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A B S T R A C T

The SARS-CoV-2 virus emerged at the end of 2019 and rapidly developed several mutated variants, specifically
the Delta and Omicron, which demonstrate higher transmissibility and escalating infection cases worldwide. The
dominant transmission pathway of this virus is via human-to-human contact and aerosols which once inhaled
interact with the mucosal tissue, but another possible route is through contact with surfaces contaminated with
SARS-CoV-2, often exhibiting long-term survival. Here we compare the adsorption capacities of the S1 and S2
subunits of the spike (S) protein from the original variant to that of the S1 subunit from the Delta and Omicron
variants on self-assembled monolayers by Quartz Crystal Microbalance. The results clearly show a significant
difference in adsorption capacity between the different variants, as well as between the S1 and S2 subunits.
Overall, our study demonstrates that while the Omicron variant is able to adsorb much more successfully than the
Delta, both variants show enhanced adsorption capacity than that of the original strain. We also examined the
influence of pH conditions on the adsorption ability of the S1 subunit and found that adsorption was strongest at
pH 7.4, which is the physiological pH. The main conclusion of this study is that there is a strong correlation
between the adsorption capacity and the transmissibility of the various SARS-CoV-2 variants.
1. Introduction

Coronaviruses are a highly diverse family of positive single-stranded
RNA viruses, whose genome is packed within a capsid formed by the
nucleocapsid (N) protein and surrounded by an envelope formed by the
envelope (E) protein [1,2]. Three structural proteins are associated with
the envelope, namely the membrane (M) protein and E that assemble the
virus and the spike (S) protein that mediates virus entry into a host cell.

In December 2019, a new human coronavirus, Severe Acute Respi-
ratory Syndrome coronavirus 2 (SARS-CoV-2) which causes the corona-
virus disease (COVID-19), was identified and declared a global pandemic
by the World Health Organization (WHO) [3,4]. Since then, the virus has
continued to mutate and spread across the world, with almost 475
million cases and more than 6.1 million deaths between January 2020
and March 2022.

The spike of SARS-CoV-2 is a homotrimer glycoprotein named S
protein composed of two subunits S1 and S2 that is responsible for the
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attachment and entry of the virus into the host cell via the host mem-
brane receptor, angiotensin-converting enzyme 2 (ACE2) [5,6]. The
ACE2 receptor is ubiquitous and is distributed mainly in the lungs, heart,
intestine, kidney and eyes [7]. A scheme of the general structure of
SARS-CoV-2 and its attachment and entry into the host cell are presented
in Fig. 1A. The S1 subunit consists of two domains, N- and C-terminal,
and it binds the ACE2 receptor through the receptor-binding domain
(RBD) located on the N-terminal domain. The S2 subunit, composed of
five domains enclosing mainly hydrophobic amino acids, plays a key role
in fusion of the virus with the host cell membrane [8,9]. Such fusion and
cell entry are both activated by transmembrane protease serine 2
(TMPRSS2), which cleaves the S protein in S1/S2 and S2 sites [6,10,11].
The transmissibility of respiratory viruses is governed by their infectivity,
the contagiousness of the infected individual, the susceptibility of the
exposed individual, the contact patterns between them, and environ-
mental factors [12]. Therefore, any mutation in the S protein, and
especially in its RBD, can affect the virus's infectivity and consequently its
okroy).
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Fig. 1. (A) Schematic presentation of SARS-CoV-2 and Spike (S) protein attachment to the ACE2 receptor. (B) 3D structure of the S protein and presentation of the
hydrophilicity-hydrophobicity of the surface (left to right): whole S protein and the top view, which shows S1 subunit (RCSB PDB: 6ZWV), the interaction between S1
monomer and ACE2 receptor (RCSB PDB: 7A91) and the post-fusion S2 subunit (RCSB PDB: 7E9T). Adapted from “SARS-CoV-2 structure”, by BioRender.com (2022).
Retrieved from https://app.biorender.com/biorender-templates.
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transmissibility. Recently yet another variant has been identified, namely
the B.1.1.529 or Omicron variant, which exhibits 39 mutations in its S
protein, including 15 in the RBD [13,14]. As a consequence, this new
variant has even higher transmissibility characteristics than the Alpha,
Beta, Gamma and the especially aggressive Delta, and has therefore
become the dominant variant globally [15,16].

