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1.1 Nanomedicine 

1.1.1 Nanoparticles for drug delivery 

Over the past few decades, nanoparticles have emerged as promising drug delivery systems 

for therapeutic and diagnostic purposes, with a particular focus on cancer therapy.1–9 Due to 

their small sizes, nanoparticles can interact with other systems on the nano-scale, including 

proteins, cell surface receptors, and nucleic acids, making them suitable for biomedical 

applications. One important benefit of nanoparticles as drug carriers is that they can be used 

to increase the solubility of hydrophobic compounds or to carry high loads of hydrophilic 

drugs, while also providing protection against enzymatic degradation. By doing so, not only 

drug solubility and drug delivery but also their release profile can be designed in a more 

controlled manner. Moreover, nanoparticles can be engineered in many different ways by 

tuning their properties, such as surface (e.g. charge, hydrophobicity, and surface 

functionalization) and physical properties (e.g. size, shape, stiffness, and porosity), or their 

composition (e.g. lipid, polymeric, and inorganic) to meet various needs as illustrated in 

Figure.1. By varying nanoparticle design, various aspects of their outcomes in biological 

environments, their in vivo biodistribution and interactions with cells can be modulated, such 

as serum protein interactions, immune cell activation, pharmacokinetic profile, targeting 

ability, and also potential side effects. 

1.1.2 The biomolecular corona of nanoparticles 

The term “nanoparticle corona” was first introduced by Cedervall et al., and refers to the layer 

of biomolecules, such as proteins, lipids, sugar, and other biomolecules, that forms on the 

surface of nanoparticles once they are exposed to a biological environment (Figure 2).10 Since 

proteins contribute to the majority of these biomolecules, the corona mainly comprises a 

protein layer, which is why it is generally called “protein corona”. These proteins can either 

be in a direct contact with the nanoparticle surface or indirectly bind via binding to other 

proteins already adsorbed.  
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Figure 1. Tunable physical and chemical properties of nanoparticles. The fate and therapeutic 
outcome of nanoparticles are influenced by their structural features and chemical 
composition, including surface properties (e.g. charge and hydrophobicity), general physical 
properties (e.g, size, shape, and porosity), the types of material (e.g. lipid, inorganic, and 
polymeric), and targeting moieties (e.g. protein, antibodies, and nucleic acids). Adapted from 
Salvioni et al.7 

The protein corona is a dynamic structure and its composition changes over time as 

nanoparticles travel to other biological environments. In general, the nanoparticle surface is 

first occupied by the most abundant proteins, and then quickly replaced by the proteins with 

higher affinity.11 Thus, it is also important to mention that although blood plasma consists of 

thousands of different proteins, their abundance in the plasma does not necessarily reflect 

their abundance in the protein corona.12,13 Also, the type and amount of proteins adsorbed 

vary depending on the properties of nanoparticles i.e. size, shape, surface charge, and rigidity, 

and of the environment and exposure conditions, such as for instance the serum type and its 

concentration, the temperature, presence of flow and shear stress, among many others 

factors.2,12,14–17 Furthermore, based on the binding affinity and exchange rate of the proteins, 

the protein corona can be divided between a hard corona and a soft corona. The hard corona 

is composed of strongly bound proteins with a long residence time on the nanoparticle 

surface, while the soft corona comprises more loosely bound proteins characterized by fast 

exchange with the surrounding environment.  
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Figure 2. Formation of the protein corona on the nanoparticle surface and its impact on 
nanoparticle-cell interactions. (A) When nanoparticles are exposed to biological environment, 
proteins and other biomolecules adsorb on the nanoparticle surface (A). Instead of bare 
nanoparticles, it is the nanoparticle-corona complex that interacts with cellular machinery. (B) 
The protein corona consists of strongly adsorbed proteins (k1) called the hard corona and 
loosely bound proteins (k2) called the soft corona. Sufficiently long-lived hard corona may lead 
nanoparticle interactions (recognition) with cell receptors (k3). The same biomolecule can be 
recognized by cell receptors (k4). Similarly, if present, bare nanoparticles may also interact 
with cell receptors (k5). Adapted from Monopoli et al.18 

For nanomedicine applications, the formation of the protein corona is one crucial aspect that 

needs to be considered. This protein layer can alter nanoparticle properties and stability and 

it can also confer a new biological identity to the nanoparticles, which affects the subsequent 

interactions with cells.18–20 In fact, it is now widely known that the protein corona can affect 

the way nanoparticles are recognized and processed by cells, and modulate their efficacy as 

well as their overall pharmacological and toxicological profiles.21–23 Moreover, different 

studies have demonstrated that the protein corona can be specifically recognized by cell 

receptors (A more comprehensive review on protein corona interactions with cell receptors is 

given later in Chapter 2).24–27 More recent examples showed that not only the presence or 

absence of the protein corona, but also its composition can affect the uptake mechanisms of 

the same nanoparticles by cells.21,27 Overall, all these findings have demonstrated that the 
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protein corona can have important implications for the success of nanomedicines and 

nanoparticle outcomes at cell and organism level. However, a detailed picture of how the 

protein corona affects the biological behavior of nanoparticles is still missing. The work 

presented in this Thesis aims at gaining a better understanding on how the protein corona 

mediates the interactions of nanoparticles with biological systems and how it can be exploited 

for improving nanomedicine targeting. 

1.1.3 Targeting strategies of nanomedicine 

Unlike small molecular drugs, which in many cases diffuse and partition into the body 

depending on their solubility, nanoparticles distribute in the body and are processed and 

internalized by cells using energy dependent mechanisms.28,29 As a result, by changing their 

properties as previously mentioned, nanoparticles can be designed to target specific cell 

types. In the next sections, I will discuss briefly the current strategies to improve the delivery 

of nanomedicines to their target.  

1.1.3.1 Plasma residence time 

Generally, in order to improve drug delivery, nanoparticles are designed to have sufficiently 

prolonged circulation. To this end, several nanoparticle properties that can critically affect 

nanoparticle circulation time, such as size, shape, and surface charge need to be optimized. 

The size of nanoparticles needs to be smaller than the cut-off of the fenestrations in the 

neovasculature, but not too small to be excreted through the kidneys. Nanoparticles in blood 

adsorb opsonin proteins that are recognized by immune cells and induce nanoparticle 

clearance. By changing nanoparticle charge, their protein corona and opsonization profile can 

be varied, thus affecting their clearance and circulation time30–34 Positive surface charges are 

generally recognized to have a negative impact on the blood circulation of nanoparticles by, 

for instance, increasing nanoparticle clearance by immune cells.30,34 Alternatively, coating 

nanoparticles with stealth materials, such as polyethylene glycol (PEG) is commonly 

performed to reduce protein adsorption on the nanoparticle surface, thus minimizing 

unwanted interactions with immune cells and prolonging their plasma residence time.35–37 

Other strategies, such as introducing zwitterionic modification or coating nanoparticles with 

cell membrane derived from blood cells (camouflaging strategy), have also been shown to 

reduce nanoparticle clearance by immune cells.38–40  
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1.1.3.2 Passive targeting 

In passive targeting, nanoparticles are designed to accumulate in their target tissue via the so 

called enhanced permeation and retention (EPR effect) (see Figure 2A for the illustration), 

which is commonly used as a strategy to treat cancer.41,42 The EPR effect relies on the presence 

of leaky vasculature, whose endothelium shows gaps between cells of around 100-700 nm of 

size.43 For example, the Kaposi sarcoma is a tumor with fenestrated blood vessels.44 Thus, 

passive accumulation of nanotherapeutics into tumor can occur without any targeting ligands 

attached on the surface of the nanoparticles. However, it has been widely acknowledged that 

passive targeting based on EPR effect is not sufficient to treat cancers with more challenging 

microenvironments. For instance, an increased interstitial fluid pressure, hypoxia, and the 

presence of a dense extracellular matrix in certain malignancies can result in a reduced 

transport of nanoparticles into the tumor.45–47 Furthermore, not every tumor shows EPR and 

heterogeneity in EPR among patients can further limit the success of passively targeted 

medicines.48 More recently, the overall passive targeting paradigm has been challenged by a 

study that has suggested that 97% of nanoparticle transport to tumor is mediated by active 

transport and only 3% is actually mediated by the EPR effect.49 In addition, passive targeting 

also allows for off-target accumulation of nanocarriers in other organs with fenestrated 

endothelium, such as the liver and spleen.50 In order to overcome some of these problems, 

passive targeting is often combined with active targeting strategies, including the use of 

targeting ligands. In addition, the use of stimuli-responsive drug carriers provides alternative 

ways to deliver drugs specifically to their target: nanoparticles can be designed to release the 

therapeutic compounds in response to endogenous stimuli, such as lower pH or oxygen level 

in the tumor microenvironment, or external stimuli, such as light, heat, ultrasound, or 

magnetic fields.46,51,52  
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Figure 3. Schematic illustration of drug targeting strategies. (A) Extravasation of 
nanotherapeutics through leaky vasculature leads to passive targeting, also known as EPR 
effect, to target tumor tissue. (B) Active targeting of tumor tissue or tumor endothelial cells 
using nanocarriers functionalized with targeting ligands. Adapted from Wicki et al.8 

1.1.3.3 Active targeting 

In the case of active targeting, targeting ligands are attached to the surface of nanocarriers. 

These ligands specifically bind to their receptor on the cell surface, ensuring the delivery and 

accumulation of a therapeutic compound to their desired targets. Therefore, the approach is 

aimed towards increasing its therapeutic effects while reducing its toxicity in other (non-

targeted) cells. A wide array of ligands has been used for this purpose, including protein, 

peptides, antibodies, oligonucleotides, and small molecules such as vitamins.53 The 

interactions between ligand-functionalized nanoparticles with their target receptors or 

antigens are enhanced by the presence of multiple copies of the ligands on the nanoparticle 

surface, which increases the avidity of the nanoparticles for their target.54 

Currently, active targeting is envisioned as a promising complementary strategy to passive 

targeting to further improve the efficacy of nanomedicines. However, in order to do so, there 

are several important aspects that need to be considered. For instance, actively-targeted 

nanoparticles are required to be in the vicinity of their targeted cells in order to interact with 

them. In the case of tumors, where the blood flow is often low compared to those in other 

organs and poorly vascularized areas can be present, the increase in nanoparticle’s affinity for 

the targeted tumor cells cannot always compensate the lower delivery into the tumor due to 

poor vascularization.31 Therefore, as for passive targeting, actively targeted nanocarriers also 

need to be designed and optimized to have extended blood circulation time to achieve optimal 

delivery.  
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Another challenge for actively targeting nanoparticles is the formation of the protein corona. 

As mentioned in the previous section, adsorption of proteins and other biomolecules to the 

surface of nanoparticles can alter the nanoparticle properties, including masking the targeting 

ligands, resulting in the loss of targeting capability.55,56 Because of this, the protein corona has 

been initially considered as a hindrance for the targeting of nanocarriers. Strategies such as 

with the addition of a stealth layer using PEG or zwitterionic charges, as mentioned previously, 

have been widely used to reduce protein adsorption on the nanoparticle surface and limit 

similar effects on targeting.35,36,39 At the same time, a paradigm shift has also occurred, where 

– in contrast - the protein corona is now extensively exploited as a new targeting strategy.57–

60 In fact, several studies have demonstrated that the protein corona can be recognized by cell 

receptors, and others have reported that adsorption of certain corona proteins could enhance 

uptake to specific cells or transcytosis through the blood-brain barrier.24,25,27,61 As discussed 

previously, formation of the protein corona is affected by the physicochemical properties of 

nanoparticles. Therefore, as a new means of achieving active targeting, nanoparticles can be 

tailored so that they may adsorb certain plasma proteins in their corona to ‘naturally’ target 

specific cell types.61,62 This kind of applications of corona are discussed in further detail in the 

review of Chapter 2. 

1.1.4 Current success and challenges of nanomedicine 

Research on nanocarriers for drug delivery has been very active in the last decades as shown 

by the increasing number of publications in this field (Figure 5A).63 In fact, several nanocarrier-

based medicines have been successfully translated into the clinic, such as Doxil® (pegylated 

liposomal doxorubicin) and Abraxan® (nab-paclitaxel) for cancer therapy, and Feraheme® 

(super paramagnetic iron oxide nanoparticles) for iron replacement therapy. Passively 

targeted nanomedicines represent the majority of the clinically available nanomedicines. 

Doxil®, Abraxan®, for example, are based on passive targeting. These are the first-generation 

nanomedicine drugs, which allowed to improve the pharmacokinetics and biodistribution of 

poorly soluble drug by encapsulating them into a passively targeted drug carrier. In the case 

of Doxil, for instance, the blood circulation of conventional doxorubicin is improved by at least 

250-fold thanks to the encapsulation in a liposome and addition of a pegylated surface, to 

make the liposome stealth, as explained in the previous sections.64  
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Figure 4. Nanocarriers in drug delivery. (A) Number of publications related to nanocarriers for 
drug delivery from 1995-2019. (B) Analysis of median nanoparticle delivery to tumor in terms 
of %ID in various solid tumor models, indicating major delivery concerns in the delivery of 
nanocarrier-based medicines Adapted from Zhao et al (for Fig. 4A) and Wilhelm et al (for Fig. 
4B).63,65 

Despite the success of the first nanomedicines and high number of clinical trials of 

nanocarrier-based medicines, nanomedicine potential can be further improved.49,65–68 So far, 

only relatively few nanomedicines made it to the clinic, and none of them is yet based on 

active targeting. In many cases, nanocarriers based on either passive or active targeting do 

not seem to offer significant therapeutic improvement compared to the free drug 

counterpart, and this still remains a great challenge in nanomedicine. A comprehensive study 

by Chan and co-workers, where they analyzed the accumulation of different types of 

nanoparticles that have been tested on different solid tumor models between 2005 and 2015, 

claimed that only 0.7% of the injected dose arrived at the tumor (Figure 5B).65 Moreover, Chan 

and co-workers also recently performed a study to evaluate the concept of nanoparticle 

transport through the gap between endothelial cells. 49 In this study, as already mentioned 

previously, in which the results were derived from analysis of different mouse models, types 
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of human tumors, and imaging techniques, and mathematical simulation, they found that 

these gaps are not responsible for nanoparticle transport. Instead, 97% of nanoparticle 

accumulation in tumor is based on active transport via transcytosis through endothelial cells. 

Many other studies also have pointed out that the low targeting efficiency of nanocarriers is 

due to the presence of many biological barriers and the still limited understanding of how 

nanoparticles interact with biological systems.69–72 In this regard, several aspects such as 

formation of the protein corona, ability to cross anatomical barriers, nanoparticle-cell 

interactions, and intracellular fate of nanoparticles have to be extensively investigated before 

more new nanomedicines may successfully step up to clinical trials. 

1.2 Endothelial cell barriers in nanomedicine 

With the current challenges faced by nanocarrier-based drug delivery systems, it is now 

acknowledged that a better understanding of how nanoparticles behave at cellular and 

molecular level is pivotal in order to improve further nanomedicine design and to achieve 

better targeting efficiency.71,73,74 As mentioned previously, the successful delivery of 

nanomedicine is majorly hampered by the presence of several biological barriers. Therefore, 

understanding how nanoparticles interact with these barriers is one of the first key steps 

towards the successful design of nanomedicines.  

One of the most critical barriers that nanomedicines need to overcome in order to reach their 

targeted organs or tissue is the endothelium lining the blood vessels.75,76 The recent study by 

Chan et al, as discussed in the previous section, where it was shown that active transport 

through endothelial cells contributed to 97% of overall nanoparticle transport to tumor, 

further highlighted that endothelial cells represent a critical barrier for nanomedicine, and 

also for tumors. Endothelial cells control many important functions in the body, including 

maintenance of the vascular tone and blood pressure, as well as transport of blood 

components and nutrients to the underlying tissues. Furthermore, they also function as a 

barrier that separates blood and other exogenous materials, including drugs, from the 

extravascular tissues, and thereby controls the access of blood constituents to organs. In order 

to function as a barrier, endothelial cells are typically organized into cellular barriers 

expressing tight junction proteins, with clear spatial differences in shape, structure, and 

function between their apical and basolateral membrane.77 As a result, endothelial cells 
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express different endocytic pathways in the two membranes.78 In order to reach the 

underlying tissue, nanoparticles can use paracellular transport or — more often — 

transcellular transport (transcytosis), where they have to be internalized from the apical 

membrane, and transported out through the basolateral membrane.79–85 Moreover, it is 

known that the endothelial cell phenotype differs between various types of vasculature (veins, 

arteries, and capillaries), in different organs and also depending on physiological conditions 

(Figure 5).86–89 This large heterogeneity of endothelial barriers, each exhibiting unique 

structural and functional properties, may also provide novel strategies that can be exploited 

for targeting of drug carriers to specific tissues or organs.90,91 Thus, in vitro models for different 

endothelial cell barriers originating from different organs were prepared and used throughout 

the work as presented in this Thesis.  

 

Figure 5. Heterogeneity of endothelial cells in various tissues. (A) The expression patterns of 
tissue specific genes among all investigated tissue microvascular endothelial cells, and 
expanded on the right (B) with selected gene names. This heterogeneity can be exploited as a 
targeting strategy of drug carriers. Adapted from Chi et al.87 
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1.3 Aim of the thesis 

Nano-sized materials offer great potential as drug carriers given their ability to exploit the 

cellular machinery in a fundamental new way compared to conventional drugs.28,92–95 As 

already mentioned above, in order to achieve successful design and delivery of 

nanomedicines, a better understanding of how nanoparticles interact with biological systems 

is urgently needed.71,73,74 Among many important aspects in nano-bio interactions, the 

formation of the protein corona and the ability of nanoparticles to cross endothelial cell 

barriers still remain among the major challenges that require deeper investigation.96–98  

Within this context, the aim of the thesis is to gain better understanding of nanoparticle 

interactions with endothelial cells, and more specifically, to exploit the protein corona as a 

tool to discover novel targeting strategies to direct nanoparticles to specific endothelial cell 

types (see Figure 6 for the workflow overview). 

 

 

Figure 6. Workflow diagram illustrating how the protein corona is exploited for targeting drug 
carriers to specific endothelial cells. First, the effect of cell barrier formation on nanoparticle 
uptake is investigated (1). Similarly, the effect of endothelial cell heterogeneity between 
different organs on the uptake of different corona-coated silica nanoparticles is studied (2). 
The corona composition of each nanoparticle type is analyzed by mass spectrometry, 
correlated to their uptake profile in order to identify corona proteins that are responsible for 
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the uptake, and further evaluated (3). Finally, receptors interacting with the protein corona, 
including those involved in the uptake, are isolated using two different biotinylation-based 
approaches, analyzed and identified by mass spectrometry, and further evaluated (4). 

In Chapter 2, I present a detailed review on our current understanding of protein corona 

interactions with cell receptors, illustrating the importance of this first step of nanoparticle-

cell interactions and its implication for targeting of nanomedicines. Different methods 

currently applied to identify corona proteins correlating with higher or lower uptake by cells 

are discussed, together with methods to identify the cell receptors interacting with corona 

proteins and involved in nanoparticle uptake. This includes a description of the methods 

optimized in this Thesis to answer these questions. 

In order to study nanoparticle-cell interactions with endothelial cell barriers in vitro, it is of 

great importance that the cell models used resemble as closely as possible physiological 

barriers. So far, a large majority of studies on nanoparticle-cell behavior has been performed 

using simple cell models, such as HeLa cells and other cells grown to various degrees of 

confluency.27,99,100 In the case of endothelial cells, a special attention is needed when using 

them as a cell model. As mentioned previously, in vivo, endothelial cells are organized as a 

monolayer expressing tight junction proteins. Therefore, organized endothelial cell layers with 

proper expression of tight junction proteins may constitute an in vitro model that better 

reflects the barriers nanomedicine encounter in vivo compared to sub-confluent or even 

confluent cells. More importantly, organized cell barriers may take up and process 

nanoparticles differently in comparison to cells grown to different degrees of confluency as 

generally used in many in vitro studies. Therefore, in Chapter 3, in order to address this 

question, I have used primary human umbilical vein endothelial cells (HUVEC) and optimized 

procedures to differentiate them into an endothelial cell barrier. Then, I have investigated 

how the differentiation of endothelial cells into a cell barrier in vitro affects nanoparticle 

uptake and behavior in these cells. 

As a next step, I have studied how endothelial cell heterogeneity affects nanoparticle uptake. 

As discussed in the previous section, endothelial cell phenotype differs in various organs and 

physiological conditions. Because of this, endothelial cells of different organs are likely to 

show different nanoparticle uptake behavior. We hypothesized that different endothelia 
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would show preferential uptake towards certain types of nanoparticles, and such differences 

could be exploited for targeting of nanocarriers. Based on this hypothesis, in Chapter 4 I have 

used recently established immortalized cell lines to prepare endothelial cell barriers derived 

from four different organs with high phenotypic differences between one another, namely 

brain (hCMEC/D3), lungs (HPMEC-ST1.6R), liver (TRP3), and kidney (ciGENC). Thus, the 

different endothelial barriers have been exposed to silica nanoparticles with three different 

surface functionalization and differences in uptake levels and uptake preferences have been 

investigated.  

Having observed that endothelial cell heterogeneity affects nanoparticle uptake, in Chapter 

5, I have used a panel of different nanoparticles to form different coronas and identify proteins 

that are responsible in regulating nanoparticle uptake in the four endothelial cell barriers from 

different organs. As discussed in the previous section, several studies have shown that certain 

corona components can naturally target nanocarriers to specific cells, and that the protein 

corona can be recognized by cell receptors and mediate nanoparticle uptake.24,25,57,61,62 Since 

the protein corona composition varies with nanoparticle physicochemical properties, tuning 

these properties allows to tune corona composition and, in this way, direct nanoparticles to 

specific cells. To this aim, I have studied the protein corona composition of a panel of 

nanoparticles of different sizes and surface functionalization, and performed a correlation 

analysis between the protein corona and their uptake profile in the four endothelial cell 

barriers. Thus, corona proteins affecting uptake have been identified and their role has been 

validated. 

As a final step, in Chapter 6, using brain and liver endothelia as cell barrier models, I have 

characterized cell receptors involved in corona recognition and nanoparticle uptake. Given the 

ability of the protein corona to be recognized by cell receptors, it is of great interest to exploit 

further the protein corona to discover receptors that may allow targeted uptake in specific 

cells. However, given that many proteins constitute the protein corona, and may interact with 

multiple receptors, it is essential to develop methods to be able to identify which receptors 

are involved in this interaction. Currently, identifying the corona proteins recognized by cell 

receptors and the receptors involved in nanoparticle uptake remains difficult. The challenge 

mainly lies in the fact that only certain corona proteins, whose epitopes are accessible and not 
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covered by other proteins, may bind to cell receptors.26 So far, there are no available 

systematic techniques to easily identify such corona proteins, and this makes it difficult to find 

interacting receptors. Therefore, in Chapter 6, I developed novel methods, based on 

biotinylation, mass spectrometry, and corona proteomic data, to address this challenge and 

identify all possible receptors that interact with the protein corona, as well as those that 

mediate nanoparticle uptake. These methods can be used also to exploit the corona as a tool 

to discover novel receptors for targeting. 

Overall, the work presented elucidates important aspects on the effect of barrier formation 

and endothelial cell heterogeneity on nanoparticle uptake. Thus, different methods are 

presented and combined to identify cell receptors interacting with corona proteins and 

involved in nanoparticle uptake in different endothelial cell barriers. Endothelial cell 

heterogeneity and the protein corona can be exploited to develop novel strategies for 

nanomedicine targeting.  
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Abstract 

Nanoparticles are promising tools for nanomedicine in a wide array of therapeutic and 

diagnostic applications. Yet, despite the advances in the biomedical applications of 

nanomaterials, relatively few nanomedicines made it to the clinics. The formation of the 

biomolecular corona on the surface of nanoparticles has been known as one of the challenges 

towards successful targeting of nanomedicines. This adsorbed protein layer can mask 

targeting moieties and creates a new biological identity that critically affects the subsequent 

biological interactions of nanomedicines with cells. Extensive studies that have been directed 

towards understanding the characteristics of this layer of biomolecules and its implications 

for nanomedicine outcomes at cell and organism levels, yet several aspects are still poorly 

understood. One aspect that still requires further insights is how the biomolecular corona 

interacts with and is "read” by the cellular machinery. Within this context, this review is 

focused on the current understanding of the interactions of the biomeolecular corona with 

cell receptors. First, we address the importance and the role of receptors in the uptake of 

nanoparticles. Second, we discuss the recent advances and techniques in characterizing and 

identifying biomolecular corona-receptor interactions. Additionally, we present how we can 

exploit the knowledge of corona-cell receptor interactions to discover novel receptors for 

targeting of nanocarriers. Finally, we conclude this review with an outlook on possible future 

perspectives in the field. A better understanding of the first interactions of nanomaterials with 

cells and in particular the receptors interacting with the biomolecular corona and involved in 

nanoparticle uptake will help for the successful design of nanomedicines for targeted delivery. 

2.1 Introduction  

Over the past decades, nano-sized materials have emerged as powerful tools in many 

application fields, including nanomedicine, where they are used for therapeutic and diagnostic 

purposes.1–5 In particular, nanomedicines have been widely exploited for their potential to 

deliver cancer therapeutics.1–3 Thanks to their size, nano-sized drug carriers can be used to 

passively target tumor tissue via the so-called enhanced permeation and retention (EPR) 

effect. 6–9 Alternatively, they can also be used for active targeting by functionalizing their 

surface with targeting moieties to reach the tumor. However, the efficacy of EPR and targeting 

efficiency of nanoparticles are currently under scrutiny, as many nanomedicines designed for 
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either passive or active targeting have resulted in various levels of success and only relatively 

few of them, primarily passively targeted, made it to the market.10–15 It is recognized that a 

better understanding of how these objects behave at cellular and molecular levels is crucial to 

improve their clinical success.16,17 

Nanoparticles exhibit unique characteristics that are very different from their bulk 

counterparts due to specific physicochemical features. For instance, the large surface-volume 

ratio of nanoparticles creates high surface free energy that makes them extremely reactive. 

Consequently, pristine nanoparticles will not keep a bare surface upon exposure to a biological 

environment. In fact, unless they are specifically designed to avoid it, once nanoparticles are 

in contact with a biological fluid, proteins and other biomolecules will adsorb on the 

nanoparticle surface forming the so-called “biomolecular corona”.18–21 The formation of this 

layer is known to have profound effects on the biological outcomes of nanoparticles, including 

the subsequent interactions with cells,22 toxicity,23 biodistribution, immune response,24 and 

targeting capability.25,26  

In recent years, the complexity and crucial role of the biomolecular corona on the fate of 

nanoparticles and its impact on targeting efficacy have drawn a massive interest.27–31 Among 

many important aspects that have been addressed so far, it has emerged that this adsorbed 

layer can be recognized by cell receptors at the cell membrane and that this initial recognition 

is a crucial step that affects the overall fate of nanoparticles,32–34 including their interactions 

with certain cell types, intracellular trafficking, and ability to cross biological barriers. 

However, several aspects of how the biomolecular corona interacts with and is “read” by cells 

are still poorly understood.35,36 A better understanding of these interactions can help in 

improving the current design of nanomedicines and achieve the desired targeting effect. 

Within this context, in this review, we will summarize the current understanding of the role of 

cell receptors on nanoparticle-cell interactions, including how the biomolecular corona 

interacts with and is recognized by cell receptors. Next, available methods to characterize 

biomolecular corona-receptor interactions and identify corona proteins associated with 

increased or decreased nanoparticle uptake are also discussed and compared. Furthermore, 

we will discuss how the corona can be exploited itself for targeting, but also as a tool to 

identify (novel) receptors for efficient and targeted uptake of nanomedicines. Finally, future 
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perspectives on how to apply this knowledge for better design of targeted nanocarriers are 

proposed. 

2.2 The role of receptors in nanoparticle uptake 

The interaction of nanoparticles with the cell membrane is the first step prior to their 

internalization. In active targeting, nanoparticles are modified with surface ligands in order to 

control these first interactions and achieve binding to specific cell receptors However, even 

after successful binding to the targeted receptors, other aspects can affect targeting and limit 

nanomedicine efficacy. The subsequent uptake efficiency and uptake kinetics, as well as the 

eventual fate of nanoparticles inside cells and details of intracellular distribution kinetics can 

all be strongly determined by which receptors they initially bind.37,38 For instance, in the blood-

brain barrier, some receptors, such as insulin receptor, transferrin receptor, and low-density 

lipoprotein (LDL) receptor, are known to facilitate nanoparticle transport across the cell to 

reach the underlying tissue (transcytosis),39,40 while other receptors facilitate nanoparticles to 

end up in lysosomes, where the drug they deliver may be released and – if not resistant to the 

lysosomal environment - degraded. Thus, different intracellular fates can be observed 

depending on the interactions with different receptors. Additionally, different receptors may 

activate uptake via different endocytic mechanisms and the uptake mechanism may affect 

intracellular fate, as well as uptake efficiency and kinetics.41,42 For instance, stimulation of 

caveolae-mediated endocytosis is thought to promote transcytosis in peripheral blood vessel 

as well as in blood-brain barrier. 43,44 Therefore, it is of importance to ensure that 

nanoparticles bind to the right receptors so that they end up not only in the right cells, but 

also in the right cell compartments and with uptake efficiency and uptake kinetics which are 

optimal for specific applications (see Figure 1 for illustration). 
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Figure 1. Interactions of nanoparticles with cell receptors. Recognition can be achieved via the 
biomolecular corona (A) and/or targeting ligands (B).32,34,45,46 Depending on which receptors 
nanoparticles interact with, uptake mechanisms may differ (here illustrated by different 
shapes of the membrane invaginations and membrane protrusions), which could affect the 
intracellular fate of nanoparticles (C). 

2.3 The role of the biomolecular corona in nanoparticle uptake 

In order to reach their receptors in vivo, nanoparticles will be first exposed to a complex 

biological fluid, such as for instance serum. In this environment, various proteins and other 

biomolecules will adsorb on the nanoparticle surface forming the biomolecular corona. This 

protein layer will then replace the synthetic identity of bare nanoparticles and could mask the 

ligands of functionalized nanoparticles, which may result in the loss of targeting capability.25,26 

Additionally, some proteins with high binding affinity can strongly adsorb to the nanoparticle 

surface for a long period of time, creating a layer called the hard corona. In contrast to the 

soft corona, where proteins can be easily replaced by other proteins following dynamic 

changes of the surrounding environment, the hard corona is highly resistant towards such 
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changes. Overall, this complex and dynamic layer confers nanoparticles a new biological 

identity. Consecutively, the eventual interactions between nanoparticles and cell receptors, 

thus receptor recognition and nanoparticle uptake, can all be affected by the presence of this 

protein layer. Strategies have been developed to prevent the formation of the biomolecular 

corona and maintain targeting efficiency, for instance, by creating a stealth layer using 

polyethylene glycol (PEG) or zwitterionic modification on the nanoparticle surface and other 

special polymer modifications.47–52 However, it has been shown that in the case of PEGylated 

surfaces, nanoparticles still could adsorb proteins.53 

Given the crucial role of the biomolecular corona and cell receptors in mediating nanoparticle 

uptake and determining their intracellular fate, it is of great importance to study in more detail 

the interactions between the biomolecular corona and cell receptors. Several studies have 

demonstrated that, indeed, the biomolecular corona can be recognized by cell receptors. For 

instance, in 2002, a study showed that adsorption of apolipoprotein E (ApoE) from the blood 

to polysorbate 80-coated nanoparticles was responsible for the transport of the nanoparticles 

across the blood-brain barrier (BBB).54 In 2011, Deng et al. demonstrated that negatively 

charged poly(acrylic acid)- conjugated gold nanoparticles adsorbed and induced unfolding of 

fibrinogen from human plasma, which triggered interaction with Mac-1 receptor and resulted 

in the release of inflammatory cytokines.55 Another study also showed that ionizable lipid 

nanoparticles could naturally adsorb apolipoprotein-E (ApoE), leading to enhanced uptake 

into hepatocyte via several receptors that contain ApoE binding ligands.56,57 Similarly, lipid 

nanoparticles made of 1,2-dioleoyl-3- trimethylammonium propane (DOTAP) and DNA 

preferentially adsorbed high amount of vitronectin from human plasma that promoted uptake 

into cancer cells overexpressing vitronectin receptors integrin αvβ3.58 Next to lipid 

nanoparticles, inorganic nanoparticles have also been shown to interact with distinct 

receptors once the biomolecular corona formed on their surface. For instance, in the presence 

of human serum, silica nanoparticles were shown to enter cells via interaction with LDL 

receptor and/or Fc-gamma receptor I (FcγRI) due to the abundance of LDL and 

immunoglobulin G (IgG) on the biomolecular corona.32,34 Not only single corona proteins but 

also complex biomolecular surface layer motifs were observed to mediate cellular uptake via 

interaction with scavenger receptors.33  
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Figure 2. Methods to elucidate nanoparticle protein corona-receptor interactions. First, 
corona proteins involved in nanoparticle uptake can be identified by associating the corona 
composition and nanoparticle uptake efficiency, for instance by using corona fingerprinting 
approach or correlation analysis (A).59–61 The distribution of corona proteins and how their 
epitopes are presented can be determined by immunomapping-based techniques (B).62 
Finally, receptors involved in the uptake of nanoparticle-corona complexes can be deduced 
from the corona composition or can be directly identified using pull-down or live-cell co-
internalized receptor isolation approaches (C).63,64  

In order to gain better understanding of how the biomolecular corona is recognized by cells 

and identify the cell receptors interacting with the corona, several strategies have been used 

in the recent years. For instance, proteomics is commonly used to characterize the corona 

composition. Then, other methods such as correlation analysis and corona fingerprinting, have 

been coupled to corona proteomics to discover which of the identified corona components 

correlate with higher or lower uptake by cells. However, identification of corona proteins per 

se is not enough because not every protein in the corona may interact with cell receptors, for 

instance if it is not exposed on the nanoparticle surface in the correct orientation. Therefore, 

mapping of which protein epitopes on the biomolecular corona are accessible for cell 

receptors is another crucial step to identify potential interactions with cell receptors. Similarly, 

not all properly exposed proteins may be able to interact with cell receptors, for instance 

because of competition with other proteins with stronger affinity for the same receptors; thus, 

it is important to know which ones actually play a role. All of these aspects are discussed in 

more detail in the following sections (see Figure 2 for the simplified illustrative overview). 
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2.4 Methods to elucidate nanoparticle biomolecular corona-receptor interactions 

2.4.1 Associating corona composition with nanoparticle uptake 

Identification of all corona components, for instance by proteomics, is the very first step 

towards understanding nanoparticle corona interactions with cell receptors. Then, the next 

step is to identify which actual components of the biomolecular corona are responsible for 

regulating nanoparticle uptake (Figure 2A). Indeed, dissecting the biomolecular corona could 

be extremely challenging, given the high complexity of this layer. However, in recent years, a 

straightforward approach has been developed to make this possible. The idea was based on 

using a library consisting of nanoparticles with various physicochemical properties to tune the 

corona composition and associating the abundance of corona proteins of these nanoparticles 

with their cellular uptake profile in order to identify the key proteins involved in the uptake. 

One way to do it is by applying quantitative structure–activity relationship (QSAR) models to 

predict nanoparticle-cell association as introduced by Walkey et al.59 To this end, a 

combination of biophysical, biological, and bioinformatic methods is required as illustrated in 

Figure 3. The study showed that, by using a library containing more than 100 nanoparticle 

formulations and measuring their uptake by cells, this approach enabled the identification of 

39 proteins classified as promoters, e.g. α-1 microglobulin and hyaluronan-binding protein 2, 

and 25 as inhibitors of cell association, e.g. complement C3. Similarly, Liu et al. showed that 

by using a combination of linear and non-linear QSARs to analyze cell association of more than 

80 gold nanoparticle formulations, some proteins, such as apoliproptotein B-100, α-1 

antitrypsin, and plasminogen, were found to be significant protein corona fingerprints 

correlating with high nanoparticle-cell association.60 Furthermore, a more complex correlation 

analysis involving three variables has been performed as another means of predicting 

nanoparticle-cell association:65 by adding inflammatory response as another variable next to 

biomolecular corona composition and cellular uptake, Yin et al. revealed a strong statistical 

correlation between the fractions of certain proteins bound to nanoparticles, the association 

of inhaled nanoparticles to immune cells in the lungs, and the total protein in bronchoalveolar 

lavage fluid. Another similar approach is to use a correlation analysis between corona 

composition and cellular uptake, as introduced by Ritz et al.61 By correlating the corona 

composition of six different polystyrene nanoparticles with their cellular uptake, the author 

and colleagues could discover that apolipoprotein H significantly increased nanoparticle 
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uptake when adsorbed on the nanoparticle surface, while Apolipoprotein A4 and C3 

significantly decreased the uptake. By using this approach, corona proteins that can either 

promote or hamper nanoparticle uptake can be identified and may be used to achieve 

targeting or to reduce clearance.66 

 

 

Figure 3. Schematic illustration of the identification of corona proteins on nanoparticles that 
are associated with cellular uptake. (1) A library of different nanoparticle formulations is 
incubated with a protein mixture in order to form a protein 'fingerprint'. (2) The adsorbed 
proteins are isolated from the surface of the nanoparticles and (3) characterized by mass 
spectrometry. (6) The serum protein fingerprint is a quantitative representation of each 
nanoparticle formulation. (4) Nanoparticles are incubated with cells. (5) Net cell association is 
determined by the parameter 'X', of which each formulation defines its location within the 
parameter 'Y'. A function 'Y= f(X)' can be used to relate the corona composition to cell 
association, and f(X) can be used to predict the cell association of a certain nanoparticle 
formulation from its protein fingerprint. Adapted from Walkey et al. 59 
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All these studies have highlighted the possibility to identify, in a single analysis, various corona 

proteins that were responsible for regulating uptake. However, correlation analysis, by nature, 

is closely associated with coincidence since it does not necessarily reflect causation. 

Therefore, further validation to confirm the involvement of those proteins in the uptake is 

needed, and this step could be laborious if the preceding screening generated too many 

candidates. The need of having a large nanoparticle library could also be a limitation of this 

approach. Without having different formulations of nanoparticles, correlation analysis would 

be more difficult to be performed since a large library allows to narrow down the number of 

the resulting protein candidates. Despite these limitations, this approach allowed for the 

identification of novel corona proteins that play a role in nanoparticle uptake. Additionally, 

some independent studies with different nanoparticles and cells showed that similar proteins 

were found to be associated with uptake, and this cross-study validation suggests a (strong) 

relation of these proteins with uptake.61,66 

2.4.2 Characterization of receptor binding motifs at the biomolecular corona 

The previous approach allows to get an idea on which proteins in the corona might have an 

important role in nanoparticle uptake. However, it is likely that not all of the correlated 

proteins are properly exposed and accessible by cell receptors. Therefore, the next important 

step is to discriminate whether proteins are correctly presented to interact with their 

receptors (Figure 2B). This is of particular importance since different nanoparticles may 

expose the corona proteins differently. Kelly et al. demonstrated that, by using a combination 

of techniques, it is possible to map the spatial location of exposed proteins on the 

biomolecular corona as well as their functional motifs and binding sites (see Figure 4 for more 

detailed illustration).62 The authors used immunogold-labeled monoclonal antibodies (mTf 

and mIgG) for an epitope proximal to the transferrin and IgG binding region and immunogold-

labeled polyclonal antibodies (pTf and pIgG) to recognize multiple epitopes at once on human 

plasma-coated polystyrene nanoparticles 220 nm. By using differential centrifugal 

sedimentation (DCS), the immunolabelling, as well as the corresponding shift in nanoparticle 

diameter, could be measured (Figure 4A and 4B). Importantly, the results also indicated that 

transferrin and IgG (and thus the biomolecular corona in general) are randomly organized in 

various locations on the nanoparticle surface (Figures 4C). Next to this, other techniques have 
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also been used to characterize receptor recognition motifs. Lo Giudice et al. used a flow 

cytometry-based method to map out the availability of recognition fragments of transferrin 

and IgG on the biomolecular corona of polystyrene nanoparticles.67 Since a single laser on a 

flow cytometer can be used for multicolor experiments, this system also allows for mapping 

of different epitopes on multi-component biomolecular corona system. In 2018, Gianneli and 

coworkers used quartz microbalance (QCM) as a fast and label-free screening methodology to 

detect and quantify accessible functional epitopes of transferrin-coated nanoparticles.68 

Obviating the need to modify the nanoparticle surface with e.g. antibodies will prevent 

possible perturbations of the biomolecular corona.  

