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g r a p h i c a l a b s t r a c t
� Au nanocavities and Au nanoparticles
on ZrO2 nanobowls were used as
SERS substrates to detect SARS-CoV-2
S pseudovirus.

� The SARS-CoV-2 S pseudovirus was
used as the analyte for SERS-active
substrates in detecting viral surface
protein(s).

� Each SERS-active substrate exhibited
sensitivity in detecting the charac-
teristic SERS peaks of the SARS-CoV-2
S pseudovirus.

� The resulting peak assignment in this
study can be used as a reference to
distinguish the live SARS-CoV-2 virus
with surface proteins.
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a b s t r a c t

The COVID-19 pandemic negatively affected the economy and health security on a global scale, causing a
drastic change on lifestyle, calling a need to mitigate further transmission of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus. Surface-enhanced Raman spectroscopy (SERS) has shown
great potential in the sensitive and rapid detection of various molecules including viruses, through the
identification of characteristic peaks of their outer membrane proteins. Accurate detection can be
developed through the synergistic integration effect among SERS-active substrate, the appropriate laser
wavelength, and the target analyte. In this study, gold nanocavities (Au NC) and Au nanoparticles upon
ZrO2 nano-bowls (Au NPs/pZrO2) were tested and used as SERS-active substrates in detecting SARS-CoV-
2 pseudovirus containing S protein as a surface capsid glycoprotein (SARS-CoV-2 S pseudovirus) and
vesicular stomatitis virus G (VSV-G) pseudo-type lentivirus (VSV-G pseudovirus) to demonstrate their
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(SERS)
SERS-active substrate
SARS-CoV-2 S pseudovirus
Vesicular stomatitis virus G (VSV-G)
pseudo-type lentivirus
virus detection capability. The optimized Au NCs and Au NPs/pZrO2 substrates were then verified by
examining the repetition of measurement, reproducibility, and detection limit. Due to the difference in
geometry and composition of the substrates, the characteristic peak-positions of live SARS-CoV-2 S and
VSV-G pseudoviruses in the obtained Raman spectra vary, which were also compared with those of
inactivated ones. Based on the experimental results, SERS mechanism of each substrate to detect virus is
proposed. The formation of hot spots brought by the synergistic integration effect among substrate,
analyte, and laser induction may result differences in the obtained SERS spectra.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The spread of the infectious novel coronavirus disease 2019
(COVID-19), which started on December 2020 has caused a signif-
icant negative impact on the world economy and security [1],
resulting in a global urgent emergency situation that calls for ef-
forts of public health sectors in containing further spread of the
disease by thorough screening and diagnostic methods [2].
Although infected individuals show signs and symptoms of the
disease, which resembles that of a common flu, e.g., fever, nasal
congestion, sore throats, loss of smell and taste, etc. [3,4], it could
take up to 14 days after infection for symptoms to manifest [5]. The
virus is transmitted by aerosols suspended in air through coughing,
sneezing, and talking; direct contact with objects contaminated
with the virus has been reported to be another mode of trans-
mission [6]. Preventive measures are thus important to minimize
the number of cases, which is still rising even after a year since the
start of the outbreak [7]. Screening is important to minimize the
spread of the virus and is currently being done through RT-PCR and
serological tests during the early and late stages of the infection,
respectively [8,9] With the current development and actual
implementation of vaccines, having at least the a dose of vaccine is
currently being prioritized [10].

SARS-CoV-2 virus has reportedly mutated to a variety of strains
which exhibit various degrees of transmissibility and infectivity
[11,12]; this makes it harder to achieve the purpose of preventing
infection in full effect as current mRNA-based vaccine, e.g., mainly
by Pfizer/BioNTech and Moderna, modified adenovirus-based, e.g.,
AstraZeneca, and protein-based, e.g., Novavax, have been devel-
oped particularly against certain strains only [13]. These pharma-
ceutical companies have already come up with their own vaccines,
each having been derived from different strains, and thus results to
exhibiting different effectiveness. It has also reported in a case
wherein a developed vaccine derived from D614G, an earlier mu-
tation, was effective in neutralizing G614, which appeared later in
the pandemic than D614G, demonstrating that some vaccines may
be effective against multiple strains [14]. Several other mutations in
the genetic makeup of SARS-CoV-2 have been reported, which tend
to result to changes in infectivity and transmissibility; these mu-
tations lead to the emergence of variants, e.g., the B.1.1.7 (Alpha),
B.1.351 (Beta), B.1.617.2 (Delta), and P.1 (Gamma), variants circu-
lating in the United States are classified as variants of concern.
Some vaccines may only be significantly effective against certain
variants and there is still a certain degree of uncertainty about the
risk of infection, so viral infections cannot be completely avoided.
As of late July 2021, the number of infected individuals did not
significantly decline despite the deployment of approved vaccines,
with the World Health Organization reporting 191.8 M cases
worldwide. Nevertheless, vaccination offers a level of protection
against the infectious disease, which can reduce further spread
[15]. However, despite the availability of vaccines, screening still
plays a critical role in the mitigation of disease transmission [7]. As
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international travel is currently severely restricted, these severe
restrictions may begin to relax with the deployment of vaccines
such as vaccine passport [16], but it is too early to run the risk of
free movement solely on jabbing vaccines even though strict
border controls requiring travelers to have been vaccinated have
been implemented. Therefore, the role of the screening stage re-
mains crucial. In addition to nucleic acid or antigen methods, a fast
and accurate screening method will be the first choice to save
process time [17]. Additionally, despite negative RT-PCR results and
vaccination, it would be ideal if travelers undergo another round of
screening through rapid testing as a confirmatory test to further
ensure safety. Commercial COVID-19 test kits have started for roll
out, e.g., pharmaceutical companies Roche and Lucira have devel-
oped kits for testing viral antigens and nucleic acid, respectively
(Roche Diagnostics, 2021; Lucira, 2021).