One of the possible pathways by which SARS-CoV-2 spreads and
transmits to humans is through contact with solid surfaces contaminated
with the virus [17–23]. For instance, the virus has been shown to survive
on surfaces such as plastics, fabrics, metals and glass, from minutes up to
days [19,24]. Survival of the virus depends on the environmental con-
ditions such as temperature [25–27], humidity [27], and exposure to
light [28,29]. Lately some doubts have been expressed about the ability
of SARS-CoV-2 to infect humans via surfaces, but the issue is still under
scientific debate and new scientific evidence suggests that even if it is not
the main transmission pathway, it could still contribute to increase the
morbidity [30].

The primary route for SARS-CoV-2 to transmit is through aerosols
from the infected person that spread in the air we breathe [31]. The
respiratory tract is a mucosal tissue and coated with mucus and its key
role is to protect it from external mechanical, chemical and biological
insults including pathogens like viruses [32]. Given the fact that the
SARS-CoV-2 virus attaches first to mucosal tissues in an individual's
airway, it is interesting to note that the surface of mucosal tissues (as
opposed to the skin) is coated by non-keratinized epithelium. The
multifunctional nature of the glycoprotein mucin which is the main
macromolecular component of the mucus allows various types of in-
teractions, as reflected by its structure and unique chemistry. The central
core of the mucin molecule is thiol-rich and contains both hydrophobic
and charged hydrophilic domains. The majority of mucin structure are
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carbohydrates (~80%), which allow high adsorption rates of water and
the formation of a hydrogel [33]. Mucin displays a net negative charge
owing to the presence of sialic acid residues [34] and thus, it interacts
electrostatically with positively charged nanoparticulate matter. More-
over, the ACE2 receptors are expressed in the airway epithelia cells, and
it was observed that the receptor is upregulated at the small airway
epithelia by smoking, especially in men [35,36]. In other words, the S
protein is a fundamental player in the interaction and penetration of virus
with the mucus layer prior to its binding to the ACE2 receptor. In a
similar way, the S protein and especially the S1 subunit mediates the
interaction with fomites.

Protein adsorption onto solid and biological surfaces has been a hot
topic in the biomedical field for decades. In particular, protein adsorption
is a key step in the foreign-body response to implants in the extra-
cardiovascular and cardiovascular systems [37] and various methods
have been used to elucidate the mechanisms of attachment, the protein
orientation on the surface, the conformational changes that take place at
the surface, and the adsorbed amount [38–40]. Fig. 1B shows a 3D rep-
resentation of hydrophilic and hydrophobic amino acids on the surface of
the S protein of SARS-CoV-2, a distribution that most probably contrib-
utes to the formation of nonspecific interactions with the environment,
including fomites and biological surfaces.

Characterization of the interaction of S1 and S2 subunits of the S
protein of SARS-CoV-2 with different chemically modified surfaces is an
essential stage in understanding the adsorption process of the virus to
surfaces of different nature, and thus calls for the use of facile, easily
accessible, and reproducible techniques. The Quartz Crystal Microbal-
ance (QCM) system comprises a disc-shaped quartz crystal that measures
the deposited mass on the surface via the difference in resonant fre-
quency of the quartz during the experiment [38–41]. It is a recognized
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research tool in surface engineering [41,42], biophysics [46], bio-
materials science [44,45,48], and electrochemistry [43,49,50]. A striking
advantage of this method is that the surface of the crystal can be coated
with materials displaying a broad spectrum of homogenous properties.
Meaning, we can control the surface properties and examine each type of
possible interaction separately. Therefore, it can be a very useful tool to
study the binding of various proteins for purposes such as disease diag-
nosis [51], detection of DNA mutations by using protein adsorption onto
mutated DNA [52], as well as to study the interaction between proteins
and specific antibodies [53], etc.

In this work, we utilized dissipation monitoring QCM (QCM-D) to
comparatively characterize the adsorption of the SARS-CoV-2 S protein
subunits S1 and S2 of the original strain and the S1 subunit of two more
transmissible variants, namely Delta (S1-δ) and Omicron (S1-ο), to gold-
coated QCM-D sensor surfaces modified with various functionalized self-
assembled monolayers (SAMs). This comparison allowed us to study the
preferable adsorption of the S protein domains, under different pH con-
ditions to various surface chemistries. Overall, the results of this research
provide an important insight into the mechanism of SARS-CoV-2 binding
to surfaces displaying different features.