 

Figure 4. Mapping of protein binding sites on the biomolecular corona. Schematic illustrating 
the use of DCS to measure immunogold labelling (A). Immunogold labelling of plasma-derived 
corona on 220 nm polystyrene nanoparticles (B and C). DCS titration curves (B) and 
representative TEM images (C) for monoclonal and polyclonal immunogold labels against 
transferrin (mTf and pTf, respectively) and IgG (mIgG and pIgG, respectively). Adapted from 
Kelly et al. 62 
 
All these studies were performed using non-porous nanoparticles, where adsorption of 

proteins is not complicated by protein penetration through the surface as could happen on 

porous nanoparticles. In a recent study, the penetration depth of several proteins within 
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mesoporous silica nanoparticles could be clearly visualized using a combination of stochastic 

optical reconstruction microscopy (STORM) and a mathematical model.69 This study showed 

that the penetration depth depends on the type of corona proteins and the size of the pores. 

The presence of photoswitchable fluorophores that stochastically turned on and off allowed 

for epitope mapping with a high localization accuracy. Similarly, Feiner-Gracia et al. 

demonstrated that these techniques could be used to reveal the heterogeneity of the 

biomolecular corona formation inside the mesoporous silica nanoparticle population, which 

evolved over time depending on the nanoparticle properties.70 

2.4.3 Identification of cellular receptors that interact with the biomolecular corona 

While the above approaches allow to more accurately identify which corona components play 

a role in nanoparticle uptake, the next important aspect to unravel is which receptors are 

involved (Figure 2C). Following the identification of all possible interacting receptors based on 

corona composition and/or epitope mapping, it is important to verify which of them can 

actually recognize and bind to the corona and if such recognition and interaction with those 

receptors also leads to nanoparticle internalization. For instance, a study showed that 

abundant adsorption of vitronectin from human plasma on lipid nanoparticles promoted 

nanoparticle uptake into cancer cells overexpressing integrin αvβ3, suggesting the 

involvement of this receptor in the uptake.58 Epitope mapping can also be used to predict the 

involvement of certain receptors. In a recent study by Lara et al., epitope presentations of two 

major proteins, Apolipoprotein B-100 for LDL and Fc region for IgG, in the biomolecular corona 

of 100 nm silica was first quantified using an immuno-mapping technique.32 Then, the 

interaction of these two proteins with their receptors, i.e., LDL receptor and Fc-gamma 

receptor I, respectively, was investigated by overexpressing either of these receptors on HEK-

293T cells and observing whether nanoparticle uptake was enhanced. The results showed that 

increasing the expression of either LDL receptor or Fc-gamma receptor I increased the uptake 

of corona-coated 100 nm SiO2, suggesting a recognition and internalization of the 

biomolecular corona by these specific receptors. These studies also showed that the 

biomolecular corona can be recognized by multiple receptors. Interactions with multiple 

receptors may lead to uptake via multiple pathways. In line with this, more recently, Francia 

et al. showed that 50 nm SiO2 nanoparticles coated with a different corona (in low or high 
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amounts of human serum) interacted with different receptors and consecutively were 

internalized by cells using different pathways.34 Thus, the interaction of the corona with 

specific cell receptors can affect the mechanisms cells use for nanoparticle internalization. 

Given the wide variety of proteins constituting the biomolecular corona, it has also emerged 

that more complex motifs can be formed in this layer. Unlike individual corona proteins that 

can interact with their corresponding receptors, these complex structures can form a unique 

pattern and such patterns may be recognized by unrelated receptors, as it was observed in a 

recent study for scavenger receptors.33 Scavenger receptors belong to a supergroup consisting 

of a broad range of structurally unrelated receptors that recognize a large array of ligands, 

including modified LDL, apoptotic cells, unfolded proteins, endogenous proteins that have 

been in some way altered, and various pathogens.71 Nanoparticle-scavenger receptor 

interactions were already earlier reported in studies where denaturation of albumin following 

adsorption to nanoparticles directed the albumin−nanoparticle complexes to bind to 

scavenger receptors.72,73 Similarly, this is also the case for more complex structures, such as 

the biomolecular corona. A recent study demonstrated that this protein layer can indeed be 

recognized by scavenger receptors.33 The authors overexpressed the macrophage receptor 

with collagenous structure (MARCO) in HEK-293T (wildtype HEK293T having undetectable 

levels of this receptor) and showed that MARCO-expressing cells internalized a higher amount 

of human serum-coated 100 nm SiO2 compared to wildtype cells, suggesting interactions of 

the biomolecular corona with MARCO. Interestingly, the interaction with MARCO could not 

be competed out by the most known ligands of this receptor (even up to considerable excess), 

suggesting a different mode of binding of the SiO2 nanoparticles to this receptor.  

The above studies have demonstrated that the biomolecular corona can be recognized by 

multiple receptors. Thus, in order to gain a better understanding of nanoparticle outcomes on 

cells, it is essential to identify all the receptors interacting with the corona and to discriminate 

among them those that mediate nanoparticle uptake. This is even more important in the case 

of targeted nanomedicines, which may interact (themselves or via their corona) with 

receptors other than the targeted one, thus affecting their targeting and efficacy. Other 

methods are required in order to be able to identify such receptors.  
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2.4.4 Identification of cellular receptors that mediate uptake of nanoparticle-corona 

complexes by cells 

From the studies discussed in the previous sections, it is now acknowledged that the mere 

presence of a protein in the corona forming on nanoparticles does not guarantee specific 

recognition by cell receptors. Therefore, without having information on the epitopes which 

are properly exposed on the nanoparticle surface, including novel epitopes formed upon 

conformational changes of corona proteins or via complex motifs created on the corona, it is 

difficult to identify possible receptors. Identification of the receptors involved in corona 

recognition and nanoparticle uptake in specific cell types can also allow the development of 

novel targeting strategies (Figure 2C). Recently, some new methods have been developed to 

make such identification possible. By combining biotinylation of cell surfaces, corona 

proteomics, and mass spectrometry, all possible interaction partners of the biomolecular 

corona can be identified. Below we discuss two approaches based on the aforementioned 

techniques that have been used to unravel binding partners of the biomolecular corona. 

2.4.4.1 Pull-down receptor identification approach 

In a recent study, Bewersdorff et al. used a pull down approach in order to identify the cellular 

binding partners of serum-coated sulfated dendritic polyglycerol (dPGS).63 They determined, 

the corona composition and cellular uptake of nanoparticles by THP-1 cells, and at the same 

time, they identified the possible cellular interaction partners of the nanoparticles with the 

THP-1 cells using a pull-down approach (see Figure 5 for simplified schematic protocol). 

Briefly, cell surface proteins were first labeled with biotin at 4°C to prevent internalization of 

biotinylated cell surface proteins. Then, the labeled surface proteins were purified from the 

rest of the cell components and incubated with serum corona-coated nanoparticles. Finally, 

cell surface proteins that were pulled-down by the nanoparticles were identified by mass 

spectrometry. In this way, 22 cell surface proteins were identified on dPGS, among which 

some proteins were shown to be receptors for some of the corona proteins. For example, 

integrin beta-2 and transferrin receptor 1 (TFR1) were identified in the pull-down, and their 

corresponding ligands (serotransferrin and vitronectin, respectively) were also detected in the 

corona. Similarly, Aliyandi et al. applied this approach to identify nanoparticle receptors in 

brain and liver endothelial cells using 200 nm silica.64 Interestingly, in the two endothelial cell 
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types, different amounts and types of cell surface receptors were involved in the interaction 

with the same human plasma corona-coated nanoparticles. Moreover, the pull down also 

allowed for strong enrichment of cell surface receptors on the nanoparticle corona, while in 

some cases these receptors were not even identified by mass spectrometry in the cell surface 

fraction. In this way, unique and/or novel receptors, which may serve as potential drug carrier 

targets, could be identified without any prior knowledge. 

 
Figure 5. Schematic illustration of the isolation of biotinylated cell surface proteins and the 
subsequent pull-down of proteins interacting with nanoparticle-corona complexes. First, cell 
surface proteins are labeled with biotin at 4°C. Next, the labeled surface proteins are purified 
and incubated with nanoparticle-corona complexes. Finally, cell surface proteins that are 
pulled-down by the nanoparticles are identified by mass spectrometry. Adapted from 
Bewersdorff et al. and Aliyandi et al.63,64 

The unbiased screening offered by this approach can be used not only to identify potential 

interacting receptors, but also to identify previously unknown receptors, and therefore 

increases the chances to discover novel drug carrier targets. However, the receptors identified 

with this approach may also include false-positive hits, for instance due to damage of the 

isolated proteins during extraction, changes in protein conformation, or also because of wrong 

orientation, leading to interactions of the biomolecular corona with the cytosolic domains of 

the isolated receptors. In addition, the relatively high number of receptors detected in this 

method could be a challenge for selecting receptor candidates for further validation, 

especially since it is also likely that not all of them may promote internalization upon 

interaction with the biomolecular corona. As an additional strategy to overcome this problem, 

other steps can be added to narrow down the receptor numbers. For example, this can be 

achieved by excluding the receptors identified by using this approach on nanoparticles with 

minimal cellular uptake, which are then likely to be involved in non-specific binding that does 

not trigger uptake. 
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2.4.4.2 Live-cell internalized receptor identification approach 

Another method has been recently applied to study interactions between nanoparticle-

corona complexes and cell surface receptors directly on live cells, instead of using isolated cell 

membrane protein fractions. This approach is commonly used to study endocytosis 

mechanisms.74–76 In recent work, Aliyandi et al. applied this method to bypass some of the 

limitations of the pull-down approach.64 In summary (see Figure 6 for simplified schematic 

protocol), cell surface proteins were labeled in the same way as in the pull-down approach, 

but now using reversible biotinylation. Then, the live biotinylated cells were incubated with 

nanoparticle-corona complexes to allow cellular uptake. Then, the biotinylated receptors that 

are internalized upon exposure to nanoparticles can be specifically isolated, purified, and 

identified with mass spectrometry. The identified receptors are compared to those obtained 

with the same methods in cells not exposed to nanoparticles, in order to select the 

internalized receptors that are identified only upon exposure to nanoparticles. This method 

allows to exclude contaminations caused by non-specific binding or those that do not lead to 

nanoparticle uptake. Additionally, since interactions occur on live cells (thus with native 

receptors), complications resulting from conformational changes or binding to incorrect 

domains are as well excluded. 

 
Figure 6. Schematic illustration of the method to isolate receptors internalized upon exposure 
to (biomolecular corona-coated) nanoparticles. First, cell surface proteins are labeled with 
biotin at 4°C. Next, the cells are incubated with nanoparticle-corona complexes at 37°C for a 
certain period of time to allow nanoparticle internalization. Then, the cell surface biotin is 
removed, and finally, labeled proteins that are internalized by the cell upon exposure to the 
nanoparticles are isolated and purified, and later identified with mass spectrometry. The same 
method is used to identify internalized receptors in control cells not exposed to the 
nanoparticles, in order to select only those internalized upon exposure to the nanoparticles. 
Adapted from Aliyandi et al.64 
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In contrast to the pull-down approach, the number of receptors identified using this method 

was lower, thanks to the minimal presence of receptors involved in non-specific binding and 

other false-positive hits generated with extracted receptors. Nevertheless, also with this 

method validation is required to confirm the involvement of the identified receptors in 

nanoparticle uptake. Interestingly, among many receptors that were identified with this 

approach, there were some for which their ligands are not (yet) known, thus it is important to 

clarify their role in uptake. Importantly, receptors with a potential application as novel drug 

carrier targets may also be discovered. Despite all these benefits, it is also important to 

mention that the isolation process in this approach depends on the presence of the receptors 

inside the cells. Therefore, receptors that are quickly recycled back to the cell membrane 

might not be isolated. Applying this method after short nanoparticle incubation times may 

help to overcome this limitation. 

2.5 Conclusions and future perspectives 

To achieve ideal nanomedicine design with better targeting efficiency, it is of great importance 

to first understand the outcomes between nano-sized materials and living organism at cellular 

and molecular level. In the presence of a biological fluid, nanoparticles are covered by a 

biomolecular corona which could potentially determine many of those outcomes. It is now 

widely acknowledged that many key processes are driven by initial recognition of this 

adsorbed layer by cell receptors. Thus, the corona can affect receptor-mediated outcomes 

such as nanoparticle targeting, biodistribution, ability to cross biological barriers, and 

intracellular trafficking. The latest findings on the interactions between the biomolecular 

corona and cell receptors discussed in this review provide a deeper understanding of the 

complexity of this very first step in nanoparticle-cell interactions and its implication for the 

following outcomes at cell level. All these recent works showed that a combination of the 

knowledge of biomolecular corona composition, how these components are organized and 

presented, and which and how many receptors interact with this adsorbed layer are all critical 

aspects to be considered when designing targeted drug carriers. Thus, with the benefits and 

limitations offered by the discussed methods, better insights could be achieved by, for 

instance, combining some of them on the same systems. At the same time, the biomolecular 

corona itself can be used as a tool to discover potential ligands as well as receptors involved 
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in nanoparticle uptake in specific cell types to be used for novel targeting strategies.59–61,65,66 

Indeed, many more aspects are yet still to be disentangled, for instance, how other 

physiological factors such as flow and shear stress (in blood) influence not only the 

biomolecular corona composition, but also the resulting interactions with cell receptors. To 

this end, systematic and reproducible tools must be developed that include a more 

physiological platform to mimic in vivo conditions, while allowing a comprehensive 

characterization of the biomolecular corona, and investigation of the corresponding biological 

interactions. We believe that similar future developments will provide valuable insights and 

opportunities for accelerating the bench-to bed translation of nanomedicine. 
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Abstract 

In order to improve the current success of nanomedicine, a better understanding of how nano-

sized materials interact with and are processed by cells is required. Typical in vitro 

nanoparticle-cell interaction studies often make use of cells cultured at different cell densities. 

However, in vivo, for their successful delivery to the target tissue, nanomedicines need to 

overcome several barriers, such as endothelial and epithelial cell barriers. Unlike sub-

confluent or confluent cell cultures, cell barriers are tight cell monolayers, expressing a series 

of specialized tight junction proteins between adjacent cells to limit paracellular transport and 

ensure close cell-to-cell interactions. A clear understanding on how development of cells into 

a cell barrier may affect uptake of nano-sized drug carriers is still missing. To this aim, here, 

human primary umbilical vein endothelial cells (HUVEC) are used as a model cell line to form 

endothelial cell barriers. Then, nanoparticle uptake is assessed in the developed endothelial 

barriers and compared to the uptake in sub-confluent or confluent HUVEC cultures. The 

results clearly show that the organization of cells into a cell barrier leads to a differential gene 

expression of endocytic markers, and – interestingly - this is accompanied by reduced 

nanoparticle uptake levels. Transport inhibitors are used to characterise the mechanisms 

involved in the uptake.  However we show that some of them can strongly compromise barrier 

integrity, thus impairing the interpretation of the outcomes, and overall, only a partial 

inhibition of nanoparticle uptake could be obtained.  

3.1 Introduction 

Nano-sized materials have been shown to be promising tools as drug carriers for the delivery 

of drugs, proteins and siRNAs because of their ability to exploit cellular mechanisms to be 

internalized by cells.1–6 In particular nanomedicines have drawn a lot of interest for their 

potential as cancer therapeutics.7 Nano-sized carriers can in fact be used for passive targeting 

because of their capacity to reach the tumor tissue via the so called enhanced permeation and 

retention (EPR) effect.7–10 At the same time, they can also be decorated with targeting 

moieties and be directed specifically to tumors via active targeting. However the presence and 

efficacy of EPR in humans is currently being debated11–13 and recent debates have pointed out 

the - sometime - limited targeting efficiency of nanomedicines.14–17 This has been 

accompanied by a growing realization that a better understanding on how nano-sized carriers 
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are recognized and processed by cells could help improving further nanomedicine design for 

a more effective targeting.18–20 

In order to reach their target, nano-sized carriers and drugs need to overcome a series of 

barriers both at organ, tissue and cellular levels.21–23 Among these, endothelial cells constitute 

one of the very first barriers that nanomedicines need to overcome in order to reach the 

targeted organ following administration into the blood stream.24,25 In order to control access 

to the underlying tissue and impair the passage of pathogens and undesired molecules, 

endothelial cells are typically organized in cellular barriers expressing tight junctions among 

cells, and with a clear spatial and functional separation between their apical and basolateral 

membranes.26 As a result, endocytic pathways are differentially expressed between the two 

sides of the cell monolayer.27 In order to reach the underlying tissue, nano-sized drug carriers 

may be able to use paracellular transport (if the barrier integrity is compromised or if specially 

designed to do so)28,29 or – more often - they need to enter the cells by using the pathways 

expressed on the apical membrane and later be transcytosed from the basal membrane.30,31 

Other pathways that drugs can use to cross barriers may include specific transport proteins 

for smaller molecules, or simple diffusion across the cells for small lipophilic compounds. 

Overall, transport of (larger) nano-sized drug carriers across the endothelium is particularly 

challenging in the case of specialized endothelial barriers protecting organs such as - for 

instance - the brain, where the blood brain barrier constitutes a well-known example of one 

of the tightest barriers to drug delivery.32–35 

Because of all of these reasons, organized cell layers expressing tight junction proteins may 

constitute in vitro models that better reflect the barriers nanomedicines encounter in vivo in 

comparison to cells at different degrees of confluency, which are often applied for 

nanoparticle cell behavior studies.6,18,36,37 Examples of  nanoparticle studies using cell barriers 

are found in literature, especially for epithelial cells, such as for instance the skin, intestine, 

lung and liver hepatocytes.38–40 Less examples can be found in the case of endothelial cells, 

often focused on the endothelial blood brain barrier,35,41 but not only.40,42 

In general, optimizing cell culture conditions for ensuring the in vitro development of an intact 

cell barrier, without gaps among cells, can be particularly challenging.41 In some cases it has 

been observed that the development of a cell barrier is accompanied by reduced nanoparticle 
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uptake levels, for instance in epithelial cell barriers.40,43–46 In the case of endothelial cells, 

however, a clear view on the effect of the development of a cell barrier on nanoparticle uptake 

and the cellular mechanisms involved is still missing. 

Within this context, the aim of this study was to investigate how the differentiation of cells 

into a cell barrier in vitro affects nanoparticle uptake and behaviour in endothelial cells. For 

this purpose, we have chosen primary HUVECs (Human Umbilical Vein Endothelial Cells) as 

model (non-specialized) endothelial cells to develop endothelial cell barriers.47 Several 

nanoparticle cell interactions studies have already used this as an endothelial cell model,48,49 

including some examples in which cells were developed into barriers.50–52 After carefully 

optimizing cell culture conditions to ensure proper formation of a cell monolayer expressing 

tight junction proteins, we tested the effect of barrier formation on the uptake of 50 nm 

amorphous silica as a representative model nanoparticle.53 Thus, nanoparticle uptake kinetics 

in the barriers was directly compared to that in sub-confluent and confluent cells. Finally, 

protocols to use common chemical inhibitors of endocytosis on the cell barriers were carefully 

optimized with appropriate controls, paying special attention to the effect of these 

compounds on barrier integrity. The optimized protocols were then used for a preliminary 

study on the endocytic mechanisms involved in the uptake of 50 nm silica in the endothelial 

cell barriers. 

3.2 Materials and methods 

3.2.1 Cell culture 

Primary Human Umbilical Vein Endothelial Cells (HUVEC) from pooled donors (LONZA, 

Allendale, NJ, USA) were grown in standard cell culture flasks under standard conditions 

(37 °C, 5% CO2) in Endothelial Basal Medium (EBM-2) supplemented with EGM-2 bullet kit 

(LONZA). All experiments were performed using cells from passage 2 to maximum 7 in order 

to limit cell senescence and loss of the primary cell characteristics. The medium was changed 

every 48 hours.  

3.2.2 Trans-Endothelial Electrical Resistance (TEER) 

Trans-Endothelial Electrical Resistance (TEER) measurements were performed in order to 

monitor the formation and integrity of the HUVEC cell barriers over time. HUVEC were seeded 
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at a density of 3000 cells cm-2 or 50000 cells cm-2 on 12 mm Transwell® inserts (Corning, NY, 

USA) with a polycarbonate or polyester filter of 0.4 μm pore size. The filters were pre-coated 

with cold rat-tail collagen type-I (100 μg ml-1) (Corning, NY, USA) for 1 hour at room 

temperature, washed three times with PBS and air-dried for 20 minutes before cell seeding. 

As common in this kind of studies,41 in order to keep equivalent conditions for cell growth, the 

same procedure was followed to pre-coat also the plastic and glass substrates required for 

flow cytometry and fluorescence microscopy (see below). The basal and the apical chambers 

were both filled with cell culture medium pre-warmed at 37 °C (1.5 and 0.5 ml respectively, 

for all experiments with Transwell inserts). In order to monitor the development of the cell 

barriers, the TEER was measured using an EndOhm-6 chamber and an EVOM2 Meter (World 

Precision Instruments, Sarasota, FL, USA) every day up to 10 days after seeding. The TEER 

values of a blank insert without cells (5-6 and 10-12 Ω for PC and PE filters, respectively) were 

subtracted from the obtained resistance values and the results were multiplied by the insert 

area (1.12 cm2) (thus the final values are expressed as Ω cm2). The measurement was 

performed on two inserts for each condition and was repeated at least two times for each 

insert. Results are the average and standard deviation over the two replicates. 

3.2.3 Para-cellular Permeability Assay 

In order to monitor cell barrier development, the leakage of a fluorescent probe (4 kDa FITC-

Dextran, Sigma-Aldrich St. Luis, USA) from the apical to the basal chamber of the Transwell® 

systems was monitored over time. Briefly, 3000 cells cm-2 or 50000 cells cm-2 were seeded on 

12 mm Transwell® inserts as described above. FITC-Dextran (200 μg ml-1 in complete cell 

culture medium) was added to the apical chamber in Transwells with cells, as well as 

Transwells without cells (controls, CTRL) and the chambers were kept at 37 °C, 5% CO2. Every 

20 minutes, 100 μl of medium was collected from the basal chamber and replaced with 100 

μl of fresh medium for a total of 2 hours. The fluorescence intensity was measured 

immediately using a Gemini EM microplate spectrofluorometer (Molecular Devices, CA, USA) 

and the apparent permeability coefficient (Papp) of FITC-dextran was determined as described 

in literature54 using the following equation:  

Papp = ∆Q
∆t×A×C

   (1) 
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where ∆Q ∆t-1 is the permeability rate (μg s-1), C is the initial concentration of FITC-dextran in 

the apical chamber (μg ml-1), and A is the surface area of permeable membrane inserts (cm2). 

Serial dilutions of FITC-dextran in complete EGM-2 medium (in the range 0 to 25 µg ml-1) were 

used to determine for each experiment a calibration curve of the fluorescence intensity as a 

function of concentration (see an example in Supplementary Figure S6). This was used to 

determine the transported mass ∆Q over the investigated time ∆t, taking into account the 

medium replacement in the basal chamber. Normalized data were obtained by dividing the 

Papp obtained on Transwells with cells with that obtained on Transwells without cells (100% 

Papp). 

3.2.4 Immunohistochemistry 

Cell confluency and morphology were assessed regularly using light microscopy (Olympus 

IX50). Tight junction proteins were immunostained and their expression and distribution 

inside cells determined by confocal imaging. Briefly, 3000 cells cm-2 or 50000 cells cm-2 were 

seeded in a 24-well plate (Corning) on glass coverslips pre-coated with rat-tail Collagen Type-

I as described above. At different days after seeding, cells were fixed with formaldehyde (4% 

v/v) solution for 15 minutes and permeabilized with Triton X-100 (0.1% v/v) for 5 minutes. 

Subsequently, cells were incubated with a polyclonal rabbit primary antibody against the tight 

junction protein ZO-1 (zonula occludens-1, Life technologies, NY, USA) and monoclonal mouse 

primary antibody against CD31 (cluster of differentiation 31, also known as PECAM1, platelet 

endothelial cell adhesion molecule, Dako, Glostrup, Denmark) for 1 hour at room 

temperature, followed by incubation in Alexa Fluor®488 goat anti-mouse (Life technologies, 

NY, USA) and Cy®5 goat anti-rabbit (Jackson Immuno Research Laboratories, Inc., PA, USA) 

secondary antibodies for 1 hour. The effect of nocodazole on microtubules was assessed by 

incubating samples with a mouse primary antibody against human α-Tubulin (Merck Millipore, 

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

antibody (Life technologies, NY, USA) for another hour. Efficacy of cytochalasin D on actin 

depolymerization was assessed by incubating samples with phalloidin conjugated with TRITC 

(Sigma-Aldrich St. Luis, USA), which stains F-actin selectively. After antibody incubation, cells 

were washed 3 times with PBS. Nuclear staining was performed by incubating cells for 5 

minutes with DAPI (4',6-diamidino-2-phenylindole). Subsequently, slides were mounted with 
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Mowiol 4-88 mounting medium (EMD Chemical, Inc., CA, USA). Images were taken 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, a 552 nm laser of TRITC 

and a 638 nm laser for Cy5®. Images were processed using ImageJ software 

(http://www.fiji.sc). IMARIS V.7.6.4 software (Bitplane, St. Paul, MN) was used for 3D 

reconstructions of the z-stack images and to generate the corresponding movie. In order to 

increase the visual clarity of the 3D images, the brightness and contrast of the tight junction 

protein channels (ZO-1 and CD31) were adjusted. 

3.2.5 mRNA expression 

In order to determine the effect of barrier formation on cells, the expression levels of a series 

of genes coding for proteins known to be involved in different endocytic pathways were 

determined by RT-PCR using the primers listed in Table S1, Supplementary Information. 

HUVECs were seeded at a density of 3000 cells cm-2 and cultured for 3 or 7 days as previously 

described. Additionally, to measure expression levels in confluent cells, cells were seeded at 

a density of 25000 cells cm-2 and cultured for 1 day. Then, 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 mRNA (2 µg for both day 

3 and day 7 cultures) 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 deviation were calculated. Results are expressed as fold-

change of the averaged Ct values of day 7 samples (Ct7) related to Ct values of control day 3 

samples (Ct3) as follows: 

Fold change = 2−(Mean Ct7−Mean Ct3)  (2) 
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The same formula was used to calculate the fold-change of Ct values of day 7 barriers related 

to Ct values of confluent cells. 

3.2.6 Nanoparticle characterization 

Red fluorescently labelled (Maximum excitation and emission wavelengths 569 and 585 nm 

respectively) silica nanoparticles (SiO2 nanoparticles) of 50 nm and 200 nm were purchased 

from Kisker Biotech (Steinfurt, Germany). Different batches (LOT numbers) of the same 

product were used among some of the different experiments presented. Fluorescently 

labelled red (580/605) and orange (540/560) carboxylated polystyrene nanoparticles (PS-

COOH nanoparticles) of 40 nm and 200 nm – respectively - were purchased from Invitrogen 

(Life Technologies, Carlsbad, CA, USA). In order to characterize the nanoparticle dispersions 

and monitor their stability throughout the duration of the experiments, nanoparticle size 

distributions were measured using Dynamic Light Scattering (DLS) with a Malvern Zetasizer 

Nano ZS. The same instrument was used also to measure zeta potential (ζ-potential). Briefly, 

nanoparticles (100 μg ml-1) were dispersed in PBS, dH2O or the cell culture medium (EBM-2) 

supplemented with 4 mg ml-1 human serum (human serum from pooled donors, from TCS 

BioSciences Ltd Botolph Claydon, Buckingham, UK) at 20 ˚C and immediately measured, using 

disposable folded capillary cells (Malvern Instruments Ltd., Worcestershire, UK). Different 

batches of pooled human serum were used for some of the experiments presented. In order 

to monitor nanoparticle stability during exposure to cells, nanoparticles were incubated for 

24 hours in complete culture medium in the same conditions as when exposed to cells (37 °C, 

5 % CO2). Size measurements were averaged results from 5 runs of at least 3 measurements. 

3.2.7 Exposure to Nanoparticles and Flow Cytometry Analysis  

Cell fluorescence intensity was used as a measurement of nanoparticle uptake in HUVEC at 

different days after seeding and on the fully developed cell barriers. HUVEC were seeded in 

24-well plates at a density of 3000 cells cm-2 and grown for 7 or 3 days, as described above. 

Additionally, cells were seeded at a density of 25000 cells cm-2 and cultured for 1 day. Then, 

HUVEC were exposed for different time periods to 50 nm red SiO2 (100 μg ml-1), 200 nm red 

SiO2 (200 μg ml-1), 40 nm red PS-COOH (2 μg ml-1) or 200 nm orange PS-COOH (3 μg ml-1). 

Given the different nanoparticle size, density and fluorescence, different mass concentrations 

were selected for each nanoparticle type in order to ensure good fluorescence signals in cells. 
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Nanoparticles were dispersed at room temperature in cell culture medium containing human 

serum (human serum from pooled donors, from TCS BioSciences Ltd Botolph Claydon, 

Buckingham, UK). The final serum concentration was 4 mg ml-1, roughly corresponding to the 

protein concentration present in standard cell culture media prepared using 10% fetal bovine 

serum. Cells were exposed to the freshly made nanoparticle dispersions immediately after 

mixing, by replacement of the cell culture medium. In order to reduce variability due to the 

preparation of nanoparticle dispersions, cells were seeded and grown so that the same 

nanoparticle dispersion was used to incubate HUVEC which were grown for different days 

after seeding. After different exposure times, cells were washed with medium supplemented 

with FBS (10% v/v) and twice with PBS in order to remove nanoparticle excess and reduce the 

presence of eventual nanoparticles adhering outside the cell membrane. Thus, cells were 

harvested using trypsin–EDTA (0.05% v/v). Cell fluorescence for nanoparticle experiments was 

recorded using a BD FACSArray (BD Biosciences, Erembodegem, Belgium) with a 532nm laser 

or – for the results in Figure 4c - 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). Double scatter forward and side scattering plots were used to set gates 

in order to exclude cell debris and cell doublets and select intact cells. For each experiment, a 

total of at least 15000 cells were acquired per sample and each sample was performed in 

triplicate. The results in the Figures are expressed as the averaged median cell fluorescence 

intensity and standard deviation over the 3 replicates. At least 3 independent experiments 

were performed to confirm the results. 

3.2.8 Cell counting 

In order to determine the number of cells in confluent cultures and the optimized barriers, 

HUVEC were seeded in 24-well plates at a density of 3000 cells cm-2 and grown for 7 days, as 

described above. Additionally, cells were seeded at a density of 25000 or 50000 cells cm-2 and 

cultured for 1 day. Then, cells were harvested using trypsin–EDTA (0.05% v/v) as described 

above and cell numbers were counted using a Neubauer hemocytometer or by flow 

cytometry, using a Cytoflex Flow Cytometer (Beckman Coulter, Woerden, the Netherland. The 

instrument allows to determine the number of cells in calibrated volumes). The results are the 

average and standard deviation over two replicate wells. 
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3.2.9 Studies with Pharmacological Inhibitors 

To investigate the role of different endocytic pathways and cellular structures in nanoparticle 

uptake in the cell barriers and confluent cells, cells were treated with pharmacological 

inhibitors and nanoparticle uptake in cells exposed to the different drugs was compared to 

that in untreated cells. Each inhibitor concentration was optimized in order to limit cell death 

during the experimental period and to maximize the drug efficacy. Briefly, 3000 cells cm-2 were 

seeded in a 24-well plate coated with rat-tail collagen type I and cultured for 7 days as 

described above in order to form cell barriers. Additionally, to study uptake mechanisms in 

confluent cells, cells were seeded at a density of 25000 cells cm-2 and cultured for 1 day. Then, 

cells were pre-incubated for 10 minutes in serum-free medium supplemented with the 

different inhibitors at the following concentrations: chlorpromazine hydrochloride (CP) (5 µg 

ml-1), methyl-β-cyclodextrin (MβCD) (2 mg ml-1), dynasore (Dyn) (30 μg ml-1) (all from Sigma-

Aldrich St. Luis, USA), nocodazole (NZ) (5 µM) (Biovision, California, USA), cytochalasin D 

(CytoD) (0.5 µg ml-1) (Life technologies, NY, USA). Additional drug concentrations were tested 

for optimization of these protocols (as detailed in Supplementary Information, Figures S17 to 

S21). After the pre-incubation with the drug, 50 nm red SiO2 nanoparticles dispersed in human 

serum (4 mg ml-1) where added to the cells in the presence of the drug. Alternatively, the 

uptake of fluorescently labelled endocytic markers was used as a control of the efficacy of the 

drugs. Fluorescently labelled Low Density Lipoprotein (BODIPY LDL, Life technologies, NY, USA) 

(2 µg ml-1 in serum free medium) was used as a marker for clathrin-mediated endocytosis. 

Uptake of BODIPY lactosylceramide/BSA complex (BODIPY LacCer; Life technologies, NY, USA) 

(1 µg ml-1 in serum free medium) was measured to verify the effect of cholesterol depletion. 

Samples were collected and prepared for flow cytometry as described above and the 

fluorescence intensity of at least 20000 cells was measured in triplicate for each time point 

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

laser. Normalized uptake data were calculated by dividing the averaged median fluorescence 

of cells exposed to the nanoparticles or control markers in the presence of the inhibitors with 

the averaged median fluorescence of control cells exposed for the same time to the same 

nanoparticles or control markers without inhibitors. From the normalized uptake data, the 

percentage of reduction of uptake are calculated by subtraction (Uptake reduction % = 100% 

- normalized uptake %). 
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3.3 Results and discussion 

3.3.1 HUVEC Barrier Characterization and Optimization 

HUVEC cells were chosen as a model system to develop endothelial cellular barriers. Prior to 

nanoparticle studies, extensive work was performed in order to optimize the culture 

conditions for the development of a cell barrier expressing tight junction proteins. Different 

coatings such as rat tail collagen type-I or type-3 and 4, gelatin and fibronectin are typically 

used to improve adherence and growth of cells, including endothelial cells and HUVECs.35,41,55–

57 Rat tail collagen type-1, fibronectin and gelatin were tested and, as expected, they all 

allowed increased HUVEC adherence in comparison to uncoated surfaces, but with no obvious 

differences among them (see example in Supplementary Figure S1, for collagen type-1). Thus 

we selected rat tail collagen type-I (as in many other studies with endothelial cells)35,41 for 

further optimization of cell growth conditions.  

Trans-Epithelial Electrical Resistance (TEER), permeability assays and imaging of tight junctions 

were combined in order to monitor the development of cell barriers in the different conditions 

tested (Figure 1 and Supplementary Figures S2-S8). As a first step, the barriers formed after 

seeding HUVECs at different starting cell densities (3000 and 50000 cells cm-2) were compared. 

Imaging of ZO-1 (zonula occludens-1) and CD31 (cluster of differentiation 31, also known as 

PECAM1, platelet endothelial cell adhesion molecule), two common tight junction proteins in 

endothelial cells, was used to monitor cell barrier development at different days after 

seeding.26 

In the first days, tight junction proteins were distributed intracellularly all over the cell. Only 

7 days after seeding 3000 cells cm-2, or 4 days after seeding 50000 cells cm-2 tight junctions 

were clearly visible in the margins between cells (Figure 1a and Supplementary Figures S2 and 

S3), suggesting development of a cell barrier. 3D z-stack images at confocal microscopy clearly 

confirmed this (Supplementary Movie S1 and projection in Figure 1c). It is important to notice 

that light microscopy seemed to indicate cell confluency already at earlier times, when 

fluorescence microscopy showed that proper tight junctions were not formed yet. This 

indicates that confluency alone is not a good parameter to assess the development of a cell 

barrier. At later days after seeding, HUVECs started to overlap in multiple layers and detached 

dead cells were also visible (see later for further details). 
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Figure 1. Characterization of the optimized HUVEC barriers. 3000 cells cm-2 HUVEC were 
plated on collagen coated glass coverslips (a-c) or Transwell inserts (d-e) and their growth was 
monitored for different days after seeding. a and c: confocal images of a HUVEC barrier (7 
days after seeding) stained with anti-ZO-1 (red) or anti-CD31 (green) antibodies. Blue: DAPI 
stained nuclei. Scale bar: 20 µm. b: light microscopy image of the same culture. Scale bar: 50 
µm. c: z- stack projection by confocal microscopy of a 7-day. Scale bar: 10 µm. d: Apparent 
permeability (Papp) of FITC-Dextran (4 kDa, 200 µg ml-1) at different times after seeding cells 
on polyester Transwell inserts. The fluorescence intensity of FITC-Dextran in the basal 
chamber was used to calculate the apparent permeability as described in the Experimental 
Section. Results are the average value and standard deviation of 2 different inserts. The results 
obtained with Transwells without cells are also included (CTRL). e: Trans Epithelial Electrical 
Resistance (TEER) at different times after seeding cells on polyester Transwell inserts. Results 
are the average TEER value and standard deviation obtained from two different inserts which 
were measured over time for the entire experimental period. 

Trans-Epithelial Electrical Resistance (TEER) assays were also used to further characterize the 

development of cell barriers in the different conditions tested (Figure 1e and Supplementary 

Figure S4, including comparisons for barriers formed on filters of different materials). For this 

purpose, we selected 12 mm Transwell® inserts with a polyester filter of 0.4 μm pore size. 

Even though these measurements are very difficult to control quantitatively (see 

Supplementary Figure S5 as an example), the measured TEER values were comparable to what 

reported in literature for HUVECs in similar studies58–60 and the trend observed was in all cases 

the same: TEER values increased as cell barriers formed in the first days after seeding, reaching 

a plateau roughly after 7-8 days or 2-4 days, for cells seeded at the lower and higher cell 

densities, respectively. These timescales are in agreement with what observed by imaging of 
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tight junction proteins and light microscopy (Supplementary Figures S2 and S3). After that, for 

the lower cell density, the TEER values started to decrease, probably as a consequence of loss 

of barrier integrity and cell death (as clearly visible in light microscopy images before and after 

washing in Supplementary Figure S6, and also the fluorescence images of Figures S2). In the 

case of cells seeded at the higher cell density, after the plateau and a similar decrease, a 

second apparent peak in TEER could be observed. Also, in this case, however, light microscopy 

images before and after washing the cell cultures (Supplementary Figure S7) showed strong 

cell death and compromised barrier integrity. This clearly excluded the possibility to interpret 

this second peak as an indication of an intact barrier (the observed formation of multiple cell 

layers in these overgrown barriers, as shown in Supporting Figure S3 day 9, may in part explain 

this second increase).  

Overall, the TEER results showed that by starting with a lower cell density (3000 cells cm-2) 

and waiting longer for barrier development, slightly higher TEER values could be obtained, 

suggesting a better barrier development in these conditions (Supplementary Figure S4). 

The apparent permeability (Papp) of 4kDa FITC-Dextran across the developing cell layer was 

also used to monitor the development of a cell barrier (Figure 1d and Supplementary Figure 

S4 with an example of a corresponding calibration curve in Supplementary Figure S8). The 

values obtained were comparable with what was determined in literature for similar 

systems.61–64 The results indicated that when 3000 cells cm-2 were seeded (Figure 1d), HUVEC 

permeability progressively decreased over time until 7 days after seeding, when it reached a 

minimum value corresponding to 40% of the permeability of a Transwell without cells (see 

also normalized results in Supplementary Figure S4c). Again, this timescale is comparable to 

what determined by TEER measurements and microscopy. On the other hand, the Papp of 

HUVECs seeded at high cell density (Supplementary Figure S4d) was already low since the 

beginning and fluctuated around the same values (40 to 60%) for all the experimental period 

(probably a smaller probe would be needed to be able to measure a decrease in apparent 

permeability in these conditions).  

Taken all-together, tight junction staining, TEER and Papp assays suggested that seeding lower 

cell numbers and waiting for longer times allowed HUVEC to form tight junctions, which 

resulted in a high electrical resistance and a low permeability to molecules in about 7 days 
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after seeding. We selected these optimized conditions for the following studies to assess the 

behaviour of nanoparticles on the developed cell barriers. 

Figure 2. Expression levels of genes coding for endocytic proteins in HUVEC barriers in 
comparison to sub-confluent cells. HUVEC were seeded at a density of 3000 cells cm-2 and 
cultured for three or seven days. RT-qPCR was performed as described in the Experimental 
Section to determine the expression levels of genes coding for some cell receptors (LDL and 
transferrin receptors), and for a series of targets involved in clathrin mediated endocytosis 
(CME), caveolae-mediated endocytosis, macropinocytosis, and other clathrin and caveolae 
independent mechanisms (Others) (see also Supplementary Table S1 for details). Results 
represent the average and standard deviation over 2 replicates of the fold-change in gene 
expression levels in HUVEC barriers (day 7) compared to sub-confluent cells (day 3), calculated 
as detailed in the Experimental Section. 

