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ABSTRACT 

 

Synthetic nanoparticles (NPs) are promising tools for imaging and drug delivery; 

however their mechanisms of cellular internalisation and trafficking await full 

characterisation. Current knowledge suggests that following endocytosis many types of 

uncoated NPs get delivered into endosomes and lysosomes. However, the mechanisms of 

cellular internalisation and trafficking of nanomaterials depend on a variety of factors, 

including the structural and physicochemical characteristics of the material itself, the 

biological molecules coating the nanomaterial (the corona), as well as specific cell-type 

differences in the endocytic machinery. In order to design effective drug delivery 

strategies that can use or by-pass the endocytic pathway, a comprehensive 

understanding of NP uptake mechanisms is therefore necessary. The present study 

describes design, testing, optimisation and application of an RNA interference (RNAi)-

based high content screening (HCS) microscopy strategy to assess the intracellular 

trafficking of fluorescently-labelled 40 nm negatively charged polystyrene carboxylated 

NPs in HeLa cells.  

Firstly, NPs were characterised and a NP uptake assay and HCS analysis routine to 

evaluate internalisation and trafficking of NPs was developed. The assay was first 

implemented for a set of 10 siRNAs targeting known components of various endocytic 

mechanisms. A role for the large GTPase dynamin2 in trafficking of NPs to LAMP1-

positive compartments was determined by automated HCS, thus establishing the 

principle that cellular depletion of individual endocytosis components is sufficient to 

result in a phenotypic effect in terms of delivery of NPs to endo/lysosomes. 

Secondly, a library targeting 58 proteins belonging to the family of Rab small 

GTPases was interrogated. siRNA treatments inducing a strong reduction of NP trafficking 

to LAMP1-positive membranes were validated by both HCS and quantitative PCR analysis. 

This revealed a role for the late endosomal RAB7A in the process, as well as identifying a 

previously unreported role for the Golgi associated RAB33B. Further relevance of RAB33B 

was investigated using a GFP-tagged protein overexpression approach, revealing a 

significant role for RAB33B and its GTPase activating protein (GAP) OATL1 in the 

trafficking of NPs through early endocytic membranes and late endosomes/lysosomes. 
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This approach was next extended to an siRNA library targeting 348 genes involved 

in cytoskeleton organisation, function and regulation. A total of 39 siRNA treatments 

resulted in a strong decrease in NP trafficking. Of particular note was the identification of 

several motor protein subunits (DYNC1H1, KIF15, and MYO6) and proteins associated 

with actin and microtubule structure and remodelling (ARPC2, CDC42, CFL1, PLS3, TUBB). 

Among these, the motor protein myosin VI (MYO6), a recently established regulator of 

endocytosis and autophagy was selected for further studies in the context of GFP-tagged 

protein overexpression. This revealed partial co-localisation of NPs with myosin VI 

positive structures, and relevance of its cargo-selective autophagy receptor interacting 

motif for the trafficking of NPs to LAMP1-positive membranes.  

Finally, the RNAi HCS approach was used to systematically deplete 21,585 genes 

annotated in the human genome as a first attempt to comprehensively map the main 

regulators of internalisation and trafficking of NPs. In silico validation of the strongest 

candidate genes was carried out in the context of previously published transcriptomic 

data. Annotation, clustering and enrichment analyses of the validated target genes were 

also carried out. Bioinformatic protein-protein interaction studies of enriched target gene 

clusters annotated as being associated with the endomembrane system were performed, 

further providing evidence of the involvement of clathrin coated vesicle components 

(CLTC, DNM2 and AP2) and the cytoskeleton (ARPC2) in the intracellular trafficking of 

NPs. These studies also revealed potential roles for several endosomal proteins (RABEPK, 

RABEP1, HOPS/CORVET), TGN to endosomal trafficking complexes (COGs, TRAPPs, AP1) 

and lysosomal acidification machinery (V-ATP6). 

In conclusion, the results presented in this work provide the first comprehensive 

molecular overview of the bio-nano interaction space paving the way for the design of 

improved intracellular drug delivery strategies. 
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Part of the content of Section 1.3.3 was published as book chapter ‘High content 

screening and analysis’ in Cell Imaging: Methods Express (2015), Scion Publishing Ltd, (in 
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1.1 The endomembrane system in eukaryotic cells 

 

The eukaryotic cell is characterised by a system of membrane-defined 

compartments or organelles which act as hubs for highly controlled biochemical reactions 

including protein synthesis and degradation. Inside the cell’s endomembrane system 

molecules undergo continuous sorting and recycling between organelles thanks to the 

dynamic traffic of vesiculo-tubular carriers (Bonifacino and Glick, 2004). The very first 

observations of components of the endomembrane system date back to the nineteenth 

century with the description of phagocytosis, the mechanism for internalisation of 

microbes by leukocytes (Heifets, 1982) and identification of the Golgi apparatus, the 

system of cisternae allowing processing and sorting of proteins and lipids (Golgi, 1989; 

Mazzarello et al., 2009). Nevertheless, it was almost one century after these discoveries 

that the first real understanding of the system of intracellular membranes and trafficking 

activities became established by de Duve and Palade in 1975 (Mellman and Warren, 

2000; Palade, 1975). Early experiments identifying the first molecular machinery 

associated with the endomembrane system, in the secretory pathway (Balch et al., 1984; 

Novick et al., 1980) and in endocytosis (Pearse, 1976) followed soon after. 

The plasma membrane (Edidin, 2003) determines the perimeter of the cell in which 

the main organelles of the endomembrane system, endosomes and lysosomes (both 

discussed in Sections 1.1.3 and 1.1.4), endoplasmic reticulum (ER) (Voeltz et al., 2002), 

Golgi complex (Munro, 2011) and trans-Golgi network (TGN) (De Matteis and Luini, 2008) 

are located. The main process facilitating the selection and trafficking of specific cargoes 

along the endomembrane system is the formation of cargo-loaded vesicular and tubular 

carriers budding from a donor compartment and fusing with a target compartment where 

the cargo gets unloaded. This process of budding and fusion is repeated across several 

compartments until the cargo reaches the final destination inside or outside the cell. 

Depending on the directionality of these processes and the nature of the compartments, 

three major routes can be defined (Fig. 1.1) (Bonifacino and Glick, 2004). The secretory 

route facilitates post-translational modifications and distribution of newly synthesised 

proteins from the ER to the plasma membrane passing through the Golgi complex and 

the TGN; the endocytic pathway internalises macromolecules and membrane portions 

from the plasma membrane to the lysosomes passing through the endosomal system; 
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and the retrograde pathway retrieves membranes and machineries from the endosomal 

and Golgi compartments to the ER. 

 

 

Fig. 1.1 Schematic representation of the endomembrane system. Red arrows track 
the secretory route distributing newly synthesised proteins from the ER to the plasma 
membrane passing through the Golgi complex; green arrows track the endocytic 
pathway internalising macromolecules and membrane from the plasma membrane to 
the lysosomes passing through the endosomal system; blue arrows track the 
retrograde pathway retrieving membranes and machineries from the endosomal and 
Golgi compartments to the ER. Reproduced from Alberts, (2007). 

 

Although in the last two decades the importance of lipid composition of membrane 

microdomains in directing membrane topology, receptors density, cargo recruitment and 

vesicle targeting has become more appreciated (Di Paolo and De Camilli, 2006; 

Kavaliauskiene et al., 2014), coat and adaptor proteins, and other molecular machinery 

(GTPases, SNAREs and molecular motors), are still considered the main drivers of 

vesicular carrier budding, fusion and transport.  
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1.1.1 Membrane trafficking: mechanisms and players 

 

Balance and regulation within the endomembrane system are facilitated by specific 

proteins which define structure, directionality and composition of the various 

intracellular vesiculo-tubular carriers. These transport intermediates allow trafficking of 

material between compartments, while still maintaining the organisation and identity of 

each donor and acceptor membrane. 

 

1.1.1.1 The coat complexes as budding initiators 

 

Although some vesicular and tubular structures can originate from donor organelles 

without the need of accessory coating structures, the most widely understood 

mechanisms of vesicle formation are those that require cytoplasmic coat proteins 

(Kirchhausen, 2000). These are COPII for budding from the ER (Fath et al., 2007; Sato and 

Nakano, 2007), COPI for retrograde return to the ER (Hsu and Yang, 2009; Malhotra et al., 

1989) and clathrin for budding from the plasma membrane (described further in Section 

1.1.2), and exit from and entry to the TGN (Traub, 2005). Although they show some 

differences, all these three coat complexes are recruited at the donor membrane by an 

energy-dependent mechanism, which allows sorting of cargo to the forming coat 

(initiation step). The second step consists in additional recruitment of cargo and coat 

components for membrane invagination (propagation step). Fully coated membrane 

buds, connected to the donor surface by a thin neck, are next released by scission 

(budding step). During the final step the coat components are released (uncoating step); 

this step is essential for ultimately allowing membrane fusion to occur between the 

naked vesicle and the acceptor organelle (Kirchhausen, 2000). Following the events of 

coated vesicle formation, scission and uncoating, additional machineries for transport, 

sorting, tethering, docking and fusion are necessary for the completion of the trafficking 

process (Fig. 1.2). 

 

 

 



CHAPTER 1 – INTRODUCTION 

  
 

5 
 

 

Fig. 1.2 Schematic representation of the steps in vesicular transport. Vesicles carrying 
specific cargoes bud from a donor compartment and fuse with a target compartment 
where the cargo gets unloaded. The process of budding and fusion is regulated by a 
finely tuned sequence of molecular machineries and repeats across several 
compartments until the cargo reaches its final destination inside or outside the cell. 
Reproduced with permission from Bonifacino and Glick, (2004). 

 

1.1.1.2 Cytoskeleton and molecular motors provide membrane trafficking highways 

 

The cytoskeleton accounts for structure and positioning of the membrane bound 

organelles as well as providing a highway for vesicle transport through interaction with 

molecular motors (Alberti, 2009). The cytoskeleton is constituted by microfilaments of 

actin, intermediate filaments and microtubules (Fig. 1.3).  
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Fig. 1.3 Cytoskeleton components and organisation in a polarised cell. Intermediate 
filaments provide cell with mechanical strength; microtubules are highly dynamic 
structures providing long-range transport of vesicles and organelles during 
interphase; actin filaments are responsible for membrane organisation, particularly 
the plasma membrane, and interact with cell to cell junctions. Reproduced from 
Alberts, (2007). 

 

Actin microfilaments, or fibres, are made of linear polymers of G-actin, producing 

flexible F-actin ultra-structures which can build bundles and three-dimensional networks. 

Actin is distributed throughout the cell, although is mostly concentrated beneath the 

plasma membrane where it is termed cortical actin. Indeed, actin filaments and their 

associated proteins are fundamental for plasma membrane remodelling required in both 

the endocytic and the secretory pathways providing force to vesicle budding events 

(Lanzetti, 2007).  

Intermediate filaments are a more recently evolved cytoskeletal component (with 

not all metazoans presenting them), providing mechanical strength for cells and tissues 

(Lowe and Amos, 2009). Therefore, depending on the tissue type and the subcellular 

localisation, whether they are located in epithelial cells, mesenchymal and nervous cells, 

nuclear envelope and neurons respectively, intermediate filaments are assembled from 

different families of proteins such as keratins, vimentins, lamins, axonal filaments 

(Oshima, 2007).  

Microtubules are highly dynamic structures, which distribute from the centrosome 

to the cell periphery, and are made up of hollow-fibres of heterodimers of  and β-
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tubulin (Wade, 2007). Tubulin polymerisation is a highly dynamic process occurring from 

a slow growing (minus-) end towards a fast growing (plus-) end, which makes 

microtubules extremely suitable for long-range transport of vesicles and organelles 

during interphase or chromosome segregation during cell division.  

Both actin and microtubule networks provide tracks for three families of energy-

dependent molecular motors to facilitate membrane traffic events. Motors can associate 

directly with the cytoskeleton, or with the help of adaptors, and ultimately they provide 

the driving force for intracellular transport (Akhmanova and Hammer, 2010). Myosins are 

associated with actin filaments and are characterised by an 80 kDa catalytic domain 

(head) containing the binding site for actin and ATP, a neck domain interacting with 

calmodulin and a C-terminus tail region which allows homodimerisation, interaction with 

specific cargoes, anchoring or movement along filaments (Foth et al., 2006). The myosin 

motor superfamily comprises more than 20 classes, which can be distinguished into 

conventional (allowing actin filament contraction) and unconventional (for intracellular 

trafficking) (Hartman et al., 2011). All the unconventional myosins, with the exception of 

myosin VI, travel towards the plus-end of the actin filaments (Wells et al., 1999) and are 

believed to be involved not only in vesicle trafficking but also in tethering and tension 

sensing, as well as guiding actin organisation and cell motility (Hartman et al., 2011).  

Two families of molecular motors function in trafficking along microtubules and in 

structural reorganisation during cell division. The plus-end directed kinesins largely power 

trafficking events towards the cell periphery (Hirokawa et al., 2009). 15 families of 

kinesins are currently described, made up by 45 mammalian KIF genes, grouped into 3 

classes: N-, M- and C-kinesins depending on the position of the motor domain (at the 

amino-, the carboxyl-terminal region or in the middle). Generally N-kinesins and C-

kinesins move towards the microtubule plus- and minus-end respectively, while M-

kinesins depolymerise microtubules (Hirokawa et al., 2009). The motor domain is 

structurally conserved and hydrolyses ATP to produce propulsive forces to move along 

the microtubules. A coiled-coil stalk domain mediates protein dimerisation, coordinates 

the movement of the heads or interacts with non-motor proteins. The tail domain is 

important for cargo binding with or without the interaction of scaffolding proteins 

(Endow et al., 2010).  
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The minus-end directed dyneins drive trafficking from the cell periphery towards 

the centre of the cell (Roberts et al., 2013). The dyneins are multisubunit proteins 

containing a heavy chain making up the motor domain (containing six interaction sites for 

ATP) and an N-terminus domain for binding to accessory subunits called intermediate, 

light-intermediate and light chains, which together provide structural stability to the 

complex (Trokter et al., 2012). Two classes of dyneins have been identified, the axonemal 

dyneins, responsible for ciliary and flagellar beating and the cytoplasmic dyneins that 

have roles in intracellular transport, mitosis and cell polarisation (Vallee et al., 2012). Two 

forms of cytoplasmic dyneins have been identified: dynein 1 is ubiquitous in the cell and 

powers the transport of vesicles and organelles, whereas dynein 2 is localised at the base 

of cilia and flagella (Hook and Vallee, 2006).  

 

1.1.1.3 SNARE proteins as membrane fusion effectors 

 

Soluble N-ethylmaleimide-sensitive-factor attachment protein receptors (SNAREs) 

constitute the principal machinery for vesicle fusion with the acceptor membrane 

(reviewed by Jahn and Scheller, 2006). In humans, SNARE proteins are a family of more 

than 30 members sharing a characteristic motif of 60–70 amino acids arranged in heptad 

repeats forming a coiled-coil structure that allows a ‘zipping’ process to catalyse the 

fusion between membranes. Different sets of SNAREs are distributed across all transport 

steps in the anterograde and retrograde pathways (Fig. 1.4A), although it is believed their 

specific localisation is determined, at least in part, by interaction with tethering and 

adaptor complexes. In particular, SNAREs are present on both the donor (as v-SNARE/R-

SNARE) and the acceptor (as t-SNARE/Q-SNARE). A v-SNARE, usually containing a single 

SNARE motif, binds to the either two to three domains present on t-SNARE forming a 

four-helix bundle called the ‘trans-SNARE complex’. This complex ‘zips’ tightly together, 

forcing the membranes close together and eventually overcoming the energy barrier to 

membrane fusion (Sudhof and Rothman, 2009). Following membrane fusion, the fully 

zippered SNARE complex - called the ‘cis-SNARE complex’ - is separated and recycled 

thanks to interactions with the ATPase NSF and its adaptor protein binding to SNARE -

SNAP (Zhao et al., 2012)(Fig. 1.4B). 
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Fig. 1.4 Distribution and mechanism of action of SNARE proteins. (A) The SNARE 
proteins localise to distinct compartments of the endomembrane system (red, 
syntaxin family; blue, VAMP family; green, SNAP-25 family; black, others.) Reproduced 
with permission from Chen and Scheller, (2001). (B) SNARE motifs are present on both 
the donor (as v-SNARE) and the acceptor (as t-SNARE) in a ratio of 1 to 3. The fusion 
between membranes is catalysed by a four-helix bundle called the trans-SNARE 
complex, formed by a v-SNARE and a t-SNARE. After fusion, the fully zippered SNARE 

complex gets separated and recycled with the help of NSF and -SNAP. Reproduced 
with permission from Bonifacino and Glick, (2004). 

 

1.1.1.4 Small GTPases as membrane trafficking regulators 

 

For the previously described molecular machineries to act in a space and time 

coordinated manner a system of regulators is needed. The Ras superfamily of small 

GTPases including Ras, Rho, Arf/Sar, Ran and Rab families act as molecular switches, 

interpreting both internal and external signals, and ultimately inducing modulation of a 

variety of cellular processes, including growth and differentiation (Rojas et al., 2012). 

Among these families, Arfs and Rabs, and to a certain extent Rhos, exert their activity by 

regulating membrane trafficking pathways.  

Rhos are the main regulators of the actin cytoskeleton, responsible for dynamic 

modifications at the plasma membrane (lamellipodia, filopodia and stress fibres), but are 
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also involved in the various endocytic and exocytic pathways requiring actin cytoskeleton 

reorganisation (Ridley, 2006; Symons and Rusk, 2003). 

Arfs regulate membrane trafficking steps by recruiting coat proteins and 

phosphatidylinositol kinases for both secretory and endocytic pathways (Donaldson and 

Jackson, 2011).  

The Rab protein family (reviewed by Galvez et al., 2012; Stenmark, 2009) consists of 

67 members forming the largest branch of the Ras superfamily. They are considered the 

main factors orchestrating maturation, motility and tethering of vesiculo-tubular carriers, 

underlined by their high degree of organelle specificity throughout the cell (Fig. 1.5A). 

Similar to all the small GTPases, Rab proteins act as molecular switches by cycling 

between a GDP-bound (inactive) usually soluble form and a GTP-bound (active) usually 

membrane bound form. GTPase activation is enhanced by guanine nucleotide exchange 

factors (GEFs), which catalyse GDP release, while binding with GTP is ensured by high 

cytosolic concentrations of GTP (~1 mM) (Fig. 1.5B). The inactivation of the Rab by 

GTPase-activating proteins (GAPs), by promoting the intrinsic GTPase activity, results in 

the hydrolysis of GTP to GDP. More than 40 different RabGAPs have been identified 

(Fukuda, 2011) and contain a 200 amino acid long Tre-2/Bub2/Cdc16 (TBC) domain (Pan 

et al., 2006). Inactive Rab proteins also interact with a GDP dissociation inhibitor (GDI), 

which extracts GDP-bound Rab from the membrane by masking its C-terminus prenyl 

moiety (Schalk et al., 1996). Activated Rabs can recruit or activate various effector 

molecules, such as sorting adaptors, tethering factors, kinases, phosphatases and motors 

as well as prompting the activation of a cascade of signals involving different proteins of 

the Rab family itself (Mizuno-Yamasaki et al., 2012) (Fig. 1.5C). 
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Fig. 1.5 The Rab family of proteins. (A) The Rab family of proteins are considered the 
main factors orchestrating maturation, motility and tethering of vesiculo-tubular 
carriers and show a high degree of organelle specificity throughout the cell. (B) Rab 
proteins act as molecular switches by cycling between a GDP-bound (inactive) form and 
a GTP-bound (active) form. GTPase activation is facilitated by guanine nucleotide 
exchange factors (GEFs), which catalyse GDP release. Inactivation of the Rab, is 
promoted by GTPase-activating proteins (GAPs) resulting in the hydrolysis of GTP to 
GDP. (C) Activated Rabs can recruit or activate various effector molecules, such as 
sorting adaptors, tethering factors, kinases, phosphatases and motors as well as 
prompting the activation of a cascade of signals involving different proteins of the 
family. Reproduced with permission from Stenmark, (2009). 
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1.1.2 Endocytic pathways: mechanisms and players 

 

Endocytosis is the internalisation of cargoes such as hormones, signalling 

molecules, transferrin (Tf), immunoglobulins, low-density lipoproteins (LDLs) and 

microbes by means of vesicles and tubules originating from the plasma membrane 

(Doherty and McMahon, 2009). It represents a pathway connecting the cell with the 

extracellular environment which leads to nutrient uptake and signal transduction from 

the cell surface, and also to regulation of cellular metabolism and communication with 

the surrounding environment (Furthauer and Smythe, 2014). Various mechanisms 

reflecting the wide range of cargoes, kinetics and cellular activities relying on endocytosis 

have emerged in the last thirty years (Fig. 1.6).  

 

Fig. 1.6 Fundamental endocytic pathways. Phagocytosis consists of the 
internalisation of very large particles; macropinocytosis consists of the internalisation 
of large amounts of extracellular fluid, growth factors and viruses and they both 
require actin reorganisation; clathrin mediated endocytosis accounts for a large 
portion of the endocytic events; caveolae are the most common non-clathrin coated 
pits, they appear as flask shaped invaginations; other clathrin-independent carriers 
(CLICs) have been revealed both dynamin-dependent and independent forming 
tubular structures, called GEECs, eventually fusing with endosomes. Reproduced with 
permission from Mayor and Pagano, (2007). 

 

Clathrin mediated endocytosis (CME) of specific receptors and extracellular 

molecules accounts for a large portion of the endocytic events, although half of them 

have been shown to occur through clathrin-independent endocytosis (CIE) mechanisms 
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(Mayor and Pagano, 2007). A wide range in the sizes of coated vesicles can be observed, 

depending on the size of the embedded cargo, reaching a diameter of 100-135 nm for 

transferrin or LDL loaded vesicles observed in non-neuronal cells (Turkewitz and Harrison, 

1989).  

Caveolae (from the Latin ‘little caves’) are the most common non-clathrin coated 

pits involved in CIE, appearing as flask-shaped invaginations of 60-80 nm in diameter 

containing the oligomeric protein caveolin. Depending on the cell type, caveolae can be 

present on up to one third of the cell membrane surface, being particularly abundant in 

endothelial cells, adipocytes, and smooth-muscle cells (Parton and Simons, 2007).  

Phagocytosis consists in the internalisation of very large (usually opsonised) 

particles, occurring primarily in specialised cells, also called professional phagocytes 

(macrophages, monocytes, neutrophils and dendritic cell) of the immune system (Aderem 

and Underhill, 1999). Phagocytosis plays a critical role in the defence of the organism 

against infectious agents and non-self elements (including drug delivering nanoparticles) 

and the clearance of apoptotic cells (Desjardins and Griffiths, 2003; Niedergang and 

Chavrier, 2004). Other cell types (fibroblasts, epithelial and endothelial cells), referred to 

as non-professional phagocytes, may display phagocytic activity and require the 

recruitment of clathrin and triggering actin remodelling (Bonazzi et al., 2012; Veiga and 

Cossart, 2005). 

Macropinocytosis is the internalisation of large amounts of extracellular fluid, 

growth factors and viruses. Macropinocytosis usually occurs in highly ruffled structures 

and results in the formation of a macropinosome, an organelle larger than 200 nm, which 

ultimately converges into the endo/lysosome pathway (Racoosin and Swanson, 1993). 

Differently from other endocytic mechanisms, it does not appear that the actin 

remodelling required for macropinocytosis is induced by the presence of specific cargoes, 

but rather by growth factor signals acting on tyrosine kinase receptors (Kerr and 

Teasdale, 2009). 

Depending on the endocytic markers investigated, other endocytic pathways have 

been revealed, many also requiring a degree of actin remodelling (Kirkham and Parton, 

2005). They appear to be clathrin- and caveolin-independent, forming tubular structures 

called GEECs (glycosylphosphatidylinositol, GPI-enriched endosomal compartments) 

eventually fusing with endosomes.  
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Clathrin (Pearse, 1976; Pearse et al., 2000) has been for years the main protagonist 

of the endocytosis scene thanks to its main role in CME, which was initially thought to be 

the only existent endocytic mechanism and then the only mechanism for receptor-

mediated endocytosis. Although current evidence clearly indicates that CME represents 

only one type of endocytic mechanism, it is still the most-characterised process. Clathrin 

represents the most abundant protein of the coated vesicles defining CME, it assembles 

into a triskelion structure made by three heavy chains interacting with three light chains. 

The triskelion structures assemble into polygonal facets generating a curved cage-shaped 

lattice underneath the membrane (Kirchhausen et al., 2014). The lattice becomes a 

scaffold for cargo sorting, membrane curvature, coated pit formation and ultimately 

vesicle fission. Clathrin is not only found in endocytic vesicles budding from the cell 

membrane, but also on the TGN for delivery of enzymes and membranes to the 

endo/lysosomes (Traub, 2005). In order to pack the cargo and initiate clathrin coat 

assembly, a series of accessory proteins are needed. 

Endocytic adaptors bind to the cytoplasmic leaflet enriched in lipid 

phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2), to clathrin, and to cargo sorting 

signals (Maldonado-Baez and Wendland, 2006). The most well characterised adaptor 

protein involved in endocytosis is the heterotetrameric adaptor protein AP2 (Robinson, 

2004). Although AP2 is specific for clathrin assembly at the plasma membrane, four other 

heteromeric adaptors (AP1, AP3, AP4 and AP5) and three monomeric (Golgi-localised γ-

ear-containing Arf-binding protein, GGAs) are also linked to vesicle budding processes 

from the TGN and endosomes (Hirst et al., 2011; Hirst et al., 2012; Robinson and 

Bonifacino, 2001). Currently it is thought that AP3, AP4 and AP5 cargo selection activity 

appears to be independent of clathrin (Hirst et al., 2011; Robinson, 2004). Other scaffold 

proteins which can interact with AP2 and are considered fundamental for coated pits 

stabilisation are the clathrin-associated sorting proteins (CLASPs) consisting of ARH, Dab2, 

Fe65, arrestins, AP180/CALM, Eps15/Eps15R, Epsin 1/2/3, Intersectin, FCHo1/2, and 

Synaptojanin (Kirchhausen et al., 2014).  

Dynamins (Ferguson and De Camilli, 2012) are large multidomain GTPases (100 kDa) 

discovered more than 30 years ago (Chen et al., 1991); they exist in three isoforms, with 

dynamin 2 being ubiquitously expressed, whereas dynamin 1 and 3 are mostly found in 

neurons. Through a mechanism of polymerisation, dynamin forms a spiral around the 



CHAPTER 1 – INTRODUCTION 

  
 

15 
 

neck of the deeply invaginated vesicle, which becomes constricted thanks to GTP 

hydrolysis, thus, inducing fission of the coated vesicle (Chappie and Dyda, 2013). While 

most studies have highlighted the activity of dynamin in CME, other CIE mechanisms are 

associated with it such that endocytosis mechanisms can also be classified as dynamin-

dependent or independent (Fig. 1.6) (Mayor and Pagano, 2007).  

Caveolin-mediated endocytosis (CvME) has been considered the main pathway for 

internalisation of toxins. Pioneering studies have led to the definition of a completely 

distinct mechanism of endocytosis initialised by cup-shaped caveolae and characterised 

by the presence of a ‘caveosome’, an organelle not labelled with any clathrin coated pit 

or fluid-phase marker (Pelkmans et al., 2001). The suggestion that CvME could by-pass 

the degradative endo/lysosomal system, has significantly attracted the interest of the 

drug delivery field (see Section 1.2.3), however use of non-specific drugs for probing this 

pathway (such as cholesterol inhibitors), lack of specific cargoes (with cholera toxin being 

internalised by more than one endocytic pathway) (Torgersen et al., 2001) as well as the 

use of overexpressed GFP-tagged caveolin, have led to a number of misconceptions 

about this pathway (Parton and Howes, 2010). Indeed, observations that caveolae are 

stable membrane-associated structures (Hommelgaard et al., 2005) and more recently, 

suggestions that the ‘neutral’ caveosome is an artefact product of caveolin 

overexpression targeted to endosomes for degradation (Hayer et al., 2010), have 

suggested to revise the importance of this endocytic pathway. The main current opinion 

on caveolae function is in the structural organisation of membrane in microdomains for 

response to mechanical stress, intracellular trafficking, and signalling events, more than 

its role in uptake of nutrients (Parton and del Pozo, 2013). Nevertheless, attempts to 

further clarify the role and the structure of caveolae are still under way (Blouin and 

Lamaze, 2013; Ludwig et al., 2013), with the focus also moving from the integral 

membrane protein caveolins to a family of peripheral membrane proteins regulating 

caveolae biogenesis, termed cavins (Kovtun et al., 2015). Other studies are also focusing 

on characterising the trafficking of flotillin, a caveolin homologue. Although previous 

reports described it as caveolae-associated (Bickel et al., 1997; Volonte et al., 1999), GFP-

tagged flotillin1 has been found to co-localise with the GPI-anchored protein (GPI-AP) 

CD59, but not with transferrin or caveolin in HeLa cells. Similar to that seen with 

caveolae, the internalisation rate is one-third slower than for coated pits, but does not 
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require dynamin (Glebov et al., 2006). Further studies will elucidate the role of flotillin1 in 

CIE; whether directly as being involved in cargo selection and vesicle budding, or as a 

cargo molecule recognised by other endocytic machinery. 

Other less well-defined pathways are evident, typically based on uptake of specific 

cargoes (such as IL-2R, fluid-phase markers, integrins). Indeed GPI-APs such as CD59 are 

internalised through a clathrin-, caveolin- and dynamin-independent mechanism, but 

dependent on Cdc42 (Sabharanjak et al., 2002), forming tubular structures called GEECs 

(GPI-enriched endosomal compartments), which eventually fuse with endosomal 

structures. In the same way, the major histocompatibility complex I (MHCI) is internalised 

through an ARF6-dependent and dynamin-independent mechanism following the same 

route as GPI-APs (Naslavsky et al., 2004). Another clathrin- independent carrier (CLIC) is 

involved in internalisation of IL2, which requires RhoA and dynamin (Lamaze et al., 2001).  

In conclusion, it is important to consider that although in the last 30 years a much 

clearer definition of mechanisms and players of CME has been reached, current 

knowledge does not provide specific definition of CIE pathways, and their further 

characterisation and definition is still required. Furthermore, although much progress has 

been made in understanding and characterising the different endocytic mechanisms, 

there seems to be a high overlap of pathways, with the same cargo being internalised by 

different modalities depending on the cell type or condition (Damke et al., 1995; Di 

Guglielmo et al., 2003; Nevins and Thurmond, 2006; Torgersen et al., 2001). 

 

1.1.3 Early endosomes: the endocytic sorting station 

 

After endocytic vesicle budding, pinching off and uncoating, the various 

intracellular machineries described in Section 1.1.1 cooperate for the delivery of the 

cargo to early endosomes. Although the definition of early endosome types remains 

controversial, one suggestion is that they can be distinguished into sorting endosomes 

(with vacuolar and tubular elements) and recycling endosomes (Maxfield and McGraw, 

2004). Indeed, while ligands destined for degradation in the lysosomes are sorted 

towards late endosomes, the receptors, unless a down-regulation of their surface 
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expression is required, get sorted towards the recycling compartment to be directed back 

to the plasma membrane quickly restoring membrane composition and activity (Fig. 1.7).  

