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Introduction

Nano-sized materials are widely studied in nanomedicine for their potential use as drug 
carriers, for imaging and for diagnostic purposes1–3. Because of their size, they can interact 
with cells in similar ways as other nano-sized objects, such as proteins, cholesterol particles, 
and virus particles: these natural nano-sized objects are usually recognized by specific cell 
receptors at the plasma membrane and they are internalized by cells using the cell endocytic 
machinery4. Similarly, engineered nano-sized materials can exploit the cellular machinery to 
be internalized by cells. In fact, since the cell membrane blocks diffusion of complexes larger 
than ~1 kDa, nano-sized materials, such as nanomedicines, are transported into cells using 
energy-dependent mechanisms, unlike many small drugs currently present on the market5. This 
enables nanomedicines to potentially overcome problems associated with the passive diffusion 
of small molecular drugs through cell membranes, such as their indiscriminate internalization 
in different cell types and organs, which is often associated with side-effects6. Additionally, 
nanomedicines can encapsulate different types of hydrophilic and hydrophobic drugs, and they 
can be designed to control their release profile7. Several other characteristics of nanomaterials 
such as size, material, shape, surface charge, hydrophobicity, roughness, and elasticity can 
be tailored in order to meet various needs3,8. This high engineering potential can be exploited 
to control the distribution and behaviour of nanomedicines in biological environments. By 
tuning nanomedicine design, parameters such as serum protein interactions, sequestration 
by the immune system, blood circulation time, biodistribution, and cellular recognition and 
internalization can be tailored1–3,7,8. Moreover, the surface of nanomedicines can be engineered 
by introducing functional groups to reduce clearance and increase biodistribution, as well as 
for active targeting purposes1,2,9,10. In fact, nanomedicines can be engineered to interact with 
specific cell receptors, opening up new strategies for targeting specific cell types and organs9–12. 
Despite this high engineering potential, active targeting remains one of the major challenges 
for nanomedicine success13,14, and so far only few targeted nanomedicines are currently present 
in the market, even if several are in clinical trials6.

Recent advances in the field have shown the complexity of achieving targeted uptake by 
specific cells. For example, it has been shown that the biomolecules adsorbing on the 
nanoparticles once they are introduced in biological environments and the resulting corona 
can conceal targeting moieties15,16. At the same time, it has emerged that the corona itself 
can be recognized by receptors at the cell membrane17,18 and that this initial recognition 
can affect the mechanism cells use for the internalization of the nanoparticle18. However, 
several aspects of the initial recognition of nano-sized materials by cell receptors are still 
unclear, as also of the molecular mechanisms leading to their uptake and intracellular 
processing19–21. A better understanding of these processes can help to design smarter 
nanomedicines and to achieve better targeting22.

Abstract

Nano-sized materials have great potential as drug carriers for nanomedicine applications. 
Thanks to their size, they can exploit the cellular machinery to enter cells and be trafficked 
intracellularly, thus they can be used to overcome some of the cellular barriers to drug 
delivery. Nano-sized drug carriers of very different properties can be prepared, and 
their surface can be modified by addition of targeting moieties to recognize specific 
cells. However, it is still difficult to understand how the material properties affect the 
subsequent interactions and outcomes at cellular level. As a consequence of this, designing 
targeted drugs remains a major challenge in drug delivery. Within this context, we 
discuss the current understanding of the initial steps in the interactions of nano-sized 
materials with cells in relation to nanomedicine applications. In particular, we focus on the 
difficult interplay between the initial adhesion of nano-sized materials to the cell surface, 
the potential recognition by cell receptors, and the subsequent mechanisms cells use to 
internalize them. The factors affecting these initial events are discussed. Then, we briefly 
describe the different pathways of endocytosis in cells and illustrate with some examples 
the challenges in understanding how nanomaterial properties, such as size, charge, and 
shape, affect the mechanisms cells use for their internalization. Technical difficulties 
in characterizing these mechanisms are presented. A better understanding of the first 
interactions of nano-sized materials with cells will help to design nanomedicines with 
improved targeting.

Keywords: 
Cell receptors; Endocytosis; Nanoparticle corona; Nanoparticle uptake; Targeting 
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1.  Interactions of nano-sized materials at the cell-surface and 
recognition by cell receptors

1.1 Active targeting
The first steps in nanoparticle-cell interactions are those happening at the cell surface, 
including the adhesion of nanoparticles to the cell membrane and the potential interaction 
with cell receptors  (Figure 1). In order to control and affect these first events, nano-sized 
carriers can be modified with targeting moieties, such as peptides, proteins, or antibodies 
to specifically recognize receptors on the cell surface to achieve active targeting9–12. These 
surface-functionalized nanomaterials should be internalized preferentially by cells 
that overexpress the targeted receptors. Examples of targeting moieties often exploited 
in nanomedicine are transferrin and folate, which target tumour cells overexpressing 
the corresponding receptors23,24, or hyaluronic acid which directs nanocarriers to 
CD44-overexpressing tumour cells25, among many others. While many new targeted 
nanomedicines are developed, just few of them are currently present on the market6. In 
fact, achieving efficient targeting in vivo remains a crucial challenge for drug delivery and 
recently the debate on the success of nanomedicine for delivering drugs to their target has 
been very active26–28.

Indeed, it is difficult to design nanoparticles that achieve specific targeting7,9,29. This is not 
only because a better understanding of the factors controlling the very first interactions 
of nano-sized materials with live cells is still needed (as we discuss here), but also because 
of challenges related to nanoparticle design and presentation of the targeting moiety. 
For instance, chemical coupling can affect the binding affinity of the targeting ligand 
to its receptor30. Moreover, it is difficult to control the targeting ligand density and its 
orientation. Both factors are important for the recognition by cell receptors and can affect 
cellular uptake31,32. Several reviews have summarized these and other similar challenges in 
the surface functionalization of nano-sized drug carriers to achieve targeting33–35. Ideally, 
by better controlling the early interactions with cells, nanomedicines should be recognized 
by the desired receptors and be trafficked intracellularly to their target.

1.2 Corona formation
Another complication in achieving targeting is the formation of the biomolecular corona. 
When a nanomedicine (or any nano-sized material) comes in contact with a biological 
environment (for example, blood, interstitial fluids, or extracellular matrices) after 
administration, its surface is rapidly covered by various biomolecules leading to the 
formation of a corona36–39.  It has been shown that, in some cases, the presence of the 
corona can mask the targeting moieties grafted on the nanoparticle surface, preventing 
recognition by cell receptors15,16,40. Corona formation can affect not only the targeting 

Within this context, in this review we will summarise the current understanding of the 
very first steps of the interactions of nano-sized materials with cells, with a particular 
focus on the initial recognition at the cell membrane and the following mechanisms of 
internalization by cells. We discuss these aspects in relation to the application of nano-
sized materials for nanomedicine. Challenges in characterizing these first events will be 
illustrated, together with a brief description of the known endocytic pathways in cells. 

Figure 1. Interaction of nano-sized materials at the cell surface. First, nanoparticles adhere at the plasma membrane 
(A) and/or are recognized by cell receptors. Recognition can be achieved via targeting moieties, in the case of targeted 
nanomedicines (B) but also via the biomolecular corona (C)10,11,17,18. Secondly, nano-sized objects are internalized via 
various mechanisms (here illustrated by different shapes in the cell membrane or a membrane protrusion). However, 
we do not know yet how nanomaterial properties (such as size, shape, charge, as illustrated in the Figure) affect or 
determine the mechanism cells use for the internalization7,19–22. 
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Similarly, how receptor interactions affect the subsequent internalisation is also not 
known. Nano-sized materials and nanomedicines may interact only with one type of 
receptor (Figure 2A) or with multiple receptors at the same time (Figure 2B), after which 
the recognition by cell receptors  triggers uptake. It might be that only high-affinity 
interactions contribute to the entry, or that internalization occurs after receptor clustering. 
Alternatively, internalization may happen without recognition by specific receptors (often 
referred to as unspecific binding and unspecific uptake), possibly triggered by the nano-
sized object itself (Figure 2C). Another possibility is that the recognition by cell receptors 
is involved only in the initial adhesion to the cell membrane, but not in the internalization 
(Figure 2D). A combination of all these different possibilities may as well be present. In all 
cases, addressing these open questions relative to the first interactions at the cell surface is 
required to understand how to achieve more efficient targeting of nanomedicines.

 

Figure 2. Scheme of  possible scenarios that can occur at the cell surface, resulting in nanoparticle uptake. 
Nanoparticles or their corona can be recognized by one (A) or multiple types of receptors (B), and this recognition by 
receptors might trigger nanoparticle uptake. Alternatively, the adhesion of the nanoparticle to the cell surface may 
induce internalization without receptor engagement (C) or the receptor is only involved in the initial adhesion of the 
nanoparticle, after which uptake is triggered by different mechanisms, possibly  induced by the nanoparticle itself (D).

2. Internalization 

After the very first interactions at the plasma membrane, most nano-sized materials are 
internalized by cells19–22. Many questions are still open on how the initial interactions at 
the cell membrane affect the mechanisms cells use for the subsequent internalization. For 
instance, does receptor recognition trigger internalization via the same pathway used for 
its physiological ligands? Or do the receptors mediate just the initial adhesion and is it the 
nano-sized material itself that triggers its own internalization, perhaps by other ways (as also 
illustrated in Figure 2D)? How are uptake efficiency and the mechanisms of internalization 
modulated by the type of receptor engaged and/or by the initial interactions at the cell 
membrane? These are examples of the many questions that the field needs to address in order 
to control nanomedicine design to achieve the desired outcomes at cell level. 

ability, but also particle size, stability, and overall surface properties36.  Recent guidelines 
have started to highlight the importance of testing nanomedicines in the presence of 
relevant biological media in order to take corona effects into account41. 

Several strategies have been developed to try to reduce protein adsorption and corona 
formation. This can be achieved for instance by grafting hydrophilic polymers such as 
polyethylene glycol (PEG) on the surface of nanomedicines, or by introducing zwitterionic 
modifications to make nanomaterials close to neutrality42–45. These modifications reduce 
the amount of biomolecules bound on the surface of nanomedicines after administration 
(though it has been shown that PEGylated surfaces can still adsorb proteins46,47) and usually 
also lead to decreased uptake by cells.

At the same time, the corona confers a new biological identity to nanomaterials and 
can affect the way nanomedicines are recognized and processed by cells3,7,8,20,21,36,48. 
Biomolecules present in the corona can, per se, have targeting capabilities towards particular 
receptors17,18,49–52. For example, apolipoprotein B and immunoglobulin G in the corona 
of 100 nm silica nanoparticles incubated with human serum were found to interact with 
their corresponding receptors, low-density lipoprotein receptor and Fc-gamma receptor 
I, respectively17. Similarly, lipid nanoparticles were efficiently targeted to the hepatocytes 
upon adsorption of apolipoprotein E on their surface following administration52,53. Thus, 
controlling corona composition can possibly provide new ways to control the initial 
interactions of nano-sized materials with cells. 

The corona composition depends on nanoparticle physico-chemical characteristics, such as 
size, shape, charge, hydrophobicity, rigidity and surface characteristics3,7,8,48,54. By changing 
these properties, the corona composition might be tuned to contain components that bind 
to specific cell surface receptors and initiate internalization17,49,55–57. Similarly, artificial 
coronas can be formed to achieve recognition by specific receptors. For instance, Tonigold 
and colleagues have shown that pre-adsorbed antibodies, which could be seen as a form of 
pre-formed corona, kept, at least partially, their targeting ability in the presence of serum40. 

From a broader perspective, the effects of the corona on the interactions of nanoparticles 
with cells are being more and more recognized41,58,59. For example, multiple attempts 
have been made in trying to predict how the presence of the corona affects targeting of 
nanomedicines60,61.  Similarly, it is known that the corona composition changes not only 
with nanoparticle properties3,7,8,48,54, but also depending on serum origin62,63, serum 
preparation63–65,  serum concentration18,66,67 or health status68,69. However, many more facets 
of corona effects on nanoparticle-cell interactions still need to be understood, and even 
more so if one aims to exploit the corona for targeting.
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The specific details of each of these steps in the various endocytic mechanisms are 
extensively discussed in different excellent and specialized reviews70,71, including some 
focused on the mechanisms of endocytosis of nanomedicines19,21,22,85,86. Here, we briefly 
summarize some of their key aspects. 

One of the most studied endocytic mechanism is clathrin-mediated endocytosis (CME). 
CME is a form of receptor-mediated endocytosis that is used for the internalization of 
various biomolecules among which low-density lipoprotein for cholesterol uptake and 
transferrin for iron uptake. After binding of the ligand to its receptor, clathrin, the main 
actor in CME, is recruited at the cell membrane and assembles around the forming vesicle 
to form a clathrin-coated pit. The GTP-binding protein dynamin is then required for the 
scission of the clathrin-coated pit to form an endocytic vesicle. Although it was thought to 
be non-essential for CME87, there are indications suggesting that actin filaments are also 
involved in the scission88,89 and especially in the uptake of larger objects90 via this pathway. 

Next to CME, several clathrin-independent endocytic (CIE) pathways have been 
described71,91,92. One of these pathways is macropinocytosis, which cells use to internalize 
larger volumes of extracellular fluids and solutes. In macropinocytosis, extracellular fluids 
are engulfed by membrane ruffles and protrusions. Formation of these ruffles requires 
actin nucleation and in some cells also cholesterol93,94. 

Another frequently studied clathrin-independent pathway is the so-called caveolae-
mediated endocytosis. Caveolae are 50-80 nm cup-shaped invaginations of the plasma 
membrane, consisting of lipid rafts enriched in cholesterol and sphingolipids, and coated 
with caveolins95–97. Endocytosis of these invaginations can be both receptor-dependent 
and -independent and requires actin and dynamin96,98,99. Nevertheless, the role of caveolae 
in endocytosis is currently being debated. Some suggest that caveolae are involved in 
transcytosis in endothelial cells100: according to this hypothesis, caveolae rapidly detach 
from the apical side of the membrane and fuse with the basal one, or directly form transient 
pores in thin endothelial cells101. Other studies have shown that in many cell types caveolae 
are normally not involved in endocytosis, but are stable invaginations present at the cell 
surface102,103, and only undergo endocytosis upon stimulation96,104. 

Next to these mechanisms, phagocytosis is a form of receptor-mediated endocytosis of 
large particles (>0.5 µm) which requires the involvement of the cytoskeleton for membrane 
rearrangements. Professional phagocytic cells of the immune system use it to internalize 
pathogens105. However, it has emerged that also non-specialized phagocytic cells can 
internalize large particles71,106. 

In the following sections, we will summarize key aspects of the main mechanisms of 
cellular internalization, i.e. endocytosis. Then, examples of works trying to understand 
how nanomaterial properties affect the mechanisms of uptake by cells are presented to 
illustrate the complexity of outcomes observed and the difficulties in drawing conclusions.

2.1 Pathways of endocytosis in cells
Cells developed several mechanisms of endocytosis in order to select and sort the cargo 
to the correct intracellular destination70,71. These mechanisms differ among them for size, 
receptor binding, and nature of the cargo internalized. However, they also share a series of 
common features. As discussed by Johannes and colleagues72,73, common features required 
for uptake to occur are (Figure 3):

• A precise lipid composition of the cell membrane at the site of endocytosis (like the 
presence of sphingolipids or cholesterol)70,72,74–76.

• Cargo recognition at the cell membrane (receptor-mediated or not) and capture (into 
coated vesicles or specific carriers)72,73. 

• Membrane bending, which occurs through different mechanisms, among which 
the insertion of hydrophobic protein motifs in the membrane, local recruitment of 
membrane-bending domains, or scaffolding by proteins (the classic example being 
clathrin)72,73,77,78.

• Scission of the endocytic vesicle, which can be guided by actin, dynamin and/or other 
proteins79–83.

Figure 3. Common features of endocytic pathways73. Endocytosis requires a specific cell membrane composition at the 
site of uptake (A)72,74–76and starts with the recognition of the cargo at the cell membrane (B). Subsequently, membrane 
bending takes place to form a vesicle (C)72, 73, 77, 78, 84. Lastly, the vesicle is cleaved from the cell membrane via different 
mechanisms, which can involve various cellular components (e.g. actin and dynamin depicted as lines and circles 
respectively)(D)79, 80.
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endocytosis)125 and it has been shown that larger particles could be internalized in pits 
coated with plaques of clathrin128–130. 

These studies, selected just as examples among many others, already highlight the 
difficulties in establishing a general rule for size-dependent uptake. Similarly, it was 
believed that particles larger than 200 nm could not be internalized by non-phagocytic 
cells7, while it was discovered that even cubic nanoparticles of 3 μm could be internalized 
by HeLa cells125. 

Moreover,  the effects of nanoparticle size on the mechanism of uptake may be different in 
different cell types. For example, it has been shown that murine RAW 264.7 macrophages 
have higher uptake efficiency for carboxylated polystyrene nanoparticles compared to 
human endothelial HCMEC or epithelial HeLa cells131. In another study using carboxylated 
polystyrene nanoparticles of different sizes in different cell types, actin was required 
for the internalization of nanoparticles of 200 nm, but not for those of 40 nm in 1321N1 
astrocytes. Instead, in lung epithelial A549 cells, for both nanoparticle sizes, the uptake was 
not dependent on actin132. Unfortunately, so far, only a few studies have investigated in a 
systematic way how different cell types internalize nanoparticles of different size, making 
it difficult to draw conclusions132–134. 

2.2.2. Nanoparticle charge
Next to size, charge is another easily-tunable parameter that can greatly influence the 
behaviour of nanoparticles in biological media135 and on cells136. In general, positively 
charged nanoparticles seem to be internalized more efficiently than neutral and negatively 
charged particles125,137,138. However, there are other examples showing exactly the opposite139. 
It has also been reported that uptake increases with charge density (either positive or 
negative)140. As for the pathway of internalization, some studies suggested that positively 
charged nanomaterials are predominantly internalized through clathrin-mediated 
endocytosis, with a fraction of particles utilizing macropinocytosis, while negatively 
charged nanoparticles are more likely to use a cholesterol-dependent mechanism for 
their internalization21,141. On the other hand, contradicting results were reported in 
which clathrin-mediated endocytosis does not seem to be a relevant pathway for neither 
positively nor negatively charged nanomaterials, while cholesterol-mediated uptake seems 
to be equally important for both142. Similarly, another study suggested that both negatively 
and positively charged poly(ethylene glycol)-D,L-polylactic acid particles entered, at least 
partially, by clathrin-mediated endocytosis and macropinocytosis143.

It is important to mention that most studies investigating the effect of charge or other 
nanomaterial properties on cellular interactions were performed in the absence of proteins 

Finally, other clathrin-independent endocytic mechanisms have been described. These 
include pathways mediated by flotillins, ADP-ribosylation factor 6, endophilins, or tubular 
structures called clathrin-independent carriers (CLICs). The exact machinery involved in 
these various clathrin-independent pathways is still investigated and the involvement of 
components like actin, cholesterol, or dynamin is often debated71,91,92. 

Overall, endocytosis is highly complex and still a very active field of research. This is one 
of the factors which makes the characterization of the mechanisms by which nano-sized 
materials enter cells challenging. 

2.2 Endocytosis of nanoparticles: effects of material properties 
As we described in the Introduction, the capacity of nano-sized objects to interact with the 
cellular machinery constitutes one of the key features that has opened up the possibility 
of using nano-sized materials to deliver drugs to their target. Nanoparticle design can be 
tailored to target specific cell types or pathways. Size, charge, shape107, hydrophobicity108, 
rigidity109,110, roughness111 and surface functionalization43,112 of nanomaterials are all 
parameters that in principle can be tuned in order to affect the pathway of internalization 
of nano-sized materials and ideally also to direct them towards a specific intracellular 
location. Still, there is not yet an agreement in the scientific community on the pathways 
that nano-sized materials, including nanomedicines, use to enter cells21,22,113,114. A better 
characterization of the mechanisms that cells use to internalize nano-sized materials can 
potentially help us to understand how to tune their design to achieve the desired outcomes 
at cell level22 (as we illustrate in Figure 1).

2.2.1. Nanoparticle size
A fundamental parameter that seems to affect the pathway of internalization of 
nanoparticles is their size. A general observation is that the uptake efficiency of 
nanomaterials decreases with increasing particle size115–117, probably because of the 
extensive membrane rearrangements needed for internalization of larger objects59,118,119. 
Some  studies have compared explicitly uptake efficiency of particles of different sizes 
to try to define the optimal size for uptake120–123. Additionally, it is commonly believed 
that most nanoparticles with sizes compatible with the size of clathrin-coated pits enter 
through clathrin-mediated endocytosis115,124 and, vice versa, larger ones cannot, since it was 
thought that the geometry and 3D structure of clathrin could not allow it. However, results 
opposing this general idea about size have also been reported116,125–127. For example, in one 
study using HEK293 cells, spherical polystyrene nanoparticles of 100 nm were internalized 
through actin-dependent but clathrin-independent processes, and vice versa, 200 nm 
nanoparticles entered by clathrin-mediated endocytosis127. Similarly, the uptake of 500 
nm PRINT particles was reduced by chlorpromazine (an inhibitor of clathrin-dependent 
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mechanisms are then triggered based on the orientation of the nanoparticles134,150. 
This might, at least in part, explain why multiple pathways seem to be involved in the 
uptake of non-spherical nanomaterials.

2.2.4. Nanoparticle rigidity
Next to size, charge, and shape, recently, there is a high interest in the effect of rigidity 
of nanoparticles on the interactions at cellular level109,110. Simulations showed a higher 
energy barrier for internalization of easier deformable nanoparticles than for rigid 
particles151,152. However, nanoparticle-cell interactions cannot be described solely by 
the energy barrier required to bend the lipid membrane, but other biological factors 
are also involved, possibly explaining the contrasting results on the effect of rigidity 
on uptake110,151–154. Indeed, while some studies found higher uptake for the more rigid 
particles151,153,155, another study suggested that softer particles enter more154. In this 
latter study, it was also shown that the more rigid nanomaterial (Young’s modulus of > 
13.8 MPa) was internalized by cells at least in part via clathrin-mediated endocytosis, 
as opposed to the softer material154. In another study, similarly, lipid PGLA particles 
with different Young’s modulus in the range of GPa were also partially internalized by 
clathrin-mediated endocytosis151.

2.2.5. Understanding how nanoparticle properties affect the mechanism of 
uptake by cells
Overall, the examples presented show that the effect of tunable nanoparticle 
parameters such as size, charge, and shape on the mechanisms of uptake by cells is 
often ambiguous. To further illustrate this complexity, Table 1 summarizes the few 
preliminary observations, which we discussed in this Section, including references 
which support and contrast them. We stress that the Table is far from complete and 
the observations included have been selected solely as an example to illustrate the 
complexity of outcomes reported in literature and often contrasting outcomes. 

A reason of this ambiguity and complexity might be that multiple mechanisms are 
triggered at the same time, as suggested by several studies18,115,132,156–159. It could also 
be that, besides the generally studied classical routes, like clathrin- and caveolae-
mediated endocytosis, other less well-known pathways of internalization are 
involved in the uptake of nanomedicines, such as those briefly described in Section 
2.1. Recently, computer simulations and in vitro studies of nanoparticle-membrane 
interactions have shown that the surface of nanomaterials can in itself induce 
several changes at the plasma membrane, by determining sol-gel transitions in the 
lipid bilayer and impairing lipid lateral diffusion160,161, or by inducing bending of the 
plasma membrane162,163, as already observed with certain viruses164. These changes in 

from biological fluids, like serum. This represents a further issue since the charge of 
nanomaterials tends towards neutrality upon corona formation, once they are applied 
in a biological environment. Thus, nanoparticles that in water possess different 
charges might end up having all a similar charge, close to neutrality upon exposure 
to biological media135. Because of this, it is important to determine whether some of 
the described charge-related effects disappear once the nanomaterials are applied in 
a biological environment. 

2.2.3. Nanoparticle shape
Another tunable parameter that can influence nanoparticle-cell interactions is shape. 
Simulations indicated that based on the energy required for membrane bending, 
the uptake would be the highest for spheres followed by cubes, then rods, and lastly 
discs144.  Nevertheless, a recent in vitro study using gold particles, showed the number 
of internalized particles was decreasing from rod to cubic, to spherical, to prism-
shaped145. Often the effect of shape is studied by changing the aspect ratios. Most of 
these studies showed that the uptake is higher when the aspect ratio is smaller120,146,147. 
This could be explained by the higher energy required to wrap a lipid membrane 
around a nanoparticle with high aspect ratio148. However, also in relation to this aspect, 
conflicting results were found in which cross-linked poly(ethylene glycol) hydrogels 
or mesoporous silica particles with larger aspect ratio were internalized quicker 
and more than those with low aspect ratio125,149. A few studies have investigated the 
effect of nanoparticle shape not only on uptake efficiency but also on the endocytic 
mechanisms involved in uptake125,134,150. Cylindric cationic poly(ethylene glycol) 
hydrogels with two different aspect ratios (1 and 3) were both taken up by HeLa cells 
by a combination of clathrin-mediated and caveolae-mediated endocytosis (based on 
cholesterol and tyrosine kinase dependence)125. On the other hand, in another study, 
the entry of cylindric, worm-like, and spherical silica particles in A549 and RAW264.7 
cells was independent of cholesterol. Uptake of spherical silica particles was mainly 
clathrin-dependent, while internalization of worm-like and cylindric silica was 
primarily microtubule-dependent134. 

Similar studies on the effect of shape on the mechanism of internalization are 
challenging because of different complicating factors. Firstly, changing the shape also 
affects the dimensions of the nanomaterial. This means that to compare uptake of 
differently shaped objects, either the volume, maximum diameter, or a combination 
of the dimensions should be kept constant. Secondly, non-spherical objects can 
interact with the cell-membrane under different angles. Thus, depending on the 
orientation when interacting with the cell membrane, the contact area between the 
nano-sized object and cell surface differs. It is thought that in these cases different 
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3. Intracellular fate

Another important aspect to consider for nanomedicine applications is the final fate 
of nano-sized materials following internalization. A recent review has discussed this 
aspect in more detail85. In general, after endocytosis, internalized materials reach the 
early endosomes, the sorting station of the cell. Then, the cargo can be transported 
from the early endosomes back to the plasma membrane, or to the recycling 
endosomes, the endoplasmic reticulum, the trans-Golgi network, or towards the 
lysosomes 168.  However, in the case of nano-sized materials, regardless of the route 
of entry, many studies reported trafficking along the endo-lysosomal pathway 
towards their final localization in the cell, which in most cases has been shown to 
be the lysosomal compartment169,170. In the lysosomes, nano-sized objects, including 
nanomedicines, may be degraded and release their content, if biodegradable, or may 
accumulate122. While export by lysosomal exocytosis might occur, most of the non-
degradable nanoparticles persist in the lysosomes 85,122,171,172. Whereas this can be very 
useful when the target is the lysosomes, it is well-known that lysosomal accumulation 
constitutes an ulterior barrier for the delivery of drugs to any other intracellular 
target85,86. This has led to the development of strategies to induce escape from the 
endosomal compartment of which “the proton sponge effect” and “membrane 
destabilization” by cationic polymers or lipid-based nanoparticles are the ones most 
commonly investigated85,173,174. Materials capable to induce this proton-sponge effect 
started to find their application in vivo only recently175. Several other strategies are 
being developed based on large screenings for compounds enhancing escape176,177, or 
inspired by viruses and bacteria capable to travel to other intracellular locations178–181. 
Several reviews fully focused on endo-lysosomal escape have summarised current 
efforts in this direction179–182.

Another open question which is debated in the field is whether nano-sized materials, 
including nanomedicines, can end up in compartments other than the lysosomes. 
For example, in several reports it appears that nanoparticles can be transcytosed 
across endothelial cells183,184. However, the existence of a dedicated pathway, such as 
caveolae-mediated endocytosis, for transcytosis of macromolecules is still debated in 
the endocytosis community96,102–104. 

Understanding how cells recognize and internalize nano-sized materials can help us 
to address also these questions in relation to their intracellular fate and to define 
strategies to direct nanomedicines towards different intracellular locations or 
promote drug release once in the cells. 

membrane dynamics might as well be a trigger for the endocytosis of nanoparticles 
via alternative mechanisms, not yet fully characterized.  

Extracting conclusions from the available literature is additionally complicated by the 
fact that most studies have used different conditions in respect to many factors like, for 
instance, the presence, source, and concentration of serum, but also the nanomaterial 
used, the cell type, and the methods applied to characterize the pathways involved. 
These differences clearly lead to different outcomes and apparently conflicting 
results. Only in a few cases, systematic studies using a series of nanomaterials of well-
defined properties have been performed to try to disentangle the effect of multiple 
nanomaterial properties on the cellular uptake and on other biological effects145,165. 
Unfortunately, still no clear predictions can be made on how certain nanoparticle 
properties affect uptake efficiency and the mechanisms involved, and more work 
along these lines will be required145,165. Recent debates in the nanomedicine field 
pushed the community to address the issue of reproducibility and the development of 
standardized procedure in nanomedicine testing and application166,167. Similar efforts 
may help to reach a better understanding of how nanomaterial properties affect the 
mechanism of uptake by cells.

Table 1. The table summarizes few selected examples which we discuss in Section 2.2 of observations reported in 
literature on the effect of nanoparticle properties on the mechanism of uptake by cells. References to literature 
with supporting as well as opposing observations are included (also discussed in Section 2.2). We stress that the 
Table is far from complete and includes only a few examples, selected - among many others - solely to illustrate 
the complexity of outcomes. In fact we consider the observations listed still preliminary, as also illustrated 
by apparently contrasting results in the opposing studies included (in most cases performed using different 
conditions and systems).

Examples of reported observation or preliminary 
statements

Supporting studies Opposing studies

Nanoparticles uptake efficiency decreases with increasing size 107-109 112
Nanoparticles up to 100nm in diameter enter through 
clathrin-dependent endocytosis.

107, 113 114-116

Non-phagocytic cells can only internalize materials up to  
200 nm.

8 107, 114

Positively-charged nanoparticles are internalized more 
efficiently than negatively-charged or neutral nanoparticles.

114, 124, 125, 128, 
130

126, 127, 129

Positively-charged nanoparticles enter (at least partially) 
through clathrin-dependent endocytosis.

21, 128, 130 129

Nano-sized objects with small aspect ratios are internalized 
more efficiently.

112, 133, 134 114, 136

More rigid nanoparticles enter more efficiently than softer 
nanoparticles.

139, 141, 143 142
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percentage of foetal bovine serum132,133,195–198. Not only the percentage of serum, but 
also the species from which the serum originates, as well the use of serum heat 
inactivation, or the choice of anticoagulant used to prepare plasma are some of the 
factors affecting corona formation and potentially also the subsequent mechanisms of 
internalization18,62–65,68,69. Similar considerations should be made when characterizing 
the uptake of nanomedicines administered via other routes. In these cases biological 
fluids other than serum should be used190,199. 

On a more complex level, it is also known that the corona composition evolves over 
time200–202. Recent studies from Chan and colleagues are trying to explore how the 
corona composition affects the biological interactions of nanoparticles by performing 
mass spectrometry screenings and by developing computational models to predict 
the evolution of their protein corona60,61,203. Other studies are trying to understand 
not only whether certain biomolecules are present on the nanoparticle surface, but 
also their orientation, which might influence their recognition by cell receptors17,204. 
In order to take into account corona related effects on nanoparticle interactions with 
cells, a precise workflow to characterize the corona composition has been proposed 
which might help to compare different studies in order to find a correlation between 
corona composition, serum composition and –ultimately- uptake mechanisms41.

4.2 Cell models
The cell type investigated and its tissue organization are other important factors which 
can affect the uptake mechanisms of nanoparticles. For example, not all pathways are 
active in all cell types: HepG2 cells have no endogenous caveolin-1, and therefore they 
are unable to internalize nanoparticles by caveolae-mediated endocytosis205. Similarly, 
many in vitro studies use immortalized or cancer cell lines, such as HEK293 or HeLa 
cells, which are easy to transfect and culture. However, these cells can behave quite 
differently in comparison to primary cells or cells isolated directly from tissues of 
patients. While on the one hand, the use of primary cells can be recommended, on the 
other hand, it is also a well-known obstacle for a detailed study of cellular pathways. 
Most primary cells are difficult to transfect and require  interaction with other cell types 
for their proper differentiation206–208. Another important factor known to affect uptake 
pathways by cells in vitro is the differentiation of cells into barriers and the resulting cell 
polarization159. Uptake by cells grown to a polarized cell barrier is, in fact, different than 
uptake by the same cells when grown isolated or simply confluent22,159.

Next to simpler cell cultures and cell barriers, many advances have been made in the 
development of cellular models that can better reflect the more complex organization 
of cells in vivo. Models such as organoids or spheroids, which use one or multiple 

4.  Challenges in studying endocytosis of nano-sized 
materials in vitro

While studying the interactions between nanomaterials and cells is extremely 
challenging to perform in vivo, in vitro studies can help to unravel the mechanisms 
involved in their uptake. For such studies, the nanoparticle dispersion, the cell culture 
conditions, the cell line investigated, and the methods used to characterize the uptake 
mechanisms are all very crucial. Unfortunately, there are often no agreements on how 
to perform uptake studies in a standardized way. Recently, this problem has gotten 
much attention in the nanomedicine field166,167,185. Within the nanosafety community, 
dedicated to the study of potential hazards of nanotechnologies, several efforts have 
been focused on the establishment of standardized procedures for nanomaterial 
handling and for cell interaction studies in order to ensure quality in nanosafety 
testing186–188. Some of the knowledge gained there could be helpful also in developing 
similar standards for studies aimed at characterizing how nano-sized objects, 
including nanomedicines, enter cells. 

In the following sections, we will describe some technical challenges for the in vitro 
study of the endocytosis of nano-sized materials. 

4.1 Nanoparticle dispersion in biological media: agglomeration and 
corona formation
One of the first important aspects to consider when studying nanoparticle interactions 
with cells, as well as for characterizing the mechanism of their internalization, is 
the stability over time and the potential agglomeration of nanoparticles in biological 
media. In fact, agglomeration can strongly affect the corona composition, the 
interaction with cells, as well as the pathways of internalization59,189,190. Thus, it is 
important to characterize the nanoparticle dispersion in the biological media in 
which the nanomedicine will be applied, and to monitor potential agglomeration and 
stability over time. 

Additionally, studies in which nanoparticles are incubated on cells without serum or 
other biological fluids may lead to conclusions which are not relevant for biological 
applications and in vivo studies, because they do not take into account corona-related 
effects191–194. Given the impact of corona on both recognition and internalization 
of nano-sized materials, it is important not only to include some biological fluid 
to allow corona formation, but also to define the appropriate conditions for 
each application18,62–65,68,69. For instance, there are many in vitro studies in which 
nanoparticles are tested on human cell lines using culture media containing a low 
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Next to the difficulties related to the choice of control markers, the fact that the 
endocytic pathways are strongly interconnected and that some components take 
part in multiple mechanisms also complicates further the interpretation of results. 
As an example of this, cytochalasin D, an inhibitor of actin polymerization216, has 
often been used to test the involvement of macropinocytosis and phagocytosis in the 
uptake of nanomaterials. However, actin has been shown to be important also for 
other mechanisms, including clathrin-mediated endocytosis and caveolae-mediated 
endocytosis, thus perturbing actin affects multiple pathways at the same time217. 

Several techniques can be used for studying the endocytic mechanisms of nano-
sized materials, each one with its advantages and drawbacks22,133. Among those, RNA 
interference (RNAi) is often used to shut down the expression of a single protein or 
even a single isoform. However, the complete depletion of the protein of interest after 
RNAi requires at least 48-96 hours and during this time cells can adapt, for example 
by upregulating other proteins of the same family or other pathways. Moreover, RNAi 
does not guarantee the total depletion of a protein from the cell, and in some cases 
the partial reduction of a protein is not enough to fully inhibit its function22. 

Next to RNAi, so far, many studies on the uptake of nano-sized materials make use 
of transport inhibitors, whose action on cells is instead very fast. However, some of 
these inhibitors lack specificity, they might interfere with multiple pathways, and 
they can cause cellular toxicity22,133,158,218. Opposite to these approaches to block uptake 
pathways, other strategies can be found in which proteins are instead overexpressed, 
in order to eventually detect an increase in nanoparticle uptake17. Nevertheless, 
also these methods might lead to artefacts, since the overexpression might induce 
the activation of a pathway that may not be active in physiological conditions22,219. 
Furthermore, some proteins act as heterodimers or in concert with other molecular 
partners, thus their overexpression might not produce any detectable effect if not 
combined with the overexpression of those partners as well. Overexpression is often 
used to allow the visualization of fluorescently tagged molecules by microscopy, 
however, this might lead to additional artefacts. For example, it has been shown that 
overexpression of GFP-tagged caveolin 1 (CAV1-GFP), the main player of caveolae-
mediated endocytosis, leads to the creation of artefacts, such as the observation of a 
specialized endosomal compartment for caveolae, the “caveosome”219. 

Recent advances in cellular imaging and gene editing could overcome some of these 
issues. For instance, the use of stably transfected cell lines might be a good solution 
when the total depletion of a protein is required to shut down a pathway (often 
difficult to achieve with techniques such as RNA interference), but also for expressing 

cell lines organized into 3D structures, have been developed and are likely to become 
useful also for nanomedicine uptake studies. 

4.3 Methods to characterize uptake mechanisms
Further difficulties in the study of the uptake mechanisms of nano-sized materials, 
such as nanomedicines, arise from the fact that endocytosis represents a complex 
cellular process, with many molecules, feedback loops, and signalling cascades 
involved. The endocytosis field is still very active and constantly updating71,77,209. 
Many processes and molecular details of these pathways are still unknown. For 
instance, in recent years much attention has been given to non-canonical pathways 
of endocytosis71,91,92, which are often more difficult to study, but which might as well 
constitute possible routes of internalization of nano-sized materials. In light of this 
complexity, the tendency within the nanomedicine field to classify the pathways of 
internalization of drug carriers as merely macropinocytosis, clathrin-dependent, or 
caveolae-dependent is for sure an oversimplification. Furthermore, the classification 
and description of the different mechanisms of uptake by cells are often revised and 
corrected in the endocytosis field, as research progresses. This is an example of the 
challenges that interdisciplinary fields such as nanomedicine needs to face. In this 
context, a closer connection with the cell biology and endocytosis communities is 
desirable113.

Typical experiments to characterize uptake mechanisms are carried out by altering 
cellular pathways using different methods in order to determine their involvement 
in nanoparticle uptake. However, it is well established that perturbation of a cellular 
mechanism might as well lead to the alteration of other mechanisms. Therefore, 
when performing such studies, it is important to have appropriate controls to verify 
the effect of the selected treatment on the pathway of interest and exclude potential 
artefacts of this kind22,133,158. 

The selection of appropriate controls poses further challenges. For example, 
fluorescently labelled low-density lipoprotein and transferrin can be used as 
markers for clathrin-mediated endocytosis210,211, dextran as a fluid phase marker for 
phagocytosis and for the CLIC/GEEC pathway198, and LacCer (C5-Lactosylceramide) 
for cholesterol-dependent uptake133,212. However, while cholera toxin and SV40 were 
previously used as markers of caveolae-mediated endocytosis95, they have been found 
to enter cells using preferentially other routes, thus should not be used anymore as 
markers for this pathway213–215.  Furthermore, selecting an appropriate control marker 
can be challenging for several of the more-recently described clathrin- and caveolae- 
independent pathways. 
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community about the pathways that nano-sized materials, such as nanomedicines, 
use to enter cells is still missing. 

Several factors complicate these studies and make it difficult to draw clear conclusions: 
the field of endocytosis is still very active and novel pathways are still being described. 
At the same time the many different methods available to characterize uptake 
mechanisms all present limits and challenges and the lack of standardized procedures 
makes it difficult to draw conclusions from available studies. Using a combination of 
methods and appropriate controls to study the mechanisms by which cells internalize 
nano-sized materials could potentially help us to understand how these are affected 
by nanomaterial properties. In this way, nanomedicine design could be tuned to 
achieve the desired outcomes at cell level and engineer nanomaterials for more 
efficient drug targeting.
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labelled proteins at physiological levels, thereby avoiding the aforementioned 
artefacts connected to overexpression. The creation of specific transgenic cell lines to 
study nanoparticle uptake has been greatly enhanced by gene editing techniques such 
as CRISPR/CAS9, which allows to cut genes in a much more specific and efficient 
way than with previously existing methods220,221. Similar methodologies can improve 
our understanding of the involvement of specific proteins in the internalization of 
nanoparticles. 

Other recently developed techniques which are available in cell biology to characterize 
pathways and which have not yet been used to study the uptake of nano-sized materials 
may provide novel insights into this difficult question. For instance, so-called OMICS 
approaches based on large scale proteomics and full genome screenings could be 
of particular utility222–224. While most of the “classical” methods mentioned so far 
require previous knowledge on the mechanisms of uptake by cells, a reverse approach 
could allow discovering novel targets not yet associated with the endocytosis of 
nanomaterials.

Overall, it is clear that none of these different methods, alone, can provide a full 
picture of the mechanisms that nano-sized materials use to interact with cells since 
they all display different advantages and pitfalls22,133,158. The combination of different 
techniques and the application of proper controls could help us to gain a better 
knowledge of the endocytic processes involved in the uptake of nano-sized materials.

