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ABSTRACT

The recent pandemic triggered numerous societal efforts aimed to control and limit the spread of SARS-CoV-2.
One of these aspects is related on how the virion interacts with inanimate surfaces, which might be the source of
secondary infection. Although recent works address the adsorption of the spike protein on surfaces, there is no
information concerning the long-range interactions between spike and surfaces, experimented by the virion when
is dispersed in the droplet before its possible adsorption. Some descriptors, namely the interaction potentials per
single protein and global potentials, were calculated in this work. These descriptors, evaluated for the closed and
open states of the spike protein, are correlated to the long-range noncovalent interactions between the SARS-
CoV-2 spikes and polymeric surfaces. They are associated with the surface’s affinity towards SARS-CoV-2
dispersed in respiratory droplets or water solutions. Molecular-Dynamics simulations were performed to
model the surface of three synthetic polymeric materials: Polypropylene (PP), Polyethylene Terephthalate (PET),
and Polylactic Acid (PLA), used in Molecular Mechanics simulations to define the above potentials. The de-
scriptors show a similar trend for the three surfaces, highlighting a greater affinity towards the spikes of PP and
PLA over PET. For closed and open structures, the long-range interactions with the surfaces decreased in the
following order PP ~ PLA > PET and PLA > PP > PET, respectively. Thus, PLA and PP interact with the virion
quite distant from these surfaces to a greater extent concerning the PET surface, however, the differences among
the considered surfaces were small. The global potentials show that the long-range interactions are weak
compared to classic binding energy of covalent or ionic bonds. The proposed descriptors are useful most of all for
a comparative study aimed at quickly preliminary screening of polymeric surfaces. The obtained results should
be validated by more accurate method which will be subject of a subsequent work.

1. Introduction

analyzed this problem from different experimental perspectives and
exploiting various theoretical-computational approaches [5-10].

Given the significance of the surface contamination in the spread of
SARS-CoV-2, attention should be paid to the design of polymeric sur-
faces and to the development of equipment that minimizes virus survival
[1,2]. Many technological challenges need a deep understanding of the
interactions between the SARS-CoV-2 and the polymeric surfaces [3,4].
A precise knowledge of such long-range interactions is fundamental
since it represents an initial step for a more general comprehension of
the complex phenomena occurring when infectious microdroplets are
deposited on surfaces. The interaction between protein and synthetic
surfaces is a noteworthy research field. A considerable amount of works
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Moreover, the study of noncovalent interactions between virus and
synthetic surfaces provides useful information for materials design, in
the preparation of membranes or, more generally, in the rational desing
of separation devices aimed at rejecting the SARS-CoV-2.

The adsorption of coronavirus on synthetic surfaces is a highly
complex phenomenon that requires a detailed description of various
aspects related to different scales. The phenomenon is even more com-
plex if natural or biological surfaces are considered for which virus-
surface interaction is mediated by complex mechanisms not yet under-
stood in detail. For this reason, it is essential to emphasize that this work
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is not intended to model the adsorption of SARS-CoV-2 coronavirus and
the correlated thermodynamic quantities but to provide versatile de-
scriptors associated to long-range noncovalent interactions experi-
mented by SARS-CoV-2 on synthetic polymeric surface showing dense
and flat morphologies.

The role of respiratory droplets in the diffusion of SARS-CoV-2 has
been already documented in several papers [11-13]. It is well known
that the virus spreads and survives in droplets produced during cough-
ing, sneezing, and speaking. Infectious droplets with a diameter of 125
pm-270 pm fall on surfaces [14], becoming a possible source of sec-
ondary infection. Long survival time on different surfaces was reported
in the literature; overall, for glass, the virus survives over two days. For
plastic, it is present over four days, although the virus concentration
considered in these studies is larger than the titer realistically expected.
Nevertheless, the drying time of typical respiratory droplets is on the
order of minutes. In contrast, the SARS-CoV-2's survival time on syn-
thetic surfaces is on the order of several hours [14,15]. Bhardwaj et
Agrawal showed that the coronavirus’s long survival time on a surface is
due to the slow evaporation of a thin nanometer liquid film remaining
after the evaporation of the micro respiratory droplets. They suggested
that the drying time of this nanometric film is on the order of hours,
consistent with the SARS-CoV-2's survival time. The evaporation of a
large droplet volume occurs in a few minutes, whereas the evaporation
of the remaining nanofilm volume is longer; thus, the viruses can sur-
vive. The coronavirus concentration is essential to determine the drop-
lets infectivity, and it is related to the volumetric size of the droplets.
Although the initial volume of the infected droplets is substantially more
significant than the nanometric droplets, these latter are large enough
compared to the size of the SARS-CoV-2; thus, they provide enough
medium for the virus’s extended survival [14]. Many researchers have
assessed the decay rates of viruses’ aerosol sprayed onto polymeric
surfaces and onto cotton tissue, cardboard, or different materials used
for protecting gears [16]. Recently, Xie et al. [17] reported measure-
ments of an Atomic Force Microscopy (AFM) tip functionalized with
spike proteins, imbided in water, and deposited over different surfaces.
The experimental data shows an exponential decrease of the adhesion
force with increasing protein-surface distance for all considered sur-
faces: metallic, glass and polymer (see Fig. 4 of reference [17]).

