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ABSTRACT: The formation of the biomolecule corona on the surface of
nanoparticles upon exposure to biological fluids critically influences
nanocarrier performance in drug delivery. It has been shown that in some
cases corona proteins can mediate specific nanoparticle interactions with cell
receptors. Within this context, in order to identify corona proteins affecting
nanoparticle uptake, in this work, correlation analysis is performed between
the corona composition of a panel of silica nanoparticles of different sizes
and surface functionalities and their uptake in four endothelial cell types
derived from different organs. In this way, proteins that correlate with
increased or decreased uptake were identified, and their effects were
validated by studying the uptake of nanoparticles coated with a single
protein corona and competition studies in brain and liver endothelium. The
results showed that precoating nanoparticles with histidine-rich glycoprotein
(HRG) alone strongly decreased uptake in both liver and brain endothelium. Furthermore, our results suggested the involvement of
the transferrin receptor in nanoparticle uptake in liver endothelium and redirection of the nanoparticles to other receptors with
higher uptake efficiency when the transferrin receptor was blocked by free transferrin. These data suggested that changes in the cell
microenvironment can also affect nanoparticle uptake and may lead to a different interaction site with nanoparticles, affecting their
uptake efficiency. Overall, correlating the composition of the protein corona and nanoparticle uptake by cells allows for the
identification of corona molecules that can be used to increase as well as to reduce nanoparticle uptake by cells.
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■ 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.4 It is now widely known that when applied in
biological fluids, nanomaterials adsorb proteins and biomole-
cules on their surface, forming a layer which is known as the
biomolecule corona.5−7 In the development of targeted
nanocarriers, this rapidly forming protein corona has been
considered a crucial element, since the interactions of
nanomaterials with cells can be greatly affected by this acquired
biomolecular layer.8−15 In fact, the protein corona can direct
nanocarriers to specific receptors resulting in enhanced uptake
by certain cell types, but in some cases, it can also inhibit
targeted drug delivery by masking the targeting ligands on
nanocarriers.14,16,17 Furthermore, the protein corona can also
influence other biological processes, such as biodistribution,
immune cell activation,18 and cytotoxicity.19 More importantly,
the formation of this protein layer cannot be fully prevented by
coating of the nanocarriers with antifouling agents, such as, for
instance, polyethylene glycol (PEG). Actually, it has been shown

that PEGylated surfaces acquire the ability to reduce clearance
by immune cells thanks to the adsorption of specific proteins in
their corona.20

Given the many effects of the protein corona on the
interactions of nanoparticles with cells, understanding which
corona components and cellular receptors can affect the
biological fate of nanoparticles is important for improving the
design of nanocarriers. Many reports have shown that the
protein corona can interact with specific cell receptors.11−13

This opens up new ways for the improvement of nanocarrier
targeting by exploiting interactions mediated by their corona, as
for instance, it was demonstrated for approved nanomedicines
currently in the clinic.21 Moreover, it is known that the corona
composition varies with nanoparticle properties, such as size,
shape, and surface charge−among many others.22−25 Thus,
nanoparticles may be tailored to adsorb specific biomolecules in

Received: June 16, 2021
Accepted: October 27, 2021
Published: November 11, 2021

Articlepubs.acs.org/journal/abseba

© 2021 The Authors. Published by
American Chemical Society

5573
https://doi.org/10.1021/acsbiomaterials.1c00804

ACS Biomater. Sci. Eng. 2021, 7, 5573−5584

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aldy+Aliyandi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Catharina+Reker-Smit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reinier+Bron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inge+S.+Zuhorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Salvati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.1c00804&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00804?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00804?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00804?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00804?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00804?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/abseba/7/12?ref=pdf
https://pubs.acs.org/toc/abseba/7/12?ref=pdf
https://pubs.acs.org/toc/abseba/7/12?ref=pdf
https://pubs.acs.org/toc/abseba/7/12?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


their corona and, in this way, be directed to specific cell
receptors.16,17 Recent studies have exploited this concept to
predict cellular association using a library of different nano-
particles and by characterizing their protein corona finger-
prints.8,26−28 Similarly, by correlating the composition of the
corona formed on different nanoparticles and their cell uptake
efficiency, corona proteins that can promote or reduce uptake by
cells have been identified.28,29 For instance, a previous study in
which this approach was applied discovered that apolipoproteins
(ApoH, ApoA4, and ApoC3) were responsible for regulating
nanoparticle uptake in human mesenchymal stem cells.29

Since different cell types may have different interactions with
the protein corona, by comparing the association in multiple
target cells new strategies for targeting specific cells may be
discovered. For this, endothelial cells represent an important
target cell model, given the fact that they are one of the major
barriers nanomedicine encounters in vivo after administration.
Within this context, in this work, we used endothelial cells

from brain, lungs, liver, and kidneys as target cell models for
different organs. It was recently reported that endothelial cells
from different organs, because of their heterogeneity, show
differences in nanoparticle uptake efficiency.30 Thus, a panel of
six nanoparticles consisting of plain, carboxylated, and amino-
modified silica in two different sizes (100 and 200 nm) was used
to form different protein coronas in full human plasma. Their
uptake efficiency in the different endothelial cells was
determined, and the composition of the protein corona formed
on each nanoparticle type was analyzed by mass spectrometry.
Then, correlation analysis between the corona composition and
uptake levels in the different endothelial cells was applied to
identify key candidate corona 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 competi-
tion experiments were used to block the corresponding
receptors in order to determine their role in nanoparticle uptake.

