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Abstract

Hypothesis

We developed a geometrical model to determine the theoretical maximum number of proteins that
can pack as a monolayer surrounding a spherical nanoparticle. We applied our new model to study
the adsorption of receptor binding domain (RBD) of the SARS-CoV-2 spike protein to silica
nanoparticles. Due to its abundance and extensive use in manufacturing, silica represents a reservoir
where the virus can accumulate. It is therefore important to study the adsorption and the persistence

of viral components on inanimate surfaces.

Experiments
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We used previously published datasets of nanoparticle-adsorbed proteins to validate the new model.
We then used integrated experimental methods and Molecular Dynamics (MD) simulations to

characterise binding of the RBD to silica nanoparticles and the effect of such binding on RBD structure.

Findings

The new model showed excellent fit with existing datasets and, combined to new RBD-silica
nanoparticles binding data, revealed a surface occupancy of 32% with respect to the maximum RBD
packing theoretically achievable. Up to 25% of RBD’s secondary structures undergo conformational

changes as a consequence of adsorption onto silica nanoparticles.

Our findings will help developing a better understanding of the principles governing interaction of
proteins with surfaces and can contribute to control the spread of SARS-CoV-2 through contaminated

objects.

Keywords

Protein corona, protein adsorption, silica nanoparticles, SARS-CoV-2, coronavirus, sphere packing

1. Introduction

Studies of protein adsorption at the solid-liquid interface are complicated by the extreme diversity of
proteins, and a model applicable to any protein-material pair remains elusive [1]. Previously reported
methods to predict the maximum number of molecules adsorbed to nanoparticles relied on
estimations of the surface area of spherical nanoparticles, further extended by the radius of the
globular protein, and the cross-section of the protein [2]. Other studies assumed a fixed value of 0.65
as a fractional protein volume occupancy inside a spherical protein corona surrounding the

nanoparticle [3]. Weaknesses of previously published models emanate from the assumption of a
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uniform protein packing density irrespective of the size of the protein relative to the nanoparticle. The
ability to accurately model and predict the maximum packing density of molecules on surfaces is
required to achieve better understanding of the principles governing interaction of biological
molecules with solid interfaces and will contribute to the development of composite or designer

materials.

From the experimental point of view, the use of nanoparticles, rather than bulk materials, is a
promising approach to broaden the knowledge of protein-material interactions [4], as long as the
materials of interest are available as colloids. The large surface area of colloidal suspensions, enables
biochemical and biophysical methods that would otherwise have insufficient sensitivity when
performed on bulk materials, especially when the amount of protein is limited. The development of
small-scale, fast and accessible methods to investigate protein adsorption on nanoparticles may be
the key to address the large biochemical and structural diversity of proteins and eventually could

provide sufficient data to generate a predictive model of protein-material interactions.

Whilst the main route of transmission of the SARS-CoV-2 virus is thought to be via aerosol droplets,
these could also deposit on solid surfaces and be later picked up on contact with the affected surface.
Previously published studies assessed the infection rate and persistence of SARS-CoV-2 on various
solid surfaces such as cardboard, plastic, steel and copper surfaces using cell cultures [5], That, and
other similar studies of related coronaviruses [6,7], provided useful observations that can inform the
use of ordinary materials during a coronavirus pandemic, potentially limiting transmission via
contaminated surfaces. Past studies also highlighted that different inanimate surfaces are associated
with very different virus persistence, spanning from a few hours to 28 days [7], depending on the exact
nature of the materials on which the coronavirus particles were adsorbed. For example, evidence

shows that SARS-CoV-1 and SARS-CoV-2 may survive for 4-8 hours on copper [5], whereas the viruses
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remain infective on glass, paper, plastic and other metals up to 5 days after initial exposure [6]. Under
certain environmental conditions, other coronaviruses, such as Middle East Respiratory Syndrome
(MERS) coronavirus, Transmissible Gastroenteritis Virus (TGEV) and Mouse Hepatitis Virus (MHV),
were found to be infective even 28 days after inoculation on steel [7], but the mechanisms that
determine such a broad material-specific response remain unexplored. It is likely that the persistence
of infective viral particles at the solid-liquid and solid-air interface is determined by a combination of
environmental factors (e.g., temperature and exposure to light), structure and biochemistry of the
viral biomolecules at the interface, primarily the exposed spike proteins and the physicochemical

nature of the material interface [8-10].

Having developed a mathematical approach to describe protein packing on nanoparticles, we used it
to study the interaction between silica and the highly exposed targeting moiety of SARS-CoV-2 spike
glycoprotein receptor binding domain (RBD). RBD domain of the SARS-CoV-2 spike protein is
responsible for targeting the virus to human epithelial cells via high affinity interaction with
Angiotensin-Converting Enzyme 2 (ACE2) receptor. Silica nanoparticles (SiO, NPs) were used to model
silica material such as glass, where silica is a major constituent. The dissociation constant (Kp) of RBD-
SiO2 NPs and the maximum protein load (Lmax) were determined under physiological conditions (Figure
1A). Taking advantage of the spherical shape of the SiO» NPs and the globular structure of the RBD, a
general geometrical model was proposed to compare the measured density of adsorbed proteins with
the theoretical maximum achievable packing (Figure 1B). Molecular Dynamics (MD) simulations were
used to evaluate the likely orientation of the RBD on silica and identify the amino acid residues in
closest contact with the silica surface (Figure 1C). Circular Dichroism (CD) was used to study changes
in the secondary structure of RBD upon adsorption on SiO, NPs (Figure 1D). This integrated approach

can be applied in the quest to find safe materials to use during a coronavirus pandemic. The methods
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can be also potentially applied to other protein-material interfaces to broaden the understanding of

the general principles of protein adsorption on solid surfaces.

2. Materials and Methods
Geometrical model

The maximum number of protein molecules that can be regularly packed on a spherical nanoparticle
Nmax Was calculated from equation 1, assuming the protein’s shape is approximated to a sphere.
Equation 1 was obtained by maximising the number of equidistant points surrounding a sphere and
assuming that those points are at the centre of adjacent spherical proteins packed according to a near-
hexagonal pattern [11]. Details of the geometrical model and the limits of its validity are presented in

the Supplementary Methods.

243 1
Nmax = —T[—Z
3 a

(equation 1)

Here, a represents half the angular distance between two adjacent spherical proteins on the
nanoparticle, as outlined in Supplementary Figure 1. The radius of the spherical protein R; and the

radius of the spherical nanoparticle R; (with R2/R; = r) allow to calculate the sin

R r .
e = — (equation 2)
R,+R, 147

sina =

The comparison between the new geometrical model described by equations 1 and 2 and a previous
geometrical model informed by scattering experiments on microemulsions is detailed in the

Supplementary Methods.

