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ABSTRACT Here we have investigated the effect of enshrouding polymer-coated nanoparticles (NPs) with
polyethylene glycol (PEG) on the adsorption of proteins and uptake by cultured cells. PEG was covalently linked to the
polymer surface to the maximal grafting density achievable under our experimental conditions. Changes in the
effective hydrodynamic radius of the NPs upon adsorption of human serum albumin (HSA) and fibrinogen (FIB) were
measured in situ using fluorescence correlation spectroscopy. For NPs without a PEG shell, a thickness increase of
around 3 nm, corresponding to HSA monolayer adsorption, was measured at high HSA concentration. Only 50% of
this value was found for NPs with PEGylated surfaces. While the size increase dearly reveals formation of a protein

corona also for PEGylated NPs, fluorescence lifetime measurements and quenching experiments suggest that the

adsorbed HSA molecules are buried within the PEG shell. For FIB adsorption onto PEGylated NPs, even less change in
NP diameter was observed. In vitro uptake of the NPs by 3T3 fibroblasts was reduced to around 10% upon PEGylation with PEG chains of 10 kDa. Thus, even
though the PEG coatings did not completely prevent protein adsorption, the PEGylated NPs still displayed a pronounced reduction of cellular uptake with
respect to bare NPs, which is to be expected if the adsorbed proteins are not exposed on the NP surface.

KEYWORDS: nanoparticle - polyethylene glycol - protein corona - fluorescence correlation spectroscopy - human serum albumin -

fibrinogen - polymer coating

olloidal nanoparticles (NPs) come
C into contact with the biological envi-

ronment via their surfaces.'”* Thus,
for biomedical applications, NP surfaces
need to be carefully designed to elicit the
desired effect, such as targeting to specific
epitopes. By contrast, other applications
may demand that NPs are not recognized
by the environment, for example, to avoid
their clearance by the immune system. To
endow NPs with such “stealth” properties,
modification of their surfaces with polyethy-
lene glycol (PEG) has become a popular
method. It reduces NP uptake by cultured
cells in vitro®™"" and by entire organisms
in vivo, so that retention times of NPs in the
blood circulation are increased.'”"” These
effects are often “explained” by postulating
that PEGylation prevents formation of
a protein corona and, thus, NPs are not
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recognized by the immune system. Indeed,
there is experimental evidence supporting a
reduced tendency of proteins to adsorb
onto PEGylated surfaces, for example, by
using mass spectrometry or gel electro-
phoresis.® "2 In general, dense PEG coat-
ings, which can vary with respect to the
molecular weight and grafting density of
the polymer, reduce the adsorption of op-
sonins in vivo.2'?? The formation of an
opsonin corona would immediately alert
the phagocyte system,?® thereby promot-
ing rapid clearance of the NP—opsonin
complex from the bloodstream. Likewise,
PEGylation of NPs has been used tradition-
ally in vitro to reduce nonspecific interac-
tions with serum proteins,'"**~2¢ which
typically results in a reduced uptake by
cultured cells compared with uptake of their
non-PEGylated counterparts.” That said,
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the formation of a protein corona can also hinder the
interaction of NP ligands with the cellular membrane,
resulting in a reduced uptake.?®

The problem of protein adsorption onto PEGylated
surfaces has attracted enormous attention of many
researchers in the context of planar surfaces.>* 3 It has
become clear that protein adsorption strongly de-
pends on the density of PEGylation as well as on the
molecular weight of the PEG chains employed.>3%323¢
The highest grafting density of PEG on surfaces can
be obtained by growing PEG chains from monomers
in situ, thereby ensuring a tight surface cover-
age.'®3738 5ych layers are very efficient in preventing
protein adsorption, especially when using long PEG
chains. If PEG polymers are covalently attached to a
surface,'®3%0 the grafting density is limited by the PEG
chain entropy, which drives PEG into a random coil
shape, thereby hindering a close spacing of anchoring
groups on the surface.3”*" Proteins may penetrate less
dense PEG layers, reside in voids,** and even approach
and interact with the underlying reactive surfaces.
Accordingly, an efficient strategy to prevent protein
penetration into PEG layers has been to use star-
shaped PEGs with reactive ends that allow dense
cross-linking of the PEG surface layer.**~*° Densely
grafted, planar PEGylated surfaces have been reported
to completely suppress protein adsorption but only in
certain configurations.*'*647

These findings are also of great relevance for studies
of protein adsorption onto the spherical surfaces of
PEGylated NPs. Most often, NPs are PEGylated by
covalently binding entire PEG chains to NP surfaces,
which limits the grafting density to values below those
achieved by in situ growth. For such cases, it was shown
that surface-bound PEG chains are coiled rather than
stretched, resulting in a packing density below the
theoretical maximum.*®*° In addition, the curvature of
the NP surface also has an effect on the density of
surface ligands, as has been discussed in detail for the
linkage of oligonucleotides to NP surfaces.>>>" Thus,
protein adsorption resistance of NPs can vary greatly,
depending on the PEGylation strategy employed.
However, even with reduced polymer surface den-
sity and, thus, presumably less than optimal protein-
repellent coating, PEGylated NPs have shown markedly
increased in vivo blood circulation retention times'* as
well as reduced in vitro NP uptake by cells>**3