2. Results

To investigate the affinities of the SARS-CoV-2 S protein to various
surface functionalities, we chose to modify the gold-coated quartz crys-
tals employed in the QCM-D with alkanethiols bearing different func-
tional end-groups. Following overnight immersion of the gold-coated
sensors in a dilute solution of alkanethiol in ethanol we qualitatively
studied, via water contact angle measurements, the formation of the
various SAMs on the surface compared to the bare gold surface as a
control. Each differently functionalized SAM produced a surface with a
specific chemistry, as observed by the degree of hydrophilicity/hydro-
phobicity obtained at the surface. Table 1 summarizes the water contact
angle values of the variously functionalized surfaces. The contact angles
are in a good agreement with those reported in previous works [54–59].

Next, we integrated the chemically modified sensors to study the
adsorption of the S1 and S2 proteins. The experiments were performed
utilizing the QCM-D tool, while keeping a constant protein concentration
of 0.05 mg mL�1. Fig. 2 presents data on the frequency and dissipation
shifts collected during the adsorption process. Upon addition of the
protein solution, we observed a sudden drop in the frequency values,
accompanied by an increase in dissipation. The greater the amount of
protein adsorbed, the more pronounced the decrease in frequency. As a
final step, we rinsed the sensor surface with protein-free phosphate buffer
saline (PBS) for 30 min. This rinsing caused a small increase in the fre-
quency and a small decrease in dissipation owing to detachment of un-
bound protein molecules. As can be observed from Fig. 2, the frequency
and dissipation values did not revert to those observed prior to protein
addition. This served as a proof that most of the adsorbed protein
remained tightly bound to the sensors surfaces.

Fig. 2 shows that each protein/SAM combination resulted in a
different curve behavior, indicating distinct proteins affinity. In the case
of the S1 protein, all surface modifications demonstrated a drop in fre-
quency greater than that of the 11A1U-functionalized surface. In
Table 1
Structure of the different self-assembled monolayers (SAMs) used to modify the QCM
error were taken as the average and standard deviation (S.D.) of 3–5 measurements,

SAM 11M1U 11A1U 11MUN

End group -OH -NH2 -COOH
Water contact angle � S.D. (�) 48.0 � 1.3 55.9 � 0.5 64.7 � 1
Water drop image
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particular, the strongest decrease in frequency was observed for the FOT
and 11MUN surface modifications, while the frequency drop was inter-
mediate for 11M1U, TDT and bare gold. In all of these cases, except for
11MUN and 11A1U SAMs, the dissipation was rather high (Fig. 2B).

One distinctive feature of SARS-CoV-2 has been the very high rate of
mutation at amino acid residues in the RBD of the S1 subunit that binds
the ACE2 receptor in the host cell among variants which strongly affects
transmissibility and helps the virus to escape antibody binding [60,61].
For a more detailed description of the fundamental mutations in the S1
subunit readers are referred to Kumar et al. [62] These mutations are
anticipated to also change the interaction of the virus with fomites. In this
framework, we characterized the adsorption of the S1 subunit of wild
type of the virus to that of variants δ and ο.

Interestingly, a comparison of the S1 subunit (wild type) to that of the
δ- and ο-variants revealed a major decrease in frequency and increase in
dissipation in the case of 11MUN SAM compared to other modifications
(Fig. 2C,E). Another interesting finding concerning the S1-δ subunit was
that the decrease in its frequency was lowest on the surface functional-
ized with the hydrophilic 11M1U SAM. In addition, in the case of the S1-ο
subunit, during the last 30 min of the experiment (which included PBS-
rinsing) there was no increase in the frequency and no decrease in the
dissipation, as were observed for both the S1 and the S1-δ subunits
(Fig. 3F). This last finding might suggest that binding of the S1-ο subunit
on the various surfaces was stronger than that of the previous variants,
which had exhibited some detachment during the rinsing cycle.