The radius R; of the sphere that best approximates the size of any globular protein was calculated

using equation 3 as previously described [12].

3 DMy 7
R, = 3’5’;7 1021 = 0.0663/M, (equation 3)
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Equation 3 gives the radius of a spherical protein in nm units and assumes proteins as spheres
characterised by a partial specific volume v (cm? g!) and a mass (g), that is the ratio between the
relative mass M, (g mol™) and the Avogadro’s constant Na (mol™). To simplify equation 3 further, the
partial specific volume of all the proteins considered was set at an average value of 0.73 cm3 glas

previously described [12].

Binding assay

Recombinant SARS-CoV-2 Spike Protein RBD expressed in HEK293 Cells, comprising amino acids 319-
541 and a C-terminal His Tag, was purchased from Sino Biological (>95% purity). The protein was mixed
with a set of serially diluted 50 nm plain silica nanoparticles (Polysciences) in 100 mM sodium
phosphate buffer, pH 7.0. The final concentration of RBD was [C]o = 0.150 mg mLin all solutions,
whereas the concentration of nanoparticles [NP] ranged from 0 to 15 mg mL™. The solutions were
incubated for 2 hours at 20°C to allow adsorption of the RBD onto the nanoparticles. Following
incubation 30 pL of the solutions were centrifuged at 7,000 g for 20 minutes at 20°C. The supernatants
were collected and the unbound protein concentration [C] of each solution was determined using
Bradford assay. For each solution, the nanoparticle-bound protein concentration [Clne was
determined by subtraction of [C] from the initial concentration [C]o and plotted versus the
nanoparticle concentration [NP] and residual concentration of the solution [C], according to the Hill-

Langmuir equation (equation 4).

[Clyp = [Cly — [C] = Lpax[NP] KD[i][C] (equation 4)

The parameters Lmnax (mg of protein per mg of silica) and Kp (dissociation constant) of equation 4 were
determined using non-linear least squares fitting of the experimental data to a re-arranged equation
4 (see supplementary equation 7 in the Supplementary Methods). The Kp obtained in mg mL™? units
was converted into nM using a relative mas M; of 35,000 g mol?, as indicated by the supplier of the
RBD. The number of bound RBD molecules per nanoparticle at equilibrium was calculated from the

experimentally determined Lmax:
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N= Lmax%anapi—i 1021 (equation 5)

Equation 5 calculates the number of proteins adsorbed per particle (N) from the measured protein
load, using the measured mass of bound protein and the calculated mass of an individual nanoparticle
as detailed in the Supplementary Methods. A nanoparticle with radius R; = 25 nm and a density p of
2.0 g cm® was based on the manufacturer's specification. To estimate the percentage of binding
compared to the maximum theoretical packing, N was divided by Npax obtained from the geometrical

model.
Molecular dynamics

The initial atomic coordinates of the RBD were obtained from the electron microscopy structure model
of the complex between the RBD and ACE2 [13]. The structure is deposited in the Protein Data Bank
with the PDB ID 6M17. The system was prepared for MD simulations using the web-tool CHARMM-
GUI [14,15] and GROMACS software (version 2020). The protein structure was protonated according
to the experimental pH=7.0, yielding a net +2 charge. The surface of the nanoparticle was represented
as an 11x11x2.5 nm planar slab of silica atoms. 13.3% of the hydroxyl groups (159 in total) on the silica
surface were deprotonated and neutralised using sodium counter ions [16]. The silica slab was
enclosed in a rectangular box of 11x11x14 nm that was filled with approximately 40,450 water
molecules using the TIP3P model [17]. Sodium (265 atoms) and chloride (108 atoms) counter-ions
were also added to obtain an ionic strength comparable to the experimental one. The RBD was placed
in the centre of the simulation box at approximately 4 nm from the silica surface. Three independent
MD simulations with three orthogonal initial orientations reported in Supplementary Figure 2 were
performed for 100 ns each with an integration time of 2 fs. The force field from CHARMM (version 36)
was used for the interaction parameters [18] and the parameters of silica oxide atoms generated with
CHARMM-GUI were based on previously reported values [16]. The MD simulations were carried out
at constant temperature and pressure. Initial velocities for each atom were generated from the

Maxwell distribution at 298.15 K. The temperature was kept constant at 298.15 K using the Nose-
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Hoover thermostat with a coupling constant of 1 ps [19]. The pressure was maintained constant at 1
bar using Parrinello-Rahman isotropic barostat [20,21] with a coupling constant of 5 ps. The bond-
lengths of hydrogen atoms were constrained using the LINCS algorithm [22]. The SETTLE algorithm
was used to constrain bond lengths and bond angles of water molecules [23]. Electrostatic interactions
were evaluated using particle mesh Ewald method with a real space cut-off of 1.2 nm, grid spacing of
0.12 nm and fourth-order spline interpolation [24]. Lennard-Jones interactions were truncated at 1.2
nm, and the pair-list was updated every 20 time-steps. All the systems were energy minimized for at
least 1000 steps using the steepest descents method in order to remove any short distance clashes of
the atoms in the generated solvent molecules. Subsequently, the density of the system was allowed
to adjust to the equilibrium value by performing MD with position restraints only on the protein heavy-

atoms.

Calculations of Poisson—Boltzmann electrostatics were conducted using the Adaptive Poisson-
Boltzmann Solver (APBS) server and the RBD structure PDB ID 6M17 [25,26]. The structure was pre-
processed using the PDB2PQR server to estimate titration states of the ionizable residues at pH=7.0
[26,27]. The electrochemical potential at the surface of RBD was represented by superimposing the

obtained electrochemical field to the surface of RBD using the software UCSF Chimera [28].

Circular Dichroism

The near-UV and near-CD of a RBD solution in 100 mM sodium phosphate, pH=7.0, were acquired with
a 1 cm pathlength and 2x1 mm aperture using B23 beamline module A (Diamond Light Source) with
highly collimated microbeam. Bandwidth was 1.1 nm, and the integration time was 2 seconds. The
measurements were conducted in quadruplicate. The protein concentration in mg mL! was
calculated from Beer-Lambert’s law using the absorbance at 280 nm and calculated extinction
coefficient of 33,500 Mtcm™, based on 2 tryptophan (2 x 5,500 M*cm™) and 15 tyrosine residues (15
x 1500 Mecm™). UV and CD spectra in the 180-300 nm region were acquired from the RBD solution in