Considering the volume of micro and nanodroplets and the pro-
longed survival of the virus, the model adopted in this work assumes that
the virus interacts with the surface through long-range interactions of a
certain number of spike proteins due to the spherical architecture of the
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virion. In addition, at room temperature, immediate impacts on dense
and flat surfaces do not cause stable relaxations or changes in the spike
proteins’ conformation (S-proteins) and surfaces, as well as the S-protein
is assumed to maintain its mechanical integrity [18]. The SARS-CoV-2 is
considered immersed in the potential energy field generated by the long-
range noncovalent interactions of the surface; it bounces on the surface
before any specific protein adsorption takes places. In particular, the
range of distances considered in the work are illustrated in Scheme 1,
allowing a water layer between protein and surface, i.e., the protein is
not in directly contact with the surface as studied in other works [9,10].
Thus, the experimented interactions can be considered good descriptors
correlated to the affinity of a given polymeric surface towards SARS-
CoV-2, and useful for a comparative study aimed at preliminary screening
of polymeric surfaces.

The virion repelled from a surface with a repulsive potential energy
profile will probably be located far from the surface and it will be
dispersed in the infectious droplets. Thus, in totally repelling surfaces,
the surface’s effect will be absent and the deposited droplets’ viral
environment does not change significantly concerning the initial aerosol
respiratory ones. In contrast, surfaces showing high interaction with the
virion, i.e., a strong attractive potential energy profile, attract the virion.
As a result, depending on the surface’s chemical nature, physical and
chemical-adsorption processes could be triggered. Hence, when the
proposed descriptors suggest marked interaction between the S-proteins
and the target surface, further investigation is needed to understand if
the long-range noncovalent interactions are the first step for a most
stable protein absorption. Instead, an alarm should be activated when
the indicators show repulsion or shallow interaction. It is important to
note that the surface’s noncovalent interactions do not affect hydrody-
namics or buoyancy forces which are considered equal for each surface
investigated in this study.

A no less negligible aspect that concerns the usefulness of proposed
descriptors is screening materials for SARS-CoV-2 purification (separa-
tion), that can be used in filters or membranes. In this case, surfaces of
nanopores or beads (pellets) that interact significantly with the coro-
navirus (i.e., showing firm attractive potential energy profiles) retain the
virion while the bulk solution flows through the purification equipment;
purification of SARS-CoV-2 solutions can be achieved by de-and
adsorption proces.

Overall, the potential energy fields can be considered valuable de-
scriptors for a rapid screening of synthetic surfaces [19] since they are
related to the surface affinity towards SARS-CoV-2 spike; it is worth

Scheme 1. Schematic representation of the long-range spike protein — polymer surface distances considered in the study, before any specific protein adsorption

takes place.
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noting that the descriptors do not provide thermodynamic quantity related to
the virus adsorption or modifications.

To test the suggested descriptors, a comparison among three
everyday polymeric synthetic surfaces was performed. The structures of
the different polymers, namely polypropylene (PP), poly(ethylene)
terephthalate (PET), widely used to realize personal protective equip-
ment, as well as Polylactic Acid (PLA), were considered in the present
study to evaluate by means of a multiscale computational approach the
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interactions between the SARS-CoV-2 spike proteins and the target
materials. No study has been yet published about the combined use of ab
initio, molecular dynamics and molecular mechanics methods to assess
the aforementioned interactions.

In the framework of this modeling, the structures of the SARS-CoV-2
spikes, taken from protein databases, are used as input to evaluate the
suggested descriptors; thus, protein structures containing mutations can
also be used to quickly assess the surfaces’ affinity towards new forms of

Fig. 1. Structures used in the molecular mechanics’ conformational search for (a) Polypropylene (PP), (b) Polyethylene Terephthalate (PET), and (c¢) Polylactic Acid
(PLA). Monomer units, extracted from the obtained lowest energy conformer, and the polymerization degree shown in brackets. (d) Initial configuration of PLA,
showing the 2D periodic boundary conditions along xy and Lennard-Jones walls on +z directions in yellow. (e) equilibrated flat PLA polymer surface with unit cell
shown in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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spike.

