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The past decade has seen a significant increase in interest in the use of
polymeric nanocarriers in medical applications. In particular, when
used as drug vectors in targeted delivery, nanocarriers could overcome
many obstacles for drug therapy. Nevertheless, their application is still
impeded by the complex composition of the blood proteins covering
the particle surface, termed the protein corona. The protein corona
complicates any prediction of cell interactions, biodistribution, and
toxicity. In particular, the unspecific uptake of nanocarriers is a major
obstacle in clinical studies. This Minireview provides an overview of
what we currently know about the characteristics of the protein corona
of nanocarriers, with a focus on surface functionalization that reduces
unspecific uptake (the stealth effect). The ongoing improvement of
nanocarriers to allow them to meet all the requirements necessary for
successful application, including targeted delivery and stealth, are

Nanotechnology enables materials
to be specifically designed according to
application requirements. Particular
features of nanoparticles can be ma-

further discussed.

1. Introduction

The use of nanoscale materials for therapeutic purposes is
probably one of the most exciting fields in nanotechnology.
Engineered nanoparticles (NPs) are a promising tool and are
currently under investigation for applications in drug delivery,
diagnostics, imaging, and medical products such as implants.
Owing to their small size of typically 10-100 nm," they cross
biological barriers and permeate into organs and tissues.
Engineered nanoparticles can even enter cells through
endocytotic mechanisms.”! They have the potential for size-
dependent interaction with cells, cell organelles, proteins, or
DNA. Although the potential of NPs has been extensively
studied, the topic of predicting nanoparticle cell interactions
or biodistribution still needs to be examined.

[*¥] Dr.S. Schéttler, Prof. Dr. K. Landfester, Prof. Dr. V. Mailander
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
E-mail: landfester@ mpip-mainz.mpg.de
Dr. S. Schéttler, Prof. Dr. V. Mailander
Dermatology Clinic, University Medical Center of the Johannes
Gutenberg-University
Langenbeckstr. 1, 55131 Mainz (Germany)

Wiley Online Library

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nipulated in order to gain unique
physical, chemical, and biological
properties and ultimately to design
multifunctional nanoparticle plat-
forms. Nanoparticles can be made from various materials,
including inorganic materials such as gold, iron oxide, or
silica; organic polymers such as polystyrene (PS), polylactic
acid (PLA), or poly(lactic-co-glycolic acid) (PLGA); or
biopolymers such as proteins, carbohydrates, or lipids.

Most applications in nanomedicine currently concentrate
on the targeted delivery of drugs within the body.”! Encap-
sulation of pharmaceuticals in nanoparticles or nanocapsules
could potentially circumvent many problems and it has been
proposed for use in cancer therapy. Chemotherapeutic agents
like doxorubicin and paclitaxel were among the first agents to
be delivered by nanocarriers with the potential to alter the
biodistribution of drugs within the body. Owing to their
cytotoxicity, chemotherapeutic drugs cause serious side
effects, which can be minimized by using nanocarriers as
targeted drug delivery systems. Localized treatment enabled
by site-specific drug delivery could improve therapeutic
efficiency. Furthermore, the encapsulated pharmaceuticals
are protected from degradation and the solubility of water-
insoluble drugs can be improved.

In addition to classical small-molecule substances, bio-
pharmaceuticals such as proteins or nucleic acids are innova-
tive drugs that could be used to treat a variety of medical
conditions. They are extremely specific and potent but their
high molecular mass and instability limit their administration.
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The integration of biopharmaceuticals into nanosized carriers
could overcome these limitations and decisively improve their
pharmacokinetic characteristics on a macroscopic scale.”l On
a microscopic scale, entering the cell membrane is a major
hurdle for these classes of biopharmaceuticals. Therefore, the
endocytotic uptake of nanocarriers into cells is an important
feature for circumventing this barrier. In order to be taken up
through invagination of the cell membrane, the nanocarrier
first needs to bind to the cell surface—a process inherently
governed by the surface characteristics of the nanocarrier and
in particular the protein corona attached to it. After attach-
ment, the cell membrane wraps around the nanocarrier.