the presence of 16 mg mL? silica nanoparticles as well as the residual RBD remaining in solution after
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the removal of nanoparticles by centrifugation (see details of preparation in the binding assay section).
The spectra were measured with a Chirascan Plus using a Hellma cylindrical cuvette of 0.02 cm
pathlength. Bandwidth was 1 nm, and the integration time was 2 seconds. The measurements were
conducted in quadruplicate. UV extinction and CD spectra of RBD bound to silica nanoparticles were
obtained by subtracting the spectra before and after the removal of nanoparticles. The spectra were
corrected for the light scattering contribution due to nanoparticles. The light scattering correction of
UV extinction spectra was conducted using the software ale - UV-Vis-IR Spectral Software 1.2,
(FluorTools). The light scattering correction for CD spectra was obtained by identifying the spectral
contribution from two samples containing the same amount of RBD and nanoparticle concentrations
of 8 and 16 mg mL" respectively, thus exhibiting different degrees of light scattering. As the spectral
tails in the 300-250 nm region of the CD spectra do not have detectable protein spectral contribution,
they were superimposed to determine the multiplying factor due to light scattering. This judicious
approximation to correct the CD spectra from light scattering and the normalisation of the protein
concentration obtained from UV extinction spectra (Supplementary Figure 5) were used to determine
whether the SiO2 nanoparticles were perturbing the protein folding of the bound RBD protein. The CD
data analysis was conducted using B23 CDApps suite of programs [29]. The secondary structure
estimation (SSE) from CD data of RBD in solution and silica-bound RBD with subtracted light scattering
was conducted using ContinLL algorithm with various base sets of soluble proteins (SP) (SP37, SP43,

SP48 and SP56) choosing the results with the lowest standard deviation [30].

3. Results

Development of a protein packing model

We developed a geometrical model to determine the theoretical maximum number of proteins that
can pack as a monolayer surrounding a nanoparticle. The model is based on the assumption that the

nanoparticle is a sphere of radius R; and that the overall shape of the surrounding protein molecules
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can be also approximated to identical spheres with radius Rz < R: (Supplementary Figure 1). The
maximum number of packed spheres (Nmax) is obtained by projecting a near-regular hexagonal tiling
onto the nanoparticle and is given by equation 1 (see Materials and Methods). In this new model, Nmax
depends on the ratio Ry/R1. Examples of Nmexand their visual representation for various Ry/R; are given
in Figure 2A. To determine the radius R; of the sphere that best describes the size of a given globular
protein, we employed equation 3 (see Materials and Methods), which uses the relative mass of the

protein (M) to calculate the approximate radius [12].

An existing dataset of globular proteins spanning a broad range of M, (5.8 to 250 kDa) was used to
validate the new geometrical model (Figure 2B). Those data were based on experimental
measurements of the number of protein molecules bound per gold nanoparticles of radius R1=7.5 nm
under conditions that maximised the packing and retention of proteins onto the gold surface [31]. The
theoretical Nmax calculated from equations 1 and 3, matches the experimental data very well with
coefficient of determination R? of 0.962 (Figure 2B). The size of the globular proteins included in the
dataset [31] spans a range of R2/R1from 0.16 (Insulin) up to 0.56 (Catalase), which is within the validity

range of the model (Rz/R; < 0.6, see Supplementary Methods).

Together these results suggest that the new geometrical model can be used to predict the theoretical
Nmax, based on the M, of a given globular protein. In situations other than the ideal gold nanoparticle
system described above, for example when using non-ideal adsorption conditions, the model can be
used to define the surface occupancy N/Nmax, which is the fraction of the available packing space
effectively occupied by protein molecules under the specific conditions used. The surface occupancy
is likely to depend on protein-material pairs, with materials like silica nanoparticles possibly showing
more sparse binding than gold, as silica does not form covalent bonds with any amino acid side chains,

resulting in weaker and reversible binding.

Adsorption of SARS-CoV-2 RBD onto silica nanoparticles

10
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The surface occupancy of silica-bound SARS-CoV-2 RBD was determined by measuring the maximum
protein load (Lmax) of RBD on SiO2 NPs. Different concentrations of nanoparticles were titrated into
RBD solutions with identical initial concentration of the protein. Bound and unbound protein were
then separated and their concentration determined. The data in Figure 3 were fitted to equation 4
(see Experimental section) and yielded a Lmax of 80.9 + 6.9 pg mg? (ug of protein per mg of silica) and
Kp of 13.3 + 5.0 pg mL?,with the estimated intervals represented by standard errors. 13.3 ug mL? of
RBD equates 380 nM, suggesting a relatively low affinity of RBD to silica. It is important to point out
that each SARS-CoV-2 virion presents an average of 26 + 15 spike proteins, each having three copies
of the RBD [32]. Although not all RBDs will be correctly oriented, it is likely that they can cooperatively
interact with the silica surface and increase the overall binding affinity substantially. A value N=182
was calculated from the measured Lmnax using equation 5 for monodispersed nanoparticles of R;=25
nm (see Experimental section), whereas a R; of 2.16 nm and Nmax of 570 were calculated from equation
3 and 1 respectively. The resulting surface occupancy N/Nmax of 32% suggests sparse adsorption rather

than dense packing, as also illustrated in the inset of Figure 3.

MD simulations of SARS-CoV-2 RBD interaction with silica nanoparticles

RBD accounts for approximately 17% of a single full-length spike protein. We therefore went on to
identify the likely contact interface between the RBD and silica and whether that interface is normally
exposed on the spike protein or whether it becomes available only as a result of having an isolated
RBD domain. To identify preferential orientation of the RBD and specific amino acids involved in the
interaction with silica, three independent MD simulations were performed. The RBD was placed in a
simulation box, each simulation having a different orthogonal initial orientation with respect to the
surface of the nanoparticle (Supplementary Figure 2A-C). The silica surface was represented by a
planar slab of silica atoms, as the curvature of the SiO, NP is negligible for Ry/R;=0.087. The positions
of the RBD with respect to the silica at the end point of each of the three simulations are shown in

Supplementary Figure 2D-F. In one out of the three simulations the RBD protein eventually lost contact

11
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with the surface (Supplementary Figure 2F), possibly due to an unfavourable initial orientation. This
approach of probing several initial configurations identified the existence of the preferred protein-
material interface. The first simulation ended with the highest number of amino acids in close
proximity to the surface, possibly because the initial orientation allowed extensive contact within the
100 ns of the simulation (Figure 4A). A closer look at some of the residues involved, reveals that the
interaction is mediated by hydrogen bonds between the amino acids E340, R346 and K356, and the

hydroxyl groups of the silica (Figure 4B).