■ MATERIALS AND METHODS
Cell Culture. Each cell line was cultured using media of different

composition and coating flasks in different ways to improve cell
adhesion as previously described.30−34 Briefly, immortalized hCMEC/
D3 cells were used as a model for human brain endothelium.31 Cells
were cultured in EBM-2 endothelial basal medium (LONZA, Allendale,
NJ, USA) to which 10 mM HEPES (ThermoFisher Scientific), 1 μg
mL−1 hydrocortisone (Sigma-Aldrich, St. Louis, USA), 200 ng mL−1

bFGF (Peprotech, London, United Kingdom), and 1% chemically
defined lipid concentrate (ThermoFisher Scientific) were added,
together with 5% fetal bovine serum (FBS, Gibco ThermoFisher
Scientific, Landsmeer, Netherlands). In order to improve cell adhesion,
flasks were precoated with 0.1 mg mL−1 rat-tail collagen type-1
(Corning, NY, USA). Cells were cultured at 37 °C and 5% CO2 and
used between passages 29−38, refreshing the medium every 2−3
days.35

Human HPMEC-ST1.6R immortalized cells were used as a model
for lung microsovascular endothelium.32 Cells were cultured in EBM-2
basal medium supplemented with the EGM-2 bullet kit (LONZA) at 37
°C and 5% CO2. In order to improve cell adhesion, a cold solution of
0.2% gelatin (Sigma-Aldrich) was used to precoat the cell flasks. Every
2−3 days, the cell culture medium was refreshed.
Human TRP3 immortalized cells were used as a model for liver

endothelial sinusoidal cells.33 Cells were cultured in MCDB 131
medium (Gibco ThermoFisher Scientific) to which 50 μg mL−1

endothelial cell growth supplement (ECGS, Corning), 250 μg mL−1

cAMP (Sigma-Aldrich), and 1 μg mL−1 hydrocortisone (Sigma-

Aldrich) were added, together with 10 mM glutamine (ThermoFisher
Scientific) and 20% FBS (Gibco ThermoFisher Scientific). Cells were
seeded in flasks precoated with a cold solution of gelatin at 0.1% and
cultured at 37 °C and 5%CO2, refreshing the cell culture medium every
2−3 days.

Conditionally immortalized CiGENC cells were used as a model for
kidney glomerular endothelial cells.34 Cells were cultured in EBM-2MV
medium to which all components of the EGM-2MV bullet kit
(LONZA) except the growth factor VEGF were added. Fibronectin
(Corning) at 1 μg cm−2 was used to coat cell flasks to improve cell
adhesion. The cells were cultured in 5% CO2 at a temperature of 33 °C
until 90% confluency and then as the temperature was increased to 37
°C for a further 3 days in order for the cells to develop kidney
glomerular endothelial phenotypes. The medium was exchanged with
fresh cell culture medium every 2−3 days.

Physicochemical Characterization of Nanoparticles. Green
fluorescently labeled silica nanoparticles (maximum excitation 485 nm
and emission 510 nm) of 100 and 200 nm diameter, and with a plain,
amino-modified or carboxylated surface (SiO2, SiO2−NH2, and SiO2−
COOH, respectively), were purchased from Micromod Partikeltech-
nologie GmbH (Rostock, Germany). All amino and carboxylated
nanoparticles had a surface charge density of 1 μmol g−1, except for 200
nm SiO2−NH2, which had a surface charge density of 4 μmol g−1. The
same batch of nanoparticles was used for all studies, with the exception
of the 200 nm SiO2−NH2 results shown in Supporting Figures S5 and
S6 and one of the 3 experiment repeats shown in Figure 5a,b. AMalvern
Zetasizer Nano ZS (Malvern Instrument Ltd., Worcestershire, UK) was
used for nanoparticle characterization by dynamic light scattering
(DLS) to obtain the nanoparticle size distribution and for zeta potential
(ζ-potential) measurements. Briefly, dispersions of the nanoparticles or
of the corona-coated nanoparticles (50 μg mL−1 and 30 μg mL−1, for
100 and 200 nm nanoparticles, respectively) in PBS were measured at
20 °C in disposable capillary cells (Malvern) just after preparation. For
each sample, measurements were repeated at least 3 times with 5 runs
each.

Nanoparticle-Corona Preparation and Characterization.
Prior to physicochemical characterization and incubation on cells,
nanoparticle-corona complexes were prepared and isolated. All 6
nanoparticle types were dispersed at 1 mg mL−1 in full human plasma
(human plasma from pooled donors, prepared using citrate as
anticoagulant, total protein concentration 86 mg mL−1, from TCS
BioSciences Ltd., Botolph Claydon, Buckingham, UK) at 37 °C for 1 h
under continuous shaking at 300 rpm. Then, the nanoparticle-corona
complexes were separated from the excess unbound proteins by
centrifugation at 16,000 g for 1 h at 15 °C. The nanoparticle-corona
complexes in the pellet were resuspended in PBS. For incubation on
cells, the dispersion of nanoparticle-corona complexes was diluted in
serum-free medium to 50 or 30 μg mL−1 nanoparticles for the 100 or
200 nm silica, respectively. In order to isolate clean hard corona-coated
nanoparticles for SDS PAGE and mass spectrometry analysis, three
more centrifugations were performed using the same settings (each for
1 h at 16,000 g and 15 °C). After the last wash, nanoparticle
fluorescence was measured with a spectrofluorometer in order to
determine nanoparticle concentration in the final samples. Then, hard
corona-coated nanoparticles corresponding to 200 or 300 μg
nanoparticles, for the 100 or 200 nm silica, respectively, were
resuspended in gel loading buffer. The samples were incubated for 5
min at 95 °C and then loaded onto a 10% polyacrylamide gel for SDS-
PAGE. The proteins in the gel were stained by incubation for 1 h in
0.1% w/v Coomassie blue R-250 in a solution containing water,
methanol, and glacial acetic acid (5:4:1). Then, the gel was washed with
Milli-Q-grade water. Images of the gel were acquired using a ChemiDoc
XRS (Biorad, USA).