The protein-repellent nature of the NP surface is
not the only effect of PEGylation. Other important
physicochemical parameters of the NPs are likewise
affected.>® Most obvious is a change in size, as mea-
sured by the hydrodynamic radius.* Indeed, a NP size
increase above a certain threshold, ~50 nm in the case
of citric-acid-stabilized Au NPs, has been reported to
reduce NP incorporation by cultured cells.>® PEGylation
can also modify the surface charge of NPs, even
if nominally uncharged PEG molecules (e.g., with a
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terminal hydroxy or methoxy group) are used. This
effect may result from a reduction of the number of
charged groups on the NP surface if they are, in part,
utilized as anchoring points for PEG linkage and also
due to chelation of cations by the PEG chains.*® Such a
reduction in surface charge may affect colloidal stabi-
lity. Often, NPs are stabilized in solution by electrostatic
repulsion, and they may lose colloidal stability due to
charge screening by counterions at physiological salt
concentrations (ionic strength around 150 mM).>®
PEGylation, however, confers colloidal stability to NPs
via steric repulsion, even under high salt conditions.>’
Increase in colloidal stability has been linked to a
decrease in NP uptake by cells in vitro.>* To summarize,
besides changes in surface chemistry, PEGylation of a
NP has three distinct additional effects: (1) it increases
its size and (2) its colloidal stability, and (3) it may
reduce its surface charge density. All three effects
typically lead to less efficient incorporation by cells.”®
Therefore, to better understand the effect of PEGyla-
tion on nano—Dbio interactions of NPs, it is important to
disentangle the effect of reduced protein adsorption
from direct effects on the physicochemical properties
of the NPs.

In this study, we have quantitatively investigated
protein adsorption on well-characterized PEGylated
and non-PEGylated NPs. These NPs have an inorganic
core and are coated with a shell of an amphiphilic
polymer with integrated fluorophores, making them
colloidally highly stable and, at the same time, endow-
ing them with bright fluorescence emission.>® The
polymer-coated NPs can be conveniently PEGylated
by linking PEG chains to the NPs' surface, resulting in a
coiled PEG geometry.*®*? They show reduced uptake
by cells in vitro>* as well as enhanced blood circulation
retention times in vivo.'* We have previously quanti-
fied protein adsorption onto similar NPs (without PEG)
in situ,%°7%% employing fluorescence correlation spec-
troscopy (FCS).%% In these model studies, we had dis-
solved the NPs in buffer solutions, in which individual
protein species such as serum albumin or transferrin
were present in well-defined concentrations varying
over several orders of magnitude. Toward higher
protein concentrations, monolayers of proteins were
observed to adsorb onto the NPs in the cases of human
serum albumin,®®%%%* transferrin,®' apolipoprotein
A-1,5% apolipoprotein E3,%> apolipoprotein E4,%% and
complement component 3.5° The strength of the
NP—protein interaction could be characterized by the
midpoint of the binding transition, that is, an apparent
dissociation coefficient, K4'. In the present work, these
techniques are applied to PEGylated NPs. Hereby we have
used two proteins for our investigation: human serum
albumin (HSA) and fibrinogen (FIB). Both are abundant in
blood and are interesting model systems due to their
different size (HSA: triangular prism of sides 8.4 nm
and thickness 3.15 nm;®® FIB: 5 nm x 5 nm x 45 nm)
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a)b)c)d)e)
Figure 1. Sketch of the different NP samples studied in this work. All NPs contain an inorganic core with radius r, represented
by a black sphere in the center. They are coated with the amphiphilic polymer poly(maleic anhydride-alt-dodecene) (PMA), to
which the fluorophore DY-636 (drawn in light blue) was linked covalently.59 PEG chains of different M,, or glucose (drawn in
red) were linked to the NP surfaces, resulting in different hydrodynamic radii r,,: (a) FePt-PMA, (b) FePt-PMA-PEG750, (c) FePt-
PMA-PEG5k, (d) FePt-PMA-PEG10k, (e) FePt-PMA-glucose, (f) Fe30,-PMA. The bottom panels show selected regions of interest
of negatively stained TEM micrographs (scale bar: 25 nm) for (g) FePt-PMA, (h) FePt-PMA-PEG750, (i) FePt-PMA-PEG5K, (j) FePt-

PMA-PEG10k, and (k) FePt-PMA-glucose. (I) Comparison of the mean core—shell radius r of the FePt samples, as determined
by negative staining TEM analysis (data were derived from the images shown in Supporting Information, Figures 1.10—1.14).

TABLE 1. Physicochemical Parameters of the Different NPs”

sample (@) (b) @ (d) (e) ®

NP core FePt FePt FePt FePt FePt Fe304
shell composition on top of PMA layer PEG (750 Da) PEG (5 kDa) PEG (10 kDa) glucose

1. [nm] (TEM) 1.6 +0.2 1.6 +0.2 1.6 +0.2 1.6 +0.2 1.6 +£0.2 40+ 06
Ies [nm] (TEM) 71£07 93412 95+ 12 103 £ 1.2 6.7 £ 0.7

1, [nm] (DLS) 42402 48 + 05 6.5+ 0.7 10.6 £+ 0.9 46 4 0.6 6.2 402
1, [nm] (FCS) 54+01 6.5+ 0.1 79+02 9.7 £02 54£01 6.7 0.2
¢ [mv] —44 43 —178+ 05 —28+1 —143 £ 04 —25+3 —55+3

“NPs consisting of an inorganic core, PMA polymer, and PEG/glucose shell, with inorganic core radii r, (TEM) and geometric core/shell radii r. (TEM, negative staining), as
determined in the dried state. The hydrodynamic radii r, of the different NPs were measured in water by DLS (number distribution) and in phosphate-buffered saline without
divalent ions (PBS, pH = 7.4) by FCS (shown is the fit parameter rh(O)(ﬁ”). Zeta-potentials, G, were determined in water using LDA (number distribution). All raw data are

included in the Supporting Information.

and due to their different apparent dissociation coeffi-
cient, K4, which has been investigated in the literature
in the context of the Vroman effect.6’~7°

RESULTS AND DISCUSSION

Schematic depictions of all NP samples used in this
study are shown in Figure 1. The most important
experimentally determined physicochemical param-
eters of the NPs are compiled in Table 1.