In order to test the effect of the development of a cell barrier on uptake and transport 

mechanisms, we also compared the expression levels of genes coding for key proteins 

involved in different endocytic pathways in sub-confluent HUVEC and in the optimized cell 

barriers (3 and 7 days after seeding 3000 cells cm-2, respectively). Similar approaches were 

used to characterize an in vitro model of the blood brain barrier endothelium.42 The results 

clearly showed that in all cases the mRNA expression levels of the selected endocytic targets 

were lower when cells were differentiated in a cell barrier compared to sub-confluent cells 

(Figure 2). Similarly, the gene expression levels of the same targets were also measured in 

confluent cells (25000 cells cm-2 seeded one day before the experiment). Cell counting 

confirmed that cell numbers in these confluent layers were comparable to the cell numbers 

in the optimized cell barriers (7 days after seeding 3000 cells cm-2) (Supplementary Figure S9). 

Also, in this case, the results showed that the gene expression levels of the selected endocytic 

targets were lower when cells were developed into a cell barrier (Supplementary Figure S10). 
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Overall, this further confirmed that the optimized protocols allowed us to obtain a well-

differentiated endothelial cell barrier. At the same time, the results clearly indicated that cell 

confluence alone does not guarantee the development of a cell barrier.  

3.3.2 Nanoparticle uptake by HUVEC barriers 

Having observed reduced expression of genes coding for key endocytic proteins in the 

optimized endothelial cell barriers, we then studied eventual consequences for nanoparticle 

uptake. This was done by directly comparing nanoparticle uptake levels in the optimized cell 

barriers and sub-confluent or confluent HUVEC cultures. To this aim we used red fluorescently 

labelled 50 nm silica as a well characterized model in nanoparticle uptake studies.53 It is well 

established that once nanoparticles are dispersed in biological fluids, biomolecules from the 

surrounding environment adsorb on their surface, forming the so called nanoparticle 

corona.47,53,65 More recently, it has also emerged that cell receptors can recognize and interact 

with the proteins adsorbed in this layer.66–68   

Thus, in order to use a more relevant biological media for exposure to human endothelial cells, 

the nanoparticles were dispersed in a cell culture medium supplemented with human serum 

rather than the usual FBS. The use of a medium with human serum during exposure to the 

nanoparticles did not cause any major effect on cell viability and barrier integrity, in 

comparison to barriers maintained in standard FBS supplemented medium (data not shown). 

Dynamic Light Scattering was used to confirm that stable dispersions could be obtained in the 

conditions used for exposure to cells for up to 24 hours (see Supplementary Figure S11, after 

24-hour incubation at 37 ̊ C, 5% CO2 in cell culture medium supplemented with human serum, 

HS EBM-2).  

A direct comparison of nanoparticle uptake levels obtained in independent experiments, 

performed using same batches of nanoparticles and serum, confirmed good control and 

reproducibility of both the model cell barriers, as well as of the nanoparticle dispersions and 

exposure to cells (Supplementary Figure S12). As expected, the cell fluorescence intensity 

increased with incubation time as a consequence of nanoparticle uptake. Confocal microscopy 

confirmed nanoparticle uptake in the cell barriers and, as previously observed in different cell 

types for the same material,3,69  nanoparticle accumulation into the lysosomes (Figure 3a). 
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As a next step, we compared the uptake of silica nanoparticles on sub-confluent cells and the 

optimized cell barriers (3 and 7 days, respectively, after seeding 3000 cells cm-2) for up to 48 

hours (Figure 3b). Interestingly, the results showed that nanoparticle uptake in the cell 

barriers was lower than in sub-confluent cells. In order to exclude that this was simply due to 

the higher cell number (thus lower dose of nanoparticles per cell) or to the lower surface area 

when cells are tightly packed into a barrier, we compared nanoparticle uptake in the cell 

barriers (7 days after seeding 3000 cells cm-2) and in confluent cells with similar cell density 

(25000 cells cm-2 seeded one day before the experiment). As previously shown, cell numbers 

were comparable in the two conditions (Supplementary Figure S9). Also, in this case, uptake 

in the cell barriers was lower than in confluent cells (Figure 3c). Importantly, the observed 

lower uptake was not unique to these specific nanoparticles, since similar results were 

obtained also with silica of bigger size (200 nm) and nanoparticles of a different material 

(carboxylated polystyrene of 40 and 200 nm) (see Supplementary Figure S11 for DLS 

characterization, S13 for confocal microscopy and S14 and S15 for uptake studies). This result 

suggested that the lower uptake was not due to specific physicochemical properties of a 

particular nanoparticle type, rather depended on the development of cells into a cell barrier. 

3.3.3 Nanoparticle uptake mechanism in HUVEC barriers 

As a final step, we studied in more detail the mechanisms involved in nanoparticle uptake in 

the HUVEC barriers. The mechanisms that cells use to internalize nanoparticles still remain 

unclear in many cases, also because of the difficulty in characterizing transport pathways in 

cells and the limits of the different methods typically used to address this question.18 RNA 

interference can be used to block selectively the expression of key proteins involved in 

different endocytic mechanisms, thus determining their role in nanoparticle uptake. However, 

it is known that primary cells, as also HUVEC, in most cases are very difficult to transfect and 

silence (see example in Supplementary Figure S16).70,71 
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Figure 3. Nanoparticle uptake and intracellular trafficking in HUVEC barriers. a: confocal 
microscopy image of a HUVEC barrier (seven days after seeding 3000 cells cm-2) exposed for 
24 hours to 100 µg ml-1 50 nm red SiO2 nanoparticles. Red: nanoparticles, Green: LAMP-1, 
Grey: ZO-1, Blue: DAPI stained nuclei. Scale bar: 50 μm. b-c: Median cell fluorescence intensity 
as obtained by flow cytometry of HUVEC exposed for increasing times to 100 µg ml-1 50 nm 
red SiO2 nanoparticles dispersed in EBM-2 medium supplemented with 4 mg ml-1 human 
serum. Uptake levels in HUVEC barriers (seven days after seeding 3000 cells cm-2) are 
compared to those in (b) subconfluent HUVEC (three days after seeding 3000 cells cm-2) and 
(c) confluent HUVEC (one day after seeding 25000 cells cm-2). The results are the average 
median fluorescence intensity of three replicates and error bars (included for all data points) 
are the standard deviation. 

For this reason, we used chemical inhibitors to block different uptake pathways thus 

determine their involvement in the uptake of the 50 nm silica nanoparticles (Figure 4). 

Chemical inhibitors are often used because they are relatively simple to use and their effect is 

very fast. However, it is known that their efficacy can vary in different cell types and they can 

also be very toxic, thus careful controls need to be performed in order to demonstrate their 

efficacy and exclude toxicity.18,37 To this aim, protocols were optimized on the developed 

barriers by verifying the effect of the inhibitors on the uptake of control markers and by 

immunostaining of actin and microtubules. Eventual effects on barrier integrity were 

monitored by light microscopy (The results of the optimization studies for each of the 

compound tested are included in Supplementary Figures S17 to S21. Additionally, the results 

of Figure 4 after normalization for uptake levels in control cells without drugs are also given 

in Supplementary Figure S22).  

Overall, HUVECs seemed to be particularly sensitive to all the drugs tested and most of the 

times the integrity of the cell barrier was impaired after exposure to the inhibitors (Figure 4), 

thus limiting the interpretation of the outcomes. With chlorpromazine, a compound 
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commonly used to block clathrin mediated endocytosis (CME),37,72 we obtained a decrease of 

only 30 to 50% at the different exposure times in the uptake of labelled low density lipoprotein 

(LDL), which is known to be internalized via CME (Figure 4a and normalized results in 

Supplementary Figure S22a). Furthermore, addition of chlorpromazine clearly resulted in loss 

of barrier integrity (Figure 4b), while lower drug concentrations were not effective in blocking 

the uptake of LDL (Supplementary Figure S17a). Using these conditions, around 40% inhibition 

of 50- nm silica nanoparticle uptake was observed at all exposure times in the compromised 

barriers in the presence of chlorpromazine (Figure 4c and normalized uptake results in 

Supplementary Figure S22b). 

Nocodazole and cytochalasin D were then used to block microtubule and actin polymerization, 

respectively: these drugs are used often as inhibitors of macropinocytosis, but microtubule 

and actin are known to play a role also in other pathways, including CME.18,37 Immuno-staining 

confirmed that both drugs had strong effects on microtubule and actin polymerization (Figure 

4d and 4g). However, as observed for chlorpromazine, also these drugs caused evident 

disruption of the cell barrier (Figure 4e and 4h). This is perhaps not surprising considering their 

effects on microtubules and actin, which are essential to maintain cell shape and structure. In 

these conditions, maximum 20% inhibition of 50 nm silica nanoparticle uptake was observed 

in the compromised barriers in the presence of nocodazole and 30 to 40% inhibition at 

increasing exposure times in the presence of cytochalasin D (Figure 4f and 4i, respectively and 

normalized uptake results in Supplementary Figures S22c and S22d). 
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Figure 4. Uptake mechanisms in HUVEC barriers. HUVEC barriers (seven days after seeding 
3000 cells cm-2) were exposed to 5 µg ml-1 chlorpromazine (CP) (a-c), 5 µM nocodazole (NZ) 
(d-f), 0.5 µg ml-1 cytochalasin D (CytoD) (g-i), 2 mg ml-1 methyl-β-cyclodextrin (MBCD) (j-l), or 
30 µg ml-1 dynasore (Dyn) (m-o). Left panels: controls for drug efficacy: uptake by flow 
cytometry of 2 µg ml-1 BODIPY-LDL (a and m), and 1 µg ml-1 of BODIPY LacCer (j) in control cells 
(Ctrl) and cells exposed to chlorpromazine, dynasore and MβCD respectively; confocal images 
were used as positive controls for nocodazole and cytochalasin D after staining the cells with 
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fluorescent antibodies against tubulin (d) or actin (g) (scale bar: 30 µm). Middle panels: light 
microscopy images of HUVEC barrier morphology after exposure to each inhibitor (scale bar: 
50 µm). Right panels: effect of the drugs on nanoparticle uptake. HUVEC barriers were 
exposed to 100 µg ml-1 50 nm red SiO2 nanoparticles in EBM-2 supplemented with 4 mg ml-1 
human serum for the indicated times in the presence or absence of the different drugs. Results 
are the average and standard deviation of three replicates. The same results after 
normalization for the uptake in control cells without inhibitors are given in Supplementary 
Figure S22. 

Next, methyl-β-cyclodextrin (MβCD) was used to sequester cholesterol from the plasma 

membrane. Cholesterol depletion is often used to block caveolae mediated endocytosis, 

however, it has been shown to affect also several other pathways.18 Uptake of fluorescently 

labelled lactosylceramide (LacCer), a common compound that requires cholesterol for its 

internalization,37 was used to verify MβCD efficacy. As opposed to the other drugs tested, in 

this case we could optimize protocols to achieve a very strong inhibition of LacCer uptake 

without compromising barrier integrity (Figure 4k). With the optimized conditions, LacCer 

uptake was strongly reduced up to 80% when MβCD was added (Figure 4j and normalized 

uptake results in Supplementary Figures S22e) and this reduction was even stronger at longer 

exposure times. However, no or only maximum 20% reduction of 50 nm silica nanoparticle 

uptake was observed upon cholesterol depletion in the cell barriers (Figure 4l and normalized 

uptake results in Supplementary Figures S22f).  

Finally, we optimized protocols to expose the cell barriers to dynasore, a drug that suppresses 

dynamin-dependent endocytic pathways by inhibiting the GTPase activity of dynamin.73 With 

the optimized conditions, the uptake of LDL, which is known to require dynamin for its 

internalization, was reduced by up to 70% at increasing exposure times (Figure 4m and 

normalized uptake results in Supplementary Figures S22g). Importantly, also in this case the 

cell barrier integrity was maintained (Figure 4n). However, exposure to dynasore had only a 

minor effect on the uptake of 50 nm silica nanoparticles (roughly 10-15% inhibition at all 

exposure times) (Figure 4o and normalized uptake results in Supplementary Figures S22h). 

As a final step, the same compounds were tested also on confluent cells in order to investigate 

eventual differences in uptake mechanisms between the barriers and confluent cells 

(Supplementary Figure S23). The results showed that only with cytochalasin D a small 

reduction of uptake could be observed (around 25% at all exposure times, as shown in 
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Supplementary Figure S23h and S23i) and similarly with chlorpromazine at the longer 

exposure times (around 25% after 5 hours, as shown in Supplementary Figure S23b and S23c). 

This may suggest that different mechanisms are involved in comparison to what observed in 

cell barriers. However, further studies need to be performed to fully clarify this, and new 

methods need to be developed to fully characterize uptake mechanisms, especially for the cell 

barriers. 

In conclusion, the concentrations of the different drugs tested needed to be optimized in 

order to achieve a good inhibition without affecting barrier integrity. In several cases this was 

not possible and the barrier was strongly compromised by exposure to some of these 

compounds. Exposure to chlorpromazine, nocodazole and cytochalasin D resulted in loss of 

barrier integrity and a partial reduction of 50 nm silica nanoparticle uptake in the 

compromised barriers. In the case of MßCD and dynasore instead we could achieve an optimal 

inhibition of the uptake of control markers, while preserving barrier integrity. However, 50 nm 

silica uptake was essentially unaffected by the two treatments. The lower effect on 

nanoparticle uptake could also be related to the presence of proteins in solution during 

exposure to nanoparticles, which may limit drug efficacy due to protein adsorption. As for the 

other compounds, higher drug concentrations led to loss of barrier integrity, making it again 

very challenging to conclude on the applicability of these compounds and more in general on 

the uptake mechanisms in the barriers. 

Overall, the partial reduction of uptake observed with these compounds may suggest the 

involvement of multiple pathways. However, given the strong effects on barrier integrity, it is 

difficult to conclude whether the same mechanisms are actually involved in the uptake of 

these nanoparticles in the fully developed cell barriers. Given that on confluent cells the 

results were slightly different than what observed in the barriers, and only cytochalasin D gave 

a (smaller) reduction of nanoparticle uptake, one may also hypothesize that even though the 

barrier integrity is compromised, the cells do retain some different behaviour. However, the 

results clearly indicated that overall different methods need to be developed to study uptake 

mechanisms in cell barriers, thus to be able to fully address this kind of questions. 
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3.4 Conclusions 

The aim of this study was to determine the effect of the development of cells into a cell barrier 

on nanoparticle uptake in endothelial cells in comparison to standard cell cultures at different 

degrees of cell densities as commonly applied for in vitro studies. Different methods have 

been combined to monitor cell growth and to optimize the development of HUVEC endothelial 

cell barriers, varying conditions such as the presence of a coating, and the starting cell density. 

Barrier formation was confirmed via TEER measurements, permeability assays and imaging of 

tight junction proteins in the different conditions tested. Interestingly, a change in the 

expression levels of genes coding for several endocytic markers was also observed with the 

optimized conditions, further confirming the development of a differentiated cell barrier. 

Thanks to the optimized growth conditions, we could determine that the development of a 

cell barrier affects nanoparticle interactions with cells. In particular, we found that 

nanoparticle uptake was lower in the endothelial cell barriers than in sub-confluent cells. 

Importantly, this behaviour did not depend on the specific physicochemical properties of a 

particular nanomaterial, since the same results was obtained with nanoparticles of different 

sizes and different materials. This suggested that the lower uptake was due to the 

development of cells into a cell barrier. Furthermore, the observed reduction of uptake was 

not simply due to the lower surface area of the cells in the barrier, since lower uptake was 

observed also in comparison to confluent cells of similar cell density. Importantly, these 

results also indicated that cell confluence alone does not guarantee the development of a cell 

barrier with proper tight junction expression.  

Various examples in literature showed a reduction in the endocytic activity of endothelial and 

epithelial cell types after differentiation74 or polarization.75,76 Here we show that the 

organization of HUVECs in a cellular barrier, which results into lower expression of genes 

coding for different endocytic markers, can also influence nanoparticle uptake levels.  

It is important to keep in mind that not only the gene expression levels, but also the amount 

and localization of receptors and endocytic proteins on the apical or basal membranes is 

known to be affected by barrier formation and this might be relevant for nanoparticle uptake 

routes in endothelial cells. Further studies (beyond the scope of this paper) should be 

performed to determine for instance if the observed lowered gene expression of endocytic 
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targets is also accompanied by a different distribution of receptors on the apical membrane. 

Such effects could also explain the observed differences in nanoparticle uptake levels. 

Similarly, it would be interesting to study whether there is a link between the lowered gene 

expression and the partial reduction of uptake observed with the inhibitors. However, our 

results also clearly show that different methods need to be developed to study uptake 

mechanisms in cell barriers, thus also to be able to address similar questions. 

Given the strong effect of the development of a cell barrier on nanoparticle uptake levels, 

other aspects could be further implemented to develop in vitro models that resemble more 

closely the endothelial cell barriers that nanomedicines encounter in vivo. For instance, 

improvements may include mimicking the extracellular matrix or adding myocytes and 

connective tissue, which are known to be fundamental in sustaining endothelial cells in vivo. 

The use of 3D cultures could further promote cell differentiation by allowing the formation of 

endothelial tubes.77 Similarly, the addition of a microfluidic system mimicking the blood flow 

and the resulting shear stress on the cells are also known to affect the expression of 

endothelial cell receptors.78 Nanoparticle-cell interactions and corona formation are also 

affected when nanoparticles are exposed to cells in flow conditions, as opposed to static 

cultures.56,79–83 Similar vessel-on a chip devices are being implemented84,85 and could provide 

useful insights in nanoparticle-cell studies, both for nanomedicine and nanosafety. 

Finally, here we also optimized protocols to use chemical inhibitors on the developed cell 

barriers and performed preliminary studies to try to characterize the mechanisms involved in 

the uptake. However, we found that preserving barrier integrity with these compounds is not 

always possible and overall only a partial reduction of uptake of 50 nm silica could be obtained 

in the compromised barriers. This may suggest that multiple pathways may be involved. 

However, clearly, other methods need to be developed and combined in order to be able to 

fully elucidate this and characterize how nanoparticles enter in similar endothelial cell 

barriers.  
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Supplementary Information  

 
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 genes coding for some cell 
receptors (LDL and transferrin receptor), and a series of targets involved in different endocytic 
pathways. 
 
Gene Forward (left) Reverse (right) 

CAV1 ACAGCCCAGGGAAACCTC GATGGGAACGGTGTAGAGATG 

CDC42 CATCGGAATATGTACCGACTGTT TGCAGTATCAAAAAGTCCAAGAGTA 

CLTC TGAGAAAAGAAGAAGAACAAGCTACA ACACTGGGTCCTGCTGTCA 

RHOA GGAGCTAGCCAAGATGAAGC GCCAATCCTGTTTGCCATA 

ARF6 TGAACACAAAGTTGCTAGATGCT TGCTGTGTTTCCCCCATC 

TFRC TGAAGAGAAAGTTGTCGGAGAAA CAGCCTCACGAGGGACATA 

DNM2 CATCAACACGAACCATGAGG CTTGTTCAGCTGCGTGCTC 

FLOT1 ATTCTAACTCGCCTGCCAGA GCATCTGTGAGGGCTGAAG  

LDLR GTGACAATGTCTCACCAAGCTC CACGCTACTGGGCTTCTTCT 

ARHGAP26 CAGGCACGGTCTTCGATAA GCCAGTCTTTCCGTTCAGAG 

RAC1 CTGATCAGTTACACAACCAATGC CATTGGCAGAATAATTGTCAAAGA 

ANKFY1 AAACTAGCAAATCGGTTTCAGC GAGACATAACACCCTTCTCACATC 

EPN1 GAGAGCAAGAGGGAGACTGG AAGACGTCAGCAAGGTCCAT 
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Figure S1. Effect of surface coating on cell growth. Representative light microscopy images of 
HUVEC plated at a concentration of 10000 cells cm-2 on 24 well plates uncoated (a) or coated 
with rat tail collagen Type-I (b) (scale bar 50 µm). The presence of a collagen coating clearly 
improved cell adherence and cell growth.  
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Figure S2. HUVEC barrier formation from low cell density cultures. 3000 cells cm-2 HUVEC were 
plated on collagen coated glass coverslips and their growth was monitored for different days 
after seeding. Left: confocal images of HUVEC cells stained with anti-ZO-1 (red) or anti-CD31 
(green) antibodies. Blue: DAPI stained nuclei (scale bar: 20 µm). Right: light microscopy images 
of the same cultures (scale bar: 50 µm). Tight junction staining showed barrier formation 
roughly 7 days after cell seeding, then cells started to strongly overlap in multiple layers (as 
indicated by the white arrows) and areas with holes in the cell monolayer were observed, as 
a consequence of cell death. 
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Figure S3. HUVEC barrier formation from high cell density cultures. 50000 cells cm-2 HUVEC 
were plated on collagen coated glass coverslips and their growth was monitored for different 
days after seeding. Left: confocal images of HUVEC cells stained with anti-ZO-1 (red) or anti-
CD31 (green) antibodies. Blue: DAPI stained nuclei (scale bar: 20 µm). Right: light microscopy 
images of the same cultures (scale bar: 50 µm). Tight junction staining showed barrier 
formation roughly 4 days after cell seeding, then cells started to overlap in multiple layers (as 
indicated by the white arrows) and areas with holes in the cell monolayer were observed, as 
a consequence of cell death. 
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Figure S4. Optimization of HUVEC barrier formation. HUVEC were seeded at two 
concentrations (3000 cells cm-2, (a) and (c) or 50000 cells cm-2, (b) and (d)) on Transwell® 
inserts made of polyester (PE) or polycarbonate (PC) and barrier formation was monitored for 
several days after seeding. a, b: Trans Epithelial Electrical Resistance (TEER) at different times 
after seeding. Results are the average TEER value and standard deviation obtained from two 
different inserts which were measured over time for the entire experimental period. c, d: 
Apparent permeability (Papp) of FITC-Dextran (4 kDa, 200 µg ml-1). The fluorescence intensity 
of FITC-Dextran in the basal chamber was used to calculate the apparent permeability as 
described in the Experimental Section. Results are the average value and standard deviation 
of 2 different inserts, normalized by the results obtained on Transwells without cells. Overall 
the results show that PE is a better substrate than PC for cell growth and barrier formation, 
and that seeding cells at lower density and waiting longer allowed HUVEC to develop into a 
cell barrier with high electrical resistance and a low permeability in about 7 days after seeding. 
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Figure S5. Trans Epithelial Electrical Resistance (TEER) of HUVEC layers formed on polyester 
(PE) filters. 3000 cells cm-2. HUVEC were seeded on polyester Transwells as described in the 
Experimental Section and their TEER measured at the indicated times after seeding. Results 
are the average TEER value and standard deviation obtained from two different inserts which 
were measured over time for the entire experimental period. Even though in independent 
experiments the absolute TEER values were rather variable, the trend was consistent and in 
all cases, it showed a progressive increase of TEER at increasing days after seeding, with a peak 
reached 7-8 days after seeding, sign of barrier formation, followed by a progressive decrease 
as a consequence of cell death. 
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Figure S6. Integrity of HUVEC barriers formed from low cell density cultures. Representative 
light microscopy images before and after washing of HUVEC cell barriers formed from low cell 
density cultures, plated at a concentration of 3000 cells cm-2 on 24 well plates and cultured 
for the indicated times (scale bar: 200 µm). Roughly 9 days after seeding, before washing the 
wells, many floating (dead) cells were clearly visible. Consecutively, after washing the wells, 
holes in the cell monolayer (as indicated by the white arrows) were visible. This overall 
indicated that in these conditions, roughly 9 days after cell seeding, barrier integrity was lost.  
 



 

 
  95 

3 

 
Figure S7. Integrity of HUVEC barriers formed from high cell density cultures. Representative 
light microscopy images before and after washing of HUVEC cell barriers formed from high cell 
density cultures, plated at a concentration of 50000 cells cm-2 on 24 well plates and cultured 
for the indicated times (scale bar: 200 µm). Roughly 8 days after seeding, before washing the 
wells, many floating (dead) cells were clearly visible. Consecutively, after washing the wells, 
holes in the cell monolayer (as indicated by the white arrows) were visible. This overall 
indicated that in these conditions, roughly 8 days after cell seeding, barrier integrity was lost.  
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Figure S8. Calibration curve for FITC-Dextran fluorescence. The fluorescence intensity of 
samples at increasing concentrations of 4 kDa FITC-Dextran was measured using a 
spectrofluorometer. Linear regression was used to obtain the relation between FITC-dextran 
concentration and fluorescence, from which the apparent permeability Papp was determined 
as described in the Experimental Section. A different calibration curve was made for each 
experiment (R2 values ≥ 0.995 in all cases). 
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Figure S9. Number of cells in HUVEC barriers and confluent cell cultures. HUVEC barriers and 
confluent cultures were prepared by seeding 3000 cells cm-2 (barrier) or 25000 cells cm-2 

(confluent (a)), and cell numbers were counted 7 days (barrier) or 1 day (confluent) after 
seeding. Additionally, 50000 cells cm-2 (confluent (b)) were also seeded and cell numbers 
counted 1 day after seeding, as ulterior control. Cell numbers were counted using a 
hemocytometer (a) or by flow cytometry (b) as described in the Experimental Section. The 
results are the average and standard deviation of two replicate wells. The results confirmed 
that the optimized cell barriers and confluent cell cultures (confluent (a)) had comparable cell 
numbers. When the double of cells was seeded (confluent (b)), a double number of cells was 
counted 1 day after seeding, further confirming accuracy in cell seeding and of the two 
methods used to count cell numbers. 
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Figure S10. Expression levels of genes coding for endocytic proteins in HUVEC barriers in 
comparison to confluent cell cultures. HUVEC were seeded at a density of 3000 cells cm-2 and 
cultured for seven days (barriers) or 25000 cells cm-2 and cultured for one day (confluent cells). 
RT-qPCR was performed as described in the Experimental Section to determine the expression 
levels of genes coding for some cell receptors (LDL and transferrin receptors), and for a series 
of targets involved in clathrin mediated endocytosis (CME), caveolae-mediated endocytosis, 
macropinocytosis, and other clathrin and caveolae independent mechanisms (see also 
Supplementary Table S1 for details). Results are the average and standard deviation over 4 
replicate wells of the fold-change in gene expression levels in HUVEC barriers compared to 
confluent cells. The results indicated that the gene expression of the selected endocytic 
targets in the cell barriers was lower than in confluent cells. 
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Figure S11. Size distribution by intensity (diameter, d, nm) of 50 nm red SiO2 (a), 200 nm red 
SiO2 (b), 40 nm red PS-COOH (c) and 200 nm orange PS-COOH (d) as obtained by dynamic light 
scattering (DLS). Silica nanoparticles (100 µg ml-1) were dispersed in water, PBS, and EBM-2 
supplemented with 4 mg ml-1 of human serum (HS EBM-2). For the 40 nm PS-COOH 
nanoparticles instead (c), in order to determine the size distribution at a nanoparticle to 
protein ratio closer to that used for cell experiments, 25 µg ml-1 nanoparticles were dispersed 
in EBM-2 supplemented with 50 mg ml-1 human serum. For the same reasons, the 200 nm PS-
COOH nanoparticles (d) were dispersed to a final concentration of 36 µg ml-1 in EBM-2 
supplemented with 48 mg ml-1 human serum. Size distributions in HS EBM-2 were measured 
immediately, or after 24h of incubation of the dispersions at 37 ˚C, 5% CO2 (HS EBM-2 24h). 
The results showed that all dispersions remained stable for up to 24 hours in the conditions 
used for cell experiments. 
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Figure S12. Reproducibility of nanoparticle uptake levels in HUVEC barriers in independent 
experiments. Median cell fluorescence intensity as obtained by flow cytometry of HUVEC 
barriers (seven days after seeding 3000 cells cm-2) prepared in independent experiments (Exp 
1-3) and exposed for increasing times to 100 µg ml-1 50 nm SiO2 nanoparticles dispersed in 
EBM-2 medium supplemented with 4 mg ml-1 human serum. (Exp 1 is from Figure 4f and Exp 
2 is from Figure 4l, while Exp 3 is an equivalent independent replica). In the three independent 
experiments, barriers were formed following the optimized protocols and were exposed to 
independent nanoparticle dispersions, prepared as described in the Experimental Section, 
using nanoparticles and human serum from the same batches. Results are the average and 
standard deviation over three replicates of the median cell fluorescence intensities. Overall 
the results show that when the same nanoparticle stock and human serum were used to 
prepare in independent experiments the nanoparticle dispersions, a very good reproducibility 
in nanoparticle uptake in the cell barriers was obtained. This indicated very good 
reproducibility of the barrier model, as also of the nanoparticle dispersions and all procedures 
for exposure to cells and measurement. 
  



 

 
  101 

3  
Figure S13. Uptake and intracellular distribution of different nanoparticles in HUVEC barriers. 
HUVEC barriers (seven days after seeding 3000 cells cm-2) were exposed for 24 hours to 200 
µg ml-1 200 nm SiO2 (a), 2 µg ml-1 40 nm PS-COOH (b) or 3 µg ml-1 200 nm PS-COOH (c) 
nanoparticles in EBM-2 medium supplemented with 4 mg ml-1 human serum. Red: 
nanoparticles, Green: LAMP-1, Grey: ZO-1, Blue: DAPI. Scale bar: 50 μm. 
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Figure S14. Nanoparticle uptake levels in HUVEC barriers and subconfluent cultures. Median 
cell fluorescence intensity as obtained by flow cytometry of HUVEC exposed to different 
nanoparticles. HUVEC were grown for three (subconfluent) or seven (barrier) days after 
seeding (3000 cells cm-2) and exposed to 200 nm SiO2 (200 µg ml-1, a), 40 nm PS-COOH (2 µg 
ml-1, b) or 200 nm PS-COOH (3 µg ml-1, c) in EBM-2 medium supplemented with 4 mg ml-1 
human serum for the indicated times. Results represent the average median and standard 
deviation of three replicates (for the 200 nm PS-COOH nanoparticles the far-red fluorescence 
is plotted because the yellow fluorescence in subconfluent cells was out of scale due to the 
extremely high fluorescence intensity of these nanoparticles and high uptake levels). 
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Figure S15. Nanoparticle uptake levels in HUVEC barriers and confluent cultures. Median cell 
fluorescence intensity as obtained by flow cytometry of HUVEC exposed to different 
nanoparticles. Confluent HUVEC (one day after seeding 25000 cells cm-2) and HUVEC barriers 
(seven days after seeding 3000 cells cm-2) were exposed to 200 nm SiO2 (200 µg ml-1, a), 40 
nm PS-COOH (2 µg ml-1, b) or 200 nm PS-COOH (3 µg ml-1, c) in EBM-2 medium supplemented 
with 4 mg ml-1 human serum for the indicated times. Results represent the average median 
and standard deviation of three replicates. 

  



 

 104 

 
Figure S16. Efficacy of silencing in HUVEC. Uptake of transferrin in HUVEC transfected with 
siRNA to block the expression of the transferrin receptor (TFRC) and of other targets involved 
in clathrin mediated endocytosis (CME). 25000 cells cm-2 HUVEC were seeded and grown for 
24h.  Silencing was performed following manufacturer’s instructions, using a fixed amount of 
TFRC siRNA and of oligofectamine transfection reagent (1x corresponding to 10 pmol siRNA 
and 1µl oligofectamine per well) for 24, 48 or 72h (a) or with increasing amounts of TFRC siRNA 
and transfection reagent (1x: 10 pmol siRNA and 1µl oligofectamine; 2x: 20 pmol siRNA and 
2µl oligofectamine; 3x: 30 pmol siRNA and 3µl oligofectamine) for 72 hours (b) Silencing was 
also performed on other CME targets for 48h with a fixed amount of siRNA and transfection 
reagent (2x: 20 pmol siRNA and 2µl oligofectamine) (c). Cells exposed to a negative siRNA in 
the same conditions were used as control. After silencing, cells were exposed to 15 µg ml-1 
red fluorescent transferrin (TFR) in serum free medium for 10 minutes and their fluorescence 
measured by flow cytometry. The results are the averaged median intensity and standard 
deviation over three replicates, normalized by the results in control cells. In all cases 
transferrin uptake was reduced to a maximum of 50-60% in cells silenced for TFR in 
comparison to control cells, while up to 90% reduction can be obtained with the same method 
in cancer cells such as HeLa (data not shown). TFR uptake was barely affected in cells silenced 
for CME targets. This indicated low silencing efficacy in primary cells, in agreement with results 
in literature. 
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Figure S17 Optimization of chlorpromazine (CP) dose on HUVEC barriers. HUVEC barriers 
(seven days after seeding 3000 cells cm-2) were exposed to 1 or 5 µg ml-1 CP. Efficacy of CP (a) 
and effect of CP on nanoparticle uptake (b) were assessed by measuring the uptake of 2 µg 
ml-1 BODIPY LDL and 100 µg ml-1 50 nm red SiO2 nanoparticles in EBM2 supplemented with 4 
mg ml-1 human serum, respectively, for the indicated doses and times in the presence or 
absence of CP. Results are the average and standard deviation of three replicates. Light 
microscopy images of HUVEC barriers (c) were taken to monitor the effect of CP on HUVEC 
barrier integrity after exposure for the indicated times to the different CP doses (scale bar: 
100 µm). The results showed that in all conditions tested, exposure to CP resulted in loss of 
barrier integrity. Furthermore, at the lower dose tested, CP efficacy in blocking LDL uptake 
was minimal. Thus, 5 µg ml-1 CP was selected for further experiments on cell barriers, to ensure 
at least a partial inhibition, even if this dose led inevitably to loss of barrier integrity. 
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Figure S18. Optimization of nocodazole (NZ) dose on HUVEC barriers. HUVEC barriers (seven 
days after seeding 3000 cells cm-2) were exposed to 5 or 10 µM NZ. (a) Confocal images after 
staining the cells with fluorescent antibodies against tubulin were taken on untreated control 
barriers (Ctrl) and barriers exposed to the different doses of NZ for the indicate times (scale 
bar: 50 µm). Light microscopy images of HUVEC barriers (b) were taken after exposure for the 
indicated times to the different NZ doses to monitor the effect on HUVEC barrier integrity 
(scale bar: 100 µm). The results showed that even at the lower dose tested, exposure to NZ 
led to loss of barrier integrity. It is likely that loss of microtubules as induced by this compound 
leads inevitably to loss of barrier integrity (the tested doses are already much lower than what 
usually applied for this kind of compounds).36   
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Figure S19. Optimization of cytochalasin D (CytoD) dose on HUVEC barriers. HUVEC barriers 
(seven days after seeding 3000 cells cm-2) were exposed to 0.5 or 1 µg ml-1 CytoD. (a) Confocal 
images after actin staining (performed as described in the Experimental Section) were taken 
on untreated control barriers (Ctrl) and barriers exposed to the different doses of CytoD for 
the indicated times (scale bar: 50 µm). Light microscopy images of HUVEC barriers (b) were 
taken after exposure for the indicated times to the different CytoD doses to show the effect 
on HUVEC barrier integrity (scale bar: 100 µm). The results showed that even at the lower 
dose tested, exposure to CytoD led to loss of barrier integrity. It is likely that loss of actin as 
induced by this compound leads inevitably to loss of barrier integrity (the tested doses are 
already much lower than what usually applied for this kind of compounds).36  
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Figure S20. Optimization of methyl-β-cyclodextrin (MBCD) dose on HUVEC barriers. HUVEC 
barriers (seven days after seeding 3000 cells cm-2) were exposed to 1 or 2 mg ml-1 MBCD. 
Efficacy of MBCD (a) was assessed by measuring the uptake of 1 µg ml-1 BODIPY LacCer for the 
indicated doses and times in the presence or absence of MBCD. Results are the average and 
standard deviation of three replicates. Light microscopy images of HUVEC barriers (b) were 
taken after exposure for the indicated times to the different MBCD doses to monitor the effect 
on HUVEC barrier integrity (scale bar: 100 µm). The results showed that in all conditions tested 
MBCD efficacy in blocking LacCer uptake was optimal, and barrier integrity was maintained 
.  
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Figure S21. Optimization of dynasore (Dyn) dose on HUVEC barriers. HUVEC barriers (seven 
days after seeding 3000 cells cm-2) were exposed to 30 or 40 µg ml-1 Dyn. Efficacy of Dyn (a) 
and effect of Dyn on nanoparticle uptake (b) were assessed by measuring the uptake of 2 µg 
ml-1 BODIPY LDL and 100 µg ml-1 50 nm red SiO2 nanoparticles in EBM2 supplemented with 4 
mg ml-1 human serum, respectively, in the presence or absence of Dyn. Results are the average 
and standard deviation of three replicates. Light microscopy images of HUVEC barriers (c) 
were taken after exposure for the indicated times to the different Dyn doses to monitor the 
effect on HUVEC barrier integrity (scale bar: 100 µm). The results showed that in all conditions 
tested Dyn efficacy in blocking LDL uptake was high, and barrier integrity was maintained. 
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Figure S22. Normalized uptake levels in HUVEC barriers exposed to different inhibitors. The 
same data of Figure 4 are shown here after normalization for the uptake in control cells 
without inhibitors. HUVEC barriers (seven days after seeding 3000 cells cm-2) were exposed to 
5 µg ml-1 chlorpromazine (CP) (a and b), 5 µM nocodazole (NZ) (c), 0.5 µg ml-1 cytochalasin D 
(CytoD) (d), 2 mg ml-1 methyl-β-cyclodextrin (MBCD) (e and f), or 30 µg ml-1 dynasore (Dyn) (g 
and h). Left panels (a, e and g):  uptake by flow cytometry of 2 µg ml-1 BODIPY LDL (a and g), 
and 1 µg ml-1 of BODIPY LacCer (e) in control cells (Ctrl) and cells exposed to chlorpromazine, 
dynasore and MβCD respectively, as a control for drug efficacy. Right panels (b, d, f and h) and 
c: effect of the drugs on nanoparticle uptake. HUVEC barriers were exposed to 100 µg ml-1 50 
nm red SiO2 nanoparticles in EBM-2 supplemented with 4 mg ml-1 human serum for the 
indicated times in the presence or absence of the different drugs. The results are the average 
and standard deviation of three replicates, normalized by the uptake in control cells without 
inhibitors.   
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Figure S23. Uptake mechanisms in confluent HUVEC cells. Confluent HUVEC cells (one day 
after seeding 25000 cells cm-2) were exposed to 5 µg ml-1 chlorpromazine (CP) (a-c), 5 µM 
nocodazole (NZ) (d-f), 0.5 µg ml-1 cytochalasin D (CytoD) (g-i), 2 mg ml-1 methyl-β-cyclodextrin 
(MBCD) (j-l), or 30 µg ml-1 dynasore (Dyn) (m-o). Left panels: light microscopy images of 
confluent HUVEC cell morphology after exposure to each inhibitor (scale bar: 100 µm). Middle 
panels: effect of the inhibitors on nanoparticle uptake. Confluent HUVEC cells were exposed 
to 100 µg ml-1 50 nm SiO2 nanoparticles in EBM-2 supplemented with 4 mg ml-1 human serum 
for the indicated times in the presence or absence (Ctrl) of the different inhibitors. Results are 
the average and standard deviation of three replicates. Right panels: the same nanoparticle 
uptake results, normalized for uptake levels in control cells without inhibitors.
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Abstract 

Endothelial cells exhibit distinct properties in morphology and functions in different organs 

that can be exploited for nanomedicine targeting. In this work, endothelial cells from different 

organs, i.e. brain, lung, liver, and kidney, were exposed to plain, carboxylated, and amino-

modified silica. As expected, different protein coronas were formed on the different 

nanoparticle types and these changed when foetal bovine serum (FBS) or human serum were 

used. Uptake efficiencies differed strongly in the different endothelia, confirming that the cells 

retained some of their organ-specific differences. However, all endothelia showed higher 

uptake for the amino-modified silica in FBS, but, interestingly, this changed to the 

carboxylated silica when human serum was used, confirming that differences in the protein 

corona affect uptake preferences by cells. Thus, uptake rates of fluid phase markers and 

transferrin were determined in liver and brain endothelium to compare their endocytic 

activity. Overall, our results showed that endothelial cells of different organs have very 

different nanoparticle uptake efficiency, likely due to differences in receptor expression, 

affinity, and activity. A thorough characterization of phenotypic differences in the endothelia 

lining different organs is key to the development of targeted nanomedicine. 