Mass Spectrometry and Correlation Analysis. The samples for
mass spectrometry were prepared and measured as previously
described.13 Briefly, the protein concentration in the isolated
nanoparticle-corona complexes prepared as described above was
determined with a BCA Protein Assay Kit (Pierce, ThermoFisher
Scientific). Then, for each sample, equal amounts of proteins were
loaded on a gel (10% polyacrylamide) and separated from the
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nanoparticles by SDS-PAGE for 5 min. The proteins in the gel were
stained by incubation for 1 h in an InstantBlue solution (Sigma-
Aldrich) and washed with Milli-Q-grade water. The gel containing
corona proteins was then reduced and alkylated by incubation at 56 °C
in 10 mM DTT for 30 min and, after that, at room temperature in 55
mM chloroacetamide in the dark for other 30 min. Then, the gel was
washed with Milli-Q water and cut to separate it from the nanoparticles
and from the other samples. Each piece of cut gels was further washed to
remove the remaining InstantBlue solution in 100 mM ammonium
bicarbonate:acetonitrile (70:30) at room temperature for 30 min, then
in ammonium bicarbonate:acetonitrile (50:50), and finally in
acetonitrile. Then, the samples were dried at 60 °C for 5 min.
Afterward, the proteins in the gels were digested by overnight
incubation at 37 °C in sequencing grade modified trypsin (Promega
Corporation, Madison, WI, USA) (1:100) in 100 mM ammonium
bicarbonate. In order to stop protein digestion, 75% v/v acetonitrile and
25% of a solution of 5% v/v formic acid in water were added. The
digested peptides extracted out of the gels 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) which
were conditioned with 0.1% v/v formic acid in acetonitrile two times
and then with 0.1% v/v formic acid in water an additional two times.
Next, the loaded samples were washed with 0.1% v/v formic acid in
water two times, and peptides were eluted with 0.1% v/v formic acid in
50% v/v acetonitrile two times. The recovered peptides were dried for
2−3 h in a speed vacuum, then 0.1% v/v formic acid in water was added,
and Acclaim PepMap 100 C18 LCColumns (ThermoFisher Scientific)
were used to load the samples into a Q Exactive Plus Hybrid
Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher Scientific).
PEAKS 10 software (Bioinformatics Solutions Inc., Waterloo, ON,
Canada) was used to identify the proteins in the samples using the
human proteome database from UniProtKB/Swissprot. A 10-ppm
parent mass error tolerance was used to search the experimental data,
and one missed cleavage was allowed, setting fixed carbamidomethy-
lation and variable oxidation as modifications. Spectral counts
(Spectra) were normalized by the molecular weight of the identified
proteins, and for each protein, the relative protein abundance (RPA,
Spectrax) was calculated as follows:

Spectra (Spectra/Mw) /
Spectra
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Then, for each protein identified, the Pearson Product-Moment
Correlation Coefficient was calculated using the following equation as
previously described29

r
x x y y

x x y y
( )( )

( ) ( )2 2=
∑ − ̅ − ̅

∑ − ̅ − ̅ (2)

where x is the RPA of each protein, and y is the median cell fluorescence
intensity measured by flow cytometry. This correlation coefficient was
used as a statistical measurement for the correlation between the
abundance (RPA) of each protein in the corona formed on the
nanoparticles (as obtained by mass spectrometry) and the cell uptake
efficiency in the different cell types (as measured by flow cytometry).
An r value close to +1 indicated strong positive correlation (proteins
associated with higher uptake), while an r value close to −1 indicated a
negative correlation (proteins associated with lower uptake).
Nanoparticle Uptake and Flow Cytometry Analysis. Cellular

uptake of nanoparticles was measured by flow cytometry. Briefly,
25,000 or 50,000 cells cm−2 for the HPMEC-ST1.6R and the other cell
lines, respectively, were seeded in a 24-well plate (Greiner Bio-One BV,
A. Alphen on den Rijn, Netherlands) precoated with an extracellular
matrix as described above for each cell type. CiGENC and TRP3 cells
were grown for 3 days, and the hCMEC/D3 andHPMEC-ST1.6R were
grown for 4 days in order to form endothelial cell barriers.30 Then, cells
were exposed to 50 or 30 μg mL−1 of corona-coated 100 or 200 nm
silica nanoparticles (plain, amino-modified, and carboxylated),
respectively, prepared as described above just before addition to cells.
After exposure, in order to wash away the extracellular nanoparticles

and reduce those adhering on the cell membrane, cell culture medium
supplemented with 10% FBS was used to wash the cells, followed by
two washes with PBS. Afterward, cells were harvested using 0.05%
trypsin-EDTA for 5 min, and after centrifugation at 300 g for 3 min to
discard the medium with trypsin, cells were resuspended in PBS. Then,
nanoparticle uptake was determined by measuring the green cell
fluorescence by flow cytometry using a Cytoflex S (Beckman Coulter,
Woerden, The Netherlands). A 488 nm laser was used for nanoparticle
excitation. Flowjo data analysis software (Flowjo, LLC) was used to
analyze the results. Cell debris and cell doublets were excluded from the
analysis by setting gates in the double scatter forward and side scattering
plot. For each sample, the fluorescence of at least 15,000 individual cells
was measured in order to obtain a cell fluorescence distribution, and for
each condition, two replicate samples were made. Experiments were
repeated 3 times to confirm reproducibility (unless specified). For each
condition, the median cell fluorescence intensity averaged over two
replicate samples was calculated, and the results obtained in each
individual experiment are shown, together with a line which indicates
their average (unless specified).

