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Abstract 

Nano-sized objects, such as nanoparticles and other 

drug carriers used in nanomedicine, once in contact with 

biological environments are modified by adsorption of 

environmental biomolecules on their surface. The 

presence of this corona strongly affects the following 

interactions at cell and organism level. It has also been 

shown that specific corona proteins can be recognized 

by cell receptors. However, the effect of corona 

composition on the following mechanisms of 

internalization by cells has not yet been investigated. 

This is of particular importance when considering that 

the same nanoparticles can form different coronas, for 

instance when exposed to different amount of serum. 

Thus, in this work, silica nanoparticles were chosen as a 

model representative nano-sized material, and their 

corona when exposed to different serum content was 

characterized. In particular we focused on the corona 

formed at low serum content, comparable to standard 

cell culture medium used for in vitro testing, and higher 

serum content, more closely resembling in vivo serum 

concentration in blood. The results confirmed that 

serum content affects corona composition. Thus, uptake 

efficiency in HeLa cells of the different corona complexes 

was compared and the mechanisms of uptake 

characterized using a panel of transport inhibitors. The 

results clearly showed that the same inhibitors had 

different effects in reducing uptake of the corona-

nanoparticle complexes formed at low and high serum 

content. This suggests that the same nanoparticles are 

internalized by cells via different mechanisms when they 

are coated by different coronas. 

Keywords: biomolecule corona, 

nanoparticle, uptake mechanisms, 

transport inhibitors, silica 
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Background 

Nano-sized materials are widely investigated for their potential use as drug delivery systems 

thanks to their ability to interact with the cellular components in novel ways and the 

possibility to engineer them for multiple functionalities.1–3 Several examples are already in 

the clinic, however it is recognized that a better understanding of the processes by which 

nano-sized objects are distributed in the body and internalized and trafficked by cells could 

contribute to advance further the success of nanomedicine.4–6 Factors such as the impact 

of the biological surrounding, how nano-sized materials are recognized  and subsequently 

processed by cells are still debated in the scientific community.  

In recent years particular interest has been drawn on the influence of the environment in 

which these nanomaterials are applied on the subsequent outcomes at organism and 

cellular level. Once in contact with a biological environment, nano-sized objects 

immediately interact with the surrounding biomolecules, which can adsorb on the 

nanoparticle surface, leading to the formation of a biomolecular corona.7. Some of the 

biomolecules in this layer associate to the nanoparticle surface almost irreversibly, affecting 

de facto the following behaviour. For instance, it has been shown that the formation of 

corona can affect nanomaterial biodistribution, macrophage sequestration, immune system 

activation, cellular recognition and nanomaterial final fate.8–10 The formation of a 

biomolecular corona can - in some cases - also affect the specificity of targeted drugs, by 

masking targeting ligands grafted onto the nano-carrier.11,12 Polymers such as PEG are 

usually grafted on the nanoparticle surface to partially reduce protein binding and 

subsequent macrophage sequestration.13–15 However, it has been demonstrated that 

corona is formed also on PEGylated surfaces, and more recently it has been proposed that 

it is actually the detailed composition of the PEG-corona and the presence of specific 

proteins such as clusterin to confer the so-called stealth effect of PEGylated surfaces.7,16,17  

At the same time, researchers have also tried to exploit the biomolecular corona as a novel 

targeting strategy to direct nanoparticles towards specific cellular routes.18–20 

So far, corona formation and its composition have been widely investigated.21–24 It is clear 

that different nanoparticles properties such as size, charge and shape, can influence the 

corona composition, and this can lead to different cellular responses to nanomaterials.25–27 

Moreover, the nature of the biological fluid in which nanoparticles are dispersed, such as 

foetal bovine serum, human serum or plasma, also determines the corona composition.28 

Another important aspect is that the corona composition can change even in the same fluid, 

when the ratio between nanoparticle and fluid concentration is varied. For instance it has 

been shown that the corona formed at low serum content, similar to what used in standard 

cell culture medium for in vitro studies, can be very different from the corona formed at 

higher protein content, more closely resembling in vivo conditions.29 Several studies have 
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also highlighted that corona proteins can engage with specific cell receptors.9,20,30,31 This all 

together points to the question on the potential impact of the corona on the mechanism of 

nanoparticle uptake into cells, especially given the capacity of cell receptors to recognize 

this layer. Recent works have shown that indeed the presence of corona has an impact on 

the mechanisms cells use to internalize nano-sized materials.32,33 However, no information 

is available so far on potential influence of corona composition on this aspect. This is 

particular important in relation to translation to in vivo conditions, considering that in vitro 

testing and uptake studies are currently performed using either artificial serum free 

conditions or (bovine) serum concentrations far from the actual serum composition in the 

blood.  

Within this context, the aim of this work was to determine whether and to what extent the 

corona composition might influence the mechanisms involved in the uptake of nano-sized 

materials. In particular we focused on comparing the mechanisms of uptake for corona 

formed in standard in vitro serum concentrations, as commonly used for cell culture 

medium and a higher serum concentration more closely resembling in vivo serum content 

in blood. 50nm silica nanoparticles (SiO2 NPs) were used as a representative model system 

to characterize the corona composition in the two conditions. Then, the effect of serum 

content on uptake efficiency was investigated using HeLa cells as a model cell line routinely 

applied for similar studies. Finally, the mechanisms of uptake were characterized by using 

common chemical inhibitors of endocytosis, in order to determine eventual differences due 

to corona composition.  

