Open Access Article. Published on 05 January 2017. Downloaded on 7/16/2025 1:53:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

COMMUNICATION

CrossMark
& click for updates

Cite this: Nanoscale, 2017, 9, 2138

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

Protein corona composition of poly(ethylene
glycol)- and poly(phosphoester)-coated

nanoparticles correlates strongly with the amino

Received 5th September 2016,
Accepted 4th January 2017

DOI: 10.1039/c6nr07022a

rsc.li/nanoscale

Extensive molecular dynamics simulations reveal that the inter-
actions between proteins and poly(ethylene glycol) (PEG) can be
described in terms of the surface composition of the proteins. PEG
molecules accumulate around non-polar residues while avoiding
the polar ones. A solvent-accessible-surface-area model of protein
adsorption accurately fits a large set of data on the composition of
the protein corona of poly(ethylene glycol)- and poly(phospho-
ester)-coated nanoparticles recently obtained by label-free
proteomic mass spectrometry.

Nanoparticles are being intensively investigated as possible
drug carriers due to their ability to load drugs, and potentially
deliver them selectively to the target (e.g. the cancer cells or
tissues), opening the way to highly effective therapies with
reduced side effects.” As soon as the nanoparticles come into
contact with the blood stream they are covered by plasma pro-
teins, forming the “protein corona”. Numerous studies have
demonstrated that the nature and composition of the protein
corona determines the most important characteristics of the
nanoparticles, for example, their ability to be taken up by cells
or to stimulate an immune response, or their toxicity.>” The
composition of the protein corona can be measured experi-
mentally, for example by liquid chromatography/mass spec-
trometry.*® However many other features, like the orientation
of the adsorbed proteins and the degree of exposure of the pro-
teins’ functional epitopes are more difficult to access.® These
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features, as well as the determinants of the protein corona
composition, are particularly important as they help to under-
stand how the corona will interact with the host organism.
Poly(ethylene glycol) (PEG) has a wide variety of appli-
cations, which often involve its capacity to limit protein
adsorption. PEG, immobilized to surfaces, greatly retards
protein adsorption” and shows antifouling activity.®
PEGylation of drugs and nanocarriers leads to an increase of
their circulation half-lives, not only by increasing their hydro-
dynamic radius or thermal stability, but also by decreasing
their susceptibility to phagocytosis.” These properties of PEG -
often subsumed under the name of the “stealth” effect - are
essential for the effective targeting of nanocarriers.'® The
stealth effect has been generally explained by the large hydro-
philicity of PEG which leads to the formation of a thick
hydration layer that hinders interactions with the surrounding
proteins. Notwithstanding its “stealth” properties, PEG is not
totally inert. Indeed, several proteins have been detected in
protein coronas of PEGylated nanocarriers after incubation in
serum or plasma.’ Recent data from label-free proteomic mass
spectrometry of PEG-coated nanoparticles,” show that their
coronas have a very specific protein composition, which is
significantly different from the one observed in plasma. These
data suggest that PEG may not limit uniformly the adsorption
of proteins, but it may do so in a protein-dependent manner,
with few proteins showing a highly preferential binding affinity
for PEG-coated nanoparticles. The possible reasons of the
observed preferential binding are not well understood yet.
Molecular dynamics (MD) simulations have been extensively
used to describe protein/peptide adsorption on several different
surfaces as recently reviewed in ref. 12 and 13. Protein adsorp-
tion on surfaces coated with hydrophilic polymers like PEG
provide a further challenge due to their brush structure. In this
case, depending on their size, the proteins may partially or com-
pletely penetrate into the polymer brush formed on the coated
surface."* Herein, we evaluate the possible origin of the selective
adsorption of proteins on the surface of PEG-coated nano-
particles and show how it can be related to and predicted by the
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amino acid composition of the protein surface. We address the
problem by performing atomistic MD simulations of selected
plasma proteins immersed in PEG-water mixtures characterized
by different PEG lengths and concentrations. These simulations
help us understand how PEG molecules distribute on the
surface of the proteins and relate PEG distribution to protein
surface properties. From the simulation results we infer the
possible relationship between the concentration of proteins in
the nanoparticle corona and the amino acid composition of
their surface. Finally we verify the inferred relationship on a
large dataset of proteins, using only the available structural
information without performing further simulations.