Diagnostic techniques based on spectroscopy have proven
capable of detecting a variety of analytes, including viruses, and
even at ultra-low concentrations [17]. The technology of surface-
enhanced Raman spectroscopy (SERS) is a straightforward spec-
troscopic method that only involves the use of a specially designed
SERS-active substrate where the sample analyte is placed, and then
exposed to a laser in the Raman spectrometer to obtain charac-
teristic spectra. The characteristic spectrum of the analyte through
the synergetic effect depends on the vibration mode on the surface
of the analyte, which can determine the components that may be
present on it [18]. In our previous work, it is possible to detect
specific viruses through SERS technology by using a substrate
designed specifically for the said applications. The substrate is an
essential aspect to consider, and that the size of the nanostructures
upon the substrate preferably matches the size of the viral analyte
[19]. Some studies have combined SERSwith lateral assay platforms
to get the advantages of both techniques as diagnostic tools [20].
Detection of viruses needs particular handling due to its infective
and transmissible nature, and so, SARS-CoV-2 should be handled in
laboratories at biosafety level 3, which hinder studies involving the
live virus. A study that utilized isolated N and S proteins and of
SARS-CoV-2 and inactivated forms of the virus as analytes for SERS
detection has provided characteristic spectra of the said proteins
with the use of AueCu nanostars [21]. Alternatively, pseudoviruses
have been developed for use as target analytes instead of using the
actual highly contagious virus so that experiments utilizing live
SARS-CoV-2 pseudovirus containing S protein as a surface capsid
glycoprotein (SARS-CoV-2 S pseudovirus) could be carried out in a
laboratory with lower biosafety level.

An in-depth investigation with the applicability of SERS in
detecting SARS-CoV-2 could demonstrate its potential as a
biosensor not only to the current pandemic situation but could
even be considered as a tool for future outbreaks. In this study, a
SARS-CoV-2 S pseudovirus is used to study the effectiveness of
particularly designed SERS-active in screening SARS-CoV-2 S
pseudovirus. In order to obtain the characteristic SERS spectrum of
the SARS-CoV-2 S pseudovirus, two types of SERS-active substrates,
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namely Au nanocavities (Au NC) and Au nanoparticles on the
porous ZrO2 (Au NPs/pZrO2) are fabricated and used to distinguish
SARS-CoV-2 S pseudovirus and vesicular stomatitis virus G (VSV-G)
pseudo-type lentivirus (VSV-G pseudovirus). A synergetic effect
between two substrates that are competent to detect the viruses is
thereafter discussed and compared. This study is anticipated to
explore the possibility of applying SERS technique as a potential
diagnostic tool; however, succeeding studies would be necessary to
further investigate the applicability of the technique in clinical
settings.
2. Experimental section

2.1. Fabrication of SERS-active substrates

2.1.1. Au NC
Au NCs were prepared firstly through the thermal evaporation

of ~100 nm thick Au (99.99% purity) onto cleaned Si wafers primed
with ~5 nm thick titanium adhesion layer. Nanocavities were then
formed on the surface of the Au-coated Si with a nano indenter
equipped with a dynamic contact module and nano-vision system
(NanoIndenter G200, Agilent technologies, USA), with a diamond
Berkovich indenter tip with a radius of ~20 nm. Parameters that
were maintained throughout the experiment were drift rate
(0.05 nm/s), strain rate (0.1/s), approaching velocity (1 nm/s), har-
monic displacement (1 nm), humidity (32%), and temperature
(24 �C). Indentation depth (Id) and tip-to-tip displacement (It-t)
were set at 100, 120, and 140 nm and 520, 600, and 700 nm,
respectively, these are denoted by Au NC (Id-It-t).
2.1.2. Au NPs/pZrO2