To better analyse the overall interaction of RBD with the silica, the minimum distances between each
residue and the silica surface were measured over the 100 ns for all three simulations (Supplementary
Figure 3). A subset of amino acids remained within a distance of 0.35 nm from the silica surface for a
cumulative time of 20 ns or longer. These 12 amino acids, which are the most likely residues involved
in the binding to silica, are highlighted in the RBD sequence in Supplementary Figure 4 and their
relevant distances to silica are summarised in Supplementary Table 1. To visualise the position of these
amino acids within the spike protein structure, the 12 residues are shown in yellow in Figure 5A. The
distribution of the points of contact suggests that the putative silica-binding motif of the RBD is well-
exposed on the external surface of the SARS-CoV-2 spike protein trimer. The analysis of the
electrochemical potential at the surface of the RBD reveals that the 12 residues involved in the binding
to silica are clustered together and form a patch of positive potential. This suggests that electrostatic
interactions of the positively charged patch with partially ionized hydroxyl groups may dominate the
overall interaction of the domain with silica, supplemented by the hydrogen bonds described above
(Figure 5B). The calculated isoelectric point of the RBD obtained from the biomolecular solvation and
electrostatics analyses was 8.78. The resulting mild overall average charge of approximately +2 at

pH=7.0 may also favour the adsorption of the RBD onto silica.

Interestingly, none of the amino acids that bind silica are known to be involved in the binding to ACE2,

which acts as the receptor of SARS-CoV-2 (pink spheres of Figure 5A). Consequently silica binding may

12
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not prevent per se the interaction with ACE2, although the steric hindrance of the silica surface and
possible conformational changes due to adsorption will most likely affect binding to the receptor. To
establish whether silica-bound SARS-CoV-2 could still be able to bind ACE2 and subsequently infect

cells, an experimental confirmation would be essential.

Determination and analysis of the secondary structure of silica nanoparticle-adsorbed SARS-CoV-2

RBD

As the function of the RBD, besides its orientation, also depends on its structural integrity, RBD
structural changes following adsorption on SiO, NPs were investigated further using near-UV CD
analysis. To evaluate any changes in the protein secondary structure, CD spectra were collected from
RBD in solution and RBD adsorbed onto SiO2 NPs. The spectra were corrected for the light scattering
caused by nanoparticles, whereas near-UV extinction spectra were used to correct for concentration
and normalise the CD spectra between samples (Supplementary Figure 5). Adsorption onto SiO; NPs
affected the overall CD spectrum, suggesting that bound RBD undergoes a conformational change
(Figure 6A). The nature and extent of the changes were further analysed by computing the secondary
structure estimation (SSE) of the CD spectra of Figure 6A using an established algorithm.[30] The
results of the analysis reveal a 25% increase of a-Helix and the proportional decrease of B-Strand

following interaction with SiO, NP (Figure 6).

In summary, a new geometrical model was developed and used to determine the maximum surface
occupancy of RBD proteins adsorbed on a spherical silica nanoparticle. The new model shows that
RBD occupies 32% of the maximum available space. The amino acids that are responsible for the RBD-
silica interaction were identified using MD simulations and mapped on the protein structure, showing
no overlap with the binding site of ACE2. Finally, silica binding triggers a conformational change that

is responsible for a 25% shift in the composition of RBD secondary structures.
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4, Discussion

The new model requires only the relative mass M, of the protein and assumes that a protein molecule
occupies a spherical volume, which limits the model to globular proteins. The radius R; of the sphere
that approximates the protein shape, determined using equation 3, does not require structural
information or experimental measurement, as would be the case for the gyration radius or the
hydrodynamic radius of a protein, and yet yields an accurate approximation of the protein size [12].
Equation 3 was used assuming an average partial specific volume v of 0.73 cm? g for all the proteins
considered. However, 7 can be potentially corrected when evaluating proteins for which the value of
v is known to strongly differ from the average, for example in the case of highly glycosylated proteins
[33]. Overall, the good coefficient of determination obtained with the validation dataset (R2=0.962)
suggests that the model is robust within a broad range of sizes and with a variety of proteins,
regardless of their exact shape and partial specific volume. For comparison, a previously reported
method to estimate the maximum number of molecules in the protein corona, calculated Nmax by
estimating the surface area of the spherical nanoparticle, extended by the radius of the globular
protein, and dividing it by the cross-section of the protein [2]. However, when tested against the same
dataset as the one used in Figure 2B, the R? was 0.894, indicating a less accurate fit. Another previously
published geometrical model [34,35] was also tested against the same dataset and yielded a
coefficient of determination R?=0.902. This model estimates the maximum surface occupancy
assuming that a 0.65 fraction of the volume of the spherical shell surrounding the nanoparticle is
effectively occupied by solid (Fsqia = 0.65), whereas the remaining fraction (0.35) consists of the gaps
between the adsorbed proteins, also assumed spherical. The Fjiq used was constant and independent
from the ratio Ry/Ri. The value Fsjig = 0.65 was based on the earlier light scattering experiments on
microemulsions, for which the observed R;/R; was very low and not entirely comparable with the case

of proteins adsorbed on nanoparticles [3]. Supplementary Figure 6, which is based on the new
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geometrical model, demonstrates that within a more relevant range of R2/R1 as in Figure 2A, the
actual Fsig spans from 0.54 to 0.60, for Ry/R; of 0.6 and 0.1 respectively. That clearly indicates that at
the nanoscale sphere packing is not as efficient as in microemulsions. Our new model does take into
account that different Ry/R; values yield different packing densities and that explains the improved fit
when used with the experimental data as in Figure 2B. It might be possible to further improve the
model by using ellipsoids that better approximate the shape of each individual protein. However, this
would limit the use of the model to proteins with known structures whilst our model relies on the

protein mass only.

Our new geometrical model provides an analytical solution to the spheres-on-sphere packing problem
and if applied to the adsorption of proteins on nanoparticles, predicts theoretical maximum number
of molecules that can pack as a monolayer surrounding a spherical nanoparticle. A related but not
identical issue of adsorption kinetics of hard, non-interacting spherical particles or molecules on
planar surfaces has been studied in the past using Monte Carlo computer simulations. For example a
theoretical model describing kinetics and density of diffusion-driven irreversible adsorption assuming
a Random Sequential Adsorption (RSA) process, has been developed and used to calculate the number
of non-overlapping disks required to “block” a planar surface, where each disk represents a cross-
section of adsorbed particle [36]. RSA model predicts well the adsorption kinetics of colloids on planar
surfaces, such as mica and silica, and the theoretical findings have been validated using techniques

such as Atomic Force Microscopy (AFM) and Quartz Crystal Microbalance (QCM) [37,38].