 

Fig. 1.7 Model of the endocytic recycling pathway. After formation and uncoating of 
endocytic vesicles, the cargo gets delivered to early/sorting endosomes. Ligands 
destined for degradation in the lysosomes are sorted towards late endosomes (LE/MVB) 
along the microtubules (MT). Receptors get sorted towards the recycling compartment 
to be directed back to the plasma membrane quickly restoring membrane composition 
and activity. The TGN contributes to organelle biogenesis and receptors and molecules 
recycling. Modified from Huotari and Helenius, (2011). 

 

Sorting endosomes are vesiculo-tubular structures with slightly acidic pH ultimately 

maturing into late endosomes or converging towards the recycling compartment. Sorting 

endosomes can acquire endocytic vesicles or undergo homotypic fusion regulated by 

RAB5 and EEA1 (Christoforidis et al., 1999). Other Rab proteins regulate the sorting 

activity of this organelle by decorating different portions of its membrane: RAB4 is 

required for sorting directly to the plasma membrane and towards the recycling 

endosomes, RAB11 for retrieval from the recycling endosomes to the plasma membrane, 

RAB6 and retromer complex for recycling towards the TGN while RAB7 is enriched on late 

endosomes (Spang, 2009). 
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The most well characterised molecules associated with sorting towards the TGN are 

believed to be the sorting nexins (SNX), proteins containing a phox-homology (PX) 

domain allowing for binding with phosphoinositides (Cullen, 2008). SNXs assemble as part 

of the retromer complex, a relatively recently discovered coat complex, which, through 

the interaction with regulatory and accessory proteins, allows the formation of tubules 

for sorting cargoes (Cullen and Korswagen, 2012). Retromer differs from the other coat 

complexes discussed so far as it does not seem to form classical vesicular elements, but 

rather drives endosomal membranes into more tubular structures (Seaman, 2012).  

Late endosomes are low pH organelles receiving the flux of internalised material 

through sorting endosomes. Maturation of late endosomes is characterised by a RAB5 to 

RAB7 conversion associated with progressive acidification conducted by V-ATPase proton 

pumps and with a switch in the endosomal membrane lipid composition from 

phosphoinositol-3-phosphate (PI(3)P) to phosphoinositol-3,5-bisphosphate (PI(3,5)P2). In 

addition, the endosome loses its tubular structure and recycling activity and moves to the 

juxtanuclear region (Huotari and Helenius, 2011). All these features are also associated 

with switches in the class C core vacuole/endosome tethering (CORVET) and homotypic 

fusion and vacuole protein sorting (HOPS) machineries, respectively located on early and 

late endosomes (Brocker et al., 2012; Peplowska et al., 2007). The CORVET and HOPS 

tethering complexes are believed to act together with RAB5, RAB7, Rab activators and 

SNAREs (including vesicle-associated membrane protein 7, VAMP7, VAMP8, VTI1B, 

syntaxin 7 and syntaxin 8) at different stages of endosome maturation favouring the 

interaction and fusion of late endosomes with lysosomes (Pryor et al., 2004; Solinger and 

Spang, 2013).  

Ubiquitinated transmembrane receptors destined to lysosomes for degradation 

(usually in order to terminate a stimulating signal) pass through late endosomes that 

assume the structure of multivesicular bodies (MVBs) (Katzmann et al., 2002). The major 

class of proteins involved in this process are the vacuolar protein sorting (VPS) proteins, 

which multimerise in the so-called five endosomal sorting complexes required for 

transport (ESCRTs). Each of ESCRT complexes is sequentially recruited from the cytoplasm 

to the maturing endosomes to allow MVB formation by inward budding of intraluminar 

vesicles (ILVs) (Henne et al., 2011).  
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1.1.4 Endocytosis and autophagy: lysosomes as a hub for intracellular degradation 

 

The lysosome is the main organelle designated for intracellular degradation of 

substrates (De Duve, 1963; Saftig and Klumperman, 2009) and is characterised by an 

acidic lumen delimited by a cholesterol poor membrane whose inner perimeter is 

covered by a polysaccharide-based coating (glycocalyx) for protection from the action of 

lysosomal hydrolases present in the lumen (Settembre et al., 2013). The lysosome has 

fundamental roles in various physiological processes, such as cholesterol homeostasis, 

plasma membrane repair, bone and tissue remodelling, pathogen defence, cell death and 

cell signalling (Fig. 1.8).  

 

Fig. 1.8 Roles and functions of the lysosome. The lysosome is the acidic organelle 
involved in the degradation of macromolecules through the activity of lysosomal 
hydrolases. Lysosomal membrane proteins are required for transport of newly 
synthesised hydrolases to the lysosome and of ions across the lysosomal membrane. The 
lysosome is fundamental for the maturation of phagosomes to phagolysosomes in 
phagocytosis, for cellular pathogen defence. During macroautophagy the lysosome fuses 
with the autophagosome generating the autolysosome for degradation and turnover of 
organelles and large cytoplasmic complexes. CMA, consists in direct translocation of 
cytosolic proteins inside the lysosome. Lysosome has also fundamental roles in tissue 
specific activities. Reproduced with permission from Saftig and Klumperman, (2009). 
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The catabolic function of lysosomes is carried out by two classes of proteins: 60 

soluble hydrolases reside in the lysosomal lumen to degrade specific substrates while 

approximately 50 lysosomal membrane proteins (LMPs) for lumen acidification, 

membrane fusion, protein import and degraded product export are reported (Schroder et 

al., 2010). The most abundant LMPs are lysosome associated membrane protein 1 

(LAMP1) and LAMP2, lysosome integral membrane protein 2 (LIMP2) and the tetraspanin 

CD63 (Saftig and Klumperman, 2009). 

The biogenesis of lysosomes is the result of both endocytic (by recovery of 

membrane and receptors from the cell surface) and biosynthetic pathways (by transport 

of lysosomal hydrolases from the TGN by mannose-6-phosphate receptor, M6PR or 

sortilin) working together (Saftig and Klumperman, 2009). 

The lysosome is the last step of two fundamental intracellular pathways: 

endocytosis (described in the previous sections) and autophagy, the mechanism by which 

the cell degrades cytoplasmic material, organelles and intracellular pathogens (Yang and 

Klionsky, 2010). Depending on the type of substrate and the triggering stress, various 

mechanisms of autophagy exist. Non-selective macroautophagy (commonly called 

autophagy) is usually induced by starvation signals, while selective autophagy is required 

for the degradation and recycling of damaged organelles and also clearance of abnormal 

protein aggregates and invading pathogens (Reggiori et al., 2012). In both cases a double 

membrane structure, the phagophore, seemingly originating from the ER and finally 

fusing with the lysosome is observed. The less understood chaperone mediated 

autophagy (CMA) consists of the translocation across the lysosome of proteins containing 

a KFERQ peptide (Kon and Cuervo, 2010) while in microautophagy the lysosome itself 

engulfs cytoplasmic material for degradation and recycling (Mijaljica et al., 2011). In all 

the depicted mechanisms, the role of the lysosome is fundamental. Indeed, although a 

set of 18 Atg proteins are the main autophagy regulators (Mizushima et al., 2011), a 

collection of machinery molecules are believed to be shared between the mechanisms of 

endocytosis and autophagy such as CME and CIE machinery, Rab proteins and their 

effectors, SNAREs and tethering complexes (Lamb et al., 2013).  

In recent years the roles of lysosomes in the regulation of cell homeostasis has been 

revealed by description of the transcription factor TFEB in terms of regulating lysosomal 

biogenesis and cellular clearance in response to cell starvation and lysosomal dysfunction 
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(Settembre et al., 2013). In particular, the mechanistic target of rapamycin complex 1 

(mTORC1) is located on the lysosomal membrane and acts as a sensor for nutrient 

depletion and cellular stress. The presence of nutrients keeps this kinase complex in an 

active state allowing phosphorylation and suppression of TFEB as well as of the ULK1-

ATG13-FIP200 kinase complex required for autophagosome biogenesis. The inhibition of 

mTORC1 by starvation, or drugs such as rapamycin, triggers the activation of TFEB and 

ULK1 complexes thereby regulating expression and activity of genes involved in the 

lysosomal-autophagy pathway (Laplante and Sabatini, 2012; Zoncu et al., 2011). 
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1.2 Nanotechnology 

 

Nanotechnology is a hybrid science in which physics, engineering, and chemistry 

aim to design, build and characterise systems and devices that have the nano scale as a 

feature. This science took its first steps in the 1970s from the concept that certain 

materials show different physicochemical properties when the dimensional scale 

decreases to the range of nanometres (Sahoo et al., 2007). This is due to properties such 

as large surface area, surface chemistry and high self-assembly tendency. Some 

successful examples of the application of this science are in the field of electronics (Bohr, 

2002) and cosmetics (Robertson et al., 2010).  

Since most biological processes are carried out at a microscopic level, 

nanotechnology has caught the interest of biologists and pharmacologists, giving the start 

to the complex field of nanomedicine (Fig. 1.9) (Riehemann et al., 2009; Whitesides, 

2003). Nanomedicine is the science that uses objects and devices with nanometre scale 

features for the diagnosis, treatment and monitoring of disease. Indeed, nanotechnology 

and microfluidics show strong promise for tissue engineering and reparative medicine 

(Dvir et al., 2011) and functionalised nanoparticles have the potential to overcome 

biological barriers by accumulating specifically in target tissues and organs for more 

efficient and specific drug delivery. 
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Fig. 1.9 What does ‘nano’ mean? Schematic comparison between sizes of biological 
systems and nanomaterials. Reproduced with permission from Al-Halafi, (2014). 

1.2.1 Nanoparticles: definition, characterisation and applications 

 

Nanoparticles are nanosized materials that have the potential for targeted delivery 

of small molecule drugs, macromolecules (nucleic acids, peptides or proteins) and 

imaging agents in order to decrease side effects and allow significant accumulation in 

specific tissues and organs. Furthermore, they can increase therapeutic agent stability in 

physiological fluids and favour its crossing through the cell membrane. Indeed, for 

diseases such as cancer (Ferrari, 2005; Kievit and Zhang, 2011), genetic diseases 

(Vijayanathan et al., 2014), atherosclerosis (Godin et al., 2010), diabetes (Veiseh et al., 

2015), retinal pathologies (Honda et al., 2013), microbial infections (van Riet et al., 2014), 

Alzheimer’s disease (Re et al., 2012), and rheumatoid arthritis (Ferrari et al., 2015), the 

therapeutic agent not only must cross one or more ‘classical’ biological membranes (e.g., 

mucosa, epithelium, endothelium) depending on the administration route (Maher et al., 
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2014), but it also must pass the cellular membrane (usually surrounded by an 

inflammatory environment) and finally gain access to the appropriate organelle where 

the biological target is located (Hillaireau and Couvreur, 2009). The extreme versatility 

and plasticity of nanomaterials allow them to be loaded with the therapeutic agent and 

at the same time also be decorated with ligands and antibodies for specific targeting to 

receptors and other biomarkers. Furthermore, nanoparticles often need to be coated 

with so-called ‘stealth’ polymers, such as polyethylene glycol (PEG), increasing their 

systemic half-life as well as protecting them from the body’s immune response (Ryan et 

al., 2008). Indeed ‘passive’ targeting through long circulating drug carriers that slowly 

accumulate at the site of action (often presenting enhanced permeability and retention, 

EPR) seems to be the most effective delivery mechanism to date (Maeda et al., 2001). For 

nanoparticles to accomplish their function as drug carriers, their design must fulfil many 

criteria to control integrity and stability, biodistribution, metabolism and clearance, 

efficacy and toxicity. 

The first nanoparticles to be developed in the late 1960s were liposomes (Cohen 

and Bangham, 1972). Now, after more than 50 years of nanoparticle research, two 

antibody-drug conjugates (ADC) and four nanoparticle-based drug delivery platforms 

have been approved by the food and drug administration (FDA) agency in the United 

States (Dawidczyk et al., 2014) while 89 clinical trials are currently on-going (source 

https://clinicaltrials.gov; search for ‘open studies’ on ‘nanoparticles’ on March 2015) (Fig. 

1.10). Both the ADCs (Brentuximab vedotin and Trastuzumab emtansine) allow the 

specific targeting of extremely toxic drugs to tumour cells overexpressing CD30 and HER2 

respectively. They are conjugated by a linker that gets degraded in the endosomes for the 

release and escape of the drug. The low drug-to-carrier ratio (< 8) is balanced by the 

strong effect of the drug and low clearance rate (Sassoon and Blanc, 2013). Nanoparticle-

based drug-delivery platforms allow instead for a high drug-to-carrier ratio (~10,000) 

(Dawidczyk et al., 2014). Three of these platforms currently FDA approved are the 

liposome-based Doxil, DaunoXome, Marqibo and are used for treatment of ovarian 

carcinoma and liquid tumours by encapsulating the chemotherapeutic agent 

(doxorubicin, daunorubucin and vincristine, respectively) into an anionic liposome (100 

nm). All of them show lower side effects, improved stability and circulation time than the 

drug administered alone, but while Doxil exerts this by pegylation (Barenholz, 2012; 

https://clinicaltrials.gov/
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Gabizon and Martin, 1997) which allows escape from professional phagocytic cells, 

DaunoXome and Marqibo are non-pegylated formulations that take advantage of those 

cells to be quickly removed from circulation and then being slowly released over time 

(Torchilin, 2005). The other type of FDA approved nanoparticles is the albumin-

conjugated Abraxane (130 nm). Albumin, a 67 kDa, 4 by 15 nm large molecule 

(comparable in size with an antibody), is the most abundant protein of the plasma which 

naturally reversibly binds to hydrophobic molecules, is used as a protein carrier to 

increase solubility of paclitaxel in biological fluids for the treatment of various forms of 

cancer (Damascelli et al., 2001; Nehate et al., 2014). 

 

Fig. 1.10 Milestones of nanovector development. In the last sixty years, many steps 
have contributed to the progress of knowledge for the development of both liposome 
and polymer based NP (in blue) and antibody conjugates (in green). ADC, antibody drug 
conjugated; EPR, enhanced permeability and retention effect; mAb monoclonal antibody; 
PDC, polymeric drug carriers. Modified with permission from Ferrari et al., (2015). 
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In the current research and development arena, in addition to the more established 

field of viral agents as specific tools for gene delivery and gene therapy (Kamiya et al., 

2001), a more diverse group of non-viral delivery agents is also under study. 

Nanomaterials are of particular interest in terms of their potential to achieve long 

circulation time and controlled release profiles of a variety of small drugs and 

macromolecules (Khalil et al., 2006). Nanoparticles can be made of different materials 

and according to their chemical composition, can be divided into four major categories. 

The first is nanoparticles of lipid nature, such as liposomes; traditionally the most studied 

delivery systems (Bozzuto and Molinari, 2015; Muller et al., 2011). The second are 

polymer based particles, which can either be natural (albumin) (Hillaireau and Couvreur, 

2009) or synthetic and biodegradable such as poly(lactic acid) (PLA), poly(lactic-co-glycolic 

acid) (PLGA), poly(alkylcyanoacrylates) (PACA), Poly(amido amine) (PAMAM,) or non-

biodegradable (polystyrene-based, silica-based) and can solve the issues of nanoparticle-

conjugate instability and specific intracellular delivery (Carmona-Ribeiro, 2012; Chen et 

al., 2014b). The third category in the nanoparticle field is taken by inorganic nanoparticles 

such as magnetic particles, noble metals particles and quantum dots which show high 

potential for imaging but also hyperthermia and photo-thermal therapy in the field of 

teradiagnostics (Ahmad et al., 2013; Peng et al., 2008; Zrazhevskiy et al., 2010). Finally 

there is the promising field of carbon based nanoparticles such as carbon nanotubes and 

fullerene-based particles, which show high reactivity and design flexibility (Bartelmess et 

al., 2014). The nature of these different materials allows the synthesis of a wide range of 

structures and shapes (such as spheres, micelles, lipoplexes, nanocapsules, dendrimers, 

polyplexes), each bearing specific physicochemical and pharmacological properties (Fig. 

1.11).  
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Fig. 1.11 Examples of various structures of nanoparticles. The nature of the different 
materials allows the design and synthesis of a wide range of structures and shapes with 
specific physicochemical and pharmacological properties. Reproduced with permission 
from Re et al., (2012) 

Although nanomaterials are extremely interesting for their tailoring potential - to 

such a degree that they have been suggested as being essential tools for personalised 

therapy (Sakamoto et al., 2010) - many issues still remain in terms of both the chemistry 

and biology of these systems. In particular, although the synthesis processes can be 

relatively standardised and accurate, some level of variability still remains in terms of 

intra- and inter-batch homogeneity, stability (degradation or aggregation) and toxicity 

(deriving from the presence of highly toxic materials in the synthesis process that can 

then interfere with the biological matters as well as biocompatibility of the material 

itself). All these aspects reduce the efficacy of the drug delivery system, if not raising 

questions about their safety (Lewinski et al., 2008; Nel, 2013). For all these reasons, a 

certain level of physico-chemical characterisation, both for custom-synthesised particles 

and also for commercial ones, is highly recommended (Bouwmeester et al., 2011). The 

most common techniques for characterisation of nanoparticles are dynamic light 

scattering (DLS) and transmission electron microscopy (TEM). DLS measures the light 
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scattered from a laser that passes through a dispersion of nanoparticles and determines 

the hydrodynamic size (Z-average) of particles and the particle agglomeration state by 

analysing the modulation of light intensity scattered over time (Malvern-Instruments-

Ltd., 2008). The average hydrodynamic radius and the polydispersity index (PdI) 

(variability in particle size) are measures of the size distribution and aggregation of the 

sample. Conventionally, PdI values smaller than 0.1 indicate monodispersed samples with 

no particle aggregation. In a non-agglomerated suspension, the DLS measured diameter 

will be similar or slightly larger than the TEM size. If the particles are agglomerated, the 

DLS measurement is often much larger than the TEM size and the sample will show a high 

polydispersity index. The Zeta-potential consists of the potential that exists between the 

charged particle surface, including the closest layer of interacting counter-ions, and the 

population of non-interacting ions in the dispersing liquid. If all the particles in suspension 

have a large negative or positive Zeta-potential then they will tend to repel each other 

and there is no tendency to flocculate. However, if the particles have low Zeta-potential 

values then there is no force to prevent the particles coming together and flocculating. 

The Zeta-potential can vary with the pH and composition of the medium. Zeta-potential is 

measured by laser Doppler velocimetry that infers the Zeta-potential of the particles by 

measuring their electrophoretic mobility. Particles with Zeta-potentials higher than +30 

mV or smaller than -30 mV are normally considered stable.  

 

1.2.2 The bio-nano interface 

 

The interaction of nanoparticles with biological matter involves chemical forces 

(Van der Waals, electrostatic and covalent) encompassing the chemical and biological 

entities that the nanoparticle encounters. This requires special consideration at the 

nanoscale level where higher reactivity than for the bulk sample is observed (Nel et al., 

2009). Indeed, when nanoparticles are dispersed into a biological fluid, the formation of a 

protein corona, a stable layer of adsorbed biomolecules on the surface of the 

nanoparticle, irreversibly alters its nature and consequently its pharmacological 

properties and activity (Lesniak et al., 2010; Monopoli et al., 2012). This phenomenon on 

one hand can mask the non-endogenous nature of the carrier preventing any 
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immunological adverse effect, but on the other hand can completely shield the targeting 

and stealthing molecules, therefore disabling any sophisticated targeting strategy (Salvati 

et al., 2013). Hence ‘what the cell sees’ is a major and unsolved question in the world of 

nano-delivery and nano-safety (Walczyk et al., 2010).  

Furthermore, in the interaction between the nanoparticle and the cell, the standard 

chemical forces are balanced by the ‘living’ characteristics of the biological matter, such 

as cell membrane fluidity and non-homogenous composition, as well as the active 

endocytic mechanisms for internalisation (Nel et al., 2009). All these aspects vary 

depending on the physical characteristics (shape, size, material) of the nanoparticles and 

in a cell-type specific manner, leading to extremely diverse effects and activities (Fig. 

1.12).    
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A 

 

B 

Fig. 1.12 Main biophysicochemical influences on the interface between nanomaterials 
and biological systems. Diagram depicting (A) the characteristics of the nanomaterial 
influencing the formation of the protein corona which in turn (B) modifies the molecular 
mechanisms of interaction of the nanomaterial with the cellular components. 
Reproduced with permission from Nel et al., (2009). 
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1.2.3 Current opinion on nanoparticle internalisation 

 

The investigation of intracellular delivery modalities of nanomaterials represents 

important evidence for the development of drug delivery strategies in the heterogeneous 

context of tumours or inflammatory diseases. Indeed, in the case of these pathologies the 

rate of uptake can have significant effects on drug efficacy. Even more importantly, 

strategies for manoeuvring the final intracellular destination, for example escaping the 

endo/lysosomal system and targeting non-degradative intracellular compartments, 

represent important considerations for drug carrier design (Tarrago-Trani and Storrie, 

2007). Many aspects need to be considered in order to study the uptake and intracellular 

trafficking of nanomaterials, such as their structural and physicochemical characteristics, 

biospecific interactions between biological molecules decorating the nanomaterials, as 

well as peculiarities of the endocytic machinery present in different cell types which may 

result in variability in the intracellular sorting and cellular signalling activation (Gur and 

Yarden, 2004; Nishikawa et al., 2009). 

From a merely physical point of view, interaction of nanoparticles with the cell 

surface can occur in a specific (ligand to receptor) or non-specific (hydrophobic or 

electrostatic) fashion (Fig. 1.13). Nevertheless, in both cases, the interaction must 

overcome resistive forces at the contact sites such as receptor diffusion, stretching of 

receptor-ligand bonds, elasticity and thermal fluctuation of the cell membrane (Nel et al., 

2009).  
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Fig. 1.13 Physical interaction of nanoparticles with the cell surface. Diagram depicting 
specific interactions and dynamics of nanoparticles with cell surface structures. The 
interaction must overcome resistive forces at the contact sites such as receptor diffusion, 
stretching of receptor-ligand bonds, elasticity and thermal fluctuation of the cell 
membrane while prompting the cytoskeletal machinery for membrane remodelling and 
endocytic vesicle formation. Reproduced with permission from Nel et al., (2009). 

 

Many studies in the last 20 years have attempted to measure the rate of uptake of 

various nanocarriers and to delineate their intracellular destiny (Sahay et al., 2010). In 

terms of nanoparticle size, a certain consensus can be drawn on the fact that a higher 

uptake rate is observed for nanoparticles up to 200 nm compared to nanoparticles in the 

µm range (Qaddoumi et al., 2004). Indeed, in HeLa cells, evidence exists of rapid 

internalisation of small particles (20 to 200 nm) through CME and CIE while a slower 

uptake for particles of up to 5 µm in diameter takes place possibly through a pinocytosis 

mechanism (Gratton et al., 2008). Various studies have led to the conclusion that by 

changing the size from 500 nm to a range of 43–200nm to 24nm, the mechanism of 

cellular internalisation evolves from caveolin-mediated endocytosis to clathrin-mediated 

endocytosis and, finally, to a non-clathrin, non-caveolae mediated mechanism that leads 

to non-degradative processing and rapid perinuclear accumulation (Lai et al., 2007; 

Rejman et al., 2004). Other studies have also shown that polystyrene particles of micron 

and submicron sizes of different shapes (spherical or elliptical) can be internalised into 

endothelial cells by targeting intercellular adhesion molecule 1 (ICAM-1) by a caveolae-, 

clathrin-, and macropinocytosis-independent pathway, but which depends on actin 

(Muro et al., 2008). Furthermore, the ICAM-1-targeted micron sized particles remained in 

the prelysosomal compartments, whereas the submicron sized particles reached the 
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lysosomes more rapidly. Moreover, it appeared that particle shape influenced the rate of 

endocytosis, with spheres internalised more rapidly than elliptical disks. 

Indeed, nanoparticles shape - although often disregarded because of difficulties in 

controlling the synthesis of non-spherical nanoparticles and by the assumption that size is 

the principal parameter of interest - seems to be very influential especially when 

considering phagocytosis mechanisms. Indeed macrophages can internalise particles 

(both IgG-coated or un-coated) as large as themselves when approached from the 

preferred orientation, while a different orientation induces significant dispersion of cells 

and no phagocytosis of particles as small as 0.2% of the cell volume (Champion and 

Mitragotri, 2006). In the study by Gratton et al. (2008), high-aspect ratio rod-like particles 

were internalised faster than their more symmetrical 200-nm cylindrical particle 

counterpart, even though both particles are largely similar in terms of volume. 

Furthermore, rod-like nanoparticles having the same aspect ratio but smaller dimensions 

did not increase the amount of particles internalised, suggesting a special effect 

associated with the shape of the particles more than with the size itself.  

In relation to the NP charge, since cell membranes are generally negatively charged, 

it is widely believed that negatively charged nanomaterials should internalise slower 

compared to their positively charged counterparts (Gratton et al., 2008). Nevertheless an 

important exception is negatively charged quantum dots (QDs), which are internalised 

much faster compared to neutral or positively charged QDs (Zhang and Monteiro-Riviere, 

2009). Studies from the last decade conclude that entry routes depend on the 

nanomaterial charge, with the majority of reports suggesting that various positively 

charged nanomaterials (such as stearylamine-coated PEG-PLA, PLGA modified with 

poly(L-lysine), amino group-modified SNTs, chitosan) predominantly enter both polarised 

and non-polarised cells via CME with some fractions utilising macropinocytosis (Harush-

Frenkel et al., 2007; Harush-Frenkel et al., 2008). However, the strongly cationic PEI 

based polyplexes were suggested to utilise multiple pathways, including caveolae-

mediated endocytosis (Rejman et al., 2005). On the other hand, negatively charged 

nanoparticles, such as DOXIL®, cl-micelles, and QDs, are more likely to utilise caveolae-

mediated endocytosis mechanisms (Sahay et al., 2010; Zhang and Monteiro-Riviere, 

2009). Exceptions include certain PS-COOH nanoparticles and negatively charged PLGA 
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nanoparticles, which can enter cells through caveolae-independent pathways (Panyam 

and Labhasetwar, 2003; Qaddoumi et al., 2004).  

All the different studies and findings are difficult to summarise in some general 

rules since high cell-type specificity is also relevant. Indeed, the known cellular pathways 

may be differentially present or even totally absent in selected cell types and in some 

cases can be modulated by cell growth conditions, such as cell density, presence of 

growth factors, and hypoxia (Kavaliauskiene et al., 2014; Liberali et al., 2014). Some 

studies have attempted to address cell-type effects in both polarised and non-polarised 

cells (Cartiera et al., 2009; dos Santos et al., 2011b; Douglas et al., 2008; Zauner et al., 

2001) although a more systematic approach needs to be put in place.  

In order to reach the desired tissue and intracellular localisation, the concept of 

active targeting of nanomaterials using antibodies, polypeptides and other targeting 

groups has raised great interest (Farokhzad and Langer, 2006). Consideration needs to be 

given to understanding how much of the trafficking behaviour is due to specific targeting 

ligands and how much is due to non-specific surface interaction with the nanoparticle 

‘core,’ even if modified by an ‘inert’ polymer such as PEG (Arima et al., 2008; Davis et al., 

2008), as well as defining the effect of the protein corona. Nevertheless, there are 

several, mainly in vivo, examples of targeting strategies for delivery of nanomaterials into 

cells: APP-modified gold nanoparticles targeting caveolae (Oh et al., 2007); viral 

glycoprotein/DNA complexes entering through CME and CvME endocytosis (Liu et al., 

2009); TAT-modified liposomes targeting macropinocytosis (Torchilin, 2008); QDs 

modified with Tf or cholera toxin B (CTB) aiming to target CME or CvME pathways (Tekle 

et al., 2008). In order to address the ultimate goal of intracellular nanoparticle delivery, 

studies have been extended beyond the initial entry point investigating the NP escape 

into the cytosol (Basu et al., 2009; Panyam and Labhasetwar, 2003) or targeting specific 

organelles such as mitochondria (Alakhova et al., 2010), nucleus (Yang et al., 2008), and 

ER (Sneh-Edri et al., 2011). In this context, major attention has been placed on caveolin-

mediated endocytosis as a pathway to escape endo/lysosomal degradation (see Section 

1.1.2), although so far reaching little success when trying to co-localise nanoparticles with 

endogenous caveolin rather than measuring NP uptake following treatment with drug 

inhibitors (Luhmann et al., 2008; van der Aa et al., 2007). Of note, while most researchers 

aim to avoid delivery of cargo to the lysosomal compartment, in the context of enzyme 
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replacement therapy for lysosomal storage diseases (LSD), there is interest in efficiently 

delivering nanomaterials to lysosomes by restoring defective M6PR or LDLR delivery 

pathways (Muro et al., 2006). 

In drawing together the conclusions of these studies, it should be noted that most 

of them were conducted using pharmacological inhibitors. Indeed various chemicals can 

be used to inhibit CME (chlorpromazine, hypertonic solutions of glucose, potassium 

depletion, dynasore), CvME (methyl-β-cyclodestrin, filipin, nystatin, lovostatin, genistein) 

or macropinocytosis (amiloride, wortmannin). Nevertheless most of these molecules 

induce side-effects into cellular physiology, if not toxicity, by relying on the perturbation 

of cholesterol distribution or actin or dynamin activity, which are arguably involved in a 

wide range of endocytic and signalling pathways. As a consequence, this approach cannot 

guarantee a high level of specificity in terms of targeting the various endocytic pathways 

(Rodal et al., 1999; Subtil et al., 1999; Vercauteren et al., 2010). Therefore further studies 

(both using imaging and biochemical approaches) are required to reveal the mechanisms 

of uptake and of intracellular trafficking of naked nanomaterials as well as determining 

the potential of decorating them with molecules for intracellular drug delivery. For this 

purpose, potent targeting residues should be identified, and their targeting properties 

should be quantitatively assessed to determine the minimal required amount of targeting 

molecules, maximal nanoparticle size, and other factors that can limit effectiveness of 

intracellular drug targeting. In this, the use of high content screening can be of extreme 

importance in order to multiplex assays for the detection and quantification of 

nanoparticle- and cell-specific influence (see Section 1.3.3). 
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1.3 Methodologies to study membrane trafficking 

 

In the present study, various molecular biology and microscopy techniques will be 

used to understand the main regulators of intracellular trafficking of polystyrene 

carboxylated nanoparticles. In this chapter, the main techniques will be briefly 

introduced.  

