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ABSTRACT. Polymer-coated nanoparticles are commonly used as drug carriers in nanomedicine.
Their uptake rates are modulated by the interactions with essential serum proteins such as
transferrin and albumin. Understanding the control parameters of these interactions is crucial for
improving the efficiency of the nanocarriers. In this work, we perform a computational study of
protein adsorption onto polymer (PEG) coated gold and silver nanoparticles. The applied approach
yielded the protein-nanoparticle adsorption rankings onto coated as a function of PEG grafting

density, which were validated against previously reported experimental protein-nanoparticle



binding constants. The UnitedAtom multiscale method also provides information on the preferred
orientation of selected proteins immobilised on the surface of nanoparticles (nano-docking). The
presented approach can be helpful for experimentalists working on the development of biosensors,
nanocarriers, or other nanoplatforms where information on the preferred orientation of protein is
crucial. It can also be used for fast pre-screening of various combinations of proteins,

nanoparticles, and coatings (in silico bio nano assays).

TEXT. Zero-valent noble metal nanoparticles (NP) have attracted a lot of attention due to their
unique physicochemical properties which make them suitable for use in theragnostic
nanoplatforms!. Noble metal NPs are plasmon resonant and hold great promise as a contrasting
reagent for tumour targeting and imaging®* due to their strong and tuneable optical absorption.
However, a vast number of metallic NPs are known to be toxic’. As a result, they are subject to a
fast clearance from the bloodstream due to opsonization and recognition by the mononuclear
phagocyte system (MPS) which suppresses the toxic impact by reducing the circulation time for
the NPs. Such natural safety measures undermine the theragnostic potential of noble metal NPs as
the response to the toxicity of the pristine core material prevents them from reaching a suitable

level of theragnostic dose®.

Capping the metallic core with polymeric matter (e.g. with polyethylene glycol, PEG) was shown
to improve the performance of metallic Au and Ag NPs for medical applications due to reduced
toxicity’, making these NPs a good prototype for designing non-toxic drug nanocarriers. The
presence of the polymeric outer shell creates a stealth effect and reduces the opsonisation of the
PEGylated NPs. This, in turn, improves the saturation kinetics of the NP, helping to reach proper

blood plasma concentration levels and prolonging their circulation time®°. The PEGylation of NPs



has become a gold standard strategy for regulating nanotoxicity and improving biocompatibility
of engineered nanomaterials (NM) used in medical applications'®'2. The cloaking effect of the
shell on the surface of NPs does not cancel out the adsorption of blood plasma proteins entirely'>.
Several such proteins were reported to bind onto polymer-modified surfaces, e.g., the binding of
clusterin to ovalbumin nanocarriers (OVA-NCs)!*. Harnessing this phenomenon offers a path

towards novel efficient nanocarriers.

The precision of drug nanocarriers is based on the energetic balance between interactions occurring
at two individual interfaces. The first occurs at the protein-protein interface and is defined by a
selective complementarity between a receptor expressed on the surface of a cell and the active site
of a specific coupled protein. The second takes place at the bio-nano interface and is determined
by selective non-covalent binding of the coupled protein onto the nanocarrier, ideally such that the
active site remains free for binding to cell receptors. While the complementarity between the cell-
surface receptor and the coupled protein mostly develops naturally, the optimization of binding
characteristics between NPs and coupled proteins can be artificially controlled. However, the
design of novel nanocarriers requires finding a working triad of a suitable NP, cell receptor, and
coupled protein which produces a protein bound to the NP in the necessary orientation to allow
the protein to also bind to the receptor, and systematic experimental search for an optimal

nanocarrier triad for a specific receptor might be a tedious task.

The selectivity for binding events occurring at two interfaces can be described in terms of binding

free energy (AG), P and AG;;ZP) and equilibrium association constants (Kfq_p and Kepq_NP). In

principle, these parameters can be predicted theoretically with a high accuracy either by molecular

dynamics (MD) combined with enhanced sampling approaches or by molecular docking



techniques. While several successful examples have been reported for protein-protein and protein-
small molecule interactions'>!®, the capacity of conventional in silico tools for predicting AGEI-;ZP
for a relevant number of promising protein-NP combinations is limited due to the immense
dimensionality of the atomistic models, broad variations in conditions applied for in vitro
preparation of nanocarrier (e.g. pH or ionic strength), the diverse structures of ENMs (different

surface chemistry, nanocomposites, etc.)!” ! or simply due to the lack of theoretical parameters

describing the inorganic NPs in simulations. Therefore, one has to resort to approximations.