Polystyrene nanoparticles (PS NPs) of diameters (DP ¼ 150, 250,
and 350 nm) were deposited onto cleaned Si substrates and were
slightly annealed at 50 �C for 10 min before spin-coating with a
precursor solution of ZrO2. The ZrO2 precursor was prepared with a
mixture of zirconium tetrachloride (ZrCl4, 98%, Acros Organics,
Pittsburgh, PA, USA) and isopropanol (99.8%, Panreac Applichem,
Darmstadt, Germany) that was left to stand for ~24 h until it ach-
ieved a gel-like consistency before use for spin-coating. ZrO2 was
then allowed to form on the surface of the coated samples through
annealing at 600 �C for 3 h to remove the template layer of PS NPs,
leaving behind a regularly arranged concave porous ZrO2. With the
use of an electron beam evaporator, Au NPs were deposited onto
the porous ZrO2 substrate to produce SERS-active Au NPs/pZrO2
substrates. As Au NPs/pZrO2 substrates were fabricated at three
varying PS NP sizes, resulting to a variation in the depth, pore, and
pore wall sizes, these are denoted by Au NPs/pZrO2 (DP).
2.1.3. Calculation of enhancement factor (EF)
Rhodamine 6G (R6G) was chosen as the molecular probe in the

determination of the enhancement factor exhibited by each sub-
strate. R6G solution with a concentration of 10�3 M was dropped
onto the substrate and allowed to dry in air at room temperature
before subjecting to Raman spectroscopy at an excitation wave-
length of 633 nm. The EF was calculated based on the standard
equation as shown:

EF ¼ ISERS
Ibulk

� Nbulk

NSERS
Equation (1)

where ISERS and Ibulk are intensities of characteristic peaks that
correspond to the SERS and normal Raman conditions while NSERS
and Nbulk are the estimated number of molecules that participate in
the SERS and normal Raman scattering, respectively.
3

2.2. Morphology and composition of SERS-active substrates

High-resolution thermal field emission scanning electron mi-
croscope coupled with energy dispersive X-Ray spectroscopy (FE-
SEM/EDS, JSM-7000, JEOL, Tokyo) and atomic force microscope
(AFM, Dimension Icon, Bruker, Karlsruhe, Germany) were utilized
to analyze the morphology and composition of the SERS-active
substrates. Images were taken at secondary electron imaging
mode at an accelerating voltage of 10 kV.
2.3. Preparation of SARS-CoV-2 S pseudovirus

SARS-CoV-2 S pseudovirus was produced following the report of
Huang et al. with minor modifications (Huang et al., 2020). The
lentiviral vector systemwas provided by the National RNAi Core of
Academia Sinica Taiwan. De novo synthesis was performed to
obtain sequences of the spike protein, which were then cloned into
the pMD.G plasmid to express SARS-CoV-2 S pseudoviruses. Cells
were transfectedwith a total of 40 mg pCMVdeltaR8.91, pLAS3wand
pMD.G (VSV-G pseudo-type lentivirus, or VSV-G pseudovirus) or
pcDNA3.1-spike Wuhan plasmids (SARS-CoV-2 S pseudovirus). A
brief illustration on the outer membranes of SARS-CoV-2 S and
VSV-G pseudoviruses, and live SARS-CoV-2 virus is shown in Sup-
porting Data (SD) 1.
2.4. Detection of SARS-CoV-2 S pseudovirus: repetition of
measurement and reproducibility

With the use of the fabricated Au NC and Au NPs/pZrO2 sub-
strates, SERS experiments were performed with the use of the
Raman spectrometer (UniDRON, CL Technology Co. Ltd.) with a
chosen laser source of 633 nm for virus analytes and a maximum
laser power of 35 mW. The pseudovirus sample was dropped onto
the substrate and then covered with a glass cover slip before sub-
jecting to the Raman laser for measurement. In this experiment,
spectra were taken five times on the same spot of the substrate to
investigate the effect of exposing the same area on the change of
peak intensities, and six different locations on the same nano-
structures array were tested to see the reproducibility of results and
consistency of the SERS spectra.
2.5. Detection of SARS-CoV-2 S pseudovirus: about limit of
detection

The SARS-CoV-2 S pseudovirus was also prepared at varying
dilutions 10�1, 10�2, and stock to investigate the change in the peak
intensities in both substrates, with the change in the concentration
of the analyte. The same Raman spectrometer settings as
mentioned above were applied in the collection of spectra in this
investigation. Six different locations on the same nanostructures
array were averaged.
2.6. Inactivation methods for live SARS-CoV-2 S pseudovirus