The maximum jamming coverage Omax [37] is the ratio between the largest potential “blocked” surface
and the total area available and represents 2D equivalent of the maximum surface occupancy value
Fsolid used in our model. For a planar surface and homogenous spheres, ®ma converges to 0.547 [37],
which is far smaller than that of a hexagonal lattice of circles (rtv3/6 = 0.907). This is expected because
the RSA model in [37] is based on the assumption of irreversible adsorption, where the disks, once

adsorbed, would not re-arrange their relative positions to maximise the packing. However, it has been
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established experimentally that proteins adsorption on nanoparticles happens in three steps: (i) initial
reversible association, (ii) re-arrangement/re-orientation and (iii) irreversible binding or “hardening”
[39]. The ability of proteins to re-arrange their position once adsorbed on nanoparticles is likely to be
the reason why ours and earlier published data of nanoparticle-adsorbed proteins are consistent with
the model of hexagonal packing proposed here (Figure 2B). It is possible that extending RSA principle
by introducing a re-arrangement/re-orientation step in the Monte Carlo simulations studies and
complementing it by using our model for determining the maximum occupancy Fsoid, would further
refine the problem of adsorption of proteins on spherical nanoparticles and could be beneficial for
fields such as nanomedicine. Whilst beyond the scope of this focussed study, such an extended
combined approach could be applied to study mixtures of proteins having a polydisperse size
distribution [40], like the case of nanoparticles exposed to blood plasma and subsequent formation of
a biomolecular corona that can affect the pharmacokinetics of nano-drugs and require complex

modelling to be fully understood and predicted [41,42].

The maximum amount of RBD bound to silica nanoparticles suggests a surface occupancy of 32% and
a Kp of 13.3 pg mL™. The sparse binding and moderately low affinity are likely due to electrostatic
repulsion between adjacent adsorbed RBD molecules, a phenomenon previously observed for
lysozyme adsorbed on silica nanoparticles at pH=7.0, for which a surface occupancy of 51% and Kp of
11 pg mL™! were reported [43]. The isoelectric point of hen egg lysozyme estimated from its amino
acid sequence is 9.3 which makes lysozyme positively charged at neutral pH [44]. The surface
occupancy and affinity of lysozyme for silica drops to 31% and 50 ug mL™ at pH=6.1, as a consequence
of stronger electrostatic repulsion, but increases to 86% and 1.4 pg mL? at higher pH=8.3, at which
the protein overall charge is nearly neutral [43]. Although the binding of RBD to the silica surface at
physiological pH appears to be sparse, the moderate surface occupancy of RBD is unlikely to be a

limiting factor for the adhesion of viral particles onto silica surfaces. In fact the average distance
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between the RBD molecules bound to silica, depicted in the inset of Figure 3, is identical to that
between the three RBDs within individual trimeric S proteins (PDB ID: 6VXX) and is far smaller than
the distance between adjacent spike proteins on the same viral particle, which is about 20 nm [32].
Therefore, even the detected 32% occupancy would be sufficient to engage all RBDs on all adjacent S
proteins exposed on the surface of a typical virus. Also, the presence of several spike proteins on each
viral particle is likely to further promote binding via an avidity effect, which may compensate the
relatively low affinity measured for individual RBD-silica interaction. The uncertainty fitting the affinity
constant was large, due to the need to experimentally measure a broad range of unbound RBD protein
concentrations. Accurate values of Kp for proteins adsorbed on SiO; nanoparticles were previously
obtained for Human Serum Albumin (2.8 uM), Transferrin (650 nM), Glutathione S-Transferase (54
nM), Fibrinogen (11 nM), Plasma Coagulation Factor XIl (8 nM) using microscale thermophoresis,
differential centrifugal sedimentation or dynamic light scattering [45—47]. Our method is likely to be
useful and informative when studying binding properties of individual proteins with respect to a panel
of different materials available in the form of nanoparticles. Although the binding properties of the
assembled virus may not be reliably estimated based on the Kp measured for individual protein
domains, such information may help to dissect the mechanisms of viral adhesion on different

materials.

MD simulations were focused on RBD binding to silica and have indicated that the silica interacts with
the external solvent-exposed part of the RBD and thus confirmed that such interaction is genuine and
is unlikely to be affected by the core of the RBD exposed by the truncation of the spike protein. MD
simulations of the full-length spike protein were beyond the scope of this work, as the computational
work described here was primarily intended to support the experimental RBD binding data. MD
simulations of the interaction between the full spike complex and solid materials such as graphite and

cellulose have been performed recently [10]. That recent study revealed that the RBD is the main area

17



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

of contact between the spike complex and hydrophilic cellulose (75% of all contacts are within the
RBD). On the other hand, in the case of the hydrophobic graphite, after an initial phase of adsorption
that also involves the RBD, the protein structure shows some deformations and more extensive
contacts after 100 ns, suggesting that hydrophobic materials may affect protein tertiary structure
more than hydrophilic surfaces. Neither that nor our study detected any substantial changes of the
secondary structure during the simulations (100 ns in both cases). The structural rearrangement of
proteins at the solid-liquid interface, also referred to as “hardening” [39,47], is likely beyond the time
scale of MD simulations. The slight change of secondary structure observed using CD spectroscopy
could not be confirmed by the simulations, which were primarily intended to study the likely
orientation and contacts of the RBD on a silica surface. Importantly, MD confirmed the amino acids
identified in Figure 5 (yellow spheres) as genuine candidates for a putative silica-binding sub-domain
within the RBD. Such sub-domain could potentially be engineered into silica-binding peptide aptamers,
useful for the decoration of functionalised glass-chips or similar applications [48]. Interestingly, the
amino acids found in contact with silica were different to those binding cellulose. Although only a
partial information was made available by the authors, the findings suggest that the RBD-surface

interaction is material specific [10].

The study of structural changes was limited to the secondary structure, as this was considered suitable
to provide an accessible assessment of the effect that adsorption on silica has on the structure of RBD.
CD spectroscopy provides routine and reliable structural data from proteins in solution. In this work
we further improved the use of CD for the study of protein adsorbed on colloidal suspensions by
introducing a correction of the scattering due to nanoparticles using near-UV extinction spectra.
Although some CD spectra were acquired using the top-end Synchrotron Radiation CD instrument
available at Diamond Light Source, the spectra from colloidal suspensions were also obtained using a

benchtop instrument, to illustrate the accessibility of the overall method.
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The increase of a-Helix content and the proportional reduction of B-Strand observed upon adsorption
on silica nanoparticles was unexpected. In the past opposite conformational changes have been
reported more often. For example, the a-Helix content of albumin from bovine serum decreased in a
pH-dependent manner when exposed to 15 nm silica nanoparticles [49] and that of lysozyme also
decreased following adsorption on a glass surface [50]. However, the RBD domain of the SARS-CoV-2
spike protein seems to be prone to a shift of secondary structures in the opposite direction, as
evidenced by a 7% increment of a-Helix content and associated decrease by 7% of B-Strand following
binding to the ACE2 receptor, based on PDB structures 6M17 (ACE2-bound) and 6VXX (unbound)
[13,51]. That well documented naturally occurring protein-protein interaction indicates that such an
increase in helical content of RBD is possible in principle. The extent of RBD-silica binding interface
(Figure 5B) may be the reason for the even larger shift towards a-Helix, observed upon binding of RBD

to silica nanoparticles.

