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ABSTRACT
The optical response of different configurations of functionalized gold nanoparticles (f-AuNPs) and SARS-CoV-2 virions is simulated in
order to explore the behavior of a colloidal solution containing 105–1013 virions/ml. The analysis herein reported is carried out for three
concentration regimes: (i) low (≲108 virions/ml), (ii) intermediate (∼109–1010 virions/ml), and (iii) high (≳1011 virions/ml). Given the high
binding effectiveness of f-AuNPs to virions, three different configurations are expected to arise: (i) virions completely surrounded by f-AuNPs,
(ii) aggregates (dimers or trimers) of virions linked by f-AuNPs, and (iii) single f-AuNP surrounded by virions. It is demonstrated that 20 nm
diameter gold nanoparticles functionalized against all three kinds of SARS-CoV-2 proteins (membrane, envelope, and spike) allow one to
reach a limit of detection (LOD) of ∼106 virions/ml, whereas the use of only one kind of f-AuNP entails a ten-fold worsening of the LOD. It
is also shown that the close proximity (∼5 nm) of the f-AuNP to the virions assumed throughout this analysis is essential to avoid the hook
effect, thereby pointing out the importance of realizing an apt functionalization procedure that keeps thin the dielectric layer (e.g., proteins
or aptamers) surrounding the gold nanoparticles.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050570

I. INTRODUCTION

The spread of SARS-CoV-2 all over the world has led the sci-
entific community to put great effort into the quest for alterna-
tive strategies that work alongside the real-time reverse transcrip-
tion polymerase chain reaction (RT-PCR) to detect the virus.1–4

Although the RT-PCR remains the gold standard to diagnose the
presence of the virus, such a technique is laborious and expensive
and, hence, not suitable for mass screening. In fact, this molecu-
lar assay should be employed only when there is a strong clinical
suspicion of infection or in the case of a close contact with a posi-
tively confirmed patient.5 The World Health Organization (WHO)
drew up guidelines on the use of antigenic rapid tests, which must
have a sensitivity equal to or greater than 80% and a specificity
equal to or greater than 97%.6 A few techniques are available to
quickly determine the antigen concentration via both nasopharyn-
geal secretions7–10 and saliva,11,12 providing a quite satisfying overlap
with molecular assay results. Most of them rely on the detection of

SARS-CoV-2 proteins or RNA, thereby requiring the virion lysis.
Nevertheless, the detection of the lysed proteins or viral RNA, rather
than the virion itself, may be detrimental to the correct diagnosis
since the capability to selectively distinguish active from inactive
viral particles is crucial to assess the actual degree of infectiveness
of a specimen.13

An alternative to the antigenic tests is the serologic assays
based on lateral flow immunochromatographic tests.14 They are
realized to specifically detect antibodies directed to SARS-CoV-
2 in patient’s blood,15 but Zhang et al.16 demonstrated that both
immunoglobulins M (IgM) and G (IgG) are detectable only a
few days after the contraction of the disease. Therefore, antibody-
targeted detection technology is not suitable for screening early
infections and it is more useful to monitor the convalescence
phase.

Meanwhile, several biosensors have been developed to
directly detect the virions, including electrochemical (EC) biosen-
sors,17 fluorescence-based biosensors,18 colorimetric biosensors,7
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surface-enhanced Raman scattering (SERS),19 and quartz crys-
tal microbalance (QCM).20 Among them, label-free EC biosen-
sors and SERS are the most popular. These biosensors can
be easily miniaturized and mass fabricated; however, they are
not for end users since they are expensive and require expert
personnel.

Colorimetric biosensors relying upon localized surface plas-
mon resonance (LSPR) represent a promising strategy to deal with
the mass screening challenge since they provide an affordable, reli-
able, and easy-to-use approach. Although this technology has been
widely used to detect different antigens and viruses even before the
spread of the current pandemics,21–23 these biosensors do not usu-
ally provide a competitive limit of detection (LOD), and they also
run into the hook effect. As shown by Ventura et al.,7 such draw-
backs can be addressed by adopting two ingredients: (i) a colloidal
solution containing gold nanoparticles functionalized (f-AuNPs)
against all three kinds of SARS-CoV-2 proteins (membrane, enve-
lope, and spike) and (ii) the photochemical immobilization tech-
nique (PIT) able to covalently tether antibodies onto gold surfaces
in a well-oriented way.24

In this work, we describe the optical response of a colori-
metric immunosensor based on the specific aggregation of 20 nm
diameter gold nanoparticles in a colloidal solution containing
3 × 1011 f-AuNPs (anti-membrane, anti-envelope, and anti-spike
f-AuNPs in the ratio 1:1:1) and 105–1013 virions/ml.7 To this aim,
we use the finite-difference time-domain (FDTD) method to simu-
late the optical response of different configurations of f-AuNPs and
SARS-CoV-2 virions inferring the interaction mechanisms at the
nanoscale in various concentration regimes. We demonstrated
that the adoption of the aforementioned mix of photochemically
f-AuNPs allowed us not only to reach a remarkable LOD of
106 virions/ml but also to prevent the hook effect.

