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Abstract 

Nano-sized objects such as drug carriers used for 

nanomedicine applications enter cells via active energy 

dependent mechanisms. Targeting can be used to 

achieve specific recognition by cell receptors, however 

also for targeted drugs the details of the endocytic 

mechanisms involved in the following internalization are 

not always clarified. Within this context in this work we 

combined different methods to characterize the 

mechanism of uptake of a model nanoparticle (50 nm 

silica) into cells, including major pathways of 

endocytosis and several other clathrin independent 

mechanisms more recently identified within the 

endocytosis field. Additionally, we have studied the 

potential involvement of a series of proteins known to 

sense and generate membrane curvature, in order to 

determine whether novel mechanisms may be involved 

in the internalization of this special type of cargo. The 

results indicated that multiple uptake mechanisms seem 

to be partially involved and that several proteins capable 

to induce membrane curvature have a clear role in the 

uptake of these nano-sized materials. 
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Background, results and discussion 

Nano-sized materials are promising tools in nanomedicine to achieve controlled delivery of 

drugs to their targets, in particular for cancer treatment.1,2 While many studies tried to 

identify which of the known classical pathway of endocytosis3–8 are involved in their 

internalization – a central question that in most cases remains still very hard to answer - 

very little is known on the molecular mechanisms driving membrane bending generation 

and vesicle formation when such nano-sized cargoes engage with cells.9,10 A better 

description of the cellular machinery involved could help us to tune nanocarrier design in 

order to better control their fate inside cells for an improved targeting efficiency.11 Indeed, 

active targeting strategies can be developed by decorating the nanocarrier surface with 

ligands capable to recognize the targeted cells. However, once in contact with a biological 

environment, for example after intravenous administration, nano-sized materials adsorb on 

their surface a “corona” of biomolecules,12 which confers them a new biological identity.13 

In some cases, the corona can mask the presence of surface ligands, impairing targeting.14 

At the same time, corona proteins themselves can in some cases be recognized by specific 

cell receptors.15–18 What drives internalization after the initial cell recognition (with or 

without active targeting or corona recognition, as well as for bare nanoparticles in absence 

of a corona) is not yet known. Computer simulations and in vitro studies of nanoparticle-

membrane interactions have shown that the surface of nano-sized objects can induce 

several changes when interacting with a membrane, for instance leading to sol-gel 

transitions in the bilayer and impairing lipid lateral diffusion,19,20 but also inducing 

membrane bending9,10 in ways similar to what observed with certain viruses of comparable 

sizes.21 Membrane bending is one of the essential steps for endocytosis to occur,22–24 often 

mediated by the presence of proteins containing modules with curved structure (BAR-

domains), which can recognize and induce membrane curvature.25–27 Thus, one may wonder 

whether the observed nanoparticle-induced effects on membranes might as well be a 

triggering point for the following endocytosis.  

In this context, in order to identify the molecular players involved in nanocarrier 

internalization, we combined several complementary techniques including RNA 

interference to shut down the expression of key endocytic proteins, pharmacological 

inhibitors of uptake and expression of non-functional mutants. Following recent findings in 

the endocytosis field, together with standard pathways of endocytosis such as clathrin and 

caveolae mediated endocytosis, we also investigated the potential involvement of proteins 

participating to all the different clathrin independent pathways.28–30 50 nm silica 

nanoparticles were selected as a well-characterized model nanoparticle, with a size 

comparable to many nanocarriers used for drug delivery. In particular, we focused on this 

example since it has been recently shown that the uptake of these nanoparticles is mediated 
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by recognition of corona components by the LDL receptor (LDLR).16 It is known that the LDLR 

is internalized preferentially by clathrin mediated endocytosis,31 but in some cases clathrin 

independent mechanisms may also play a role.31,32 Moreover, clathrin mediated 

endocytosis has often been reported as one of the main mechanisms involved in the uptake 

of nanoparticles and drug carriers of similar size in in vitro studies.4,33 Thus  by studying this 

particular corona-nanoparticle complex, we aimed at investigating whether a nanocarrier 

“targeted” to a specific receptor (in this case via recognition of proteins in its corona) is 

internalized via the same mechanism as its natural ligands.  

Figure 1: Uptake of silica nanoparticles in LDLR silenced HeLa cells in different media. HeLa cell controls silenced for a 

scramble siRNA (Neg) or for the LDL receptor (LDLR) were incubated for 24 hours with 100 μg/ml 50 nm silica nanoparticles 

dispersed in human serum (HS) or human delipidised serum (HSD) at a concentration of 4 mg/ml (low) or 20 mg/ml (high) 

or – alternatively - to 100 µg/ml corona complexes formed as follows: briefly, 300 μg/ml 50 nm silica nanoparticles were 

dispersed in human serum (HS) or human delipidised serum (HSD) at a concentration of 12 mg/ml (LC) or 62 mg/ml (HC). 

The formed nanoparticle-corona complexes were then isolated as described in the Methods and resuspended to a final 

concentration of 100 μg/ml in serum free MEM for exposure to cells. Cell fluorescence intensity was then measured by 

flow cytometry. a) Data normalized by the uptake in control cells, silenced with a scramble siRNA, averaged over 3 

replicates. b) Raw cell fluorescence intensity data of results in panel a. The results are the average and standard deviation 

over 3 replicates. In all cases, both controls and LDLR silenced samples were incubated with the same dispersion of 

nanoparticles.  