On the macroscopic scale, passive targeting of tumors is
achieved as a consequence of the enhanced permeability and
retention (EPR) effect, which has been exploited by several
research groups.”! The EPR effect is a consequence of the
defective vasculature surrounding cancer tissue, which leads
to enhanced uptake of the nanoparticles. Additionally,
attachment of high-affinity ligands can further improve the
targeting of tumors. Similarly, other cells such as cells of the
immune system can be targeted, which can be exploited for
immune-cell-based therapy. Conjugation to targeting moiet-
ies usually involves antibodies or ligands specific for partic-
ular cell receptors.

One of the targeting ligands employed is folic acid. This
has been coupled to the surface of nanoparticles to target
cancer cells overexpressing the folic acid receptor.! Another
tumor marker overexpressed on cancer cell surfaces and used
in experimental approaches as a target for directed therapy is
the receptor EGFR-2 (HER2). Improved internalization has
been reported for nanoparticles coated with anti-HER2
antibody and with folic acid for tumor targeting. Anti-
CD8 antibodies have been applied for the targeting of PLGA
nanoparticles to CDS8-expressing cells.’!! An effect of ad-
sorbed proteins from the plasma on such targeting efforts has
been pointed out,”) but it seems that these problems can be
overcome, as other groups have shown.!"!

To date, only very few nanocarrier drug systems are
available on the market, including albumin nanoparticles
containing paclitaxel (Abraxane, Celgene)!'!! and doxorubicin
liposomes (Doxil, Janssen),!’?! both applied in cancer treat-
ment. In contrast to the vast number of novel nanoscale
systems produced, the low number of FDA-approved nano-
carrier systems illustrates the complexity of their application
and the hurdles of translating basic research into a pharma-
ceutically formulated drug.

Despite all of the advantages nanomedicine potentially
offers, the application of nanocarriers is still restricted by
insufficient knowledge of their interactions with the biolog-
ical environment. Thorough assessment of biological respons-
es evoked by nanocarriers is essential. One major challenge is
the formation of a protein corona. Upon contact with
physiological fluids, nanomaterials are immediately covered
with proteins (Figure 1).1"%! This rapidly forming protein
corona dramatically alters the physicochemical properties of
the nanocarriers, including hydrodynamic size, surface charge,
and aggregation behavior. The original chemical identity of
the surface of the bare nanoparticle is thus transformed into
a biological identity. Although this has been known for quite
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Figure 1. Formation of the protein corona on the nanocarrier surface
can influence interaction with the cell membrane.
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some time, it is only recently that such complex protein
mixtures could be deciphered by means of liquid chromatog-
raphy coupled to mass spectrometry (LC-MS). Furthermore,
the biological effect on interaction with cell membranes and
the influence on the mechanism of cellular uptake by the
adsorbed proteins have now been pinpointed. Therefore, the
corona defines the biological identity of nanoparticles,
influencing cytotoxicity, body distribution, and endocytosis
into specific cells."*!”l When nanocarriers are introduced into
the body, what the cells actually see is the protein corona.™!
Thus, prediction of nanocarrier—cell interactions is only
possible if the protein corona is taken into account.

Studies analyzing the protein corona have established that
there are two layers of proteins an inner layer of irreversibly
attached proteins known as the hard corona, and an outer
layer of loosely bound and continuously interchanging
proteins forming the soft corona.'*!! The allocation is
defined by the affinity of the proteins for the nanocarrier
surface.

It has been hypothesized that in the case of the hard
corona, proteins interact directly with the nanocarrier surface,
while proteins belonging to the soft corona interact with
proteins that are already bound through weak protein—
protein interactions."”! Since the hard corona remains bound
to the surface for a longer period of time and can survive
processes such as endocytosis and translocation to different
physiological environments, it is thought that the hard corona
plays a more important role in biological responses than the
soft corona.l'®!