Results and discussion 

Characterization of the corona-nanoparticle complexes 

50 nm silica nanoparticles were chosen as a model system to investigate the effect of corona 

composition on the mechanisms of uptake by cells. These particles were selected as a well 

characterized model, known to form stable dispersions also in cell medium supplemented 

with proteins. Extensive information on their corona properties and interactions with cells 

is already available.21,29,34–36 Furthermore, simple centrifugation can be used to separate the 

corona coated nanoparticles from the unbound serum biomolecules, making isolation of 

hard corona complexes relatively easy (see Methods and Supplementary Table S1 for 

details).  

As mentioned above, rather than studying the effect of the presence or the absence of a 

corona on the mechanisms of uptake into cells, the aim of this work was to determine 

eventual differences when the same nanoparticles were dispersed in low or high serum 

amounts, comparable –respectively - to standard in vitro conditions (with cell culture 

medium usually supplemented with 10 % FBS, roughly corresponding to 4-6 mg/ml 

proteins) and higher serum content, more closely resembling in vivo protein concentration 
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in blood (50-60 mg/ml). It is in fact known that these particles form very different coronas 

when exposed to serum at different concentrations,29 thus it is important to consider 

eventual effects on the mechanisms used to enter cells. To this aim, pooled human serum 

was used (rather than standard foetal bovine serum) as a more representative species of 

origin when testing uptake mechanisms on human cells. 

The nanoparticle dispersions in the cell media (MEM) supplemented with the different 

amount of serum were then characterized by Dynamic Light Scattering (Supplementary 

Figure S1). The same was done after isolation of the hard corona complexes formed at low 

and high serum amounts (low and high serum corona, LC and HC, respectively). The results 

confirmed the formation of stable dispersions in all the different conditions and for the 

dispersion with proteins left in solution (in situ). Some agglomeration was detected when 

serum was left in solution, possibly due to some protein agglomerates. However, overall, 

DLS analysis by number suggested in all cases the presence of a relatively homogenous 

distribution, with a hydrodynamic diameter compatible with particles covered by proteins 

absorbed on their surface (around 70-90 nm).  

As expected, SDS-PAGE confirmed that the dispersion in different serum concentrations led 

the adsorption of different amounts and types of proteins on the surface of the NPs (Figure 

1), with lower amount of corona proteins recovered at low serum concentrations. More in 

details, some of the bands identified (indicated by the arrows, for instance, at around 70 

and 25 kDa) were exclusively present in one sample or the other.  

 

 

Figure 1. Identification of the corona proteins on 50 nm SiO2 nanoparticles dispersed in different serum content. SDS-

PAGE gel image of the proteins recovered on corona-NPs complexes formed in 12 mg/ml (lane 1 and 2) or 62 mg/ml (lane 

3 and 4) human serum and isolated after 30 min (lane 2 and 4) or 1h (lane 1 and 3) centrifugation, as described in Materials 

and Methods. Corona-NP complexes were washed and centrifuged for a total of 4 times, after which the same amounts 

of nanoparticles (30 μg/ml) were loaded in a 10% polyacrylamide gel. The gel shows that different bands were present in 

the corona formed in low and high serum content. M: molecular weight ladder. 
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LC-MS was used to characterize further the corona composition (Table 1 and full results in 

Supplementary Material). About 300 different proteins were identified in both samples, 

apolipoproteins being the most abundant ones, with the 20 most abundant ones alone 

contributing to roughly 40% of the total proteins recovered. As also observed in the gel, 

although most of the proteins were present in both coronas, the relative abundance of 

some of them was very different between the two samples. For instance, the histidine-rich 

glycoprotein was particularly enriched in the corona formed at high serum amount as also 

apoE, while vice versa apoA1 was much higher in the low serum corona complexes. Similar 

differences may lead to different uptake efficiency and/or mechanism, as discussed later. 

 

Protein % LC % HC 

Apolipoprotein A-I  13.60 5.43 

Histidine-rich glycoprotein  4.34 7.56 

Apolipoprotein A-II  8.06 4.64 

Apolipoprotein E  3.02 2.66 

Protein SAA2-SAA4  2.50 1.57 

Apolipoprotein B-100  2.07 1.80 

Alpha-1-antitrypsin  2.87 2.31 

Serum paraoxonase/arylesterase 1  1.26 0.69 

Apolipoprotein A-IV  1.23 0.79 

Transthyretin  1.06 1.21 

Serum albumin  1.04 1.00 

Apolipoprotein L1  1.01 0.63 

Total % top 12 proteins =42 30 

Table 1: List of the most abundant proteins identified in the corona of 50 nm silica nanoparticles at different serum 

content. Corona –NP complexes were formed after dispersion in 12 mg/ml (low serum corona, LC) or 62 mg/ml (high 

serum corona, HC) of human serum and isolated with a total of 4 washing steps in PBS, as described in Materials and 

Methods. Thus, the corona proteins were identified by mass spectrometry. Data represent the relative percentage of 

proteins over total (See Methods for details). The table shows the most abundant proteins in the two samples. 

