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Abstract

In biological environments, nanoparticles are enshrouded by a layer of biomolecules, predominantly proteins, mediating its subse-
quent interactions with cells. Detecting this protein corona, understanding its formation with regards to nanoparticle (NP) and
protein properties, and elucidating its biological implications were central aims of bio-related nano-research throughout the past
years. Here, we discuss the mechanistic parameters that are involved in the protein corona formation and the consequences of this
corona formation for both, the particle, and the protein. We review consequences of corona formation for colloidal stability and
discuss the role of functional groups and NP surface functionalities in shaping NP—protein interactions. We also elaborate the recent
advances demonstrating the strong involvement of Coulomb-type interactions between NPs and charged patches on the protein
surface. Moreover, we discuss novel aspects related to the complexity of the protein corona forming under physiological conditions
in full serum. Specifically, we address the relation between particle size and corona composition and the latest findings that help to
shed light on temporal evolution of the full serum corona for the first time. Finally, we discuss the most recent advances regarding
the molecular-scale mechanistic role of the protein corona in cellular uptake of NPs.

Introduction

In biological environments, proteins adsorb to the surfaces of  functionality of the NP and the nature of the corona is far from
nanoparticles (NPs), thus, forming a protein layer around the trivial and still remains very elusive [1-7]. It has been shown
particles: the protein corona. Subsequent interactions between  that not only the NP surface chemistry but also features such as
the NP and biological entities are mediated by the presence and NP size [8] and charge [4,9] are critical factors determining the

nature of this corona. The relation between the original surface  formation and nature of the protein corona.
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The composition and molecular properties of the protein corona
have been shown to be influential factors for the cellular uptake
of NPs [7,10-12] but direct links between structure and effect
remain to be established. In the following paragraphs, we will
briefly discuss the parameters that were so far identified to
affect NP—protein interactions and evaluate their possible impli-
cations. Then, we will highlight specific, detailed, aspects that
were in the focus of our own experimental work within the
SPP1313.

Focusing on the NP, ligand exchange under physiological
conditions is an important point. Many ligands can easily be
replaced on NP surfaces in equilibrium exchange-reactions [13].
Such approaches are frequently utilized in NP synthesis, in
which specific ligands are often needed to synthesize NPs with
desired properties, but are subsequently replaced by other
ligands, e.g., to alter the solubility or avoid adverse effects
related to toxic ligands [13-16]. Protein adsorption can well lead
to the exchange of small monomer-type ligands on NP surfaces
under physiological conditions while other surface functional-
izations, such as polymer coatings, may be persistently wrapped
around the NP and cannot be exchanged. We point out that this
leads to a situation in which not only the chemical nature of the
ligand but also its persistence on the NP surface can be decisive
for the biological fate of the NP.

The effect of changing surface energy or surface restructuring is
well-known from the field of catalysis [17-21] but its implica-
tions for the biological behavior of NPs remains somewhat
elusive. We note that the macromolecular nature of the proteins
constituting the corona requires a broader view of the situation:
While single atoms or atomic scale surface defects are of high
importance for the adsorption of small molecules that are
frequently considered in catalytic mechanisms, the size of the
adsorbing protein, typically several nanometers, leads to an in-
teraction process averaging over many different atomic surface
sites, hence the individual influence of single surface sites is
reduced. The extent to which this effect governs the overall
behavior observed for protein adsorption to NP surfaces
remains unknown, largely due to elusive characteristics of the
NP surface under physiological conditions on an atomic scale.
Hydrophilic and/or hydrophobic properties of NPs are also
difficult to assess on an atomic scale under the chemically com-
plex conditions of physiological media. These properties can
also be critically affected by protein adsorption, leading to a
situation in which the NPs would, mediated by the protein
corona, reach biological “endpoints” that they could not reach
without their protein cover [5,7,22].

Dissolution of NPs has also been addressed and is of specific

importance where molecular or ionic substances are released
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from the NP that cause own, sometimes well known, adverse
effects [23-27]. The intriguing consequence of dissolution is
that the particulate state may define the transport of the NPs
within a biological system and molecular agents that are
released wherever the NPs are located may dominate the
(patho)biological effects. In consequence, the delicate interplay
between the relative timescales of particle transport and dissolu-
tion/release kinetics can well govern NP toxicity. While this
factor further complicates a fundamental understanding of NP
toxicity, the right time-scale ratio of the participating effects can
be a critically important parameter for the design and synthesis
of nano-medical applications [28].

Some NPs (e.g., Au, Pd, Pt) are known as good catalysts in a
range of different reactions [14,17,21,29-35]. A relevant exam-
ple in the context of protein adsorption is the catalytic effect of
Au NP surfaces on the formation/cleavage of disulfide (S-S)
bridges that can also occur in corona proteins [36,37]. The
mechanisms of this catalysis, especially under physiological
conditions, remain elusive but electron—hole pairs have been
suggested to contribute to redox processes on NP surfaces
[1,26,38]. A recent theoretical study even suggests that disul-
fide bonds are affected by redox reactions without electron
transfer [37]. A further prominent example of NP-associated
catalytic activity are iron-catalyzed reactions such as the Fenton
reaction [39] and others [10,11] that have been widely investi-
gated [34,40]. Such effects are important in two different
aspects: They may change adsorbed proteins but also NPs may
act as local catalysts in biological reactions. The manifold of
potential consequences resulting from such catalytic action and
the relevance to the biological system are difficult to predict.
More detailed investigations under specific conditions of
biological systems are needed to allow for a more educated

assessment.

A further very important aspect of corona formation is its
impact on colloidal stability: Under physiological conditions,
many NPs lose their original stabilization due to high elec-
trolyte concentrations and sometimes even due to interaction
with biomolecules. Not only do the subsequent agglomeration
processes lead to a loss of accessible surface area, they also lead
to changes in diffusion properties and, in case of larger agglom-
erates, give rise to sedimentation [41]. This becomes a critical
problem in many in vitro studies, in which the actual dose rate
to the cells may be strongly affected by agglomeration kinetics
and subsequent sedimentation rates rather than the original NP
concentration [41].

Particle size and surface curvature have also been identified as

an influential factors shaping the protein adsorption to NP

surfaces [42-46] and it has been demonstrated by Tenzer,
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Stauber and co-workers [8], how NP size, as a single factor, can

determine the composition of the physiological protein corona.

Structural changes of the protein may occur upon adsorption
onto NP surfaces resulting in altered protein conformations
[6,47-59]. Such altered conformations may well lead to the
exposure of cryptic peptide epitopes [60,61], altered function
and/or avidity effects [22,43,62-64]. When cryptic epitopes are
exposed as a consequence of proteins being denatured on a
particle surface, an immune response [65,66] may result, which
could promote autoimmune diseases if directed against a self-
protein [1]. Also related to structural changes, fibrillation of
proteins has been reported under specific conditions [67,68] and
the possible effect of NPs on protein fibrillation was also
discussed [35,62].

Another likely consequence of structural changes in the protein
upon adsorption is an altered solubility [69,70]. As the struc-
tures of most serum proteins are optimized to combine optimal
function and good solubility, changes in this structure can result
in a drastically changed solubility. The exact qualitative and,
more so, quantitative consequences of this effect for the treat-
ment of protein adsorption/desorption as equilibrium remain
elusive. The general validity of such equilibrium treatments has
recently been convincingly demonstrated by Treuel, Nienhaus
and co-workers [4]. It should, however, be pointed out that the
equilibrium nature of this process may strongly depend on both,
NP, and protein and can significantly change with their indi-
vidual properties. The thermodynamic and biological driving
forces as well as the mechanistic details of protein unfolding at
NP surfaces remain still elusive [1,71-73].

To study the structure of proteins in solution and adsorbed onto
NP surfaces, a large range of experimental techniques has been
employed [74,75]. This includes spectroscopic techniques such
as fluorescence spectroscopy [76,77], Fourier transform infrared
spectroscopy [78], Raman spectroscopy and surface-enhanced
Raman spectroscopy (SERS) [36,79] as well as circular dichro-
ism spectroscopy [6,47,53,80,81]. Also, other established tech-
niques were used to study protein adsorption such as isothermal
titration calorimetry (ITC) [82,83], and surface plasmon reso-
nance (SPR) [22,84]. Moreover, techniques based on the size of
proteins and protein—NP complexes have been utilized such as
size-exclusion chromatography (SEC) [85-90] or one- and two-
dimensional polyacrylamide gel electrophoresis (1D-/2D-
PAGE) [28,91-98].

Recently, Tenzer et al. [8,99] introduced an intriguing combina-
tion of 1D-/2D-PAGE and immune-blotting with sophisticated
label-free liquid chromatography mass spectrometry (LC-MS)
and demonstrated the unique abilities of this approach to
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quantify the composition of the protein corona under complex
conditions. This technique represents a major contribution to
the toolbox for protein corona studies and paves the way for
sophisticated and detailed studies under complex physiological

conditions.

With this review, we seek to describe the current state of knowl-
edge regarding the corona formation on a molecular level. The
link between the very basic physicochemical knowledge that
can be obtained in simplified systems and the observations
made under physiological conditions needs to be established
and we discuss the current achievements and remaining gaps.

Review

Colloidal stability and the corona

Many NPs are found to aggregate in media that contain
electrolytes in high concentrations [74,100-103]. To prevent
NPs from agglomeration upon collision with one another,
they are usually stabilized in solution by a repulsive barrier
created by electrostatic or steric repulsion [104,105]. While the
former depends on NP charge and is destroyed to a large
extent by the presence of electrolytes, as well-known from
the Derjaguin—Landau—Verwey—Overbeek (DLVO)-theory
[106,107], the latter is largely independent of charge. NP
agglomeration in presence of more complex molecular species
is far from being completely understood [108,109] but relations
between colloidal stability and protein corona formation
were reported [3,12,22,43,110-112] and attributed to a to steric
stabilization [113].

Recently, Gebauer, Treuel and co-workers [53] presented an
in-depth investigation of the quantitative effect of corona for-
mation on colloidal stability. By carefully increasing the ionic
strength of the surrounding medium, Gebauer et al. [53]
removed the charge stabilization of a citrate-coated Ag colloid,
and measured the resulting agglomeration rate. Since the
agglomeration process primarily consists of binary collisions
between particles, the rate can be described by a simple second-
order rate process as derived before [108,114,115]. Testing the
effect of corona formation on the agglomeration rate, they
revealed a decrease of the collision efficiency (i.e., the overall
number of collisions divided by the number of collisions that
form an agglomerate) with an increasing protein (human serum
albumin, HSA) concentration (Figure 1a). Intriguingly, they
found that their colloid was stable at a point where enough
proteins were present in solution to cover all NP surfaces in a
monolayer fashion.

By introducing a new model, based on statistical considerations

of the collision geometries, they showed that a plot of the

surface coverage versus the logarithmic protein concentration
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Figure 1: (a): Relation between the collision efficiency regarding the formation of agglomerates in a destabilized colloidal and the relative HSA
concentration in solution [53]. Black dots: data points, black solid line drawn to guide the eye. The collision efficiency becomes zero around the point
where monolayer surface coverage can be expected. (b): Data-plot of surface coverage versus the logarithmic HSA-concentration from the same
study [53]. Surface coverage was inferred from the stabilizing effect of the HSA corona forming around the deliberately destabilized colloid. Black
dots: data points, black solid line: Hill fit to the data points (Kp = 71 + 17 nmol-L™", n = 2.71) indicating a cooperative binding behavior. Reproduced

with permission from [53]. Copyright 2012 American Chemical Society.

indeed resembled a binding curve. The subsequent evaluation of
this curve with a fitting routine using the Hill equation
[111,116-118] (Figure 1b) allowed a quantitative derivation of a
binding affinity (Kp =71 + 17 nmol-L™!).