In the case of the S2 subunit, the most significant change in frequency
indicated more adsorption to the hydrophobic TDT, while 11A1U and
FOT showed the lowest adsorption, as expressed by the lowest frequency
changes (Fig. 2G).

In order to calculate the adsorbed protein mass, we needed to choose
the most suitable model. To this end we ascertained whether the attached
proteinous surface is thin or thick, rigid or soft. The criterion for thin film
is that the Δf (change in frequency during the adsorption process) is less
than 2% of the initial resonance frequency [63,64]. In all our experi-
ments this value was less than 0.1%, meaning that we could indeed apply
the thin-film model to all of them. In cases where, in addition, the ΔD
(dissipation change) was less than 1.5 � 10�6 when the 3rd overtone was
used (n ¼ 3), we utilized the Sauerbrey equation [64] to calculate the
mass density of the protein layer adsorbed on the surface. When the ΔD
was greater than 1.5 � 10�6, we calculated the parameters of soft films
more accurately by applying the Voigt model.

Fig. 3 presents the calculated mass density of the S1, S1-δ, S1-ο and S2
subunits adsorbed onto the various chemically modified sensors.

By comparing the adsorption mass densities of S1 and S1-δ proteins
(Fig. 3A), we can establish different affinity trends. In the case of the S1
subunit, the adsorption on the hydrophilic surfaces (11M1U, 11A1U and
11MUN) was favorable compared to that on the hydrophobic TDT SAM.
The highest amount was adsorbed onto the surface functionalized with
11MUN (725 � 25 ng cm�2) (Fig. 3A). In contrast, the S1-δ subunit
demonstrated an increase in adsorption to the hydrophobic surfaces (TDT
and no-SAM) and a decrease to the hydrophilic ones (11A1U and
11M1U), except for 11MUN, which showed a ~2-fold increase in mass
density compared to S1. The latter may also indicate that the adsorbed
protein layer was a multilayer [65].
gold sensor and the static water contact angle after modification. Each value and
respectively.

No SAM (bare gold surface) TDT FOT

– -CH3 -CF3
.4 91.6 � 3.9 110.1 � 2.1 114.9 � 1.1



Fig. 2. Representative real time adsorption curves monitored using QCM-D. The frequency and dissipation shifts over time of the S protein subunit S1 (A,B), S1-δ
(C,D), S1-ο (E,F) and S2 (G,H) on various SAM-functionalized surfaces. The grey background represents the adsorption process of the added proteins (0.05 mg mL�1)
and the white background represents protein-free PBS. The 3rd overtone is presented (n ¼ 3).
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Fig. 3. Calculated average mass density of S1, S1-δ, S1-ο (A) and S2 (B) protein layers adsorbed onto various SAM-modified surfaces using Sauerbrey (marked with★)
or Voigt models, n ¼ 3.
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The S1-ο subunit exhibited the highest adsorption to hydrophobic
surfaces (FOT, TDT and bare gold) relatively to all other S1 subunits.
Additionally, it was found to adsorb better than the S1-δ subunit onto
hydrophilic surfaces (11A1U and 11M1U), but slightly less well than the
S1-δ subunit onto the negatively charged 11MUN.

We further calculated the average adsorbed mass density of the pro-
teinous layers formed on all the studied functionalized surfaces in the
case of each S1 subunit. From this simple calculation we found that the
average mass density and average standard deviation (S.D.) of the S1, S1-
δ and S1-ο subunits were 631 � 34, 655 � 25, and 906 � 20 ng cm�2,
respectively. This result implies that, on average, adsorption of the S1-ο
subunit on various surfaces was the highest.

In comparing the kinetics of the process of adsorption of each of the
S1 subunits onto the 11MUN-functionalized surface during the first 5 min
of the adsorption, we calculated that the changes in the frequency (in Hz
min�1) over that period were 7 � 2, 11 � 1 and 13 � 2, for the S1, S1-δ
and S1-ο subunits, respectively. This indicates that while the final mass
density on 11MUN SAM was slightly higher for the S1-δ subunit than for
the S1-ο one, the S1-ο subunit adsorption kinetics demonstrated that its
interaction with this specific surface was almost 20% faster than that of
the S1-δ subunit (although the statistical difference is not significant).

