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The nanoparticle biomolecule corona: lessons
learned — challenge accepted?

D. Docter,*® D. Westmeier,” M. Markiewicz,® S. Stolte,*® S. K. Knauert® and
R. H. Stauber{*®

Besides the wide use of engineered nanomaterials (NMs) in technical products, their applications are not
only increasing in biotechnology and biomedicine, but also in the environmental field. While the physico-
chemical properties and behaviour of NMs can be characterized accurately under idealized conditions, this
is no longer the case in complex physiological or natural environments. Herein, proteins and other
biomolecules rapidly bind to NMs, forming a protein/biomolecule corona that critically affects the NMs'
(patho)biological and technical identities. As the corona impacts the in vitro and/or in vivo NM applications
in humans and ecosystems, a mechanistic understanding of its relevance and of the biophysical forces
regulating corona formation is mandatory. Based on recent insights, we here critically review and present
an updated concept of corona formation and evolution. We comment on how corona signatures may be
linked to effects at the nano—bio interface in physiological and environmental systems. In order to compre-
hensively analyse corona profiles and to mechanistically understand the coronas’ biological/ecological
impact, we present a tiered multidisciplinary approach. To stimulate progress in this field, we introduce the
potential impact of the corona for NM—-microbiome—-(human)host interactions and the novel concept of
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‘nanologicals, i.e., the nanomaterial-specific targeting of molecular machines. We conclude by discussing
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Introduction

One way of swiftly judging the relevance and up-to-dateness of
a scientific topic is to examine the available databases. As
illustrated in Fig. 1, querying PubMed by using the search
criteria ‘nanoparticles’ and ‘corona’ reveals that more than 430
reports have been published on this topic, and the number has
increased almost sevenfold over the last 5 years. Albeit numbers
do not always equalize scientific quality, it is obvious that the
‘nanoparticle corona’ represents a still unresolved hot topic,
with high scientific and economic relevance.

This trend is almost expected, since the technical applications
of engineered nanomaterials (NMs) and also their (intended) use
in biotechnology and biomedicine is steadily growing."* Such
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the relevant challenges that still need to be resolved in this field.

developments will also lead to an increasing exposure of humans
and the environment to NMs. NMs can be produced in almost
unlimited combinations to take advantage of properties related
to their chemistry, shape, size and surface characteristics.® Due to
their high surface free energy, NMs adsorb (bio)molecules upon
contact with biological and/or abiotic environments, forming the
so-called (bio)molecule corona.*™®

Thus, whereas the physico-chemical properties and behaviour
of NMs can be engineered and controlled in technically stable,
protected environments, such as technical products, this is no
longer the case in complex physiological or natural environ-
ments. Such ‘complex environments’ are not only represented
by simple and higher organisms, including humans, but also by
complex solid and liquid interfaces to which NMs are exposed
during their technical application and/or following the intended/
unintended exposure of humans and following their release
into the ecosystem. Moreover, complex organisms are further
composed of various additional ‘complex microenvironments’,
such as organs and cells, which also differ quite dramatically in
their physico-chemical composition (Fig. 2A and B).

As an example, the human lung is depicted in Fig. 2. The
respiratory system is not only involved in breathing, but also
represents a main target for inhaled or deliberately applied
nanoparticles (NPs). In humans and other mammals, the lung
contains the respiratory bronchioles, the alveolar ducts and the

