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Gold nano-particles were coated with the spike protein (S protein) of SARS-CoV-2 and exposed to increasingly
acidic conditions. Their responses were investigated by monitoring the surface plasmon resonance (SPR) band
shift. As the external pH was gradually changed from neutral pH to pH ~2 the peak of the SPR band showed a
significant red-shift, with a sigmoidal feature implying the formation of the gold-protein aggregates. The coating
of S protein changed the surface property of the gold enough to extract the coverage fraction of protein over nano
particles, ®, which did not exhibit clear nano-size dependence. The geometrical simulation to explain ® showed
the average axial length to be a = 7. 25 nm and b =8.00 nm when the S-protein was hypothesized as a prolate
shape with spiking-out orientation. As the pH value externally hopped between pH~3 and pH~10, a behavior of
reversible protein folding was observed for particles with diameters >30 nm. It was concluded that S protein
adsorption conformation was impacted by the size (diameter, d) of a core nano-gold, where head-to-head
dimerized S protein was estimated for d < 80 nm and a parallel in opposite directions formation for d = 100 nm.

1. Introduction

A critical initial stage of the infection of SARS-CoV-2 (Severe Acute
Reparatory Syndrome Corona Virus 2) is attributed to receptor binding
domain (RBD) of spike protein (S protein) of SARS-CoV-2 to the human
ACE2 (angiotensin converting enzyme 2) receptor [1-21]. Extensive
studies identified that S protein consists of an S1 region (mainly RBD)
and S2 region (a mechanical thruster for the cell fusion process)
[22-28]. A priming of the S protein by a protease [29-33] promotes a
drastic conformational change in S2 segment of the S protein into a
hair-pin intermediate accessing the target cell surface at the pre-fusion
process [23,34-36], a sequential protein folding enables the virus to
conduct cell fusion and launch the RNA embedded in SARS-CoV-2
[37-39] into the cell and initiating the virus replications. Tremendous
effort and clinical trials have been conducted to investigate the inhibi-
tion or inhibitors of SARS-CoV-2 [40-42]. As one of major approaches in
the vaccine development, preventing the cell-fusion process by deacti-
vating s protein could be considered as one of effective approaches.
Because of nano-size dimension of SARS-CoV-2, several efforts of
decorating S protein over the nano-particle (i.e., nano-particles

functionalized with S protein) have been providing information on an
interaction of S protein by taking advantage of spectroscopic signals
originating from nano-particles [43-52]. For example, Gorshkov and et.
al., probed a binding of S protein to ACE2 by utilizing fluorescent
quantum dots (QDs) functionalized with S proteins [44]. A model system
of the S protein can be potentially used as an in vitro tool for drug
screening [23].

Our prior studies revealed that a relatively wider range of pH value
can prepare critical conformation for a protein networking as it is
adsorbed over the gold surface. Especially, the acidic condition creates
the unfolded conformation leading to the aggregation of the gold col-
loids through an interaction between the adsorbed proteins. The basic
condition, on the other hand, forms folded protein conformation
avoiding the protein-protein networking and preventing the aggregates.
As an advantage of utilizing the gold colloid, the formation or defor-
mation of gold colloid aggregates are sensitively reflected by the peak
position of the SPR (Surface Plasmon Resonance) band. Above pH 7, the
absorption peak around 525 nm corresponding to the dispersed gold
colloids is exhibited. On the other hand, below pH 4, the formation of
the gold colloid aggregates shows a red-shift (i.e., peak around 630 nm).

Abbreviations: SARS, Severe Acute Respiratory Syndrome; CoV-2, Corona Virus 2; RBD, receptor binding domain; ACE2, Angiotensin Converting Enzyme;

TMPRSS2, Transmembrane protease serine 2; S protein, Spike protein.

* Corresponding author at: Department of Chemistry, The State University of New York Geneseo College, Geneseo, NY, 14454, United States.

E-mail address: yokoyama@geneseo.edu (K. Yokoyama).

https://doi.org/10.1016/j.colsurfa.2021.126275

Received 30 November 2020; Received in revised form 31 December 2020; Accepted 29 January 2021

Available online 4 February 2021
0927-7757/© 2021 Elsevier B.V. All rights reserved.


mailto:yokoyama@geneseo.edu
www.sciencedirect.com/science/journal/09277757
https://www.elsevier.com/locate/colsurfa
https://doi.org/10.1016/j.colsurfa.2021.126275
https://doi.org/10.1016/j.colsurfa.2021.126275
https://doi.org/10.1016/j.colsurfa.2021.126275
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2021.126275&domain=pdf

K. Yokoyama and A. Ichiki

The SPR band peak shift as a function of the pH was best explained by a
sigmoidal feature, and our group established a method to use the pa-
rameters from the fit to transform the coverage ratio of the protein over
the gold colloidal surface [53]. In order to reproduce the coverage ratio,
it required to involve a geometrical information of the protein adsorp-
tion. As of now, our spectroscopic study utilizing the pH induced
conformational change is the only successful approach explains the most
plausible adsorption orientation [54]. As another reasons to require us
to cover the wider pH range, it should be noted that the highly acidic
condition (i.e., around pH 4) is speculated to prepares the up confor-
mation in one of three protomers of the RBD side of an S protein before
initiating the binding to the ACE2 and also is considered to model the pH
condition after endocytosis of SARS-CoV-2 to achieve a cell fusion pro-
cess [8,22,35,55,56].