 

1.3.1 DNA overexpression and RNA interference 

 

Molecular biology techniques to engineer proteins and control their expression are 

considered an essential tool for the study of protein function and interaction. The 

discovery of the gene encoding the green fluorescent protein (GFP) responsible for the 

fluorescence of the jellyfish Aequorea victoria (Shimomura et al., 1962), together with the 

development of recombinant DNA technology (Cohen et al., 1973), have facilitated the 

route for gene-expression and protein localisation studies (Tsien, 1998). Indeed although 

the ability to specifically label organelles and endogenous proteins is also possible thanks 

to the use of fluorescently conjugated antibodies, these tools most of the time require 

the cell to be fixed and permeabilised, they are costly to produce and reproduce, and if 

not commercially available, they might be difficult to obtain. Also, fluorescently labelled 

small molecules can be used to mark cellular structures but also in this case they are 

available for only a small set of structures and might be prone to non-specific 

interactions. Fluorescently labelled proteins, instead, allow for the labelling of structures 

in living cells for tracking of cellular dynamics in a timely manner. Furthermore, they can 

be produced, in principle, for every protein target with a known coding sequence at 

reasonable cost and time budget, including the possibility of producing stable 

fluorescently-labelled cell lines (Girotti and Banting, 1996). Additionally, the possibility to 

engineer the DNA sequence, allows the production of constitutively active or inactive or 

truncated protein mutants in order to carry out in-depth functional studies. Despite this, 

care needs to be taken in considering the possibility of artefacts due to the ectopic 

expression inducing cell toxicity or mislocalisation. 
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Another powerful and versatile technology for the study of protein function is RNA 

interference (RNAi), which consists of the specific inhibition of gene expression through 

mRNA degradation (Rana, 2007). The development of this technique started at the end of 

last century with the observation that exogenous double strand RNA (dsRNA) induces 

gene silencing in C. elegans (Fire et al., 1998). dsRNA was then tested in different 

organisms, and in mammals was seen to induce an anti-viral response dependent on the 

interferon pathway. Shorter dsRNA sequences (21-23 nucleotides) were instead able to 

trigger mRNA degradation in a sequence-specific fashion (Zamore et al., 2000) and were 

found to be produced by the class III RNAse Dicer (Bernstein et al., 2001). Those 

observations allowed the design of small interfering RNA (siRNA) sequences which could 

be introduced in mammalian cells in order to induce gene silencing. The antisense strand 

of the siRNA sequence guides the specific mRNA degradation by associating with the RNA 

induced silencing complex (RISC) (Martinez et al., 2002) which cleaves the mRNA target 

between bases 10 and 11 relative to the siRNA antisense strand and then triggers the full 

mRNA degradation by cellular exonucleases (Orban and Izaurralde, 2005). Since then, 

thanks to its specificity and versatility, RNAi has been successfully employed in 

fundamental biology studies and has allowed the development of high-throughput and 

high content screening assays (discussed further in Section 1.3.3).  

RNAi strategies also represent an interesting tool for the development of 

therapeutic agents in order to silence altered or abnormally expressed proteins 

associated with autoimmune disorders and cancer (Kim and Rossi, 2007). Nevertheless 

studies are still required in order to overcome issues connected with systemic 

administration of easily degradable nucleic acids, with nanoparticles being a very 

promising tool to overcome this issue (Gilleron et al., 2013; Kanasty et al., 2013). 

Another type of gene silencing mechanism is carried out by microRNAs (miRNA): 

endogenous non coding oligonucleotides (Bartel, 2004) with regulatory roles in many 

biological processes (Ambros, 2004) and important roles in diagnosis and identifying 

therapeutic targets (Batkai and Thum, 2014). 

More recently the development of the CRISPR/Cas9 technology has been revealed 

as a promising tool for stable and targeted genome editing in mammalian cells (Cong et 

al., 2013). Although some successful applications in human cells (Mali et al., 2013) and on 

a high-throughput scale (Zhou et al., 2014) have been reported, the low efficiency level 
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and the demanding procedure for off-target mutations detection (Carroll, 2013) require 

this technology some years of maturation prior to its routine application in genome-wide 

scale experiments. Furthermore, the risk of cell toxicity connected with gene knock-out 

strategies needs to be taken into account such that a mild transcript depletion of a vital 

gene, even though inducing a mild phenotype, might be preferable to a cell-death effect 

associated with a complete gene deletion.  

 

1.3.2 Fluorescence microscopy 

 

Light microscopy is the technique that has laid the basis of cell biology (Mellman 

and Warren, 2000). The traditional microscope, made from a system of magnifying 

lenses, has allowed observation of cells with an increasing level of detail leading to the 

discovery of organelles and trafficking pathways. The increased resolving and magnifying 

powers derived from the development of electron microscopy techniques have allowed 

the study of ultrastructure organisation of membrane and protein complexes; but it is 

only in the last three decades that thanks to the conjugation with fluorescent proteins, 

light microscopy has become a fundamental tool to study cell activities with assays that 

preserve both cellular structure and dynamics. 

Indeed, the development of laser scanning confocal microscopy, in 1986, has 

ignited a large number of techniques such as FRAP, FRET and FLIM, advancing the study 

of living cell dynamics and interactions (Ishikawa-Ankerhold et al., 2012). In addition, the 

development of correlative microscopy (Kukulski et al., 2011) and the Nobel prize winning 

super-resolution fluorescence microscopy techniques (Yamanaka et al., 2014), further 

expand the repertoire of techniques available to cell biologists wishing to study 

fundamental cellular processes. 

Traditional fluorescence light microscopy is based on the principle that a particular 

fluorophore absorbs photons of a specific wavelength range and emits photons at a 

longer wavelength thereby allowing for the specific labelling and observation of proteins 

and organelles with the possibility to combine two or more fluorophores (Renz, 2013). 

Fluorescence light microscopy can be classified as wide-field or confocal depending on 

the presence of a pinhole for the elimination of out-of-focus light.  
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A wide-field microscopy system is characterised by a non-coherent source of 

illumination that is usually a lamp (mercury, xenon), use of filters for the selection of the 

appropriate excitation and emission wavelengths and a CCD (charge-coupled device) 

camera for the acquisition of the image. A confocal microscope instead is characterised 

by a coherent source of illumination allowing a smaller wavelength range, such as a laser 

(helium, argon-krypton gas, solid state), and although filters and dichroic mirrors are 

needed for the selection of the specific wavelengths, the main feature of this system is 

the presence of a pinhole on the emission path ensuring the selection of the light coming 

from a single focal plane of the sample. The light signal is subsequently collected by a 

photomultiplier detector, which converts and amplifies the photon signal. Although 

confocal microscopy is a more reliable technique for co-localisation studies, since the 

images are not affected by light emanated by different optical planes, wide-field systems 

can produce brighter images with a comparable lower amount of illumination.  

In the past decade the various microscopy techniques have been successfully 

applied to the study of endocytosis for the investigation of membrane coat assembly 

(Kirchhausen, 2009) and of coated pit fission mechanics (Taylor et al., 2011). When they 

are used in conjugation with molecular biology techniques and automated imaging 

pipelines, they can also be considered a pivotal tool for systems biology studies. 

 

1.3.3 High content screening microscopy 

 

High content screening (HCS) microscopy is an imaging technology that has 

emerged in the last 15 years, combining molecular biology and cell biology tools, robotics, 

light microscopy, and highly sophisticated image analysis routines. Unlike High 

Throughput Screening (HTS), which also exhibits high sample throughput by availing of 

miniaturisation and automation of cell-based assays in multi-well plate format, HCS 

differs in that it is designed to extract quantitative information at the level of individual 

cells, rather than generating a simple mean well value. Ultimately this results in HCS 

extracting a high quantity of spatial and temporal information at subcellular, single cell 

and population levels in a single experimental set-up (Fig. 1.14), thereby making it an 

ideal tool for pathway and systems biology studies (Liberali et al., 2014). In contrast to 
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biochemical methods that require cells to be lysed (such as proteomics and mass 

spectrometry), or conventional fluorescence light microscopy methods that have low 

sample throughput and are time consuming, HCS facilitates the analysis of large numbers 

of intact cells in a quantitative manner, thus increasing data confidence and statistical 

significance. In addition, as automated screening microscopes have become faster and 

equipped with a wider range of modalities, the use of live cell (even time-lapse) assays, 

and the possibility of multiplexing image analysis with other molecular biology techniques 

for protein or DNA/ RNA quantification has become a reality. Although high costs and 

level of expertise are required for large-scale screens and strong downstream validation 

pipelines, in terms of data acquisition speed, and depth of information that can be 

gathered from significantly high numbers of individual cells across a large number of 

genes or treatments, HCS has become very appealing for systems biology studies.  

 

Fig. 1.14 Image analysis output for HCS. HCS extracts a high quantity of spatial and 
temporal information at subcellular, single cell and population levels in a single 
experimental set-up. Reproduced with permission from Brayden et al., (2015). 
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There are two main areas for HCS application, drug discovery/development pipeline 

and pathway/systems biology studies. In the early phases of drug discovery, HCS is 

typically used to screen large libraries of drugs (biological or chemical) to determine 

potential leads suitable for further optimisation. At later stages of the process, HCS is a 

fundamental tool for multiplexing of measurements such as drug uptake, efficacy, 

specificity and toxicity to be made in parallel from individual cells without losing precious 

information at a cell subpopulation level (Hibbitts et al., 2011; Mayr and Bojanic, 2009). 

Studies have demonstrated that the early application of a cell-based toxicity screen (for 

example by HCS) can be positively predictive for failure in pre-clinical and clinical trials 

(O'Brien, 2014; Olson et al., 2000). 

Many are the published examples of studies using HCS approaches to investigate 

the effect of small molecules on cancer cell invasion (Quintavalle et al., 2011), drug 

cytotoxicity (Walsh et al., 2011), subcellular localisation of GFP-tagged proteins (Conrad 

et al., 2004). HCS is particularly powerful when combined with protein depletion 

technologies, for example RNAi, as it then allows the effects of individual genes or sets of 

genes to be systematically interrogated. Therefore if an appropriate cell-based assay 

incorporating a fluorescence read-out can be designed, HCS can be applied to give a 

quantitative measure of any cellular process, such as autophagy (He et al., 2009), 

secretion (Simpson et al., 2012), endocytosis (Collinet et al., 2010) clathrin-coated vesicle 

formation (Kozik et al., 2013), intracellular bacterial infection (Kuijl et al., 2007), lipid 

droplet formation (Guo et al., 2008), mitosis (Neumann et al., 2010) and neuronal 

development (Blackmore et al., 2010).  

A primary HCS assay is likely to involve the use of a large number of samples, and 

often the extensive use of valuable and costly reagents (for example DNA constructs, 

small molecule collections, or RNAi libraries). As such, it is essential that the assay is 

carefully designed to provide the optimal read-out and the greatest chance of identifying 

lead candidates. There are a huge number of parameters to consider, such as the cell 

type (physiologically relevant to the study, however suited for automated handling and 

the image analysis routine) and cell number per well (to minimise the risk of population-

context effects) (Snijder et al., 2012). Also, the choice of the multi-well plate type 

(biocompatible and optically suitable) and format (minimising the volumes of precious 

reagents but still allowing statistically relevant cell numbers), the assay incubation times 
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(minimise cellular toxicity but equally maximise the reagent activity), the selection and 

positioning of controls (sufficient in order to identify possible plate/position artefacts, but 

not resulting in a ‘waste’ of experimental positions) and the number of replicates are all 

parameters which require consideration. If transfection is being used, consideration 

needs to be given to the method of application. Conventional liquid (forward) 

transfection is rapid but not easy to standardise across a large screen carried out over a 

length of time; whereas solid-phase transfection is time consuming in terms of plate 

preparation initially, but can produce more robust results across a large screen (Erfle et 

al., 2008). HCS can be applied in live cell assays (allowing kinetic information to be 

gathered) or fixed cells at a specific time point (technically less challenging).  

One of the main characteristics of HCS is the need for automation. In theory the 

entire process pipeline (sample and cell preparation, reagent addition, imaging and 

analysis) can be automated. Alternatively, automation may only be chosen for either 

critical steps that may benefit speed and reproducibility, economical reasons, or simply 

equipment availability. The minimum prerequisite is an automated microscope system 

possessing precision stage control across multi-well plates, automated changing of filters 

and objectives, a constant source of illumination, an autofocus system and a real time 

controller. It is important to take into account that in order to store and process a large 

set of image data, a system for automated analysis and large data storage capacity must 

be strong and reliable. The predicted acquisition time, which still remains the bottleneck 

of this technique (consisting of the actual camera exposure time for each fluorescent 

channel), is also of relevance.  

A complex and detailed level of information can be obtained from the image 

analysis procedure, which would typically follow a series of four key steps. Firstly, image 

pre-processing in order to remove out-of-focus images, and gamma filtering and 

background correction for more precise object detection in wide-field images. Secondly, 

the application of a segmentation algorithm identifies the objects (primary such as nuclei 

and secondary such as cytoplasm) to be analysed and to filter objects not representative 

of the cell population, such as mitotic cells or border objects. Third, the region of interest 

(ROI) in which the measurements have to be made needs to be defined. The ROIs can be 

selected using an appropriate marker (e.g. a stained organelle) or by selecting an area in 

reference to the primary or secondary objects (such as a ring region around the nucleus). 
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Finally, only after the software has identified all the elements of the image, is the 

measurement itself carried out. Up to four main classes of measurement can be applied 

(Conrad and Gerlich, 2010), namely morphological features (area, roundness / circularity, 

width / length), intensity features (mean and total intensity, object distribution), co-

localisation (quantification of the co-occurrence of two intensity signals in the same pixel 

area using Pearson’s, Manders’ or rank weighted co-localisation coefficients) (Singan et 

al., 2011), and texture features (quantification of the pixel distribution profile using 

Gabor, Haralick, Spot-Edge-Ridge texture features or granularity). Such measurements 

can be used in their own right to describe cellular phenotypes, or can be used by machine 

learning algorithms in order to set linear classifiers to divide the cell population in two or 

more clusters sharing similar properties (Held et al., 2010; Shariff et al., 2010). 

In the last decade, HCS has seen increased application in the field of 

nanotechnology (Brayden et al., 2015). The mainstream application of HCS in this field 

remains in toxicological studies in order to quickly screen particles for their design, 

toxicity to intracellular compartments or on different cells types using different channels 

to detect cellular and subcellular damage (Anguissola et al., 2014; Rawlinson et al., 2010). 

Some recent studies have used HCS microscopy to relate membrane trafficking to the 

efficiency of intracellular drug delivery, although they are based on a relatively low level 

of throughput (Gilleron et al., 2013) or on libraries of small molecule inhibitors (Sahay et 

al., 2013) that can lack of specificity for the membrane trafficking pathways discussed 

previously in Section 1.2.3. 

One important consideration that needs to be made when implementing an RNAi 

screen approach involving thousands of targets is controlling the rate of false negative 

and false positive results (Echeverri and Perrimon, 2006). False positive results are usually 

caused by the so called off-target effect, in which the phenotype observed is induced by 

the non-specific interaction of the siRNA molecule with cellular components, usually non 

targeted mRNA, but also endogenous miRNAs and proteins (in the antiviral response). 

While the possibility of sequence-independent off-target effect is ruled out by using a 

negative control consisting in an siRNA sequence not targeting any known transcript, one 

way to rule out the possibility of a sequence specific off-target effect derives from a 

combination of design algorithms, bioinformatic filtering and chemical modifications. 

These strategies aim to decrease the mismatch tolerance, in the so called ‘seed’ region 
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(outside of the ‘core’ targeting region) located at position 2 to 8 of the antisense strand 

(Jackson et al., 2006); to improve siRNA potency so that the siRNA concentration can be 

lowered and with it the related off-target effect occurrence (Semizarov et al., 2003); to 

improve selectivity of the siRNA antisense strand (over the sense strand) for the RISC 

complex, thereby both increasing knock-down efficiency and lowering off-target effects. 

The decrease in false negative results can be achieved by improving the silencing strength 

of the siRNA. Lack of detection of candidate genes belonging to the same pathway, 

machinery or protein complex subunit is a potential sign of false negative results being 

obtained. In this sense, the use of bioinformatic tools for gene ontology and gene 

enrichment annotation, as well as prediction of protein-protein interactions (PPIs), can 

allow the identification and retrieval of targets that have been ‘missed’ in the primary 

screen.  

In the present study, when available, siRNA sequences obtained with the latest 

design, bioinformatics filtering and chemical modification were preferred, as well as 

functionally validated by the supplier for depletion of the specific gene target. 

Nevertheless, in order to focus the attention on just genuine candidate genes for 

functional secondary investigation, a validation step in order to confirm the phenotypic 

read out by more than one independent siRNA sequence (Kaelin, 2012) as well as to 

validate the depletion level of target mRNA by quantitative real-time PCR was 

implemented after each primary screen. 
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1.4 Aim of this study 

 

The aim of this study was to design, test, optimise and apply a high content 

screening microscopy strategy to assess the intracellular trafficking of fluorescently 

labelled negatively charged polystyrene nanoparticles in HeLa cells in the context of small 

interfering RNA technology. RNAi technology was used to selectively and systematically 

reduce the expression of each protein coded by the genome (as per RefSeq versions 32 

and 36), while nanoparticle uptake and co-localisation with the lysosomal marker LAMP1 

was quantified by high content screening microscopy and analysis. In order to implement 

this, the nanoparticles were first characterised and a nanoparticle internalisation and 

trafficking assay and analysis routine was developed and implemented into an HCS 

pipeline from a low/medium scale to a genome-wide scale. The results of the two 

low/medium throughput primary screens were followed by validation, mRNA knock-

down efficiency quantification by real-time quantitative PCR and in silico and in vitro 

secondary analysis, in order to reveal the functional involvement of membrane trafficking 

proteins on nanoparticle uptake and trafficking in HeLa cells. 
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2.1 Cell culture  

 

Wild-type HeLa cells (human cervical cancer cell line, ATCC CCL2) were routinely 

cultured in Dulbecco’s modified Eagle medium (DMEM, Life Technologies) 

supplemented with 10% heat inactivated foetal bovine serum (FBS, PAA Laboratories) 

and 1% glutamine (Life Technologies) and maintained at 37 ˚C in a humidified 

atmosphere of 5% CO2/ 95% air. HeLa cells stably expressing LAMP1 fused to the green 

fluorescent protein (described in Section 2.14) were maintained in the culture medium 

described above (complete DMEM, c-DMEM) in the presence of 0.50 mg/ml G-418 

sulphate (Life Technologies). On reaching confluency, cells were routinely sub-cultured 

by incubation with 0.05% trypsin-EDTA solution (Life Technologies). Cells were used 

from passages 1 to 10, after which they were discarded. 

 

2.2 Nanoparticles 

 

40 nm polystyrene carboxylated fluorescent nanoparticles (PS-COOH, red, 

Invitrogen/Life technologies) were sonicated for 1 minute at room temperature before 

every use. Nanoparticle size (hydrodynamic diameter) and surface charge (Zeta-

potential) were characterised by dynamic light scattering (DLS) using a Malvern 

Zetasizer Nano ZS90 (Malvern Instruments). Freshly prepared nanoparticle dispersions 

(concentration of 100 µg/ml) were characterised, after an equilibration time of 60 

seconds, in water, phosphate buffered saline (PBS, Sigma-Aldrich), serum-free cell 

culture medium (sf-DMEM) or c-DMEM at 25 °C or at 37 °C. DLS results are the average 

of three separate runs and are reported in Chapter 3. 

 

2.3 DNA cloning and mutagenesis 

 

To generate an expression plasmid encoding the lysosomal-associated membrane 

protein 1 fused to GFP (LAMP1-GFP), a fully sequenced cDNA clone was sourced from 

the Integrated Molecular Analysis of Genomes and their Expression (IMAGE) 

Consortium (Lennon et al., 1996). The complete open-reading frame (ORF) of the 
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human LAMP1 (Source BioScience, IMAGE ID: 5019745, GenBank accession number: 

BC021288) was amplified by PCR using primers designed to append an XhoI digestion 

site upstream of the translation initiation site and to replace the translation termination 

site by a segment encoding an EcoRI site followed by a linker sequence CTCCTC (single 

letter nucleotide code). The PCR product was gel purified and cloned into the XhoI-

EcoRI sites of a pEGFP-N1 vector (BD Biosciences Clontech). Constructs were verified by 

DNA sequencing.  

The plasmid encoding the human wild-type Rab33b protein fused with GFP was 

previously described (Dejgaard et al., 2008; Simpson et al., 2004) and was created by 

designing specific primers to produce overhang ORFs from cDNA source clones (DKFZ, 

RAB33B clone: DKFZp434G099/AL136904) for subsequent cloning into pEGFP-C1 

mammalian expression vectors. Two point mutants of Rab33b fused with GFP, namely, 

GFP-RAB33B Q92L and GFP-RAB33B T47N were prepared using the QuickChangeII XL 

PCR kit (Agilent Technologies). The primers used for the site-directed mutagenesis are 

reported in Table 2.1, DNA sequence analysis confirmed nucleotide changes in the 

resulting plasmids. 

 

Table 2.1 List of primers used for RAB33b mutagenesis. 

GFP-RAB33B Q92L 5’- GGACACAGCAGGACTAGAACGATTCAGAAAGAGCATGG 

5′- CCATGCTCTTTCTGAATCGTTCTAGTCCTGCTGTGTCC 

GFP- RAB33B T47N 5′- CCAATGTGGGCAAGAATTGCCTGACCTACCGCTTCTGC 

5′- GCAGAAGCGGTAGGTCAGGCAATTCTTGCCCACATTGG 

 

2.4 siRNA transfection  

2.4.1 Liquid phase forward transfection 

 

On reaching 20% confluency, cells were transfected with Silencer Select® siRNAs 

using OligofectamineTM (Life Technologies) according to the manufacturer’s 

instructions. For a 96-well plate format, 1.8 pmol of siRNA and 0.2 µL of 

OligofectamineTM were diluted in 17 µL and 3 µL of Opti-MEM® respectively. When cells 

were transfected with more than one siRNA, the same quantity (1.8 pmol) of each was 
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used without changing the amount of OligofectamineTM. For a 384-well plate format, 

quantities were changed accordingly. After 5 minutes of incubation, the diluted siRNA 

and OligofectamineTM were mixed together and incubated for a further 20 minutes at 

room temperature to allow the formation of the transfection complexes. Transfection 

mixture was added to the cells incubated in sf-DMEM. After 4 hours incubation at 37 ˚C, 

one third of the final volume of DMEM containing 30% FBS was added and incubation 

proceeded for further 68 hours unless otherwise specified. 

 

2.4.2 Solid phase reverse transfection 

 

The Rab pilot screen was carried out using a ‘SMARTpool’ siRNA library 

(Dharmacon/ GE Healthcare) designed to contain four non-overlapping sequences 

against each of the 58 target genes. The cytoskeleton pilot screen was carried out using 

a custom designed library (Ambion/ Life Technologies) containing a pool of two 

sequences against each of the 348 target genes. The genome-wide screen was carried 

out using the Silencer Select® Human Genome Library V4 siRNA set (Ambion/ Life 

Technologies), containing three unique, and non-overlapping siRNAs for each of the 

21,585 human targets. Optimisation and validation experiments were carried out using 

individual siRNA sequences (Ambion/ Life Technologies). 

All solid phase reverse transfection depletion experiments were performed in 

384-well plates (Viewplate-384 FTC, Perkin Elmer) and all liquid dispensing for plate 

preparation for the genome-wide screens were performed using a Microlab STAR 

(Hamilton Robotics). The protocol used for the solid-phase transfection was a modified 

version of a previously published protocol designed for a 96-well format (Erfle et al., 

2008). According to the solid phase reverse transfection protocol (Galea and Simpson, 

2013), 0.8 pmol siRNA, 0.09 µL Lipofectamine® 2000 (Life Technologies) and 0.1% 

sucrose (Sigma-Aldrich) in Opti-MEM® were mixed with 0.001% fibronectin from human 

plasma (Sigma-Aldrich) and 0.006% gelatine powder from bovine skin (Sigma-Aldrich) in 

nuclease-free water in a final volume of 10.25 µL per well. Up to 15 replicate plates 

were prepared and the plates were dried for 6 hours at 37 ˚C using a miVac Quattro 
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(Genevac) centrifugal vacuum concentrator. Plates were stored in sealed containers 

containing desiccating agents.  

On the day of transfection, HeLa cells were seeded in a total volume of 40 µL of 

culture medium into the 384-well plates prepared as described above. To ensure 

uniform distribution of cells in each well, an automated cell dispenser, MultidropTM 384 

Reagent Dispenser (Thermo Fisher Scientific) was used. The cells were subsequently 

incubated with the siRNAs for a total of 72 hours prior to treatment and fixation. 

 

2.5 DNA transfection 

 

Cells plated in a 24-well plate containing glass coverslips were transfected with 

DNA plasmids using FuGENE® 6 (Promega) according to the manufacturer’s instructions. 

Briefly, 0.75 µL of FuGENE® 6 and 50 µL of Opti-MEM® were mixed and incubated for 5 

minutes at room temperature and then added to the DNA plasmid. The transfection 

mixture was then incubated for 20 minutes at room temperature. After incubation, the 

transfection mixture was added in a drop-wise manner to the cells, which were then 

incubated for 20-22 hours at 37 ˚C. DNA plasmids and amounts used are described in 

Table 2.2. 

 

Table 2.2 List of DNA plasmids used in DNA transfection experiments. 

DNA plasmid Amount used in 

24-well format 

Source 

p-EGFP-C1-OATL1 0.50 µg Mitsunori Fukuda (Itoh et al., 2008) 

LAMP1-pEGFP-N1 0.25 µg Described in Section 2.3 

p-EGFP-C1-RAB33B WT 0.50 µg Described in Section 2.3 

p-EGFP-C1-RAB33B QL 0.50 µg Described in Section 2.3 

p-EGFP-C1-RAB33B TN 0.50 µg Described in Section 2.3 

p-EGFP-C1-MYO6 WT 0.50 µg Folma Buss (Tumbarello et al., 2012) 

p-EGFP-C1-MYO6 AAA 0.50 µg Folma Buss (Tumbarello et al., 2012) 

p-EGFP-C1-MYO6 WLY 0.50 µg Folma Buss (Tumbarello et al., 2012) 
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2.6 Fluorescent staining 

 

Cells were fixed using 99% methanol (Fisher Scientific) or 3% paraformaldehyde 

(PFA, Sigma-Aldrich) in PBS. For methanol fixation, cells were incubated for 4 minutes in 

ice cold methanol after which they were washed with PBS for 3 times with no further 

permeabilisation steps. For PFA fixation cells were incubated for 30 minutes at room 

temperature followed by a 5 minute quenching step with 30 mM glycine (Fisher 

Scientific) in PBS. Cells were then washed and permeabilised using 0.1% Triton X-100 

detergent (Sigma-Aldrich) in PBS for 5 minutes, followed by 3 washes with PBS. The 

cells were incubated for 30 minutes with primary antibodies diluted in PBS. After that 

they were washed 3 times with PBS. This process was repeated for immunostaining 

with secondary antibodies. Primary antibodies were diluted in PBS at appropriate 

dilutions for best results (see Table 2.3). Alexa Fluor® 488-, Alexa Fluor® 568- and Alexa 

Fluor® 647-conjugated secondary antibodies were used at a dilution of 1:400 while Cy® 

5- conjugated secondary antibodies (Molecular Probes/Life technologies) was used at a 

dilution of 1:200. Nuclei were stained using 0.2 µg/mL Hoechst 33342 (Sigma-Aldrich) in 

PBS for 15 minutes. Coverslips were mounted on glass slides with Mowiol (Sigma-

Aldrich). When the immunostaining procedure was carried out in a 384-well plate 

format, the Viaflo 96 microplate dispenser (Integra Biosciences) was used and in order 

to minimise the risk of cell detachment and loss, the number of post-fixative PBS 

washing steps was reduced to only one. The Hoechst 33342 was applied between the 

primary and the secondary antibody incubations (in case of methanol fixation) or 

diluted in the fixation agent (in case of PFA fixation). 

For GFP-MYO6 transfected cells, the background signal from the soluble GFP-

tagged protein was reduced with a 45 second incubation with 0.02% saponin (Sigma-

Aldrich) in PBS, before fixation. The GFP signal was enhanced by immunostaining with 

anti-GFP primary antibody and Alexa Fluor® 488-conjugated secondary antibody. 
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Table 2.3 List of primary antibodies used in fluorescent staining experiments.  

Target Comments /concentration Company Fixative used 

CD63 Mouse; clone H5C6; 1:1000 BD Biosciences PFA 

EEA1  Mouse; clone 14; 1:200 BD Biosciences PFA 

GFP Rabbit; custom polyclonal; 1:250 EMBL-Heidelberg methanol/PFA 

LAMP1  Mouse; clone H4A3; 1:200 DSHB methanol 

 

2.7 Transferrin, dextran and LysoTracker uptake assays 

 

For the siRNA optimisation experiments, cells were incubated for 5 minutes with 

5 µg/ml Alexa Fluor® 555-conjugated transferrin (Molecular Probes) in sf-DMEM. In 

order to validate the functionality of the stably transfected cell line, LAMP1-GFP cells 

seeded on coverslips were first washed with c-DMEM and then incubated for 1 hour 

with 50 nM LysoTracker® Red (Invitrogen) in c-DMEM; for experiments with 10 kDa 

dextran Texas Red®-conjugated (Molecular Probes), cells were pulsed in 0.25 mg/ml 

dextran in c-DMEM for 2 hours followed by a 3 hour chase in c-DMEM.  

After the treatments cells were washed three times with PBS and fixed with PFA 

as described above. 

 

2.8 Nanoparticle uptake assay 

 

Unless otherwise specified, cells were incubated at 37 ˚C with 10 µg/ml of NP in 

sf-DMEM for 10 minutes (pulse), the NP dispersion was then removed and c-DMEM was 

added to the cells for a further 50 minutes (chase). Cells were subsequently fixed and 

stained depending on experiment. 
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2.9 Image acquisition 

2.9.1 Automated image acquisition 

 

Automated image acquisition was carried out using an Olympus Scan^R fully 

automated wide-field microscope. A maximum of twenty fields of view per well were 

acquired using a 40x/ 0.6 NA LucPlanFLN objective (Olympus). Depending on the assay 

type, two or three channels were acquired per field of view, namely a Hoechst 33342 

channel, a GFP or Alexa Fluor 488 channel and a Texas Red channel. For transferrin 

uptake assay a 20x/ 0.45 NA LucPlanFLN objective (Olympus) was used. 

For the automated image acquisition of the genome-wide screen, an ArrayscanTM 

VTI 740 (Thermo Scientific), fitted with a 40x/ 0.85 NA UPlanApo objective (Olympus) 

was used. A maximum of 23 fields of view or 500 cells were acquired. Three channels 

were acquired per field of view, namely a Hoechst 33342 channel, a GFP channel and a 

Texas Red channel. 

 

2.9.2 Laser scanning confocal image acquisition 

 

Confocal images (1024*1024 pixels; dwell time of 12.5 µs) were acquired with an 

FV1000 confocal microscope (Olympus) equipped with a 60x/ 1.35NA UPlanSAPO oil 

immersion objective (Olympus). Sequential scanning mode and Kalman averaging of 3 

times were used in all cases. Excitation wavelengths of 405 nm, 488 nm, 559 nm and 

635 nm were used for Hoechst 33342, Alexa Fluor 488 or GFP, Texas Red and Alexa 

Fluor 647 or Cy5 fluorophores, respectively. 