II. FDTD NUMERICAL SIMULATION
A. Method

The optical response of different complexes of SARS-CoV-2
virions and f-AuNPs was simulated by the “FDTD solutions” tool
implemented in Lumerical software. The tool relies on the FDTD
method to solve Maxwell’s equations inside the unit volumes a sim-
ulation workspace is discretized into. Figure 1 shows the scheme
of the workspace we employed for all the simulations. Each com-
plex was placed in a total-field scattered-field (TFSF) volume that
allows us to discriminate the transmitted light from the scattering
contribution.

First, a source of x-polarized electromagnetic waves traveling
along the z direction and whose wavelengths lied in the range of
400–800 nm invested the target of interest. Then, the transmit-
ted and forward-scattered light were both collected by a total field
photodetector (spectral resolution: 1 nm) placed on the TFSF facet
opposite to that hosting the source, whereas the whole scattered
light S was recorded by a scattered field photodetector box placed all
around the TFSF region (spectral resolution: 1 nm). Thus, we could
retrieve the transmittance by subtracting the forward-scattering con-
tribution Sf measured on the forward facet of the photodetector box
from the total signal recorded by the photodetector placed inside the
TFSF volume. Therefore, the extinction E is calculated as

FIG. 1. Sketch of the simulation workspace consisting of the x-polarized plane
wave source, target, embedding medium (water), total field photodetector (orange
panel), TFSF region (white box), scattered field photodetector (yellow box), and
PML BCs (blue box).

E = − log( I
I0
) + Sf, (1)

where I0 is the source intensity and I is the light intensity mea-
sured on the total field photodetector. The absorbance is defined as
A = E − S. The corresponding cross sections σ are defined as

σext = E
nlt

, (2)

σsca = S
nls

, (3)

σabs = σext − σsca, (4)

where n is the number density of the targets, lt is the distance
between the source and total field photodetector, and ls is the pene-
tration depth from the source to the scattered field photodetector.

The TFSF region was embedded into a FDTD simulation vol-
ume filled by water with a refractive index of 1.33. Perfect matched
layer (PML) boundary conditions (BCs) were set along all directions
to ensure the perfect absorption of the electromagnetic radiation
propagating in the far field without creating any back reflections.25

Since the PML BCs require that the distance between TFSF and
FDTD boundaries is at least λmax/2, where λmax is the maximum
value of the source wavelength, we set the simulation volume 500 nm
larger (in all directions) than the TFSF size. Finally, the workspace
was discretized over a spatial mesh (1 nm) dense enough to warrant
high accuracy of the results while keeping reasonable the simulation
time.

The virion was modeled as a homogeneous sphere of 100 nm
diameter and refractive index 1.7526 surrounded by 2000 dots of
refractive index 1.45 to simulate the membrane proteins,27 20 dots
for the envelope proteins,27 and 100 cylinders 10 nm high with a
refractive index of 1.45 to mimic the spike proteins.27 Gold nanopar-
ticles were modeled as a homogeneous gold sphere of 20 nm diame-
ter whose optical properties were taken by CRC Handbook of Chem-
istry and Physics,28 whereas the antibodies anchored to the gold
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surface were modeled as a dielectric shell with a refraction index of
1.4229 and a thickness of 5 nm,23 the latter arising in case a function-
alization procedure such as PIT is adopted.24 Functionalized AuNPs
were randomly arranged onto both the virion envelope and spike
proteins, thereby giving rise to double layers of nanoparticles.

B. Extinction of SARS-CoV-2 and f-AuNPs complexes
We intended to investigate the optical behavior of a 1 ml col-

loidal solution containing N = 3 × 1011 gold nanoparticles of 20 nm

diameter functionalized to obtain three kinds of f-AuNPs (anti-
membrane, anti-envelope, and anti-spike in the ratio 1:1:1) and
105–1013 virions/ml. To this aim, we simulated the optical response
of four configurations of f-AuNPs and virions that could occur in the
colloidal solution according to the virion concentration (Fig. 2): (i)
virion completely surrounded by f-AuNPs, (ii) virion dimer partially
covered by f-AuNPs, (iii) virion trimer covered by a much fewer
number of f-AuNPs, and (iv) single f-AuNP surrounded by virions.

