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Since the past decades, nano-sized materials have been extensively used as promising drug 

carriers.1–3 Due to their unique physicochemical properties and their versatility to be 

engineerd in many different ways, nanoparticles offer the possibility to encapsulate poorly 

soluble drugs, modify their blood circulation and tissue distribution, and promote passive or 

active targeting to specific tissue. However, their translation into the clinic still remains a great 

challenge and only relatively few nanomedicines made it to the market. Recent debates within 

the field have highlighted that a better understanding of how nano-sized objects overcome 

biological barriers and are processed by cells can help to improve nanomedicine design and 

achieve better targeting.4–7 Among many biological barriers, the formation of a protein corona 

after administration and the ability of nanoparticles to target and then crossspecific 

endothelial cell barriers which control access to the targeted tissue represent two critical 

aspects that still require deeper investigation. Within this context, the aim of the thesis was 

to gain a better understanding of nanoparticle interactions with endothelial cells, and at the 

same time, exploit the protein corona as a tool to discover novel targeting strategies for drug 

delivery to towards specific endothelial cell types. 

Indeed, following administration into the blood stream, nanomedicines will first need to cross 

endothelial cell barriers to reach the underlying tissue. Unlike sub-confluent or confluent cell 

cultures used for in vitro testing, cell barriers express tight junction proteins between the cells 

to limit paracellular transport and to allow only selective transport to or from the underlying 

tissue.8 Currently, many studies on nanoparticle-cell interactions often make use of standard 

cell cultures grown to different degree of densities,9–11 thus a clear understanding on how the 

development of cells into cell barriers affect such interactions is still lacking. 

Within this context, in Chapter 3, we used human primary umbilical vein endothelial cells 

(HUVEC) as a cell model to study how the formation of an endothelial cell barrier affects 

nanoparticle uptake. First, we performed extensive optimization of cell culture conditions to 

ensure proper differentiation of cells into cell barriers. The results clearly showed that this led 

to several differences in the expression of genes involved in endocytosis (Figure 1A). 

Interestingly, this was also accompanied by reduced uptake of nanoparticles, compared to the 

uptake measured for the same nanoparticles in sub-confluent or even confluent HUVECs 

(Figures 1B and 1C). The reduced uptake was not simply due to a lower surface area on cell 
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barriers because both cell barriers and confluent cells had comparable surface cell numbers. 

This also suggested that confluency alone does not guarantee differentiation of cells into cell 

barriers. Furthermore, by using transport inhibitors, we also sought to investigate if formation 

of cell barriers could affect the endocytic mechanisms by which nanoparticles are internalized. 

However, only preliminary information could be obtained since many of the transport 

inhibitors used in this study impaired barrier integrity and overall only partial uptake reduction 

was observed. Clearly, other methods need to be developed and/or combined to be able to 

fully elucidate this matter. 

 
Figure 1. Effect of the development of a cell barrier on nanoparticle uptake in endothelial cells. 
Expression levels of endocytic marker genes in HUVEC barriers in comparison with sub-
confluent cells (A). Nanoparticle uptake in HUVEC barriers (B and C). Uptake levels of 50 nm 
SiO2 in HUVEC barriers are compared to those in sub-confluent HUVEC (B) and confluent 
HUVEC (C). Adapted from Francia et al.12 

Another important aspect to consider when targeting endothelial cells is their large 

heterogeneity in morphology and function. It is known that endothelial cells phenotypically 

differ in various tissues, organs, vasculatures, and also depending on physiological 

conditions.13–15 Because of these phenotypical differences and unique cellular properties, it is 

likely that they will also show different nanoparticle uptake behavior. At the same, this 

heterogeneity can also be exploited to develop targeting strategies directed to specific 

endothelia. So far, most studies have been devoted towards understanding the effect of 

nanoparticle physicochemical properties on the uptake, but relatively less attention has been 

paid towards understanding how different cellular properties can influence the uptake. Thus, 

in Chapter 4, we have studied how endothelial cell heterogeneity affects nanoparticle uptake. 

Four recently established immortalized endothelial cell lines originating from different organs, 

namely liver, brain, lung and kidneys, were selected and used to form endothelial cell barriers. 

Thus, uptake of silica nanoparticles with different surface functionalization was compared in 
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all cell lines. We also hypothesized that each type of endothelial cells would have different 

uptake preferences towards the different types of nanoparticles. 