As expected, PEGylation leads to an increase in NP size
(TEM (negative staining), dynamic light scattering (DLS),
and FCS) and, concomitantly, to a reduction in the magni-
tude of surface charge laser Doppler anemometry (LDA);
that is, they are less negatively charged. Considering that
a single PEG monomeric unit is 44 Da in weight and
0.35 nm in length, the contour lengths of our PEG chains
(i.e., the length of PEG in hypothetically fully stretched
conformation), with M,, of 750 Da, 5 kDa, and 10 kDa,
amount to, respectively, 6, 40, and 80 nm. However, the
hydrodynamic radius increase upon PEGylation is only
between 1 and 6 nm for the three different PEG chains.
These results clearly indicate that the PEG chains are not
stretched, but coil, fold, or twist on the NP surface, in full
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agreement with previous reports.*® In fact, the size
increase with PEG weight rather scales with the radius
of gyration of free PEG in its random coil conformation
(see Supporting Information for details).*® For FePt-PMA-
glucose, no size increase was observed, but there was a
reduction in surface charge, as for the PEGylated NPs.
In contrast, NPs with bigger cores (Fe;0, instead of FePt,
i.e., Fe30,-PMA) had an increased hydrodynamic radius
but maintained a surface charge similar to those with
smaller cores but without PEGylation. Thus, the two con-
trol samples, one with an increased hydrodynamic radius
but similar surface charge (Fes0,—PMA) and the other
one with a reduced surface charge but similar hydro-
dynamic radius (FePt-PMA-glucose), enabled us to
separate effects specific for PEG surface functionaliza-
tion from changes in basic physicochemical properties
accompanying PEGylation, namely, changes in size
and surface charge.

Colloidal stability of all NPs was probed by additional
DLS studies. No significant size increase was found in
NaCl solutions of different concentrations, demonstrat-
ing the high colloidal stability of all the NPs. There-
fore, our NPs were well-dispersed and did not show
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Figure 2. Hydrodynamic radius ry, of the different NP species, determined as a function of HSA concentration in PBS, and the
corresponding fits based on the Hill model: (a) FePt-PMA, (b) FePt-PMA-glucose, (c) Fes0,-PMA, (d) FePt-PMA-PEG750, (e)
FePt-PMA-PEG5K, (f) FePt-PMA-PEG10k. The fit parameters are shown in Table 2.

noticeable agglomeration tendency, in good agree-
ment with previous data concerning the colloidal
stability of PMA-coated NPs (see the Supporting In-
formation for data).”"”?

Due to the integrated fluorophores, FCS can be
conveniently used to measure diffusion coefficients
of the NPs in the presence of proteins in situ, without
any interference due to unbound proteins emitting
background fluorescence.®®”3>7> The different NPs
were incubated in PBS with varying concentrations of
HSA. At each concentration, ¢, the resulting hydrody-
namic radius of the NPs with adsorbed proteins, r(c),
was determined via FCS using a previously reported
confocal microscope.®? The resulting ri(c) curves were
fitted using a model based on the volume of the
adsorbed proteins, the number of which is described
by the Hill equation (see Supporting Information)®”>
(Figure 2), leading to the following fit parameters for
each type of NP: hydrodynamic radius r,(0) of the NPs in
the absence of proteins, increase in hydrodynamic
radius Ar, upon saturating the NP surface with HSA,
Hill coefficient n, the maximum number N,,.x of HSA
molecules bound per NP at saturation, and apparent
dissociation coefficient K4 (i.e., the free protein concen-
tration at which Np,;,/2 HSA molecules are bound to the
NP on average). The results are summarized in Table 2.
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The HSA adsorption onto the polymer-coated FePt
NPs was found to be in good agreement with our
previous reports; only the overall radius increase upon
HSA binding to non-PEGylated FePt NPs was slightly
smaller than in previous studies.%>%? For all PEGylated
NP preparations, the size likewise increased with in-
creasing protein concentration, indicating that HSA
associates with our PEGylated NPs. The binding affinity,
which is inversely related to the apparent equilib-
rium dissociation coefficient Ky, was similar for
PEGylated and non-PEGylated NPs (FePt-PMA-PEG
versus FePt-PMA). The size increase due to HSA corona
formation was only ~1.5 nm for the FePt-PMA-PEG NPs
and thus reduced by roughly a factor of 2 from the
values obtained for the non-PEGylated NPs (FePt-PMA,
FePt-PMA-glucose, Fes0,4-PMA). This is a very interest-
ing result because the obtained thickness, 1.5 nm, is
less than the smallest extension of HSA (~3 nm). This
finding may be explained in two different ways: either
fewer HSA proteins bind to PEGylated NPs than to non-
PEGylated NPs, or a similar number of HSA proteins
may be adsorbed, but they may partially penetrate into
the PEG layers of PEGylated NPs, resulting in repulsion
of hydration water and, consequently, a denser coating
layer than for FePt-PMA NPs. Both possibilities will be
discussed below. Notably, the PEG chain length in our
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TABLE 2. Compilation of Parameters As Obtained from a Least-Squares Fit of the Protein Adsorption Model to the FCS

Data in Figure 27

NP core FePt FePt

surface modification PEG (750 Da)
1(0) [nm] 55402 67403
1m(0)™ [nm] 544 0.1 6.5 4 0.1
A, [nm] 264 0.1 14402
Ti(Cna) ™ [m] 8.1£0.1 7.9 £ 0.1
K¢ [uM] 41408 20410
Mo 1524038 904 1.0

n 0.7 0.1 09403
N 472, 2(0)™ [nm 2] 0.041 = 0.003 0.017 = 0.002
471,2(0)™ /N e [P U+2 50+ 7