Such Kp values for protein adsorption/desorption onto
NP surfaces are extremely useful parameters for a comparable
biophysical understanding of NP—protein interactions
[4-7,9,12,47,53,81,111]. They should, however, generally be
interpreted with caution: While convincing evidence has been
presented for the true equilibrium nature of the NP—protein
association/dissociation process [4] it remains unclear if this

interpretation is fully valid for all NP—protein systems.

A very important aspect resulting from the work by Gebauer
et al. [53] is the concept that stability of NPs under physiolog-
ical conditions can be almost entirely independent of the
as-synthesized particle formulation. Here, the authors demon-
strated how charge stabilization can be replaced by steric effects
providing new and altered stability to the NPs. Such mecha-
nistic insights are critically important for the molecular scale
interpretation of the effects resulting from the complex
interplay between thousands of individual proteins in the physi-
ological corona. This is, however, not a straight forward task,
as many colloids are well known to be unstable in serum
[7,53,102,113] suggesting contributions of additional parame-
ters. The factual situation under physiological conditions will
likely consist of different protein effects with some proteins
exerting a stabilizing influence and others introducing destabi-
lizing properties. Even selective bridging effects between indi-

vidual proteins could contribute to a possible destabilization.

Role of individual bonds in NP—protein

interactions

As discussed above, little is known about the mechanistic
details of protein unfolding upon adsorption onto NP surfaces.
Supposedly, different degrees of denaturation and different
mechanisms will be involved, depending on the chemical and

physical nature of the NP surface and on that of the protein.

Grass and Treuel employed surface enhanced Raman spec-
troscopy (SERS) to elucidate mechanistic aspects on insulin
adsorption onto Au nanoshells [36]. SERS is a very powerful
technique to study the adsorption of molecules on metallic
nano-surfaces [119-122] and has been described in great detail
[123-126]. In the context of protein adsorption, it needs to be
pointed out that the enhancement effect in SERS strongly
depends on the distance between the Raman/SERS active bond
and the surface of the SERS substrate [121,123-127].

An intriguing aspect in the work of Grass and Treuel [36]
concerns the behavior of disulfide bonds on the surfaces of their
NPs. By using the ratio of C—S to S—S bond signals as an indi-
cator, they found that cysteine and its disulfide-linked dimer
cystine (Figure 2a) produce the same signal in the surface
bound state. As expected, this situation was found to depend on
the presence of oxygen but was completely independent from
the starting conditions, i.e., from adding the dimer or the
monomer to the suspension. Taking a closer look at the
C—S—S—C bond rotamers and comparing the Raman signal of
the free molecule in solution (compare Figure 2), to the SERS
signal of the surface bound molecules, they found that only few

dominant rotamers were present in the surface bound
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Figure 2: (a): Schematic representation of the dimerization redox equilibrium between cystein and cystin. (b) Normalized Raman and (c) SERS
spectra of insulin deconvoluted by multiple Gaussians (disulfide stretching mode region). Relative experimental ratios of the Gaussian areas corres-
ponding to the different S—S bond rotamers are indicated in brackets. (d) Normalized Raman (d) and SERS (e) spectra of cystine (disulfide stretching
mode region, alkaline solutions). Relative Gaussian areas for the six different S-S bond conformations are indicated in brackets. Adapted from [36].

Copyright 2014 Springer.

molecules while the free molecules showed a Boltzmann type
distribution.

Remarkably, they found a different behavior for the S—S bond
motifs present in the insulin molecule. The molecule contains
three S—S bonds in different conformations and the Raman
spectra (Figure 2b) show that they are indeed contributing
almost equally to the overall protein signal in this part of the
spectrum. The adsorption process changes this situation signifi-
cantly (Figure 2c) and only two remaining conformations
contribute significantly to the overall spectrum of the surface-
bound insulin.

Their data further revealed the involvement of individual func-
tional groups and, specifically, the carboxyl group in the inter-
action process. They also provided a detailed evaluation of the
amide- and C—C bands, linked to a loss of secondary structure,
corresponding well to the findings reported using other, less
surface sensitive, techniques [6,47,51,53-59].

From their collective data, Grass and Treuel could provide
convincing clues, suggesting that the structural network of the
protein prevents a more complete relaxation of the individual
S-S bonds. Demonstrating the changes in secondary structure in
the immediate vicinity of the surface, they provided, together
with previous literature findings, strong indications that struc-
tural stress within the molecule indeed changes the behavior of

the individual bonds. The simultaneous binding of many
different functional groups that was found in their data, results
in high avidity of the protein for the NP surface in addition to
individual affinities of functional groups. The presumably
reduced solubility of the desorbing protein further decreases its
tendency to desorb. In this context, further experiments are
desirable, dissecting the influences of avidity, affinity, van-der-
Waals-type and Coulomb-type interactions.

Role of surface chemistry

A plethora of different surface functionalities exists and struc-
ture—function relationships have yet to be established. There-
fore, the modification of NP surfaces for the directed transport
of drugs or vaccines has received much attention [71,128-133],
but such modifications were largely performed without any
detailed mechanistic knowledge regarding the bio-response.

Many studies focused on polymeric materials of synthetic
[134,135] or natural origin [132,136-141]. An interesting result
of these studies was that poly(ethylene glycol) (PEG) coatings
reportedly increased the blood circulation time of intravenously
administered NPs [142]. This finding was attributed to an exac-
erbated macrophage response as a consequence of reduced
protein binding onto the PEG-coated surfaces [142]. Interest-
ingly, the systemic behavior of PEG-coated NPs was also
reported to be changed, demonstrated by a decreased renal
clearance of PEG coated NPs [143], especially when long
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(>20 kDa) PEG chains were used [144]. We emphasize in this
context that little is known about the exact physical and chem-
ical properties of the PEG surfaces under such conditions, or
about the consequences for their molecular scale interactions
with proteins. This topic clearly deserves further attention.

Treuel and coworkers employed circular dichroism (CD) spec-
troscopy to study the thermodynamic and structural aspects of
NP-—protein interactions [47]. They investigated the formation
of a serum albumin, an established model protein [7-9,80,111],
corona around Au (13 + 2 nm) and Ag (diameter 40 £ 10 nm)
NPs, specifically addressing the effect of a (poly)vinylpyrroli-
done (PVP) coating around the metallic surface on the protein

adsorption/desorption equilibrium.

For citrate-stabilized Au and Ag NPs, they found affinities in a
low nanomolar concentration regime (Kp(ay) = 33 = 3.2 nM,
Kp(ag) = 20 = 1.1 nM) [47], confirming an extremely high
affinity of proteins towards these surfaces. When the PVP
coatings were applied around the NPs, the affinities were
found to be significantly lower (Kp(au-pvp) = 0.5 = 0.05 pM,
Kpag-pvp) = 0.2 + 0.05 uM) [47].

These findings underline the importance of the original surface
functionality of the NPs for their interaction with proteins. In
addition, a further aspect emerges from the implications of these
results: Only a stable and persistent molecular NP surface func-
tionality can play a significant role in shaping the in vivo
protein corona. While polymer coatings are regarded as rela-
tively stable under such conditions, other ligands can well be
replaced in equilibrium-type reactions, even under chemically

less complex conditions [13].

It has been discussed before, how the formation of a protein
corona can change the surface functionality of NPs and that
these changes can affect NP translocation in biological systems
[145,146]. Links between specific surface coatings and cyto-
toxic effects were empirically established [143,147-152] but the
chemical composition of the NP core is also a decisive para-
meter. For silver NPs it was shown that their cytotoxicity is
predominantly caused by the release of silver ions even when
polymer coatings were applied [25,113,153]. The somewhat
independent modes of action of the NP surface and the core
need therefore to be considered in detail to assess the biological

impact of NPs, an effect that is still often overlooked.

Role of Coulomb interactions in corona
formation

The role of Coulomb-type forces for the interaction process
between NPs and proteins has been investigated and the contri-

bution of overall protein charge for this behavior has been
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discussed [28,154-157]. Recently, even the role of net protein
charge for the composition of the serum corona around nega-
tively charged silica NPs has been addressed in a comprehen-
sive study, however, without finding enhanced binding of
proteins that were overall positively charged at pH 7.3 [8].

Moreover, it was suggested that charge distributions on the
protein surface, rather than the overall molecular charge, govern
the Coulomb interactions between NP and protein [9]. This
intriguing idea seems indeed very relevant, considering that the
Debye length at the typical ionic strengths of biological fluids
and PBS buffer is below 1 nm, thus, smaller than the typical
size of a protein (few nanometers).

Further refining this idea in a different experimental approach,
Treuel et al. chemically altered the surface charge distribution
of HSA and studied the effect on the corona formation around
dihydrolipoic acid (DHLA)-coated quantum dots (QDs) by
using fluorescence correlation spectroscopy (FCS) [4].

The electrostatic surface potential of native HSA shows distinct,
positively charged patches on an otherwise negative potential
surface (Figure 3). These patches are caused by the presence of
basic lysine and arginine residues carrying a positive charge in
their side chain at physiological pH. Negative surface poten-
tials arise from aspartic- and glutamic-acid residues carrying a
dissociated carboxyl function and, hence, a negative charge, in
their side chain under physiological conditions.

8 nm 3 nm

Figure 3: Human serum albumin (HSA, PDB code: 1UOR) repre-
sented as space-filling models, colored to indicate surface electrosta-
tics at pH 7.4 (blue, negative potential; red, positive potential; range
from -5 kgT/e to +5 kgT/e (calculated online at http://nbcr-
222.ucsd.edu/pdb2pqr/49 [158,159]). Reprinted with permission from
[4]. Copyright 2014 American Chemical Society.
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By reacting the ge-amino group of lysine with succinic anhy-
dride, Treuel et al. [4], turned these positively charged groups
into negatively charged carboxylate functions, obtaining
succinylated HSA (HSAsuc). In addition to the surface charge
distribution, this succinylation changed the overall zeta poten-
tial of the HSA molecule from (—=10.5 = 1.3) mV for native
HSA to (—19 + 4) mV for HSAsuc (both in PBS at pH 7.4).

For comparison, they also altered the carboxyl groups of the
native HSA molecule by reacting them with ethylenediamine,
thus, converting them into positively charged amino groups,
creating an aminated HSA molecule (HSAam). This amination
expectedly decreased the magnitude of the zeta potential of
native HSA, (-10.5 £ 1.3) mV, to (-6.1 + 0.4) mV (in PBS at
pH 7.4). DLS measurements confirmed that the protein size
remained essentially unchanged after all chemical modifica-
tions and the overall protein fold was preserved.

They then used fluorescence correlation spectroscopy to
measure binding curves for the adsorption of native and modi-
fied HSA to DHLA-coated QDs. Intriguingly, these relatively
simple chemical modifications of the proteins surface charge
distribution, were found to dramatically change the nature of
protein adsorption onto their NPs (Figure 4).