Recently, we have presented a multiscale UnitedAtom (UA) approach for predicting protein
adsorption affinities for nanoscale materials. We have parameterised biomolecular interactions
with a range of materials including titanium dioxide, quartz, carbon nanotubes, multiple metals
and oxides, and surface-modified graphene®® %, The U4 method employs a coarse-grained (CG)
approach and uses pre-calculated interactions between molecular fragments of biopolymers (e.g.
amino acids (AA) in peptides) and the target NP material. The total protein-NP interaction
potential is obtained by summation of individual interaction potentials for AAs of a specific protein
in a 3D arrangement with the NP employing an additive pairwise scheme and extracting
orientation-specific binding free energies from these potentials. The UA multiscale method
requires less computational effort for predicting protein binding affinities as compared to
conventional simulation methods and finds good agreement for the prediction of binding patterns
of individual proteins?? , enabling the simulation of competitive adsorption of multiple proteins>.
In this work, we extend the U4 method to coated NPs to include the effects of surface chemistry
on protein adsorption without explicit recalculation of the input NP-AA potentials for modified

surfaces, avoiding the need to recalculate the interaction potentials for each substrate and surface



functionalisation via lengthy MD simulations combined with AWT-Metadynamics, as was

required for modified graphene?*?>.

The extension of the UA method targets the adsorption of proteins onto composite NPs consisting
of a solid core and a soft polymeric shell. To cover various possible core-shell structures, we
introduce a “LEGO”-like modular approach (Figure 1). Within this scheme, the interaction
between AA side chains analogues (SCAs) and components of the NP (including surface chemistry
elements) is modelled via sets of separate potentials for the interactions between each SCA and a
component of the NP. To test and validate this novel methodology, we have performed UA
multiscale modelling of BSA and TRF (glycosylated and non-glycosylated (ngTRF) variants)
protein adsorption onto PEGylated (poly(ethylene)glycol-coated) silver and gold core-shell NPs.
These systems were previously reported by R. Barbir et. al and the protein binding characteristics

for selected proteins were measured experimentally?®.
Results and Discussion.

The theoretical background for the U4 model for core-shell NPs applied in this work is outlined
in “Methods” section. Additional details on the construction methodology for the simulated

protein-NP models (including PDB structures) used here can be found in Supplementary materials.

fi:lzp values cannot be calculated within the UA

Since the exact adsorption free energy AG
framework?? due to strong approximations, we have focused our study on the following model
performance aspects: prediction of the stealth effect caused by PEGylation, accurate prediction of
binding affinity ranking for PEGylated nanoparticles in relation to fragment resolution level of

nanoparticle constructs, and reproduction of differences in protein adsorption of transferrin

variants in individual adsorption experiments.



According to the reported CD spectra for the selected proteins®®, their adsorption onto NPs did
not result in drastic alterations of the globular protein structure, with only small to moderate
changes in a-helix, B-sheets, and the rest of the structure noted. This observation suggests that the
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UA model with a “rigid body” protein representation should be suitable for predicting binding

affinities for this case.

Predicting adsorption affinity rankings and stealth effect: the role of PEG grafting density.

The experimental data suggest that the binding of transferrin variants to citrated gold and silver
NPs with various diameters (13-60 nm) is weaker than the binding of bovine serum albumin to
these NPs, with the exception of ngTRF adsorbed to smaller AuNPs?®. However, the introduction
of 5K PEG shell on the spherical AuNPs and AgNPs reversed the adsorption affinity rankings,
making the naturally occurring glycosylated variant of transferrin the most strongly binding
protein and the bovine serum albumin the weakest one. To explain the difference in binding
affinities for coated and uncoated nanoparticles we have constructed multicomponent U4 models

of pristine and core-shell nanoparticles.

It is known that variations in the grafting density of polymeric coatings on the surface of a NP
can influence protein adsorption considerably®’. Elevated grafting density and/or high molecular
weight of the polymer (high-density brush regime) was shown to enhance the antifouling
characteristics of NPs by reducing protein adsorption®®°. Since no information was reported on

the morphology of the polymer layer, Flory’s theory®!~

was employed to produce CG models of
core-shell PEGAuNPs and PEGAgNPs (see the corresponding section in Methods). The theory

suggests that the grafted polymer chains change their shape between two limiting-case

conformations: the “mushroom” (low density) and the “brush” (high density) upon increase of the



grafting density o. The mixed state of the polymer chain corresponds to the “intermediate” grafting
density region. The boundary between “mushroom” and “brush” regimes is controlled by the ratio
between the mean chain-to-chain distance on the NP surface D and Flory radius Ry for a single
polymer chain. Four core-shell Ag and Au NPs with varying grafting densities of SK PEG (o =
0.01 — 0.65 chains/nm?) were utilized for U4 calculations of protein binding energies are shown
in Figure 2. Two additional solid uniform NPs for each core material representing bare 35.7 nm
Au and 52.7 nm Ag NPs (Figure 2, far left) and two solid PEG NP with equal diameters (Figure

2, far right) were added to the set for comparison purposes.