FePt FePt FePt Fe304

PEG (5 kDa) PEG (10 kDa) glucose

82+03 9.8 +02 55+01 6.8 +02
79+02 9.7 £02 54+01 6.7 £ 04
154+03 15403 30+ 01 36 £ 05
94+ 02 112 £ 0.2 84+0.1 103 £ 03
1.0 + 04 14407 23+03 15405
14.0 + 2.0 210430 183 £ 07 330+ 40
15408 114+05 08 £ 0.1 0.6 +02
0.018 £ 0.003 0.018 & 0.003 0.050 £ 0.003 0.06 £ 0.01
56+ 9 56 +9 20+1 17 +3

“1,(0) is the hydrodynamic radius of the NPs directly in PBS without HSA added. rh(O)‘ﬁ” is the size of the NPs without HSA added, as obtained from fitting the measured r,(c)
data points with the model described in Supporting Information. The fit also returns the parameters Ky, Nyax Ay, and n, which are the apparent dissociation coefficient,
maximum number of proteins bound per NP, corona thickness, i.e., the difference in radius of NPs saturated with proteins and NPs without proteins, and the Hill coefficient,

respectively. fi(Cmad ™ = ry(0)™

per unit of surface area, which is assumed to be 4m,,2(0)(ﬁ‘). The mean surface area occupied per bound protein is given in the last row (i.e., the inverse of Nmax/4mh2(0)(

case had no influence on the HSA binding affinity (Ky')
nor on the HSA corona thickness (Ar},), which is some-
how at variance with other studies.”®

As pointed out in the introduction, modified protein
adsorption upon PEGylation could simply arise from
the size increase of the PEGylated NPs. For this reason,
we studied bigger, PMA-coated NPs without PEGyla-
tion as a control. Because a well-controlled procedure
to increase the core size of our FePt NPs was not
available, we instead employed FesO, NPs with a
bigger core diameter, but with exactly the same PMA
polymer coating. Considering that the inorganic cores
(FePt, Fe30,4) are completely buried in the polymer
shell, we can reasonably presume that both types of
NPs are essentially identical with respect to their
surface properties. This view is also supported by the
C-potentials of both NPs (FePt-PMA, Fe304-PMA), which
are identical within the experimental error (Table 1). The
data in Table 2 show that the size increase of the
smaller FePt-PMA NPs and the bigger Fes04-PMA NPs
upon saturation with HSA (Ar,) is very similar, cor-
responding to a monolayer of HSA proteins. However,
since the surface area of the Fe304-PMA NPs is greater
than that of the FePt-PMA NPs, the number of
adsorbed HSA molecules per NP (N is increased.
Therefore, we have calculated the number of proteins
per surface area (Nax/47r,2(0) ) (Table 2). This num-
ber is identical for FePt-PMA and Fe;0,4,-PMA NPs. Thus,
the size increase of PMA-coated NPs from r,(0)f? =
5.4 nm to r,(0)™ = 6.7 nm did not affect HSA protein
adsorption. In contrast, when the surface chemistry
was modified by PEGylation, a significant change in the
interactions can be seen. The Fe;0,-PMA and FePt-
PMA-PEG750 samples have essentially identical hy-
drodynamic radii r,(0)™ and, thus, identical surface
areas. This result clearly shows that the reduced
thickness change due to HSA adsorption, Ar,, upon
PEGylation is directly correlated with the specific
properties of the PEG shell and not related to the
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)+ Ary is the hydrodynamic radius of the NPs saturated with HSA. Nmax/4mh2(0)(ﬁ‘) is the number of HSA proteins adsorbed onto a NP

ﬁt))

accompanying change in NP size (within the size
range investigated here).

The FePt-PMA-glucose NPs*® showed HSA adsorp-
tion properties comparable to those of the FePt-PMA
NPs, although their {-potential was reduced and more
similar to the {-potentials measured for PEGylated
NPs. Currently, neither the precise number of glucose
molecules attached per NP nor their location and
orientation on the surface is known. Certainly, the
geometry of the glucose molecules on the NP surface
is expected to play an important role. In fact, if they are
partly buried in the polymer shell, a protein-repellent
effect may be absent. Despite this lack of knowledge
about their surface structure, the FePt-PMA-glucose NPs
serve here as an important control. Like the PEGylated
NPs, they had a reduced surface charge. However,
glucose modification did not change the hydrody-
namic radius, and the same amount of HSA adsorbed
onto FePt-PMA-glucose NPs as onto FePt-PMA NPs (in
terms of Nyay as well as Nmax/4nrh2(0)(ﬁ‘)). Thus, the
change in protein adsorption that we have observed
for the PEGylated samples does not result from a
reduction in surface charge accompanying PEGylation
but has to be ascribed definitively to the intrinsic
properties of the PEG layer.

The two control experiments demonstrate that there
is a specific effect of PEG to reduce Ary, upon adsorp-
tion of HSA. To explain this reduction, we may consider
two scenarios. First, we can hypothesize that the PEG
layer remains unchanged upon protein adsorption, so
proteins cannot penetrate. Based on this assumption,
more protein molecules (as given by N, would
adsorb onto the non-PEGylated than on the PEGylated
NPs. This is also reflected in the normalized numbers,
Nimax/47rn2(0) ™, in which the surface density of HSA
under saturation conditions is less than half that for
PEGylated versus non-PEGylated NPs. One thus could
state that the degree of adsorption of HSA molecules
onto PEGylated NPs is only 50% (with the number of
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adsorbed HSA molecules normalized to the surface
area, N, /47r,2(0)) of the value observed for non-
PEGylated NPs. Upon PEGylation, the thickness of the
protein corona (Ar;,) also would be only around 50% of
the one around non-PEGylated NPs. However, data
obtained with PEGylated flat surfaces suggest that a
second scenario may also be plausible. Proteins are
known to be attracted to PEG layers by short-range
forces.”” If they are sufficiently small, they may pene-
trate the PEG layer and get trapped inside the polymer
layer.”® Larger proteins, by contrast, may interact with
the outer part of the PEG layer and compress it.”°
Under this assumption, there could be a similar
amount of proteins adsorbed to the non-PEGylated
versus the PEGylated NPs. In the case of PEGylated NPs,
however, there would be a reduced increase in Ar;, as
HSA has partly penetrated the PEG layer and, possibly,
even compressed the PEG layer.