2. Computational details and models
2.1. Surface and Spike protein models

A bottom-up method was adopted to build the polymeric surfaces as
successfully applied in a previous study [20]. First, a systematic
conformational search based on the Molecular Mechanics approach was
applied to the oligomers of the polymer surfaces (i.e., extended mono-
mers). Then, the monomer units of PP and PE, shown in Fig. 1a and 1b,
and the dimer units of PLA in stereoisomer forms (S, S) and (R, S) re-
ported in Fig. 1c, were assembled into linear polymer chains [21], linked
based on the torsional angles obtained from the previous conformational
search; hence, simulated Molecular Dynamics annealing in GROMACS
[22] was performed. The OPLS-AA force field [23] was used in all cases,
in conjunction with the Verlet integrator with time-step 1 fs, non-
bonded interactions cutoff 1 nm, PME for long-range electrostatics,
and external pressure 1 atm. The surfaces models consisted of 4 chains
with a degree of polymerization 250 for PP and 100 for PET, respec-
tively, according to the average molecular weight of textile grade
polymers [24], three chains of poly (L-lactic acid) (PLLA) plus one chain
of poly (D, L-lactic acid) (PDLA) with degrees of polymerization 150 and
50 correspondings to 10 mol% content of D-lactic acid, as commonly
used in PLA production [25]. The polymer surfaces’ equilibration con-
sisted of heating-cooling cycles in the NPT ensemble, until a stable
response on density, potential energy, root mean square displacement,
and radius of gyration were obtained, which was achieved after applying
at least 40 heating-cooling cycles, depending on the surface. A single
NPT heating-cooling cycle had a duration of 250 ps and consisted in the
following: the firsts 50 ps at constant temperature (300 K), then a linear
increase of the temperature of 300-450 K for 50 ps, further 50 ps at
constant T (450 K), a linear temperature decrease of 450-300 K for 50
ps, and final 50 ps at constant T (300 K). After the simulated annealing,
3 ns in NPT at 300 K were applied to allow equilibration at constant
temperature.

To achieve reliable surface models, 2D periodic boundary conditions
in the xy plane were applied while Lennard-Jones (LJ) potential walls in
+ z directions were imposed, slab model (Fig. 1d). Finally, the equili-
brated flat surfaces were replicated in the xy plane (Fig. le) to yield
larger surfaces, with a dimension of 25 x 25 nm, used in the computa-
tion of the interactions between spike protein and polymer (Section 2.2).
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The equilibrated surfaces show surface topographies essentially flat as it
would have been expected for polymeric surfaces at the studied di-
mensions, i.e., tens of nanometers. Moreover, these surfaces did not
show pores, cavities, or defects higher than few angstroms, neither
pending functional groups over the surface.

The S-protein is a trimeric unit formed by three polypeptide chains of
identical primary structure (chains A, B, and C). It is divided into two
subunits: the S1 (residues 1-1146 per chain) is the utmost subunit, i.e.,
the head of the protein with a clove shape exposed to the exterior of
virus and hence mainly responsible for the contact with the polymer
surface, whereas the subunit S2 (residues 1146-1273 per chain) is the
transmembrane tail that links the S-protein to virion through the bi-lipid
membrane. To study the interaction of the SARS-CoV-2 spikes with the
target surfaces, the complete structure of the S1 subunit was down-
loaded. Two different configurations were considered as shown in Fig. 2:
the closed state (PDB code: 6VXX), in which the three polypeptide
chains cover the Receptor Binding Domain (RBD), and an open prefusion
state (PDB code: 6VSB), in which one polypeptide chain is lifted to
expose the RBD [26]. The crystal structures of both configurations were
taken from the SARS-CoV-2 protein library of the CHARMM-GUI suite
(Fully-glycosylated S protein head-only models, codes 6VXX and 6VSB)
[27]). The downloaded systems are based on the cryo-EM resolved
crystal structures, reported a few weeks after the pandemic outbreak by
Walls et al. [26], plus the predicted missing residues and the binding
glycans reported by Woo et al. [27].