The simulations were prepared by immersing selected
plasma proteins into periodic simulation boxes filled with pre-
equilibrated PEG/water mixtures at physiological ionic strength
(0.15 M [NaCl]). The simulations were carried out using the
program NAMD'® and the charmm?27 force field'®!” including
parameters for PEG.'® Tip3p'® was used as a model for the
explicit treatment of water. Further details about the simu-
lations and the data analysis are provided in the ESL{ In the
course of the MD simulations, all the particles (water, PEG,
ions and protein) can diffuse freely, thus allowing for the PEG
molecules to probe many possible binding modes with the
protein surface. This approach has been successfully used in
the context of drug design to identify druggable cavities in pro-
teins®>?' and also to study protein-polymer interactions
including PEG.>>* 1t is justified by the fact that PEG is not
assumed to induce large conformational changes in the
protein conformation.>® We have purposely used short PEG
chains (4 and 7 monomers), which diffuse fast, and allow for
the fast sampling of the possible binding modes. Given the
very short persistence length of PEG (0.38 nm) which is com-
parable with the distance between the adjacent monomers,
even the short PEG chains capture the flexibility of the longer
PEG chains used in the experiments. Thus, in the polymer con-
formations bound to the protein surface the monomers are
expected to occupy similar positions either if they belong to
long or short PEG chains. If non-negligible interactions are
formed between the protein (or parts of it) and PEG molecules,
the concentration of PEG atoms in the vicinity of the protein
(or the selected parts) will differ from the value in the bulk.
Thus, we measure the ratio between the number of PEG atoms
(excluding hydrogen atoms) and water molecules present
within a certain distance (0.5 nm) from the protein (or the
selected parts). A PEG/water ratio larger than the bulk values
would indicate the presence of effective attractive interactions
between PEG and protein (or the selected parts). We have ana-
lyzed 3 plasma proteins, human serum albumin (HSA), trans-
ferrin (TRF), and complement Cql subcomponent subunit
C(CQ1C). These proteins were selected based on several cri-
teria including the availability of the crystallographic structure
and either high (CQ1C) or low (HSA, TRF) experimentally
observed concentration in the protein corona of PEG-coated
nanoparticles.” We have also analyzed the possible effects of
PEG concentration (from 0.04 to 0.12 g ml™") and length (4 or
7 monomers), as well as simulation box size. A list of all the
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simulated systems including the number and length of runs is
provided in Table S1 in the ESLt The length of the simulations
(200 ns) is sufficient to reach statistical convergence of the
PEG-protein interactions (see the ESIf). The simulations show
that (i) the analyzed proteins have different affinity for PEG
molecules, consistent with the experimental observation of the
protein concentration in the nanoparticle corona; (ii) PEG
molecules do not distribute uniformly on the protein surfaces.
Instead, they tend to accumulate in specific regions (Fig. 1a—c).

We assumed that these observations might reflect the
heterogeneous amino acid composition of the protein surface
in the analyzed proteins. Thus, we measured the residue
specific affinity for PEG in all the simulations, i.e. the PEG/
water ratio in the vicinity of each amino acid type, and normal-
ized it to the bulk PEG/water ratio. It turns out that these
values are surprisingly similar across the different proteins
and simulation conditions, especially for the most solvent
exposed residue types (Fig. 1d) (for the less exposed residue
types the statistical noise is large).

This finding led us to propose a simple model to describe
PEG-protein interactions, based on few assumptions. The first
assumption is that the total PEG/water ratio (in the vicinity) of
a protein P can be approximated as the sum of the contri-
butions coming from each residue type weighted by the corres-
ponding solvent-accessible surface area.

AA
SASAx, (P)
PEGWtOt (P) - Zm . PEGWAA
AA
=) " FSASAp(P) - PEGWas (1)

where AA is the residue type (i.e., alanine, cysteine, aspartate,
etc.), SASAA(P) is the solvent-accessible surface area of all the
residues of type AA in the protein P, SASA.(P) is the total
solvent-exposed surface area of the protein, FSASAsA(P) is the
fraction of the surface area exposed by the residue type AA,
and PEGW,, is the PEG/water ratio in the vicinity of the
residue type AA (normalized to the bulk ratio), which, accord-
ing to the analysis presented above, is approximately indepen-
dent of the protein under investigation.

We tested this assumption by taking the PEGW,, averaged
over different simulations (weighting the simulations according
to the solvent-exposed-surface area of the amino acid type) and
computing the approximated PEGW(P) with eqn (1) for each
of the simulated proteins. We then compared this number with
the actual PEGW,(P) measured directly in the simulations. The
comparison (Fig. 1e) shows that the approximation reproduces
within the error, the affinity of the protein for PEG (measured
with the PEG/water ratio) for the three simulated proteins.