Structural information, that is, knowledge about the
geometry of the PEG layer after HSA adsorption, is
required to resolve these issues experimentally. In the
case of flat surfaces, the thickness of PEG layers has
been determined with X-ray photoelectron spectros-
copy (XPS), ellipsometry,®” and atomic force micro-
scopy (AFM).E° Direct structural information about the
location of proteins has been obtained with reflecto-
metric interference spectroscopy (RIfS) and neutron
reflectometry.®! The reflectrometry studies revealed
that proteins can only penetrate into PEG layers of
low grafting density. In this work, however, we are
dealing with strongly curved NP surfaces, to which the
above-mentioned techniques are difficult to apply.
We were thus not able to quantitatively determine
the geometry of the PEG layer on the NP surface. The
key parameter of interest would be the grafting density
of PEG, that is, the number of PEG molecules per NP
surface area. Depending on the grafting density, PEG
layers are known to have different geometry, changing
from a mushroom-like structure to a brush-like struc-
ture at higher grafting density.5>%* Differences in the
conformation of the PEG layers have been demon-
strated to directly affect protein adsorption®*2> and NP
uptake by cells.2®®¥” In the case of the NPs used here,
taking into account the reaction conditions (i.e., the
concentration of PEG during the attachment to the NP
surface), we estimate that the PEG molecules are
nondensely adsorbed in a mushroom conformation
(see Supporting Information for detailed calculations).
Our FCS data permit a precise determination of
Ary, but do not yield any other structural information.
The gel electrophoresis data (shown in Supporting
Information) indicate that, under our experimental
conditions, no more PEG can be added to the NPs;
that is, the NP surface is saturated with PEG. However,
these data do not provide detailed structural infor-
mation. Furthermore, the dense appearance of the
PEG layers in TEM images using negative staining
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(Figure 1) is not suitable to obtain quantitative struc-
tural information.

To further address two key structural questions,
whether protein adsorption changes the PEG confor-
mation on our NPs and where the proteins are located
upon adsorption, we employed fluorescence lifetime
measurements and quenching experiments. Optical
properties of fluorophores are sensitive to their phys-
icochemical environment. Solvatochromism is one
such example, where a shift in the absorption and
emission peaks occurs in response to a change in
fluorophore environment.®® Medium conditions, how-
ever, may also affect the fluorescence lifetime 9% We
observed that adsorption of HSA onto the polymer
shell of NPs increases the fluorescence lifetime of the
integrated fluorophore DY-636 (see Supporting Infor-
mation for data). If the PEG shell around the polymer-
coated NPs is so dense that HSA molecules cannot
penetrate the PEG layer, they would not reach the
underlying polymer coating. Thus, the adsorption of
HSA should not affect the lifetime of DY-636 in the
polymer shell. However, we have observed a signifi-
cant fluorescence lifetime increase of the DY-636 dye
molecules in the polymer shell upon HSA binding that
was similar for PEGylated and non-PEGylated NPs. This
result supports our view that HSA molecules enter the
PEG layer and bind to the negatively charged polymer
surface (for a full discussion of these data, refer to
the Supporting Information). Additional experiments
using potassium iodide as a fluorescence quencher
lend further support to this claim (Supporting Infor-
mation). Thus, although we cannot provide direct
structural evidence, our fluorescence spectroscopy
data strongly suggest that HSA at least partly pene-
trates the PEG layer, which explains the reduced
increase of Ar,, upon NP incubation with HSA. In this
scenario, HSA molecules reside within the PEG coating
of the NP rather than on the NP surface.

In order to probe whether the observed results are
specific for HSA or also hold true for other serum
proteins, we also studied the adsorption of FIB by
FCS. FIB is a much larger protein than HSA, with a
molecular weight of 340 kDa. It plays a major role in the
formation of blood clots, which are formed through
the polymerization of thrombin-truncated fibrinogen
molecules called fibrins. The molecular structure of
fibrinogen consists of pairs of a-, -, and y-chains, each
containing 562,461, and 411 amino acid residues. In its
elongated, sigmoidal structure, FIB has overall molec-
ular dimensions of 5 x 5 x 45 nm? (as obtained from its
crystallographic structure, PDB accession code 3GHG,
with PyMol), corresponding to a volume of 1125 nm?.°’
In previous studies, it has already been demonstrated
that PEGylation reduces FIB adsorption.”® The increase
in hydrodynamic diameter of FePt-PMA and FePt-PMA-
PEG10k NPs upon FIB adsorption, as measured here by
using FCS, is shown in Figure 3 and Table 3. First, the
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Figure 3. Hydrodynamic radius r, of FePt-PMA (open

circles) and FePt-PMA-PEG10k NPs (filled circles), measured

as a function of FIB concentration in PBS, and the corre-

sponding fits based on the Hill model. The fit parameters are
shown in Table 3.