Protein adsorption rankings calculated with the U4 model and experimentally observed ones are
shown in Figure 3. The uncoated 52.7 nm Ag NPs exhibited stronger attraction of proteins as
compared to 35.7 nm AuNPs. The gradual PEGylation of NPs from “pristine” to “brush” models
resulted in weakening of protein adsorption and changing the binding pattern — the binding to
smaller PEGAuNPs was stronger than for larger PEGAgNPs. The predicted overall decrease of
protein adsorption affinities due to coating of pristine NPs is a result of the stealth effect commonly
observed for PEGylated NPs'*3436, which arises from the weaker binding of proteins by PEG
itself and shielding of the metallic core by the PEG chains. The calculated protein adsorption
affinities as a function of PEG grafting density was found to be non-monotonic (Figure 4), similar
to the pattern previously reported by Walkey et al.>. Those authors have also found that at the
lower PEG grafting density the adsorption of high-molecular-weight serum proteins was
suppressed, while at higher grafting density their adsorption prevailed while for smaller NPs with
fixed PEG grafting density the overall adsorption of proteins increased®®. In our calculations, the
increase in grafting density (and decrease of metallic core radii) resulted in improved binding of

larger (ca. 80 kDa) transferrins to smaller 35.7 nm PEGAuNPs in high density “brush” model,



while the interaction between lighter (ca. 66 kDa) BSA protein and larger 52.7 nm PEGAgNPs
was the weakest. The calculated magnitude of the PEG shielding effect for BSA was approx.
40 — 60kgT and approx. 40 — 50kgT for transferrins (“pristine” vs. “brush” models). Similar
conclusions on protein adsorption trends associated with the increase of PEG brush density can be
also drawn from the orientation-specific adsorption energies for PEGAuNPs and PEGAgNPs
shown as heatmaps in Figures 5 and 6. Thus, the interplay between the factors mentioned above
(protein molecular weight, PEG grafting density, and nanoparticle radii) ultimately results in
changes in the protein adsorption affinities, which in the case of PEGylated gold nanoparticles
were found to be more significant for transferrins than for BSA. Adsorption of TRF on PEGAuNPs

was ca. 10kgT stronger as compared to PEGAgNPs.

Overall, we get the best match between the experiment and the simulation in terms of relative
and absolute affinities using the raspberry model at the “intermediate” grafting density (Figure 3),
which apparently most accurately reflects the properties of the PEG coating in the experiment,
thus providing the otherwise unknown molecular details. A one-bead-one-material “shell solid”

1,222 was also

model of the PEG outer layer, equivalent to the original single-component U4 mode
able to reproduce protein adsorption affinity ranking that matched experimental data (Figure 3).
However, the calculated absolute values of binding energies were substantially underestimated:
the adsorption of BSA was predicted to be slightly endothermic (E 45 = 0.3kgT) and a small
exothermic effect was predicted for adsorption of transferrins (E 45 = —1kgT). We attribute this
to a limitation of the solid NP model which does not allow for a sufficient number of interfacial
contacts between PEG and the rigid protein, which are obviously present for the “intermediate”

grafting density model. Using a more detailed representation of the PEG-only NP did notdid no’t

lead to significant improvement of the binding energy compared to experimental values, however



the “shell solid raspberry” model (Figure 1, model d), composed of a single solid PEG central
bead and a thin layer of PEG raspberry beads, produced slightly better estimates of exothermic

binding affinities matching the experimental ranking of proteins adsorption affinities.

As can be seen in the adsorption heatmaps (Figures 5 and 6) the preferred orientations of bound
proteins on the NPs are similar across both materials and the same compositional combinations of
a metallic core and PEG shell. Examples of docked structures for protein adsorption complexes
corresponding to the most strongly adsorbing configurations for “custom” grafting density model

are shown in Figure 7.

The assumptions on polymer grafting densities used in our calculations were made based on
limited experimental input and thus are subject to some arbitrariness. Thus, their simplicity might
partially impact the overall conclusions. From this perspective, we would like to stress the
importance of full reporting of physicochemical parameters/conditions used in the experiments

with NPs*’, as these data could provide a better background for consistent theoretical models.

Impact of glycosylation state of transferrin on adsorption affinities.