Silica is a highly abundant solid material that mimics well ordinary glass surfaces such as mobile phone
screens, drinking utensils, medical equipment and is used widely in water filtration, construction,
paints and coatings. The abundance of silica transforms such materials into copious reservoirs where
the virus can potentially accumulate and therefore requires specific attention. Data published so far
focused on the infectivity of viral particles exposed to different surfaces, including silica, as adsorption
on solid materials appears to be relevant to potential surface transmission of the virus. Our study
complements these by deciphering the molecular mechanisms involved in the binding of viral proteins

to solid surfaces.

Future experiments using nanoparticles made of materials other than silica could be used to study the
potential impact of specific materials on the surface-virus interaction and on the spreading of virus
particles, based on the extent of observed retention and denaturation of the viral proteins. Whereas

materials or engineered surfaces characterised by limited retention (low affinity and sparse packing)
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would only pose limited risk of surface transmission, materials with high retention and limited
denaturation would be likely able to accumulate infective particles and promote transmission.
Materials or engineered surfaces that can accumulate viral particles efficiently, due to good binding
properties, but at the same time they would have the ability to denature and perhaps inactivate the
viral proteins have the potential to be used as active antiviral surfaces [52,53], active components
within personal protective equipment [54] and, when in the form of nanoparticles, could present
nano-antiviral properties typical of so-called hard nanomaterials [55]. Importantly, in the context of
the discovery of new hard nanomaterials, the concepts developed in this work would be particularly
useful, as the methodology is nanoparticle-focused and therefore allows the use of in-solution

methods to study protein-solid materials interactions.

5. Conclusions

A new model to describe protein packing on spherical particles was developed and validated using an
existing dataset of nanoparticle-bound globular proteins [31]. The new model proposes that proteins
adsorbed at maximum density assemble in a quasi-hexagonal pattern projected onto the spherical
surface of the nanoparticle. The proposed model fits experimental data better than previously
published packing models [2,3,34,35]. The new model has been applied to quantitatively describe the
fraction of the spherical shell of 50 nm silica nanoparticles occupied by proteins upon exposure to the
SARS-CoV-2 receptor binding domain (RBD) at physiological pH. The experimental model used in this
study was created to study the ability of silica glass materials to interact with viral particles. The
binding of viral surface proteins was found to be sparse compared to the highest theoretically
achievable density (32% of the maximum packing). This observation is consistent with previously
reported binding densities to silica nanoparticles of other proteins, such as hen egg lysozyme [43]. The
likely RBD-silica binding interface was identified using molecular dynamics simulations and the

residues involved appear to be material-specific, as they are different from those involved in the
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binding of RBD to graphite and cellulose that were previously identified [10]. The change of RBD's
secondary structure upon adsorption on silica nanoparticles was determined using circular dichroism
spectroscopy, to assess whether silica-adsorbed RBD preserves its overall structure. A 25% shift from
B-Strand to a-Helix was found, which suggests substantial conformational changes upon adsorption
at the solid liquid interface. Overall, the study provides new insights into the extent of binding, likely
orientation and loss of structural integrity of the RBD upon binding to silica nanoparticles. These
results were obtained using an integrated and accessible approach, combining experimental and
computational methods, which can be used as a blueprint for future studies of different surfaces. The
mechanistic understanding of the adsorption of viral particles onto solid surfaces can ultimately

contribute to containing the spread of SARS-CoV-2 or other viruses.
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Figures

Figure 1. Schematic of the main aspects investigated in this study. (A) Determination of the binding
properties of RBD onto solid nanoparticles. (B) Development of a geometrical model to define the
number of bound protein (red spheres) compared to the maximum theoretical surface occupancy
(blue spheres). (C) Determination of the preferential orientation of RBD on silica hanoparticles and
identification of the amino acids involved in the binding (yellow spheres). (D) Assessment of RBD
secondary structure changes upon adsorption on silica nanoparticles (red = a-Helix, green = B-strand,

cyan = unordered).
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Figure 2. Geometrical model of the maximum surface occupancy of globular proteins on spherical

nanoparticles. (A) Examples of the maximum number of proteins per particle (Nmax) and their

visualisation for representative values of the ratio between the protein radius (Rz) and the particle

radius (Ri). (B) Validation of the new geometrical model (dashed line) with measured values of Nmax

for several globular proteins (red circles) [27]. The coefficient of determination R? is 0.962.
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Figure 3. RBD adsorption onto silica nanoparticles. The experimental values (red points) of bound
protein [C]ne versus nanoparticle concentration [NP] are fitted with the Hill-Langmuir equation to
calculate the binding parameters Lmax and Kp. The grey sphere in the figure represents a 50 nm silica

nanoparticle surrounded by RBD molecules (red spheres) to visualise the measured 32% surface

occupancy (figure to scale).
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Figure 4. MD simulations of RBD-silica interaction. (A) Representation of the RBD adsorbed on silica in
a representative configuration at the end point of simulation 1. The rectangle highlights the area of
contact detailed in panel B. (B) Detailed representation of three residues in close contact with silica:
arginine 346 (R346), lysine 356 (K356) and glutamic acid 340 (E340) from left to right. The distances
between hydrogen and oxygen atoms at the interface are indicated and are compatible with the

hydrogen bonds length.
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Figure 5. The silica-binding site of the RBD. (A) Two of the three RBDs of the spike complex of SARS-
CoV-2 (grey ribbons) are highlighted in blue and red to allow visualisation of the area of interest from
multiple angles. The amino acids represented as yellow spheres in the inset are those which were
found in contact with the silica surface for longer than 20 ns in each of three distinct MD simulations.
The amino acids highlighted in pink are those involved in the binding to the ACE2 receptor. (B)
Calculated electrochemical potential at the surface of the RBD. Red shades represent negative
potential, blue indicates positive potential. The labels identify the residues in contact with the silica

(depicted in yellow in panel A), which occupy a large positive patch on the surface of the RBD.
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Figure 6. RBD secondary structure change upon adsorption onto silica nanoparticles. (A) CD spectra of
RBD in solution (red) and silica-bound RBD (blue). The secondary structure estimation obtained from
the spectra is represented as pie charts for both the RBD in solution (B) and bound RBD (C), showing
a 25% shift in secondary structures upon adsorption on silica, primarily an increment of a-helices at

the expenses of B-strands.
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1. Supplementary Methods

1.1. Geometrical model

The problem of minimizing the distance between N points on a sphere is generally referred to as the
Tammes's problem, from the name of the botanist who studied the distribution of pores on pollen
grains. For some given N, spherical tiling can be obtained by placing the N points in the centre of
regular hexagons and pentagons forming regular spherical polyhedra. The football is the most well-
known example of such solids. In polyhedral combinatorics, the topological invariant known as Euler-
Poincareé characteristic of any spherical polyhedron is always 2. This means that the sum of the number
of vertices and faces forming the solid, minus the number of edges is always 2. For the case of solid
spherical polyhedra made of hexagons and pentagons and having three polygons meeting at each
vertex, Leonhard Euler demonstrated that the condition is met whenever the number of pentagons is
12, whereas the number of hexagons is unconstrained. For a large N, the number of hexagons
overwhelms the pentagons, so that the asymptotic result of the Tammes’s problem can be simplified
by projecting a planar hexagonal tiling onto a sphere. This minimises the distance between adjacent
spheres packed on another sphere in the same way as hexagonal tiling maximises the packing of
spheres on a planar surface.