Figure 2(a) shows the maximally packed configuration of
f-AuNPs around the single virion reasonably emerging when the

FIG. 2. Sketch of the complex (left panel)
and corresponding extinction (black solid
line), scattering (blue solid line), and
absorption (red solid line) cross sec-
tions (right panel) for different complex
configurations: (a) virion completely sur-
rounded by f-AuNPs, (b) virion dimer
partially covered by f-AuNPs, (c) virion
trimer covered by a much fewer num-
ber of f-AuNPs, (d) single f-AuNP sur-
rounded by virions, and (e) single
f-AuNP.
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ratio between the number of f-AuNPs and that of virions in the solu-
tion is at least 103. Here, a number of 80 f-AuNPs were arranged
around the virion to completely cover the spherical surface (bind-
ing to the membrane and envelope proteins) and 100 f-AuNPs were
positioned on the top of the spike proteins. The extinction cross
section (black solid line) exhibits a broad LSPR lying in the range of
650–700 nm of ∼1.8 × 105 nm2 at a 700 nm wavelength. Such a value
is suitable to produce a detectable signal of 0.002 optical density
(OD) if the transmittance of a standard 10 mm cuvette containing
106 complexes in 1 ml of aqueous solution is measured. Given the
close-packed configuration of the f-AuNPs around the virion, the
average interparticle distance turned out to be 8 nm, which is small
enough to promote the optical coupling among the nearest neigh-
bors. This led to a large red-shift of the LSPR peak as compared to
that of the single f-AuNP at 525 nm [Fig. 2(e)]. Moreover, such a
configuration yields a Mie efficiency η of 3.14, where η is defined as

η = σext

Nbπr2 , (5)

where Nb is the number of f-AuNPs bound to the virion and r is the
nanoparticle radius. It is worth noticing that although the scattering
cross section of a single f-AuNP of 20 nm diameter is vanishingly
small at the LSPR peak (∼5 nm2) (blue solid line in Figs. 2(e),30 the
formation of optical dimers or longer nanoparticle chains entailed
an enhancement of σsca of ∼90-fold.31

Figure 2(b) shows an intermediate scenario in which the num-
ber of f-AuNPs is 102–103 times the number of virions in the
colloidal solution. In this case, each virion can be partially cov-
ered by f-AuNPs, and hence, it is reasonable that the formation of
dimers of virions held together by shared f-AuNPs be a favorite
process. The optical response of the system was worked out by
considering 40 f-AuNPs tethered onto the spherical surface and
50 f-AuNPs bound to the spike proteins for each virion. While
the absorbance cross section (red solid line) is roughly constant
as compared to the close-packed configuration [red solid line in
Fig. 2(a)], the scattering cross section (blue solid line) results to
be lower (20 times higher than the σsca of a single 20 nm size f-
AuNP) due to the increase in the average interparticle distance
(18 ± 12 nm), thereby yielding a Mie efficiency of η = 2.36. The
extinction cross section (black solid line) approaches a value of
1.3 × 105 nm2, which results to be roughly constant in the range
of 550–670 nm.

Figure 2(c) shows a possible transient configuration arising
whenever 1010 virions/ml are in the colloidal solution. In this regime,
only a few tens of f-AuNPs are available to bind to each virion on
average, thereby promoting larger complexes in which f-AuNPs act
as multiple anchoring sites. We simulated a trimer of virions hosting
30 f-AuNPs each (20 f-AuNPs tethered to membrane and envelope
proteins and 10 to the spikes). As expected, since the optical coupling
among f-AuNPs is weakened by the larger interparticle distance (40
± 30 nm), the LSPR wavelength (λLSPR) blue-shifted with respect to
the previous (more packed) configurations, while the σsca became
vanishingly small. Thus, the σext at λLSPR is only slightly higher
(η = 1.92) than the σabs resulting from a system of 90 optically
decoupled f-AuNPs.