TABLE 3. Compilation of Parameters Obtained from a
Least-Squares Fit of the Protein Adsorption Model to
the FCS Data on FIB Displayed in Figure 3°

NP core FePt FePt

surface modification PEG (10 kDa)
()™ [nm] 58+ 06 98+ 05
Ar, [nm] 200 + 1.0 81+ 16
T(Cma) ™ [nm] 260 £ 07 180£10
Ky [uM] 0.03 & 0.01 0.14 & 0.04
Nopax 65+5 18+4

n 0.7 £0.1 04+ 0.1

N 472, 2(0)™ [nm =7 0.15 £ 0.03 0.015 = 0.004
471,2(0)™ /N e [ 64+ 14 67.0 + 16

“The parameters are the same as those in Table 2.

data obtained with non-PEGylated NPs confirm the
much higher binding affinity of FIB on the same surface
than HSA (K4 (FIB) = 0.03 uM versus Ky (HSA) = 4.1 uM
for FePt-PMA NPs). This is the reason why HSA
adsorbed to surfaces in contact with blood can be
displaced by FIB. Second, the hydrodynamic radius
increase rm(cmad™ upon FIB adsorption is markedly
smaller for the FePt-PMA-PEG10k NPs than for the non-
PEGylated NPs, which clearly indicates reduced protein
adsorption.

The crystal structure of FIB reveals a rod-like protein
with a length of ~45 nm. The FCS data of FIB adsorbing
onto FePt-PMA NPs in Figure 3 show only a radius
increase of 20 nm, which may—at first sight—seem at
odds with binding of such a large rod-like protein. FIB is
overall negatively charged but has two pronounced
patches of positive charge at either end of the rod,
through which it may adsorb onto the negatively
charged NPs.®2 FIB is known to be quite flexible, and
we assume that the rod can bend, so that both
positively charge ends come into contact with the NP
surface. In this conformation, a bound FIB molecule
would have a bow-like structure, which would rise to
the observed radius increase Ar, =~ 20 nm (see Sup-
porting Information for a structural depiction). The
maximum number of FIB molecules bound, Ny =
65 £ 5, which is obtained from the binding model
assuming that the entire volume of the adsorption
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layer is taken up by FIB proteins, appears somewhat
large. More realistically, one may estimate this param-
eter by dividing the overall NP surface by the size of the
“footprint” of a single FIB molecule (~5 x 3 nm?), which
results in a smaller number, Ny.x = 28 + 6, of FIB
molecules binding per NP.

FIB also associates with PEGylated NP surfaces, as
clearly inferred from the size increase observed with
FePt-PMA-PEG10k NPs (Figure 3), which is also in
agreement with findings by others.®> However, the
affinity of FIB binding to PEGylated NPs is markedly
lower in comparison to that of FePt-PMA NPs (K4 =
0.14 uM for FePt-PMA-PEG10k versus K4’ = 0.03 uM for
FePt-PMA), and the thickness of the FIB corona is
significantly reduced (Ar, = 8.1 nm for FePt-PMA-
PEG10k versus Ary, = 20.0 nm for FePt-PMA). It seems
very unlikely that the reduction in Ar, upon FIB
adsorption onto PEGylated NPs is a result of a smaller
number of adsorbed FIB molecules on the outer sur-
face of the PEG shell. FIB molecules most likely pene-
trate the nondense PEG layer and bind to the polymer
PMA surfaces. FIB adsorption causes a compression of
the PEG molecules, so that further FIB proteins cannot
adsorb to such areas of locally increased PEG density.
Consequently, an effective number of FIB binding sites
on the FePt-PMA-PEG10k NPs is reduced, as suggested
by the measured protein corona thickness of only
about 8 nm. Based on the fits to the binding data
(Figure 3), Npax calculated from the volume of the
protein shell is reduced by about 70% (Nax = 65 vs
Nmax = 18). Estimating the number of FIB molecules
via the available surface area, a 70% decrease would
correspond to only 8 & 2 binding sites (rather than
28 + 6 for the non-PEGylated FePt-PMA NPs). The FIB
data also indicate that adsorbed proteins are able to
penetrate the PEG shell of PEGylated NPs.

In order to assess the biological activity of PEG
present on the surface of our NPs, we investigated
the effect of the different coatings (PEG, glucose) on
the internalization of NPs by cultured cells from the
NIH/3T3 murine fibroblast cell line (ATCC, #CRL-1658).
3T3 cells were incubated for 12 h (37 °C, 5% CO,) with
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum and containing
NPs at 5 or 10 nM concentrations (for details, see
Supporting Information). Note that serum-containing
culture conditions will cause the formation of a protein
corona around the NPs, which reduces NP uptake
by cells as compared to serum-free culture condi-
tions.®" Then, the cells were fixed and stained in blue
with 4',6-diamidino-2-phenylindole (DAPI) and the cell
membrane in green with wheat germ agglutinin
(WGA)-Alexa 488. Images of the cells were recorded
by using confocal microscopy. Besides the blue (DAPI)
and green (WGA-Alexa 488) fluorescence channels,
we also recorded red fluorescence originating from
the DY-636-labeled polymer coating around the NPs.
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Figure 4. Integrated NP fluorescence / per cell (mean value
+ standard deviation, obtained from 150—500 cells) after
having incubated 3T3 fibroblasts in serum-containing
medium with NPs at concentrations cyp = 5 or 10 nM. The
intensity of Fe;0, NPs was scaled with the ratio R (0.67) of
the fluorescence per FePt NP to the fluorescence per Fes0,
NP. The control sample refers to the residual fluorescence of
3T3 cells without added NPs.