Conclusion

Nanomedicine aims at delivering drugs more efficiently to their target to treat 
diseases. To this aim, tuning material design to be able to control the interactions and 
behaviour of nanomaterials at cell level is one of the key steps required for successful 
targeting. Nanomedicines can be functionalized by addition of targeting moieties 
to be recognized by specific receptors on the targeted cells. However achieving this 
initial recognition for active targeting still presents many challenges. 

Additionally, it has emerged that when nano-sized materials are applied in a 
biological environment, corona formation affects the initial recognition by cells, 
as well as the following mechanisms of internalization. However, many aspects 
of the initial recognition of nano-sized materials by cell receptors still need to be 
understood. Similarly, how the initial recognition affects the following mechanisms 
of internalization remains to be elucidated and an agreement in the scientific 
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Scope and outline of the thesis

Nanoparticle systems for drug delivery (nanomedicine) have great potential. Several 
nanomedicines are available on the market and have shown the potential of this 
technology1. A better understanding of their interactions at organ and cellular level can 
help to further improve their success, and increase their targeting efficiency2–5. While 
many efforts have been made to unravel the basic mechanisms of the interactions of 
nanoparticles with biological systems, many questions still remain unanswered, as 
discussed in detail in the Introduction.

By combining different approaches for the characterization of uptake mechanisms 
by cells, this Thesis aims to provide new insights in nanoparticle-cell interactions 
with a special focus on the early recognition by cell receptors and the subsequent 
mechanism of nanoparticle internalization. Hence, in Chapter 2, the uptake 
mechanisms of liposomes made of either zwitterionic or anionic lipids were 
characterized by using a panel of transport inhibitors and RNA interference to block 
different components of the major uptake pathways. Zwitterionic modifications 
have been increasingly applied as an alternative to PEGylation to reduce protein 
binding in serum thereby prolonging nanomedicine plasma residence time6,7, but 
the effect on the uptake mechanism is not well understood. Then, in Chapter 3, we 
prepared and characterized liposomes and liposome-coated silica as a model system 
to investigate how nanoparticle mechanical properties affect nanoparticle outcomes 
and uptake efficiency by cells. Additionally, using RNA interference, we investigated 
for the first time the role of curvature-sensing proteins in nanoparticle uptake and 
how this may vary depending on nanoparticle mechanical properties. Cells possess 
a wide panel of so called curvature-sensing proteins that can recognize and induce 
membrane curvature8,9. Membrane curvature generation is an important process in 
membrane invagination and vesicle formation for the internalization of extracellular 
materials10,11. Nevertheless, the mechanisms of curvature generation involved in 
nanoparticle uptake have not been characterized and the role of these proteins in 
relation to nanoparticle uptake is not known. 

The methods applied in  Chapters 2 and 3 rely on the selection of specific targets, 
whose role in uptake mechanisms has been established in order to determine their 
involvement in nanoparticle uptake. Thus, they do not allow to discover potential 
novel targets. With this in mind, in Chapter 4, we explored for the first time the use 
of a genome-wide forward genetic screening approach to the study of nanoparticle 
uptake by cells. Several full genome forward genetic screening methods have been 
developed and been successfully applied in the molecular biology field to study uptake 

of pathogens and proteins12–15. However, these novel methods have not yet been applied 
to the characterization of the mechanisms of nanoparticle uptake by cells. Here we 
have used this method to gain novel insights on the mechanism of uptake of 50 nm 
silica with a human serum corona. It is known that these nanoparticles are targeted 
to the low-density lipoprotein receptor LDLR via the corona proteins adsorbed on 
their surface16,17. However, it was shown that their uptake was not clathrin-mediated, 
as usually observed upon interaction with the LDLR17. Thus, in Chapter 4, following 
a method developed by Brummelkamp and co-workers12,18, a genome-wide library 
of mutagenized cells was prepared and cells with lower nanoparticle uptake were 
selected and enriched multiple times. A time-resolved approach was applied, where 
selected cells have been sequenced by next generation sequencing after every sort. 
This allowed us to discover novel targets involved in nanoparticle uptake and how 
they vary as cells are sorted multiple times. Finally, further verification of the newly 
identified targets was performed in Chapter 5 with a particular focus at newly 
identified cell surface receptors and the role of cell surface proteoglycans in the initial 
interactions of nanoparticles at the cell membrane. 

Overall, a combination of multiple methods, each presenting different advantages 
and limits, is required to disentangle the mechanism of nanoparticle uptake by cells 
and time-resolved full genome forward genetic screenings constitute a powerful tool 
to discover novel targets involved. These methods allow to gain a better understanding 
of the initial interaction of nanoparticles at the cell membrane with cell receptors and 
the following mechanism of internalization. This knowledge can help to improve the 
design of targeted nanomedicines.
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Scheme 1. Schematic representation of the Chapters to study the uptake mechanism of different 
nanoparticles. In Chapter 2 uptake of liposomes of different charge was studied using transport inhibitors of 
commonly studied endocytic components. In Chapter 3 the involvement of curvature-sensing proteins in entry 
of soft liposomes and rigid liposome-coated silica nanoparticles was studied by RNA interference. Genome-
wide forward genetic screening was applied in Chapter 4 to find targets that play a role in uptake of human 
serum-coated silica nanoparticles. These targets were verified in Chapter 5 using RNA interference and with a 
specific focus on nanoparticle-receptor interactions.
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Abstract

Zwitterionic molecules are used as an alternative to PEGylation to reduce protein adsorption 
on nanocarriers. Nonetheless, little is known about the effect of zwitterionic modifications 
on the mechanisms cells use for nanocarrier uptake. In this study, the uptake mechanism 
of liposomes containing zwitterionic or negatively charged lipids was characterized using 
pharmacological inhibitors and RNA interference on HeLa cells to block endocytosis. As 
expected, introducing zwitterionic lipids reduced protein adsorption in serum, as well as 
uptake efficiency. Blocking clathrin-mediated endocytosis strongly decreased the uptake 
of the negatively charged liposomes, but not the zwitterionic ones. Additionally, inhibition 
of macropinocytosis reduced uptake of both liposomes, but blocking actin polymerization 
had effects only on the negatively charged ones. Overall, the results clearly indicated 
that the two liposomes were internalized by HeLa cells using different pathways. Thus, 
introducing zwitterionic lipids affects not only protein adsorption and uptake efficiency, 
but also the mechanisms of liposome uptake by cells.

Keywords: 
Zwitterionic; Liposome; Uptake mechanism; Pharmacological inhibitor

Introduction

Nanomedicine holds great potential for improving the ways drugs are delivered to their 
targets. Nanocarriers can be used to direct drugs to the diseased tissue, and promote their 
internalization into the targeted cells.1–3 Although the successes of this technology have 
confirmed nanomedicine potential, drug targeting still constitutes a major challenge in 
nanomedicine and more work is required to further improve current outcomes.3–6

One of the challenges in targeting nanomedicines is the adsorption of proteins and 
other biomolecules on their surface, forming a corona once they are applied in biological 
environments.7,8 Protein adsorption and corona formation are usually associated with 
recognition by the immune system and clearance of nanocarriers from the systemic 
circulation.9–12 Corona formation can also affect the targeting ability of nanomedicines by 
masking targeting moieties on the nanocarrier.13,14 At the same time, corona proteins can 
interact with specific cell receptors and facilitate or hamper nanocarrier uptake by cells.15–17 
The composition of the corona depends on the biological environment and the physico-
chemical properties of the nanocarrier, thus changing nanocarrier design can affect both 
the corona composition and – as a consequence of this – nanocarrier interactions with 
cells.12,18–20 

Overall, in order to reduce protein binding, different strategies have been developed. 
The most common is the addition of polymers such as polyethylene glycol on the surface 
of nanocarriers in order to obtain so-called “stealth” surfaces.21–23 Interestingly, recent 
reports have suggested that the stealth character of these nanocarriers is not due to the 
reduction of protein binding, but by the presence of specific corona proteins adsorbing on 
PEGylated surfaces.17 In addition, different strategies are emerging to mask the surface of 
nanocarriers with “markers of self ” to avoid clearance. These include modification with 
self-peptides such as CD47, and other biomimetic approaches where cell membranes from 
red blood cells or leukocytes are used to camouflage nanocarriers.11,24–26

Another common strategy to reduce protein binding is the use of zwitterionic modifications. 
Zwitterionic molecules contain both positive and negative charges, but have a net neutral 
charge. The introduction of zwitterionic groups on nanocarriers, similar to PEGylation, 
leads to reduction of protein binding and increased plasma residence time.27–29 In line with 
these results, we have recently shown that by adding increasing amounts of zwitterionic 
lipids, liposomes with reduced corona binding and lower uptake efficiency by cells could 
be obtained.30 However, not much is known about the impact of zwitterionic modifications 
on the mechanisms cells use to internalize nanocarriers in comparison to charged ones. 
The uptake mechanism can affect nanocarrier uptake efficiency, thus the amount of drug 
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Characterization of liposomes
The hydrodynamic diameter and zeta potential of the liposomes were measured in 
water, PBS, and Minimum Essential Medium (MEM) (Gibco, Grand Island, New York, 
United States) supplemented with 4 mg/mL human serum (human serum pooled from 
multiple donors from TCS Biosciences (Buckingham, United Kingdom)) (hsMEM) using 
Malvern ZetaSizer Nano ZS (Malvern Instruments, Malvern, United Kingdom). Dynamic 
and electrophoretic light scattering measurements were performed using 40-µL 
cuvettes (Malvern, ZEN0040) and disposable folded capillary cells (Malvern, DTS1070), 
respectively. Per sample, three measurements of each 10 runs were carried out at 25 oC.

Cell culture
Human cervical cancer HeLa cells (CCL-2; ATCC, Manassas, Virginia, United States) 
were cultured in complete culture medium (cMEM) consisting of MEM supplemented 
with 10% foetal bovine serum (FBS) (Gibco). The cells were grown in a T75 flask at 
37 oC and 5% CO2 and split when confluent. Cells were tested monthly to exclude 
mycoplasma contamination and used for experiments till maximum 20 passages 
after defrosting. 

Isolation of corona-coated liposomes and protein corona 
characterization
Corona-coated liposomes were isolated by size exclusion chromatography (SEC) and 
characterized as described in details in the Supplementary information. 

Uptake studies and exposure to chemical inhibitors
Different chemical inhibitors were used to block specific components of endocytosis, 
using previously optimized conditions to ensure drug efficacy and exclude toxicity.46 
HeLa cells were seeded 50,000 cells per well of a 24-well plate. Then, 24 h after 
seeding, cells were pre-treated with cMEM containing one of the inhibitors as 
follows: sodium azide (5 mg/mL) (Merck, Kenilworth, New Jersey, United States) for 
30 min, nocodazole (5 µM) (BioVision Inc., San Francisco, California, United States) 
for 20 min, or chlorpromazine (10 µg/mL) (Sigma Aldrich, St. Louis, Missouri, 
United States), 5-(N-ethyl-N-isopropyl)amiloride (EIPA; 75 µM) (Sigma Aldrich), 
cytochalasin D (5 µg/mL) (Invitrogen, Carlsbad, California, United States), or 
methyl-β-cyclodextrin (MBCD, 2.5 mg/mL) (Sigma Aldrich) for 10 min. Then, cells 
were washed with serum-free medium and incubated with 50 µg/mL liposomes in 
MEM supplemented with 4 mg/mL human serum in standard conditions or in the 
presence of each of the inhibitors. In the case of MBCD, in order to avoid exposure 
to liposomes in the presence of free proteins which can limit drug efficacy,46 HeLa 
cells were exposed to 50 µg/mL corona-coated liposomes in serum-free MEM. For 

delivered intracellularly, as well as the intracellular processing and final fate of 
nanocarriers. All of these factors ultimately contribute to the therapeutic efficacy. 

Thus, in this work phosphatidylglycerol and phosphatidylcholine, both combined 
with cholesterol, were used to prepare – respectively – negatively charged and 
zwitterionic liposomes. Liposomes are very common nanocarriers, usually made 
with neutral and negatively charged lipids for drug delivery, while positively charged 
liposomes are widely applied as non-viral gene delivery systems to bind negatively 
charged nucleic acids.31–35 Even though several liposomal formulations have reached 
the market, not much is known about the effect of charge on the mechanism of 
liposome uptake by cells. Most studies have investigated the uptake mechanism of 
positively charged liposomes for nucleic acid delivery.36,37 Only a few have directly 
compared the mechanisms involved in the internalization of zwitterionic and 
negatively charged liposomes by cells.38–40 To this aim, here we have used a panel of 
common pharmacological inhibitors and RNA interference to block key components 
of different endocytic pathways on HeLa cells,37,41–45 and compared their effect on 
the uptake of negatively charged and zwitterionic liposomes. This allowed us to 
determine the effect of zwitterionic modifications on the mechanisms cells use to 
internalize liposomes.

Methods

Liposome preparation
Lipids were purchased from Avanti Polar Lipids (Alabaster, Alabama, United States). 
The zwitterionic lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or the anionic 
lipid 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) were dissolved in 
chloroform and mixed with cholesterol in a 2:1 molar ratio. Additional experiments 
were performed with pure DOPC or DOPG liposomes without cholesterol. The solvent 
was evaporated using nitrogen followed by overnight incubation under vacuum. 
The lipid films were resuspended in 25 mM sulforhodamine B (SRB) dissolved in 
phosphate buffered saline (PBS) at room temperature to a final lipid concentration 
of 10 mg/mL. The suspension was freeze-thawed eight times followed by twenty-
one extrusions through a 0.1 µm polycarbonate membrane with the Avanti Mini-
Extruder (Avanti Polar Lipids). The excess free SRB was removed using Zeba Spin 
Desalting Columns, 7 K molecular weight cut-off (MWCO) (Thermo Fisher Scientific, 
Waltham, Massachusetts, United States). The liposomes were stored at 4 oC and used 
for maximum one month.
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Fluorescence imaging 
To visualize liposome uptake, 1.5 × 105 cells were seeded in 35 mm dishes with a 170 µm 
thick glass bottom. Twenty four hours after seeding, cells were washed with serum-
free medium and incubated with 50 µg/mL liposomes in hsMEM for 3 h, followed by 
lysosome staining with 100 nM LysoTracker Deep Red (Thermo Fisher Scientific) for 
30 min and nuclei staining with 1 µg/mL Hoechst lu33342 Solution in cMEM (Thermo 
Fisher Scientific) for 5 min. Cells were imaged using a DeltaVision Elite microscope 
(GE Healthcare Life Sciences, Marlborough, Massachusetts, United States) with 
a DAPI filter for Hoechst excitation, TRITC filter for liposomes, and CY5 filter for 
LysoTracker. Movies were recorded by acquiring one image every 10 sec for up to 3 
min for cells exposed to DOPC liposomes (Supplementary Video S1) or 2 min for cells 
exposed to DOPG liposomes (Supplementary Video S2). Deconvolution was applied 
using softWoRx 6 acquisition and integrated deconvolution software (GE Healthcare 
Life Science). Images were further processed using ImageJ software (http://www.fiji.
sc), and brightness and contrast were adjusted using the same setting for all samples 
in the series. In order to make the internalized DOPC liposomes visible, an image of 
the DOPC liposome channel with increased brightness is included for comparison.    

Results

Liposome characterization
Liposomes of zwitterionic DOPC or negatively charged DOPG and cholesterol in 
a 2:1 molar ratio were prepared and labelled by incorporating sulforhodamine B 
in the hydrophilic core. In order to compare their mechanisms of uptake, human 
cervical cancer epithelial HeLa cells were selected as a common cell model for similar 
studies.38,41,45,47 Given the strong impact of corona formation on nanoparticle-cell 
interactions and recognition by cell receptors,15,16,45,48 the liposomes were dispersed 
in a medium supplemented with 4 mg/mL human serum (hsMEM), as opposed to 
standard foetal bovine serum, in order to allow a human serum corona formation for 
testing on human cells. Prior to cell studies, the zeta potential and hydrodynamic size 
of the liposomes in relevant media were determined by electrophoretic and dynamic 
light scattering (DLS) (Figure 1A-B). DLS showed that liposomes of comparable size 
distribution were obtained, with a diameter of approximately 100 nm in PBS and a 
low polydispersity index and they remained stable once dispersed in medium with 
human serum (Supplementary Figure S1).  The zeta potential of DOPG liposomes in 
DPBS was strongly negative (-40 ± 3 mV), and was attenuated in hsMEM (-8 ± -1 mV) 
upon corona formation. The zwitterionic DOPC liposomes in DPBS had neutral zeta 
potential (-1 ± 1 mV), which in hsMEM converged to values similar to DOPG liposomes 

this purpose, 0.5 mg/mL liposomes were dispersed in 40 mg/mL human serum for 
1 h at 37 ºC. The mixed solution was then loaded on a SEC column and the eluted 
fractions containing liposomes were collected as described above and added to cells 
to a final lipid concentration of 50 µg/mL. As a control for chlorpromazine, EIPA, and 
MBCD efficacy, the uptake of –respectively - 1 µg/mL human low-density lipoprotein 
labelled with BODIPY (LDL-BODIPY) (Invitrogen) in serum-free MEM, 250 µg/mL 10 
kDa Tetramethylrhodamine dextran (Invitrogen) in cMEM, and 0.1 µM BODIPY FL 
labelled LacCer (Invitrogen) in serum-free MEM was measured in standard conditions 
or in the presence of the drug. To confirm cytochalasin D and nocodazole efficacy, 
immunostaining was used as described in details in the Supplementary information.

RNA interference
In order to silence the expression of dynamin-1 and dynamin-2, 13,000 HeLa cells 
were plated per well of a 24-well plate. Twenty four hours after seeding, cells were 
washed with serum-free MEM for 15 min. Oligofectamine-siRNA complexes were 
formed by mixing 1 µL of Oligofectamine transfection reagent (Life Technologies, 
Carlsbad, California, United States) with 10 pmol of siRNA (Thermo Fisher Scientific) 
against either dynamin-1 (Silencer Select S144) or dynamin-2 (Silencer Select S4213), 
or scrambled siRNA (Silencer Select negative control no. 1) in 49 µL of OptiMEM. 
After 20 min incubation in room temperature, the complexes were diluted in serum-
free MEM to a total volume of 250 µL, and were added to the cells. After 4 h, MEM 
supplemented with FBS was added to a final concentration of 10% FBS. Three 
days after transfection, cells were exposed to either liposomes (50 µg/mL in MEM 
supplemented with 4 mg/mL human serum) or – as a control – Alexa Fluor 647 labelled 
human transferrin (5 µg/mL in serum-free MEM) (Invitrogen) and their uptake was 
measured using flow cytometry.

Flow cytometry analysis
After exposure to the liposome or the different controls, cells were washed once with 
cMEM and twice with PBS to reduce the presence of liposomes or fluorescent probes 
on the outer cell membrane. Cells were detached by exposure to trypsin/EDTA (0.05% 
in PBS) for 5 min at 37 oC and collected after centrifugation at 300 � g for 5 min. Cells 
were then resuspended in 100 µL PBS for flow cytometry analysis using CytoFLEX S 
(Beckman Coulter, Indianapolis, Indiana, USA). Gates were set in the forward and 
side scattering plots to exclude cell debris and doublets and at least 10,000 single cells 
were acquired, unless indicated otherwise. Data were analysed using FlowJo software 
(Becton, Dickinson & Company, Ashland, Tennessee, United States), and the average 
and standard deviation of the median cell fluorescence intensity over 3 replicates 
were calculated (unless stated differently).
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in the same media. We previously showed that, consistent with their different charge, 
the DOPG liposomes adsorbed more proteins than the DOPC liposomes, and the 
resulting corona composition differed strongly, as also confirmed here by SDS-PAGE 
of the corona proteins in Figure 1C.30 

Uptake kinetics and uptake mechanisms
As a next step, liposome uptake kinetics were determined by flow cytometry. As we 
previously observed,30 the uptake kinetics of the two formulations differed strongly. 
Even though multiple liposome batches with variable fluorescence were used, in all 
cases DOPG liposomes showed much higher uptake in the first hours, in comparison 
to the zwitterionic DOPC (Figure 1D). This is in agreement with previous studies with 
similar formulations.29,49,50  Higher uptake for the DOPG liposomes was observed also 
when liposomes were added to cells in artificial serum-free conditions, thus when the 
different charge was not masked by the adsorbed proteins (Supplementary Figure S2). 

To determine whether the liposomes entered through an active process or passive 
fusion with the cell membrane, sodium azide was used to deplete cell energy (Figure 
1E). The very strong reduction of uptake in energy-depleted cells (on average 75 and 
90% for DOPC and DOPG liposomes, respectively) indicated that they both entered 
cells through an energy-dependent mechanism. Live cell imaging confirmed that 
both liposomes entered the cells and accumulated in the lysosomes (Figure 1F, 
Supplementary Figure S3, and corresponding Supplementary videos S1 and S2).

Similar experiments were performed for comparable formulations without cholesterol 
in the liposome membrane (Supplementary Figure S4): also in this case uptake was 
higher for the (pure) DOPG liposomes and energy depletion reduced uptake, though 
the effect was smaller than for liposomes containing cholesterol (40-50% uptake 
reduction). This suggests that also without cholesterol in the liposome bilayer uptake 
was at least in part energy-dependent.

As a next step, to characterize the mechanisms of uptake, several key components 
of endocytic pathways were blocked using a panel of common chemical inhibitors 
or RNA interference.42–44,51 We previously optimized in detail the conditions to use 
these compounds on HeLa cells in order to exclude toxicity and demonstrate drug 
efficacy with appropriate controls.46 In line with these studies, internalization 
of fluorescently labelled molecules or fluorescent staining were included in each 
individual experiment as a control (Figure 2, all left panels). An example of liposome 
uptake kinetics in standard conditions and in the presence of each of the different 
compounds tested is given in Figure 2, together with their respective controls. An 
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overview of inhibition efficacy in replicate experiments is included in Figure 3, 
together with additional studies after cholesterol depletion from the cell membrane.

One of the major pathways of uptake is clathrin-mediated endocytosis (CME). Here, 
CME was inhibited using chlorpromazine.52 The strong reduction of low-density 
lipoprotein (LDL) uptake confirmed chlorpromazine efficacy (Figures 2A and 3A). 
Interestingly, chlorpromazine reduced the uptake of DOPG liposomes strongly (on 
average 55% over time), but had no effect on DOPC uptake. 

To investigate the role of two major cytoskeleton components, the polymerization 
of F-actin and microtubules was blocked using cytochalasin D and nocodazole, 
respectively.53,54 As shown in Figure 2B and C, fluorescent microscopy confirmed the 
disruption of actin filaments and microtubuli after exposure to these compounds. 
Cytochalasin D reduced DOPG uptake by 80% after 3 h, but had only minor effect 
on DOPC (roughly 30% uptake reduction, as shown in Figures 2B and 3B). Similarly, 
disruption of microtubules with nocodazole reduced DOPG uptake up to a maximum 
of 50%, while DOPC uptake was less affected (maximum 30% reduction, Figures 2C 
and 3C). 

We then tested the involvement of macropinocytosis, an actin-dependent process cells 
use to internalize extracellular fluids and solutes (Figures 2D and 3D). This pathway 
can be inhibited by amilorides like ethylisopropylamiloride (EIPA) which blocks Na+/
H+ exchange.55 As a control, the uptake of fluorescently labelled dextran was reduced 
by approximately 60% upon exposure to EIPA. EIPA treatment had clear effects 
also on the uptake of both liposomes. However, in the case of DOPC liposomes the 
effect was stronger at increasing exposure time (from 30% after 1 h, up to 60% uptake 
reduction after 7 h), while for the DOPG liposomes uptake was reduced by 75% already 
after 1 h (Figures 2D and 3D). This suggested that this pathway may be involved in 
the uptake of both liposomes, but to a different extent. Nonetheless, caution should 
be taken in interpreting these results, because amilorides block macropinocytosis by 
lowering the submembranous pH, thereby preventing Rac1 and Cdc42 activation,55 
which are essential for this mechanism. However, these proteins are involved also in 
other clathrin-independent endocytic mechanisms.56 

Another key component for multiple endocytic pathways, including CME, is the 
GTPase dynamin, involved in the scission of the invaginations from the plasma 
membrane.56 Dynasore is a commonly used inhibitor of dynamin. However, we have 
previously shown that its activity is lost in medium supplemented with serum.46 
Thus, RNA interference was used and HeLa cells were transfected with siRNA against 

Figure 2. Characterization of the uptake mechanisms of negatively charged and zwitterionic liposomes in HeLa 
cells. HeLa cells were exposed to DOPC and DOPG liposomes (50 µg/mL) in MEM medium supplemented with 4 mg/mL 
human serum (hsMEM) in standard conditions (untreated) or in the presence of (A) chlorpromazine (10 µg/mL, CP), (B) 
cytochalasin D (5 µg/mL, cytoD), (C) nocodazole (5 µM), (D) EIPA (75 µM) or (E) after RNA interference against dynamin-1 
(DNM-1 siRNA) (with cells transfected with neg siRNA for scrambled RNA used as a control, see Methods for details). 
In the left panels, the uptake of (A) 1 µg/mL  BODIPY-labelled LDL in sfMEM, (D) 250 µg/mL tetramethylrhodamine-
labelled 10 kDa dextran in standard cMEM, or (E) 5 µg/mL Alexa-Fluor 647-labelled transferrin in sfMEM were used 
as controls to confirm the effects of the different treatments; while staining of (B) actin and (C) α-tubulin was used to 
confirm inhibition by cytochalasin D and nocodazole, respectively. The results are the mean and standard deviation over 3  
samples (2 samples when marked with *) of the median cell fluorescence intensity obtained by flow cytometry in a 
representative experiment.
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DNM1 or DNM2 (Figures 2E, 3E and Supplementary Figure S5). Silencing DNM2 had 
only minor effects on transferrin uptake, which depends on dynamin (Supplementary 
Figure S5). On the contrary, silencing DNM1 reduced transferrin uptake by around 
60%, confirming efficient silencing (Figures 2E). DOPC uptake was not affected by 
silencing of either DNM1 or DNM2 (Figure 2E, 3E and Supplementary Figure S5, 
respectively). Instead, for the DOPG liposomes slightly higher uptake was observed 
after silencing DNM1 (Figure 2E), and no clear effects in cells silenced for DNM2 (only 
30% reduction after 1 h, as shown in Supplementary Figure S5). Overall, the absence 
of effects in cells silenced for DNM1, for which a clear reduction of transferrin uptake 
was confirmed, suggested that this protein is not involved in liposome uptake (Figures 
2E and 3E). Further studies are required to fully elucidate the potential involvement 
of DNM2.

Another key component for several endocytic pathways is the cholesterol in the cell 
membrane (Figure 3F).51 Cholesterol-dependency is often studied using methyl-
β-cyclodextrin (MBCD), which sequesters cholesterol from the cell membrane.51 
However, as for dynasore, we previously showed that this compound loses its 
efficacy in the presence of serum.46 Thus, in order to gain some indications on the 
potential contribution of cholesterol in the cell membrane to the entry of DOPC and 
DOPG liposomes into cells, corona-coated liposomes were isolated by size exclusion 
chromatography, as we previously described.30 Then, the corona-coated liposomes 
were added to cells in serum-free medium in standard conditions or in the presence 
of MBCD (Figure 3F). The uptake of LacCer, a sphingolipid known to enter cells via 
cholesterol-dependent mechanisms,42 was reduced by 65% in cells exposed to MBCD, 
confirming efficient cholesterol depletion. Similarly, cholesterol depletion had strong 
effects on the uptake of both liposomes (roughly 40% uptake reduction for DOPC and 
60% for DOPG, Figure 3F), suggesting that cholesterol in the cell membrane plays a 
role in the entry of both liposomes into HeLa cells.

Similar studies were also performed for comparison in other cell lines, namely human 
lung cancer A549 epithelial cells and liver endothelial TRP3 cells (Supplementary 
Figure S6 and S7, respectively).57 Also in these cells, DOPG uptake was higher than for 
DOPC liposomes. In A549 cells, experiments with sodium azide confirmed that uptake 
was energy-dependent but none of the inhibitors tested had effects on the uptake of 
the two liposomes (see details in Supplementary Figure S6). In TRP3 cells, instead, 
similar to what observed in HeLa (Figures 2 and 3), chlorpromazine and cytochalasin 
D strongly reduced the uptake of the negatively charged DOPG liposomes, but had 
only minor or no effect on the uptake of the zwitterionic DOPC. Thus, also in TRP3 
cells the two liposomes were internalized via different mechanisms.

Figure 3. Overview of liposome uptake inhibition in HeLa cells after treatment with the panel of chemical 
inhibitors or RNA interference. HeLa cells were exposed to DOPC and DOPG liposomes (50 µg/mL) in MEM 
medium supplemented with 4 mg/mL human serum (hsMEM) in standard conditions or in the presence of (A) 
chlorpromazine (10 µg/mL), (B) cytochalasin D (5 µg/mL), (C) nocodazole (5 µM), (D) EIPA (75 µM) or (E) after 
RNA interference against dynamin-1. Additionally, (F) uptake of corona-coated liposomes in sfMEM (50µg/mL 
lipid, isolated as described in the Methods) and, as a control, 0.1 µM BODIPY-FL labelled LacCer in sfMEM in the 
presence of methyl-β-cyclodextrin (MBCD, 2.5 mg/mL) was also measured. The symbols are the results obtained 
in individual experiments (3 to 4 independent experiments) and show the median cell fluorescence intensity 
averaged over 3 samples (2 samples when marked with *), normalized by the results in untreated control cells. 
The lines are the average over the independent experiments. A black dashed line and a red dashed line are 
included in each panel as a reference, at 100% and 60% uptake, respectively (with 60% uptake shown as an 
indicative threshold for inhibition efficacy). In one case, marked with †, for one of the replicate experiments only 
around 4000 single cells were acquired.
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2:1 used in this study) and also by the use of bovine serum instead of human serum 
for liposome dispersion. It is intriguing to see that small differences in liposome 
formulation or exposure condition may lead to rather different outcomes at cell 
level. When performing similar experiments using other cell types, interestingly in 
A549 cells, none of the inhibitors tested had effects on liposome uptake, even though 
controls confirmed drug efficacy (Supplementary Figure S6). Others methods need 
to be applied to understand how the two liposomes are internalized by these cells 
and eventual differences in the mechanisms used. Instead, in TRP3 cells, similar to 
what observed in HeLa cells, chlorpromazine and cytochalasin D strongly reduce the 
uptake of the negatively charged DOPG but had minor or no effect on the uptake of 
the zwitterionic DOPC liposomes (Supplementary Figure S7). Thus, also in these cells 
different mechanisms were used to internalize the two liposomes.

At a broader level, it is interesting to notice that a relatively small difference in the 
head group of one of the lipids used for the formulation of liposomes, which otherwise 
are highly similar (same size, same cholesterol amount, same dioleoyl chains), can 
have such profound effects not only on the amount and identity of proteins adsorbed 
once in contact with serum, as well as on uptake efficiency,27–30,38,50 but also on the 
subsequent mechanisms of uptake by cells. Liposome charge itself affects uptake 
efficiency, as observed when adding the liposomes to cells in artificial serum-free 
conditions (Supplementary Figure S2), where the different compositions is reflected 
on the very different zeta potential (as shown in Figure 1B for liposomes in DPBS). 
However, cells are unlikely to interact with bare liposomes, since once applied in a 
biological environment, they are quickly modified by corona formation. In line with 
this, the zeta potential of the two formulations converged to very similar values upon 
exposure to serum (also in Figure 1B). Nevertheless, despite the comparable size and 
similar charge acquired upon corona formation, liposome uptake efficiency as well as 
uptake mechanisms differed strongly. This suggests that for the final corona-coated 
liposomes, the original charge of the bare liposomes is less relevant in determining 
the outcomes with cells. Likely, it is the nature and amounts of the proteins adsorbed 
to determine the strong differences observed in the uptake efficiency and uptake 
mechanism used by cells to process apparently similar complexes. In line with  
this hypothesis, Schöttler et al. have previously reported that the adsorption of 
clusterin in the corona formed on PEGylated nanocarriers leads to reduced uptake 
by cells.17 Similar effects may play a role also in the lower uptake observed for 
zwitterionic liposomes and it would be interesting to determine which proteins 
may be responsible for it. Similarly, identifying the receptors involved in the higher 
uptake of the negatively charged DOPG liposomes, as well as potential corona 
proteins recognized by such receptors, could provide useful information to achieve 

Discussion

In this study, the uptake mechanisms of charged and zwitterionic liposomes 
were compared. Positively charged liposomes are often used to complex and carry 
oligonucleotides, however for drug delivery many of the currently approved liposomal 
formulations are negatively charged.58,59 Thus, here we compared the mechanism of 
uptake of negatively charged liposomes made with DOPG and zwitterionic DOPC 
liposomes. Zwitterionic surfaces are known to reduce protein binding and can lead 
to lower uptake by cells, as indeed we also confirmed here (Figure 1).27–30,38,50 However, 
the effect of zwitterionic modifications on the mechanisms cells use to internalize 
liposomes has not been fully characterized. The uptake mechanism can affect uptake 
efficiency, thus the load of drug delivered inside cells, as well as the uptake kinetics, 
intracellular distribution and final fate of nanocarriers inside cells. All of these aspects, 
together, ultimately affect drug efficacy, thus it is important to determine how the 
cell uptake mechanism varies for charged and zwitterionic liposomes. For both 
liposomes, uptake was energy-dependent (Figure 1E), excluding some form of passive 
uptake via direct fusion with the cell membrane. Indeed, the adsorption of the protein 
corona on the liposomes is likely impairing the possibility for a direct fusion between 
the lipids of the liposomes and of the cell membrane. Thus, as summarized in Figure 
3, we have found that blocking a series of key components of the major mechanisms 
of endocytosis, had very different effects on the uptake of negatively charged and 
zwitterionic liposomes. In the case of the DOPG liposomes, internalization was 
reduced by most inhibitors used, which could suggest the involvement of multiple 
pathways. Nevertheless, caution should be taken in interpretation of these results, 
since many of the components investigated (like for instance actin, microtubules, and 
cholesterol) have a role in multiple endocytic mechanisms and it is know that some of 
these chemical compounds may influence multiple pathways at the same time.42,46,51 

For DOPC liposomes, instead, uptake was clearly clathrin-independent (Figure 3A), 
and only cholesterol depletion and treatment with EIPA partially reduced it (Figures 
3F and 3D, respectively). The latter suggested an involvement of macropinocytosis, 
however – in contrast with these results - blocking actin polymerization with 
cytochalasin D did not affect uptake (Figure 3B). Given that actin is an essential 
component in macropinocytosis, one may interpret the observed uptake reduction 
with EIPA as a sign of the involvement of other Rac1 and Cdc42 dependent pathways.56 
In contrast with our results, Un et al. showed reduced uptake of DOPC-cholesterol 
liposomes by HeLa cells after inhibition of CME, and no effects when blocking 
macropinocytosis or after cholesterol depletion.38 The different results may be 
explained by the different DOPC to cholesterol ratio (1:1 molar ratio, as opposed to 
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higher nanocarrier uptake by cells. We have previously shown that recognition by cell 
receptors of different coronas may lead to different uptake mechanisms by cells and 
this in turns can also affect uptake efficiency and kinetics.45 Thus, for efficient drug 
delivery, the details of the receptors and mechanisms involved in nanocarriers uptake 
need to be determined, since they can strongly affect delivery efficiency. 

These results stress once more that the chemical identity of a nanocarrier alone 
does not allow to predict its outcomes on cells. Instead, it is the biological identity 
acquired once nanocarriers are applied in biological environment that modulates 
interactions with cell receptors, and determines consecutively the mechanism of 
uptake by cells and uptake efficiency. This is another example suggesting the need for 
a deeper understanding of the effect of corona formation on the way cells recognize 
and process nano-sized materials.
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Supplementary information

Supplementary methods
Isolation of corona-coated liposomes and protein corona characterization.  
Corona-coated liposomes were isolated by size exclusion chromatography (SEC) 
with a Sepharose CL-4B (GE Healthcare Life Sciences, Marlborough, Massachusetts, 
United States) column (15 × 1.5 cm). We have previously shown that in human serum 
aggregates of sizes comparable to liposomes can be present, which elute together 
with the liposomes, thus contaminating the corona samples.1 To remove similar 
contamination, for the characterization of corona proteins, human serum was first 
depleted from such objects using size exclusion chromatography (SEC), as previously 
described.1 Thus, 75 µg/mL liposomes were incubated with 6 mg/mL particle-depleted 
human serum for 1 h at 37 oC while shaking to allow corona formation. Corona-coated 
liposomes were then isolated by SEC. Fractions of 0.5 mL eluent were collected 
and the absorbance of proteins at 280 nm and SRB at 560 nm were measured with 
a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Wilmington, North 
Carolina, United States). Then, the fractions containing liposomes were pooled 
together and concentrated with a Vivaspin 6 centrifugal concentrator (10K MWCO; 
Sartorius, Yauco, Puerto Rico, United States) at 1600 x g. 

Protein concentration was quantified using the Bio-Rad DC protein assay (Bio-
Rad Laboratories, Hercules, California, United States). A calibration curve was 
constructed using bovine serum albumin (Sigma Aldrich, St. Louis, Missouri 
United States). Lipid concentrations were determined using a method based on the 
Stewart assay. Briefly, samples were mixed with chloroform and a ferrothiocyanate 
reagent (composed of 27.0 mg ferric chloride hexahydrate (Sigma Aldrich, St. Louis, 
Missouri, United States) and 30.4 mg ammonium thiocyanate (Sigma Aldrich, St. 
Louis, Missouri, United States) in 1 mL Milli-Q water) in a 1:50:50 volume ratio and 
vortexed for 1 min. After centrifugation at 300 x g for 10 min, the chloroform layer was 
collected and absorbance at 470 nm was measured in a quartz cuvette with a Unicam 
UV500 Spectrophotometer (Unicam Instruments, Cambridge, United Kingdom). For 
each sample, a standard curve made with samples at known concentrations of the 
same mixture of lipids as in the liposomes was used. 

Then, the isolated corona proteins were separated by sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE). Corona-coated liposomes corresponding 
to equal amounts of lipids (0.025 µmol lipids, as measured by the lipid assay described 
above) were combined with loading buffer (80 mg/mL SDS, 62 mg/mL DTT, and 40% 
glycerol in 0.25 M Tris-HCl buffer, pH 6.8, containing bromophenol blue). After 5 min 
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conditions or in the presence of the drug. The exposure time for transferrin was 10 
min and for dextran 5 hours.

Cell culture of TRP3 cells. The immortalized human liver endothelial sinusoidal 
cell line, TRP3, was kindly provided by Birke Bartosch and Romain Parent.2 Cells 
were cultured in MCDB 131 medium (Gibco, Grand Island, New York, United States) 
supplemented with 20% FBS (Gibco), 10 mM glutamine (Thermo Fisher Scientific), 
250 µg/ml cAMP (Sigma-Aldrich), 1 µg/ml hydrocortisone (Sigma-Aldrich), and 50 µg/
ml endothelial cell growth supplement (ECGS, Corning). Cells were grown in a T75 
flask pre-coated with 0.1% cold gelatine (Sigma-Aldrich) at 37 °C and 5% CO2 and the 
medium was refreshed every 2–3 days. Cells were tested against mycoplasma monthly 
to exclude mycoplasma contamination.

Exposure of TRP3 cells to chemical inhibitors. Uptake study with chemical inhibitors 
were performed on TRP3 cell barriers. To develop cell barriers, TRP3 cells were 
seeded at 90.000 cells per well in a 24-well plate pre-coated with 0.1% cold gelatine 
(Sigma-Aldrich) and cultured for an additional three days with medium refreshed 
every two days. After this, cells were pre-treated with complete medium containing 
chlorpromazine (10 µg/mL) (Sigma Aldrich, St. Louis, Missouri, United States) or 
cytochalasin D (2.5 µg/mL) (Invitrogen, Carlsbad, California, United States) for 10 
min. The cells were washed with serum-free medium and incubated with 50 µg/
mL liposomes in medium supplemented with 4 mg/mL human serum in standard 
conditions or in the presence of each of the inhibitors. After 5 hours liposome 
exposure, cells were collected for flow cytometry measurement. As a control for 
chlorpromazine efficacy, the uptake of Alexa Fluor 647-labelled transferrin (5 µg/mL 
in sfMEM) (Invitrogen) after 10 min exposure was measured in standard conditions 
or in the presence of 10 µg/mL chlorpromazine.

at 95 oC, samples were loaded on a 10% polyacrylamide gel and run for 90 min at 100 
V. Proteins were stained with Coomassie blue. Gels were scanned with a ChemiDoc 
XRS (Bio-Rad Laboratories, Hercules, California, United States).

Fluorescence imaging. To confirm cytochalasin D and nocodazole efficacy, cells 
were seeded in wells containing glass coverslips (50,000 cells per well of a 24-well 
plate). After incubation with the chemical inhibitors, cells were washed once with 
cMEM and twice with PBS. Cells were fixed with 4% formaldehyde for 20 min at room 
temperature and permeabilized with 1 mg/mL saponin for 5 min. After three washes 
with PBS, actin filament were stained with phalloidin-TRITC (1:1000) (Sigma Aldrich) 
for 1 h at room temperature in the dark. Microtubuli were stained with anti-α-tubulin 
antibody (Merck) for 1 h, followed by a 1 h incubation with an Alexa-Fluor 488 labelled 
secondary anti-mouse antibody (Thermo Fisher Scientific). Nuclei were labelled with 
0.2 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) for 5 min. Cells were washed with 
PBS after each staining. Coverslips were mounted on glass slides using MOWIOL 
(Merck). Images were taken with a Leica DM4000B fluorescence microscope (Leica 
Microsystems, Wetzlar, Germany).