 

2.10 Image analysis  

2.10.1 Primary and validation screens analysis 

 

All the images acquired in the RNAi screens were analysed using the Columbus™ 

Image Data Storage and Analysis System v2.3.1 (Perkin Elmer). Firstly all the images, 

with the exception of the Hoechst 33342 channel, were background corrected using a 

rolling ball algorithm (radius of 10 pixels) in ImageJ software (National Institutes of 
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Health). Then an analysis pipeline was constructed to first segment individual cells 

based on the signal in the Hoechst 33342 (‘nucleus’) channel. Specifically the ‘find 

nuclei’ and ‘find cytoplasm’ building blocks were applied. Morphological and intensity 

measurements were then extracted from the segmented cells to allow detection and 

subsequent removal of apoptotic or dividing cells from the analysis. Cells close to the 

border of the field of view were also removed from the analysis and only wells showing 

at least 50 cells were considered for the analysis. Next, the LAMP1-positive structures 

(‘lysosomes’) for each cell were detected using the ‘find spots’ building block on the 

GFP channel if present. For each cell the software quantified the total LAMP1-

associated NP intensity and the total cell-associated NP intensity (which means, the 

intensity of the Texas Red-labelled nanoparticle signal detectable respectively in the 

lysosomal area or in the overall cytoplasmic area) and returned the ratio between these 

two intensities as an average value for each well (called ‘raw LAMP1-associated NP 

ratio’). The analysis pipeline used is available in Appendix I. If the GFP-channel was not 

present (pilot experiments with transferrin and NP kinetics uptake) only the cell-

associated intensity values were quantified. 

In order to select candidate genes (see Chapters 4, 5 and 6), mean and standard 

deviation of the raw LAMP1-associated NP ratio for either three independent replicates 

(for the Rab and cytoskeleton protein screens) or two independent replicates (for the 

genome-wide screen) was calculated. These values were normalised to the ratio shown 

by cells treated with siRNAs with no cognate target (negative control, siNEG) by dividing 

them by the mean ratio of the siNEG (obtaining the ‘LAMP1-associated NP ratio’) and 

this was used to rank the different genes based on their effects. All the numerical 

analysis was carried out using MS Excel.  

 

2.10.2 RAB33B and MYO6 follow-up experiments analysis 

 

In order to characterise the functional effects of RAB33B and MYO6, DNA plasmid 

constructs were transfected in HeLa cells (see Section 2.5). After 20-22 hours of 

transfection, cells were incubated with nanoparticles for 10 minutes and chased for 5 or 

50 minutes. Cells were then fixed and immunostained as per Section 2.6. Confocal 
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images were analysed using CellProfiler (Broad Institute) (Carpenter et al., 2006). 

Briefly, the primary objects (‘nuclei’) were identified in the input Hoechst 33342 image 

channel. Nuclei touching the border of the image were removed from the analysis. The 

secondary objects (‘cells’) were identified in the organelle marker channel. The 

software returned object intensity, size and shape in order to exclude apoptotic, 

dividing and non GFP-positive cells or segmentation artefacts. 

The co-localisation coefficients between organelle markers, GFP-tagged proteins 

and NPs were quantified by implementing a script calculating the Manders’ (Manders et 

al., 1993) and the Rank Weighted Correlation (RWC) coefficients as part of the analysis 

(Singan et al., 2011). Single object measurements and metadata were exported in .csv 

files and formatted using MS Excel. An example of the CellProfiler pipeline can be found 

in Appendix I. 

 

2.11 Bioinformatic analysis 

 

Protein-protein interaction network analysis of cytoskeleton screen candidates 

was carried out using STRING v9.1 database (Jensen et al., 2009) selecting human as the 

organism of interest and a medium confidence score (0.400). All the active prediction 

methods were selected except for the textmining. Unless otherwise specified, 

functional annotation, enrichment analysis and clustering of candidate genes were 

carried out using DAVID Bioinformatics resources v6.7 (Huang et al., 2009). Network 

layout was manually modified using Cytoscape v3.2.1 (Saito et al., 2012) selecting the 

overall score as network edges. 

 

2.12 Total RNA extraction, cDNA synthesis and quantitative Real-Time PCR 

 

Total RNA from HeLa cells was isolated using an Invitrap Spin Cell RNA mini kit 

(Stratec Molecular Gmbh) as recommended by the supplier. Briefly, cells were lysed 

directly in the plate and then transferred to a DNA-binding spin filter. 70% ethanol 

(Sigma-Aldrich) was added to the flow-through and this was applied to an RNA-binding 

spin filter. After several washing steps, RNA was eluted in 40 µL of elution buffer. RNA 
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samples were quantified using a NanoDrop ND-1000 (Thermo Fisher Scientific) and then 

stored at -20 °C until further use. 

Complementary DNA (cDNA) synthesis was performed using a High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems) according to the manufacturer’s 

instructions. Briefly, 500 ng of RNA were reverse-transcribed using random hexamer 

primers. The reaction was carried out in a Mastercycler Pro (Eppendorf) using the 

following cycling program: 25 °C, 10 minutes / 37 °C, 120 minutes / 85 °C, 5 minutes. 

When the cycling program was complete samples were held at 10 °C and then stored at 

-20 °C until further use.  

Quantitative real-time PCR was performed using Power SYBR® green PCR 

MasterMix (Applied Biosystems/ Life Technologies). Briefly, 1/20 of the cDNA reaction 

was used as template for the reaction and 200 nM of each gene-specific primer was 

used. The real-time PCR was performed in a 7500 FAST real-time PCR system (Applied 

Biosystems®) using the following cycling program: 50 °C, 2 minutes / 95 °C, 10 minutes / 

(95 °C, 15 seconds / 60 °C, 1 minute) × 40. A melting curve stage was also included in 

every run in order to assess the synthesis of the specific PCR product. All samples were 

run in quadruplicate, along with samples of cells treated with siNEG. Results were 

obtained using the –ΔCt method. Primer sequences are listed in Appendix II. 

 

2.13 Whole cell extract preparation and Western blotting 

 

3 × 105 cells were lysed with RIPA buffer (50 nM Tris-HCl pH 7.5; 150 nM NaCl; 1% 

NP-40; 0.1% sodium dodecyl sulphate (SDS); 0.5% sodium deoxycholate, Thermo 

Scientific) supplemented with cOmpleteTM protease inhibitor cocktail tablets (Roche). 

Proteins from each sample were quantified using the bicinchoninic acid (BCA) protein 

assay kit (Thermo Scientific) and were then subjected to SDS-PAGE gel electrophoresis. 

The proteins were transferred to polyvinylidene fluoride membrane (Perkin Elmer) and 

detected using the antibodies listed in Table 2.4 following incubation with Pierce ECL 

Western blotting substrate (Thermo Scientific) according to the manufacturer’s 

instructions. 
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Table 2.4 List of antibodies used in Western blotting experiments. 

Specificity Comments/ concentration Company 

GFP Mouse; mix of clones 7.1 and 13.1 (1: 1000) Roche 

LAMP1 Mouse; clone H4A3 (1:10000) DSHB 

Anti-mouse Rabbit; polyclonal; horseradish peroxidase (1:2000) Abcam 

 

2.14 Stably transfected cell line selection and characterisation 

 

For the genome-wide screen a cell line stably expressing the LAMP1-GFP 

construct was generated. HeLa cells were grown at 37 °C in c-DMEM, to 30-40% 

confluency, and subsequently transfected with the LAMP1-GFP-encoding plasmid using 

FuGENE® 6 (as described in Section 2.5). One day later, cells were incubated with 

complete medium containing 0.6 mg/ml G-418 sulphate. The medium was changed 

every day in order to remove the G-418 sulphate non-resistant cells. Cells displaying 

resistance to G-418 sulphate and expressing LAMP1-GFP (as judged by fluorescence 

microscopy) were cloned by limiting dilution and sorted on a BD FACSAriaTM flow 

cytometer (Becton Dickinson). 

The clones were validated by immunostaining, Western blotting, and by dextran 

and LysoTracker functional assays following the protocol described in Section 2.7. 

Confocal images were analysed by ImageJ. The cells were manually segmented using 

the freehand selections tool and the RWC was measured by using the JACOP plug-in 

(results are reported in Section 6.1).  

 

2.15 Statistical Analysis 

 

Analysis of variance (one-way ANOVA) was performed to compare between the 

experimental conditions. Post-hoc analysis was carried out using Tukey test. All 

statistical analyses were performed with SPSS Statistics v.20 software (IBM Corp.).  



 

58 
 

 

 

 

 

 

 

CHAPTER 3 

 

OPTIMISATION AND PILOT STUDIES 

  



CHAPTER 3 – OPTIMISATION AND PILOT STUDIES 

  
 

59 
 

3.1 Nanoparticle characterisation  

 

As reviewed in Chapter 1, the size, shape and charge of nanomaterials all have a 

large impact on their interaction with the cellular machinery. For this reason a careful 

physico-chemical characterisation of the nanoparticles prior exposure to cells is always 

advisable. In order to confirm the homogeneity in size and charge of every batch used 

throughout the current study, the 40 nm PS-COOH fluorescent nanoparticles were 

characterised following the protocol described in Section 2.2. The mean values from 

dynamic light scattering measurements for NPs dispersed in distilled water, PBS, sf-

DMEM and c-DMEM measured at 25°C or 37 °C are reported in Table 3.1.  

 

Table 3.1 DLS measurements of nanoparticles used throughout the study. Values 
represent average plus or minus standard deviation between 3 technical replicates  
  

 Disp Temp Z-Avg PdI Z-Pot  

 
°C radius nm 

 
mV 

water 25 
31.63 
±0.60 

0.1290 
±0.0163 

-44.40 
±0.16 

PBS 25 
33.15 
±0.10 

0.0503 
±0.0117 

-35.50 
±0.45 

c-DMEM 25 
31.75 
±0.29 

0.0953 
±0.0056 

-30.63 
±1.93 

sf-DMEM 25 
30.77 
±0.32 

0.0583 
±0.0078 

not measured 

sf-DMEM 37 
28.20 
±0.12 

0.0657 
±0.0297 

not measured 

 
Abbreviations: Disp, dispersant; Temp, temperature; Z-Avg, Zeta-average; PdI, 
Polydispersity Index; Z-Pot, Zeta-potential. 

 

 

The DLS measurements indicated that the nanoparticles used for this study were 

monodispersed as described by the PdI ≤ 0.1 and that their dispersion was stable under 

the investigated conditions as described by the similarity of the values reported for the 

different dispersants and temperature. Additional data for the same material have also 

been published (Lesniak et al., 2010). 
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3.2 High content screening microscopy for the quantification of nanoparticle 

uptake 

 

The first step for the implementation of a strategy to study the internalisation of 

polystyrene nanoparticles in HeLa cells consisted in the testing and optimisation of the 

automated imaging and analysis procedure.  

HeLa cells were exposed to various concentrations of nanoparticles and fixed 

after increasing lengths of time (specifically, after 10, 30, 60 and 120 minutes with the 

nanoparticle present throughout the incubation time). Images were then acquired and 

analysed as described in Section 2.10.1. 

As shown in Figure 3.1, cell-associated NP intensity was observed to be 

dependent on NP concentration and length of treatment.  
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Fig. 3.1 Quantification of cell-associated fluorescence intensity of nanoparticles. (A) 
Representative images of HeLa cells treated with 50 μg/ml NPs and fixed after various 
lengths of time. Cell nuclei are shown in blue, nanoparticles in red. Scale bar, 20 µm. (B) 
Plot showing cell-associated NP intensity following treatment with various 

concentrations of NPs and fixed at various lengths of time. Values represent mean plus 
or minus s.e.m. of 3 technical replicates. 

 

In order to evaluate the effect of serum present in the culture medium, a 

comparative analysis of the rate of uptake of nanoparticle dispersed in c-DMEM or sf-
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DMEM was carried out. At all the time-points the analysis detected a higher cell-

associated intensity in cells treated with NP dispersed in sf-DMEM compared to c-

DMEM (Fig. 3.2).  

 

Fig. 3.2 Quantification of cell-associated fluorescence intensity of nanoparticles 
dispersed in complete or serum-free medium. (A) Representative images of cells 
treated with 12.5 μg/ml NPs and fixed after various length of time. Cell nuclei are shown 
in blue, nanoparticles in red. Scale bar, 20 µm. (B) Plot showing cell-associated NP 
intensity following treatment with various concentrations of nanoparticles dispersed in 
serum-free (sf-DMEM, open symbols) or complete medium (c-DMEM, filled symbols) and 
fixed at various lengths of time. Values represent mean plus or minus s.e.m. of 3 
technical replicates. 
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One reported issue of carrying out NP treatments in the presence of foetal bovine 

serum is that, depending on the FBS batch, the composition of the protein corona 

around the NP may vary from experiment to experiment (see Section 3.4). To address 

this, 10 µg/ml NPs were incubated with cells for 10 minutes in serum-free medium 

(pulse), followed by various lengths of chase time in medium containing serum (Fig. 

3.3). A peak of NP intensity was detected in cells fixed immediately after the pulse 

treatment (0 chase time) and after a 10 minute chase, possibly due to a high 

concentration of NPs on the cell surface. The intensity then reached a plateau up to 110 

minutes of chase time. 

 

Fig. 3.3 Quantification of cell-associated nanoparticle fluorescence intensity following 
various lengths of chase time. Plot showing cell-associated NP intensity in cells chased 
in c-DMEM for various lengths of time after a 10 minute chase in sf-DMEM. Values 
represent mean plus or minus s.e.m. of 3 independent replicates. 
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3.3 siRNA pilot screen to study nanoparticle internalisation 

 

In order to test the HCS approach for detection of cellular internalisation of 

molecules following mRNA depletion, a ‘proof-of-concept’ pilot RNAi screen was carried 

out. The internalisation of fluorescently labelled transferrin, a well-established marker 

for CME was quantified after knock-down of 11 endocytosis-related candidate genes 

(see Section 1.1.2 of Introduction). The targeted proteins are described in Table 3.2 and 

the siRNA sequences are reported in Appendix II. 
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Table 3.2 List of proteins targeted in the siRNA pilot screen.  

Gene 
symbol  

Protein name Mechanism  Function  

NEG Negative siRNA siRNA not targeting 
any known cellular 
mRNAs 

Negative control for siRNA transfection 

CLTC Clathrin heavy 
chain  

CME Major protein of the polyhedral coat of 
clathrin coated pits and vesicles (Pearse et al., 
2000) 

DNM2  Dynamin 2  CME (and also CAV, 
RHOA, FLOT-
dependent 
pathways)  

Large GTPase, assembling at the neck of 
budding vesicles inducing fission of the 
underlying tubular membrane (Ferguson and 
De Camilli, 2012)  

AP2A1  Adaptor-related 
protein complex 2, 
alpha subunit 
(variant1)  

CME Subunit of the adaptor protein AP2 which 
binds to both the clathrin lattice and to the 
components of membranes, contributing to 
clathrin coated vesicle formation at the 
plasma membrane (Motley et al., 2006) AP2A2  Adaptor-related 

protein complex 2, 
alpha subunit 
(variant2)  

CME 

CAV1  Caveolin 1  CvME, dynamin 
dependent 

Structural protein necessary for caveolar 
biogenesis. It binds cholesterol and fatty acids 
(Williams and Lisanti, 2004) 

CAV2  Caveolin 2  CvME, dynamin 
dependent  

Co-expressed with CAV1 although not 
necessary for caveolar formation (Williams 
and Lisanti, 2004)  

RHOA  Ras homolog gene 
family, member A  

IL2Rβ pathway, 
dynamin 
dependent 

Rho-family GTPase regulating actin 
cytoskeleton. It can interfere with CME of Tf 
(Lamaze et al., 2001)  

CDC42  Cell division cycle 
42  

CLIC/GEEC 
endocytosis and 
phagocytosis, 
dynamin 
independent 

Rho-family GTPase regulating actin 
cytoskeleton. Involved in fluid phase markers 
and GPI-AP internalisation (Chadda et al., 
2007) and Fcγ Receptor phagocytosis (Park 
and Cox, 2009)  

ARF6  ADP-ribosylation 
factor 6  

CD59 and MHCI 
internalization, 
dynamin 
independent 

Small GTP-binding protein associated with 
membrane lipid modifications and actin 
cytoskeleton modulation (Donaldson, 2003) 

FLOT1  Flotillin 1  Clathrin, caveolin 
and dynamin 
independent 

Involved in CD59 and CTB uptake. It may play 
a role in the ordering of lipids similarly to 
caveolae (Glebov et al., 2006) 

TFRC  Transferrin 
receptor  

CME Specific marker for CME events. Cell surface 
receptor binding Tf for transport of iron into 
cells (Dautry-Varsat, 1986) 

INCENP Inner centromere 
protein 

Cell division  Implied in nucleus splitting during cell division 
(Cooke et al., 1987). Control for transfection 
efficiency (Simpson et al., 2012). 

Abbreviations: CME, clathrin mediated endocytosis; CLIC, clathrin-independent carrier; CTB, cholera 
toxin B subunit; GEEC, Glycosyl phosphatidylinositol-anchored protein (GPI-AP)-enriched early 
endosomal compartment; GPCRs, G protein–coupled receptors; MHC, major histocompatibility 
complex; Tf, transferrin. 
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In all the depletion experiments, siRNA targeting the INCENP mRNA was used as a 

control for the transfection efficiency (Bexiga et al., 2014; Cooke et al., 1987). The 

proportion of cells in the population that had been efficiently transfected was 

quantified by using an image analysis algorithm able to discriminate cells showing 

enlarged nuclear area and irregular circularity (Fig. 3.4A) in comparison to siNEG-

treated cells. In the current study a transfection efficiency of at least 70% was obtained 

(Fig. 3.4B). 

 

 
Fig. 3.4 Quantification of transfection efficiency following depletion of INCENP. (A) 
Representative image of morphological identification of normal versus irregular nuclei 
as determined by Olympus Scan^R software. Green boxes flag regular nuclei. Scale bar, 
20 µm. (B) Plot showing percentage of irregular nuclei in the overall population of cells 
treated with negative control (NEG) or INCENP. Values represent mean percentages of 
cells showing regular or irregular nuclei between 3 technical replicates.   
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The individual depletion of clathrin heavy chain, dynamin 2, adaptor protein-2 

alpha subunit and transferrin receptor, resulted in a statistically significant reduction in 

the intracellular uptake of transferrin (Fig. 3.5).  

 

Fig. 3.5 Quantification of transferrin uptake following depletion of endocytic proteins. 
(A) Three representative images of internalised transferrin in cells transfected with 
siRNAs for 72 hours and treated for 5 minutes with transferrin before fixation. Cell nuclei 
are shown in blue, transferrin in red. Scale bar, 50 µm. (B) Plot showing average cell-
associated transferrin intensity in siRNA-treated cells. Values represent mean plus or 
minus standard deviations between 3 technical replicates. Dotted line represents the 
value of the siNEG. *, p-value < 0.05; ***, p-value < 0.001.  
 

The same set of siRNAs (except for the one targeting the transferrin receptor) was 

next tested for any effect on nanoparticle uptake (Fig. 3.6).  
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Fig. 3.6 Quantification of nanoparticle uptake following depletion of endocytic 
proteins. (A) Representative images of internalised NPs in cells transfected with siRNAs 
for 72 hours and pulse-chased for 1 hour with nanoparticles before fixation (see Section 
2.8 of Materials and Methods). Cell nuclei are shown in blue, nanoparticles in red. Scale 
bar, 20 µm. (B) Plot showing cell-associated NP intensity in siRNA-treated cells. Values 
represent mean plus or minus standard deviations between 3 independent replicates. 
Dotted lines represent the value of the siNEG. 
 

No individual protein depletion induced a statistically significant decrease of cell-

associated nanoparticle intensity, although of the siRNAs tested, those targeting CAV2, 

CDC42 and ARF6 did show some reduction in the amount of NPs associated with cells. 

These experiments did reveal relatively high cell to cell variability, possibly resulting 

from issues of poor cell segmentation and the analysis routines not precisely defining 

internalised nanoparticles compared to nanoparticles present at the plasma membrane 

or attached to the surface of the plate. Indeed although many different cell washing 

protocols to attempt to remove non-internalised nanoparticles were tested, a 

continuous carpet of nanoparticles on the bottom of the well was observed in all the 

images in the present study. For this reason, additional experimental and image analysis 
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steps were applied, specifically by immunostaining the cells for the late 

endosomal/lysosomal protein LAMP1 to allow for a more refined detection of the 

intracellular spatial distribution of the nanoparticles. The HCS software was then used 

to quantify the LAMP1-associated NP intensity and returned a ratio between this and 

the total cell-associated intensity (LAMP1-associated NP ratio). In these experiments, a 

statistically significant reduction of LAMP1-associated NP ratio was detected after 

DNM2 depletion, in addition to observable reductions (albeit statistically non-

significant), under conditions of CLTC depletion (Fig. 3.7). 

 

Fig. 3.7 Quantification of LAMP1-associated NP ratio in cells following depletion of 
selected proteins associated with endocytosis. (A) Representative images of LAMP1-
associated nanoparticles in HeLa cells transfected with siRNAs for 72 hours and pulse-
chased for 1 hour with NPs before fixation and immunostaining for the LAMP1 protein 
(see Section 2.8 and 2.6 of Materials and Methods). Nanoparticles are shown in red, 
LAMP1 in green. Scale bar, 20 µm. (B) Plot showing LAMP1-associated NP ratios in 
siRNA-treated cells. Values represent mean plus or minus standard deviations between 3 
independent replicates normalised to the mean value of cells treated with siNEG. Dotted 
line represents the value of the siNEG. *, p-value < 0.05. 
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In order to investigate the possible synergistic effect between the various 

endocytic regulators, uptake of nanoparticles in the context of double siRNA 

transfections was investigated (Fig. 3.8). In these experiments, a decrease of 

nanoparticle uptake was detected in all the siRNA combinations tested although only 

after depletion of ARF6 and DNM2, was the phenotype observed significantly different 

from the negative control. Taken together these results suggested an influence of both 

clathrin-dependent and independent pathways in the uptake of negatively charged PS-

COOH nanoparticles into cells. In addition, the experiments strongly supported a role 

for dynamin 2 in the endocytic process. 

 

Fig. 3.8 Quantification of LAMP1-associated NP ratio following double depletion of 
selected proteins associated with endocytosis. (A) Representative images of LAMP1-
associated NPs in HeLa cells transfected with siRNAs against two endocytic targets for 
72 hours and pulse-chased for 1 hour with nanoparticles before fixation and 
immunostaining for LAMP1 protein (see Section 2.8 and 2.6 of Materials and Methods). 
Nanoparticles are shown in red, LAMP1 in green. Scale bar, 20 µm. Zoom scale bar, 10 
µm. (B) Plot showing LAMP1-associated NP ratios in siRNA treated cells. Values 
represent mean plus or minus standard deviations between 3 independent replicates 
normalised to the mean value of cells treated with siNEG. Dotted line represents the 
value of the siNEG. *, p-value < 0.05. 
 

3.4 Optimisation and pilot studies: discussion and conclusions 

 

For the purpose of this study nominally 40 nm nanoparticles were selected, 

indeed this size is considered compatible with endocytic mechanisms (see Section 1.1.2) 

and, from a drug delivery point of view, particles smaller than 200 nm are considered 
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more effective as they induce the enhanced permeability retention (EPR) effect 

currently believed the most efficient targeting strategy (Dawidczyk et al., 2014) and 

reduce the risks for embolisation when injected intravenously (Sahay et al., 2010).  

The nanoparticles used in the current study were characterised by DLS in 

universal dispersants such as water and PBS as well as in the specific cell culture 

medium with and without serum, both at the chemically standard temperature of 25˚C 

and at the biologically significant temperature of 37 ˚C. The results reported in Table 3.1 

show that the nominally 40 nm polystyrene carboxylated nanoparticles were 

homogenous in size (measured as Zeta-average hydrodynamic radius), charge 

(indicated by Zeta-potential) and were not aggregating (low polydispersity index) in all 

the dispersants investigated. Consistent with other studies using this nanoparticle type 

(Lesniak et al., 2010), the absolute value of the Zeta-potential was lower for 

nanoparticles in complete medium compared to other dispersants, possibly as a result 

of interaction with serum proteins shielding the absolute charge of the nanoparticle. 

Also, as reported by Lesniak et al., the hydrodynamic radius detected by DLS is higher 

than the nominal size of the nanoparticles, therefore a TEM approach may be needed 

to confirm the real size of the nanoparticles in use. Regardless, the homogenous size, 

the negative charge and the monodispersity of the sample in the various dispersants 

were considered acceptable for the purposes of the present study. 

The intracellular uptake of nanoparticles is a time- and concentration-dependent 

process, as has been reported previously using flow-cytometry approaches (Salvati et 

al., 2011; Shapero et al., 2011). The uptake of nanoparticles was quantified in HeLa cells 

treated with nanoparticle dilutions between 50 µg/ml and 3.1 µg/ml in complete 

medium, and cells were fixed after increasing duration of treatment, specifically after 

15, 30, 60, and 120 minutes. As shown in Figure 3.1, the HCS analysis protocol was 

sufficiently sensitive to detect cell-associated nanoparticle intensity as a time- and 

concentration-dependent phenomenon. 

When a nanoparticle is dispersed in a biological fluid, it becomes stably coated by 

a protein corona, the composition of which is dependent on particle size and surface 

characteristics (Cedervall et al., 2007; Monopoli et al., 2011). Furthermore, the 

presence of heat inactivated foetal bovine serum in the culture medium has been 

reported to influence the nanoparticle protein corona composition and double the 
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amount of internalised 40 nm PS-COOH NPs in comparison to non-heat inactivated 

serum, possibly by activation of different endocytic mechanisms (Doorley and Payne, 

2011; Lesniak et al., 2010). For this reason, a comparison of nanoparticle uptake in 

serum-free medium versus in complete medium was carried out. As shown in Figure 

3.2, the uptake of nanoparticles was higher if cells were incubated with nanoparticles 

dispersed in serum-free medium confirming that the presence or absence of a protein 

corona influences the rate of nanoparticle uptake. Moreover these results suggest a 

high degree of nanoparticle loading capacity for this particular cell line. These results 

led to the decision to eliminate the use of serum during the pulse step of the NP 

treatment, in order to eliminate this potential source of variability (different serum 

batches might induce different corona compositions). In addition, carrying out the 

initial uptake in serum-free medium provided a stronger and therefore more robust 

detectable NP intensity signal. However, in order to prevent cell stress and autophagy 

induced by a long starvation period, the chase was carried out in complete medium. 

The length of chase was established by testing uptake levels at various time points after 

the initial 10 minute pulse (Fig. 3.3). After an initial peak of intensity, possibly due to a 

high NP concentration on the cell membrane, the cell-associated NP intensity remained 

constant for the remaining 110 minutes. As a consequence of this result, and the other 

optimisation steps, the conditions for the subsequent screens systematically examining 

nanoparticle uptake into cells were established. Cells were incubated for 10 minutes 

with a suspension of 10 µg/ml nanoparticles in serum-free medium (pulse), followed by 

a 50 minute incubation with medium without nanoparticles (chase) in order to remove 

excess nanoparticles and allow internalisation of those associated with the cell 

membrane.  

In order to test the efficacy of high content analysis in the context of RNAi against 

endocytic mechanisms, the HCS pipeline was first used for the detection of transferrin, 

a classical marker for endocytosis (Fig.3.5). As expected, a decrease in transferrin 

uptake was observed in all cases after depletion of CME-related proteins in comparison 

to the siRNA negative control-treated cells; in particular 90% reduction was seen after 

clathrin heavy chain depletion, 90% for the clathrin adaptor-related protein 2 alpha 

subunit variant 1 and 40% for variant 2, while 96% for dynamin 2 and for transferrin 
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receptor. These results confirmed the efficiency of the knock-down treatment and of 

the analysis approach.  

Interestingly a small but statistically significant decrease of transferrin uptake was 

observed after RHOA knock-down. This could be due to the previously reported 

involvement of RHOA in clathrin-coated vesicle formation at the plasma membrane of 

HeLa cells (Lamaze et al., 2001), although in that study, despite a decrease in transferrin 

receptor internalisation being observed in cells transfected with a constitutively active 

RHOA mutant, no effect was seen in cells transfected with the constitutively inactive 

form. At the other end of the spectrum, a significant increase of transferrin uptake was 

observed after depletion of flotillin, possibly due to an up-regulation of the clathrin 

mediated endocytosis as a compensatory effect. Since also the possibility for off-target 

effects cannot be excluded, further studies are needed to validate the transcript knock-

down and explain the contribution of RHOA and flotillin to transferrin uptake. 

The high content screening approach was then used to quantify the impact of key 

endocytic proteins on the uptake of nanoparticles. As shown in Figure 3.6, although a 

small decrease in the uptake of nanoparticles was observed in HeLa cells transfected 

with siRNAs targeting CAV2 (28% reduction), CDC42 (27%), ARF6 (26%), DNM2 (20%), 

and AP2A2 (19%), they were not determined as statistically significant. This was mainly 

due to the high range of variability (high standard deviation) that could be the effect of 

a cell-to-cell segmentation unable to fully discriminate completely internalised particles 

from those trapped at the cell surface. After this preliminary approach it was also clear 

that, as confirmed in previous studies (dos Santos et al., 2011a; Harush-Frenkel et al., 

2007; Luhmann et al., 2008), a complete blockage of nanoparticle endocytosis is not 

easily achieved due to both the “stickiness” of the nanoparticle surface for many 

membrane receptors and adaptors, and because of the high interconnection of the 

various endocytic mechanisms operating in cells. For this reason, and also with a view 

to the final aim of the present study to conduct a genome-wide screen testing the 

involvement of not only proteins belonging to the endocytic pathway but also players of 

the whole endomembrane system, a more refined approach was attempted for the 

quantification of the spatial and temporal intracellular distribution of nanoparticles. 

Thus, the percentage of cell-associated nanoparticles co-localising with the late 

endosomal/lysosomal marker LAMP1 was calculated (LAMP1-associated NP ratio, see 
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Section 2.10.1 of Materials and Methods), in order to obtain a normalised value 

reflecting the amount of particles trafficking from the cell membrane to the inner 

degradative compartment (Fig. 3.7). With this approach, a significant 36% decrease in 

nanoparticle uptake after DNM2 depletion in comparison to the siNEG treated cells was 

observed. The effect of DNM2 on the intracellular trafficking of nanoparticles was also 

confirmed in double depletion experiments in which a statistically significant 28% 

decrease in LAMP1-NP co-localisation was observed after ARF6 and DNM2 depletion 

(Fig. 3.8). This strongly suggests that when a dynamin-dependent endocytic mechanism 

is inhibited, the nanoparticles can still be internalised via a dynamin-independent 

pathway such as the one regulated by ARF6 (Naslavsky et al., 2003).  

Taken together these data suggest that although a high level of complexity 

characterises the nanoparticle internalisation mechanism, an involvement of dynamin 2 

is strongly suggested in all cases. Likely dynamin 2 depletion delays the rate of 

nanoparticle delivery to lysosomes by decreasing the internalisation rate of 

nanoparticle-loaded endocytic vesicles. 
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A manuscript with the results presented in this chapter is under review: 

Panarella, A.; Bexiga, M. G.; Galea, G.; O’ Neill, E.; Salvati, A.; Dawson, K.A.; Simpson, J.C.  