With custom-made software written in Matlab (Math-
works), individual cells were automatically identified
and masked, based on the nuclei/membrane staining
as described in Supporting Information. Algorithms for
cell detection and segmentation were provided by the
open source software CellProfiler.>* Then, the mean
fluorescence intensity originating from NP emission
within each cell mask (i.e., the mean signal of all pixels
corresponding to NPs inside one single cell) was
determined and multiplied by the area of the cell. In
this way, the integrated fluorescence /| of each cell
(=mean pixel intensity within the cell x cross section
area of the cell) was determined (Figure 4). The
obtained value can be taken as proportional to the
total uptake of NPs per cell because the height of the
imaged plane relative to the growth surface was kept
constant (Supporting Information). The results are
presented as average integrated fluorescence per cell.
NPs adhering to the outer plasma membrane may
contribute to the overall signal; however, we removed
these NPs as thoroughly as possible by extensive
washing before imaging. The fluorescence of non-
internalized particles attached to the outer plasma
membrane is negligible, as judged from inspection of
the collected images (Supporting Information).
Because the fluorescent dyes were incorporated in
the PMA polymer shell around the FePt core prior to
further modification by PEG and glucose, these sam-
ples can be compared based on the fluorescence
intensity in the cell samples. Also, FCS measurements
verified that NP brightness did not change upon
PEGylation. For the Fe304 NPs, however, the core and
thus the amount of PMA shell is larger and so is the
number of fluorophores per NP. To normalize the
fluorescence such that the signal reflects the number
of NPs regardless of the size, the fluorescence intensity,
I, of the Fes04 NPs was scaled with the ratio R of the
fluorescence per FePt NP to the fluorescence per Fe;0,
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NP (R = lrept/Ire,0,)- This scaling factor was determined
either by measuring the fluorescence intensity of
solutions of PMA-coated FePt and Fe;O0, NPs with
equal concentrations (R = 0.67, see the Supporting
Information) or by assuming that the number of fluor-
ophores scales with the surface area of the PMA-
coating, as reported in Table 2: R = r,2(0)"(FePt-
PMA)/r,%(0)™(Fe30,-PMA) = (54 nm)*/(6.7 nm)* ~
0.64. The intensity data of incorporated FesO, NPs
were then multiplied by the scaling factor R = 0.67
for comparison with the intensity data of FePt NPs, as
shown in Figure 4. NP uptake depends on the NP size;
typically, bigger NPs are incorporated to a lesser extent.
For citric-acid-stabilized NPs, for example, it has been
shown that the number of NPs incorporated by the
cells is reduced with increasing size (for diameters
>50 nm).>®> However, in our case, the difference in r(0)
between the NP samples is too small in relation to the
experimental uncertainty to afford a definitive state-
ment about the size dependence of cellular uptake. For
glucose-modified NPs, we did not observe a reduction
of uptake, although previous work (using a different
cell line) has shown that functionalization of NPs with
glucose can modify their uptake efficiency.”> More
specifically, glucose-functionalized NPs have been
reported to be internalized into cells by lipid raft
pathways instead of conventional clathrin-mediated
endocytosis.”®

Cellular uptake in serum-containing media is greatly
reduced for our PEGylated FePt-PMA-PEG5k and -
PEG10k NPs, whereas this trend is not observed or
even inverted for FePt-PMA-PEG750 (i.e., at 10 nM, the
NP uptake was increased compared to the non-PEGy-
lated NPs). Clearly, the effect is more pronounced
for NPs covered with PEG of high M,,, in agreement
with the literature.>%°” While we cannot explain the
increase in uptake of FePt-PMA-PEG750 as compared
to FePt-PMA at 10 nM NP concentration, uptake of NPs
covered with 10 kDa PEG (FePt-PMA-10 kDa PEG) is
largely reduced to an amount as low as ca. 10% of the
value for non-PEGylated NPs (FePt-PMA) (Figure 4).
Uptake suppression is not due to the increased size
upon PEGylation because the larger FesO, control
sample was incorporated to a greater degree. Thus,
uptake reduction of PEGylated NPs is specific for the
high molecular weight PEG coating.

The FCS data shown in Figures 2 and 3 demonstrate
that PEGylation reduces the amount of HSA and
FIB adsorbed to the FePt-PMA-based NPs. However,
HSA and FIB adsorption was clearly not completely
suppressed. Our data rather indicate that adsorbed
proteins penetrate and deform the PEG layer, which
was below the theoretical maximum coverage density.
Although the PEG layer was not fully packed, cellular
uptake of PEGylated NPs still was greatly reduced in
serum-containing media. Fetal bovine serum (FBS),
which was a component of the media used for the
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cellular uptake studies, comprises thousands of dif-
ferent types of proteins. Thus, the question arises how
representative our in vitro model studies of adsorption
of a single serum protein (Figures 3 and 4) are for
protein adsorption from serum-containing medium
used in the cellular uptake studies. Here we present
two arguments supporting a close inter-relation: First,
in earlier work,”" we performed NP uptake studies of
similar NPs in FBS-supplemented media and in media
enriched with HSA. In both cases, we observed the
same tendency, that is, reduced NP uptake upon
formation of a protein corona. Second, while not being
able to emulate the full dynamic complexity?® of a
protein corona in serum-containing media or even in
human blood plasma, HSA and FIB are key players in
protein adsorption from blood onto surfaces.®®?° The
fast-adsorbing HSA is dynamically replaced by FIB,
which especially makes FIB a key protein adsorbed
onto the NP surface in equilibrium. Our data provide
strong evidence that PEGylated NPs in serum-containing
media, as typically used in NP uptake studies, are not
devoid of a protein corona but that part of the adsorbed
proteins penetrate and deform the PEG layer on the
NP surface.

CONCLUSIONS

We have presented a systematic investigation of
protein adsorption onto PEGylated, polymer-coated
NPs. In this study, we have also included control NPs
without PEG coating but with modified size and surface
charge to prove that the observed effects result from
the unique interaction properties of PEGylated sur-
faces rather than mere changes of NP size and surface
charge. Even though the PEGs were grafted onto the
NPs at high density (though still below the theoretically
possible maximum coverage), this was clearly not
sufficient to completely abolish protein adsorption.
In fact, the small size of the NPs, giving rise to a strong
surface curvature for obvious geometric reasons,
requires an even denser surface grafting than for
planar surfaces so as to efficiently prevent protein
penetration into the PEG layer.