A549 cell culture. Adenocarcinomic human alveolar epithelial A549 cells (CCL-185; 
ATCC, Manassas, Virginia, United States) were cultured in complete culture medium 
(cMEM) consisting of MEM supplemented with 10% foetal bovine serum (FBS) (Gibco). 
The cells were grown in a T75 flask at 37 oC and 5% CO2 and split when confluent and 
tested once a month to exclude mycoplasma contamination. Cells were used for 
experiments till maximum 20 passages after defrosting. 

Exposure of A549 cells to chemical inhibitors. A549 cells were seeded 50,000 cells 
per well of a 24-well plate. Then, 24 h after seeding, cells were pre-treated with 
cMEM containing one of the inhibitors as follows: sodium azide (5 mg/ml) (Merk, 
Kenilworth, New Jersey, United States) for 30 min, chlorpromazine (8 µg/mL) (Sigma 
Aldrich, St. Louis, Missouri, United States), cytochalasin D (2.5 µg/mL) (Invitrogen, 
Carlsbad, California, United States), EIPA (75 mM) (Sigma Aldrich) for 10 min, or 
nocodazole (5 mM) (BioVision Inc., San Francisco, California, United States) for 20 
min. The cells were washed with serum-free medium and incubated with 50 µg/
mL liposomes in MEM supplemented with 4 mg/mL human serum in standard 
conditions or in the presence of each of the inhibitors. After 5-hour exposure (except 
3 hours for sodium azide), cells were collected for flow cytometry measurement. As a 
control for chlorpromazine and EIPA efficacy, the uptake of -respectively- Alexa Fluor 
647-labelled transferrin (5 µg/mL in sfMEM) (Invitrogen) and tetramethylrhodamine-
labelled 10 kDa dextran (250 µg/ml in cMEM) (Invitrogen) was measured in standard 
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Supplementary Figure S1. Stability of liposomes in different media over time. (A) DOPC or (B) DOPG liposomes 
were dispersed at a concentration of 50 µg/mL in water, PBS, or MEM medium supplemented with 4 mg/mL 
human serum (hsMEM) and incubated in 5% CO2 humidified atmosphere at 37 °C for increasing times in order to 
monitor liposome stability in the conditions applied for exposure to cells. The results are the size distributions 
obtained after CONTIN analysis of dynamic light scattering data. Both DOPC and DOPG liposomes were stable in 
water, PBS and hsMEM and stability was maintained up to 24 h in the conditions used for experiments with cells.

Supplementary Figure S2. Uptake of liposomes in serum-free medium. HeLa cells were exposed to 50 µg/mL 
DOPG or DOPC liposomes in serum-free MEM, thus without a serum corona on their surface. The results are the 
mean and standard deviation (too small to be visible) over 2 replicates of the median cell fluorescence intensity 
measured by flow cytometry and show that in (artificial) serum-free conditions, when the different charge is 
not masked by the protein corona (as suggested by the strongly different zeta potential in DPBS, see Figure 1B), 
uptake of the negatively charged DOPG liposomes is much higher than for the zwitterionic DOPC.
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Supplementary Figure S4. Uptake of pure DOPC and DOPG liposomes without cholesterol in the lipid bilayer. 
Uptake kinetics by HeLa cells of 50 µg/mL pure DOPC and DOPG liposomes (without cholesterol) in hsMEM in 
standard conditions or in the presence of 5 mg/mL NaN3 to deplete cell energy. The results are the mean and 
standard deviation (often too small to be visible) over two replicates of the median cell fluorescence obtained 
by flow cytometry. Even in the absence of cholesterol in the liposome bilayer, uptake was observed and was 
much higher for DOPG liposomes. Energy depletion by exposure to NaN3 reduced uptake of around 40-50%, 
suggesting that uptake was at least in part energy-dependent.
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Supplementary Figure S7. Liposome uptake in TRP3 cells after treatment with chemical inhibitors. (A) 
TRP3 cells were exposed for 5 hours to 50 µg/mL DOPC or DOPG liposomes in medium containing 4 mg/mL 
human serum protein (hsMEM) in the presence of chlorpromazine (10 µg/mL) or cytochalasin D (2.5 µg/mL). 
As control for chlorpromazine, uptake of 5 µg/mL Alexa Fluor 647-labelled transferrin in sfMEM was measured 
(10 min exposure). The results are the mean and standard deviation over three replicates (two replicates for 
the transferrin control) of the median cell fluorescence intensity obtained by flow cytometry. (B) The same 
results are shown after normalization by the results in untreated cells. A black dashed line and a red dashed 
line are included as a reference, at 100% and 60% uptake, respectively (with 60% uptake shown as an indicative 
threshold for inhibition efficacy). The results showed that also in TRP3 cells, the uptake of the negatively charged 
DOPG liposomes was much higher than for the zwitterionic DOPC. Similar to what was observed in HeLa cells 
(Figures 2 and 3), chlorpromazine and cytochalasin D strongly reduced DOPG uptake, but had no or only minor 
effects on the uptake of DOPC. This confirmed that also in these cells, the two liposomes were internalized via 
different mechanisms.

Supplementary Figure S6. Liposome uptake in A549 cells. (A) A549 cells were exposed to 50 µg/mL DOPC or 
DOPG liposomes in medium containing 4 mg/mL human serum protein (hsMEM). The results are the mean and 
standard deviation over 3 replicates of the median cell fluorescence intensity measured by flow cytometry. Due 
to the high difference in uptake of DOPC and DOPG, the y-axis is broken to be able show the results in one graph. 
Also, in A549 cells the uptake of DOPG liposomes was much higher than for DOPC liposomes. (B) Uptake of 50 
µg/mL DOPC and DOPG in hsMEM by A549 cells was measured after 3 hours exposure in standard conditions or 
in the presence of 5 mg/mL NaN3 to deplete cell energy. The results confirmed that also in these cells, uptake was 
energy-dependent. (C) A549 cells were exposed for 5 hours to DOPC and DOPG liposomes (50 µg/mL) in hsMEM 
in standard conditions or in the presence of chlorpromazine (8 µg/mL), cytochalasin D (2.5 µg/mL), nocodazole 
(5 µM), or EIPA (75 µM). As control for chlorpromazine and EIPA treatment uptake of 5 µg/mL Alexa Fluor 
647-labelled transferrin in sfMEM (10 min exposure) or 250 µg/ml tetramethylrhodamine labelled 10 kDa dextran 
in hsMEM (5-hour exposure) was measured. The results in panel B and C are the mean and standard deviation 
over three replicates (two replicates for the controls) of the median cell fluorescence intensity obtained by flow 
cytometry, normalized by the results in untreated cells. A black dashed line and a red dashed line are included 
as a reference, at 100% and 60% uptake, respectively (with 60% uptake shown as an indicative threshold for 
inhibition efficacy). While the controls confirmed drug efficacy, none of the inhibitors tested reduced the uptake 
of the two liposomes. Other methods are required to characterize their mechanisms of uptake in these cells.
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Supplementary Video S1 and S2. Live HeLa cells exposed to 50 µg/mL DOPC (Supplementary Video S1) and DOPG 
(Supplementary Video S2) liposomes (red) in hsMEM for 3 h. Blue: Hoechst stained nuclei. Green: LysoTracker to 
stain acidic compartments (scale-bar, 10 µm). Movies were recorded by acquiring one image every 10 sec for up to 3 
min for cells exposed to DOPC liposomes (Supplementary Video S1) or 2 min for cells exposed to DOPG liposomes 
(Supplementary Video S2). Live cell imaging confirmed that both liposomes entered cells and were trafficked to 
the lysosomes. To confirm DOPC uptake and intracellular location, in video S1 the brightness in the DOPC channel 
was increased. Images taken from these videos are included in Figure 1F and Supplementary Figure S2.
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Introduction

Nanocarriers for drug delivery have high engineering possibilities. Many properties can 
be adjusted to influence their in vivo biodistribution and pharmacokinetic profile, as well 
as their interaction with cells and subsequent internalization1–3. Numerous studies have 
tried to elucidate how properties such as size, shape, and charge affect nanoparticle uptake 
efficiency and the endocytic mechanisms involved2–5. Recently, the effect of nanoparticle 
mechanical properties on both their biodistribution and cellular uptake has gained 
increasing attention6–11. Mechanical properties include elasticity and rigidity. Elasticity 
is the ability of a material to resist deformation upon stress and return to its original 
shape afterwards. It is an intrinsic property of the material and can be measured as the 
Young’s modulus. On the other hand, rigidity (also called stiffness) is the ability of the 
object to resist deformation upon an applied force, and is measured as the magnitude of 
deformation upon application of a force. Rigidity does not only depend on the elasticity 
of the material, but also on other nanoparticle properties such as size and shape, and the 
applied force12. Nevertheless, the Young’s Modulus is often reported when studying the 
mechanical properties of nanoparticles12.

It has been shown that nanoparticle rigidity can affect the uptake rate in macrophages 
and cancer cells. Most studies indicated that macrophages favour the internalization of 
more rigid nanoparticles6–8,13. The higher uptake of rigid nanoparticles by macrophages 
is thought to contribute, at least in part, to their shorter circulation time compared to 
softer nanoparticles6. Mixed results have been found, instead, for the influence of rigidity 
on nanoparticle uptake by cancer cells6,9,10,14,15. Higher uptake of more rigid nanoparticles 
compared to softer nanoparticles was observed for PEGylated lipid-coated polymer 
nanoparticles (0.76-1.2 GPa) on cervical cancer HeLa cells. Similar results were observed 
when exploring much lower stiffness ranges using hydrogels at different cross linking 
density (10-3000 kPa) on breast cancer 4T1 cells, or in another work with PEGylated PLA 
micelles (165-260 kPa) on melanoma A375 cells6,9,10. On the other hand, softer nanoparticles 
entered more than their rigid counterpart in the case of silica nanocapsules (48-233 MPa) on 
breast cancer MCF-7 cells, and hydrogels (15-156 kPa) on hepatocellular carcinoma HepG2 
cells14,15. Opposing results were found even when using the same cell line (HeLa cells), but 
different nanoparticles systems, thus materials of different properties and different ranges 
of rigidity9,16,17. Palomba et al. suggested that the closer the rigidity of the nanoparticle is 
to the stiffness of the cell membrane, the lower the internalization8. Nanoparticles softer 
than the cell membrane would deform more easily and take the shape of the membrane 
wrapping around them, while the stiffer nanoparticles could be repositioned for optimal 
internalization8,18. Clearly, comparing the outcomes of these and other similar studies to 
attempt drawing conclusions on the effect of nanoparticle rigidity is extremely challenging, 

Abstract

Nanoparticle rigidity is emerging as one of the physico-chemical properties that can 
be tuned to optimize nanomedicine efficacy. Yet, contrasting results on the effects of 
nanoparticle rigidity on cell uptake efficiency have been found. Cells possess different 
proteins capable of sensing and inducing membrane curvature in various endocytic 
pathways. However, the role of these proteins in nanoparticle uptake is still unknown, 
as also how it varies for nanoparticles of different rigidity. Within this context, here we 
have used liposomes and liposome-coated silica as a model system to compare uptake and 
cell behaviour of two nanoparticles of similar size and charge, but different mechanical 
properties. Several methods including high resolution particle flow cytometry, cryoTEM 
and fluorescence correlation spectroscopy were used to characterize the two nanocarriers 
and confirm liposome deposition on the silica nanoparticles. Thus, their corona and cell 
uptake behaviour were compared. We found that uptake of the liposomes was higher 
than for the liposome-coated silica. Then, RNA interference was used to silence the 
expression of a panel of curvature-sensing proteins involved in endocytosis. Several of 
the curvature-sensing proteins tested had effects on nanoparticle uptake. However, no 
differences between the two nanoparticles were observed, despite their different uptake 
levels. These results indicated that curvature-sensing proteins have a role in nanoparticle 
uptake, likely upon mechanical stimulation of the cell membrane, however other factors 
also play a role in determining uptake efficiency. Understanding how nanoparticle rigidity 
affects curvature-sensing proteins and the mechanisms of curvature generation involved 
in nanoparticle uptake may provide new ways to tune nanomedicine outcomes on cells.

Keywords: Curvature-sensing proteins; Liposome-coated silica; Mechanical properties; 
Nanoparticle corona; Nanoparticle uptake 
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proteins (cBAR), extended curvature by F-BAR proteins, or inverse curvature by I-BAR 
proteins25,26. The binding of BAR domains to negatively charged lipids through electrostatic 
interactions stabilizes the curvature of the bent membranes and can induce further 
membrane bending by scaffolding or through insertion of motifs into the lipid bilayer25,26. 
BAR proteins often contain additional domains that facilitate interaction with specific 
lipids or with proteins involved in endocytosis, such as dynamin and the initiator of actin 
polymerization, N-WASP24,25,27. Thereby, these curvature-sensing BAR proteins also play 
a role in various steps of multiple endocytic mechanisms, including in the initiation of 
vesicle formation, vesicle maturation, and vesicle scission23,24,27. Another curvature-
sensing protein with a possible role in endocytosis is Increased Sodium Tolerance 1 (IST1). 
IST1 is part of the ESCRT-III complex involved in budding of the endosomal membrane to 
form multivesicular endosomal bodies28. Nonetheless, McCullough et al. have shown that 
a truncated form of IST1 can, together with another ESCRT-III subunit, also propagate 
tubule formation in the opposite direction (into the cytosol)29.

Next to these and other similar curvature-sensing proteins, cells can induce membrane 
curvature by various mechanisms including via scaffold proteins (e.g. clathrin), via 
rearrangements of the cytoskeleton, as well as upon clustering of transmembrane 
proteins23,27,30. It is likely that similar mechanisms are activated upon interaction of 
nanoparticles with the cell membrane, given also that, because of their size and mechanical 
properties, nanoparticles themselves are able to bend cell membranes, as well as to induce 
sol-gel transitions and affect other properties upon interactions with lipid membranes18,31,32. 
Nevertheless, the details of the mechanism of membrane curvature generation involved 
in nanoparticle uptake are largely unknown, as also how they vary depending on the 
nanoparticle mechanical properties. 

Within this context, in this work, we used liposome and liposome-coated silica as a model 
system to compare uptake and outcomes on cells of two nanoparticles with similar size and 
surface properties, but different rigidity. Liposomes are known to have Young’s modulus in 
the MPa range,33,34 while silica nanoparticles have much higher Young’s modulus in the GPa 
range35. Particular care was taken in optimizing the nanoparticle preparation to ensure 
deposition of a lipid bilayer on the silica cores. The two nanoparticles were characterized 
by a combination of methods, including dynamic light scattering, zeta potential 
measurements, cryoTEM, high resolution particle flow cytometry and fluorescence 
correlation spectroscopy. Then, the corona forming upon interaction with serum and 
the uptake kinetics in HeLa cancer cells were determined and compared. Finally, we have 
explored the role of curvature-sensing proteins in their uptake by silencing the expression 
of a panel of BAR domain proteins and IST1, known to have a role in endocytosis. 
Understanding how nanoparticle mechanical properties affect uptake efficiency by cells 

because not only nanoparticle rigidity is varied, but also many other properties and factors 
that also contribute to uptake mechanism and uptake efficiency, such as nanoparticle 
material, size, charge, as well as the cells tested and exposure conditions.

Next to similar studies where cells are exposed to nanoparticles of different rigidity to 
compare their uptake efficiency, computational simulations have provided different 
insights in the events occurring at the cell membrane when nanoparticles of different 
mechanical properties interact with lipid membranes and receptors. These studies showed 
faster membrane wrapping around nanoparticles with higher elasticity, and suggested 
that because of this, the internalization of harder nanoparticles might be higher than 
for softer nanoparticles9,18,19. Some studies showed deformation and flattening of the 
softer nanoparticle upon wrapping by a lipid membrane9,19–21. Nanoparticle deformation 
increases the energy requirements for full membrane wrapping, thereby reducing 
internalization19–21. In studies where the nanoparticle volume changed upon deformation, 
the contact area between the flattened nanoparticle and the membrane enlarged, resulting 
in increased interactions of nanoparticles with diffusing receptors, thus a decrease in the 
energy barrier for membrane wrapping20,21. On the other hand, in simulations performed 
by Shen and colleagues using nanoparticle volume constraints, the softer nanoparticles 
deformed more, but the contact area with the membrane and the number of receptor 
interactions were similar for nanoparticles with different rigidity. Nevertheless, more 
nanoparticle-receptor interactions were required to overcome the larger energy barrier for 
membrane wrapping of the deformed nanoparticle, suggesting a less efficient uptake for 
softer nanoparticles with a fixed nanoparticle volume19. 

Although computer simulations provide important insights in the events occurring upon 
nanoparticle interactions with lipid membranes and receptors, they do not include many 
other important factors contributing to uptake. Nanoparticles in a complex biological 
environment are covered by a biomolecule corona that affects the interactions at the cell 
membrane and they might interact with multiple receptors simultaneously. Moreover, 
cellular components might facilitate the uptake of nanoparticles, and different endocytic 
mechanisms might be triggered depending on nanoparticle properties, including 
nanoparticle rigidity15,22. 

It is known that inside cells, membrane deformation can be recognized by specific proteins, 
hereafter called ‘curvature-sensing proteins’. Several curvature-sensing proteins have 
been implicated in different endocytic pathways23,24. A large family of curvature-sensing 
proteins contains Bin/Amphiphysin/Rvs (BAR) domains. Proteins with BAR domains 
form a curved region upon dimerization and are capable of recognizing different types 
of curvature, depending on the type of BAR domain, i.e. high curvature by classical BAR 
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(sonication, freeze-thaw cycles and extrusion) good dispersions of liposome-coated silica 
could be obtained, with size and zeta potential comparable to the liposomes (Figure 2a-b). 
The decrease in absolute zeta potential to values closer to liposomes in comparison to bare 
silica further confirmed the deposition of a lipid bilayer onto the silica nanoparticles, as also 
suggested by high resolution flow cytometry (Figure 2c).

As a next step, in order to be able to quantify nanoparticle uptake by cells using flow 
cytometry, the amount of DiI in the bilayer was varied in the range 0.25-1% in respect 
to the total lipid amount (Supplementary Figure S1). The zeta potential increased with 
increasing amounts of DiI, because of its positive charge, and in all cases the zeta potential 
of liposomes and liposome-coated silica was comparable, further suggesting a good 
deposition of the lipid bilayer around the silica cores. Uptake studies on HeLa cells showed 
that incorporation of 1% dye resulted in clearly separated cell fluorescence distributions for 
both nanoparticles already after 3-hour exposure. Therefore, liposomes with 1% Dil were 
used for nanoparticle preparation.

Overall, these results confirmed that the method followed allowed to prepare liposome-
coated silica of comparable size and charge of the liposomes and with a good coverage of 
the silica cores. However, quantification of silica and Dil in the final sample showed that 
upon extrusion a substantial amount of nanoparticles was lost (> 80% loss of the initial 
silica and Dil fluorescence, data not shown). In order to avoid such sample loss, the 
preparation of liposome-coated silica was further optimized by increasing the incubation 
time of liposomes and silica at room temperature after sonication, while excluding freeze-
thaw cycles and extrusion. Additionally, we compared liposome-coated silica prepared in 
this way in PBS or in 5 mM NaCl (a solution of lower ionic strength), as well as with 
increasing lipid to silica mass ratio (from 0.5 to 3) (Supplementary Figures S2 and S3, 
respectively). Comparable results were obtained in PBS and NaCl, and also in terms of lipid 
coverage when increasing the lipid amount. Thus, based on these results, we selected the 
DOPC-Chol liposomes with 1% Dil in PBS and lipid to silica mass ratio 1 as the final 
conditions and used simple mixing and longer incubation at room temperature (without 
freeze-thaw cycle and extrusion) to deposit the lipid bilayer onto the silica nanoparticles. 
In this way, we could obtain homogenous dispersions of liposome-coated silica with sizes 
slightly larger than the liposomes, as determined by DLS, and comparable zeta potential 
(Figure 3a-b). Additionally, characterization of independent preparations by DLS showed 
good reproducibility. High resolution flow cytometry and cryoTEM (Figure 3c-d) confirmed 
deposition of complete bilayers on most silica cores (with some residual liposomes also 
visible by cryoTEM). To reduce presence of liposomes in the LCS sample, the washing steps 
to remove residual liposomes were optimized. Then, for further characterization and 
comparison of the two nanoparticles, fluorescence correlation spectroscopy was used 

and the mechanism of membrane curvature generation involved may provide new ways to 
optimize nanomedicine design and improve their efficacy.

Results

Nanoparticle preparation and characterization
Liposomes and liposome-coated silica (LCS) were selected as a model for nanoparticles 
of similar size and surface property, but different rigidity. Liposomes of 100 nm were 
prepared according to a generally described procedure of rehydration of a lipid film and 
extrusion36. In order to prepare liposome-coated silica, as a first step we used rehydration 
of a lipid film with a silica dispersion 37,38. However, this led to the formation of large 
agglomerates (data not shown). Thus, we followed other reported procedures where pre-
formed liposomes and silica of the same size (100 nm) are mixed together39,40. As a first 
step, liposome-coated silica were obtained by sonicating the mixture in order to burst the 
liposomes open onto the silica nanoparticles. This was followed by additional freeze-thaw 
cycles to further break the liposomes, and extrusion to reduce the polydispersity of the 
final liposome-coated silica.

Using this method, we then tested different lipid mixtures to prepare liposomes and 
ensure efficient coating on the silica nanoparticles (Figure 1). DOPC was selected as a 
common lipid for liposome preparation, as well as for deposition of lipid bilayers onto 
nanoparticles39,40. Next to DOPC liposomes, a mixture of DOPC and cholesterol (molar 
ratio 2:1) (DOPC-Chol) was also used to compare the outcomes with a more rigid bilayer41. 
We then used high resolution particle flow cytometry as a first indication on the deposition 
of the lipid bilayer onto the silica and to determine the eventual presence of residual bare 
silica (Figure 1a). For this, we used a fluorescently labelled silica core and the lipid dye 
1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI) in the bilayer. 
The results showed that when using DOPC liposomes only around 50% of the total events 
recorded had a double fluorescent signal (of both silica and the DiI), while this increased to 
more than 90% when DOPC-Chol liposomes were used. CryoTEM showed that when using 
DOPC liposomes many silica nanoparticles had areas where lipid bilayers were not clearly 
visible (Figure 1b). On the contrary, most silica nanoparticles were covered by a complete 
lipid bilayer when DOPC-Chol liposomes were used. Based on these results, DOPC-Chol 
liposomes were selected for the preparation of liposome-coated silica. 

Using this liposomal composition, dynamic light scattering and zeta potential measurements, 
combined with high resolution particle flow cytometry were performed after each step of 
nanoparticle preparation (Figure 2). The results confirmed that after each preparation step 
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than liposomes (consistent with the slightly larger diameter as obtained by DLS). 
Importantly, both liposomes and liposome-coated silica could be analysed with a single 
component diffusion, suggesting that no residual liposomes were present in the liposome-
coated silica sample after the optimized washing procedure (Figure 3f). Additionally, by 
comparing, for each sample, the concentration of the diffusing nanoparticles (which is 
obtained from the intercept of FCS curve, see Methods for details) with the average 
fluorescence intensity, we calculated a normalized brightness for each sample, which is an 
estimate of the relative fluorescence per particle (Figure 3g, see Methods for details). In 
this way we could determine that the two samples had comparable fluorescence (around 
10% difference). Thus, FCS provided additional confirmation of the comparable size and 
fluorescence of the two samples.

Figure 2. Characterization of liposome-coated silica prepared by extrusion. Silica nanoparticles were mixed with 
preformed DOPC-Cholesterol liposomes containing 0.5% DiI dye and liposome-coated silica were prepared using 
sonication, freeze-thaw cycles, and extrusion. a,b, Size distribution by dynamic light scattering (DLS) and zeta 
potential of silica (100 µg/ml in PBS), liposomes and liposome-coated silica (100 µg/ml lipid in PBS). For DLS (a), the 
size distribution of a representative preparation is shown. For zeta potential (b) the average and standard error of the 
mean over three replicate measurements is shown (except for the extrusion, *, two replicate measurements). DLS results 
showed that after mixing nanoparticle agglomeration was present, however after the following steps and extrusion 
homogenous dispersions of liposome-coated silica were obtained. The decrease in absolute zeta potential to values 
comparable to liposomes in comparison to bare silica was consistent with the deposition of a lipid bilayer onto the silica 
nanoparticles. c, Flow cytometry double scatter plots of liposome-coated silica nanoparticles with DiI in the lipid layer 
and fluorescently labelled silica cores. The percentage of particles with double fluorescence (inside the gate) remained 
comparable upon freeze-thawing or extrusion.

(Figure 3f-g). The average hydrodynamic diameter determined from the diffusion time by 
FCS was overall slightly larger than the DLS results (Figure 3f-g). However, this slight 
difference can be fully attributed to the differences in the experimental methodologies and 
in the data analysis. The diffusion time of the liposome-coated silica was slightly longer 

Figure 1. Characterization of liposome-coated silica obtained using liposomes of different composition. DOPC and 
DOPC-Cholesterol (DOPC-Chol) liposome (2:1 molar ratio) containing the lipophilic dye DiI (0.25%) were used to prepare 
liposome-coated silica (LCS) by mixing, sonication, freeze-thaw cycles and extrusion (see Methods for details). High 
resolution flow cytometry and cryoTEM were used to compare the samples obtained. a, Flow cytometry double scatter 
plots of liposome-coated silica nanoparticles with DiI in the lipid layer and fluorescently labelled silica core. The gate 
for liposome-coated silica was set based on bare silica. The events recorded inside this gate correspond to nanoparticles 
with double fluorescence (Dil and silica). The percentage of events in the gate increased to around 92% for liposome-
coated silica prepared using DOPC-Chol liposomes. b, CryoTEM image of liposome-coated silica stained with OsO4. The 
cryoTEM images showed that when using DOPC liposomes, many liposome-coated silica were only partially covered by 
a bilayer (the arrows indicate areas where a bilayer was not visible). In contrast, most silica were covered by full lipid 
bilayers when DOPC-Chol liposomes were used. Scale bar, 50 nm.
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< Figure 3. Characterization of optimized liposomes and liposome-coated silica. Liposome-coated silica (LCS) were 
prepared by mixing 100 nm silica nanoparticles with DOPC-Chol liposomes (1% Dil) and sonication (see Methods for 
details). a, Schematic illustration of the two nanoparticles. b, c, Size distribution by dynamic light scattering (DLS) and 
zeta potential of liposomes and liposome-coated silica (50 µg/ml lipid in PBS). For DLS (b), the size distribution of a 
representative preparation is shown. For zeta potential (c) the average and standard error of the mean zeta potential 
over three independent preparations is shown (For the silica, instead, the results are the average and standard error of 
the mean over three measurements of a representative dispersion of 100 µg/ml silica in PBS). d, Flow cytometry double 
scatter plots of liposome-coated silica nanoparticles with DiI in the lipid layer and fluorescently labelled silica cores. 
Around 97% of the events recorded had double fluorescence. e, CryoTEM image of liposome-coated silica, confirming 
for most silica a coverage with a complete lipid layer (an example of a silica nanoparticle coated only partially with lipids 
is included and indicated with a black arrowhead). Scale bar, 50 nm. f, Experimental FCS curves of liposomes (filled 
circles) and LCS (empty circles); curve fit of the experimental curves according to a one component 3D normal diffusion 
model (continuous lines, see Methods for details) g, From the FCS data, the hydrodynamic diameter, concentration and 
brightness of the nanoparticles was calculated for two independent preparations (batches). All curves could be analysed 
with a single component diffusion, suggesting that no residual liposomes were present in the liposome-coated silica 
sample. Both DLS and FCS showed that liposome-coated silica and liposomes had comparable size, with slightly larger 
values for the liposome-coated silica. Their zeta potential was also comparable, as was their brightness estimated from 
FCS data (see Methods for details). 

Cellular uptake of liposomes and liposome-coated silica
Next, we compared the behaviour of the two nanoparticles upon exposure to FBS. It is 
known that proteins and other biomolecules present in the cell culture medium adsorb 
on the nanoparticle surface forming a corona which can affect the stability and cell 
interactions42,43. Nanoparticle size and charge are known to affect corona formation. 
However, the effects of nanoparticle mechanical properties on the composition of this layer 
have not been explored yet. 

DLS results showed that both the liposomes and liposome-coated silica did not agglomerate 
upon exposure to FBS and were stable for at least 24 hours at 37 oC (Figure 4a). Thus, the 
corona-coated nanoparticles were isolated using previously optimized methods based on 
size exclusion chromatography36. The same procedure was followed for both nanoparticles 
to allow direct comparison. DLS confirmed isolation of well-dispersed corona-coated 
nanoparticles with comparable zeta potential (Figure 4b-c, respectively). Quantification 
of the proteins recovered on the isolated nanoparticle-corona complexes showed that 
a similar amount of proteins adsorbed on the surface of both liposomes and liposome-
coated silica (Figure 4d). Very similar band patterns were obtained for the two samples by 
SDS-PAGE, suggesting that the corona composition was also comparable (Figure 4e). 

Next, HeLa cells were used  as common cell model to compare uptake efficiency and kinetics 
for the two nanoparticles9,16,17. Since FCS confirmed that the fluorescence per particle 
was similar (within 10% difference) (Figure 3e), the fluorescence of cells after incubation 
with liposomes or LCS could directly be compared to infer relative nanoparticle uptake. 



Chapter 3 - Preparation and cell uptake of liposome and liposome-coated silica

3

9190

< Figure 4. Characterization of the liposome and liposome-coated silica in FBS. a, Size distribution by dynamic light 
scattering (DLS) of liposomes and liposome-coated silica at 100 µg/ml lipid in complete cell culture medium with 10% 
FBS after 0, 3, or 24 hours of incubation at 37 oC and 5% CO2. Each measurement was repeated three times and the 
results of a representative measurement are shown. Both liposomes and liposome-coated silica were stable in presence 
of proteins and up to 24 h in the conditions applied for exposure to cells. A small peak around 10 nm was observed 
in the liposome samples from the free serum proteins in solution. b-d, The corona-coated nanoparticles formed upon 
exposure to FBS were isolated as described in the Methods. b, Size distribution by DLS and c, zeta potential of isolated 
corona-coated liposomes and liposome-coated silica (50 µg/ml lipid in serum-free MEM). The size distribution and 
the average zeta potential with standard error of the mean over four independent isolations are shown. The isolated 
corona-coated samples had a similar size and zeta potential for both nanoparticles. d, The protein and lipid amount 
of the recovered corona-coated liposomes and liposome-coated silica were determined to calculate the relative lipid-
to-protein ratio. The average and standard error of the mean over four independent isolations of nanoparticle-corona 
complexes is presented. Comparable protein amounts were recovered on both samples. e, SDS-PAGE gel image of the 
proteins recovered in the corona formed on liposome and liposome-coated silica (using the same amount of lipid). FBS 
and a marker (M) were also loaded. The image of a representative SDS-PAGE gel image out of four independent replicate 
experiments is shown. In all cases a comparable band pattern was observed for the corona proteins of liposomes and 
liposome-coated silica, with some minor differences in band intensity.

Figure 5. Uptake of liposomes and liposome-coated silica by HeLa cells. a, Fluorescence of HeLa cells exposed to 50 
µg/ml lipid of liposomes or liposome-coated silica (LCS) in complete cell culture medium with 10% FBS (cMEM) as 
obtained by flow cytometry.  b, Fluorescence of HeLa cells exposed to 50 µg/ml lipid of liposomes or liposome-coated 
silica in cMEM in standard conditions (untreated) or after energy depletion by sodium azide (NaN3) as measured by flow 
cytometry. For all panels, the results are the average median fluorescence and standard error of the mean over three 
samples of a representative experiment. Other independent experimental replicates can be found in Supplementary 
Figure S4 (error bars are included in all results, however in some cases they are not visible because too small). The results 
indicated that uptake was higher for the liposomes than for liposome-coated silica, and nanoparticles were internalized 
in an energy-dependent manner.

Because of their size and mechanical properties, nanoparticle interactions with the 
cell surface might induce membrane deformation which can be detected by curvature-
sensing proteins. To determine whether curvature-sensing proteins play a role in the 
internalization of nanoparticles and whether their involvement varies for nanoparticles 
of different mechanical properties, we selected a panel of curvature-sensing proteins and 
studied their role in the uptake of the two nanoparticles by silencing their expression 
using RNA interference. Proteins were selected based on previous observations on their 
involvement in different endocytic pathways, mainly clathrin-mediated endocytosis (see 

The uptake kinetics indicated that liposomes were internalized faster and more than the 
liposome-coated silica in medium containing FBS (Figure 5a and Supplementary Figure 
S4). For both nanoparticles, energy depletion by sodium azide strongly reduced uptake, 
indicating that both nanoparticles entered cells through an active process (Figure 5b and 
Supplementary Figure S4).
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Supplementary Table S1 for details). We previously showed that silencing the expression of 
these proteins with the same RNA constructs in HeLa cells reduced their expression of >80 % 
for most targets (~60% reduction for BIN2, AMPH1, and FCHO1) (Francia et al, unpublished 
results). First results in standard cell culture medium containing 10% FBS proteins showed 
little effects on nanoparticle uptake upon silencing (Supplementary Figure S5). It is known 
that free proteins in the serum can compete with nanoparticles thereby reducing their 
uptake44,45. Thus, FBS corona-coated nanoparticles were first isolated before exposure to 
silenced cells. As expected, higher uptake was observed when corona-coated nanoparticles 
were added to cells in serum-free conditions. In this way, we could determine that many of 
the selected targets reduced the uptake of both liposomes and liposome-coated silica to 50-
80% in respect to the uptake in cells silenced with a scramble RNA construct (as a negative 
control) (Figure 6). These results indicated that several curvature-sensing proteins do play 
a role in nanoparticle uptake. Nonetheless, no differences were observed in their effects for 
liposome and liposome-coated silica, despite their different uptake efficiency. Preliminary 
studies where nanoparticles were dispersed in a medium with human serum, instead 
of FBS, showed that also with a human serum corona, several of the selected curvature-
sensing proteins had an effect on nanoparticle uptake, again with similar effects for both 
liposomes and liposome-coated silica (Supplementary Figure S6). However, in this case the 
uptake was higher for the corona-coated complexes formed on liposome-coated silica than 
for liposomes. Similarly, early tests on cells exposed to the two nanoparticles in serum-free 
medium showed that uptake was higher for the liposome-coated silica (Supplementary 
Figure S7). Although preliminary, these results suggested that the effect of nanoparticle 
rigidity on uptake also depends on exposure conditions and the corona formed on the 
nanoparticles.

Discussion and conclusions

Coating of silica with liposomes was optimized in order to obtain two nanoparticles with 
similar surface properties, but different rigidity. Liposomes typically have Young’s moduli 
in the MPa range, while silica nanoparticles in the GPa range33–35. This allowed us to compare 
cellular interactions with two nanoparticles of similar size, shape and charge, but different 
mechanical properties12,46. After careful optimization, different methods were used to 
characterize the two nanoparticles and to confirm that with the optimized procedure we 
could obtain liposome-coated silica with a good bilayer coverage on most nanoparticles, 
comparable size and zeta potential, and also comparable fluorescence to the liposomes. 

Figure 6. Involvement of curvature-sensing proteins in uptake of liposomes and liposome-coated silica with a FBS 
corona. RNA interference was used to silence the expression of a panel of curvature-sensing proteins in HeLa cells, 
together with a scrambled siRNA as a negative control. Then corona-coated liposomes and liposome-coated silica (LCS) 
formed after dispersion in FBS were isolated and their uptake (50 µg/ml lipid in serum-free MEM) was determined by 
flow cytometry a, Average and standard error of the mean of the median cell fluorescence intensity obtained in three 
independent experiments. The dashed line indicates the average fluorescence of control cells as a reference. b, The 
same results of panel a are shown after normalization for the uptake in cells transfected with the negative control 
siRNA. Dashed lines at 100% and 60% uptake are shown as a reference. The results show that multiple curvature-
sensing proteins are involved in the uptake of both liposomes and liposome-coated silica and with similar effects for 
the two nanoparticles.
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results suggest that further research is required to investigate in more detail the effect of 
nanoparticle rigidity on both corona composition and targeting in relation to nanoparticle 
uptake efficiency. Similarly, nanoparticle mechanical properties may also affect the uptake 
mechanisms and a different uptake mechanism may explain the observed differences in 
uptake efficiency. For instance in a study by Guo et al. different uptake mechanisms were 
reported for softer (Young’s Moduli of ~45 kPa) and more rigid nanoparticles (Young’s 
Moduli of ~19 MPa) and uptake was higher for the softer nanoparticles22. However, 
in another study Sun and colleagues showed that uptake was higher for more rigid 
nanoparticles (with Young’s moduli of ~1.2 GPa and 0.8 GPa for the more rigid and softer 
nanoparticles, respectively), despite that they were both internalized by clathrin-mediated 
endocytosis9. In similar cases, where the same mechanism of uptake may be involved, it 
would be important to determine how nanoparticle mechanical properties affect uptake 
rate.

Within this context, here we hypothesized that nanoparticles of different mechanical 
properties once approaching the cell membrane may bend and stimulate the membrane 
to different extent 9,18. This, in turn, could activate and recruit different curvature-sensing 
proteins at the cell membrane and in this way contribute to differences in uptake efficiency 
(for instance by triggering different uptake mechanisms). Curvature-sensing proteins are 
known to be involved in many uptake mechanisms, however their role in nanoparticle 
uptake has not been explored, nor how it varies depending on nanoparticle mechanical 
properties. Our results showed that many curvature-sensing proteins are implicated in 
nanoparticle uptake, and interestingly the proteins were involved to a similar extent in the 
uptake of both nanoparticles, despite their different uptake efficiency (Figure 7). Several 
possible explanations can be proposed. It is possible that both nanoparticles were relatively 
rigid compared to the cell membrane of HeLa cells (~100 kPa50) and because of this induced 
membrane curvature that was recognized by the same curvature-sensing proteins. The 
different uptake rate could then be due to a difference in membrane wrapping time of 
the particles because of their different deformability9,18,19. Another possible explanation is 
that, despite the involvement of the same curvature-sensing proteins, the liposomes and 
liposome-coated silica entered cells through different endocytic mechanism, and this 
may explain the different uptake efficiency. It is known that several of these proteins are 
involved in multiple uptake pathways (see Supplementary Table S1)24,26,51,52. 

Further studies, including computational studies, are needed and may help to understand 
in more detail the observed role of curvature-sensing proteins in nanoparticle uptake and 
how it varies depending on nanoparticle mechanical properties. Changing nanoparticle 
size, next to nanoparticle mechanical properties, may provide further insights into this 
question, given that BAR domains also have a different size and curvature, and this 

We then explored their stability in serum and compared, to a first qualitative level by 
SDS-PAGE, their corona composition. Nanoparticle mechanical properties may as well 
influence interactions with proteins and in this way lead to the formation of a different 
corona, however this is still an unexplored question. SDS-PAGE showed similar band 
patterns for the corona proteins recovered from the two samples. More detailed proteomic 
studies are needed to determine whether more subtle differences not visible by SDS-PAGE 
are present, for instance in the relative abundance of some of the identified bands. 

Accordingly, uptake levels were compared in HeLa cells and we found that both 
nanoparticles entered in an energy dependent manner, but liposome uptake was higher 
than for the more rigid liposome-coated silica. Contrasting results are found in literature 
on the effect of nanoparticle rigidity on uptake efficiency6,9,10,14,15. Often, different cells were 
used, and different cells types are likely to respond differently to changes in nanoparticle 
rigidity. Even when trying to compare our results to studies using HeLa cells9,16,17, many 
other factors affecting uptake by cells are different, including for example nanoparticle 
material, size, and shape. Additionally, it is important to consider that rigidity not only 
changes with nanoparticle elasticity (as expressed by the Young’s modulus) but is also 
affected by nanoparticle size and shape, making it difficult to conclude on the effect of 
nanoparticle rigidity (which is affected by all these parameters)8,10,12,19,46. In this regard, the 
system chosen here presents some advantages in that it allows direct comparison of two 
nanoparticles of comparable size and shape, but different mechanical properties.

A very interesting, though preliminary, observation was that even when using the same cells 
and nanoparticles, uptake preferences changed when a human serum corona was formed 
(instead of FBS) or for nanoparticles added to cells in serum-free conditions (Supplementary 
Figures S6-7). In these conditions we found higher uptake for the liposome-coated silica. 
These results suggested that the effect of nanoparticle rigidity on uptake also depends on 
exposure conditions and details of the corona formed on the nanoparticles. Proteins in the 
corona can function as receptor ligands47,48, thus whether nanoparticle uptake correlates 
positively or negatively with nanoparticle rigidity might also depend on specific receptor 
interactions when different coronas are present on the nanoparticles. In line with this, 
other studies showed that nanoparticle mechanical properties affected the receptor 
interactions of targeted nanoparticles6,49. Anselmo and colleagues observed that modifying 
PEGylated hydrogels (~200 nm) with anti-ICAM antibodies magnified the difference in 
uptake between soft (10 kPa) and hard (3000 kPa) nanoparticles, with higher uptake for the 
harder nanoparticle6. Similarly, Hui et al. found that attachment of folic acid to PEGylated 
silica nanocapsules (~150 nm) of different mechanical properties increased the uptake of 
the rigid nanocapsules (9.7 GPa) more than for the softer nanocapsules (704 kPa) by folate-
receptor expressing cells, thereby magnifying their difference in uptake efficiency49. These 
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200 µl PBS after the last centrifugation. The final LCS concentration was determined by 
measuring the fluorescence of Dil using a SpectraMax Gemini XPS (Molecular Devices) 
with excitation 544 nm, emission 600 nm, and 570 nm cut-off. A standard curve was made 
by serial dilution of the Dil-labelled liposomes in PBS.