Spike proteins are surrounded by an essential number of binding
polysaccharides [26,28] that affect their interactions with the polymer
surfaces. Their atomic partial charges were determined via quantum
calculations based on Density Functional Theory performed on the
glycan structures identified on the subunit S1 [27]. Fig. 3 shows two
illustrative examples of such polysaccharide structures; for a complete
list of glycans, protein binding sites, and further details, see reference
[27]. The quantum calculations for the partial charges evaluation were
carried out using the B3LYP exchange-correlation functional consid-
ering dispersion correction through Grimme’s DFT-D3 approach [29].
The energy convergence in the self-consistent cycles and the density
matrix threshold were set to 1.0 x 107® a.u. and 2.0 x 107° a.u,
respectively. Gaussian type double-{ 6-31G plus polarization function
basis set on N, C, and O atoms was used. DFT calculations were per-
formed on the NWChem package [30].

Fig. 2. S-protein subdomains S1 used in the modeling, showing the polypeptide chain A (cyan), chain B (magenta), and chain C (yellow) in ribbon representation and
binding glycans in ball-stick representation. (a) Closed configuration (PDB code 6VXX [26,27]) and (b) Open configuration with chain A lifted (PDB code 6VSB
[26,27]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Structures of some N-glycans that bind to the Spike proteins used in the single-point DFT calculations for the atomic partial charge assignment. (a) N-Glycan
composed of 5 mannoses and 2 N-acetylgalactosamines, identified on 7 of the 19 binding sites per polypeptide chain, (b) N-Glycan composed of 3 mannoses, 4 N-
acetylgalactosamines, and 1 fucose, identified on 5 of the 19 binding sites per polypeptide chain. Carbon atoms in grey, oxygen atoms in red, nitrogen atoms in blue,
hydrogen atoms in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.2. Interaction potential energies

The noncovalent interactions between the single S-protein and the
target surfaces, as well as the global interaction potentials, were calcu-
lated using a classic Molecular Mechanics approach.

In particular, the single-protein potential describes the potential
energy of a single spike interacting with the polymer surface; thus, the
surrounding protein’s effects are not considered. The second potential is
instead the interaction potential due to a protein ensemble formed by a
reference spike, considered perpendicular to polymer surface, and its
surrounding proteins: i.e., the 1st and 2nd neighbors. Hence, both de-
scriptors are correlated with the affinity of SARS-CoV-2 towards a target
polymer surface.

2.2.1. Single-protein interaction potentials

Based on the work of the Lund and Jonsson [31] and our previous
works [32-34], single-protein interaction potentials, Ug,, were defined
as the sum of three main contributions:

pr = Ups + Ua + Uyaw 1)
where
o 1y < 0ii + 0
Uy = 2
! 0ii + 0j; @
0 rj>—7—

4qi4;
Va = ZZ“EEUE/,VU 3

- oy 12 (%‘)6
G ZXJ-FEU |:<rii> Tij @

Specifically, Uy, considers the repulsion of electron clouds through a
hard-spheres model for each atoms pair of the protein-surface system.
U, is the total Coulomb interaction defined by the atomic charges, g;
and g;, of the spike protein, glycans and polymer surface, while a
Lennard-Jones 12-6 potential was used to evaluate the hydrophobic
interactions, i.e., the van der Waals contribution U,4y. Partial charges
and Lennard-Jones parameters for protein and polymers were taken
from the Amber [35] and the OPLS [23] force-fields, respectively, while,
the glycans van der Waals parameters were taken from the GLYCAM

library [36]. The atomic partial charges of bonded glycans over the
protein surface, were determined through DFT based calculations.
g0 and &, are the vacuum and the relative water permittivity, the latter
was fixed equal to 78.2, respectively. To avoid errors due to the cutoff in
the evaluation of the U, and U,y contributions, all the atoms of the
protein, glycans and polymer surface were considered in the sums in
Egs. (3) and (4). This results in a significant computational effort, and it
represents to our knowledge the first attempt at such extensive molec-
ular mechanics simulations on these systems.

The r; distance that defines the Uy, contributions is the distance
between the i-th atom of the protein (or binding glycans) and the j-th
atom of the polymer surface. Each r; was written as a function of the
distance between the geometric centers of the surface and of the spike
lying along the z-axis perpendicular to the surface, i.e, the distance d =
d, + nas; d was elongated by nAs steps, starting from d§ or d9 (see
Fig. 4a, b, and e), until 130 A with 4s equal to 5 A Asa result, Ug, be-
comes a function of the center-to-center distance d, Ug,(d). It is impor-
tant to point out that once defined d as input, each r; distance is
calculated to obtain the different contributions, hence an all-atom
description of protein-polymer surface was adopted yielding roughly
more than 10° atoms per system. A bespoke [33] code was implemented
throughout a set of MATLAB functions to calculate Ug,(d), according to
Egs. (1)-(4).

