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Chapter 5
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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. 
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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 
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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. 



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

5

181180

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.
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