Nanoparticle characterization
Hydrodynamic size by dynamic light scattering and zeta potential of the liposomes and LCS 
were measured on a Malvern ZetaSizer Nano ZS (Malvern Instruments) after dispersion 
in water, PBS and MEM cell culture medium supplemented with 10% FBS (cMEM). The 
dispersions in 10% FBS were also characterized after incubation at 37 oC and 5% CO2 for 
different periods of time. Each sample was measured at least twice with a minimum of 10 
runs per measurement.

The fluorescence per particle was determined by fluorescence correlation spectroscopy 
using a Leica TCS SP8 confocal microscope (Leica Microsystems GmbH) equipped with 
a Pico-Quant FCS modulus (PicoQuant). The nanoparticles and an aqueous dispersion 
of Alexa Fluor 568 for calibration were measured in wells of Lab-Tek Chambered 1.0 
Borosilicate Coverglass System (Nalge Nunc International) using a 63x water immersion 
objective and a DPSS laser with 561 nm excitation. Emission at 571-600 nm was acquired 
with a Hybrid SMD detector. Specifically, for calibration a 10 nM aqueous solution of Alexa 
Fluor 568 was employed; for the particles, stock solutions of approximately 5 mg/mL lipid 
concentration, were diluted to reach a lipid concentration between 0.1 and 0.2 mg/mL in 
the wells. The concentration of particles in solution was then determined through FCS. 
In FCS, the fluctuations in fluorescence intensity over time (δI(t)) are analysed with an 
autocorrelation function. For Brownian motion of a single component in the confocal 
volume (3D-Gaussian shape), the FCS curves can be modelled according to the following 
equation: 
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, particle diffusion time; S, the structural parameter 
of the detection volume (S=z0/w0 with w0 and z0 lateral and axial parameters, respectively, 
determined through calibration). From the diffusion time
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, the diffusion coefficient of 
the diffusing species D was calculated using the following equation:
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affects the diameter of the tubular structures that they can form25. In line with this, both 
computational and experimental studies have shown that the effect of elasticity on uptake 
rate was found to be stronger when also nanoparticle size and shape were varied8,10,19. 

Overall, given the clear effects of nanoparticle mechanical properties on uptake by cells, a 
better understanding of how nanoparticle mechanical properties affect uptake mechanism and 
efficiency by cells may provide new ways to tune their design to optimize nanomedicine efficacy. 
Defining the role of curvature-sensing proteins in nanoparticle uptake and characterizing the 
uptake mechanism induced constitute important steps towards this direction.

Methods

Liposome preparation
Liposomes were prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 
cholesterol (Avanti Polar Lipids) dissolved in chloroform and mixed in a 2:1 molar ratio 
unless mentioned otherwise. The fluorescent lipophilic dye 1,1´-dioctadecyl-3,3,3´,3´-
tetramethylindocarbocyanine perchlorate (DiI) (Sigma-Aldrich) was added at 0%-1% 
(mol DiI/total mol) during the optimization and 1% (mol DiI/total mol) in the optimized 
condition. The chloroform of the lipid mixture was evaporated with nitrogen, and the lipid 
mixture was dried overnight under vacuum. The lipid film was rehydrated in Dulbecco’s 
Phosphate Buffered Saline (PBS; Gibco) to 5-10 mg lipid/ml and sonicated for 5 minutes. 
To obtain liposomes of uniform size, the mixture underwent 8 freeze-thaw cycles using 
liquid nitrogen and a water bath at ~37oC, and was extruded 21 times through a 100 nm pore 
polycarbonate membrane using Avanti Mini-extruder (Avanti Polar Lipids).

Preparation of liposome-coated silica
Green-fluorescently labelled and unlabelled plain silica of 100 nm diameter were purchased 
from Micromod Partikel technologie GmbH and used for optimization of the lipid coating 
and cellular experiments respectively. Liposome-coated silica particles (LCS) were prepared 
by adding the liposomes to the silica in a 1:1 weight ratio in PBS. Other lipid to silica ratio’s 
and a 5 mM NaCl solution were used during the optimization when indicated in the main 
text. The mixture was shortly vortexed and sonicated for 10 minutes at room temperature 
in a bath sonicator, followed by at least one-hour incubation at room temperature with 
regular mixing by pipetting. Additional 8 freeze-thaw cycles and 21 passages through a 200 
nm pore polycarbonate membrane using Avanti Mini-extruder (Avanti Polar Lipids) were 
tested during the optimization. The excess of liposomes was removed by centrifugation at 
10,000 x g for 10 min, removal of the supernatant, and manual resuspension of the pellet 
in PBS. The washing procedure was repeated twice, and the pellet was resuspended in 100-
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nanoparticles were isolated by size exclusion chromatography using a Sepharose CL-4B 
column (Sigma-Aldrich), as described previously36. The column was equilibrated with MEM 
without phenol red (Gibco), which was also used for elution. The presence of liposomes 
or LCS in the eluted fractions (0.5 ml) was determined by measuring the absorbance of 
proteins and DiI at 280 nm and 549 nm respectively on a Nanodrop One Microvolume UV-
Vis Spectrophotometer (Thermo Fisher Scientific). The fractions absorbing at both 280 
nm and 549 nm were pulled together. The final lipid concentration was determined by 
measuring the fluorescence of DiI with excitation of 544 nm, emission 600 nm, and 570 
nm cut-off on a SpectraMax Gemini XPS fluorescent plate reader (Molecular Devices), and 
comparing it to a standard curve made from the liposome stock.

The protein concentration was determined using Bio-Rad DC protein assay (Bio-Rad 
Laboratories, Inc.) according to manufacturer’s protocol. Briefly, 25 µl of the reagent AS 
was added to 5 µl of sample. After adding 200 µl of reagent B, the sample was incubated 
15 minutes in dark. The absorbance at 700 nm was measured on a Synergy H1 plate reader 
(BioTek Instruments). A calibration curve made from a serial dilution of BSA in PBS was 
used to calculate the protein concentration.

Before corona protein separation by gel electrophoresis, corona-coated liposomes were 
concentrated using cellulose spin filters with a cut-off of 10 kDa (Millipore). The filters 
were spun at 15,000 x g and 15 oC till the volume was reduced. Corona-coated LCS were 
concentrated by centrifugation for 10 min at 15,000 x g and resuspension of the LCS pellet 
in a smaller volume of PBS. The final lipid concentration of the concentrated corona-coated 
liposome and LCS was determined based on the DiI fluorescence as described above. The 
proteins of the corona from the concentrated liposome and LCS were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Samples corresponding 
to 15 µg lipid were mixed with 4x loading buffer (200 mM Tris -HCl, 400 mM DTT, 8% SDS, 
0.4% bromophenol blue and 40% glycerol) and boiled for 5 min at 95 oC before loading it on a 
10% polyacrylamide gel (15 µg lipid/lane). FBS (30 µg) was loaded as a control, and Precision 
Plus protein all blue standard (Bio-Rad Laboratories, Inc.) as a marker. After running the 
gel for 90 min at 100 V, the gel was stained for 1 hour with 0.1% Coomassie blue R-250 
in water/methanol/glacial acetic acid solution (5:4:1, v/v) to visualize the proteins. Excess 
staining was removed by boiling the gel for 30 min in water and incubating it for at least 
one day in water. Images were taken with a ChemiDoc XRS (Bio-Rad Laboratories, Inc.).

which is applied if the diffusing objects are of comparable hydrodynamic radius (Rh) as 
the detection volume53. Then, from the estimated diffusion coefficient, the hydrodynamic 
radius was calculated through the Stokes-Einstein equation. 

From the number density of particles (N) and the structural parameter values estimated 
from the calibration procedure, the concentration of the diffusing objects in each sample 
was determined.
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Finally, from FCS data the relative nanoparticles brightness was calculated as the ratio 
between the average fluorescence intensity of the sample and the concentration of diffusing 
particles in the same sample, measured in the same experimental conditions.

High resolution flow cytometry was performed using a flow cytometer Cytoflex S (Beckman 
Coulter) with 405 laser for the detection of SSC, a 488 nm laser and 525/40 nm filter to 
detect the green-fluorescently labelled silica and 561 nm laser with a 585/42 nm filter to 
detect DiI in the lipid bilayer. As controls, PBS, liposomes, and bare silica were measured. 
Samples were highly diluted in PBS to obtain 1000-3500 events/s and 50,000 events were 
acquired per sample. Background signal was removed by putting thresholds in the FITC 
or PE channels for liposome or LCS and silica samples respectively. Bare silica was used to 
gate the particles with double fluorescence (DiI and silica) with FlowJo (version 10).

The lipid coverage of the liposome-coated silica nanoparticles was further characterized 
by cryo transmission electron microscopy (cryoTEM). When mentioned in the results, the 
sample was stained with 1% OsO4 solution in water (Sigma Aldrich) at a 1:1 volume ratio 
for 5 minutes. The LCS were spun down for 1 min at 10,000 x g and resuspended in PBS 
(or NaCl when the LCS were prepared in NaCl for optimization). The sample was loaded 
on a carbon-coated copper grid (Quantifoil 3.5/1, Quantifoil Micro Tools) (3 µl/grid) and 
rapidly frozen with liquid ethane using FEI Vitrobot (Thermo Fisher Scientific). Images 
were acquired on a FEI Tecnai T20 cryo-electron microscope (Thermo Fisher Scientific) 
equipped with a Gatan model 626 cryo-stage operating at 200 keV, and with a slow-scan 
CCD camera.

Corona isolation and characterization
In order to keep the same ratio of protein to nanoparticle surface area for the isolation 
of corona-coated nanoparticles as used for cell experiments in cMEM, 500 µg lipid/ml 
of liposomes and LCS were incubated in full foetal bovine serum (FBS; Gibco) (roughly 
corresponding to 52 mg/ml proteins) for 1 hour at 37 oC while shaking. Hard corona-coated 
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Data analysis
The DLS data is depicted as a representative size distribution and the zeta potential is 
shown as the mean and standard error of the mean over three repeated measurements 
of the same solution in case of the optimization and over three to four independent 
preparations after optimization, unless stated otherwise. The uptake kinetic and sodium 
azide results are presented as the mean with the standard error of the mean (SEM) over 
three samples within one experiment. RNA interference data were normalized to the 
negative control siRNA data and the average normalized fluorescence of each independent 
experiment is depicted together with the mean and standard error of the mean over the 
three independent experiments. The graphs were made with Graphpad Prism version 5.'
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Cell culture
HeLa cells (ATCC CCL-2) were cultured in complete medium (cMEM) consisting of MEM (Gibco) 
supplemented with 10% FBS (Gibco) at 37 oC and 5% CO2, and split when confluent. Cells were 
monthly checked to be mycoplasma free, and used until 20 passages after defrosting.

Uptake kinetics and sodium azide
HeLa cells (30,000 cells/well for long uptake kinetics and 50,000 cells/well for NaN3 
treatment) were seeded the day before in a 24-well cell-culture plate (Greiner Bio-One). 
Subsequently, cells were exposed to liposomes or LCS (50 µg/ml lipid) in cMEM at 37 oC and 
5% CO2 for the indicated times. In case of NaN3 treatment, cells were first incubated 30 min 
with 5 mg/ml NaN3 in cMEM, before exposing the cells to the nanoparticle solution with 5 
mg/ml NaN3 in cMEM. Untreated cells were used as control.

RNA interference
The Silencer Select siRNA constructs were purchased from Thermo Fisher Scientific (see 
Supplementary Table S2). Scrambled siRNA (Silencer Select negative control no. 1, Thermo 
Fisher Scientific) was used as a negative control. The day before RNA interference, 13,000 
HeLa cells were seeded per well of a 24-well cell-culture plate (Greiner Bio-One). For each 
well, 10 pmol siRNA was mixed with 1 µl Oligofectamine (Life Technologies) in OptiMEM 
(Gibco) and incubated for 20 minutes at room temperature. Next, the siRNA-oligofectamine 
complex was diluted in serum-free MEM to 250 µl and added to cells that were washed once 
with serum-free medium. After 4 to 5 hours of incubation, MEM with 30% FBS was added 
to the cells to obtain a final concentration of 10% FBS. After 72 hours, cells were exposed for 
24 hours to freshly isolated FBS corona-coated liposomes or LCS in serum-free MEM (50 
µg lipid/ml), prior to collection for flow cytometry.

Flow cytometry of cells
To collect cells for flow cytometry, the nanoparticle dispersion was removed and cells were 
washed once with cMEM and twice with PBS. Cells were detached by incubation with 
0.05% trypsin-EDTA (Gibco) in PBS for 5 min at 37 oC. The trypsin was stopped by addition 
of cMEM and cells were harvested. The cell suspension was spun 5 min at 300 x g and 
the cell pellet was resuspended in 100 µl of PBS before flow cytometry measurement on a 
Cytoflex S (Beckman Coulter, Inc.) or BD FACSArray (BD Biosciences). The fluorescence 
of the DiI dye was used as a measure for nanoparticle uptake. Cells were gated in forward 
scatter area vs side scatter area, and single cells were selected in forward scatter height vs 
forward scatter area. At least 15,000 single cells were acquired per sample. The data were 
analysed with FlowJo (version 10; FlowJo, LLC). For each condition, three replicate samples 
were prepared, unless specified and experiments were repeated multiple times to confirm 
the outcomes (as specified in Figure captions).
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Supplementary information

Supplementary Table S1. Curvature-sensing proteins and their role in endocytosis and vesicle formation.

Curvature-sensing 
protein

BAR domain* Endocytic pathway** Role in membrane remodeling Ref.

FCHO1 and FCHO2 F-BAR Clathrin mediated endocytosis Recruits Epsin15 and AP2 required for 
clathrin coat formation

1

FBP17 F-BAR Clathrin mediated endocytosis 
and clathrin independent 
endocytosis

Recruits dynamin for vesicle scission 
and can interact with actin.

2–4

PACSIN2 F-BAR Caveolae mediated endocytosis Recruits dynamin for vesicle scission 
and can interact with both actin and 
caveolae.

2,5–7

Sorting nexin 9 
(SNX9)

cBAR Clathrin mediated endocytosis, 
macropinocytosis, and GLIC/
GEEC endocytosis

Binds to phosphatidylinositol lipids.
Recruits dynamin for vesicle scission 
and can interact with both actin and 
clathrin adaptors.

8–12

Endophilins 
(SH3GL1, SH3GL2, 
SH3GL3)

cBAR Clathrin mediated endocytosis 
(non-essential) and clathrin 
independent endocytosis

Mediates membrane bending 
and vesicle scission together with 
dynamin and actin.

13–17

GRAF1 cBAR GLIC/GEEC endocytosis Binds to phosphatidylinositol lipids.
Recruits dynamin for vesicle scission 
and GTPases of the Rho-family 

18,19

BIN1 cBAR Depending on the isoform Mediates membrane bending
Recruits dynamin for vesicle scission
Certain isotypes interact with actin, 
endophilin and AP2 for clathrin coat 
formation.

20–24

BIN2 cBAR Unclear (Inhibition of 
phagocytosis)

Heterodimerizes with BIN1
Binds to phosphatidylinositol lipids

25,26

AMPH1 cBAR Phagocytosis and clathrin 
mediated endocytosis

Mediates membrane bending
Recruits dynamin for vesicle scission
Regulates actin polymerization

20,27,28

IST1 Endosomal vesiculation Mediates vesicle scission. 29,30

*  Three types of bar-domains: classical BAR (cBAR; highly curved), F-BAR (elongated curvature), or I-BAR (inverse 
curvature)

** These pathways are not exclusive. The involvement of the proteins in other pathways might not have been studied.
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Supplementary Table S2. The Silencer Select siRNA constructs against curvature-sensing proteins purchased from 
Thermo Fisher Scientific.

Target Abbreviation siRNA construct ID

Rho-GTPase Activating Protein 26 GRAF1 s23014

Endophilin A2 SH3GL1 s12796

Endophilin A1 SH3GL2 s12799

Endophilin A3 SH3GL3 s12802

Formin Binding Protein 1 FBP17 s22916

Bridging Integrator 1 (Amphiphysin 2) BIN1 s1342

Bridging Integrator 2 BIN2 s28102

Amphiphysin AMPH1 s1337

Sorting Nexin 9 SNX9 s28123

Protein Kinase C And Casein Kinase Substrate In Neurons 2 (Syndapin 2) PACSIN2 s22216

Increased Sodium Tolerance 1 IST1 s18939

F-BAR domain only proteins 1 FCHO1 s225935

F-BAR domain only proteins 2 FCHO2 s41822

> Supplementary Figure S1. Characterization of liposome-coated silica prepared using different DiI dye amounts. 
Silica nanoparticles were mixed with preformed DOPC-cholesterol liposomes containing different amounts of DiI dye 
ranging from 0% to 1% (molar). Then, liposome-coated silica (LCS) were prepared using sonication, freeze thawing and 
extrusion. a,b, Size distribution by dynamic light scattering (DLS) and zeta potential of liposomes and liposome-coated 
silica (100 µg/ml lipid in water).  Additionally, the zeta potential of silica was measured in water (100 µg/ml). For DLS (a), 
a representative size distribution out of three measurements is shown (except for the 0% dye, *, two measurements) 
and for zeta potential (b) the average and standard error of the mean over three measurements. DLS results showed 
that homogenous dispersion of similar size were obtained for the liposomes and liposome-coated silica prepared with 
different amounts of dye, with slightly larger size for the liposome-coated silica with 1% dye. The zeta potential of both 
liposomes and LCS increased with the percentage of DiI dye, as expected due to its positive charge. c, Flow cytometry 
histograms of HeLa cells exposed for 3 or 28 hours to the different liposomes or liposome-coated silica nanoparticles 
(50 µg/ml lipids in culture medium containing 10% FBS). HeLa cells without nanoparticle exposure were used as control 
(0 h). Two samples were measured for all conditions except for liposome-coated silica with 0.25 % and 0.5% DiI dye 
for which one sample was measured, and both liposomes and liposome-coated silica with 0.5% dye were measured 
in triplicate after 28 hour incubation. The fluorescence distributions were well separated already at 3 hours for the 
liposomes and liposome-coated silica with 1% DiI dye. Uptake of liposomes was higher than of liposome-coated silica in 
all conditions, except for the samples exposed for 28 hours to nanoparticles with 0.25% dye. 
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< Supplementary Figure S2. Characterization of liposome-coated silica prepared in PBS or 5 mM NaCl. Silica 
nanoparticles were mixed with preformed DOPC-cholesterol liposomes containing 1% DiI dye in PBS or 5 mM NaCl 
and liposome-coated silica (LCS) were prepared using sonication followed by incubation at room temperature. a,b, Size 
distribution by dynamic light scattering (DLS) and zeta potential of liposomes and liposome-coated silica (50 µg/ml lipid 
in water). For DLS (a), a representative size distribution out of three measurements is shown and for zeta potential (b) 
the average and standard error of the mean over three measurements. DLS results showed homogenous dispersions of 
liposomes and liposome-coated silica for both preparation buffers with comparable size. The decrease in absolute zeta 
potential to values comparable to liposomes in comparison to bare silica was consistent with the deposition of a lipid 
bilayer onto the silica nanoparticles for both preparation buffers. c, Flow cytometry double scatter plots of liposome-
coated silica nanoparticles with DiI in the lipid layer and fluorescently labelled silica cores. The percentage of particles 
with double fluorescence (inside the gate) was comparable using either preparation buffer. d, CryoTEM images of 
liposome-coated silica prepared in NaCl or PBS. For most silica a coverage with a complete lipid layer was observed using 
either NaCl or PBS for the preparation. Scale bar, 50 nm.
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Supplementary Figure S3. Characterization of liposome-coated silica prepared using different lipid-to-silica ratios. 
Silica nanoparticles were mixed with preformed DOPC-cholesterol liposomes containing 1% DiI dye in a lipid-to-silica 
mass ratio ranging from 0.5 to 3. The liposome-coated silica (LCS) were prepared using sonication and incubation at 
room temperature. a,b, Size distribution by dynamic light scattering (DLS) and zeta potential of silica (50 µg/ml in 
water or PBS), liposomes and liposome-coated silica (100 µg/ml lipid in water or PBS). For DLS (a), a representative 
size distribution out of three measurements is shown and for zeta potential (b) the average and standard error of the 
mean over three measurements. DLS results showed that homogenous dispersion of similar size were obtained for the 
liposome-coated silica prepared with different lipid-to-silica ratios. The decrease in absolute zeta potential to values 
comparable to liposomes in comparison to bare silica was consistent with the deposition of a lipid bilayer onto the silica 
nanoparticles for all the tested ratios. c, Flow cytometry double scatter plots of liposome-coated silica nanoparticles with 
DiI in the lipid layer and fluorescently labelled silica cores. The percentage of particles with double fluorescence (inside 
the gate) remained comparable upon changing the lipid-to-silica ratio.
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< Supplementary Figure S4. Uptake of liposomes and liposome-coated silica by HeLa cells. a, Fluorescence of HeLa 
cells exposed to 50 µg/ml lipid of liposomes or liposome-coated silica in complete cell culture medium with 10% FBS 
(cMEM) as obtained by flow cytometry (left measured on a FACS Array and right on a Cytoflex S). b, Fluorescence of HeLa 
cells exposed to 50 µg/ml lipid of liposomes or liposome-coated silica in cMEM in standard conditions or after energy 
depletion by sodium azide (NaN3) as measured by flow cytometry (first two rows measured on a Cytoflex, and last row on 
a Cytoflex S). For all panels, the results are the average median fluorescence and standard error of the mean over three 
samples (error bars are included in all results, however in some cases they are not visible because too small). For both 
panels a and b, each plot shows the results obtained in independent experiments with a different batch of nanoparticles 
(with some differences in cell fluorescence due to variability in batch preparation, in independent cell experiments, and 
in flow cytometer machines used). Another independent experimental replicate can be found in Figure 5. The results 
indicated that uptake was higher for the liposomes than for liposome-coated silica, and nanoparticles were internalized 
in an energy dependent manner.

Supplementary Figure S5. Effect of silencing on liposome uptake in presence of FBS or after isolation of  
nanoparticle-corona complexes. RNA interference was used to silence the expression of the curvature-sensing proteins 
BIN1, IST1 or FCHO1 in HeLa cells, together with a scrambled siRNA as a negative control. Then the silenced cells were 
exposed to liposomes (50 µg/ml lipid) in medium containing 4 mg/ml FBS or to the corona-coated nanoparticles in 
serum-free medium (corona-coated NP) and uptake was determined by flow cytometry a, The average median cell 
fluorescence intensity and standard error of the mean over three samples. b, The same results of panel a are shown 
after normalization for the uptake in cells transfected with the negative control siRNA. A dashed line at 100% uptake is 
shown as a reference. The results show  that uptake was lower for nanoparticles added to cells in medium with serum 
and a decrease in nanoparticle uptake in silenced cells only for the corona-coated complexes added to cells in serum-
free conditions.
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Abstract

Nanocarriers have to cross many biological barriers including the cell membrane to 
deliver their drug. To increase the efficiency of drug delivery a clear understanding of how 
nanocarriers are recognized and internalized by cells is key. Often the uptake of nanocarriers 
is studied in relation to known endocytic pathways. However, the cellular receptors and 
pathways involved in nanocarrier uptake are often still unclear and unknown pathways may 
be involved. Within this context, full genome screening can be used to characterize cellular 
pathways without prior assumptions. Thus, here, for the first time, a full genome forward 
genetic screening based on insertional mutagenesis was successfully applied to study 
the internalization of nanoparticles and discover novel targets involved in nanoparticle 
uptake. To this aim we used 50 nm silica nanoparticles with a human serum corona as a 
model nanoparticle known to target the low-density lipoprotein receptor, but entering cells 
through another pathway than what is normally used by its endogenous ligand. A library 
of mutagenized cells was prepared using a retroviral vector and the mutagenized cells with 
reduced nanoparticle uptake were selected and repeatedly sorted by fluorescence activated 
cell sorting to enrich the phenotype. By changing the fluorescence threshold for selection, 
different genes were identified including both known and novel targets. Additionally, we 
determined the targets after every sort to study how repeated sorting affects the identified 
targets over time. The time-resolved analysis showed that many genes were only enriched 
for mutations at one sort, and was used to filter for genes enriched in multiple consecutive 
sorts. Different enrichment patterns were identified, with some genes becoming more 
strongly enriched, while others disappeared over consecutive sorts. Overall, the time-
resolved approach showed the dynamic response of the pathways involved in nanoparticle 
uptake and this method allowed us to identify several new targets involved in nanoparticle 
uptake by cells. 

Keywords:
Forward genetic screening; Genome-wide approach; Nanoparticle uptake;  
Time-resolved analysis

Introduction

Nanocarriers for drug delivery have been studied for decades with success1–5. However, it 
is generally recognized that drug delivery efficiency and efficacy can still be improved. To 
deliver the drug to its target, the nanocarrier needs to pass several barriers, including the 
cell membrane4–7. To target specific cells and cross the cell membrane, nanoparticles are 
often modified to engage with a certain receptor1,5,8,9. However, nanoparticle binding to a 
receptor does not necessarily induce internalization by the same pathway as used for the 
endogenous ligand, as it was observed, for instance, for silica interacting with the low-
density lipoprotein receptor (LDLR)10. Thus, in order to achieve efficient targeting, it is 
important to characterize the interactions of nanocarriers with cells and cell receptors 
at the plasma membrane and how these trigger the subsequent internalization, since the 
interaction at the cell membrane can determine cell specificity and the mechanism of 
entry. The mechanism of entry can in turn affect uptake efficiency and kinetics, as well as 
the subcellular location and trafficking of the nanocarrier and its drug. These are all crucial 
factors, which are important for drug efficacy11–14.

Studying uptake of nanocarriers is complex. It is generally recognized that nanoparticles 
enter cells via some form of endocytosis. This is often studied using chemical inhibitors 
or RNA interference to block known endocytic mechanisms10,15–18. However, some of 
the endocytic components that are blocked are involved in multiple pathways, which 
complicates the interpretation of the results10,13,19. Additionally, the inhibition of these 
endocytic pathways often only partially reduces nanoparticle uptake, challenging the 
identification of the mechanism of entry10,13,15–18,20. The partial reduction of uptake observed 
in many cases with these methods also suggests that nanoparticles may be internalized 
by multiple mechanisms at the same time. Adaptions of the cells to the inhibition (e.g. 
by upregulation of another mechanism) further complicate the interpretation of the 
mechanisms involved in physiological conditions10,16,17. 

Another possible explanation for the ambiguous results on nanoparticle internalization is 
that unknown mechanisms might be activated. To be able to characterise novel endocytic 
mechanisms, a more data-driven ‘fishing’ approach using so called ‘OMICS’ methods can be 
used. In these methods the whole set of cellular molecules, such as all genes or proteins, are 
screened at the same time for their involvement in a specific pathway or phenotype. Several 
novel methods of this type have been developed and are used in several fields, including 
in cell biology to gain new insights in endocytic mechanisms by cells21–23. However, only 
in very few cases they have been applied to the study of nanoparticle uptake by cells. 
For example, Hofmann and colleagues studied nanoparticle intracellular trafficking by 
isolating organelles containing magnetic polystyrene particles24. By analysing the protein 
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Additionally, it was reported that despite LDLR involvement, these particles did not 
enter through clathrin-mediated endocytosis, which is the pathway used by LDLR 
to internalize its endogenous ligand, the low-density lipoprotein10. This makes silica 
nanoparticles with human serum corona an interesting model to both validate the 
power of forward genetic screening on the endocytosis of nanoparticles, and study 
the relation between cell surface recognition and the mechanism activated for the 
subsequent internalization. Additionally, because the effect of multiple sorting on the 
targets identified is unclear, we determined the genes enriched in mutations after every 
sort. This additional time-resolved analysis allowed us to separate targets enriched 
early or late in the selection process, and to follow how the enrichment of the targets 
changes with the sorting. 

Results

The forward genetic screening method developed by Brummelkamp and colleagues26,28 
was used to study nanoparticle uptake and potentially discover novel proteins involved 
(Figure 1a). A library of randomly mutagenized cells was created by transduction 
of approximately 100 million near-haploid HAP1 cells with a retroviral gene trap 
vector. The gene trap vector is based on a replication defective retroviral vector of 
murine stem cell virus and contains a gene encoding for GFP preceded by a strong 
splice acceptor site and followed by a poly-adenylation signal which upon pre-mRNA 
processing results in a truncated non-functional protein fused to GFP26,28. The GFP 
signal indicates effective integration and can be used as a measure for transduction 
efficiency. Approximately 80% of the cells was GFP-positive in our library. A library 
of this size (100 million cells) with a similar transduction efficiency (~75%) was shown 
previously to contain mutations in nearly all expressed genes37. The mutagenized HAP1 
cells were expanded for at least ten days after viral transduction, so the remaining 
protein would be degraded. Subsequently, the cells were exposed overnight (~14-18h 
exposure) to fluorescently labelled silica nanoparticles (~50 nm in diameter) with a 
human serum corona in serum-free medium (see Supplementary Table S1 for size 
and zeta potential)10. After nanoparticle exposure, cells with reduced nanoparticle 
uptake were selected using FACS. In an earlier study, only GFP-positive cells of the 
phenotype of interest were selected34, but as previously reported this could exclude 
relevant mutated genes that have a low expression level and therefore display a low 
GFP signal. Moreover, genes might be mutated without expressing GFP, when the gene 
trap vector integrated in an exon in the opposite orientation of transcription, which 
would lead to a frame shift and non-functional protein37. Therefore, we collected all 
cells with a reduced nanoparticle fluorescence independent of the GFP signal. 

composition of nanoparticle-containing organelles with mass spectrometry they 
demonstrated the involvement of an atypical dynamin-dependent macropinocytic 
mechanism and identified specific endo-lysosomal proteins24. Another ‘OMICS’ 
method is full genome screening in which all genes are studied simultaneously. Many 
new full genome screening approaches have recently emerged using for example 
RNA silencing, mutagenesis by random insertion, or CRISPR-Cas925–30. Using full 
genome screening receptors for entry of viruses, toxins, or other pathogens have 
been identified25–28,31. Genome-wide screening based on RNA interference has also 
successfully been applied to study the endocytosis of the proteins transferrin and 
epidermal growth factor, and to understand intracellular pathways for cell surface 
expression and protein sorting23,28–30. In respect to nanoparticle uptake, a similar 
large scale screening has been performed (though not covering the entire human 
genome) to study endocytosis of polystyrene nanoparticles32.

A genetic screening can be performed in a reverse or forward manner. In reverse genetic 
screening, a specific gene is first knocked-out or knocked-down by for example CRISPR-
Cas9 or RNA interference, and subsequently the effect on the phenotype is determined. 
On the other hand, a forward genetic screening starts from the phenotype of interest, 
for example cells with reduced nanoparticle uptake. The phenotype of interest is selected 
among a large library of randomly mutagenized cells after which the mutagenized gene 
that caused the phenotype is determined. The use of forward genetic screening, which 
requires a library of randomly mutagenized cells, is greatly enhanced by the relatively 
recent availability of haploid cells of human origin26,33. Brummelkamp and co-workers 
developed a method in which knock-outs were created in human haploid cells by random 
integration of a retroviral vector resulting in a truncated non-functional protein with 
a fluorescent label26,28. Mutagenized cells created by the retroviral insert were not only 
used for live-dead screens26,28, but also to select cells with the phenotype of interest by 
fluorescent activated cell sorting (FACS)23,34. By repeating the sorting a few times the 
phenotype of interest was greatly enriched (to even >95%) after which the integration 
site was determined by next generation sequencing23,34. This forward genetic screening 
approach has been proven to be a useful tool to study viral infections, host-pathogen 
interactions, drug sensitivity, protein trafficking, and endocytic sorting23,26–28,31,34,35, but 
it has not yet been applied to study endocytosis of nanoparticles.

Here, following the method developed by Brummelkamp and co-workers, we have 
used a genome-wide forward genetic screening for the first time to study the entry of 
nanoparticles in human cells. We used fluorescently labelled 50 nm silica nanoparticles 
with a human serum corona as a model. It was recently shown that these nanoparticles 
enter cells, at least partially, through interaction of their corona with LDLR10,36. 
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NP-reduced samples. Moreover, both samples selected with a 0.1% threshold hardly 
contained GFP-negative cells, while the samples selected starting with a 1% threshold 
clearly contained a population of GFP-negative cells with reduced nanoparticle uptake.

We started by selecting cells with the 1% lowest nanoparticle uptake based on the following 
considerations. Firstly, within literature studying viral entry or protein trafficking, the 
phenotype of interest was successfully enriched by sorting cells with the lowest 0.01 
to 1% fluorescence23,34,35. Secondly, previous studies on nanoparticle internalization 
mechanisms reported only partial reduction in uptake upon inhibition of an endocytic 
pathway10,16,17, suggesting that the knockout of one gene might not be sufficient to fully 
block nanoparticle uptake. Therefore, many relevant gene targets might be excluded 
by using a highly stringent selection. Moreover, nanoparticle-negative cells might 
internalize less nanoparticles due to low viability. The latter might also be true for cells 
with reduced uptake, but we expected the relative contribution of cells with low viability 
to be less among cells with reduced uptake than among nanoparticle-negative cells. On 
the other hand, selecting a large percentage of cells might result in no enrichment of 
the phenotype and identification of too many mutations to find genes enriched in the 
number of viral inserts.

After sorting a couple of hundred million mutagenized cells for the lowest 1% of uptake, 
the small amount of collected cells (3 million) were expanded for 7 days to obtain enough 
cells to repeat the exposure and selection procedure. By repeatedly selecting the cells 
with reduced uptake the impurities of cells with normal uptake might be removed and 
the phenotype of interest becomes more strongly enriched. In total the cells were sorted 
7 times. After three selection procedures a distinct population with lower nanoparticle 
uptake was visible. We further separated this population in cells which did not 
internalize nanoparticles (NP-negative) and those that internalized a reduced amount 
of nanoparticles (NP-reduced), as shown in Figure 1b. These two populations were each 
enriched another three times (in total 7 sorts per sample) for either cells with no or 
reduced uptake. During the last sort, the proportion of cells with reduced nanoparticle 
uptake seemed to have stabilized to approximately 50% for both the NP-negative and 
NP-reduced samples. 

In order to determine whether a stricter selection would increase the enrichment of 
cells with reduced nanoparticle uptake, the experiment was repeated using a more 
stringent nanoparticle fluorescent threshold corresponding to the lowest 0.1% uptake. 
However, being more stringent did not have a clear impact on the enrichment of cells 
with reduced nanoparticle internalization, which again increased to ~30% after 3 sorts 
and reached 50-60% at sort 6 (Supplementary Figure S1). Comparing the phenotype of 
the cells after the last sort of the four samples, clear differences are observed (Figure 
2a). Firstly, while the relative number of cells with reduced uptake was similar (50-60%) 
for the NP-negative and the NP-reduced samples of both screenings, the NP-negative 
samples contained a more prominent population of cells with normal uptake than the 

Figure 1. Selection of cells with reduced nanoparticle uptake for forward genetic screening. a) A schematic 
representation of the creation of a library of randomly mutagenized HAP1 cells by retroviral transduction 
(containing GFP gene) and the selection procedure using FACS. b) Double scatter plots of repeated sorting 
of mutagenized HAP1 cells with the nanoparticle uptake corresponding to the lowest 1% of uptake. Briefly, 
mutagenized HAP1 cells were exposed overnight (~14-18h exposure) to 100 µg/ml corona-coated silica 
nanoparticles in serum-free medium (see Methods for details) and cells with low nanoparticle uptake were 
selected using FACS. The collected cells were expanded for repeated exposure to the nanoparticles and sorting to 
enrich for cells with reduced or no uptake (NP-reduced and NP-negative respectively) (a total of 7 sorts). The FACS 
plots show the gate used for the sorting with the percentage of cells from the mutagenized HAP1 sample (red). 
Non-sorted non-mutagenized HAP1 cells exposed to nanoparticles (blue) were used as a control.
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(Figure 2c, d). Among this list is also the gene for LDLR, a receptor known to be involved 
in the internalization of these nanoparticles10,36. Interestingly, the LDLR was not found to 
be significantly enriched with retroviral insertions in the sample with the most stringent 
selection procedure (NP-negative of the 2nd screen in which cells with the lowest 0.1% 
uptake were selected).

One of the striking differences between our results and those found in literature using 
this forward genetic screening method for other purposes23,34,35, was the relatively long 
enrichment process of the phenotype of interest. Repeated selection can affect the 
enrichment of mutated genes, however how repeated selections may affect the targets 
involved in nanoparticle uptake is unknown. We speculated that some genes important 
for nanoparticle uptake may be identified already after few sorts, while repeated 
sorting may allow to identify different ones. At the same time some genes may get lost 
over repeated sorts due to additional effects on cell viability, or if a secondary factor 
(e.g. ploidy) may take over. Since this is largely unknown, in order to understand how 
enrichment of mutated genes evolves during repeated selections, part of the sorted cells 
was taken apart and sequenced after every sort. For this time-resolved study, in total the 
cells were sorted six times and a fluorescence threshold based on the lowest 3% uptake 
in non-sorted non-mutagenized HAP1 cells was applied. We used the less stringent 
selection of the lowest 3% to compare with the previous screenings and tested whether a 
less stringent selection allowed to identify different targets. 

Also this time, when selecting cells with a fluorescence corresponding to the lowest 3% of 
nanoparticle uptake, cells with reduced uptake were gradually enriched and stagnated 
at ~50% phenotype enrichment after 4 sorts (Figure 3a). After the 6 sorts, 174 genes were 
found enriched including the LDLR and multiple genes related to glycosaminoglycan 
metabolism, cholesterol homeostasis, Golgi trafficking, and endo-lysosomal trafficking 
(Figure 3b). 

Next, we compared the results of the samples enriching cells with reduced uptake 
obtained using a selection pressure of the lowest 0.1%, 1%, and 3% of nanoparticle uptake 
(corresponding to NP-reduced of 0.1% selection, the NP-reduced of 1%, and the 3% 
selection performed for the time-resolved analysis, respectively). The samples of the three 
different screens showed clear difference in the phenotype and gene enrichment (Figure 
4). The relative number of GFP-negative cells with a reduced uptake differed between 
the screenings. Furthermore, little overlap was found between the enriched genes in the 
0.1%, 1% and 3% samples. Again, the two genes LINC00486 and TM9SF2 were found also 
in the 3% samples, thus they were shared in all three screenings performed. The common 
genes also included LDLR, and genes involved in glycosaminoglycan metabolism 

As a control to verify influences of sorting on nanoparticle uptake that are independent 
of the induced mutations, non-mutagenized HAP1 cells were also repeatedly sorted 
(six times in total) for reduced nanoparticle internalization. Interestingly, a similar 
enrichment pattern was observed as for the mutagenized cells (Supplementary 
Figure S2a). Repeated exposure to nanoparticles instead did not cause a similar 
uptake reduction, suggesting that it was the repeated selection of cells with lower 
uptake to cause it (Supplementary Figure S2b). DNA staining of sorted and non-sorted 
cells confirmed that the sorted population contained more haploid cells (Supplementary 
Figure S2c). Moreover, these sorted cells were relatively smaller than the non-sorted 
cells of equivalent passage number, as also observed for sorted mutagenized cells 
(Supplementary Figure S2d and S3). It is known that several factors, including cell size, 
lead to a large heterogeneity in nanoparticle uptake by cells38–40. Further studies have 
been performed elsewhere to understand these observations for non-mutagenized 
cells41.