The initial distances d$ and d§ were chosen to avoid any overlapping
between the atoms of the S-proteins and polymer surfaces as well as
considering a minimum number of water molecules between the inter-
acting systems. It is important to emphasize that the starting distances
depend on the spike structures and orientations on the polymer surface,
as shown in Fig. 4. For the closed spike in perpendicular orientation, the
starting distance, dS, is 80 A (Fig. 4a), while for the open structure d§
results in 90 A (Fig. 4e). In particular, the starting distance changes
according to the different clove forms of the closed and open states as
well as to the adsorbed polysaccharides. It is important to emphasize
that the present modeling takes this important aspect into account.

For each set of calculations, the d distance ranges from the above
starting distances (d§ and d9) to 130 A, considering a lower limit of 72 A
for the closed spike, corresponding to the closest structure where the
protein approached the surface into a “no-gap” configuration, i.e.,
without water molecules between the interacting systems. It is worth
noting that no calculations at “no-gap” configurations were carried out
because, as reported also below, the dielectric permittivity for the water
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Fig. 4. (a) Spike protein in the closed state on PLA surface in perpendicular orientation at d5 = 80 A, defined as the distance between the geometrical centers of the

protein and polymer surface. (b) Spike protein in a closed state at a distance from polymer surface of 100 A, obtained by pulling four steps As = 5 A along the z axis.
(c) Closed S-protein tilted 15° towards one of the corners of the polymer surface. (d) Closed S-protein tilted 20° towards one of the corners of the polymer surface. (e)

Spike protein in an open state on top of the polymer surface at a distance dJ = 90 A (f) Top view of a Spike protein above the PLA surface. Atoms of the Spike
polypeptide chain A (cyan), chain B (magenta), and chain C (yellow) are shown as spheres, atoms of glycans are shown in ball and stick representations, and atoms of
the PLA surface are shown as van der Waals spheres, carbon atoms in grey, oxygen atoms in red, hydrogen atoms in white and nitrogen atoms in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

very near the surface is different from the used bulk water value. The
d distances were calculated for various protein orientations defined
through the tilt angle (6), shown in Fig. 4c hence, each rjdistances were
calculated from the spike-surface xyz coordinates subtracted van der
Waals radius of corresponding atomic (oj;). Consequently, the bespoke
algorithm avoids possible overlapping between protein or glycans atoms
and those of the polymer.

Due to the virus spherical surface, the S-protein assumes different
orientations with regard to a spike perpendicular to the polymer surface,
thus the single-protein interaction potentials, Ug,(d), were evaluated for
different tilt angles, 0;, to define the global potentials. A model based on
geometrical considerations was then used to find the inclinations of the

proteins closest to the reference spike; the details of this geometrical
model were reported in Support Information. Using the values reported
in Table S1, three different orientations were considered in the calcu-
lations of the Ug,(d) potentials, respectively equal to 6 = 0° (perpendic-
ular), 6 = 15° and 6 = 20°; the angles shown in Table S1 were
approximated to integer for an easier displacement of the protein respect
to the polymer surfaces. The Ad; values, reported in Tables S1 and
corresponding to the increment that must be added to the center-to-
center distance of the perpendicular protein, were used for the calcu-
lation of the single-protein potentials of the inclined spikes. It is worth
noting that the sum of Ad; to the center-to-center distance, used to
evaluate the distance of the inclined proteins from the surface, is valid
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only for not large inclinations. Considering the unit cell, used to describe
the distribution of the spikes on the virion membrane around the
reference protein (see Support Information for details), the single-
protein potentials were calculated using four main orientations associ-
ated with the following combinations of the tilt angles pairs: 6,/8y =
15°/15°,15°/-15°, —15°/15°, —15°/—15° and similarly for the 6 = 20°.
The potential Ug,(d) was then evaluated for each of these combinations

Separation and Purification Technology 282 (2022) 120125

to obtain average single-protein interaction potentials: Uy, 4,15 (d) and
Ugp av20° (d) for 8 = 15° and 6 = 20°, respectively. For the S-protein
perpendicular to the polimeric surface the Ug, pe-(d) result just equal to
the sum of Egs. (1)-(4) where all rjdistances are evaluated from the
spike-surface xyz coordinates associated to a fixed center-to-center
d distance. The average potentials and Uy, ,.-(d) were hence used to
evaluate the global interaction potentials as illustrated in the next