 

Nanoparticle uptake efficiency in situ and after corona 

isolation 

As a next step, the cellular uptake efficiency of silica nanoparticles in the different serum 

conditions was tested. To this aim, HeLa cells were used as a standard cell model commonly 

applied for similar uptake studies both in the endocytosis and nanomedicine fields.37–39 

HeLa cells were exposed to the nanoparticles in the presence of low and high serum content 

in situ, or after isolation of the corona-nanoparticle complexes and removal of the free 

proteins in solution (Figure 2). As already observed in literature, the uptake efficiency in the 

presence of low amount of serum was higher than for NPs incubated with high amount of 
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serum.9,11 In particular, even after several hours of incubation, the uptake in the presence 

of high concentration of proteins in situ remained very low. The lower uptake can be 

explained – at least in part - by the presence of high amount of free serum biomolecules in 

solution: since the corona biomolecules can mediate the uptake of nanoparticles through 

their recognition by specific cellular receptors,9,11,26 it is likely that the free serum proteins 

in solution might also compete for the same receptors and - in this way - reduce the uptake 

levels of the corona-nanoparticle complexes. Indeed, for both the dispersion at low and high 

serum content, the uptake was higher after removal of the free protein in solution, when 

the corona-nanoparticle complexes were isolated, this effect being more evident at 

increasing time. Given the very different uptake efficiency, and in order to focus solely on 

the effect of corona composition in different serum content on the mechanisms of uptake, 

we decided to perform our studies using isolated corona-nanoparticle complexes and 

exclude additional effects due to the interference of the free serum molecules in the 

process.  

However, it is important to note that even after removal of the excess free serum, the 

uptake efficiency was lower for the complexes formed at higher serum content. 

Quantification by fluorescence of the nanoparticles recovered after corona isolation 

(Supplementary Table S1) confirmed that this was not simply due to loss of nanoparticles in 

the isolation procedure. We discuss further on this aspect later in the manuscript. 

 

Figure 2. Uptake kinetics of red 50 nm SiO2 NPs dispersed in different amounts of human serum and respective corona-

nanoparticle complexes. HeLa cells were exposed to 100 µg/ml NPs in low or high amount of human serum in situ (with 

excess free proteins left in solution) or of the corresponding corona-NP complexes isolated from excess proteins, as 

described in the Methods. The results are the average and standard deviation over 3 replicates of the median fluorescence 

intensities obtained by flow cytometry (see Methods for details). 
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Uptake mechanisms of low and high serum corona-

nanoparticle complexes 

In order to characterize the mechanisms of uptake of the different corona-complexes, 

common pharmacological inhibitors were used. These compounds are often used to study 

transport into cells, given their fast action and apparently ease of use.39–43 However, due to 

their toxicity and their limits connected to the lack of specificity, stringent controls are 

needed in order to verify their efficacy and set up protocols specific to the cells and 

conditions applied. We previously performed an extensive study on these aspects and 

carefully optimized their use on HeLa cells, in order to demonstrate their efficacy and 

minimize their toxicity (Francia et al. 2018, unpublished results –  included in Chapter 3 in 

this thesis). The same conditions were applied for this study. There, we also found that the 

presence of serum can strongly limit the efficacy of some of these compounds. Thus, the 

use (discussed above) for this work of isolated corona-complexes added to cells in serum 

free conditions also allowed us to ensure optimal efficacy of all of the applied inhibitors.  

A panel of six different inhibitors was used. Figure 3 shows one representative example of 

the kinetic of uptake of corona-nanoparticle complexes formed using low and high amount 

of serum (central and right panels), in the presence or absence of each of the different 

inhibitors. Even though the previously optimized protocols were used, we included a control 

of the inhibitor efficacy in order to confirm drug efficacy in each individual experiment (also 

in Figure 3, left panels). These results together with other two replicates are shown in 

Supplementary Figure S2. The same data normalized by the results in cells without 

inhibitors, averaged with other two independent kinetics experiments are given in Figure 4 

as an overview of inhibition efficacy. 

Chlorpromazine hydrochloride (CP) was used as inhibitor of clathrin mediated endocytosis, 

one of the most relevant and characterized mechanisms of uptake into cells.42,44 It is 

generally believed that particles and drug carriers with sizes up to roughly 100 nm typically 

use clathrin mediated endocytosis to enter cells.39,45 Cells exposed to CP showed up to 70% 

reduction of uptake of Dil-labelled low density lipoprotein (LDL), known to enter cells via 

this mechanism46, confirming drug efficacy in the conditions applied. Interestingly, while 

the uptake of LC complexes was substantially reduced after CP incubation (from 35 to 75% 

at increasing exposure time), no reduction of uptake could be observed for the complexes 

formed at high serum content (HC). This suggests that the uptake of 50nm SiO2 NPs depends 

on clathrin mediated endocytosis only when these particles are added to cells in lower 

amounts of serum, as commonly applied in in vitro conditions. The absence of effect for 

corona complexes formed at higher serum content - on the contrary - suggests that these 

nanoparticles may use a different mechanism in conditions more closely resembling in vivo 

serum content. 
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Figure 3. Characterization of the uptake mechanisms of 50 nm silica nanoparticle corona complexes in low and high 

amount of serum.  HeLa cells were exposed to 100 µg/ml corona coated complexes formed on 50 nm SiO2 NPs in low and 

high serum amount in the presence of a panel of endocytosis inhibitors. Briefly, the corona complexes formed on 300 