The second assumption that we make is that the average
adhesion force F, between a protein and a PEG-coated nano-
particle is a function of the PEG/water ratio.

Fp = FA(PEGW(P)) (2)

In other words, a high PEG/water ratio of the protein would
result in a strong adhesion force, due to the large amount of
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PEG/Water
[bulk ratio]

PEG/Water
[bulk ratio]

PEG/water ratio from SASA [bulk
ratio]

PEG/water ratio from simulations [bulk
ratio]

System

HSA2 1.16 £ 0.17 1.10£ 0.05

PEG/Water
[bulk ratio]

cQic 145+ 0.31 1.32+ 0.07

15 2 25 1

156 2 25

PEG/Water (HSA 2)
[bulk ratio]

TRF1 1.1240.05 05 1
PEG/Water (HSA 2)

[bulk ratio]

1.06 + 0.14

Fig. 1 Cartoons of HSA (a), C1qC (b), and TRF (c) highlighting the regions (dark blue) with an average PEG density twice as large as in the bulk.
These regions are not uniformly distributed on the protein surface. They tend to be located away from negatively charged residues (red). (d) The
residue-specific PEG/water ratios measured in several simulated systems and plotted versus those obtained for simulation HSA2 (see the ESI{) on the
X axis to highlight the correlation. Only the amino acid types which contribute at least 3% of the solvent accessible surface area in each of the simu-
lated system are considered. The correlation coefficients measured between each possible simulation pair are equal to or larger than 0.7. The
dependence of the PEG/water ratios on PEG concentration, density or box size (left column) is weak. The impact of the simulated protein on the
PEG/water ratios (right column) is also limited. The error bars correspond to the standard deviations measured along the trajectories of each simu-
lation. (e) The PEG/water ratio in the 0.5 nm region around the protein averaged over the simulations (left column) and approximated using eqn (1)

(right column).

PEG molecules per unit area that are attracted in the vicinity of
the protein. Although the core of the PEGylated nanoparticle
may have an influence on the nature and quantity of the
adsorbed proteins,"! at this point we are neglecting it. The
adsorption free energy of each protein can be written as:

AGadS(P) = —RT log([P]np/[P]plasma) (3)

where R is the gas constant, T is the temperature and [P],,, and
[Plpiasma are the concentrations of the protein P on the nano-
particle and in plasma, respectively. This is also equal to the
work to remove one mole of proteins from the surface of the
nanoparticles:

00

AGads(P) = —NAJ FA(P,Z)dZ
0

(4)

where z is the distance of the protein from the nanoparticle
surface and N, is the Avogadro number. Assuming in eqn (2) a
linear relationship between Fa(P,2) and PEGW,.(P) indepen-
dent of the distance z from the nanoparticle, and combining
eqn (3), (4) and (1), we end up with the following relationship:

[P:| np

log (%) oc f: FSASAua (P) - PEGW . (5)

In the following, we prove the validity of eqn (5) using the
available experimental data.

2140 | Nanoscale, 2017, 9, 2138-2144

To test eqn (5) we obtained the protein concentrations [P],,
and [P],iasma from proteomic mass spectrometry experiments,’
where the amount of different plasma proteins was measured
both on PEG-coated nanoparticles and in plasma (see the ESIT
for details). Then, if available, the structures of the proteins
adsorbing on the nanoparticles were collected either from the
Protein Data Bank (PDB) or from the homology model data-
base.”® This resulted in a database of 36 plasma proteins
(Table S2 in the ESIt). Then, we computed the solvent exposed
surface area of each residue type in each protein using VMD,>*
which provided the FSASAAA(P) data in eqn (5) (see Table S3 in
the ESIY).

Using, in eqn (5), the PEGW,, determined with the simu-
lations, we already observed a significant correlation coeffi-
cient (r = 0.55, p < 0.001, df = 36)*” between the left and the
right hand side of the equation (Fig. 2a and Table S2 in the
ESI}). On the other hand, the values obtained from the simu-
lations may be biased by several factors including the short
length of the PEG molecules, the approximate nature of the
force field, the limited number of simulated proteins and the
low statistical accuracy for the less exposed amino acids. For
these reasons, starting from the average values obtained from
the simulations, we optimized the PEGW,, to maximize the
correlation coefficient between the left- and right-hand side of
eqn (5) using a bootstrap approach. Details about the fitting
procedure are provided in the ESL{ The resulting model shows
a very high correlation coefficient (r = 0.85) with the available