This journal is © The Royal Society of Chemistry 2015
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alveoli, in which gas exchange takes place (Fig. 2B). Oxygen and
carbon dioxide are passively exchanged by diffusion between
the gaseous external environment and the blood. There are
several reasons why the alveolar-capillary barrier can be con-
sidered as one of the main targets of inhaled NPs, leading to
local or systemic effects: (i) the location of the alveolar epithe-
lium beyond the mucociliary escalator clearance mechanism
of the conducting airways; (ii) the impaired or less effective
recognition of NPs by alveolar macrophages, the first line of
defence against particulates that have escaped the mucociliary
escalator; (iii) the relatively large alveolar epithelial surface area
estimated at 100 to 140 m?; and (iv) only a thin cellular barrier
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from the airspace to the capillary blood is presented by the
alveolar epithelial (type I (ATI) and type II (ATII)) and pulmonary
capillary endothelial cells (Fig. 2B). Moreover, the lung contains
the pulmonary surfactant, a thin lipid-protein film coating the
cellular surface of the mammalian lung (Fig. 2B). Its major
function is the reduction of surface tension, thereby reducing
the work of breathing. The main constituents of the lung
surfactant are lipids. Although present only in small amounts,
surfactant spsecific proteins (SP-A, SP-B, SP-C and SP-D) are
highly important for the proper function of the lung surfactant.
In particular, the proteins SP-A and SP-D can bind to carbo-
hydrates on the surface of pathogens and thereby opsonize them
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Fig.1 Timeline of PubMed entries matching the search criteria 'nano-
particles’ and ‘corona’.

for uptake by phagocytes (Fig. 2C). Surfactant degradation or
inactivation may thus contribute to enhanced susceptibility to
lung inflammation and infection. However, whether the interaction
with nanosized objects has similar (patho)physiological conse-
quences remains to be investigated. Clearly, the lung surfactant,
epithelial, endothelial and immune cells represent quite different
microenvironments that the NPs encounter and have to overcome
prior to potentially entering the bloodstream.”® It is expected,
though not yet fully proven, that (all) of these microenvironments
affect the formation and fate of a nanoparticle corona.

So far, the focus in ‘corona research’ has mostly been on
blood plasma- or/and bovine serum containing cell culture
media-induced protein corona formation.*® Whereas studies
of the NP corona recovered from physiological fluids from other
organs, such as the lung, the brain or gut, are emerging,”®
comprehensive reports on the composition and relevance of the
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corona in ecosystems are still missing. Indeed, querying
PubMed reveals only a few studies investigating the composi-
tion of the corona in ‘natural environments’, such as complex
aqueous media or soil systems.’* Even though physiological
environments, such as plasma, intestinal fluid or the lung
surfactant, are complex enough, environmental systems, such
as different types of water or soil, are even more complex, being
composed of many different chemical and physical molecules,
and biotic and abiotic matter, which, in addition, are experi-
mentally hard to control. Also, very little is (mechanistically)
known about the relevance and impact of the biomolecule
corona on the interaction of NPs with environmental soil
or water organisms, or on the NMs’ environmental fate, their
biotransformation and/or their potential adverse effects. Hence,
this topic requires particular scientific and regulatory attention
and, thus, will be further discussed in our review.

Die hard — hard corona, soft corona,
protein clouds — what do we really
need?

Although protein adsorption on to surfaces has long been
known about since the pioneering work by Vroman in 1962,"*
the term ‘protein corona’ was only introduced to the nanoparticle
community much later in the study of Cedervall and colleagues,*
which stimulated a whole field of new investigations.

Albeit somehow loosely defined, the term ‘hard protein
corona’ was coined to describe the long-lived equilibrium state,
representing an analytically accessible protein/biomolecule
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Fig. 3 Illustration of the old and new models referring to the description

and determinants of the protein corona. (A) Hard and soft coronas, as well
as protein clouds. (B) Coronas as analytically accessible NP-protein
complexes. (C) Determinants of corona formation include not only the
synthetic identity of the nanomaterial, but also the nature of the physio-
logical environment.

signature of a nanoparticle/NM in a certain environment.>%">¢

In addition, some models further suggest that on top of this ‘hard
corona’ with a rather low complexity, a ‘soft protein corona’
or even ‘protein clouds’ exist, consisting of loosely associated
and rapidly exchanging highly complex layers of biomolecules
(Fig. 3A).%'*'*'8 However, since this ‘soft corona’ desorbs during
current purification processes, its existence, analytical dissection
and, particularly, its relevance for effects at the nano-bio inter-
face remains to be fully confirmed. Moreover, these terms are not
used when describing other corona types, such as those formed
by lipids.”