The adsorption of native HSA led to a radius increase due to
protein adsorption of Ay, = (3.3 £ 0.6) nm, commensurate with
a complete surface coverage by HSA molecules adsorbing with
their triangular faces to the QDs and well in line with similar
experiments [9,111]. From the quantitative analysis of their data
with the Hill equation [111], they revealed an equilibrium
constant of Kpgsa) = (6.4 & 3.6) uM, supporting previous find-
ings for HSA adsorption onto polymer-coated FePt NPs [9,111].
The data from HSAsuc showed a distinctly different behavior:
the radius increase due to HSAsuc adsorption was found
to be Ay = (8.1 £ 0.6) nm, which could be explained by
binding of HSAsuc molecules to the QD surface in a “side-on”
orientation with the triangular sides perpendicular to the

surface. The corresponding equilibrium constant was quantified
to KpHsasuc) = (19 & 8) uM.

For the aminated HSA, HSAam, they found even more drastic
deviations from the behavior of the native molecule. The
change in radius was quantified to A, = (4.6 £ 0.1) nm, thus,
larger than for native HSA but smaller than for HSAsuc. Since
additional amine functions in the protein are expected to
randomly enhance already present positive patches or generate
entirely new ones, a variety of HSAam orientations results thus,
explaining the increased corona thickness. Remarkably, the
equilibrium constant for the adsorption of HSAam to the QD
surfaces was found to be Kpsaam) = (22 + 3) nM commensu-
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Figure 4: Binding curves as determined by fluorescence correlation
spectroscopy and schematic representations for adsorption of (a and
b) HSA, (c and d) HSAsuc and (e and f) HSAam onto dihydrolipoic
acid-coated quantum dots. Filled symbols: Hydrodynamic radii of
DHLA-QDs plotted as a function of the concentration of (a) HSA,

(c) HSAsuc and (e) HSAam free in solution. Solid lines represent fits of
the modified Hill equation to the data [4]. Open symbols: Hydrody-
namic radii measured at 90 yM (a) HSA and (b) HSAsuc and 0.9 yM
(e) HSAam and after two successive dilution steps. (b, d, and f)
Schematic depictions of the hydrodynamic radii increase as a result of
protein adsorption, with (b) native HSA and (f) HSAam (adsorbing with
their triangular faces, leading to a radius increase of 3.3 and 4.6 nm,
respectively), and (d) HSAsuc adsorbing with the edge of the prism
(causing a radius increase of 8.1 nm). Reprinted with permission from
[4]. Copyright 2014 American Chemical Society.

rate with a 1000-fold increase in binding affinity compared to
the native HSA. This is particularly striking, considering that
the net charge of the protein remains negative even after amina-
tion, and was explained by a higher density of positive charges

on the protein surface.

The confirmation of the notion that charged patches, rather than
overall protein charge, govern the binding efficiency between
NP and protein, but also the intriguing demonstration how this
behavior can be changed by chemical modifications, pave the
way for a more structure—function-based interpretation of

corona formation.
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In addition Treuel, Nienhaus et al. addressed a further point,
critically important to our description of the corona formation:
reversibility of protein adsorption [4]. By diluting their samples
in several steps after the full corona was formed (see
Figure 4a,c,e) and measuring the resulting corona thickness
after an equilibration time (90 min), they were able to demon-
strate the full reversibility of the protein adsorption for native
HSA and both chemically modified HSA versions. This is the
first quantitative data, convincingly demonstrating that protein
adsorption onto NP surfaces may indeed be validly treated as an
equilibrium process. A word of caution is, however, in order
here: Depending on the NP surface type, denaturation of the
protein may occur [7,36,47,81] and, depending on the degree of
this denaturation, could cause severe deviations from a true
equilibrium behavior. It is noteworthy in this context that even
for the aminated HSA with an equilibrium constant in the range
of nanomoles, indicating an extremely high affinity of the
protein towards the QD surface, Treuel, Nienhaus and
co-workers were able to demonstrate full reversibility. The fact
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that this is even true for such high affinity interactions is a
further indication that denaturation of proteins may be a
centrally decisive factor for any non-equilibrium effects ob-

served in corona formation [10].

Particle size determines corona composition
For a deeper understanding of protein corona formation under
physiological conditions it is essential to identify the under-
lying individual factors governing the corona under these condi-
tions. In 2011, Tenzer and colleagues discovered that the size of
the particles alone is a critical physicochemical determinant of
the human blood plasma corona [8]. They could show that even
differences in silica nanoparticle (SiNP) size of only 10 nm
significantly affected the protein corona composition around
three different SiNPs (with diameters of about 20, 30, and
110 nm). One strategy to interpret their results was to classify
the SiNP-specific protein signatures, as identified by quantitat-
ive mass spectrometry, by their calculated isoelectric point
(Figure 5).
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Figure 5: Composition of protein coronae around SiNPs of different sizes as

identified by quantitative mass spectrometry by Tenzer et al. [8]. Proteins

were classified by (a,b) their isoelectric points (pl) as calculated from the sequence information and by molecular weight (MW) (c,d). (a,b): SiNPs pref-

erentially bound negatively charged proteins (pl < 7) at pH 7.3. Proteins with
size, as compared with plasma. (c,d) Proteins with low molecular mass were

pl < 5 were enhanced in the protein corona, independent of the particle
found to be less abundant in the corona than in plasma, while large

proteins were significantly enriched in the corona. The observed patterns remained unchanged when the most abundant plasma protein, human
serum albumin (b,d: ~HSA), was excluded from the data analysis. Reprinted with permission from [8]. Copyright 2014 American Chemical Society.
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At the physiological pH of blood plasma (pH 7.3), preferential
binding of negatively charged proteins (pl < 7) onto the SiNP
surfaces was reported. The protein size also played a signifi-
cant role: While proteins with a high molecular mass were
enriched on the NP surfaces as compared to their abundance in
the plasma, proteins with low molecular mass were less abun-
dant in the corona than in the surrounding plasma (Figure 5c,d).

Of all identified corona proteins 37% showed significant differ-
ences in their binding behavior towards the NP surface as the
NP size was altered. The proteins that show such size depend-
ence in their adsorption behavior are involved in all kinds of
biological processes, hence, they could not be attributed to a
functional class. Interestingly, they were able to identify indi-
vidual proteins (e.g., prothrombin or gelsolin) showing a higher
affinity for larger SiNPs (110 nm) but also other proteins (e.g.,
clusterin) with higher affinities to smaller SiNPs (20 nm).

Many other proteins such as immunoglobulin (Ig) G or actin
showed no dependence on the NP size. The complexity of
protein corona formation under physiological conditions is
impressively emphasized by this study: A single physical para-
meter such as the NP size can dramatically change the compos-
ition of the protein corona around NPs that are otherwise iden-
tical. Intriguingly, the detailed evaluation of the data did not
confirm the previously suggested [22,43,160,161] trivial link
between the binding profiles on the NPs and the relative protein

concentrations in the plasma.

The dynamics of corona formation and
composition

The physicochemical properties of the protein corona and its
evolution with time have been shown to affect the behavior of
nanoparticles in biological environments to a large extent
[1,11,28,162]. Our current understanding suggests that initially
a “soft” protein corona, with a highly dynamic exchange of
proteins, is formed around NPs. Changing its composition over
time, the “soft” corona slowly evolves to a “hard” corona with
less dynamic exchange [112,162,163]. Previous studies investi-
gating nanomaterial exposure to complex biological environ-
ments [3,8,41,112,162] have largely failed to allow for the
highly dynamic situation of physiological systems. Corona-
carrying NPs may need to instantly react to external stimuli
under such conditions as exemplified by considering the blood
system where processes controlling haemostasis and throm-

bosis may be triggered on a timescale of minutes [28].

Tenzer and co-workers [10] recently developed a new experi-
mental approach allowing for a time-resolved determination of
NP-specific fingerprints. This method, based on label-free
liquid chromatography mass spectrometry (LC-MS), allows for
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an insight into the time-evolution of the full serum protein
corona. Such information, especially for short exposure times,
is urgently needed to understand the interactions between NPs
and biological systems. Briefly, they used their LC-MS based
method to measure time-resolved corona compositions on silica
and polystyrene NPs in human serum. By using NPs of various
sizes (diameters of about 35, 120, 140 nm), and surface func-
tionalities (amine, carboxylate, unmodified), they were able to
provide insights into the consequences of these factors for

corona composition and dynamics.

They demonstrated in their study that coronas were formed very
rapidly, and showed an unexpected complexity regarding com-
position and dynamics on all of the NPs under investigation.
They quantitatively detected 166 different plasma proteins
within the corona after 0.5 min. The number of individual
proteins quantified in the corona increased to almost 300 on the
different types of NPs at prolonged exposure times (up to
480 min).

The previous understanding of such compositional changes has
been shaped by Vroman in 1962 [164] who described the time-
dependent composition of a protein layer. This description is
commonly referred to as “Vroman effect” and it suggests that
the bound protein layer is dominated by highly abundant
proteins at short exposure times which are later replaced by less
abundant proteins with a higher affinity to the surface [165].
The resulting dynamic exchange between bound and unbound
predicted by this model should, in this notion, be controlled by
the association and dissociation constants of various individual
proteins. As a consequence of this behavior, the abundance of
certain individual proteins within the protein surface layer
would increase or decrease with time. The results of Tenzer and
colleagues confirm this effect by identifying protein groups that
indeed show increased or reduced binding with an increasing
exposure time (see Figure 6).

However, not all binding kinetics found in their study seemed to
be solely explained by the Vroman effect: Individual proteins
showed a different behavior with a low abundance at short
exposure times, a peak “abundance” at intermediate times and
an again decrease abundance at long exposure times (Figure 6).
Other proteins were also observed to be highly abundant at
short and long exposure times with a minimal abundance at

intermediate exposure times.

A further intriguing aspect of their results was the finding that
the composition of the corona only changed in a quantitative
matter rather than in a qualitative fashion. From the complexity
of their findings, also with regard to effects of surface compos-

ition and size, it seems that the interplay of different physico-
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chemical parameters rather than individual factors govern the
overall situation. Since, in addition to the these factors, protein
exposure time was confirmed as a critical factor, a multi para-
meter classifier will likely be required to model NP—protein in-
teraction profiles in biological relevant environments [10,162].

A direct link between these findings and their (patho)biological
relevance was also established in this study by in vitro experi-
ments by using primary human cell models of the blood system.
Pristine NPs immediately affected the vitality of endothelial
cells, triggered thrombocyte activation and aggregation, and
resulted in hemolysis of erythrocytes. However, such pristine
NPs existed only for a very brief period of time in the bio-
logical environment. The formation of the biomolecular corona
around the NPs modulated their behavior: cells of the blood
system seemed to be protected against NP-induced (patho)bio-
logical processes by the presence of the corona and also cellular
uptake could be promoted [10].

Effect of the corona presence and

composition on cellular uptake

The effect of protein corona formation on the cellular uptake of
NPs has been in detail addressed by numerous studies
[2,5,7,10,12,166-169]. The current situation, largely relying
on in vitro findings, indicates that the presence of the corona
indeed alters the cellular response to NPs. For example, NP
opsonization with immunoglobulin reportedly promoted recep-
tor-mediated phagocytosis by macrophages [155]. The
presence of polyethylene glycol (PEG) was shown to suppress
protein absorption resulting in a decreased uptake by macro-
phages [142] and longer circulation times in the blood as well

as altered bio-distribution upon injection in mice [155].