Protein corona formation has been generally observed
and described for various nanoparticle materials, including
polystyrene, !> 151811 gjlica 1919201 metal 2 and lipids.”!
Two general consequences of protein adsorption for nano-
particles are: an increase in size and the creation of a negative
surface charge owing to the anionic character of most blood
proteins.

2. Analytical Methods for Characterization

Given the importance of the effect of the protein corona
on nanomaterials designed for medical applications, the
development of analytical methods for its characterization is
essential. Different techniques have been used to analyze the
various parameters of the protein corona.

The binding affinities of single proteins or protein
mixtures can be analyzed by fluorescence spectroscopy,’*>!
isothermal titration calorimetry (ITC),?® or surface plasmon
resonance (SPR).”” Cedervall et al. were the first to utilize
ITC and SPR for protein corona analysis.'¥ ITC monitors the
change in heat that results from protein adsorption onto
nanomaterials and can provide information on protein bind-
ing affinities and stoichiometry.

With differential centrifugal sedimentation (DCS)* and
dynamic light scattering (DLS),'*?) the thickness of the
protein corona can be determined. DLS makes use of the light
scattering from particles in solution to determine the size-
distribution profile. Changes in the hydrodynamic radius are
detected by using this method, which provides information on
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increases in particle size and protein-induced NP aggregation.
In DCS, particle-size distributions are measured by using
a spinning disc with a defined viscous sucrose gradient. The
primary information is the time taken by the particles to
travel from the center of the disk through the gradient to
a detector placed at the outer side.”) DLS and DCS are
among the few methods that are applicable in situ.!"!

Several techniques for monitoring conformational
changes in proteins attaching to the NP surface are available.
With circular dichroism (CD),*" protein secondary struc-
tures can be determined, but the technique is limited to single
proteins and cannot be applied in complex protein mixtures.
Further techniques that can be used to document structural
changes are Fourier transform infrared (FTIR)-*! or Raman
spectroscopy.t*

In order to obtain data on the effect of the protein corona
on cellular uptake, aggregation, biodistribution, clearance,
and toxicity, it is first necessary to provide protein identifi-
cation. For this purpose, the hard corona needs to be purified
after nanoparticle incubation in plasma or serum. Isolation of
NP-protein complexes from the surrounding medium is
a central challenge of investigating the protein corona since
it may disrupt the interactions between particles and pro-
teins.'""! Centrifugation is the most commonly used method
for protein isolation since it exploits the size differences and
density of nanoparticles relative to free proteins. For nano-
particles with magnetic properties, separation from the
incubation medium by means of a strong magnet is possible
and has been applied to protein corona purification.*!
Once the NP-protein complexes have been isolated and the
adhering proteins removed from the NP surface, they are
separated by polyacrylamide gel electrophoresis (PAGE) or
chromatography. The identification is then realized by mass
spectrometry (MS), which provides both qualitative and
quantitative information. The identification rate of proteins
attached to nanoparticles has increased enormously. While in
first studies using 2D-PAGE, only 10 to 20 proteins could be
detected,”***! nowadays up to 500 proteins can be identi-
fied.!!

3. Composition of the Protein Corona

Knowledge of the composition of the protein corona
is a prerequisite to understanding the physiological reac-
tions triggered by nanocarriers in vivo. Nanocarriers designed
for biomedical applications are often administered intra-
venously and are thus exposed to blood proteins. As a result,
the composition of the protein corona is determined by over
3700 proteins present in plasma, with concentrations varying
from 50 mgmL™"' for albumin to 5pgmL~' for interleu-
kin 6.”