The relationship between N and the minimum angular distance &y between two points at the centre
of two adjacent hexagons projected onto a sphere can be obtained by equating the area of the unit
sphere to the total area of a hexagonal lattice with N points at the centre of each cell, each having an
area of \@/2 . The scaling factor 8% can be obtained by equating total areas as shown in
supplementary equation 1.

N?ﬁN =4n (supplementary equation 1)

By rearranging supplementary equation 1 for N and by calculating the floor of the resulting N, the
approximation of the maximum number of equidistant points that fit on a sphere can be found, as
shown by supplementary equation 2.

N = I%Haiz (supplementary equation 2)
N

When N points are replaced by N spheres of radius R; surrounding a sphere of radius R;, the condition
that minimizes the angular distance is §y = 2a, with a being the angle between the segments AB and
AC depicted in supplementary figure 1, and B and D being two adjacent points of the N points at the
centre of the packed spheres. Equation 1 in the Experimental section has been obtained by replacing
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6y = 2a in supplementary equation 2, whereas equation 2 was obtained using simple geometrical
considerations based on the squared triangle ABC depicted in supplementary figure 1.

Limits of validity of the new geometrical model

To define the limit of validity of the model, the ratio between the surface area of the sphere of radius
R1+R2 (Asphere) and the total area of N hexagons circumscribed to the spheres of radius R; surrounding
the previous sphere (N-Anexagon) Was calculated. The hexagons were placed in such a way that the
centre of each polygon would be on a segment like AB in supplementary figure 1 and the common
side of an adjacent hexagon would include the point C. In these conditions, the inradius of the hexagon

R . . . .
would be equal to ﬁ Using N calculated according to the new module, the resulting ratio between

the total area of the sphere and the area of the projected hexagonal tiling is described by
supplementary equation 3.

Asphere  _ (Ry +R;)*
N XAhexagon R%

X (cos a)? x 2:’;1\' = (ﬁ)z (supplementary equation 3)
Values of this ratio approaching 1 are expected for large N, where the number of pentagons in ideal
solid spherical polyhedra is negligible compared to the hexagons, so that hexagon-only polyhedra
would approximate sufficiently well the total area of the sphere. On the contrary, for small N, the
projection of a planar hexagon tiling onto a sphere tends to overestimate the available surface area,
as in a regular polyhedron 12 tiles have to be pentagons, which have a smaller area than hexagons
circumscribed in circles of the same size. For example, for the extreme case Ry/Ri=1 (spheres
surrounding a sphere of the same size), the resulting N is 13. However, the actual number of non-
overlapping spheres that can surround a sphere of the same size, defined as the kissing number in the
3 dimensions, is known to be 12. This highlights that the model described has limitations for large
values of Ry/R;, for which a spherical tiling made of hexagons only is not a good approximation of the
actual spherical area, and the resulting geometry with N surrounding spheres would be characterised
by substantial overlaps.

Solutions of supplementary equation 3 were numerical calculated for a broad range of Ry/R; and
values of the surface area ratio larger than 0.9 were found for Ry/R1<0.61. This means that, in this
range, the surface area approximated by projected hexagons gives acceptable values within 10% of
the actual spherical surface. Based on this calculation, R2/R; £ 0.6 was used as a reasonable limit of
validity of this model, where minor overlaps between surrounding spherical proteins would be likely
compensated by conformational changes or simply by the fact that actual proteins are not exactly
spherical.

Comparison of the new model with a previously reported geometrical approach

As described in the discussion, the literature reports works where the maximum number Npma of
spherical proteins surrounding a nanoparticle was determined using supplementary equation 4, based
on a simple geometrical model originally developed for microemulsions.

3_p3
Npax = l0.65 (&Jrzi#] (supplementary equation 4)
2

The fraction in supplementary equation 4 represents the volume of the spherical shell delimited by
the dashed line surrounding the nanoparticle in supplementary figure 1 (having an external radius of
R1+2R: and an internal radius of R1), divided by the volume of an individual spherical protein of radius
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R2. The number 0.65 is an empirical multiplier representing the solid fraction of the spherical shell
(Fsolig) that is the volume fraction effectively occupied by the surrounding spheres and is based on
previous observations on microemulsions.

Fsoiid Was written as a function of r=R,/R; and N calculated from supplementary equation 2 and resulted
into supplementary equation 5.

Nr?

Fsotia = Z(arirer+3) (supplementary equation 5)

Values of Fsoid calculated in a broad range of Rz/R: are plotted in supplementary figure 6. Using
supplementary equation 5, the model described by supplementary equation 4 can be re-written as
the more general supplementary equation 6, which is applicable for any R;/R; < 0.6 and takes into
account the solid fraction of spherical shell calculated within the new geometrical model rather than
an empirical value determined in another context (light scattering of microemulsions).

(R1+2Rz)3—RiJ

Npax = lFsoud = (supplementary equation 6)

Supplementary equation 6 can be potentially used in place of equation 1 presented in the
Experimental section.

1.2. Binding assay

The determination of the parameters Lmax and Kp from the binding assay relies on fitting the
experimental data to the Hill-Langmuir equation. Generally, this is obtained by titration of the ligand
concentration (in this case RBD). However, when the ligand is a protein, the estimation of the
parameters would require a broad range of protein concentrations that challenges the accuracy and
range of most protein determination methods and also requires large amounts of protein. In contrast,
keeping the protein concentration constant and changing the concentration of the nanoparticles,
allowed protein determination within a narrow range compatible with conventional assays, while also
providing an accurate determination of Lmax without using large excess of protein. As in this context,
the Hill-Langmuir equation presented in the conventional form has two independent variables, [C] and
[NP], the equation was rearranged to facilitate non-linear least squares fitting as shown in
supplementary equation 7.