Attempts were also made to coat NPs by specific proteins. For
example, transferrin, well known to be internalized via its
cognate receptor, was used to create a protein corona and study
its effect on cellular uptake [11,12]. To elucidate how the pres-
ence of a protein adsorption layer around NPs affects their
cellular uptake, Jiang, Nienhaus et al. [12] compared the uptake
of small (diameter about 10 nm), carboxyl-functionalized
polymer-coated FePt NPs (fluorescently labeled by DY-636 dye
molecules in the polymer shell), by live HeLa cells in the pres-
ence or absence of human transferrin (TF) and human serum
albumin (HSA) in phosphate-buffered saline (PBS) medium.
They studied the uptake of the NPs by quantitative confocal
fluorescence microscopy. For comparison, they also studied the
cellular uptake of fluorescently labeled (ca. 1:1 ratio) trans-
ferrin and HSA molecules. Whilst transferrin was endocytosed
in significant amounts, HSA was barely internalized by HeLa
cells under otherwise identical conditions. In contrast, the

uncoated NPs were taken up in large amounts, whereas the
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presence of an HSA or transferrin corona both reduced the
amount of endocytosed NPs with the exact causes for this

behavior remaining uncertain.

Also focusing on the transferrin corona, Salvati, Dawson and
co-workers were able to demonstrate how transferrin-function-
alized NPs can lose their targeting capabilities when a biomole-
cule corona adsorbs on their surface [11]. They studied the
uptake of transferrin-decorated SiNPs with PEGS spacers by
AS549 lung epithelial cells. After adding bovine serum to their
experiments, proteins from the surrounding medium reportedly
formed a corona around their pre-functionalized NPs shielding
transferrin from binding to both its cognate receptors on cells
and also to soluble transferrin receptors. While NPs were still
taken up by the cells, the targeting specificity of transferrin was
lost. These findings underline very well, the complexity of the
situation where even protein mediated cell-targeting suffers
from corona formation under physiological conditions. Future
approaches need to work around these effects and a detailed

mechanistic knowledge is needed in order to do so.

In a different approach, Treuel, Nienhaus and co-workers [4]
studied the uptake of DHLA coated QDs by HeLa cells,
comparing the uptake of the as-synthesized NPs to the cellular
uptake of the same NPs carrying an HSA corona or a corona
consisting of aminated (HSAam) or succinylated (HSAsuc)
HSA, respectively, as described above. The cellular uptake was
studied by confocal fluorescence microscopy and fluorescence
intensities were quantified for the membrane associated and
intracellular fractions of QDs. Representative cell-images are
shown in Figure 7.

Their results revealed that the unfunctionalized NPs were taken
up in the largest amounts while the presence of all coronae
reduced the cellular uptake. A possible contribution to this
observation is that, in presence of free proteins, the cellular
endocytosis machinery was also occupied with internalization
of the freely dissolved protein. However, intriguing differences
were found between the effects of the different coronae, essen-
tially all consisting of HSA with just minor chemical modifica-
tions as described above.

Internalization of HSAam-coated NPs by the cells was com-
pletely suppressed within the sensitivity limits of their experi-
ment. In addition the time-dependent NP uptake by HeLa cells
was investigated, using spinning disk confocal microscopy. In
these experiments, all QDs were found to accumulate at the cell
membrane within minutes after exposure. However, the kinetic
analysis of this process showed characteristic times for QD
association to the membrane to differ by more than one order of

magnitude. Rate coefficients were also determined for internal-
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Figure 7: Fluorescence microscopy images (a—d) of the cellular
uptake of DHLA-QDs by Hela cells. Cells were incubated for 2 h with
10 nM QDs in PBS (a) without protein, (b) with 100 uM HSAsuc,

(c) with 100 pM native HSA and (d) with 100 pM HSAam (red: cell
membrane blue: nucleus, green: QDs). Scale bar: 10 ym. (e) Quanti-
fied evaluation of NP uptake after 2 h. Error bars represent standard
deviations due to variations between individual cells. Reprinted with
permission from [4]. Copyright 2014 American Chemical Society.

ization of NPs and varied less than a factor of 2. The combined
interpretation of their data, allowed them to deduce that the
overall uptake is controlled by the binding of the NP to the cell

membrane.

These findings will clearly help to design NPs for directed
cellular uptake. The notion that rather the kinetics of membrane
binding can be affected by the presence and nature of the
protein corona, than the kinetics of the actual endocytosis
process, allows novel strategies in this context. The role of this
finding for the passive uptake of NPs by cells, remains unre-
solved, however, NP-membrane interactions will likely also

play a central role here.

Conclusion

Significant progress has been made towards understanding the
protein corona formation around NPs, yet, the current state of
knowledge clearly emphasizes the continuous need for further
molecular-scale studies of protein adsorption to engineered
NPs.
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The effect of protein corona formation on colloidal stability has
been investigated and remains a very relevant problem for any
studies under physiological conditions. While we have
discussed first mechanistic insights in this review, further work
along these lines is needed in order to understand molecular
mechanisms and to identify the NP-related parameters
governing this behavior. Not only the efficiency of the corona
formation but possible individual proteins contribution to inter-
particle-bridging and denaturation of proteins may be decisive
factors in this respect. We have discussed recent advances
showing that protein adsorption can indeed be validly described
as an equilibrium process but we point out that this may
strongly depend on the properties of the NP surface and also on
the individual properties of different proteins. It remains a focus
of current research in this context to identify the possible para-
meters, conditions and forces that may cause deviations from a
pure equilibrium or lead to kinetic hindrance on specific NP
surfaces.

Size alone and, hence, surface curvature has been identified as
one factor governing the composition of the protein corona
under physiological conditions [8]. While the mechanistic
aspects of this finding remain unclear on a molecular scale, the
biological implications may be dramatic. As discussed here,
recent findings show that the interaction between corona
carrying NPs and the cellular plasma membrane plays a central
role for cellular uptake [4]. Moreover, it has been suggested that
smaller NPs need to exceed a critical threshold concentration on
the plasma membrane before the internalization process is trig-
gered [170]. Understanding the role of the physiological protein
corona and its NP-size dependent composition will clearly be an

important aspect of future work in this area.

The individual contribution of functional groups within proteins
has received some attention and a central aspect along these
lines will be our understanding of the relation between the
affinity of individual groups to the NP surface and the affinity
of the protein, which is additionally governed by avidity effects.
This remains a formidable task, since so many factors,
including protein unfolding, entropic effects and effects related
to the competitiveness of protein adsorption add further com-
plexity to this issue under physiological conditions.

First relations between NP and protein properties and the
resulting corona have been established amongst which the effect
of Coulomb interactions between NP surfaces and charged
patches on protein surfaces deserve special attention. The influ-
ence of this factor on the proteins affinity to the NP surface but
also on the nature of the resulting corona and on cellular uptake
has been demonstrated and the extent of this effect is indeed

striking. A major challenge in this respect is the link between
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the results from the idealized conditions of biophysical experi-
ments and the full complexity of the physiological situation. To
identify and understand the individual factors governing this
behavior is therefore an important task for future research in
this field. Understanding the delicate interplay of these indi-
vidual contributions in shaping the physiological situation is of
paramount importance, yet, the long and continuing struggle of
statistical mechanics in fully explaining the ensemble observa-
tions of thermodynamics serves as an impressive reminder of
the complexity that can arise from attempting such seemingly
trivial links.

The fact that the serum corona shows the complex temporal
effects discussed above which cannot fully be explained on a

molecular scale further underscores the complexity of the topic.

Understanding the formation and composition of the corona
remains a challenging task but also the biological consequences
of the corona and its composition need to be revealed in detail.
Establishing structure function-relationships linking NP prop-
erties to biological response therefore remains a still distant
goal despite the considerable achievements of the past years.
This knowledge is needed not only to understand and minimize
nano-toxicity but also to develop NPs for desired transport in
nano-medical applications.

Acknowledgements

Lennart Treuel, Michael Maskos and Roland Stauber gratefully
acknowledge the support of this work by the Deutsche
Forschungsgemeinschaft (DFG) within the priority programme
“Bio-Nano-Responses” (SPP1313). LT acknowledges support
by the Young Scientists Grant of the UDE and by the Bruno-
Werdelmann Foundation. The authors thank Julia S. Gebauer
for rendering the figure for the graphical abstract. The authors
thank Reinhard Zellner and G. Ulrich Nienhaus for valuable
discussions.

References

1. Nel, A. E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E. M. V;
Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M.
Nat. Mater. 2009, 8, 543-557. doi:10.1038/nmat2442

2. Lesniak, A.; Fenaroli, F.; Monopoli, M. P.; Aberg, C.; Dawson, K. A ;
Salvati, A. ACS Nano 2012, 6, 5845-5857. doi:10.1021/nn300223w

3. Monopoli, M. P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, |.;
Bombelli, F. B.; Dawson, K. A. J. Am. Chem. Soc. 2011, 133,
2525-2534. doi:10.1021/ja107583h

4. Treuel, L.; Brandholt, S.; Maffre, P.; Wiegele, S.; Shang, L.;
Nienhaus, G. U. ACS Nano 2014, 8, 503-513.
doi:10.1021/nn405019v

5. Treuel, L.; Jiang, X.; Nienhaus, G. U. J. R. Soc., Interface 2013, 10,
20120939. doi:10.1098/rsif.2012.0939

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Beilstein J. Nanotechnol. 2015, 6, 857-873.

Treuel, L.; Malissek, M. Interactions of nanoparticles with proteins:
Determination of equilibrium constants. In Cellular and Subcellular
Nanotechnology; Weissig, V.; Elbayoumi, T.; Olsen, M., Eds.;
Methods and Protocols, Vol. 991; Springer: New York, NY, USA,
2013; pp 225-235. doi:10.1007/978-1-62703-336-7_21

Treuel, L.; Nienhaus, G. U. Biophys. Rev. 2012, 4, 137-147.
doi:10.1007/s12551-012-0072-0

Tenzer, S.; Docter, D.; Rosfa, S.; Wlodarski, A.; Kuharev, J.;
Rekik, A.; Knauer, S. K.; Bantz, C.; Nawroth, T.; Bier, C.;
Sirirattanapan, J.; Mann, W.; Treuel, L.; Zellner, R.; Maskos, M.;
Schild, H.; Stauber, R. H. ACS Nano 2011, 5, 7155-7167.
doi:10.1021/nn201950e

Maffre, P.; Nienhaus, K.; Amin, F.; Parak, W. J.; Nienhaus, G. U.
Beilstein J. Nanotechnol. 2011, 2, 374-383. doi:10.3762/bjnano.2.43
Tenzer, S.; Docter, D.; Kuharev, J.; Musyanovych, A,; Fetz, V.;
Hecht, R.; Schlenk, F.; Fischer, D.; Kiouptsi, K.; Reinhardt, C.;
Landfester, K.; Schild, H.; Maskos, M.; Knauer, S. K.; Stauber, R. H.
Nat. Nanotechnol. 2013, 8, 772—781. doi:10.1038/nnano.2013.181
Salvati, A.; Pitek, A. S.; Monopoli, M. P.; Prapainop, K.;

Bombelli, F. B.; Hristov, D. R.; Kelly, P. M.; Aberg, C.; Mahon, E.;
Dawson, K. A. Nat. Nanotechnol. 2013, 8, 137-143.
doi:10.1038/nnano.2012.237

Jiang, X.; Weise, S.; Hafner, M.; Rocker, C.; Zhang, F.; Parak, W. J.;
Nienhaus, G. U. J. R. Soc., Interface 2010, 7, S5-S13.
doi:10.1098/rsif.2009.0272.focus

Grass, S.; Diendorf, J.; Gebauer, J. S.; Epple, M.; Treuel, L.