2. Experimental

A total of nine different sizes of gold colloidal particles with diameter
(d) of 10, 15, 20, 30, 40, 50, 60, 80, and 100 nm were prepared (Ted
Pella Inc., Redding, California, USA), and the detailed description can be
found in our previous report [54]. The Spike protein (S protein) of
SARS-CoV-2 (COVID-19) containing residues spanning Val 16-Pro 1213
as a trimer construct was purchased from ACRO Biosystems (Newark,
Delaware, USA; Catalog # SPN-C52H9) [57]. The fixed concentration of
S protein (~100 picomol) was mixed with each gold nano particles with
the ratio of [S protein] / [Gold Colloid] ranging from ~5 to ~3400 [58].

We examined the shift of the Surface Plasmon Resonance (SPR) band
of S protein coated nano-gold colloids as a function of the change of an
external pH at 24.5 °C £ 0.2 by utilizing Cary 5000 Model UV-vis-NIR
Spectrophotometer of Agilent (Santa Clara, CA, USA). Two different
schemes of pH changes were used. (1) a gradual change of pH with by
adding hydrochloric acid (HCI), and (2) pH was hopped between acidic
at pH 3.1 + 0.6 and basic condition around pH 9.7 + 0.5 by inserting HCI
and sodium hydroxide (NaOH) with pre-tested amount to maintain pH
~3 and pH~10, respectively. There were no fine adjustments of pH
made after each HCl or NaOH infusion in order to keep the kinetic
condition (time for equilibrium) at each condition the same for all
measurement points. In both schemes each spectrum was processed with
component of the band expressed by a Gaussian profile by Peak Fit
function of OriginPro 2018b (Origin Lab), and the spectrum area weight
average peak position of the spectrum in the region between 400 nm and
850 nm was extracted [57].

3. Results

The gradual pH change to the acidic condition (~pH 2) reflected on
the gradual red shift of SPR band as shown in Fig. 1a, and the trace of the
average peak band position (Apeq) (given in the white dotted line in
Fig. 1a) exhibited sigmoidal curve as shown in Fig. 1b. This sigmoidal
feature was analyzed by the Boltzmann model and the inflection point
(pHo) and the tangential slope at pH,, 7»(1), where dpH = (Amax — Mnin)/
4kf)1e)ak [57]. The difference of pH, between S protein coated gold colloid
and bare gold colloids, ApH,, were postulated to reflect the change of
the surface property due to the adsorption of S protein over the gold
surface. The best and accessible correlation was observed between
1/dpH ( AV) and ApH,, as shown in Fig. 2, and it is not the most ideal
fit (R? = 0.192) but the reasonable starting point of an interpretation.
This relationship was used to extract the protein coverage fraction, ®
(See Fig. 3)

The extracted ® values were reproduced by conducting the geo-
metric simulation reported previously [53,54]. The simplification of the
S protein structure was treated by assuming it to the prolate top as
shown in Fig. 3. While S protein possesses the shape of blot head with
stem (mushroom like shape (Fig. 3(i)), the justification of prolate shape
approximation is because ® can be determined by the projected area
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Fig. 1. a) The SPR band for visible range (400 nm - 825 nm) as a function of
pH. The contour implying the A,.q is shown by a white dotted line on the

surface contour map. b) The plot of e vs. pH for S-protein mixed with 80 nm
gold nano particles. The optimized fit by Boltzmann model is shown by the
dotted line as a guide [57]. Here, the Apin and Ayay stand for the minimum and
maximum of the band peak positions, respectively. The pH, (a) is the inflection
point of the S protein coated 80 nm gold colloid, and the pH, (b) is that of bare
80 nm gold colloid.
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Fig. 2. The plot of 1/dpH vs. ApH,, where 1/dpH is proportional to A1).The
optimized fit is shown by a dotted line.

onto the sphere. The area dominates to occupying the sphere can be
replaced by transposing the same dimension onto the equatorial region
of the prolate (Fig. 3(ii) and (iii)). Based on the reported geometrical
structure from crystal structure reported by Wrapp et al. the initial
values for the simulation were set as a =5.3 nm and b =8.9 nm with a
“spiking-out” orientation of the protein from the particle surface [59].
The axial lengths were optimized to match with extracted © for each
gold colloid of diameter d (conventional size) and reported diameter size
d was used for the fit as shown in Fig. 4. It failed to reproduce the
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(iif)

Fig. 3. (i) The schematic sketch of the structure of an entire SARS-CoV-2 spike protein. The edge of the protein is indicated by the dotted lines. (ii) The dimension of
the top region was transformed to be the central area (i.e., perimeter of circle by an axis) in a prolate. (iii) The utilized prolate model for simulating the coverage
fraction of the proteins over the nano-gold sphere with axial lengths a and b (a < b).
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Fig. 4. The peptide coverage fraction, ®, as a function of d (nm) for S-protein.
The black line shows the average © for the S protein. The blue, red, and green
lines show the average © for Af;.40, a-syn, and 2 m, respectively [54].