Proteins of the hard corona are more easily isolated
because of their longer residence time and higher affinity and
have thus been investigated in most studies dealing with the
protein corona.'*133! Several studies have shown that the
composition of the protein corona does not merely reflect the
abundance of particular proteins in blood, although highly
abundant proteins have a much higher chance of interacting
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as first proteins with the NP surface (the Vroman effect, see
Section 4).233]

Furthermore, it has been shown that there is no universal
protein corona for all nanocarriers, but instead complex
varying composites.'! Independent of the bulk material and
surface functionalities, highly abundant blood proteins such
as albumin, immunoglobulin G (IgG), and fibrinogen are
associated with a wide range of NPs.'*?'*1 Albumin, for
example, was determined to be the main protein on gold
nanoparticles®! and was also detected on silica or polystyrene
NPs™>*! or liposomes.[*")

These highly abundant proteins often display higher rates
of association and dissociation compared to, for example,
apolipoproteins, which are frequently identified as strongly
adsorbing proteins on the vast majority of investigated
nanoparticles."****! The high affinity of apolipoproteins for
many nanoparticle types could be based on hydrophobic
interactions and could additionally be driven by size-depen-
dent interactions.*” Together with phospholipids, apolipo-
proteins assemble lipoproteins such as high-density lipopro-
tein (HDL) or low-density lipoprotein (LDL), with sizes in
the nanoscale range. These transport vehicles carry phospho-
lipids and cholesterol through the bloodstream. Apolipopro-
teins that form HDL vesicles, such as APOA1, A2, A4, C1,
C3, D, E or J, were found on the surface of various
nanoparticles consisting of distinct materials.['> 1838341 Addi-
tionally, phospholipids have been identified in the corona of
copolymer NPs, thus indicating that intact HDL particles
might interact with the particle surface.*/

A second group of proteins often identified on NPs are the
complement factors. As part of innate immunity, the
complement system helps to remove foreign substances from
the body. In response to a trigger, normally a pathogen, the
complement cascade, which consists of over 30 proteins, is
activated. Their main task is to tag the pathogen surface for
identification by phagocytes. Complement C3 is a widely
observed example in the protein corona of gold,* lipid-
coated,*! and polymeric nanoparticles.!"”

Besides the qualitative and quantitative composition of
the protein corona, the orientation and availability of
epitopes of the absorbed proteins have only recently been
addressed.”® By expanding on these results, a molecular
picture of the protein corona can be revealed.

4. Evolution of the Protein Corona

As early as 1962, Leo Vroman postulated the theory of
dynamic adsorption process of blood proteins on surfaces.
While studying protein attachment on flat surfaces, he
revealed high adsorption of fibrinogen at an intermediate
incubation time and assumed subsequent replacement of
fibrinogen by other proteins.*! This phenomenon of sequen-
tial competitive adsorption, known as the Vroman effect, has
been applied to other proteins and other surfaces.

For nanocarriers, it is assumed that highly abundant and
motile blood proteins such as albumin, IgG, and fibrinogen
adhere to the surface initially but are later displaced by
proteins with lower abundance but higher affinity, such as
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apolipoproteins or coagulation factors."™>! This sequential

binding pattern of plasma proteins has been confirmed for
several polymeric model nanoparticles®>" and solid lipid
NPs.P! Additionally, an increase in the number of rather large
proteins with molecular weights over 200 kDa with increasing
incubation time has been reported.”® Eventually, a point in
time is reached at which the continuous exchange of proteins
does not affect the protein corona composition any further
and an equilibrium is established.[*! Rapid formation of the
hard corona has been detected after just one minute,*! and it
is generally recognized that after one hour, a stable compo-
sition is achieved.['’]

Recently, an extensive study on polystyrene and silica
nanoparticles revealed that protein fingerprints were already
determined at the earliest exposure time of 0.5 min and did
not significantly change qualitatively after prolonged plasma
exposure.™ Interestingly, in the case of iron oxide nano-
particles,”? oil-in-water nanoemulsions,**! and gold nano-
particles,”¥ no competitive protein displacement over time
was observed. This is in line with Vroman’s suggestion that
displacement takes place within seconds. Investigation of the
protein corona during such a short incubation time is difficult.
Accordingly, in most studies analyzing adsorption kinetics, 0.5
to 5minutes is the shortest time range in use.”>* Other
studies, especially those confirming the Vroman effect, use
different dilutions of plasma instead to simulate the early
stages of protein adsorption.**>31

