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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. 



 

 158 

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 



 

 
 165 

5 

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 



 

 172 

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. 
 
 
 
 
 
 
 
 
 
 
 


	Chapter 5



