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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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