On the TDT-functionalized surface the highest mass density was
shown by the S2 subunit, a behavior distinct from all other surfaces. This
high mass density correlates with the highest degree in its frequency
decrease, as shown in Fig. 3B. The adsorbed mass density of this subunit
calculated for all other surface modifications was relatively low (Fig. 3B),
especially for FOT-functionalized and 11A1U-functionalized surfaces.

In light of the stronger binding of the S1 subunits to the 11MUN-func-
tionalized surfaces, we further studied this adsorption under different pH
conditions. The extracellular pH varies between 7.3 and 7.4 in the case of
a healthy person [66], and the pH of the nasal and tracheal mucosa is in
the range of 5.3–7 [67] and 6.1–7.9, respectively [68]. Furthermore,
smoking or disease such as a common cold, might increase the pH to 8.3,
while bacterial infection might reduce the pH to 5.6 [68]. It is of an
utmost importance to study the interactions of S1 subunit in these various
pH conditions because they can affect its binding to different types of
surfaces. Additionally, the rationale for using 11MUN-functionalized
surfaces is that it resembles better than any other surface modification
in this work the negatively-charged nature of the surface of mucosal
tissues that are covered by a layer of mucus and of the ACE2 receptor
which are the main interactions of the S protein during viral
transmission.

Fig. 4 presents changes in frequency and dissipation at different pH
values. Using 0.1 M HCl or NaOH 0.1 M solutions, we adjusted protein-
free PBS and protein solution to pH values of 8.5, 7.4, 6.5 and 3. The
greatest decrease in the frequency was found in the case of pH 7.4
5

(Fig. 4A). Interestingly, dissipation was relatively high at pH 6.5,
resulting in an adsorbed protein mass as low as that obtained at pH 3
(Fig. 4D), where the decrease in frequency was lowest. Overall, the
highest amount of S1 adsorption was observed at pH 7.4, while both the
more basic and the more acidic pH conditions inhibited adsorption. In
addition, plotting of the change in ΔD as a function of the change in
frequency (jΔf jÞ enabled us to characterize the viscoelastic properties of
the protein layers (Fig. 4C).

All the adsorbed protein layers remained relatively rigid for the jΔf j
<20, since the slope of the curves (i.e., the change in dissipation) within
this range is close to zero. As the protein continued to adsorb, the plots
corresponding to pH values 7.4 and 6.5 demonstrated a further increase
in slope, indicating that the films were becoming less rigid and more
flexible and hydrated, and revealing that at pH 6.5 the protein layer was
more viscoelastic than at pH 7.4. The layers formed at pH 8.5 or 3
revealed only a slight increase in slope over time, suggesting that the
adsorbed layers can be considered as rigid and dehydrated layers, and
hence that the Sauerbrey equation can be reliably applied [68,69].

3. Discussion

Protein adsorption onto surfaces is a complex process that can be
affected by several types of interactions (e.g. hydrophobic, electrostatic,
ionic) or via hydrogen bonding. Mass and thickness of the adsorbed
protein layer are important players in determining the orientation of the
proteins on surfaces, and can indicate whether the 3D structure of the
protein is preserved or if the protein undergoes denaturation during the
process.

As observed from our experiments, the S1 subunits adsorb better onto
hydrophilic surfaces such as 11M1U and 11A1U than onto hydrophobic
ones. This preferential adsorption can be attributed to the location of the
S1 subunit on the periphery of the S protein. With regard to the effect of
pH, the S1 subunit adsorbs to a higher extent to the 11MUN SAM surface
at a pH of 7.4 than at 3, 6.5 and 8.5. At this pH, the 11MUN SAM
functional carboxylic acid end group (pKa ¼ 5.5–6.0) [71] undergoes
deprotonation and becomes negatively charged. It was previously
calculated that the isoelectric point (pI) of the RBD of the S1 subunit is >
7.4 [72], and thus most of its surface is positively charged at pH 7.4. This
might contribute, by electrostatic interactions, to the strengthening of its
adsorption to a negatively charged surface. These results are in line with
the fact that the ACE2 receptor which binds RBD is also known to be
negatively charged [73]. Moreover, the glycosylated regions in themucin
protein enable intermolecular hydrogen bonding which, under physio-
logical pH conditions, confer a net negative charge due to the presence of
ester sulfate (pKa ¼ 1.0) and sialic acid (pKa ¼ 2.6) residues that favor
electrostatic interactions with positively charged molecules and