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The logarithm of the protein concentration ratio on the nano-
particle corona and in plasma (measured experimentally) is plotted
versus the PEG/water ratios (r.h.s. of eqn (5)) of the plasma proteins, esti-
mated using (a) the PEGWa from the simulations (Table 1 third column),
i.e. with no fitted parameter, and (b) the PEGW,a obtained by fitting r.h.
s. of eqn (5) to the experimental data (Table 1, second column) through
the bootstrap procedure (see the ESIT). The blue line represents the best
linear fit and the correlation coefficients (r) are reported in the upper left
corner of the respective box. In (a) the error bars are obtained by propa-
gating the error on the PEGWa. In (b) the error bars report the standard
deviations measured over all the bootstrap sets. Each protein is indicated
with its gene name. See Table S2 in the ESI.}

data (Fig. 2b and Table S2 in the ESIT). We proved the statisti-
cal significance of this correlation by generating a thousand
artificial datasets, where the FSASA,, were randomized across
the proteins, and applying the same bootstrap procedure to
each set. Only 1.4% of the random datasets led to correlation
coefficients higher than the one measured on the original
data, proving the statistical significance of the observed corre-
lation. This fact supports the validity of eqn (5).

As exposed more diffusely in the ESI,{ the bootstrap pro-
cedure used for fitting the experimental data involves, fitting
the parameters to a subset of the proteins in the original data
set (training set) and then using the fitted parameters also to
predict the protein concentration of the remaining proteins
(test set, see Fig. S1 in the ESIf for an example). This is
repeated for many different random choices of the training
and test set. Thus, the results presented here, which are
averages over many choices of training and test sets show that
the model is predictive and the high correlation coefficient
provides an assessment for this.

The PEGW,, values obtained from the fit and reported in
Table 1 (which do not deviate strongly from the average values
obtained from the simulations, with a correlation coefficient
of 0.69, see Fig. S2 in the ESIf), provide a measure of the rela-
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Table 1 Residue-specific PEG/water ratios

Amino acid PEGW,y, fit [bulk ratio] PEGW,, sim. [bulk ratio]
S 0.50 + 0.17 1.07 £ 0.15
D 0.66 + 0.22 0.59 +0.10
E 0.82 +0.11 0.69 + 0.07
P 0.82 + 0.22 1.16 £ 0.13
w 0.87 +0.26 1.73 £ 0.97
N 0.89 +0.23 0.94 + 0.12
K 0.89 +0.15 1.31 £ 0.22
T 0.98 + 0.22 1.17 £ 0.14
A 1.00 = 0.23 1.61 £ 0.35
L 1.00 + 0.23 1.79 £ 0.37
G 1.02 +0.22 1.49 £ 0.45
Q 1.07 +0.21 1.27 £ 0.12
Y 1.11 £ 0.19 1.34 £ 0.42
C 1.15+0.18 1.47 £ 0.17
H 1.17 +0.23 1.10 £ 0.22
R 1.29+0.18 1.17 £ 0.16
F 1.53 £0.23 1.94 +0.41
\% 1.55 +0.26 1.82 +£0.40
I 1.56 + 0.23 1.57 £0.48
M 2.11 +0.23 2.00 + 0.95

tive affinity of each residue type for PEG. They show, for
example, that the negatively charged residues tend to repel
PEG, as expected by the presence of a negative partial charge
concentrated on the oxygen atoms in PEG. Unexpectedly,
however, also positively charged lysine, which generally pro-
vides the largest fraction of the solvent-accessible surface to
the analyzed proteins, shows the tendency to have a lower
density of PEG in its vicinity than in the bulk. A possible expla-
nation of this phenomenon could be related to the large
charge density of lysine. According to the CHARMM force field
lysine’s charge is concentrated on the zeta-nitrogen (NZ) and
epsilon-carbon (CE) atoms (and bound hydrogen atoms),
while, as a comparison, arginine’s charge is spread over
5 heavy atoms (and bound hydrogen atoms). The large charge
density may favor interactions with water over PEG, which has
a smaller polarity.