A systematic high content screening microscopy approach reveals key roles for RAB33B, OATL1 

and MYO6 in nanoparticle uptake into mammalian cells 
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4.1 Rab protein primary screen  

 

Following the development and optimisation of the nanoparticle treatment and 

HCS pipeline to study nanoparticle internalisation and trafficking described in Chapter 

3, a first test of the solid phase transfection approach and of the automated analysis 

and work-flow was carried out on an RNAi library targeting 58 proteins belonging to the 

Rab family (see Section 1.1.1.4 of Introduction). The customised RNAi library was 

arrayed in a 384-well plate format using solid-phase transfection technology (see 

Section 2.4.2 of Materials and Methods), with each well containing a pool of four 

independent siRNA sequences against each target gene. Every plate (Fig. 4.1A) 

comprised two technical replicates per target, with 4 wells containing the transfection 

control (siRNAs targeting INCENP) and 8 wells containing non-silencing negative 

controls (siNEG, siRNA sequences are given in Appendix II). HeLa cells were seeded into 

the solid-phase transfection plates and incubated for 72 hours before a 10 minute pulse 

with nanoparticles and 50 minute chase with medium without nanoparticles, fixation, 

LAMP1 immunostaining, nuclear staining and automated imaging. Using an automated 

image analysis routine (as described in Section 2.10.1 of Materials and Methods and 

Appendix I), the LAMP1-associated nanoparticle intensity was quantified and divided by 

the cell-associated nanoparticle intensity in order to obtain a raw ratio that was then 

normalised to the ratio observed in siNEG treated cell (‘LAMP1-associated NP ratio’). A 

LAMP1-associated NP ratio greater than 1 indicates increased nanoparticle co-

localisation with LAMP1, whereas a value less than 1 indicates decreased co-localisation 

of nanoparticles with LAMP1 compared to negative control cells (Fig. 4.1B). Plates 

showing a transfection efficiency of less than 70%, as judged by the proportion of multi-

lobed nucleated cells in the wells treated with siRNAs targeting the INCENP gene, were 

discarded. Wells with less than 50 cells or treatments with less than a total of 300 cells 

over three independent replicate plates were also discarded from the analysis. In order 

to categorise strong and mild regulators of nanoparticle trafficking, RNAi treatments 

inducing a LAMP1-associated NP ratio ranking lower than the mean siNEG LAMP1-

associated NP ratio minus 3 standard deviations or 2 standard deviations, respectively 

were chosen (Fig. 4.1C). 
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Fig. 4.1: Primary screen of Rab library. (A) The 384 well-plates comprised two technical 
replicates for each of the 58 Rab proteins screened, 4 wells containing the transfection 
control (siRNAs targeting INCENP), and 8 wells containing the negative control (siNEG). 
(B) Ratio between LAMP1-associated NP intensity and cell-associated NP intensity 
(LAMP1-associated NP ratio) was quantified in HeLa cells treated for 72 hours with a 
library containing a pool of four sequences against each Rab. Cells were transfected for 
72 hours and pulse-chased for 1 hour with NPs before fixation and immunostaining for 
the LAMP1 protein. (C) A mild reduction in LAMP1-associated NP ratio was observed for 
11 of the siRNA treatments, and a strong reduction was oberved for 4 of the siRNA 
treatments. The dashed line represents the LAMP1-associated NP ratio quantified in 
siNEG treated cells. Values greater than 1 indicate increased nanoparticles co-
localisation with LAMP1 whereas values less than 1 indicate decreased nanoparticle co-
localisation with LAMP1. Dotted lines represent arbitrary threshold values indicating 
mild (2 SD) or strong phenotypes (3 SD) (SD, standard deviation). Values represent mean 
and s.e.m. of 3 independent replicates normalised to the mean value of cells treated 
with siNEG. 
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4.2 Candidate gene validation of Rab screen 

 

In order to confirm the phenotype and minimise the possibility of off-target 

effects, the observed decrease in nanoparticle trafficking to LAMP1-positive 

compartments following knock-down of the strong candidates (RAB7A, RAB33A, 

RAB33B and RAB36) was validated using a deconvolution approach. The LAMP1-

associated NP ratio was quantified from experiments in which two independent siRNAs, 

supplied by a different manufacturer, against each target were used individually (for 

sequences see Appendix II). Experiments were carried out using a liquid phase forward 

transfection method (see Section 2.4.1 of Materials and Methods). As shown in Figure 

4.2A, for three of the four genes tested, one of the two siRNAs per target showed a 

phenotype at least two standard deviations lower than the mean LAMP1-associated NP 

ratio shown in cells treated with negative control siRNAs. The level of mRNA depletion 

was also quantified by real-time quantitative PCR in order to establish whether effective 

mRNA knock down was induced by the siRNA treatment (Fig. 4.2B). For two out of four 

candidate genes, RAB33A and RAB36, no endogenous expression of mRNA was 

observed. For RAB7A and RAB33B a 70% knock-down of the target mRNA following 

siRNA treatment was observed. 
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Fig. 4.2 Rab protein primary screen validation. (A) Strong candidates of NP trafficking 
regulators were validated by quantifying the LAMP1-associated NP ratio following 
treatment with two independent siRNAs against each target. HeLa cells were 
transfected for 72 hours and pulse-chased for 1 hour with NPs before fixation and 
immunostaining for the LAMP1 protein. The dashed line represents the LAMP1-
associated NP ratio in siNEG-treated cells. The dotted lines represent threshold values 
indicating mild or strong phenotypes. Values represent mean and s.e.m. of 3 
independent replicates normalised to the mean value of cells treated with siNEG. (B) 
Relative mRNA levels after 72 hours of siRNA treatment were measured by real-time 
quantitative PCR. Values represent the mean and s.e.m. normalised to the mean mRNA 
levels of cells treated with siNEG between three independent replicates. 
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4.3 Secondary analysis of RAB33B and RAB7A 

 

In order to investigate the functional involvement of RAB7A and RAB33B on the 

internalisation and trafficking of nanoparticles, image analysis of confocal images was 

carried out on cells either subjected to gene depletion or overexpression. The co-

localisation coefficient (RWC) (Singan et al., 2011) of nanoparticles with LAMP1 or EEA1, 

markers of lysosomal structures and early endocytic structures respectively, was 

quantified in the context of RNAi or DNA-overexpression.  

Firstly, the possibility of a synergistic effect between DNM2, localising at the cell 

membrane, and Rab GTPases, acting later on in the endocytic pathway, was 

investigated. Cells were transfected with one validated siRNA molecule targeting 

RAB7A, RAB33B and DNM2 or with combination of 2 of them (Fig. 4.3-4.4). Treatment 

with RAB7A or siRAB33B in combination with siDNM2 further decreased the co-

localisation of NPs with LAMP1-positive organelles of 10% and 20% respectively 

compared to single siRNA transfection. 
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Fig. 4.3 Investigation of synergistic effect of DNM2, RAB7A and RAB33B on NP uptake. 
Representative confocal images of HeLa cells treated with siRNA targeting RAB7A, 
RAB33B, DNM2 or a combination of 2 of them, as indicated. 72 hours after siRNA 
treatment, cells were pulse-chased with NPs for 1 hour, fixed and immunostained for 
LAMP1. Scale bar, 20 µm.  
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Fig. 4.4 Quantification of synergistic effect of DNM2, RAB7A, RAB33B on NP uptake. 
(A, B, C) RWC co-localisation coefficient of NP co-localising with LAMP1 signal was 
quantified in confocal images of cells transfected with siRNAs targeting either one or 
two targets as indicated. Values represent mean and s.e.m. of 3 independent replicates. 
At least 20 cells were analysed for each replicate. *, p-value < 0.05; ***, p-value < 0.001. 

 

In order to confirm the involvement of RAB33B in intracellular NP trafficking with 

an approach different from RNAi, HeLa cells were transfected with a plasmid DNA 

expressing GFP-tagged wild-type RAB33B or its GDP/GTP-locked forms (see Section 2.3 

and 2.5 of Materials and Methods). As shown in Figure 4.5A, no significant changes in 

the intracellular distribution of NPs were observed in cells overexpressing the various 

RAB33B mutants compared to wild-type RAB33B and no significant alteration in the NP-

LAMP1 co-localisation coefficient was detected (Fig 4.5B).  
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Fig. 4.5 Effect of overexpression of Rab33b on NP trafficking. (A) Example confocal 
images of HeLa cells transfected with a plasmid DNA expressing GFP-RAB33B wild type 
(wt) and mutants as indicated. After 20-22 hours of transfection cells were pulse-chased 
with NPs for 1 hour, fixed and immunostained for LAMP1. Scale bar, 10 µm. Zoom scale 
bar, 3.5 µm. (B) RWC co-localisation coefficient of NP signal co-localising with LAMP1 
signal was quantified in cells expressing GFP-tagged RAB33B mutants. Values represent 
mean and s.e.m. of 4 independent replicates. At least 20 cells were analysed for each 
experiment. 

In order to exclude the possibility that high levels of endogenous wild-type 

protein could mask the effect of the overexpressed mutant forms, an alternative 

strategy to modulate RAB33B function was designed. RAB33B activity is known to be 

regulated, at least partially, by the GTPase activating protein (GAP) OATL1, and 

overexpression of a GFP-tagged construct has previously been shown to affect RAB33B 

function (Itoh et al., 2011). Cells were therefore transfected with a construct encoding 

GFP-OATL1, and NP trafficking studies carried out in these cells. In cells overexpressing 

GFP-OATL1, internalised NPs showed a more peripheral distribution (Fig. 4.6A) and a 

corresponding decrease in co-localisation with LAMP1 when compared to non-

transfected cells at both early (10 minute pulse plus 5 minute chase) and late (10 

minute pulse plus 50 minute chase) internalisation time-points (Fig. 4.6B). In order to 

further investigate the nature of the membrane embedding the NPs in cells 

overexpressing OATL1, the co-localisation coefficient of NPs with the early endosomal 

marker EEA1 was also quantified and, at the early time point, resulted significantly 

lower than in control cells (Fig. 4.6C-D). 
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Fig. 4.6 Effect of overexpression of OATL1 on NP trafficking. Cells were transfected with 
GFP-OATL1 or left untreated (nt). After 20-22 hours of transfection they were pulsed for 
10 minutes and chased for 5 minutes or 50 minutes, fixed and immunostained for 
LAMP1 or EEA1 as indicated. (A) Example images of cells treated for 1 hour (10 minute 
pulse and 50 minute chase) and stained for LAMP1. (C) Example images of cells treated 
for 15 minutes (10 minute pulse plus 5 minute chase) and stained for EEA1. Scale bar, 10 
µm. Zoom scale bar, 3.5 µm. (B, D) RWC co-localisation coefficient of NP signal co-
localising with LAMP1 or EEA1 signal was quantified, as indicated. Values represent 
mean and s.e.m. of 3 independent replicates. At least 20 cells were analysed for each 
experiment; *, p-value < 0.05. 

 

 

4.4 RAB protein screen: discussion and conclusions 

 

Rab GTPases (described in Section 1.1.1.4) are a subgroup of 67 proteins 

belonging to the Ras super-family. They are widely distributed throughout the cell 

possessing a significant degree of organelle-specificity and are considered one of the 

master regulator families of membrane trafficking. Protein machinery for GTP loading 

(exemplified by GEFs) and for GTP hydrolysis (catalysed by GAPs), allows Rab proteins to 

cycle through activated and inactivated states. Activated Rabs associate with organelle 

membranes and are able to interact with a series of effectors coordinating their activity 
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in space and time for phosphoinositide metabolism, recruitment of signalling 

molecules, cargo sorting, vesicular transport and tethering and fusion of vesicles. 

Collaboration between the Simpson and Dawson labs has already shown the 

potential involvement of Rabs in nanoparticle trafficking. Using a live cell imaging 

strategy over 4 hours, 40 nm polystyrene carboxylated nanoparticles were found to co-

localise with overexpressed RAB5A, RAB7A, RAB9A. In particular, a peak of 30% co-

localisation with RAB5A was observed after 45 minutes of nanoparticle treatment while 

a 50% co-localisation plateau with RAB9 and RAB7 was observed after 90 minutes and 2 

hours respectively (Sandin et al., 2012).  

Although this previous study is strongly supportive of NPs passing through 

membranes decorated with various endocytic Rab proteins, it did not specifically 

address whether they are functionally involved. The present HCS approach therefore 

used an siRNA library targeting 58 proteins belonging to the Rab family in order to 

systematically investigate the functional role of these proteins in the internalisation and 

trafficking of nanoparticles. In order to define a robust method to measure any 

reduction in the trafficking of NPs to LAMP1-positive organelles, the LAMP1-associated 

NP ratio (total LAMP1-associated NP intensity divided by the total cell-associated NP 

intensity) of cells treated with siRNAs targeting a specific Rab was compared to the ratio 

quantified in cells treated with non-silencing siRNAs (siNEG). A control for efficiency of 

transfection (siINCENP) was used and plates presenting less than 70% of siINCENP 

phenotypic penetrance (percentage of irregular nuclei compared to cells treated with 

siNEG) were not analysed. All the results are the average measurements from at least 

50 cells per well in order to allow robust results. The mean LAMP1-associated NP ratio 

of siNEG-treated cells minus 2 or 3 standard deviation values were selected as arbitrary 

thresholds: proteins whose depletion caused a LAMP1-associated NP ratio lower than 

the first threshold were considered mild regulators, proteins whose depletion caused a 

LAMP1-associated NP ratio lower than the second threshold were considered strong 

regulators. With this approach 11 mild and 4 strong candidates were identified (Fig. 

4.1). The majority of the 11 candidate genes inducing mild phenotype are known to be 

involved in endocytosis (Table 4.1) which confirms the efficacy of the approach.
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Table 4.1 Details of Rab identified as possible regulators of nanoparticle trafficking in 
this study. List of genes whose depletion was associated with a mild phenotype. Bold 
font highlights genes involved in endocytosis. Adapted from Galvez et al., (2012); 
Stenmark, (2009). 
Candidate Subcellular 

localisation 
Proposed functions Known effectors References 

RAB3B Synaptic 
vesicles, 
secretory 
granules, RE 

Exocytosis 
regulator 

Rabphilin, Rabin3, 
RIM1/2, Granuphilin, 
NOC2, synapsin 

(Lledo et al., 1993),  
(Zou et al., 2009) 

RAB4A EEs, REs 
 

Endocytic recycling ZFYVE20- VPS45, 
RABEP1, RUFY1, 
GRIPAP1, AKAP10, 
RAB11FIP1, CD2AP 

(van der Sluijs et al., 
1992),  
(de Renzis et al., 2002) 

RAB5A EEs, CCVs, PM EE fusion and 
biogenesis, 
phagosome 
maturation,  

EEA1, ZFYVE20- VPS45, 
APPL1/2, ANKFY1, 
RABEP1,RABEP2, 
PIK3R4, PIK3CB,OCRL, 
INPP5B, INPP4A,F8A1, 
VPS8 (yeast) 

(Bucci et al., 1992),  
(Nielsen et al., 1999) 

RAB5C EEs, CCVs, PM Endocytosis, EE 
fusion, phagosome 
maturation,  

Possibly an alternative 
mechanism for RAB5A. 
Differential recognition 
by specific kinases is 
documented 

(Bucci et al., 1995),  
(Chiariello et al., 1999) 

RAB6B Golgi Traffic in Intra-
Golgi, ER-Golgi, 
EE/LE-Golgi, Golgi-
PM, cytokinesis 

Giantin, Rabankyrin-6, 
RAB6IP1, GCC185, 
Bicaudal 
D1,TMF/ARA160, 
MINT3, VPS52 

(Goud et al., 1994),  
(Opdam et al., 2000) 

RAB7B LEs, Golgi retrograde 
transport from LE 
to TGN 

Sortilin, actomyosin (Yang et al., 2004),  
(Progida et al., 2012) 

RAB11B REs 
 

RE- to-PM 
transport, 
cytokinesis, 
ciliogenesis 

RAB11FIP1/FIP2/FIP3/F
IP4/FIP5, EXOC6, 
RAB3IP,ZFYVE27, 
MYO5B, TBC1D14 

(Wilcke et al., 2000),  
(Schlierf et al., 2000) 

RAB13 TJ, EEs Biogenesis and 
endocytic recycling 
of TJ 

JRAB 
 

(Zahraoui et al., 1994), 
(Morimoto et al., 2005) 

RAB34 PM, Golgi, 
macropinosome 

Macropinocytosis, 
LY positioning 

RILP, UNC13B (Wang and Hong, 
2002),  
(Sun et al., 2003) 

RAB39A Golgi, LY Phagosome and 
autophagosome 
maturation 

PI3K, UACA, CASP1 (Chen et al., 2003), 
(Seto et al., 2013) 

RAB40C Perinuclear  Endocytic events 
(oligodendrocytes), 
lipid droplets 
biogenesis 

AKAP10, RME8, TIP47 (Rodriguez-Gabin et al., 
2004), 
(Tan et al., 2013) 

Abbreviations: CCV, clathrin coated vesicles; EE, early endosomes; LE, late endosomes; LY, lysosomes; 
PM, plasma membrane; RE, recycling endosomes; TJ, tight junctions. 
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While more studies are needed in order to validate the potential ‘mild’ regulator 

candidates and understand their functional involvement in nanoparticle trafficking, a 

validation step was carried out for the ‘strong’ candidates, namely RAB7A, RAB33A, 

RAB33B and RAB36. The depletion of these proteins induced a strong decrease in 

nanoparticle trafficking to LAMP1-positive membranes. The four candidate genes were 

probed with an independent set of two siRNA sequences per gene. For RAB7A, RAB33A 

and RAB33B the phenotype observed in the primary screen (resulting from the effect of 

four pooled siRNA sequences) was confirmed by an either mild or strong reduction in NP 

trafficking to LAMP1 compartments after treatment with one of the two new siRNA 

molecules (Fig. 4.2A). The mRNA depletion level quantified by real-time PCR confirmed 

the specificity of the knock-down for siRAB7A and siRAB33B (Fig. 4.2B). In the cases 

where one of the two siRNA molecules targeting RAB7A or RAB33B resulted in less effect 

on NP delivery to LAMP1-positive membranes, this corresponded well to a lower 

reduction in the target mRNA, suggesting that reaching a minimum level of mRNA knock-

down is fundamental for detection of NP trafficking phenotype. Quantitative PCR studies 

repeatedly failed to detect the presence of RAB33A and RAB36 transcripts in HeLa cells, 

despite trying 2 qPCR primer combinations, suggesting that the phenotype observed in 

the primary screen was most probably the result of an off-target effect. This result 

highlights the importance of careful validation of any ‘hits’ obtained in primary HCS-RNAi 

screens in order to reduce the risk of false positive results (Kaelin, 2012). Taken together 

these results confirmed the involvement of RAB7A and revealed RAB33B as a new 

modulator of NP internalisation and trafficking. 

RAB7A is found on late endosomes and it is involved in the transition between early 

and late endosomes (Vitelli et al., 1997), in catalysing lysosomal biogenesis (Bucci et al., 

2000) as well as autophagosome maturation (Jager et al., 2004). Recruitment and 

activation of RAB7A happens after the interaction with SAND-1/MON1-CCZ1 complex 

responsible of both inactivation of RAB5 and activation of RAB7A through the activity of 

the HOPS complex (Spang, 2009). Activated RAB7A interacts with its effector RILP (which 

connects late endosomes to dynein motors); with components of the retromer complex 

(for vesicle sorting to the TGN); with components of the HOPS tethering complex (for late 

endosome fusion); with Rabring7, a RING-type E3 ligase (for protein ubiquitination); with 
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OSBPL1A and FYCO1 (for vesicle transport) and with phosphoinositide kinases and 

phosphatases such as PIK3R4 (Galvez et al., 2012).  

The other strong regulator of NP trafficking identified here, RAB33B, has been 

described as a protein residing at the medial Golgi complex (Zheng et al., 1998) and being 

involved in Golgi organisation and homeostasis. Cells expressing dominant-negative 

RAB33B showed an inhibition of retrograde trafficking of the Golgi enzyme GalNAc-T2 

and Shiga-like toxin, suggesting a role in Golgi-to-ER traffic (Starr et al., 2010). 

Interestingly, in vitro studies have shown that RAB33B can interact not only with the cis-

Golgi marker GM130 but also with the RAB5 effector Rabaptin-5 and the RAB5 GEF 

Rabex-5 (Valsdottir et al., 2001), both specifically associated with the endocytic pathway 

(Lippe et al., 2001). This might suggest the existence of an overlap between endocytic and 

retrograde effectors if not a new role for RAB33B linking it more directly with endocytic 

mechanisms. Recent reports also describe RAB33B involvement in autophagy, the 

intracellular degradative process which is active under basal and stress conditions 

allowing recycling of nutrients and clearance of protein aggregates, damaged organelles 

or microbes. In particular, RAB33B has been proposed to be involved in the 

autophagosome formation steps due to its interaction with the autophagy effector 

ATG16L (Itoh et al., 2008) which, together with ATG12 and ATG5, is responsible for 

elongation and expansion of the phagophore membrane.  

In order to investigate any synergistic effect between the candidate genes, a series 

of double knock-down experiments were attempted (Fig. 4.3-4.4). Although no 

cumulative effect between RAB7A and RAB33B was observed (the phenotype induced by 

siRAB7A-siRAB33B co-treatment was stronger than siRAB33B alone but not of RAB7A 

alone), the concomitant treatment of siDNM2 with either of the two RAB-targeting 

siRNAs induced a stronger reduction of uptake, reaching almost 10% co-localisation 

compared to the almost 50% shown by cells treated with siNEG. This demonstrates that 

due to high complexity in membrane trafficking mechanisms and also possibly the effects 

of incomplete protein depletion through siRNA treatment, a double knock-down strategy 

is more efficient in affecting the strength of phenotype.  

Like other Ras super-family proteins, RAB33B acts as a molecular switch by cycling 

between a GDP-bound (inactive) form and a GTP-bound (active) form. The trafficking of 

NPs to LAMP1-positive organelles was therefore quantified in cells overexpressing GFP-
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tagged RAB33B wild type, GDP-locked (RAB33B T47N) or GTP-locked (RAB33B Q92L) 

forms. As shown in Figure 4.5A and B, no significant alteration in the NP-LAMP1 co-

localisation coefficient was observed. Although the use of such mutants is well-

established in terms of probing Rab function, one drawback is that they are typically used 

in cells containing a background of endogenous wild-type protein, thereby limiting any 

phenotypic effect.  

NP trafficking was therefore investigated in cells overexpressing GFP-OATL1, a 

previously described GAP for RAB33B (Itoh et al., 2011) which induces inactivation of 

RAB33B. As shown in Figure 4.6A and B, GFP-OATL1 expressing cells showed a significant 

decrease in the NP-LAMP1 RWC coefficient when compared to non-treated cells. At an 

early time-point, an even stronger difference was visible in the co-localisation of NPs with 

EEA1-labelled membranes, a common marker for early endocytic structures (Fig. 4.6C and 

D). These results suggest a possible involvement of OATL1 and its effector RAB33B in the 

trafficking of NPs, from early endocytic vesicles to late/lysosomal compartments. 

Combining this with previous observations from Simpson group (Sandin et al., 2012; 

Wang et al., 2013) and taking account of the recently reported role for RAB7A in 

autophagy (Hyttinen et al., 2013), these data suggest critical roles for RAB33B and RAB7A 

in nanoparticle processing in cells, and in determining the source for membrane 

embedding internalised nanomaterials. 
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A manuscript with the results presented in this chapter is under review: 

Panarella, A.; Bexiga, M. G.; Galea, G.; O’ Neill, E.; Salvati, A.; Dawson, K.A.; Simpson, J.C.  

A systematic high content screening microscopy approach reveals key roles for RAB33B, OATL1 

and MYO6 in nanoparticle uptake into mammalian cells 
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5.1 Cytoskeleton primary screen 

 

In order to study the involvement of cytoskeletal components in the internalisation 

and trafficking of NPs, an RNAi library targeting 348 proteins involved in cytoskeleton 

organisation, function and regulation was interrogated. The RNAi library contained pools 

of 2 siRNAs against each target, four negative controls (siNEG) and four positive controls 

for transfection (siINCENP) (Fig. 5.1A). 327 treatments showed sufficient cell viability for 

analysis (more than 50 cells per treatment per single replicate and a total of 150 cells per 

treatment over three independent replicates). Of these, 29 siRNA pools induced a 

LAMP1-associated NP ratio lower than a cut-off of 2 standard deviations (‘mild decrease’, 

compared to siNEG-treated cells) and 50 siRNA pools induced a LAMP1-associated NP 

ratio lower than 3 standard deviations (‘strong decrease’). A total of 34 siRNA pools 

induced a LAMP1-associated NP ratio higher than 2 standard deviations (‘mild increase’) 

and 46 siRNA pools induced a ratio higher than 3 standard deviations (‘strong increase’). 

The distribution of the results for the primary screen is shown in the plot in Fig. 5.1B, 

while the full list of genes and results is reported in Appendix II.  

Images of cells showing a strong decrease in NP trafficking were visually inspected 

in order to remove imaging and analysis artefacts, resulting in 40 gene targets (from the 

50 quantified) being retained (Fig. 5.1C). Among these, the strongest reduction was 

observed after DNM2 depletion, and therefore this target was used as positive control in 

subsequent validation experiments. 
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Fig. 5.1 Primary screen of RNAi library targeting cytoskeleton proteins. (A) The 384 well-
plate comprised 348 target genes, 4 wells contained the transfection control (siRNAs 
targeting INCENP), and 4 wells contained a negative control (siNEG). (B) HeLa cells were 
incubated with siRNA for 72 hours. Cells were then pulsed-chased for 1 hour with NPs, 
fixed and immunostained for LAMP1 protein. Automated image acquisition and analysis 
was carried out and the ratio between LAMP1-associated NP intensity and cell-associated 
NP intensity (LAMP1-associated NP ratio) was quantified. Of the 327 treatments that 
showed sufficient cell viability for analysis, 29 siRNA pools induced a LAMP1-associated 
NP ratio lower than 2 standard deviations compared to siNEG-treated cells (‘mild 
decrease’) and 50 siRNA pools induced a LAMP1-associated NP ratio lower than 3 
standard deviations (‘strong decrease’). 34 siRNA pools induced a LAMP1-associated NP 
ratio higher than 2 standard deviations (‘mild increase’) and 46 siRNA pools induced a 
ratio higher than 3 standard deviations (‘strong increase’). The dashed line represents the 
LAMP1-associated NP ratio quantified in siNEG-treated cells. Values greater than 1 
indicate increased nanoparticle co-localisation with LAMP1, whereas values smaller than 
1 indicate decreased nanoparticle co-localisation with LAMP1. Dotted lines represent 
threshold values indicating mild or strong phenotypes (SD, standard deviation of siNEG 
treated cells). (C) Of the 50 target genes inducing strong decrease, 40 were retained after 
visual inspection. Values represent mean and s.e.m. of 3 independent replicates 
normalised to the mean value of cells treated with siNEG. 
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5.2 Candidate gene validation of cytoskeleton screen 

 

39 candidate genes, the depletion of which induced a strong reduction of LAMP1-

associated NP accumulation in the primary screen, were retested in a series of validation 

experiments using 3 independent siRNA sequences against each target. The fortieth 

strong candidate, DNM2, was used as positive control for the assay (4 wells), while 

siINCENP was the control for transfection (4 wells) and siNEG the negative control (5 

wells) (Fig. 5.2A). The distribution of the results of siRNAs that showed sufficient cell 

viability (50 cells per well per single replicate and a total of 150 cells over 3 replicates) is 

shown in Fig. 5.2B while the values for each siRNA are reported in Appendix II. The 

phenotype induced by a single siRNA treatment was classified as a strong decrease if the 

LAMP1-associated ratio was either lower than the positive control (0.75) or lower than 3 

standard deviations from the negative control (0.87); as a mild decrease if lower than 2 

standard deviations (0.91); no effect; toxic (less than 150 cells over three replicates). The 

phenotypes induced by each siRNA for each target are summarised in Table 5.1. 
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Fig. 5.2 Validation of candidate gene from cytoskeleton screen. (A) The 384 well-plate 
comprised 117 independent siRNAs targeting the 39 genes showing strong decrease of NP 
delivery to LAMP1-positive compartments after the primary screen. 4 wells contained the 
positive control for the assay (siRNA targeting DNM2), 4 wells contained the transfection 
control (siRNAs targeting INCENP), and 5 wells contained negative control for transfection 
(siNEG). (B) HeLa cells were treated with siRNA for 48 hours, cells were then pulsed-
chased for 1 hour with NPs before fixation and immunostaining for LAMP1 protein. After 
automated image acquisition, the ratio between LAMP1-associated NP intensity and cell-
associated NP intensity (LAMP1-associated NP ratio) was quantified. From the 117 siRNAs 
tested, 101 showed sufficient cell viability. The dashed line represents the LAMP1-
associated NP ratio quantified in siNEG-treated cells. The bold dashed line represents the 
LAMP1-associated NP ratio quantified in siDNM2-treated cells and cut-off values 
indicating mild or strong phenotypes (SD, standard deviation). Values represent mean and 
s.e.m. of 3 independent replicates normalised to the mean value of cells treated with 
siNEG.  
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Table 5.1 Validation of candidate genes of cytoskeleton screen. List of the 39 genes 
undergoing validation. The 3 individual siRNAs selected for each target (each siRNA is 
represented by one tick) were classified based on the induced phenotype. 
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In order to identify other possible relevant molecules associated with NP uptake 

and trafficking, candidate genes validated by at least one individual siRNA were analysed 
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by the STRING database (Franceschini et al., 2013). All interaction annotation types were 

selected with the exception of the text-mining method. Medium (0.4) stringency level 

was selected and the addition of 50 new ‘white’ nodes was allowed. The identified 

interactors of the strong candidate genes were classified in new non-tested targets or 

genes already tested in the primary screen which showed no effect, mild decrease, mild 

increase and strong increase of NP uptake (Fig. 5.3). Nodes annotated using DAVID 

database, were clustered into 7 families of proteins. 

Fig. 5.3 Predicted interaction network of strong candidate genes identified in the 
cytoskeleton screen. Validated candidate genes were subjected to STRING analysis in 
order to predict other relevant molecules associated with NP uptake and trafficking. Blue 
nodes indicate siRNA depletion inducing strong decrease of LAMP1-associated NP ratio, 
light blue indicates mild decrease, orange nodes indicate mild increase of LAMP1-
associated NP ratio, and red nodes indicate strong increase. White nodes indicate genes 
tested in the primary screen but not inducing any significant effect and grey nodes 
indicate genes not tested in this screen. Large nodes represent phenotype validated by at 
least two independent siRNAs, while small nodes represent phenotype validated by less 
than 2 siRNAs. 
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Quantitative real-time PCR analysis was carried out in order to validate the knock-

down efficiency of those siRNAs inducing a strong phenotype in the validation screen (Fig. 