Aside from live SARS-CoV-2 S pseudovirus, the SERS spectra of
live VSV-G pseudovirus and inactivated SARS-CoV-2 S pseudovirus
inactivated through thermal inactivation and autoclave were also
obtained using both Au NC and Au NPs/pZrO2. Subtracted spectra
from these pseudoviruses were then taken to determine the peaks
that are unique to the pseudoviruses, indicating the possible
functional groups present on the surfaces of their membranes. Six
different locations on the same nanostructures array were
averaged.
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3. Results and discussion

3.1. Substrates of Au NC and Au/pZrO2

In this section, based upon our previous review [17], surface
morphology and cross-sectional profile and SERS property of both
substrates are evaluated in order to choose size-matching sub-
strates for detecting the target analyte, SARS-CoV-2 S pseudovirus.
3.1.1. Surface morphologies and cross-sectional profiles
SEM and AFM images of Au NCs and Au NPs/pZrO2 in different

sizes and dimensions were shown in Fig. 1(a), (b), and SD 2. In Fig. 1
(a-1), SEM image of Au NC (120e600) was shown. The other images
from different samples with varied Id and Tt-t were also shown in SD
2. In Fig.1 (a-2), AFM image of Au NC feature amound-like structure
arranged in a diagonal array as a result of cavity-formation of a
triangular Berkovich nanoindenter tip. It is also shown through the
cross-sectional profile (~700 nm) that the measured depth of Au NC
with the AFM tip is ~50 nm, which is lower than the expected
Id ¼ 120 nm used in Au NC (120e600). Note that current AFM tip is
incapable of reaching the entire depth of the cavities, thus the
measured depth is limited, as compared with the expected value,
shown as the dotted lines.

In Fig. 1 (b), SEM and AFM images of Au NPs/pZrO2 (250) were
shown. The images shown feature a concave bowl-like structure
arranged in a hexagonal array. Through cross-sectional profiling
(~700 nm), the as-formed nano-bowls exhibit depths of 60e80 nm
and widths ranging from 240e250 nm, corresponding to the DP of
the PS NPs used in fabricating Au NPs/pZrO2 (250), as seen in Fig. 1
(b-2) and 1 (b-3). Au NPs deposited onto the ZrO2 nano-bowls take
on a flattened form and create clusters that measure around
30e60 nmwide and <10 nm thick. Thus, the diameter of the nano-
bowl is ~240 nm, taking into consideration the thickness of the
deposited Au NP clusters. Au NPs were deposited on the ZrO2 nano-
bowls and distributed in clusters. The other images from Au NPs/
pZrO2 with varied DP were also shown in SD 2.
Fig. 1. Surface morphologies of (a) Au NC (120e600) and (b) Au NPs/pZrO2 (250 nm) sho
sectional profiling (a-3 and b-3), respectively.

4

3.1.2. SERS enhancement factor
The EFs of Au NC and Au NPs/pZrO2 were estimated, by equation

(1), to be 5.5 � 107 and 4.3 � 107, respectively, which are compa-
rable to averaged values relative to recently developed SERS-active
substrates (Chang et al. [1], 2011; Sitjar et al., 2019). Since the ge-
ometry of the nanostructure is a critical factor affecting the overall
performance of the SERS-active system, it varies with the cavity and
pore size of Au NCs and Au NPs/pZrO2 and provides information on
how SERS affects the overall test results through size matching.

3.2. Optimal parameters for SERS measurements

In this section, the applicability of two size-matching substrates,
Au NCs (120e600) and Au NPs/pZrO2 (250), and the use of live
SARS-CoV-2 S pseudovirus at as-received concentration using as
the analytes are evaluated. Four tests are measured, and results are
discussed in the following sections.

3.2.1. Limit of detection factor
In the study of SARS-CoV-2 S pseudovirus at varying dilutions,

with results shown in SD 3, distinct sharp peaks, as listed in Table 1
for Au NC and Au NPs/pZrO2, could be observed with the stock so-
lution; however, upon further dilution, the peaksweaken. In the case
of Au NC (120e600), distinct peaks are still observable at 10�1

dilution, whereas an almost flat spectrum is shown at 10�2 dilution.
It may indicate the probability, rather than the concentration, of
detecting virus particles in the nanostructures at e.g., 10�1 dilution.
In the case of Au NPs/pZrO2 (250), the peaks at 10�1 and 10�2 dilu-
tion were not as distinct as that in Au NC (120e600) and instead, a
strong background can be observed. It shows the characteristics of
SERS-active substrate with respect to the detected analyte in a
diluted condition, e.g., in the cases at 10�1 and lower. Note that one
Raman spot (e.g. with a diameter of 1 mm) may cover a few nano-
structures (e.g., ~5 for Au NC (120e600) and ~11 for Au NPs/pZrO2
(250)), which accommodate a limited quantity of virus particles.

In our previous studies (Chang et al. [23]; Sitjar et al. [22]), by
taking these two substrates in measuring physically adsorbed R6G
wn by SEM photo-images (a-1 and b-1), AFM topographies (a-2 and b-2), and cross-



Table 1
SARS-CoV-2 S and VSV-G pseudoviruses - peaks obtained from this study and the references (only for VSV-G pseudovirus) their corresponding peak assignments (cm�1).