On the other hand, the data show that PEG interacts in
general more favorably with hydrophobic residues compared
to polar or hydrophilic residues. This is in agreement with pre-
viously published simulations of CI2 in PEG, water mixtures>*
which showed the formation of a larger number of contacts
between PEG and atoms with small partial charges compared
to atoms with large partial charges. It has also been shown
that PEG may penetrate the membrane of PEGylated lipo-
somes.”® Similarly, sum frequency generation vibrational spec-
troscopy experiments®® showed that the addition of free PEG
in solution reduced the number of strong hydrogen bonds
between lysozyme and water indicating the formation of inter-
actions between PEG and the hydrophobic parts of the
protein. However, it has been shown that free PEG and
surface-bound PEG as found on nanoparticles may affect the
protein hydration shell differently.”® The discrepancy was
attributed to the expected burial of the CH, groups of PEG in
the surface film but it may also be related to the interactions
of the protein with the core of the nanoparticle. Indeed, it has
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been shown that, although providing qualitatively similar
protein adsorption patterns, differences in the core of
PEGylated nanoparticles may result in differences in the
amount and type of the adsorbed proteins.'* This may explain
the partial discrepancy between the PEG/water ratio measured
in the simulations and those obtained by fitting the experi-
mental data.

The model proposed here is based on the assumption that
the proteins in contact with the nanoparticle surface retain
their structure, including the solvent exposed surface area of
their amino acids. This assumption was verified experi-
mentally for some of the proteins.’® In addition, the simulated
proteins did not show relevant conformational changes during
the simulations with PEG. The C, root mean square deviation
from the crystallographic structures averaged across the simu-
lation runs remained below 0.2, 0.35 and 0.5 nm for C1QC,
HSA and TREF, respectively, compatible with native state fluctu-
ations for proteins of that size. However, if the proteins under-
went unfolding upon adsorption, a better determinant for
their adsorption properties could be their amino acid
sequence composition. Then, eqn (5) could be modified by
replacing the FSASAs, of the amino acids with their relative
abundance in the sequence. We fitted this sequence-based
model to the experimental data using the same bootstrap pro-
cedure used above and we obtained a correlation coefficient of
0.79 with the experimental data, which is lower than what was
obtained using the solvent exposed surface area. This indicates
that, on average, the fraction of the solvent exposed surface
area is a better predictor of protein adsorption on nano-
particles, and lets us conclude that the majority of the proteins
examined here remain folded upon adsorption. However, we
cannot exclude that some of the proteins may undergo unfold-
ing upon adsorption.

The adsorbed-protein concentration data used in eqn (5)
were obtained on PEG,s-coated polystyrene nanoparticles
(PS-PEG44). To assess the selectivity of our method for PEG we
have first calculated the correlation coefficient between the
values of the Lh.s. of eqn (5) measured for PS-PEG44 nano-
particles with the same values measured for other nano-
particles reported in our previous studies®?! including those
coated with poly(ethyl ethylene phosphate) (PEEP) a polymer
proposed as an alternative to PEG to provide stealth properties
to nanocarriers. The analyzed nanoparticles include PEG;;(-
coated polystyrene (PS-PEG110), PEEP,o-coated polystyrene
(PS-PEEP49), PEEPy,-coated polystyrene (PS-PEEP92), amino-
functionalized polystyrene (PS-NH2), Lutensol-stabilized poly-
styrene (PS-LUT) and Lutensol-stabilized amino-functionalized
polystyrene (PS-LUT-NH2) nanoparticles (see ESI Table S27).
The correlation is high for PEG and PEEP coated nanoparticles
(correlation coefficients equal to or larger than 0.9) while low
for the other nanoparticles (correlation coefficient equal to or
lower than 0.7). This demonstrates that there is a large simi-
larity between the protein corona of PEG and PEEP coated
nanoparticles but not between PEG-coated and PS-NH2,
PS-LUT or PS-LUT-NH2 nanoparticles. The similarity can be
related to the chemical structure of the two coating polymers

2142 | Nanoscale, 2017, 9, 2138-2144
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which both have an electronegative part (the oxygen atom in
PEG and the phosphate group in PEEP) alternating with
mostly neutral/hydrophobic parts (the ethyl groups in both
PEG and PEEP) in similar proportions (in Lutensol-stabilized
nanoparticles, Lutensol is used as a surfactant in the prepa-
ration of the nanoparticles and then it is mostly removed so
that the amount of the residual surfactant is less than 0.1% of
the polymer in the nanoparticles).