Next, the retroviral gene trap insertion sites in the sorted mutagenized cells were 
determined by DNA amplification starting at the end of the viral construct and directed 
towards the host genome using Linear Amplification Mediated-PCR (LAM-PCR) and 
next generation deep sequencing (NGS sequencing) of the LAM-PCR product26,28. After 
mapping the insertion sites, the number of inserts per gene in the sorted population was 
compared to those in the unsorted library to find genes significantly enriched in retroviral 
inserts (more than 1 insert and multiple testing corrected p-value < 0.01), hereafter called 
‘enriched genes’. While, as expected, in the library the mutations covered almost the 
entire genome (inserts were present in ~23,000 genes), in the samples of both screens 
inserts were found in 2800-13,000 genes, of which 85-182 were significantly enriched 
with up to 38 independent insertions in one gene (Supplementary Table S2). Comparison 
of the enriched genes among samples showed that the genes significantly enriched with 
retroviral inserts were highly different, with only two genes found in all four samples: 
LINC00486 and TM9SF2 (Figure 2b). LINC00486 is a long intergenic non-protein 
coding RNA gene of which the function is unknown. TM9SF2 encodes a transmembrane 
protein important for heparan sulphate and sphingolipid biosynthesis27,42. The most 
similar were the results of the NP-negative and NP-reduced samples derived from the 
same screening and in particular those of the first screening (see Figure 1b selecting cells 
with 1% lowest uptake at the beginning) in which approximately a third of the genes 
significantly enriched in retroviral inserts were overlapping between the NP-negative 
and NP-reduced sample (29% and 33% of NP-reduced and NP-negative respectively). 
Within this short list of overlapping genes (28 genes; Supplementary Table S3), multiple 
genes were involved in the regulation of cholesterol metabolism, and the biosynthesis of 
the glycosaminoglycans. Most of these genes were not identified with the 0.1% selection 
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Figure 2. Small overlap in enriched genes between samples with different phenotype selection. a) Double 
scatter plots of last sort of mutagenized HAP1 cells selected using nanoparticle uptake thresholds of lowest 1% or 
0.1% (see Figure 1b and Supplementary Figure S1 for gating). The FACS plots show the sorted mutagenized HAP1 
sample (red) acquired during the last sort. Non-sorted non-mutagenized HAP1 cells exposed to nanoparticles 
(blue) were used as a control. b-d) After the last sort, the viral integration sites were determined by LAM-PCR 
and next generation sequencing, and enrichment in mutations compared to the library was calculated for each 
gene (see Methods for details). b) Venn diagram showing the overlap between the genes enriched in retroviral 
inserts in the 4 samples selected using different thresholds. c, d) Scatterplot of the p-values of retroviral insert 
enrichment in genes identified in the NP-negative and NP-reduced samples selected starting with the c) 1% 
d) or 0.1% nanoparticle uptake threshold. Genes significantly enriched in both the populations NP-reduced 
and NP-negative cells (red) of the 1% selection contained genes related to cholesterol metabolism (blue) and 
glycosaminoglycan metabolism (green). The inset in panel d shows an enlargement of the boxed area. Genes were 
considered significantly enriched if the corrected p-value was < 0.01 calculated by Chi-square test with Benjamini-
Hochberg correction and the gene had more than 1 inactivating insert.
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(EXT1, PAPSS1, SLC35B2). The 0.1% and 1% samples shared only one additional gene 
(the non-receptor tyrosine kinase PEAK1), and the 0.1% and 3% samples 4 additional 
genes (pseudogene AL160314.3; long intergenic non-protein coding RNA LINC02306; 
histone methyltransferase SUV39H2; and long non-protein coding RNA MALAT1). The 
1% and 3% samples had the most genes in common (14 genes including those shared 
among all three samples). These common genes included LDLR and genes involved 
in glycosaminoglycan metabolism (EXT1, NDST1, TM9SF2, PAPSS1 and SLC35B2), 
cholesterol homeostasis (SREBF2, MBTPS1, and SCAP), and Golgi trafficking (COG7 and 
COG8) (see Supplementary Table S5 for the corresponding p-values). 

Unlike in the previous screenings, for the time-resolved screening (selecting the lowest 
3%), the cells were first expanded to obtain enough material and then sequenced. In 
order to check for possible influences of this on the result, some cells of the last sort 
(sort 6)  were sequenced directly after sorting, and some after growing them for 3 days. 
As an additional control, the influence of the number of cells prepared for sequencing 
was also tested by comparing the sequencing results obtained using 5 million or 40 
million of cells (this was done for the 3rd sort sample). In both cases (prepared directly 
vs grown, and 5 vs 40 million cells), approximately half of the genes significantly 
enriched in retroviral inserts overlapped between the differently prepared samples 
(Supplementary Figure S4). This was considerably more than the overlap between 
the enriched genes in the three screenings with 0.1%, 1% and 3% uptake threshold 
(Figure 4), suggesting that the different result of the three screenings cannot fully be 
explained by technical differences in preparation. 

< Figure 3. Progressive sorting shows enrichment of retroviral insertions in genes involved in cholesterol 
metabolism, glycosaminoglycan metabolism and vesicle trafficking in mutated cells with reduced uptake. a) 
Double scatter plots of repeated sorting of mutagenized HAP1 cells with the nanoparticle uptake corresponding 
to the lowest 3% of uptake compared to non-sorted non-mutagenized HAP1 cells. Briefly, mutagenized HAP1 
cells were exposed overnight (~14-18h exposure) to 100 µg/ml corona-coated silica nanoparticles in serum-free 
medium (see Methods for details) and cells with reduced uptake were selected using FACS. The collected cells 
were expanded for repeated exposure to the nanoparticles and sorting to enrich for cells with low nanoparticle 
uptake (a total of 6 sorts). After each sort part of the cells were used for LAM-PCR and next generation sequencing 
to determine genes enriched in viral integration sites. The FACS plots show the gate used for the sorting with 
the percentage of cells from the mutagenized HAP1 sample (red). Non-sorted and non-mutagenized HAP1 
cells exposed to nanoparticles (blue) and unexposed HAP1 (yellow) were used as controls. b) Bubble graph 
showing the genes enriched for mutations after 6 sorts. The size of the bubble represents the relative number of 
independent insertions in the gene. Significantly enriched genes are coloured based on their biological function: 
cholesterol metabolism (pink), glycosaminoglycan metabolism (green), vesicle transport (yellow) and others 
(blue). Genes were considered as significantly enriched if the corrected p-value < 0.01 calculated by Chi-square 
test with Benjamini-Hochberg correction and if the gene contained more than 1 inactivating insert.
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Next, we examined the genes enriched after each sort for the screening in which the 
lowest 3% was selected. Around 200 genes significantly enriched in retroviral inserts 
were found after every sort with the highest number after 4 sorts (258 enriched genes) 
and slowly decreasing to 166 genes after 6 sorts (Supplementary Table S4). Enriched 
genes contained up to 353 independent inactivating inserts (SREBF2 after 4 sorts). 
The lists of genes significantly enriched in retroviral inserts found after each sort 
were compared using an upset graph (Figure 5). Most genes were enriched at only one 
time point (ranging from 76-153 genes per time point) suggesting that these genes 
were found by coincidence and might be false positives. Several genes were enriched 
in consecutive sorts (2-21 genes per combination). Only a few genes were overlapping 
between multiple sorts but in a random pattern (1-7 genes per combination), which 
could also be false positives.

Figure 5. Time-resolved enrichment of enriched genes to exclude false-positives. Upset graph comparing 
the genes significantly enriched in retroviral inserts found after every sort (in total 6 sorts). The vertical bars 
present the number of genes overlapping between the sample combination indicated below. Genes significantly 
enriched in at least 3 consecutive sorts and without fluctuations over time are highlighted by a grey box. Genes 
were considered as significantly enriched if the corrected p-value < 0.01 calculated by Chi-square test with 
Benjamini-Hochberg correction and if the gene contained more than 1 inactivating insert.

Figure 4. Enrichment of cells with reduced nanoparticle uptake using different stringency of selection. 
a) Double scatter plots of last sort of mutagenized HAP1 cells selected using different nanoparticle uptake 
thresholds for the lowest 0.1%, 1%, and 3% uptake (see Figures 1 and 3 and Supplementary Figure S1 for the 
enrichment procedure). The FACS plots show the sorted mutagenized HAP1 sample (red) acquired during the 
last sort. Non-sorted and non-mutagenized HAP1 cells exposed to nanoparticles (blue) and unexposed HAP1 
(yellow) were used as controls. b) After the last sort, the viral integration site was determined by LAM-PCR and 
next generation sequencing. The enrichment in inserts compared to the library was calculated for each gene (see 
Methods for details). The Venn diagram shows the overlap between the genes significantly enriched in retroviral 
inserts after starting selecting mutagenized cells with nanoparticle uptake comparable to the lowest 0.1%, 1%, 
or 3% of uptake. Genes were considered as significantly enriched if the corrected p-value < 0.01 calculated by 
Chi-square test with Benjamini-Hochberg correction and if the gene contained more than 1 inactivating insert.
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As a great advantage, the time-resolved analysis allowed us to exclude possible false 
positive results and focus on the genes which were robustly enriched. Therefore, we 
included only the genes that were continuously significantly enriched in at least three 
consecutive sorts (indicated by grey boxes in Figure 5). The few genes that seemed to 
be enriched at multiple random time points were excluded as well. Functional analysis 
of the list of continuously enriched genes showed clusters that could be assigned to 
cholesterol metabolism, glycosaminoglycan metabolism, and intracellular vesicle 
trafficking (both Golgi and lysosomal trafficking) (Figure 6). The genes related to 
these pathways were enriched even with a more stringent cut-off for significance 
(multiple testing corrected p-value < 10-5) showing the robustness of the enriched 
pathways (Supplementary Figure S5).

The time-resolved analysis made it also possible to follow the effect of the selection 
process on the appearance or disappearance of enriched genes. Most genes were 
significantly enriched (multiple testing corrected p-value < 0.01 and more than 1 
inactivating insert) later in the process, starting from the 3rd or 4th sort (18 and 14 
genes respectively). Although the late appearing genes were not clearly enriched for 
a specific biological process according to gene ontology analysis, part of these late 
appearing genes were involved in intracellular trafficking (RAB1A, COG8, MON2, 
and VPS18) (Figure 7a). There were also 16 genes that were already significantly 
enriched after the first selection and remained enriched till the last. Instead, several 
other genes disappeared at sort 5 or 6. Pathway analysis showed that most of the 
disappearing genes were connected to vesicle trafficking (Figure 7b).

The time-resolved analysis also allowed us to determine the enrichment profile of 
each individual gene over time and define whether functionally related genes followed 
the same pattern (Figure 8). The genes annotated to cholesterol metabolism were all 
highly enriched early during selection, except for MBTPS2 (a protease required for 
activation of the sterol sensing transcription factor SREBF)43. The genes belonging 

< Figure 6. Time-resolved enrichment of genes related to cholesterol metabolism, glycosaminoglycan 
metabolism and intracellular trafficking. a) Cluster analysis of the genes with a consistent enrichment pattern 
in at least three consecutive sorts (see Figure 5). Node colours indicate genes involved in Golgi trafficking (red) 
and lysosomal trafficking (blue), cholesterol metabolism (green), and glycosaminoglycan metabolism (yellow). 
Line thickness corresponds to the confidence strength of the protein interaction. b) Pathway enrichment 
analysis of the genes with a consistent enrichment pattern in at least three consecutive sorts according to the GO 
biological processes, KEGG, and REACTOME databases. The top 10 and top 3 enriched pathways of GO biological 
processes, and KEGG and REACTOME database (respectively) are shown. Abbreviated pathway terms: GAG, 
glycosaminoglycan; metab, metabolism; Cholesterol by SREBP, Regulation of cholesterol by SREBP. Colours of 
the bar correspond to the colours of the gene node in the cluster analysis (a). FDR, false discovery rate.
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to glycosaminoglycan metabolism appeared early (after 1 or 2 sorts) and became 
stronger enriched over time (except for the sulphotransferase HS2ST1). Genes related 
to Golgi trafficking included different enrichment patterns, and those of lysosomal 
trafficking mainly appeared at sort 2.  Interestingly, the enrichment of genes related 
to Golgi and lysosomal vesicle trafficking decreased during later sorts.

Discussion

In this work, we used a genome-wide forward genetic screening approach to identify 
novel targets involved in nanoparticle uptake. Cells were mutagenized using a 
retroviral vector, and subsequently the mutagenized cells with reduced nanoparticle 
uptake were selected by repeated sorting. The site of the retroviral insert was 
determined by sequencing to identify the genes significantly enriched in retroviral 
inserts. The screening was performed three times with different stringency of the 
selection. The samples with the more stringent selection contained a more prominent 
population of cells with normal uptake. This might be a reflection of a lower viability 
of cells in which essential processes such as uptake are fully inhibited and would 
suggest that less stringent selections may be more appropriate. In all the screenings 
the enrichment of the cells with reduced uptake was remarkably lengthy compared 
to studies using cell surface marker expression as a read out23,34,35 and even when 
increasing the number of sort up to 7, only around 50% of the cells showed the selected 
phenotype. Furthermore, we found more targets than reported when studying other 
biological processes using this method (84-258 enriched genes per sample in this study 
compared to 0-50 enriched genes per sample in other studies)23,35,44,45. Although these 
differences might be caused by technical variations, for example sequencing depth, 
it could also reflect the complexity of nanoparticle-cell interactions. In line with this, 
results obtained using chemical inhibitors or siRNA to block endocytic pathways  
showed only partial inhibition in nanoparticle uptake, suggesting that multiple 
pathways may be involved10,16,17.  In case of entry by multiple pathways, blocking 
only one gene or component might not be sufficient to inhibit nanoparticle uptake. 
Another explanation could be that the cell compensates for the loss of one component 
for instance by upregulating another pathway. Moreover, it must be noted that even 
within a population of cells, nanoparticle uptake is highly variable (as demonstrated 
by the large distribution obtained by flow cytometry, see for instance Figure 1b)41. 
While here we used a threshold to determine the relative number of cells with reduced 
uptake, one could also interpret the data as a shift of the entire population to reduced 
uptake. This phenomenon of variability in uptake among cells is actively studied 
in the field. One of the cell traits that is reported to influence nanoparticle uptake 

Figure 8. Highly variable enrichment pattern of genes. The enrichment of genes related to a) cholesterol 
metabolism, b) glycosaminoglycan metabolism, c) Golgi trafficking, or d) lysosomal trafficking was followed over 
time by determining the corrected p-value after each sort. Corrected p-value was determined with Chi-square 
test (smallest reportable p-value of 10-100) and Benjamini-Hochberg correction for multiple testing. Genes with 
corrected p-value of 0.01 and more than 1 inactivating insert were considered significantly enriched (red line). 

Figure 7. Cluster analysis of late and disappearing genes. a) Cluster analysis of the genes identified starting 
from 3 or 4 sorts and enriched in at least three consecutive sorts (see Figure 5). b) Cluster analysis of the genes 
disappearing after they have been enriched in at least three consecutive sorts (see Figure 5). Node colours 
indicate genes involved in Golgi trafficking (red) and lysosomal trafficking (blue). Line thickness corresponds to 
the confidence strength of the protein interaction.
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nanoparticle uptake can be obtained by varying the number of selections. Two genes 
that were quickly enriched and stayed enriched were the receptors LDLR, a known 
receptor of silica nanoparticles with human serum corona10,36, and the scavenger 
receptor SCARB1 (also called SR-BI). Both receptors can interact with apolipoproteins, 
and these are proteins known to be present in the corona forming on this (and several 
other) nanoparticles10,36,46,47. Thus, the results suggest that due to the highly complex 
composition of the corona, nanoparticles can interact with multiple receptors. The 
implication of similar effects due to corona formation and receptor interactions on 
nanoparticle targeting will have to be carefully considered to improve nanomedicine 
efficacy. Additionally, the recognition by multiple receptors could result in the 
induction of different endocytic pathways, and this would be in line with the partial 
reduction often reported when blocking specific endocytic mechanisms10,16–18. Thus, 
in order to understand how nanoparticles enter cells all the nanoparticle-receptor 
interactions that occur at the cell membrane need to be identified, also when studying 
targeted nanoparticles. Interactions of corona proteins of targeted nanoparticles 
might not only direct nanoparticles to different receptors, but also, by doing that, 
affect their uptake mechanism and efficiency. 

Both the identified receptors LDLR and SCARB1 are involved in cholesterol 
metabolism. The expression of these receptors is tightly regulated, amongst others, 
by sterol binding transcription factors43,46. One of the sterol binding transcription 
factors is SREBF2 and this gene was enriched in retroviral inserts in this screening 
together with factors that regulate its activity (SCAP, MBTPS1 and MBTPS2)43. Further 
research should indicate whether these targets influence nanoparticle uptake by 
regulating the expression of receptors such as LDLR and SCARB1, or because of their 
effects on cholesterol synthesis, a cell membrane component which is important in 
various endocytic pathways48.

Another pathway that was enriched among the target genes was that of 
glycosaminoglycan metabolism. Two types of glycosaminoglycans can be found at 
the cell surface attached to certain peptides, which are chondroitin sulphate and 
heparan sulphate. The two types require different genes for the synthesis of their 
polysaccharide backbone and their sulphonation27,49. Genes that play a role in the 
general sulphonation process were found (PAPSS1, an enzyme synthesizing the 
common sulphate donor, and SLC35B2, a transporter of the sulphate donor)50. 
However, the other genes identified are specific for the biosynthesis of heparan 
sulphate (EXT1, NDST1, HS2ST1, and TM9SF2) and are not involved in synthesis of 
the other cell surface glycosaminoglycan, chondroitin sulphate27,49,51. Interestingly, 
most of the genes related to heparan sulphate were also found when this forward 

is cell size38–40. This was also observed here, where by sorting the mutagenized and 
non-mutagenized cells for reduced nanoparticle uptake, a population of cells smaller 
in size could be enriched. Haploid cells are also known to have a smaller size than 
their diploid form and can become diploid when cultured for long time33. In line with 
this, sorting non-mutagenized cells allowed us to enrich for smaller haploid cells. 
The source of nanoparticle uptake heterogeneity has been studied in more detail in a 
separate work41. Although cell size and other cell traits might be an additional factor 
that influenced the selection of mutagenized cells, sorting the mutagenized cells 
allowed us to enrich several genes, confirming that the method was successful. As a 
further confirmation of this, among the identified targets a known receptor for this 
nanoparticle, LDLR10,36, was also identified. 

Thus, we performed multiple screens using a different selection pressure. Besides 
several overlapping genes, the list of genes significantly enriched in retroviral inserts 
was highly different between the different samples obtained. It is possible that these 
large differences are due to sensitivity of the selection procedure to small changes, 
or that the list contained false positive results, for example resulting from genetic 
drift (caused by random effects in selection). The time-resolved analysis allowed us 
to exclude possible false positives and select genes significantly enriched in retroviral 
inserts in at least three consecutive sorts. 

When looking at the identified targets, among the genes enriched in retroviral 
inserts, one may expect to find genes clearly related to known endocytic pathways, 
such as clathrin or caveolin, which are often studied in relation to nanoparticle 
uptake10,13,16–18. Instead, we found other targets involved in recognition and in 
intracellular trafficking. These targets also differed from those found in the large 
siRNA screening performed by Panarella et al. on uptake of polystyrene nanoparticles 
by HeLa cells in serum-free medium32. They identified motor proteins, cytoskeleton 
components and remodelling proteins, and several Rab GTPase proteins (other 
than the Rab genes identified here). Because different nanoparticle conditions and 
methods are used, it is difficult to directly compare the results. Nevertheless, the 
different outcomes illustrate that different approaches can complement each other. 
In this respect, as shown by the results in this study, genome-wide forward genetic 
screening is a powerful addition to the methods used to study nanoparticle uptake to  
provide new insights.

Moreover, by adding time-resolved analysis to the forward genetic screening, we could 
follow the effect of multiple sorting on the enrichment of genes. Different genes could 
be found depending on the number of sorts, indicating that different information in 
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Additionally, recycling of LDLR requires the clathrin adaptor complex AP-1 which 
includes the enriched AP1M1 and AP1G167. Also, the cargo sorting Sortilin-1 can 
interact with ApoE at the cell surface and affects LDL internalization68,69. Moreover, 
heparan sulphate biosynthesis takes place in the Golgi system, and requires proper 
functioning and localization of the enzymes in this organelle, which depends amongst 
others on the COG complex49,51,63. Overall, understanding the role of the targets related 
to vesicle trafficking in nanoparticle uptake is complex and requires further research. 
This will allow to disentangle their potential effects on receptor expression and those 
on nanoparticle sorting to lysosomes or other intracellular destinations. 

Conclusions

Genome-wide forward genetic screening is a powerful method to study pathways 
and to discover both known and potentially novel components. Here we applied 
this approach for the first time to gain more insights on how nanoparticles enter 
cells. When applied to this question, we found unique features not reported in 
previous studies with the method. In fact, unexpectedly, the enrichment of cells 
with the phenotype of interest (in this case cells with reduced nanoparticle uptake) 
was slow and even after several sorts only around 50% of the cells had the enriched 
phenotype. The same was obtained even when using a less selective or a highly 
stringent phenotype selection. These results showed the high complexity of studying 
endocytosis of nanoparticles and suggest that cells may be able to compensate for 
the inhibition of an endocytic component, or also that nanoparticles may enter 
through multiple pathways. The selection procedure had major effects on the 
resulting genes enriched in retroviral inserts. The difference in genes enriched in 
inserts between screenings was the result of the different selection pressure, but may 
also be a consequence, at least in part, of the presence of false positives. Potential 
false positives could be excluded by the additional time-resolved analysis which we 
performed, in order to study how the identified targets change in consecutive sorts. 
More importantly, the time-resolved analysis helped to reveal the most important 
genes and provided further information about the dynamic response of the pathways 
involved in nanoparticle uptake. Additionally, it allowed to define the enrichment 
profile of individual genes. We found that some genes were enriched faster than 
others, and several genes disappeared over time. The disappearance of genes could 
suggest the presence of a second selection pressure such as, for instance, effects of 
the knockout on cell viability after repeated sorts. Overall, by combining the forward 
genetic screening with time-resolved analysis we identified two cell surface receptors 
involved in the uptake of these nanoparticles, and different intracellular trafficking 

genetic screening method was used to study the viral entry of Rift Valley Fever virus 
and Vaccinia Ankara virus44,52. Viruses are also nano-sized objects, and the similar 
results obtained suggest that some aspects of cellular interactions may be shared 
between natural and man-made nano-sized materials (indeed viruses themselves 
have also been used for drug delivery and have inspired the design of several nano-
sized drug carriers)53–55. Moreover, heparan sulphate can bind to apolipoproteins 
B and E51,56,57 and mediate the clearance of small lipoprotein particles58. Heparan 
sulphate has also been shown to be involved in the internalization of exosomes, 
which are another example of endogenous nanoparticles59, and in the uptake of 
various positively charged nanomaterials via electrostatic interactions60–62. However, 
the silica nanoparticles used in this study are not positively charged. It is therefore 
more likely that components of the corona, like apolipoprotein B and E, interact 
with heparan sulphate51,56,57. Changing nanoparticle design and corona composition 
may allow to tune the interaction with heparan sulphate on the cell surface, thereby 
providing novel ways to control nanomedicine targeting. 

Many other of the targets identified were related to vesicle trafficking within and 
between different organelles. Remarkably these targets were only found using the time-
resolved analysis, because many of them disappeared over time. The disappearance 
of these genes could be a simple reflection of that disturbance of intracellular 
trafficking affects cell viability. At the same time, it may also indicate, instead, that 
the intracellular trafficking has less influence on nanoparticle uptake in comparison 
to other factors such as cholesterol homeostasis and heparan sulphate biosynthesis. 
Multiple vesicle trafficking genes are implicated in transport to and within the Golgi, 
including components of the COG complex (COG5, COG7, and COG8)63. COG and 
other Golgi proteins were also identified in other haploid genetic screens studying 
viral entry and protein glycosylation27,28,44,52. Moreover, genes involved in transport 
between the Golgi apparatus and recycling endosomes or lysosomes, were found, 
including Sortilin-1 and clathrin adaptor proteins AP1G1 and AP1M164. Lastly, genes 
related to vesicle transport from endosomes or autophagosomes to lysosomes were 
enriched. These intracellular trafficking-related genes did not include the classically 
studied endo-lysosomal components, but instead provided other targets including 
UVRAG, HRS, and core proteins of the HOPS and CORVET complex (VPS16, VPS18, 
VPS33A)65,66. It can be imagined that blocking vesicle transport mechanisms can 
affect nanoparticle uptake for example by inhibiting lysosomal functioning (the final 
intracellular location of many nanoparticles10,24,32), or by reducing receptor expression 
on the cell surface. Some of the identified trafficking proteins can be connected to 
LDL trafficking or heparan sulphate expression. HRS was found to be involved in 
the transport of cholesterol of LDL from endosomes to the endoplasmic reticulum66. 
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adenoviral Virus Associated I RNA (pAdVAntage; Promega) in the mass ratio (0.61 : 
0.24 : 0.15) using FuGene HD (Promega). Two days after transfection, culture medium 
was collected twice with 8-hour difference and the virus was concentrated (2.5x) by 
centrifugation for 90 min at 40,000 x g and 4 oC. The virus was stored overnight at 
4 oC to led the viral pellet slowly loosen in the solution. Hundred million HAP1 cells 
were transduced twice (8 hours in between) with the concentrated viral supernatant 
containing polybrene (10 µg/ml). Mutagenized cells were grown for several days, 
before cryopreservation at -150 oC in IMDM + 20% FBS + 10% DMSO. 

Selection of phenotype
For each screening, 120 million mutagenized cells were thawed and cultured until ten 
days after transduction to ensure the protein encoded by the knocked-out gene was 
degraded. After these ten days, 150 million mutagenized HAP1 cells were seeded and 
the next day exposed to 50 nm plain red-fluorescently labelled silica nanoparticles 
with human serum corona in serum-free medium (100 µg/ml) supplemented with 
Pen/Strep. After overnight incubation on cells (~14-18h exposure), the nanoparticle 
solution was removed and cells were washed once with cIMDM and twice with DPBS 
to remove nanoparticles on the cell surface. Subsequently, cells were detached with 
0.05% trypsin–EDTA (Gibco) for 5 min, centrifuged, and resuspended in cIMDM. 
Cells were filtered on a 35 µm strainer to remove cell clumps before sorting. Cells 
were sorted at room temperature using MoFlo Astrios cell sorter (Beckman Coulter). 
Single cells were gated in forward scatter height vs side scatter width, and from 
those cells with reduced nanoparticle uptake were selected and collected in 50% 
FBS in IMDM. The selected cells were spun down (5 min at 300 x g) to remove the 
FACS fluid and expanded to obtain enough cells for further enrichment by FACS. 
For the time-resolved screening, approximately a third of the cells were taken 
apart for sequencing 2 to 4 days after every selection, and the rest of the cells was 
further expanded for additional sorting. The expanded cells were re-exposed to 
nanoparticles 5 to 14 days after sorting and selected for reduced nanoparticle uptake 
compared to non-sorted non-mutagenized cells of equivalent passage number. The 
gate for reduced nanoparticle fluorescence was adjusted per sorting for the first and 
second screen (see Figure 1 and Supplementary Figure S1) and was set at the lowest 
3% fluorescence of non-sorted non-mutagenized HAP1 cells for every sort of the time-
resolved screening. As a control, the selection procedure to enrich cells with reduced 
nanoparticle uptake was also performed on non-mutagenized cells using a gate set at 
the lowest 1% of non-sorted HAP1 cells of similar passage number.

components that are not commonly studied in relation to nanoparticle uptake. The 
role of these genes in nanoparticle entry will need to be further investigated (see 
Chapter 5). In conclusion, this study showed that forward genetic screening can be a 
useful tool to discover new targets involved in both cell recognition and nanoparticle 
trafficking, especially when it is combined with time-resolved analysis. 

Methods

Cell culture
HAP1 cells (Horizon Discovery C859) were cultured in complete medium (cIMDM) 
consisting of IMDM (Gibco ThermoFisher Scientific) supplemented with 10% 
fetal bovine serum (FBS; Gibco ThermoFisher Scientific) and 100 U/ml penicillin-
streptomycin (Pen/Strep; Gibco ThermoFisher Scientific). GP2-293 cells (Clontech 
Laboratories, Inc. 631458) were grown in DMEM containing high glucose, sodium 
pyruvate, and GlutaMAX (Gibco ThermoFisher Scientific) and 10% FBS (cDMEM). The 
cells were grown at 37 oC and 5% CO2 and split before full confluency was reached.

Nanoparticle characterization and corona isolation
Plain red-fluorescently labelled silica nanoparticles with a diameter of 50 nm were 
purchased from Kisker Biotech GmbH & Co., and human serum from a mixed pool 
and sterile filtered were purchased from TCS Biosciences Ltd. The corona was formed 
by incubation of 300 µg/ml silica nanoparticles in 62 mg/ml human serum protein for 
1 hour at 37 oC. Next, nanoparticles were pelleted by centrifugation at 20,000 x g and 
15 oC for 1 hour. The pellet was carefully resuspended in DPBS and further diluted to 
100 µg silica/ml in serum-free IMDM for cell exposure. Pen/Strep was added to reduce 
bacterial contamination during the selection procedure using fluorescence activated 
cell sorting (FACS) in a non-sterile environment. The zeta potential and size of the 
nanoparticles in water, PBS, and with a human serum corona in serum-free IMDM 
were measured at a concentration of 100 µg/ml by electrophoretic and dynamic light 
scattering on a Malvern ZetaSizer Nano ZS (Malvern Instruments Ltd). Each sample 
was measured three times with at least 10 runs per measurement. Data are presented 
as the mean with standard deviation over two to three independent dispersions.

Insertional mutagenesis
A library of mutagenized cells was created by transduction of HAP1 cells with 
a retroviral gene trap as previously described28,31,37. Firstly, GP2-293 cells were 
transfected with three plasmids containing the genes encoding the gene trap vector 
(pGTen2), the envelope protein VSV-G (pVSVG; Clontech Laboratories, Inc.), or 
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After demultiplexing, the reads were trimmed for low quality and sequencing 
adaptors using Trimmomatic package (version 0.33). High quality reads were aligned 
against primary human genome reference (GRCh38) using bowtie2 (version 2.2.4).  
5’-ends of uniquely mapped reads, with mapping quality of at least 20, were used to 
count reads starting at the same genomic position and forming peaks where each 
peak potentially indicates an integration event. We removed the secondary peaks that 
situated within 5 bp of a more prominent (based on read count) peak. The resulted 
peaks were annotated with gene information by overlapping their coordinates with 
those of genes annotated in Ensembl release 91 (http://www.ensembl.org). The results 
were saved in BED-formatted files. 

Statistical and pathway analysis
Gene trap inserts in an exon or in sense orientation in an intron were considered to be 
inactivating. Enrichment for inactivating inserts in the sample compared to all inserts 
in the control library was calculated for each detected gene with Chi-square test 
using Perl with the module Statistics::ChisqIndep (smallest reportable value of 10-100). 
P-values were corrected for multiple testing using the Benjamini-Hochberg procedure. 
Genes were considered enriched in the number of inserts when the corrected p-value 
was smaller than 0.01 and the genes contained more than one inactivating insert in 
the sample. Further data analysis and visualization was performed with R (UpsetR 
package). Pathway and cluster analysis were performed using STRING (version 11.0; 
https://string-db.org/), in which interaction of median confidence were considered 
relevant. The cluster analysis of the time-resolved screening was performed on genes 
that were stably enriched in at least three consecutive sorts to exclude fluctuating 
enriched genes which could be false positives.

Repeated nanoparticle exposure
As a control, HAP1 cells were repeatedly exposed overnight (~16h exposure) to the 
silica nanoparticles with a human serum corona with one-week interval. After 
nanoparticle exposure, cells were washed once with cIMDM and twice with DPBS 
to remove nanoparticles from the cell membrane. Cells were harvested using 0.05% 
trypsin-EDTA (Gibco) for 5 min at 37 oC to detach the cells.  cIMDM was added and 
cells were collected. Part of the collected cells were cultured at 37 oC and 5% CO2 to be 
re-exposed to nanoparticles after one week. The rest of the cells was spun down (5 
min at 300 x g) and resuspended in PBS for flow cytometric measurement on Cytoflex 
(Beckman Coulter). At least 20,000 single cells were measured in triplicate. Data was 
analysed with FlowJo (version 10) and a gate was set in forward scatter area vs forward 
scatter height to exclude doublets from the analysis.

Mapping of insertion sites
Gene-trap insertion sites were determined by linear amplification of the DNA 
flanking the long terminal repeats (LTRs) of the viral insertion using LAM-PCR as 
described before31 with some minor modifications kindly provided by Dr. Carette. 
In brief, genomic DNA was isolated from 5 to 10 million mutagenized sorted cells 
using QIAamp DNA Mini Kit (Qiagen) according to manufacturer’s protocol. Thirty 
million unsorted mutagenized cells from the library were used as control. Also, DNA 
was isolated from 40 million cells of the 3rd sort of the time-resolved screening to 
check for the influence of the amount of starting material on the final sequencing 
result. Genomic DNA was digested with MseI or SpeI, subsequently purified using 
Wizard® SV Gel and PCR Clean-Up System (Promega) according to manufacturer’s 
protocol and mixed in equal amounts. The LAM-PCR was performed on 6 µg DNA 
of cells from the 1st screening, 2.4-3.6 µg DNA from sorted cells of the time-resolved 
screening, and on 10 µg DNA for the control samples (unsorted cells and 40 million 
cells from the 3rd sort of the time-resolved screening). The insertion site from the 
viral LTR into the genomic DNA was amplified by linear PCR (100 cycles) using a 
biotinylated primer (3LTRflanking-biot1) specific to the viral packaging signal in the 
gene trap vector (see Supplementary Table S6 for primers used). The biotinylated 
single-stranded DNA (ssDNA) PCR product was purified using streptavidin-coated 
magnetic M280 Dynabeads (Invitrogen). Next, the purified PCR product was ligated 
to a 5’-phosphorylated ssDNA linker with 3’ chain terminator (dideoxycytidine, 
ddC) using CircLigase ssDNA ligase (Epicenter Biotechnologies). This p7DNA linker 
contains the Solexa adaptor II sequence required for sequencing on an Illumina 
platform. Following purification, the ligated product was further exponentially 
amplified (35 PCR cycles) using indexed NextSeq_Hap primers annealing to the 
Solexa adaptor II sequence or the LTR. All NextSeq_Hap primers contained a barcode 
to allow multiplexing of different samples during sequencing. After purification 
(Wizard® SV Gel and PCR Clean-Up System), the quality of the final barcoded PCR 
product was analysed for high heterogeneity in fragment length using agarose gel 
electrophoresis and Bioanalyzer High Sensitivity DNA Analysis (Agilent). Samples in 
which more than 10% of fragments were smaller than 200 bp, were further purified 
by size selection of fragments with size above 200 bp from a 2% E-gel EX (Invitrogen) 
or from an agarose gel. The LAM-PCR product was sequenced on a NextSeq 500 
sequencer (Illumina) using a NextSeq 500/550 High Output Kit v2 (75 cycles; Illumina) 
and a custom sequencing primer specific to the extreme end of the 5’LTR to allow 
sequencing of the genomic sequence directly flanking the insertion site of the gene 
trap vector.
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ng/ml) in cIMDM at 37 oC and 5% CO2 to block mitosis at the metaphase. Subsequently, 
cells were washed ones with medium containing 10% FBS and twice with DPBS. Cells 
were detached with 0.05% trypsin-EDTA (Gibco). Complete medium was added, and 
cell were harvested and pelleted by centrifugation for 5 min at 300 x g. 

The cells were fixed with ice-cold 70% ethanol for 1 hour at 4 oC. Ethanol was removed 
by washing the cells with DPBS, and the cells were incubated 10 minutes with 100 µg/
ml RNase (Sigma Aldrich) at room temperature. Propidium iodide was added to a 
final concentration of 10 µg/ml and cells were incubated 30 minutes in dark at room 
temperature to stain the DNA. Cells were spun down (5 min at 300 x g) to remove excess 
of propidium iodide and the cell pellet was resuspended in DBPS for measurement 
on Cytoflex (Beckman Coulter). Data was analysed using FlowJo software (FlowJo, 
LLC). Gates for single cells were applied in forward scatter height vs forward scatter 
area. At least 20,000 single cells were acquired for each sample with two samples per 
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Supplementary information

Supplementary table S1. Size and zeta potential of 50 nm SiO2 nanoparticles. The size of 50 nm SiO2 
nanoparticles with and without corona (see Methods for details on corona preparation) was measured in PBS 
by differential centrifugal sedimentation and reproduced from 1. The diameter is presented as the mode and 
the half height width of the peak is given as a measure for the size distribution. Zeta potential of 50 nm SiO2 
nanoparticles was measured at 100 µg/ml in water, PBS, and with a corona in serum-free medium (see Methods 
for details) using dynamic light scattering. The average and standard deviation (s.d.) of two to three independent 
dispersions are presented.

Nanoparticle 
condition

Mode (nm) ± s.d. Half height width of the 
peak (nm) ± s.d.

Zeta potential (mV) 
± s.d.

Water - - -30 ± 4

PBS 35.8 ± 0.3 6.5 ± 0.5 -13 ± 1

Corona 36.0 ± 0.3 14.3 ± 5.5 -5 ± 1

Supplementary Table S2. Details on sequencing depth of first two genetic screenings. A library of mutagenized 
cells was created by retroviral insertion. The cells were exposed overnight (~14-18h exposure) to 100 µg/ml SiO2 
nanoparticles with a human serum corona in serum-free medium. The mutagenized cells were sorted starting 
by selecting the cells with nanoparticle uptake corresponding to lowest 1% or lowest 0.1% of the uptake in non-
sorted non-mutagenized cells. The sorting was repeated for another three times after which cells with either a 
reduced nanoparticle uptake (NP-reduced) or no nanoparticle uptake (NP-negative) were sorted for an additional 
three to four times. (See Figure 1 and Supplementary Figure S1 for the corresponding gating during fluorescence 
activated cell sorting). The position of the retroviral insert in the genome was determined by sequencing. The 
number of inactivating inserts per gene was compared to the number of inserts found in the library (see Methods 
for more details) and used to determine the significantly enriched genes (corrected p-value < 0.01 and > 1 insert) 
using a Chi-square test and corrected for multiple testing with the Benjamini-Hochberg procedure.

Sample Number of 
reads

Number of 
inserts in 

genes

Number of 
genes with  

an insert

Number of 
enriched 

genes*

Highest number of 
inactivating inserts in 

an enriched gene
Unsorted 
library

70003453 481188 23021 - -

1% lowest  
NP-negative

50414028 3825 2963 84 28

1% lowest  
NP-reduced

59327267 3753 2848 98 38

0.1% lowest  
NP-negative

29972884 50181 12774 138 29

0.1% lowest  
NP-reduced

35508040 13348 6704 182 11

* Multiple testing corrected p-value < 0.01 and > 1 inactivating insert

Supplementary table S3. Genes overlapping between mutated cells selected for reduced or no uptake starting 
from a 1% selection. Mutagenized cells were exposed overnight (~14-18h exposure) to 100 µg/ml human 
serum-coated silica nanoparticles, and selected for cells with 1% nanoparticle uptake by fluorescence activated 
cell sorting (FACS). The selection was repeated and after three sorts the population was separated in cells 
with reduced or no nanoparticle uptake (NP-reduced and NP-negative). The site of mutation was determined 
by sequencing and compared to the unsorted library for enrichment of mutations in genes. A Chi-square test 
was used to determine the significantly enriched genes (smallest reportable p-value of 10-100) and corrected for 
multiple testing with Bejamini-Hochberg procedure. Genes were considered significantly enriched if they had > 1 
inactivating insert and corrected p-value < 0.01 (see Methods for details on inactivating inserts).

1% selection NP-negative 1% selection NP-reduced
Number of 
inactivating inserts

BH corrected 
p-value

Number of 
inactivating inserts

BH corrected 
p-value

AC087190.3 2 1,40537E-74 4 < 1E-100

LINC00486 9 < 1E-100 6 < 1E-100

MBTPS1 6 4,25203E-63 8 < 1E-100

NDST1 4 7,28486E-56 10 < 1E-100

LDLR 6 3,41464E-59 12 < 1E-100

SREBF2 16 < 1E-100 18 < 1E-100

TM9SF2 10 < 1E-100 21 < 1E-100

PAPSS1 16 < 1E-100 26 < 1E-100

SLC35B2 28 < 1E-100 38 < 1E-100

EXT1 10 2,5293E-62 11 4,11885E-75

AC022182.2 4 7,28486E-56 4 9,11539E-56

AL021453.1 6 2,19186E-17 9 1,2516E-38

AC009264.1 2 1,05419E-37 2 1,25192E-37

UHRF2 2 3,82852E-07 3 5,47236E-15

AC022182.1 4 1,55632E-14 4 1,53047E-14

SCAP 2 1,50269E-06 3 9,5077E-14

ZDBF2 2 6,78589E-12 2 6,66705E-12

LINC01841 2 0,001940514 3 6,22295E-07

TRIP4 3 3,72403E-14 2 9,47424E-07

LINC01588 3 0,00042557 3 0,000438812

KIAA0825 2 0,000968674 2 0,000995673

ZNF436-AS1 2 0,002886216 2 0,002956466

CADPS2 2 0,00312563 2 0,00318367

ENPP7P7 2 0,003445117 2 0,003513426

LITAF 2 0,003787265 2 0,003867449

XIAP 2 0,004049972 2 0,004106664

GLOD4 2 0,006403486 2 0,006544511

IFT81 2 0,00849966 2 0,008650424
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Supplementary Table S4. Details on sequencing depth of the time-resolved screening. A library of  
mutagenized cells was created by retroviral insertion. The cells were exposed overnight (~14-18h exposure) to 
100 µg/ml SiO2 nanoparticles with a human serum corona in serum-free medium. Fluorescence activated cell 
sorting was used to select the mutagenized cells with nanoparticle uptake corresponding to the lowest 3% of 
uptake in non-sorted non-mutagenized cells. After cell expansion, nanoparticle exposure and the selection were 
repeated to a total of 6 sorts (see Figure 3a for the gating). The position of the retroviral inserts in the sorted 
cells was determined by sequencing. The number of inactivating inserts per gene was compared to the number 
of inserts found in the library (see Methods for more details) and used to determine the significantly enriched 
genes (corrected p-value < 0.01 and > 1 insert) using a Chi-square test and corrected for multiple testing with the 
Benjamini-Hochberg procedure.

Sample Number of 
reads

Number of 
inserts in 
genes

Number of 
genes with an 
insert

Number of 
enriched 
genes*

Highest number of 
inactivating inserts in 
an enriched gene

1st sort 34127562 33612 10843 201 39
2nd sort 17529513 22399 8986 195 118
3rd sort 41710216 78307 14867 216 335
4th sort 40584157 23350 9038 258 304
5th sort 41247958 17676 7746 215 312
6th sort 21260708 10038 5484 166 238

* Multiple testing corrected p-value < 0.01 and > 1 inactivating insert

Supplementary Table S5. Genes significantly enriched in the screen selecting the cells with the lowest 1% or 
3% nanoparticle uptake. A Chi-square test was used to determine the significantly enriched genes (smallest 
reportable p-value of 10-100) and corrected for multiple testing with Benjamini-Hochberg procedure. Genes with 
corrected p-value < 0.01 and more than 1 inactivating insert were considered significantly enriched.