5.4). All the siRNAs inducing a phenotype stronger than siDNM2 were tested, for families 

in which no siRNA induced such a strong decrease (the myosin and integrin families) the 

siRNAs inducing the strongest phenotype (still below 3 standard deviations compared to 

negative control cells) was selected. Of the 20 siRNAs tested, (targeting 15 genes in total) 

11 showed mRNA depletion levels of at least 55%. These siRNAs were targeting ARPC2, 

CDC42, CFL1, DYNC1H1, KIF15, MYO6, PLS3, TUBB. For the other 7 gene targets (KIF1A, 

KIF2B, KIF3B, KIF7, ITGAM, TPPP, WIPF3), either no expression level was reported in the 

untreated cells or no transcript depletion was observed in siRNA treated cells. 

 

Fig. 5.4 Validation of cytoskeleton candidate genes by quantification of mRNA depletion 
efficiency. Relative mRNA levels in cells treated with siRNA for 48 hour were measured by 
real-time quantitative PCR. Values represent the mean and s.e.m. of mRNA levels 
normalised to the mRNA levels of cells treated with siNEG between three independent 
replicates. Targets for which no expression level was reported in untreated (siNEG) cells, 
are labelled as not detected. 
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5.3 Secondary analysis of MYO6 involvement on NP trafficking 

 

This study identified, for the first time, several motor protein subunits (DYNC1H1, 

KIF15, MYO6) and proteins associated with actin and microtubule structure and 

remodelling (ARPC2, CDC42, CFL1, PLS3, TUBB) influencing NP uptake and trafficking 

(further commented in Section 5.4). In order to further investigate the functional effects 

of MYO6 on NP trafficking, the level of co-localisation of NP with LAMP1-positive 

membranes in HeLa cells overexpressing the GFP-tagged wild type non-insert form or two 

mutated forms of MYO6-NI – WWY to WLY (inhibiting binding to TOM1 and LMTK2) or 

RRL to AAA (inhibiting binding to the adaptor GIPC and the autophagy receptors NDP52, 

T6BP and optineurin) - were measured. In cells expressing the RRL to AAA mutant, a 

decrease in NP-LAMP1 co-localisation compared to cells transfected with the wild-type 

form was observed (Fig.5.5). 

 

 

Fig. 5.5 Secondary analysis of MYO6. HeLa cells were transfected with plasmid DNAs 
encoding various GFP-tagged MYO6 constructs as indicated. After 20-22 hours they were 
pulse-chased with NPs for 60 minutes, fixed and immunostained for LAMP1. (A) Confocal 
images were acquired. Scale bar, 10 µm. Zoom scale bar, 3.5 µm. (B) The RWC co-
localisation of NP signal LAMP1 signal in cells expressing GFP-tagged proteins was 
calculated in CellProfiler. At least 20 cells were quantified for each experiment. Values 
represent mean and s.e.m. of 3 independent replicates. 
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5.4 Cytoskeleton screen: discussion and conclusions 

 

This chapter describes the first systematic study of the involvement of specific 

cytoskeletal proteins in the internalisation of nanomaterials. The cytoskeleton is 

responsible for stabilising cellular structure and facilitating organelle distribution, and 

through interactions with molecular motors, it provides directional tracks along which the 

trafficking of vesicles in the endomembrane system takes place (Akhmanova and 

Hammer, 2010).  

The cytoskeleton has been previously suggested to be a player in NP uptake, 

through experiments using the pharmacological inhibitors cytochalasin B and nocodazole, 

to induce the depolymerisation of actin filaments and microtubules respectively, leading 

to conflicting conclusions about the role of the cytoskeleton, possibly as a result of the 

characteristics of different classes of NP, and also of the variety of cell lines tested (dos 

Santos et al., 2011a; Rejman et al., 2004; Zhang and Monteiro-Riviere, 2009). As such, no 

key cytoskeletal proteins have yet been identified as fundamental regulators of 

nanoparticle internalisation.  

In the present study, an RNAi library previously designed in the Simpson lab, 

targeting 348 proteins encompassing the actins, dyneins, integrins, kinesins, myosins, 

RAS-superfamily (and related GEFs and GAPs), tubulins and cytoskeleton accessory 

proteins was interrogated. Each gene was targeted by a pool of two siRNA sequences. In 

addition, siINCENP was used as a control for the transfection efficiency (plates displaying 

less than 70% phenotype penetrance were discarded), and cells treated with siNEG were 

used as negative control for the normalisation of the LAMP1-associated NP ratio of the 

target genes (see Materials and Methods). 

From the primary screen (Fig. 5.1A-B), of the 327 depletions that showed sufficient 

cell viability for analysis, 29 siRNA treatments induced a mild decrease in the LAMP1-

associated NP ratio (2 standard deviations lower than the average ratio obtained in cells 

treated with siNEG) while 50 treatments resulted in a strong decrease (3 standard 

deviations lower). At the other end of the spectrum almost a similar number (34 and 46 

respectively) of siRNA pools induced a mild or strong increase in the LAMP1-associated 

NP ratio. 
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Although siRNA treatments inducing an increase in trafficking of NPs to LAMP1-

positive organelles are of interest, for the purposes of the present study only siRNA 

treatments inducing a strong decrease of the LAMP1-associated NP ratio were validated 

and investigated further. After visual inspection of the strong candidates to remove 

imaging and analysis artefacts, 40 genes were retained (Fig. 5.1C). Among these, and 

consistent with the previous experiments described in Chapter 3, siDNM2-treated cells 

showed the strongest reduction of NP trafficking (50% reduction of LAMP1-associated NP 

ratio), and this gene was therefore selected as the positive control for subsequent 

validation steps, in which cells were transfected with three individual siRNAs against each 

target (Fig. 5.2A). Although in order to improve cell viability this validation step was 

performed after a 48 hours siRNA treatment (HCS results after 72 hour treatment are 

reported in Appendix II), 16 out of the 117 siRNAs did not pass the threshold of 50 cells 

per well, and were therefore discarded from the analysis (Fig. 5.2B and Table 5.1). 

Although further analyses are needed, this can be explained with the fact that some 

cytoskeletal proteins are of pivotal importance for cell function and viability therefore a 

complete mRNA depletion might result in cell toxicity and loss. Out of the 39 targets 

tested in the validation screen, only LIMS1 did not produce a significant decrease in NP 

delivery to LAMP1 membranes, in contrast to what observed in the primary screen. On 

the other hand, 12 targets were validated by a mild/strong phenotype for one 

independent siRNA, 15 targets by two siRNAs and for 11 targets by three (Table 5.1). 

Enrichment of the strong candidates by prediction of protein-protein interaction 

network, highlighted 13 targets already tested in the primary screen that did not induce 

any decrease in NP uptake and 3 inducing a mild phenotype, while it also allowed 

identifying 34 new proteins which can have a role in NP uptake and trafficking (Fig. 5.3). 

Further experiments will need to be carried out to validate whether these additional 

nodes, that are part of the predicted network, also play a role in NP trafficking. Of 

particular interest is the ubiquitin protein (UBC), which, from the STRING analysis, seems 

to localise at the crossroad of both the actin cytoskeleton and microtubule network and 

which is known to be an important sorting signal for degradation in both endocytosis 

(Piper et al., 2014) and selective autophagy (Thurston et al., 2009).  

In order to verify the efficiency of siRNA-mediated mRNA depletion, quantitative 

real-time PCR analysis was carried out for 20 siRNAs (targeting 15 genes) consisting of all 
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the siRNA treatments that induced a LAMP1-associated NP ratio lower than the ratio 

shown by siDNM2-treated cells or, in the case of myosin and integrin families, the 

strongest candidate genes (MYO6 and ITGAM) were chosen. For ARPC2, CDC42, CFL1, 

DYNC1H1, KIF15, MYO6, PLS3 and TUBB, mRNA depletion of at least 55% was detected 

(Fig. 5.4). For the other 7 genes, either no mRNA was detected including in non-siRNA-

treated control cells (ITGAM, KIF1A, KIF2B, TPPP, WIPF3) or no mRNA depletion was 

observed (KIF3B, KIF7). This suggests that the observed phenotype could be the result of 

off-target effects although in order to definitively rule out this possibility an analysis with 

new sets of primers and increasing the amount of template cDNA is advisable. Among the 

candidate genes validated by both HCS and real-time PCR, myosin VI was considered of 

particular interest and was therefore further investigated. Myosin VI is an actin-

associated motor protein, which in contrast to the other members of the unconventional 

myosins, shows minus-end directed motility. Myosin VI is an important player for 

tethering and sorting of cargoes during endocytosis (Hasson, 2003) and recently it has 

been shown to play a role in autophagy (Tumbarello et al., 2012). Myosin VI (reviewed by 

Tumbarello et al., 2013) is expressed in various tissue-specific isoforms enabling it to 

target different intracellular vesicles. In polarised cells the so-called long insert isoform 

(MYO6-LI) regulates apical endocytosis by binding the endocytic adaptor protein DAB2, 

which in turn mediates interaction with cell-surface receptors, clathrin binding proteins 

and clathrin adaptors (such as AP2). The MYO6 non-insert (MYO6-NI) isoform is 

expressed in non-polarised cells. It associates with a non-mature subpopulation of early 

endosomes that, despite not having the clathrin coat, still lack the early endosomal 

antigen EEA1, but are decorated with RAB5 and its effector APPL1. APPL1 is a 

multifunctional adaptor protein that is believed to regulate intracellular signalling events 

(Zoncu et al., 2009). The interaction between APPL1 and myosin VI is facilitated by the 

adaptor protein GIPC transiently associating with a pool of endocytic vesicles underneath 

the plasma membrane and, by interaction with myosin VI, allowing the trafficking of 

these vesicles to early endosomes. The interaction site of myosin VI with GIPC is the RRL 

amino-acid domain of the tail region (Spudich et al., 2007). Another amino-acid domain - 

WWL - allows the interaction between myosin VI and TOM1 (an adaptor protein which 

targets MYO6 to early endosomes for fusion to lysosomes or maturation of 
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autophagosome), DAB2, and LMTK2, a regulator of the early endocytic pathway towards 

the recycling compartment (Chibalina et al., 2007).  

The functional effect of MYO6 on NP trafficking was investigated by quantifying the 

level of co-localisation of NPs with LAMP1-positive structures in HeLa cells overexpressing 

the GFP-tagged wild-type form of MYO6-NI or two mutated forms of MYO6-NI, 

specifically WWY to WLY (inhibiting binding to TOM1 and LMTK2) or RRL to AAA 

(inhibiting binding to GIPC and the autophagy receptors NDP52, T6BP and optineurin) 

(Tumbarello et al., 2012). In cells expressing the RRL to AAA mutant form, a decrease of 

NP-LAMP1 co-localisation compared to cells transfected with the wild-type form was 

observed (Fig. 5.5) thus suggesting that myosin VI might be a motor for the trafficking of 

NPs to early endosomes through interaction with GIPC. Since the RRL amino-acid region is 

also responsible for the interaction between myosin VI and the cargo-selective receptors 

for autophagy, and given that NDP52 and optineurin have been reported to be important 

in autophagy-mediated degradation of ubiquitin coated bacteria (Thurston et al., 2009; 

Wild et al., 2011), the possibility of involvement of autophagy pathways being linked into 

the delivery of NPs to acidic compartments is further highlighted.  

Functional studies to investigate the relevance of the additional candidate genes 

obtained from this screen will also be required. Among the validated gene targets, of 

potential importance seem the networks of proteins associated with actin cytoskeleton 

regulation. These proteins include ARPC1A and ARPC2, two of the 7 subunits of the 

ARP2/3 complex, which promotes actin assembly and cross-linking (Machesky and Gould, 

1999); cofilin 1 (CFL1) an actin-modulating protein that binds and depolymerises 

filamentous F-actin and inhibits the polymerisation of monomeric G-actin (Yonezawa et 

al., 1985); NCK2 an adaptor protein interacting with tyrosine phosphorylated proteins 

with a role in activating ARP2/3 through N-WASP (Rohatgi et al., 2001); profilin 2 (PFN2) 

an actin monomer-binding protein regulating actin polymerisation in response to 

extracellular signals (Gareus et al., 2006); and PLS3 (also called T-fimbrin) a cross-linking 

and bundling protein organising actin networks (Giganti et al., 2005). Indeed, actin 

filaments and their associated proteins are involved to varying extents in various 

endocytic mechanisms (Engqvist-Goldstein and Drubin, 2003), especially those requiring 

high levels of plasma membrane reorganisation such as phagocytosis and pinocytosis. 

However, evidence exists that actin function is also needed for CME dynamics for both 
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coated pit budding and pinching-off (Mooren et al., 2012; Taylor et al., 2012). 

Furthermore dynamin activity is linked to ARP2/3 by its activator cortactin (Merrifield et 

al., 2005), as well as to NCK2, PFN2 and PLS3 (Orth and McNiven, 2003) thus linking and 

strengthening the results obtained from this screen and the preliminary studies described 

in Chapter 3.  

Two candidate genes belonging to the RAS family were identified: ARAP2, an ARF6-

GAP, previously seen as a regulator of the endocytosis of integrins by interacting with 

APPL1 (Chen et al., 2014a) and CDC42 regulating actin polymerisation through its direct 

binding to N-WASP, which subsequently activates the ARP2/3 complex (Erickson and 

Cerione, 2001).  

Another interesting candidate identified here is DYNC1H1, coding for type 1 

cytoplasmic dynein heavy chain subunit, which has been observed to be recruited to 

RAB7A-positive late endosomes through interaction with RILP (Jordens et al., 2001), 

therefore again highlighting a potential connection between the findings obtained from 

the Rab screen described in Chapter 4 and this screen focussed on the cytoskeleton. Type 

1 cytoplasmic dynein is involved in all minus-end directed tubulin based trafficking 

(Roberts et al., 2013). siRNA treatment of both the heavy and light chains of this type 1 

dynein (DYNC1H1 and DYNLL1), but not the cilia- and flagella-specific DYNC2H1, (also 

included in the screen) induced a strong decrease in NP internalisation.  

Among the kinesin subunits found to be relevant to NP trafficking, KIF3B and KIF15 

belonging to the kinesin 2 and kinesin 12 plus-end directed microtubule motors 

respectively, were also promising candidates. Indeed KIF3B associates with RAB11A in 

regulating endosomal trafficking (Schonteich et al., 2008), and KIF15 is involved in 

integrin endocytosis possibly in the delivery of DAB2 to the plasma membrane (Eskova et 

al., 2014).  

Taken together, these results may also suggest that NP trafficking towards the late 

endosomes/lysosomes is highly complex, with motility involving the microtubules track 

thanks to interaction with dynein type 1, and via the actin filaments thanks to the 

interaction with the unconventional MYO6.  

In an attempt to compare the results obtained in the screen presented in this 

chapter and those obtained in the optimisation screen, some variability in the phenotypic 

strength can be observed. Indeed, while in both cases a decrease in trafficking of NPs to 
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LAMP1-positive organelles was observed in cells treated with siCDC42 and siDNM2, not 

the same absolute LAMP1-associated NP ratio was quantified (Fig. 3.7 and Appendix II). 

This variability could be due to the use of different transfection methodologies (forward 

or reverse), batches of cells, siRNA molecules and transfection reagent.  

One other general consideration of this study relates to the use of pooled siRNA 

molecules. This approach allows for a higher screening speed and reduced cost, although 

on the other side, it inevitably requires deconvolution of the sequences to identify those 

that give rise to the phenotype of interest. Indeed in the cytoskeleton primary screen 

siDNM2 recorded the strongest phenotype, however in the validation experiments 17 

single siRNA molecules induced a phenotype stronger than that given by siDNM2. For this 

reason it is advisable to use the primary screen to initially prioritise the candidate genes 

by the strength of the induced phenotype and use an arbitrary cut-off (such as three 

standard deviations from the negative control as used here) to select candidate genes 

which are then validated by robust procedures (visual inspection of images, HCS using 

three independent siRNAs and real-time PCR). 

As a final comment, the fact that not all the components of each family of proteins 

or protein complexes were detected as ‘hits’ needs consideration. Firstly, the library used 

did not have full coverage of all cytoskeleton-related genes and gene isoforms. Secondly, 

the level of gene knock-down efficiency is different between the various siRNAs, with 

some being either insufficient to induce a detectable phenotype or too strong resulting in 

cell toxicity and death. Thirdly, a certain level of redundancy of functions in the endocytic 

mechanisms likely exists, such that the depletion of one protein may be balanced by 

another pathway. Nevertheless the careful validation steps, the secondary analysis of 

myosin VI and the increasing amount of supporting literature, suggest key cytoskeletal 

players for endocytosis and intracellular trafficking of nanomaterials. 
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6.1 Characterisation of HeLa LAMP1-GFP stably transfected cell line 

 

In order to set-up an experimental pipeline for the screening of a genome-wide 

siRNA library, a HeLa cell line stably expressing human lysosomal-associated membrane 

protein 1 (LAMP1) fused with GFP protein was produced (see Section 2.14 of Materials 

and Methods). This approach was taken in an effort to reduce plate processing time and 

costs, and to increase consistency and robustness across a large-scale screen. Following 

transfection and selection, six clones were obtained by limiting dilution, and of these, 2 

were selected based on their efficiency of transfection, level of LAMP1-GFP expression 

and protein localisation as judged by visual inspection. These two clones were validated 

by immunostaining for the percentage of LAMP1-GFP co-localisation with endogenous 

LAMP1, CD63 and EEA1 (example images for clone A are shown in Fig. 6.1).  

 

Fig. 6.1 HeLa LAMP1-GFP validation by immunostaining. Example confocal images of 
clone A. HeLa cells stably expressing LAMP1-GFP were fixed and stained for LAMP1 (top 
row), CD63 (middle row) or EEA1 (low row). Scale bar, 50 µm. 
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Since both clones showed approximately 50% expression across their population, 

they were sorted by flow-cytometry in order to enrich expression frequency and 

homogenise the population of cells showing medium levels of protein overexpression. 

The two clones were further characterised by western blotting (Fig. 6.2). In both clones, 

two bands were detected of 120 and 150 kDa when incubated with anti-LAMP1 antibody 

(corresponding to the GFP-tagged and the endogenous LAMP1) (Fukuda, 1991) and only 

one band of about 150 kDa (corresponding to the LAMP1-GFP) when incubated with the 

anti-GFP antibody.  

 

 
Fig. 6.2 Western blot of two HeLa LAMP1-GFP clones. After clone sorting by flow-
cytometry, two clones (A and B) were lysed and subjected to western blot analysis and 
compared to control non-transfected HeLa cells (H). The samples were probed with 
antibodies against LAMP1 or GFP. Two independent experiments were performed and a 
representative example is shown. 

 

Two functional assays (LysoTracker uptake and dextran uptake) were also carried 

out (representative images for clone A are shown in Fig. 6.3-6.4).  
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Fig. 6.3 HeLa LAMP1-GFP validation by dextran uptake assay. Example confocal images 
showing non-transfected HeLa cells (upper row) immunostained for endogenous LAMP1 
and the HeLa LAMP1-GFP Clone A (lower row). Cells were first pulsed with 10kDa dextran-
Texas Red for 2 hours followed by a 3 hour chase. Cells were then fixed, stained and 
imaged. Scale bar, 50 µm. 

 

Fig. 6.4 HeLa LAMP1-GFP validation by LysoTracker uptake assay. Example confocal 
images showing non-transfected HeLa cells (upper row) immunostained for endogenous 
LAMP1 and the HeLa-LAMP1-GFP Clone A (lower row). Cells were pulsed with LysoTracker 
red for 1 h and then fixed, stained and imaged. Scale bar, 50 µm. 
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Fig. 6.5 Quantification of HeLa LAMP1-GFP co-localisation with organelle and functional 
markers. Confocal images of clones A and B were analysed with CellProfiler. (A) 
Quantification of co-localisation of LAMP1-GFP with endogenous LAMP1, CD63 or EEA1. 
(B) Quantification of co-localisation of dextran with LAMP1-GFP compared with non 
transfected cells stained for endogenous LAMP1. (C) Quantification of co-localisation of 
LysoTracker with LAMP1-GFP compared with non transfected cells stained for endogenous 
LAMP1. Values represent the results of one experiment in which 20 to 50 cells were 
analysed. ***, p-value < 0.001; *, p-value < 0.05. 
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Clone A was considered the most homogenous in terms of LAMP1-GFP expression 

(as judged by visual inspection) and co-localisation with endogenous LAMP1 as well as 

showing an overall good co-localisation with the endocytosis markers (Fig.6.5), and was 

therefore used in the present screen. 

 

6.2 Genome-wide primary screen 

 

A genome-wide screen for the detection of genes having a role in the uptake of 

nanoparticles in HeLa cells was carried out by interrogating a Silencer Select® Human 

Genome Library V4, containing pools of 3 siRNAs targeting 21,585 human genes. Target 

transcripts were based on RefSeq annotation version 32, with updates from version 36. 

The siRNA library was prepared into 62 384-well plates (as described in Section 2.4.2 of 

Materials and Methods), with each plate containing pools of 3 siRNAs against each target, 

8 wells for negative controls (siNEG), 2 wells for the transfection performance control 

(siINCENP), and 2 wells for the assay control (siCLTC) (Fig. 6.6). 

 

HeLa LAMP1-GFP cells were treated with siRNAs for 72 hours and then pulsed with 

40 nm polystyrene carboxylated NPs for 10 minutes followed by 50 minute chase prior to 

 

 
 
Fig. 6.6 Genome-wide RNAi screen plate layout map. The RNAi library targeting 21,585 
genes was prepared into 62 384-well plates. Each plate contained pools of 3 siRNAs 
against each target, 8 wells for negative controls (siNeg), 2 wells for the solid-phase 
transfection controls (siINCENP), and 2 wells for the assay controls (siCLTC). 
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fixation. Images were acquired with an automated microscope and analysed with 

Columbus software as described in Section 2.10.1 of the Materials and Methods. As 

previously, the raw LAMP1-associated NP ratio (total LAMP1-associated NP intensity 

divided by total cell-associated NP intensity) was quantified and then normalised plate by 

plate to the ratio shown in siNEG treated cells (LAMP1-associated NP ratio). Experiments 

were performed in duplicate and treatments containing less than 50 cells in either of the 

2 replicates were removed from the analysis.  

The percentage of cells showing multi-lobed nuclei after treatment with siINCENP 

was used as an indicator of transfection efficiency (Fig. 6.7). A number of plates 

contained individual wells of siINCENP with phenotype penetrance frequencies lower 

than 85%. For plates GE14, GE18 and DG17, in at least 3 out of 4 wells (across both 

duplicates), the phenotypic strength was lower than 85%, therefore, these plates were 

not further considered in the analysis.  

 

 
 

Fig. 6.7 Evaluation of the transfection efficiency of the genome-wide RNAi library. 
Boxplot graph showing the distribution of the average percentage of cells displaying 
multi-lobed nuclei after treatment with siINCENP per well. For plates GE14, GE18 and 
DG17 (highlighted with a red circle) in at least 3 out of 4 wells the phenotypic strength 
(siINCENP penetrance) was lower than 85%.  

 

The correlation values between the two replicates of the LAMP1-associated NP 

ratio were calculated for each plate (Fig. 6.8).  
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Fig. 6.8 Genome-wide RNAi screen replicate-to-replicate correlation. Boxplot graph 
representing the distribution of the correlation coefficient between 2 replicates of 
LAMP1-associated NP ratio and of total number of analysed cells per well for each RNAi 
plate. 0 (dashed line) represents no correlation, 1 represents total positive correlation, 
and -1 total negative correlation. 

 

The performance of the negative and positive control siRNAs across all plates and 

both replicates was next considered. A certain degree of variability in the performance of 

these controls across all plates of the screen was observed (Fig. 6.9A-B). Also some outlier 

values were registered although these accounted for less than one quarter of the 

replicate wells. 
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A B 

 
 

 

Fig. 6.9 Distribution of LAMP1-associated NP ratio in negative and positive control 
wells across the genome-wide RNAi screen. Boxplot graph representing the distribution 
of the per well average of LAMP1-associated NP ratio of cells treated with (A) siNEG or 
(B) siCLTC. The boxes represent the first to the third percentile and the line in them 
represent value of the data. Dashed lines represent the per plate average normalised 
value of the siNEG-treated cells. 

 

The LAMP1-associated NP ratios between the two replicates were averaged and 

ranked from the highest to the lowest for the remaining treatments (Fig. 6.10). The gene 

list was then re-annotated according to current RefSeq release using the Uniprot 

retrieve/ID mapping feature (http://www.uniprot.org/uploadlists/) in order to exclude 

predicted genes by the RefSeq annotation version 36 referenced by the RNAi library 

which have been withdrawn in the current release of the genome annotation (RefSeq 

version 69).  

  

http://www.uniprot.org/uploadlists/
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Fig. 6.10 Primary screen of genome-wide RNAi library. After removing wells with 
insufficient cell viability and data from the 3 plates which showed low siINCENP 
phenotype penetrance, the LAMP1-associated NP ratios between the two replicates 
were averaged and ranked from the highest to the lowest. The dashed line corresponds 
to LAMP1-associated NP ratio of siNEG treated cells, dotted line represents the lower 5% 
cut-off used to select candidate genes (strongest inhibitors of NP delivery to LAMP1 
organelles) for further analyses. 

 

A total of 828 candidate genes were selected for further analysis corresponding to 

the 5% lowest LAMP1-associated NP ratios excluding treatments whose standard 

deviation between two replicates was higher than an arbitrary cut-off (0.24) (see 

Appendix II for full list of genes and results). Transcripts targeted by the siRNA library 

were updated to the current RefSeq version using the Database for Annotation, 

Visualisation and Integrated Discovery (DAVID) and a further 21 targets not present in the 

latest genomic annotation version (69) were removed.  

In order to improve the likelihood that the candidate genes were bona fide 

regulators of NP trafficking, targets for which no clear transcriptomic or proteomic 

support for presence in HeLa cells were next removed. To do this, the list of the 

remaining 807 annotated candidate genes was compared with previously published 

transcriptomic and proteomic analysis data for the HeLa cell line in four studies. 

Specifically the following were considered: microarray data reported by Kozik et al., 
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(2013), transcriptomic and proteomic quantification data reported by Nagaraj et al., 

(2011) and EST sequencing data reported by Wu et al., (2008). Candidate genes which 

were not reported in at least 2 of the 4 datasets were discarded from the analysis as their 

expression was not considered reliable and therefore more likely to have produced a 

phenotype in this screen as a result of off-target effects. The remaining 488 candidate 

genes were analysed using the DAVID database for functional annotation and clustering 

as well as enrichment analysis.   

 

6.3 Protein enrichment analysis and secondary observations 

 

Using DAVID software, the candidate genes were annotated according to 3 gene 

ontology term databases for annotation of biological processes (GOTERM_BP_FAT), 

molecular functions (GOTERM_MF_FAT) and cellular components (GOTERM_CC_FAT); 

one functional category (COG_ONTOLOGY), as well as the pathway annotation databases 

(BIOCARTA and KEGG), the protein domain database (INTERPRO) and the disease 

database (OMIM). 108 genes belonging to 10 annotated clusters linked to 

endomembrane system organelles and mechanisms were found to be enriched over the 

genomic background (presenting a fold-enrichment value equal or higher than 1.3) and 

were therefore selected for further analysis (Table 6.1).  
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Table 6.1 List of genome-wide screen candidate annotation clusters related to the 
endomembrane system. List of database category, enrichment term, fold enrichment 
value over the genomic background, number of input genes belonging to the category, 
percentage of genes over the total input genes, significance of gene-term enrichment.  
 

Category Term 
Fold 

Enrichment 
Count % 

P-
Value 

GOTERM_CC
_FAT 

GO:0033176~ 
proton-transporting V-type ATPase complex 

9.5 5 1.025 0.002 

INTERPRO 
IPR015943: 

WD40/YVTN repeat-like 
2.4 19 3.893 0.001 

GOTERM_CC
_FAT 

GO:0005773~ 
vacuole 

2.4 16 3.279 0.003 

GOTERM_CC
_FAT 

GO:0005764~ 
lysosome 

2.2 12 2.459 0.024 

GOTERM_BP
_FAT 

GO:0008104~ 
protein localisation 

1.8 44 9.016 0.000 

GOTERM_CC
_FAT 

GO:0005768~ 
endosome 

1.7 14 2.869 0.073 

GOTERM_CC
_FAT 

GO:0015630~ 
microtubule cytoskeleton 

1.7 24 4.918 0.019 

GOTERM_BP
_FAT 

GO:0016192~ 
vesicle-mediated transport 

1.7 27 5.533 0.012 

GOTERM_BP
_FAT 

GO:0006897~ 
endocytosis 

1.6 10 2.049 0.168 

GOTERM_CC
_FAT 

GO:0044430~ 
cytoskeletal part 

1.3 32 6.557 0.126 

 

The 108 candidate genes belonging to the ten enriched annotation categories were 

analysed by the STRING database, all interaction annotation types were selected with the 

exception of the text-mining method, and medium stringency level (0.4) was used. 67 of 

the candidate genes were annotated into 7 cellular component classes (vesicular 

transport, endosome, lysosome, Golgi complex, cytoskeleton, nucleus) (Fig. 6.11). 
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Fig. 6.11 Protein-protein interaction analysis of genome-wide screen based on in silico 
validated candidate genes. Genes belonging to one of ten categories linked to 
endomembrane system organelles and mechanisms were analysed with STRING. The 
database returned a protein-protein interaction network of 67 candidate genes in which 
7 cellular component classes were detectable. Each colour represents a cellular 
component cluster as indicated. 

 

In order to evaluate the influence of a low LAMP1-GFP signal on the LAMP1-

associated NP ratio (see section 6.4), the 108 in silico validated genes belonging to the 10 

enriched categories of the endomembrane system were also ranked for their mean cell-

associated LAMP1 intensity (Table 6.2).  

  

Endocytic machinery 

Endosome 

Lysosome 

Cytoskeleton 

Golgi 

Secretory machinery 

Nucleus 
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Table 6.2 LAMP1-intensity and LAMP1-associated NP ratio of in silico validated 
genome-wide screen candidate genes. Numbers represent intensity values divided by the 
mean values shown in siNEG-treated cells per plate and averaged between 2 replicates. 
Genes are ranked in decreasing order according to the mean cell-associated LAMP1 
intensity (column with bold outside border). Colour shades correlate to the intensity 
values reported.  