First, in order to confirm recognition by the LDLR, nanoparticle dispersions were prepared 

in the presence of two different concentrations of human serum as well as in human 

delipidised serum. The delipidised serum was used as a negative control since it does not 

contain the lipid fractions and apolipoproteins which are known to interact with the LDLR.16 

Then, the nanoparticle-corona complexes were isolated from the unbound serum proteins 

in order to reduce their interference. Size distribution and zeta potential measurements 

confirmed that homogenous nanoparticle dispersions were obtained in the different 

conditions tested (See Supplementary Figure S1). Next, uptake was investigated in human 

epithelial cancer HeLa cells, used as a model cell line commonly applied in many studies 

both in the nanomedicine and endocytosis fields. In order to verify whether the different 

coronas allowed recognition by the LDLR, we then compared uptake levels in control cells 
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expressing the LDLR and LDLR-silenced HeLa cells (Figure 1, Supplementary Figure S2 for 

uptake kinetics and Supplementary Figure S3a for controls on silencing efficacy). 

Interestingly, the results show that this recognition is present only for nanoparticles 

dispersed in the presence of high concentrations of human serum, more closely resembling 

the environment nanomedicines encounter following parenteral administration.13,34 More 

in details, in the presence of higher amounts of human serum, silica uptake was reduced of 

about 70% in silenced cells compared to cells treated with a scramble siRNA, while no 

difference was observed for nanoparticles dispersed in low amount of serum nor in 

delipidised serum. A time-resolved uptake kinetics confirmed this observation and also 

showed very low uptake efficiency in the first hours, making overall the reduction of uptake 

in LDLR silenced cells more clearly visible only after 14-16 h of exposure (Supplementary 

Figure S2). We selected this longer exposure time to further characterize the following 

mechanisms of internalization. 

To this aim, RNA interference was used to shut down the expression of a panel of proteins 

involved in several endocytic pathways (Figure 2a and Supplementary Figure S3a for 

silencing efficacy). As previously mentioned the panel included major markers of clathrin 

mediated endocytosis (clathrin and dynamin 2), caveolae-mediated endocytosis (caveolin 

1) and macropinocytosis (Rac1, Ankfy1, Cdc42, ARF6), but also proteins involved in other 

clathrin independent mechanisms which have been described within the endocytosis field, 

such as those classified as flotillin-mediated (flotillin 1), CLIC/GEEC (Cdc42 and Graf1), ARF6-

mediated (ARF6), RhoA-mediated (RhoA, Rac1, and again dynamin 2). We note however 

that due to the intrinsic interconnections among cellular pathways several of these markers 

are known to participate to multiple endocytic mechanisms. 

RT-qPCR confirmed that the RNA levels of all targets after silencing was reduced in most 

cases of more than 90%, while in others to at least 60% (Supplementary Figure S3a) and WB 

of – as an example - CLTC confirmed that protein levels after silencing were not detectable 

(Supplementary Figure S3c). Given the observed role for LDLR in the uptake, RT-qPCR was 

also used to measure LDLR expression after silencing each of the targets, in order to 

determine eventual side effects on its expression, which could then affect nanoparticle 

uptake indirectly (Supplementary Figure S3d). Uptake of labelled LDL, known to enter cells 

via recognition of the LDLR and following clathrin mediated endocytosis, was also measured 

in the full panel of silenced cells to further test the effect of silencing (also in Supplementary 

Figure S3).  

Indeed, as expected, LDL uptake was strongly reduced in cell silenced for the LDLR, however 

this was not the case in cells silenced for clathrin heavy chain (CLTC), a key protein in clathrin 

mediated endocytosis. The combined study on LDLR expression in the silenced cells showed 

that in HeLa cells silenced for CLTC, LDLR was overexpressed, possibly explaining the 
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observed increase in the uptake of LDL (Supplementary Figure S3e). Compensation via other 

isoforms of CLTC may also contribute to this result. Silencing CLTC did not have an effect on 

the uptake of silica either.  

Given the results on LDL uptake in cells silenced for CLTC, in order to further rule out the 

involvement of clathrin mediated endocytosis, we performed additional studies using 

chlorpromazine (CP)35,36 and by overexpression of the C-terminal of the adaptor protein 

AP180.37 Both treatments are known to inhibit this pathway. Indeed, as expected, exposure 

to CP effectively blocked the uptake of LDL (as we show in details in Chapters 3 and 4) 

however it determined only a minor reduction (30%) of the uptake of silica nanoparticles 

(Figure 2c). Similarly, cells overexpressing the C-term-AP180 (green) were not able to 

internalize transferrin, another classic marker of clathrin mediated endocytosis, but did not 

show any decrease in the uptake of silica (Figure 2b). This suggested that even if the LDLR 

is required for the uptake of silica nanoparticles, clathrin mediated endocytosis is not the 

main pathway involved (we note that pharmacological inhibitors such as CP cannot be used 

for very long times on cells due to their intrinsic toxicity. The extensive optimization 

described in Chapter 3 allowed us to extend their use to up to 5-6 hours. Considering the 

slow uptake kinetics observed for the silica corona complexes formed at high serum 

amount, the effects of these compounds on uptake may be less evident). 

The panel of siRNA, combined with results obtained with a series of other common 

pharmacological inhibitors, indicated other players involved in the internalization. We note 

instead that for silica corona conditions for which we did not observe a role for LDLR, none 

of these targets had an effect on nanoparticle uptake (Supplementary Figure S4). For the 

complexes formed at higher serum amount, instead, a minor reduction of uptake was 

observed in cells silenced for DNM2, a key protein for CME and several CIE pathways, while 

silencing ARF6, fundamental for endocytic recycling but also involved in CME, 

macropinocytosis and marker for the so called ARF6-mediated endocytosis, resulted in 

around 50% uptake reduction (Figure 2a). We note that, similarly to what observed in cells 

silenced for CTLC, DNM2 silencing determined an upregulation of the LDLR (Supplementary 

Figure S3d) and - probably as a consequence of this - an increase in the uptake of LDL 

(Supplementary Figure S3e). Dynamin involvement in the uptake was further confirmed by 

the use of dynasore, a selective dynamin inhibitor,38,39 which reduced silica uptake of 

around 40% (Figure 2d and respective control on LDL uptake in Chapters 3 and 4). 