The predictions of the UA model were also sensitive to the presence of posttranslational
modifications in the protein, e.g. glycosides in TRF vs. the absence of those in ngTRF. This
sensitivity was dependent on the modelling resolution of PEG brush density. In the case of the
high-density brush model, the interaction of non-glycosylated ngTRF was predicted stronger than
one for the glycosylated variant. The decrease of PEG grafting density (“custom” and
“intermediate” grafting density models in Figure 3) led to a higher exothermic effect of adsorption

for TRF as compared to ngTRF (ca. 2.5kgT in the intermediate grafting density model).



The favored binding of glycosylated TRF arising from surface polymer shell modification of
metallic NPs can be linked to the synergy between the hydrophilic nature of PEG and carbohydrate
fragments. Although it is reasonable to expect that glycans might improve the TRF adsorption
because of direct interaction with the PEG outer layer, the arrangement of adsorption complexes
of transferrin variants immobilized on modelled NPs reconstructed from the U4 output did not
fully support it (Figure 8). Two common lowest energy conformations were identified
corresponding to transferrins’ preferred orientations on pristine or coated gold or silver
nanoparticles. They were identified at (¢p = 10°; 8 = 155°) and (¢ = 230 — 235°% 6 = 30 —
35°) rotational angles. For these orientations, only two to three N-linked glycan fragments were
close to the PEG surface of the nanoparticle (Figure 8, glycan fragments highlighted in green),
while the remaining five to six glycans were directed outwards. The increase of polymer grafting
density did not qualitatively alter the protein adsorption fingerprints for either core material
(Figures 5 and 6), except for the adsorption energy minimum at (¢¢ = 10°; 8 = 155°) rotational
coordinates, which became more pronounced at higher n.. values as compared to other alternative
orientations. It should be also noted that in some cases multiple orientations can correspond to
similar structures, e.g., the two local minima for TRF at (¢ = 10°; 8 = 155°) and (¢p = 40°%; 8 =
135°). The obtained preferred orientations of bound TRF suggest that the glycans present in this
protein, which in general are known to reside mostly on the exterior of proteins, are expected to
remain accessible for further interactions after adsorption onto a NP. A similar behavior was
observed experimentally for the formation of protein corona on citrate-stabilized gold NPs where

glycosylated fragments on adsorbed proteins remained accessible for further modifications®®.

The overall elevated binding affinity of glycosylated TRF at low grafting densities can be

explained by an additional effect associated with stronger binding calculated for Ag and Au slabs
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and individual glycan fragments (see previously reported Ag values in work *° and Figures S4 and
S5 for Au values in Supplementary Materials). For example, for Au FCC (111) the adsorption
energies for carbohydrates were ca. —20 — 25kzT while for AA SCA the adsorption energies
were in the range —1 — 28kgT. At the same time, the interaction with PEG was even weaker than
the NP-AA interaction (at ca. 0.4 kgT, Figure S7 in Supplementary Materials). However, as the
energy estimate by the UA method includes contributions from all rotational/translational
configurations (including statistically less relevant penalized orientations with close contacts
between glycans and metallic/PEG CG beads), these extra contributions result in an increased E 4
term for glycosylated proteins. Furthermore, the thinner the PEG layer and the more accessible the
metallic core to the glycans, the stronger this added stabilization will be. From this it can be also
concluded that proteins with a greater fraction of glycosylated residues accessible for the
interactions with the NP are expected to have a stronger binding to the Ag or Au surface.

In the case of TRF, which contains only a small number (8) of N-glycan fragments,
glycosylation-assisted binding is not expected to be crucial for protein adsorption onto coated NPs
with 3-8 nm thick PEG layer. Instead, it is more likely that cooperative interaction of AA
sidechains with the NP will control the total protein adsorption affinity. The reported experimental
data®® on binding constants for transferrins immobilized at other functionalized AuNPs/AgNPs
partially (subject to differences in size, shape, surface charges, etc. for studied nanoparticles)
supports this prediction: non-glycosylated ngTRF was shown to have a stronger interaction as
compared to its glycosylated version in general.