µg/ml nanoparticles incubated in MEM supplemented with 12 mg/ml (low serum corona, LC, middle panels) or 62 mg/ml 

(high serum corona, HC, right panels) of human serum were isolated as described in Materials and Methods and added to 

HeLa cells at a final nanoparticle concentration of 100 µg/ml in the presence or absence of 100 µM EIPA, 10 µg/ml 

chlorpromazine, 2.5 mg/ml methyl-β-cyclodextrin (MβCD), 25 μg/ml dynasore , 2.5 µg/ml cytochalasin D or 5 µM 

nocodazole. For each inhibitor, the left panels show the corresponding control of drug efficacy, with HeLa cells exposed 

to 2 µg/ml Dil-LDL in serum free MEM as controls for chlorpromazine and dynasore, and to 1 μM LacCer in serum free 

MEM for methyl-beta-cyclodextrin, and immunostaining of actin and tubulin, for cytochalasin D and nocodazole controls, 

respectively (see Methods for details). Uptake kinetics were obtained by flow cytometry and the results are the average 

and standard deviation over 3 replicates of the median cell fluorescence intensities of cells exposed to control markers 

and corona complexes with or without the different inhibitors. In the confocal images: blue stained nuclei and red stained 

actin or tubulin (for cytochalasin D and nocodazole controls respectively). Scale bar: 100 µm. 

5-(N-Ethyl-N-isopropyl)amiloride (EIPA) was used as inhibitor of macropinocytosis.47,48 This 

mechanism involves an actin driven formation of membrane ruffles to engulf a portion of 

extracellular medium.48 Several examples in literature have suggested the involvement of 

this mechanism in the uptake of nanomedicines and nanoparticles.49,50 EIPA efficacy on 

HeLa cells in the conditions applied was confirmed  using a fluorescent fluid phase marker, 

10kDa TRITC Dextran51: its uptake was reduced of up to 80% after 5h in the presence of 

EIPA. The uptake was reduced of 50 to 80% in the presence of EIPA for the corona-

nanoparticle complexes formed in the presence of low amount of serum (LC), and roughly 

50% for the complexes at high serum content (HC). Thus, based on these results, 

macropinocytosis appears to be involved in the uptake of 50nm SiO2 NPs, with a slightly 

higher effect in the case of corona formed in low serum (LC).  

The role of cholesterol in the uptake was assessed by using methyl-β-cyclodextrin (MβCD), 

a compound which sequesters the cholesterol in the cell membrane, often used as inhibitor 

of lipid-raft mediated mechanisms. MβCD efficacy on HeLa cells was confirmed by 

measuring its effect on the uptake of a fluorescent sphingolipid, BODIPY® FL C5-

Lactosylceramide/BSA complex (LacCer)42,52 (70% of reduction of uptake after MβCD 

incubation). Also in this case, nanoparticle uptake was strongly reduced for corona formed 

at low serum content (from 20 to 70% at increasing exposure time), whereas no effect was 

observed for the complexes formed at high serum content. 

Next, dynasore53,54 was used to inhibit dynamin, a key protein for several pathways of 

endocytosis, including CME and other dynamin dependent mechanisms. Dynamin mediates 

the scission of the cell membrane for the formation of the endosome. Its efficacy on HeLa 

cells was confirmed by the strong reduction (75%) on the uptake of LDL upon dynasore 

treatment. For cells exposed to the nanoparticles, dynasore led to a reduction of up to 60% 

in the uptake of LC complexes, and only 30% for HC, in comparison to untreated samples. 

In both cases the reduction was higher at longer exposure times. 
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The role of the actin cytoskeleton and microtubules in the uptake of the 50 nm SiO2 NPs 

was studied using, respectively, Cytochalasin D and Nocodazole (Figure 3E and 3F)55,56. Actin 

has a predominant role for macropinocytosis to mediate the formation of membrane 

ruffles57. However, it is involved also in several other mechanisms, including CME58,59. The 

disruption of actin and microtubules upon treatment with the inhibitors was confirmed by 

confocal microscopy using TRITC-phalloidin or an antibody against α-tubulin (left panels). 

The effect of Cytochalasin D was comparable for LC and HC nanoparticle complexes, with 

up to roughly 40% reduction of uptake in respect to controls. On the other hand, nocodazole 

had a strong effect on the uptake of the corona complexes formed in low serum content 

(50% reduction of LC uptake at all times), while it had little or no effect for complexes 

formed in high serum (up to maximum 20% reduction of HC uptake). These results showed 

again interesting differences depending on corona composition.  

A summary of the result obtained with the different inhibitors in multiple independent 

experiments is given in Figure 4. Taken together, screening with multiple inhibitors allowed 

us to determine important differences in the mechanisms involved in the uptake of the 

corona complexes formed in different amount of serum. The results suggest that the 

composition of the corona affects not only recognition on the cell membrane, as previously 

reported, but also the following mechanism of internalization by cells. In other words, cells 

seem to use different mechanisms to internalize the same nanoparticles when dispersed in 

the presence of low serum, as used for standard in vitro testing, or higher serum content 

more closely resembling in vivo blood concentration.  