Uptake of Single Protein Corona-Coated Nanoparticles. In
order to coat nanoparticles with a single protein corona, green
fluorescently labeled 200 nm SiO2−NH2 were incubated with histidine-
rich glycoprotein (HRG, Peprotech, London, United Kingdom),
transferrin, human serum albumin (HSA), or alpha-1 antitrypsin (all
from Sigma-Aldrich) in serum-free medium. In order to coat the entire
nanoparticle surface area, 30 μg mL−1 nanoparticles were added to a 15
μg mL−1 solution of each single protein. As additional controls, 30 μg
mL−1 green fluorescently labeled 200 nm SiO2−NH2 nanoparticles
were also coated with 15 μg mL−1 human plasma (as in the conditions
used for single protein coronas, referred to as “human plasma” in Figure
4) or 1 mg mL−1 nanoparticles with 86 mg mL−1 human plasma (as in
the conditions used for mass spectrometry and nanoparticle uptake
studies, referred to as “full human plasma” in Figure 4). Then, after
incubation at 37 °C for 1 h with shaking at 300 rpm, the corona-coated
nanoparticles were pelleted by centrifugation for 1 h at 16,000 g and
resuspended to a concentration of 30 μg mL−1 nanoparticles in serum-
free cell culture medium. In order to determine their uptake, 50,000
cells cm−2 hCMEC/D3 and TRP3 cells were seeded in a 24-well plate
(Greiner) precoated with an extracellular matrix as described above.
Three or 4 days after seeding, for TRP3 or hCMEC/D3, respectively,
cells were exposed to 30 μg mL−1 single protein-coated or human
plasma-coated SiO2−NH2 (200 nm) in serum-free medium, freshly
prepared just prior to addition to cells. After 4 h of exposure, cells were
washed, and samples were prepared for flow cytometry analysis as
described above.

Competition Study of Nanoparticles with Individual
Proteins. For the competition study, 50,000 cells cm−2 hCMEC/D3
and TRP3 cells were seeded in a 24-well plate (Greiner) precoated with
extracellular matrix as described above. Three or 4 days after seeding,
for TRP3 or hCMEC/D3, respectively, cells were exposed to human
plasma corona-coated SiO2−NH2 (200 nm) (30 μg mL−1 nanoparticles
in serum-free medium, prepared as described above just prior addition
to cells) in the presence of 1 (or increasing concentrations) unlabeled
transferrin or 5 mg mL−1 unlabeled HSA. Alternatively, cells were
exposed to fluorescently labeled Alexa Fluor 546 transferrin (Life
Technologies, NY, USA) at a concentration of 10 μg mL−1 in serum-
free medium in the presence of increasing concentrations of human
plasma corona-coated SiO2−NH2 (200 nm). Then, cells were washed
and collected for flow cytometry analysis as described above. A 561 nm
laser was used for Alexa Fluor 546 transferrin excitation.

TFR1 Silencing Using RNA interference. In order to silence the
expression of the transferrin receptor TFR1 on TRP3, 13,000 cells cm−2

were seeded in a 24-well plate (Greiner) precoated with 0.1% cold
gelatin as described above. Twenty-four h after seeding, the expression
of TFR1 was silenced as previously described.36 Briefly, cells were
incubated in serum-free medium for 20 min, and then the medium was
replaced with 250 μL of a siRNA (small interfering RNA) mix made
with 2 μL of oligofectamine (ThermoFisher Scientific), 20 pmol siRNA
directed toward TFR1 (Silencer Select, ThermoFisher Scientific), and
Opti-MEM (ThermoFisher Scientific), following the manufacturer’s
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instructions. A scrambled siRNA was used as a negative control. After 4
h, 125 μL of TRP3 growthmedium containing 60% v/v FBS was added,
and cells were grown for a further 72 h in standard conditions (37 °C,
5% CO2). Then, cells were exposed for 4 h to 30 μg mL−1 freshly
prepared hard corona-coated nanoparticles or for 10 min to Alexa Fluor
546 transferrin (10 μg mL−1) in serum-free medium. Finally, samples
were collected and prepared as described above for flow cytometry
analysis.
Quantification of TFR1 mRNA Expression. The expression level

of silenced TFR1 in TRP3 cells was determined by quantitative real
time PCR (RT-PCR) using forward (left) TGAAGAGAAAGTTGT-
CGGAGAAA and reverse (right) CAGCCTCACGAGGGACATA
primers. After 72 h of silencing, the content of 3 wells was merged, and a
Maxwell 16 LEV simplyRNA Cells Kit (Promega, Madison, WI, USA)
was used to isolate the total mRNA in a Maxwell instrument according
to the instructions provided by the manufacturer. cDNA was prepared
by reverse transcription of mRNA using a Reverse Transcription

System (Promega, Leiden, The Netherlands). The full procedure and
cycle details are described in Aliyandi et al.30 An ABI7900HT sequence
detection system (Applied Biosystems, Foster City, CA, USA) was used
to determine the transcription levels by quantitative RT-PCR using a
SensiMix SYBR kit (Bioline, Taunton, MA, USA) for sample
preparation, following the manufacturer’s instructions. For each
sample, 10 ng of cDNA was used. The results were analyzed using
SDS 2.4 software (Applied Biosystems) to obtain the Ct values. Four
replicate samples were prepared for each target, and the average and
standard deviation of the Ct values obtained in the 4 replicate samples
were calculated. The fold-change of expression levels in the TFR1
silenced samples (CtTFR1) with respect to the averaged Ct values of cells
silenced with a scramble RNA as a negative control (CtNeg) was
calculated as follows:

Fold change 2 (Mean Ct Mean Ct )Neg TFR1= − − (3)

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 theMaterials andMethods section. The gel shows that different
bands were present in the corona formed on the different silica nanoparticles. M: molecular weight size marker. Relative abundance (RPA%, see the
Materials andMethods section for details) of the major protein groups identified by mass spectrometry in full human plasma and in the protein corona
formed on the different silica nanoparticles (c). Venn diagram of the total amount of proteins identified by mass 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 mass spectrometry (e). Proteins are ordered alphabetically. Different colors are used for the different protein families,
and the spot size indicates their RPA (%).
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Statistical Analysis. In order to compare the uptake kinetics of the
different corona-coated nanoparticles, a linear regression two-tailed
Student’s t-test was applied to the uptake kinetic results up to 7 h of
exposure, where uptake increases linearly with time (Figure 2).30 A
nonparametric two-tailed Mann−Whitney test was used to determine
statistical differences between two groups (Figure 5). A Kruskal−Wallis
test was used to determine statistical differences between multiple
groups (Figure 4), followed by a Mann−Whitney test with Bonferroni
correction for multiple testing to compare the uptake level of single
protein corona-coated nanoparticles to the uptake of bare nanoparticles
(Bare NP) or nanoparticles coated with 15 μg mL−1 human plasma
(human plasma). p ≤ 0.05 was considered significant. Mann−Whitney
and Kruskal−Wallis tests were run on Statistics Kingdom (https://
www.statskingdom.com/).

■ RESULTS AND DISCUSSION

Protein Corona Characterization. Silica nanoparticles
have been used as a well-characterized model for uptake studies
in cells, including studies on protein corona.7,37,38 Here, we
selected spherical silica nanoparticles of two different sizes (100
and 200 nm) and each with three different surface
functionalizations (plain, amino modified (−NH2), and
carboxylated (−COOH)) in order to obtain different coronas
after dispersion in biological fluid. Nevertheless, any other
nanomaterials with varying properties would be suitable to form
a panel of different coronas for similar correlation analysis,
including, for instance, gold, silver or biomaterials such as PLGA
or liposomes.8,27,28,39 The silica nanoparticles are labeled with a
chemically cross-linked fluorescent dye, thus excluding the
possibility of dye leakage which could confuse cell uptake
studies. SDS-PAGE confirmed that no or little free label was
present for the 200 and 100 nm nanoparticles, while residual free
dye could be easily removed with a washing step, as we
performed here for isolation of corona-coated nanoparticles
(Figure S1, Supporting Information). Instead of low concen-
trations of FBS, pooled human plasma was used as a more
relevant source of proteins for corona formation when using
human cells. 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. Never-
theless, it is worth mentioning that the anticoagulant used for
plasma preparation (which was citrate in the present study) is
known to affect the final plasma composition, thus also corona
formation.40,41 Similar effects are avoided when using serum,
although serum lacks the coagulation factors. Additionally, other
factors are known to affect corona formation in vivo, such as the
presence of proteins secreted by cells and the presence of shear
stress due to blood flow.10 Thus, ultimately, it would be
important to perform similar studies on the in vivo cell uptake of
nanoparticles in conjunction with protein corona analysis on
nanoparticles recovered following injection in animal models.
As a first step, here, the corona-coated nanoparticles formed in

full human plasma were isolated by repeated centrifugations and
washes, following standard procedures to remove all unbound
and loosely bound proteins. Control experiments confirmed that
proteins did not pellet when full human plasma was centrifuged
using the same procedure (Supporting Figure S2). Thus, prior to
exposure to cells, the dispersions of the isolated corona-coated
nanoparticles were characterized by dynamic light scattering
(DLS) and zeta potential measurements (see Figure S3,
Supporting Information, for details). It was previously shown
that silica nanoparticle morphology is not affected upon corona
formation,11 a part of the expected increase in average size, as we

observed. DLS results showed that the isolated corona-coated
nanoparticles were well redispersed and had a slight increase in
average size in comparison to the bare nanoparticles in PBS (see
Figure S3, Supporting Information), as expected upon protein
adsorption and corona formation. For all nanoparticles,
including the amino-modified nanoparticles, a negative zeta
potential was measured for the dispersions in PBS. In fact, the
zeta potential of both the 100 and 200 nm amino-modified
nanoparticles is positive only at a pH lower than 7.4 (data from
the manufacturer, not shown).
As a next step, the proteins in the different coronas were