Dynamic variation of the composition of the protein
corona occurs not only over time but also during the journey
of a nanocarrier through the body. Nanocarriers entering
through the lung will be covered by proteins different from
those present on the nanocarrier surface when it is adminis-
tered intravenously; the composition evolves in accordance
with the changing environment. This characteristic protein
pattern could possibly be employed to trace the transport of
nanoparticles throughout the body or even within a cell.
Lundqvist et al. analyzed the corona composition on poly-
styrene nanoparticles transferred from plasma to cytosolic
fluid.® They reported that while some proteins, such as
apolipoprotein A1 (APOAL1), are replaced by cytosolic
proteins, other proteins of the plasma fingerprint are retained.
Furthermore, the protein corona enables us to monitor
intracellular trafficking pathways that are employed by
nanoparticles.® This is highly significant since it adds to
our knowledge of intracellular trafficking pathways through
an unbiased method of analyzing the plethora of proteins
involved in intracellular trafficking. Intracellular compart-
ments hitherto not known to be involved in the shuttling of
nanocarriers through the cell have been elucidated.>

The time dependency of protein adsorption is of special
relevance because nanocarrier interactions with the environ-
ment in biomedical applications take place on different
timescales. Protein attachment within the bloodstream may
be a question of minutes, but interaction with cells of distant
organs may be relevant hours or even days after exposure.”’
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5. Parameters that Affect the Protein Corona

Several studies have attempted to connect the physico-
chemical properties of the nanoparticle, such as material size,
shape, charge, and chemical functionality, with the corona
composition. Even surface roughness may play a role here.’!
However, owing to their easy tunability, a wide range of
distinct NPs have been synthesized, which makes reliable
predictions of nanoparticle—protein interactions even more
difficult.

We are not able to draw universal conclusions regarding
NP size. In the case of certain polymeric nanoparticles,
variation in particle size resulted in a primarily quantitative
influence on the protein composition.®**! On the other hand,
a size-dependent qualitative influence on the protein pattern
has also been reported for gold® and polystyrene nano-
particles."® In their study on polystyrene nanoparticles,
Lundqvist and colleagues assigned both NP size and surface
properties an important role in determining protein adsorp-
tion."®! Many interactions contribute to protein attachment,
such as van der Waals interactions, electrostatic interactions,
hydrophobic interactions, and hydrogen bonding.”” All these
forces might be relevant in driving protein adsorption.
Although factors such as electrostatic interactions between
functionalized nanoparticles and charged side chains of
proteins play a role in protein binding, it is now understood
that adsorption is mainly driven by hydrophobic interactions
(Figure 2).[:

Surface
functiona-
lisation

Steric
hindrance

Hydrophobicity T

Figure 2. The characteristics of a nanocarrier that influence protein
adsorption.

A correlation between NP hydrophobicity and protein
association has been demonstrated by the enhanced adsorp-
tion of proteins on hydrophobic compared to hydrophilic
surfaces.*!! Furthermore, it has been suggested that a neg-
ative surface charge on NPs correlates with reduced protein
adsorption, since most serum proteins also have a negative
charge.” However, despite their surface charge, anionic NPs
are equally covered by proteins.”®) Modulating the surface
charge of nanoparticles significantly influences the quality of
the corona composition, that is, the protein pattern.**!
Preferential binding of negatively charged proteins to pos-
itively charged NPs and vice versa has been reported for some
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nanocarriers,**! but it does not appear to be a general rule.
By contrast, protein binding affinities have been shown to be
independent of the NP charge and are not determined by the
isoelectric point of the proteins.*>**! Although the proteins in
the corona cannot be predicted by their isoelectric point, the
nanocarrier surface charge decisively determines the compo-
sition of the protein corona.