drastically low © observed for d =40 nm and d =60 nm, and an
empirical factor (y) was employed in order to indicate that the adsorbed
S proteins did not impact ApH, (y ~ 5 %). In Fig. 4, the average © of S
protein, © (S protein), showed the lowest compared to the ®’ s of three
amyloidogenic peptides (amyloid beta 1-40 (APy_40), alpha synuclein
(a-syn), and beta 2 microglobulin (p2 m)), where ® (2 m) > © (AB1_40)
> @ (a-syn) > O (S-protein). Another unique point in S protein was that a
low contribution of the secondary layer was observed (i.e., ~100 % first
layer), except for the gold colloid with 100 nm diameter, where 40 % of
the coverage was contributed from the second layer (Table 1). The
average contribution of the second layer in amyloidogenic peptides
coated gold colloids was ~40 % [60].

Under the pH hopping scheme, the undulation of 4.« was observed
for the S protein gold colloid with d > 30 nm. The representative ex-
amples for S protein coated 40 nm and 80 nm gold colloids are shown in
Fig. 5a and b. Here, the pH value at the n (operation number) = 1 is an
initial pH and it was around pH 7. Then, the pH at an even operation
number indicates around pH ~ 3 and pH ~ 10 for any odd operation
numbers > 2. The analytical formula was applied to explain this
behavior and was concluded that there was a reversible aggregation/
disaggregation of gold nano-colloid mediated by S protein at the inter-
face [57]. A reversible process was interpreted to be the stage of gold
nano particle dispersed and aggregated. The aggregation of the gold
colloid was presumed to be due to the mediation of the S protein over the
gold colloid surface. The obvious reversible process was observed for the
gold colloid over diameter of 30 nm [57]. In reversible undulation
feature, there was two patterns which contained a discontinuity in
amplitude as well as damping factor as represented in d =40 nm gold
colloid (see Fig. 5a). On the other hand, we observed one single
amplitude and damping factor for the reversible undulation in d =80 nm
and 100 nm (See Fig. 5b). The discontinuity of the undulation amplitude
(and damping factor) was observed for d =40 nm, 50 nm, and 60 nm.

Table 1

In each box, optimized axial length of a prolate (a and b), observed @, n, and
circular graph indicating % of occupied surface area by adsorption (first layer in
blue and second layer in red) as a function of gold size d (and d) nm.

d (d) a b Oobs Df ot % for the 1% and 2"¢
(nm) (nm) layer
10 (9.8) 2.0 8.5 0.130 23
15(15.2) 7.6 8.5 0.470 8
20 (19.7) 7.4 8.5 0.370 9
30 (30.7) 8.3 10.4 0.290 11
40 (40.6) 5.3 8.9 0.01 17 (y =
0.033)
50 (51.5) 8.5 8.5 0.220 14
60 (60.0) 5.3 8.9 0.030 42 (y =
0.075)
100
%
80 (80.0) 8.5 8.5 0.224 62 0
100 5.3 8.5 0.900 250
(99.5)

The undulation feature was explained by Eq. (1) [57]
Tpea (1) = A + B(n — 1) + De" VEcos(nr) €h)

An initial peak position at neutral pH (i.e., lpﬂ (n = 1)) is given by
A — D, and the parameters B and C show the average wave peak position
shift as pH varies between pH ~3 and pH ~10. The parameters D rep-
resents a degree of reversibility amplitude, where Zpq (n = even) —
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Fig. 5. The trend of shift in SPR band, A/lpﬂ, as a function of n, where pH ~7
atn = 1, pH ~10 for odd n (red tick marks), and pH ~3 for even n (blue tick
marks) for a) d =40 nm and b) d =80 nm. The pair of dotted line implies the
trend of the undulation amplitude. The red dotted line guided at the lower-side
of the undulations (even n) indicates the state A shown in Fig. 6. The blue
dotted line shown at upper side at even n are considered to be at the stage B
shown in Fig. 6.

Apeak (n = odd), and E is a damping (E < 0) or amplifying (E > 0) factor
for the repetitive undulation. The undulation pattern for S protein
coated gold colloid with d =40 nm needs to be explained by two
different set of D and E parameters before and after of n = 9. (See Fig. 5a)
On the other hand, S protein coated gold nano particle with d =80 nm
can be explained by single set of parameters D and E (See Fig. 5b) for an
entire range of the observed n’s. The detailed analysis on the disconti-
nuity and their parameters are shown in Table 2. The parameters which
explained all undulation patterns with one single set were presented in
our previous report [57].