4.1 Introduction 

Nano-sized materials hold tremendous potential as drug carriers, thanks to their ability to 

distribute within organisms and enter cells.1–4 Although their use as carriers of therapeutic 

agents has been growing rapidly during the past decades, crucial questions still arise as to how 

nanoparticles can be effectively and selectively delivered to their target. In order to reach their 

target tissue, following administration into the bloodstream, nano-sized drug carriers, in most 

cases, first need to interact with and cross endothelial cell barriers. Due to the diversity in 

vascular channels and other associated differences — for instance, in hemodynamics and their 

embryonic origin — endothelial cells lining blood vessels of different organs exhibit very 

distinct properties in morphology and functions.5–7 Consequently, these differences provide a 

great opportunity to selectively target drug carriers to specific endothelial cell barriers.8–11 

To date, most efforts in nanomedicine targeting have been devoted to understanding the 

effect of different physicochemical properties of nanoparticles and the environment in which 

they are applied on their interaction with cells. Several nanoparticles properties such as the 
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size,12–14 shape,13 surface charge,14,15 and (core) materials,16 as well as environmental 

properties such as protein composition of the biological fluids in which they are dispersed,17 

pH,18 temperature, flow19 and shear stress20 have been shown to have a significant influence 

on nanoparticle-cell interactions. However, relatively less attention has been paid on 

differences in cellular properties, which can affect nanoparticle-cell interactions. For instance, 

we have previously shown that a specific cell type can show very different nanoparticle uptake 

behavior when it is developed into a polarized cell monolayer, i.e., a cell barrier, as opposed 

to confluent cells.21,22 The development of cells into cell barriers reduced the gene expression 

levels of different protein markers and/or caused their relocation to the abluminal plasma 

membrane, resulting in lower uptake efficiency of luminally applied nanoparticles. It is known 

that polarized cell barriers express different uptake pathways and receptors on their apical 

and basal side, and this can affect nanoparticle uptake.16,23,24 Similarly, because of their 

phenotypical heterogeneity, endothelial cells of different tissue origins are likely to show very 

different nanoparticle uptake behavior, and this could be exploited for nanomedicine 

targeting. As an example, a recent study showed that kidney glomerulus and blood-brain 

barrier had a distinct nanoparticle uptake behavior.25 In addition to a different origin, 

heterogeneity induced by physiological stress can also lead to the expression of different 

proteins on endothelial cells, and these have been shown to be excellent targets for drug 

carriers.9,10,26 

The aim of this study was to investigate the cellular uptake behavior of nanoparticles on 

endothelial barriers generated from endothelial cells derived from different organs. We 

hypothesized that different endothelia would show preferential uptake for certain types of 

nanoparticles, and similar differences could be exploited for targeting. To test this hypothesis, 

four endothelial cell lines derived from different organs were chosen as endothelial cell 

models: hCMEC/D3 (brain), HPMEC-ST1.6R (lung), TRP3 (liver), and ciGENC (kidney). The 

selection of these organs was based on the high phenotypic differences between one another. 

In addition, the selected immortalized endothelial cell lines have been shown to be excellent 

models of the endothelia of the respective organ from which they were derived, since they 

retained their organ-specific properties in vitro.27–30 The exhibition of organ-specific 

characteristics of the cell lines in vitro was essential for this comparative study. Amorphous 
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silica nanoparticles of 100 nm with three different surface functionalizations, plain, 

carboxylated and amino-modified, were used as representative model nanoparticles. It is 

known that surface properties affect corona formation on the nanoparticles in serum and this, 

in turn, affects nanoparticle recognition by cell receptors and uptake by cells.31–37 We 

hypothesized that due to varying coronas, the different nanoparticles would naturally target 

specific organ endothelia. Therefore, cell culture conditions were optimized to develop 

endothelial cell barriers and uptake kinetics of the various nanoparticles were compared in 

the organ-specific endothelia in order to determine differences in uptake behavior. Finally, 

the rate of endocytosis of fluid phase markers and transferrin in the blood brain barrier and 

the liver sinusoids were compared in order to identify potential differences which may 

account for different uptake efficiency of nanoparticles in these cells. 

4.2 Materials and methods 

4.2.1 Cell culture 

The immortalized human brain endothelial cell line, hCMEC/D3, was supplied by Pierre-Olivier 

Couraud.27 Cells were cultured in standard cell culture flasks pre-coated with 0.1 mg/ml cold 

rat-tail collagen type-I (Corning, NY, USA) in an endothelial basal medium (EBM-2, LONZA, 

Allendale, NJ, USA) supplemented with 5% fetal bovine serum (FBS, Gibco Thermofisher 

Scientific, Landsmeer, Netherlands), 200 ng/ml bFGF (Peprotech, London, United Kingdom), 1 

µg/ml hydrocortisone (Sigma-Aldrich, St Luis, USA), 1% chemically defined lipid concentrate 

(Thermofisher Scientific), and 10 mM HEPES (Thermofisher Scientific). The medium was 

refreshed every 2-3 days, and cells were cultured between passages 29-38. Cells were kept 

under standard conditions (37˚C, 5% CO2). 

The immortalized human pulmonary microvascular endothelial cell line, HPMEC-ST1.6R, was 

supplied by Ronald E. Unger.28 Cells were cultured in standard cell culture flasks pre-coated 

with 0.2% cold gelatin (Sigma-Aldrich) in an EBM-2 supplemented with an EGM-2 bullet kit 

(LONZA). The medium was refreshed every 2-3 days, and cells were kept under standard 

conditions (37˚C, 5% CO2). 

The immortalized human liver endothelial sinusoidal cell line, TRP3, was supplied by Birke 

Bartosch and Romain Parent.29 Cells were cultured in standard cell culture flasks pre-coated 
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with 0.1% cold gelatin (Sigma-Aldrich) in an MCDB 131 medium (Gibco Thermofisher Scientific) 

supplemented with 20% FBS (Gibco Thermofisher Scientific), 10 mM glutamine (Thermofisher 

Scientific), 250 µg/ml cAMP (Sigma-Aldrich),1 µg/ml hydrocortisone (Sigma-Aldrich), and 50 

µg/ml endothelial cell growth supplement (ECGS, Corning). The medium was refreshed every 

2-3 days, and cells were kept under standard conditions (37˚C, 5% CO2). 

The conditionally immortalized glomerular endothelial cell line, CiGENC, was supplied by 

Simon Satchell.30 Cells were cultured in standard cell culture flasks pre-coated with 1 µg/cm2 

fibronectin (Corning) in an EBM-2MV supplemented with an EGM-2MV bullet kit (LONZA), 

with the exception of VEGF, which was not added to the medium. The medium was refreshed 

every 2-3 days. Cells were kept at 33˚C with 5% CO2 until they were 90% confluent. 

4.2.2 Endothelial cell barrier formation 

An endothelial cell barrier with each cell line was obtained by seeding 25,000 cells/cm2 for 

HPMEC-ST1.6R, or 50,000 cells/cm2 for the other cell lines, respectively, in a 24-well plate 

(Corning) pre-coated as described above. The cells were cultured for an additional three days 

for ciGENC and TRP3, or four days for hCMEC/D3 and HPMEC-ST1.6R, respectively, and kept 

under standard conditions (37˚C, 5% CO2). The medium was refreshed every two days. 

4.2.3 Immunohistochemistry 

Cell confluency and morphology were assessed by light microscopy (Olympus IX50). For 

immunohistochemistry, 25000 cells/cm2 for HPMEC-ST1.6R or 50000 cells/cm2 for the other 

cell lines, respectively, were seeded in a 24-well plate (Corning) on glass coverslips pre-coated 

as described above for each cell line. Three days after seeding, for ciGENC and TRP3, or four 

days for hCMEC/D3 and HPMEC-ST1.6R, respectively, cells were fixed with formaldehyde (4% 

v/v) solution for 15 minutes and then permeabilized with Triton X-100 (0.1% v/v) for 5 

minutes. Then, cells were incubated with an antibody against the tight junction proteins 

zonula occludens-1 (ZO-1, Life technologies, NY, USA) and CD31 (also known as platelet 

endothelial cell adhesion molecule, PECAM1, Dako, Glostrup, Denmark) for 1 hour at room 

temperature, followed by incubation with Alexa Fluor 488- (Life Technologies, NY, USA) and 

Cy5- labelled (Jackson Immuno Research Laboratories, Inc., PA, USA) secondary antibodies for 

1 hour. Nuclear staining was performed by incubating cells for 5 minutes with 0.2 ug/ml 4’,6-
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diamidino-2-phenylindole (DAPI). Afterwards, slides were mounted with Mowiol 4-88 

mounting medium (EMD Chemical, Inc., CA, USA). Fluorescence imaging was performed using 

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

with a 405 nm laser for DAPI excitation, a 488 nm laser for Alexa Fluor 488, and 638 nm laser 

for Cy5. Images were processed using ImageJ software (http://www.fiji.sc). Brightness was 

adjusted to improve visualization. 

4.2.4 Nanoparticle characterization  

Green fluorescently labeled (maximum excitation and emission wavelength 485 and 510 nm, 

respectively) plain (non-functionalized, SiO2), amino-modified (SiO2-NH2), and carboxylated 

silica nanoparticles (SiO2-COOH) of 100 nm were purchased from Micromod 

Partikeltechnologie GmbH (Rostock, Germany). Nanoparticle size distribution by dynamic light 

scattering (DLS) and zeta potential (ζ-potential) were measured using a Malvern Zetasizer 

Nano ZS (Malvern Instrument Ltd., Worcestershire, UK). Briefly, nanoparticles (100 µg/ml) 

were dispersed in PBS, dH2O or cell culture medium supplemented with 5 mg/ml FBS (Gibco 

Thermofisher Scientific), corresponding to the standard 10% v/v cell culture medium, or the 

same amount of human serum (human serum from pooled donors, from TCS BioSciences Ltd 

Botolph Claydon, Buckingham, UK). Samples were measured at 20˚C immediately, or after 24-

hour incubation at 37˚C using disposable capillary cells (Malvern). The results are the average 

of 5 runs of at least 3 measurements. 

4.2.5 Nanoparticle uptake and flow cytometry analysis 

Cell fluorescence intensity was used as a measurement of nanoparticle uptake on the 

endothelial cell barriers. Briefly, after developing cell barriers as described above, cells were 

exposed for 1, 3, 5, 24, and 26 hours to 50 µg/ml SiO2, SiO2-NH2, or SiO2-COOH. Nanoparticles 

were dispersed at room temperature in cell culture medium containing 5 mg/ml FBS (Gibco 

Thermofisher Scientific) or human serum (TCS BioSciences). Cells were exposed to the freshly 

prepared nanoparticle dispersions immediately after mixing by replacing the cell culture 

medium. After exposure, in order to remove the excess of nanoparticles and reduce the 

presence of nanoparticles adhering outside the cell membrane which could interfere with 

uptake quantification, cells were washed once with cell culture medium supplemented with 

10% FBS (Gibco Thermofisher Scientific) and twice with PBS. Afterwards, cells were detached 
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using 0.05% trypsin-EDTA. Cell fluorescence was measured using a Cytoflex S Flow Cytometer 

(Beckman Coulter, Woerden, The Netherlands) with a 488 nm laser. Data were analyzed by 

Flowjo data analysis 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 

15,000 cells were acquired per sample, and the median of the obtained cell fluorescence 

distribution calculated. For each exposure time, duplicate samples were made and their 

median cell fluorescence intensity is shown, together with their average. The results of an 

independent replicate experiment are shown in Supplementary Figures S2-3 to confirm the 

trends observed.  

4.2.6 Nanoparticle-corona formation and characterization 

In order to examine the corona formed on the different nanoparticles, 1 mg/ml SiO2, SiO2-

NH2, or SiO2-COOH of 100 nm size were dispersed in PBS containing 5 mg/ml FBS (Gibco 

Thermofisher Scientific) or human serum (TCS BioSciences) and incubated at 37˚C under 

continuous shaking at 300 rpm for 1 hour. After this, the dispersion was centrifuged for 1 hour 

at 16,000 g in order to pellet the corona-coated nanoparticles. The pellet was washed in PBS 

and centrifuged again for 1 hour at 16,000 g for a total of three centrifugations to remove the 

soft serum corona and excess free proteins in solutions and isolate hard corona-coated 

nanoparticles. The final amount of nanoparticles present in the pellet was quantified by 

measuring their fluorescence with a spectrofluorometer. Afterwards, 200 µg hard corona-

coated nanoparticles were resuspended in gel loading buffer, boiled for 5 minutes at 95˚C, 

and loaded onto 10% polyacrylamide gel for SDS-PAGE. After electrophoresis, the gel was 

incubated for 1 hour with a solution containing 0.1% w/v Coomassie blue R-250 in a water : 

methanol : glacial acetic acid (5:4:1) solution and washed with milliQ water. Pictures were 

taken with a ChemiDoc XRS (Biorad, USA). After this, the intensity of selected bands was 

quantified using ImageJ software (http://www.fiji.sc) to evaluate differences in the isolated 

coronas. 

4.2.7 mRNA expression of transferrin 

The expression level of transferrin receptor genes TFR1 and TFR2 in brain and liver 

endothelium was determined by RT-PCR. TRP3 or hCMEC/D3 cells were cultured to form a cell 

barrier as described above. Then, total mRNA was isolated with a Maxwell instrument and 

http://www.fiji.sc/
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Maxwell 16 LEV simplyRNA Cells Kit (Promega, Madison, WI, USA) according to the 

instructions provided by the manufacturer. Reverse transcription of mRNA into cDNA was 

performed with 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, USA) in an 

ABI7900HT sequence detection system (Applied Biosystems, Foster City, CA, USA) from cDNA 

(10 ng per sample). The Ct values were obtained with the SDS 2.4 software (Applied 

Biosystems). For each target, four replicates were used, and the average Ct value and its 

standard deviation were calculated. Results are expressed as fold-change of the averaged Ct 

values of TRP3 (CtTRP3) related to Ct values of hCMEC/D3 (CtD3) as follows:  

Fold change = 2 –(Mean CtTRP3 – Mean CtD3). 

4.2.8 Analysis of the rate of endocytosis 

The rate of endocytosis in brain and liver endothelium was determined using dextran as a 

fluid-phase marker and transferrin as an example of a molecule that follows the route of 

receptor-mediated endocytosis. TRP3 and hCMEC/D3 cells were cultured to form a cell barrier 

as described above. Then, cells were incubated for different time periods with 250 µg/ml 

TRITC dextran 10 kDa (Life technologies, NY, USA) dispersed in cell culture medium or with 10 

µg/ml Alexa Fluor 546 fluorescently labeled transferrin (Life Technologies, NY, USA) dispersed 

in serum-free medium. Prior to incubation with transferrin, cells were pre-incubated with 

serum-free medium for 20 minutes. After exposure, cells were harvested and analyzed by flow 

cytometry as described above with a 488 nm and 561 nm laser.  At least 15,000 cells were 

acquired per sample, and the median of the obtained cell fluorescence distribution calculated. 

For each exposure time, duplicate samples were made and their median cell fluorescence 

intensity is shown, together with their average. The results of an independent replicate 

experiment are shown in Supplementary Figure S5 to confirm the trends observed. 

4.2.9 Statistical analysis 

For nanoparticle uptake and rate of endocytosis studies, linear regression two-tailed Student’s 

t-test was used as a simple approximation to compare the uptake kinetics between different 
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samples. For DLS results, an unpaired two-tailed Student‘s t-test was used to determine 

statistically significant differences in the average nanoparticle hydrodynamic diameter after 

dispersion in serum in comparison to the results in PBS. In addition, for qPCR, an unpaired 

two-tailed Student’s t-test was used to determine statistically significant differences in 

expression levels in TRP3 cells in comparison to the results in hCMEC/D3. A p value <0.01 or 

<0.05 was considered statistically significant. Differences are not labelled if not significant. 

4.3 Results 

4.3.1 Endothelial cell barrier characterization 

Prior to nanoparticle uptake studies, cell culture conditions were optimized to ensure a proper 

formation of cell barriers. Four immortalized endothelial cell lines derived from different 

organs were selected as cell models: hCMEC/D3 (brain), HPMEC-ST1.6R (lung), TRP3 (liver), 

and ciGENC (kidney). To confirm cell barrier formation, the expression and cellular distribution 

of ZO-1, a tight junction protein, and CD31, an adhesion protein that is enriched at the 

basolateral surface of polarized endothelial cell monolayers, were assessed using confocal 

microscopy. As shown in Figure 1A-D, cell monolayers derived from all four cell lines showed 

a lateral localization of ZO-1 and CD31, indicating the development of a cell barrier. 

Interestingly, each cell line also showed a unique cell shape and barrier morphology (Figures 

1A-D, left), which suggested that the different endothelia retained at least in part some of 

their organ-specific properties.27–30 

4.3.2 Nanoparticle physicochemical characterization 

Green-labeled 100 nm silica nanoparticles with three different surface functionalizations 

(SiO2, SiO2-NH2, and SiO2-COOH) were selected as nanoparticle models with varying surface 

properties to form different coronas and test uptake preferences in the different endothelial 

barriers. For exposure to cells, the nanoparticles were dispersed in their respective cell culture 

media supplemented with 5 mg/ml FBs or human serum. Dynamic light scattering (DLS) was 

used to characterize the stability of the nanoparticle dispersions under these conditions. The 

results confirmed that stable dispersions were obtained for all nanoparticles (Table 1 and 

Figure 2). The observed increase in hydrodynamic diameter of nanoparticles when incubated 

in medium containing FBS or human serum confirmed protein adsorption on the surface of 
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nanoparticles and corona formation. 

 

Figure 1. Morphology, ZO-1, and CD31 expression in endothelial barriers derived from 
different organs. Endothelial barriers were prepared as described in the Materials and 
Methods. Left: light microscopy images of the endothelial barriers (scale bar: 50 μm). Right: 
confocal images of anti-ZO-1 (red) and anti-CD31 (green) immunostainings. Blue: DAPI stained 
nuclei (scale bar: 50 μm). (A) hCMEC/D3, (B) HPMEC-ST1.6R, (C) TRP3, and (D) ciGENC cells. 

In addition to the hydrodynamic diameter, the zeta potential of the nanoparticles was 

characterized. As expected, plain (SiO2) and carboxylated (SiO2-COOH) silica nanoparticles 

showed negative zeta potential when dispersed in water or PBS (Table 1). For the amino-

modified silica nanoparticles (SiO2-NH2), a negative zeta potential in water and PBS was also 

observed. These nanoparticles show a positive zeta potential only at pH below 3.5 (data from 

the manufacturer). As expected,17,38 all the nanoparticles showed near-neutral zeta potential 

when incubated in a medium containing FBS or human serum, regardless of their surface 
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functionalization (Table 1), as a consequence of protein adsorption and corona formation on 

the surface of nanoparticles. Despite the decrease in zeta potential absolute value towards 

neutrality, nanoparticle dispersions remained stable, likely due to the steric stabilization by 

the adsorbed proteins. SDS-PAGE was then used to identify the corona proteins on the 

different nanoparticles (Supplementary Figure S1).  Quantification of the intensity of selected 

bands confirmed different coronas were formed, as expected due to the different 

functionalization. 

 

Figure 2. Size distribution by intensity (diameter, d, nm) of 100 nm SiO2 (A), SiO2-NH2 (B), and 
SiO2-COOH (C) as obtained by dynamic light scattering (DLS). Silica nanoparticles (100 μg/ml) 
were dispersed in dH2O, PBS, and EBM-2 cell culture medium supplemented with 5 mg/ml of 
FBS or human serum (HS). All nanoparticles remained stable after dispersion in the cell culture 
medium with serum. 

4.3.3 Nanoparticle uptake by human endothelial barriers from different organs 

We next investigated the cellular uptake kinetics of the silica nanoparticles in the endothelial 

cell barriers of different organs in order to determine whether there was preferential uptake 

of certain types of nanoparticles by specific endothelial cell types. In addition, we also 

investigated whether the uptake was different when the nanoparticles were dispersed in 

different types of serum, bovine or human. It is known that dispersions in different sera can 

lead to the formation of different coronas.33,38,39 SDS-PAGE of the corona proteins isolated 

from the surface of the nanoparticles after incubation with either FBS or human serum shows 

differences in the banding patterns (molecular weight and intensity), confirming that different 

coronas were formed when nanoparticles were dispersed in different sera (Supplementary 

Figure S1).  
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Table 1. Nanoparticle characterization by dynamic light scattering and zeta potential 
measurements. Z-average hydrodynamic diameter and polydispersity index (PDI), or average 
hydrodynamic diameter as obtained by dynamic light scattering (DLS) and zeta potential (mV) 
of 100 µg/ml 100 nm SiO2, SiO2-NH2, and SiO2-COOH in dH2O, PBS, or EBM-2 basal medium 
supplemented with 5 mg/ml FBS or human serum (HS). Size distributions in supplemented 
basal medium were measured immediately, or after 24 hours of incubation of the dispersions 
at 37 ˚C, 5% CO2. Either cumulant or CONTIN analyses were performed for measurements in 
buffer and supplemented medium, respectively, to account for multimodal peaks which arise 
in supplemented medium because of co-detection of the excess free proteins in solution. The 
results are the average of 5 runs of at least 3 measurements. An unpaired student‘s t-test was 
used to determine statistically significant differences in comparison to the results in PBS. 
Statistically significant differences are indicated with an asterisk (*p < 0.05; ** p < 0.01; n = 3). 
All nanoparticles remained stable also after dispersion in the cell culture medium with serum 
and after 24 hours of incubation in the conditions used for experiments with cells. 

Sample Medium Diameter1 

(z-average, nm) PDI2 Diameter3 
(nm) 

ζ-potential 
(mV) 

SiO2 

Water 111 ± 1 0.02 ± 0.02  -41 ± 1 
PBS 106 ± 2 0.03 ± 0.01  -14 ± 1 
EBM-2 + FBS - - 168 ± 3**  -8 ± 1** 
EBM-2 + HS - - 159 ± 12* -6 ± 1** 
EBM-2 + FBS 24H - - 165 ± 9** -  
EBM-2 + HS 24H - - 152 ± 7** - 

SiO2-NH2 

Water 108 ± 1 0.01 ± 0.01  -27 ± 1 
PBS 107 ± 2 0.03 ± 0.01  -20 ± 2 
EBM-2 + FBS - - 178 ± 7** -8 ± 1** 
EBM-2 + HS - - 197 ± 8** -6 ± 1** 
EBM-2 + FBS 24H - - 169 ± 16* -  
EBM-2 + HS 24H - - 182 ± 14* - 

SiO2-COOH 

Water 111 ± 2 0.03 ± 0.01  -33 ± 1 

PBS 105 ± 2 0.02 ± 0.02  -19 ± 1 

EBM-2 + FBS - - 173 ± 2** -7 ± 1** 

EBM-2 + HS - - 167 ± 6** -5 ± 1** 

EBM-2 + FBS 24H - - 160 ± 11* - 

EBM-2 + HS 24H - - 157 ± 9** - 
 
1z-average hydrodynamic diameter extracted by cumulant analysis of the data. 
2Polydispersity index (PDI) from cumulant fitting of the data. 
3Average hydrodynamic diameter determined from CONTIN size distribution (the 

corresponding size distributions are shown in Figure 2). 
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Figure 3. Nanoparticle uptake levels in endothelial barriers derived from different organs in 
the presence of bovine serum. Median cell fluorescence intensity as obtained by flow 
cytometry of hCMEC/D3 (A), HPMEC-ST1.6R (B), TRP3 (C), and ciGENC (D) exposed to different 
nanoparticles. Endothelial barriers were prepared as described in the Materials and Methods 
and exposed to 50 μg/ml of 100 nm SiO2, SiO2-NH2, or SiO2-COOH in a cell culture medium 
supplemented with 5 mg/ml FBS for the indicated times. The median cell fluorescence 
intensity of two replicate samples is shown, together with their mean (indicated with a line 
connecting the mean of each time point). The results of an independent replicate experiment 
are shown in Supplementary Figure S2. For each uptake kinetics, a linear regression two-tailed 
Student’s t-test was applied to compare them (see Section 2.9 for details). Statistically 
significant differences are indicated with an asterisk. p ≤ 0.05 was considered significant.  

Figures 3 and 4 clearly show that nanoparticle uptake efficiency was different in each barrier 

culture, confirming that, even when cultured in vitro, these cells retain at least in part some 

of the different cellular properties of the organs from which they originated (Figures 3 and 4 

for experiments in bovine or human serum, respectively and Supplementary Figures S2-3 for 

the results obtained in independent replicate experiments). When incubated in FBS, 

nanoparticles accumulated at the highest level in kidney and liver endothelium, followed by 
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lung endothelium, and the lowest accumulation was observed in the cells from the blood-

brain barrier (Figure 3). Similar results were also observed when human serum was used, but 

with closer uptake levels in liver and lung endothelium, than in kidney (Figure 4). In addition, 

the overall uptake efficiency for all nanoparticles in all barrier cultures was lower when 

nanoparticles were incubated in human serum, indicating that the serum source also clearly 

influenced uptake. Similar effects were previously observed.33,40 After this, as a simple 

approximation, linear fit and statistical analysis were applied to compare the uptake kinetics 

of the different nanoparticles for each cell line (see Section 2.9 for details). Similar uptake 

preferences of the different nanoparticles were observed between the different endothelial 

cell barriers (Figures 3 and 4). Specifically, statistical analysis confirmed that all cell lines 

showed higher uptake for SiO2-NH2 when dispersed in FBS (Figure 3), while a higher uptake 

for SiO2-COOH was observed when nanoparticles were dispersed in human serum. However, 

this latter was statistically significant only in the case of the brain endothelial cells (Figure 4A). 

This indicated that changing corona composition by dispersion in different sera can affect 

nanoparticle uptake preference. Similar trends were observed in independent replicate 

experiments (Supplementary Figures S2-3). Additionally, we performed equivalent studies 

using another nanoparticle type, namely liposomes of around 100 nm, and compared uptake 

of negatively-charged DOPG and zwitterionic DOPC liposomes in brain and liver endothelium, 

both in FBS and in human serum (Supplementary Figure S4). The zwitterionic liposomes are 

known to adsorb lower amounts of protein in serum and show lower uptake than charged 

ones.41 In line with this, we found that, in both endothelia, the uptake kinetics of the two 

formulations differed, and in all conditions, in the first hours of exposure, the negatively-

charged DOPG liposomes showed significantly higher uptake in comparison to the zwitterionic 

DOPC liposomes, later converging to comparable levels (Supplementary Figure S4). 

Additionally, as also observed with the silica nanoparticles, in all cases, uptake was higher 

when the liposomes were added to cells in medium with FBS than with HS, and uptake was 

higher in liver than in brain endothelium, the effect being more evident for liposomes 

dispersed in FBS. 
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Figure 4. Nanoparticle uptake levels in endothelial cells derived from different organs in the 
presence of human serum. Median cell fluorescence intensity as obtained by flow cytometry 
of hCMEC/D3 (A), HPMEC-ST1.6R (B), TRP3 (C), and ciGENC (D) exposed to different 
nanoparticles. Endothelial barriers were prepared as described in the Materials and Methods 
and exposed to 50 μg/ml 100 nm SiO2, SiO2-NH2, or SiO2-COOH in a cell culture medium 
supplemented with 5 mg/ml human serum for the indicated times. The median cell 
fluorescence intensity of two replicate samples is shown, together with their mean (indicated 
with a line connecting the mean of each time point). The results of an independent replicate 
experiment are shown in Supplementary Figure S3. For each uptake kinetics, a linear 
regression two-tailed Student’s t-test was applied to compare them (see Section 2.9 for 
details). Statistically significant differences are indicated with an asterisk. p ≤ 0.05 was 
considered significant.  

4.3.4 Rate of endocytosis of brain and liver endothelium 

As a final step, we investigated whether the observed differences in nanoparticle uptake 

efficiency between the different barrier cultures could be due to differences in their rate of 

endocytosis. For this purpose, we used brain and liver endothelium, which showed the lowest 

and highest nanoparticle uptake, respectively. The rate of endocytosis was determined by 
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using FITC-dextran 10 kDa as a fluid-phase marker, and transferrin, as an example of a protein 

which is internalized via receptor-mediated endocytosis. Uptake kinetics were determined 

and linear fit applied to statistically compare the trend of uptake rates (see Section 2.9 for 

details, Figure 5 and Supplementary Figure S5 for the results obtained in independent 

replicate experiments). As shown in Figure 5A, there was no major difference in the uptake 

rate of FITC-dextran. However, the liver endothelium showed much higher transferrin uptake 

in comparison to brain endothelium (Figure 5B). We then investigated whether this was due 

to a higher expression level of the transferrin receptor TFR1. Interestingly, as shown in Figure 

5C, we found that the liver endothelium had 2.5 times lower expression of TFR1 compared to 

the brain endothelium. However, the expression level of the secondary transferrin receptor 

TFR2 was shown to be three times higher in liver endothelium, possibly explaining the higher 

transferrin uptake in the liver. Overall, these results confirmed that different endothelial cells 

express cell receptors to different levels and show differences in uptake rates. 

4.4 Discussion 

The aim of this study was to investigate the effect of endothelial cell heterogeneity on the 

cellular uptake of nanoparticles. More specifically, we aimed to determine whether by 

changing nanoparticle properties, thus forming different coronas nanoparticles could be 

targeted to specific organs. Previously it has been shown that changing nanoparticle size, 

charge, or other similar parameters can affect nanoparticle distribution in vivo. This may be 

related to differences in the type of corona formed and may confer "natural targeting" to 

organ-specific endothelial cells 14,42,43. These effects could be exploited for nanomedicine 

targeting 44. To determine whether this could be possible, we chose four unique organ-derived 

endothelial cell lines: hCMEC/D3 (blood-brain barrier), HPMEC-ST1.6R (lung 

microvasculature), TRP3 (liver sinusoid), and ciGENC (kidney glomerulus). These endothelial 

cell lines are well characterized immortalized cell lines and retain many of their organ-specific 

properties.27–30 Endothelial cell barriers were formed and exposed to silica nanoparticles with 

three different surface functionalizations in the presence of bovine or human serum. Silica 

nanoparticles, in general, are well characterized and are known to form stable dispersions in 

cell medium supplemented with proteins.17,38,45 Several studies have reported that surface 

charge (among many other nanoparticle properties) affects corona formation and 
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nanoparticle uptake into specific cell types.12–15 Thus, here silica nanoparticles with different 

surface functionalization were used as a model system to form different coronas and test 

potential differences in uptake preferences across the different cell types. As expected due to 

the different surface functionalization, quantification of the bands obtained by SDS-PAGE on 

the proteins recovered from the three nanoparticles confirmed that different coronas were 

formed (Supplementary Figure S1).  

 
Figure 5. Rates of endocytosis and expression levels of transferrin receptors in liver and brain 
endothelial barriers. Median cell fluorescence intensity as obtained by flow cytometry of 
hCMEC/D3 and TRP3 barriers exposed to different fluorescent molecules. Endothelial barriers 
were prepared as described in the Materials and Methods and exposed to 250 µg/ml TRITC 
dextran 10 kDa in cell culture medium (A) or 10 µg/ml Alexa Fluor546 fluorescently labeled 
transferrin (B) in serum-free medium for the indicated times. The median cell fluorescence 
intensity of two replicate samples is shown, together with their mean (indicated with a line 
connecting the mean of each time point). The results of an independent replicate experiment 
are shown in Supplementary Figure S5. For each uptake kinetics, a linear regression two-tailed 
Student’s t-test was applied to compare them (see Section 2.9 for details). Statistically 
significant differences are indicated with an asterisk. p ≤ 0.05 was considered significant. C: 
expression levels of genes coding for the transferrin receptors TFR1 and TFR2 in TRP3 in 
comparison to hCMEC/D3. The results are average and standard deviation over four technical 
replicates of the fold-change in gene expression levels in TRP3 normalized to the expression 
levels in hCMEC/D3, calculated as detailed in the Materials and Methods (C). An unpaired two-
tailed student‘s t-test was used to determine statistically significant difference compared to 
the expression level in hCMEC/D3 cells (see Section 2.9 for details). Statistically significant 
differences are indicated with an asterisk (*p < 0.05 n = 4).  

Flow cytometry was used to measure nanoparticle uptake by cells. Protocols were optimized 

to reduce the eventual presence of nanoparticles remaining outside of the cells (see Section 

2.5 for details). Additionally, uptake was measured at multiple time points to determine 

uptake kinetics and compare their rate (this also allows to exclude eventual contribution of 

residual nanoparticles adhering outside cells 46). As previously observed, uptake levels were 
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much lower in human serum than in FBS, likely due to higher competition for cell receptors 

between the nanoparticles and free ligands in serum when human instead of bovine serum 

was used on the human cells, as well as differences in corona composition in the different sera 

(Supplementary Figure S1).33 When the uptake of the different nanoparticle types for each cell 

type was compared, uptake levels were different. Thus, despite having the same size and 

similar zeta potential after dispersion in serum (Table 1 and Figure 2), the three nanoparticles 

were taken up by cells at different levels, as expected because of their different 

functionalization and corona (Supplementary Figure S1). However, the three nanoparticles 

were taken up by the various endothelial barrier models following similar trends: in fact, it 

was found that for all cell types, when the nanoparticles were dispersed in FBS, the uptake 

was higher for SiO2-NH2 (also confirmed by statistical analysis on the uptake rates, see Figure 

3). For nanoparticles in human serum, however, a higher uptake was observed for SiO2-COOH 

and the effect was only statistically significant in the brain endothelium (Figure 4). A possible 

interpretation of the similar uptake preferences among the different types of endothelial cells 

is that the degree of functionalization of these nanoparticles was not very high. It will be 

interesting to perform similar studies for nanoparticles with a higher degree of 

functionalization to study in detail how the degree of functionalization affects the 

nanoparticle corona, thus also uptake by cells. Nevertheless, uptake preferences changed 

dramatically when the nanoparticles were incubated with either FBS or human serum. It is 

known that corona proteins can mediate recognition and interaction of nanoparticles with cell 

receptors.33,35,40,47–49 Thus, the different uptake preferences observed are likely due to 

differences in the protein corona composition on the nanoparticles when incubated with FBS 

or human serum (as indeed we show in Supplementary Figure S1). This supports the overall 

hypothesis that tuning the corona composition on a nanoparticle (for instance by changing 

nanomaterial properties such as size, charge, composition or by pre-forming artificial coronas) 

can be used as a strategy to modulate uptake preferences in different cell types, thus 

potentially allowing a preferential targeting of nanoparticles to specific organs in vivo. 

Additionally the results from our studies have shown that even small changes in a single type 

of nanoparticle can affect its uptake in endothelial cells from different locations in the body. 

These studies indicate that much needs to be done to determine how and if size, shape, 

chemical composition etc. influence the uptake of nanoparticles. Nanoparticles of different 
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size or material could also be used to form different coronas and test similar effects, as indeed 

we observed here using liposomes of different charge (Supplementary Figure S4). Another 

important observation is that despite the similar uptake preferences observed by certain types 

of nanoparticles, nanoparticle uptake efficiency differed strongly in the different endothelial 

barrier models. Thus, in agreement with common observations for in vivo distribution studies 

with silica and other nanoparticles, kidney and liver endothelium showed a higher uptake, 

possibly related to the physiological role of these organs in excretion.25,43,50,51 In contrast, the 

blood-brain barrier, known to be the tightest of the endothelial barriers,52,53 showed the 

lowest uptake efficiency for the nanoparticles. In agreement with this, lower nanoparticle 

uptake in the brain is also commonly observed in vivo.25,43,54 Similar results were observed by 

Gromnicova et al., who showed that the internalization of gold nanoparticles was significantly 

higher in kidney than in brain endothelium.25 The differences in uptake efficiency could also 

be a reflection of differences in their rate of endocytosis. In line with this, we showed that 

while the rate of endocytosis of a fluid-phase marker (FITC-dextran 10 kDa) in liver and brain 

endothelium was comparable, the uptake of transferrin, here selected as an example to 

compare the rate of a receptor-mediated uptake in the two cell types, was much higher in the 

liver (Figure 5). Since corona-coated nanoparticles are known to be internalized via active 

processes, and in several cases, it has been shown that uptake occurs after interaction with 

cell receptors,35,48,49 the higher nanoparticle uptake in liver endothelium in comparison with 

brain endothelium is likely connected to similar differences in receptor activity among the 

different endothelia. Interestingly, the uptake rate of transferrin and the expression level of 

transferrin receptor TFR1 were inversely related between liver and brain endothelium. Since 

TFR1 is known to be the main receptor for transferrin, it is possible that despite the lower 

expression level in liver endothelium, this receptor is recycled faster in liver endothelium than 

in brain endothelium. In addition, the higher expression level of the secondary transferrin 

receptor TFR2 in liver endothelium could also contribute to the higher uptake of transferrin. 

These results suggest that differences in receptor expression and activity, rather than the 

basal rate of (fluid-phase) endocytosis, may potentially determine the differences observed in 

the uptake efficiency of nanoparticles. Thus, it would be interesting to identify the receptors 

involved in the uptake of these specific nanoparticles and compare their expression and 

activity in the different cell types. It is also important to note that in order to use the same 
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protein content for corona formation, the nanoparticle dispersions were prepared with the 

same type and amount of sera for all endothelia, but using different basal media, as required 

for each cell type. Previous studies have shown that even when using the same serum and 

nanoparticles, the use of different cell culture media could affect protein corona formation, 

and, consequently, uptake by cells.55,56 However, here, three out of the four endothelia (brain, 

lung and kidney endothelium) were cultured using the same basal media and only some 

supplements differed. Thus, the observed uptake differences were most likely due to the 

heterogeneity of each endothelium, rather than these subtle differences in the media. More 

importantly, the different endothelial barrier models showed differences in uptake efficiency, 

which reflected the different physiological functions of the various organs from which they 

originated. These results suggested that the in vitro models generated with the different cell 

lines retained a high degree of the distinctive features present in the endothelia of the organ 

type.  

4.5 Conclusions 

The results from the present study confirm that the heterogeneity of endothelial cells clearly 

influences the uptake of nanoparticles by different organs. Since most drugs lack specificity 

for endothelial cells, the ability to effectively target specific endothelial cells using 

nanoparticles could offer significant benefits for future clinical applications. Our findings 

highlight the importance of exploiting further endothelial cell heterogeneity for better design 

of targeted drug carriers. Identification of relevant receptors to enable selective uptake by 

specific endothelial cell types may provide valuable information for improving the design of 

such carriers. In addition to the genotypic and phenotypic profiling of endothelial cell types, 

the identification of relevant receptors for targeted nanomedicine may be deduced from the 

protein corona composition of nanoparticles that show preferential interaction with the cell 

type of choice.57  
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Supplementary Information 

 

Additional Materials and Methods 

Liposome preparation 

Unilamellar liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or the 

anionic lipid 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG) together with 

cholesterol (all from Avanti Polar Lipids) in a 2:1 molar ratio were prepared by freeze-thaw 

cycles followed by extrusion, as previously described.41 Briefly, the lipid were mixed in 

chloroform and the solvent evaporated using a nitrogen stream followed by overnight 

incubation under vacuum in order to form a dry lipid film. Then a solution of 25 mM 

sulforhodamine B (SRB) in PBS was added to a final lipid concentration of 10 mg/ml, followed 

by eight freeze-thaw cycles and extrusion for 21 times through a polycarbonate filter with 100 

nm pores, using an Avanti Mini-Extruder (Avanti Polar Lipids). Excess SRB was removed by 

filtration through a Zeba Spin Desalting Column of 7K molecular weight cut off (MWCO) 

(Thermo Fisher Scientific) and liposomes were stored at 4 ˚C prior use. 
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Results 

 

 
Supplementary Figure S1. Identification of the corona proteins on 100 nm SiO2 (plain), SiO2-
NH2, and SiO2-COOH nanoparticles dispersed in FBS or human serum (HS). (A) SDS-PAGE gel 
image of the proteins recovered on nanoparticle-corona complexes formed on 1 mg/ml silica 
in 5 mg/ml FBS (left) or HS (right). M: molecular weight size marker. (B-C) Intensities of 
selected protein bands (red squares) recovered from different nanoparticle-corona complexes 
dispersed in FBS (B) or HS (C). Nanoparticle-corona complexes were isolated as described in 
Section 2.6, then equal amounts of nanoparticles (200 μg) were loaded in a 10% 
polyacrylamide gel. The intensity of selected protein bands was quantified as described in 
Section 2.6. The result shows different banding patterns for the coronas formed in FBS and 
HS, as well as differences in the coronas formed on the different nanoparticles.  
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Supplementary Figure S2. Nanoparticle uptake levels in endothelial barriers derived from 
different organs in the presence of bovine serum. Median cell fluorescence intensity as 
obtained by flow cytometry of hCMEC/D3 (A), HPMEC-ST1.6R (B), TRP3 (C), and ciGENC (D) 
exposed to different nanoparticles. Endothelial barriers were prepared as described in the 
Materials and Methods and exposed to 50 μg/ml of 100 nm SiO2, SiO2-NH2, or SiO2-COOH in 
a cell culture medium supplemented with 5 mg/ml FBS for the indicated times. The median 
cell fluorescence intensity of two replicate samples is shown, together with their mean 
(indicated with a line connecting the mean of each time point). For each uptake kinetics, a 
linear regression two-tailed Student’s t-test was applied to compare them (see Section 2.9 for 
details). Statistically significant differences are indicated with an asterisk. p ≤ 0.05 was 
considered significant. The results of an independent replicate experiment are shown in Figure 
3 and similar trends were obtained. 
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Supplementary Figure S3. Nanoparticle uptake levels in endothelial barriers derived from 
different organs in the presence of human serum. Median cell fluorescence intensity as 
obtained by flow cytometry of hCMEC/D3 (A), HPMEC-ST1.6R (B), TRP3 (C), and ciGENC (D) 
exposed to different nanoparticles. Endothelial barriers were prepared as described in the 
Materials and Methods and exposed to 50 μg/ml of 100 nm SiO2, SiO2-NH2, or SiO2-COOH in 
a cell culture medium supplemented with 5 mg/ml human serum for the indicated times. The 
median cell fluorescence intensity of two replicate samples is shown, together with their mean 
(indicated with a line connecting the mean of each time point). For each uptake kinetics, a 
linear regression two-tailed Student’s t-test was applied to compare them (see Section 2.9 for 
details). Statistically significant differences are indicated with an asterisk. p ≤ 0.05 was 
considered significant. The results of an independent replicate experiment are shown in Figure 
4 and similar trends were obtained. 
 