Thus, transferring knowledge from the field of cell biology,
natural or chemical ligands can stimulate (patho)physiological
reactions by interacting with receptors.'® However, albeit low

This journal is © The Royal Society of Chemistry 2015

affinity binding to other receptors or non-receptor proteins may
exist as well, only efficient ligand-target protein interactions
will ultimately trigger biological responses (Fig. 15).'° Thus, in
the context of the life sciences, such as biology or medicine,
unspecific ligand-receptor interactions are hardly discussed
and no discrimination between ‘soft’ or ‘hard’ ligand-receptor
interactions are made.

Hence, as inspection of the current literature revealed that
the term ‘soft’ versus ‘hard’ corona seems to mostly create more
confusion than helping to describe and resolve scientific ques-
tions, we suggest to generally refer to analytically accessible
NP-protein complexes simply as the ‘protein corona’ (Fig. 3B).
As such, we will use this term throughout the review.

Crown of thorns — factors influencing
the biomolecule—
corona’s composition

Clearly, it is the biomolecular corona (herein termed the bio-
molecule corona) that primarily interacts with biological systems
and thereby constitutes a major element of the nanoparticles’
biological identity.>®¢?%*! The bio-physical properties of such a
corona-covered NP often differ significantly from those of the
formulated pristine particle during manufacturing.®>®*¢*>2*
Albeit ‘chemically speaking’, there are no ‘naked’ or ‘pristine’
NPs, we here refer to such NPs in biomolecule-free environments.

From a regulatory aspect, (bio)molecule-coated NMs may therefore

Chem. Soc. Rev., 2015, 44, 6094-6121 | 6097
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Table 1 Biological factors influencing the composition and evolution of
the protein corona

Factors Ref.

Exposure temperature 30

Exposure time 6, 18 and 31-36
Nanoparticle hydrophobicity 14 and 37-42

Nanoparticle size/surface curvature 14, 15, 18, 40 and 43-49
Nanoparticle surface charge 6, 36, 37, 42, 48, 50 and 51
Nanoparticle surface functionalization 14, 15, 37 and 50

Relative ratio of physiological media 29 and 41
to nanoparticle concentration
Topology 51

be even considered as novel materials with different properties
compared to pristine NMs during production.®*

Typically, corona profiles differ significantly from the protein
composition of the (biological) fluid investigated.**'®*>” Distinct
proteins will be either enriched or will display only a weak affinity
for the nanoparticle surface. Furthermore, not only have the particle
material, size and the surface properties been shown to play a role
in determining the composition of the protein corona but so have
the exposure time and the relative ratio of the physiological fluid to
the nanoparticle dispersion (Table 1).*%'%>>2°

Although some studies are emerging on the regulation of
different types of coronas, such as lipids or natural organic matter
(NOM), the physico-chemical factors regulating these types of
non-protein coronas are currently even less understood.*”>>

Though, some studies still tend to suggest having identified
‘the major factor’ controlling protein/biomolecule corona for-
mation; however, as convincingly shown by recent comprehensive
studies, none of the above-mentioned factors, such as the NPs’
physico-chemical properties or exposure time, alone is able to be
used to determine the formation and composition of the protein/
biomolecule corona.>'® In the study by Tenzer and colleagues,’
bioinformatic unsupervised hierarchical cluster analysis revealed
that protein corona profiles could be correctly grouped according
to exposure time, as well as to the NPs’ physico-chemical proper-
ties (Fig. 4).

A recent study also showed that protein signatures alone
without the kinetic information do not seem to allow prediction
of the hematocompatibility of NPs.>® However, the relation
between the pristine NPs’ characteristics and the nature of the
corona is far from trivial, and currently still remains impossible to
predict in complex physiological environments.**'®*>% Despite
the complexity and analytical challenges of the biomolecule
corona during its ex situ characterization, researchers face addi-
tional challenges during its in situ analysis in both physiological
and environmental systems.