J. Nanosci. Nanotechnol. 2015, 15, 1591-1596.
doi:10.1166/jnn.2015.9143

Daniel, M.-C.; Astruc, D. Chem. Rev. 2004, 104, 293—-346.
doi:10.1021/cr030698+

Wawrzynczyk, D.; Bednarkiewicz, A.; Nyk, M.; Cichos, J.;
Karbowiak, M.; Hreniak, D.; Strek, W.; Samoc, M.

J. Nanosci. Nanotechnol. 2012, 12, 1886—1891.
doi:10.1166/jnn.2012.5202

Dey, T. J. Nanosci. Nanotechnol. 2006, 6, 2479-2483.
doi:10.1166/jnn.2006.534

Wunder, S.; Lu, Y.; Albrecht, M.; Ballauff, M. ACS Catal. 2011, 1,
908-916. doi:10.1021/cs200208a

Lauterbach, J.; Haas, G.; Rotermund, H. H.; Ertl, G. Surf. Sci. 1993,
294, 116-130. doi:10.1016/0039-6028(93)90165-G

Bao, X.; Muhler, M.; Pettinger, B.; Uchida, Y.; Lehmpfuhl, G;
Schlég, R.; Ertl, G. Catal. Lett. 1995, 32, 171-183.
doi:10.1007/BF00806112

Wunder, S.; Polzer, F.; Lu, Y.; Mei, Y.; Ballauff, M. J. Phys. Chem. C
2010, 7174, 8814-8820. doi:10.1021/jp101125j

Somorjai, G. A.; Park, J. Y. Angew. Chem., Int. Ed. 2008, 47,
9212-9228. doi:10.1002/anie.200803181

Cedervall, T.; Lynch, I.; Lindman, S.; Berggard, T.; Thulin, E.;
Nilsson, H.; Dawson, K. A,; Linse, S. Proc. Natl. Acad. Sci. U. S. A.
2007, 104, 2050-2055. doi:10.1073/pnas.0608582104

Misra, S. K.; Dybowska, A.; Berhanu, D.; Luoma, S. N.;
Valsami-Jones, E. Sci. Total Environ. 2012, 438, 225-232.
doi:10.1016/j.scitotenv.2012.08.066

Diedrich, T.; Dybowska, A.; Schott, J.; Valsami-Jones, E.;

Oelkers, E. H. Environ. Sci. Technol. 2012, 46, 4909-4915.
doi:10.1021/es2045053

Kittler, S.; Greulich, C.; Diendorf, J.; Koller, M.; Epple, M.

Chem. Mater. 2010, 22, 4548-4554. doi:10.1021/cm100023p

869


http://dx.doi.org/10.1038%2Fnmat2442
http://dx.doi.org/10.1021%2Fnn300223w
http://dx.doi.org/10.1021%2Fja107583h
http://dx.doi.org/10.1021%2Fnn405019v
http://dx.doi.org/10.1098%2Frsif.2012.0939
http://dx.doi.org/10.1007%2F978-1-62703-336-7_21
http://dx.doi.org/10.1007%2Fs12551-012-0072-0
http://dx.doi.org/10.1021%2Fnn201950e
http://dx.doi.org/10.3762%2Fbjnano.2.43
http://dx.doi.org/10.1038%2Fnnano.2013.181
http://dx.doi.org/10.1038%2Fnnano.2012.237
http://dx.doi.org/10.1098%2Frsif.2009.0272.focus
http://dx.doi.org/10.1166%2Fjnn.2015.9143
http://dx.doi.org/10.1021%2Fcr030698%2B
http://dx.doi.org/10.1166%2Fjnn.2012.5202
http://dx.doi.org/10.1166%2Fjnn.2006.534
http://dx.doi.org/10.1021%2Fcs200208a
http://dx.doi.org/10.1016%2F0039-6028%2893%2990165-G
http://dx.doi.org/10.1007%2FBF00806112
http://dx.doi.org/10.1021%2Fjp101125j
http://dx.doi.org/10.1002%2Fanie.200803181
http://dx.doi.org/10.1073%2Fpnas.0608582104
http://dx.doi.org/10.1016%2Fj.scitotenv.2012.08.066
http://dx.doi.org/10.1021%2Fes2045053
http://dx.doi.org/10.1021%2Fcm100023p

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Xia, T.; Kovochich, M.; Liong, M.; Mé&dler, L.; Gilbert, B.; Shi, H,;
Yeh, J. |; Zink, J. |.; Nel, A. E. ACS Nano 2008, 2, 2121-2134.
doi:10.1021/nn80051 1k

Vogelsberger, W. J. Phys. Chem. B 2003, 107, 9669-9676.
doi:10.1021/jp030347z

Aggarwal, P.; Hall, J. B.; McLeland, C. B.; Dobrovolskaia, M. A,;
McNeil, S. E. Adv. Drug Delivery Rev. 2009, 61, 428—437.
doi:10.1016/j.addr.2009.03.009

Kaiser, J.; Leppert, L.; Welz, H.; Polzer, F.; Wunder, S.;

Wanderka, N.; Albrecht, M.; Lunkenbein, T.; Breu, J.; Kim, S.; Lu, Y.;
Ballauff, M. Phys. Chem. Chem. Phys. 2012, 14, 6487—-6495.
doi:10.1039/c2cp23974d

Murzin, D. Yu. Catal. Sci. Technol. 2011, 1, 380.
doi:10.1039/c0cy00084a

Sonstréom, P.; Arndt, D.; Wang, X.; Zielasek, V.; Baumer, M.
Angew. Chem., Int. Ed. 2011, 50, 3888-3891.
doi:10.1002/anie.201004573

Sonstrom, P.; Baumer, M. Phys. Chem. Chem. Phys. 2011, 13,
19270. doi:10.1039/c1cp22048a

Zhou, X.; Xu, W.; Liu, G.; Panda, D.; Chen, P. J. Am. Chem. Soc.
2010, 132, 138—-146. doi:10.1021/ja904307n

Fu, Q.; Li, W.-X,; Yao, Y.; Liu, H.; Su, H.-Y.; Ma, D.; Gu, X. K,;
Chen, L.; Wang, Z.; Zhang, H.; Wang, B.; Bao, X. Science 2010, 328,
1141-1144. doi:10.1126/science.1188267

Colvin, V. L.; Kulinowski, K. M. Proc. Natl. Acad. Sci. U. S. A. 2007,
104, 8679-8680. doi:10.1073/pnas.0703194104

Grass, S.; Treuel, L. J. Nanopart. Res. 2014, 16, 2254.
doi:10.1007/s11051-014-2254-0

Hofbauer, F.; Frank, I. Chem. — Eur. J. 2010, 16, 5097-5101.
doi:10.1002/chem.200902831

Xia, T.; Kovochich, M.; Brant, J.; Hotze, M.; Sempf, J.; Oberley, T.;
Sioutas, C.; Yeh, J. |.; Wiesner, M. R.; Nel, A. E. Nano Lett. 2006, 6,
1794-1807. doi:10.1021/nl061025k

Shin, S.; Yoon, H.; Jang, J. Catal. Commun. 2008, 10, 178—182.
doi:10.1016/j.catcom.2008.08.027

Zhang, S.; Zhao, X.; Niu, H.; Shi, Y.; Cai, Y.; Jiang, G.

J. Hazard. Mater. 2009, 167, 560-566.
doi:10.1016/j.jhazmat.2009.01.024

Cho, E. C.; Zhang, Q.; Xia, Y. Nat. Nanotechnol. 2011, 6, 385-391.
doi:10.1038/nnano.2011.58

Jiang, J.; Oberdérster, G.; Elder, A.; Gelein, R.; Mercer, P.; Biswas, P.

Nanotoxicology 2008, 2, 33—42. doi:10.1080/17435390701882478
Lundqyvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T;

Dawson, K. A. Proc. Natl. Acad. Sci. U. S. A. 2008, 105,
14265-14270. doi:10.1073/pnas.0805135105

Albanese, A.; Tang, P. S.; Chan, W. C. W. Annu. Rev. Biomed. Eng.
2012, 14, 1-16. doi:10.1146/annurev-bioeng-071811-150124
Eigenheer, R.; Castellanos, E. R.; Nakamoto, M. Y.; Gerner, K. T;
Lampe, A. M.; Wheeler, K. E. Environ. Sci.: Nano 2014, 1, 238-247.
doi:10.1039/C4ENO0002A

Dell’Orco, D.; Lundqvist, M.; Linse, S.; Cedervall, T. Nanomedicine
2014, 9, 851-858. doi:10.2217/nnm.14.39

Treuel, L.; Malissek, M.; Gebauer, J. S.; Zellner, R. ChemPhysChem
2010, 77, 3093-3099. doi:10.1002/cphc.201000174

Medintz, I. L.; Konnert, J. H.; Clapp, A. R.; Stanish, |.; Twing, M. E.;
Mattoussi, H.; Mauro, J. M.; Deschamps, J. R.

Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 9612-9617.
doi:10.1073/pnas.0403343101

Roach, P.; Farrar, D.; Perry, C. C. J. Am. Chem. Soc. 2006, 128,
3939-3945. doi:10.1021/ja056278e

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Beilstein J. Nanotechnol. 2015, 6, 857-873.

Aubin-Tam, M.-E.; Hamad-Schifferli, K. Langmuir 2005, 21,
12080-12084. doi:10.1021/1a052102¢

Aubin-Tam, M.-E.; Hamad-Schifferli, K. Biomed. Mater. 2008, 3,
034001. doi:10.1088/1748-6041/3/3/034001

Zhou, H. S.; Aoki, S.; Honma, |.; Hirasawa, M.; Nagamune, T;
Komiyama, H. Chem. Commun. 1997, 605-606.
doi:10.1039/a607451k

Gebauer, J. S.; Malissek, M.; Simon, S.; Knauer, S. K.; Maskos, M.;
Stauber, R. H.; Peukert, W.; Treuel, L. Langmuir 2012, 28,
9673-9679. doi:10.1021/1a301104a

Gagner, J. E.; Lopez, M. D.; Dordick, J. S.; Siegel, R. W. Biomaterials
2011, 32, 7241-7252. doi:10.1016/j.biomaterials.2011.05.091
Laera, S.; Ceccone, G.; Rossi, F.; Gillland, D.; Hussain, R.;
Siligardi, G.; Calzolai, L. Nano Lett. 2011, 11, 4480-4484.
doi:10.1021/n1202909s

Shemetov, A. A.; Nabiev, |.; Sukhanova, A. ACS Nano 2012, 6,
4585-4602. doi:10.1021/nn300415x

Bos, M. A; Shervani, Z.; Anusiem, A. C. |.; Giesbers, M.; Norde, W.;
Kleijn, J. M. Colloids Surf., B 1994, 3, 91-100.
doi:10.1016/0927-7765(93)01109-5

Kleijn, M.; Norde, W. Heterog. Chem. Rev. 1995, 2, 157-172.

van der Veen, M.; Stuart, M. C.; Norde, W. Colloids Surf., B 2007, 54,
136-142. doi:10.1016/j.colsurfb.2006.08.017

Klein, J. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 2029-2030.
doi:10.1073/pnas.0611610104

Lynch, I.; Dawson, K. A;; Linse, S. Sci. STKE 2006, 2006, 14.
doi:10.1126/stke.3272006pe14

Linse, S.; Cabaleiro-Lago, C.; Xue, W.-F.; Lynch, |.; Lindman, S;
Thulin, E.; Radford, S. E.; Dawson, K. A.

Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 8691-8696.
doi:10.1073/pnas.0701250104

Vertegel, A. A; Siegel, R. W.; Dordic, J. S. Langmuir 2004, 20,
6800-6807. doi:10.1021/1a0497200

Rodriguez, C. E.; Fukuto, J. M.; Taguchi, K.; Froines, J.; Cho, A. K.
Chem.-Biol. Interact. 2005, 155, 97—110.
doi:10.1016/j.cbi.2005.05.002

Baron, M. H.; Revault, M.; Servagent-Noinville, S.; Abadie, J.;
Qui-Quampoix, H. J. J. Colloid Interface Sci. 1999, 214, 319-332.
doi:10.1006/jcis.1999.6189

Brandes, N.; Welzel, P. B.; Werner, C.; Kroh, L. W.

J. Colloid Interface Sci. 2006, 299, 56—69.
doi:10.1016/j.jcis.2006.01.065

Devlin, G. L.; Knowles, T. P. J.; Squires, A.; McCammon, M. G.;
Gras, S. L.; Nilsson, M. R.; Robinson, C. V.; Dobson, C. M.;
MacPhee, C. E. J. Mol. Biol. 2006, 360, 497-509.
doi:10.1016/j.jmb.2006.05.007

Dong, J.; Wan, Z.; Popov, M.; Carey, P. R.; Weiss, M. A. J. Mol. Biol.
2003, 330, 431-442. doi:10.1016/S0022-2836(03)00536-9

Schein, C. H. Bio/Technology 1990, 8, 308-317.
doi:10.1038/nbt0490-308

Pace, C. N.; Trevifio, S.; Prabhakaran, E.; Scholtz, J. M.

Philos. Trans. R. Soc. London 2004, 359, 1225-1235.
doi:10.1098/rstb.2004.1500

des Rieux, A.; Fievez, V.; Garinot, M.; Schneider, Y.-J.; Préat, V.

J. Controlled Release 2006, 116, 1-27.
doi:10.1016/j.jconrel.2006.08.013

Yan, M,; Du, J.; Gu, Z,; Liang, M.; Hu, Y.; Zhang, W.; Priceman, S.;
Wu, L.; Hong Zhou, Z.; Liu, H.; Segura, T.; Tang, Y.; Lu, Y.

Nat. Nanotechnol. 2010, 5, 48-53. doi:10.1038/nnano.2009.341

870


http://dx.doi.org/10.1021%2Fnn800511k
http://dx.doi.org/10.1021%2Fjp030347z
http://dx.doi.org/10.1016%2Fj.addr.2009.03.009
http://dx.doi.org/10.1039%2Fc2cp23974d
http://dx.doi.org/10.1039%2Fc0cy00084a
http://dx.doi.org/10.1002%2Fanie.201004573
http://dx.doi.org/10.1039%2Fc1cp22048a
http://dx.doi.org/10.1021%2Fja904307n
http://dx.doi.org/10.1126%2Fscience.1188267
http://dx.doi.org/10.1073%2Fpnas.0703194104
http://dx.doi.org/10.1007%2Fs11051-014-2254-0
http://dx.doi.org/10.1002%2Fchem.200902831
http://dx.doi.org/10.1021%2Fnl061025k
http://dx.doi.org/10.1016%2Fj.catcom.2008.08.027
http://dx.doi.org/10.1016%2Fj.jhazmat.2009.01.024
http://dx.doi.org/10.1038%2Fnnano.2011.58
http://dx.doi.org/10.1080%2F17435390701882478
http://dx.doi.org/10.1073%2Fpnas.0805135105
http://dx.doi.org/10.1146%2Fannurev-bioeng-071811-150124
http://dx.doi.org/10.1039%2FC4EN00002A
http://dx.doi.org/10.2217%2Fnnm.14.39
http://dx.doi.org/10.1002%2Fcphc.201000174
http://dx.doi.org/10.1073%2Fpnas.0403343101
http://dx.doi.org/10.1021%2Fja056278e
http://dx.doi.org/10.1021%2Fla052102e
http://dx.doi.org/10.1088%2F1748-6041%2F3%2F3%2F034001
http://dx.doi.org/10.1039%2Fa607451k
http://dx.doi.org/10.1021%2Fla301104a
http://dx.doi.org/10.1016%2Fj.biomaterials.2011.05.091
http://dx.doi.org/10.1021%2Fnl202909s
http://dx.doi.org/10.1021%2Fnn300415x
http://dx.doi.org/10.1016%2F0927-7765%2893%2901109-5
http://dx.doi.org/10.1016%2Fj.colsurfb.2006.08.017
http://dx.doi.org/10.1073%2Fpnas.0611610104
http://dx.doi.org/10.1126%2Fstke.3272006pe14
http://dx.doi.org/10.1073%2Fpnas.0701250104
http://dx.doi.org/10.1021%2Fla0497200
http://dx.doi.org/10.1016%2Fj.cbi.2005.05.002
http://dx.doi.org/10.1006%2Fjcis.1999.6189
http://dx.doi.org/10.1016%2Fj.jcis.2006.01.065
http://dx.doi.org/10.1016%2Fj.jmb.2006.05.007
http://dx.doi.org/10.1016%2FS0022-2836%2803%2900536-9
http://dx.doi.org/10.1038%2Fnbt0490-308
http://dx.doi.org/10.1098%2Frstb.2004.1500
http://dx.doi.org/10.1016%2Fj.jconrel.2006.08.013
http://dx.doi.org/10.1038%2Fnnano.2009.341

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Liu, L.; Xu, K.; Wang, H.; Tan, P. K. J.; Fan, W.; Venkatraman, S. S.;
Li, L.; Yang, Y.-Y. Nat. Nanotechnol. 2009, 4, 457-463.
doi:10.1038/nnano.2009.153

Treuel, L.; Eslahian, K. A.; Docter, D.; Lang, T.; Zellner, R.;
Nienhaus, K.; Nienhaus, G. U.; Stauber, R. H.; Maskos, M.

Phys. Chem. Chem. Phys. 2014, 16, 15053—15067.
doi:10.1039/c4cp00058g

Treuel, L.; Nienhaus, G. U. Nanoparticle interaction with plasma
proteins as it relates to biodistribution. In Handbook of immunological
properties of engineered nanomaterials; Dobrovolskaia, M.;

McNeil, S., Eds.; Frontiers in Nanobiomedical Research, Vol. 1; World
Scientific Publishing Co Pte Ltd, 2013; pp 151-172.
doi:10.1142/9789814390262_0006

Royer, C. A. Chem. Rev. 2006, 106, 1769-1784.
doi:10.1021/cr0404390

Matyus, L.; Sz6ll6si, J.; Jenei, A. J. Photochem. Photobiol., B: Biol.
2006, 83, 223-236. doi:10.1016/j.jphotobiol.2005.12.017

Wang, T.; Bai, J.; Jiang, X.; Nienhaus, G. U. ACS Nano 2012, 6,
1251-1259. doi:10.1021/nn203892h

Shao, M.; Lu, L.; Wang, H.; Luo, S.; Duo Duo Ma, D. Microchim. Acta
2009, 764, 157—160. doi:10.1007/s00604-008-0051-0

Shang, L.; Wang, Y.; Jiang, J.; Dong, S. Langmuir 2007, 23,
2714-2721. doi:10.1021/1a062064e

Treuel, L.; Malissek, M.; Grass, S.; Diendorf, J.; Mahl, D.;
Meyer-Zaika, W.; Epple, M. J. Nanopart. Res. 2012, 14, 1102—-1114.
doi:10.1007/s11051-012-1102-3

Nienhaus, G. U., Ed. Protein-ligand interactions; Methods in Molecular
Biology, Vol. 305; Humana Press: New York, NY, USA, 2005.
doi:10.1385/1592599125

Baier, G.; Costa, C.; Zeller, A.; Baumann, D.; Sayer, C.;

Araujo, P. H. H.; Mailander, V.; Musyanovych, A.; Landfester, K.
Macromol. Biosci. 2011, 11, 628-638. doi:10.1002/mabi.201000395
Cheng, Y.; Wang, M.; Borghs, G.; Chen, H. Langmuir 2011, 27,
7884-7891. doi:10.1021/1a200840m

Printz, M.; Friess, W. J. Pharm. Sci. 2012, 101, 826-837.
doi:10.1002/jps.22808

Mori, S.; Barth, H. G. Size exclusion chromatography; Springer:
Berlin, Germany, 1999. doi:10.1007/978-3-662-03910-6

Carpenter, J. F.; Randolph, T. W.; Jiskoot, W.; Crommelin, D. J. A,;
Middaugh, C. R.; Winter, G. J. Pharm. Sci. 2010, 99, 2200-2208.
doi:10.1002/jps.21989

Vogt, A.; D'Angelo, C.; Oswald, F.; Denzel, A.; Mazel, C. H.;

Matz, M. V.; lvanchenko, S.; Nienhaus, G. U.; Wiedenmann, J.
PLoS One 2008, 3, No. €3766. doi:10.1371/journal.pone.0003766
Wiedenmann, J.; lvanchenko, S.; Oswald, F.; Nienhaus, G. U.

Mar. Biotechnol. 2004, 6, 270-277. doi:10.1007/s10126-004-3006-4
Wiedenmann, J.; Schenk, A.; Rocker, C.; Girod, A.; Spindler, K.-D.;
Nienhaus, G. U. Proc. Natl. Acad. Sci. U. S. A. 2002, 99,
11646-11651. doi:10.1073/pnas.182157199

Kim, H.; Andrieux, K.; Delomenie, C.; Chacun, H.; Appel, M,;
Desmaéle, D.; Taran, F.; Georgin, D.; Couvreur, P.; Taverna, M.
Electrophoresis 2007, 28, 2252-2261. doi:10.1002/elps.200600694
Goppert, T. M.; Miller, R. H. Eur. J. Pharm. Biopharm. 2005, 60,
361-372. doi:10.1016/j.ejpb.2005.02.006

Goppert, T. M.; Miller, R. H. J. Drug Targeting 2005, 13, 179-187.
doi:10.1080/10611860500071292

Lick, M.; Paulke, B. R.; Schroder, W.; Blunk, T.; Miller, R. H.

J. Biomed. Mater. Res. 1998, 39, 478—485.
doi:10.1002/(SICI)1097-4636(19980305)39:3<478::AID-JBM19>3.0.C
0;2-6

Beilstein J. Nanotechnol. 2015, 6, 857-873.