In summary, we find that PEG coating changes the protein adsorption on NPs in several aspects.
Most of all, it reduces the binding strength thus providing the stealth effect, in agreement with

experimental observations. Secondly, it changes the binding affinity ranking, so we register
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different binding preferences at different PEG grafting densities. This alteration should affect the
content of the NP protein corona. We see evidence that the corona is determined by multiple factors
such as the grafting density and molecular weight of the grafted polymers, protein type, and its
glycosylation state. Also in agreement with experimental data, we show that glycosylation of a
protein enhances the overall interaction with PEGylated and pristine noble metal NPs. The overall
trend is a result of an interplay of various factors (accessibility of N-glycans for interaction with a
metallic surface, configurations of the PEG chains, the AA composition of the protein, etc.). This
observation suggests that glycans, and possibly other protein modifiers (e.g., lipid fragments in
lipoproteins), should be taken into account for modeling bio-nano interfaces existing in
physiological conditions. Potentially, glycosylation-assisted protein adsorption may be used as a
strategy to develop sensitive analytical nanoplatforms for detecting blood protein markers in
diabetic patients** or viruses containing glycan-rich patches on their exterior*. The predicted
stronger overall adsorption of glycosylated proteins onto uncoated and coated NPs also leads to
questions about how metabolic syndromes** can impact the efficiency nanomedicine in patients as
a result of altered bioaccumulation of NPs and associated adverse outcomes linked to such

changes.

Conclusions.

We performed a multiscale computational study of protein binding on to PEG-functionalized
gold and silver NPs. For this purpose, we have introduced a new modular CG model of a coated
NP, which is capable of representing a variety of typical core-shell nanostructures used for drug
delivery. The predictions of protein affinity ranking are in line with available experimental data.

Moreover, based on comparisons with experimental data, we were able to obtain molecular lever

12



insights into the structure of the polymer coat and preferred protein orientation that are not
accessible experimentally. As the calculations with this multiscale approach are very fast once the
materials and interactions are parameterized, this method can be used for high throughput in silico
screening of protein adsorption onto core—shell NPs for the rational design of drug nanocarriers

4041 While qualitative predictions of protein adsorption can be obtained

and nanobiosensors
already with a uniform density representation of the NP, a more detailed representation of core-
shell noble metal NPs including the molecular structure of the coating is necessary for more
accurate investigations into protein corona content and bound protein activities. The raspberry
model of the NPs can be applied to study nanocarriers of high structural complexity. The structures
of protein-NP complexes obtained using our model can be used as initial estimate coordinates for

further computational refinement, aiding in the precise design of drug nanocarriers and nano

biosensors where the information on the orientation of the immobilized protein is important.
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Figure 1. “LEGO” models of multicomponent NPs which can be simulated in the extended version of the UnitedAtom

a) b) <oli c)

21,45)

a. Uniform density solid single material NP (original version
b. Composite NP made of n-layers of solid materials with uniform density (extended version)
c. Raspberry model single material NP (extended version).

d. Raspberry outer layer - solid core single material NP (extended version)

e. Solid uniform density outer layer - hollow core single material NP (extended version)

f. Raspberry outer layer - solid core dual material NP (extended version)

Raspberry models (c, d, f) may be used for representing nanocomposites, heteropolymers or mixed coatings. In this case different

potentials corresponding to different components of the NP should be assigned to the raspberry beads.
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Figure 2. CG structures of pristine and PEGylated Au and Ag NPs utilized for UA calculations.

Top row — CG models of gold NPs, bottom row - CG models of silver NPs
Naming convention of CG models, from left to right:

“pristine”

“mushroom”
“intermediate”
“custom”

“brush”

“shell solid”

“shell _solid raspberry”
“shell raspberry”
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Figure 3. Adsorption energies for pristine and PEGylated Au and Ag NPs.
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Figure 4. Non-monotonous variation of protein adsorption affinities as a function of the coating density.
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Figure 5. Adsorption heat maps for TRF, ngTRF, and BSA proteins adsorption onto pristine and

PEGylated AuNPs.
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Figure 7. Lowest energy configurations of adsorption complexes for TRF, ngTRF,
PEGAgNPs with dense PEG brush density (“‘custom” model).

and BSA proteins onto PEGAuNPs and
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Figure 8. Configurations of adsorption complexes of TRF/ngTRF at PEGAgNPs with
“intermediate” PEG brush density corresponding to the identified minima of adsorption energy
landscape.
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Methods.
Overview of the UnitedAtom multiscale method.