SARS-CoV-2 S pseudovirus - peaks
obtained from this study

Peak assignment VSV-G pseudovirus - peaks
obtained from this study

Peak assignment Reference (only for VSV-G
pseudovirus)

837a/830b Ring breathing/Fermi
doublet in Tyrosine

1164 C¼C stretching in lipids/proteins De Gelder et al.

1007a,c/1000e1003b Symmetric ring breathing
in Phenylalanine

1358 Tryptophan Movasaghi et al.

1100a Proline, Alanine 1506 NeH bending Chen et al.
1237a,c/1240e1243b Amide III (b-strand)
1305-1306a,b,c Amide III (a-helix) 1548 C¼N stretching in dCTP Chen et al.
1358a/1355b Ring breathing in

Tryptophan
1598 CeN stretching of N-formyl group in

N0-formylkynurenine;
Ring vibrations in tyrosine

Jyothi Lakshmi et al.

1506a/1507b CeN stretching mode in
dATP

1648 Amide I in a-helix Tuma et al.

a indicates characteristic peaks obtained with Au NC (120e600).
b indicates characteristic peaks obtained with Au NPs/pZrO2.
c indicates peaks that are common to this study and with that of (Carlomagno et al., 2021) using COVID-19 infected saliva samples.

J. Sitjar, H.-Z. Xu, C.-Y. Liu et al. Analytica Chimica Acta 1193 (2022) 339406
and pesticide molecules in solution, calibration plots produced by
the linear trend in the logarithmic scale between the 1360 cm�1

peak intensities and concentrations were obtained. The limit of
detection for the probe molecules could reach to a very small
quantity. For current virus detection, it is still required to study the
correlation between the probability of detecting relatively large
virus particles in the nanostructures and the method to dilute the
as-received concentration of the virus sample.

3.2.2. Applied laser power factor
Laser power may affect the resulting SERS effect (Sitjar et al.,

2021) - too highmay damage the virus sample, and too lowmay not
induce energy to provide a strong enough signal for analyte iden-
tification. SERS spectra obtained at varying laser powers with the
use of both substrates were shown in SD 4. Results of experimen-
tation lead to a selection that the optimal Raman laser power to
detect the pseudovirus in both Au NC and Au NPs/pZrO2 substrates
is ~3.5 mW, which is ~10% of the full power of the instrument that
was utilized. Although peaks appeared to be intense at full laser
power, some peaks appeared to be more distinguishable when a
laser power of 3.5 mW was used, implying that a full power might
have caused sample degradation. Since biological samples are
feeble and sensitive to external energy sources [24], pseudoviruses
are delicate due to their organic biomolecular compositions that
could easily deteriorate upon exposure to high energy and harsh
conditions.

3.2.3. Measurement times factor
SERS spectra obtained from using the same substrate location

with five consecutive times are shown in SD 5. SERS spectra remain
consistent with both substrates, showing the same characteristic
peaks, as listed in Table 1 and marked in SD 5 (a-1) and (b-1), at the
same Raman shifts throughout five measurements, but with a
decline in intensities with the increasing use of the same substrate
spot (from 1st to 5th accumulation). This decline in intensities is
due to a potential damage caused by the laser to both the substrate
and the analytes by the continuous use of the same spot, as pre-
sented in SD 5 (a-2) and 2 (b-2). Although three characteristic peaks
(837/830, 1007/1002, 1358/1355 cm�1) appear in both Au NC and
Au NPs/pZrO2 substrates, the remaining peaks differ e the differ-
ences in the appearance of peaksmay be caused by the difference in
substrate geometry and composition.

As shown in SD 5 (b), all characteristic peaks using the Au NC
(120e600) appear to exhibit a slight decrease in intensities with
succeeding accumulations, followed by a noticeable drop in the
intensities at the 5th accumulation. In the case of Au NPs/pZrO2
5

(250), the intensities of the characteristic peaks follow a gradual
decrease with succeeding accumulations. Both of these substrates
are still capable of detecting the pseudovirus even after five mea-
surements on the same spot, though a clearer spectrum with
distinctive strong peaks can be observed as one measurement is
used to avoid degradation of the analyte in the substrate.

3.2.4. Substrate repeatability factor
SERS spectra obtained at 6 different locations on the two sub-

strates are shown in Fig. 2 (a) and (b). The characteristic peaks, as
indicated in Table 1, are strong regardless of location. Note that
peaks shifting on Au NPs/pZrO2 (250) are mostly likely caused by
the clustered arrangement of NPs on the pZrO2 substrate. In the
cases of both substrates, all peaks in all six locations consistently
appear with only slight deviations in the intensities, as plotted in
SD 6 (a) and (b). Aside from geometrical deviations, the appearance
of peaks in a SERS spectrummay also be dependent on how analyte
molecules are oriented with respect to the accommodated nano-
structure. Since pseudoviruses are relatively large biomolecules, it
is likely that some of the functional groupsmay only reflect as weak
peaks or not appear at all in the event that these functional groups
in particular are not within the range of the strongest hot spot area/
s in the nanostructure [25].