T im e /h o u rs

M
e

d
ia

n
 F

lu
o

re
sc

e
n

ce
 I

n
te

n
si

ty
/a

.u

0 1 0 2 0 3 0
0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

T im e /h o u rs

M
e

d
ia

n
 F

lu
o

re
sc

e
n

ce
 I

n
te

n
si

ty
/a

.u

0 1 0 2 0 3 0
0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

T im e /h o u rs

M
e

d
ia

n
 F

lu
o

re
sc

e
n

ce
 I

n
te

n
si

ty
/a

.u

0 1 0 2 0 3 0
0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

T im e /h o u rs

M
e

d
ia

n
 F

lu
o

re
sc

e
n

ce
 I

n
te

n
si

ty
/a

.u

0 1 0 2 0 3 0
0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

A

C

B lo o d -b ra in  b a rr ie r L u n g  e n d o th e liu m

L ive r e n d o th e liu m K id n e y  e n d o th e liu m

S iO 2 S iO 2-N H 2 S iO 2-C O O H

B

D

*
*

*

*

*



 

 
 143 

4 

 

Supplementary Figure S4. Liposome uptake levels in brain and liver endothelial barriers 
(hCMEC/D3 and TRP3 cells, respectively) in the presence of bovine serum (FBS) or human 
serum (HS). Median cell fluorescence intensity as obtained by flow cytometry of hCMEC/D3 
(A, C) and TRP3 (B, D) cells exposed to different liposomes. Endothelial barriers were prepared 
as described in the Materials and Methods and exposed to 50 μg/ml of 100 nm negatively-
charged DOPG and zwitterionic DOPC liposomes in a cell culture medium supplemented with 
5 mg/ml FBS (A, B) or HS (C, D) for the indicated times. The median cell fluorescence intensity 
of two replicate samples is shown, together with a line that passes through their average. For 
each condition, a linear regression two-tailed Student’s t-test was applied to the uptake 
kinetics up to 5 hours of exposure in order to compare the uptake efficiency of the two 
liposomes (see Section 2.9 for details). Statistically significant differences are indicated with 
an asterisk. p ≤ 0.05 was considered significant. The results showed that in all cases, in the first 
5 hours of exposure, the uptake of the negatively-charged DOPG liposomes was higher than 
the uptake of the zwitterionic DOPC liposomes, later converging to comparable levels. 
Additionally, as observed for all the silica nanoparticles, uptake was higher for liposomes 
dispersed in medium with FBS, as opposed to HS and in most cases, uptake was higher in the 
liver than in the brain endothelium. 
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Supplementary Figure S5. Rates of endocytosis in brain and liver endothelial barriers. Median 
cell fluorescence intensity as obtained by flow cytometry of hCMEC/D3 and TRP3 barriers 
exposed to different fluorescent molecules. Endothelial barriers were prepared as described 
in the Materials and Methods and exposed to 250 µg/ml TRITC dextran 10 kDa in cell culture 
medium (A) or 10 µg/ml Alexa Fluor546 fluorescently labeled transferrin (B) in serum-free 
medium for the indicated times. The median cell fluorescence intensity of two replicate 
samples is shown, together with their mean (indicated with a line connecting the mean of 
each time point). For each uptake kinetics, a linear regression two-tailed Student’s t-test was 
applied to compare them (see Section 2.9 for details). Statistically significant differences are 
indicated with an asterisk. p ≤ 0.05 was considered significant. The results of an independent 
replicate experiment are shown in Figure 5 and similar trends were obtained. 
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Abstract 

The layer of proteins and other biomolecules adsorbed from biological fluids on the surface of 

nano-sized objects, generally known as the protein corona, critically influences the 

performance of nanocarriers in targeted drug delivery. It has been shown that certain corona 

proteins are responsible for interaction of nanoparticles with cell surface receptors. In this 

study, we performed correlation analysis between the protein corona composition of silica 

nanoparticles of two different sizes and three different surface functionalities and the 

nanoparticle uptake kinetics in four endothelial cell types derived from different organs. Next, 

proteins that were correlated with increased or decreased uptake were validated by studying 

the uptake of artificial single protein corona and with competition studies in brain and liver 

endothelium, selected as representative endothelial cells with low and high uptake, 

respectively. We found that pre-coating nanoparticles with a corona made of histidine-rich 

glycoprotein (HRG) alone significantly decreased uptake in both liver and brain endothelium. 

Furthermore, our results also suggested the involvement of transferrin receptor in the uptake 

of nanoparticles in liver endothelium, and – presumably – redirection of the nanoparticles to 

other receptors with higher uptake efficiency when the transferrin receptor was blocked by 

free transferrin. These data suggested that a change in the microenvironment of cells may 

lead to a different interaction site with nanoparticles and in this way affect nanoparticle 

uptake efficiency. Overall, correlating protein corona composition and uptake allows to 

identify novel strategies to both direct nanoparticles to cells, as well as to avoid uptake. 

5.1 Introduction 

Nanomaterials have shown tremendous potential for biomedical applications, such as drug 

delivery and diagnosis.1–3 However, in order to properly apply them in this context, the 

fundamental interactions that govern biological processes once nanomaterials come into 

contact with living systems should be thoroughly investigated. It is now widely known that 

upon contact with biological fluids, nanomaterials adsorb proteins and biomolecules on their 

surface, forming the so-called protein corona.4–6 In the development of targeted nanocarriers, 

this rapidly forming protein corona has been considered a crucial element, since the 

interactions of nanomaterials with cells are greatly affected by this acquired biomolecular 

layer.7–13 In fact, the protein corona can direct nanocarriers to specific receptors resulting in 
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enhanced uptake by certain cell types, but also inhibit targeted drug delivery by masking the 

targeting ligands on nanocarriers.13–15 Furthermore, the protein corona can also influence 

other biological processes, such as biodistribution, immune cell activation,16 and 

cytotoxicity.17 More importantly, the formation of this protein layer cannot be prevented by 

coating of the nanocarriers with standard “stealth” materials, such as polyethylene glycol 

(PEG). Actually, a recent study showed that PEGylated surfaces acquire the ability to avoid 

immune clearance due to the adsorption of specific corona proteins.18 Altogether, these 

studies have shown that the protein corona can confer a new biological identity to 

nanomaterials. 

Given the crucial role of the protein corona, understanding which corona components and 

cellular receptors are responsible for the biological fate of nanoparticles is important to 

ensure the successful design of nanocarriers. Several studies have demonstrated that the 

protein corona can be recognized by cell receptors.10–12 This recognition can be exploited for 

improving targeted delivery of nanocarriers. Moreover, it is known that different nanoparticle 

properties, such as size, shape and surface charge can affect corona composition, and this 

could lead to different cellular responses.19–22 Thus, nanoparticles may be tailored to adsorb 

certain plasma proteins and form a corona that directs them to specific cell receptors.14,15 In 

this way, controlling the corona composition can provide a new strategy to target 

nanoparticles to specific cell types. Recent studies have exploited this concept to predict 

cellular association using a library of different nanoparticles and by characterizing their 

protein corona fingerprints.7,23–25 Similarly, correlation analysis between corona composition 

of different nanoparticles and their cell uptake efficiency has been used to identify corona 

proteins associated with higher or lower uptake.25,26 For instance, a previous study in which 

this approach was applied has discovered that some apolipoproteins (ApoH, ApoA4, and 

ApoC3) were responsible for regulating nanoparticle uptake in human mesenchymal stem 

cells.26  

Since different cell types may have different interactions with the protein corona, it is of great 

interest to compare the association in multiple target cells. For this, endothelial cells represent 

a potential target cell model, given the fact that these cells constitute one of the very first 

barriers nanomedicine has to encounter in vivo. More importantly, endothelial cell 
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phenotypes also differ between various types of vasculature and organs, exhibiting unique 

characteristics, that may lead to specific interactions with the protein corona.27–29 In line with 

this, in a previous study we demonstrated that endothelial cells derived from different organs 

showed differences in nanoparticle uptake efficiency, indicating that the heterogeneity 

among endothelial cells types can indeed affect nanoparticle uptake.30 Thus, in this work, as a 

next step, we sought to investigate which corona components are involved in the uptake 

nanoparticles by different endothelial cell types. 

To this aim, we used endothelial cells of different organs (brain, lungs, liver, and kidneys) as 

target cell models. Silica nanoparticles of 100 and 200 nm and with three different surface 

functionalization were used to form different protein coronas in full human plasma. The effect 

of different protein coronas on uptake efficiency and uptake preferences in the different 

endothelia was investigated. The composition of the protein corona of each nanoparticle type 

was analyzed by mass spectrometry. Then, correlation analysis between the corona 

composition and the cellular uptake was performed in order to identify key candidate proteins 

affecting nanoparticle uptake efficiency. In order to validate the correlation results, the uptake 

of nanoparticles with ‘artificial’ coronas composed of the candidate proteins was compared 

to that of nanoparticles with a ‘natural’ corona. Additionally, RNA interference and 

competition experiments were used to block the corresponding receptors in order to 

determine their role in uptake. 

5.2 Materials and methods 

5.2.1 Cell culture 

The immortalized human brain endothelial cell line, hCMEC/D3, was provided by Pierre-Olivier 

Couraud.31 Cells were cultured in an endothelial basal medium (EBM-2, LONZA, Allendale, NJ, 

USA) supplemented with 5% fetal bovine serum (FBS, GibcoTM Thermofisher Scientific, 

Landsmeer, Netherlands), 200 ng/ml bFGF (Peprotech, London, United Kingdom), 1 µg/ml 

hydrocortisone (Sigma-Aldrich, St Luis, USA), 1% chemically defined lipid concentrate 

(Thermofisher Scientific), and 10 mM HEPES (Thermofisher Scientific) at 37˚C and 5% CO2 in 

cell culture flasks pre-coated with 0.1 mg/ml rat-tail collagen type-1 (Corning, NY, USA). Cells 

were kept in culture between passage 29-38, and the medium was changed every 2-3 days. 
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The immortalized human pulmonary microvascular endothelial cell line, HPMEC-ST1.6R, was 

provided by Ronald E. Unger.32 Cells were cultured in an EBM-2 supplemented with an EGM-

2 bullet kit (LONZA) at 37˚C and 5% CO2 in cell culture flasks pre-coated with 0.2% cold gelatin 

(Sigma-Aldrich). The medium was changed every 2-3 days. 

The immortalized human liver endothelial sinusoidal cell line, TRP3, was provided by Birke 

Bartosch and Romain Parent.33 Cells were cultured in an MCDB 131 medium (GibcoTM 

Thermofisher Scientific) supplemented with 20% FBS (GibcoTM Thermofisher Scientific), 10 

mM glutamine (Thermofisher Scientific), 250 µg/ml cAMP (Sigma-Aldrich), 1 µg/ml 

hydrocortisone (Sigma-Aldrich), and 50 µg/ml endothelial cell growth supplement (ECGS, 

Corning) at 37˚C and 5% CO2 in cell culture flasks pre-coated with 0.1% cold gelatin (Sigma-

Aldrich). The medium was changed every 2-3 days. 

The conditionally immortalized glomerular endothelial cell line, CiGENC, was provided by 

Simon Satchell.34 Cells were cultured in an EBM-2MV supplemented with an EGM-2MV bullet 

kit (LONZA), with the exception of VEGF, in cell culture flasks pre-coated with 1 µg/cm2 

fibronectin (Corning). Cells were grown at 33˚C with 5% CO2 until they were 90% confluent, 

then they were grown at 37˚C and 5% CO2 for 3 days in order to develop kidney glomerular 

endothelial cell phenotypes. The medium was changed every 2-3 days. 

5.2.2 Physicochemical characterization of nanoparticles 

Green fluorescently labeled plain (non-functionalized, SiO2), amino-modified (SiO2-NH2), and 

carboxylated silica nanoparticles (SiO2-COOH) of 100 nm and 200 nm with an excitation and 

emission wavelength of 485 and 510 nm, respectively, were purchased from Micromod 

Partikeltechnologie GmbH (Rostock, Germany). All amino and carboxylated nanoparticles had 

a surface charge density of 1 µmol/g, except for 200 nm SiO2-NH2, which had a surface charge 

density of 4 µmol/g. Nanoparticle size distributions by dynamic light scattering (DLS) and zeta 

potential (ζ-potential) were measured using a Malvern Zetasizer Nano ZS (Malvern Instrument 

Ltd., Worcestershire, UK). Briefly, nanoparticles (50 µg/ml and 30 µg/ml, for 100 nm and 200 

nm nanoparticles, respectively) were dispersed in PBS at 20˚C and immediately measured 

using disposable capillary cells (Malvern). Similarly, nanoparticle-corona complexes prepared 

as described below were also characterized at the same concentrations as mentioned above. 

The results are the average of 5 runs of at least 3 measurements. 
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5.2.3 Nanoparticle-corona preparation and characterization 

Prior to physicochemical characterization and incubation on cells, nanoparticle-corona 

complexes were prepared and isolated. In summary, 1 mg/ml SiO2, SiO2-NH2, or SiO2-COOH of 

100 and 200 nm were dispersed in full (86 mg/ml) human plasma (human plasma from a 

pooled donor, from TCS BioSciences Ltd Botolph Claydon, Buckingham, UK) at 37˚C for 1 hour 

under continuous shaking at 300 rpm. Then, the dispersion was centrifuged for 1 hour at 

16,000 g in order to separate the nanoparticle-corona complexes from the excess of unbound 

proteins. The pellet containing nanoparticle-corona complexes was resuspended in PBS. For 

incubation on cells, the dispersion of nanoparticle-corona complexes was diluted in serum-

free medium until it reached the final concentration of 50 or 30 µg/ml of green fluorescently 

labeled SiO2, SiO2-NH2, or SiO2-COOH of 100 or 200 nm, respectively. For SDS PAGE and mass 

spectrometry analysis, the pellet was treated further by washing it in PBS and centrifuging it 

again for 1 hour at 16,000 g for a total of three times centrifugation to isolate clean hard 

corona-coated nanoparticles. The amount of nanoparticles present in the pellet was 

calculated by measuring their fluorescence with a spectrofluorometer. Afterwards, 200 or 300 

µg hard corona-coated nanoparticles, for 100 or 200 nm nanoparticles, respectively, were 

resuspended in gel loading buffer, boiled for 5 minutes at 95˚C, and loaded onto 10% 

polyacrylamide gel for SDS-PAGE. After the electrophoretic run was done, the gel was 

incubated for 1 hour with a solution containing 0.1% w/v Coomassie blue R-250 in a water : 

methanol : glacial acetic acid (5:4:1) solution and washed with milliQ water. Pictures were 

taken with a ChemiDoc™ XRS (Biorad, USA). 

5.2.4 Mass spectrometry and correlation analysis 

For mass spectrometry analysis, the corona proteins of the isolated nanoparticle-corona 

complexes prepared as described above were quantified using a Pierce™ BCA Protein Assay 

Kit (Thermofisher Scientific). Then, the same amount of corona proteins was loaded on a 10% 

polyacrylamide gel and separated from the nanoparticles by SDS-PAGE for 5 minutes. After 

the electrophoretic run was done, the gel was incubated for 1 hour with InstantBlue™ solution 

(Sigma-Aldrich) and washed with milliQ water. The gel containing corona proteins was then 

reduced and alkylated by incubation in 10 mM DTT for 30 minutes at 56˚C, and after that in 

55 mM chloroacetamide for 30 minutes at room temperature in the dark. Then, the gel was 
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washed with milliQ water and cut to separate it from the nanoparticles and from other 

samples. Each piece of cut gels was further washed to remove the remaining InstantBlue™ 

solution by incubating them in 100 mM ammonium bicarbonate : acetonitrile (70:30) at room 

temperature for 30 minutes. The washing step was repeated twice more, using ammonium 

bicarbonate : acetonitrile (50:50), and acetonitrile, respectively, and then dried at 60˚C for 5 

minutes. Afterwards, each piece of gels containing the corona proteins was incubated 

overnight in sequencing grade modified trypsin (Promega Corporation, Madison, WI, USA) 

(1:100) resuspended in 100 mM ammonium bicarbonate at 37˚C to allow protein digestion. 

The digestion reaction was ceased by adding 75% v/v acetonitrile and 25% of a solution of 5% 

v/v formic acid in water. The digested peptides, which were extracted out of the gel during 

the digestion, were diluted in 0.1% v/v formic acid in water and loaded onto SPE (Solid Phase 

Extraction) GracePure™ columns (W. R. Grace & Co., Columbia, MD, USA). The columns were 

first conditioned and equilibrated by adding twice 0.1% v/v formic acid in acetonitrile and then 

twice 0.1% v/v formic acid in water. Then, the samples were loaded onto the columns, washed 

twice with 0.1% v/v formic acid in water, and finally eluted twice with 0.1% v/v formic acid in 

50% v/v acetonitrile. The eluted samples were dried using a speed vacuum for about 2-3 

hours. Afterwards, samples were resuspended in 0.1% v/v formic acid in water and loaded 

into a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermofisher 

Scientific) using Acclaim™ PepMap™ 100 C18 LC Columns (Thermofisher Scientific). Samples 

were analyzed using PEAKS 10 (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Protein 

identifications were obtained using the human UniProtKB/Swissprot reference proteome 

database. The experimental data were searched with a 10-ppm parent mass error tolerance 

with one missed cleavage allowed and fixed carbamidomethylation and variable oxidation set 

as the modifications. Spectral counts (Spectra) were normalized by the molecular weight of 

the identified proteins, and expressed as the relative protein abundance (RPA) according to 

the following equation: 

Spectrax = [(Spectra/Mw)x / ∑ �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑀𝑀𝑀𝑀

�𝑛𝑛
𝑖𝑖=0 i] x 100      (1) 

As a statistical measurement for the correlation between the amount of each protein 

identified by mass spectrometry and the cellular uptake of nanoparticles, the Pearson 

Product-Moment Correlation Coefficient was calculated according to the formula:  
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r = ∑(𝑥𝑥− �̄�𝑥)(𝑦𝑦−ȳ) 
�∑(𝑥𝑥− �̄�𝑥)2 ∑(𝑦𝑦−ȳ)2 

      (2) 

where x is the RPA of each protein and y is the median cell fluorescence intensity measured 

by flow cytometry. A r value close to +1 indicated strong correlation (proteins associated with 

higher uptake), while a r value close to -1 indicated a negative correlation (proteins associated 

with lower uptake). 

5.2.5 Nanoparticle uptake and flow cytometry analysis 

Cellular uptake of nanoparticles was measured by flow cytometry. Briefly, cells were seeded 

with a density of 25,000 cells/cm2 for HPMEC-ST1.6R, or 50,000 cells/cm2 for the other cell 

lines, in a 24-well plate (Greiner Bio-One BV, A. Alphen on den Rijn, Netherlands) pre-coated 

with extracellular matrix as described above. Three or four days after seeding, for ciGENC and 

TRP3, or hCMEC/D3 and HPMEC-ST1.6R, respectively, cells were incubated for different time 

periods with 50 or 30 µg/ml of freshly prepared hard corona-coated 100 or 200 nm silica 

nanoparticles with different surface functionalities, respectively, as described above. After 

exposure, cells were washed once with medium supplemented with 10% FBS and twice with 

PBS in order to remove the excess of nanoparticles and reduce the presence of nanoparticles 

sticking outside cells. Afterwards, cells were detached and collected using 0.05% trypsin-EDTA 

for 5 minutes, centrifuged, and resuspended in PBS. Cell fluorescence intensity was measured 

by Cytoflex Flow Cytometer (Beckman Coulter, Woerden, The Netherlands) with a 488 nm 

laser. Data were analyzed by Flowjo data analysis software (Flowjo, LLC). Cell gates were set 

using double scatter forward and side scattering plots in order to exclude cell debris and cell 

doublets. A total of at least 15,000 cells were acquired per sample, and for each condition two 

replicate samples were made. All experiments were repeated at least two times. The results 

of a representative experiment are shown with the median cell fluorescence intensity of the 

two technical replicates, and a line that connects their average values. 

5.2.6 Uptake of single protein corona-coated nanoparticles 

In order to coat nanoparticles with a single protein corona, 30 µg/ml green fluorescently 

labeled 200 nm SiO2-NH2 were incubated with histidine-rich glycoprotein (HRG, Peprotech, 

London, United Kingdom), transferrin (Sigma-Aldrich), human serum albumin (HSA, Sigma-

Aldrich), or alpha-1 antitrypsin (Sigma-Aldrich) in serum-free medium at 37˚C for 1 hour under 
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continuous shaking at 300 rpm, and finally centrifuged for 1 hour at 16,000 g to remove the 

excess of proteins. In order to ensure a complete coating of the entire surface area, 

nanoparticles were incubated with 15 µg/ml of each protein. Additionally, 30 µg/ml green 

fluorescently labeled 200 nm SiO2-NH2 nanoparticles were also coated with 15 µg/ml human 

plasma or full human plasma (86 mg/ml). In order to determine their uptake, hCMEC/D3 and 

TRP3 cells were seeded with a density of 50,000 cells/cm2 in a 24-well plate (Greiner) pre-

coated with extracellular matrix as described above. Three or four days after seeding, for TRP3 

or hCMEC/D3, respectively, cells were incubated for 4 hours with 30 µg/ml of freshly prepared 

single protein-coated or human plasma-coated SiO2-NH2 200 nm in serum-free medium. After 

exposure, cells were harvested and analyzed by flow cytometry as described above. 

5.2.7 Competition study of nanoparticles with individual proteins 

For the competition study, hCMEC/D3 and TRP3 cells were seeded with a density of 50,000 

cells/cm2 in a 24-well plate (Greiner) pre-coated with extracellular matrix as described in 

above. Three or four days after seeding, for TRP3 or hCMEC/D3, respectively, cells were 

incubated for 4 hours with 30 µg/ml of freshly prepared human plasma corona-coated SiO2-

NH2 200 nm in serum-free medium as described in above in the presence of 1 (or increasing 

concentrations) or 5 mg/ml unlabeled transferrin or HSA, respectively. Alternatively, cells 

were incubated for different time periods with 10 µg/ml Alexa Fluor 546 fluorescently labeled 

transferrin (Life Technologies, NY, USA) in serum-free medium in the presence of increasing 

concentrations of human plasma corona-coated SiO2-NH2 200 nm. After exposure, cells were 

harvested and analyzed by flow cytometry (using 561 nm laser for Alexa Fluor 546 

fluorescently labeled transferrin) as described above. 

5.2.8 TFR1 silencing using siRNA 

In order to silence transferrin receptor TFR1 on TRP3, cells were seeded with a density of 

13,000 cells/cm2 in a 24-well plate (Greiner) pre-coated with 0.1% cold gelatin as described 

above. Twenty-four hours after seeding, cells were washed in serum-free medium for 20 

minutes, and then incubated with 250 µl of a siRNA mix made with 2 µl of oligofectamine 

(Thermofisher Scientific), 20 pmol siRNA directed towards TFR1 (Silencer Select, Thermofisher 

Scientific), and Opti-MEM (Thermofisher Scientific). A scrambled siRNA was used as a negative 

control. After 4 hours of incubation, 125 µl of TRP3 growth medium supplemented with 60% 
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v/v FBS were added to each well, and cells were grown further for 72 hours at 37˚C and 5% 

CO2. After 72 hours, cells were incubated for 4 hours with 30 µg/ml freshly prepared hard 

corona-coated nanoparticles, or 10 minutes with 10 µg/ml Alexa Fluor 546 fluorescently 

labeled transferrin in serum-free medium. After exposure, cells were harvested and analyzed 

by flow cytometry as described above. 

5.2.9 Quantification of TFR1 mRNA expression  

The expression level of silenced TFR1 in TRP3 cells was determined by RT-PCR using forward 

(left) TGAAGAGAAAGTTGTCGGAGAAA and reverse (right) CAGCCTCACGAGGGACATA primers. 

After 72 hours of silencing, 3 wells were merged and their total mRNA was isolated with a 

Maxwell instrument and Maxwell 16 LEV simplyRNA Cells Kit (Promega, Madison, WI, USA) 

according to the instructions provided by the manufacturer. cDNA was prepared by reverse 

transcription of mRNA using 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 (SensiMixTM SYBR kit, Bioline, Taunton, 

MA, USA) in an ABI7900HT sequence detection system (Applied Biosystems, Foster City, CA, 

USA) from cDNA (10 ng per sample). The Ct values were obtained with the SDS 2.4 software 

(Applied Biosystems). For each target, four replicates were used and the average Ct value and 

its standard deviation were calculated. Results are expressed as fold-change of the averaged 

Ct values of the negative control (CtNeg) in relative to Ct values of TFR1 silenced samples (CtTFR1) 

as follows:  

Fold change = 2 – (Mean CtNeg – Mean CtTFR1).      (3) 

5.3 Results and discussion 

5.3.1 Protein corona characterization 

Silica nanoparticles have been used as a well-characterized model for uptake studies in cells, 

including studies on protein corona.6,35,36 Here, we selected silica nanoparticles of two 

different sizes (100 and 200 nm) and with three different surface functionalization (plain, 

amino modified (-NH2), and carboxylated (-COOH)) in order to obtain different coronas after 

dispersion in biological fluid. Instead of low concentration of FBS, pooled human plasma was 
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used as a more relevant source of proteins for corona formation when using cells derived from 

humans. In order to resemble better the physiological condition, full (100%) human plasma 

was used. For similar reasons, human plasma was chosen over human serum because it 

includes all blood components except the blood cells. 

Figure 1. Characterization of the corona formed on 100 and 200 nm SiO2 (plain), SiO2-NH2 

(NH2), or SiO2-COOH (COOH) in full human plasma. SDS-PAGE gel image of the proteins 
recovered on nanoparticle-corona complexes of 100 nm (A) or 200 nm (B) silica in full human 
plasma. The corona formed on all silica nanoparticles was prepared and isolated as described 
in the Materials and Methods. The gel shows that different bands were present in the corona 
formed on the different silica nanoparticles. M: molecular weight size marker. Distribution of 
the seven major protein groups in human plasma and in the protein corona of the different 
silica nanoparticles displayed as RPA (%) calculated using equation 1 as shown in Materials 
and Methods (C). Venn diagram of the total amount of proteins identified by mass 
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spectrometry in the nanoparticle-corona complexes formed in full human plasma (D). List of 
the top 20 most abundant corona proteins and their RPA (%) on the indicated silica 
nanoparticles, as measured by LC-MS (E). Proteins are ordered alphabetically. Color codes 
represent the protein family and the size of the spot indicates their RPA (%). 

Thus, the corona-coated nanoparticles formed in full human plasma were isolated and prior 

to exposure to cells, they were characterized by dynamic light scattering (DLS) and zeta 

potential measurements (See Figure S1 for details). DLS results showed that the isolated 

corona-coated nanoparticles were well re-dispersed and had a slight increase in average size 

in comparison to what measured for the bare nanoparticles in PBS (Supplementary Figure S1), 

as expected upon protein adsorption and corona formation. For all nanoparticles, including 

the amino-modified nanoparticles, a negative zeta potential was measured when dispersed in 

PBS. In fact, both 100 and 200 nm amino-modified nanoparticles have a positive zeta potential 

only at pH lower than 7.4 (data not shown). 

As a next step, we used SDS-PAGE to separate and visualize the proteins in the different 

coronas. This allowed us to confirm that each nanoparticle adsorbed different amounts and 

types of proteins on their surface (Figures 1A and 1B, also Figure S2 for a broader overview 

when nanoparticles were incubated in different concentrations of human plasma). Then, mass 

spectrometry was used to further characterize the protein corona composition of each sample 

(Figures 1C-E, and the complete lists in the Supporting Information). Approximately 300 

proteins were detected for each sample, and around 100 of them were present in all coronas 

(Figure 1D). Figure 1C displays a general distribution of protein classes and compares it to the 

protein composition of human plasma. Overall, we observed a high enrichment of 

apolipoproteins and coagulation factors, followed by a less pronounced enrichment of 

complement factors and tissue leakage proteins. Figure 1E shows the list of the 20 most 

abundant proteins in each corona, which alone represented already 40-60% of the total 

proteins recovered. As also observed in other studies,26,37 the relative amount of the different 

corona proteins differed across the different nanoparticles and unique proteins present in 

only some of the coronas were also identified, confirming overall that different coronas were 

formed. 
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Figure 2. Uptake kinetics of the corona-coated nanoparticles isolated from full human plasma. 
Brain (A and E), lung (B and F), liver (C and G), and kidney endothelium (D and H) were exposed 
to 50 μg/ml of 100 nm (A-D) or 30 μg/ml of 200 nm (E-H) corona-coated SiO2, SiO2-NH2, or 
SiO2-COOH in serum free medium, isolated from full human plasma as described in Materials 
and Methods. The results of a representative experiment (out of two) are given and show the 
median cell fluorescence intensity of two technical replicates, together with a line that passes 
through their average. 

5.3.2 Uptake of corona-coated nanoparticles by endothelial cells from different organs 

As a next step, we compared the uptake efficiency of the different corona-coated 

nanoparticles in different endothelial cell types. To this end, we used four endothelial cell lines 

derived from different organs (brain, lung, liver, and kidney), which possessed phenotypical 

differences that can be exploited for selective targeting of drug carriers.31–34 Because of the 

heterogeneity of organ-specific endothelial cells, we hypothesized that each endothelial cell 

type would show different uptake preferences for the different nanoparticles. However, as 

shown in Figure 2, all endothelial cell types showed preference for the same nanoparticle type. 

Specifically, when comparing the results for nanoparticles of the same size, SiO2-COOH 100 

nm and SiO2-NH2 200 nm showed the highest level of internalization in all endothelial cell 

types. One possible explanation of the similar uptake preference among the different cell 

types could be that for the selected nanoparticles, the unique corona fingerprints of each 

nanoparticle type alone was not sufficient to exploit the heterogeneity among all endothelia. 

Nevertheless, each endothelium showed different uptake efficiency, with brain endothelium 

showing the lowest nanoparticle uptake efficiency, and liver and kidney endothelium the 

highest. These differences reflect well their different physiological function, where the blood-

brain barrier, in general, has a more selective uptake than liver sinusoids and kidney glomeruli. 
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Additionally, differences in absolute uptake efficiency may relate to differences in the 

expression level of the receptors that are responsible for the uptake of the corona proteins 

between different endothelial cell types. Overall, the differences in uptake efficiency 

confirmed that each cell line still retained their unique organ properties.  

5.3.3 Correlation between protein corona composition and nanoparticle uptake 

In order to identify which proteins from the corona were responsible for regulating the uptake, 

we performed correlation analysis between the cellular uptake levels at 5 hours (Figure 3A 

and 3B) and the corona composition of all 6 investigated silica nanoparticles using the Pearson 

correlation coefficient (Figure 3C). A positive correlation (r ≥ 0.6), that is, a high relative 

amount of certain protein on nanoparticles correlating with high cellular uptake, was 

observed in brain and lung endothelium for alpha-1-antitrypsin, haptoglobin, 

immunoglobulins, HSA, prothrombin and transferrin. Interestingly, in the liver endothelium a 

strong negative correlation (r ≤ -0.6) was observed for some proteins including histidine-rich 

glycoprotein (HRG), and no positive correlation. This lack of discrimination between proteins 

for uptake may be explained by the clearance function of scavenger endothelial cells of the 

liver. In addition, we also performed correlation analysis based on nanoparticle uptake levels 

at 24 hours (Table S1). As the uptake behavior, especially for the 100 nm nanoparticles, was 

different after 24 hours, this expectedly led to different results in the correlation analysis. In 

this case, all endothelial cell types showed a similar profile of positively correlated proteins, 

and no negative correlation was observed for any of the proteins in all endothelial cell types, 

including for the liver. Many proteins in liver and kidney endothelium, including albumin and 

transferrin, which showed minimal correlation based on the 5-hour uptake, now turned to be 

positively correlated. These differences may reflect observed differences in nanoparticle 

distribution in vivo over time, when nanoparticles first may accumulate in certain organs, then 

are released again and accumulate in other organs at later times. Further studies are required 

to explain this observation and to determine, depending on the application, the most 

appropriate exposure time to use for similar correlation analysis. 
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Figure 3. Correlation between 5-hour nanoparticle uptake in in brain, lung, liver and kidney 
endothelium and the relative protein abundance of adsorbed corona proteins for all six silica 
nanoparticles tested. Uptake level of the nanoparticle-corona complexes formed on 100 (A) 
and 200 nm (B) silica nanoparticles in full human serum after 5 hours. The results of a 
representative experiment (out of two) are given and show the median cell fluorescence 
intensity of two technical replicates, together their average, indicated by a line. (C) Corona 
proteins correlating with uptake. The table shows the results of the correlation analysis 
between the 5-hour nanoparticle uptake in in brain, lung, liver and kidney endothelium and 
the relative protein abundance of adsorbed corona proteins, performed as described in the 
Materials and Methods. If most cell lines showed a positive correlation coefficient (r) ≥ 0.6, 
proteins were shaded in lighter gray, and proteins with a negative correlation in a darker gray. 
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5.3.4 Involvement of the correlated corona proteins on nanoparticle uptake 

In order to verify if the high abundant proteins in the corona that correlate with high cellular 

uptake are indeed involved in the uptake of the nanoparticles by the endothelial cells, i.e., to 

exclude coincidence, we performed validation experiments using artificial single protein- 

coronas (Figure 4) and competition studies (Figure S3) in brain and liver endothelium. For 

practical reasons, this validation study was performed using the 200 nm SiO2-NH2 since it 

showed high uptake in all cell lines, thus making it easier to observe a possible inhibition in 

uptake. The uptake of nanoparticles with a corona made of the single correlated proteins was 

compared to the uptake levels of nanoparticles with a human plasma corona and bare 

nanoparticles. In this way we could demonstrate if those single proteins alone could increase 

or decrease the uptake, as suggested by the correlation. As shown in Figure 4, pre-coating 

SiO2-NH2 200 nm with positively correlated proteins, namely HSA, transferrin, and alpha-1 

antitrypsin, did not affect cellular uptake in either endothelium. Instead, coating the 

nanoparticles with HRG alone considerably reduced uptake in both endothelia to the same 

extent as with the natural full human plasma corona. This result is of particular interest also 

because the correlation of the positively correlated proteins was stronger than the negative 

correlation of HRG, yet they showed no significant effect on the uptake. This clearly 

demonstrates the importance of performing independent validation of the candidate proteins 

identified with this type of analysis.  
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Figure 4. Uptake of single protein corona-coated nanoparticles in liver (A) and brain 
endothelium (B). The 200 nm SiO2-NH2 were coated with 15 μg/ml HRG, transferrin, HSA, or 
alpha-1 antitrypsin as described in Materials and Methods, and 30 ug/ml corona-coated 
nanoparticles were added to cells for 4 hours in serum-free medium. The results of a 
representative experiment (out of three) are given and show the median cell fluorescence 
intensity of two technical replicates, together with their average, indicated by a line. 

Next to single protein corona experiments, we also performed a competition study in brain 

and liver endothelium using HSA and transferrin. As opposed to single protein corona 

experiments, these experiments were performed to investigate the role of the receptors of 

the correlated corona proteins, rather than the corona proteins themselves. In this approach, 

SiO2-NH2 200 nm were again used as model nanoparticles and the uptake of the corona-coated 

nanoparticles isolated from full human plasma was measured after adding free HSA or 

transferrin in the medium to test eventual competition for the same receptors. As shown in 

Figure S3, neither of the proteins were able to compete with nanoparticle uptake. Instead, 

contrary to our expectations, in liver endothelium (Figure S3A) we observed a substantial 

increase in the uptake of 200 nm SiO2-NH2 in the presence of transferrin, i.e., the presence of 

free transferrin somehow stimulated nanoparticle internalization. 
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Figure 5. Effect of free transferrin on nanoparticle uptake in liver endothelium. TRP3 liver cells 
were exposed for 4 hours to 30 µg/ml corona-coated nanoparticle complexes formed on 200 
nm SiO2-NH2 in full human plasma in the presence of increasing concentrations (A) or 1 mg/ml 
(B) human transferrin in serum-free medium, and after removal of the free transferrin (B). In 
reverse competition experiments, liver endothelial cells were exposed for 4 hours to 10 µg/ml 
Alexa Fluor 546 fluorescently labeled transferrin in the presence of increasing concentrations 
of the isolated corona-coated nanoparticle complexes in serum-free medium (C). (D) Uptake 
of corona-coated nanoparticle complexes in TRP3 cells after silencing the expression of 
transferrin receptor 1 (TFR1). TFR1 expression was silenced as described in the Materials and 
Methods, then cells were exposed for 4 hours to 30 µg/ml nanoparticle-corona complexes 
with or without the presence of 1 mg/ml human transferrin in serum-free medium (D). The 
results of a representative experiment (out of two) are given and show the median cell 
fluorescence intensity of two technical replicates, together with their average, indicated by a 
line. These competition experiments showed that free transferrin increased nanoparticle 
uptake instead of competing with it, while the uptake of transferrin decreased when corona-
coated nanoparticle complexes were added. (E) SDS-PAGE gel image of the proteins recovered 
on corona-coated nanoparticle complexes after incubation with free transferrin in serum-free 
medium. Nanoparticle-corona complexes were isolated, then the same amounts of 
nanoparticles before and after addition of free transferrin (NP and NP+Tf, respectively) as well 
as the corresponding supernatant were loaded in a 10% polyacrylamide gel, and then washed 
by centrifugation two more times, and the supernatants (W1 and W2) were also loaded to the 
gel. The gel shows that the bands in the corona were comparable before and after exposure 
to free transferrin, suggesting that the higher uptake in the presence of free transferrin was 
likely not caused by adsorption of additional transferrin on the nanoparticle surface, while 
free transferrin is clearly visible in the supernatant. M: molecular weight size marker; SN: 
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supernatant after the first centrifugation; W1: supernatant after the first washing; W2; 
supernatant after the second washing. 

In order to understand this observation, competition and silencing studies, as well as SDS 

PAGE were performed to elucidate the effects of free transferrin on nanoparticle uptake. 