Here, we briefly describe the UnitedAtom model for the prediction of protein-NP binding energies.
The original method considers variously shaped NPs as homogeneous entities with uniformly
distributed density across the NP volume. The interaction between an NP and a rigid protein is
presented as a sum of electrostatic and short-range nonbonded (including e,g, van der Waals,
dipolar, and excluded volume effects obtained from atomistic MD simulations) interactions, the
energy of which is calculated through a summation of corresponding interaction energy terms
between each AA and the NP:

Naa Naa

Upwp = ) UM (d,0,0)) = ) (UE(di(6, ®)) + UF (di(6,9) )
i=1

i=1

It should be pointed out that interaction between the NP and the protein backbone in the U4 model
is not included in the short-range interaction potential and only factors into the long-range van der
Waals potential. More details on the theoretical background for the U4 model can be found in the

original publications?® %2,

In the present work, we extend the model to composite NPs with non-uniform density, e.g. multi-
component NPs with various polymeric coatings or core-shell NPs. This is achieved by
representing a complex NP as a set of smaller building blocks (“NP components™),
parameterization of their interactions with AAs, and summing the above potentials over all the NP
components, similar to the summation of the NP-AA potential over all the AA beads in a protein.
Each NP component is described using the same set of parameters employed for the initial

UnitedAtom model together with a set of coordinates describing the center of each component and
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an overall scaling factor for the potentials contributed by this component. Complex NP structures
are assembled from combinations of these components, with negative scaling factors used to allow
for the representation of hollow NPs or shells by subtracting a smaller NP from a larger one.
Surface-modified NPs are represented as a set of beads of the brush material surrounding the core
bead(s). Combinations of these shapes enable the simulation of complex NPs as shown in Figure
1. If required, large NPs can be represented by a raspberry-like construction to produce a more
realistic model at the cost of an increase in computational time. This methodology assumes that
the NP-AA potential is isotropic over the surface of the NP, which is not the case for low-density
brushes in which all AA beads of a given type have the same potential despite potentially having
very different environments, e.g. direct exposure to the core or exposure to a brush only depending
on their location in the protein. To mitigate this effect, we apply an additional hard-shell potential
between brush beads and AA beads to penalise configurations with unrealistic protein-brush

overlaps and average over NP orientations as discussed later.

Generation of coarse-grained coordinates for core-shell nanoparticles.

In the present study, the polymeric shell is represented by a set of CG beads with a size equal to
twice the radius of gyration of polymer fragments used in the U4 model (see the corresponding
section below). In the current case, we used PEG trimers to represent a full-length chain of PEG
5K. CG models of PEG layers were constructed through a stochastic algorithm by placing PEG
beads to match the target density profiles reflecting differences in grafting densities (Figure 1,
model f). This method allows the modeling of polymeric core-shell NPs with various grafting

densities of the polymeric outer layer.
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We chose the specific relationships between grafting density distance D, Flory radii Ry for
individual polymer chains and the shell morphology (layer thickness and grafting density) as

follows'?:

R 4.0, high — density coating, "brush” regime
—£ = 2.0, medium — density coating, "intermediate” regime
0.5, low — density coating, "mushroom" regime

The experimentally measured Flory radius for PEG5K was Rz = 5.6 nm. From this, the area of

the surface occupied by one chain is equal:

nD?
A ==

and the grafting density (number of chains per nm?) then:

The thickness of polymer layer can be estimated as:

L=N (a5/3) 02/3,
where @ is the length of the monomer (a = 0.35 nm for PEG unit®) and N is the number of
monomer units (N = 113 for PEG5K). This gives grafting densities and the thickness of PEG

layer as presented in Table 1.

Table 1. Predicted grafting density (o) and corresponding thickness of polymer layer (L).

regime “mushroom”, “intermediate” “brush”
o (chains/nm?) 0.01 0.16 0.65
L (nm) 0.921 5.847 14.733
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Considering that the density of the polymeric shell is not uniform, the placement of the PEG CG
beads should be done according to the normalized density profile defined within the interval [0;
L]. Experimental density can be used, as well as any other density profile defined analytically. For
the current case the following arbitrary function (a = 4.0 and b = 11.0) was selected to

reconstruct normalized density profile:

1
p(L) = @ + eb(L—05L)

p(L)

Pnorm (L) = o )

The resulting normalized density profiles were similar for the outer layer of PEGAgNP (52.7
nm) and PEGAuNP (35.7 nm) and are shown in Figure S1 in the Supplementary Materials. Finally,

the shell was trimmed to match the maximum number of CG beads predicted by Flory theory:

where n,,,,, 1S number of monomer units represented by a single CG bead. For the current model
Nimono = 3.

It should be mentioned, that n-; value for intermediate density brush corresponded to ca. 35%
of the reported experimental PEG concentration on NPs. And the full experimental concentration
of PEG corresponded to brush densities between the intermediate and brush regimes, suggesting
that most likely the high-density regime was reached during the experiment. To evaluate the
adsorption affinities for four different grafting density regimes of PEG, labelled “mushroom”
(n¢ce = 689(Ag)/459(Au)), “intermediate”(ng; = 2034(Ag)/1356(Au)), “custom”(ng; =
5236(Ag)/2541(Au) and “brush” (ng; = 20860(Ag)/14143(Au)) were considered (Figure 3).