Next to this, the results also suggest an involvement of multiple mechanisms in all 

conditions. Clathrin mediated endocytosis and macropinocytosis seem involved in the 

uptake of the corona-nanoparticle complexes formed using low amount of serum (Figure 4 

– white bars), and their uptake depends also on cholesterol and microtubules. Furthermore, 

the time resolved study allowed us to gain further insights on changes over time, suggesting 

a role for actin and dynamin, mainly at shorter and longer exposure times, respectively, for 

the uptake of the LC complexes.  

Instead, in the case of corona-nanoparticle complexes formed using high amount of serum 

several differences were observed and overall all inhibitors seemed to have a minor effect 

in reducing nanoparticle uptake (Figure 4 – black bars). One reason for this can be related 

to the slower uptake kinetics for these complexes, even after corona isolation. In fact, 

uptake levels were overall extremely low in the first 2 hours of incubation and because of 

this, it may be harder to see clear effects on uptake when inhibitors are added (Figure 3, 

right panels). Unfortunately, these compounds cannot be used for much longer time, due 

to their intrinsic toxicity. We have succeeded in extending their use for up to 5 hours 

(already relatively long exposure time in comparison to many examples in literature)40,60 
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only after extensive optimization. Nevertheless, the results suggested that HC uptake 

depends in part  on dynamin, macropinocytosis, actin and microtubules, however with 

effects never stronger than a 40% uptake reduction. On the other hand, clearly clathrin 

mediated endocytosis and cholesterol didn’t appear to be involved in the uptake of these 

NPs when corona was formed at high serum content.  

Figure 4. Overview of inhibition efficacy on the uptake of 50 nm silica nanoparticle corona complexes in low and high 

amount of serum in HeLa cells exposed to a panel of inhibitors. Briefly, the corona complexes formed on 300 µg/ml 

nanoparticles incubated in MEM supplemented with 12 mg/ml (low serum corona) or 62 mg/ml (high serum corona) of 

human serum isolated as described in the Methods, were incubated on HeLa cells at a final nanoparticle concentration of 

100 µg/ml in the presence or absence of 100 µM EIPA, 10 µg/ml chlorpromazine, 2.5 mg/ml methyl-β-cyclodextrin (MβCD), 

25 μg/ml dynasore, 2.5 µg/ml cytochalasin D or 5 µM nocodazole. Data are normalized for the fluorescence intensity of 

untreated cells to show the inhibition efficacy. The results are the average and standard deviation of the median cell 

fluorescence intensities obtained in three independent experiments (with the exception of the last exposure time, 6 h, for 

cells treated with nocodazole, and the last exposure time for chlorpromazine in low serum corona, which were performed 

once)  

 

Conclusion 

So far, most studies on the mechanisms that nanomedicines - and nanoparticles in general 

- use to enter cells, have adopted either serum free conditions or dispersion in standard cell 

culture medium supplemented with low amount of (bovine) serum. Serum is added to cell 

cultures solely for the purpose of providing nutrient to cells. However, the presence of 

biological fluids such as serum has much more profound effects on the behaviour on nano-

sized objects on cells. In fact, in the presence of a biological environment nano-sized objects 

acquire a new identity due to the adsorption of molecules on their surface and corona 
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formation. Cell receptors can recognize and engage with such corona molecules, and overall 

it is known that this layer has profound effects on the resulting interactions with cells. 

It comes natural then to wonder whether not only the presence of this layer can affect the 

mechanisms nano-sized objects use to enter cells (as in some cases recently reported)32,33, 

but also its composition in different serum content. Indeed, our results suggest that the 

serum concentration affects the uptake mechanisms used by nanoparticles to enter cells: 

the same nanoparticles are processed by cells using different mechanisms in low or high 

amounts of serum, with the latter reflecting more closely the in vivo serum concentrations.  

Another interesting observation is that when the particles are coated by a corona formed 

in conditions more closely resembling in vivo conditions, their uptake is lower. Similar 

observations were already reported for experiments where the excess proteins were left in 

situ11,61. However the lower uptake is not simply due to the presence of a higher amount of 

proteins in solution, which might compete with the corona proteins for the same cellular 

receptors9, as lower uptake was observed here also after corona isolation and removal of 

free excess proteins. It is known that the presence of the corona reduces, overall, the 

adhesion to the cell membrane and therefore also the uptake efficiency.62 A work using 

protein arrays to monitor the interactions of bare and corona coated nanoparticles with 

thousands different cellular proteins has shown that at increasing serum content towards 

in vivo conditions, a decrease in unspecific interactions between corona proteins and other 

protein targets was observed, followed by an increase in new specific biological recognitions 

by corona proteins, which become stronger for corona formed at higher serum content.63 

The results obtained here could further support similar observations and overall would 

suggest that the formation of a more developed and biologically relevant corona is 

accompanied by reduced uptake in cells, an important aspect to further elucidate, and 

which may have important implications for nanomedicine applications.  