Further competition studies where free transferrin was added at a range of increasing 

concentrations (Figures 5A and 5B) showed that nanoparticle uptake was increased by the 

presence of free transferrin in a concentration dependent manner. Interestingly, this increase 

was no longer observed when the free transferrin was removed again from the medium in 

which nanoparticles were dispersed (Figure 5B). Thus, the effect was due to the presence of 

free transferrin in solution, as opposed to – for instance – increased adsorption of transferrin 

in the corona, promoting increased uptake. In line with this, SDS-PAGE of the human plasma 

corona-coated nanoparticles isolated after a second incubation with free transferrin did not 

show any evident increase in the intensity of the band corresponding to transferrin, suggesting 

that no additional transferrin was in fact adsorbed (Figure 5E). Importantly, we also tried the 

reverse experiment to see if transferrin uptake could be competed by the addition of 

increasing amounts of nanoparticles. In this case, we observed a strong concentration-

dependent competition, suggesting the involvement of the transferrin receptor in 

nanoparticle uptake (Figure 5C). However, silencing transferrin receptor TFR1 did not have 

any effect on nanoparticle uptake (Figure 5D, and Figure S4 for positive control). A previous 

study suggested that the uptake of transferrin was predominantly mediated by TFR2 when 

extracellular transferrin concentration was high.38 However, this was not the case in our study, 

since silencing of TFR2 also did not have any effect on the nanoparticle uptake (data not 

shown). A possible explanation of these observations is that nanoparticles entered via 

multiple pathways, including via transferrin receptors, and knocking down one pathway led to 

an increase in uptake through other pathways, which also had higher uptake efficiency.39,40 

On the contrary, transferrin enters cells only via transferrin receptors. Therefore, the strong 

reduction in transferrin uptake in the presence of nanoparticles may suggest that the 

nanoparticles occupy (and are internalized via) transferrin receptors. Because of this, we 

sought to investigate if clathrin-mediated endocytosis (CME) was involved in nanoparticle 

uptake, given that transferrin receptors are usually internalized by cells via this pathway. To 
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this end, we tried to block CME using the pharmacological inhibitor chlorpromazine, and 

observed its effect on nanoparticle uptake. As the first step, we tested this compound on cells 

to make sure it did not affect cell viability even at the highest concentration typically used for 

this kind of studies (Figure S5D).12,41 As shown in Figure S5B and S5C, addition of 

chlorpromazine blocked the uptake of positive controls transferrin and LDL, known to enter 

via this pathway, while it greatly increased nanoparticle uptake (Figure S5A), similar to when 

adding free transferrin. The same result was obtained when we blocked CME by transfection 

with AP180 (Figures S5E-H). The transfected cells internalized a higher number of 

nanoparticles compared to non-transfected ones (Figures S5G and S5H). Overall, the results 

suggest that the nanoparticles are taken up via CME, possibly stimulated by the presence of 

transferrin in their corona. We hypothesize that when free transferrin is added, they are 

displaced (from transferrin receptors) to other receptors, possibly triggering uptake via 

clathrin independent pathways, with higher uptake efficiency. 

5.4 Conclusions 

In this study, we correlated protein corona composition and nanoparticle uptake to discover 

proteins that are involved in the uptake, and investigate the role of their receptors. For this, a 

panel of six nanoparticles and four different endothelial cells was used. For all silica 

nanoparticles tested, we observed a high enrichment of apolipoproteins and coagulation 

factors, especially HRG, which also argues for performing experiments in plasma rather than 

serum. Using correlation analysis between the protein corona composition and the cellular 

uptake, we were able to identify proteins, that might have a regulative effect on the uptake. 

Interestingly, HRG was the only protein that appeared to have this effect by decreasing, alone, 

the uptake up to 80-90% in brain and liver endothelium. This effect of HRG could be supported 

by its negative correlation with cellular uptake or also by its high abundance on the corona, or 

both. As reported in recent studies, HRG has a high affinity for silica surfaces12,42 and it had a 

similar effect on decreasing nanoparticle uptake also on macrophages due to its dysopsonin 

activity.42 This masking effect of HRG could be potentially exploited as an alternative strategy 

to obtain a “stealth” layer on nanomedicines. 

Next to HRG, we also discovered that free transferrin had an effect on the uptake of SiO2-NH2 

200 nm. In liver endothelium, transferrin uptake was reduced when these nanoparticles were 
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added, suggesting a role for the transferrin receptor in nanoparticle uptake. However, when 

free transferrin was added, nanoparticle uptake strongly increased. This was possibly due to 

redirection of nanoparticles to other receptors with higher uptake efficiency when the 

transferrin receptor was occupied by free transferrin. In other words, nanoparticles may have 

multiple ways to be taken up, most probably because of the different proteins adsorbed on 

their surface. Similar results were also reported in a recent study in which different pathways 

were involved in the uptake of hard corona-coated silica nanoparticles in HeLa cells.12 Further 

studies and novel methods are needed in order to identify all alternative receptors or 

pathways involved in nanoparticle uptake. 

Overall, these results clearly highlight the complexity of the protein corona in the way it 

mediates interaction with cells. Indeed, exploiting the biological influence of individual 

proteins on cellular uptake using correlation analysis allows for the identification of specific 

proteins that are critically involved in nanoparticle uptake.7,14,23–26 However, one needs to take 

into account the possibility that surface recognition could reside in much more complex 

organizational properties of the overall adsorbed protein layer than in single corona 

components.11 Therefore, future studies are needed to better understand protein corona-cell 

interactions, and at the same time, better methods need to be developed to identify which 

proteins have potential for the targeting of nanocarriers. Importantly, the presence of other 

biomolecules in solution also affects nanoparticle uptake, and their composition will vary 

between different cellular microenvironments. This adds another level of complexity to 

discerning possible ligand-receptor pairs for targeted drug delivery, thus it should also be 

taken into account. 
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Supplementary Information 

 

Additional Materials and Methods 

Uptake inhibition with chlorpromazine 

In order to assess the role of clathrin-mediated endocytosis (CME) on nanoparticle uptake, 

TRP3 cells were treated with chlorpromazine prior to and during exposure with nanoparticles. 

Toxicity of chlorpromazine was measured by MTT assay (see below for details). Briefly, TRP3 

cells were seeded with a density of 50,000 cells/cm2 in a 24-well plate (Greiner) pre-coated 

with 0.1% cold gelatin as described in Materials and Methods. Three days after seeding, cells 

were pre-incubated for 10 minutes in serum-free medium with different concentrations of 

chlorpromazine hydrochloride. After the pre-incubation, cells were incubated for 4 hours with 

30 µg/ml of freshly prepared hard corona-coated SiO2-NH2 200 nm in serum-free medium as 

described in Materials and Methods, with or without the inhibitor. As control to assess the 

efficacy of the inhibitor, in parallel, cells were incubated for 10 minutes with 5 µg/ml Alexa 

Fluor 546 fluorescently labeled transferrin, or for 4 hours with 1 µg/ml fluorescently labeled 

low-density lipoprotein, Dil-LDL (Thermofisher Scientific) in serum-free medium. After 

exposure, cells were harvested and analyzed by flow cytometry as described in Materials and 

Methods.  

MTT assay 

TRP3 cells viability after treatment with chlorpromazine was measured by MTT assay. Briefly, 

TRP3 cells were seeded with a density of 50,000 cells/cm2 in a 24-well plate (Greiner) pre-

coated with 0.1% cold gelatin as described in Materials and Methods. Three days after 

seeding, cells were incubated for 4 hours in serum-free medium with different concentrations 

of chlorpromazine hydrochloride. As a positive control, cells were incubated with 50 µg/ml 

amino-modified 50 nm polystyrene nanoparticles (Bang Laboratories, Sanbio BV, Uden, 

Netherlands) in serum-free medium. These nanoparticles are known to induce cell death due 

to their positive charge.43 After incubation, cells were washed with cMEM and were incubated 

with 0.5 mg/ml MTT solution (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 

Sigma-Aldrich) dissolved in cMEM. After the formation of blue precipitates (about 2 hours), 

cells were incubated under continuous shaking with DMSO in order to dissolve the 
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precipitates. After 15 minutes, the absorbance of the solution was measured at 550 nm in a 

96-well plate (Greiner) using UV-plate reader (Molecular Devices LLC., Sunnyvale CA, USA). 

The cell viability was expressed as a percentage of absorbance relative to untreated cells 

(negative controls). 

Plasmid transfection with AP180 

The construct containing the RFP-tagged C-terminal of AP180 was kindly provided by Yvonne 

Vallis and Harvey T McMahon (University of Cambridge, UK).44 Briefly, TRP3 cells were seeded 

with a density of 50,000 cells/well in a 24-well plate (Greiner) on glass coverslips pre-coated 

with 0.1% cold gelatin as described in Materials and Methods. Twenty-four hours after 

seeding, cells were transfected with 0.4 ng/well of plasmid DNA using 1.2 µl Fugene HD 

(Promega) as transfection reagent in cMEM. After 24 hours, cells were washed in serum-free 

medium and incubated for 15 minutes with 15 µg/ml Alexa Fluor 488 fluorescently labeled 

transferrin (Life Technologies, NY, USA), or 24 hours followed by 4 hours chase with 50 µg/ml 

of freshly prepared hard corona-coated SiO2-NH2 200 nm in serum-free medium as described 

in Materials and Methods. Cells were then washed and prepared for immunohistochemistry 

as described later. 

Confocal microscopy 

Immunohistochemistry was performed in TRP3 cells plated on glass coverslips inserted in 24-

well plates, and experiments were performed as described in Materials and Methods. Briefly, 

cells were fixed with formaldehyde (4% v/v) solution for 15 minutes, followed by nuclear 

staining, which was performed by incubating cells for 5 minutes with 0.2 µg/ml 4’,6-diamidino-

2-phenylindole (DAPI). Afterwards, 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 638 nm laser for RFP. Images were 

processed using ImageJ software (http://www.fiji.sc). 
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Results 

 

 
Figure S1. Physicochemical characterization of the nanoparticles and isolated corona-coated 
nanoparticle complexes formed on 100 nm and 200 nm SiO2, SiO2-NH2, and SiO2-COOH (50 
µg/ml and 30 µg/ml, for 100 nm and 200 nm nanoparticles, respectively). Dynamic light 
scattering (DLS) of silica nanoparticles in PBS and the nanoparticle-corona complexes (hard 
corona, HC) formed in full human plasma (A-C). The size distributions (B and C) showed all 
dispersions remained stable in the conditions used for cell experiments. D: diameter obtained 
by cumulant analysis of DLS data; PDI: polydispersity index. The surface charge density of all 
nanoparticles is also included, as obtained from the supplier.  
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Figure S2. Identification of the corona proteins on 100 and 200 nm SiO2 (plain), SiO2-NH2 (NH2), 
and SiO2-COOH (COOH) nanoparticles dispersed in human plasma. SDS-PAGE gel image of the 
proteins recovered on nanoparticle-corona complexes of 100 nm (A) or 200 nm (B) silica 
formed in different concentrations of human plasma. Nanoparticle-corona complexes were 
washed and centrifuged for a total of 4 times, after which the same amounts of nanoparticles 
were loaded onto 10% polyacrylamide gel. The gel shows that different bands were present 
in the corona formed on the different types of nanoparticles and also when human plasma 
concentration was varied (HP). M: molecular weight size marker.  
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Figure S3. Competition study of nanoparticle-corona complexes with HSA and transferrin in 
liver (A) and brain endothelium (B). TRP3 and hCMEC/D3 cells were exposed for 4 hours to 30 
μg/ml of 200 nm corona-coated SiO2-NH2 in serum free medium, isolated from full human 
plasma as described in Materials and Methods, in the presence of 1 mg/ml HSA or transferrin. 
The results of a representative experiment (out of two) are given and show the median cell 
fluorescence intensity of two technical replicates, together with their average, indicated by a 
line.  
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Table S1. Correlation analysis between the 24-hour nanoparticle uptake in in brain, lung, liver 
and kidney endothelium and the relative protein abundance of adsorbed corona proteins, 
performed as described in the Materials and Methods* 

Protein name 
Entry 
short 

r 
(brain) 

r 
(lung) 

r 
(liver) 

r 
(kidney) 

Alpha-1-antitrypsin A1AT 0.8 0.8 0.7 0.8 
Apolipoprotein A-I APOA1 0.0 0.0 0.1 0.1 
Apolipoprotein A-II APOA2 0.1 0.1 0.1 0.1 
Apolipoprotein B-100 APOB 0.1 0.1 0.1 0.1 
Apolipoprotein C-I APOC1 -0.1 -0.1 -0.1 -0.1 
Apolipoprotein E APOE 0.0 0.0 0.2 0.0 
Haptoglobin HPT 0.9 0.9 0.9 0.9 
Histidine-rich glycoprotein HRG -0.3 -0.3 -0.5 -0.4 
Immunoglobulin heavy constant gamma 1 IGHG1 0.9 0.9 0.8 0.8 
Immunoglobulin heavy constant gamma 2 IGHG2 0.9 0.9 0.9 0.9 
Immunoglobulin heavy constant gamma 3 IGHG3 0.9 0.9 0.9 0.9 
Immunoglobulin heavy constant gamma 4 IGHG4 0.9 0.9 0.9 0.9 
Immunoglobulin kappa constant IGKC 0.7 0.7 0.5 0.6 
Immunoglobulin lambda constant 2 IGLC2 -0.4 -0.4 -0.4 -0.3 
Immunoglobulin lambda constant 3 IGLC3 -0.4 -0.4 -0.4 -0.3 
Plasminogen PLMN -0.2 -0.2 -0.5 -0.3 
Prothrombin THRB 0.5 0.5 0.7 0.6 
Serotransferrin TRFE 0.9 0.9 0.9 0.9 
Serum albumin ALBU 0.9 0.9 0.8 0.9 
Serum amyloid A-4 protein SAA4 -0.3 -0.2 -0.1 -0.2 

*If most cell lines showed a positive correlation coefficient (r) ≥ 0.6, proteins were shaded in 
lighter gray, and proteins with a negative correlation (not present in this table) in a darker 
gray. 
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Figure S4. Silencing efficiency of TFR1 in liver endothelium. TRP3 cells were silenced for 72 
hours for TFR1, and then exposed for 10 minutes to 10 µg/ml Alexa Fluor 546 fluorescently 
labeled transferrin in serum-free medium (A). The results of a representative experiment (out 
of two) are given and show the median cell fluorescence intensity of two technical replicates, 
together with their average, indicated by a line. The corresponding expression levels of TFR1 
gene after silencing was determined by RT-qPCR (B). The results represent the average median 
and standard deviation of four replicates of the fold-change in gene expression levels in 
silenced cells compared to the negative control, calculated as detailed in the Materials and 
Methods. The results show TFR1 was effectively silenced. 
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Figure S5. Effect of inhibition of clathrin-mediated endocytosis on nanoparticle uptake in liver 
endothelium. Briefly, TRP3 cells were exposed for 4 hours to 30 µg/ml nanoparticle-corona 
complexes of 200 nm SiO2-NH2 formed in full human plasma in the presence or absence of 
different concentrations of chlorpromazine in serum-free medium (A). As positive controls of 
drug efficacy, TRP3 cells were exposed for 4 hours to 1 µg/ml fluorescently labeled low-density 
lipoprotein (Dil-LDL) (B), or for 10 minutes to 5 µg/ml Alexa Fluor 546 fluorescently labeled 
transferrin (C) in serum-free medium. Cell viability was assessed by MTT test on TRP3 cells 
exposed for 4 hours to different concentrations of chlorpromazine in cMEM (D). The uptake 
level was obtained by flow cytometry, and the results of a representative experiment (out of 
three) are given and show the median cell fluorescence intensity of two technical replicates, 
together with their average, indicated by a line, of cells exposed to control markers or 
nanoparticle-corona complexes with or without the inhibitor. Confocal fluorescence images 
of TRP3 with a plasmid carrying a RFP tagged AP180, whose expression blocks clathrin-
mediated endocytosis (E-H). After 24 hours, cells were exposed for 15 minutes to 15 µg/ml 
Alexa Fluor 488 fluorescently labeled transferrin (E and F), or for 24 hours followed by 4 hours 
chase with 50 µg/ml of the nanoparticle-corona complexes (G and H) in serum-free medium. 
Blue: DAPI stained nuclei; red: RFP expression of transfected cells; green: transferrin (E and F) 
or nanoparticle-corona complexes (G and H). Scale bar: 50 µm. 
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Abstract 

Targeting of nanocarriers requires –among others- specific interaction with selected cell 

surface receptors enabling efficient internalization of the nanocarrier into the desired cell 

type. The protein corona that forms on nanocarriers in serum can strongly affect targeting and 

can itself interact with specific cell surface receptors promoting nanocarrier uptake. Thus, 

identifying which are the corona proteins and receptors involved in nanocarrier uptake is 

essential to understand nanocarrier interactions with cells and may also allow to discover 

novel receptors for successful targeting. Within this context, in this study, we compared 

different methods to identify potential cell surface receptors involved in nanoparticle uptake. 

We used two different endothelial cell types i.e. brain and liver endothelium, as representative 

examples of cells that show very low and very high nanoparticle uptake, respectively. Thus 

amino-modified and carboxylated silica were used to form different coronas after exposure in 

full human plasma. Using a combination of receptor pull-down experiments, biotinylation-

based approaches in live cells, nanoparticle uptake studies, and proteomic analysis by mass 

spectrometry, we identified cell receptors potentially involved in their uptake. The candidate 

receptors were further validated for their involvement in nanoparticle uptake by decorating 

the nanoparticles with an artificial corona consisting of their ligands. In this way, we were able 

to identify cell surface receptors that were involved in the internalization of protein corona-

coated nanoparticles in brain and liver endothelium. We discovered that a vitronectin corona 

can be used to target integrin receptors and, in this way, strongly enhance nanoparticle uptake 

in both cell types. Interestingly, the increased uptake was maintained even when human 

serum was present in the medium. Furthermore, we observed organ-specific targeting of 

plasminogen-coated nanoparticles, i.e., to endothelial cells of the liver but not the brain. In 

summary, the methods proposed can be used as a platform to exploit the protein corona for 

the targeting of nanocarriers and to identify cell receptors enabling efficient nanoparticle 

uptake.  

6.1 Introduction 

Nanoparticles have gained massive interest in the (bio)medical field, in particular for drug 

delivery and targeting purposes.1–4 The relatively slow bench-to-bed translation of 

nanomedicines into the market has encouraged researchers to unravel the yet unknown 
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factors behind the failure of many nanomedicines.5 One major problem of the in vivo delivery 

of nanoparticles is their limited targeting ability. Among the many factors limiting targeting 

efficacy, it has been shown that the adsorption of a protein corona on the surface of 

nanoparticles can strongly affect the interactions of nanocarriers with cell receptors and the 

resulting uptake by cells.6–9 The composition of this adsorbed layer is known to undergo 

evolution over time due to dynamic changes of the environment as nanocarriers distribute 

through the body or are internalized by cells.10–13 However, it is now widely accepted that the 

long-lived and tightly bound proteins, known as the hard corona, can determine how 

nanoparticles first interact with and are recognized by cells.14–17 Such interactions determine 

many key biological outcomes (e.g. biodistribution, cellular uptake mechanism,18 targeting,6 

toxicity,19 and immune responses20). Therefore, a thorough understanding of the role of 

corona proteins in these processes can help to achieve better nanocarrier targeting and 

contribute to the success of the clinical translation of nanomedicines. 

The main challenge in disentangling nanoparticle-receptor interactions remains in elucidating 

which components of the protein corona and which corresponding receptors are involved in 

mediating the subsequent uptake by cells. So far, corona proteomic has often been used to 

identify all the proteins adsorbed on the nanoparticle surface.9 However, this provides little 

information as to how these proteins are organized and their epitopes are presented to cells 

and cell receptors. Strategies, such as correlation analysis and corona fingerprinting-based 

approaches have been used to bypass the limitation of poorly informative corona proteomic 

data by enabling prediction of cell association, and, in this way, identify key corona proteins 

which may associate to increased uptake without any preliminary knowledge about how these 

proteins are organized on the corona.21–23 Other techniques, including immuno-mapping to 

characterize how epitopes are presented on the nanoparticle surface and to identify their 

spatial location have recently been developed.24–26 Furthermore, it has been suggested that 

cell receptors may be able to recognize not only some individual corona proteins, but also 

more complex biomolecular layer motifs formed by multiple corona components.27 All these 

recent findings and different approaches presented allow for a better understanding of the 

connections between the protein corona and its interactions with certain receptors. However, 

identifying all receptors interacting with the protein corona and discriminating those involved 

in nanoparticle uptake remains challenging.  
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Here, we present a systematic approach to identify key receptors involved in cellular uptake 

of nanoparticles using a combination of receptor pull-down experiments, biotinylation-based 

approaches in live cells, nanoparticle uptake studies and corona proteomics. Endothelial cells 

derived from the blood-brain barrier and liver sinusoids were selected as cell models, usually 

associated with low and high nanoparticle uptake, respectively.28,29 Endothelial cells 

constitute the very first barrier that nanomedicines encounter upon systemic administration. 

Additionally, their heterogeneity in different organs also allows for organ-specific targeting of 

nanocarriers, which we also sought to exploit in this study.30–32 Thus, we used 200 nm amino-

modified and carboxylated silica as a model to form different coronas in human plasma and 

identified receptors enabling efficient uptake in brain and/or liver endothelium. First, we 

exposed the nanoparticles with a human plasma corona to purified cell membrane proteins 

isolated from the two endothelial cell types and used a pull-down approach to get a first 

overview of all possible receptor interaction partners. Next, we biotinylated the cell surface 

proteins in live cells, allowed the cells to internalize the different corona-coated nanoparticles, 

and isolated and identified the internalized (biotinylated) receptors involved in nanoparticle 

uptake in the two different endothelia. By comparing the lists of identified cellular receptors 

as obtained with the pull-down and biotinylation approaches, and combining them with the 

identification of the corona proteins present on the silica nanoparticles, we then identified 

the most promising key candidate receptors for nanoparticle uptake. Finally, we validated the 

involvement of the selected receptors in nanoparticle uptake using RNA interference to 

silence their expression, and by forming artificial coronas with endogenous receptor ligands, 

including antibodies. The presented approach can be used to discover receptors involved in 

nanoparticle uptake in different cell types, and in this way to exploit the corona to identify 

efficient receptors to target nanocarriers to specific cell types. 

6.2 Materials and methods 

6.2.1 Cell culture 

The immortalized human brain endothelial cell line, hCMEC/D3, was provided by Pierre-Olivier 

Couraud.33 Cells were cultivated in an endothelial basal medium (EBM-2, LONZA, Allendale, 

NJ, USA) containing 5% fetal bovine serum (FBS, GibcoTM Thermofisher Scientific, Landsmeer, 

Netherlands), 200 ng/ml bFGF (Peprotech, London, United Kingdom), 1 µg/ml hydrocortisone 
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(Sigma-Aldrich, St Luis, USA), 1% chemically defined lipid concentrate (Thermofisher 

Scientific), and 10 mM HEPES (Thermofisher Scientific) in cell culture flasks pre-coated with 

0.1 mg/ml rat-tail collagen type-1 (Corning, NY, USA). Cells were kept at 37˚C in a 5% CO2 

humidified environment, and the medium was changed every 2-3 days. The cells were used 

between passage 29-38. 

The immortalized human liver endothelial sinusoidal cell line, TRP3, was provided by Birke 

Bartosch and Romain Parent.34 Cells were cultivated in an MCDB 131 medium (GibcoTM 

Thermofisher Scientific) containing 20% FBS (GibcoTM Thermofisher Scientific), 10 mM 

glutamine (Thermofisher Scientific), 250 µg/ml cAMP (Sigma-Aldrich), 1 µg/ml hydrocortisone 

(Sigma-Aldrich), and 50 µg/ml endothelial cell growth supplement (ECGS, Corning) in cell 

culture flasks pre-coated with 0.1% cold gelatin (Sigma-Aldrich). Cells were kept at 37˚C in a 

5% CO2 humidified environment, and the medium was changed every 2-3 days. 

6.2.2 Physicochemical characterization of nanoparticles 

Green fluorescently labeled amino-modified (SiO2-NH2) and carboxylated (SiO2-COOH) silica 

nanoparticles of 200 nm with an excitation and emission wavelength of 485 and 510 nm, 

respectively, were obtained from Micromod Partikeltechnologie GmbH (Rostock, Germany). 

Compared to carboxylated nanoparticles which, by standard synthesis, had surface charge 

density of 1 µmol/g, amino-modified nanoparticles were custom made to have higher surface 

charge density, which was 4 µmol/g. The size distribution by dynamic light scattering (DLS) 

and zeta potential (ζ-potential) were determined using a Malvern Zetasizer Nano ZS (Malvern 

Instrument Ltd., Worcestershire, UK). Briefly, 30 µg/ml nanoparticles were dispersed in PBS at 

20˚C and immediately measured using disposable capillary cells (Malvern). Similarly, 

nanoparticle-corona complexes prepared as described below were also characterized after 

isolation and dispersion in serum-free medium at the same concentration as mentioned 

above. The results are the average of 5 runs of at least 3 measurements. 

6.2.3 Preparation and characterization of nanoparticle-corona complexes 

Nanoparticle-corona complexes were prepared prior to incubation on cells. In summary, 1 

mg/ml SiO2-NH2 or SiO2-COOH of 200 nm were incubated in full (86 mg/ml) human plasma 

(human plasma from pooled donors, from TCS BioSciences Ltd Botolph Claydon, Buckingham, 

UK) at 37˚C for 1 hour under constant shaking at 300 rpm. The sample was then centrifuged 
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for 1 hour at 16,000 g at 15 ˚C to pellet the nanoparticle-corona complexes and separate them 

from the excess free plasma proteins in the supernatant. Afterwards, the pellet was 

resuspended in PBS and diluted in serum-free medium until it reached the final concentration 

of 30 µg/ml. For SDS-PAGE, pull-down experiment, and mass spectrometry analysis, the pellet 

was washed with PBS and centrifuged again for 1 hour at 16,000 g at 15 ˚C other three times 

to isolate clean hard corona-coated nanoparticles. The final amount of nanoparticles present 

in the pellet was determined by measuring their fluorescence with a spectrofluorometer. 

Afterwards, 300 µg hard corona-coated nanoparticles were resuspended in gel loading buffer, 

boiled for 5 minutes at 95˚C, and loaded onto 10% polyacrylamide gel for SDS-PAGE. After the 

electrophoretic run, the gel was incubated for 1 hour with a solution containing 0.1% w/v 

Coomassie blue R-250 in a water : methanol : glacial acetic acid (5:4:1) solution and washed 

with milliQ water. Pictures were taken with a ChemiDoc™ XRS (Biorad, USA).  

6.2.4 Isolation of cell surface proteins  

Cell surface proteins were isolated by biotinylation as follows. Briefly, confluent TRP3 and 

hCMEC/D3 cells in a T175 cell culture flask (roughly corresponding to five and seven million 

cells, respectively) pre-coated with extracellular matrix as described above were moved to a 

cold room (4°C) and washed twice with ice-cold PBS. Primary amines at the cell surface were 

labeled with 2.5 mg sulfo-NHS-SS-biotin (Sigma-Aldrich) in 15 ml ice-cold PBS for 30 minutes 

under gentle shaking. The remaining sulfo-NHS-SS-biotin was quenched for 2x3 minutes with 

a buffer containing 65 mM Tris, 150 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2 at pH 7.5, and 

the cells were washed twice more with ice-cold PBS. Afterwards, the cells were lysed by 30 

minutes incubation in the cold room in 2 ml RIPA buffer (Sigma-Aldrich) with the addition of 

protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). Finally, the cell lysate 

was transferred into a 1.5 ml tube, followed by centrifugation (16.000 g for 2.5 minutes at 4°C) 

to collect crude membrane fraction. Total protein content was determined in the supernatant 

using a Bradford assay (BioRad, Munich, Germany) according to the manufacturer’s protocol. 

6.2.5 Isolation of internalized biotinylated cell surface proteins 

Cell surface proteins through which nanoparticle-corona complexes were internalized were 

isolated as follows. Confluent TRP3 and hCMEC/D3 cells in a T175 cell culture flask (roughly 

corresponding to five and seven million cells respectively) pre-coated with extracellular matrix 
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were biotinylated as described above. Then, to allow endocytosis of nanoparticle-corona 

complexes, the cells were exposed at 37°C for 4 hours to a concentration corresponding to 30 

µg/ml nanoparticles of the nanoparticle-corona complexes formed on 200 nm SiO2-NH2 

prepared as described above, in a pre-warmed serum-free medium. As a negative control, 

cells were biotinylated using the same procedure and then kept at 37°C for 4 hours without 

the addition of nanoparticle-corona complexes. Following internalization, cells were cooled 

down with ice-cold PBS to immediately arrest endocytosis and then washed once with an ice-

cold buffer composed of 50 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 8.6) in the cold room. The 

remaining surface-exposed biotinylated proteins were removed by incubating the cells 2x10 

minutes in ice-cold MESNa (sodium 2-mercaptoethanesulfonate, Sigma-Aldrich) buffer, 

containing 100 mM MESNa, 50 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.2% BSA, pH 8.6. 

Afterwards, the cells were washed five times with ice-cold PBS to remove the excess of MESNa 

and then lysed as described above to collect the crude membrane fraction.  

6.2.6 Purification of the internalized biotinylated cell surface proteins 

The internalized biotinylated proteins were isolated from the crude membrane fractions 

obtained as described in the previous section. Briefly, each sample was incubated overnight 

with pre-washed streptavidin beads (10 µl of a 50% w/w slurry per 20 µg protein, or 300 µl for 

the entire protein lysate of internalized cell surface protein; Sigma-Aldrich) in a centrifuge 

column (Thermofisher Scientific) on a rotating wheel at 4°C. The beads were pre-washed three 

times with a washing buffer containing 65 mM Tris, 500 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 

and 1% NP40 at pH 7.5. Afterwards, the beads were separated from the rest of the solution 

to remove the unbound proteins and then washed three times with the washing buffer and 

five times with PBS. The biotinylated proteins were eluted two times with 100 mM DTT in PBS 

for 30 minutes on a rotating wheel at room temperature. Finally, the eluate was concentrated 

and purified from the DTT by three times centrifugation (1600 g for 20 minutes at 15°C; using 

PBS for buffer exchange) in an Amicon Ultra-15 filter 10 kDa MWCO (Merck Millipore Ltd., 

Cork, Ireland). 

6.2.7 Western blot 

The purity of the isolated cell surface proteins was determined by western blot. Briefly, cell 

surface proteins were biotinylated and captured by streptavidin beads as described above. 
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After separation of the beads from the unbound proteins and washing with washing buffer 

and PBS, the streptavidin beads (10 µl of a 50% w/w slurry per 20 µg protein) containing the 

biotinylated proteins were incubated in 20 µl gel loading buffer, boiled for 5 minutes at 95˚C, 

and loaded onto 10% polyacrylamide gel for SDS-PAGE. Subsequently, the proteins on the SDS-

PAGE gel were transferred onto a PVDF membrane (Sigma-Aldrich) at 300 mA for 90 minutes 

on ice. The membrane was then incubated in a blocking buffer (20 mM Tris, pH 7.6, 1.5 M 

NaCl, 0.1% Tween-20, and 5% nonfat dry milk) for two hours at room temperature. Then, 

primary antibodies, mouse monoclonal anti-transferrin receptor (1:1000; Thermofisher 

Scientific) and rabbit polyclonal anti-Erk 1/2 (1:1250; Cell Signaling Technology, Leiden, The 

Netherlands), were applied overnight in a blocking buffer at 4˚C. The membrane was 

subsequently incubated with secondary antibodies (HRP-conjugated anti-mouse or anti-

rabbit; 1:2000) for two hours in a blocking buffer at room temperature. The signal was 

detected using VisiGlo HRP Chemiluminescent Substrate Kit (Amresco, Solon, OH, USA). 

Pictures were taken with a ChemiDoc XRS (Biorad, USA). 

6.2.8 Pull-down experiment 

The cell membrane proteins binding to the nanoparticle-corona complexes were isolated by 

pull-down experiments following the procedure described by Bewersdorff et al.35 Briefly, 

corona-coated 200 nm SiO2-NH2 or SiO2-COOH nanoparticles were prepared and isolated from 

human plasma as described above and incubated with the purified cell surface proteins (45 

µg protein per 1000 µg nanoparticles) for an hour at 37˚C under continuous shaking. Then, 

nanoparticles were recovered by centrifugation for 30 minutes at 16,000 g and washed with 

PBS for a total of three centrifugations to remove the unbound proteins. The pellet was 

resuspended in a small volume of PBS and prepared for mass spectrometry analysis. 

6.2.9 Mass spectrometry analysis 

Mass spectrometry was used to analyze the composition of the isolated cell surface proteins, 

the biotinylated cell surface proteins internalized upon exposure to nanoparticles and the 

composition of the pull-down samples. Briefly, samples were incubated with the same volume 

of 0.1% Rapigest (Water Chromatography B.V., Etten-Leur, The Netherlands) in 50 mM 

ammonium bicarbonate to enhance enzymatic digestion of proteins. Then, the samples were 

incubated with 5 mM DDT for 30 minutes at 60 ˚C, followed by incubation with 15 mM 
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iodoacetamide at room temperature in the dark for 30 minutes. To allow protein digestion, 

samples were incubated overnight in sequencing grade modified trypsin (Promega 

Corporation, Madison, WI, USA) (1:50) resuspended in 0.1% Rapigest for three hours at 37˚C. 

The digestion reaction was stopped by adding 75% v/v acetonitrile and 25% of a solution of 

5% v/v formic acid in water. The nanoparticles and/or digested peptides were diluted in 0.1% 

v/v formic acid in water and loaded onto SPE (Solid Phase Extraction) GracePure columns (W. 

R. Grace & Co., Columbia, MD, USA). The columns were conditioned and equilibrated by 

adding twice 0.1% v/v formic acid in acetonitrile and then twice 0.1% v/v formic acid in water, 

respectively. Then, the samples were loaded onto the columns, washed twice with 0.1% v/v 

formic acid in water, and finally eluted twice with 0.1% v/v formic acid in 50% v/v acetonitrile. 

In the case of the pull-down experiments, the eluted samples were centrifuged for 15 minutes 

at 16.000 g to separate the digested peptides from the remaining nanoparticles. The 

supernatants containing the peptides were dried using a speed vacuum for 2-3 hours at 45-

60˚C. Afterwards, the pellet was resuspended in 0.1% v/v formic acid in water and loaded into 

a Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermofisher Scientific) 

using Acclaim PepMap 100 C18 LC Columns (Thermofisher Scientific). Samples were analyzed 

using PEAKS 10 (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Spectral counts 

(Spectra) were normalized by the molecular weight of the identified proteins, and expressed 

as the relative protein abundance (RPA) according to the following equation: 

Spectrax = [(Spectra/Mw)x / ∑ �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑀𝑀𝑀𝑀

�𝑛𝑛
𝑖𝑖=0 i] x 100 

6.2.10 Nanoparticle uptake and flow cytometry analysis 

For uptake studies, hCMEC/D3 and TRP3 cells were seeded with a density of 50,000 cells/cm2 

in a 24-well plate (Greiner) pre-coated with extracellular matrix as described above. Three or 

four days after seeding, for TRP3 or hCMEC/D3, respectively, cells were incubated for 4 hours 

with 200 nm SiO2-NH2 or SiO2-COOH nanoparticles containing hard human plasma corona, 

freshly prepared as described above, to a concentration corresponding to 30 µg/ml 

nanoparticles in serum free medium. After exposure, cells were washed once in complete 

medium containing 10% FBS and twice with PBS to remove the excess of nanoparticles. 

Afterwards, cells were detached and collected using 0.05% trypsin-EDTA for 5 minutes, 

centrifuged, and resuspended in PBS. Cell fluorescence intensity was measured using a 
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Cytoflex S Flow Cytometer (Beckman Coulter, Woerden, The Netherlands) with a 488 nm laser. 

Data were analyzed by Flowjo data analysis software (Flowjo, LLC). Cell gates were set using 

double scatter forward and side scattering plots to exclude cell debris and cell doublets. A 

total of at least 15,000 cells were acquired per sample, and for each condition two replicate 

samples were made. The results are representatives of two independent experiments and 

show the median cell fluorescence intensity of the two replicate samples, together with a line 

that passes through their average. 

6.2.11 Uptake of single protein or antibody corona-coated nanoparticles 

The involvement of specific receptors in the uptake of the nanoparticle-corona complexes was 

assessed by coating nanoparticles with an artificial corona made of endogenous ligands for 

the potential receptor. Specifically, 30 µg/ml green fluorescently labeled 200 nm SiO2-NH2 

were incubated with vitronectin, plasminogen, transferrin (all from Sigma-Aldrich), or 

antibody against integrin beta-1, integrin beta-3, PECAM1, or endoglin (all from Thermofisher 

Scientific) at 37˚C for 1 hour under constant shaking at 300 rpm, and then centrifuged for 1 

hour at 16,000 g to remove the excess of proteins or antibodies. In order to ensure a complete 

coating of the entire surface area, nanoparticles were incubated with 15 µg/ml of each protein 

or antibody in serum-free medium. For the uptake studies, hCMEC/D3 and TRP3 cells were 

cultured and prepared as described above. Three or four days after seeding, for TRP3 or 

hCMEC/D3, respectively, cells were incubated for 4 hours with 30 µg/ml of freshly prepared 

single protein or antibody corona-coated 200 nm SiO2-NH2 in serum-free medium. After 

exposure, cells were harvested and analyzed by flow cytometry as described above. 

6.3 Results and discussion 

6.3.1 Characterization and uptake efficiency of the nanoparticle-corona complexes 

Silica nanoparticles were selected as well-characterized model. Extensive information on their 

cellular interaction, corona composition, and toxicity is already available.9,14,36,37 We have 

recently shown that amino modified and carboxylate silica, SiO2-NH2 and SiO2-COOH, of 200 

nm are internalized with very different efficiencies by different endothelial cell types, with 

higher uptake for amino-modified silica in all cells (Chapter 5). Thus, in the context of this 

study, we could use these two nanoparticles to identify protein corona receptors involved in 
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nanoparticle uptake and to distinguish those allowing more efficient internalization. In order 

to form nanoparticle-corona complexes, the nanoparticles were dispersed in full human 

plasma. Since human endothelial cells were used as cell models, human plasma was selected 

as a more relevant protein source than standard fetal bovine serum. Similarly, human plasma 

was preferred over human serum, since it also contains the coagulation factors, which are 

common components of the protein corona.  

We previously showed by dynamic light scattering (DLS) that homogenous dispersions of the 

nanoparticle-corona complexes could be obtained and they remained stable also in the 

conditions used for exposure to cells (here reproduced from Chapter 5 as a reference in Figure 

1A and Supplementary Table S1). The slight increase in the hydrodynamic diameter compared 

to their pristine dispersions confirmed protein adsorption on the nanoparticle surface, as 

expected upon corona formation. Similarly, SDS-PAGE and mass spectrometry were used to 

characterize the corona composition on the two nanoparticle types (Chapter 5). The results 

confirmed that the different surface functionalization of the nanoparticles, i.e., -NH2 and -

COOH, led to adsorption of different amounts and types of proteins on the nanoparticle 

surface (reproduced in Figure 1B and Table S2 and S3 from Chapter 5).  

Thus, here, the cellular uptake efficiency of the two different nanoparticle-corona complexes 

was tested. For this purpose, human blood-brain barrier (hCMEC/D3) and liver sinusoidal 

(TRP3) endothelial cells were used as relevant cell models. In our previous study (Chapter 4)28, 

we found that these two endothelia showed very different uptake efficiency (low and high 

uptake in brain and liver endothelium, respectively). More importantly, they exhibit different 

properties that could be exploited for selective targeting of nanocarriers.33,34 As shown in 

Figures 1C and 1D, the uptake of the hard corona-coated SiO2-NH2 in both endothelia was 

higher than that of the hard corona-coated SiO2-COOH, as already observed in our previous 

study (Chapter 5). There, we also showed that the lower uptake of SiO2-COOH correlated with  
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Figure 1. Characterization and uptake kinetics of the nanoparticle-corona complexes of 200 
nm SiO2-NH2 or SiO2-COOH formed in full human plasma. (A) Size distributions by dynamic 
light scattering (DLS) of 200 nm SiO2-NH2 or SiO2-COOH in PBS and the nanoparticle-corona 
complexes (hard corona, HC) formed in full human plasma isolated as described in the 
Materials and Methods (see also Supplementary Table S1). The results are the average of 5 
runs of at least 3 measurements each. (B) SDS-PAGE gel image of the proteins recovered on 
the nanoparticle-corona complexes of 200 nm SiO2-NH2 or SiO2-COOH formed in full human 
plasma. The corona formed on both silica nanoparticles was prepared and isolated as 
described in the Materials and Methods. Different bands were present in the corona of the 
different silica nanoparticles. (C-D) Uptake kinetics of the human plasma corona-coated SiO2-
NH2 or SiO2-COOH of 200 nm in brain (C) and liver endothelium (D). hCMEC/D3 (C) and TRP3 
(D) were exposed to 30 μg/ml of 200 nm SiO2-NH2 or SiO2-COOH nanoparticle-corona 
complexes in serum-free cell culture medium for the indicated times. The results are 
representatives of two independent experiments and show the median cell fluorescence 
intensity of two replicate samples, together with a line that passes through their average. Data 
of Figure 1A and B are reproduced from Chapter 5. 

a higher amount of histidine-rich glycoprotein (HRG) on their protein corona compared to 

SiO2-NH2 (Table S2 and S3) (Chapter 5). Other studies on macrophages and HeLa cells have 
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also reported that the presence of high amount of HRG in the corona was associated with a 

reduced uptake.18,38 Additionally, it is often observed that positively charged nanoparticles, 

such as amino-modified nanoparticles, have higher uptake efficiency than the negatively 

charged counterparts.39,40 However, the amino modified-silica nanoparticles used in this study 

had a pI 6.94 (as reported by the manufacturer), thus they had a negative zeta potential at 

physiological pH, and also after corona formation (see Supplementary Table S1). Therefore, in 

this particular case, the differences in uptake efficiency were more likely due to differences in 

corona composition, as opposed to charge. 