The depletion of CAV1, a protein involved in caveolae-mediated endocytosis, also 

determined - on average - a reduction of 50% in the uptake of silica nanoparticles, whereas 

silencing FLOT1, a marker for the flotillin-dependent pathway, determined a 40% uptake 

reduction. Surprisingly, however, cholesterol depletion by methyl beta cyclodextrin 

(MBCD)40 only slightly affected uptake levels (Figure 2e and respective controls on the 
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uptake of LacCer, a sphingolipid known to be internalized in a cholesterol-dependent 

manner35,41 in Chapters 3 and 4). Cholesterol is involved in many endocytic routes, including 

caveolae and flotillin mediated pathways. A possible explanation of this apparent 

discrepancy is that CAV1 and FLOT1 depletion indirectly affects nanoparticle internalization 

by a different mechanism, for instance by decreasing membrane plasticity, since both are 

reported to be regulators of membrane tension.42  Next to this, silencing the expression of 

Rac1, involved in RhoA-mediated endocytosis, macropinocytosis and phagocytosis, and 

ANKFY1, involved preferentially in macropinocytosis, determined a reduction of the uptake 

of about 40 %. Macropinocytosis is often reported as a mechanism involved in the 

internalization of nano-sized drug carriers and larger particles.43 To further study its 

involvement, we performed further studies using EIPA, a selective inhibitor of 

macropinocytosis and an inhibitor of Rac1 and Cdc42 signaling.44 Exposure to EIPA reduced 

the uptake of silica nanoparticles of only 20-30% after 6 hours (Figure 2f and respective 

controls on the uptake of the fluid phase marker dextran in Chapters 3 and 4). 
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Figure 2: Characterization of uptake mechanisms of silica nanoparticle-corona complexes in HeLa cells. a) HeLa cells were 

silenced for 72 hours for a panel of endocytic targets (as indicated in the labels). Thus, cells were exposed for 14 hours to 

100 µg/ml corona complexes formed as follows: briefly, 300 μg/ml 50 nm silica nanoparticles were incubated for 1 hour 

at 37 ̊ C in 60 mg/ml human serum, then centrifuged for 1 h to remove the excess unbound proteins and the corona coated 

pellet was resuspended in serum free MEM to a final concentration of 100 μg/ml for exposure to cells. The results are the 

average and standard deviation of the median cell fluorescence intensity measured by flow cytometry over 2 independent 

experiments, each with 3 replicates for each condition. The results show reduction of uptake in cells silenced for several 

of the selected targets. b) Confocal fluorescence images of HeLa transfected with a plasmid carrying a GTP tagged AP180 

whose expression blocks clathrin mediated endocytosis. After 24 h, cells were exposed for 10 minutes to 15 μg/ml labelled 

TF in serum free MEM or for 24 hours to 100 µg/ml nanoparticle-corona complexes formed as described above. Blue: DAPI 

stained nuclei; green: GFP expression of transfected cells; white: transferrin (left) or silica nanoparticles (right). Scale bar: 

50 µm. The results confirm excellent inhibition of TF uptake in the transfected cells (green) but no effects on nanoparticle 

uptake. c-h) Uptake kinetics of corona complexes in HeLa cells exposed to a panel of transport inhibitors. HeLa cells were 

exposed to 100 µg/ml silica nanoparticle-corona complexes (prepared as described above) in the presence or absence of 

10 µg/ml chlorpromazine (CP), 100 µM 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), 2.5 mg/ml methyl-β-cyclodextrin (MβCD), 

25 μg/ml dynasore, 5 µM nocodazole or 2.5 µg/ml cytochalasin D (CytoD). The results are the average and standard 

deviation over 3 replicates of the median cell fluorescence intensity measured by flow cytometry.  

Finally, blocking actin and microtubule polymerization by the use of, respectively, 

cytochalasin D and nocodazole determined around a 40% reduction of the uptake of silica 

nanoparticles (Figure 2g and 2h and in Chapters 3 and 4 their efficacy was tested by 

immunostaining), suggesting an important role for actin and the cytoskeleton in the 

internalization mechanism. 

These data all together suggested - on the one hand - that despite the observed role for 

LDLR, clathrin mediated endocytosis is not involved in the uptake of these nanoparticles, 

and - on the other hand - that markers involved in multiple mechanism of CIE seem to have 

all a partial involvement in the internalization. This makes the characterization of the 

pathway of uptake not trivial. A possible explanation may be that indeed these special 

objects are internalized via multiple pathways (possibly also mediated by multiple 

receptors, next to the LDLR). Another interpretation can be connected to known limits of 

the different methods applied to study transport into cells: it is in fact known that when 

interfering with a certain entry route, cells may respond by adapting and overcompensating 

for the blockage using alternative pathways. At the same time, all controls performed (here 

included in Chapters 3 and 4) showed that the different treatments were very effective in 

blocking the uptake of control markers. Thus, the partial effects observed in the case of 

silica uptake may reflect something peculiar to the way cells internalize these nano-sized 

objects. Together with the apparent discrepancies in some of the results (for instance for 

CAV1 silencing and cholesterol depletion or for macropinocytosis), these results may also 

suggest that the uptake of this special cargo may involve a different mechanism, not directly 

classifiable under the known pathways of endocytosis.  

In order to elucidate on all this, we then tried to characterize in more details the possible 

mechanism for curvature generation involved in the uptake of nano-sized objects. As 

previously mentioned (and here discussed in detail in Chapter 2), after an initial recognition 
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or adhesion on the cell membrane, endocytosis requires the formation of a membrane 

invagination to engulf the extracellular material and allow its internalization into a vesicle. 