Fig. 5. Single-protein interaction potentials as a function of the protein-surface distance (d) for the target surfaces. a) potential energies for the closed and b) open S-
protein structures in perpendicular orientation. c) average potentials for closed and d) open S-protein structures inclined concerning polymer surface of 15°. e)
average potentials for closed and f) open S-protein structures inclined concerning polymer surface of 20°.
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2.2.2. Global interaction potentials

To calculate the global potentials, we assumed that each spike
around the central S-protein, perpendicular to the polymeric surface,
contributes to the global interaction potentials according to its inclina-
tion, associated to the angle 6;, and considering a protein-surface dis-
tance obtained summing Ad; increments to the center-to-center distance
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of the protein in the perperticular orientation. Thus, the global potential
field was defined as:

Uai (d) = U\‘P-Fé"‘(d) + n'l]sp«av,ISD (d + Ad!) + m'Usp,av.20° (d + Ad4,4') (5)
where Ug, er(d) is the single-protein potential of the perpendicular spike

located at d distance, n is the number of the neighbors proteins showing
tilt angles near 15° and Uy, 4, ;5° (d +Ad;) is the average single-protein

Fig. 6. Electrostatic contributions to the single-protein interaction potentials as a function of d distance for the target surfaces. a) Uy (d) for closed and b) open
spike structures in perpendicular orientation. ¢) Average U, 4,15 (d) for closed and b) open spike structures inclined concerning the surface of 15°. ) Average
U, av20° (d) for closed and b) open spike structures inclined inclined concerning the surface of 20°.
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potential evaluated at d + Ad;(for i index see Fig. S1 and Table S1 in 3. Result and discussion
Support Information), m is the number of spike proteins corresponding

to the 2nd neighbors that show tilt angles approximately of 20° while The single-protein potentials: U per(d) , Ugp oy 15° (d) and U, 4y 20° (d)
Ugpav20° is the average single-protein potential evaluated at a distance as a function of the spike-surface distance, d, for the open and closed
equal to d + Ads 4. structures were shown in Fig. 5.

The figure’s analysis shows that the PET-spike potentials are
appreciably different from those associated with PP and PLA surfaces;

Fig. 7. Hydrophobic contributions to the single-protein interaction potentials as a function of d distance for the target surfaces. a) Uygw per (d) for closed and b) open
spike structures in perpendicular orientation. ¢) Average U, gy 4150 (d) for closed and b) open spike structures inclined concerning the surface of 15°. e) Average
Uyaw av20° (d) for closed and b) open spike structures inclined inclined concerning the surface of 20°.



G. De Luca et al.

this difference results less pronounced for the closed structure in
perpendicular orientation. The differences among the single-protein
potentials are more marked for high protein-surface distances,
whereas near the surfaces, they are reduced or cancel out, as shown in
Fig. 5a, b, c. Overall, the descriptors indicate that the closed and open
spike protein interacts with the PET surface to a lesser extent concerning
the other surfaces.

To better understand the reason for this trend, the electrostatic and
van der Waals average contributions, U, 4,(d) and Uygw oy (d), as well as
the corresponding contributions referred to as the perpendicular spike,
were shown in Fig. 6 and Fig. 7, respectively. Herein, we correlate U
and Uygw to hydrophilic and hydrophobic contributions, respectively.
The electrostatic contributions show a similar behavior of total poten-
tials: Usp,per(d); Usp‘av‘15° (d) and Usp.av‘20° (d) (Fig~ 5). Conversely’ the
hydrophobic contributions show an opposite trend concerning the total
single-protein potentials, that is the spike-surface interactions decrease
in the order PET > PLA > PP. However, since the differences among the
U,qw(d) are small, then the electrostatic contributions can reverse the
trend so that the interactions between the PET surface and the single
spike results to a lesser extent concerning the other surfaces as previ-
ously found for the Ug, per(d), Ugp gy15° (d) and Uy, 4y 207 (d) potentials.

This means that the electrostatic contribution, albeit small, is the
driving force determining the behavior of the single-protein interaction
potentials both for open and closed structures. The comparison between
the electrostatic and hydrophobic contributions also highlights that for
each considered surface and protein state, U, (d) is negative that
corresponds to attractive potential whereas Uy, (d) is positive for PET,
corresponding to a repulsive potential, and slightly negative for PP and
PLA surfaces. In addition, the hydrophilic interaction is markedly
smaller than the hydrophobic one; hence, this result evidences that the
SARS-CoV-2 spike interacts with the considered surfaces mainly through
the hydrophobic interactions. It is interesting to note that, in Fig. 6 of
reference [17], the main non-covalent interactions between the spike-
functionalized AFM tip and the polymeric surfaces are mostly hydro-
phobic; thus, our result is in qualitative agreement with experimental
data of ref. [17]. To explain this finding, the S-protein showing hydro-
philic and hydrophobic residues was shown in Support Information.