 
Figure 2. Effect of endothelial cell heterogeneity on nanoparticle uptake. Nanoparticle uptake 
levels in endothelial barriers derived from different organs in the presence of 5 mg/ml bovine 
(A-D) or human serum (E-G). Median cell fluorescence intensity as obtained by flow cytometry 
of hCMEC/D3 (A and E), HPMEC-ST1.6R (B and F), TRP3 (C and G), and ciGENC (D and H) 
exposed to 100 nm SiO2, SiO2-NH2, or SiO2-COOH. Rates of endocytosis and expression levels 
of transferrin receptors in liver and brain endothelial barriers (I-K). Endothelial barriers were 
exposed to TRITC dextran 10 kDa (I) or labeled transferrin (J). K: Expression levels of genes 
coding for the transferrin receptors TFR1 and TFR2 in liver endothelium in comparison to brain 
endothelium. 

Additionally, we tested whether uptake preferences changed when the nanoparticles were 

dispersed in different sera (FBS and human serum). It is known that the serum source affects 

the composition of the corona forming on the nanoparticles, and this is likely to affect also 

uptake preferences across the different cell types.16 Thus, silica nanoparticles of 100 nm with 

three different surface functionalization (plain, amino-modified, and carboxylated) were used 

as model nanoparticles, and they showed different uptake efficiency across different 

endothelia (Figures 2A-H), confirming that endothelial cell heterogeneity affects nanoparticle 
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uptake by cells. However, in all endothelial barriers, the three nanoparticles were internalized 

following the same trends, with the amino-modified silica showing highest uptake in all cells 

when nanoparticles were dispersed in FBS. Interestingly, all the endothelia switched their 

uptake preferences from amino-modified silica towards carboxylated silica when human 

serum was used instead of FBS, confirming that differences in the protein corona can affect 

nanoparticle uptake preferences. In order to gain further insights on the observed differences 

in uptake efficiency in the different endothelia, we also compared uptake rates of brain and 

liver endothelium, here selected as representative endothelia with low and high uptake, 

respectively. The results (Figures 2I-K) showed that the uptake rate of the fluid phase markers 

TRITC dextran was similar in the two endothelia. However, the receptor-mediated uptake of 

transferrin (selected as a model to compare the rates of a receptor-mediated uptake) was very 

different, suggesting that the observed differences in nanoparticle uptake efficiency are likely 

due to differences in receptor expression, and also to differences in their affinity and activity 

in the different organs.  

Overall, the results of Chapter 4 highlight the importance of exploiting further endothelial cell 

heterogeneity for a better design of targeted nanocarriers. Additionally, they also 

demonstrated the influence of different protein corona on uptake preferences by cells. Similar 

effects can be used to discover novel targeting strategies by exploiting this protein layer. In 

fact, previous studies have shown that adsorption of certain plasma proteins on the 

nanoparticle surface can lead to natural targeting of nanoparticles into specific cells,17–19 and 

that this protein layer can be recognized by cell receptors.9,19–21 Since the composition of the 

protein corona is affected by nanoparticle physicochemical properties, as well as the 

environmental conditions to which they are exposed, tuning these properties can allow for 

identification of corona proteins that play a role in the uptake. In order to give a wider 

perspective on the interaction of the protein corona and cell receptors, in Chapter 2, I 

presented a detailed overview of the latest findings in this field and the methods currently 

available to identify corona proteins correlating with higher or lower uptake by cells, as well 

as the receptors interacting with corona proteins and involved in nanoparticle uptake. This 

also included the presentation of the methods optimized and applied in this Thesis for such 

studies. Additionally, the importance of taking into account corona interactions with cells 
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receptors for the development of targeted nanomedicines has also been highlighted. 

Thus, in Chapter 5, in order to exploit the protein corona as a natural targeting strategy, I 

performed correlation analysis between the protein corona composition of a panel of 

nanoparticles and their uptake profile in the four different endothelia used in Chapter 4. In 

order to form different coronas, 6 different silica nanoparticles of 2 different sizes (100 and 