Table 2

The optimized parameters for the Ap.q (n) responses to the pH hopping using the
analytical formula shown in Eq. (1) for a mixture of S protein coated gold
nanoparticle of size d = 40, 50, and 60 nm at 24.5 + 0.2 °C.

d (nm) A (nm) B (nm) C D E <R%>
(nm)

40 596(10)  6(6) 0.9(3) 30(7) 0.06(3) 0.898

40 (n = 594.4 4.8(9) 0.50(7) 22.0 -0.001 0.99977
1-8) 8 5) %)

40 (n = 106 525(83) 0.02 4.6(9) -0.05 0.99607
12-20) (87) (280) (€]

50 590(12) 8(7) 0.8(3) 26(7) 0.05(3) 0.889

50 (n = 591(6) 6(5) 0.8(3) 17(3) -0.09 0.98494
1-10) 3

50 (n = 639(98) 7(70) 0.5(20) 7(1) -0.03 0.99521
11-20) (€D

60 574(8) 11(6) 0.7(1) 23(4) 0.04(2) 0.948

60 (n = 575(5) 7(5) 0.9(3) 16(3) -0.10 0.99049
1-8) “@

60 (n = 34 540 0.04 22(2) 0.042 0.99696
9-20) (5721) (5690) (40) ®
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4. Discussions

The optimized geometry through geometric simulation revealed that
the spiking-out orientation of the protein from the particle surface is the
most probable condition. This was also observed in the amyloidogenic
peptides coated over nano-gold colloid [54], and is consistent with the
orientation observed in SARS-CoV-2. For 50 nm and 80 nm gold colloid
supported a spherical shape (i.e., a = b), and it was interpreted that the
prolate was tilted and rotate to create a circular area of coverage with
the “spiking-out” orientation (See Fig. 6). The optimized tilting angle, 0.,
was extracted to be 28.5°, when b was set to be an initial axial b length of
8.9 nm. While the relatively lower © was easily reproduced by taking a
“lie-down” orientation, this orientation would not present protein
available to form the protein-protein interactions needed to form par-
ticle aggregates. Thus, the spiking-out orientation was concluded as the
most plausible orientation based on the experimentally observed
protein-protein interaction particle aggregates.

The relatively lower © suggests a particular interfacial condition
between nano-colloidal surfaces as they form the aggregates. Based on
the previous studies, the higher ® was significantly contributed by a
second layer of protein (e.g., 32.2 %, 47.2 %, and 37.5 % of the coverage
was contributed from the second layer for Ap;_49, a-syn, and f2 m,
respectively) [53]. The average contribution of the second layer in ©
was 5.7 % in this study, implying no significant 2nd layer contribution.
Assuming that gold nano-surface possesses enough affinity for S protein
compared to the dimerization of S protein, the competition of protein
adsorption over the nano-spherical surface may inhibit landing on the
surface when d < 80 nm. When particle d = 100 nm, it may allow
enough surface area for S protein on adjacent particles to be contacting
with the gold surface of neighboring particles and thus resulting in the
high ® with a significant contribution from 2nd layer, ca. 40 % (see
Table 1). To date there is no direct measurement of the binding energy
for S protein dimerization, based on the binding energy estimated for
RBD domain and ACE2 receptor to be around a few kcal/mol range [20],
the dimerization binding energy may be around the same order. Since
drastic red-shift of the SPR band implies the formation of the gold nano
colloid aggregates, the S protein involved aggregation must be revers-
ible and completed without making tangled protein-protein network.
Thus, it implies the formation of dimer of S protein at the edge exposed
to the outside. (See the state B in Fig. 7). However, the high ® must be
supported by 2nd layer (i.e., layer contributed from the other surface)
involved as shown in the state C in Fig. 7 for 100 nm.

Although there was no experimental evidence to elaborate the
conformational information of S protein at a given pH value, three
distinct conformations (A, B, and C shown in Fig. 7). At the 7 < pH < 10,
the S protein may be adsorbed as spiking-out orientation with the
cytoplasmic domain (1237-1273) anchoring on the gold surface with a
charge-charge interaction between -NH" in imidazole ring of the His-
tidine (*?°°H-1%°"H) and a partially negative gold surface [58]. The
protein conformation at the acidic condition is highly plausible to be
unfolded. Based on the observed high reversibility, the folding or
unfolding process must be minimal enough to be repeatable and
reversible. There is a report of up position in one of three protomers at
S1 region of RBD in order to initiate cell fusion by binding to ACE2 re-
ceptor under the lower pH condition [8,22,37,38]. It is, therefore,
considered that the up position of the protomer may play a key role of
conducting networking, and dimerization or adsorption over the other
nano-surface. The recent computational simulation led by Rommie
Amaro’s group pointed out the importance of glycan shielding over the S
protein playing the key role to form the up conformation [34], sug-
gesting that it requires further investigation if external pH change to the
acidic is a real trigger to form up conformation.

The analysis of a discontinuous feature observed in the pH hopping
procedure for d = 40, 50, and 60 nm are summarized in Table 2. The
feature of the reversibility before and after the discontinuity was
different between d = 40, 50 nm and d =60 nm. As for d = 40 and 50 nm,
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Fig. 6. a) A sketch of the side view of a rotating prolate. The tilting of a prolate over the nano-gold surface with a tilting angle, 0.. b) Birds eye view of the rotating
tilted prolate. Here, the diameter of a colloid and the axes of prolate are not shown in the scale of any examples in Table 1.