Both substrates show consistency in the characteristic peaks
with their respective resulting SARS-CoV-2 S pseudovirus spectra.
There could be notable differences in the intensities with varying
locations such as in the case of Au NPs/pZrO2 (250). Au NPs/pZrO2 is
fabricated through multiple steps with the formation of ZrO2 pores
by sol-gel and deposition of Au NPs; along the fabrication process,
some of the structures that were formed in previous stepsmay have
been compromised in the subsequent steps due to handling and
processing, which could have affected the uniformity of nano-
structures. On the other hand, the fabrication process to produce Au
NC involves a simple indentation step after deposition of Au film. It
does not go throughmultiple steps, lowering the chances of sample
damage, which could explain that intensities of the peaks with Au
NC (120e600) are more consistent than in Au NPs/pZrO2 (250).
Nevertheless, both substrates are capable of detecting the pseu-
dovirus; however, for Au NPs/pZrO2 (250), multiple measurements
in varying locations should be done to ensure that the resulting
peaks do belong to the analyte of interest.

3.3. Live and inactivated SARS-CoV-2 S pseudoviruses

In this section, a comparison between live SARS-CoV-2 and VSV-
G pseudoviruses fromwhere it is derived is discussed. Additionally,



Fig. 2. SERS spectra of SARS-CoV-2 S pseudovirus taken at six different locations (loc. 1e6) on the same substrate: (a) Au NC (120e600) and (b) Au NPs/pZrO2 (250 nm), with
relative intensities of characteristic peaks on SD 6 (a) and (b). No significance of relative intensities among different locations was found.
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live SARS-CoV-2 S pseudovirus is inactivated through various
methods and their resulting SERS spectra are analyzed to observe
the changes in the peak shifts and intensities.
3.3.1. Live and damaged viruses
In Fig. 3, a comparison to detect SARS-CoV-2 S with VSV-G

pseudoviruses using the two substrates is shown. Since the com-
ponents of VSV-G pseudovirus is known as it is widely studied, it
could serve as a reference to SARS-CoV-2 S pseudovirus to deter-
mine the peaks that belongs to SARS-CoV-2 S pseudovirus. The
SERS spectra of both pseudoviruses are shown in the figure as well
as the corresponding subtracted spectra. Obtained peaks and their
peak assignments are listed in Table 1.

Although it is different in using the analyte, a recent study [26]
has demonstrated the possibility of detecting SARS-CoV-2 virus
from saliva samples with a Raman-based approach (i.e., a non-
SERS-active substrate). By analyzing the samples to discriminate
the signal of patients with a current infection by COVID-19 from
healthy subjects and/or subjects with a past infection, the
6

differences in saliva biochemical composition can be specified. As
shown in the reference [26], peaks corresponding to phenylalanine
(1000 cm�1) and amide III (1249 and 1317 cm�1) are common to the
results of this study, i.e., 1007, 1237, 1305-1306 cm�1 for Au NC and
1000e1003, 1240e1243, and 1305-1306 cm�1 for Au NPs/pZrO2.
These two functional groups may belong to some of the compo-
nents of the spike protein in SARS-CoV-2 S virus. Additionally, the
functional groups listed in Table 1 correspond to the groups present
on the surface of the detected virus particles, as illustrated in SD 1,
which most likely resemble to the components of the S-glycopro-
tein, such as phenylalanine and amide groups [27].
3.3.2. Live SARS-CoV-2 and VSV-G pseudoviruses
The subtracted spectra represented the subtraction of the VSV-G

pseudovirus spectra from the SARS-CoV-2 S pseudovirus spectra;
the positive peaks on the subtracted spectra then correspond to
peaks of SARS-CoV-2 S pseudovirus, while the negative peaks are
that of the VSV-G pseudovirus. Referring to Fig. 3 (a), the subtracted
spectra obtained from using the Au NC (120e600) exhibited