While the particle material can also influence protein
adsorption, surface characteristics such as hydrophobicity and
charge seem to play a more important role in determining the
specific composition of the protein corona.*"

Apart from the nanocarrier surface properties, the
composition of the protein corona is highly dependent on
the protein source. If the corona is determined after
incubation in blood plasma, proteins of the coagulation
system are often identified.'**% By contrast, serum is
depleted of coagulation factors, especially fibrinogen. While
it has been reported that variations exist in the protein pattern
of the NP corona formed in fetal bovine serum (FBS) or
human plasma,’®” the importance of the protein source for
protein corona formation has recently been extensively
examined with regard to nanoparticle uptake. This study
underlines the importance of a careful choice of the protein
source, since it shows a significant difference in cell inter-
actions for NPs incubated in FBS, human serum, and human
plasma. It also points out that different anticoagulants have
an influence on uptake. While polystyrene NPs with a protein
corona formed in FBS are effectively taken up by HeLa cells
and the macrophage-like cell line RAW264.7, human serum
and human citrate plasma inhibited internalization. Most
interestingly, NPs incubated with human heparin plasma were
only internalized by RAW264.7, while no uptake was
observed for HeLa cells. In this case, heparin was able to
adsorb onto the protein corona as another component that
was not detected in the standard proteomics workup.

Significantly, protein corona composition is affected by
the protein source, and not only in terms of anticoagulant or
species. Even plasma from different individuals results in
different effects. Protein adsorption has been compared in
human plasma samples obtained from patients with distinct
diseases. A marked variation in the protein corona compo-
sition was observed, thus indicating the existence of person-
alized protein coronas.®! Additionally, parameters such as
concentration”! or temperature”" of the protein source are
important factors in protein interactions.

6. Stealth Materials and Specific Proteins that
Confer the Stealth Effect

As in the case of all foreign substances, nanocarriers are
cleared from the bloodstream by cells of the mononuclear
phagocyte system (MPS), also known as reticuloendothelial
system (RES). This part of the immune system consists of
phagocytes such as monocytes and macrophages, which are
mainly located in liver, spleen, lungs, and lymph nodes.
Phagocytosis of nanocarriers is promoted by opsonizing
proteins, such as IgG and complement proteins, which label
the nanoparticles as foreign material. The rapid removal of
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circulating nanocarriers from the bloodstream is a major
problem, since it prevents the nanocarriers from reaching
their destination in the body. Hence, nanocarriers have been
equipped with protein-repellent surfaces to reduce protein
attachment and extend circulation time in the body. The
resulting stealth nanocarriers are promising tools for avoiding
activation of the immune system and allow successful drug
delivery.

Owing to a higher degree of opsonization, hydrophobic
nanoparticles have a shorter circulation half-life. Hence,
nanoparticles have been coated with hydrophilic molecules to
protect them from opsonization and recognition by cells of
the MPS.”! Covalent attachment of polyethylene glycol
(PEG), also known as PEGylation, is the standard approach
and has been used to increase the circulation time of a variety
of polypeptides,™ polymeric NPs,"*7! and liposomes."!

Despite intensive research, the mechanism behind the
protein resistance of PEGylated surfaces is not yet fully
understood. It is assumed that the protein-repellent proper-
ties of PEG-coated surfaces are the result of steric repulsion
caused by adsorbed water molecules through hydrogen
bonding. The nature of the PEG derivatives used, including
chain length, conformation, and surface density, plays an
important role in the effectiveness of protein resistance.””
Walkey et al. have demonstrated that PEG grafting leads to
a decrease in total protein adsorption on gold nanoparticles,
and this effect increases with increasing density of the PEG
coating. The amount of protein could also be reduced by
increasing the molecular weight of the PEG grafted onto the
gold nanoparticles from 2 to 20 kDa.’¥ Different conforma-
tions of PEG are formed depending on the grafting density. A
mushroom-like configuration is formed if the surface cover-
age of PEG is rather low, while densely packed PEG on the
nanoparticle surface results in a brush-like structure. High
steric protection has predominantly been shown for brush
conformations and mushroom/brush intermediates.””

