gene delivery vector based on a

natural virus, that could be improved by our understanding of the synthetic material

and its interactions with the cell. We proposed to alter the original interactions of

the virus with the cell by controlling its endocytosis. We combined the efficiency

of the gene delivery system designed by nature with the precision in the control and
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fine tuning of the synthetic material for the desired intracellular delivery purpose.

We developed an artificially enveloped virus, based on natural Adeno-Associated

Virus Type 9 and the envelope based on polymersomes made of PMPC-PDPA

amphiphilic block co-polymers. As we showed before, the spherical polymersomes

are able to interact with the plasma membrane, internalise efficiently and escape to

cytoplasm from early endosomes. We therefore proposed to use them as vehicles

to bypass the plasma membrane barrier to the cell entry and deliver the virus to the

cytoplasm where it can continue its natural cycle.

Using this strategy we showed that the artificially enveloped virus expressed

the incorporated GFP transgene in the cells with higher efficiency than the native

virus. This demonstrated that we can alter cellular pathway the virus undertakes

to enter the cells. The future studies of the system would incorporate a therapeutic

gene and drive the delivery of the virus to specific cells by designing the artificial

vectors with targeting molecules attached to the polymers.

Conclusions

In conclusion, we demonstrated that shape and size of particles dictate the rules of

cell access by influencing both endocytosis kinetics and the trafficking pathways.

Interdisciplinary approaches in cell biology research shed new light on questions

that have so far proven challenging. This thesis in particular highlights how

nanotechnology and quantitative analysis can be used to mimic nature and address

physical questions fundamental to cell biology and virology . The direct study
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of natural systems would not be possible due to their inherent complexity. Here,

we showed that an artificial particles with the same surface chemistry and receptor

specificity interact with cells differently depending on their physical properties.

Furthermore, we have demonstrated that the application of thorough understanding

of the science at the interfaces of physics, chemistry and biology, can be employed

in the design of novel therapeutic strategies.
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[203] Clemens Röhrl and Herbert Stangl. HDL endocytosis and resecretion.

Biochimica et biophysica acta, 1831(11):1626–1633, nov 2013.

[204] K Gillotte-Taylor, Agnès Boullier, J L Witztum, D Steinberg, and

O Quehenberger. Scavenger receptor class B type I as a receptor for oxidized

low density lipoprotein. Journal of lipid research, 42:1474–1482, 2001.
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[232] Açelya Yilmazer, Wafa’ T Al-Jamal, Jeroen Van den Bossche, and Kostas

Kostarelos. The effect of artificial lipid envelopment of Adenovirus 5 (Ad5)

on liver de-targeting and hepatotoxicity. Biomaterials, 34(4):1354–1363, jan

2013.

[233] Jeroen Van den Bossche, Wafa’ T Al-Jamal, Açelya Yilmazer, Elisabetta
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