Gold Surface

the damping feature was the same before and after the discontinuity
with a drastic decrease in amplitude. On the other hand, for d =60 nm,
the damping feature reversed to become amplifying after the disconti-
nuity with approximately the same amplitude. Therefore, there may be
two different path of aggregation formation depending on the core nano-
particle size. However, no further detailed information was extracted
from the current observations. The possible rational would be that the
kinetic factor may be involved. In pH hopping process, we maintained
the interval time between each operation number to be roughly the
same, i.e., 5 min. It is conceivable that after initial acidic condition was
achieved at the operation number n = 2, it may take 39 + 3 min to reach
to the other reversible channel. The current study was designed to be
insensitive to the kinetic factor and the interval times of each spectrum
collection was not precisely consistent. The errors or deviations in
collection time could cause the difference in the operation number of the
discontinuity ranging between n = 8 and n = 10.

In this communication, we focused on the adsorption orientation of S
protein over the gold surface. By simplifying the S protein as a prolate
shape, the adsorption orientation was concluded to be “spiking-out”
orientation. These data suggest that the gold colloids could successfully
reproduce the orientation of the S protein as that seen in SARS —-CoV-2.
However, the current study did not extract the direction of the RBD of
the S protein. Although beyond the scope of the present work, one way
to confirm if the RBD side is facing toward the outside can be to interact

Fig. 7. Estimated S protein conformational change
observed in the current study over the nano-gold
colloidal surface. The major change was estimated to
transition from down to up conformational change of
RBD and leading to either dimerization processes of S1
trimers (B) or a parallel in opposite directions confor-
mation (C). The conformational change at pH-hopping
is estimated as a quasi-reversible process between state
A and B (for d = 30 — 80 nm) or C (d = 100 nm), where
one of the protomer’s (RBD: receptor binding domain)
gets up position.

the S protein coated gold colloid with ACE2. The binding of the ACE2 to
RBD is expected to cause a cleavage of the RBD followed by the for-
mation of pre-hairpin by an extension of protomers of fusion proteins [7,
9,11,61-65]. On the other hand, no further conformational change of S
protein in response to ACE2 would be observed, if the RBD side is used
for anchoring on the gold surface. Two limitations of the current spec-
troscopic approach is that it is unable to determine if the RBD side is
facing inward or outward and would not be able to probe the confor-
mational change of the S protein induced by the ACE2 binding. How-
ever, based on this study into S protein adsorption onto gold we can now
use the gold protein system to probe the interaction of SARS-CoV-2 with
the ACE2 and the corresponding conformational change of an S protein
using more complex spectroscopic techniques.

The observation confirmed in this study made the first step of uti-
lizing the S protein located over the nano-surface for further investi-
gating the structural information associated with the behavior of S
protein in vitro. One of the major inhibition tactics has been to prevent
viral protein by targeting the S protein with antibodies [66]. The S
protein coated over gold colloid can act as a simplified model of the
SARS-CoV-2, and the gold-protein system can be used as a spectroscopic
probe for investigating the various inhibitor or drugs response and
impact to the S protein. For example, having characterized the S protein
system’s behavior during pH changes, compounds could now be
screened based on their ability to alter the S protein’s pH response using
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this SPR technique described above. As the future project, investigation
of the cell fusion kinetics of the S protein as it is interacted with ACE2 is
expected to provide a prototype approach of mimicking viral cell fusion
process. There are a number of pathogenic viruses, which possesses
same type of viral structure as SARS-CoV-2, such as Chikungunya virus,
Dengue virus, HIV (Human Immunodeficiency Virus), Influenza virus,
Zaire Ebola virus, SARS-CoV, and MERS-CoV. These viruses are pro-
tected by a viral membrane requiring the viral capsid to fuse with a cell
as an initial step in the infection process [25,67]. Thus, by utilizing
corresponding glycoprotein coated nano gold colloid, the general rule of
fusion process involving glycoproteins can be investigated.

5. Conclusions

The indication of high affinity of S protein on to gold colloid
(diameter, d > 30 nm) was confirmed by observing the pH induced
reversible self-assembly of S protein mediated gold colloid aggregates.
The geometrical simulation to reproduce surface coverage ratio, O,
successfully explained the spiking-out orientation of the S protein and
the plausible conformation of S proteins at the interface were speculated
to be “head-to-head dimer” or “parallel in opposite direction” depending
on the nano-size of the gold colloid. However, a conclusive evidence of
the direction of RBD side was not obtained.

Author contributions

A.L developed, performed, and analyzed the simulations. A.I. and K.
Y. designed the research, analyzed data, and wrote the manuscript.

Funding sources

None.
Notes

The authors declare no competing financial interest.
CRediT authorship contribution statement

Kazushige Yokoyama: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Methodology, Project administration,
Resources, Supervision, Validation, Visualization, Writing - original
draft, Writing - review & editing. Akane Ichiki: Data curation, Formal
analysis, Methodology, Resources, Writing - review & editing.

Declaration of Competing Interest
The authors report no declarations of interest.
Acknowledgment

This work was supported by the Geneseo Foundation. A. I. thanks for
Gerry Rhodes Scholarship and Kenny Lipkowitz Scholarship. K. Y.
thanks for Geneseo Foundation Summer Faculty Research Fellowship
2020. Dr. Jonathan Bourne is highly noted for his valuable comments to
our manuscript.