6.3.2 Identification of cellular interaction partners of the nanoparticle-corona complexes 

6.3.2.1 Pull-down receptor identification approach 

In order to analyze the interactions between the nanoparticle-corona complexes and the cell 

membrane in more detail, we sought to identify receptors with which the nanoparticle-corona 

complexes interacted. For this purpose, following a method recently proposed for similar 

studies by Haasse et al.,35 cell surface proteins of hCMEC/D3 and TRP3 cells were biotinylated, 

isolated by means of streptavidin beads, and incubated with the nanoparticle-corona 

complexes in order to pull down the cell membrane proteins that interact with the protein 

corona (Figure 2A). First, to verify the enrichment of cell surface proteins, we performed a 

Western blot analysis of the fractions that were bound to the streptavidin beads, i.e., 

containing the biotinylated cell surface proteins, as well as of the unbound fractions. As shown 

in Supplementary Figure S1, a cell surface protein, transferrin receptor (TFR), was detected in 

the biotinylated cell surface fractions with minimum contamination of an intracellular protein, 

Erk1/2. This confirmed a good enrichment of membrane proteins. More in detail, around 450 

total proteins were identified by mass spectrometry in the purified fractions in both 

endothelia, of which 70 and 120 proteins, in brain and liver endothelium, respectively, were 

membrane-associated. Among the identified membrane-associated proteins, around 60 

proteins were detected in both endothelia. These differences further confirmed that the two 

endothelia were phenotypically different from each other. The purified membrane proteins 

were then exposed to the nanoparticle-corona complexes, to pull down interacting proteins 

(Figures 2 and S2). Subsequently, the pulled-down proteins were identified by mass 

spectrometry (see Figure 2A for the simplified protocol schematic and Materials and Methods 
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for details). Since non-relevant interactions between membrane proteins and protein corona 

may occur, for instance, due to changes in the protein conformation during the isolation 

procedure, or protein corona binding to the intracellular domain of the cell surface proteins, 

the identified receptors require careful validation. 

In the case of the brain endothelium, a total of around 20 membrane-associated proteins was 

recovered in the pull-down experiment for both nanoparticles. In the liver endothelium, 

instead, 30 membrane-associated proteins were identified in the case of SiO2-NH2 and 60 for 

SiO2-COOH. Compared to the library of membrane-associated proteins obtained for each cell 

type, fewer proteins were identified in the pull-down samples, confirming that only a fraction 

of them bound to the corona (Figure 2D and 2E). Interestingly, some membrane-associated 

proteins were enriched in the pull-down samples, and, others of the proteins recovered, such 

as for instance, reticulon-4 (RTL4) in the pull-down from liver endothelium and alpha-2 

macroglobulin (A2MG) from brain endothelium, were not identified in the controls of cell 

surface fractions alone (Figures 2B, 2C, and S2). This indicated that the interaction with the 

nanoparticle-corona complexes enriched some of these proteins in comparison to their 

abundance in the starting cell membrane extract. Moreover, the pulled-down proteins from 

brain and liver endothelium showed several differences, either in relation to the protein types, 

their amount, or both (Figures 2B, 2C, and S2). This suggested that different receptors were 

involved in the binding to the nanoparticle-corona complexes in the two endothelial cell types. 

Importantly, these differences can be exploited to identify (novel) drug carrier targets, thus 

confirming, in principle, the suitability of this approach.  

When comparing the results obtained with the two different nanoparticles, the nanoparticle-

corona complexes of both nanoparticle types pulled down similar proteins in the brain 

endothelium (Figure 2D). Whereas in the liver endothelium, the amino-modified silica 

nanoparticles pulled down twice the number of proteins that were pulled down with the 

carboxylated nanoparticles (Figure 2E). Of all the proteins identified in the pull down with the 

two nanoparticles in the two cell types, single-pass type 1 transmembrane proteins (typical 

for many cell surface receptors), such as integrins, human leukocyte antigen (HLA), and 

protocadherin, were the majority (Figures 2B, 2C, and S2). Overall, this approach allowed for 

identification of different receptors interacting with the protein corona although further tests 
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are needed to verify their involvement in uptake. Besides, the results suggest that the 

different endothelial cell types interacted via different receptors with the same nanoparticle-

corona complexes, and this may be linked to a different processing of the nanoparticles by the 

two cell types. However, as discussed above, non-relevant interactions may also occur and 

could not be excluded using this approach.  
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Figure 2. Characterization of cell surface proteins interacting with nanoparticle-corona 
complexes after pull-down approach. Schematic illustration of the biotinylation of cell surface 
proteins and the subsequent pull-down of biotinylated proteins by the nanoparticle-corona 
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complexes (A, and see Materials and Methods for details). The biotinylated cell surface 
proteins of brain (B) and liver endothelium (C) and their pulled-down proteins by the 
nanoparticle-corona complexes of 200 nm SiO2-NH2 formed in full human plasma (see also 
Supplementary Figure S2 for SiO2-COOH) are shown together with their relative protein 
abundance (RPA%). The cell surface fractions and pulled-down proteins were identified by 
mass spectrometry, and their relative abundance (RPA %) was quantified (see Materials and 
Methods for details). Some of the identified proteins were selected as described in the main 
text and here are circled in red. Venn diagram showing the number of all proteins identified 
in the cell surface fractions alone and the cell surface proteins pulled-down by 200 nm SiO2-
NH2 or SiO2-COOH formed in full human plasma in brain (D) and liver endothelium (E). The 
complete results for these mass spectrometry results are included in Supplementary Tables 
S4 and S5. 

6.3.2.2 Live-cell internalized receptor identification approach 

In order to prevent non-physiological interactions of nanoparticles with cellular proteins, we 

used another approach in which only receptors that mediated nanoparticle uptake, thus were 

actually internalized by the cell, were isolated. To this end, we performed live-cell biotinylation 

of the cell surface proteins and exposed the cells to the nanoparticle-corona complexes. Then, 

we isolated and analyzed the cell surface proteins that were internalized upon exposure to 

the nanoparticles (see Figure 3A for the simplified protocol schematic and Materials and 

Methods for details). In this way, we could specifically isolate the proteins that were involved 

in nanoparticle internalization.  

Of note, for this study we only used the SiO2-NH2 nanoparticle-corona complexes, because of 

their higher uptake efficiency compared to SiO2-COOH, in order to isolate a sufficient amount 

of protein to perform mass spectrometry analysis.  

In contrast to the pull-down approach, we identified a relatively low number of membrane-

associated proteins, especially for the liver endothelium (Figure 3B-F), which would support a 

more selective isolation by excluding non-physiological interactions between protein corona 

and receptors. By mass spectrometry analysis of the isolated proteins, 23 cell surface proteins 

were identified for brain endothelium, most of which were not detected in the negative 

control (internalized receptors from cells without nanoparticles), thus showing a strong 

enrichment of the proteins involved in the uptake of the SiO2-NH2 nanoparticles (Figure 3B). 

This is of particular interest, especially since nanoparticle uptake efficiency is very low in brain 

endothelial cells, yet this method allowed for the identification of receptors. In the case of 
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liver endothelium, 12 cell surface proteins were identified, most of which were enriched 2 – 

5-fold compared to the negative control (Figures 3C). Importantly, the majority of these 

proteins were also identified by the pull-down method (Figures 3B, 3C, 3E, and 3F), suggesting 

that both methods are suitable to isolate the receptors that interact with the protein corona, 

albeit the pull-down method also include some false-positive hits. Therefore, more reliable 

results can be obtained by determining the overlap between the results obtained with the two 

methods. When comparing the results obtained for the two endothelia, we also observed an 

overlap in the identified proteins (Figure 3D). Interestingly, many alpha chains of HLA-A and 

HLA-B were particularly enriched in the proteins isolated from brain endothelium compared 

to liver endothelium (Figure 3B), and may serve to promote the targeting of nanoparticles to 

brain endothelium.   
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Figure 3. Characterization of cell surface proteins co-internalized with the nanoparticle-corona 
complexes of 200 nm SiO2-NH2 formed in full human plasma. Schematic illustration of the 
experimental approach to isolate and identify the cell surface proteins that are co-internalized 
with nanoparticles (A, and see Materials and Methods for details). The identified cell surface 
proteins of brain (B) and liver endothelium (C) are shown together with their relative protein 
abundance (RPA%). The isolated proteins internalized by untreated cells and cells exposed to 
nanoparticle (- and + nanoparticles, respectively) were identified by mass spectrometry, and 
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their relative abundance (RPA %) was quantified as described in Materials and Methods. Some 
of the identified proteins were selected as described in the main text and here are circled in 
red. Venn diagram showing the number of the cell surface proteins identified in the two cell 
lines with the live-cell internalized receptor method (D), and those identified either in brain 
(E) or in liver endothelium (F) with the two different approaches (live-cell internalized 
receptors and pull-down). The complete results for these mass spectrometry results are 
included in Supplementary Table S6.  

6.3.3 Verification of receptor function in nanoparticle uptake 

As a next step, we verified the potential role in nanoparticle uptake of some selected proteins 

among those identified. As a first step, we excluded the proteins that were not membrane-

spanning, for example, secreted proteins and nuclear proteins. Then, we selected the proteins 

based on their relative protein abundance in the pull-down approach, and those with ≥ 2-fold 

enrichment in the live-cell receptor internalization approach compared to the negative 

controls. More in detail, for the relative protein abundance, the proteins selected were those 

highly abundant in the pull-down by the SiO2-NH2 nanoparticles and, if possible, minimally 

abundant in the pull-down by SiO2-COOH nanoparticles. This was based on the assumption 

that proteins that were pulled down with high abundance only with SiO2-COOH nanoparticles 

were likely not involved in uptake, since these nanoparticles showed very low uptake 

efficiency. With these criteria, alpha-enolase (ENOA);41 integrin alpha-V (ITAV), beta-1 (ITB1), 

beta-3 (ITB3); and transferrin receptor 1 (TFR1), were identified and highly enriched by either 

or both receptor identification methods (Figures 2B, 2C, 3B and 3C, circled in red). 
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Figure 4. Uptake of single protein corona-coated nanoparticle in brain (left panel) and liver 
endothelium (right panel). The 200 nm SiO2-NH2 were coated with 15 μg/ml vitronectin, 
plasminogen, transferrin, or human plasma as described in the Materials and Methods, then 
30 ug/ml of the corona-coated nanoparticles were added to cells for 4 hours in serum-free 
medium (A and B). As additional controls, the uptake of 30 µg/ml of bare nanoparticles (bare) 
and nanoparticles coated with full human plasma (full human plasma) was also measured. The 
same uptake experiments were done on 200 nm SiO2-NH2 coated with vitronectin (C and D) 
and plasminogen (E and F) in the presence of increasing concentrations of human serum (HS). 
The results are representatives of two independent experiments and show the median cell 
fluorescence intensity of two technical replicates, together with their average, indicated by a 
line. 
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In order to confirm the role of these receptors in uptake, we coated SiO2-NH2 nanoparticles 

with natural ligands of the identified receptors and studied their uptake by the endothelial 

cells. In the cases where it was not possible to find a natural ligand for the receptor, we coated 

the nanoparticles with antibodies against the receptor through physical adsorption. It has 

been observed that nanoparticles with adsorbed antibodies can show high targeting and 

uptake efficiency compared to nanoparticles with chemically bound antibodies.42 Additionally, 

we silenced the receptors of the identified proteins using siRNA and measured if this reduced 

nanoparticle uptake, thus demonstrating their potential role in the uptake. 

First, we studied the involvement of alpha-enolase (ENOA);41 integrin alpha-V (ITAV), beta-1 

(ITB1), beta-3 (ITB3); and transferrin receptor 1 (TFR1), by artificially coating nanoparticles 

with their natural ligands i.e., plasminogen, vitronectin, and transferrin, for ENOA; ITAV, ITB1, 

and ITB3; and TFR1, respectively. We previously performed a correlation analysis with the 

same nanoparticles and cells to identify corona proteins associated with higher uptake 

(Chapter 5). Thus, we checked if these ligands were also present in the corona and if they were 

associated with enhanced uptake. Interestingly, with that approach, a positive correlation 

with uptake was found only for transferrin, however all these ligands belonged to the top 30 

most abundant corona proteins on the SiO2-NH2 nanoparticles (here reproduced from Chapter 

5 as a reference in Supplementary Table S2).  

Interestingly, the results with the artificial corona showed that uptake in both brain and liver 

endothelium was considerably increased when nanoparticles were coated with vitronectin 

(Figures 4A and 4B), and was much higher than the uptake observed for the natural human 

plasma corona or bare nanoparticles (26–30-fold in brain endothelium and 7–9-fold in liver 

endothelium). Moreover, the effect was maintained, especially in the liver endothelium, when 

the vitronectin coated nanoparticles were re-exposed to high amount of human serum 

(Figures 4C and 4D), suggesting that this artificial corona is not only maintained when exposed 

to human serum, but also can compete with the serum proteins and endogenous ligands for 

its receptors. Next to this, we also observed a selective targeting of plasminogen-coated 

nanoparticles in the liver but not in the brain endothelium. Nanoparticle uptake was increased 

two-fold in the liver endothelium with a plasminogen corona, while no change in the uptake 

was observed in the brain endothelium (Figures 4A and 4B). Since alpha-enolase, which is a 
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receptor for plasminogen, was detected as a candidate receptor in both endothelia, these 

results suggested that this receptor is likely to have a bigger role for nanoparticle uptake in 

the liver endothelium. However, unlike vitronectin, re-exposure of the plasminogen-coated 

nanoparticles to human serum led to a decrease in the uptake, suggesting the plasminogen-

coating was displaced or masked by human serum proteins (Figures 4E and 4F) or it could not 

compete efficiently with the serum protein for its receptor. For nanoparticles coated with 

transferrin, we did not observe any increase in the uptake, suggesting TFR1 was not a primary 

receptor in mediating the uptake (Figures 4A and 4B). 

Next to these studies with natural ligands, we also coated the nanoparticles with antibodies 

against the selected receptors, i.e ITB1 and ITB3, PECAM1, and endoglin (EGLN). The latter 

two receptors were identified by both methods and were highly enriched in the results 

obtained with the live-cell approach. However, as shown in Supplementary Figure S3, with the 

antibody-coronas we could not observe any increase in the uptake, suggesting that the 

antibody-coated nanoparticles could not bind to the receptors or that binding did not 

stimulate internalization. Further studies are needed to verify whether PECAM1 and EGLN do 

have a role in the uptake of these nanoparticles. 

Finally, we verified the involvement of ephrin type-A receptor 2 (EPHA2), reticulon-4 (RTN4), 

and fibronectin (FINC) in the uptake of nanoparticles by liver endothelium; HLA-B and 

poliovirus receptor (PVR) in brain endothelium; and alpha-enolase (ENOA) in both endothelia 

by silencing the expression of these receptors using siRNA. EPHA2, RTN4, and FINC were 

identified by pull-down methods and particularly enriched in liver endothelium, while HLA-B 

was identified with both methods and was particularly enriched in brain endothelium. Even 

though the silencing efficiency for all the targets was high, nanoparticle uptake was not 

affected in the silenced cells (Supplementary Figure S4). This could be explained — at least in 

part — by the presence of a residual amount of these receptors in the silenced cells, or also 

by the involvement of multiple receptors in uptake, which compensated the reduced uptake 

(if present) due to silencing one receptor. Therefore, silencing one target was likely not 

enough to reduce uptake since nanoparticles could enter via other receptors. In line with this, 

coating nanoparticles with plasminogen (ligand of alpha-enolase) could increase the uptake in 

the liver endothelium, while instead silencing alpha-enolase with siRNA did not cause any 
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uptake inhibition (Figure 4B and S4D). Overall, for some of the identified receptors, natural 

ligands were available and also present in the nanoparticle corona, and our results clearly 

confirmed their role in uptake. However, silencing of presumed receptors and artificial 

antibody coating did not give conclusive results, likely because of compensatory mechanisms 

in the cell (as in the example of plasminogen and ENO1). Therefore, other approaches are 

needed to confirm their role in nanoparticle internalization. 

6.4 Conclusions 

The presence of proteins adsorbed on the surface of nanoparticles is known to have profound 

effects on the interactions with cells. Previous studies have shown that this layer of proteins 

can be recognized by cell receptors and strongly affect the subsequent uptake, including 

uptake mechanisms.18,25,27,43 In this study, we combined different approaches in disentangling 

the interaction between the protein corona and cell receptors in order to identify receptors 

involved in nanoparticle uptake. The pull-down approach allowed us to identify cellular 

interaction partners for the nanoparticle-corona complexes and differentiate the receptors 

identified in the two different endothelia. However, this method alone does not allow to 

determine which receptors actually played a role in the uptake since it also allows non-

physiological interactions between corona proteins and the receptors that are not related to 

uptake, for instance, due to conformational changes or interactions with the cytosolic domain 

of the receptors. Therefore, in order to exclude these undesired interactions, we followed 

another method based on nanoparticle-induced internalization of biotinylated receptors, in 

order to identify more specifically only the receptors mediating uptake directly in live cells. 

The resulting low number of proteins detected in this method suggested that less 

contaminants, such as proteins with non-physiological and non-specific binding, were present. 

Nevertheless, most of the proteins identified with this approach were also detected in the 

pull-down method, confirming that it allows for a first screening of interacting partners, 

including identification of receptors involved in nanoparticle uptake. 

Of the identified receptors, alpha-enolase, integrin alpha-V, beta-1, and beta-3 were shown 

to be significantly involved in the uptake of SiO2-NH2 nanoparticles. As a known ligand of the 

above-mentioned integrins, vitronectin was able to substantially enhance the uptake even 

with the presence of high human serum concentrations. In line with this, other studies showed 
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that lipid nanoparticles with higher vitronectin in their corona had higher uptake in cancer 

cells expressing high levels of integrin alpha-v and beta-3 (αVβ3).44 In addition to similar 

observations, in our study, we also show that artificially coating nanoparticles with vitronectin 

allowed to increase of 26–30-fold nanoparticle uptake in comparison to the uptake of the 

natural human plasma corona (where vitronectin was included). Furthermore, the higher 

uptake in comparison to the natural corona was maintained even when high amount of serum 

was added to the dispersion, suggesting that the vitronectin-corona could resist interaction 

and competition with serum proteins. In the case of plasminogen — although its receptor, 

alpha-enolase, was identified in both endothelia — this protein was shown, for the first time, 

to mediate selective targeting of nanoparticles to the liver endothelium and not to the brain 

endothelium. Thus, it is important to consider that even when the same receptors are 

identified in different cell types, it is possible that they have different roles or different activity 

in nanoparticle uptake in the different cell types. Thus, in order to design nanomedicines with 

efficient targeting, it is of great importance to not only identify (unique) receptors to target 

certain cell types but also to ensure that these receptors play an active role in the uptake of 

the nanoparticles. In the case of alpha-enolase, it appeared that this receptor played a more 

significant role as an uptake receptor in the liver endothelium. Finally, for other candidate 

proteins experiments with siRNA-mediated receptor silencing and antibody-coated 

nanoparticles were not conclusive in confirming their role in uptake. Other approaches are 

needed, for instance by overexpressing the receptors to stimulate uptake. 

In conclusion, by using a combination of receptor identification approaches based on the 

isolation of biotinylated cell surface proteins and mass spectrometry analysis, we successfully 

identified receptors in brain and liver endothelium that facilitate nanoparticle uptake. The 

systematic tools reported here allow for the investigation of the interactions between 

nanoparticles and cell surface proteins, and will find application in developing targeted 

nanocarriers through the identification of cellular receptors involved in nanoparticle uptake. 
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Supplementary Information 

 

Additional Materials and Methods 

RNA silencing of different targets 

siRNA directed towards some of the target receptors was used as an alternative method to 

evaluate the involvement of the candidate receptors in the cellular uptake of nanoparticle-

corona complexes. Briefly, TRP3 and hCMEC/D3 cells were seeded with a density of 15,000 

cells/cm2 in a 24-well plate (Greiner) pre-coated with extracellular matrix as described above. 

Twenty-four hours after seeding, cells were washed in serum-free medium for 20 minutes, 

and then each well was incubated with 250 µl of a siRNA mix containing 2 µl of oligofectamine 

(Thermofisher Scientific), 20 pmol siRNA directed towards alpha-enolase, ephrin type-A 

receptor 2, reticulon-4, fibronectin, HLA-B, or poliovirus receptor (Silencer® Select, 

Thermofisher Scientific), and Opti-MEM (Thermofisher Scientific). A scrambled siRNA was 

used as a negative control (neg1 siRNA). After 4 hours of incubation, 125 µl of TRP3 or 

hCMEC/D3 growth medium supplemented with 60% or 15% v/v FBS, respectively, were added 

to each well in order to reach a final 20% and 5% serum concentration in the well, and cells 

were kept further for 72 hours at 37˚C in a 5% CO2 humidified environment. After 72 hours, 

cells were incubated for 4 hours with 30 µg/ml freshly prepared nanoparticle-corona 

complexes of 200 nm SiO2-NH2 as described above. After exposure, cells were harvested and 

analyzed by flow cytometry as described above. 

Quantification of mRNA expression 

The expression level of silenced receptors in TRP3 and hCMEC/D3 cells was determined by RT-

PCR using primers as listed in Table S7. After 72 hours of silencing, 3 wells were lysed and 

pooled, and their total mRNA was isolated with a Maxwell instrument and Maxwell 16 LEV 

simplyRNA Cells Kit (Promega, Madison, WI, USA) according to the manufacturer’s protocol. 

cDNA was prepared by reverse transcription of mRNA using 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 (SensiMixTM 
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SYBR kit, Bioline, Taunton, MA, USA) in an ABI7900HT sequence detection system (Applied 

Biosystems, Foster City, CA, USA) from cDNA (10 ng per sample). The Ct values were acquired 

with the SDS 2.4 software (Applied Biosystems). For each target, four replicates were used 

and the average Ct value and its standard deviation were calculated. Results are expressed as 

fold-change of the averaged Ct values of the negative control (CtNeg) in relative to Ct values of 

the samples (Ctsample) as follows:  

Fold change = 2 – (Mean CtNeg – Mean Ctsample)  
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Results 

Supplementary Table S1. Physicochemical characterization of 200 nm SiO2-NH2 and SiO2-
COOH nanoparticles in PBS and the nanoparticle-corona complexes (hard corona) formed in 
full human plasma measured by Dynamic light scattering (DLS). The results are the average of 
5 runs of at least 3 measurements. D: diameter; PDI: polydispersity index. 
*Data reproduced from Chapter 5. The data of surface charge density was obtained from the 
supplier (see Materials and Methods section for the details of the company) 

Particle 

Surface 
charge 

density* 
(µmol/g) 

Protein/N
P (mg/m2) 

PBS Hard corona ζ-potential (mV) 

D (nm) PDI D (nm) PDI PBS Hard 
corona 

SiO2-NH2  4 1.9 ± 0.2 192 ± 
5.4 

0.04 ± 
0.01 

235 ± 
3.6 

0.17 ± 
0.03 -7 ± 1 -7 ± 1 

SiO2-COOH 1 2.3 ± 0.1 203 ± 
1.1 

0.05 ± 
0.03 

251 ± 
0.5 

0.08 ± 
0.01 -13 ± 1 -7 ± 1 

 
  



 

 212 

 Supplementary Table S2. List of the most abundant proteins identified in the corona formed 
on 200 nm SiO2-NH2 in full human plasma*  

*Data reproduced from Chapter 5. The corona proteins were identified by mass spectrometry, 
and their relative abundance (RPA, %) was quantified. The table shows the relative abundance 
of the top 30 proteins.  

Accession  Entry name Gene name Protein name RPA 
(%) 

P04196  HRG_HUMAN HRG Histidine-rich glycoprotein 9.56 
P02768  ALBU_HUMAN ALB Serum albumin 7.14 
P02647  APOA1_HUMAN APOA1 Apolipoprotein A-I 6.22 
P01834  IGKC_HUMAN IGKC Immunoglobulin kappa constant 3.91 
P01857  IGHG1_HUMAN IGHG1 Immunoglobulin heavy constant gamma 1 3.47 
P00747  PLMN_HUMAN PLG Plasminogen 3.34 
P02649  APOE_HUMAN APOE Apolipoprotein E 3.26 
P02654  APOC1_HUMAN APOC1 Apolipoprotein C-I 2.93 
P01859  IGHG2_HUMAN IGHG2 Immunoglobulin heavy constant gamma 2 2.89 
P01860  IGHG3_HUMAN IGHG3 Immunoglobulin heavy constant gamma 3 2.40 
P01009  A1AT_HUMAN SERPINA1 Alpha-1-antitrypsin 1.82 
P02787  TRFE_HUMAN TF Serotransferrin 1.81 
P02652  APOA2_HUMAN APOA2 Apolipoprotein A-II 1.55 
P0DOY3  IGLC3_HUMAN IGLC3 Immunoglobulin lambda constant 3 1.53 
P0DOY2  IGLC2_HUMAN IGLC2 Immunoglobulin lambda constant 2 1.53 
P00734  THRB_HUMAN F2 Prothrombin 1.36 
P04114  APOB_HUMAN APOB Apolipoprotein B-100 1.31 
P00738  HPT_HUMAN HP Haptoglobin 1.24 
P35542  SAA4_HUMAN SAA4 Serum amyloid A-4 protein 1.17 
P01861  IGHG4_HUMAN IGHG4 Immunoglobulin heavy constant gamma 4 1.16 
P01024  CO3_HUMAN C3 Complement C3 1.16 
P02675  FIBB_HUMAN FGB Fibrinogen beta chain 1.05 
P06727  APOA4_HUMAN APOA4 Apolipoprotein A-IV 1.05 
P68871  HBB_HUMAN HBB Hemoglobin subunit beta 0.99 
P04004  VTNC_HUMAN VTN Vitronectin 0.98 
P01023  A2MG_HUMAN A2M Alpha-2-macroglobulin 0.98 
P01871  IGHM_HUMAN IGHM Immunoglobulin heavy constant mu 0.96 
P02766  TTHY_HUMAN TTR Transthyretin 0.91 
O95445  APOM_HUMAN APOM Apolipoprotein M 0.88 
P02656  APOC3_HUMAN APOC3 Apolipoprotein C-III 0.80 
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Supplementary Table S3. List of the most abundant proteins identified in the corona formed 
on 200 nm SiO2-COOH in full human plasma* 

*Data reproduced from Chapter 5. The corona proteins were identified by mass spectrometry, 
and their relative abundance (RPA, %) was quantified. The table shows the relative abundance 
of the top 30 proteins.  

Accession Entry name Gene name Protein name RPA 
(%) 

P04196 HRG_HUMAN HRG Histidine-rich glycoprotein 18.35 
P00747 PLMN_HUMAN PLG Plasminogen 5.38 
P02647 APOA1_HUMAN APOA1 Apolipoprotein A-I 4.15 
P01834 IGKC_HUMAN IGKC Immunoglobulin kappa constant 3.75 
P02768 ALBU_HUMAN ALB Serum albumin 3.53 
P01857 IGHG1_HUMAN IGHG1 Immunoglobulin heavy constant gamma 1 2.63 
P02654 APOC1_HUMAN APOC1 Apolipoprotein C-I 2.13 
P02649 APOE_HUMAN APOE Apolipoprotein E 1.95 
P04114 APOB_HUMAN APOB Apolipoprotein B-100 1.81 
P0DOY3 IGLC3_HUMAN IGLC3 Immunoglobulin lambda constant 3 1.76 
P0DOY2 IGLC2_HUMAN IGLC2 Immunoglobulin lambda constant 2 1.76 
P01871 IGHM_HUMAN IGHM Immunoglobulin heavy constant mu 1.74 
P01859 IGHG2_HUMAN IGHG2 Immunoglobulin heavy constant gamma 2 1.72 
P02675 FIBB_HUMAN FGB Fibrinogen beta chain 1.54 
P01860 IGHG3_HUMAN IGHG3 Immunoglobulin heavy constant gamma 3 1.49 
P01024 CO3_HUMAN C3 Complement C3 1.44 
P01009 A1AT_HUMAN SERPINA1 Alpha-1-antitrypsin 1.37 
P35542 SAA4_HUMAN SAA4 Serum amyloid A-4 protein 1.20 
P68871 HBB_HUMAN HBB Hemoglobin subunit beta 1.10 
P02656 APOC3_HUMAN APOC3 Apolipoprotein C-III 1.02 
P02679 FIBG_HUMAN FGG Fibrinogen gamma chain 0.90 
P02652 APOA2_HUMAN APOA2 Apolipoprotein A-II 0.79 
P0C0L5 CO4B_HUMAN C4B Complement C4-B 0.78 
P04004 VTNC_HUMAN VTN Vitronectin 0.77 
P04264 K2C1_HUMAN KRT1 Keratin type II cytoskeletal 1 0.77 
P01042 KNG1_HUMAN KNG1 Kininogen-1 0.77 
P69905 HBA_HUMAN HBA1 Hemoglobin subunit alpha 0.72 
P02787 TRFE_HUMAN TF Serotransferrin 0.72 
P06727 APOA4_HUMAN APOA4 Apolipoprotein A-IV 0.68 
P00739 HPTR_HUMAN HPR Haptoglobin-related protein 0.68 
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Supplementary Table S4. List of identified cell surface proteins isolated from brain and liver 
endothelium* 

Accession Entry name Gene name Protein name 
RPA 
(%) 
Brain 

RPA 
(%) 
Liver 

P08195 4F2_HUMAN SLC3A2 4F2 cell-surface antigen heavy chain 0.6 0.4 
P21589 5NTD_HUMAN NT5E 5'-nucleotidase 

 
1.9 

Q8IZF2 AGRF5_HUMAN ADGRF5 Adhesion G protein-coupled receptor F5 
 

0.1 
O00468 AGRIN_HUMAN AGRN Agrin 0.1 0.4 
P01023 A2MG_HUMAN A2M Alpha-2-macroglobulin 

 
0.2 

P12814 ACTN1_HUMAN ACTN1 Alpha-actinin-1 2.9 0.7 
P06733 ENOA_HUMAN ENO1 Alpha-enolase 5.8 2.0 
Q02763 TIE2_HUMAN TEK Angiopoietin-1 receptor 

 
0.4 

Q9H6X2 ANTR1_HUMAN ANTXR1 Anthrax toxin receptor 1 
 

0.5 
P50895 BCAM_HUMAN BCAM Basal cell adhesion molecule 0.8 0.4 
P35613 BASI_HUMAN BSG Basigin 2.6 2.9 
Q10589 BST2_HUMAN BST2 Bone marrow stromal antigen 2 3.9 

 

Q13873 BMPR2_HUMAN BMPR2 Bone morphogenetic protein receptor 
type-2 

 
0.2 

P55290 CAD13_HUMAN CDH13 Cadherin-13 
 

0.8 
P19022 CADH2_HUMAN CDH2 Cadherin-2 0.4 0.2 
P33151 CADH5_HUMAN CDH5 Cadherin-5 2.0 5.8 
P27824 CALX_HUMAN CANX Calnexin 0.6 0.2 
P27797 CALR_HUMAN CALR Calreticulin 

 
0.5 

O43852 CALU_HUMAN CALU Calumenin 0.6 
 

P11717 MPRI_HUMAN IGF2R Cation-independent mannose-6 
phosphate receptor 

 
0.1 

Q6YHK3 CD109_HUMAN CD109 CD109 antigen 0.3 0.2 
Q13740 CD166_HUMAN ALCAM CD166 antigen 2.7 0.6 
P16070 CD44_HUMAN CD44 CD44 antigen 1.6 2.1 
P13987 CD59_HUMAN CD59 CD59 glycoprotein 

 
1.2 

Q8N126 CADM3_HUMAN CADM3 Cell adhesion molecule 3 
 

0.3 
P43121 MUC18_HUMAN MCAM Cell surface glycoprotein MUC18 5.8 6.0 
Q6UVK1 CSPG4_HUMAN CSPG4 Chondroitin sulfate proteoglycan 4 3.4 0.2 
P02452 CO1A1_HUMAN COL1A1 Collagen alpha-1(I) chain 0.6 0.3 
Q99715 COCA1_HUMAN COL12A1 Collagen alpha-1(XII) chain 0.5 

 

P08123 CO1A2_HUMAN COL1A2 Collagen alpha-2(I) chain 0.2 0.1 
Q9UBG0 MRC2_HUMAN MRC2 C-type mannose receptor 2 

 
0.2 

Q9NZV1 CRIM1_HUMAN CRIM1 Cysteine-rich motor neuron 1 protein 
 

0.2 
P27487 DPP4_HUMAN DPP4 Dipeptidyl peptidase 4 

 
0.3 

Q96PD2 DCBD2_HUMAN DCBLD2 Discoidin CUB and LCCL domain-
containing protein 2 

0.4 
 

Q13443 ADAM9_HUMAN ADAM9 Disintegrin and metalloproteinase 
domain-containing protein 9 

0.8 0.6 

Q14118 DAG1_HUMAN DAG1 Dystroglycan 0.6 0.5 
P17813 EGLN_HUMAN ENG Endoglin 0.5 6.1 
Q96AP7 ESAM_HUMAN ESAM Endothelial cell-selective adhesion 0.5 
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Accession Entry name Gene name Protein name 
RPA 
(%) 
Brain 

RPA 
(%) 
Liver 

molecule 
P29317 EPHA2_HUMAN EPHA2 Ephrin type-A receptor 2 

 
1.9 

P29323 EPHB2_HUMAN EPHB2 Ephrin type-B receptor 2 
 

0.3 
P54760 EPHB4_HUMAN EPHB4 Ephrin type-B receptor 4 

 
1.1 

P98172 EFNB1_HUMAN EFNB1 Ephrin-B1 1.2 2.2 
P00533 EGFR_HUMAN EGFR Epidermal growth factor receptor 0.2 0.1 
P02751 FINC_HUMAN FN1 Fibronectin 1.2 2.0 
Q99988 GDF15_HUMAN GDF15 Growth/differentiation factor 15 

 
0.3 

Q96QV1 HHIP_HUMAN HHIP Hedgehog-interacting protein 
 

0.6 
P28906 CD34_HUMAN CD34 Hematopoietic progenitor cell antigen 

CD34 
1.1 0.3 

P61978 HNRPK_HUMAN HNRNPK Heterogeneous nuclear 
ribonucleoprotein K 

3.9 0.5 

P13746 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-
11 alpha chain 

4.0 
 

P01892 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-2 
alpha chain 

5.9 2.4 

P05534 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-
24 alpha chain 

 
1.9 

Q04826 HLAB_HUMAN HLA-B HLA class I histocompatibility antigen B-
40 alpha chain 

5.4 
 

P01889 HLAB_HUMAN HLA-B HLA class I histocompatibility antigen B-7 
alpha chain 

7.3 
 

P01857 IGHG1_HUMAN IGHG1 Immunoglobulin heavy constant gamma 
1 

 
0.3 

Q969P0 IGSF8_HUMAN IGSF8 Immunoglobulin superfamily member 8 0.3 
 

Q13308 PTK7_HUMAN PTK7 Inactive tyrosine-protein kinase 7 1.1 0.2 
Q01973 ROR1_HUMAN ROR1 Inactive tyrosine-protein kinase 

transmembrane receptor ROR1 

 
0.2 

P06213 INSR_HUMAN INSR Insulin receptor 
 

0.1 
P08069 IGF1R_HUMAN IGF1R Insulin-like growth factor 1 receptor 0.7 0.3 
P56199 ITA1_HUMAN ITGA1 Integrin alpha-1 0.3 

 

P17301 ITA2_HUMAN ITGA2 Integrin alpha-2 0.3 0.2 
P26006 ITA3_HUMAN ITGA3 Integrin alpha-3 2.5 1.5 
P13612 ITA4_HUMAN ITGA4 Integrin alpha-4 

 
0.2 

P08648 ITA5_HUMAN ITGA5 Integrin alpha-5 2.4 2.8 
P23229 ITA6_HUMAN ITGA6 Integrin alpha-6 0.5 0.5 
P06756 ITAV_HUMAN ITGAV Integrin alpha-V 2.2 2.2 
P05556 ITB1_HUMAN ITGB1 Integrin beta-1 3.0 2.8 
P05106 ITB3_HUMAN ITGB3 Integrin beta-3 1.3 1.1 
P16144 ITB4_HUMAN ITGB4 Integrin beta-4 0.1 0.4 
P18084 ITB5_HUMAN ITGB5 Integrin beta-5 

 
0.3 

P05362 ICAM1_HUMAN ICAM1 Intercellular adhesion molecule 1 0.9 2.0 
P13598 ICAM2_HUMAN ICAM2 Intercellular adhesion molecule 2 

 
1.2 

P40189 IL6RB_HUMAN IL6ST Interleukin-6 receptor subunit beta 
 

0.6 
Q9Y624 JAM1_HUMAN F11R Junctional adhesion molecule A 

 
0.5 
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Accession Entry name Gene name Protein name 
RPA 
(%) 
Brain 

RPA 
(%) 
Liver 

Q16363 LAMA4_HUMAN LAMA4 Laminin subunit alpha-4 0.2 0.2 
P07942 LAMB1_HUMAN LAMB1 Laminin subunit beta-1 0.2 0.3 
P11047 LAMC1_HUMAN LAMC1 Laminin subunit gamma-1 0.3 0.4 
O43155 FLRT2_HUMAN FLRT2 Leucine-rich repeat transmembrane 

protein FLRT2 

 
0.2 

Q9UIQ6 LCAP_HUMAN LNPEP Leucyl-cystinyl aminopeptidase 0.3 0.2 
P22897 MRC1_HUMAN MRC1 Macrophage mannose receptor 1 

 
0.1 

P08582 TRFM_HUMAN MELTF Melanotransferrin 
 

0.3 
O95297 MPZL1_HUMAN MPZL1 Myelin protein zero-like protein 1 0.8 1.6 
Q9NZM1 MYOF_HUMAN MYOF Myoferlin 0.5 0.4 
Q92692 NECT2_HUMAN NECTIN2 Nectin-2 0.6 0.5 
P32004 L1CAM_HUMAN L1CAM Neural cell adhesion molecule L1 0.2 

 

Q92823 NRCAM_HUMAN NRCAM Neuronal cell adhesion molecule 0.5 1.1 
Q7Z3B1 NEGR1_HUMAN NEGR1 Neuronal growth regulator 1 0.6 

 

O14786 NRP1_HUMAN NRP1 Neuropilin-1 0.5 0.3 
O60462 NRP2_HUMAN NRP2 Neuropilin-2 

 
0.3 

Q14112 NID2_HUMAN NID2 Nidogen-2 
 

0.1 
P67809 YBOX1_HUMAN YBX1 Nuclease-sensitive element-binding 

protein 1 

 
0.5 

P98160 PGBM_HUMAN HSPG2 Perlecan 
 

0.3 
Q92626 PXDN_HUMAN PXDN Peroxidasin homolog 0.4 0.1 
Q92508 PIEZ1_HUMAN PIEZO1 Piezo-type mechanosensitive ion channel 

component 1 

 
0.1 

Q9BX97 PLVAP_HUMAN PLVAP Plasmalemma vesicle-associated protein 
 

1.0 
P16284 PECA1_HUMAN PECAM1 Platelet endothelial cell adhesion 

molecule 
3.8 7.2 

O75051 PLXA2_HUMAN PLXNA2 Plexin-A2 0.3 1.1 
O15031 PLXB2_HUMAN PLXNB2 Plexin-B2 0.1 0.2 
Q9Y4D7 PLXD1_HUMAN PLXND1 Plexin-D1 