Membrane curvature in cells can be generated by several mechanisms, such as via 

scaffolding by proteins such as clathrin, or by elements of the cytoskeleton such as actin, 

but also via changes in lipid composition at the site of uptake, as well as clustering of 

specially shaped transmembrane proteins, or insertion of specific protein motifs in the 

bilayer (alpha helix, C2 domains, loop insertions).23,25 As mentioned earlier, several studies 

in vitro and computer simulations of nanoparticle-membrane interactions showed that the 

highly curved surface of nano-sized objects can induce several changes on lipid membrane, 

like sol-gel transition in the lipid chains and bending of the lipid bilayer.9,10,19,20 Since 

membrane bending is an essential step to allow vesicle formation in endocytosis, we 

hypothesize that similar effects induced by curved nano-sized objects may be in themselves 

a triggering point for the internalization. Specialized proteins containing BAR domains are 

known to be capable to sense and induce curvature and their role in endocytosis, including 

CIE, is being constantly updated.23–25,45 Thus, as a first step to identify potential proteins 

involved in mechanisms of membrane curvature generation for nanoparticle uptake, we 

selected a panel of proteins containing BAR domains to study their potential role in the 

process.25,26,46 The panel included a series of BAR domain proteins whose involvement in 

endocytosis has already been reported, including for classic pathways and cargoes such as 

clathrin mediated endocytosis (Fcho2, endophilins, SNX9, BIN1), caveolae mediated 

endocytosis (PACSIN2) and several other CIE (Graf1, endophilin, SNX9, IST1). 

Interestingly, the inhibition of several of the selected BAR domain proteins, among which 

BIN1, IST1, PACSIN2 and GRAF1, caused a marked reduction of silica nanoparticle uptake, 

up to 50% compared to controls (Figure 3a and Supplementary Figure S5a for respective 

controls and RT-qPCR). Silencing these targets did not induce substantial changes in the 

expression of LDLR, thus excluding that the observed reduction was due to indirect effects 

on LDLR (Supplementary Figure S6a). (We note in Supplementary Figure S6b that the uptake 

of LDL, instead, was reduced after silencing of GRAF1 and IST1, an interesting observation 

not yet reported in literature). Only in the case of Fcho2 we could observe an increase in 

LDLR expression, also accompanied by increased LDL uptake after silencing, however this 

didn’t reflect in an increase in the uptake of silica nanoparticles, which was - on the contrary 

- partially decreased. Similarly, both BIN1 and PACSIN2 silencing didn’t interfere with LDL 

uptake, but markedly decrease the uptake of silica nanoparticles, suggesting that these 

targets have indeed a special role in the uptake of these nano-sized objects.  

Additional controls were performed on BIN1 silenced cells to further confirm the results. 

BIN1 (also known as Amphiphysin2) is a N-BAR protein which is able to recognize and induce 

the bending of membranes.47,48 Together with RT-qPCR on this and all other curvature 

targets (Supplementary Figure S5), Western Blot analysis confirmed that BIN1 protein was 
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effectively depleted after silencing (also in Supplementary Figure S5). Uptake kinetics by 

flow cytometry and fluorescence imaging also confirmed a reduction in the uptake of silica 

nanoparticles after silencing its expression (Figure 3 b, c and d). Moreover, silencing of BIN1 

in other cell lines including human embryonic kidney HEK293 cells and lung epithelial A549 

cells also caused a reduction in the uptake of silica nanoparticles (Figure 3e), suggesting that 

this protein may be involved in the uptake of these particles also in other cell types. To 

better understand the role of BIN1 in the uptake of silica nanoparticles, additional studies 

were also performed in different serum concentrations and dispersion conditions (Figure 

3f). Also in this case, as already observed after LDLR silencing for the same conditions in 

Figure 1, there was an increase in nanoparticle uptake in delipidised human serum. 

Additionally, a reduction of the uptake of BIN1 could be observed also when nanoparticles 

were incubated in situ with the lower serum amount, but not when corona was isolated at 

the same concentration. Further studies are necessary in order to better characterize the 

involvement of BIN1 and each of the other identified curvature proteins in the uptake of 

silica nanoparticles, as well as to extend these results to a larger panel of BAR-domain 

proteins. 

In conclusion, in this study we investigated the endocytic mechanisms involved in the 

internalization of 50 nm silica nanoparticles in HeLa cells, with a particular focus on proteins 

responsible for the generation and recognition of membrane curvature. First, we observed 

that the already reported recognition of corona proteins on these nanoparticles by the 

LDLR16 depends on the type and concentration of serum used to form the nanoparticle-

corona complexes. More specifically, uptake was mediated by the LDLR only when the 

particles were dispersed in higher serum amounts. Thus, we used a panel of siRNA and 

pharmacological inhibitors to characterize the mechanism of internalization, and showed 

that despite LDLR involvement, clathrin-mediated endocytosis is little or only partially 

involved in the uptake of these nanoparticles, while blocking targets involved in several 

other mechanisms, among which macropinocytosis, flotillin-dependent, caveolae-

dependent endocytosis, all partially reduced silica uptake. This led us to the hypothesis that 

after the initial recognition by LDLR, this special nano-sized cargo may trigger uptake via a 

different mechanism of curvature generation. By screening for a panel of BAR domain 

proteins known to be capable to sense and induce membrane curvature, we then identified 

a series of novel molecular players, such as BIN1, PACSIN2 and IST1 which clearly play a role 

in the internalization of these nanoparticles. Further studies are needed in order to fully 

elucidate their involvement in the internalization process and to determine how similar 

observations translate to other nano-sized carriers of different size and properties.  
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Figure 3 Role of a panel of (BAR domain) curvature proteins in the uptake of silica nanoparticle corona complexes in HeLa 

cells. a) HeLa cells were silenced for 72 hours for a panel of BAR domain curvature proteins (as indicated in the labels). 