References

[1] W. Tai, L. He, X. Zhang, J. Pu, D. Voronin, S. Jiang, Y. Zhou, L. Du, Cell. Mol.
Immunol. 17 (2020) 613-620.

[2] B. Qiao, M. Olvera de la Cruz, ACS Nano 14 (2020) 10616-10623.

[3] H.Jiandong, Y. Zhao, J. Ren, D. Zhou, H.M.E. Duyvesteyn, H.M. Ginn, L. Carrique,
T. Malinauskas, R.R. Ruza, P.N.M. Shah, Tiong Kit Tan, P. Rijal, N. Coombes, K.
R. Bewley, J.A. Tree, J. Radecke, N.G. Paterson, P. Supasa, J. Mongkolsapaya, G.
R. Screaton, M. Carroll, A. Townsend, E.E. Fry, R.J. Owens, D.I. Stuart, Cell Host
Microbe 28 (2020) 1-10.

[4]
[5]
[6]

[71
[81

[91
[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]
[37]

[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]

[46]
[47]

[48]

[49]

Colloids and Surfaces A: Physicochemical and Engineering Aspects 615 (2021) 126275

1. Mercurio, V. Tragni, F. Busto, A. De Grassi, C.L. Pierri, Cell. Mol. Life Sci. (2020)
1-22, https://doi.org/10.1007/s00018-020-03580-1.

R. Alexpandi, J.F. De Mesquita, S.K. Pandian, A.V. Ravi, Front. Microbiol. 11
(2020) 1-15.

A. Basit, T. Ali, S.U. Rehman, J. Biomol. Struct. Dyn. (2020) 1-10, https://doi.org/
10.1080/07391102.2020.1768150.

R. Yan, Y. Zhang, Y. Li, L. Xia, Y. Guo, Q. Zhou, Science 367 (2020) 1444-1448.
M. Yuan, N.C. Wu, X. Zhu, C.-C.D. Lee, R.T.Y. So, H. Lv, C.K.P. Mok, I.A. Wilson,
Science 368 (2020) 630-633.

A. Choudhury, S. Mukherjee, J. Med. Virol. (2020) 1-9.

W.C. Hwang, Y. Lin, E. Santelli, J. Sui, L. Jaroszewski, B. Stec, M. Farzan, W.

A. Marasco, R.C. Liddington, J. Biol. Chem. 281 (45) (2006) 34610-34616.

M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen, T.
S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, M.A. Mu ller, C. Drosten,

S. Pohlmann, Cell 181 (2020) 271-280.

J.E. Pak, C. Sharon, M. Satkunarajah, T.C. Auperin, C.M. Cameron, D.J. Kelvin,
J. Seetharaman, A. Cochrane, F.A. Plummer, J.D. Berry, J.M. Rini, J. Mol. Biol. 388
(2009) 815-823.

H.L. Nguyen, P.D. Lan, N.Q. Thai, D.A. Nissley, E.P. O’Brien, M.S. Li, J. Phys.
Chem. B 124 (2020) 7336-7347.

P. Forsseén, Jr. Samuelsson, K. Lacki, T. Fornstedt, Anal. Chem. 92 (2020).

Y. Yang, Y. Du, L.A. Kaltashov, Anal. Chem. 92 (2020) 10930-10934.

Di Paola, L.; Hadi-Alijanvand, H.; Song, X.; Hu, G.; Giuliani, A. https://doi.org/
10.1021/acs.jproteome.0c00273.

H. Woo, S.-J. Park, Y.K. Choi, T. Park, M. Tanveer, Y. Cao, N.R. Kern, J. Lee, M.
S. Yeom, T.I. Croll, C. Seok, W.J. Im, Phys. Chem. B 124 (2020) 7128-7137.

A. Spinello, A. Saltalamacchia, A. Magistrato, J. Phys. Chem. Lett. 11 (2020)
4785-4790.

M. Amin, M.K. Sorour, A. Kasry, J. Phys. Chem. Lett. 11 (2020) 4897-4900.
Zou, J.; Yin, J.; Fang, L.; Yang, M.; Wang, T.; Wu, W.; Bellucci, M. A.; Zhang, P.
https://doi.org/10.1021/acs.jcim.0c00679.

J. Zou, J. Yin, L. Fang, M. Yang, T. Wang, W. Wu, M.A. Bellucci, P. Zhang, J. Chem.
Inf. Model. 60 (2020) 5794-5802.

R.N. Kirchdoerfer, N. Wang, J. Pallesen, D. Wrapp, H.L. Turner, C.A. Cottrell, K.
S. Corbett, B.S. Graham, J.S. McLellan, A.B. Ward, Sci. Rep. 8 (2018)
15701-15711.

R. Ling, Y. Dai, B. Huang, W. Huang, X. Lu, Y. Jiang, Peptides 130 (2020) 1-7.
A. Hussaina, A. Hasan, M.M.N. Babadaei, S.H. Bloukh, M.E.H. Chowdhury,

M. Sharifi, S. Haghighat, M. Falahati, Biomed. Pharmacother. (2020) 130.

J.K. Millet, G.R. Whittaker, Virology 517 (2018) 3-8.