Fig. 4. Representative frequency (A) and dissipation (B) curves (3rd overtone) over time under different pH conditions. The grey background represents the adsorption
process of the S1 subunit (0.05 mg mL�1) and the white background corresponds only to the PBS buffer. ΔD vs:Δf plot (C). Calculated average mass density of S1
adsorbed layer using Sauerbrey (marked with ★) and Voigt models (D).
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particulate matter, including nanostructures such as viruses and
nano-pollutants [77]. Indeed, it was proven that SARS-CoV-2 is able to
interact with sialic acid via the S1 subunit during the infection process
[78,79].

The S1-δ subunit showed a significantly higher capacity for adsorp-
tion on 11MUN-functionalized surfaces than that of the original SARS-
CoV-2 S1 subunit, and also more than that of S1-ο. This can be
explained by considering nine of the mutations that developed in the S1-δ
protein [74]. Four of these mutations (T19R, L452R, T478K, P681R) [74]
exhibited a change from a hydrophobic or uncharged amino acid to a
positively charged one (arginine or lysine). Those results suggested that
the L452R, T478K and P681Rmutations indeed have a significant impact
on the increase in viral transmissibility [75], and that this might be the
main factor explaining the difference in their adsorption compared to
that of the original S1 subunit. In two other mutations, negatively
charged amino acids were replaced, one by an uncharged amino acid
(D614G) and one was omitted (E156del). For a better understanding of
the mutations dispersal in the S1-δ subunit, readers referred to Tian et al.
[75] In other words, there was an increase in the positive electrostatic
potential of the S1-δ subunit [76]. That increase was probably respon-
sible for the improved ability of this subunit to become adsorbed onto the
negatively charged 11MUN-functionalized surface at pH 7.4. This like-
lihood correlates very well with the reported increase in affinity of the
6

S1-δ subunit to the negatively charged ACE2 receptor, which probably
leads to the higher infection rates than those of the non-mutated S1
subunit [75].

It is a challenging task to understand and predict the influence of the
possible mutations potentially present in the S1-ο subunit of SARS-CoV-2
on the adsorption behavior on different surfaces. Current mutations in
the S1-ο subunit probably lead to a 3D structural change and, conse-
quently, in a less effective interaction than that of the original S subunit
with the TMPRSS2 (which is abundant in the lungs), and therefore causes
a less severe disease [80]. Previous studies showed that the electrostatic
potential of the S1-ο subunit becomes even more strongly positive than
that of the S1-δ subunit, especially in the RBD [81], and this might be one
of the reasons for the increase in infection rates caused by the Omicron
variant globally. It might be expected that adsorption of the S1-ο subunit
onto an 11MUN-functionalized surface would be higher than that of the
S1-δ subunit, but this is not necessarily the case, and a change in the
adsorption capacity might be due to other structural changes caused by
the mutations. Previous studies have shown that the affinity of the RBD
for the ACE2 receptor from S1-ο is weaker than that from S1-δ, and
stronger than the one from the original S1 subunit [82,83]. This corre-
lates well with the adsorption rates we obtained using 11MUN. It is
important to note that when we consider the average mass density
adsorption, the Omicron variant shows the highest overall adsorption
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capacity to surfaces displaying different features (e.g., hydrophobicity,
charge). This means that the S1-ο subunit can create more pronounced
chemical bonds with different surfaces, which is more realistic for
real-life surfaces.

All S1 subunits also demonstrate capabilities for adsorption onto
hydrophobic SAM surfaces such as TDT and FOT, as well as onto the bare
gold surface. This observation suggests that during the adsorption pro-
cess some conformational changes probably occur in the protein: namely,
that specific subunit domains become exposed at the surface, and that
this can lead to an increase in their adsorption capacity onto hydrophobic
substrates. Fig. 1B shows the distribution of hydrophilic and hydrophobic
amino acids on the surface of the S protein. Even though the surface of
most of the S1 subunit contains hydrophilic amino acids (Fig. 1B - top
view), there are also hydrophobic regions that might contribute to this
adsorption process onto hydrophobic surfaces. It is interesting to note
that in comparison to S1 and S1-δ, S1-ο subunits tend to adsorb more
successfully to hydrophobic surfaces. It was shown in a previous study
that the new mutations increase the hydrophilicity of S1-ο RBD, but
additionally there are several regions with increased hydrophobicity,
which might be an explanation for this behavior [84]. Since the in-
teractions of the protein are not specific as those in the case of binding to
the ACE2 receptor, these additional hydrophobic regions might also take
part in the interaction with the hydrophobic surfaces. Further analysis is
needed in order to study whether these hydrophobic regions are avail-
able on the surface. In general, this might suggest that mutations in the
S1-ο subunits significantly affect the 3D structure and the activity of the S
protein.