As outlined above, organisms and ecosystems are composed
of various additional ‘complex microenvironments’, which may
differ dramatically in their physico-chemical composition, such
as pH, ion strength and/or temperature. Moreover, when NPs
move from one biological environment to another, e.g. from the
lung surfactant through epithelial/endothelial cells to the blood
system and subsequent organs, such as the liver or spleen
(Fig. 2), a key question is whether the original corona remains
stable or is subjected to substantial changes.**° The current
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Fig. 4 Plasma protein corona profiles are affected by the incubation time
as well as by the NPs' physico-chemical characteristics. Unsupervised
hierarchical cluster analysis of the relative abundance of plasma proteins
bound to negatively charged amorphous silica (aSiNP) and negatively
(negPS) or positively (posPS) charged polystyrene NPs. The dendrograms
illustrate the sample similarities. Colour scheme is based on log2 of the
ratio (protein amount at the respective time point/average protein amount
across all time points). Blue indicates proteins with higher than average
abundance; green indicates proteins with lower than average abundance.
The exposure times to human plasma are indicated. For further details
see ref. 6.

model assumes that after passing through several ‘biological
environments’, the final corona still contains a fingerprint of its
history and keeps a memory of its prior journey through the
body.*** Indeed, recent quantitative kinetic data demonstrate
that, for example, the plasma protein corona is surprisingly
stable and matures only quantitatively rather than qualitatively
ex situ.® Hence, although previous studies suggested a dynamic
corona evolution, one might hypothesize that the corona may
not be subjected to significant changes, even when passing
through several ‘biological environments’ ex situ, unless pro-
cessing is performed by enzymatic cellular machineries.***>?
In particular for metal and metal oxide NPs, dissolution pro-
cesses have been recognized as being essential for the NPs’ fate,
biodistribution and also toxicity.*®>*7>8

Close inspection of the literature indeed reveals that the
detailed fate of the original corona in situ, as it travels through
different organs and ecosystems, thereby interacting with var-
ious environments, changes in physical parameters, and that
the enzymatic machineries of this remain to be resolved.

This journal is © The Royal Society of Chemistry 2015
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Summarizing our current knowledge, a multi-parameter classi-
fier will be required to generally model and predict nanoparticle-
protein/biomolecule interaction profiles in complex physiological
and environmental systems in the future.

Go with the flow — dynamics of corona
formation, evolution and complexity
under physiological conditions

Protein/biomolecule adsorption to any surface, including to nano-
materials, is a dynamic process, with protein/biomolecules con-
tinually adsorbing and desorbing."*******% The time-dependence
of these processes, i.e. the rates of association and dissociation of
a protein/biomolecule, are described by the parameters k., and
kotr, respectively. The balance between ko, and k¢ determines
the affinity of a protein/biomolecule to the (nano)material, and
is defined by the dissociation constant (Kg)."*****>>¢ The value
of k., depends on the contact frequency between the protein/
biomolecule and the (nano)material, along with the probability
that such a contact results in an adsorption event,'?33:36:>9:60
Protein/biomolecules that are present at high concentrations
and that diffuse rapidly mostly show high k,, values. The value
of ko depends on the binding energy of the protein/
biomolecule-(nano)material complex. Protein/biomolecules that
adsorb with a large binding energy thus have a lower k¢ value.
In complex environments, protein/biomolecules compete for
binding sites on the (nano)material surface during adsorption,
with their characteristic individual Kg.'*?**%°%% Notably, K4s
determined for the adsorption of certain proteins in isolation to
NPs were reported to range between 10 * and 10° M**°" - very
similar to what is measured for antibody-antigen interactions.
In contrast to nanoscale objects, the formation and evolution
of protein layers on flat surfaces was first analysed by Vroman."?
The so-called ‘Vroman-effect’ postulates that the identities of
the adsorbed proteins can change over time even though the
total amount of adsorbed protein remains roughly constant.
The Vroman-effect describes a time-dependent composition of
the biocoating, in which highly abundant proteins adsorbing
only weakly dominate the early state. Subsequently, these
adsorbed proteins are replaced by less abundant proteins, which,
however, bind with a higher affinity, resulting in a complex series
of adsorption and displacement steps.'??*3®°%% However, one
has to keep in mind that the Vroman-effect has been demon-
strated only for a mixture of a few proteins and is unable to predict
binding kinetics to NPs in complex protein mixtures."*>® Never-
theless, several models have directly used the Vroman-effect to
explain the evolution of the protein corona around NPs, even in
complex environments such as FCS or human serum, resulting in
the concept of a ‘dynamic protein corona evolution’.**”*** How-
ever, in complex physiological liquids, such as blood, containing
more than two thousand different proteins, or in ecosystems, a
high-resolution time-resolved knowledge of NP-specific protein/
biomolecules adsorption is required, as various protein/
biomolecules are expected to display increased or reduced binding
over time. Indeed, snapshot kinetic proteomic profiling recently