The GenerateNanoparticle.py tool from the UA package*® was used to assign the coordinates of

CG beads to core-shell NPs. The resulting NP coordinate files defining NPs shown in Figure 2
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were included in the Supplementary Materials. These files (*.np) supply the coordinates and
definition of the material for all the CG beads present in an NP for the U4 multiscale simulations.
To evaluate the adsorption of the proteins three different grafting density regimes of PEG, labelled
“mushroom”, “intermediate”, and “brush”, were considered (Table S1 in Supplementary

Materials).

UA calculations of adsorption affinities.

The experimental values of NP radii and {-potential were applied for the U4 modeling of protein
adsorption (Table S2, Supplementary Materials) for reported proteins?®. Adsorption affinities for
each protein were obtained as an average of the energy of adsorption obtained for three different
surfaces of the face-centered cubic structure of the metallic core. In the absence of a specific model
for the NP geometry, we take a maximum entropy approach and weight each of the considered
surfaces equally such that the average energy for a given protein orientation is given by:

Eqgs (0, ) + Eqgs '™ (6, @) + Eqgs ' (6, ¢)
3

Eqas (91 ¢) =

Since the binding energies are typically similar for each surface, these approximate weights and
averaging scheme do not introduce a significant error relative to other errors present in the
calculation. The positions of the PEG CG beads remain unchanged during the U4 multiscale
simulations and the protein “scans” the potential energy surface along the z axis, normal to the
surface of the core NP. To ensure that various density regions of the PEG shell are sampled by the

protein during this scan, 20 rotational configurations were created by random rotation of the

26



original CG configuration and included in the ensemble. As a result, each PEGAgNP and
PEGAuNP with various brush density was represented by 60 CG configurations of nanoparticle
(20 rotational configurations X 3 FCC). Final adsorption energies were averaged for each type of
protein  (see  2022-11-30 ua adsorbtion_affinities supporting materials.csv ~ file  in
Supplementary material).

The interactions between CG beads of the protein and the NP components were computed
separately, with two sets of corresponding short-range surface potentials for the metallic core and
polymeric shell on the surface. The parametrized set of short-range surface potentials for the silver
FCC 100, 110, 111 surfaces were reported previously??. The procedures for obtaining short-range
surface potentials for metallic crystalline gold and unstructured PEG are described in the following
sections.

Parametrization of short-range nonbonded potentials for zero-valent gold nanomaterial.

The PMFs for the three Au FCC surfaces reported here differ from the set of Au PMFs reported
earlier for use with U4?!. The difference is that the old set included Au(100) FCC configuration
only, excluded salt, used different models for some AA SCAs, calculated NP-AA potentials with
AMBERO3 force field parameters, and employed different settings for the metadynamics,
primarily a smaller initial hill height. The (100) surface for FCC gold is predicted to be the least
stable out of the low Miller index surfaces (100, 110, 111) *’ and the interactions between Au(100)
and AAs were found to be more exothermic than for other surfaces. This led to a consistent
overestimation of adsorption affinities calculated for blood plasma proteins?>. As was mentioned
earlier, a more precise description of bio-interfaces for nanosized crystalline materials requires a
more realistic interface generated from a combination of surfaces, motivating the inclusion of more

Au FCC surfaces and so three Au FCC surfaces were parameterized.
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A comprehensive computational protocol for obtaining PMFs for inorganic crystalline materials
was reported previously?>%>. The protocol was based on an adaptive well-tempered metadynamics
(AWT-MetaD)*® scheme included in PLUMED?** software distribution. All-atom molecular
dynamics simulations in this study were performed with Gromacs package. InterfaceFF*>>
parameters, utilized for Au atoms, were combined with CHARMM36°' parameters, used for
modelling TIP3P water and the “bio” part of the system. Coordinates of the Au slab with three
FCC configurations (100, 110, and 111) were obtained from CHARMM-GUI/Nanomaterial
Modeler?. Thirty-three biomolecular building blocks included in this study are shown in Figure
S2 in Supplementary material. Solvated “adsorbate-slab” systems were neutralized by 0.15 KCl,
corresponding to standard physiological conditions. Obtained simulation boxes (Figure S3 in the
Supplementary materials) were pre-equilibrated to produce a proper density of aqueous solution
around the NP. The temperature was set at 300 K in NPT and NVT ensembles, and the pressure
was set at 1 bar in the NPT ensemble. The Nose-Hoover thermostat was invoked for NVT
simulations, while Berendsen's weak coupling thermostat and barostat were applied for NPT runs.
The system was modelled using periodic boundary conditions (PBC) with the primary cells of 2.4
nm x 2.4 nm x 8.5 nm.