Given the similarity in the composition of the corona of
PEG- and PEEP-coated nanoparticles, it is expected that the
PEG/water ratio estimated using our method, would also
predict the composition of PEEP-coated nanoparticles but not
that of the other nanoparticles. This is actually the case: the
correlation coefficient of the estimated PEG/water ratios with
the l.h.s. of eqn (5) computed using the data for PS-PEEP49
and PS-PEEP92 particles is 0.82 in both cases, similar to
0.85 measured for PS-PEG44 nanoparticles used in the fit and
to 0.77 measured for PS-PEG110. This correlation drops to
values equal to or lower than 0.5 for PS-NH2, PS-LUT and
PS-LUT-NH2 nanoparticles. A similar trend is observed when
using the PEG/water ratios estimated using the simulation
data as in Fig. 2a: in this case the correlations with protein
concentrations on PEG- and PEEP-coated nanoparticle are
between 0.5 and 0.6, while with PS-NH2, PS-LUT and
PS-LUT-NH2 nanoparticles they drop to below 0.2. The fact
that the correlation of PEG/water ratios with the fitted data is
not significantly higher than that with similar data not used in
the fit but it is low with not similar data confirms that the
method used to fit the data has successfully reduced the
overfitting.

The PEG- and PEEP-coated nanoparticles showing a similar
corona composition differ by several other aspects: for
example, PS-PEG44 and PS-PEG110 have on average 3500 and
2900 grafted chains per particle, a size of 117 nm and 119 nm,
and a zeta-potential of 15 mV and 8 mV, respectively and the
total adsorbed proteins varied significantly in the two cases
(0.77 mg m~? and 1.24 mg m™>, respectively). Although these
examples do not cover all the possible variations of PEGylated
nanoparticles, however, the similarity in their corona compo-
sition, represented by the quantity we have identified (log
([Plap/[Plplasma)), suggests that this is only weakly dependent on
the characteristics of the PEGylated nanoparticle. In particular,
the reported grafting density of PS-PEG44 and PES-PEG110°
(3.0 and 3.8 nm® per PEG chain, respectively) indicates that
PEG chains form a dense brush.>*??® The protein adsorption
pattern of PEGylated nanoparticles do not change significantly
above a certain PEG density,'" thus the analysis presented here
is possibly valid for PEGylated nanoparticles with similar or
higher PEG densities than those analyzed here.

Although the main contribution (about 60%) to the PEG/
water ratio in the vicinity of the protein comes from the most
exposed amino-acids, we found that the FSASAsA(P) of few
specific amino acid types correlate particularly strongly with
the left hand side of eqn (5). One striking example is methio-
nine. Indeed, the FSASAyer(P) alone shows a correlation of
0.62 with the left hand side of eqn (5), suggesting that proteins

This journal is © The Royal Society of Chemistry 2017
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where methionine amino acids expose the largest fraction of
the surface area may more likely adsorb on PEG-coated nano-
particles. This also explains why methionine is the amino acid
with the largest PEGW,, in both the fitted parameters and
those derived from the simulations (see ESI Fig. S27). The ana-
lysis of the trajectories shows an accumulation of PEG in the
vicinity of exposed methionine side-chains (ESI Fig. S37).
Interestingly, clusterin, which is the protein that adsorbs most
abundantly on the PEG-coated nanoparticles analyzed here,
but is not part of our data set as it has not been structurally
characterized yet, has a very high percentage of methionine
amino acids in its sequence (3.5%) compared to the other pro-
teins in the data set. A higher percentage of methionine is
found only in the fibrinogen beta chain (3.7%) and the comp-
lement Clq subcomponent B subunit (3.6%), which also
adsorb abundantly on the nanoparticle surface.

Conclusions

The simulations presented here show that PEG-protein inter-
actions can be described using a simple model based on the
solvent-accessible surface area exposed by each amino acid
type on the protein surface. The model has been applied to
provide a simple and accurate description of the adsorption
process of plasma proteins on the surface of PEGylated nano-
particles. The model, however, is not necessarily limited to
plasma proteins and may be applicable to protein-PEG inter-
actions occurring in other body fluids, as long as the main
solvent is water. The model allows for making predictions on
how PEG will interact with specific proteins, and is not necess-
arily limited to the corona of PEGylated nanoparticles. For
example, it may allow for predicting which parts of the protein
will be buried by PEG, or which binding epitopes will remain
available for receptor binding. In turn, this may allow for a fast
evaluation of the consequences of PEGylation in relation to
the substrate-specific targeting needs. Although, very well-
established as a drug modifier, PEG has several shortcomings
including interfering with the cellular uptake and triggering
immune response.*® Alternatives to PEG are being investigated
by several groups.®”* As demonstrated for PEEP-coated nano-
particles above, we expect our approach to be transferable to
the description of other protein—nanocarrier interactions.
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