A possible explanation of the reduced uptake levels and of the different mechanisms 

involved in the uptake by cells could be related to the observed differences in the 

composition of the corona at different serum content. For instance, a study on 

macrophages64 suggested that the presence of histidine-rich glycoprotein in the corona is 

associated to decreased uptake. Thus, the higher abundance of this protein in the HC in 

comparison to LC could be one of the factors contributing to the lower uptake of the 

complexes formed at higher serum content, as also the observed differences in uptake 

mechanisms. Further studies are necessary to fully demonstrate effects connected to the 

relative abundance of this and other proteins in the two conditions, and overall specific 

effects due to the composition of the corona. Corona proteins which can hamper the uptake 

of nanomaterials could be very useful in the future design of smart nanomedicines. 



 

P a g e  | 121 
 

4 

Chapter 4. Silica nanoparticles are internalized by cells via different mechanisms when 

coated by different coronas in low or high serum content 

Finally, the results also suggest that multiple mechanisms may be present at the same time, 

especially when corona is formed at lower protein content, such as in standard in vitro 

conditions. The lower serum content could lead to the presence of multiple sub-populations 

of coronas of different compositions, as sometimes hypothesized,7 and this could explain - 

at least in part - the observed co-presence of different uptake mechanisms. Other possible 

explanations may be connected to the lack of specificity of these inhibitors and intrinsic 

interconnections between multiple pathways of endocytosis. More subtle evolution of the 

dispersion or the corona composition over time could also partially explain the presence of 

multiple pathways, given the observed differences in efficacy of some of the inhibitors over 

time. For instance, it was reported that the corona can evolve during exposure to cells, due 

to absorption of cellular proteins secreted in the extracellular medium. Finally, one cannot 

fully exclude that novel pathways or mechanisms specific to nano-sized materials and not 

yet characterized may be activated by these special cargoes. This may be particularly the 

case for the more developed corona formed at higher serum content, for which all inhibitors 

seemed to be overall less effective. 

Interestingly, many studies refer to clathrin-mediated endocytosis as the major player in 

the uptake of nanomaterials for sizes up to around 100 nm.39,45 These studies are typically 

performed in serum free conditions or standard low serum cell culture medium. Indeed, our 

results also suggest a role for clathrin-mediated endocytosis for nanoparticles dispersed in 

standard low serum content. However, this was not the case when the same nanoparticles 

were dispersed in higher serum content.  

Finally, while here as a first step we just considered the corona formed at higher serum 

content to more closely resemble in vivo blood content, overall the results clearly highlight 

the importance of defining what the “correct corona” is for each nanomedicine and 

application, when investigating its efficacy and overall behaviour on cells. Even when simply 

considering nanomedicines in blood, other factors such as blood flow and the more complex 

plasma composition in vivo will surely lead to additional differences compared to what 

observed here, which should also be considered. Similar considerations should also be 

applied for nanomedicines administered via different routes, such as for installation, 

inhaled or ingested nanomedicines, for which a serum corona may not be relevant.  

 

Methods 

Cell culture  

HeLa cells (ATCC® CCL2TM, Manassas, VA, USA) were cultured in MEM (GibcoTM 

Thermofisher Scientific, Landsmeer, Netherlands) supplemented with 10% v/v Fetal Bovine 
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Serum (FBS, GibcoTM Thermofisher Scientific) at 37 °C, 5% CO2. All experiments were 

performed with cells cultured for no longer than 20 passages after defrosting.  

Nanoparticle characterization 

Fluorescently labelled 50nm silica nanoparticles (SiO2 NPs) were purchased from Kisker 

Biotech (Steinfurt, Germany). NPs were labelled by the manufacturer during polymerization 

using a fluorescent monomer with excitation and emission of 569/585 nm respectively. NP 

stability over time was assessed by measuring the particle hydrodynamic diameter by 

Dynamic Light Scattering (DLS) and ζ-potential measurements using a Malvern Zetasizer 

Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) using disposable capillary cells 

(Malvern). In summary, 100 μg/ml NPs were dispersed in 1ml of dH2O, PBS or MEM 

supplemented with 4 or 20 mg/ml pooled Human Serum (TCS BioSciences Ltd Botolph 

Claydon, UK). Size measurements were performed immediately after dispersions at 20˚C or 

after incubating the NP dispersions at 37 °C, 5% CO2 for 24 hours to mimic conditions 

applied for cell experiments. Similarly, the NP-corona complexes formed as described below 

were also characterized after isolation and dispersion in serum free MEM at the same final 

concentration as applied on cells (100 μg/ml). Size results are the average from 5 runs of at 

least 3 measurements. NP ζ-potential was measured in the same conditions.  

Nanoparticle-corona formation and characterization 

NP-corona complexes were formed and isolated in vitro before incubation on cells. Briefly, 

300 μg/ml SiO2 NP was dispersed in MEM containing roughly 62 mg/ml (high corona NPs – 

HC-NPs) or 12mg/ml (low corona NPs – LC-NPs) of pooled Human Serum (TCS BioSciences 

Ltd Botolph Claydon, UK) diluted in PBS at 37 °C under continuous shaking. Thus, the same 

ratio of NP to protein was used as for experiments in situ. After 1h of incubation the 

dispersion was centrifuged for 1h at 16000 g in order to pellet the corona coated NP 

complexes. The supernatant containing unbound serum was collected and its fluorescence 

measured at a spectrofluorometer together with that of the resuspended pellet in order to 

verify that no NPs were left in solution and all of them were recovered in the pellet. The 

pellet containing corona-NP complexes was resuspended in PBS by careful pipetting. For 

cell experiments with isolated corona-nanoparticle complexes, the complexes were further 

diluted in serum free MEM to a final concentration of 100 μg/ml and then added to cells. 