The length of the whole S protein (vertically to the virus membrane)
is ~15 nm [85], and assuming that the S1 and S2 subunits are each about
half of this length, we would expect that the monolayer thickness would
be approximately 7.5 nm if the orientation of the adsorbed protein is
vertical to the surface and closely packed. For the S1 subunit, we
observed an adsorbed layer thickness of about 7 nm when using all the
sensors, which might suggest that the packing is indeed close, and that
the orientation of the protein is almost vertical (Figure S1A) [86,87]. We
cannot precisely determine which side of the protein adsorbs onto the
sensor, meaning that we cannot establish via this method whether the
RBD is oriented towards the surface and interacts with it directly, or is
oriented rather towards the outer environment.

On the other hand, there are cases where the thicknesses is smaller
(Figure S1A). There are two possible reasons for this: (i) low protein
density on the surface, leading to non-dense and nonhomogenous pack-
ing, or (ii) a side-on orientation of the protein on the surface, lowering
the thickness of the adsorbed layer. While the first explanation would
seem to be more reasonable because of the low mass density, our results
can be also explained by a combination of these two phenomena.

The S1-δ and S1-ο subunits exhibit significantly thicker layers, of
about 14 and 12 nm, respectively, on the 11MUN-functionalized surface
than on all other surfaces. S1-ο shows relatively high thickness (~10 nm)
on 11A1U-functionalizes surface as well. This might indicate the for-
mation of a protein multilayer rather than a ~7.5-nm single protein
monolayer.

As can be seen in Fig. 3B, the S2 subunit adsorbedmost strongly to the
hydrophobic TDT-functionalized surface. This can probably be attributed
to its hydrophobic nature, shown in Fig. 1B, and it correlates well with
the transmembrane location of the S2 subunit. Usually, the trans-
membrane portion of the protein is hydrophobic and is not exposed to the
outer environment. The interactions of the S2 subunit, therefore, do not
contribute to the interactions of the whole S protein with functionalized
surfaces and are less significant when compared to TDT, and especially to
the possible surface interactions of the different S1 subunits. Specifically,
since the S2 subunit is not exposed at the surface of the S protein
(Fig. 1A), it is not involved in the interaction of the virus with the
environment.

The thickness of the adsorbed proteinous layer on the TDT-
functionalized surface was about 6.5 nm (Figure S1B), which might
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also suggest a close packing arrangement, since it approximates the full
length of the S2 subunit. Substantially lower adsorption was measured on
11A1U- and FOT-functionalized surfaces, and as expected, the thickness
of the proteinous layer was close to zero (Fig. 3D). These results are in
good agreement with previous reports showing low adhesion of proteins
and other macromolecules to perfluorinated surfaces [88]. However,
since all S1 subunits, and especially S1-ο, demonstrate high affinity to
FOT, it indicates that even fluorinated surfaces do not offer a good so-
lution towards inhibiting the attachment of S proteins and reducing the
adsorption of the SARS CoV-2 virus.

With regard to the effect of pH, it is known that this factor strongly
influences the 3D structure of proteins and their functions. If the pH is
altered, with resulting changes to the structure and function of the pro-
tein, these conformational changes may be restored when optimal pH
conditions are recovered. In some cases, however, the protein undergoes
irreversible denaturation. The S protein is stable over a wide range of pH
values (3–9), and has been shown to withstand even extreme acidic
conditions (pH 2–3) for up to 1 day [27,89,90].