Gene Corrected p-value in screen with 
lowest 1% uptake

Corrected p-value in screen 
with lowest 3% uptake

LDLR < 10-100 < 10-100

SREBF2 < 10-100 < 10-100

MBTPS1 < 10-100 < 10-100

SCAP 9.5 x10-14 < 10-100

NDST1 < 10-100 < 10-100

TM9SF2 < 10-100 < 10-100

PAPSS1 < 10-100 < 10-100

SLC35B2 < 10-100 < 10-100

AC026464.6 5.1 x 10-5 3.6 x 10-42

EXT1 4.1 x 10-75 1.4 x 10-37

COG7 7.0 x 10-19 5.7 x 10-38

COG8 6.5 x 10-5 2.38 x 10-41

AL021453.1 1.3 x 10-38 < 10-100

LINC00486 < 10-100 5.0 x 10-17

Supplementary Table S6. Primers for LAM-PCR. LAM-PCR was performed as described in the methods using the 
primers dictated in the table. 5Biosg, biotinylated at 5’ end;  5Phos, 5’-phosphorylated; 3ddC, 3’-dideoxycytidine 

Name Primer sequence (5’-> 3’)
3LTRflanking-biot1 /5Biosg/GGTCTCCAAATCTCGGTGGAAC

p7 DNA linker /5Phos/GATCGGAAGAGCACACGTCTGAACTCCAGT/3ddC/

NextSeq_
Hap_F_501

AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTA-
CACGACGCTCTTCCGATCTATCTGATGGTTCTCTAGCTTGCC

NextSeq_
Hap_R_701

CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_702

CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_703

CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_704

CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_705

CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_706

CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_707

CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGT-
GTGCTC

NextSeq_
Hap_R_708

CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGT-
GTGCTC

Custom sequencing 
primer

CTAGCTTGCCAAACCTACAGGTGGGGTCTTTCA
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Supplementary Figure S1. Stricter selection of mutagenized HAP1 cells with reduced nanoparticle uptake. 
Double scatter plots of repeated sorting of mutagenized HAP1 cells with nanoparticle uptake corresponding 
to the lowest 0.1% of uptake. Briefly, mutagenized HAP1 cells were exposed overnight (~14-18h exposure) to 
100 µg/ml corona-coated silica nanoparticles in serum-free medium (see Methods for details) and cells with 
reduced or no uptake (NP-reduced and NP-negative respectively) were selected using fluorescence activated 
cell sorting (FACS). The collected cells were expanded for repeated exposure to the nanoparticles and sorting 
to enrich for cells with low nanoparticle uptake (a total of 6 sorts). The FACS plots show the gate used for the 
sorting with the percentage of cells from the mutagenized HAP1 sample (red). Non-mutagenized HAP1 cells 
exposed to nanoparticles (blue) were used as a control. The results show a slow enrichment of cells with reduced 
nanoparticle uptake for both the NP-negative and NP-reduced sample.
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< Supplementary Figure S2. Enrichment of small haploid non-mutagenized cells with reduced nanoparticle 
uptake. a) Double scatter plots of repeated sorting of non-mutagenized HAP1 cells with the nanoparticle uptake 
corresponding to the lowest 1% of uptake. Briefly, HAP1 cells were exposed overnight (~14-18h exposure) to 100 
µg/ml corona-coated silica nanoparticles in serum-free medium (see Methods for details) and cells with reduced 
uptake (corresponding to the lowest 1% of uptake by non-sorted cells) were selected using fluorescence activated 
cell sorting (FACS). The collected cells were expanded for repeated exposure to the nanoparticles and sorting to 
enrich for cells with low nanoparticle uptake (a total of 6 sorts). The FACS plots show the gate used for the sorting 
with the percentage of cells from the mutagenized HAP1 sample (red). Non-mutagenized HAP1 cells exposed 
to nanoparticles (blue) only once were used as a control to set the gate, and non-exposed HAP1 cells (yellow) as 
negative control. The plots show enrichment of non-mutagenized cells with reduced nanoparticles uptake after 
repeated sorting. b) Double scatter plots of repeated nanoparticle exposure of non-mutagenized HAP1 cells. The 
HAP1 cells were exposed overnight (~16h exposure) to 100 µg/ml corona-coated silica nanoparticles in serum-
free medium (see Methods for details) with one-week interval and uptake was measured by flow cytometry. 
Non-mutagenized HAP1 cells exposed only once to nanoparticles (blue) and non-exposed HAP1 cells (yellow) 
were used as controls. The data show that cells exposed multiple times to nanoparticles have similar uptake to 
cells exposed only ones to nanoparticles. c) Flow cytometric histograms of sorted non-mutagenized HAP1 cells 
after DNA staining. After 6 selections, the sorted non-mutagenized HAP1 cells (red) were stained with propidium 
iodide DNA staining. Non-mutagenized HAP1 cells of similar passage number (but not sorted; blue) were used as 
a control. 1N, haploid cells; 2N, diploid cells. The sample sorted for non-mutagenized cells with reduced uptake 
contained more haploid cells than the non-sorted sample. d) Flow cytometric histogram of forward and side 
scatter of sorted non-mutagenized HAP1 cells (red). Non-mutagenized HAP1 cells of similar passage number 
(but not sorted; blue) were used as a control.  (Representative histogram of two biological replicates is shown.) 
The plots show that non-mutagenized cells sorted for reduced uptake were smaller than non-sorted cells.

Supplementary Figure S3. Size of sorted mutagenized cells. Mutagenized cells were sorted repeatedly for cells 
with reduced uptake after overnight (~14-18h exposure) exposure to 100 µg/ml silica nanoparticles with a human 
serum corona (see Figure 1 for the gating of the NP-reduced cells). As a reference for uptake and size, non-sorted 
non-mutagenized HAP1 cells of similar passage number were exposed to the nanoparticles and measured. The 
nanoparticle uptake level is compared in the scatterplot and the histograms of forward and side scatter are 
shown to compare cell size. A representative example is shown (the 5th sort of NP-reduced from the screening 
selecting the lowest 1% in Figure 1). The results show that mutagenized cells sorted for reduced uptake were 
smaller than non-sorted (non-mutagenized) cells.
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Supplementary Figure S4. Influence of sequencing preparation on number of enriched genes. a-b) Comparison 
between the genes found significantly enriched after different preparation for sequencing. a) Cells were either 
grown after sorting or directly used for sequencing preparations. b) The effect of the amount of material used for 
sequencing preparation on the resulting enriched genes was determined starting from either 5 million cells or 
40 million sorted (grown) cells. Genes were considered as significantly enriched if the corrected p-value < 0.01 
calculated by Chi-square test with Benjamini-Hochberg correction and if it contained > 1 inactivating insert. 
The results show an overlap of approximately 50% in the significantly enriched genes found after different 
sequencing preparation conditions of the same sample (directly versus growing the cells before preparation (a) 
and preparing 5 million versus 40 million cells for sequencing (b)).

> Supplementary Figure S5. Enriched genes with a more stringent corrected p-value of 10-5.  a) Upset graph 
comparing the number of enriched genes found after every sort selecting for the cells with nanoparticle 
uptake corresponding to the lowest 3% of uptake (see Figure 3a). The vertical bars present the number of 
genes overlapping between the samples indicated below. Genes significantly enriched in at least 3 consecutive 
sorts and without fluctuations over time are highlighted by a grey box. Genes were considered as significantly 
enriched if the corrected p-value < 10-5 calculated by Chi-square test with Benjamini-Hochberg correction and if it 
contained > 1 inactivating insert. The graph shows that many genes were identified only in one sample, and that 
several genes were significantly enriched in  consecutive sorts. b) Cluster analysis of consistently significantly 
enriched genes (grey boxes in panel a). Node colours indicate genes involved in Golgi trafficking (red) and 
lysosomal trafficking (blue), cholesterol metabolism (green), and glycosaminoglycan metabolism (yellow). Line 
thickness corresponds to the confidence strength of the protein interaction. The results show that part of the 
genes significantly enriched in at least three consecutive sorts are involved in pathways including intracellular 
trafficking (Golgi and lysosomal), cholesterol metabolism, and glycosaminoglycan metabolism.

Supplementary references

(1)  Francia, V.; Yang, K.; Deville, S.; Reker-Smit, C.; Nelissen, I.; Salvati, A. Corona Composition Can 
Affect the Mechanisms Cells Use to Internalize Nanoparticles. ACS Nano 2019, 13 (10), 11107–11121. 
https://doi.org/10.1021/acsnano.9b03824.
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Introduction

Over the past decades, the use of nanocarriers have improved drug delivery, but 
currently the direction to take to increase nanomedicine delivery efficiency is 
debated1–3. One of the strategies to further enhance drug delivery, is modifications 
of the nanocarrier with ligands for active targeting purposes4–6. However, achieving 
active targeting remains highly challenging. It has been shown that targeting might 
be partially lost in biologically relevant media due to corona formation masking 
the targeting moieties7,8. Moreover, even when the nanoparticle is recognized by a 
specific surface receptor, it might enter through another endocytic pathway than 
used by the receptor for its endogenous ligand9,10. The endocytic mechanism can 
in turn affect the intracellular uptake efficiency, kinetics and trafficking. Thus, 
receptors which are successful in cell specific targeting might instead be inefficient 
in inducing internalization, leading to poor intracellular drug delivery. Therefore, 
a better understanding of how the initial interactions on the cell membrane and 
eventual recognition by cell receptors triggers internalization is required to ensure 
optimal drug delivery efficiency.

Within this context, we previously applied forward genetic screening for the 
first time as a genome-wide screening method allowing to identify novel targets 
involved in nanoparticle uptake. As a first sample for the screening we used silica 
nanoparticles with a human serum corona. This specific sample was chosen, because 
it is known that these nanoparticles in human serum interact with the low-density 
lipoprotein receptor (LDLR) via their corona, but they do not enter cells via clathrin-
mediated endocytosis, as commonly observed for this receptor9,11. Thus, investigating 
the mechanism of uptake of these nanoparticles can provide important information 
on the interplay between the initial interactions of nanoparticles with cell receptors 
and the subsequent mechanism activated for their internalization. Hence, a library 
of genome-wide mutagenized cells was prepared and the mutagenized cells with 
reduced uptake were enriched by repeated selections using fluorescence activated 
cells sorting. The enrichment of mutagenized genes was followed over time for up 
to 6 sorts.  Many genes were found enriched in mutations, of which several belonged 
to Golgi and lysosomal trafficking, cholesterol metabolism, and glycosaminoglycan 
biosynthesis pathways. In particular, the time-resolved analysis showed that genes 
related to Golgi and lysosomal trafficking disappeared over time, while genes involved 
in cholesterol metabolism and glycosaminoglycan biosynthesis were more steadily 
enriched in mutations.

Abstract

The cell membrane is one of the barriers nanomedicine need to pass in order to 
efficiently deliver their drug to its target. To optimize nanocarrier design for efficient 
delivery, a better understanding of nanoparticle recognition by cell receptors and 
subsequent pathways of internalization and trafficking is needed. Previously, using 
forward genetic screening we identified several novel targets affecting nanoparticle 
uptake. Here, the role of the identified targets has been investigated, including 
different proteins involved in Golgi and endo-lysosomal trafficking, receptors and 
other proteins involved in cholesterol metabolism, and proteins related to heparan 
sulphate biosynthesis. Using silica nanoparticles with a human serum corona, we 
found that silencing the expression of most of the identified targets reduced uptake 
not only in the HAP1 cells used for the screening, but also in HeLa cells. This confirmed 
the role of these targets in nanoparticle uptake. More in detail, the results showed  
that in both cell lines uptake of the silica nanoparticles depended on at least two 
receptors, namely the low-density lipoprotein receptor and scavenger receptor 
B1, likely via recognition of the corona proteins adsorbed on their surface. 
Additionally, a clear role of heparan sulphate in nanoparticle-cell interactions was 
also demonstrated. In order to clarify this finding in more details, further tests 
were performed using different cell lines as well as different nanoparticles and 
corona conditions. Interestingly, the results showed that the involvement of heparan 
sulphate in nanoparticle uptake was highly dependent on both the cell type, as well 
as the nanoparticle tested and, more specifically, their corona. This shows the highly 
complex interplay between various cell membrane components, including receptors 
and surface proteoglycans, in the early recognition of nanoparticles at the cell 
membrane, which each affect the subsequent uptake. 

Keywords:
Apolipoprotein receptors; Heparan sulphate; Intracellular trafficking; Nanoparticle 
uptake; Receptor recognition 
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nano-sized objects9,32–35. Further studies were performed to clarify in more detail the 
role of heparan sulphate in the initial interactions of nanoparticles with cells, using 
multiple cell types and also various nanoparticles with different corona, including 
liposomes as a nanomedicine model. Additionally, we performed other studies to 
understand the interplay between heparan sulphate and apolipoprotein receptors in 
nanoparticle uptake. This allowed us to validate the identified targets, as well as to 
obtain insight into their role in nanoparticle uptake.

Results and Discussion

In a previous study (Chapter 4), we showed that by using forward genetic screening 
many novel targets could be identified which reduced nanoparticle uptake in 
mutagenized cells. Pathway analysis showed enrichment of genes involved in 
Golgi and lysosomal trafficking, cholesterol metabolism, and glycosaminoglycan 
metabolism (Figure 1). Here, we selected several targets involved in different steps of 
the pathways and studied their role in nanoparticle uptake using RNA interference. 
The selected targets were silenced in HAP1 cells, which were used for the forward 
genetic screening, and in HeLa cells, which are a common model to study nanoparticle 
uptake and also in the endocytosis field, because of their high silencing efficiency9,32,33. 
As a first step, the role of the selected targets in nanoparticle uptake was verified 
using the same nanoparticle conditions as used in the forward genetic screening.

Golgi and lysosomal trafficking are important processes for 
nanoparticle uptake
One of the pathways enriched among the identified targets was Golgi trafficking. We 
selected targets involved in vesicle trafficking from the Golgi to various subcellular 
compartments. Conserved oligomeric Golgi complex subunit 7 (COG7) was selected 
as part of the conserved oligomeric Golgi complex, which is involved in vesicle 
tethering during retrograde intra-Golgi transport36. Ras-Related GTP-Binding 
Protein (RAB10) is thought to play amongst others a role in trafficking from the 
Golgi to the cell surface37–39. The µ subunit of adaptor protein 1 (AP1M1) was selected 
for its role in transport between the Golgi and endosomes through formation of 
clathrin-coated vesicles40,41. Sortilin 1 (SORT1) is a transmembrane protein that binds 
and sorts various proteins from the Golgi to the endo-lysosomal system42,43.  RNA 
interference of selected targets involved in Golgi vesicle trafficking (COG7, RAB10, 
AP1M1, and SORT1) efficiently reduced their mRNA levels (Supplementary Figure 
S1a). Flow cytometry measurement after silencing confirmed their involvement in 
the uptake of silica nanoparticles with a human serum corona in both cell lines, but 

The targets involved in cholesterol metabolism contained two receptors: LDLR, 
known to be involved in the internalization of the nanoparticles by HeLa cells9,11, 
and the scavenger receptor B1 (SCARB1). The other targets related to cholesterol 
metabolism were related to the sterol-sensing transcription factor SREBF2, which 
regulates cholesterol homeostasis. Cholesterol is an important component of the 
cell membrane and is involved in various endocytic pathways, that depend on its 
presence12. Moreover, sterol-binding transcription factors regulate the expression of 
lipoprotein receptors13–16. Therefore, it is important to clarify whether the identified 
cholesterol-related targets had an effect on cholesterol levels in the cell membrane or 
on the expression of lipoprotein receptors.

Among the targets identified, several were involved in glycosaminoglycan 
biosynthesis.  Glycosaminoglycans are long linear polysaccharides and some forms 
are expressed on the surface of cells. The most common types of glycosaminoglycan 
present at the cell membrane are heparan sulphate and chondroitin sulphate. 
These glycosaminoglycans are attached to specific membrane-spanning or 
glycosylphosphatidylinositol anchored proteins to form so called proteoglycans, of 
which some can function as receptors17,18. Heparan sulphate and chondroitin sulphate 
can be highly sulphonated with different sulphonation patterns depending on the cell 
state and cell type19–21. Due to the overall negative charge of glycosaminoglycans, they 
are often studied in the context of the uptake of positively charged nanoparticles. 
It is in fact believed that cationic nanoparticles adhere to the negatively charged 
glycosaminoglycans via non-specific electrostatic interactions22–24. Furthermore, 
heparan sulphate can interact with and facilitate the uptake of apolipoproteins25–27. 
Interestingly several apolipoproteins are present in the corona forming in human 
serum on the silica nanoparticles used in the forward genetic screening9,11. Moreover, 
glycosaminoglycans are used by specific viruses to enter cells28–30 and recently it was 
shown that also the uptake of cancer-derived exosomes depends on the interaction 
with cell surface glycosaminoglycans31. Thus, glycosaminoglycans facilitate the 
cellular entry of different natural nano-sized objects (e.g. viruses and exosomes)28–31, 
but their role in the uptake of man-made nanoparticles, as well as nanomedicines, is 
still unclear. 

To better understand the role of the identified novel targets in nanoparticle uptake, 
we have used RNA interference to shut down their expression and, in this way, verify 
their involvement in the uptake of the silica nanoparticles with a human serum 
corona used for the forward genetic screen. This was performed using two cell-lines: 
the human haploid HAP1 cells which were used for the screening, and – for additional 
confirmation –  the human cancer HeLa cells, commonly used to study endocytosis of 



Chapter 5 - Heparan sulphate and apolipoprotein receptors in nanoparticle-cell interactions

5

169168

Another cluster of genes enriched in the forward genetic screening was related to 
endo-lysosomal trafficking. Finding this pathway was not unexpected, because 
many nanoparticles traffic through the endo-lysosomal system9,32,33. Nonetheless, 
the identified genes did not include the most common targets usually studied in 
relation to endo-lysosomal trafficking of nanoparticles, such as Rab5, Rab7, Rab9, or 
LAMP132,33,48, but other targets not studied yet in this context. Therefore, among them, 
we selected for further validation Vacuolar Protein Sorting 33A (VPS33A), which is 
part of the endosomal tethering complexes HOPS and CORVET; and Hepatocyte 
Growth Factor-Regulated Tyrosine Kinase Substrate (HGS or HRS), which plays a role 
in transport from early endosomes to other subcellular compartments. Additionally, 
part of the targets related to Golgi trafficking have also a role in endo-lysosomal 
transport. For instance, RAB10 is suggested to mediate formation of tubular 
endosome involved in recycling of cargo49 and to facilitate endocytosis of hyaluronic 
synthase from the plasma membrane50. AP1M1 is important for Golgi and endosomal 
sorting41,51. Moreover, a small amount of SORT1 is present at the plasma membrane 
and it has been shown that it can function as a receptor for pro-neurotrophic factors, 
apolipoprotein A-V, and LDL43,52–54. 

Thus, targets from the screening related to endo-lysosomal transport (VPS33A, 
and HGS, but also RAB10, SORT1, and AP1M1, that also have a role for Golgi) were 
knocked down in HAP1 and HeLa cells with RNA interference. While, as mentioned 
above, silencing RAB10, SORT1, and AP1M1 had a clear effect on nanoparticle uptake 
in both cell lines, silencing VPS33A and HGS did not reduce the uptake of the silica 
nanoparticles with human serum corona in HAP1 cells. However, VPS33A and HGS 
silencing strongly reduced nanoparticle uptake in HeLa cells (Figure 2). Interestingly, 
some of these genes are also associated with autophagy, including VPS33A, which 
is required for autophagosome-lysosome fusion55, and HGS, which plays a role in 
autophagy maturation56. Nanoparticles can modulate autophagy57, and autophagy 
was previously suggested to play a role in the trafficking of polystyrene nanoparticles 
to lysosomes32. Additionally, some studies reported occasional transport of 
nanoparticles to organelles other than lysosomes34,46,48. Further research is required 
to elucidate the exact role of these identified targets in intracellular nanoparticle 
trafficking and nanoparticle sorting and eventual relation with autophagy.

Cholesterol metabolism and apolipoprotein receptors in endocytosis 
of 50 nm silica with human serum corona
Among the genes identified in the forward genetic screening, two receptors 
connected to cholesterol metabolism were included, namely low-density lipoprotein 
receptor (LDLR) and the scavenger receptor B1 (SCARB1 also known as SRB1). In order 

with stronger effects in HeLa cells (in particular in case of silencing COG7 which had 
a highly variable effect in HAP1 cells) (Figure 2). The Golgi apparatus is important for 
cargo sorting and post-translational modifications of proteins. Therefore, disruption 
of the Golgi vesicle transport might affect many cellular processes and components, 
including proper functioning of lysosomes, as well as the expression of cell membrane 
receptors36. Because of the many roles of the Golgi apparatus, the exact role of it in 
the entry of nano-sized objects remains unclear. Endosomal cargo can be transported 
to the Golgi44,45 and there are occasional reports of nanoparticles associated with the 
Golgi34,46.  Also, trafficking of proteins like hydrolases from the Golgi to the endo-
lysosomal system is essential for proper functioning of the lysosomes47, which is often 
the final intracellular destination of internalized nanoparticles and nanomedicines, 
including that of the human serum-coated silica nanoparticles9,32,33.

Figure 1. Genes enriched in the forward genetic screening. Mutagenized cells with reduced uptake of 50 nm 
silica nanoparticles with a human serum corona were sorted as described in Chapter 4. The genes enriched for 
mutations were determined and contained many genes related to Golgi and lysosomal trafficking (intracellular 
trafficking), cholesterol metabolism, and glycosaminoglycan metabolism. The bars show the maximum 
enrichment of the genes during the screen expressed as the logarithm of the corrected p-value (calculated with 
Chi-square (smallest reportable value of 10-100) and corrected with Benjamini-Hochberg procedure). Targets 
selected for further verification are depicted in red.  
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The other identified targets related to cholesterol metabolism included the 
transcription factor SREBF2 which regulates cholesterol metabolism, and proteins 
required for its activation including its chaperone SCAP and the proteases MBTSP1 
and MBTSP213. Silencing of the selected targets, SREBF2, SCAP, and MBTSP1, reduced 
the uptake of the silica nanoparticles in both cell lines (Figure 3a). Only in case of 
silencing MBTPS1 in HAP1 cells, the reduction in uptake was minor, probably due to 
the low silencing efficiency (see qPCR results in Supplementary Figure S1b).  These 
targets can also indirectly affect  expression of the apolipoprotein receptors LDLR 
and SCARB1, because the expression of both receptors are controlled by SREBF 
transcription factors13,15,16. Also, the expression of apolipoprotein receptors is highly 
regulated and interconnected. Silencing of one can upregulate the expression of the 
other14. Indeed, mRNA levels of SCARB1 and LDLR were reduced after silencing of 
several of the cholesterol-related targets (Figure 3b,c). Remarkably, LDLR mRNA levels 
were increased after SCARB1 silencing in both cell lines, but nanoparticle uptake 
was still efficiently reduced. These results indicate that SCARB1 might be a more 
important receptor for the internalization of these nanoparticles. In line with this, in 
the corona of human serum-coated silica nanoparticles the relative abundance of the 
apolipoprotein A-I, the main ligand for SCARB1, was reported to be higher than that 
of ApoE and ApoB-100, the ligands for LDLR9.  The stronger influence of SCARB1 than 
of LDLR on nanoparticle uptake is especially interesting, because SCARB1 has been 
reported to transcytose LDL across endothelial cells63, which are one of the barriers 
nanocarriers need to pass for efficient drug delivery. Thus, identifying all receptors 
and decipher the relative contribution of each receptor to nanoparticle uptake is 
important, and might help to understand possible in vivo outcomes.

The reduced nanoparticle uptake upon silencing of SREBF2, MBTPS1 and SCAP in 
HAP1 and HeLa cells might also have been caused by a reduction in LDLR or SCARB1 
expression. Indeed, qPCR suggested side-effects on the expression of these receptors 
in the case of SREBF2 and MBTPS1 silencing in HAP1 cells, and SCAP silencing in 
HeLa. However, in the other cases (SCAP in HAP1 cells, and SREBF2 and MBTPS1 in 
HeLa cells) no side-effect on the expression of SCARB1 or LDLR was observed (based 
on mRNA levels). This suggested that cholesterol itself plays a role in the endocytosis 
of the nanoparticles, as it is an important component of the cell membrane and early 
endosomes64 and several endocytic mechanisms depend on cholesterol12. However, in 
a previous study using the same nanoparticles and corona conditions, sequestering 
cholesterol with the drug methyl-β-cyclodextrin did not affect the uptake by HeLa 
cells9, thus SREBF2 and MBTPS1 effects on uptake in these cells need to be further 
elucidated. Similarly, it would be interesting to study whether instead in HAP1 
cells cholesterol plays a role. Nevertheless, many apolipoproteins are present in the 

to determine their potential role in uptake, their expression was silenced and this 
strongly reduced the uptake of human serum-coated nanoparticle in both HeLa and 
HAP1 cells (Figure 3a and Supplementary Figure S1 for qPCR). LDLR and SCARB1 are 
both receptors for apolipoprotein containing lipid particles. Interestingly, the same 
receptors were recently shown to participate in the entry of hepatitis C virus through 
association with lipoproteins from the serum58. LDLR can bind to apolipoprotein 
E and B-10059,60, while SCARB1 is the receptor for apolipoprotein A-I containing 
high-density lipoprotein, but can also interact with apolipoprotein A-II, C-III, and 
E15. These apolipoproteins are all present in the corona of human serum-coated 
silica nanoparticles9. Additionally, it was previously shown that LDLR mediates 
the uptake of these nanoparticles by HeLa cells via recognition of apolipoproteins 
in their corona9,11 However, the role of SCARB1 was not previously investigated. Our 
results clearly showed that SCARB1 was strongly involved in nanoparticle uptake, 
which likely occurs through the interaction with other apolipoproteins present in 
the corona9. At a broader level, these results also indicate that nanoparticles can 
interact with multiple receptors on cells, probably via different proteins present in 
their corona. The recognition of corona proteins by cell receptors can in turn affect 
the uptake mechanism9. Therefore, nanoparticles that can interact with multiple 
receptors may also induce internalization via different endocytic pathways. This 
is in line with the many studies on nanoparticle uptake suggesting involvement of 
multiple pathways9,61,62.  

Figure 2. Nanoparticle uptake after silencing of Golgi and endo-lysosomal trafficking targets. Targets related 
to Golgi trafficking (COG7, RAB10, AP1M1, and SORT1), and to endo-lysosomal trafficking (RAB10, AP1M1, 
SORT1, VPS33A, HGS) were silenced in HAP1 and HeLa cells. Silenced cells were exposed to 100 µg/ml human 
serum-coated silica nanoparticles in serum-free medium (see Methods for details) for 24 hours. The median 
cell fluorescence was determined by flow cytometry and normalized to that of cells transfected with scrambled 
siRNA as negative control. The results obtained in independent experiments are shown together with their mean 
(indicated with a line) and standard error of the mean. A black and a red dashed line are included as a reference 
for 100% and 60% uptake, respectively. The results show strong reduction in nanoparticle uptake after silencing 
for all targets in HeLa cells, and for most targets in HAP1 cells.
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Specific interaction between the corona proteins and heparan 
sulphate
Next, we validated the targets involved in glycosaminoglycan biosynthesis. We 
particularly focussed on heparan sulphate, because part of the targets identified 
in the screening were specific for biosynthesis of heparan sulphate (scheme 1) and 
heparan sulphate has been suggested to function as an endocytic receptor17,18. 

First, several of the targets involved in different steps of heparan sulphate synthesis 
were studied in HAP1 cells and HeLa cells using RNA interference. These targets were 
EXT1, which is required for the elongation of the polysaccharide chain of heparan 
sulphate; PAPSS1, which synthesizes the sulphate donor 3’-phosphoadenosine-
5’-phosphosulphate (PAPS); and TM9SF2, which is required for proper location of 
NDST1, a N-sulphotransferase for sulphonation of heparan sulphate26,30. The knock-
down of all of these targets strongly reduced nanoparticle entry in both cell lines, 
confirming their role in nanoparticle uptake. The only exception was EXT1 silencing 
in HAP1 cells, which did not reduce nanoparticle uptake, despite a good silencing 
efficiency (Figure 4a and qPCR results in Supplementary Figure 1c). 

To determine if the silencing had efficiently reduced heparan sulphate expression 
on the cell surface, HAP1 and HeLa cells were stained after RNA interference. As an 
additional control, the effect of silencing Golgi trafficking-related genes on expression 
of the glycosaminoglycans was also determined, because glycosaminoglycan synthesis 
occurs in the Golgi apparatus26,65. For all of these Golgi-related targets, the results 
showed no clear attenuation of heparan sulphate or chondroitin sulphate on the cell 
surface after silencing in HAP1 and HeLa cells, confirming a role for these targeted in 
nanoparticle uptake independent of glycosaminoglycan expression (Supplementary 

corona of these nanoparticles9,11 and they could interact also with other receptors than 
LDLR and SCARB1. Thus, silencing of the targets related to cholesterol metabolism 
may reduce the expression of other apolipoprotein receptors, besides LDLR and 
SCARB1, and thereby decrease nanoparticle uptake. Clearly, identifying all receptors 
involved in nanoparticle uptake within a certain cell type is crucial to be able to fully 
understand nanoparticle outcomes on cells and design nanomedicine truly targeted 
to specific receptors.

< Figure 3. The complex interplay between LDLR, SCARB1, and cholesterol-regulating targets affecting 
nanoparticle uptake. a, The receptors LDLR and SCARB1, and cholesterol-regulating factors (SREBF2, SCAP, and 
MBTPS1) were silenced in HAP1 and HeLa cells. The silenced cells were exposed to 100 µg/ml human serum-
coated silica nanoparticles in serum-free medium for 24 hours. The median cell fluorescence was measured by 
flow cytometry and normalized to the uptake in cells treated with scrambled siRNA (as control). The results 
obtained in independent experiments are shown together with the mean (indicated with a line) and standard 
error of the mean. A black and a red dashed line are included as a reference for 100% and 60% uptake. The 
results show reduction in nanoparticle uptake after silencing for all targets in HAP1 cells and HeLa cells. b,c, 
LDLR and SCARB1 mRNA levels were determined after silencing all selected targets using real-time qPCR and 
normalized to the mRNA level in cells transfected with scrambled siRNA (as control). The average fold-change 
of independent experiments are shown together with their mean (indicated with a line) and standard error of 
the mean. To compare the reduction in mRNA levels of LDLR and SCARB1, the fold-change in mRNA expression 
after silencing of these targets are shown in red. A dotted line at fold-change of 1 is included as a reference for the 
expression in control cells silenced with a scrambled siRNA.  The silencing of some targets affected mRNA levels 
of LDLR (b) or SCARB1 (c). 
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clear role in nanoparticle uptake. A hypothesis might be that PAPSS1 silencing changed 
sulphonation of other proteins involved in nanoparticle uptake. It would be interesting 
to determine more in detail the substrates which are sulphonated by PAPSS1 and which 
among them has a role in nanoparticle internalization.

In contrast to PAPSS1 silencing, TM9SF2 and EXT1 silencing reduced heparan 
sulphate expression as well as nanoparticle uptake in HeLa cells, confirming that 
heparan sulphate facilitates nanoparticle uptake in HeLa cells. Instead, RNA 
interference of EXT1 in HAP1 cells did not reduce nanoparticle uptake. Possibly, this 
may be explained by the presence of some residual heparan sulphate in the silenced 
cells, as observed by immunostaining (Figure 4a). The absence of a clear reduction in 
nanoparticle uptake in HAP1 cells silenced for EXT1 may also be due to the active uptake 
triggered by receptors like LDLR and SCARB1, which clearly have a strong effect on 
nanoparticle uptake in these cells (Figure 3a), possibly masking eventual effects due 
to EXT1 silencing. A clone of an EXT1 knockout, or creating double knockouts of EXT1 
and LDLR and SCARB1 would be useful to elucidate the role of EXT1 in nanoparticle 
uptake in these cells28,29. In relation to TM9SF2 silencing, given the even slightly higher 
residual heparan sulphate expression on the cell membrane than after EXT1 silencing 
(Figure 4a), the reduced uptake observed might be explained by other functions of 
TM9SF2. In fact, TM9SF2 is also implicated in sphingolipid biosynthesis, and these 
lipids are important component of the cell membrane involved in mechanisms of 
uptake66.  Further studies in this direction would be needed to clarify its role.

Having identified a role for heparan sulphate in nanoparticle uptake,  and studies reporting 
similar observations in relation to viral entry and internalization of exosomes18,30,31, we 
performed other studies to further elucidate its involvement. In particular, we wanted 
to clarify whether these glycosaminoglycans are involved in the initial adhesion of 
nanoparticles to the cell membrane and/or whether they act as receptors to promote 
nanoparticle uptake. To this aim, heparan sulphate and chondroitin sulphate were 
removed by enzymatic digestion with heparinase and chondroitinase, respectively. The 
enzyme-treated cells were exposed to nanoparticles for short times at 4 oC to determine 
potential effects of enzymatic digestion on nanoparticle adhesion to the cell membrane 
(in these conditions active uptake is blocked). The same was done at 37 oC in order to 
determine effects on uptake over time. In HAP1 cells, heparinase treatment efficiently 
removed heparan sulphate from the cell membrane and even 3 hours after digestion 
the effect was still present (Supplementary Figure S4a). Exposure to the nanoparticles 
at 4 oC after heparinase treatment strongly reduced nanoparticle adhesion, suggesting 
that heparan sulphate has a prominent role in the initial adhesion on the cell surface of 
HAP1 cells (Figure 5a). In line with this, uptake at 37 oC was also reduced but the effect 

Figures S2 and S3). On the other hand, silencing of EXT1 and TM9SF2, but not of PAPSS1, 
strongly reduced heparan sulphate expression in both HAP1 and HeLa cells, although 
some residual staining was visible in EXT1 silenced cells and even more in TM9SF2 
silenced cells (Figure 4). The silencing of these targets (EXT1, PAPSS1, or TM9SF2) did 
not decrease the expression of chondroitin sulphate, which however was relatively low 
in HAP1 cells (Supplementary Figure S2a and S3a). This was expected when silencing 
EXT1 and TM9SF2 since they are specifically involved in heparan sulphate biosynthesis, 
and not chondroitin sulphate (Scheme 1). Interestingly, when combining the effect of 
silencing on nanoparticle uptake and glycosaminoglycan expression, silencing PAPSS1, 
which synthesizes the common sulphate donor PAPS, reduced nanoparticle uptake 
but did not attenuate the expression of heparan sulphate, nor of chondroitin sulphate. 
This suggested that PAPSS1 was not important for their sulphonation, but still had a 

Scheme 1. Synthesis of heparan sulphate. Heparan sulphate is synthesized in the Golgi apparatus starting with 
the production of a polysaccharide chain, which is modified by multiple enzymes including sulphonation by 
sulphotransferases requiring 3’-phosphoadenosine-5’-phosphosulphate (PAPS). Genes in red were identified in 
the forward genetic screening.
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decreased over time, even though heparan sulphate was still reduced 3 hours after 
digestion (Supplementary Figure S4a). Internalization through receptors like LDLR and 
SCARB1 can still occur despite heparan sulphate removal, masking its role over longer 
exposure times. On the other hand, chondroitin sulphate expression in HAP1 cells was 
low (Supplementary Figure S5) and, in line with this, digestion by chondroitinase did not 
affect nanoparticle adsorption nor internalization (Figure 5b).

As a next step, we tested whether nanoparticle interactions with heparan sulphate on 
the cell membrane was solely due to aspecific electrostatic interactions or whether it was 
specific. In fact, it is known that the expression and sulphonation pattern of heparan 
sulphate can differ strongly between cells types19–21. For instance skeletal muscle stem 
cells increase 2-O- and 6-O-sulphonation during differentiation19, and macrophages 
change their sulphonation pattern upon polarization with higher expression of 
heparan sulphate and of 2-O-sulphotransferases HS2ST in M2 macrophages than in M1 
macrophages20. Therefore, we performed similar studies with the same nanoparticles in 
HeLa, A549, and unstimulated and PMA-stimulated THP-1 cells, after enzymatic digestion 
with heparinase and chondroitinase (Figure 5, and for staining of glycosaminoglycans 
Supplementary Figures S4 and S5). In HeLa cells, even though heparan sulphate was 
removed by the enzyme, the results at 4 ºC showed no effect on the initial adhesion 
of the nanoparticles. This confirmed that indeed the adhesion to heparan sulphate is 
cell specific. On the contrary, chondroitinase treatment even increased nanoparticle 
adhesion at 4 ºC, suggesting that in these cells chondroitin sulphate functions as a 
barrier. Similar effects were observed for nanoparticle uptake at 37 ºC with no effects 
after heparinase treatment and an increase in uptake after chondroitinase treatment. 
This is in contrast with the results obtained in HeLa cells after silencing EXT1, which 
instead showed that removal of surface heparan sulphate caused a strong reduction in 
uptake. However, it has to be noted that nanoparticle uptake studies in silenced cells were 
performed after 24-hour nanoparticle exposure, as opposed to these experiments which 
were limited to 3 hours. At these shorted incubation times, effects on uptake may be 
less visible if uptake is slow. Longer incubations with nanoparticles could not be tested, 
because in these cells glycosaminoglycans were slowly restored at the cell surface already 
after 3 hours (Supplementary Figure S4).  Altogether, silencing results at longer exposure 
times confirmed that heparan sulphate plays a role in the uptake of nanoparticles by 
HeLa cells, likely not visible by enzymatic digestion because of the shorter exposure time. 

Similar tests were performed on lung epithelial A549 cells. The results in A549 cells 
were similar to those of HeLa cells, with no effect on nanoparticle adhesion or uptake 
after heparinase treatment and an increase in adhesion and uptake after removal 
of chondroitin sulphate. Like in HeLa cells, nanoparticle uptake by A549 cells was 

Figure 4. Role of heparan sulphate in nanoparticle internalization. Heparan sulphate related targets, EXT1, 
PAPSS1, and TM9SF2, were silenced in a, HAP1 and b, HeLa cells. Silenced cells were exposed to 100 µg/ml 
human serum-coated silica nanoparticles for 24 hours and their fluorescence was measured by flow cytometry. 
The median cell fluorescence was normalized by the results in cells transfected with scrambled siRNA (control). 
The results obtained in independent experiments are shown together with their mean (indicated with a line) 
and standard error of the mean. Cells were also stained for heparan sulphate after silencing (blue, DAPI; green, 
heparan sulphate; scale bar, 25 µm). Silencing of EXT1 and TM9SF2 reduced heparan sulphate expression in 
HAP1 and HeLa cells compared to the control, however some residual heparan sulphate was still visible on HAP1 
cells. Instead silencing PAPSS1 had no evident effects on heparan sulphate expression in both cell lines. The flow 
cytometry results show clear reduction in nanoparticle uptake for all three targets in both cell lines, except for 
EXT1 silencing in HAP1 cells. 
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Figure 5. Role of cell surface glycosaminoglycans in nanoparticle uptake by different cells. a, Heparan  
sulphate or b, chondroitin sulphate was removed from HAP1, HeLa, A549, monocytic THP-1 (mTHP1) and PMA-
stimulated THP-1 (sTHP1) cells with heparinase or chondroitinase, respectively. Cells were exposed to silica 
nanoparticles with a human serum corona for 1 hour at 4 oC (4 

oC) to measure adhesion, or for 1 hour (1h) or 3 hours 
(3h) at 37 oC to measure uptake, after which the median cell fluorescence was determined by flow cytometry and 
normalized by the results obtained in untreated cells exposed to the same nanoparticles (see Supplementary 
Figure S6 for the corresponding raw data). The results obtained in independent experiments are shown together 
with their mean (indicated with a line) and standard error of the mean. A dotted line at 100% is included as a 
reference for the uptake in untreated cells. * to indicate the use of duplicate samples instead of triplicate samples 
within that experiment; †, to indicate 5,000-10,000 single cells were acquired per sample within that experiment 
instead of >10,000. The results show that adhesion of nanoparticles, occurring in energy-depleted cells at 4 oC, 
was decreased after heparan sulphate removal in HAP1 cells and stimulated THP-1 cells, but not in the other cells. 
In stimulated THP-1 cells also nanoparticle uptake was reduced for short incubations after heparinase treatment. 
Chondroitinase slightly attenuated adhesion of nanoparticles to stimulated THP-1 cells and increased adhesion 
of nanoparticles to A549 and HeLa cells.

relatively slow and heparan sulphate slowly returned within 3 hours after digestion, 
making it difficult to clarify whether heparan sulphate facilitates nanoparticle 
internalization in these cells. 