separated by SDS-PAGE in order to compare their composition.
Different bands were observed for each nanoparticle, confirming
that they adsorbed different types of proteins on their surface
(Figure 1a and 1b, also Figure S4, Supporting Information, for
protein corona on nanoparticles incubated in different
concentrations of human plasma). Additionally, band intensities
also differed, suggesting that for common corona proteins the
absolute protein amounts also differed. Next, the hard corona
proteins in each sample were identified by mass spectrometry
(Figure 1c−e and the complete results in the Supporting
Information). Approximately 300 proteins were detected for
each sample, and around 100 of themwere present in all coronas
(Figure 1d). Figure 1c shows the distribution of protein classes
in the different coronas and in human plasma. As also observed
in other studies,5,6,29,42 corona formation led to the enrichment
of different low abundant proteins on the nanoparticle surface,
which was particularly high for apolipoproteins and coagulation
factors and lower for complement factors and tissue leakage
proteins. Figure 1e shows the list of the 20 most abundant
proteins in each corona, which represented 40−60% of the total
proteins recovered, together with their relative protein
abundance, RPA (see the Materials and Methods section for
details). As previously observed,5,6,29,42 several proteins were
highly enriched in the different corona in comparison to their
abundance in plasma. For instance, histidine-rich glycoprotein
(HRG), which in plasma had an RPA of only 0.01% (see full
results for plasma in the Supporting Information), was highly
enriched in the corona formed on all different particles types,
where alone it constituted roughly 8 to 18% of all corona
proteins. This was further confirmed by Western blot of HRG,
which showed a strong band at around 75 kDa (Figure S5,
Supporting Information), which was also clearly visible in the
SDS-PAGE gel image (Figure 1a and 1b). Additionally, as
already visible by SDS-PAGE (Figure 1a,b), the relative amount
of the different corona proteins differed for the nanoparticles
with different surface functionalization, as well as for the
different nanoparticle sizes.23,25,38 Some unique proteins present
in only some of the coronas were also identified. Overall, these
results confirmed that different coronas were formed.

Uptake of Corona-Coated Nanoparticles by Endothe-
lial Cells fromDifferent Organs.As a next step, we compared
the uptake efficiency of the different corona-coated nano-
particles in different endothelial cell types. To this end, we used
four endothelial cell lines derived from different organs (brain,
lungs, liver, and kidneys). In order to be able to identify corona
proteins that modulate uptake by cells and exclude additional
effects due to the presence of free serum proteins in solutions,
cells were exposed to the isolated corona-coated nanoparticles in
serum-free medium.13,43 For this purpose, in order to limit
preparation times for cell uptake studies, corona-coated
nanoparticles were added to cells after only one centrifugation
to remove the excess free proteins in solution, as opposed to the
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more extended washing procedure required for corona
identification by mass spectrometry. A direct comparison of
uptake levels after the two different procedures showed that the
same trend was observed for the particles with different
functionalization (see Figure S6, Supporting Information).
This confirmed that the different washing procedures did not
affect uptake levels by cells. Silica nanoparticles are known to be
generally well tolerated by cells, especially when coated with a
protein corona.37 In line with this, no evident toxicity and no
differences in cell numbers were observed upon exposure to the
different nanoparticles (see Figure S7, Supporting Information).
Since all bare silica nanoparticles of the same size had
comparable fluorescence intensity (Figure S8, Supporting
Information), uptake levels for the nanoparticles with different
surface functionalization could be directly compared (Figure 2).
As shown in Figure 2, all endothelial cell types showed a
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 higher
uptake in all endothelial cell types. Nevertheless, each
endothelium showed different uptake efficiency, with the brain
endothelium showing the lowest nanoparticle uptake efficiency
and liver and kidney endothelium showing the highest. These
differences may reflect their different physiological functions,
where the blood-brain barrier, in general, has a more selective
uptake than liver sinusoids and kidney glomeruli. Similarly, after
5-h exposure (Figure 2 and Figure 3a,b) for the 100 nm
carboxylated silica, cell fluorescence in the liver endotheliumwas
higher than in the lung endothelium, while the opposite was
observed for the 200 nm amino-modified silica, i.e., higher
fluorescence in the lung endothelium. These differences in
absolute uptake efficiency may relate to differences in the
expression level and activity of the receptors and mechanisms
that are responsible for the uptake of the corona-coated
nanoparticles between different endothelial cell types. Exploit-
ing such differences may enable novel targeting strategies.
Correlation between Protein Corona Composition

and Nanoparticle Uptake. In order to identify corona
proteins which affected nanoparticle uptake, we performed

correlation analysis between cellular uptake levels after 5-h
exposure (Figure 3a and 3b) and the corona composition of all 6
investigated silica nanoparticles using Pearson correlation
(Figure 3c). A positive correlation (r ≥ 0.6), which indicates
that a high amount of a certain protein in the corona correlated
with higher uptake by cells, was observed in brain and lung
endothelium for alpha-1-antitrypsin, haptoglobin, immunoglo-
bulins, human serum albumin (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 h (Table S1, Supporting
Information). Given that the uptake behavior, especially for the
100 nm nanoparticles, was different after 24 h, 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-h uptake, now turned out 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 and 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. Similarly, it would be
interesting to study effects on uptake due to corona composition
evolution over time, e.g., during exposure to cells, where
secreted cellular proteins may adsorb.38,44−47

Role of the Correlated Corona Proteins in Nano-
particle Uptake. In order to verify if the high abundant
proteins in the corona that correlate with higher cellular uptake
do have a role in nanoparticle uptake by the endothelial cells, i.e.,

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−1 of 100 nm (a−d) or 30 μg mL−1 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 theMaterials andMethods section. The results show themedian
cell fluorescence intensity of two replicate samples, together with a line that passes through their average. A linear regression two-tailed Student’s t-test
was applied to compare the uptake of the different corona-coated nanoparticles. Statistically significant differences up to a 7 h uptake (indicated by an
asterisk) are observed for all cell types on 100 nm nanoparticles for SiO2−COOH as compared to the other functionalizations and on 200 nm
nanoparticles for SiO2−NH2. p ≤ 0.05 was considered significant.
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to exclude coincidence, we performed validation experiments
using artificial single protein-coronas (Figure 4) and competi-
tion studies (Figure S9, Supporting Information). For practical
reasons, this validation study was performed using the 200 nm
SiO2−NH2 since they showed higher uptake in all cell lines, thus
making it easier to observe a possible inhibition in uptake. For
similar reasons, validation was performed in brain and liver
endothelium to compare the effects of the identified proteins in
cells that showed the lowest and highest uptake, respectively.
Thus, in order to verify whether individual corona proteins

identified by the correlation analysis did affect nanoparticle
uptake, we prepared artificial corona made of the single
correlated proteins. These were made by simply exposing the
nanoparticles to a solution of the protein of interest at an excess
concentration, in order to ensure that enough protein to cover
all available nanoparticle surface was present. Then, 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 corona proteins alone could