Characterization of a pH-dependent structural conformation of the S
protein showed that the pH greatly affects the orientation of the RBD
domain [91,92]. It was reported that if the RBD is in an open state (also
termed “up state”), it is capable of binding to the ACE2 receptor, whereas
in the closed state (also called “down state”) such interaction is limited
[93–95]. Interestingly, it was proved that the “open state” is better sta-
bilized at the physiological pH of 7.4 (64% � 68%) than at a pH of 6.5
(44% � 46%) or 8 (39% � 41%) [96]. This probably explains our results
showing that S1 adsorption is clearly more pronounced at pH 7.4,
whereas under either more acidic or more basic conditions there is a
decrease in the adsorption level. Since the RBD is positively charged, we
can assume that its “open state” allows adsorption in the case where the
RBD is oriented toward a negatively charged surface. Reducing or
increasing the pHwill probably result in a conformational change, as well
as a change in the RBD to a “closed state”. This might explain the
decrease in adsorption onto the 11MUN SAM surface at pH values of 6.5
and 8.5, owing to a less surface-exposed, positively charged RBD.

Another important factor to consider when studying the effect of pH is
the pI of the whole S1 subunit within the range of 7.68–8.13 [72], and
also that the net charge of the S1 subunit is positive at pH values< pI and
negative at pH > pI. Therefore, when comparing the charge of the
11MUN SAM surface and that of the S1 subunit under various pH con-
ditions it is important to understand the role of electrostatic interactions
in the adsorption to these surfaces. At pH 3, the carboxylic acid end group
of the SAM is protonated, meaning that the surface is neutral, and we can
indeed obtain the lowest adsorption of the S1 subunit (297 � 7 ng cm�2,
Fig. 4D). In the range of pH 6.0–7.68, where the S1 subunit is positively
charged and the surface is negative, we obtain the highest adsorption
specifically at pH 7.4. As a comparison, however, at pH 6.5 the 11MUN
carboxylic acid is close to its pKa value and therefore becomes less
negative, and we indeed see a significant decrease in adsorption (307 �
7 ng cm�2, Fig. 4D). The adsorption mass density at pH 6.5 is similar to
that at pH 3, implying that pH values lower than 6.5 do not affect the
interaction between the S1 subunit and the surface.

Our results provide strong evidence for the fundamental role of
electrostatic interactions in the adsorption of SARS-CoV-2 to surfaces of
different nature, including biological ones and, more specifically, to
mucosal tissues which play a key role during viral transmission. This,
together with our knowledge of the structure and properties of mucus
(the outermost layer of every mucosal tissue), is corroborated by the
rapid invasion of the respiratory system shown by this virus globally.

4. Conclusions

In this work, using QCM-D, we compared the adsorption behaviors of
4 different proteins (S1, S1-δ, S1-ο and S2 subunits originating from
SARS-CoV-2) on chemically modified surfaces comprising SAMs with
different hydrophobic/hydrophilic characteristics. Comparison of the
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adsorption of the S1 subunits from the different strains revealed that they
behave differently in the adsorption process. In all S1 subunits the
adsorption was highest to the negatively charged 11MUN SAM, but the
S1-δ and S1-ο subunits showed much higher adsorption than the S1
subunit, probably due to the fact that their positive electrostatic surface
charges were higher than those of the original S1 subunit. These findings
correlate well with the enhanced transmissibility of the Delta and Omi-
cron variants observed globally.

The S1-ο subunit demonstrated the highest capacity for adsorption to
the various surfaces, which might corroborate the finding that its trans-
missibility and probably also its infectivity was the highest among all
other variants. The finding that the S2 subunit adsorbed best to the hy-
drophobic SAM TDT can probably be explained by the fact that this
subunit is located inside the membrane, meaning that these hydrophobic
interactions do not contribute to the whole S protein interactions with
surfaces. The best adsorption of the S1 subunit to 11MUN SAM occurred
at pH 7.4, which is the physiological pH, and both more acidic and more
basic pH values caused a significant decrease in adsorption. These find-
ings might help us to better understand the process of adsorption onto
different surfaces under various pH conditions, and may also be appli-
cable to the process of penetration across mucosal tissues such as the
airways and the binding to the ACE2 receptor during infection. Future
studies should address the adsorption capacities of whole SARS-CoV-2
viruses to various surfaces and compare the results with those of the
current study, which relates to the adsorption capacities of the S protein
alone.
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