For SDS PAGE and mass spectrometry analysis, instead, the corona-NP complexes were 

washed in 1 ml of PBS and centrifuged again at 16000 g for 1 h for a total of 4 centrifugation 

in order to isolated hard corona coated nanoparticles. The final amount of NPs present in 

the pellet after 4 washing steps was quantified again as above with a spectrofluorometer. 

Afterwards, the corona-NP complexes were resuspended in gel loading buffer, boiled 5 

minutes at 95 ˚C and loaded into a 10% polyacrylamide gel for SDS-PAGE. After the 

electrophoretic run, the gel was incubated for 1h with a solution containing 0.1% w/v 
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Coomassie blue R-250 in a water:methanol:glacial acetic acid (5:4:1) solution, washed with 

milliQ water and pictures were taken using a ChemiDoc™ XRS (Biorad, USA).   

Mass spectrometry analysis 

For mass spectrometry analysis, the protein content of the recovered corona-nanoparticles 

complexes prepared as described above was quantified after 4 centrifugation and washing 

steps using a Pierce™ BCA Protein Assay Kit (Thermofisher). Corona-NP complexes were 

diluted in PBS in order to have the same protein concentration for all samples. Then samples 

were incubated with the same volume of 0.1% Rapigest (Waters Chromatography B.V., 

Etten-Leur, The Netherlands), a MS-compatible surfactant used to enhance enzymatic 

digestion of proteins. Afterwards, samples were incubated for 3h at 37 ˚C with 40 μl of a 

solution of 400 ng of sequencing grade modified trypsin (Promega Corporation, Madison, 

WI, USA) resuspended in 0.1% Rapigest, to allow protein digestion. Samples were shake 

every hour during digestion. The digestion reaction was stopped by adding 10 μl of 75% v/v 

acetonitrile and 25% of a solution of 5% v/v formic acid in water. The nanoparticles and 

digested peptides were loaded in SPE (Solid Phase Extraction) GracePure™ columns (W. R. 

Grace & Co., Columbia, MD, USA). Columns were first equilibrated by adding twice 1 ml 

0.1% v/v formic acid in acetonitrile and then twice 1 ml 0.1% v/v formic acid in water. Then 

900 μl 0.1% v/v formic acid in water were added to the samples, that were subsequently 

loaded in the columns. Samples were washed twice with 1 ml of 0.1% v/v formic acid in 

water and then eluted by adding twice 400 μl 50% v/v acetonitrile + 0.1% v/v formic acid. 

The eluted sample was spin down for 5 minutes at 16100 rcf in order to pellet down the 

remaining nanoparticles. The supernatant containing the peptides were collected and dried 

using a speed vacuum for about 2 h. Afterwards, samples were resuspended in75 μl 0.1% 

formic acid in water and 2 μl were loaded into the a Q Exactive™ Plus Hybrid Quadrupole-

Orbitrap™ Mass Spectrometer (Thermofisher) using Acclaim™ PepMap™ 100 C18 LC 

Columns (Thermofisher). Samples were analysed using the software PEAKS Studio 8.5 

(Bioinformatics Solutions Inc., Waterloo, ON, Canada). Results were adjusted by the 

molecular weight of the proteins identified and their relative abundance was calculated (% 

RAP). 

Studies with pharmacological inhibitors of endocytosis 

HeLa cells were treated with pharmacological inhibitors in order to study the pathways of 

endocytosis involved in the uptake of 50 nm SiO2 NPs. The optimization of the incubation 

conditions of the inhibitors used has been described elsewhere (Francia et al, unpublished 

results). In brief, 50000 cells/well HeLa cells were seeded in a 24-well plate one day before 

the experiments. Cells were pre-treated with the inhibitors for 10 minutes (or 20 minutes 

for Nocodazole) diluted in cMEM. The concentrations of inhibitors used in the present work 

are the following: 100 µM 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), 10 µg/ml 

chlorpromazine hydrochloride (CP), 2.5 mg/ml methyl-β-cyclodextrin (MβCD), 25 μg/ml 
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dynasore (all from Sigma-Aldrich St. Luis, USA), 5 µM nocodazole (Biovision, California, USA), 

2.5 µg/ml cytochalasin D (Thermofisher Scientific). Afterwards, 100 µg/ml corona-NPs 

complexes were incubated on cells with or without the presence of the inhibitors. Drug 

efficacy on cellular pathways was assessed in parallel to each experiment by measuring the 

uptake of markers of endocytosis or by immunohistochemistry. As a control for CP and 

dynasore the uptake of 2 µg/ml fluorescently labelled low density lipoprotein (Dil-LDL, 

(Thermofisher Scientific) dispersed in serum free MEM was measured. As a control for 

MβCD, the uptake of 1 µg/ml BODIPY® FL C5-Lactosylceramide/BSA complex (LacCer; 

Thermofisher Scientific) dispersed in serum free MEM was measured. As a control for EIPA, 

the uptake of 250 µg/ml TRITC Dextran of 10 kDa (Thermofisher Scientific) dispersed in 

cMEM was used.  