When the number of virions is comparable to or higher than
that of nanoparticles, it is reasonable that each f-AuNP can bind
to several virions simultaneously. Thus, we explored the optical

response in this regime by simulating f-AuNPs enclosed into a
tetrahedron of virions. Considering that the colloidal solution con-
tained f-AuNPs directed against all three kinds of SARS-CoV-2
proteins, two possible configurations can arise [Fig. 2(d)]: (i) anti-
envelope/anti-membrane f-AuNP enclosed into the tetrahedron in
such a way that the separation distance between the nanoparticle and
the virion surface is 5 nm and (ii) anti-spike f-AuNP bound to the
spike proteins with a separation distance of 15 nm from the virion
surface.

In case (i), since the nanoparticle is in close proximity to a
relatively high refractive index, the simulated extinction spectrum
exhibits a narrow LSPR peak at a 560 nm wavelength being red-
shifted as compared to that worked out for the single f-AuNP
(525 nm) [Fig. 2(e)]. Here, σext reaches 367 nm2 at 560 nm, lead-
ing to η = 1.17. In case (ii), the nanoparticle is too far from the virion
surface to be affected by its relatively high refractive index. Thus, the
optical response of this complex provides a λLSPR of 530 nm being
quite similar to that exhibited by a single f-AuNP embedded in water
[Fig. 2(e)].

C. Calibration curve
Starting from the aforementioned results referring to individ-

ual complexes, the optical response of a 1 ml colloidal solution
containing a much higher number of complexes and free f-AuNPs
was deduced. Figure 3(a) shows the extinction spectra of the col-
loidal solution obtained by summing the extinction of Nc com-
plexes to the extinction of Nf f-AuNPs, where Nc is the num-
ber of complexes in the solution and Nf is the number of free
nanoparticles calculated as Nf = N −NcNb. The optical behavior of
the single f-AuNP dominates over the extinction arising from Nc
complexes [shown in Fig. 2(a)] as long as the ratio Nf/Nc ≳ 103.
In this regime, the right tale of the spectrum raises while the
complex concentration increases without significantly red-shifting
the LSPR peak at 525 nm (from the violet to cyan solid line
in Fig. 3(a).

When the colloidal solution is depleted of free f-AuNPs due to
the relatively high virion concentration (109–1010 virions/ml), the
contribution of Nc complexes [shown in Figs. 2(b) and 2(c)] to the
extinction emerges, giving rise to a broader and red-shifted spectrum
[green and yellow solid lines in Fig. 3(a)].

Finally, at virion concentrations larger than 1011 per ml, no
free f-AuNPs are in the solution anymore. Thus, the response is
ascribable to the complexes shown in Fig. 2(d), thereby exhibit-
ing a narrowing and a blue-shift of the spectrum [from orange
to dark red solid lines in Fig. 3(a)] as compared to the inter-
mediate configurations (green and yellow lines). Since the col-
loidal solution contained the three kinds of f-AuNPs in the ratio
1:1:1, these spectra were retrieved by considering a weighted
average of the extinction spectra reported in Fig. 2(d), using a
weight of 2/3 for configuration (i) while a weight of 1/3 for
configuration (ii).

Figure 3(b) shows the optical density at four specific wave-
lengths as a function of the virion concentration. The readings at
520 nm (dashed green line), 600 nm (dashed-dotted red line), and
650 nm (dotted dark red line) exhibit a hook effect due to the
trend reversal of the λLSPR shift as soon as the virion concentration
becomes comparable to or higher than that of the f-AuNPs (≳1011

virions/ml). On the contrary, the reading at 560 nm (orange solid
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FIG. 3. (a) Extinction spectra of the col-
loidal solution containing a virion concen-
tration (number of virions/ml) of 0 (black
solid line, not visible), 105 (gray solid line,
not visible), 106 (violet solid line), 107

(blue solid line), 108 (cyan solid line), 109

(green solid line), 1010 (yellow solid line),
1011 (orange solid line), 1012 (red solid
line), and 1013 (dark red solid line). (b)
OD readings at 520 nm (green dashed
line), 560 nm (orange solid line), 600 nm
(dashed-dotted red line), and 650 nm
(dotted dark red solid line).

line) is a monotonic function of the virion concentration, and hence,
no hook effect takes place.

D. Alternative configurations
Some critical features were explored to corroborate previous

assumptions. First, we loosened the constraint of using all three
kinds of f-AuNPs (against envelope, membrane, and spike pro-
teins) by considering only one kind at a time. Figure 4(a) repre-
sents the virion surrounded by 80 anti-membrane f-AuNPs. The
extinction cross section exhibits a peak of 7 × 104 nm2 at 646 nm,
which is blue-shifted with respect to that obtained by adopting
all kinds of f-AuNPs. Although the scattering cross section is 55
times larger than that of the single f-AuNP (20 nm diameter)
[blue solid line in Fig. 2(e)] and the Mie efficiency is relatively
high (η = 2.79), the optical density at λLSPR becomes detectable

(OD > 0.001) only when Nc ≥ 107 complexes per ml. There-
fore, the adoption of a colloidal solution containing only anti-
membrane f-AuNPs entails a worsening of the LOD of one order of
magnitude.