Thus, cells were exposed for 14 hours to 100 µg/ml corona complexes formed as follows: briefly, 300 μg/ml 50 nm silica 

nanoparticles were incubated for 1 hour at 37˚C in 60 mg/ml human serum, then centrifuged for 1h to remove the excess 

unbound proteins and the corona coated pellet was resuspended in serum free MEM to a final concentration of 100 μg/ml 

for exposure to cells. The results are the average and standard deviation of the median cell fluorescence intensity 

measured by flow cytometry over 2 independent experiments, each with 3 replicates for each condition. The results show 

reduction of uptake in cells silenced for several of the selected targets.  b) Confocal fluorescence images and corresponding 

intensity quantification of HeLa cells silenced for BIN1 and exposed for 14 hours to 100 µg/ml nanoparticle-corona 

complexes (white) prepared as described above. The results are the average corrected total cell fluorescence (CTCF, which 

represent the integrated density minus the cell area multiplied by the mean fluorescence of the background) of at least 4 

frames and confirm strong uptake reduction in BIN1 silenced cells. Scale bars 50 μm. Blue:  DAPI stained nuclei. c) Confocal 

fluorescence images of HeLa cells silenced for BIN1 and exposed for 14 hours to 100 µg/ml nanoparticle-corona complexes 

(red) prepared as described above Blue: DAPI stained nuclei, green: LAMP1 stained lysosomes. Scale bars 50 μm. 
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Microscopy confirmed nanoparticle uptake and accumulation in the lysosomes. d) Uptake kinetics of nanoparticle-corona 

complexes in BIN1 silenced HeLa cells (red line) or control HeLa cells silenced with a scramble siRNA (black line). The results 

are the average and standard deviation over 3 replicates of the median cell fluorescence intensity obtained by flow 

cytometry. e) Effect of BIN1 silencing in the uptake of nanoparticle-corona complexes in HeLa, HEK293 and A549 cells. The 

results are the average and standard deviation over 2 replicates of the median fluorescence intensity obtained by flow 

cytometry on HeLa, HEK293 and A549 cells silenced as described in the Methods for BIN1, normalized by the uptake in 

cells silenced with a scramble siRNA (14h hours exposure to 100 µg/ml corona complexes). f) Effect of BIN1 silencing on 

the uptake by HeLa cells of silica nanoparticles at different serum concentrations. HeLa cells silenced for BIN1 as described 

in the Methods were incubated for 24 hours with 100 μg/ml 50 nm silica nanoparticles dispersed in human serum (HS) or 

human delipidised serum (HSD) at a concentration of 4 mg/ml (low) or 20 mg/ml (high) or alternatively to 100 µg/ml 

corona complexes formed as follows: briefly, 300 μg/ml 50 nm silica nanoparticles were dispersed in human serum (HS) 

or human delipidised serum (HSD) at a concentration of 12 mg/ml (LC) or 62 mg/ml (HC). The formed nanoparticle-corona 

complexes were then isolated as described in the Methods and resuspended to a final concentration of 100 μg/ml in serum 

free MEM for exposure to cells. Cell fluorescence intensity was then measured by flow cytometry. Data are normalized by 

the uptake in control cells, silenced with a scramble siRNA, averaged over 3 replicates. Both controls and samples were 

incubated with the same dispersion of nanoparticles.  

 

Methods 

Cell culture  

HeLa cells CCL2TM purchased from ATCC® (Manassas, VA, USA) were cultured in complete 

cell culture medium (cMEM) including MEM (GibcoTM Thermofisher Scientific, Landsmeer, 

Netherlands) supplemented with 10% v/v Foetal Bovine Serum (FBS, GibcoTM Thermofisher 

Scientific) and growth at 37 °C, 5% CO2. The cells were routinely tested for mycoplasma 

contamination and were kept in culture for up to maximum 20 passages.  

Nanoparticle characterization and corona complexes 

preparation 

Fluorescently labelled 50 nm silica nanoparticles (Kisker Biotech, Steinfurt, Germany, 

maximum excitation wavelength of 569 nm and maximum emission of 585 nm) were 

characterized by Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern 

Instruments Ltd., Worcestershire, UK). In order to isolate corona-coated nanoparticle 

complexes, 300 μg/ml NPs were dispersed in 62 or 12 mg/ml human serum (TCS BioSciences 

Ltd Botolph Claydon, UK) for 1 h at 37 °C and then centrifuged at 16100 rcf for 1h49. The 

pellet was resuspended in PBS and then diluted in serum free MEM to a final concentration 

of 100 μg/ml of nanoparticles. The hydrodynamic diameter of pristine nanoparticles 

dispersed in dH2O or PBS and nanoparticle-corona complexes were measured by DLS. Size 

measurements were averaged results from 5 runs of at least 3 measurements. 

Studies with pharmacological inhibitors of endocytosis 

The role of several endocytic mechanisms in the uptake of 50 nm SiO2 NPs was assessed by 

using inhibitors of endocytosis and previously optimized protocols to exclude toxicity. 