2
[Clo+L +Kp—_|([Clo+L +Kp) —4[C]oL
[Clyp = o7 maxiNFITTD J( 2 zmax[NP] ») O maxve] (supplementary equation 7)

As the number of protein molecules per particle N is a more useful estimate of the extent of binding
compared to Lmax, this was calculated with equation 5 (see Experimental section). Lmax is defined as the
ratio between the mass of protein per unit of mass of nanoparticles, which can be described by.

NM;y
MnpNa

Liax = (supplementary equation 8)

Here, M, represents the relative mass of the protein (g mol?), Na the Avogadro constant (mol?) and
Mnp the mass of a single nanoparticle (g). Mnp can be calculated from supplementary equation 9 using
the density of the nanoparticle p and its volume Vyp, assuming spherical shape and radius Ri.

Myp = Vypp = gansp (supplementary equation 9)
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Equation 5 in the Experimental section was obtained by rearranging supplementary equations 8 and
9 and using a 102 multiplier that takes into account units conversion.

2. Supplementary Figures and Tables

Supplementary Figure 1. Simplified schematic of the geometrical model of spheres packing. The
schematic is a 2D representation of the geometry of a spherical nanoparticle of radius R; (blue)
surrounded by a spherical protein of radius R (red). The points A, B, C and D represent the centre of
the nanoparticle, the centre of the spherical protein, the point tangent to an adjacent protein sphere
and the centre of that adjacent sphere. The angle a formed by the segments AB and AC of the squared
triangle ABC is the half angular distance between the two tangent protein spheres.
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Supplementary Figure 2. Simulation boxes of the three independent MD simulations, showing the
initial orientation of the RBD with respect to the silica layer on the bottom of the boxes (A-C) and final
configuration at 100 ns (D-E).
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Supplementary Figure 3. Minimum distance from the silica of all RBD residues over time. For each
simulation frame, all RBD atoms within 0.6 nm of any oxygen or hydrogen on the silica were
considered potential contact atoms. For each residue, the smallest distance between a potential
contact atom and silica surface atoms was plotted, resulting in minimum distances less than 0.35 nm.
On the right side of the plot, red dots indicate contacts of the RBD with the ACE2 enzyme (from the
complex of PDB ID: 6M17).
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Residue = Mean contact distance + Mean contact distance
SD in simulation 1 (nm)  SD in simulation 2 (nm)

E340 0.26 + 0.07 0.22 +0.06
T345 0.25+0.04 0.26 £ 0.05
R346 0.18 £ 0.01 0.26 + 0.05
N354 0.21+0.04

R355 0.31+0.03

K356 0.17+0.01

R357 0.18 £ 0.02 0.21+0.03
$359 0.21+0.06 0.22 +0.04
N360 0.23+0.05

Y396 0.22 +0.04

1468 0.25+0.03

L518 0.23+0.06

Supplementary Table 1. The 12 amino acids closely interacting with the silica and their mean contact
distance from the surface during the simulations. The mean contact distance is computed as the mean
over time of the minimum distances plotted in Supplementary Figure 3, with the error representing
the standard deviations (SD). Only the amino acids found within contact distance from the surface for
a cumulative time longer than 20 ns are included in the table. The residues highlighted in red are those
featured in Figure 4B. In simulation 3 the interaction was only transient and none of the amino acids
remained within contact distance from the surface for longer than 20 ns.
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1 11 21 31 41 51
| | | | | |
1 SQCVNLTT RTQLPPAYTN SFTRGVYYPD KVFRSSVLHS TQDLFLPFES 60

61 NVTWFHAIHV SGTNGTKRFD NPVLPENDGV YFASTEKSNI IRGWIFGTTL DSKTQSLLIV ~ 120
121 NNATNVVIKV CEFQFCNDPF LGVYYHKNNK SWMESEFRVY SSANNCTFEY VSQPFLMDLE 180
181 GKQGNFKNLR EFVFKNIDGY FKIYSKHTPI NLVRDLPQGF SALEPLVDLP IGINITRFQT 240
241 LLALHRSYLT PGDSSSGWTA GAAAYYVGYL QPRTFLLKYN ENGTITDAVD CALDPLSETK 300
301 CTLKSFTVEK GIYQTSNFRV QPTESIVRFP NITNLCPEGE VENATRFASV YAWNRKRISN 360
361 CVADYSVLYN SASFSTFKCY GVSPTKLNDL CETNVYADSF VIRGDEVRQI APGQTGKIAD 420
421 YNYKLPDDET GCVIAWNSNN LDSKVEBENYN YLYREERKSN LKPFERDIST EI TEC 480
481 NoveEENGwE BEOSVEEORT YRV VVLSFELLHA PATVCGPKKS TNLVKNKCVN 540
541 ENFNGLTGTG VLTESNKKFL PFQQFGRDIA DTTDAVRDPQ TLEILDITPC SFGGVSVITP 600
601 GTNTSNQVAV LYQDVNCTEV PVAIHADQLT PTWRVYSTGS NVEQTRAGCL IGAEHVNNSY 660
661 ECDIPIGAGI CASYQTQTNS PRRAR

Supplementary Figure 4. Spike protein S1 sequence (amino acids 13-685 of UniProt KB entry PODTC2).
Residues with the grey background represent the RBD (amino acids 319-541), whereas underlined
amino acids are from the structure used in the MD simulation (PDB ID: 6M17). Residues with pink
background are those involved in the binding to ACE2 whereas the yellow background highlights
amino acids which stayed in contact with the silica layer for longer than 20 ns.
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Supplementary Figure 5. UV extinction spectra of RBD in solution (red), bound RBD (green) and bound
RBD normalised to the concentration of RBD in solution (blue). The spectrum of bound RBS was
obtained from the light scattering-corrected subtraction of RBD extinction spectra before and after

nanoparticle removal by centrifugation.
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Supplementary Figure 6. Fraction of the spherical shell surrounding a nanoparticle occupied by
spherical proteins. Fsiiq is plotted as a function of r=R;/R; and spans from 0.54 to 0.60 for values of r
of 0.6 and 0.1 respectively. A variable Fsg is in contrast to a previously reported model where a
constant value Fsoiid = 0.65 was adopted from empirical observations on microemulsions. Grey dots
represent values of Fsqjiq calculated using supplementary equation 5 and N as positive integer numbers.
To highlight the trend of Fsq better, the black line was calculated by omitting the floor function from
supplementary equation 2, thus yielding any positive N in a continuous way. The comparison between
the black continuous line and the Fsqiq calculated for finite numbers (grey points) shows that the
continuous function describes the solid fraction well only when the surrounding spheres are
substantially smaller than the nanoparticle (very small r). Instead, when the size of the nanoparticle is
closer to the size of the surrounding spheres (larger r), which is the case in many studies of proteins
adsorption on nanoparticles, the solid fraction does not follow the continuous trend closely.
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