Figure 3. Correlation between nanoparticle uptake in brain, lung, liver, and kidney endothelium after 5h exposure and the relative protein abundance
of adsorbed corona proteins for all six silica nanoparticles tested. The uptake level of the nanoparticle-corona complexes formed on 100 (a) and 200 nm
(b) silica nanoparticles in full human serum after 5 h. The results show the median cell fluorescence intensity of two replicate samples, together with
their average indicated with a line. (c) Corona proteins correlating with uptake. The table shows the results of the correlation analysis between the 5-h
nanoparticle uptake in brain, lung, liver, and kidney endothelium and the relative protein abundance of adsorbed corona proteins, performed as
described in theMaterials andMethods section. Positive correlation coefficients (r)≥ 0.6 are shaded in light gray, and negative correlation coefficients
(r) ≤ 0.6 are shaded in dark gray.
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increase or decrease the uptake, as suggested by the correlation
analysis. As shown in Figure 4, precoating 200 nm SiO2−NH2

with positively correlated proteins, namely HSA, transferrin, and
alpha-1 antitrypsin, did not affect cellular uptake in either
endothelium. Instead, coating the nanoparticles withHRG alone
strongly reduced uptake in both endothelia to the same extent as
with the natural full human plasma corona. This result is of
particular interest 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
example illustrates the importance of validating with other
methods the role of the correlated proteins identified with this
type of analysis.29

Next, to investigate the role of the cellular receptors for the
correlated corona proteins (rather than the corona proteins
themselves), we also performed a competition study in brain and
liver endothelium using HSA and transferrin. In this approach,
200 nm SiO2−NH2 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 possible competition for the
same receptors. As shown in Figure S9, Supporting Information,
neither of the proteins were able to compete with nanoparticle
uptake. Instead, contrary to our expectations, in liver
endothelium (Figure S9a, Supporting Information), we
observed a substantial increase in the uptake of 200 nm SiO2−

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−1 human plasma, HRG, transferrin, HSA, or alpha-1 antitrypsin as described in theMaterials andMethods section, and 30 μg mL−1 corona-coated
nanoparticles were added to cells for 4 h in serum-free medium. As additional controls, the uptake in serum-free medium of 30 μg mL−1 bare
nanoparticles (bare NP) and nanoparticles coated with full human plasma corona prepared as described in the Materials and Methods section (full
human plasma) was also measured. The results of three independent experiments are shown, together with their average indicated with a line. A
Kruskal−Wallis test was used to compare the different groups and indicated significant differences in both panels. A Mann−Whitney test with
Bonferroni correction for multiple testing was applied to compare the uptake level of single protein corona-coated nanoparticles to the uptake of bare
nanoparticles (bare NP) or nanoparticles coated with 15 μg mL−1 human plasma (human plasma). p≤ 0.05 was considered significant (indicated with
an asterisk).

Figure 5. Effect of free transferrin on nanoparticle uptake in TRP3 liver endothelium cells. (a) Uptake of 30 μg mL−1 corona-coated nanoparticle
complexes formed on 200 nm SiO2−NH2 in full human plasma in the presence of increasing concentrations of human transferrin in serum-free
medium after a 4 h exposure. (b) Uptake of 10 μgmL−1 Alexa Fluor 546 fluorescently labeled transferrin in the presence of increasing concentrations of
the isolated corona-coated nanoparticle complexes in serum-free medium. (c) 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 section, then cells
were exposed for 4 h to 30 μg mL−1 nanoparticle-corona complexes in serum-free medium or in the presence of 1 mg mL−1 human transferrin. The
results of three independent experiments are shown, together with their average indicated with a line. One of the 3 repeated experiments of panels a and
b was performed using a different batch of nanoparticles (see Figure S3, Supporting Information for more details). Nevertheless, as shown in these
panels, the results were highly reproducible. The 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. A Mann−Whitney test was
applied to compare the uptake level in serum-free conditions (0 μg mL−1 competitor) and when (a) transferrin or (b) the corona-coated nanoparticles
were added at the highest concentration. For the results in part c, a Mann−Whitney test was applied to compare uptake levels after addition of
transferrin. p ≤ 0.05 was considered significant (indicated with an asterisk).
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NH2 in the presence of transferrin, i.e., the presence of free
transferrin somehow stimulated nanoparticle internalization.
In order to understand this observation, further studies were

performed to elucidate the effects of free transferrin on
nanoparticle uptake in liver endothelium (Figure 5). Additional
competition experiments where free transferrin was added at a
range of increasing concentrations showed that nanoparticle
uptake was increased by the presence of free transferrin in a
concentration-dependentmanner (Figure 5a). Interestingly, this
increase was no longer observed when the free transferrin was
removed again from the medium in which nanoparticles were
dispersed (Figure S10, Supporting Information). This suggested
that the effect was due to the presence of free transferrin in
solution. 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 (also in Figure S10,
Supporting Information). This suggested that no additional
transferrin was adsorbed in the corona or that it was only loosely
associated with the nanoparticles, thus washed away in the
isolation procedure. Importantly, we also tried the reverse
experiment to see if transferrin uptake could be completed by
the addition of increasing amounts of corona-coated nano-
particles (Figure 5b). In this case, we observed a strong
concentration-dependent competition, suggesting the involve-
ment of the transferrin receptor in nanoparticle uptake. Instead,
silencing the transferrin receptor TFR1 reduced transferrin
uptake by ∼70%, confirming efficient reduction of its activity
upon silencing (Figure S11, Supporting Information, also
including RT-PCR results in silenced cells), but it did not
have any effect on nanoparticle uptake (Figure 5c). A previous
study suggested that the uptake of transferrin is predominantly
mediated by TFR2 when extracellular transferrin concentration
is high.48 However, this was not the case in our study, since
silencing of TFR2 also did not have any effect on nanoparticle
uptake (data not shown). A possible explanation for all these
observations is that nanoparticles entered via multiple path-
ways,49 including via transferrin receptors. Blocking one
pathway led to an increase in uptake through other pathways,