Briefly, HeLa cells were seeded at a concentration of 50000 cells/well in 24-well plate 
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(Greiner Bio-One BV, A. Alphen on den Rijn, Netherlands). 24 h after seeding, HeLa cells 

were pre-incubated for 10 (or 20 minutes for Nocodazole) in serum free MEM culture 

medium with the different inhibitors at the following concentrations: 5-(N-Ethyl-N-

isopropyl)amiloride (EIPA) 100 µM, chlorpromazine hydrochloride (CP) 10 µg/ml, methyl-β-

cyclodextrin (MβCD) 2.5 mg/ml, dynasore 25 μg/ml (all from Sigma-Aldrich St. Luis, USA), 

nocodazole 5 µM (Biovision, California, USA), cytochalasin D 2.5 µg/ml (Thermofisher 

Scientific). Afterwards, 100 μg/ml nanoparticle-corona complexes dispersed in serum free 

MEM were incubated on cells with or without the drug. As control of drug efficacy, we used 

fluorescently labelled markers of endocytosis or immunohistochemistry labelling. 2 µg/ml 

of fluorescently labelled Low Density Lipoprotein (Dil-LDL, Thermofisher Scientific) and 15 

µg/ml of 546 fluorescently labelled transferrin (Thermofisher Scientific) dispersed in serum 

free MEM were used as a marker for Clathrin-Mediated Endocytosis. 1 µg/ml of BODIPY® FL 

C5-Lactosylceramide/BSA complex (LacCer, Thermofisher Scientific) dispersed in serum free 

MEM was used as a marker for caveolae mediated and lipid raft dependent endocytosis. 

250 µg/ml 10KDa TRITC Dextran (Thermofisher Scientific) dispersed in cMEM was used as a 

marker for macropinocytosis.  Samples were collected and prepared for flow cytometry as 

described below. Alternatively, the efficacy of cytochalasin D and nocodazole on, 

respectively, actin or microtubule disruption was assessed by immunohistochemistry (see 

later for details).  

siRNA studies 

The mechanisms of uptake of 50 nm SiO2 NPs were assessed by using siRNA directed 

towards specific endocytic targets. Briefly, 13000 cells/well were seeded in 24-well plate 

(Greiner Bio-One BV). 24 h after seeding, HeLa were washed in serum free MEM for 20 

minutes and then each well was incubated with 250 µl of a mix composed by 45 µl 

oligofectamine (Thermofisher), 9 pmol of siRNA (Silencer® Select, Thermofisher) and Opti-

MEM (Thermofisher). A scramble siRNA was used as negative control. After 4 hours, 125 µl 

of MEM supplemented with 30% v/v Fetal Bovine Serum were added on cells and cells 

grown further at 37 °C, 5% CO2. 72 h after silencing, cells were incubated with 100 μg/ml 

nanoparticle-corona complexes dispersed in serum free MEM prepared as described above 

for the time indicated and then analysed by flow cytometry or fluorescence imaging.   

Plasmid transfection with AP180 

The construct containing the GFP-tagged C-terminal of Ap180 expressed under a 

constitutive promoter was kindly provided by Yvonne Vallis and Harvey T McMahon 

(Cambridge University, UK).50 HeLa were transfected with 0.2 ng of plasmid DNA, using 0.6 

μl Fugene (Promega) as transfection reagent in cMEM. After 24 h, cells were washed in 

serum free MEM and incubated with nanoparticle-corona complexes, as described 

previously. Cells were then washed and samples prepared for imaging as described later. 
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Flow cytometry analysis 

Flow cytometry was used to measure the fluorescence intensity of cells incubated with 

fluorescent 50 nm SiO2 NPs, LacCer, Dextran or LDL. After the required exposure time, cells 

were washed once with cMEM and twice with PBS in order to remove the nanoparticles and 

markers not internalized. HeLa cells were harvested using 0.05% trypsin–EDTA, collected, 

centrifuged and resuspended in PBS for the measurement. Cell fluorescence was recorded 

using a Cytoflex Flow Cytometer (Beckman Coulter, Woerden, the Netherlands) with a 488 

nm laser. Data were analyzed using Flowjo data analysis software (Flowjo, LLC). Cell debris 

and cell doublets where excluded by setting gates in the forward and side scattering double 

scatter plots. A total of at least 20000 cells were acquired per sample and each sample was 

performed in triplicate.  

Immunohistochemistry  

Immunohistochemistry was performed in Hela cells plated on glass coverslips inserted in 

24-well plates and experiments were performed as described above. For probing 

nocodazole efficacy on microtubule polymerization, HeLa cells were incubated for 1 h with 

a mouse primary antibody against human α-Tubulin (Merck Millipore, Netherlands) 

followed by 1 h incubation with a Alexa Fluor®488 goat anti-mouse secondary antibody 

(Thermofisher Scientific). Cytocalasin D efficacy on actin polymerization was assessed by 

selectively staining F-actin with TRITC-Phalloidin (Sigma-Aldrich). After each step of 

antibody incubation, cells were washed 3 times with PBS. Nuclei were stained with 0.2 

μg/ml DAPI (4',6-diamidino-2-phenylindole) and glass slides were mounted with Mowiol 4-

88 mounting medium (EMD Chemical, Inc, CA, USA). Image acquisition was performed using 

a Leica TCS SP8 fluorescent confocal microscope (Leica Microsystems, Wetzlar, Germany) 

with a 405 nm laser for DAPI excitation, a 488 nm laser for Alexa Fluor®488, and a 552 nm 

laser of TRITC. Images were processed using ImageJ software (http://www.fiji.sc).  

mRNA expression 

The expression levels of a silenced proteins were determined by RT-PCR using the primers 

listed in Table S1, Supplementary Information. 72 h after transfection, 4 wells were merged 

and their total mRNA was isolated using an Invitrap® Spin Cell RNA Mini Kit (Stratec 

Molecular GmbH, Berlin, Germany) according to the instruction provided by the 

manufacturer. Reverse transcription of 2 µg mRNA into cDNA was performed using a 

Reverse Transcription System (Promega, Leiden, The Netherlands) in an Eppendorf 

Mastercycler gradient (the following cycle was used: 20 ˚C for 10 min, 42 ˚C for 30 min, 20 