 

 

Candidate genes were visually inspected and representative image data of genes 

suitable for further validation (discussed in Section 6.4) are reported in Fig. 6.12.  
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SLC1A4 1.04 0.86 ATP6V1A 0.81 0.85 SPRY2 0.69 0.79

ODF2 1.03 0.83 DERL2 0.81 0.80 SNTB2 0.69 0.79

PALM 1.03 0.86 COG4 0.81 0.85 PPP1R9B 0.69 0.79

NXT2 1.01 0.85 ATP6V0C 0.80 0.81 RAB2A 0.69 0.86

ARL8B 1.00 0.70 PIKFYVE 0.80 0.84 RABEPK 0.69 0.83

NUPL2 0.97 0.86 NSF 0.80 0.86 DMWD 0.68 0.85

IFT122 0.97 0.85 VPS16 0.80 0.85 RNF19A 0.68 0.79

LMNA 0.97 0.83 NLE1 0.80 0.86 PHIP 0.68 0.80

WDR89 0.96 0.85 TMEM48 0.80 0.86 RIN2 0.67 0.79

SEPT2 0.95 0.86 PEX1 0.79 0.80 VPS36 0.67 0.80

KATNB1 0.95 0.86 VTA1 0.79 0.86 XPO4 0.67 0.85

TULP4 0.95 0.85 ARAP3 0.79 0.85 LITAF 0.66 0.83

STX4 0.91 0.80 ATP6V0E1 0.78 0.84 AIF1L 0.66 0.86

SLC3A1 0.90 0.81 TUBB6 0.77 0.86 PAAF1 0.66 0.81

PXN 0.90 0.85 ELP2 0.77 0.86 SEMA4G 0.65 0.83

ATP6V1B2 0.89 0.85 RAB14 0.77 0.86 CTSA 0.65 0.86

WDSUB1 0.89 0.83 RAB12 0.75 0.79 RB1 0.65 0.80

COG8 0.89 0.86 PEX7 0.75 0.85 CEP55 0.63 0.81

STXBP1 0.89 0.81 STAM2 0.75 0.76 WDR45L 0.63 0.80

SCARB2 0.89 0.85 REEP1 0.74 0.86 TRAPPC5 0.63 0.83

SNCA 0.88 0.83 BRWD2 0.74 0.76 PAK1IP1 0.62 0.76

FGFR1OP 0.88 0.81 GARS 0.74 0.84 COG3 0.62 0.80

CSE1L 0.88 0.86 IPO9 0.74 0.83 IFT57 0.62 0.80

MAD2L1 0.87 0.86 CDC42SE1 0.73 0.84 AP2M1 0.60 0.70

SMC3 0.87 0.86 STX16 0.73 0.82 KIAA1009 0.60 0.79

WSB2 0.87 0.85 CLTC 0.72 0.86 AP1G1 0.59 0.85

FAM82A2 0.86 0.82 RRBP1 0.72 0.75 ATP6V1G1 0.59 0.72

NUP35 0.85 0.84 DNM2 0.72 0.72 NAPB 0.59 0.81

SKA2 0.84 0.81 CEP72 0.72 0.85 PDE4D 0.58 0.81

TEX15 0.84 0.85 GNAS 0.72 0.84 SDAD1 0.57 0.73

AP1M1 0.83 0.85 PSAP 0.71 0.83 DOPEY1 0.55 0.79

WIPI1 0.83 0.86 TRAPPC8 0.71 0.76 PPP4C 0.53 0.70

DCAF6 0.83 0.85 ARPC2 0.71 0.80 TMEM9 0.53 0.77

WIPF1 0.83 0.85 WDR53 0.71 0.79 CLIP1 0.52 0.80

RABEP1 0.82 0.80 SCAMP4 0.70 0.80 INPPL1 0.51 0.83

RAB3A 0.82 0.84 VPS33A 0.70 0.86 LAMP1 0.24 0.72
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Fig. 6.12 Genome-wide screen representative image data. Example images of cells 
treated with siRNAs (as indicated) inducing a significant decrease in the LAMP1-
associated NP ratio. HeLa cells stably expressing LAMP1-GFP were seeded on solid phase 
transfection plates and after 72 hours were pulse-chased with 40 nm PS-COOH NP and 
fixed. Images were acquired with an Arrayscan automated microscope. Nuclei are in blue, 
LAMP1-GFP in green and nanoparticles in red. Scale bar, 30 µm. 
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The candidate genes were also compared with two other RNAi genome-wide 

screens investigating the uptake of transferrin and EGF (Collinet et al., 2010), clathrin 

coated vesicle formation (Kozik et al., 2013), and with the other small/medium scale 

screens described in the previous sections of this work. A total of 37 out of the 108 

candidate genes identified in this current study were also identified as regulators in any 

of those studies (Table 6.3).  
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Table 6.3 Genome-wide ‘hit-list’ comparison with other similar published and 
unpublished HCS approaches to study endocytosis. In silico validated and annotated 
candidate genes were compared with 2 previously published genome-wide RNAi 
screens investigating the uptake of Tf and EGF (Collinet et al., 2010), and clathrin 
coated vesicle formation (Kozik et al., 2013), as well as with results reported in 
previous chapters of the present work. 

Gene 
symbol 

Gene ID Gene name 
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AIF1L 83543 allograft inflammatory factor 1-like  -- -- 

AP2M1 1173 adaptor-related protein complex 2, mu 1 subunit   -- 

ARPC2 10109 actin related protein 2/3 complex, subunit 2, 34kDa -- -- 

ATP6V0C 527 ATPase, H+ transporting, lysosomal 16kDa, V0 subunit c --  -- 

ATP6V0E1 8992 ATPase, H+ transporting, lysosomal 9kDa, V0 subunit e1   -- 

ATP6V1A 523 ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A  -- -- 

ATP6V1B2 526 ATPase, H+ transporting, lysosomal 56/58kDa, V1 subunit B2  -- -- 

ATP6V1G1 9550 ATPase, H+ transporting, lysosomal 13kDa, V1 subunit G1  -- -- 

CEP55 55165 centrosomal protein 55kDa  -- -- 

CLIP1 6249 CAP-GLY domain containing linker protein 1  -- -- 

CLTC 1213 clathrin, heavy chain (Hc)   

COG8 84342 component of oligomeric Golgi complex 8  -- -- 

CTSA 5476 cathepsin A  -- -- 

DNM2 1785 dynamin 2   

GARS 2617 glycyl-tRNA synthetase  -- -- 

INPPL1 3636 inositol polyphosphate phosphatase-like 1  -- -- 

LAMP1 3916 lysosomal-associated membrane protein 1  -- -- 

MAD2L1 4085 MAD2 mitotic arrest deficient-like 1 (yeast)  -- -- 

PALM 5064 paralemmin  -- -- 

PEX7 5191 peroxisomal biogenesis factor 7  -- -- 

PIKFYVE 200576 phosphoinositide kinase, FYVE finger containing  -- -- 

PPP4C 5531 protein phosphatase 4, catalytic subunit  -- -- 

PSAP 5660 prosaposin  -- -- 

RABEP1 9135 rabaptin, RAB GTPase binding effector protein 1  -- -- 

RIN2 54453 Ras and Rab interactor 2  -- -- 

SDAD1 55153 SDA1 domain containing 1  -- -- 

SLC1A4 6509 
solute carrier family 1 (glutamate/neutral amino acid 

transporter), member 4 
 -- -- 

SNCA 6622 synuclein, alpha (non A4 component of amyloid precursor)  -- -- 

TMEM9 252839 transmembrane protein 9  -- -- 

TRAPPC8 22878 trafficking protein particle complex 8  -- -- 

TUBB6 84617 tubulin, beta 6  -- -- 

TULP4 56995 tubby like protein 4  -- -- 

VPS33A 65082 vacuolar protein sorting 33 homolog A (S. cerevisiae)  -- -- 

VPS36 51028 vacuolar protein sorting 36 homolog (S. cerevisiae)  -- -- 

WDR45L 56270 WDR45-like  -- -- 

WDR89 112840 WD repeat domain 89  -- -- 

WDSUB1 151525 WD repeat, sterile alpha motif and U-box domain containing 1  -- -- 
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6.4 Genome-wide screen: discussion and future perspectives 

  

The completion of an image analysis-based genome-wide screen, requires 

substantial efforts in terms of standardisation of robust and cost-effective procedures. 

For this reason, a cell line stably expressing LAMP1-GFP was produced and validated in 

order to minimise plate to plate variability that may result from immunostaining 

procedures across large numbers of wells and plates. LAMP1 is a lysosome integral 

membrane glycoprotein involved in organelle stability and integrity also partially localised 

on late endosomes (Fukuda, 1991; Saftig and Klumperman, 2009). Similarly to what has 

been reported in previous approaches (Sherer et al., 2003), the GFP was fused to the C-

terminal cytoplasmic tail of LAMP1. Transfected clones were selected for their resistance 

to the antibiotic G-418 sulphate and the population of transfected cells was enriched by 

flow-cytometry. LAMP1-GFP showed high (>0.7) co-localisation coefficient with 

endogenous LAMP1 and another marker for lysosomes CD63, while significantly low level 

of co-localisation with the early endosomal marker EEA1 (0.3) was observed (Fig. 6.1 and 

6.5A), thus suggesting that the overexpressed protein was trafficking in a similar pattern 

to the wild-type version. Western blot analysis also showed the presence of the protein 

of the expected size (Fig. 6.2). Based on co-localisation analysis with endogenous markers 

and functional assays for uptake of dextran and of the commonly used marker for acidic 

organelles LysoTracker Red (Fig. 6.3, 6.4, 6.5B-C), clone A was selected for use in the 

genome-wide screen.  

The genome-wide screen was carried out by interrogating a library of 21,585 

human genes annotated according to the RefSeq version 32 and 36. Each of the 62 plates 

of the library contained a pool of 3 siRNAs against each target, as well as negative 

controls (siNEG) and positive controls for transfection (siINCENP) and for the assay 

(siCLTC) (Fig. 6.6). Two independent replicates of the screen were carried-out and only 

treatments showing sufficient cell viability (at least 50 cells available for analysis) in both 

replicates were considered for analysis.  

The percentage of multi-lobed nuclei in cells transfected with siINCENP was used to 

infer the efficiency of transfection of each plate. For three out of 62 plates in both 

replicates a transfection rate lower than 85% was detected and these plates were not 

considered for further analysis as the level of transfection was considered unreliable (Fig. 
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6.7). For one plate (GE14) a defect in the initial stock plate was identified, while for the 

other two (DG17 and GE18), issues during automated solid-phase reverse transfected 

plate preparation could have occurred. The testing of other plates of the same batch or 

preparation of a new batch of solid phase transfected plates will be required to resolve 

this.  

A reasonable positive correlation of the LAMP1-associated NP ratios between the 

two replicates was detected and it was similar to the correlation level of the usually more 

robust quantification of the total number of cells (Fig. 6.8). Although the median LAMP1-

associated NP ratio detected in the negative control was close to 1, a substantial degree 

of variability in the single well values was observed (Fig. 6.9A). This was similar for the 

positive control wells, where the median LAMP1-associated NP ratio was close to 0.8 but 

a wide distribution and the presence of outliers for maximum 1 out of 4 replicate wells 

was observed (Fig. 6.9B). Influence of cell passage number, or issues in plate treatment 

procedure and in image acquisition procedure could partially account for that.  

The LAMP1-associated NP ratios were used to prioritise the list of the remaining 

19,874 siRNA treatments by the strength of the phenotype induced and an arbitrary cut-

off (0.86 corresponding to the lowest 5% LAMP1-associated NP ratio) for the detection of 

treatments significantly decreasing the NP intracellular localisation was selected (Fig. 

6.10, Appendix II). After updating the target genes and transcripts to the latest RefSeq 

release (version 69), 807 siRNA treatments were considered for further in silico analyses. 

Firstly, the list of genes was compared to four previously published datasets for HeLa 

cells, namely microarray (Kozik et al., 2013), transcriptomic and proteomic (Nagaraj et al., 

2011) and Expressed Sequence Tag (EST) sequencing data (Wu et al., 2008). Target genes 

(319) not found in at least 2 of the four datasets were considered unreliable and were 

therefore discarded from further analyses. These potential ‘false positives’ occurred at a 

rate similar to that seen after validation by real-time quantitative PCR for the screens 

described in Chapters 4 and 5 of the present work. 108 genes corresponding to one fifth 

of the total validated candidates belonged to ten enriched functional or structural 

annotations of the endomembrane system. In particular, strong enrichment for the 

subunits of the vacuolar H-ATPase complex, the endosomal cluster and for the 

vacuolar/lysosomal cluster (of 9.5-; 1.7- and 2.2-fold respectively) was detected (Table 

6.1).  
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It is possible that for some siRNA treatments, the LAMP1-associated NP ratio is due 

to a low expression level of the LAMP1 protein more than to a decrease in the rate of NP 

uptake. Therefore the validated candidate genes were also ranked for the mean cell-

associated LAMP1 intensity (Table 6.2). Unsurprisingly, the lowest intensity value was 

detected in cells treated with siRNAs against LAMP1, thus confirming the validity of the 

analysis approach (Fig. 6.12).  

Bioinformatic protein-protein interaction analysis confirmed the presence of 6 

groups of intracellular localisations (Fig. 6.11). While the nuclear-associated cluster can 

be explained by an indirect effect on transcription and transduction factors for the 

expression of endocytic and trafficking machineries, the other 5 groups correlated with 

compartments of the endomembrane system. The lysosomal group contains the 

eukaryotic V-ATPase subunits cluster, which showed a statistically significant 9.5-fold 

enrichment compared to the genomic background. Genes of this cluster have also been 

reported in the two screens chosen as a reference to the present study (Collinet et al., 

2010; Kozik et al., 2013) (Table 6.1-6.3). The V-ATPase is a rotary proton-pump located in 

the late endosome and lysosomal membrane, which mediates the acidification of the 

organelle lumen. It is made by a cytosolic V1 domain (made by 3 A, B, E and G subunits 

plus one C, D, F and H subunit) and a transmembrane V0 domain (made by a, c, c’, c’’, d 

and e subunits of unknown stoichiometry) (Marshansky et al., 2014). Interestingly, three 

out of the 5 candidate genes detected in this study (ATP6V1A, ATP6V1B2, ATP6V1G1) 

code for subunits that are present in a stoichiometry of 3 per complex, thus their 

depletion induced a strong and detectable phenotype. One explanation for the low 

LAMP1-associated NP ratio recorded is that the V-ATPase is an important protein in 

endocytic trafficking through its role in pH control; indeed a lower intracellular 

distribution of the LAMP1-GFP signal was observed (Fig. 6.12). Furthermore, the study 

from Kozik et al., (2013) has revealed that depletion of V-ATPase subunits inhibits 

internalisation of two cargo proteins CD8-YXXΦ and CD8-FXNPXY, as well as transferrin. 

This is due to a block in cholesterol recycling from non-acidified endosomes to the plasma 

membrane, so that after siRNA treatment or a long term treatment with an inhibitor of 

the V-ATPase (bafilomycin A1), depletion of cholesterol on the plasma membrane is 

observed. This would cause a decrease in plasma membrane plasticity important for 

clathrin coated pit neck constriction and therefore vesicle formation (Kozik et al., 2013). It 
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is of note that the V-ATPase subunits are also important for uptake of Tf and EGF (Table 

6.3) (Collinet et al., 2010). The same can be stated for another candidate lysosomal 

protein, cathepsin A (CTSA), a carboxypeptidase regulating activity and targeting of 

lysosomal glycosidases as well as being involved in regulating chaperone mediated 

autophagy (Cuervo et al., 2003). Although CTSA defects cause a lysosomal storage disease 

(Kolli and Garman, 2014), the mechanism by which its depletion might interfere with 

uptake of Tf, EGF and nanoparticle uptake has not been yet explained and will require 

further investigation. In this case also, the LAMP1-GFP protein intensity signal might 

suggest abnormalities in the lysosomal compartment, which could in turn inhibit cargo 

uptake (Fig. 6.12). 

Consistent with the screens from the Robinson and Zerial laboratories, in which 

they identified the µ1 subunit of the AP2 complex (AP2M1) as being critical for Tf and 

EGF, CD8-YXXΦ and CD8-FXNPXY endocytosis, this study also found that depletion of 

AP2M1 caused a major reduction in NP uptake (Table 6.3). Furthermore, two more 

subunits of a clathrin adaptor complex were detected in the present study (AP1M1 and 

AP1G1). Although different to the AP2 complex, the AP1 supports the formation of 

clathrin coated vesicles at the TGN (Robinson, 2004). It is possible that the reduced rate 

of LAMP1 co-localisation of NPs is a secondary effect of the inhibition of the trafficking 

between the TGN and late endosomes (Chapuy et al., 2008), or of defects in 

autophagosome formation (Guo et al., 2012), therefore further studies with higher 

resolving power and more specific markers will be required to shed light on this. Other 

proteins involved in Golgi complex organisation and structure, which might directly or 

indirectly have a role in NP internalisation, were detected. In particular 3 (COG3, COG4, 

COG8) out of the 8 subunits forming the conserved oligomeric (COG) complex and 2 

subunits (TRAPPC5 and TRAPPC8) of the transport protein particle (TRAPP) complex 

belong to the list of candidate genes. The octamer COG complex is believed to be a 

master regulator of intra-Golgi vesicle targeting (Willett et al., 2013) and therefore its 

depletion might alter the general distribution of membrane and glycosylated proteins and 

indirectly affect endocytic mechanisms. The 13 TRAPP subunits are arranged in three 

different complexes involved in Golgi to ER trafficking (Sacher et al., 1998), tethering of 

COPI-coated vesicles to early Golgi membranes (Yamasaki et al., 2009) and for autophagy 

initiation (Lynch-Day et al., 2010) respectively. Although TRAPPC5 is found in all the three 
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TRAPP complexes, TRAPPC8 is unique to the TRAPPIII complex which has been shown to 

be required for autophagosome formation (Lynch-Day et al., 2010). Once again therefore, 

a link between endocytic and autophagy processes emerges as part of the mechanism 

required for delivery of nanoparticles to lysosomes.  

The candidate genes VPS33A and VPS16 are two of the four subunits found in the 

HOPS/CORVET tethering machineries. Indeed, both machineries share a sub-complex 

made by VPS11/VPS16/VPS18/VPS33 which interacts with the VPS39/14 sub-complex in 

the HOPS complex or with VPS8/3 in the CORVET complex (Brocker et al., 2012; 

Peplowska et al., 2007). In a recent study, RNAi of each of the components of the HOPS 

machinery resulted in inhibition of late endosome to lysosome fusion; furthermore, the 

expression of double mutants has shown the fundamental role for VPS33A and VPS16 in 

this process as well as in the fusion of autophagosomes with lysosomes (Wartosch et al., 

2015). 

A group of candidate genes which might be further investigated is the significantly 

enriched group (19 candidate genes) of WD domain-containing proteins (Table 6.1) and in 

particular a number of poorly characterised members (WDR45L, WDR89, WDSUB1, 

DMWD) important for scaffolding functions (Stirnimann et al., 2010). Another candidate 

gene for further characterisation, since it was identified in both the current study and the 

Zerial lab study (Collinet et al., 2010) is the transmembrane protein 9 (TMEM9), which 

has been previously reported to co-localise with LAMP1 positive structures (Kveine et al., 

2002).  

The genome-wide screen also further confirmed relevance of subunit 2 of the actin 

related protein 2/3 complex (ARPC2), which was also a candidate gene from the small 

scale cytoskeleton screen (Chapter 5). From the Rab family, it was perhaps surprising that 

RAB7A and RAB33B were not detected, as these were the strongest candidates coming 

from the Rab library screen presented in Chapter 4. This suggests that differences 

between the library manufacturer, as well as reduced RNAi efficiency deriving from 

pooling two or more siRNA sequences, might be relevant. The depletion of the early 

endosomal RAB5A and the late endosomal RAB9 (which have been implicated to have a 

role in NP trafficking by Sandin et al., (2012) in overexpression experiments) only induced 

a mild reduction in NP trafficking in both the genome-wide screen and the Rab protein 

screen (Fig. 4.1 of Chapter 4 and Appendix II). This may be due to isoform redundancy, 
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however the screen did identify the RAB5 and RAB33B effector rabaptin-5 (RABEP1) 

(Lippe et al., 2001) as well as the Rab9 effector protein with kelch motifs (RABEPK) (Diaz 

et al., 1997) as candidate genes (Table 6.2, Fig. 6.10). These findings are further 

supported by observations from others that RABEPK interacts with PtdIns 5-kinase 

(PIKFYVE), required for the generation of late endosomal PI(3,5)P2 (Ikonomov et al., 2003) 

and, in turn with the WD40-repeat protein WIPI1 involved in M6PR trafficking and 

autophagy (Jeffries et al., 2004; Proikas-Cezanne et al., 2007). PIKFYVE depletion has 

been found to induce swelling of organelles positive for EEA1, CD63 and LAMP1, due to 

perturbation in trafficking between TGN and endosomes (de Lartigue et al., 2009; 

Rutherford et al., 2006). This swollen organelle phenotype was also noted in images of 

cells depleted for PIKFYVE in the screen and might account for its influence on NP 

trafficking (Fig. 6.12).  

In conclusion, this chapter represents the first genome-wide screen investigating 

the major protein components involved in endocytosis and intracellular trafficking of 

polystyrene carboxylated nanoparticles. The RNAi and HCS approach has revealed the 

importance of endosomal molecules (such as RABEPK, RABEP1, HOPS/CORVET), TGN to 

endosomal trafficking complexes (COGs, TRAPPs, AP1), lysosomal machinery (V-ATP6), 

while further confirming the involvement of the clathrin mediated endocytic pathway 

(CLTC, DNM2 and AP2) and the cytoskeleton (ARPC2). Further studies will be required to 

explain the functional aspects of this process thus providing important information for 

the design and testing of intracellular targeting of new nanocarriers.  
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7.1 Concluding remarks and future perspectives 

 

The branch of nanotechnology for designing and developing synthetic nanoparticles 

for the improvement of diagnostic and drug delivery approaches is changing rapidly. One 

area of particular interest has focussed on determining how the interaction between the 

nanomaterial and the biological component occurs at the cellular level, with the ultimate 

aim of using nanotechnologies to address diseases the main targets of which are located 

intracellularly (Ferrari, 2005). Interestingly, despite widespread efforts to improve the 

systemic (tissue level) targeting of nanocarriers in nanomedicine studies, the mechanisms 

of interaction of nanoparticles with cells and internal cellular membranes is yet poorly 

defined and likely difficult to control (Sahay et al., 2010; Skotland et al., 2014). Current 

knowledge suggests that following endocytosis, naked NPs pass from endosomes to 

lysosomes thus being trapped inside this acidic compartment, ultimately resulting in their 

degradation (Hillaireau and Couvreur, 2009; Vercauteren et al., 2010). In order to design 

effective drug delivery strategies that can use or by-pass the endocytic pathway, a 

comprehensive understanding of NP uptake mechanisms is therefore necessary (Sahay et 

al., 2013; Salvati et al., 2013). Furthermore, the large number of factors (at both the cell 

and nanoparticle chemistry levels) influencing NP uptake and trafficking mechanisms 

certainly call for standardised platforms and approaches to identify and dissect the 

intracellular machinery used for nanomaterial internalisation (Brayden et al., 2015; Nel et 

al., 2009). The study presented here describes and applies an HCS microscopy strategy to 

assess the intracellular trafficking of fluorescently labelled NPs in the context of RNAi in 

HeLa cells, and therefore makes a useful contribution to this field.  

DLS characterisation showed that the fluorescently labelled 40 nm negatively 

charged polystyrene nanoparticles used in this study were homogenous in size, charge 

and did not aggregate in the dispersant conditions used in the uptake assays. The NP 

uptake assay and HCS analysis routine to evaluate internalisation and trafficking of a well-

established CME marker (Tf) and of NPs was developed and then first implemented for a 

set of 10 siRNAs targeting key endocytic machinery molecules. The decrease in Tf uptake 

after depletion of the CME-related proteins, in comparison to control cells, confirmed the 

efficiency of the knock-down treatment and the general analysis approach. However, this 

methodology was not considered sufficiently robust for the quantification of NP 
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internalisation. For this reason, the lysosomal marker LAMP1 was used to improve the 

segmentation ability of the image analysis software and thus allow the set-up of an 

analysis pipeline for the investigation of downstream events of endocytosis. In pilot 

experiments, the definition of a LAMP1-associated NP ratio allowed the role of dynamin-

2 and clathrin in trafficking to LAMP1-positive compartments to be detected, paving the 

way for a wider application of this strategy (ultimately to a genome-wide level). These 

experiments were also important in establishing the sensitivity and limitations of the 

approach. For example, despite the depletion of two key endocytic machinery molecules 

in parallel (for example AP2A and DNM2), complete blockage of NP uptake was never 

observed, strengthening the hypothesis that multiple endocytic mechanisms are likely 

used by nanoparticle for cell entry.  

Extending the methodological approach to 58 Rab proteins, associated specifically 

with membrane traffic regulation, led to the detection of RAB7A and RAB33B as being 

important NP trafficking modulators. The involvement of RAB33B, a Golgi-localising 

protein, in the localisation of NPs with early endosomal and lysosomal compartments was 

probed after its inactivation by OATL1, further suggesting that the Golgi may provide 

membranes for NP trafficking. These observations provided the first hint that autophagy 

pathways, in addition to conventional trafficking mechanisms, may be operating for 

polystyrene negatively charged NP trafficking. The interrogation of an RNAi library 

targeting 348 custom-selected cytoskeletal components and associated proteins allowed 

the identification of motor protein subunits (DYNC1H1, KIF15, MYO6) and actin and 

microtubule structure and remodelling elements (ARPC2, CDC42, CFL1, PLS3, TUBB). 

Secondary analysis on myosin VI further supported a role for it in the delivery of NPs to 

acidic compartments. These observations also were fully compatible with the concept of 

autophagy mechanisms being used for NP distribution in the cell (Stern et al., 2012). 

The natural extension of this study was to carry out the same type of investigation 

on a genome-wide scale, for which a HeLa cell line stably expressing a LAMP1-GFP protein 

was produced and validated. Genome-wide screens are notorious in terms of drawbacks 

connected to off-target effects and different levels of siRNA-induced phenotype 

penetrance (derived both from the RNAi reagents themselves and the complexity and 

interrelation of all the biological systems)(Kaelin, 2012). As such, the importance of 

careful validation and functional characterisation of primary candidates, as well as the 
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necessity to compare and contrast results coming from multiple genome-wide studies 

cannot be understated (Snijder et al., 2012; Zhang et al., 2009). Had further time been 

available, more effort would have been made in this regard. Nevertheless, the 

investigation of 21,585 genes (Fig. 6.10 and table 6.2) (and more than 2 million images 

analysed) defined the potential involvement of components of the endosome (such as 

RABEPK, RABEP1, HOPS/CORVET), TGN (COGs, TRAPPs, AP1), and lysosomes (V-ATP6) in 

NP trafficking. These studies also further confirmed the involvement of the clathrin 

mediated endocytic pathway (CLTC, DNM2 and AP2) and the cytoskeleton (ARPC2). In 

addition, they suggested the involvement of a number of poorly characterised genes 

(WD-repeat containing proteins, TMEM9 and SLC1A4). All of these candidates will need 

extensive validation and characterisation. 

In conclusion, RNAi technology has been confirmed as being a powerful approach 

for large systems biology studies addressing fundamental cell biology questions (Collinet 

et al., 2010; Simpson et al., 2012). Furthermore, the platform established here provides 

an opportunity for the systematic investigation of intracellular trafficking of a much wider 

range of commercially available and in-house engineered nanocarriers. This platform can 

also potentially be adapted to evaluate the cell-dependent specificity of these processes 

in cell lines of different origins (A549, MDCK, Caco2 for example), although phenotypic 

penetrance of the RNAi reagents needs to be tested and optimised. The studies 

presented here confirm that transfer of NPs through the endomembrane system is an 

active and highly regulated process, involving several membrane intermediates prior to 

lysosome delivery. The list of proteins presented in this study provides an important 

starting point for development of efficient intracellular drug delivery carriers.  
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APPENDIX I – IMAGE ANALYSIS 
 

Image analysis 

 

Chapters 3-6 make reference to various analysis routines for the quantification of 

the ratio of association of NPs with LAMP1-positive organelles. All the images obtained 

from the HCS routine were analysed using Columbus (Perkin Elmer) image analysis 

software, while the secondary analyses were carried out in ImageJ (Schneider et al., 

2012) or CellProfiler (Carpenter et al., 2006).  

In the next sections, examples of typical setting used and screenshots of their 

outcomes are reported. The settings used in the image analysis routines were adjusted to 

compensate for small variations from one type of experiment to the other but kept 

constant between replicates. 

 

A.I.1 Columbus analysis pipeline 

 

Images acquired with the automated microscopes (Scan^R or Arrayscan) were 

subjected to background correction using an ImageJ plugin (see Section 2.10.1 of 

Materials and Methods). Since the acquisition microscopes were wide-field systems, 

background correction to enhance the intensity of LAMP1 and nanoparticle signals was 

essential. The background correction was performed using a rolling ball background 

subtraction algorithm (http://rsbweb.nih.gov/ij/plugins/rolling-ball.html) in ImageJ. In 

order to run the algorithm as a batch process for all the image data obtained in every 

image acquisition, the path “Process/batch/macro” was selected and the following code 

was typed in the Batch process window: 

run("Subtract Background...", "rolling=n") 

where “n”, corresponds to the size (in pixels) of the largest object that is not part of the 

background and was set to 10. 

Columbus software (Perkin Elmer) was used to segment individual cells from the 

image data: both the nucleus and the cytoplasm were segmented using the nuclear stain 

http://rsbweb.nih.gov/ij/plugins/rolling-ball.html
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of the raw image (A2.1 and A2.2). Although the majority of the fluorescence of the 

Hoechst 33342 was concentrated at nucleus, the small amount of fluorescence in the 

cytoplasm was sufficient to identify the boundary for each cell. Cells close to the border 

of the field of view were removed from the analysis (A2.3). 

Morphological and intensity measurements were then extracted from the segmented 

cells to distinguish between healthy and apoptotic or dividing cells that would not be 

representative of the majority of the population (A2.4-A2.7). Upon the completion of the 

segmentation and population selection, the LAMP1-positive organelles were segmented 

(A2.8); using the fluorescence emitted by the background corrected green channel (Alexa 

Fluor 488 for the screens described in Chapters 4 and 5 or LAMP1-GFP protein for the 

screen described in Chapter 6). The NP positive spots were also segmented (A2.9) using 

the fluorescence emitted by the background corrected red channel. A variety of intensity 

measurements were then taken, including both the LAMP1 and the NP signal in the spot 

region and in the overall cell (A2.10 –A2.13). In this way, the average LAMP1-associated 

NP ratio was calculated as a derived measurement, by dividing the total LAMP1-

associated NP intensity by the total cell-associated NP intensity. The data were 

normalised plate by plate based on the negative control, to allow comparison and 

combination of data from the plates between replicates and across the screen. This was 

done by dividing each sample mean value by the mean of the negative control (siNeg).  