Fig. 3. SERS spectra of SARS-CoV-2 S and VSV-G pseudovirusses and their subtracted curves using (a) Au NC (120e600) and (b) Au NPs/pZrO2 (250) as the substrates; considering
the subtracted spectra, (þ) positive peaks indicate peaks that are higher in intensity with SARS-CoV-2 S pseudovirus than that with VSV-G pseudovirus, while (�) negative peaks
correspond to peaks higher in intensity with VSV-G than SARS-CoV-2 S pseudovirus. The characteristic peaks are respectively assigned in Table 1: short-dashed blue lines are
respectively related to SARS-CoV-2 S pseudovirus, solid yellow lines for peaks that apprear more intense in VSV-G than those in SARS-CoV-2 S, and long-dashed green lines for
peaks that appear in both virus analytes at intensities that are almost the same. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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stronger negative peaks than positive ones, which on the other
hand, is not the case with Au NPs/pZrO2 (250) as show in Fig. 3 (b).
Both substrates may be capable of detecting the pseudoviruses, but
it appears that more distinctive signals of the SARS-CoV-2 S pseu-
dovirus can be obtained through Au NPs/pZrO2. Peaks at 1164,1358,
1506, 1598, and 1648 cm�1 can be observed in both SARS-CoV-2 S
and VSV-G pseudovirus with Au NC (120e600) but not in the case
of Au NPs/pZrO2, as shown in Fig. 3. Both substrates differ in ge-
ometry and are expected to give different results; peaks that might
be enhanced in one substrate may not exhibit in the same degree of
enhancement as with the other substrate. Since the SARS-CoV-2 S
pseudovirus was derived from the VSV-G pseudovirus, it is ex-
pected that both analytes would exhibit common peaks, which are
shown in Table 1 and Fig. 3. Additionally, since the SARS-CoV-2 S
pseudovirus was derived from the VSV-G pseudovirus, they only
differ in a part of the surface proteins. The corresponding assign-
ments to these peaks may belong to components of the glycopro-
teins unique only to VSV-G pseudovirus (SD 1 (3)). Generally, peak
intensities for VSV-G pseudovirus in Au NPs/pZrO2 (250) are
weaker compared to those in Au NC (120e600), wherein peaks
7

intensity at 1548 and 1648 cm�1 for VSV-G pseudovirus are even
much stronger than those in SARS-CoV-2 S pseudovirus. This im-
plies that the substrate effect and the number of analytes in the
nanostructure (i.e., to form the hot spot(s)) are involved in the
enhancement of peaks.

Additionally, SERS spectra of the live and inactivated SARS-CoV-
2 S pseudovirus were also obtained and are shown in Fig. 4. As
expected in all substrates, comparing to the spectra of the live
pseudovirus, less intense peaks are seen with the inactivated
pseudovirus, but peaks are still distinguishable. Notably, as shown
in Fig. 4 (a), using Au NC (120e600) with pseudovirus that has been
thermally inactivated at 65 �C and inactivated with UV, all of the
characteristic peaks are still relatively intense indicating that these
inactivation methods do not completely modify the composition of
the pseudovirus. On the other hand, with the spectrum of that of
autoclaved sample did not exhibit distinguishable peaks at all.
However, as with Au NPs/pZrO2 in Fig. 4 (b), the intensities of the
characteristic peaks appeared to have weakened with all inactiva-
tion methods applied. Therefore, based on these experiments, it is
observed that both substrates were able to demonstrate detection



Fig. 4. SERS spectra of SARS-CoV-2 S pseudovirus e (1) live and inactivated viruses by different methods: (2) 65 �C heating for 30 min, (3) autoclave for 20 min, and (4) UV
irradiation for 30 min; two substrates (a) Au NC (120e600) and (b) Au NPs/pZrO2 (250) were used.
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of pseudoviruses at full and partial damage. Partial damage was
observed with weakened peak intensities in comparison to the
peaks observed with the live viruses, while full damage was
observed with complete disappearance of characteristic peaks.

In the case of Au NC (120e600), it is seen that full damage on the
autoclaved pseudovirus was detected, while for Au NPs/pZrO2, it
was the same for the UV irradiated sample. Additionally, different
results have been obtained from both substrates. It implies that an
in-depth insight with regards to the suitability of each substrate in
detecting an inactivated form of a live virus is required.

3.4. Mechanisms of SARS-CoV-2 S pseudovirus detection

SERS-active substrates are driven by mechanisms based pre-
dominantly on their geometry (i.e., electromagnetic mechanism)
and a minor contribution from chemical interactions (i.e., chemical
mechanism) between the analyte and its immediate surrounding
environment. In this section, these mechanisms are considered
with respect to the geometry exhibit by each substrate, showing
how hot spots are formed and how these hot spots are positioned
relative to the pseudovirus analytes.