95. Seehof, K.; Kresse, M.; Mader, K.; Miller, R. H. Int. J. Pharm. 2000,
196, 231-234. doi:10.1016/S0378-5173(99)00429-9

96. Diederichs, J. E. Electrophoresis 1996, 17, 607—611.
doi:10.1002/elps.1150170332

97. Gref, R.; Lick, M.; Quellec, P.; Marchand, M.; Dellacherie, E.;
Harnisch, S.; Blunk, T.; Muller, R. H. Colloids Surf., B 2000, 18,
301-313. doi:10.1016/S0927-7765(99)00156-3

98. Lemarchand, C.; Gref, R.; Passirani, C.; Garcion, E.; Petri, B.;
Miiller, R. H.; Costantini, D.; Couvreur, P. Biomaterials 2006, 27,
108-118. doi:10.1016/j.biomaterials.2005.04.041

99. Distler, U.; Kuharev, J.; Navarro, P.; Levin, Y.; Schild, H.; Tenzer, S.
Nat. Methods 2014, 11, 167—170. doi:10.1038/nmeth.2767

100.Cho, K.; Lee, Y.; Lee, C.-H.; Lee, K.; Kim, Y.; Choi, H.; Ryu, P.-D;
Lee, S.Y.; Joo, S.-W. J. Phys. Chem. C 2008, 112, 8629-8633.
doi:10.1021/jp801078m

101.Jiang, J.; Oberdérster, G.; Biswas, P. J. Nanopart. Res. 2009, 11,
77-99. doi:10.1007/s11051-008-9446-4

102.Gebauer, J. S.; Treuel, L. J. Colloid Interface Sci. 2011, 354,
546-554. doi:10.1016/j.jcis.2010.11.016

103.del Pino, P.; Pelaz, B.; Zhang, Q.; Maffre, P.; Nienhaus, G. U;
Parak, W. J. Mater. Horiz. 2014, 1, 301-313.
doi:10.1039/C3MH00106G

104.Segets, D.; Marczak, R.; Schéfer, S.; Paula, C.; Gnichwitz, J.-F;
Hirsch, A.; Peukert, W. ACS Nano 2011, 5, 4658—4669.
doi:10.1021/nn200465b

105.Kohut, A.; Voronov, A.; Peukert, W. Langmuir 2007, 23, 504-508.
doi:10.1021/1a062465u

106.Derjaguin, B.; Landau, L. Acta Physicochim. URSS 1941, 14, 633.

107.Verwey, E.; Overbeek, J. Theory of the stability of lyophobic colloids;
Elsevier: Amsterdam, Netherlands, 1948.

108.Gregory, J. Adv. Colloid Interface Sci. 2009, 147-148, 109-123.
doi:10.1016/j.cis.2008.09.003

109.Yaffe, N.; Ingram, A.; Graham, D.; Blancha, E. J. Raman Spectrosc.
2010, 41, 618-662. doi:10.1002/jrs.2495

110.Cedervall, T.; Lynch, I.; Foy, M.; Berggard, T.; Donnelly, S. C.;
Cagney, G.; Linse, S.; Dawson, K. A. Angew. Chem., Int. Ed. 2007,
46, 5754-5756. doi:10.1002/anie.200700465

111.Rdcker, C.; Pétzl, M.; Zhang, F.; Parak, W. J.; Nienhaus, G. U.
Nat. Nanotechnol. 2009, 4, 577-580. doi:10.1038/nnano.2009.195

112.Monopoli, M. P.; Baldelli Bombelli, F.; Dawson, K. A.
Nat. Nanotechnol. 2011, 6, 11-12. doi:10.1038/nnano.2010.267

113.Kittler, S.; Greulich, C.; Gebauer, J. S.; Diendorf, J.; Treuel, L.;
Ruiz, L.; Gonzalez-Calbet, J. M.; Vallet-Regi, M.; Zellner, R.;
Koéller, M.; Epple, M. J. Mater. Chem. 2010, 20, 512-518.
doi:10.1039/B914875B

114.Wall, S. Solid dispersion. In Handbook of applied surface and colloid
chemistry; Holmberg, K., Ed.; John Wiley & Sons: New York, NY,
USA, 2001.

115.Derjaguin, B. V.; Storozhilova, A. |.; Rabinovich, Ya. I.
J. Colloid Interface Sci. 1966, 21, 35-58.
doi:10.1016/0095-8522(66)90079-1

116.Gelamo, E. L.; Silva, C. H. T. P.; Imasato, H.; Tabak, M.
Biochim. Biophys. Acta, Protein Struct. Mol. Enzymol. 2002, 1594,
84-99. doi:10.1016/S0167-4838(01)00287-4

117.Goutelle, S.; Maurin, M.; Rougier, F.; Barbaut, X.; Bourguignon, L.;
Ducher, M.; Maire, P. Fundam. Clin. Pharmacol. 2008, 22, 633-648.
doi:10.1111/j.1472-8206.2008.00633.x

118.Hill, A. V. J. Physiol. 1910, 40, 4-7.

119.Schulte, J. P.; Grass, S.; Treuel, L. J. Raman Spectrosc. 2013, 44,
247-254. doi:10.1002/jrs.4190

871


http://dx.doi.org/10.1038%2Fnnano.2009.153
http://dx.doi.org/10.1039%2Fc4cp00058g
http://dx.doi.org/10.1142%2F9789814390262_0006
http://dx.doi.org/10.1021%2Fcr0404390
http://dx.doi.org/10.1016%2Fj.jphotobiol.2005.12.017
http://dx.doi.org/10.1021%2Fnn203892h
http://dx.doi.org/10.1007%2Fs00604-008-0051-0
http://dx.doi.org/10.1021%2Fla062064e
http://dx.doi.org/10.1007%2Fs11051-012-1102-3
http://dx.doi.org/10.1385%2F1592599125
http://dx.doi.org/10.1002%2Fmabi.201000395
http://dx.doi.org/10.1021%2Fla200840m
http://dx.doi.org/10.1002%2Fjps.22808
http://dx.doi.org/10.1007%2F978-3-662-03910-6
http://dx.doi.org/10.1002%2Fjps.21989
http://dx.doi.org/10.1371%2Fjournal.pone.0003766
http://dx.doi.org/10.1007%2Fs10126-004-3006-4
http://dx.doi.org/10.1073%2Fpnas.182157199
http://dx.doi.org/10.1002%2Felps.200600694
http://dx.doi.org/10.1016%2Fj.ejpb.2005.02.006
http://dx.doi.org/10.1080%2F10611860500071292
http://dx.doi.org/10.1002%2F%28SICI%291097-4636%2819980305%2939%3A3%3C478%3A%3AAID-JBM19%3E3.0.CO%3B2-6
http://dx.doi.org/10.1002%2F%28SICI%291097-4636%2819980305%2939%3A3%3C478%3A%3AAID-JBM19%3E3.0.CO%3B2-6
http://dx.doi.org/10.1016%2FS0378-5173%2899%2900429-9
http://dx.doi.org/10.1002%2Felps.1150170332
http://dx.doi.org/10.1016%2FS0927-7765%2899%2900156-3
http://dx.doi.org/10.1016%2Fj.biomaterials.2005.04.041
http://dx.doi.org/10.1038%2Fnmeth.2767
http://dx.doi.org/10.1021%2Fjp801078m
http://dx.doi.org/10.1007%2Fs11051-008-9446-4
http://dx.doi.org/10.1016%2Fj.jcis.2010.11.016
http://dx.doi.org/10.1039%2FC3MH00106G
http://dx.doi.org/10.1021%2Fnn200465b
http://dx.doi.org/10.1021%2Fla062465u
http://dx.doi.org/10.1016%2Fj.cis.2008.09.003
http://dx.doi.org/10.1002%2Fjrs.2495
http://dx.doi.org/10.1002%2Fanie.200700465
http://dx.doi.org/10.1038%2Fnnano.2009.195
http://dx.doi.org/10.1038%2Fnnano.2010.267
http://dx.doi.org/10.1039%2FB914875B
http://dx.doi.org/10.1016%2F0095-8522%2866%2990079-1
http://dx.doi.org/10.1016%2FS0167-4838%2801%2900287-4
http://dx.doi.org/10.1111%2Fj.1472-8206.2008.00633.x
http://dx.doi.org/10.1002%2Fjrs.4190

120.Suh, J. S.; Moskovits, M. J. Am. Chem. Soc. 1986, 108, 4711-4718.
doi:10.1021/ja00276a005

121.Cotton, T. M.; Kim, J.-H.; Chumanov, G. D. J. Raman Spectrosc.
1991, 22, 729-742. doi:10.1002/jrs.1250221203

122.Schlicker, S. ChemPhysChem 2009, 10, 1344—1354.
doi:10.1002/cphc.200900119

123.Stiles, P. L.; Dieringer, J. A.; Shah, N. C.; van Duyne, R. P.
Annu. Rev. Anal. Chem. 2008, 1, 601-626.
doi:10.1146/annurev.anchem.1.031207.112814

124.Sharma, B.; Frontiera, R. R.; Henry, A.-l.; Ringe, E.; Van Duyne, R. P.

Mater. Today 2012, 15, 16-25. doi:10.1016/S1369-7021(12)70017-2

125.Schllcker, S. Surface enhanced Raman spectroscopy - analytical,
biophysical and life science applications; Wiley-VCH: Weinheim,
Germany, 2010.

126.Le Ru, E.; Etchegoin, P. Principles of surface-enhanced raman
spectroscopy and related plasmonic effects; Elsevier: Amsterdam,
Netherlands, 2009; Vol. 1.

127.Cotton, T. M.; Uphaus, R. A.; Mobius, D. J. Phys. Chem. 1986, 90,
6071-6073. doi:10.1021/j100281a003

128.Nel, A; Xia, T.; Madler, L.; Li, N. Science 2006, 311, 622—-627.
doi:10.1126/science.1114397

129.Kostarelos, K.; Bianco, A.; Prato, M. Nat. Nanotechnol. 2009, 4,
627-633. doi:10.1038/nnano.2009.241

130.Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chem. Rev. 2006,
106, 1105-1136. doi:10.1021/cr0505690

131.Hamman, J. H.; Enslin, G. M.; Kotzé, A. F. BioDrugs 2005, 19,
165-177. doi:10.2165/00063030-200519030-00003

132.Galindo-Rodriguez, S. A.; Allemann, E.; Fessi, H.; Doelker, E.
Crit. Rev. Ther. Drug Carrier Syst. 2005, 22, 419-464.
doi:10.1615/CritRevTherDrugCarrierSyst.v22.i5.10

133.Ghosh, P.; Han, G.; De, M.; Kim, C. K.; Rotello, V. M.
Adv. Drug Delivery Rev. 2008, 60, 1307—-1315.
doi:10.1016/j.addr.2008.03.016

134.Gan, Z; Yu, D.; Zhong, Z.; Liang, Q.; Jing, X. Polymer 1999, 40,
2859-2862. doi:10.1016/S0032-3861(98)00549-7

135.Leroueil-Le Verger, M.; Fluckiger, L.; Kim, Y.-l.; Hoffmann, M.;
Maincent, P. Eur. J. Pharm. Biopharm. 1998, 46, 137-143.
doi:10.1016/S0939-6411(98)00015-0

136.Janes, K. A_; Fresneau, M. P.; Marazuela, A.; Fabra, A.; Alonso, M. J.