X. Ou, Y. Liu, X. Lei, P. Li, D. Mi, L. Ren, L. Guo, R. Guo, T. Chen, J. Hu, Z. Xiang,
Z. Mu, X. Chen, J. Chen, K. Hu, Q. Jin, J. Wang, Z. Qian, Nat. Commun. 11 (2020)
1-12.

A.C. Walls, Y.-J. Park, M.A. Tortorici, A. Wall, A.T. McGuire, D. Veesler, Cell 180
(2020) 281-292.

K.G. Andersen, A. Rambaut, W.I. Lipkin, E.C. Holmes, R.F. Garry, Nat. Med. 26
(2020) 450-455.

Gahlawat, A.; Kumar, N.; Kumar, R.; Sandhu, H.; Singh, L. P.; Singh, S.; Sjostedt, A.;
Garg, P. https://doi.org/10.1021/acs.jcim.0c00546.

H. Wang, S. He, W. Deng, Y. Zhang, G. Li, J. Sun, W. Zhao, Y. Guo, Z. Yin, D. Li,
L. Shang, ACS Catal. 10 (2020) 5871-5890.

K. Bilinska, P. Jakubowska, C.S. Von Bartheld, R. Butowt, ACS Chem. Neurosci. 11
(2020) 1555-1562.

H. Lee, H. Lei, B.D. Santarsiero, J.L. Gatuz, S. Cao, A.J. Rice, K. Patel, M.

Z. Szypulinski, I. Ojeda, A.K. Ghosh, M.E. Johnson, ACS Chem. Biol. 10 (2015)
1456-1465.

Suarez, D.; Diaz, N. https://doi.org/10.1021/acs.jcim.0c00575.

L. Casalino, Z. Gaieb, J.A. Goldsmith, C.K. Hjorth, A.C. Dommer, A.M. Harbison, C.
A. Fogarty, E.P. Barros, B.C. Taylor, J.S. McLellan, E. Fadda, R.E. Amaro, ACS Cent.
Sci. (2020), https://doi.org/10.1021/acscentsci.0c01056.

D. Wrapp, N. Wang, K.S. Corbett, J.A. Goldsmith, C.-L. Hsieh, O. Abiona, B.

S. Graham, J.S. McLellan, Science 367 (2020) 1260-1263.

S. Roy, Jaiswar Akhilesh, R. Sarkar, J. Phys. Chem. Lett. 11 (2020) 7021-7027.
J. Shanga, Y. Wana, C. Luoa, G. Yea, Q. Genga, A. Auerbacha, F. Lia, PNAS Latest
Articles, 2020, pp. 1-8.

W. Song, M. Gui, X. Wang, Y. Xiang, PLoS Pathog. (2018) 1-19.

G. Simmons, P. Zmora, S. Gierer, A. Heurich, S. Pohlmann, Antiviral Res. 100
(2013) 605-614.

A. Poater, J. Phys. Chem. Lett. 11 (2020) 6262-6265.

R. Batra, H. Chan, G. Kamath, R. Ramprasad, M.J. Cherukara, S.K.R.

S. Sankaranarayanan, J. Phys. Chem. Lett. 11 (2020) 7058-7065.

F. Bergasa-Caceres, H.A. Rabitz, J. Phys. Chem. B (2020), https://doi.org/
10.1021/acs.jpcb.0c03716.

K. Yokoyama, N.M. Briglio, D. Sri Hartati, S.M.W. Tsang, J.E. MacCormac, D.

R. Welchons, Nanotechnology 19 (2008) 375101-375108.

K. Gorshkov, K. Susumu, J. Chen, M. Xu, M. Pradhan, W. Zhu, X. Hu, J.C. Breger,
M. Wolak, E. Oh, ACS Nano 14 (9) (2020) 12234-12247.

Q. Zhang, A. Honko, J. Zhou, H. Gong, S.N. Downs, J.H. Vasquez, R.H. Fang,

W. Gao, A. Griffiths, L. Zhang, Nano Lett. 20 (2020) 5570-5574.

L. Rao, R. Tian, X. Chen, ACS Nano 14 (2020) 2569-2574.

K. Kalantar-Zadeh, S.A. Ward, K. Kalantar-Zadeh, E.M. El-Omar, ACS Nano 14 (7)
(2020) 9202-9205.

M.C. Sportelli, M. Izzi, E.A. Kukushkina, S.I. Hossain, R.A. Picca, N. Ditaranto,
N. Cio, Nanomaterials 10 (2020) 802-813.