Because nanoparticles are often sequestered from the blood by macrophages2,3, 
we also tested THP-1 cells before and after stimulation with PMA as a model for 
human monocytes and macrophages, respectively. Monocytic (unstimulated) THP-1 
cells had a low expression of both glycosaminoglycans, and, consecutively, enzyme 
treatment did not affect adhesion or uptake. Upon PMA stimulation a few THP-1 cells 
increased strongly glycosaminoglycan expression and nanoparticle uptake was also 
strongly increased (Supplementary Figure S6). This suggested that heparan sulphate 
may have a role in uptake also in macrophages. In line with this, the removal of 
either heparan sulphate or chondroitin sulphate from PMA-stimulated THP-1 cells 
attenuated both adhesion and nanoparticle uptake. These results suggested that 
upon differentiation of the THP-1 cells the sulphonation pattern of heparan sulphate 
and chondroitin sulphate changes to a form that facilitates adhesion and (possibly 
thereby) internalization of nanoparticles. 

These additional tests on different cell types showed that heparan sulphate interactions 
with the nanoparticles is specific. Moreover, heparan sulphate might have different 
functions in the uptake of silica nanoparticles depending on the cell type, as already 
reported in literature for this glycosaminoglycan. For instance, using a mixture of 
enzymes to remove various cell surface oligosaccharides including heparan sulphate, 
the glycocalyx of endothelial cells were previously shown to function as a barrier for 
carboxylated quantum dots and for carboxylated and amino-modified polystyrene 
nanoparticles67,68. On the other hand, Rehman et al. showed that the heparan sulphate 
containing proteoglycan syndecan-1 on filipodia can capture cationic lipo- and 
polyplexes and bring them to the cell body in HeLa cells69.  However, the nanoparticles 
used here were negatively charged, thus excluding that the observed effects of 
heparan sulphate were simply due to electrostatic interactions between oppositely 
charged surfaces. Moreover, heparan sulphate is thought to facilitate the interaction 
of various viruses with their endocytic receptor, but it can also function itself as an 
independent endocytic receptor17,18,70–72. Interestingly, heparan sulphate has also been 
suggested as an alternative receptor for LDL besides LDLR73,74. Additionally, it can 
modulate the cell surface expression of LDLR by capturing and presenting PCSK9 
to LDLR inducing lysosomal LDLR degradation71. Thus, the interaction between 
heparan sulphate and LDLR (as receptors) is highly complex, and their contribution 
to nanoparticle uptake may differ in different cells. 
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As a final step, we tried to disentangle how heparan sulphate and other receptors, like 
here LDLR and SCARB1, together determined the initial interactions at the cell surface 
and subsequent uptake. It is for instance known that apolipoprotein E and B, which 
are both present in the corona of silica nanoparticles with a human serum corona9,11, 
can bind to heparan sulphate25–27,77,78 and also to lipoprotein receptors including LDLR 
and SCARB115,27,63,79. Thus, HAP1 cells were treated with heparinase and exposed to 
nanoparticles in the presence of LDL to determine eventual competition for the 
same receptors (Figure 6). As a control, the effect of enzymatic digestion of heparan 
sulphate on LDL uptake was also determined. Removal of heparan sulphate reduced 
LDL uptake (Supplementary Figure S9), which is in agreement with literature showing 
that LDL attaches to heparan sulphate facilitating its uptake 26,27,80. 

For the 50 nm silica nanoparticles coated with human serum heparinase treatment 
decreased adhesion, and competition with LDL reduced nanoparticle uptake. 
Combining the heparinase treatment and LDL competition in HAP1 cells did not clearly 
enhance the reduction for any of the tested conditions, likely because the effect of the 
separate treatments is already very strong. On the other hand, uptake of the FBS-
coated 50 nm silica nanoparticles, which was decreased by both heparinase treatment 
and LDL competition separately, was further attenuated when the treatments were 
combined. Also for the human serum-coated 200 nm silica nanoparticles, addition 
of LDL reduced uptake and the combination with enzyme treatment further 
decreased uptake, however this effect was mainly visible at 3 hour exposure, possibly 
because of their overall low uptake rate (see raw data in Supplementary Figure S10) 
and predominant adhesion at earlier exposure times (masking eventual effects on 
uptake). In the case of the human serum-coated 100 nm carboxylated polystyrene 
nanoparticles, whose uptake was slightly decreased by either the removal of heparan 
sulphate or LDL competition, the combined treatment clearly enhanced the reduction 
in nanoparticle uptake. Finally, for the human serum-coated liposomes competition 
by LDL strongly reduced uptake while heparan sulphate did not seem to be involved, 
suggesting again that the initial interactions with cell surface heparan sulphate and 
receptors strongly depends on the nanoparticle and their corona. 

Thus, competition of the nanoparticles with LDL reduced uptake of all tested 
nanoparticle including the liposomes, confirming once more that for many 
nanoparticle types lipoprotein receptors are involved in uptake. This is perhaps not 
surprising as apolipoproteins have been reported in the corona of several nanoparticles, 
including the silica nanoparticles, carboxylated polystyrene nanoparticles, and DOPG 
liposomes similar to those tested here9,81,82. 

Having determined that the interactions between nanoparticle and heparan sulphate 
are cell specific, we studied how they varied depending on the nanoparticles and/
or their corona (Figure 6, and size and zeta potential in Supplementary Figure S7 
and Supplementary Table S1). As a first step, we tested bare silica nanoparticle in 
serum-free medium, so in the absence of a pre-formed corona. Due to the high 
surface energy, these bare nanoparticles strongly adhere to cells aspecifically and 
because of this, they are often associated with much higher uptake than when they 
are coated by a corona75,76. In some cases, the strong adhesion of bare nanoparticles 
can even result into cell death76. Thus, if glycosaminoglycan interactions are 
aspecific, one might expect a strong effect of enzymatic digestions on the uptake 
of bare nanoparticles. On the contrary, exposure of heparinase treated HAP1 cells 
to bare 50 nm silica nanoparticles in serum-free medium did not reduce neither 
increase nanoparticle adhesion or uptake. Coating the silica with foetal bovine 
serum resulted in similar reduction observed for the human serum corona, thus a 
clear role of heparan sulphate in adhesion, which was probably masked by uptake 
via other receptors at longer exposure time. For 200 nm silica nanoparticles with 
human serum corona heparinase treatment had an even stronger effect on both the 
adhesion as well as uptake, still visible even after 3 hours. On the contrary, enzyme 
treatment had only minor effects on both the adhesion and uptake of polystyrene 
nanoparticles and DOPG liposomes. The role of chondroitin sulphate on nanoparticle 
uptake was also tested, but the expression of chondroitin sulphate on HAP1 cells is 
low, and chondroitinase treatment did not affect the uptake of any of the tested 
nanoparticle conditions (Supplementary Figures S5 and S8). Overall, these results 
showed that the interaction between the nanoparticles and heparan sulphate on the 
cell surface is specific and strongly depends on the nanoparticles tested and their 
corona. Additionally it is important to stress that this interaction is not based simply 
on the overall nanoparticle charge, since all of the nanoparticles tested upon corona 
formation had a similar zeta potential of -5 to -10 mV (Supplementary Table S1)9. 
Thus, it is more likely that specific proteins in the corona, interact with heparan 
sulphate (and these specific interactions also vary depending on the cell type and the 
details of sulphonation of their glycosaminoglycans, as shown in Fig. 4). In line with 
this, specific interactions with heparan sulphate were not observed for nanoparticles 
in serum-free conditions, where a corona is not present, and varied depending on 
corona composition, since not every nanoparticle with a corona shows them, such 
observed here for the liposomes and the polystyrene nanoparticles. Further studies 
comparing the corona composition of the nanoparticles used in this study could give 
insight in which component interacts with heparan sulphate.
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Instead the interaction with heparan sulphate seemed to be more nanoparticle 
specific and probably related to the corona composition. Based on the stronger effect 
seen upon combining heparan sulphate digestion and LDL competition for FBS-
coated 50 nm silica nanoparticles and human serum coated-200 nm silica and 100 nm 
carboxylated polystyrene, it could be hypothesized that also for these nanoparticles 
adhesion to heparan sulphate might facilitate uptake by endocytic receptors such as 
LDLR and SCARB1 in HAP1 cells.  A similar role for heparan sulphate in facilitating 
internalization by lipoprotein receptors has been reported for certain viruses, toxins, 
and endogenous proteins30,70–72. Another possibility, is that heparan sulphate functions 
as an independent receptor in parallel to the apolipoprotein receptors. Supporting 
this, heparan sulphate proteoglycans were found to internalize triglyceride-rich 
lipoproteins independent of LDLR73,74. Stanford et al. estimated that heparan sulphate 
is more abundant on the cell surface than LDLR by two orders of magnitude73. They 
also mentioned that the uptake rate of heparan sulphate as a receptor is relatively 
slow, compared to the uptake rate of LDLR. Translating this to the observations in 
this study in HAP1 cells, nanoparticle adhesion and uptake by heparan sulphate might 
predominate at early time points due to the relative high abundance of heparan 
sulphate over other lipoprotein receptors. Over time, the fast uptake of nanoparticles 
by LDLR might outweigh the slow uptake by the highly abundant heparan sulphate 
receptors. Further research, for example using single and double knock-outs of the 
known receptors, is required to elucidate whether the heparan sulphate functions as 
an independent receptor for nanoparticle uptake.

> Figure 6. Role of heparan sulphate and apolipoprotein receptors in uptake of different nanoparticles. 
Heparan sulphate was digested from HAP1 cells using chondroitinase, and cells were subsequently exposed to 
nanoparticles with and without LDL (50x more LDL in number of particles) for 1 hour at 4 oC (4 oC) to measure 
adhesion, and for 1 hour (1h) or 3 hours (3h) at 37 oC to measure uptake (see Methods for details). The particles 
were a, 100 µg/ml of human serum-coated 50 nm silica (SiO2), b, 100 µg/ml of uncoated 50 nm silica in serum-free, 
c, 100 µg/ml of FBS-coated 50 nm silica, d, 100 µg/ml of human serum-coated 200 nm silica, e, 25 µg/ml of 100 
nm human serum-coated carboxylated polystyrene (PS-COOH), or f, 50 µg/ml of human serum-coated DOPG-
cholesterol liposomes (DOPG). The median cell fluorescence was determined by flow cytometry and normalized 
to the uptake by untreated cells in the absence of LDL (see Supplementary Figure S10 for the corresponding raw 
data). The results obtained in independent experiments are shown together with their mean (indicated with a 
line) and standard error of the mean. Two experiments with human serum-coated 50 nm silica contained two 
samples per condition instead of three indicated with *.  A dotted line at 100% is included as a reference for the 
uptake in untreated cells. The data show that effect of heparan sulphate digestion was nanoparticle dependent, 
but that uptake of all nanoparticles was reduced by LDL competition.
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suggesting involvement of multiple uptake mechanisms9,61,62. Similar interactions 
with multiple receptors, possibly triggered by corona proteins, may have profound 
effects on targeting and cell specificity. Even when a targeted receptor is known, 
like here the LDLR receptor, targeted nanomedicines might also interact and trigger 
internalization by other receptors through (other) corona proteins, thereby affecting 
targeting specificity, the uptake mechanism, and uptake kinetics, thus overall drug 
efficacy. Identifying all receptor and nanoparticle-corona complex interactions and 
determining their specificity and efficacy is clearly essential for this field, especially 
for targeted nanomedicines. 

Most studies focus on targeting nanomedicine to specific protein receptors. 
Nevertheless, the results obtained here in relation to heparan sulphate and its role 
on nanoparticle uptake in multiple cell types further support the increasing evidence 
that carbohydrates on the cell surface, such as glycosaminoglycans, can have specific 
interactions and that their expression depends on the cell type19–21,83. Cell surface 
carbohydrates might therefore provide interesting alternatives for nanoparticle 
targeting. Similar to this, magnetic particles modified with antibody fragments 
against heparan sulphate were used to study the endocytic mechanism triggered by 
heparan sulphate binding84. Still, the possible targeting capabilities of carbohydrates 
for nanoparticle delivery are often overlooked. Previously, interactions of cationic 
nanoparticles with the cell surface glycosaminoglycan heparan sulphate have been 
reported, and were attributed to general electrostatic interactions of the cationic 
particle with the negatively charged sulphate groups of heparan sulphate22–24. 
However, our results clearly showed that also corona-coated negatively charged 
nanoparticles can bind to heparan sulphate. The interaction with heparan sulphate 
is nanoparticle specific, and probably depends on the composition of their corona. 
It would be interesting to study which proteins can bind to heparan sulphate by 
comparing their corona composition, and if these corona proteins bind to the 
same heparan sulphate form. Moreover, cells express different forms of heparan 
sulphate with specific sulphonation patterns19–21. Indeed, we observed a cell specific 
interaction of nanoparticles with heparan sulphate. Additionally, having found that 
uptake of silica nanoparticles by PMA-stimulated THP-1 cells, a model for human 
macrophages, was reduced after glycosaminoglycan removal, it would be interesting 
to study further whether nanoparticle-heparan sulphate interactions may also have 
important implications in relation to recognition by immune cells and nanoparticle 
clearance. Understanding these cell specific interactions between corona proteins 
and heparan sulphate might help to optimize their design in order to decrease their 
clearance and increase their targeting.

Conclusions and future perspectives

Forward genetic screening allowed to identify novel targets affecting nanoparticle 
uptake (Chapter 4). In this work, the role of several of the identified targets was 
validated and was confirmed for all tested targets. This demonstrated that FGS is 
a truly powerful method allowing to discover novel targets not yet associated with 
nanoparticle uptake. Applying this method to different nanoparticles as well as 
nanomedicines and targeted drugs can help to gain important insights on their 
interactions at the cell membrane and outcomes on cells. 

Among the targets identified, multiple Golgi and endo-lysosomal transport targets 
novel in relation to nanoparticle trafficking, were shown to affect nanoparticle 
uptake. Further studies are required to determine the exact mechanisms by which 
inhibition of vesicle transport affects uptake. Some of the trafficking targets (SORT1 
and AP1M1) are known to affect protein or vesicle sorting41–43,51. A better understanding 
of their role in nanoparticle uptake might help to explain how nanoparticles are 
sorted. This may also help to elucidate why not every internalized nanoparticle is 
transported to lysosomes34,46,48, an important observation in this field for many cells 
and nanoparticles, which still requires an answer. More insight might for instance 
be provided by co-localization studies of these targets and nanoparticles, and 
determining nanoparticle transport upon knock-down or overexpression of these 
genes. 

Next to affecting nanoparticle sorting, inhibition of vesicle trafficking might also have 
influenced the expression of surface receptors used by the nanoparticles. Expression 
of surface receptors is highly regulated. Proper Golgi trafficking is required for 
their synthesis and transport to the cell surface36. Furthermore, after endocytosis, 
many receptors are recycled back to the plasma membrane and this also depends on 
endosomal sorting and vesicle transport. Thus, blocking vesicle trafficking could have 
reduced cell surface expression of receptors for nanoparticle internalization. In this 
regard, it would be interesting to determine whether the cell surface expression of the 
identified receptors, LDLR and SCARB1, is affected by these intracellular trafficking 
components.

Additionally, our results have also shown that multiple receptors, in this study 
both the already known LDLR and the newly identified SCARB1, can be involved in 
nanoparticle uptake. Multiple receptors could implicate nanoparticle uptake through 
various endocytic pathways with different efficiencies. This is in line with literature 
reporting partial reduction in uptake upon blocking endocytic pathways and 
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at 15 oC at 16,000 x g for silica and 20,000 x g for carboxylated polystyrene. The pellet 
was carefully resuspended in DPBS to 2 mg/ml, and was further diluted in serum-free 
medium (100 µg/ml of silica and 25 µg/ml of polystyrene) before exposure to cells. 
Corona-coated liposomes were separated from the proteins in solution using 15 × 1.5 
cm Sepharose CL-4B column (Sigma-Aldrich) with DPBS as previously described81. 
Fractions containing liposomes based on absorbance at 560 nm were pooled together 
and concentrated with a Vivaspin 6 centrifugal concentrator (10K MWCO, Sartorius) 
at 1600 x g. The lipid concentration of the liposomes with corona was determined 
using Stewart Assay85 as described above. The liposomes were diluted to 50 µg/ml in 
serum-free medium before addition to cells. 

Nanoparticle characterization
Size distribution and zeta potential of the nanoparticles was measured by dynamic 
light scattering on a Malvern ZetaSizer Nano ZS (Malvern Instruments Ltd). The 
nanoparticles were resuspended in water or PBS, or in serum-free medium when 
coated with a corona, at the same concentration that was added to cells, and measured 
immediately. Each measurement was performed in triplicate consisting of 10 runs of 
10 seconds for size and at least 40 runs for zeta potential at 20oC.

RNA interference
A day before transfection, cells were seeded in a 24-well plate (25,000 HAP1 cells and 
13,000 HeLa cells). Cells were transfected with Silencer Select siRNA (Ambion) against 
COG7 (s40822), RAB10 (s21391), AP1M1 (s17032), HGS (s17481), SORT1 (s12404), VPS33A 
(s35196), LDLR (s224006), SCARB1 (s2648), SREBF2 (s29), SCAP (s695), MBTPS1 (s489), 
EXT1 (s4890), PAPSS1 (s17283), and TM9SF2 (s17942). For each transfection 10 pmol 
siRNA was mixed with 0.5 µl DharmaFECT 4 (Dharmacon) for HAP1 cells or with 1 µl 
Oligofectamine (Invitrogen) for HeLa cells, and incubated 20 minutes. Subsequently, 
the siRNA-transfection reagent mix was diluted with serum-free medium and added 
to the cells. Four hours after transfection FBS-supplemented medium was added to 
a final concentration of 10% FBS. The cells were used for imaging, mRNA extraction, 
or nanoparticle exposure 48 hours after transfection of HAP1 cells and 72 hours after 
transfection of HeLa cells. To determine nanoparticle uptake after silencing, cells 
were exposed to 100 µg/ml of 50 nm silica particles with human serum corona in 
serum-free medium for 24 hours and collected for flow cytometry measurement. As 
a control, uptake of LDL-Bodipy (1 µg/ml; Invitrogen, cat no: L3483) in serum-free 
medium was measured after LDLR silencing.

Materials and Methods

Cell culture
HAP1 cells (Horizon Discovery C859) were cultured in complete medium (cIMDM) 
consisting of IMDM (Gibco ThermoFisher Scientific) supplemented with 10% 
fetal bovine serum (FBS; Gibco ThermoFisher Scientific) and 100 U/ml penicillin-
streptomycin (Gibco ThermoFisher Scientific). GP2-293 cells (Clontech Laboratories, 
Inc. 631458) were grown in DMEM containing high glucose, sodium pyruvate, and 
GlutaMAX (Gibco ThermoFisher Scientific) and 10% FBS (cDMEM). HeLa cells (ATCC 
CCL-2) and A549 cells (ATCC CCL-185) were cultured in MEM supplemented with 10% 
FBS (cMEM) and THP-1 cells (ATCC TIB-202) were grown in RPMI1640 containing 
L-glutamine and HEPES (Gibco ThermoFisher Scientific) and supplemented with 
10% FBS (cRPMI). All cells were grown at 37 oC and 5% CO2 and regularly checked to be 
mycoplasma-free. Cells were used up to 20 passages after defrosting.

Liposome preparation
Cholesterol (Avanti Polar Lipids) and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (DOPG) were dissolved in chloroform and mixed in a molar ratio of 1:2. 
Additionally, 1,1-Dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI; 
Sigma Aldrich) was added to 0.5% (molar) as fluorescent label. The chloroform was 
evaporated using nitrogen and overnight incubation under vacuum. The lipid film 
was rehydrated with DPBS at room temperature and shortly sonicated. Next, the 
rehydrated lipids were frozen and thawed eight times using liquid nitrogen and 
warm water (37oC). Immediately after the last thawing, the lipid solution was passed 
21 times through an extruder with a 100 nm filter. Lipid concentration was measured 
using Stewart Assay85. Briefly, the sample was added to a mixture of chloroform and 
ferrothiocyanate reagent, vortexed, and centrifuged 10 min at 300 x g. Absorbance 
of the chloroform layer at 470 nm was measured in a quartz cuvette with a Unicam 
UV500 Spectrophotometer (Unicam Instruments) and compared to a standard 
curve made of the lipids mixed in the same ratio as used for liposome preparation. 
Liposomes were stored up to one month at 4 oC.

Nanoparticle corona formation and isolation
Red-fluorescently labelled silica nanoparticles (50 nm and 200 nm diameter) 
were purchased from Kisker Biotech GmbH & Co., and red-fluorescently labelled 
carboxylated polystyrene nanoparticles (100 nm diameter) were purchased 
from Invitrogen. Nanoparticles were incubated in human serum or FBS at the 
concentrations mentioned in the Supplementary Table S2 for 1 hour at 37 oC while 
shaking (250 rpm). Subsequently, the nanoparticle solution was centrifuged 1 hour 
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let the adhered nanoparticles enter cells for their quantification by flow cytometry. 
For the LDL competition, unlabelled LDL from human plasma (BioVision) was added 
to the nanoparticle dispersion using 50x more LDL than nanoparticles in number 
(Supplementary Table S4). As a control, effect of enzyme digestion on LDL uptake was 
determined by using 1 µg/ml Bodipy-labelled LDL from human plasma (Invitrogen) in 
serum-free medium.

Flow cytometry
After nanoparticle exposure, cells were washed ones with medium containing 10% FBS 
and twice with DPBS to remove residual nanoparticles sticking to the cell membrane. 
HAP1, A549, and HeLa cells were detached with 0.05% trypsin-EDTA for 5 min at 37 oC 
and PMA-stimulated THP-1 with 5 mM EDTA for 10 min at 37 oC. Complete medium 
was added, and cell were harvested and pelleted by centrifugation for 5 min at 300 
x g. The cell pellet was resuspended in 100 µl DPBS and fluorescence was measured 
by flow cytometry using a Cytoflex S (Beckman Coulter) flow cytometer. Silica 
nanoparticles (50 nm and 200 nm) and DOPG liposomes were excited with 561 laser 
and measured with 585/42 nm filter. A 561 nm laser and 610/20 nm filter were used for 
carboxylated polystyrene nanoparticles, and 488 nm laser with 525/40 nm filter for 
Bodipy-labelled LDL. Data was analysed using FlowJo software (FlowJo, LLC). Debris 
was excluded by gating in forward scatter area versus side scatter area, and single 
cells were selected in forward scatter height versus forward scatter area. At least 
10,000 single cells were acquired for each sample and three samples were measured 
per condition per experiment. The data presented shows the mean of the median 
cell fluorescence of three samples of each independent experiment separately, and 
the mean with standard error of the mean over the independent experiments, unless 
otherwise specified.

Immunohistochemistry
To check for cell surface expression of chondroitin sulphate and heparan sulphate the 
cells were seeded on a coverslip. The cells were treated with enzymes or transfected 
with siRNA as described above. Subsequently, cells were fixed with 4% formaldehyde 
for 20 min at room temperature. They were washed three times with DPBS, before 
staining with an antibody against heparan sulphate (1:100 dilution in 3% BSA; 
Amsbio F58-10E4) or against chondroitin sulphate (1:400 dilution in 3% BSA; Sigma 
Aldrich CS-56) for 1 hour at room temperature. After incubation with the primary 
antibody, cells were washed three times with DPBS, and incubated 1 hour with FITC-
labelled anti-mouse IgM antibody (1:100 dilution in 3% BSA; Invitrogen). As control, 
cells were stained only with the secondary antibody. Lastly, cells were stained with 
1 µg/ml 4′,6-diamidino-2-phenylindole (DAPI) for 10 minutes and the coverslips 

qPCR
Silenced cells from three wells were combined for RNA isolation using Maxwell 16 
LEV simplyRNA Kit (Promega, cat no: AS1280) on Maxwell 16 instrument (AS3000; 
Promega) according to manufacturer’s protocol. The RNA concentration was 
determined by measuring absorbance at 260 nm on NanoDrop One Spectrophotometer 
(ThermoFisher Scientific). RNA was converted with random primers (Promega) into 
cDNA by MLV-reverse transcriptase (Promega) using Mastercycler gradient Thermal 
Cycler (Eppendorf) running the following program: 10 min at 20 oC, 30 min at 42 oC,  
12 min at 20 oC,  5 min at 99 oC,  and 5 min at 20 oC. cDNA (10 ng) was loaded in 
384-well reaction plate (MicroAmp, Applied Biosystems) together with 10 pmol of the 
forward and reverse primer (described in Supplementary Table S3) in SensiMix SYBR 
Lo-ROX Mix (Bioline Reagents Limited). The real-time quantitative PCR was run on a 
Quantstudio 7 flex Real-time PCR system (ThermoFisher Scientific) starting with 10 
min at 95oC, followed by 40 cycles of 15 s at 95oC (1.6oC/s) and 25 s at 60 oC (1.6oC/s). At 
the end of the program the continuous melting curve was determined by 15 s at 95oC 
(1.6oC/s), 1 min at 60oC (1.6oC/s) and 15 s at 95oC (0.05oC/s). Data was extracted with 
QuantStudio Real-time PCR software (version 1.3, ThermoFisher Scientific) and fold-
change in mRNA levels was calculated as 2-(CT target siRNA – CT negative control).

Enzyme treatment
Cells were seeded in a 24-well plate a day before enzyme treatment (100,000 HAP1 
cells/well, and 50,000 cells/well for A549 or HeLa). In case of differentiated THP-1 
cells, 200,000 cells/well were seeded in cRPMI with 100 nM phorbol 12-myristate 
13-acetate (PMA; Sigma-Aldrich). After 48 hours of stimulation with PMA, culture 
medium was removed and cells were washed with cRPMI. The stimulated THP-1 cells 
were rested for an additional two days. Unstimulated THP-1 cells were directly used for 
enzyme treatment (200,000 cells/well). Next, cells were washed ones with serum-free 
medium and incubated 4 hours with chondroitinase ABC (0.2 IU/ml; Sigma-Aldrich) 
or heparinase I and III (2 U/ml corresponding to 0.0033 IU/ml; Sigma-Aldrich) in 
serum-free medium. Untreated cells were used as controls and were incubated in 
serum-free medium. After enzyme treatment, cells were washed ones with serum-
free medium and incubated with nanoparticles in serum-free medium for one 
or three hours at 37 oC for active uptake (see corona isolation for the nanoparticle 
concentrations). To  determine nanoparticle adhesion, the protocols reported in 
Lesniak et al75 were followed. Briefly, the enzyme-treated cells were placed 30 min at 
4 oC to block active processes, then they were exposed for 1 hour to nanoparticles at 4 
oC to let them adhere on the cell surface. Subsequently, the nanoparticle dispersion 
was discarded, and cells were washed three times with DPBS to remove all unbound 
extracellular nanoparticles. Then, cells were incubated 1.5 hour at 37 oC in order to 
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fluorescent microscope with a 40x objective, DAPI filter, and L5 filter for FITC. Images 
were analysed using ImageJ software86.

Data analysis
The forward genetic screening data were obtained and analysed as described in 
chapter 4. Nanoparticle size and zeta potential data are presented as the mean and 
standard deviation over three independent dispersions unless mentioned otherwise. 
Flow cytometry and qPCR data are shown as the average result per experiment with 
the mean and standard error of the mean over two to three independent experiments. 
The graphs were created  in Graphpad Prism version 5.
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Supplementary information

Supplementary Table S1. Size and zeta potential of the nanoparticles. The size and zeta potential of 50 nm 
SiO2 (100 µg/ml), 200 nm SiO2 (100 µg/ml), 100 nm carboxylated polystyrene (PS-COOH; 25 µg/ml), and 100 nm 
DOPG-cholesterol liposomes (DOPG; 50 µg/ml) was measured in water, PBS, and with a human serum corona 
in serum-free medium. The results are the mean with standard deviation of the results obtained on three 
independent suspensions, except for the values indicated with * which are the mean with standard deviation 
of three replicate measurements of one suspension. Differential centrifugal sedimentation (DCS) data are 
reproduced from Francia et al.1 measuring three independent suspensions for 50 nm silica nanoparticles and two 
independent suspension of 200 nm silica nanoparticles. All the particles had an increased hydrodynamic size 
upon corona formation and had a negative zeta potential which was attenuated in PBS and further reduced after 
corona formation.

Nanoparticle Zeta potential 
(mV) 
± SD

Size by DLS 
(z-average; nm) 

± SD

PDI 
± SD

Size by DCS 
(mode; nm)  

± SD 
50 nm SiO2

Water -32 ± 1 47 ± 1 0.07 ± 0.03 -

PBS -13 ± 1 56 ± 12 0.18 ± 0.1 35.8 ± 0.3 †

FBS coated - 75 ± 3 0.13 ± 0.01 -

Human-serum 
coated -6 ± 1 †* 88 ± 9 0.35 ± 0.06 36.0 ± 0.3 †

200 nm SiO2
Water -41 ± 1 * 184 ± 1 0.03 ± 0.01 -

PBS -16 ± 1 * 183 ± 2 0.01 ± 0.01 143.8 ± 0.1 †

Human-serum 
coated -9 ± 1 †* 205 ± 2 0.04 ± 0.01 138.5 ± 1.1 †

100 nm  
PS-COOH

Water -51 ± 1 * 112 ± 1 0.04 ± 0.01 -

PBS -33 ± 1 * 106 ± 1 0.01 ± 0.01 -

Human-serum 
coated - 139 ± 1 0.04 ± 0.01 -

100 nm DOPG Water -55 ± 1 †* 127± 1 † 0.07 ± 0.01 † -

PBS -39 ± 1 †* 123 ± 1 † 0.08 ± 0.01 † -

Human-serum 
coated -6 ± 1 †* 136 ± 15 0.34 ± 0.02 -

† Reproduced from Francia et al.1.
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Supplementary Table S2. Nanoparticle and serum concentrations for corona formation. Human serum (HS; 70 
mg/ml protein) or foetal bovine serum (FBS; 52 mg/ml protein) were added to the nanoparticles at the indicated 
concentrations for corona formation. 50 nm and 200 nm silica, SiO2; carboxylated polystyrene, PS-COOH; and 
DOPG-cholesterol liposomes, DOPG.

Nanoparticle condition Nanoparticle 
concentration

Serum 
concentration

Surface area to protein 
ratio (nm2/mg)

50 nm SiO2 in FBS 0.25 mg/ml 52 mg/ml 2.9 x 1014

50 nm SiO2 in HS 0.30 mg/ml 62 mg/ml 2.9 x 1014

200 nm SiO2 in HS 1.2 mg/ml 62 mg/ml 2.9 x 1014

100 nm PS-COOH in HS 0.32 mg/ml 62 mg/ml 2.9 x 1014

100 nm DOPG in HS 0.30 mg/ml 62 mg/ml 1.8 x 1015

Supplementary Table S3. Primers used for quantitative real-time PCR.

Target Forward primer Reverse primer
COG7 gcagttccgccatggactt ggtgacttgtttcctccacgg

RAB10 ttcctggggctatgtaactgag gtcgggacaaaatggcctcc

AP1M1 atctccttcatcccacccga atcattgggcacgggaatgt

HGS cagactctcagcccattcct ctcctcagactcgccattgt

SORT1 atgcaaatggctcctgcaaag tccatgtgtccccttgatctg

VPS33A gatccgagataagaacttcaacg gatctcccccacggtcttag

LDLR gtgacaatgtctcaccaagctc cacgctactgggcttcttct

SCARB1 ggcctattctgaatccctga ctggctcacggtgtcctc

SREBF2 atctggatctcgccagagg ccaggcaggtttgtaggttg

SCAP tcaccaagtctgtggtctcaa gaccagctctcgctgcttag

MBTPS1 ggcagatgggatatacaggtg gaagtggggatgcttctcg

EXT1 catcaaagtggacgaacgac gctggcaggtaatgggagta

PAPPS1 tcccatgatgtatgctggac aaagttggctcctgcaacc

TM9SF2 ctgatgacgtgtgctgtggt tttccacttctcacctccaaa

Supplementary Table S4. LDL concentration during nanoparticle-LDL competition. To compete with the 
nanoparticles for cell uptake, 50x more unlabelled LDL from human plasma was added than the number of 
nanoparticles. Carboxylated polystyrene, PS-COOH; DOPG-cholesterol liposomes, DOPG

Nanoparticle 
(diameter and 
material)

Nanoparticle 
concentration

(µg/ml)

Nanoparticle 
density
(g/cm3)

Number of 
nanoparticles

(NP/g)

Nanoparticle
Concentration

in number (NP/µl)

LDL 
concentration 

(mg/ml)

50 nm silica 100 2.0 7.6 x 1015 7.6 x 108 0.15

200 nm silica 100 2.0 1.2 x 1014 1.2 x 107 2.3 x 10-3 

100 nm PS-COOH 25 1.1 1.8 x 1015 4.5 x 107 8.6 x 10-3 

100 nm DOPG 50 0.16 1.2 x 1015 5.8 x 108 0.11 

Supplementary Figure S1. mRNA levels after RNA interference in HAP1 and HeLa cells. Different genes related 
to a, intracellular trafficking (COG7, RAB10, AP1M1, SORT1, VPS33A, and HGS), b, cholesterol metabolism (LDLR, 
SCARB1, SREBF2, SCAP, and MBTPS1), and c, glycosaminoglycan metabolism (EXT1, PAPSS1, TM9SF2), were 
silenced in HAP1 cells and HeLa cells. After 48 hours and 72 hours of silencing, the mRNA levels of the targets 
were determined in HAP1 cells and HeLa cells respectively by real-time quantitative PCR. A dotted line at 0.1 
fold-change in mRNA levels is depicted as a reference. The results obtained in independent experiments are 
shown relative to the results obtained in cells transfected with negative control siRNA, together with their mean 
(indicated with a line) and standard error of the mean. Overall, the results showed that knock-down of most 
targets was efficient, except for COG7, HGS and MBTPS1 which were less effective in both cells. 
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Supplementary Figure S2. Chondroitin sulphate and heparan sulphate staining after silencing in HAP1 cells. 
HAP1 cells were silenced for targets related to glycosaminoglycan metabolism (EXT1, PAPSS1, and TM9SF2) or 
Golgi trafficking (COG7, AP1M1, RAB10, and SORT1) and stained for a, chondroitin sulphate or b, heparan sulphate 
48 hours after silencing. Heparan sulphate staining after silencing targets involved in glycosaminoglycan 
metabolism are shown in Figure 4.  Chondroitin sulphate expression in HAP1 cells was very low and silencing 
of these genes did not attenuate it. Silencing of targets involved in Golgi trafficking (COG7, AP1M1, RAB10 and 
SORT1) did not reduce heparan sulphate expression. Chondroitin sulphate/heparan sulphate, green; DAPI, blue; 
and scale bar, 25 µm.

Supplementary Figure S3. Chondroitin sulphate and heparan sulphate staining after silencing in HeLa cells. 
HeLa cells were silenced for genes related to glycosaminoglycan metabolism (EXT1, PAPSS1, and TM9SF2) 
or Golgi trafficking (COG7, AP1M1, RAB10, and SORT1) and stained for a, chondroitin sulphate or b, heparan 
sulphate 72 hours after silencing. Heparan sulphate staining after silencing genes involved in glycosaminoglycan 
metabolism are shown in Figure 4. The silencing of these genes did not attenuate chondroitin sulphate 
expression, and silencing of targets involved in Golgi trafficking (COG7, AP1M1, RAB10 and SORT1) did not reduce 
heparan sulphate expression. Chondroitin sulphate/heparan sulphate, green; DAPI, blue; and scale bar, 25 µm.
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< Supplementary Figure S4. Staining of heparan sulphate on various cells before and after digestion by 
heparinase. a, HAP1 cells, HeLa cells, A549 cells, monocytic THP-1 cells (mTHP1) and PMA-stimulated THP1 cells 
(sTHP1) were treated with heparinase and stained for heparan sulphate (0 and 3 hours after enzyme treatment). 
Heparan sulphate, green; DAPI stained nuclei, blue; scale bar, 25 µm. b,c, Flow cytometry staining of heparan 
sulphate on HeLa cells before and after heparinase treatment (0, 1 and, 3 hours after heparinase treatment).  
b, A representative flow cytometric histogram is depicted and in panel c the corresponding mean and standard 
error of the mean of the median cell fluorescence over three samples within one experiment. The results 
showed that heparan sulphate was efficiently digested and that it was slowly replenished at the cell surface 
of HeLa cells, A549 cells, and sTHP1 cells. Expression of heparan sulphate was low on mTHP1 cells and highly 
variable on sTHP1 cells.
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Supplementary Figure S5. Staining of chondroitin sulphate on the cell surface of various cells before and 
after digestion by chondroitinase. HAP1 cells, HeLa cells, A549 cells, monocytic THP-1 cells (mTHP1) and PMA-
stimulated THP1 cells (sTHP1) were treated with chondroitinase and stained for chondroitin sulphate before and 
after digestion (0 and 3 hours after chondroitinase treatment). Chondroitin sulphate, green; DAPI stained nuclei, 
blue; scale bar 25 µm. The results showed efficient digestion of the chondroitin sulphate, which was replenished 
on the cell surface of HeLa cells within 3 hours.  Expression of chondroitin sulphate was low on monocytic THP-1 
cells (mTHP1) and PMA-stimulated THP-1 cells (sTHP1). 

Supplementary Figure S6. Role of cell surface glycosamino-
glycans in nanoparticle uptake by different cells. Heparan 
sulphate or chondroitin sulphate were removed from a, HAP1, 
b, HeLa, c, A549, d, monocytic THP-1 (mTHP1) and e, PMA-
stimulated THP-1 (sTHP1) cells with heparinase or chondroitinase, 
respectively. Cells were exposed to silica nanoparticles with a 
human serum corona for 1 hour at 4 oC (4 

oC) to measure adhesion 
or for 1 hour (1h) or 3 hours (3h) at 37 oC to measure uptake, after 
which the median cell fluorescence was determined by flow 
cytometry. The results obtained in independent experiments 
are shown together with their mean (indicated with a line) and 
standard error of the mean.  The corresponding normalized data 
are shown in Figure 5.  * to indicate that two instead of three 
samples were used in the experiment; †, to indicate >5,000 
single cells were acquired per sample instead of >10,000. The 
results show that adhesion of nanoparticles, occurring in energy-
depleted cells at 4 oC, was decreased after heparan sulphate 
removal in HAP1 cells and stimulated THP-1 cells, but not in the 
other cells. In stimulated THP-1 cells also nanoparticle uptake 
was reduced for short incubations after heparinase treatment. 
Chondroitinase slightly attenuated adhesion of nanoparticles to 
stimulated THP-1 cells and increased adhesion of nanoparticles 
to HeLa cells and A549 cells.
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Supplementary Figure S7. Nanoparticles size by dynamic light scattering. a, The size of 50 nm SiO2 nanoparticles 
was measured in water, PBS, serum-free medium, and after isolation of the human serum (HS) or foetal bovine 
serum (FBS) corona at a concentration of 100 µg/ml using dynamic light scattering. b, Also, the size distribution 
of 200 nm SiO2 nanoparticles (100 µg/ml), 100 nm carboxylated polystyrene nanoparticles (PS-COOH; 25 µg/ml), 
and DOPG-cholesterol liposomes (DOPG; 50 µg/ml) with an human serum corona in serum-free IMDM medium 
was determined. A representative dynamic light scattering measurement is shown. DLS suggested that some 
agglomerates were present for human serum-coated 50 nm silica nanoparticles and human serum-coated DOPG 
liposomes, however in both cases the main peak was at sizes compatible with corona-coated nanoparticles. 
Nevertheless, DLS is known to be less accurate when agglomerates are present. In order to overcome these 
known limitations of DLS, additional data were previously obtained by Francia et al. by differential centrifugal 
sedimentation (DCS) on human serum-coated 50 nm silica prepared with the same nanoparticles and same 
serum in the same way. DCS confirmed absence of micron size aggregates (also see supplementary table S1)1.

Supplementary Figure S8. Uptake of nanoparticles by HAP1 cells after removal of chondroitin sulphate. 
Chondroitin sulphate was digested from HAP1 cells using chondroitinase, and cells were subsequently exposed 
to nanoparticles for 1 hour at 4 oC (4 oC) to measure adhesion, and for 1 hour (1h) or 3 hours (3h) at 37 oC to measure 
uptake (see Methods for details). The nanoparticles were 100 µg/ml of human serum (HS)-coated 50 nm silica 
(SiO2), 100 µg/ml of uncoated 50 nm silica in serum-free (sf), 100 µg/ml of FBS-coated 50 nm silica, 100 µg/ml 
of human serum-coated 200 nm silica, 25 µg/ml of 100 nm human serum-coated carboxylated polystyrene (PS-
COOH), or 50 µg/ml of human serum-coated DOPG-cholesterol liposomes (DOPG). The median cell fluorescence 
was determined by flow cytometry and normalized by the results obtained in untreated cells exposed to the 
same nanoparticles. The results obtained in independent experiments are shown together with their mean 
(indicated with a line) and standard error of the mean. A dotted line at 100% is included as a reference for the 
uptake in untreated cells.. The data show that digestion of chondroitin sulphate by chondroitinase did not affect 
adhesion and uptake of the various nanoparticle conditions tested on HAP1 cells.