Flow cytometry analysis 

HeLa cells were incubated with fluorescently labelled 50 nm SiO2 NPs, LacCer, Dextran or 

LDL and their uptake was measured by flow cytometry. After exposure, cells were washed 

with cMEM and twice with PBS to remove the excess NPs and markers. Afterwards, cells 

were detached from the plate using 0.05% trypsin–EDTA for 5 minutes, centrifuged, 

resuspended in PBS and measured immediately using a Cytoflex Flow Cytometer (Beckman 

Coulter, Woerden, the Netherlands) with a 488 nm laser. Data were analysed using Flowjo 

software (Flowjo, LLC). Dead cells and cell doublets were excluded from the plots by setting 

gates in the forward and side scattering double scatter plots. At least 20000 cells were 

acquired for each sample and each sample was repeated in triplicate. Results are expressed 

as the average of the median cell fluorescence intensity and standard deviation over the 3 

replicates. 

Immunohistochemistry  

The efficacy of cytochalasin D and nocodazole on, respectively, actin or microtubule 

disruption was assessed by immunohistochemistry. 50000 cells/well HeLa cells were seeded 

in a 24-well plate in which 13mm thickness glass coverslips were inserted. HeLa cells treated 

with nocodazole were incubated for 1 h with a mouse primary antibody against human α-

Tubulin (Merck Millipore, Netherlands) followed by 1 h incubation with a goat anti-mouse 

Alexa Fluor®488 secondary antibody (Thermofisher Scientific). Cells treated with 

cytochalasin D were incubated with TRITC-phalloidin (Sigma-Aldrich), which selectively 

stains F-actin. Cells were washed 3 times with PBS after each antibody incubation and 

subsequently incubated for 5 minutes with a PBS solution containing 1:5000 4',6-diamidino-

2-phenylindole (DAPI) for nuclear staining. Finally, glass coverslips were mounted on slides 

using Mowiol 4-88 mounting medium (EMD Chemical, Inc, CA, USA). Images were acquired 

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 
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secondary antibody, and a 552 nm laser for TRITC-phalloidin. ImageJ software 

(http://www.fiji.sc) was used for image processing.  
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Supplementary Information 
 

LC HC 

Supernatant (1st centrifugation) 2.1% 8.0% 

Pellet (1st centrifugation) 100.9% 93.6% 

Pellet (4th centrifugation) 83.1% 91.6% 

Table S1. Nanoparticle quantification by fluorescence intensity. Corona-nanoparticle complexes were formed as described 

in Materials and Methods. After centrifugation, the nanoparticles recovered in the supernatant and in the pellet were 

quantified with a spectrofluorimeter. Data are expressed as percentage relative to the intensity of the starting NP 

dispersion prior to centrifugation. LC: Complexes formed using low amount of serum. HC: Complexes formed using high 

amount of serum. The results confirmed that centrifugation allowed to separate the nanoparticles in the pellet and even 

after 4 centrifugations more than 90% of the initial nanoparticles were recovered. This also implies that the lower uptake 

levels observed for the HC complexes in cells was not simply a consequence of particle loss in the isolation procedure (see 

Figure 2 in manuscript). 
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Figure S1. Size distribution by intensity of 50 nm SiO2 nanoparticle dispersions in different media. 300 µg/ml nanoparticles 

was incubated in MEM supplemented with 12 mg/ml (LC) or 62 mg/ml (HC) of human serum and isolated as described in 

Materials and Methods from the excess free proteins prior to characterization by Dynamic Light Scattering (DLS). 

Alternatively (lower panels), the dispersions formed by 100 µg/ml nanoparticles in MEM supplemented with 4 mg/ml (low 

serum) or 20 mg/ml (high serum) were also characterized. Size measurements are the average of 5 runs of at least 3 

measurements. The results suggested that homogenous dispersions of corona-coated nanoparticles could be obtained at 

both serum contents. A second peak indicative of few larger objects was detected in the nanoparticle dispersions in situ, 

when proteins were left in solution, possibly due to some serum aggregates. However also in these cases DLS confirmed 

the presence of a main peak of corona coated nanoparticles. 
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Figure S2. Normalized uptake kinetics of 50 nm silica nanoparticle corona complexes in low and high amount of serum on 

HeLa cells treated with endocytosis inhibitors. Briefly, the corona complexes formed on 300 µg/ml nanoparticles in MEM 

supplemented with 12 mg/ml (A, low serum corona) or 62 mg/ml (B, high serum corona) of human serum isolated as 

described in the Methods, were incubated on HeLa cells at a final nanoparticle concentration of 100 µg/ml in the presence 

or absence of 100 µM EIPA, 10 µg/ml chlorpromazine, 2.5 mg/ml methyl-β-cyclodextrin (MβCD), 25 μg/ml dynasore, 2.5 

µg/ml cytochalasin D or 5 µM nocodazole. Data are the average and standard deviation over 3 replicates, normalized for 

the fluorescence intensity of untreated cells. The results of three independent experiments are shown and the 

corresponding average results are given in Figure 4.  he results of independent experiments clearly show that in some of 

the conditions tested the inhibition was stronger and for some drugs inhibition changed with exposure time. 
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