HSA was observed to bind to our various NPs with
apparent affinities in the micromolar range, whereas
FIB binding was observed to be 1—2 orders of magni-
tude stronger. Of note, the micromolar affinities of
HSA adsorption reported here indicate that proteins
form a rather weakly bound or soft corona around the
NPs. Consequently, it is not possible to directly quan-
tify the amount of adsorbed HSA in situ by commonly
used techniques such as mass spectroscopy or gel
electrophoresis because the required purification
from unbound protein would disturb the dynamic
equilibrium between free and NP-bound HSA pro-
teins. Unlike most other approaches, the FCS method
used here permits in situ measurements in thermal
equilibrium.
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Upon HSA binding, non-PEGylated NPs (FePt-PMA,
FePt-PMA-glucose, Fe;0,-PMA) displayed a radius in-
crease of ~3 nm at saturation, which is consistent with
formation of a monolayer of HSA on top of the NP
surfaces, with the HSA molecules adsorbing with one
of their triangular faces.®® Of note, this size increase has
been observed for chemically different, small NPs, as
well.%* In contrast, the size increase resulting from HSA
adsorption was significantly reduced to ~1.5 nm for
our PEGylated NPs. This difference could, in principle,
result from smaller numbers of binding sites for HSA
molecules on top of the PEG layers enshrouding
the NPs. However, we have gathered spectroscopic
evidence, by using fluorescence lifetime analysis and
quenching studies (with Kl) of the DY-636 fluorophores
attached to the NPs, strongly suggesting that HSA
penetrates the PEG layer of our NPs and resides within
the PEG layer. Presumably, they are adsorbed to the
underlying surface to which the PEG chains are grafted.
This result is in line with previous studies carried out on
planar PEG layers, examining protein adsorption as a
function of the grafting density and chain length of the
PEG molecules forming the layer.'®**3” The results
from our FIB binding data completely support this
interpretation. The reduction of the thickness of the
protein corona due to NP surface PEGylation is even
smaller for FIB than for HSA adsorption. The large
size of FIB makes it very unlikely that there is merely
a reduced number of FIB molecules adsorbed per
NP on the outer PEGylated surface. The data rather
suggest that adsorbed FIB molecules penetrate and
deform the PEG layer.

In agreement with previous studies, we have ob-
served that PEGylation reduces NP uptake by cultured
cells>68211141517 \Whereas proteins were adsorbed
onto the outer surface of the non-PEGylated NPs,
proteins likely reside inside the PEG layer for PEGylated
NPs. Therefore, the protein corona can be largely
hidden from the interface, and the NPs continue to
interact with cells via their PEG surfaces, even though
proteins are adsorbed. Thus, for PEG coatings that are
not grafted at the maximal coverage density, a dramat-
ically reduced NP uptake by cells can be observed, and
even protein adsorption is not completely suppressed
through these coatings.

In regard to the future development of NP surface
coatings, we stress that PEGylation may not always be
the optimal strategy when developing devices for
targeted drug delivery. Notably, for drug targeting via
intravenous delivery, the two key consequences of
PEGylation, namely, reduced cellular uptake and in-
creased retention times, are conflicting. Long retention
times in the body are highly desirable to obtain longer
circulation of the NPs in the blood vessels, thus offering
a higher chance to reach a tumor site, for example, by
passive targeting via the enhanced permeation and
retention effect. However, poor NP uptake by cells inside
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tumor tissue due to PEGylation is not desirable.'®'%!

Zwitterionic surfaces are presently discussed as promis-
ing alternatives,®>'%2~1%7 ensuring extended retention

EXPERIMENTAL PROCEDURES

FePt NPs, with a radius of r. = 1.6 £ 0.2 nm in the inorganic
core, were coated with an amphiphilic polymer based on poly-
(maleic anhydride-alt-dodecene) (PMA) labeled with the fluor-
escent dye DY-636 according to published protocols® (for
details, refer to the Supporting Information). This polymer
renders the NPs water-soluble by exposing carboxyl groups
on the NP surface. The solution containing the polymer-coated
NPs was purified from residual polymeric micelles by gel
electrophoresis.'® PEG chains of different molecular weight
(M,, =750 Da, 5 kDa, 10 kDa) were linked to the NP surfaces via
standard bioconjugate chemistry (i.e., via amide bond forma-
tion between terminal amino groups on the PEG chains and the
carboxyl groups of the polymer) to the maximum extent
possible, as confirmed by gel electrophoresis.*® Negative TEM
staining was used to determine the core—shell radius r. of the
PEGylated NPs. We also prepared PMA-coated Fe304 NPs with a
larger inorganic core radius, r. = 4.0 £ 0.6 nm (as determined by
TEM), but without PEGylation as a control sample of NPs with
different size. Furthermore, we prepared PMA-coated FePt NPs
surface-modified with glucose as a control sample of NPs with a
reduced surface charge.

All NPs were thoroughly characterized using transmission
electron microscopy (TEM), inductively coupled plasma mass
spectrometry (ICP-MS), UV/vis absorption and fluorescence
spectroscopy, gel electrophoresis, dynamic light scattering
(DLS), fluorescence correlation spectroscopy (FCS), and laser
Doppler anemometry (LDA). The adsorption of HSA and FIB on
the surface of the different NPs was quantitatively analyzed
in situ by using FCS, yielding a precise determination of the
hydrodynamic radius of the NPs with adsorbed proteins as a
function of the protein concentration. A simple binding model
allows us to compute the apparent equilibrium dissociation
coefficient Ky, the maximum number of proteins Npa, bound
per NP, the corona thickness Ary, and the Hill coefficient n.%°
A similar approach has been attempted recently by others
using DLS."® In addition, incorporation of the NPs by 3T3
cells was quantified in vitro by immunostaining and confocal
microcopy.’°
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