Since the electrostatic contributions determine the PLA > PP > PET
trend of the single-protein interaction potentials, particular attention
must be paid to the water dielectric permittivity’s value near the target
surfaces. For distances below 5 — 10 A, the water dielectric permittivity
is different from the value of bulk water [37] due to confinement effects;
thus, in this range, the electrostatic contribution might not be fully
reliable. However, for larger distances as illustrated in Scheme 1, the
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bulk value of the permittivity is a reasonable assumption.

To test the dielectric permittivity effect on the single-protein inter-
action potentials, calculations with a dielectric constant of 40 were also
carried out. The obtained results are not appreciable different from those
reported.

As shown in Fig. 5, the differences among the single-protein poten-
tials are not too large, however, it is important to reiterate that the above
potentials refer to the interaction of just one protein; thus, these dif-
ferences will become more marked if various proteins are considered in
the calculation of the potentials, i.e, considering the global interaction
potentials.

In order to evaluate the contribution of various spikes around a
reference protein, i.e., the effect of the 1st and ngnd neighbors, the global
interaction potentials were evaluated according to equation (5),
exploiting the single-protein potentials (Ugper(d) , Ugp a5 (d) and
Ugp av20° (d)), and plotted in Fig. 8. Since the global potential is the sum
of individual potentials, the overall trend does not change. However, the
differences between the global PET-spike potentials and those associated
with PP and PLA surfaces became more evident.

According to these potentials (Fig. 8), again, PP and PLA surfaces
interact with the S-proteins to a greater extent than the PET surface.
Additionally, the global potentials highlight more clearly that the PP and
PLA surfaces interact differently with the open state of the S-protein
(Fig. 8 b), whereas, these surfaces display equal interaction with the
closed state (Fig. 8a). This result could be exploited to distinguish two
different spike configurations. In particular, Fig. 4 of reference [17]
(adhesion force-distance profile), shows an exponential decrease of the
adhesion force with increasing protein-surface distance. Although it is
difficult to extract accurate experimental values of the spike-polymer
adhesion force at very short distances (below 2.5 nm), for distances
above 2.5 nm, we can observe very low adhesion force. This experi-
mental behaviour is in qualitative agreement with our interaction en-
ergy profile for protein-surface distances above 1 nm, as it can be seen in
Fig. 8.

The protein-surface interactions are weak compared to classic
binding energy of covalent or ionic bonds, and the global potentials of
Fig. 8 indicate that the first step of a possible adhesion of the virion on
the surfaces is not triggered by molecular electrostatic and hydrophobic
forces, but rather from mesoscale and macroscale interactions whose
calculations are beyond the scope of this work. At the mesoscale a larger
system should be considered and the calculated microscopic interactions
will be the basis for the mesoscale simulations of a system composed of
multiple virion particles interacting with the surface, in which the single
protein is considered by a coarsed model. In this case, it will be

Fig. 8. a) Global interaction potentials as a function of the protein-surface distance (d) for the closed structure of spike and target surfaces, b) global interaction
potentials as a function of the protein-surface distance (d) for the open structure of spike.
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convenient to use stochastic approaches such as Monte Carlo methods
for the calculation of global potentials starting anyway from the inter-
action models already used in this work [38]. A quantification of such a
molecular long-range interactions, via the single-point calculations
performed, is useful and informative in such a complex scenario. In
addition, some important factors can be mentioned as crucial in deter-
mining the fate of virions over polymeric surfaces. At the macroscale,
the relative humidity has an effect on the water droplet evaporation-
condensation rate [14,15,39]; lower the relative humidity, longer the
droplet lifetime [39] and longer the virion survival probability [40].
Therefore, the possible virion deposition over the surface might be
mediated by gravity, or by pressure-driven forces which control the
movement of the particles (virion) inside the water droplet.

From a macroscopic point of view, the descriptors shown in Fig. 8
indicate that PP and PLA should affect the virus in respiratory droplets
adsorbed on these surfaces to a greater extent concerning PET surfaces.
Moreover, the global interaction potentials show that PP and PLA-based
purification devices or membranes should retain the virus more effec-
tively than PET-based devices.

Considering certain flexibility of the bi-lipidic membrane due to the
pleomorphism of the virion [41,42], the global potentials were evalu-
ated (Fig. 9) taking into account the reference spike, the 1st, and 2nd
neighbors proteins at the same distance from the polymer surface; this
means to consider an alignment of the proteins.