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Kinetic protein-binding modalities during the temporal evolution
of the plasma protein corona found for negatively charged polystyrene
NPs:® protein groups showed increasing (A, rise) or decreasing (D, fall)
binding over time, respectively. 'Peak’ proteins (B), display low abundance
at the beginning of plasma exposure and at later time points, but higher
abundance at intermediate time points. ‘Cup’ proteins (C) show the
opposite behaviour, with a high abundance at early and late time points,
but low abundance at intermediate time points. Kinetic of a representative
protein (colour) is shown for each binding profile. t: plasma exposure time.

demonstrated for silica and polystyrene NPs of various sizes and
surface functionalization, the existence of complex protein adsorp-
tion kinetics.® As predicted from the Vroman-effect, protein groups
displaying increased or reduced binding over time were observed
also in the complexity of human plasma (Fig. 5).°

Interestingly, the novel protein binding kinetics discovered
cannot be solely explained by the Vroman-effect.® Classification
of the protein-binding modalities identified proteins character-
ized by low abundance at the beginning of plasma exposure
and at later time points, but that displayed ‘peak’ abundance at
intermediate time points (Fig. 5, peak), while other proteins
showed exactly the opposite behaviour. These proteins are
characterized by a ‘cup-shaped’ binding kinetics, i.e. being
highly abundant at early and late exposure time points, but
not at intermediate exposure time points (Fig. 5, cup).

A potential reason why such complex binding kinetics have not
been noticed so far is the fact that most kinetic studies to date
have not employed sensitive quantitative LC-MS-based proteo-
mics. Thus, a protein that was no ‘longer detectable’ at a certain
time point, was then classified as ‘absent’ or ‘disappeared’ in
previous studies, thereby contributing to the model of a highly
dynamic protein corona.**”*>** Hence, we again want to empha-
size that it is highly important to use the highest technological
standards and SOPs for the determination of protein corona
binding kinetics,** also allowing inter-laboratory comparison
and model building. Although the study examined 11 different
types of NPs,® further analyses are required to determine whether
such adsorption kinetics, including Vroman-effect type binding
kinetics, indeed exist for all NPs and nanomaterials in general.
Moreover, we still lack experimental data to decide whether similar
corona binding kinetics are also observed for other biomolecules,
such as lipids, sugars, NOM or metabolites.