Although modifying nanocarriers with PEG reduces
unspecific protein adsorption””! and extends blood resi-
dence time,® it cannot completely prevent protein corona
formation.**7 Despite the widespread use of PEG for
medicinal applications, drawbacks have been recognized. For
example, PEG is not biodegradable and may accumulate in
the body. Additionally, the development of PEG antibodies'®
and severe hypersensitivity reactions have been reported.’*”
Antibody recognition can lead to accelerated blood clearance
with repeated systemic administration.™ These factors ne-
cessitate the search for alternatives to PEG. Zwitterionic
molecules such as polybetaines or polysaccharides can also
generate hydrophilic shells when coupled to nanoparticles
and have been discussed as PEG alternatives.” The biode-
gradability of polysaccharides makes them especially inter-
esting for medical applications. Hydroxyethyl starch (HES)
has been used to synthesize degradable polymeric nano-
carriers.’®! As a starch derivative, HES can be enzymati-
cally hydrolyzed by amylases in the body. Furthermore,
protein-repellent characteristics have been postulated for
HES and prevention of unspecific uptake of HES nano-
capsules (HES-NCs) into HeLa cells has been demonstrat-
ed.®™% HES nanocapsules were also shown to exhibit
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prolonged circulation time in blood, which is necessary for
the therapeutic efficacy of encapsulated drugs.™

In addition to the inhibition of unspecific cellular uptake,
directed targeting to specific cells is important for the
successful application of nanocarriers as drug delivery
vehicles. In a recent study, PEGylated HES-NCs equipped
with different targeting molecules to promote uptake into
dendritic cells were analyzed regarding their protein adsorp-
tion." An overall low protein adsorption with a distinct
protein pattern and a minimal influence of the targeting
moieties on the protein corona composition were observed.
This is a promising indication for specific targeting under
physiological conditions, since the targeting of specific cells is
possible only if protein adsorption does not impair the
selective binding of the targeting molecules coupled to the
nanocarriers. Salvati et al. demonstrated the importance of
this matter.’) In their study, PEGylated silica nanoparticles
functionalized with transferrin lost their targeting specificity
for the transferrin receptor, expressed on cancer cells (A549
cells), upon exposure to serum. In contrast, the protein corona
formed around the HES nanocapsules did not impair
recognition by the corresponding receptors. Cellular uptake
of the NCs by dendritic cells proved that the targeting
moieties are active and accessible to the biological receptors
after incubation with human plasma.!'”

Another innovative polymer class that has been proposed
as an alternative to PEG is poly(phosphoester)s (PPEs). ™!
Their high degree of modularity and biodegradability makes
them attractive for nanocarrier systems. Functionalization
with poly(ethylene ethyl phosphate) (PEEP) reduces protein
adsorption to PS-NPs and uptake into RAW264.7 macro-
phages in a similar way to that of PEG. Interestingly, the
stealth effect provoked by PEG and PEEP was shown to be
dependent on protein adsorption, and one specific protein,
clusterin (or APOJ), was found to play a crucial role in this
mechanism. These findings give us a new view on the
mechanism of the stealth effect, in which adsorption of
specific proteins onto the nanocarriers confers the stealth
effect. As a result, the underlying surface functionalization
needs to attract the desired proteins instead of being
responsible for this effect by itself (Figure 3, for further
proteins that inhibit unspecific cellular uptake, see below.
This contradicts the view that the lack of protein alone is
responsible for the stealth effect.

7. Effect of the Protein Corona on Physiological
Responses

The interaction of nanocarriers with cells, including
immunological responses and internalization pathways, is
dominated by adsorbed proteins. Even intracellular traffick-
ing and localization are dependent on the adsorbed pro-
teins.[®”! These effects can be disadvantageous as described
above for the unspecific phagocytosis of opsonized NPs. Two
further aspects of protein adsorption have raised concerns.
Firstly, adsorption of proteins can trigger conformational
changes in the protein structure.”! Structural changes can
give rise to functionality loss,”"! and exposure of cryptic

www.angewandte.org

An dte

Chemie

8811


http://www.angewandte.org

8812

Protein Unspecific cell

adsorption uptake

—_

Attachment of stealth
polymers

|

0 Reduced, selective

% %

adsorption of
7 proteins %

Figure 3. New perspectives on the stealth effect. Unfunctionalized
nanocarriers are opsonized and recognized by phagocytic cells. Attach-
ment of stealth polymers leads to reduced protein adsorption, but
specific proteins such as clusterin adsorb to the functionalized nano-
carriers and prevent uptake by immune cells.