These potentials, associated with a flat spikes arrangement, show for
large protein-surfaces distances a behavior similar to the previous global
potentials. However, the flat global potentials’ differences cancel out for
the closed structure and protein-surface distance smaller than 90 A.
Unlike the previous global potentials, in this case, the PP and PLA sur-
faces can no longer distinguish the open structure of the spike from
closed configuration. However, from a qualitative point of view, the flat
global potentials provide information equal to that provided by the
previous descriptors: the PET surface interacts, at long distance, with the
SARS-CoV-2 spike proteins to a lesser extent than the other investigated
surfaces. Although these potentials’ values are markedly larger than the
previous potentials, they remain in the range of weak noncovalent in-
teractions compared to covalent or ionic bonds. Thus, they confirm that
the first step of a subsequently virion’s adsorption, dispersed in the
droplets bulk, is not controlled by molecular electrostatic and hydro-
phobic long-range interactions. Such conclusion has significant impli-
cations in various fields, such as biology or materials engineering, to
limit SARS-CoV-2 spreading.

A more complex model in which the reference protein and the
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neighboring spikes are floating, changing their orientation [43] and
distance from the surface, would be more accurate. However, we believe
that the descriptors associated with such a more accurate model should
provide similar trends to those found using the limit cases, i.e., the rigid
and completely flat arrangements, herein analyzed. The validation of
this statement goes beyond the scope of this paper.

4. Conclusion

Long-range noncovalent interactions between the SARS-CoV-2
spikes and synthetic polymeric materials were investigated to suggest
descriptors associated with the surface’s affinity towards coronavirus.
Single-protein and global interaction potentials, evaluated through a
combined computational approach based on molecular mechanics and
dynamics simulations, were proposed as versatile descriptors. The par-
tial charges of the glycans deposited on the spike surface were evaluated
by means of quantum mechanics calculations. Based on the spherical
architecture of the viron, showing pending S-proteins, the model
adopted in this work assumes that the it interacts with the surface
through long-range interactions with a certain number of proteins and,
at room temperature, immediate impacts on dense and flat surfaces do
not cause stable relaxations or changes in the proteins and surfaces
structures.

The evaluated descriptors highlight that the protein-surface long-
range interactions decreases in the following order PP ~ PLA > PET and
PLA > PP > PET for the closed and open structures of the spike,
respectively; although the differences among the descriptors are small to
draw final conclusions on the affinity of the tested surfaces towards
SARS-CoV-2 spikes. The PLA and PP surfaces should affect viruses,
dispersed in the droplets, to a greater extent concerning the PET surface.
As a result, the descriptors suggest that PP and PLA-based purification
devices (e.g. filters or membranes) should retain the virus more effec-
tively than PET-based systems.

The values of the global potentials show that the proetein-surface
long-range interactions are weak compared to classic binding energy
of covalent or ionic bonds. The order of magnitude of the global po-
tentials indicate that the first step of a subsequently adhesion of the
virion on the surfaces, dispersed in the droplets bulk, is not controlled by
molecular electrostatic and hydrophobic long-range interactions but
rather from mesoscale and macroscale forces whose description is
beyond the scope of this work. Such conclusion could have significant
implications in various fields, such as biology or materials engineering,
to limit SARS-CoV-2 spreading.

Fig. 9. a) Global interaction potentials as a function of the protein-surface distance (d) for the spike closed structure and target surfaces assuming specific feasibility
of the virus membrane: b) Global interaction potentials as a function of the protein-surface distance (d) for the open structure and target surfaces assuming specific

feasibility of the virus membrane.
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The global descriptors show that two surfaces (PP, PLA) can interact
differently with the open configuration of the S-protein (Fig. 8); this
could be exploited to distinguish two different spike configurations.
Moreover, since the proposed descriptors consider the different pro-
tein’s clove forms (i.e., closed and open) as well as adsorbed poly-
saccharides, they could highlight surfaces affinity towards proteins with
recently appeared mutations. At the moment, the analysis of the ener-
getic contributions is based on electrostatic and van der Waals terms;
nevertheless, this analysis is mainly aimed at a comparative study
because the potentials of individual proteins were evaluated at long
protein-surface distances following the approach of some previous
studies. This analysis should be useful as a first step for future works,
that might be interested in the characterization of contributions of spike-
polymer interactions based on different components of the spike protein,
such as binding glycans. Undeniably, the obtained qualitative results
should be validated by more accurate methods, but this will be the
purpose of a subsequent work.
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