3.4.1. Substrate effect
In the case of this study, the analytes and laser conditions
8

remained the same throughout the experiments, varying only on
the type of substrate. Thus, Fig. 5 shows the difference in the
resulting electromagnetic mechanism as a consequence of the
difference in geometry. Top views of each substrate with virus
particle/s are shown in Fig. 5(a), (c-1), and (c-2). The Au NC features
a cavity that is sharp and gets narrower as it goes deeper into the
substrate (Fig. 5(b)); the Au/pZrO2 on the other hand, features a
bowl-like structure that gets wider with depth as in Figs. 5(d-1).
The average cavity diameter in Au NC is ~200 nm, but due to the
narrow space of the cavities and given that the pseudovirus mea-
sures ~100 nm, a single cavity could hold one pseudovirus (i.e., as
effectively measured) while one bowl-like structure of Au/pZrO2
(250) could hold up to 3 pseudoviruses (i.e., equally placed as
shown in Figs. 5(c-1)) due to it being wider, having more capacity
than Au NC. It is also important to note that the spacing between
the Au NP clusters were found to be at a few nanometers (<10 nm),
where hot spots are formed. Comparing how the analytes are
positioned with respect to the nanostructures, as in Fig. 5(b), (d-1),
and (d-2), analytes in Au NC is exposed to a stronger electromag-
netic field, and in consequence, stronger hot spots, due to the sharp
edges found in the cavities.

Moreover, as shown in Fig. 5 (c-2) and (d-2), in the case wherein
a single virus particle is centered on a nanostructure, there are free
spaces on the border of the structure for more virus particles to be



Fig. 5. Suggested mechanisms for the detection of SARS-CoV-2 S pseudovirus: (a) top and (b) cross-sectional side-views of Au NC with one possibly fitted virus analyte and (c-1 and
c-2) top and (d-1 and d-2) cross-sectional side-views of Au NPs/pZrO2 with possibly fitted virus analytes in e.g., 2 cases, to show their relative sizes and dimensions. The virus
analyte without contact with Au NPs clusters in (c-2) and (d-2) is expressed as free space. In (a), Scontact denotes the surface area in contact with the nanoindenter tip, while Spile-up is
the surface area of the material pile-up as a consequence of the indentation process. In (c-1) and (c-2), Sbowl is the surface area of the nano-bowl while Dw represents the distance
between the nano-bowls.
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situated in, but are exposed to hot spots that are weaker than those
located at the bottom of the nanostructure, forming a collective
effect with Au NPs clusters [22].

3.4.2. Influence of the synergetic effect
The performance of small hot spots formed by Au NP clusters on

Au NPs/pZrO2 may be varied with the amount accommodated virus
particles and dependent on the collective result of small hot spots.
It exhibits different from the case of Au NC that the entire surface of
the cavity is uniformly covered by Au film and formed a unique and
large hot spot under the analyte. For Au NPs/pZrO2, ZrO2 compo-
nent contributes a chemical enhancement effect, but does minor
relative to the electromagnetic enhancement induced by plasmonic
components [22].

4. Conclusion and perspectives

The uses of Au NC (120e600) and Au NPs/pZrO2 are explored to
test the capability of detecting SARS-CoV-2 S pseudovirus as a study
to eventually detect live SARS-CoV-2 virus. Optimal combinations
of laser wavelength and SERS-active substrate are determined to
obtain conditions that are suitable for detecting the said pseudo-
viruses. Moreover, the substrates also show the capability to detect
inactivated forms of the pseudovirus. Although both substrates
differ in terms of geometry and composition, they provide
9

characteristic SERS spectra of the same analyte. It is very likely that
the specific morphology and composition of each substrate could
enhance particular peaks, in addition to the fact that orientation of
analytes on the outer membrane protein upon the nanostructures
could also affect the resulting spectra. Moreover, with the detection
of a relatively large molecule such as the pseudovirus, a nano-
structure provides a large hot spot such as Au NC (120e600) to
match the analyte size is competent to maximize the exposure of
the virus surface to the hot spot. On the other hand, a nanostructure
with many small hot spots such as Au NPs/pZrO2 (250) also exhibits
the ability to distinguish peaks characteristic to pseudovirus. The
resulting plasmonic hot spots of each substrate also differ in terms
of intensity and geometry, which could also be a factor that should
be considered in explaining this variation in SERS spectra.
Considering all of the measurement factors, i.e., substrate geometry
and composition, laser wavelength and power, and analyte, the
overall effects of their synergy would bring dissimilarities in SERS
spectra with the variations of these parameters. Moreover, both
substrates exhibit detection capabilities but operate in different
SERS mechanisms due to the differences in the substrate design.

This study explores the capability of SERS as a potential tool in
the diagnosis of infectious viruses such as SARS-CoV-2 virus and its
variants. The use of SARS-CoV-2 S pseudovirus as the target analyte
in this study was to demonstrate that the fabricated SERS-active
substrates can be used to obtain characteristic SERS spectra to
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relate to the peaks of the SARS-CoV-2 S protein. Actual live SARS-
CoV-2 virus, with two more proteins, could then be used in the
succeeding future studies, e.g., the assigned peaks obtained in this
study could be used as a reference. Moreover, actual samples with
the inclusion of saliva and nasopharyngeal swabs can be further-
more considered to investigate the applicability of the technique to
clinical applications.
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