200 nm) and 3 different surface functionalization (plain, amino-modified, and carboxylated) 

were used. Additionally, to form coronas more closely resembling physiological conditions, 

full (undiluted) human plasma, instead of standard FBS or human serum at different 

concentrations, was used as the protein source. Mass spectrometry confirmed that coronas 

of different compositions were obtained, as required in order to do correlation analysis. As 

shown in Figure 3A for the top 20 most abundant proteins, various corona proteins correlated 

differently with uptake by cells across the different endothelia. Interestingly, some proteins 

showed positive correlation with uptake (proteins associated with high nanoparticle uptake) 

only in some specific endothelia but not the others, confirming the overall hypothesis that the 

corona may lead to natural targeting to specific endothelia. Similarly, some protein also 

showed negative correlation (proteins associated with low nanoparticle uptake). In order to 

validate the involvement of some of the identified corona proteins in uptake, i.e. transferrin, 

human serum albumin (HSA), histidine-rich glycoprotein (HRG), and alpha-2 antitrypsin, 

further tests were performed in brain and liver endothelium using 200 nm amino modified-

silica (here used as a model nanoparticle because of its higher uptake). First, we formed 

artificial coronas by coating the nanoparticles with these individual proteins. This allowed us 

to confirm that HRG alone was able to significantly decrease nanoparticle uptake in both 

endothelia to a similar degree as the corona formed in full human plasma, confirming its 

negative correlation with the uptake (Figures 3B and 3C). Additionally, we performed 

competition studies using transferrin and HSA to see the involvement of their receptors in the 

uptake. Interestingly, instead of uptake inhibition, we observed a significant increase in uptake 

in liver endothelium at increasing transferrin concentration in the medium (Figure 3D). 

Additional tests suggested that the increase in the uptake might occur due to redirection of 

the uptake to other receptors with higher uptake efficiency when transferrin receptors are 

occupied by the free transferrin. Overall, the results in Chapter 5 showed that adjusting corona 
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composition by using nanoparticles of different physicochemical properties, can allow for 

obtaining different uptake profiles. In turn, this can be used to perform correlation analysis to 

identify proteins that are associated with higher or lower uptake, which then can be used to 

develop targeting strategies or to decrease nanoparticle clearance, respectively. Clearly, much 

more work is needed to fully exploit the protein corona for this purpose. Additionally, even 

though correlation analysis allows to identify potential corona proteins and receptors 

associated with uptake, validation is required and better methods are needed to discriminate, 

among the many potential targets identified, those that are truly responsible for nanoparticle 

uptake. 

To this end, in Chapter 6, we applied and compared two other methods to identify cell 

receptors involved in nanoparticle uptake in brain and liver endothelium. These methods are 

based on a combination of corona proteomics, biotinylation-based approaches, nanoparticle 

uptake studies in cells, and mass spectrometry, and were used to identify cell receptors 

involved in the uptake of human plasma corona-coated silica nanoparticles. In the first 

method, cell receptors were biotinylated and extracted from the brain and liver endothelial 

cells, then those interacting with human plasma corona-coated silica nanoparticles were 

identified by pull-down and mass spectrometry. In the second method, instead interacting 

receptors were identified directly on live cells. First, cell receptors were biotinylated, then the 

nanoparticles were added to cells and the receptors that were internalized together with 

nanoparticles were extracted, purified and identified by mass spectrometry. By using these 

two methods, we were able to identify not only the receptors involved in nanoparticle uptake, 

but also to discriminate unique interacting receptors that differ in the term of types and/or 

amount between the brain and liver endothelium (Figure 4A and 4B). When using the first 

method, further validation was necessary since some of the receptors identified were likely 

not correctly bound to the corona, for instance, due to conformational changes during protein 

isolation or due to incorrect orientation after isolation and binding to cytosolic domains. Thus, 

it is of importance to exclude these receptors. On the other side, the second method allowed 

us to narrow down the number of receptors for further validation since the receptor binding 

with the protein corona occurred on live cells, thus minimizing incorrect binding and only the 

receptors found inside cells upon nanoparticle uptake were isolated. 
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Figure 3. Identification and involvement of certain corona proteins in the cellular uptake of 
nanoparticles in endothelial cells. Correlation between 5-hours nanoparticle uptake in in 
brain, lung, liver and kidney endothelium and fraction of relative protein abundance of 
adsorbed proteins for six silica nanoparticles of two different sizes (100 and 200 nm) and three 
different surface functionalizations (SiO2, SiO2-NH2, and SiO2-COOH) (A). Effect of single 
protein corona on nanoparticle uptake in liver (B) and brain endothelium (C) using 200 nm 
SiO2-NH2 coated with HRG, transferrin, HSA, or alpha-1 antitrypsin. Effect of free transferrin 
on nanoparticle uptake in liver endothelium (D). 
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Figure 4. Identification and involvement of receptors of the protein corona on nanoparticle 
uptake in brain and liver endothelium. The identified cell surface proteins of brain and liver 
endothelium (A) pulled-down by the nanoparticle-corona complexes of 200 nm SiO2-NH2 