˚C for 12 min, 99 ˚C for 5 min and 20 ˚C for 5 min). The transcription levels were measured 

by quantitative real time PCR (SensiMix™ SYBR kit, Bioline, Taunton, MA) in a ABI7900HT 

sequence detection system (Applied Biosystems, Foster City, CA) from cDNA (20 ng per 

sample). The Ct values were obtained using a SDS 2.4 software (Applied Biosystems). For 

each target, 4 replicate wells were prepared and the average Ct value and its standard 
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deviation were calculated. Results are expressed as fold-change of the averaged Ct values 

of negative control (Neg) related to Ct values of the sample investigated (S) as follows: 

Fold change = 2−(Mean Neg −Mean S )       (1) 
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Supplementary Information 

Gene Forward (left) Reverse (right) 

CLTC TGAGAAAAGAAGAAGAACAAGCTACA ACACTGGGTCCTGCTGTCA 

CAV1 ACAGCCCAGGGAAACCTC GATGGGAACGGTGTAGAGATG 

RHOA GGAGCTAGCCAAGATGAAGC GCCAATCCTGTTTGCCATA 

CDC42 CATCGGAATATGTACCGACTGTT TGCAGTATCAAAAAGTCCAAGAGTA 

ARF6 TGAACACAAAGTTGCTAGATGCT TGCTGTGTTTCCCCCATC 

DNM2 CATCAACACGAACCATGAGG CTTGTTCAGCTGCGTGCTC 

FLOT1 ATTCTAACTCGCCTGCCAGA GCATCTGTGAGGGCTGAAG  

GRAF1 CAGGCACGGTCTTCGATAA GCCAGTCTTTCCGTTCAGAG 

LDLR GTGACAATGTCTCACCAAGCTC CACGCTACTGGGCTTCTTCT 

TFRC TGAAGAGAAAGTTGTCGGAGAAA CAGCCTCACGAGGGACATA 

RAC1 CTGATCAGTTACACAACCAATGC CATTGGCAGAATAATTGTCAAAGA 

ANKFY1 AAACTAGCAAATCGGTTTCAGC GAGACATAACACCCTTCTCACATC 

EPN1 GAGAGCAAGAGGGAGACTGG AAGACGTCAGCAAGGTCCAT 

SH3GL1 GGGGCTGAAGAAGCAGTTC TTGCTGGTGACATCCACCT 

SH3GL2 AGGCACTCCCAAACCTTCA CAGGTTCAAAGTCGTACAGAGC 

SH3GL3 GCAGAAATTCTTTCAAAAACCACT CCTCGGATCTTCGACACAGT 

BIN1 CGTGCAGAAGAAGCTCACC TGCTCATCCTTGGTCTCATCT 

PACSIN2 CCGGGCCCTGTATGACTAT TCCTCCATCTTGGTCAGCTC 

IST1 CTTAAACTATTGGAGAAAAAGAAAACG CCCAGCAGCCAGATAGTC 

FCHO2 GATACAAAAATTTGCTGAGTCAAAAG TGTCACATTCTTCAAATTCAATGAG 

 

Table S1. Primers used in this study for RT-qPCR. RT-qPCR was performed as described in the Experimental Section to 

determine the expression levels of some cell receptors (LDL and transferrin receptor), and a series of targets involved in 

different endocytic pathways. 
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Figure S1: Size distribution by intensity (diameter, d, nm) of 50 nm red silica nanoparticles in different media. Briefly, 300 

μg/ml silica nanoparticles were incubated for 1 hour at 37˚C in 12 mg/ml (low serum corona, LC) or 60 mg/ml (high serum 

corona, HC) human serum, centrifuged for 1 hour and resuspended in MEM to 100 μg/ml prior to characterization by 

Dynamic Light Scattering, DLS. Alternatively (lower panels), 100 μg/ml nanoparticles were dispersed in 4 mg/ml (low) or 

20 mg/ml (high) human serum and measured immediately in the presence of serum. The results show that corona coated 

complexes could be resuspended and formed homogenous dispersions, while especially in the samples with proteins left 

free in solution a second peak between 1-10 μm was also detected, possibly sign of some agglomeration or due to presence 

of large serum aggregates.  Red, blue and green curves represent three different size measurements of the same sample. 

Reproduced form: Supplementary Figure S1, Chapter 4. 
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Figure S2: Uptake kinetics of silica nanoparticles in LDLR silenced HeLa cells in different media. Nanoparticle-corona 

complexes were formed by incubating 300 μg/ml 50 nm silica nanoparticles in human serum (HS - left) or human 

delipidised serum (HSD - right) at a concentration of 62 mg/ml (HC).  Nanoparticle-corona complexes were then isolated 

by centrifugation and incubated at a final concentration of 100 μg/ml of nanoparticles on HeLa cells silenced for the LDLR 

(siRNA LDLR, grey line) or control cells silenced for a scramble siRNA (Ctrl, black line). The results are the average and 

standard deviation over 3 replicates of the cell fluorescence intensity obtained by flow cytometry. A stronger reduction in 

the uptake is more evident at longer exposure times. 
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Figure S3: Silencing controls for a panel of targets of endocytosis. a) Expression levels of endocytic targets in silenced HeLa 

cells. HeLa cells were silenced as described in the Methods for reducing the expression of a series of genes (as defined in 

the labels) or with a control scramble siRNA. After 72 h silencing, RT-qPCR was used to quantify the expression of the 

different targets in the silenced cells (see Methods for details). Results are the fold change in comparison to cells silenced 

with a scramble siRNA, calculated from Ct values as described in the Methods. Data are the average of 5 independent 

experiments, each with 3 replicates for each condition, and the error bars represent the standard error of the mean. The 