J. Controlled Release 2001, 73, 255-267.
doi:10.1016/S0168-3659(01)00294-2

137.van der Lubben, I. M.; Verhoef, J. C.; Borchard, G.; Junginger, H. E.
Adv. Drug Delivery Rev. 2001, 73, 139-144.
doi:10.1016/S0169-409X(01)00197-1

138.Prego, C.; Garcia, M.; Torres, D.; Alonso, M. J. J. Controlled Release
2005, 1701, 151-162. doi:10.1016/j.jconrel.2004.07.030

139.Vila, A.; Sanchez, A.; Janes, K.; Behrens, |.; Kisel, T.; Vila Jato, J. L.;
Alonso, M. J. Eur. J. Pharm. Biopharm. 2004, 57, 123—131.
doi:10.1016/j.ejpb.2003.09.006

140.Balthasar, S.; Michaelis, K.; Dinauer, N.; von Kreuter, J.; Langer, K.
Biomaterials 2005, 26, 2723-2732.
doi:10.1016/j.biomaterials.2004.07.047

141.Johnson, F. A;; Craig, D. Q.; Mercer, A. D. J. Pharm. Pharmacol.
1997, 49, 639-643. doi:10.1111/1.2042-7158.1997.tb06085.x

142.Kah, J. C. Y.; Wong, K. Y.; Neoh, K. G,; Song, J. H.; Fu, J. W. P;
Mhaisalkar, S.; Olivo, M.; Sheppard, C. J. R. J. Drug Targeting 2009,
17, 181-193. doi:10.1080/10611860802582442

143.Harris, J. M.; Martin, N. E.; Modi, M. Clin. Pharmacokinet. 2001, 40,
539-551. doi:10.2165/00003088-200140070-00005

Beilstein J. Nanotechnol. 2015, 6, 857-873.

144.Bailon, P.; Won, C. Y. Expert Opin. Drug Delivery 2009, 6, 1-16.
doi:10.1517/17425240802650568
145.Kreyling, W. G.; Semmler, M.; Moller, W. J. Aerosol Med. 2004, 17,

140-152. doi:10.1089/0894268041457147
146.0berdorster, G.; Oberdorster, E.; Oberdorster, J.

Environ. Health Perspect. 2005, 113, 823—-839. doi:10.1289/ehp.7339
147.Abbas, K.; Cydzik, |.; Del Torchio, R.; Farina, M.; Forti, E.; Gibson, N.;

Holzwarth, U.; Simonelli, F.; Kreyling, W. G. J. Nanopart. Res. 2010,

12, 2435-2443. doi:10.1007/s11051-009-9806-8
148.Poland, C. A,; Duffin, R.; Kinloch, I.; Maynard, A.; Wallace, W. A. H.;

Seaton, A.; Stone, V.; Brown, S.; MacNee, W.; Donaldson, K.

Nat. Nanotechnol. 2008, 3, 423—428. doi:10.1038/nnano.2008.111
149.0berdorster, G.; Maynard, A.; Donaldson, K.; Castranova, V.;

Fitzpatrick, J.; Ausman, K.; Carter, J.; Karn, B.; Kreyling, W. G;

Lai, D.; Olin, S.; Monteiro-Riviere, N.; Warheit, D.; Yang, H.

Part. Fibre Toxicol. 2005, 2, No. 8. doi:10.1186/1743-8977-2-8
150.Niidome, T.; Yamagata, M.; Okamoto, Y.; Akiyama, Y.; Takahashi, H.;

Kawano, T.; Katayama, Y.; Niidome, Y. J. Controlled Release 2006,

114, 343-347. doi:10.1016/j.jconrel.2006.06.017
151.Maynard, A. D.; Aitken, R. J.; Butz, T.; Colvin, V.; Donaldson, K.;

Oberdorster, G.; Philbert, M. A;; Ryan, J.; Seaton, A.; Stone, V.;

Tinkle, S. S.; Tran, L.; Walker, N. J.; Warheit, D. B. Nature 2006, 444,

267-269. doi:10.1038/444267a
152.Goodman, C. M.; McCusker, C. D.; Yilmaz, T.; Rotello, V. M.

Bioconjugate Chem. 2004, 15, 897-900. doi:10.1021/bc049951i
153.Greulich, C.; Kittler, S.; Epple, M.; Muhr, G.; Kéller, M.

Langenbecks Arch. Surg. 2009, 394, 495-502.

doi:10.1007/s00423-009-0472-1
154.Roser, M.; Fischer, D.; Kissel, T. Eur. J. Pharm. Biopharm. 1998, 46,

255-263. doi:10.1016/S0939-6411(98)00038-1
155.0wens, D. E., lll; Peppas, N. A. Int. J. Pharm. 2006, 307, 93-102.

doi:10.1016/j.ijpharm.2005.10.010
156.da Silva, F. L. B.; Bostrom, M.; Persson, C. Langmuir 2014, 30,

4078-4083. doi:10.1021/1a500027f
157.Ghosh, G.; Panicker, L.; Barick, K. C. Mater. Res. Express 2014, 1,

015017. doi:10.1088/2053-1591/1/1/015017
158.Dolinsky, T. J.; Czodrowski, P.; Li, H.; Nielsen, J. E.; Jensen, J. H.;

Klebe, G.; Baker, N. A. Nucleic Acids Res. 2007, 35 (Suppl. 2),

W522-W525. doi:10.1093/nar/gkm276
159.Dolinsky, T. J.; Nielsen, J. E.; McCammon, J. A.; Baker, N. A.

Nucleic Acids Res. 2004, 32 (Suppl. 2), W665-W667.

doi:10.1093/nar/gkh381
160.Lynch, I.; Salvati, A.; Dawson, K. A. Nat. Nanotechnol. 2009, 4,

546-547. doi:10.1038/nnan0.2009.248
161.Walczyk, D.; Baldelli Bombelli, F.; Monopoli, M. P.; Lynch, I.;

Dawson, K. A. J. Am. Chem. Soc. 2010, 132, 5761-5768.

doi:10.1021/ja910675v
162.Monopoli, M. P.; Aberg, C.; Salvati, A.; Dawson, K. A.

Nat. Nanotechnol. 2012, 7, 779-786. doi:10.1038/nnano.2012.207
163.Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G. J.; Puntes, V.

ACS Nano 2010, 4, 3623—-3632. doi:10.1021/nn901372t
164.Vroman, L. Nature 1962, 196, 476—477. doi:10.1038/196476a0
165.Vroman, L.; Adams, A. L. J. Biomed. Mater. Res. 1969, 3, 43—67.

doi:10.1002/jbm.820030106
166.Jiang, W.; Kim, B. Y. S.; Rutka, J. T.; Chan, W. C. W.

Nat. Nanotechnol. 2008, 3, 145-150. doi:10.1038/nnano.2008.30
167.Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. W. Nano Lett. 2006, 6,

662-668. doi:10.1021/nl0523960
168.Chithrani, B. D.; Chan, W. C. W. Nano Lett. 2007, 7, 1542—1550.

doi:10.1021/nl070363y

872


http://dx.doi.org/10.1021%2Fja00276a005
http://dx.doi.org/10.1002%2Fjrs.1250221203
http://dx.doi.org/10.1002%2Fcphc.200900119
http://dx.doi.org/10.1146%2Fannurev.anchem.1.031207.112814
http://dx.doi.org/10.1016%2FS1369-7021%2812%2970017-2
http://dx.doi.org/10.1021%2Fj100281a003
http://dx.doi.org/10.1126%2Fscience.1114397
http://dx.doi.org/10.1038%2Fnnano.2009.241
http://dx.doi.org/10.1021%2Fcr050569o
http://dx.doi.org/10.2165%2F00063030-200519030-00003
http://dx.doi.org/10.1615%2FCritRevTherDrugCarrierSyst.v22.i5.10
http://dx.doi.org/10.1016%2Fj.addr.2008.03.016
http://dx.doi.org/10.1016%2FS0032-3861%2898%2900549-7
http://dx.doi.org/10.1016%2FS0939-6411%2898%2900015-0
http://dx.doi.org/10.1016%2FS0168-3659%2801%2900294-2
http://dx.doi.org/10.1016%2FS0169-409X%2801%2900197-1
http://dx.doi.org/10.1016%2Fj.jconrel.2004.07.030
http://dx.doi.org/10.1016%2Fj.ejpb.2003.09.006
http://dx.doi.org/10.1016%2Fj.biomaterials.2004.07.047
http://dx.doi.org/10.1111%2Fj.2042-7158.1997.tb06085.x
http://dx.doi.org/10.1080%2F10611860802582442
http://dx.doi.org/10.2165%2F00003088-200140070-00005
http://dx.doi.org/10.1517%2F17425240802650568
http://dx.doi.org/10.1089%2F0894268041457147
http://dx.doi.org/10.1289%2Fehp.7339
http://dx.doi.org/10.1007%2Fs11051-009-9806-8
http://dx.doi.org/10.1038%2Fnnano.2008.111
http://dx.doi.org/10.1186%2F1743-8977-2-8
http://dx.doi.org/10.1016%2Fj.jconrel.2006.06.017
http://dx.doi.org/10.1038%2F444267a
http://dx.doi.org/10.1021%2Fbc049951i
http://dx.doi.org/10.1007%2Fs00423-009-0472-1
http://dx.doi.org/10.1016%2FS0939-6411%2898%2900038-1
http://dx.doi.org/10.1016%2Fj.ijpharm.2005.10.010
http://dx.doi.org/10.1021%2Fla500027f
http://dx.doi.org/10.1088%2F2053-1591%2F1%2F1%2F015017
http://dx.doi.org/10.1093%2Fnar%2Fgkm276
http://dx.doi.org/10.1093%2Fnar%2Fgkh381
http://dx.doi.org/10.1038%2Fnnano.2009.248
http://dx.doi.org/10.1021%2Fja910675v
http://dx.doi.org/10.1038%2Fnnano.2012.207
http://dx.doi.org/10.1021%2Fnn901372t
http://dx.doi.org/10.1038%2F196476a0
http://dx.doi.org/10.1002%2Fjbm.820030106
http://dx.doi.org/10.1038%2Fnnano.2008.30
http://dx.doi.org/10.1021%2Fnl052396o
http://dx.doi.org/10.1021%2Fnl070363y

Beilstein J. Nanotechnol. 2015, 6, 857-873.

169.Lu, F.; Wu, S.-H.; Hung, Y.; Mou, C.-Y. Small 2009, 5, 1408-1413.
doi:10.1002/smll.200900005

170.Jiang, X.; Rocker, C.; Hafner, M.; Brandholt, S.; Dérlich, R. M,;
Nienhaus, G. U. ACS Nano 2010, 4, 6787-6797.
doi:10.1021/nn101277w

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.6.88

873


http://dx.doi.org/10.1002%2Fsmll.200900005
http://dx.doi.org/10.1021%2Fnn101277w
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.88

	Abstract
	Introduction
	Review
	Colloidal stability and the corona
	Role of individual bonds in NP–protein interactions
	Role of surface chemistry
	Role of Coulomb interactions in corona formation
	Particle size determines corona composition
	The dynamics of corona formation and composition
	Effect of the corona presence and composition on cellular uptake

	Conclusion
	Acknowledgements
	References