which also had higher uptake efficiency.50−52 On the contrary,
transferrin enters cells only via transferrin receptors. Therefore,
the strong reduction in transferrin uptake in the presence of
nanoparticles suggested 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 this end, we
blocked CME in liver endothelial cells using the pharmaco-
logical inhibitor chlorpromazine and observed its effect on
nanoparticle uptake. As a first step, we tested this compound on
cells to make sure it did not affect cell viability (Figure S12,
Supporting Information).13,36,53,54 The results showed that
addition of chlorpromazine blocked the uptake of transferrin
and LDL, known to enter via this pathway, while it greatly
increased nanoparticle uptake (Figure S12a−c, Supporting
Information), similar to when adding free transferrin. The same
result was obtained when we blocked CME through over-
expression of the RFP-tagged AP180 C-terminus (Figure S12e−
h, Supporting Information). The transfected cells showed higher
nanoparticle uptake compared to nontransfected cells (Figure
S12g,h, Supporting Information). Overall, as we illustrate in the
scheme of Figure 6, these results suggested that the nano-
particles are taken up via the transferrin receptor via CME,
possibly stimulated by the presence of transferrin in their corona.
In addition, we speculate that when free transferrin is added, the
nanoparticles are displaced (from transferrin receptors) to other
receptors, possibly triggering uptake via clathrin-independent
pathways, with higher uptake efficiency.

■ CONCLUSIONS

In this study, we correlated protein corona composition and
nanoparticle uptake in endothelial cells to identify corona
proteins that are involved in the uptake and investigated 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 in the corona, especially HRG, which also

Figure 6. Scheme illustrating the proposed mechanism of uptake for 200 nm SiO2−NH2 nanoparticles in liver endothelium. The thickness of the
arrows represents uptake efficiency. (a) Uptake of particles with a human plasma corona is lower than for bare particles, but the same effect is obtained
with a corona made by HRG alone. (b) Particles with a human plasma corona enter cells via multiple receptors including the transferrin (Tf) receptor.
However, if free Tf is added (c), it competes with the particles for the Tf receptors, and the particles are displaced to a different receptor which has
higher uptake efficiency, leading to a higher uptake.
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argues for performing experiments in plasma rather than serum.
Using correlation analysis between the protein corona
composition and cellular uptake, we were able to identify
proteins that might regulate uptake. Interestingly, correlation
analysis showed that HRG presence in the corona negatively
correlated with uptake, and indeed, covering the nanoparticles
with HRG alone decreased nanoparticle uptake up to 80−90%
in brain and liver endothelium (this is also illustrated in the
scheme of Figure 6). As reported in recent studies, HRG has a
high affinity for silica surfaces,13,55 and it had a similar effect on
decreasing nanoparticle uptake also on macrophages due to its
dysopsonin activity.55 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 200 nm SiO2−NH2. In liver endothelium,
transferrin uptake was reduced when these nanoparticles were
added, suggesting a role for the transferrin receptor in
nanoparticle binding and/or 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, possibly
mediated via interaction of different proteins adsorbed on their
surface with different receptors. Similar results were also
reported in a recent study in which different pathways were
involved in the uptake of hard corona-coated silica nanoparticles
inHeLa cells.13 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 can affect the interactions of
nanoparticles with cells. Correlation analysis between corona
composition and cell uptake allows the discovery of specific
proteins that are critically involved in nanoparticle up-
take.8,16,26−29 However, it is important to stress that correlation
alone does not demonstrate a role of the identified proteins in
nanoparticle uptake, and validation via other methods is
required to confirm whether the correlated proteins do affect
uptake. Additionally, one needs to take into account the
possibility that cell receptors may recognize more complex
surfaces formed by multiple corona proteins all together in
addition to single corona components.12 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 micro-
environments. This adds another level of complexity to
discerning possible ligand−receptor pairs for targeted delivery,
which should be taken into account in the design of targeted
nanoparticles.
While the role of individual proteins identified in this work,

such as, for instance, eventual effects of HRG should be explicitly
tested in vivo in order to determine their potential application,
our results confirm that corona correlation analysis allows the
discovery of proteins that have an impact on nanoparticle uptake
by cells. The discovery of proteins promoting uptake can be used
to develop novel targeting strategies directed at their receptors
(thus, for instance, to make nanoparticles with antibodies or
targeting ligands for the identified receptors). Similarly, the

identification of corona proteins that block nanoparticle uptake
in specific cell types could be used to design peptides for
nanoparticle functionalization to evade internalization by those
cell types. First studies have performed a similar analysis directly
in vivo on nanoparticles injected and recovered from blood,56

where other factors such as the presence of blood flow and
biomolecules released by cells are known to affect the corona
forming on nanoparticles.10 These studies further confirm the
suitability of this approach to discover new ways to improve
nanoparticle targeting by a better understanding of the
nanoparticle corona.
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