Intriguingly, a quantitative snapshot of the proteomics
demonstrated that the plasma protein corona is highly complex,
containing over 200 different proteins, and is established in less

Chem. Soc. Rev., 2015, 44, 6094-6121 | 6099
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than one minute.® In contrast, previous studies suggested that
the protein corona has a rather low complexity, consisting of only
a few tens of proteins, even when NPs are introduced into highly
complex environments, such as the human blood, and evolved
rather slowly."*”*>*! Moreover, the study by Tenzer and colleagues
also showed that the corona composition changed almost exclu-
sively quantitatively but not qualitatively over time.® Previous
models, however, proposed a highly dynamic protein corona,
changing its composition over time due to continuous protein
association and dissociation events, predominantly controlled by
the Vroman-effect.**"*>

Taking these recent insights and comprehensive data into
account,”'®*” we here would like to suggest a new model of
protein corona formation and evolution (Fig. 6), and which is
significantly different from the old model proposed so far.*?”>3

As illustrated in Fig. 6, this mainly relies on the speed of
corona formation, its complexity, and the predominant quanti-
tative instead of qualitative maturation with complex binding
kinetics, which cannot be explained by the Vroman-effect
alone. Hence, it is suffice to assume that pristine NPs in general
exist only for a short period of time in complex physiological or
ecological environments. As also depicted in Fig. 6, the number
of different corona proteins exceeds in most cases the number
of proteins that theoretically could be accommodated on a
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Fig. 6 Complexity and evolution of the biomolecule corona - the old
versus the new model. (A) The early phase: a highly complex corona is
established already in 30 sec, which may be composed of multiple core—
shell structures (‘new’). A corona of low complexity evolves slowly (‘old’).
(B) The late phase: corona composition ex situ remains stable and changes
predominantly quantitatively rather than qualitatively over time with Vroman-
effect dependent and independent binding kinetics ('new’). A highly dynamic
protein corona, changes significantly over time, controlled by the "Vroman-
effect’ (‘old’). Note that the objects are not drawn to scale.
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single NP surface.® These results give the first indication that
the corona exists most likely not as a simple monolayer in situ
but possibly composed of multiple core-shell structures or
higher order ‘Christmas tree-like’ structures, also involving
protein—protein interactions.

Additionally, it was suggested that negatively charged NPs
attract primarily positively charged proteins and vice versa.
Classifying corona proteins according to their predicted iso-
electric point (pI) showed that proteins displaying a negative
charge (pI < 7) at physiological pH 7.3 were preferentially bound
by all the investigated silica and polystyrene NPs, irrespective of
the particles’ negative or positive surface functionalization.>*’
Indeed, zeta-potential measurements confirmed that the plasma-
corona-covered NPs were overall negatively charged.® We are not
aware of any reports convincingly demonstrating the existence of
positively charged plasma-corona-covered NPs so far. Hence, the
hypothesis that positively charged NPs preferentially interact with
the negatively charged cell membrane, resulting in improved
cellular uptake, seems too simplified and may only be relevant
for pristine NPs in environments with a low concentration of
proteins/biomolecules (Fig. 7).°* However, whether and what type
of supramolecular interactions with charged microdomains on
corona proteins, NPs and/or cellular structures occur and if these
are biologically relevant remains to be resolved. Consequently, it
is interesting to correlate NP uptake not only to properties of the
bare NPs, but also to properties of the NP-protein corona
complex, as the interaction with cell membranes and the mecha-
nism of cellular uptake is expected to be (partially) controlled by
the adsorbed proteins.®*:6476¢

Blood is thicker than water — the
impact of corona formation on blood
system physiology

As the perturbation of physiological systems by nanoparticles has
recently been reviewed,””*”®® we here focus on novel insights
into the role of the protein corona for the blood system.

When designed for nanomedical applications, such as drug
delivery or imaging, nanoparticle administration often requires
intravenous injections.>® Hence, detailed knowledge about the
physical and chemical aspects associated with the behaviour of
NPs in the complex protein-rich environment of the blood system
is thus key for (re)shaping the future of nanobiomedicine. As the
complete plasma proteome reference set contains more than two
thousand different proteins,”® such knowledge is particularly rele-
vant for plasma proteins.*®?*?7! Indeed, the plasma protein corona
has recently been shown to be indeed highly complex as well.®