Supplementary Figure S9. Effect of heparinase on adhesion and uptake of LDL. HAP1 cells were treated with 
heparinase and exposed for 1h or 3h at 4 oC or 37 oC to 1 µg/ml labelled LDL in serum-free medium. Uptake of 
LDL after digestion was normalized by the uptake in untreated cells exposed to LDL. The results obtained in 
independent experiments are shown together with their mean (indicated with a line) and standard error of the 
mean. For one experiment two samples were used instead of three, indicated with a *. A dotted line at 100% is 
depicted as a reference for the uptake by untreated cells. The data show reduced adhesion and uptake of LDL by 
HAP1 cells after heparinase treatment.
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< Supplementary Figure S10. Role of heparan sulphate and apolipoprotein receptors in uptake of different 
nanoparticles. Heparan sulphate was digested from HAP1 cells using heparinase, and cells were subsequently 
exposed to nanoparticles with and without LDL (50x more LDL in number of particles) for 1 hour at 4 oC (4 oC) 
to measure adhesion, and for 1 hour (1h) or 3 hours (3h) at 37 oC to measure uptake (see Methods for details). 
The nanoparticles were a, 100 µg/ml of human serum-coated 50 nm silica (SiO2), b, 100 µg/ml of uncoated 50 
nm silica in serum-free, c, 100 µg/ml of FBS-coated 50 nm silica, d, 100 µg/ml of human serum-coated 200 nm 
silica, e, 25 µg/ml of 100 nm human serum-coated carboxylated polystyrene (PS-COOH), or f, 50 µg/ml of human 
serum-coated DOPG-cholesterol liposomes (DOPG). In the case of DOPG-cholesterol liposomes two different 
flow cytometers (FACSArray and Cytoflex S) were used for independent experiments (thus giving very different 
fluorescence values). The results obtained in independent experiments are shown together with their mean 
(indicated with a line) and standard error of the mean. The corresponding normalized data are shown in Figure 6. 
Two experiments with human serum-coated 50 nm silica contained two samples instead of three, indicated with 
*. The data show that effect of heparan sulphate digestion was nanoparticle dependent, but that uptake of all 
nanoparticles was reduced by LDL competition.

Supplementary References

(1)  Francia, V.; Yang, K.; Deville, S.; Reker-Smit, C.; Nelissen, I.; Salvati, A. Corona Composition Can 
Affect the Mechanisms Cells Use to Internalize Nanoparticles. ACS Nano 2019, 13 (10), 11107–11121. 
https://doi.org/10.1021/acsnano.9b03824.
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Studying nanoparticle recognition and internalization by cells is highly challenging. 
Even in simpler in vitro studies, many parameters can determine the outcome, 
including nanoparticle physical-chemical properties, exposure conditions, and 
the cell lines used8–11. It is also important to consider the method used to study the 
uptake, because it may influence the findings12. Each technique has its advantages and 
drawbacks which need to be taken into account for the interpretation of the results 
obtained. Hence, a combination of various methods is required to get a better insight 
in nanoparticle-cell interactions. As an additional difficulty, the endocytic field is 
very active. Novel endocytic mechanisms are still being discovered and established 
pathways are revised13–16. Similarly, nanoparticles may as well activate different 
pathways not yet described. Finding novel mechanisms requires other approaches 
than using a selection of commonly studied targets related to canonical endocytic 
pathways6,11,17,18. Many newly developed methods are available to characterize novel 
mechanisms but they have not yet been applied to study nanoparticle uptake. In this 
context, although still a selection of the many possibilities, in this thesis we have 
applied different approaches using both classical and new methods.

The internalization of nanoparticles with different properties such as size, shape, 
and charge have been widely studied (see chapter 1)7,10. Nevertheless, the results on 
the uptake mechanism are often unclear or even conflicting. One of the reasons for 
the ambiguous results is the adsorption of biomolecules on the nanoparticle forming 
a corona8,9. The corona has been shown to affect nanoparticle recognition and 
internalization by cells6,19 and therefore strategies to reduce protein adsorption have 
been developed. One of the strategies is the use of a zwitterionic surface which has 
been shown to reduce protein adsorption and decrease uptake20–22. However, to date, 
how zwitterionic charge reduces uptake and affects the uptake mechanism cells use for 
nanoparticle internalization has not been clarified yet23–25. To this end, in Chapter 2, 
we used liposomes of zwitterionic DOPC and anionic DOPG as a model nanomedicine, 
and studied their uptake mechanisms (Figure 2). As previously reported, the DOPC 
and DOPG liposomes have a different corona and uptake efficiency.  By using chemical 
inhibitors to block a series of components of various endocytic pathways, we showed 
here that the two types of liposomes enter through different uptake mechanisms. 
Also, it was observed that multiple components partially block the entry of the 
liposomes, while the appropriate controls showed strong inhibition. The incomplete 
reduction in liposome uptake could be caused by compensation mechanisms upon 
perturbation of a pathway, and stresses the importance of using various methods to 
study nanoparticle uptake.

The use of nanoparticles for drug delivery has been object of extensive research in 
the last decades, with several nanomedicines successfully reaching the market1. 
The clinically approved nanomedicines use passive targeting and include mainly 
liposomal formulations2. Instead, much of the nanomedicine research has focussed 
on the synthesis of complex multifunctional nanoparticles for active targeting, for 
example by incorporating multiple targeting moieties on their surface. Nevertheless, 
very few of these formulations have reached the clinical stage2–4. Moreover, part of the 
nanomedicines that arrive to clinical trials fail due to low efficacy2. This led to recent 
debates on the achievements within the nanomedicine field3–5. 

Nanomedicine have to overcome various barriers, such as extravasation from the 
blood, and crossing the cell membrane. A better understanding of the influence of 
nanoparticle design on biodistribution and nanoparticle-cell interactions can help to 
improve targeting and create tailored nanomedicines with high efficacy. At cellular 
level, further studies are required to better understand the initial recognition of 
nanoparticles at the cell membrane and subsequent induction of internalization, as 
discussed in Chapter 1. In many cases it is unclear how the nanoparticles are 
recognized (Figure 1). Are nanoparticles for instance recognized by one or by multiple 
receptors, or by changes in the cell membrane? Moreover, the connection between 
recognition and induction of internalization is often not studied, but might be highly 
relevant as it can influence the uptake efficiency. Similarly, it has previously been 
shown that even when a nanoparticle is recognized by a specific receptor, another 
pathway could be employed for its internalization6.  

Figure 1. Scheme of possible scenarios by which internalization of nanoparticles might be triggered. It is 
unclear yet how nanoparticle recognition leads to internalization. a, It might be that one receptor or b, multiple 
receptors recognize the nanoparticle and trigger its uptake. C, Another possibility is that direct interactions of the 
nanoparticle with the membrane induce its internalization. d, It might even be that both receptor and membrane 
interactions together result in the entry of the nanoparticle.  More research is required on the interplay between 
cellular recognition of nanoparticles and their internalization. This figure is reproduced from Chapter 17.
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Partial inhibition of the uptake could also suggest that the liposomes entered by 
several pathways. (Similar conclusions can be drawn from the results in chapter 5, 
regarding the involvement of multiple apolipoprotein receptors in nanoparticle 
uptake.) The possible involvement of various uptake mechanisms might be due 
to various proteins in the corona interacting with different receptors. Similar 
differences might also modulate the uptake efficiency. The zwitterionic and anionic 
liposomes have similar size, and only differ in the polar head but they differ strongly 
in the corona composition and in uptake efficiency. It might be that zwitterionic 
liposomes adsorb proteins on the cell surface that hamper their internalization, as 
reported for PEGylated surfaces26. It would be interesting to study how zwitterionic 
charges induces different internalization mechanisms compared to anionic surfaces 
and why this leads to a reduced uptake rate. Further research on for instance corona-
receptor interactions by various zwitterionic and anionic nanoparticles might 
help to elucidate this complex connection between attenuated internalization and 
zwitterionic surfaces.

While size, shape, and charge seem to influence nanoparticle uptake, also 
nanoparticle rigidity has recently been recognized as a nanoparticle property 
modulating internalization efficiency7,10,27,28. However, conflicting results have been 
reported on the effect of rigidity on the uptake rate by cancer cells27,28. Moreover, 
little is known about the uptake mechanisms of particles with different rigidity, and 
how this is related to the uptake efficiency. In order to address this, as a first step, 
in this thesis, in Chapter 3, we optimized the preparation of hard liposome-coated 
silica nanoparticles (LCS) to compare their uptake with that of softer liposomes. The 
liposome entered more in HeLa cells than the liposome-coated silica when exposed 

< Figure 2. Overview of uptake of zwitterionic DOPC and negatively charged DOPG liposomes by HeLa cells 
after treatment with chemical inhibitors. a, Scheme to representing the research question of Chapter 2 in which 
the uptake mechanism of zwitterionic DOPC and anionic DOPG liposomes were studied. b, SDS-PAGE gel of 
corona formed on DOPC and DOPG liposomes after incubation with human serum. The corona formed on 75 
µg/mL liposomes in 6 mg/mL particle-depleted human serum was isolated and a similar amount of liposomal 
lipids were loaded on the SDS-PAGE gel for corona protein separation. Human serum and a marker were loaded 
as controls. The coronas formed were different and less proteins adsorbed on DOPC liposomes. c, Uptake of 
zwitterionic DOPC and anionic DOPG liposomes by HeLa cells after treatment with chemical inhibitors. HeLa 
cells were treated with Chlorpromazine, EIPA, Cytochalasin D, or Nocodazole and incubated with DOPC and 
DOPG liposomes (50 µg/ml lipid in medium supplemented with 4 mg/ml human serum protein). Liposome 
uptake relative to untreated cells was determined by flow cytometry. The mean and standard error over the mean 
over the average fluorescence measured in the individual experiments (symbols) are given and a dotted line are 
included at 100% (black) and 60% (red) as reference. The results show that blocking the endocytic components 
has different effects on the uptake of zwitterionic DOPC and anionic DOPG liposomes. The data in panels b-c are 
reproduced from Chapter 2.
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in the presence of FBS proteins. Interestingly, even though it were preliminary 
results, this changed depending on the exposure conditions, more specifically, rigid 
liposome-coated silica were internalized faster in absence of proteins (uncoated in 
serum-free) or when the particles were coated with human serum (instead of FBS) 
(Figure 3). These observations showed that the effect of rigidity on nanoparticle 
uptake efficiency depends also on the corona composition. In other words, the corona 
seemed to dictate the biological outcome suggesting that the internalization rate is 
regulated (at least partially) by specific recognition at the cell surface. The corona 
composition depends on the biological environment and nanoparticle properties 
such as size and charge29–32, and it is known that the corona can also control the 
uptake mechanism6. However, it is unknown whether rigidity of nanoparticles also 
modulates the corona composition. No clear differences in corona composition were 
observed with protein gel electrophoresis in chapter 3, but a more detailed analysis by 
mass spectrometry would provide more insight into this matter.

Besides receptor interactions at the cell surface, nanoparticles might also provide 
other signals for example mechanical cues, that could trigger internalization. It 
can be imagined that nanoparticles approaching the cell surface induce membrane 
deformation, and that the extent of deformation depends on the nanoparticle 
properties, like size and rigidity. Membrane deformation can be recognized and 
induced by curvature-sensing proteins. It is emerging that multiple curvature-sensing 
proteins not only play a role in clathrin-mediated endocytosis, but also in clathrin-
independent pathways33–35. To study their involvement in nanoparticle uptake a panel of 
curvature-sensing proteins was silenced. After silencing, the uptake of both liposomes 
and liposome-coated silica was clearly reduced for many of the targets, showing for 
the first time the importance of these non-canonical proteins in nanoparticle uptake. 
Remarkably, the same curvature-sensing proteins were involved in the entry of both 
soft liposomes and rigid liposome-coated silica and could therefore not explain the 
difference in uptake efficiency between the nanoparticles. It may be that the different 
rigidity of the nanoparticles affected the uptake efficiency, or that the two nanoparticles 
entered cells via different mechanisms, despite the involvement of the same curvature-
sensing proteins. Additionally, it must be noted that only a selection of proteins was 
studied and it might be that other curvature-sensing proteins have a distinct role in the 
uptake of nanoparticles with different rigidity. 

As seen in the previous chapters every method has its limitations. While in chapter 
2 we observed that multiple pathways were involved, an exact mechanism could not 
be deduced from the results because of the limit number of components that were 
inhibited and the relatively low specificity of the chemical inhibitors. On the other 

Figure 3. Uptake efficiency of soft and rigid nanoparticles. a, Schematic representation of soft liposomes 
and rigid liposome-coated silica (LCS) with a cryo-electron microscopy image. Scale bar, 50 nm. b, Schematic 
representation of the uptake of liposomes and liposome-coated silica with different corona conditions.  
c, Uptake of liposomes and liposome-coated silica by HeLa cell in serum-free medium, or after isolation of  
human serum-nanoparticle complexes or FBS-nanoparticle complexes. Untreated cells were exposed for 3 
hours to the nanoparticles in serum-free medium (50 µg lipid/ml medium). The data of the nanoparticle-corona 
complexes were obtained after 24-hour exposure of cells transfected with scrambled siRNA to the isolated 
nanoparticle-corona complexes (50 µg lipid/ml serum-free medium). The results showed that the rigid LCS  
were internalized more than soft liposomes when exposed to HeLa cells in serum-free medium without 
preformed corona, and when coated with human serum proteins. On the contrary, when coated with FBS, the  
soft liposomes entered more than the rigid LCS. This figure contains data reproduced from chapter 3.
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hand, the silencing of curvature-sensing proteins is highly specific, and showed a 
role for these proteins in nanoparticle uptake, but also did now allow alone to identify 
the full mechanism and could not explain the difference in uptake efficiency. Other 
methods can be applied to study processes without a pre-formed hypothesis, for 
instance full genome screening. 

Screenings can be used in a reverse manner, like the methods in chapter 2 and 3, in 
which the function of a specific target is modulated and its effect on the phenotype 
is determined. Opposite to the reverse approach, is a forward screening in which 
the phenotype of interest is selected first and subsequently the mutation causing 
the phenotype is resolved. Forward genetic screening has previously been shown to 
be effective in identifying known and unknown trafficking proteins, and proteins 
involved in viral entry16,36–41. Nevertheless, a full genome forward genetic screening 
approach had not been applied before to study the endocytosis of nanoparticles. With 
these premises, in Chapter 4, we used a genome-wide forward genetic screening 
method (Figure 4a). As a first sample to test the value of this screening approach, 
we used human serum coated silica nanoparticles (50 nm) which are known to be 
recognized by the low-density lipoprotein receptor (LDLR), but enter through another 
pathway than clathrin-mediated endocytosis, normally utilized by the receptor 
for it endogenous ligand LDL6,42. We showed that forward genetic screening could 
successfully be used to identify both known and unknown candidates in nanoparticle 
uptake. Remarkably, many selections were required to enrich the population of 
cells with reduced uptake, which may affect the enrichment of mutated genes. How 
multiple selections influences the enrichment of the targets involved in nanoparticle 
uptake was unknown. Hence, additionally we determined the targets enriched after 
each selection to perform a time-resolved analysis and to follow how the enrichment 
evolves over time. The time-resolved analysis allowed to exclude possible false positives 
(genes enriched at random sorts) and revealed other targets. More specifically, 
many Golgi and lysosomal trafficking components got lost over time, and were only 
found when using time-resolved analysis (Figure 4b). Validation of these targets in 

> Figure 4. Time-resolved forward genetic screening to study nanoparticle uptake. a, A schematic overview 
of the forward genetic screening method (adopted from chapter 4 figure 1). Briefly, a library of mutagenized 
cells was created by viral transduction. The mutagenized cells were exposed to nanoparticles and cells with 
reduced uptake were selected by fluorescent activated cell sorting (FACS). The selected cells were expanded, and 
part of the cells was used for sequencing to determine the mutation sites, while the other cells were repeatedly  
re-exposed to nanoparticles and selected by FACS to enrich for cells with reduced nanoparticle uptake.  
b, Cluster analysis of the genes enriched in mutations after sort 1, 3 and 6. The colours illustrate the biological 
processes in which the genes were involved. The results show that many genes related to Golgi and lysosomal 
trafficking disappeared at the last selection (sort 6).
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potential of the time-resolved forward genetic screening method. Thus, it would be 
interesting to apply the method also on other nanoparticles to exploit its potential to 
discover novel targets involved in nanoparticle uptake, including for example an 
approved nanomedicine such as Doxil.

Figure 5. Nanoparticle interactions at the cell surface. a, Schematic representation of a nanoparticle-corona 
complex that can interact with multiple receptors inducing its internalization. b, Uptake of human serum-coated 
silica nanoparticles by HAP1 cells and HeLa cells after silencing of low-density lipoprotein receptor (LDLR), 
scavenger receptor B1 (SCARB1), and exostosin-1 (EXT1) involved in heparan sulphate synthesis. Silenced cells 
were exposed to human serum-coated silica nanoparticles (50 µg/ml in serum-free medium) for 24 hours and 
measured by flow cytometry. Median fluorescence was normalized to cells transfected with scrambled siRNA 
(control). The results obtained in independent experiments are shown together with their mean (indicated with 
a line) and standard error of the mean. A dotted line at 100% (black) and 60% (red) are shown as reference. The 
results indicate that nanoparticles can interact with various receptors that can trigger internalization. Data in 
panel b are taken from chapter 5.

Chapter 5 confirmed their role in nanoparticle uptake. Their disappearance during 
the screening suggests the presence of a second selection pressure, for instance cell 
viability. Thus, by adding the time-resolved component to the screening, more and 
well-defined targets are discovered, which provide a strong starting point to study 
nanoparticle uptake mechanisms in more detail. 

A selection of the targets discovered with the time-resolved forward genetic screening 
was verified by RNA interference in Chapter 5 with the cells used for the screening, 
and a second cell line to test cell specificity. These targets included components related 
to cholesterol metabolism, glycosaminoglycan biosynthesis, and Golgi and lysosomal 
trafficking. By silencing their expression in the two cell lines, the involvement of all 
tested targets in nanoparticle uptake was confirmed, demonstrating the applicability 
of this method to discover novel targets. Among the identified targets were the cell 
surface receptors: low-density lipoprotein receptor, scavenger receptor B1 (SCARB1 or 
SR-B1), and heparan sulphate proteoglycans (Figure 5). All three receptors can interact 
with apolipoproteins that are present in the corona of the human serum-coated silica 
nanoparticles6. In contrast to the LDLR, the role of SCARB1 in the uptake of these 
nanoparticles was not previously reported. Additionally, very little is known on the role 
of surface proteoglycans in nanoparticle uptake and, in particular, their specificity. 
Heparan sulphate has been suggested to be involved in the entry of various viruses, 
internalization of exosomes, and the interaction of positively charged particles with 
the cell surface41,43–48. In this study, we showed that heparan sulphate plays a role 
in the initial recognition of negatively charged nanoparticles as well, and that the 
interactions depended on the corona and cell type. Therefore, heparan sulphate could 
be an important element for initial recognition and possibly for targeting. A better 
understanding of the connection between heparan sulphate and other receptors is 
required to deduce the implications of heparan sulphate interactions for targeting.

Besides targets involved in the initial interactions at the cell membrane, also targets 
related to intracellular trafficking, including lysosomal trafficking, were found in the 
screening. Although one might expect to find genes involved in lysosomal trafficking, 
based on the final location of nanoparticles often being lysosomes6,49,50, non-classical 
targets were identified such as subunits of the HOPS/CORVET complex. The manner 
in which knock-down of these intracellular trafficking targets reduced nanoparticle 
uptake remains to be clarified. For instance, the perturbation of the intracellular 
trafficking could have decreased receptor expression or disturbed nanoparticle 
trafficking, with effects on uptake. Elucidating the role of the targets in nanoparticle 
uptake could give insight in nanoparticle intracellular sorting, another area that is 
still not well-understood. At a broader level, the results obtained clearly show the 
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Figuur 1. Schematische weergave van mogelijke scenario's hoe opname van nanodeeltjes zou kunnen worden 
geïnduceerd. Het is nog onduidelijke hoe herkenning van nanodeeltjes leidt tot opname in de cel. a, Het is 
mogelijk dat de binding aan één of b, meerdere receptoren de opname induceert. c, Een andere mogelijkheid is 
dat directe interactie tussen het nanodeeltje en het celmembraan resulteert in opname. d, Het zou zelfs kunnen 
dat zowel receptoren als interacties met het celmembraan samen leiden tot intrede van het nanodeeltje in de 
cel. Meer onderzoek is nodig naar de connectie tussen de herkenning van het nanodeeltje op het celoppervlak en 
zijn opname. Dit figuur is afkomstig uit hoofdstuk 17.

Het bestuderen van herkenning en opname van nanodeeltjes door cellen is een 
uitdaging. Zelfs in simpelere in vitro studies zijn er vele parameters die effect kunnen 
hebben op het resultaat van het onderzoek, waaronder: de fysische-chemische 
eigenschappen van het nanodeeltje, de condities waaronder ze worden blootgesteld 
aan cellen, en de cellen die gebruikt worden8–11. Daarnaast is het belangrijk om de 
gebruikte methode in acht te nemen, aangezien deze de uitkomsten van het onderzoek 
kunnen beïnvloeden12. Elke methode heeft zijn voor- en nadelen welke meegenomen 
moeten worden in de interpretatie van de verkregen resultaten. Om een volledig 
beeld te krijgen is het daarom belangrijk om meerdere methodes te gebruiken om de 
opname van nanodeeltjes te bestuderen. Daarnaast is het endocytose onderzoeksveld 
erg actief. Er worden nog steeds nieuwe endocytische mechanismen ontdekt en 
bestaande mechanismen worden herzien13–16. Het is dus mogelijk dat nanodeeltjes via 
een nog niet beschreven mechanisme in de cel komen. Om nieuwe mechanismen te 
ontdekken is een andere aanpak nodig dan het bestuderen van een selectie eiwitten 
die deel uitmaken van bekende endocytische mechanismen6,11,17,18. Er zijn veel nieuwe 
methoden beschikbaar om ongebruikelijke mechanismen te karakteriseren, welke 
nog niet zijn toegepast in het onderzoek naar de opname van nanodeeltjes. Met dit 
in gedachten, hebben we in deze thesis een selectie van verschillende aanpakken 
gebruikt waaronder klassieke en nieuwe methoden.

De opname van nanodeeltjes verschillend in eigenschappen zoals grootte, vorm, 
en lading zijn uitgebreid bestudeerd en de uitkomsten worden kort beschreven in 
hoofdstuk 17,10. Desondanks zijn de resultaten gaande over het opnamemechanisme 
vaak onduidelijk of zelfs tegenstrijdig. Een van de redenen voor de dubbelzinnige 
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Nanodeeltjes hebben specifieke eigenschappen door hun grootte (enkele tot honderden 
nanometers), wat vergelijkbaar is met de grootte van eiwitten, cholesterol deeltjes, 
en virussen. Ze zijn groter dan moleculen en kunnen wanneer ze in contact komen 
met cellen, niet diffunderen over het celmembraan. In plaats daarvan worden ze 
vaak opgenomen in de cel via specifieke mechanismen die energie kosten, en samen 
endocytose worden genoemd. Hierdoor kunnen nanodeeltjes mogelijk het probleem 
van moleculaire medicijnen omzeilen, welke passief in alle cellen diffunderen en wat kan 
leiden tot bijwerkingen. Door het medicijn te laden in de nanodeeltjes (nanomedicijn) en 
de eigenschappen van de nanodeeltjes (zoals materiaal, grootte, en vorm) aan te passen, 
kan de verspreiding van het medicijn door het lichaam en de afgifte aan de cellen worden 
beïnvloed. 

Het gebruik van nanodeeltjes voor medicijnafgifte is de afgelopen decennia uitvoerig 
onderzocht, met als resultaat dat verscheidene nanomedicijnen succesvol de markt 
hebben bereikt1. De meeste klinisch goedgekeurde nanomedicijnen gebruiken een 
passieve manier om bij hun doelwit te komen en zijn liposomale formuleringen2. Veel 
onderzoek naar nanomedicijnen focust zich nu echter op de synthese van complexe 
multifunctionele nanodeeltjes die hun medicijn alleen aan de doelwitcellen afleveren, 
bijvoorbeeld door meerdere specifieke doelgerichte groepen aan het oppervlak van het 
nanodeeltje te koppelen. Desondanks hebben slechts enkele van deze formuleringen de 
klinische fase bereikt2–4. Bovendien faalt een deel van de nanomedicijnen in de klinische 
fase door hun onvoldoende werkzaamheid2, wat tot discussies over hun prestaties heeft 
geleid binnen het nanomedicijn gebied3–5.

Nanomedicijnen moeten verschillende barrières passeren, zoals de bloedvatwand en het 
celmembraan. Het beter begrijpen van de invloed van de eigenschappen van nanodeeltjes 
op de verspreiding in het lichaam en de interactie met cellen, kan helpen de doelgerichtheid 
te verbeteren en op maat gemaakte nanomedicijnen met een hoge werkzaamheid te 
creëren. Op cel-niveau zijn studies nodig om beter te begrijpen hoe de nanodeeltjes op het 
celmembraan worden herkend en hoe dit de opname induceert, wat besproken wordt in 
Hoofdstuk 1. In veel gevallen is het onduidelijk hoe nanodeeltjes worden herkend (Figuur 
1). Worden nanodeeltjes bijvoorbeeld door één of meerdere receptoren gedetecteerd, of 
door veranderingen in het celmembraan? Verder is de connectie tussen de herkenning 
en inductie van opname vaak niet bestudeerd, ondanks dat dit wel relevant kan zijn 
aangezien het de opname efficiëntie kan beïnvloeden. Evenzo, is er eerder aangeduid dat 
zelfs wanneer een nanodeeltje wordt gedetecteerd door een specifieke receptor, het door 
een ander mechanisme dan gebruikelijk voor de receptor kan worden opgenomen6.
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resultaten is het adsorberen van biologische moleculen op het nanodeeltje welke de 
‘corona’ vormen8,9. Het is aangetoond dat de corona de herkenning en opname van 
het nanodeeltje door cellen beïnvloedt6,19. Daarom zijn er strategieën ontwikkelt 
om de corona formatie te verminderen. Eén van de strategieën is het gebruik van 
zwitterionische lading (positieve en negatieve lading die samen neutraal zijn), 
welke niet alleen de adsorptie van de biologische moleculen maar ook de opname 
vermindert20–22. Hoe de zwitterionische lading de opname verlaagd en wat het effect 
op het opnamemechanisme is, is tot op heden onduidelijk23–25. In Hoofdstuk 2 wordt 
daarom het opnamemechanisme van liposomen met zwitterionische DOPC- of met 
anionische DOPG lipiden, als model voor nanomedicijnen, bestudeerd (Figuur 2). Zoals 
eerder is beschreven, hebben DOPC en DOPG een andere samenstelling van de corona 
en verschillende opname efficiënties. Door middel van farmacologische remmers 
werden verscheidene componenten van endocytische mechanismen geblokkeerd, 
en werd aangetoond dat de twee liposomen worden opgenomen via verschillende 
mechanismen. Ook werd waargenomen dat meerdere remmers de opname slechts 
gedeeltelijk blokkeerden, terwijl de opname van de controle componenten sterker 
werd gereduceerd. Het onvolledig blokkeren van liposoom opname kan veroorzaakt 
worden door mechanismen die compenseren voor de verstoring van de normale 
mechanismen, en laat zien hoe belangrijk het gebruik van verschillende methoden is 
in het onderzoek naar de endocytose van nanodeeltjes.

Gedeeltelijke remming van de opname kan ook duiden op opname van liposomen 
via meerdere mechanismen. (Vergelijkbare conclusies kunnen worden getrokken uit 
de resultaten van hoofdstuk 5 ter aanzien van de betrokkenheid van apolipoproteïne 
receptoren in opname van nanodeeltjes.) De mogelijke opname via meerdere 
mechanismen kan worden veroorzaakt door de verscheidene eiwitten in de corona die 
binden aan verschillende receptoren. Vergelijkbare verschillen in de corona compositie 
veroorzaken mogelijk ook het verschil in opname efficiëntie. De zwitterionische en 

Figuur 2. Overzicht van de opname van zwitterionische DOPC en negatief geladen DOPG liposomen door HeLa 
cellen na het gebruik van farmacologische remmers. a, Schematische weergave van de onderzoeksvraag in 
hoofdstuk 2 in welk het mechanisme van zwitterionische DOPC en anionische DOPG liposomen zijn bestudeerd. 
b, SDS-PAGE gel van de corona op DOPC en DOPG liposomen na incubatie met humaan serum. Humaan serum 
en een marker zijn geladen als controles. Minder eiwitten adsorberen op DOPC liposomen en de samenstelling 
van de corona op DOPC en DOPG liposomen verschilt. c, Opname van DOPC en DOPG liposomen door HeLa 
cellen na behandeling met farmacologische remmers Chlorpromazine, EIPA, Cytochalasin D, of Nocodazole. 
De gemiddelde fluorescentie ten opzichte van onbehandelde cellen (gemeten met flowcytometrie) van 
onafhankelijke experimenten is weergegeven samen met het gemiddelde en standaardfout van het gemiddelde 
over de individuele experimenten. Een gestippelde lijn op 100% (zwart) en 60% (rood) zijn weergegeven ter 
referentie. De resultaten laten zien dat het remmen van endocytische componenten een verschillende effect 
heeft op de opname zwitterionische DOPC en anionische DOPG. Data is gereproduceerd van hoofdstuk 2.
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anionische liposomen hebben een vergelijkbare grootte en hebben alleen een andere 
polaire kop van de lipide, maar verschillen sterk in de samenstelling van de corona 
en opname efficiëntie. Het is mogelijk dat zwitterionische liposomen eiwitten in 
hun corona hebben die de opname belemmeren, zoals eerder is aangetoond voor 
gepegyleerde oppervlakten26.

Naast de algemeen geaccepteerde invloed van grootte, vorm, en lading op de 
opname van nanodeeltjes, wordt tegenwoordig ook de stijfheid van het nanodeeltje 
erkent als een eigenschap die effect heeft op de opname efficiëntie7,10,27,28. Er zijn 
echter tegenstrijdige effecten gevonden van stijfheid op de opnamesnelheid in 
kanker cellen27,28. Bovendien is weinig bekend over de invloed van stijfheid op het 
opnamemechanisme en hoe dit zich verhoudt tot de opname efficiëntie. Om dit te 
kunnen onderzoeken hebben we in Hoofdstuk 3 de vorming van liposoom-gecoate 
silica deeltjes geoptimaliseerd en hun opname vergeleken met dat van flexibelere 
liposomen. De liposomen werden meer opgenomen door HeLa cellen dan de liposoom-
gecoate silica wanneer de nanodeeltjes werden blootgesteld in de aanwezigheid van 
kalf serum. Opvallend genoeg lieten enkele eerste resultaten een tegenovergesteld 
verschil zien wanneer de nanodeeltjes onder andere omstandigheden werden 
blootgesteld. De liposoom-gecoate nanodeeltjes werden namelijk meer opgenomen 
in de afwezigheid van eiwitten of als humaan serum gebruikt werd in plaats van 
kalf serum (Figuur 3). Deze resultaten laten zien dat het effect van stijfheid van 
het nanodeeltje afhangt van de samenstelling van de corona. Met andere woorden, 
het is de corona die de biologische uitkomst bepaald. Ook suggereert het dat de 
opname snelheid (gedeeltelijk) gereguleerd wordt door specifieke interacties op het 
celmembraan. De samenstelling van de corona hangt af van de biologische omgeving 
en eigenschappen van het nanodeeltje zoals grootte en lading29–32, en beïnvloedt het 
opnamemechanisme6. Het is echter onbekend of de stijfheid ook effect heeft op de 
compositie van de corona. In hoofdstuk 3 werden geen duidelijke verschillen in de 
samenstelling van de corona tussen liposomen en liposoom-gecoate nanodeeltjes 
waargenomen met behulp van eiwit gel elektroforese, maar een gedetailleerdere 
studie met behulp van massa spectrometrie is noodzakelijk om nauwkeuriger de 
compositie vast te stellen en meer duidelijkheid te verschaffen.

Naast interacties met receptoren op het celmembraan, zouden nanodeeltjes ook andere 
signalen kunnen afgeven die opname kunnen initiëren, zoals mechanische signalen. 
Het is mogelijk dat nanodeeltjes het membraan vervormen wanneer ze naderen, en 
dat deze vervorming afhankelijk is van eigenschappen als grootte en stijfheid van het 
nanodeeltje. Vervorming van het membraan kan worden herkend en geïnduceerd door 
zogeheten krommingsgevoelige eiwitten. Deze krommingsgevoelige eiwitten spelen 

Figuur 3. Opname efficiëntie van zachte en harde nanodeeltjes. a, Een schematische weergave van zachte 
liposomen en harde liposoom-gecoate silica (LCS) samen met een cryo-elektron microscopie afbeelding. 
Schaalbalk, 50 nm. b, Schematische weergave van de opname van liposomen en liposoom-gecoate silica met 
verschillende corona’s. c, Opname van liposomen en liposoom-gecoate silica door HeLa cellen in serum-vrij 
medium, of na het isoleren van nanodeeltjes gecoat met humaan serum of kalf serum (FBS). In het geval van 
serum-vrij medium werden onbehandelde cellen 3 uur blootgesteld aan de nanodeeltjes. De serum-gecoate 
nanodeeltjes werden toegevoegd aan cellen behandeld met gehusseld siRNA (negatieve controle van RNA 
interferentie) voor 24 uur. De resultaten laten zien dat liposoom-gecoate silica meer werden opgenomen in 
de serum-vrije conditie (zonder corona) en met een corona van humaan serum dan liposomen, terwijl meer 
liposomen de cel binnen kwamen dan liposoom-gecoate silica wanneer de nanodeeltjes een corona van kalf 
serum hadden. Data is gereproduceerd van hoofdstuk 3.
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niet alleen in clathrin-afhankelijke endocytose, maar ook in andere endocytische 
mechanismen een rol33–35. Om hun rol in opname van nanodeeltjes te bestuderen, 
werd de expressie van een selectie van krommingsgevoelige eiwitten verminderd 
met RNA interferentie. De RNA interferentie van vele van de geselecteerde eiwitten 
reduceerde de opname van zowel de liposomen als de liposoom-gecoate silica en 
toonde daarmee voor het eerst de betrokkenheid van deze ongebruikelijke eiwitten 
in opname van nanodeeltjes aan. Het is opvallend dat dezelfde krommingsgevoelige 
eiwitten een rol hebben in de opname van beide nanodeeltjes (zowel de zachte 
liposomen als de harde liposoom-gecoate silica) en deze kunnen daardoor niet het 
verschil in opname efficiëntie verklaren. Het is mogelijk dat het verschil in stijfheid 
zelf de opname efficiëntie beïnvloedde of dat ondanks de betrokkenheid van dezelfde 
krommingsgevoelige eiwitten de twee soorten nanodeeltjes via andere endocytische 
mechanismen de cel binnen komen. Daarnaast is slechts een selectie van eiwitten 
bestudeerd en zouden andere krommingsgevoelige eiwitten wel een onderscheidende 
rol kunnen spelen in de opname van de twee nanodeeltjes met een andere stijfheid.

Elke methode heeft zijn beperkingen, zo is er in hoofdstuk 2 en 3 slechts een selectie 
van componenten uit algemeen bekende endocytische mechanismen bestudeerd. 
Andere methoden kunnen gebruikt worden om processen te bestuderen zonder 
het gebruik van een hypothese, bijvoorbeeld volledige-genoom screenings, waarbij 
alle genen tegelijk getest worden. Voorwaartse genetische screenings, waarbij 
eerst het interessante fenotype wordt geselecteerd en dan bepaald wordt waar de 
mutatie zich bevindt, zijn eerder succesvol toegepast in onderzoek naar virusinfectie 
mechanismen en expressie van eiwitten op het celmembraan16,36–41. In Hoofdstuk 4 
wordt beschreven hoe deze methode voor het eerst is toegepast om de opname van 
nanodeeltjes te bestuderen (Figuur 4). Als model zijn humaan serum-gecoate silica 
nanodeeltjes gebruikt, omdat bekend is dat het wordt herkend door de lage dichtheid 
lipoproteïne receptor (LDLR), maar opgenomen wordt door de cellen via een ander 
mechanisme dan de natuurlijke ligand (lage dichtheid lipoproteïne; LDL)6,42. We laten 
zien dat voorwaartse genetische screening succesvol kan worden toegepast om zowel 

Figuur 4. Een analyse over tijd van de voorwaartse genetische screening om de opname van nanodeeltjes te 
bestuderen. a, Een schematische weergave van de voorwaarts genetische screening methode (overgenomen uit 
hoofdstuk 4). Eerst wordt er een verzameling van gemuteerde cellen gecreëerd met behulp van virale transductie. 
De gemuteerde cellen worden blootgesteld aan nanodeeltjes en cellen met verminderde opname worden 
geselecteerd met behulp van een flowcytometrie sorteermachine. De geselecteerde cellen prolifereren en een 
deel wordt gebruikt voor sequencing om de plek van de mutatie te bepalen, terwijl een ander deel opnieuw 
wordt blootgesteld aan de nanodeeltjes voor een volgende selectie. b, Clusteranalyse van de genen die verrijkt 
waren in mutaties na de 1ste, 3de, en 6de selectie. De kleuren geven het biologische proces aan waar de genen deel 
van uitmaken. De resultaten laten zien dat veel van de genen betrokken bij Golgi- en lysosomaal transport niet 
meer verrijkt zijn in mutaties na de 6de selectie. Data is afkomstig uit hoofdstuk 4.
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Figuur 5. Interacties van nanodeeltjes op het celmembraan. a, Schematische weergave van nanodeeltje-corona 
complex welke kan binden aan meerdere receptoren die opname kunnen induceren. b, Opname van humaan 
serum-gecoate silica nanodeeltjes door HAP1 en HeLa cellen na RNA interferentie om expressie te verlagen van 
lage dichtheid lipoproteïne receptor (LDLR), scavenger receptor B1 (SCARB1), en exostosin-1 (EXT1; een enzyme 
onderdeel van de synthese van heparaansulfaat). Fluorescentie werd gemeten met flowcytometrie 24 uur na het 
blootstellen aan de nanodeeltjes. De gemiddelde cel fluorescentie ten opzichte van cellen getransfecteerd met 
gehusseld siRNA is weergeven voor de individuele experimenten samen met het algemene gemiddelde en de 
standaardfout van het gemiddelde over de onafhankelijke experimenten. Een gestippelde lijn op 100% (zwart) 
en 60% (rood) is weergegeven als referentie. De resultaten tonen aan dat de nanodeeltjes aan verscheidene 
receptoren kunnen binden welke effect hebben op de opname. Data is gereproduceerd van hoofdstuk 5.

Naast genen die betrokken zijn bij de eerste herkenning op het celmembraan, zijn 
er ook genen geïdentificeerd in de screening die gerelateerd zijn aan intracellulair 
transport, waaronder lysosomaal transport. Het vinden van genen betrokken bij 
lysosomaal transport is niet onverwacht, aangezien nanodeeltjes meestal in de 

bekende als nieuwe eiwitten te identificeren die een rol spelen bij de opname van 
nanodeeltjes. De selectie van het fenotype werd ongebruikelijk vaak herhaald om een 
populatie van cellen met verminderde opname van nanodeeltjes te verkrijgen. Omdat 
de invloed van herhaaldelijk selecteren op de uitkomst van de screening onbekend is, 
werden de mutaties in een gedeelte van de cellen bepaald na elke selectie. Hiermee kon 
de verrijking van mutaties in specifieke genen over tijd bepaald worden en daarmee 
ook eventuele vals-positief geïdentificeerde doelwitgenen. Verder liet de analyse 
zien dat de verrijking van mutaties in genen gerelateerd aan Golgi- en lysosomaal 
transport over tijd verloren ging. Het verdwijnen van mutaties in deze genen over tijd 
suggereert de aanwezigheid van een tweede selectiedruk zoals levensvatbaarheid van 
de cel. Door de toevoeging van een analyse over tijd werden er meer doelwitgenen 
geïdentificeerd. De geïdentificeerde doelwitgenen vormen een beginpunt voor 
gedetailleerder onderzoek naar hun rol in opname van nanodeeltjes.

In Hoofdstuk 5 is een selectie van de doelwitgenen die waren geïdentificeerd in de 
screening geverifieerd in de cellen die gebruikt zijn voor de screening en een tweede 
cellijn. De doelwitgenen spelen een rol in cholesterol metabolisme, glycosaminoglycaan 
synthese, en Golgi en lysosomaal transport. De rol van de doelwitgenen in opname 
van nanodeeltjes werd bevestigd met RNA interferentie in beide cellijnen, wat de 
toepasbaarheid van de voorwaartse genetische screening in onderzoek naar opname 
van nanodeeltjes bewijst. Onder de geïdentificeerde genen waren celmembraan 
receptoren: de lage dichtheid lipoproteïne receptor (LDLR), de scavenger receptor B1 
(SCARB1), en heparaansulfaat proteoglycanen (Figuur 5). Aan al deze drie receptoren 
kunnen apolipoproteïnen binden, welke aanwezig zijn in de corona van de humaan 
serum-gecoate silica nanodeeltjes6. In tegenstelling tot LDLR was de rol van SCARB1 
en heparaansulfaat in de opname van dit nanodeeltje nog niet eerder aangetoond. 
Aangezien uit eerdere studies is gebleken dat heparaansulfaat proteoglycanen 
belangrijk zijn voor de opname van virussen en exosomen, en interactie hebben met 
positief geladen nanodeeltjes, is hun rol in de eerste interacties met cellen verder 
onderzocht41,43–48. Deze interacties bleken cel specifiek en afhankelijk van de corona, 
wat heparaansulfaat een belangrijk element maakt in de eerste herkenning op het 
celmembraan met mogelijke gevolgen voor doelgerichte interacties met specifieke 
cellen. Meer inzicht in de connectie tussen heparaansulfaat en andere receptoren in de 
opname van nanodeeltjes is echter nodig om te begrijpen of heparaansulfaat gebruikt 
kan worden voor doelgerichte binding van nanodeeltjes aan specifieke cellen.
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