formed in full human plasma. The identified cell surface proteins of brain and liver 
endothelium co-internalized with the nanoparticle-corona complexes (B). Effect of single 
protein corona on nanoparticle uptake in brain (C) and liver endothelium (D) using 200 nm 
SiO2-NH2 coated with vitronectin, plasminogen, and transferrin, here used as ligands of the 
selected receptor candidates. 
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From all the identified receptors, the most promising candidates were further validated for 

their involvement in the uptake by artificially decorating nanoparticles with the individual 

ligands of their corresponding receptors. Vitronectin was selected as a ligand for integrin 

alpha-V/beta-3 and/or integrin alpha-V/beta-1, plasminogen as a ligand for alpha-enolase, 

and transferrin as a ligand for transferrin receptor 1 (TFR1).  

As shown in Figures 4C and 4D, in this way we discovered that vitronectin could strongly 

enhance nanoparticle uptake in both brain and liver endothelium up to 25-fold and 7-fold, 

respectively. Importantly, this targeting effect and improved uptake efficiency were 

maintained even when human serum was added in the medium, suggesting that the artificial 

corona is – at least in part – maintained even after exposure to high protein concentration and 

that it is also capable to compete efficiently with the serum proteins and the endogenous 

ligands for these receptors. Furthermore, we also observed that an artificial corona of 

plasminogen may allow organ specific targeting, since it significantly increased nanoparticle 

uptake in liver, but not in brain endothelium. Even though it would be important to confirm 

similar observations in vivo, these results clearly show the potential of this method to discover 

receptors for nanoparticle uptake and to target nanoparticles to specific organs. Apart from 

these additional studies with artificial single protein corona, for the receptors for which 

endogenous ligands in serum were not clearly identified, we performed similar tests using 

artificial coronas made with antibodies against them. Additionally, we tried to silence their 

expression by RNA interference to confirm their role in uptake. However, we could not 

observe any effect on the uptake using these approaches. One explanation could be that the 

used antibodies may allow binding but could not stimulate uptake. In the case of silencing, it 

could be that different receptors were involved at the same time, therefore knocking down 

one receptor was not enough to block the uptake. Thus, other methods need to be developed 

to clarify the role of these other receptors in uptake. In summary, we could establish a 

promising platform in exploiting the protein corona for targeting of nanocarriers. We 

discovered that distinct receptors were involved in the uptake in different cells, and this can 

be used for the identification of potential targeting proteins for specific cell types. More 

studies are needed in order to develop better methods, especially to validate the identified 

proteins, as well as to elucidate the effect of multivalent interactions of different receptors 
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with the protein corona on nanoparticle uptake. Nevertheless, the results observed for 

vitronectin and plasminogen clearly illustrate the potential of this approach. 

In conclusion, this Thesis aimed to understand better nanoparticle interactions with 

endothelial cell barriers, and to exploit the protein corona as a strategy to target these cells. 

In Chapter 3, we found that organization of endothelial cells into cell barriers could influence 

nanoparticle uptake behavior, suggesting the importance of proper cell barrier optimization 

when using cell models. Not only cell barrier formation but also heterogeneity of endothelial 

cells could affect nanoparticle uptake (Chapter 4). In fact, we found that different endothelia 

derived from four different organs showed different nanoparticle uptake efficiency. In order 

to exploit further this heterogeneity for targeting of specific endothelium, we exploited the 

protein corona to identify corona proteins that played a role in nanoparticle uptake (Chapter 

5). Interestingly, by using correlation analysis between corona composition of different 

nanoparticles and their uptake profile, we could identify some proteins, such as HRG and 

transferrin, that were responsible in the uptake of nanoparticles in brain and liver 

endothelium. Finally, we also exploited the protein corona as a tool to identify cell receptors 

involved in nanoparticle uptake (Chapter 6). By using a combination of two different methods 

based on corona proteomics, biotinylation, and nanoparticle uptake, we could identify 

(unique) cell receptors involved in the uptake of nanoparticles in brain and liver endothelium. 

Thus, the results presented in this Thesis have highlighted some important aspects that could 

be useful for further research towards endothelial cell targeting and exploitation of the corona 

to discover novel targets. Deepening this knowledge will help for smarter design of 

nanomedicines with better targeting efficiency and ultimately accelerate their bench-to-bed 

translations.  
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