Proteins involved in physiological as well as toxicological
relevant processes in the blood system, such as to complement
activation and coagulation, have been identified in the coronas
of various NPs.»%2628:4%7172 The jdentified proteins span about
three to four orders of magnitude dynamic range, most likely
covering most biologically relevant corona proteins.® Notably,
the respective abundance of all of these proteins was affected by
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Impact of NP charge on cellular uptake in the absence or presence of the protein corona. (A) Improved cellular uptake of positively charged NPs

may be mediated by enhanced interaction with the negatively charged cell membrane only for pristine NPs (upper panel). In contrast, plasma corona
covered NPs are overall negatively charged in situ, probably preventing NP-charge driven cell membrane interaction. (B) Plasma corona covered NPs are
overall negatively charged, irrespective of the NPs' negative or positive surface functionalization.

the plasma exposure time and the characteristics of the NPs,
such as size and surface functionalization.

As NP uptake is also an important determinant for nano-
pathology and targeted delivery,“®>”® several reports have
shown that the protein corona has a major impact on the
NPs’ cellular uptake. In particular, the recent study by Walkey
and colleagues indicates that distinct protein corona signatures
are indeed able to predict the cellular uptake of gold and silver
NPs.'® Hence, covering NPs with a ‘physiological coating’ can
indeed promote or inhibit their interaction with the cellular
uptake machinery, whereas the surface charge of the bare NPs
appears to be less important,®636%6%

Consequently, one may use this information to rationally
engineer the uptake-properties of NPs by modulating the corona
fingerprints. Different apolipoproteins have been described to
promote transport across the blood-brain-barrier’* and different
immunoglobulins and complement factors, known as opsonins,
enable uptake into monocytes® while dysopsonins like albumin
and again apolipoproteins'* inhibit uptake. However, these find-
ings are mostly based on the prior knowledge of selected proteins
based on their biological function in isolation. As also the function-
alization of NPs with proteins seems not to (completely) prevent
corona formation, the complexity of the protein corona with more
than a hundred different proteins, makes it difficult to predict the
impact of individual proteins in vivo.**>'®”> Hence, the engineering
of modified coronas by depletion or enrichment of the protein
groups is required as the next step to identify corona components
causally involved in (cell type specific) NP uptake.

Cleary, obtaining comprehensive quantitative and qualitative
protein corona signatures, and ideally the implementation of an
international standardized corona profile database resource, will
finally allow the bioinformatic analysis and exploitation of signa-
tures to guide a subsequent rational in vitro/in vivo investigation
of the potential impact of corona proteins in physiological
systems,**16:2¢

Although several studies have reported the impacts of corona
formation on NP exposure of the blood system, most of these
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effects were described as occurring at rather late exposure time
points.**”%”” By employing primary human cell models of the
blood system, it was recently demonstrated that the early
corona formation indeed affected processes at the nano-bio
interface.® The study showed that although the studied pristine
NPs existed only for a short period in the blood system, they
were still able to affect the vitality of endothelial cells, trigger
thrombocyte activation and induce hemolysis.® Hence, it was
concluded that the formation of the biomolecule corona rapidly
modulated the NPs’ decoration with bioactive proteins, thereby
protecting the cellular components of the blood system against
nanoparticle-induced (patho)biological processes, as well as
also influencing cellular uptake of the NPs (Fig. 8).° However,
whether this general statement is indeed valid for all existing
and future NP formulations, as well as for every biomedical
relevant environment in humans or in the ecosystem, remains
to be experimentally confirmed.

The protein and also other biomolecule coronas are currently
still unpredictable complex factors, potentially triggering not only
nanomedical desired reactions but also undesired toxicological
biological responses.”*'®*® Hence, there are currently numerous
attempts to chemically completely prevent protein adsorption,
which have also been reviewed previously.*?”*>788! Nps function-
alized with certain polymer chains, such as by the addition of
various polyethylene glycol-based chains (‘PEGylation’) onto the
NP surface, are often referred to as highly ‘biocompatible’, as
unspecific interactions with biological components are mini