  

A.I.1.1 Nuclei segmentation 

 
 

Channel : Hoechst 

Detection method: B 

Common Threshold : 0.4 
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Area : > 300 µm² 

Split Factor : 5 

Individual Threshold : 0.4 

Contrast : > -0.6 

Output population: Nuclei 

A.I.1.2 Cytoplasm segmentation 

 
 

Channel :  Hoechst 

Method of detection : D 

Nuclei : Nuclei 

Individual Threshold : 0.1 

AII.1.3 Remove border objects 

 
 

Population :  Nuclei 

Method : Common Filters 

Selection : Remove Border Objects 

Region : Cell 

Output population : Nuclei selected 

A.I.1.4 Calculate intensity properties (Nuclei) 

Channel :  Hoechst 

Method of detection: Standard 

Population :  Nuclei Selected  
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Region :  Nucleus 

Measurement : Mean Intensity 

Output properties :  Intensity nucleus Hoechst 

A.I.1.5 Calculate morphology properties (Nuclei) 

Population :  Nuclei Selected 

Method of detection : Standard 

Region :  Nucleus  

Measurement :  Area and Roundness 

Output properties :  Nucleus morphology 

A.I.1.6 Calculate morphology properties (Cells) 

Population :  Nuclei Selected 

Method of detection:  Standard 

Region :  Cell 

Measurement :  Area and Roundness 

Output properties :  Cell morphology 

A.I.1.7 Select population (filtering by shape and intensity) 

 
 

Population :  Nuclei Selected 

Method : Filter by Property 

F1 - Nucleus Roundness : > 0.75 

F2 - Nucleus Area [px²] : < 16000 

F3 - Nucleus Area [px²] : > 4500 

F4 - Intensity Nucleus Hoechst Mean : < 1200 

Boolean Operations : F1 and F2 and F3 and F4 

Output Population :  Nuclei Selected to analyse 

A.I.1.8 Find spots (LAMP1) 
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Channel :  green 

Method of detection: C 

Population :  Nuclei Selected to analyse 

Region :  Cell 

Radius : ≥ 7 px 

Contrast : > 0.16 

Uncorrected Spot to Region Intensity : > 3.8 

Distance : ≥ 1.6 px 

Spot Peak Radius : 1.6 px 

Measurement:  Calculate Spot Properties 

Output population:  Lysosomes 

A.I.1.9 Find spots (NPs) 

 
 

Channel :  Red 

Method :  C 

Population :   Nuclei Selected to analyse 

Region :  Cell 

Radius :  ≥ 10.6 px 

Contrast : > 0.11 

Uncorrected Spot to Region Intensity : > 9.3 

Distance : ≥ 3.1 px 
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Spot Peak Radius : 0.5 px 

Measurement:  Calculate Spot Properties 

Output Population :  nanoparticles 

A.I.1.10 Calculate intensity properties (NPs) 

Channel :  Red 

Method  of detection: Standard 

Population :  Nuclei Selected to analyse 

Region :  Cell 

Measurement : Mean and Sum Intensity 

Output properties:  Intensity Cell Red 

A.I.1.11 Calculate intensity properties (LAMP1) 

Channel :  green 

Method of detection :  Standard 

Population :  Nuclei Selected to analyse 

Region :  Cell 

Measurement:  Mean and Sum intensity 

Output properties:  Intensity Cell Green 

A.I.1.12 Calculate intensity properties (NPs in LAMP1) 

Channel :  Red 

Method of detection :  Standard 

Population :  Nuclei Selected to analyse 

Region :  Lysosomes 

Measurement :  Mean and sum intensity 

Output Properties :  Intensity Red in lysosomes 

A.I.1.13 Calculate intensity properties (intensity LAMP1 in NP spots) 

Channel :  green 

Method :  Standard 

Population :  Nuclei Selected to analyse 

Region :  nanoparticles 

Measurement :  Mean and sum intensity 

Output Properties :  Intensity LAMP1 in nanoparticles 

A.I.1.14 Calculate Properties (LAMP1-associated NP ratio) 

Population :  Nuclei Selected to analyse 

Method : By Formula 

Formula : a/b 

Variable A : Intensity Red in lysosomes Sum 

Variable B : Intensity Cell Red Sum 

Output Property :  per cell LAMP1-associated NP ratio 
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A.I.2 CellProfiler analysis pipeline 

 

Confocal images were analysed using a pipeline built in CellProfiler. Nucleus and 

cytoplasm were segmented by applying the building blocks IdentifyPrimaryObjects and 

IdentifySecondaryObjects to the input Hoechst channel and EEA1/LAMP1 channel images 

respectively (A.I.2.1-A.I.2.2). Cell nuclei touching the border of the image were also 

removed from the analysis. 

The MeasureObjectIntensity and MeasureObjectSizeShape tools were used to 

obtain intensity and morphology measurements of nuclei in order to exclude dividing or 

apoptotic cells, and of the GFP channel in order to detect GFP expressing cells (A.I.2.3-

A.I.2.4).  

The RWC coefficient between NPs and the various markers were measured by using 

the RWC plugin implemented in CellProfiler (https://github.com/tilenkranjc/cellprofiler-

plugins )  (Singan et al., 2011) (A.I.2.5). 

Single cells output results were processed and plot using Microsoft Excel. 

 

 

A.I.2.1 IdentifyPrimaryObjects 

 

Input image Hoechst 

Name the primary objects identified Nuclei 

Typical minimum diameter of objects 
(pixels) 

60 

https://github.com/tilenkranjc/cellprofiler-plugins
https://github.com/tilenkranjc/cellprofiler-plugins
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Typical maximum diameter of objects 
(pixels) 

150 

Discard objects outside the diameter range yes 

Discard objects touching the border of the 
image 

yes 

Thresholding method Otsu adaptive 

Number of thresholding classes 2 

Minimize the weighted variance  

Threshold correction factor 1 

Lower bound on threshold 0.05 

Higher bound on threshold 1.0 

Method to distinguish clumped objects Shape 

Method to draw dividing lines between 
clumped objects 

Shape 

Automatically calculate size of smoothing 
filter 

yes 

Automatically calculate minimum allowed 
distance between local maxima 

yes 

Fill holes in identified objects yes 

A.I.2.2 IdentifySecondaryObjects  

 
input image Organelle marker 

Input objects nuclei 

name objects identified cells 

Method to identify secondary object Watershed-Image 

Thresholding method Otsu Global 

Number of thresholding classes 2 

Minimize the weighted variance  

Threshold correction factor 0.5 

Lower bound on threshold 0.05 

Higher bound on threshold 1.0 
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Fill holes in identified objects yes 

Discard secondary objects touching the 
edge of the image 

yes 

Discard the associated primary objects yes 

Name of new primary objects FilteredNuclei 

Retain outlines of the identified secondary 
objects 

yes 

Name the outline image SecondaryOutlines 

A.I.2.3 MeasureObjectSize  

Objects to measure Cells and FilteredNuclei 

A.I.2.4 MeasureObjectIntensity  

Image to measure Hoechst; organelle marker; GFP 

Object to measure FilteredNuclei 

Image to measure organelle marker; GFP;NP 

Object to measure Cells 

A.I.2.5 MeasureRWC  

Image to measure GFP, organelle marker, NP 

Measure correlation Within objects 

threshold 0.15 

Object to measure Cells 
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APPENDIX II – siRNA SEQUENCES 
 

A.II.1  sequence of siRNAs used for the preliminary studies  

 

 

A.II.2  Rab siRNA library sequences 

RNAi sequences used in the primary Rab screen and average LAMP1-associated NP ratios 

from 3 independent replicates can be found in the CD attached to the present work. 

 

A.II.3  Rab validation siRNA sequence 

 

 

RefSeq Accession 

Number Gene Symbol Gene ID siRNA ID Sense siRNA Sequence

NM_014203 AP2A1 160 s183 GCAGAUCGGAGUCAAGUCAtt

NM_012305 AP2A2 161 s1138 GGCAAAUAUCAGAUCAAAAtt

NM_004859 CLTC 1213 s476 CGGUUGCUCUUGUUACGGAtt

NM_001753 CAV1 857 s2448 CCUUCACUGUGACGAAAUAtt

NM_001233 CAV2 858 s2449 AUGUUAUCAUUGCUCCAUUtt

NM_001664 RHOA 387 s759 CUAUGAUUAUUAACGAUGUtt

NM_001039802 CDC42 998 s2765 UGGUGCUGUUGGUAAAACAtt

NM_001663 ARF6 382 s1565 GUCUCAUCUUCGUAGUGGAtt

NM_001005360 DNM2 1785 s4212 ACAUCAACACGAACCAUGAtt

NM_005803 FLOT1 10211 s19913 GCAGAGAAGUCCCAACUAAtt

NM_003234 TFRC 7037 s725 GGAUCUAUAGUGAUUGUCAtt

Gene Symbol sequence # Gene ID

RefSeq 

Accession 

Number siRNA ID Sense siRNA Sequence

SiSel_NC1 neg control 0 0 s813 UAACGACGCGACGACGUAAtt

INCENP transf control 3619 NM_001040694 s7424 AGUCCUUUAUUAAGCGCAAtt

RAB7 1 7879 NM_004637 s15442 GCUGCGUUCUGGUAUUUGAtt

RAB7 2 7879 NM_004637 s15443 GCUAGUCACAAUGCAGAUAtt

RAB33A 1 9363 NM_004794 s17907 GCAUUACUACCGCAACGUAtt

RAB33A 2 9363 NM_004794 s17908 GAUUCGCAUCUUCAAAAUAtt

RAB33B 1 83452 NM_031296 s37938 GAACGAUUCAGAAAGAGCAtt

RAB33B 2 83452 NM_031296 s37939 CACGGAUUCUUGUUGGAAAtt

RAB36 1 9609 NM_004914 s18461 AGAAUGUUUUUGAUCGAGAtt

RAB36 2 9609 NM_004914 s18462 CCACAGGUUUUGCAAGAAUtt
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A.II.4  Cytoskeleton siRNA library sequences and results  

RNAi sequences used in the primary cytoskeleton screen and average LAMP1-associated 

NP ratios from 3 independent replicates can be found in the CD attached to the present 

work. 

 

A.II.5  Cytoskeleton validation siRNA library sequences and results  

RNAi sequences used in the validation cytoskeleton screen and average LAMP1-

associated NP ratios from 3 independent replicates can be found in the CD attached to 

the present work. 

 

A.II.6  Cytoskeleton validation results of 72 hours experiments 

Average LAMP1-associated NP ratios from 3 independent replicates can be found in the 

CD attached to the present work. 

 

A.II.7  Sequences of qPCR primers used for knock-down validation. 

 

gene 

name left primer right primer

ARPC2 5'-TTGGAAAGGTGTTCATGCAG 5'-TCCCTGTGGCTAAAGAGGAC

CDC42 5'-CATCGGAATATGTACCGACTGTT 5'-TGCAGTATCAAAAAGTCCAAGAGTA

CFL1 5'-GTGCCCTCTCCTTTTCGTTT 5'-TTGAACACCTTGATGACACCAT

DYNC1H1 5'-AGTTGGTGGAATGTGGGTTG 5'-TGATTGATCTGGGTGATCTGA

ITGAM 5'-GGCATCCGCAAAGTGGTA 5'-GGATCTTAAAGGCATTCTTTCG

KIF15 5'-GCTGCTGAAGCCTATCAGGT 5'-GATGTTGATGCCACACGTCTA

KIF1A 5'-CGTCAATGGCAAGAAAGTCA 5'-CATGATGATGCGGTTTCCT

KIF2B 5'-CAACCAGCGAGAGACAACCT 5'-TCATGCACCATAACCACATTG

KIF3B 5'-CACTGCAAATAAGAAATCCAAGG 5'-AGATGCAGGGGTTCCTGA

KIF7 5'-CTGAGGCAGGGGAGTCTG 5'-GGCCTCATCCAACTGGAAC

MYO6 5'-CTCCAGCTTCACCCGTACA 5'-CGATCTCCTGTTTCCACTATCC

PLS3 5'-GAAACTTACACCCTTCATCATTCAG 5'-TTCTGCACCAATGTTCACAAC

RAB33A 5'-GAAATCGAGGGCGAGAAGAT 5'-GTTGCGGTAGTAATGCTCGAC

RAB33A 5'-AGGGCGAGAAGATCAAGGTT 5'-GCTCGACCATGCTTTTGC

RAB33B 5'-AGAACGAGCGGTGGAGATT 5'-CCATGCTCTTTCTGAATCGTT

RAB36 5'-CACGGCCTTTGACCTCAC 5'-CAGAGCATCCTCCAACCACT

RAB36 5'-GGGATTCCCTATAGCCTCCA 5'-CAGATGCGATGCACTTGAAC

RAB36 5'-CAGGAACACGGGGACTGT 5'-CCCTGTGGATGAGCATACTG

RAB36 5'-GGCGATGGAGACCTAATCC 5'-ACGCAGGCTCCAGTTAGC

RAB7A 5'-CAAGATTGACCTCGAAAACAGA 5'-ACGTTGATGGCCTCCTTG

TPPP 5'-TGGACATCGTCTTCAGCAAG 5'-GCTGCTCTTGTCTTTGAATCG

TUBB 5'-ATACCTTGAGGCGAGCAAAA 5'-TCACTGATCACCTCCCAGAAC

WIPF3 5'-AGCGGGATGTAGCAGGTG 5'-TGATGGTTTTGTTGGGAAGC
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A.II.8  Genome-wide screen sequences 

RNAi sequences used in the genome-wide screen can be found in the CD attached to the 

present work. 

 

A.II.9  Genome-wide screen results 

Gene names, average LAMP1-associated NP ratios, SD and s.e.m. of 2 independent 

replicates can be found in the CD attached to the present work. 
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APPENDIX IV – PUBLICATIONS AND ORAL COMMUNICATIONS 
A high content screening microscopy approach to dissect the role of Rab proteins in Golgi-to-ER 

retrograde trafficking 

Galea, G.; Bexiga, M. G.; Panarella, A.; O'Neill, E. D. & Simpson, J. C.  

(2015) Journal of Cell Science, 128 (13):2339-49 

 

Here, we describe a high-content microscopy-based screen that allowed us to systematically assess and 

rank proteins involved in Golgi-to-endoplasmic reticulum (ER) retrograde transport in mammalian cells. 

Using a cell line stably expressing a GFP-tagged Golgi enzyme, we used brefeldin A treatment to stimulate 

the production of Golgi-to-ER carriers and then quantitatively analysed populations of cells for changes in 

this trafficking event. Systematic RNA interference (RNAi)-based depletion of 58 Rab GTPase proteins and 

12 Rab accessory proteins of the PRAF, YIPF and YIF protein families revealed that nine of these were strong 

regulators. In addition to demonstrating roles for Rab1a, Rab1b, Rab2a, and Rab6a or Rab6a' in this 

transport step, we also identified Rab10 and Rab11a as playing a role and being physically present on a 

proportion of the Golgi-to-ER tubular intermediates. Combinatorial depletions of Rab proteins also revealed 

previously undescribed functional co-operation and physical co-occurrence between several Rab proteins. 

Our approach therefore provides a novel and robust strategy for a more complete investigation of the 

molecular components required to regulate Golgi-to-ER transport in mammalian cells. 

 

High-content screening and analysis 

Panarella A. & Simpson J.C. 

(2015) Cell Imaging: Methods Express, Scion Publishing Ltd, in press 

 

High Content Screening (HCS) microscopy is an imaging technology that has emerged in the last 15 years, 

combining molecular and cell biology tools, robotics, microscopy, and highly sophisticated image analysis 

routines. Unlike High Throughput Screening (HTS), which also exhibits high sample throughput by availing 

of miniaturisation and automation of cell-based assays in multi-well plate format, HCS differs in that it is 

designed to extract quantitative information at the level of individual cells (Figure 1), rather than 

generating a simple mean well value. Ultimately this results in HCS extracting a high quantity of spatial and 

temporal information at subcellular, single cell and population levels in a single experimental set-up, 

thereby making an ideal tool for pathway / systems biology studies. In contrast to biochemical methods 

that require cells to be lysed (e.g. proteomics and mass spectrometry), or conventional fluorescence light 

microscopy methods that have low sample throughput and are time consuming, HCS facilitates the analysis 

of large numbers of intact cells in a quantitative manner, thereby increasing data confidence and statistical 

significance. In addition, as automated screening microscopes become faster and equipped with a wider 

range of modalities, the use of live cell (even time-lapse) assays, and the possibility of multiplexing image 

analysis with other molecular biology techniques for protein or DNA / RNA quantification has become a 

reality. 
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A systematic high content screening microscopy approach reveals key roles for RAB33B, OATL1 and 

MYO6 in nanoparticle uptake into mammalian cells  

Panarella, A.; Bexiga, M. G.; Galea, G.; O’ Neill, E.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

(under review)  

 

Synthetic nanoparticles (NPs) are promising tools for imaging and drug delivery; however the molecular 

details of cellular internalization and trafficking await full characterization. Current knowledge suggests that 

following endocytosis, most NPs pass from endosomes to lysosomes. In order to design effective drug 

delivery strategies that can use the endocytic pathway, or by-pass lysosomal accumulation, a 

comprehensive understanding of NP uptake and trafficking mechanisms is therefore fundamental. Here we 

describe and apply an RNA interference (RNAi)-based high-content screening (HCS) microscopy strategy to 

assess the intracellular trafficking of fluorescently-labelled polystyrene NPs in HeLa cells. We screened a 

total of 408 genes involved in cytoskeleton and membrane function, revealing novel roles for myosin VI, 

Rab33b and OATL1 in this process. Our approach provides the technology for a systematic molecular 

overview of how NPs are routed inside cells and sets up the basis for genome-wide investigation of NP 

trafficking, in turn paving the way for the design of strategies for improved drug delivery. 

 

 

Nanomedicine and drug delivery: enhancing nanoparticle efficacy through knowledge of their 

intracellular fate 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Oral communication ‘FEBS Young scientists’ forum’ (Berlin – DE, July 2015) 

 

Nanoparticles (NPs) are particles with sizes in the nanometre scale which show high potentiality as 

diagnostic and therapeutic tools for the delivery of small molecule drugs and biologics to a wide range of 

tissues and cells. Despite the wide application of NPs in various technologies and clinical trials, their 

mechanisms of intracellular interaction are not well understood. It is currently believed that NPs enter cells 

by endocytosis, and irreversibly populate lysosomes resulting in the destruction of the sensitive compounds 

they are meant to deliver.  

We have designed a strategy to systematically discover the cellular machinery associated with NP 

internalisation and trafficking. Using fluorescently-labelled synthetic nanoparticles, we have employed a 

high content screening (HCS) microscopy approach to quantify their accumulation and distribution in cells. 

This has been achieved by using advanced automated image analysis tools, which allow unbiased 

assessment of intracellular NP distribution, in combination with RNA interference (RNAi), allowing us to 

analyse the relevance of several thousand genes to NP uptake and trafficking.  

Our genome-wide down-regulation screen (21,000 targets) has revealed members of GTPase families, 

plasma membrane receptors and cytoskeletal components as key regulators of NP transport from the cell 

surface to lysosomes. Our study provides an innovative experimental approach in the nanotechnology field 

providing information about how NPs are controlled in the intracellular environment, thereby opening new 

avenues for the design of more effective drug delivery vehicles. 
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A genome-wide high content screening microscopy study reveals mechanisms for nanoparticle uptake 

and trafficking in human cells 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Oral communication at the ‘6
th

 EMBO meeting’ (Birmingham – UK, Sept 2015) 

 

Nanoparticles (NPs) are particles with size in the nanometre range with high potential as drug delivery tools 

for novel and more effective diagnostic and therapeutic approaches. Uncoated NPs enter cells using 

energy-dependent endocytic mechanisms, followed by trafficking to early endosomal structures and 

ultimately lysosomes. The molecular details of these events await characterisation although they are 

fundamental for the design of smarter delivery systems. 

Despite the high level of interest in understanding bio-nano interactions within living organisms, relatively 

little is known about the machineries involved in the intracellular uptake and trafficking of NPs. We have 

therefore designed and applied an unbiased high content screening (HCS) microscopy and advanced image 

analysis strategy to systematically reveal the fundamental molecular players associated with NP 

internalisation and trafficking. Fluorescently labelled polystyrene NPs have been used as a model to 

investigate the distribution and accumulation of nanocarriers in the late endo/lysosomal compartment in 

the context of RNA interference (RNAi). Our study, using an RNAi library targeting the full human genome, 

has confirmed the involvement of clathrin coated vesicle components (CLTC, DNM2 and AP2) as well as 

highlighting potential roles for several endosomal proteins (RABEPK, RABEP1), Golgi apparatus to 

endosomal trafficking complexes (COGs, TRAPPs) and lysosomal acidification machinery (V-ATP6) in the 

intracellular trafficking of NPs.  

Our HCS / RNAi approach provides a platform for the investigation of intracellular trafficking of 

nanomaterials and the first systematic overview of NP-cell interactions, thus providing key information for 

the design of improved drug delivery vehicles.  

 

 

Dissecting cellular pathways involved in nanoparticle uptake in human cells 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Oral communication at the ‘Conway graduate class seminar’ (Dublin – IE, Jan 2015) 

 

Nanoparticles (NPs) are particles measured on the nano-scale offering potential applications as diagnostic 

and therapeutic vehicles. Despite the wide application of NPs, their mechanisms of intracellular interaction 

are not well understood.  

We have developed a high content screening (HCS) microscopy approach in the context of RNA 

interference (RNAi) technology to quantify fluorescently-labelled polystyrene nanoparticles accumulation 

and distribution in cells. Our systematic genome-wide study has revealed roles for members of GTPases 

families, extracellular receptors and cytoskeletal components as key regulators of NP transport from the 

cell surface to the lysosomal compartment providing key information for the design of future nano-delivery 

strategies. 
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Dissecting cellular pathways involved in nanoparticle uptake in human cells 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Oral communication at the ‘SBES Postgraduate Seminar Day’ (Dublin – IE, June 2015) 

 

Nanoparticles (NPs) are particles with sizes in the nanometre scale which show high potentiality as 

diagnostic and therapeutic tools for the delivery of small molecule drugs and biologics to a wide range of 

tissues and cells. Despite the wide application of NPs in various technologies and clinical trials, their 

mechanisms of intracellular interaction are not well understood. It is currently believed that NPs enter cells 

by endocytosis, and irreversibly populate lysosomes resulting in the destruction of the sensitive compounds 

they are meant to deliver.  

We have designed a strategy to systematically discover the cellular machinery associated with NP 

internalisation and trafficking. Using fluorescently-labelled synthetic NPs, we have employed a high content 

screening (HCS) microscopy approach to quantify their accumulation and distribution in human cells. This 

has been achieved by using advanced automated image analysis tools, which allow unbiased assessment of 

intracellular NP distribution, in combination with protein depletion by RNA interference (RNAi). This 

approach has allowed us to carry out a genome-wide screen (21,000 gene targets) to reveal key regulators 

of NP transport from the cell surface to lysosomes.  

Our study presents an innovative experimental approach in the nanotechnology field providing information 

about how NPs are controlled in the intracellular environment, thereby opening new avenues for the 

design of more effective drug delivery vehicles. 
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Nanoparticles: endocytosis carriers or autophagy triggers? 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Poster communication at the Keystone Symposia ‘Autophagy: Fundamentals to Disease’  

(Austin - TX-USA, May 2014) 

 

Nanoparticles (NPs) are particles with sizes in the nanometre scale that have potential applications in the 

delivery of drugs to a wide range of tissues and cells for novel and more effective screening, diagnostic and 

therapeutic approaches. Despite the wide application of NPs in many technologies, the mechanisms of their 

interaction with living materials, their internalisation by the cell and their final intracellular destination are 

not well understood.  

As a consequence of their size, NPs may enter cells using pre-existing endocytic mechanisms and follow 

classical endocytic trafficking pathways. It is currently known that several types and sizes of non-coated NPs 

are able to populate early endosomal structures and, in many cases reach lysosomes as their final 

destination resulting in the destruction of their sensitive cargoes. We therefore believe that a 

comprehensive understanding of the uptake mechanisms utilised by NPs is of pivotal importance for the 

design of effective drug delivery strategies. 

Using fluorescently-labelled polystyrene nanoparticles as a model, we have developed a high content 

screening (HCS) microscopy approach to quantify their accumulation and distribution in HeLa cells. Using 

RNA interference (RNAi) technology we systematically interrogate the relevance of every human gene to 

NP internalisation and trafficking. The distribution of the NPs in these cells and their co-localisation with 

lysosomal markers are then analysed and quantified using automated advanced image analysis protocols. 

Our pilot studies investigating the roles of more than 400 genes associated with either membranes or 

cytoskeleton components of the cell have revealed that several small GTPases and certain motor proteins 

that are involved in NP internalisation play a role in general endocytosis; but also surprisingly autophagy. 

This exciting finding needs further investigation, as it may provide an additional avenue for understanding 

how to control NPs in the intracellular environment.  

Our combined RNAi and HCS approach is reliable for the quantitative study of NP interactions with 

mammalian cells, providing the first systematic overview of the bio-nano interaction space. 
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Dissecting cellular pathways involved in nanoparticle uptake in human cells 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Poster communication at the EMBO conference ‘System dynamics in endocytosis’  

(Villars - CH, Oct 2013) 

 

Nanoparticles (NPs) are routinely defined as particles with sizes between 1 and 100 nm that show 

structural, optical and electronic properties not found in bulk samples of the same material. Nanoparticles 

can be synthesised in a variety of material forms (liposomes, metals and polymer based), and their diversity 

can further be broadened by a wide range of surface modification (chemical or biological). These tools have 

potential applications in encapsulation and delivery of drugs to specific cells and tissues for novel and more 

effective screening, diagnostic and therapeutic approaches. Despite the large application of nanoparticles 

in biomedical, optical and electronic fields, the mechanisms of their interaction with the living matter, their 

internalisation by the cell and their final intracellular destination are not well characterised. As a 

consequence of their size, NPs may enter cells using pre-existing endocytic mechanisms and follow classical 

endocytic trafficking pathways. It is currently known that several types and sizes of non-coated NPs are able 

to populate early endosomal structures and, in many cases reach lysosomes as their final destination. This 

trafficking pathway may represent one drawback for the development of NPs as therapeutic carriers, as for 

many sensitive metabolites their arrival in the lysosome may result in their destruction before they can be 

delivered to the cytosol. We therefore believe that a comprehensive understanding of the uptake 

mechanisms utilised by NPs is of pivotal importance for the design of effective drug delivery strategies.  

The uptake and intracellular trafficking of NPs depend on their structural and physicochemical 

characteristics, the biological molecules coating them (the corona), as well as specific cell-type differences 

in the endocytic machinery. However, even for simple NP types, their mechanism of uptake is only poorly 

documented, with most studies so far only employing drugs as tools to interfere with endocytic pathways 

and quantification of uptake being performed using flow-cytometry.  

We have therefore designed a genome-wide strategy to systematically reveal the cellular machinery 

associated with NP internalisation and trafficking in cultured human cells. Using 40nm fluorescently-

labelled synthetic polystyrene nanoparticles as a model, we have developed a high content screening (HCS) 

microscopy approach to quantify their accumulation and distribution in HeLa cells. Using RNA interference 

(RNAi) technology we selectively reduce the translation of specific mRNAs in turn allowing us to 

systematically interrogate the relevance of every human gene to NP internalisation and trafficking. The 

distribution of the NPs in these cells and their co-localisation with lysosomal markers are then analysed and 

quantified using automated advanced image analysis protocols. Our pilot studies investigating the roles of 

more than 400 genes associated with either membranes or cytoskeleton components of the cell have 

revealed that several small GTPases and certain motor proteins are essential for the delivery of NPs to 

lysosomes. Specifically Rab7a and Rab33b, associated with late endosomes and autophagosomes 

respectively, play the most critical role. These results strengthen the hypothesis of the involvement of the 

endocytic pathway in NP uptake and trafficking, and also reveal an important role for autophagy.  

Our combined RNAi and HCS approach is reliable for the quantitative study of NP interactions with 

mammalian cells, providing the first systematic overview of the bio-nano interaction space. The distinct 

advantage of our approach is that it allows us to study NP trafficking in a temporal and spatial manner 

inside cells, ultimately providing key information for the design of future nano-delivery vehicles. 
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Systematic dissection of the membrane trafficking mechanisms involved in nanoparticle uptake in 

mammalian cells 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Poster communication at the ‘Euronanoforum’ (Dublin - IE, Jun 2013) 

 

Nanoparticles (NPs) have high potential as drug delivery tools for novel and effective diagnostic and 

therapeutic approaches. Despite the high level of interest and importance of understanding bio-nano 

interactions within living organisms, relatively little is known about the uptake mechanisms of NPs into 

cells. It is believed that uncoated NPs enter cells exerting a pre-existing energy-dependent multistep 

membrane trafficking mechanism called endocytosis, followed by transfer to early endosomal structures 

and then, in many cases, final accumulation into the lysosomes (organelles characterised by degradative 

enzymes and a low pH). This trafficking pathway may represent a drawback for the development of NPs as 

therapeutic carriers, as for many sensitive drug cargoes their arrival in the lysosome may result in their 

destruction before they can be delivered to cytosolic targets. If NPs are to be engineered in such a way that 

their subcellular destination can be controlled, we first need to establish the cellular machinery that plays a 

role in their internalisation. This information would be a highly significant contribution to drug design and 

delivery.  

We have designed a strategy to systematically reveal the cellular machinery associated with NP 

internalisation and trafficking. Using 40nm fluorescently-labelled synthetic polystyrene nanoparticles as a 

model, we have developed a high content screening (HCS) microscopy approach to quantify their 

accumulation and distribution in HeLa cells. These cells are incubated with libraries of RNA interference 

(RNAi) reagents, allowing us to systematically interrogate the relevance of every human gene to NP 

internalisation and trafficking. The distribution of the NPs in these cells is then analysed and quantified 

using automated advanced image analysis protocols. As a proof of concept, we also present a detailed pilot 

study focussing on proteins of the Rab family, which are key modulators of membrane trafficking, and we 

show a specific importance of Rab33B and Rab7A in delivering NPs to lysosomes. 

Our combined RNAi and HCS approach has been revealed to be reliable for the quantitative study of NP 

interactions with mammalian cells, providing the first systematic overview of the bio-nano interaction 

space and setting up the basis for genome-wide investigation of NP trafficking inside mammalian cells, 

which will ultimately provide key information for design of drug delivery vehicles. 
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Dissecting the membrane trafficking mechanisms involved in nanoparticle uptake in mammalian cells 

Panarella, A.; Bexiga, M. G.; Galea, G.; Salvati, A.; Dawson, K.A.; Simpson, J.C. 

Poster communication at the ‘4
th

 EMBO meeting’ (Nice - FR, Sept 2012) 

 

Nanoparticles (NPs) are particles with sizes between 1 and 100 nm that can be synthesised in a variety of 

forms, and have high potential as drug delivery tools for novel and more effective diagnostic and 

therapeutic approaches. It is believed that NPs enter cells using pre-existing endocytic mechanisms, 

followed by trafficking to early endosomal structures and ultimately lysosomes, however the molecular 

detail of these events await characterisation. 

Despite the high level of interest and importance of understanding bio-nano interactions within living 

organisms, relatively little is known about the uptake mechanisms of NPs into cells. We have therefore 

designed a strategy to systematically discover the cellular machinery associated with NP internalisation and 

trafficking. Using fluorescently-labelled synthetic polystyrene nanoparticles of various sizes, we have 

employed a high content screening (HCS) microscopy approach to quantify their accumulation and 

distribution in cells. This has been achieved by using advanced automated image analysis tools, which allow 

unbiased assessment of cellular NP distribution. These experiments have been carried out in combination 

with RNA interference (RNAi), allowing us to analyse the relevance of several thousand genes to NP uptake 

and trafficking. Our studies have revealed a wide variety of genes that modulate NP distribution in cells, 

providing the first systematic overview of the bio-nano interaction space.  

Our HCS / RNAi approach has been revealed to be reliable for the quantitative study of NP interactions with 

mammalian cells. The first genes that we have identified provide insight into how cells deal with synthetic 

nanomaterials, providing key information for design of drug delivery vehicles. 
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