epitopes could trigger an inappropriate immune response.””!
Secondly, as discussed in Section 6, proteins adhering to
nanocarriers equipped with antibodies or ligands can impair
targeting by masking the ligand and thus provoking a loss of
recognition by its specific cell receptor.”*

On the other hand, protein adsorption can also be
beneficial. A general reduction in unspecific cellular uptake
caused by the presence of a protein corona has been described
for several NPs/!™ which additionally results in lower
toxicity.”™ The prevention of random internalization is
probably triggered by reduced interaction of the nanoparti-
cles with the cell membrane resulting from a shielding effect
from the adsorbed proteins. Proteins that induce this effect
against phagocytic cells are called dysopsonins. Albumin and
apolipoproteins have been described as proteins with dysop-
sonizing character, which prolongs the blood half-life of the
nanocarriers."” > In fact, coating of polymeric nanoparti-
cles with human serum albumin (HSA) has been shown to
increase their blood circulation time.""

Apolipoproteins A4 and C3 have also been identified to
reduce NP uptake into human mesenchymal stem cells, which
supports the general role of lipoproteins as dysopsonins.””!
Interestingly, APOH (or beta2 glycoprotein I) has been
described as a protein that promotes the internalization of
nanoparticles into hMSCs, which leads to a more complex
view of the effect of apolipoproteins in the protein coro-
na.[97:981

Originally, studies for stealth materials were determined
by the search for protein-repellent surface modifications and
the need to increase blood circulation times. However, the
perception of the protein corona is now changing. Since
protein corona formation is inevitable and even the stealth
effect seems to be dependent on the adsorption of proteins, ™!
the concept of its exploitation for targeted delivery is
emerging. In contrast to unspecific interactions between
proteins and cells mentioned above, specific uptake of
nanocarriers could be promoted if receptor-specific proteins
were to reside in the protein corona.”’

Several blood proteins have known cellular binding sites,
for example, the transferrin receptor, which is present on
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a variety of cells.””! Endothelial cells express an albumin-
binding glycoprotein,"™ and multiple receptors for apolipo-
protein complexes have been described.'"!] The best-known
receptor for lipoproteins is the scavenger receptor class B
type 1 (SR-B1), which is expressed not only in the brain, liver,
and intestines, but also on endothelial cells and macro-
phages. It is responsible for bidirectional lipid transfer
between LDL, HDL, and cells.'” Nanoparticles covered with
apolipoproteins could thus mimic HDL and interact with
scavenger receptors. A prostate carcinoma cell line expressing
high levels of scavenger receptors has already been success-
fully targeted with lipid NPs with a protein corona rich in
apolipoproteins.

The coating of nanocarriers with single proteins has been
exploited for the targeting of specific organs. For example,
apolipoproteins APOE, APOA1, and APOB-100 promote
transport into the central nervous system.'”! APOE attached
to the surface of nanoparticles is thought to facilitate the
transport of NPs across the blood-brain barrier, probably
through interaction with lipoprotein receptors in the mem-
branes of brain capillary endothelial cells."™ Apart from
opportunities for developing ground breaking innovative
neurotherapies through this approach, these findings are also
very important when considering neurotoxicity.”! Apolipo-
proteins could also be used to selectively target hepatocytes in
the liver.'"”l Additionally, fetuin has been shown to be
involved in NP uptake into hepatic macrophages via scav-
enger receptors.!'*!

So far, the biological impact has only been defined in the
case of a few corona proteins. Understanding exactly which
proteins determine the fate of nanocarriers is crucial to
ensuring the success of designed targeted nanocarriers.
Optimizing the properties of nanocarriers in order to exploit
the protein corona for specific biomedical applications is of
high value and interest.""’]
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