Similarly, the extinction resulting from the virion surrounded
by 100 anti-spike f-AuNPs (6.9 × 104 nm2 at 552 nm) [Fig. 4(b)] is
not sufficient to produce a detectable signal with 106 virions/ml and
a ten-fold worsening of the LOD occurs. Note that the configuration
arising from the virion surrounded by 20 anti-envelope f-AuNPs
was not investigated since its extinction would be further damped
as compared to the case of only anti-membrane f-AuNPs due to
both the lower number of nanoparticles and the larger interparticle
distance.

Thus, aiming at achieving such a remarkable LOD of 106 viri-
ons/ml, it was necessary to maximize the covering of the virions
by employing f-AuNPs functionalized against all the SARS-CoV-2

FIG. 4. Sketch of the complex (left panel)
and corresponding extinction (black solid
line), scattering (blue solid line), and
absorption (red solid line) cross sections
(right panel) for the (a) virion surrounded
by anti-membrane f-AuNPs and (b) virion
surrounded by anti-spike f-AuNPs.
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FIG. 5. (a) Magnification of the tetra-
hedron complex with nanoparticle–virion
separation distances highlighted by red
double arrows. (b) Extinction cross
section worked out for 5 nm (red solid
line), 8 nm (orange solid line), 10 nm (yel-
low solid line), and 15 nm (green solid
line) separation distances between the
f-AuNPs and the embedding virions.

proteins so as to increase as much as possible the extinction of the
complexes.

Second, we simulated the optical response of the complexes at
a high virion concentration (≳1011 virions/ml) by varying the sepa-
ration distance between the f-AuNP and virion surface in order to
investigate the role played by the separation distance. For instance,
we took into account some possible configurations with a larger
separation distance that would emerge from other antibody func-
tionalization techniques (e.g., self-assembled monolayer as media-
tors to create thiol–gold link for protein A/G as antibody anchors).
Figure 5(a) shows a magnification of the tetrahedron complex high-
lighting the separation distance between the f-AuNP and virion sur-
face, whereas the extinction spectra obtained by considering some
separation distances from 5 to 15 nm are reported in Fig. 5(b). Since
the plasmonic properties of metal nanostructures strongly depend
on the refractive index of the surrounding medium,32 λLSPR blue-
shifts as the nanoparticle–virion distance increases, approaching the
extinction spectrum of the single f-AuNP (20 nm diameter) embed-
ded in water. The behavior of the LSPR shift λLSPR as a function of
the separation distance is described by the exponential curve,33

λLSPR = ke−
x
l , (6)

where k = 90 ± 3 nm, while l = 5.3 ± 0.2 is the decay length of the
localized surface plasmon. Therefore, if the functionalization tech-
nique entails a separation distance larger than ∼15 nm, a hook effect
takes place at very high virion concentrations even when the OD
reading is taken at 560 nm.

III. CONCLUSIONS
Herein, it is demonstrated that the adoption of a colloidal solu-

tion containing a mix of f-AuNPs against SARS-CoV-2 envelope,
membrane, and spike proteins warrants a detectable signal down to
∼106 virions/ml.7 Such a remarkable LOD turns out to be at least
one order of magnitude lower as compared to a similar colorimetric
approach relying on aptamer-functionalized gold nanoparticles for
detecting Zika virus.34

Although there is a lack of the plasmon coupling among
f-AuNPs at high virion concentrations, no hook effect occurs when
the separation distance between the f-AuNP and the virion is kept
small (≲5 nm). Such a feature can be realized by appropriate func-
tionalization procedures such as PIT.24 Indeed, such a technique
guarantees the minimal separation distance between the f-AuNP and

virion surface and, hence, the trend reversal of the λLSPR shift at
high virion concentrations (hook effect) does not take place since
the f-AuNPs are affected by the relatively high refractive index of
the virions. This feature is of fundamental importance in the current
pandemics since rapid antigenic tests are mainly meant to seek for
people with very high viral loads (so-called superspreaders), which
would fall in the false negatives in the case of the occurrence of the
hook effect.
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