G. Reina, S. Peng, L. Jacquemin, As.F. Andrade, A. Bianco, ACS Nano 14 (2020)
9364-9388.


http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0005
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0005
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0010
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0015
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0015
https://doi.org/10.1007/s00018-020-03580-1
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0025
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0025
https://doi.org/10.1080/07391102.2020.1768150
https://doi.org/10.1080/07391102.2020.1768150
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0035
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0040
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0040
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0045
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0050
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0050
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0055
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0060
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0060
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0060
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0065
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0065
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0070
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0075
https://doi.org/10.1021/acs.jproteome.0c00273
https://doi.org/10.1021/acs.jproteome.0c00273
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0085
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0085
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0090
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0090
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0095
https://doi.org/10.1021/acs.jcim.0c00679
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0105
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0105
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0110
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0110
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0110
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0115
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0120
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0120
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0125
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0130
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0130
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0130
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0135
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0135
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0140
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0140
https://doi.org/10.1021/acs.jcim.0c00546
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0150
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0150
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0155
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0155
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0160
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0160
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0160
https://doi.org/10.1021/acs.jcim.0c00575
https://doi.org/10.1021/acscentsci.0c01056
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0175
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0175
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0180
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0185
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0185
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0190
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0195
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0195
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0200
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0205
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0205
https://doi.org/10.1021/acs.jpcb.0c03716
https://doi.org/10.1021/acs.jpcb.0c03716
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0215
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0215
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0220
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0220
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0225
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0225
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0230
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0235
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0235
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0240
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0240
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0245
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0245

K. Yokoyama and A. Ichiki

[50]

[51]
[52]

[53]

[54]
[55]
[56]
[57]

[58]

Chauhan, D. S.; Prasad, R.; Srivastava, R.; Jaggi, M.; Chauhan, S. C.; Yallapu, M. M.
https://doi.org/10.1021/acs.bioconjchem.0c00323.

A.L. Mehranfar, Mohammad, J. Phys. Chem. Lett. 11 (2020) 10284-10289.

Y.H. Chung, V. Beiss, S.N. Fiering, N.F. Steinmetz, ACS Nano 14 (2020)
12522-12537.

K. Yokoyama, A. Ichiki, Oligomerization and adsorption orientation of
amyloidogenic peptides over nano-gold colloidal particle surfaces, in: J.C. Taylor
(Ed.), Advances in Chemical Research, 61, NOVA Science Publisher, Hauppauge,
NY, USA, 2020, pp. 139-194.

K. Yokoyama, K. Brown, P. Shevlin, J. Jenkins, E. D’Ambrosio, N. Ralbovsky,

J. Battaglia, I. Deshmukh, A. Ichiki, Int. J. Mol. Sci. 20 (21) (2019) 5354-5380.
A. Francés-Monerris, Cc. Hognon, T. Miclot, C. Garcia-Iriepa, I. Iriepa, A. Terenzi,
Sp. Grandemange, G. Barone, M. Marazzi, A. Monari, J. Proteome Res. 19 (2020)
4291-4315.

Y.A. Malik, Malaysian J. Pathol. 42 (1) (2020) 3-11.

K. Yokoyama, A. Ichiki, Acs Appl. Nano Mater. (2020) submitted and under the
review.

K. Yokoyama, A. Ichiki, Colloid Interf. Sci. Commun. (2021) in press.

[59]

[60]
[61]
[62]

[63]

[64]
[65]
[66]

[67]

Colloids and Surfaces A: Physicochemical and Engineering Aspects 615 (2021) 126275

D. Wrapp, D. De Vlieger, K.S. Corbett, G.M. Torres, N. Wang, W. Van Breedam,
K. Roose, L. van Schie, M. Hoffmann, S. Pohlmann, B.S. Graham, N. Callewaert,
B. Schepens, X. Saelens, J.S. McLellan, Cell 181 (2020) 1004-1015.

K. Yokoyama, H. Cho, S.P. Cullen, M. Kowalik, N.M. Briglio, H.J. Hoops, Z. Zhao,
M.A. Carpenter, Int. J. Mol. Sci. 10 (2009) 2348-2366.

P. Verdecchia, G. Reboldi, C. Cavallini, G. Mazzotta, F. Angeli, G. Ital. Cardiol. 21
(5) (2020) 321-327.

A.J. Turner, S.R. Tipnis, J.L. Guy, G.I. Rice, N.M. Hooper, Can. J. Physiol.
Pharmacol. 80 (2002) 346-353.

C. Vickers, P. Hales§, V. Kaushik, L. Dick, J. Gavin, J. Tang, K. Godbout, T. Parsons,
E. Baronas, F. Hsieh, S. Acton, M. Patane, A. Nichols, P. Tummino, J. Biol. Chem.
277 (17) (2002) 14838-14843.

M.J. Katovich, J.L. Grobe, M. Huentelman, M.K. Raizada, Exp. Physiol. 90 (3)
(2005) 299-305.

S.R. Tipnis, N.M. Hooper, R. Hyde, E. Karran, G. Christie, A.J. Turner, J. Biol.
Chem. 275 (43) (2000) 33238-33243.

S. Xiaojie, L. Yu, Y. lei, Y. Guang, Q. Min, Stem Cell Res. 50 (2021)
102125-102134.

N. Banerjee, S. Mukhopadhyay, Virus Dis. 27 (1) (2016) 1-11.


https://doi.org/10.1021/acs.bioconjchem.0c00323
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0255
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0260
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0260
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0265
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0265
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0265
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0265
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0270
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0270
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0275
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0275
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0275
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0280
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0285
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0285
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0290
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0295
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0295
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0295
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0300
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0300
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0305
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0305
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0310
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0310
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0315
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0315
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0315
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0320
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0320
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0325
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0325
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0330
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0330
http://refhub.elsevier.com/S0927-7757(21)00144-8/sbref0335