In AWT-MetaD biased simulations producing the desired PMFs, the SSD between NP and the
biomolecular building block was sampled in the interval between 0.0 and 2.0 nm. Gaussian hills
with an initial height of 2.5 kJ/mol were added along the trajectory every 0.5 ps. The bias factor

was set at f'=20.

The obtained PMFs for gold NPs are shown in Figures S4 and S5 in Supplementary material
(original files can be also found on Zenodo portal®?). The PMFs for silver NPs employed here were

previously published elsewhere. 22->*
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Parametrization of short-range nonbonded potentials for PEG polymeric shell.

The preliminary tests for applying AWT-MetaD protocol for non-crystalline materials have shown
its unsuitability, as smaller adsorbates (e.g., the ALA SCA) were able to penetrate through the
polymeric slab, which would not be possible for an actual ALA residue during the adsorption of a
protein. Furthermore, due to the extended length of the polymeric chains and their flexibility, a
proper sampling of their movement was hard to achieve at recommended trajectory time (400-600
ns). To overcome this problem, a different protocol for generating PMFs for polymeric materials
was implemented. The PMF w(r) describing the pairwise interaction between two atoms (or two

CG beads) can be recovered from the radial distribution functions g(r)™:

w(r) = —kgTIn[g(r)]

In this approach, only a short part of the polymer (a trimer) was taken into consideration when
modeling the pairwise interaction potentials with the selected biomolecules (Figure S2 in
Supplementary materials), with this trimer forming a single coarse-grained bead. To recover the
pairwise interaction between CG breads of the biopolymer and polymeric nanoparticle, the
simulation boxes composed of one AA (or other biomolecular fragment) and 64 PEG trimeric units
were solvated and neutralized by 0.15 KCI (Figure S6 in Supplementary materials). After pre-
equilibration and obtaining a proper density/pressure, production runs of duration 200 ns were
performed. The resulted short-range surface potentials for UnitedAtom Multiscale model are
shown at Figure S7 in Supplementary materials (original files can be also found on Zenodo
portal®®). The long-range and electrostatic UA interactions were handled as for crystalline

materials.

Preparation of coordinates for protein structures and adsorption complexes.
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In total, three proteins were studied: BSA, TRF, and ngTRF. Coordinates of BSA and TRF proteins
were obtained from the PDB.org portal®’*8. Glycans were removed from the original TRF PDB
files to obtain coordinates for the corresponding structure of ngTRF protein. Protonation states of
the proteins were evaluated using PropKa>® and final coordinates were refined with CHARMM-

GUT? tools.

UnitedAtom calculations were employed utilizing configurational files for core-shell nanoparticles
representing different NP structures (see *.np files in Supplementary materials). The results shown
in Figures 5 and 6 were obtained by averaging E,45(¢, 8) values across selected FCC surfaces and

20 rotational CG configurations of nanoparticles (iconr = 1 ... 20):

lconf

ave ( 9)
FCClOO FCC110 FCcC111 FCClOO FCC110 FCC111
E E =0 + E(p 0,60=0 E =180 + E =180 + E(p 0,6=180
3 3
FCC100 FCC110 FCcc111 FCC100 FCcCc110 Fcc111
Ep=560,0=0 T Ep=360,0=0 T Ep=360,6=0 Ep560,0=180 T Ep=360,0=180 T Ep=360,6=180
3 3
iconf=1 iconf=20 iconf=1 iconf=20
E(p=0,9=0 Tt E(p=0,9=0 E(p=0,9=180 Tt E<p=0,9=180
20 20
ave —_ . .
ads (§0, 9) ) : ] ) : ]
lconf=1 lconf=20 lconf=1 lconf=20
Eg0=360,9=0 ot E(p=360,9=0 E¢=360,9=180 ot E(p=360,9=180
20 20 .

Finally, these NP-averaged adsorption energies were analyzed by an in-house Python script to
obtain the positions of local minima and to reconstruct PDB coordinates for adsorption complexes.
PDBs coordinates for complexes shown in Figures 7 and 8 are included in Supplementary

materials. All visualization of structures was done with NGLView Python package®
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Supporting Information.

The following files are available free of charge.

Supplementary Materials.

PDF: contains additional information on the methodology and results of reported multiscale

modelling.

TAR file: contains PDBs (structures for protein adsorption complexes discussed in this work), NPs
(UA configuration files representing nanoparticles), csv file with calculated adsorption energies.
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