 
0.3 

O00592 PODXL_HUMAN PODXL Podocalyxin 0.4 1.1 
P15151 PVR_HUMAN PVR Poliovirus receptor 1.0 2.5 
Q32P28 P3H1_HUMAN P3H1 Prolyl 3-hydroxylase 1 

 
0.2 

Q9P2B2 FPRP_HUMAN PTGFRN Prostaglandin F2 receptor negative 
regulator 

 
1.3 

Q5VUB5 F1711_HUMAN FAM171A1 Protein FAM171A1 
 

0.8 
A8MVW0 F1712_HUMAN FAM171A2 Protein FAM171A2 

 
0.2 

Q9ULI3 HEG1_HUMAN HEG1 Protein HEG homolog 1 0.1 
 

P78504 JAG1_HUMAN JAG1 Protein jagged-1 
 

0.1 
Q14517 FAT1_HUMAN FAT1 Protocadherin Fat 1 

 
0.5 

Q6V0I7 FAT4_HUMAN FAT4 Protocadherin Fat 4 
 

0.2 
Q9Y5G3 PCDGD_HUMAN PCDHGB1 Protocadherin gamma-B1 

 
0.1 

Q9UN71 PCDGG_HUMAN PCDHGB4 Protocadherin gamma-B4 
 

0.1 
Q08174 PCDH1_HUMAN PCDH1 Protocadherin-1 

 
1.7 

Q96JQ0 PCD16_HUMAN DCHS1 Protocadherin-16 
 

0.6 
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Accession Entry name Gene name Protein name 
RPA 
(%) 
Brain 

RPA 
(%) 
Liver 

P23467 PTPRB_HUMAN PTPRB Receptor-type tyrosine-protein 
phosphatase beta 

 
1.0 

Q12913 PTPRJ_HUMAN PTPRJ Receptor-type tyrosine-protein 
phosphatase eta 

0.1 0.1 

P10586 PTPRF_HUMAN PTPRF Receptor-type tyrosine-protein 
phosphatase F 

 
0.1 

P23470 PTPRG_HUMAN PTPRG Receptor-type tyrosine-protein 
phosphatase gamma 

 
0.1 

Q15262 PTPRK_HUMAN PTPRK Receptor-type tyrosine-protein 
phosphatase kappa 

0.4 0.4 

O95980 RECK_HUMAN RECK Reversion-inducing cysteine-rich protein 
with Kazal motifs 

0.2 0.2 

P04843 RPN1_HUMAN RPN1 Ribophorin-1 0.6 0.4 
Q99985 SEM3C_HUMAN SEMA3C Semaphorin-3C 

 
0.5 

P05023 AT1A1_HUMAN ATP1A1 Sodium/potassium-transporting ATPase 
subunit alpha-1 

1.1 0.3 

Q92959 SO2A1_HUMAN SLCO2A1 Solute carrier organic anion transporter 
family member 2A1 

 
0.2 

Q9NY15 STAB1_HUMAN STAB1 Stabilin-1 
 

0.1 
O60279 SUSD5_HUMAN SUSD5 Sushi domain-containing protein 5 0.5 

 

Q6ZMP0 THSD4_HUMAN THSD4 Thrombospondin type-1 domain-
containing protein 4 

 
0.2 

P02786 TFR1_HUMAN TFRC Transferrin receptor protein 1 1.0 0.3 
P01137 TGFB1_HUMAN TGFB1 Transforming growth factor beta-1 

 
0.3 

P09758 TACD2_HUMAN TACSTD2 Tumor-associated calcium signal 
transducer 2 

0.6 
 

P35590 TIE1_HUMAN TIE1 Tyrosine-protein kinase receptor Tie-1 
 

0.3 
P30530 UFO_HUMAN AXL Tyrosine-protein kinase receptor UFO 0.3 0.2 
P78324 SHPS1_HUMAN SIRPA Tyrosine-protein phosphatase non-

receptor type substrate 1 
0.4 1.5 

P35916 VGFR3_HUMAN FLT4 Vascular endothelial growth factor 
receptor 3 

 
0.3 

Q9ULF5 S39AA_HUMAN SLC39A10 Zinc transporter ZIP10 
 

0.2 

*The cell surface fractions were identified by mass spectrometry, and their relative abundance 
(RPA %) was quantified.   
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Supplementary Table S5. List of identified cell surface proteins interacting with nanoparticle-
corona complexes of 200 nm SiO2-NH2 formed in full human plasma after pull-down approach* 

Accession Entry name Gene 
name Protein name 

RPA 
(%) 
Brain 

RPA 
(%) 
Liver 

P21589 5NTD_HUMAN NT5E 5'-nucleotidase 
 

2.8 
Q13443 ADAM9_HUMAN ADAM9 ADAM 9 

 
0.6 

O00468 AGRIN_HUMAN AGRN Agrin 
 

0.3 
P02765 FETUA_HUMAN AHSG Alpha-2-HS-glycoprotein 

 
1.5 

P01023 A2MG_HUMAN A2M Alpha-2-macroglobulin 1.1 2.3 
P06733 ENOA_HUMAN ENO1 Alpha-enolase 7.3 2.9 
Q02763 TIE2_HUMAN TEK Angiopoietin-1 receptor 

 
0.6 

P35613 BASI_HUMAN BSG Basigin 4.1 2.8 
P33151 CADH5_HUMAN CDH5 Cadherin-5 4.9 5.1 
Q13740 CD166_HUMAN ALCAM CD166 antigen 4.0 1.2 
P16070 CD44_HUMAN CD44 CD44 antigen 

 
0.7 

P43121 MUC18_HUMAN MCAM Cell surface glycoprotein MUC18 3.6 3.8 
Q6UVK1 CSPG4_HUMAN CSPG4 Chondroitin sulfate proteoglycan 4 1.9 

 

P02461 CO3A1_HUMAN COL3A1 Collagen alpha-1(III) chain 
 

0.3 
P08123 CO1A2_HUMAN COL1A2 Collagen alpha-2(I) chain 

 
0.5 

Q14118 DAG1_HUMAN DAG1 Dystroglycan 
 

0.6 
P17813 EGLN_HUMAN ENG Endoglin 

 
3.3 

P29317 EPHA2_HUMAN EPHA2 Ephrin type-A receptor 2 
 

3.4 
P54760 EPHB4_HUMAN EPHB4 Ephrin type-B receptor 4 

 
1.8 

P98172 EFNB1_HUMAN EFNB1 Ephrin-B1 
 

3.1 
P02751 FINC_HUMAN FN1 Fibronectin 2.1 4.2 
Q99988 GDF15_HUMAN GDF15 Growth/differentiation factor 15 

 
1.7 

Q96QV1 HHIP_HUMAN HHIP Hedgehog-interacting protein 
 

0.7 
P61978 HNRPK_HUMAN HNRNPK Heterogeneous nuclear ribonucleoprotein 

K 
12.7 3.8 

P01892 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-2 
alpha chain 

9.5 3.8 

P30447 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-23 
alpha chain 

 
3.3 

P05534 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-24 
alpha chain 

 
3.4 

P10316 HLAA_HUMAN HLA-A HLA class I histocompatibility antigen A-69 
alpha chain 

 
3.8 

Q04826 HLAB_HUMAN HLA-B HLA class I histocompatibility antigen B-40 
alpha chain 

13.8 
 

P01889 HLAB_HUMAN HLA-B HLA class I histocompatibility antigen B-7 
alpha chain 

18.1 
 

Q13308 PTK7_HUMAN PTK7 Inactive tyrosine-protein kinase 7 0.7 
 

P26006 ITA3_HUMAN ITGA3 Integrin alpha-3 1.5 0.8 
P08648 ITA5_HUMAN ITGA5 Integrin alpha-5 1.9 3.1 
P23229 ITA6_HUMAN ITGA6 Integrin alpha-6 

 
0.3 

P08514 ITA2B_HUMAN ITGA2B Integrin alpha-IIb 
 

0.3 
P06756 ITAV_HUMAN ITGAV Integrin alpha-V 1.1 1.7 
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Accession Entry name Gene 
name Protein name 

RPA 
(%) 
Brain 

RPA 
(%) 
Liver 

P05556 ITB1_HUMAN ITGB1 Integrin beta-1 2.9 2.9 
P05106 ITB3_HUMAN ITGB3 Integrin beta-3 1.5 1.3 
P05362 ICAM1_HUMAN ICAM1 Intercellular adhesion molecule 1 1.5 2.4 
Q9NZM1 MYOF_HUMAN MYOF Myoferlin 

 
0.4 

Q92692 NECT2_HUMAN NECTIN2 Nectin-2 
 

1.4 
Q92823 NRCAM_HUMAN NRCAM Neuronal cell adhesion molecule 

 
0.9 

P98160 PGBM_HUMAN HSPG2 Perlecan 
 

0.2 
P16284 PECA1_HUMAN PECAM1 Platelet endothelial cell adhesion molecule 3.1 9.7 
O75051 PLXA2_HUMAN PLXNA2 Plexin-A2 

 
0.8 

P15151 PVR_HUMAN PVR Poliovirus receptor 1.9 1.7 
Q14517 FAT1_HUMAN FAT1 Protocadherin Fat 1 

 
0.5 

Q6V0I7 FAT4_HUMAN FAT4 Protocadherin Fat 4 
 

0.3 
Q08174 PCDH1_HUMAN PCDH1 Protocadherin-1 

 
2.0 

Q96JQ0 PCD16_HUMAN DCHS1 Protocadherin-16 
 

0.3 
P23467 PTPRB_HUMAN PTPRB Receptor-type tyrosine-protein 

phosphatase beta 

 
1.1 

Q15262 PTPRK_HUMAN PTPRK Receptor-type tyrosine-protein 
phosphatase kappa 

 
0.2 

Q9NQC3 RTN4_HUMAN RTN4 Reticulon-4 
 

0.6 
P04843 RPN1_HUMAN RPN1 Ribophorin-1 

 
0.6 

Q99985 SEM3C_HUMAN SEMA3C Semaphorin-3C 
 

0.9 
P05023 AT1A1_HUMAN ATP1A1 Sodium/potassium-transporting ATPase 

subunit alpha-1 

 
0.7 

Q6ZMP0 THSD4_HUMAN THSD4 Thrombospondin type-1 domain-
containing protein 4 

 
0.3 

P02786 TFR1_HUMAN TFRC Transferrin receptor protein 1 1.0 0.5 
P35590 TIE1_HUMAN TIE1 Tyrosine-protein kinase receptor Tie-1 

 
0.3 

P78324 SHPS1_HUMAN SIRPA Tyrosine-protein phosphatase non-
receptor type substrate 1 

 
1.1 

P35968 VGFR2_HUMAN KDR Vascular endothelial growth factor 
receptor 2 

 
0.3 

*The pulled-down proteins were identified by mass spectrometry, and their relative 
abundance (RPA %) was quantified.   
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Supplementary Table S6. List of identified cell surface proteins co-internalized with the 
nanoparticle-corona complexes of 200 nm SiO2-NH2 formed in full human plasma* 

Accession Entry name Gene 
name Protein name 

RPA (%) 
Brain 

RPA (%) 
Liver 

(-) 
NP 

(+) 
NP 

(-) 
NP 

(+) 
NP 

P67809 YBOX1_HUMAN YBX1 Nuclease-sensitive element-
binding protein 1 

 0.9 1.5 8.7 

P16284 PECA1_HUMAN PECAM1 Platelet endothelial cell adhesion 
molecule 

 0.5 0.7 3.3 

P05556 ITB1_HUMAN ITGB1 Integrin beta-1  1.6 0.6 3.1 
P06733 ENOA_HUMAN ENO1 Alpha-enolase  0.7 1.0 3.0 
P17813 EGLN_HUMAN ENG Endoglin   0.6 2.1 
P05106 ITB3_HUMAN ITGB3 Integrin beta-3   0.2 1.5 
P08123 CO1A2_HUMAN COL1A2 Collagen alpha-2(I) chain   0.2 1.1 
P06756 ITAV_HUMAN ITGAV Integrin alpha-V  0.1 0.1 1.1 
P43121 MUC18_HUMAN MCAM Cell surface glycoprotein MUC18   1.1 0.3 0.8 
P21589 5NTD_HUMAN NT5E 5'-nucleotidase   0.2 0.6 
P02452 CO1A1_HUMAN COL1A1 Collagen alpha-1(I) chain   0.2 0.2 0.4 
P02751 FINC_HUMAN FN1 Fibronectin   0.1 0.0 0.1 
P08648 ITA5_HUMAN ITGA5 Integrin alpha-5  1.0 0.5 0.0 
P26006 ITA3_HUMAN ITGA3 Integrin alpha-3 0.4 0.3 0.1 0.0 
Q9UBG0 MRC2_HUMAN MRC C-type mannose receptor 2   0.0 0.0 
Q9P2B2 FPRP_HUMAN PTGFRN Prostaglandin F2 receptor 

negative regulator 
  0.0 0.0 

P23467 PTPRB_HUMAN PTPRB Receptor-type tyrosine-protein 
phosphatase beta 

  0.0 0.0 

Q13740 CD166_HUMAN ALCAM CD166 antigen 2.5 3.5 
  

P30483 HLAB_HUMAN HLA-B HLA class I histocompatibility 
antigen B-45 alpha chain 

 1.1 
  

P30481 HLAB_HUMAN HLA-B HLA class I histocompatibility 
antigen B-44 alpha chain 

 1.1 
  

Q04826 HLAB_HUMAN HLA-B HLA class I histocompatibility 
antigen B-40 alpha chain 

 1.1 
  

P30479 HLAB_HUMAN HLA-B HLA class I histocompatibility 
antigen B-41 alpha chain 

 1.1 
  

P30485 HLAB_HUMAN HLA-B HLA class I histocompatibility 
antigen B-47 alpha chain 

 1.1 
  

P30487 HLAB_HUMAN HLA-B HLA class I histocompatibility 
antigen B-49 alpha chain 

 1.1 
  

P05534 HLAA_HUMAN HLA-A HLA class I histocompatibility 
antigen A-24 alpha chain 

 0.5 
  

P04439 HLAA_HUMAN HLA-A HLA class I histocompatibility 
antigen A-3 alpha chain 

 0.5 
  

P16188 HLAA_HUMAN HLA-A HLA class I histocompatibility 
antigen A-30 alpha chain 

 0.5 
  

P13746 HLAA_HUMAN HLA-A HLA class I histocompatibility 
antigen A-11 alpha chain 

 0.5 
  

P02786 TFR1_HUMAN TFRC Transferrin receptor protein 1  0.3 
  

Q6YHK3 CD109_HUMAN CD109 CD109 antigen  0.1 
  

*The isolated proteins internalized by untreated cells and cells exposed to nanoparticle (- and 
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+ NP, respectively) were identified by mass spectrometry, and their relative abundance (RPA, 
%) was quantified.
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Supplementary Figure S1. Isolation of cell surface proteins with minimum contaminants from 
cytosolic proteins. Western blot analysis of the bound and the unbound fractions of brain (left) 
and liver (right) endothelial cell lysates from streptavidin beads was performed from the 
biotinylated as well as from the non-biotinylated cell lysates for the presence of a cell surface 
protein TFR and a cytosolic protein Erk1/2.   



 

   
 223 

6 

 
Supplementary Figure S2. Characterization of cell surface proteins interacting with 
nanoparticle-corona complexes after pull-down approach. The biotinylated cell surface 
proteins of brain (A) and liver endothelium (B) and their pulled-down proteins by the 
nanoparticle-corona complexes of 200 nm SiO2-COOH formed in full human plasma are shown 
together with their relative protein abundance (RPA%). The cell surface fractions and pulled-
down proteins were identified by mass spectrometry, and their relative abundance (RPA %) 
was quantified (see Materials and Methods for details).   
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Supplementary Figure S3. Uptake of single protein corona-coated nanoparticle in brain (A) 
and liver endothelium (B). The 200 nm SiO2-NH2 were coated with 15 μg/ml antibody against 
integrin beta-1, integrin beta-3, PECAM1, or endoglin as described in the Materials and 
Methods, then 30 ug/ml of the corona-coated nanoparticles were added to cells for 4 hours 
in serum-free medium. As additional controls, the uptake of 30 µg/ml of nanoparticles coated 
with full human plasma (full human plasma) was also measured. The results are 
representatives of two independent experiments and show the median cell fluorescence 
intensity of two technical replicates, together with their average, indicated by a line. 
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Supplementary Figure S4. Silencing efficiency of different target receptor genes in brain and 
liver endothelium. hCMEC/D3 (A, C, E, and G) and TRP3 (B, D, F, and G) were silenced for 72 
hours for ephrin type-A receptor 2 (EPHA2), reticulon-4 (RTN4), fibronectin (FINC), HLA-B, 
poliovirus receptor (PVR), or alpha-enolase (ENOA) and then exposed for 4 hours to 30 µg/ml 
nanoparticle-corona complexes of 200 nm SiO2-NH2 formed in full human plasma in serum-
free medium. The results are representatives of two independent experiments and show the 
median cell fluorescence intensity of two technical replicates, together their average, 
indicated by a line (A-D). The corresponding expression levels of all the target genes after 
silencing were determined by RT-qPCR (E-G). The results represent the average and standard 
deviation over four replicates of the fold-change in gene expression levels in silenced cells 
compared to the expression in negative control cells silenced with a scrambled siRNA, 
calculated as detailed in the Materials and Methods. The results show that all the target genes 
were effectively silenced.  
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Supplementary Table S7. Primers used in this study for RT-qPCR. RT-qPCR was performed as 
described in the Materials and Methods to determine the expression levels of genes coding 
for different cell surface proteins. 
 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Entry name Gene Forward (left) Reverse (right) 

EPHA2 EPHA2 tgtacgtgactgcaacagctt ccgactcggcatagtagagg 

RTN4 RTN4 agactggagtggtgtttggtg gctgttacgctcacaatgct 

FINC FN1 cctgcaagcccatagctg cgtttctccgaccacatagg 

HLA-B HLA-B cttctaccctgcggagatca gcccacttctggaaggttct 

PVR PVR gctataattggagcacgacca tgattggtttgtccacagga 

ENOA ENO1 tcccaacatcctggagaataa atgccgatgaccaccttatc 
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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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Nederlandse Samenvatting 

Sinds de afgelopen decennia worden nanodeeltjes veel gebruikt als veelbelovende 

drugsdragers. Vanwege hun unieke fysisch-chemische eigenschappen en hun veelzijdigheid 

om op veel verschillende manieren te worden ontwikkeld, bieden nanodeeltjes de 

mogelijkheid om slecht oplosbare geneesmiddelen te omhullen, hun bloedcirculatie en 

weefseldistributie te wijzigen en passieve of actieve doelgerichtheid op specifiek weefsel te 

bevorderen. De overstap naar de kliniek blijft echter een grote uitdaging, en slechts relatief 

weinig nanomedicijnen zijn op de markt gekomen. Recente debatten in het veld hebben 

aangetoond dat een beter begrip van hoe nanodeeltjes biologische barrières overwinnen en 

door cellen worden verwerkt, kan helpen het ontwerp van nanogeneeskunde te verbeteren 

en beter specifieke cellen te bereiken. Van de vele biologische barrières, zijn de vorming van 

een eiwitcorona na toediening en het vermogen van nanodeeltjes om de (specifieke) 

endotheelcelbarrières te targeten, die de toegang tot het beoogde weefsel regelen, twee 

cruciale aspecten die nog nader onderzoek vereisen. In deze context was het doel van het 

proefschrift om een beter begrip te krijgen van de interacties van nanodeeltjes met 

endotheelcellen, en tegelijkertijd de eiwitcorona te gebruiken als een hulpmiddel om nieuwe 

targeting strategieën te ontdekken voor medicijnafgifte naar specifieke endotheelceltypes. 

Na toediening in de bloedbaan zullen nanomedicijnen immers eerst de barrières van 

endotheelcellen moeten passeren om het onderliggende weefsel te bereiken. In tegenstelling 

tot subconfluente of confluente celkweken die worden gebruikt voor in-vitro tests, brengen 

celbarrières zonula occludens (tight junction) eiwitten tussen de cellen tot expressie om 

paracellulair transport te beperken en alleen selectief transport van of naar het onderliggende 

weefsel mogelijk te maken. Momenteel maken veel onderzoeken naar interacties tussen 

nanodeeltjes en cellen vaak gebruik van standaardcelculturen die in verschillende dichtheden 

zijn gegroeid, waardoor het nog steeds ontbreekt aan een duidelijk begrip van hoe de 

ontwikkeling van cellen tot celbarrières dergelijke interacties beïnvloedt. 

In deze context, in Hoofdstuk 3, gebruikten we endotheelcellen van de humane primaire 

navelstrengader (HUVEC) als celmodel om te bestuderen hoe de vorming van een 

endotheelcelbarrière de opname van nanodeeltjes beïnvloedt. Ten eerste hebben we 
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uitgebreide optimalisatie van celkweekomstandigheden uitgevoerd om een goede 

differentiatie van cellen in celbarrières te garanderen. De resultaten lieten duidelijk zien dat 

dit leidde tot verschillen in de expressie van genen die betrokken zijn bij endocytose. 

Interessant is dat dit ook gepaard ging met een verminderde opname van nanodeeltjes, 

vergeleken met de opname gemeten voor dezelfde nanodeeltjes in subconfluente of zelfs 

confluente HUVEC's. De verminderde opname was niet alleen te wijten aan minder cel 

oppervlak dat beschikbaar is voor interactie met nanodeeltjes in celbarrières omdat zowel 

celbarrières als confluente cellen vergelijkbare celaantallen en blootgesteld cel oppervlak 

hadden. Dit suggereerde ook dat confluentie alleen geen garantie is voor differentiatie van 

cellen in celbarrières. Verder hebben we door middel van transportremmers onderzocht of de 

vorming van celbarrières de endocytische mechanismen kan beïnvloeden waardoor 

nanodeeltjes worden geïnternaliseerd. Er kon echter alleen voorlopige informatie worden 

verkregen omdat veel van de transportremmers die in dit onderzoek werden gebruikt de 

integriteit van de barrière schaadden en in het algemeen slechts een gedeeltelijke opname-

vermindering werd waargenomen. Het is duidelijk dat er andere methoden moeten worden 

ontwikkeld en / of gecombineerd om deze kwestie volledig te kunnen verhelderen. 

Een ander belangrijke overweging bij het targeten van endotheelcellen is hun grote 

heterogeniteit in morfologie en functie. Het is bekend dat endotheelcellen fenotypisch 

verschillen in verschillende weefsels, organen, vaten en ook afhankelijk van fysiologische 

omstandigheden. Vanwege deze fenotypische verschillen en unieke cellulaire eigenschappen 

is het waarschijnlijk dat ze ook een verschillend opnamegedrag van nanodeeltjes zullen 

vertonen. Tegelijkertijd kan deze heterogeniteit ook worden benut om strategieën te 

ontwikkelen voor gerichte opname door specifieke endothelia. Tot dusver zijn de meeste 

onderzoeken gedaan om het effect van fysisch-chemische eigenschappen van nanodeeltjes 

op de opname te begrijpen, maar er is relatief weinig aandacht besteed aan het begrijpen hoe 

verschillende cellulaire eigenschappen de opname kunnen beïnvloeden. Zo hebben we in 

Hoofdstuk 4 bestudeerd hoe de heterogeniteit van endotheelcellen de opname van 

nanodeeltjes beïnvloedt. Vier recentelijk onsterfelijk gemaakte endotheelcellijnen afkomstig 

van verschillende organen, namelijk lever, hersenen, longen en nieren, werden geselecteerd 

en gebruikt om endotheelcelbarrières te vormen. Zo werd de opname van silica-nanodeeltjes 
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met verschillende oppervlaktefunctionalisatie in alle cellijnen vergeleken. We 

veronderstelden ook dat elk type endotheelcellen een andere voorkeur zou hebben voor de 

verschillende soorten nanodeeltjes. 

Daarnaast hebben we getest of de opnamevoorkeuren veranderden wanneer de nanodeeltjes 

werden gedispergeerd in verschillende sera (runder en menselijk serum). Het is bekend dat 

de serumbron de samenstelling van de corona die vormt op de nanodeeltjes, beïnvloedt, en 

dit zal waarschijnlijk ook de opnamevoorkeuren voor de verschillende celtypes beïnvloeden. 

Zo werden nanodeeltjes van siliciumdioxide van 100 nm met drie verschillende 

oppervlaktefunctionalisaties (neutraal, amino-gemodificeerd en gecarboxyleerd) gebruikt als 

modellen voor verschillende nanodeeltjes, en ze vertoonden andere opname-efficiëntie voor 

de verschillende endothelia, wat bevestigt dat heterogeniteit van endotheelcellen de opname 

van nanodeeltjes door cellen beïnvloedt. In alle endotheelbarrières werden de drie 

nanodeeltjes echter volgens dezelfde trends geïnternaliseerd, waarbij het amino-

gemodificeerde silicium de hoogste opname in alle cellen vertoonde wanneer nanodeeltjes in 

runder serum werden gedispergeerd. Interessant is dat alle endothelia hun 

opnamevoorkeuren veranderden van amino-gemodificeerd siliciumdioxide naar 

gecarboxyleerd siliciumdioxide wanneer menselijk serum werd gebruikt in plaats van runder 

serum, wat bevestigt dat verschillen in de eiwitcorona de voorkeuren voor opname van 

nanodeeltjes kunnen beïnvloeden. Om meer inzicht te krijgen in de waargenomen verschillen 

in opname-efficiëntie tussen de verschillende endothelia, vergeleken we ook de 

opnamesnelheden van hersen- en lever-endotheel, hier geselecteerd als representatief 

endotheel met respectievelijk een lage en een hoge opname. De resultaten toonden aan dat 

de opnamesnelheid van de vloeistoffase markers TRITC dextran vergelijkbaar was in de twee 

endothelia. De receptor-gemedieerde opname van transferrine (geselecteerd als een model 

om de snelheid van een receptor-gemedieerde opname te vergelijken) was echter heel 

anders, wat suggereert dat de waargenomen verschillen in de opname-efficiëntie van 

nanodeeltjes waarschijnlijk te wijten zijn aan verschillen in receptorexpressie, en ook aan 

verschillen in hun affiniteit en activiteit in de verschillende organen. 

Over het geheel benadrukken de resultaten van Hoofdstuk 4 het belang van het benutten van 

verdere endotheelcel-heterogeniteit voor een beter ontwerp van gerichte nanomedicijnen. 
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Bovendien toonden ze ook de invloed aan van verschillende eiwitcorona op 

opnamevoorkeuren door cellen. Vergelijkbare effecten kunnen worden gebruikt om nieuwe 

targetingstrategieën te ontdekken door gebruik te maken van deze eiwitlaag. In feite hebben 

eerdere studies aangetoond dat adsorptie van bepaalde plasma-eiwitten op het oppervlak van 

nanodeeltjes kan leiden tot natuurlijke doelgerichtheid van nanodeeltjes in specifieke cellen 

en dat deze eiwitlaag kan worden herkend door celreceptoren. Aangezien de samenstelling 

van de eiwitcorona wordt beïnvloed door de fysisch-chemische eigenschappen van 

nanodeeltjes, evenals de omgevingsomstandigheden waaraan ze worden blootgesteld, kan 

het afstemmen van deze eigenschappen de identificatie van corona-eiwitten mogelijk maken 

die een rol spelen bij de opname. Om een breder perspectief te geven op de interactie van de 

eiwitcorona en celreceptoren, heb ik in Hoofdstuk 2 een gedetailleerd overzicht 

gepresenteerd van de meest recente bevindingen op dit gebied en de momenteel beschikbare 

methoden om corona-eiwitten te identificeren die correleren met een hogere of lagere 

opname door cellen, evenals de receptoren die de corona-eiwitten binden en betrokken zijn 

bij de opname van nanodeeltjes. Dit omvatte ook de presentatie van de methoden die in dit 

proefschrift zijn geoptimaliseerd en toegepast voor dergelijke studies. Bovendien is het belang 

om rekening te houden met corona-interacties met celreceptoren voor de ontwikkeling van 

gerichte nanogeneesmiddelen benadrukt. 

Daarom heb ik in Hoofdstuk 5, om de eiwitcorona als een natuurlijke targetingstrategie te 

benutten, een correlatieanalyse uitgevoerd tussen de eiwitcorona-samenstelling van een 

selectie van nanodeeltjes en hun opnameprofiel in de vier verschillende endothelia die in 

Hoofdstuk 4 worden gebruikt. Om verschillende corona's te vormen werden 6 verschillende 

siliciumdioxidedeeltjes van 2 verschillende groottes (100 en 200 nm) en 3 verschillende 

oppervlaktefunctionalisaties (neutraal, amino-gemodificeerd en gecarboxyleerd) gebruikt. 

Om corona's te vormen die meer op fysiologische omstandigheden lijken, werd bovendien 

volledig (onverdund) menselijk plasma in plaats van standaard runder of menselijk serum met 

verschillende concentraties gebruikt als eiwitbron. Massaspectrometrie bevestigde dat 

corona's van verschillende samenstellingen werden verkregen, zoals vereist om 

correlatieanalyse uit te voeren. Op basis van de resultaten correleerden verscheidene corona-

eiwitten verschillend met opname door de verschillende endothelia. Interessant is dat 
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sommige eiwitten alleen een positieve correlatie vertoonden met opname (eiwitten 

geassocieerd met een hoge opname van nanodeeltjes) in sommige specifieke endothelia maar 

niet in de anderen, wat de algemene hypothese bevestigt dat de corona kan leiden tot 

natuurlijke doelgerichte opname door specifieke endothelia. Evenzo vertoonde bepaalde 

eiwitten ook een negatieve correlatie (eiwitten geassocieerd met een lage opname van 

nanodeeltjes). Om de betrokkenheid van enkele van de geïdentificeerde corona-eiwitten bij 

de cellulaire opname te valideren, namelijk transferrine, menselijk serumalbumine (HSA), 

histidine-rijk glycoproteïne (HRG) en alfa-2-antitrypsine, werden verdere tests uitgevoerd met 

endotheel van de hersenen en de lever met 200 nm amino-gemodificeerd siliciumdioxide (hier 

gebruikt als model nanodeeltje vanwege de hogere opname). Eerst hebben we kunstmatige 

corona's gevormd door de nanodeeltjes te coaten met deze individuele eiwitten. Dit stelde 

ons in staat om te bevestigen dat HRG op zichzelf voldoende was om de opname van 

nanodeeltjes in beide endothelia in dezelfde mate te verminderen als de corona gevormd in 

volledig menselijk plasma, wat de negatieve correlatie met de opname bevestigde. Daarnaast 

hebben we competitiestudies uitgevoerd met transferrine en HSA om de betrokkenheid van 

hun receptoren bij de opname te zien. Interessant is dat we, in plaats van opname-

vermindering, een significante toename van opname in lever-endotheel waarnamen bij 

toenemende transferrine-concentratie in het medium. Aanvullende tests suggereerden dat 

de toename van de opname zou kunnen optreden als gevolg van het veranderen van de 

opname naar andere receptoren met een hogere opname-efficiëntie wanneer 

transferrinereceptoren worden ingenomen door het vrije transferrine. Over het geheel 

genomen lieten de resultaten in Hoofdstuk 5 zien dat het aanpassen van de 

coronasamenstelling door gebruik te maken van nanodeeltjes met verschillende fysisch-

chemische eigenschappen, verschillende opnameprofielen kan opleveren. Dit kan op zijn 

beurt worden gebruikt om correlatieanalyse uit te voeren om eiwitten te identificeren die 

geassocieerd zijn met een hogere of lagere opname, die vervolgens kunnen worden gebruikt 

om targetingstrategieën te ontwikkelen of om de verwijderen van nanodeeltjes uit het 

lichaam na administratie te verminderen. Het is duidelijk dat er veel meer werk nodig is om 

de eiwitcorona volledig voor dit doel te gebruiken. Hoewel correlatieanalyse ons in staat stelt 

potentiële corona-eiwitten en receptoren te identificeren die geassocieerd zijn met opname, 

is validatie vereist en zijn betere methoden nodig om degenen te onderscheiden die echt 
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verantwoordelijk zijn voor de opname van nanodeeltjes. 

Daartoe hebben we in Hoofdstuk 6 twee andere methoden toegepast en vergeleken om 

celreceptoren te identificeren die betrokken zijn bij de opname van nanodeeltjes in het 

endotheel van de hersenen en de lever. Deze methoden zijn gebaseerd op een combinatie 

van corona proteomics, op biotinylering-gebaseerde methoden, onderzoeken naar de 

opname van nanodeeltjes in cellen, en massaspectrometrie, en werden gebruikt om 

celreceptoren te identificeren die betrokken zijn bij de opname van corona-gecoate silicium 

nanodeeltjes van menselijk plasma. In de eerste methode werden celreceptoren eerst 

gebiotinyleerd en geëxtraheerd uit de endotheelcellen van de hersenen en de lever, en 

vervolgens werden degene die silicium nanodeeltjes met een corona van menselijk plasma 

binden, geïdentificeerd na het extraheren door middel van massaspectrometrie. Bij de tweede 

methode werden interacterende receptoren echter direct op levende cellen geïdentificeerd. 

Eerst werden celreceptoren gebiotinyleerd, daarna werden de nanodeeltjes aan cellen 

toegevoegd en werden de receptoren die samen met nanodeeltjes werden geïnternaliseerd, 

geëxtraheerd, gezuiverd en geïdentificeerd door massaspectrometrie. Door deze twee 

methoden te gebruiken, konden we niet alleen de receptoren identificeren die betrokken zijn 

bij de opname van nanodeeltjes, maar ook onderscheid maken tussen unieke interacterende 

receptoren die verschillen wat betreft type en / of hoeveelheid tussen de hersenen- en het 

lever-endotheel. Bij het gebruik van de eerste methode was verdere validatie noodzakelijk 

omdat sommige van de geïdentificeerde receptoren waarschijnlijk niet correct aan de corona 

waren gebonden, bijvoorbeeld als gevolg van conformationele veranderingen tijdens 

proteïne-isolatie of als gevolg van onjuiste oriëntatie na isolatie en binding aan domeinen 

normaal blootgesteld in het cytosol. Het is dus van belang deze receptoren uit te sluiten. Aan 

de andere kant stelde de tweede methode ons in staat het aantal receptoren voor verdere 

validatie te beperken, aangezien de receptorbinding met het eiwitcorona plaatsvond op 

levende cellen, waardoor onjuiste binding werd geminimaliseerd en alleen de receptoren die 

in cellen werden aangetroffen door de opname van nanodeeltjes, werden geïsoleerd. 

Van alle geïdentificeerde receptoren werden de meest veelbelovende kandidaten verder 

gevalideerd voor hun betrokkenheid bij de opname door nanodeeltjes kunstmatig te 

functionaliseren met de individuele liganden van hun overeenkomstige receptoren. 
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Vitronectine werd geselecteerd als ligand voor integrine alpha-V/beta-3 en/of integrine alpha-

V/beta-1, plasminogeen als ligand voor alpha-enolase en transferrine als ligand voor 

transferrinereceptor 1 (TFR1). 

We ontdekten dat vitronectine de opname van nanodeeltjes in zowel de hersenen als het 

lever-endotheel sterk kan versterken tot respectievelijk 25 en 7 keer. Belangrijk is dat dit 

targeting effect en verbeterde opname-efficiëntie behouden bleven, zelfs wanneer menselijk 

serum aan het medium werd toegevoegd, wat suggereert dat de kunstmatige corona - althans 

gedeeltelijk - behouden blijft, zelfs na blootstelling aan een hoge eiwitconcentratie en dat het 

ook in staat is om efficiënt te concurreren met de serumeiwitten en de endogene liganden 

voor deze receptoren. Verder hebben we ook waargenomen dat een kunstmatige corona van 

plasminogeen levering van nanodeeltjes aan specifieke organen mogelijk maakt, omdat het 

de opname van nanodeeltjes in het endotheel van de lever, maar niet die van de hersenen 

aanzienlijk verhoogde. Hoewel het belangrijk zou zijn om vergelijkbare waarnemingen in vivo 

te bevestigen, tonen deze resultaten duidelijk de potentie van deze methode om receptoren 

betrokken bij de opname van nanodeeltjes te ontdekken en hoe daarmee nanodeeltjes op 

specifieke organen gericht zouden kunnen worden. Afgezien van deze aanvullende 

onderzoeken met een kunstmatige corona van een enkel eiwit, voerden we voor de 

receptoren waarvoor endogene liganden in serum niet duidelijk waren geïdentificeerd, 

soortgelijke tests uit met kunstmatige corona's gemaakt met antilichamen tegen de 

receptoren. Bovendien hebben we geprobeerd hun expressie te reduceren met behulp van 

RNA-interferentie om hun rol in opname van nanodeeltjes te bevestigen. Met deze techniek 

konden we echter geen effect op de opname waarnemen. Een verklaring zou kunnen zijn dat 

de gebruikte antilichamen binding mogelijk maken, maar de opname niet kunnen stimuleren. 

In het geval van het reduceren van de expressie van een receptor, kan het zijn dat er 

verschillende receptoren tegelijkertijd betrokken waren, waardoor het verminderen van één 

receptor niet voldoende was om de opname te blokkeren. Er moeten dus andere methoden 

worden ontwikkeld om de rol van deze receptoren in de opname van nanodeeltjes te 

verduidelijken. Met andere woorden, we zouden een veelbelovend platform kunnen opzetten 

voor het benutten van de eiwitcorona voor het doelgericht brengen van nanocarriers naar 

specifieke cellen. We ontdekten dat verschillende receptoren betrokken waren bij de opname 
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in verschillende cellen, en dit kan worden gebruikt voor de identificatie van potentiële 

targeting-eiwitten voor specifieke celtypen. Meer studies zijn nodig om betere methoden te 

ontwikkelen, vooral om de geïdentificeerde eiwitten te valideren, en om het effect van 

multivalente interacties van verschillende receptoren met de eiwitcorona op de opname van 

nanodeeltjes op te helderen. Desalniettemin illustreren de waargenomen resultaten voor 

vitronectine en plasminogeen duidelijk de potentie van deze aanpak. 

In conclusie was dit Proefschrift gericht op het beter begrijpen van interacties tussen 

nanodeeltjes en endotheelcelbarrières, en het benutten van de eiwitcorona als een strategie 

om deze cellen te targeten. In Hoofdstuk 3 ontdekten we dat de vorming van endotheelcellen 

tot celbarrières het opnamegedrag van nanodeeltjes kan beïnvloeden, wat het belang van een 

goede optimalisatie van de celbarrière bij het gebruik van deze celmodellen benadrukt. Niet 

alleen de vorming van celbarrières, maar ook de heterogeniteit van endotheelcellen kan de 

opname van nanodeeltjes beïnvloeden (Hoofdstuk 4). In feite ontdekten we dat verschillende 

endothelia, afgeleid van vier verschillende organen, verschillende opname-efficiëntie van 

nanodeeltjes vertoonden. Om deze heterogeniteit verder te benutten voor het targeten van 

specifiek endotheel, hebben we de eiwitcorona benut om corona-eiwitten te identificeren die 

een rol speelden bij de opname van nanodeeltjes (Hoofdstuk 5). Interessant is dat we met 

behulp van correlatieanalyse tussen coronasamenstelling van verschillende nanodeeltjes en 

hun opnameprofiel enkele eiwitten konden identificeren, zoals HRG en transferrine, die 

verantwoordelijk waren voor de opname van nanodeeltjes in hersen- en lever-endotheel. Ten 

slotte hebben we de eiwitcorona ook gebruikt als hulpmiddel om celreceptoren te 

identificeren die betrokken zijn bij de opname van nanodeeltjes (Hoofdstuk 6). Door een 

combinatie van twee verschillende methoden te gebruiken op basis van corona proteomics, 

biotinylatie, en opname van nanodeeltjes, konden we (unieke) celreceptoren identificeren die 

betrokken zijn bij de opname van nanodeeltjes in hersen- en lever-endotheel. 

De resultaten die in dit proefschrift worden gepresenteerd, hebben dus enkele belangrijke 

aspecten benadrukt die nuttig kunnen zijn voor verder onderzoek naar endotheelcel-

doelgerichte opname en exploitatie van de corona om nieuwe receptoren te ontdekken. De 

uitbreiding van deze kennis zal helpen om nanogeneesmiddelen met een betere 

doelgerichtheid te ontwerpen en uiteindelijk hun bench-to-bed-ontwikkelingen te versnellen. 
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