results confirm the reduction of the expression levels of all of the targets investigated in the silenced cells. b) Uptake of 

labelled TF in silenced cells. HeLa cells silenced for the targets indicated were incubated for 10 min with 15 µg/ml 

fluorescently labelled TF in serum free MEM. Cell fluorescence was measured by flow cytometry and expressed as 

percentage compared to control cells treated with a scramble siRNA. Error bars represent the standard deviation over 3 

replicates. The results confirm excellent reduction of uptake of TF in cells silenced for the expression of the TF receptor, 

and a good uptake reduction in cells silenced for EPN1, a key protein in clathrin mediated endocytosis, which is the 

mechanism of TF internalization. However, even if RT-PCR suggests good silencing efficacy, only minor effects were 

observed in cells silenced for clathrin heavy chain and dynamin 2. This may be explained by compensation by other clathrin 

heavy chain and dynamin isoforms or potential effects on the expression levels of the TF receptor in cells silenced for 

these targets (see also panel d for similar effects on LDLR expression). Further tests are required to elucidate on this. Given 

these results additional tests with expression of AP180 and chlorpromazine were added to investigate the role of clathrin 

mediated endocytosis in silica uptake. c) Western blot of clathrin heavy chain (CLTC) in HeLa cells silenced for CLTC and 

with a scramble siRNA (ctrl). The WB confirms excellent CLTC protein reduction in the silenced cells. d) Expression levels 

of LDLR in HeLa cells silenced for a panel of targets of endocytosis. HeLa cells were silenced for the targets indicated. RT-

qPCR was used to quantify the expression levels of LDLR in cells silenced for each of the targets in order to monitor 

eventual effects of silencing on LDLR. Results are the fold change in comparison to cells silenced with a scramble siRNA, 

calculated from Ct values as described in the Methods. Data are the average of 6 independent experiments, each with 3 

replicates for each condition, and error bars represent the standard error of the mean. The results suggest that silencing 
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some of the endocytic targets such as CLTC and DNM2 causes an increase in expression of the LDLR. e) Uptake of LDL in 

silenced cells. HeLa cells silenced for the targets indicated were incubated for 4 hours with 1 µg/ml fluorescently labelled 

Dil-LDL in serum free MEM. The results are the average and standard deviation of three independent experiments of the 

cell fluorescence measured by flow cytometry, normalized by the uptake in control cells treated with a scramble siRNA. 

Similarly to what observed for TF uptake in panel b, the results suggest that while silencing LDLR caused very strong 

reduction of LDL uptake, silencing some of the targets involved in clathrin mediated endocytosis (which is the mechanism 

of uptake of LDL) and in particular CLTC and DNM2 did not cause LDL uptake reduction. This may be explained by the effect 

on LDLR expression observed in cells silenced for these targets in panel d. 
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Figure S4 Uptake of silica nanoparticles in HeLa cells silenced for a panel of endocytic targets. HeLa cells silenced for a 

series of endocytic targets (as indicated in the labels) were exposed for 14 hours to 100 μg/ml 50 nm silica nanoparticles 

dispersed in 4 mg/ml human serum (HS) in situ. The results are the average and standard deviation over 3 replicates of 

the median cell fluorescence measured by flow cytometry, normalized by uptake in cells silenced with a scramble siRNA. 

Both controls and samples were incubated with the same dispersion of nanoparticles. The results show that in these 

conditions, where no effects on uptake were observed after silencing the expression of LDLR, also none of the other targets 

investigated showed substantial effects in reducing particle uptake. 
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Figure S5 Silencing controls for a panel of BAR domain curvature proteins. a) Expression levels of BAR domain proteins in 

silenced HeLa cells. HeLa cells were silenced as described in the Methods for reducing the expression of a series of genes 

(as defined in the labels) or with a control scramble siRNA. After 72 h silencing, RT-qPCR was used to quantify the 

expression of the different targets in the silenced cells (see Methods for details). Results are the fold expression in 

comparison to cells silenced with a scramble siRNA, calculated from Ct values as described in the Methods. Data are the 

average of 3 independent experiments, each with 4 replicates per condition, and the error bars are the standard error of 

the mean, SEM. b) Western blot of BIN1 in HeLa cells silenced for BIN1 and with a scramble siRNA (ctrl). RT-PCR confirms 

excellent reduction of expression for all silenced targets and the WB confirms also the reduction of BIN1 protein levels in 

BIN1 silenced cells. 
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Figure S6 a) Expression levels of LDLR in HeLa cells silenced for a panel of BAR domain curvature proteins. HeLa cells were 

silenced for the targets indicated. RT-qPCR was used to quantify the expression levels of LDLR in cells silenced for each of 

the targets in order to monitor eventual effects of silencing on LDLR. Results are the fold expression in comparison to cells 

silenced with a scramble siRNA, calculated from Ct values as described in the Methods. Data are the average of 2 

independent experiments, each with 4 replicates, and error bars represent the standard error of the mean. The results 

suggested only minor effects on the expression of the LDLR, with a mild increase for cells silenced for BIN1 and FCHO2. b) 

Uptake of LDL in silenced cells. HeLa cells silenced for the targets indicated were incubated for 4 hours with 2 µg/ml 

fluorescently labelled Dil-LDL in serum free MEM. The results are the average and standard deviation over 3 independent 

experiments, each with 3 replicates per conditions, of the cell fluorescence measured by flow cytometry, normalized by 

the uptake in control cells treated with a scramble siRNA. The results show increased uptake in cells silenced for FCHO2 

This may be explained by the effect on LDLR expression observed in cells silenced for this target in panel a. Importantly, 

no effects were observed in BIN1 silenced cells, while LDL uptake was lower in cells silenced for GRAF1, suggesting a 

potential role for this target on LDL uptake.
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