
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Analytica Chimica Acta 1256 (2023) 341151

Available online 30 March 2023
0003-2670/© 2023 Elsevier B.V. All rights reserved.

Detection of live SARS-CoV-2 virus and its variants by specially designed 
SERS-active substrates and spectroscopic analyses 

Jaya Sitjar a, Jiunn-Der Liao a,*, Han Lee a, Huey-Pin Tsai b,c, Jen-Ren Wang b,c, 
Chien-Hsiung Chen a, Hao Wang a, Bernard Haochih Liu d 

a Engineered Materials for Biomedical Applications Laboratory, Department of Materials Science and Engineering, National Cheng Kung University, Tainan, 701, Taiwan 
b Department of Pathology, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung University, Tainan, 704, Taiwan 
c Department of Medical Laboratory Science and Biotechnology, College of Medicine, National Cheng Kung University, Tainan, 701, Taiwan 
d Laboratory for Micro/Nanofabrication and Nanoanalysis, Department of Materials Science and Engineering, National Cheng Kung University, Tainan, 701, Taiwan   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• SERS-active substrates made to detect 
live SARS-Co-V-2 virus and its variants. 

• Differentiation of variants from peaks 
attributed to the spike glycoprotein. 

• Synergistic hotspot effect to adjacent 
analytes responsible for virus detection. 

• Presence of interfering substance at LOD 
levels unaffected for reliable detection.  
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A B S T R A C T   

A method using label-free surface enhanced Raman spectroscopy (SERS) based on substrate design is provided 
for an early detection and differentiation of spike glycoprotein mutation sites in live SARS-CoV-2 variants. Two 
SERS-active substrates, Au nanocavities (Au NCs) and Au NPs on porous ZrO2 (Au NPs/pZrO2), were used to 
identify specific peaks of A.3, Alpha, and Delta variants at different concentrations and demonstrated the ability 
to provide their SERS spectra with detection limits of 0.1–1.0% (or 104− 5 copies/mL). Variant identification can 
be achieved by cross-examining reference spectra and analyzing the substrate-analyte relationship between the 
suitability of the analyte upon the hotspot(s) formed at high concentrations and the effective detection distance 
at low concentrations. Mutation sites on the S1 chain of the spike glycoprotein for each variant may be related 
and distinguishable. This method does not require sample preprocessing and therefore allows for fast screening, 
which is of high value for more comprehensive and specific studies to distinguish upcoming variants.   
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1. Introduction 

The emergence of coronavirus disease 2019 (COVID-19) has created 
an urgent global emergency for those infected, with moderate to severe 
proportions of high concern, driving the need for accurate and efficient 
contact tracing, screening, and diagnosis. Vaccination has been shown to 
slow the rate of increase in cases [1,2]. As of January 2023, at least 
64.82% of the global population has received the primary series of 
vaccines, and 30.55% have received the booster vaccine; as COVID-19 
cases have declined, most countries have lifted travel restrictions but 
emphasized self-management [3,4]. Due to the reported fast trans
mission of the virus and the rapid emergence of viral mutations, trans
missibility and antibody responses may change [5,6]. Despite evidence 
that some vaccines are effective in preventing the infection of 
SARS-CoV-2 virus, close monitoring of mutants that develop strong 
susceptibility to antibody responses is required. As the global pandemic 
has significantly abated and border restrictions eased as of January 
2023, it remains important to research and understand response and 
mitigation measures taken during the peak of the COVID-19 pandemic to 
prepare for future outbreaks. Although vaccination has been shown to 
significantly reduce further transmission, the focus must still be on 
diagnosis and screening, not only to closely monitor transmission but 
also to track emerging viral mutations [7,8]. 

A variety of diagnostic approaches have been utilized to report 
COVID-19 cases and the most widely used are molecular-based [9,10]. 
Reverse transcription polymerase chain reaction (RT-PCR), which is of 
the nucleic acid type, remains the standard diagnostic test for the virus 
detection. RT-PCR method may yield inaccurate false-negative results, 
especially in early stages of infection as it relies on amplification of viral 
genetic material present in a swab sample collected from an individual; 
an insufficient amount of detectable genetic material may lead to inac
curate results [11]. Although serological tests to detect SARS-CoV-2 
antibody in individuals are accurate, they are unsuitable as a detec
tion tool during the early stage of the infection [12]. The point-of-care 
molecular and antigen detection is simple to operate and can quickly 
diagnose viruses, but the detection cost is high, and the sensitivity is low, 
which is still not suitable for simultaneous large-scale rapid screening 
[13]. 

Label-free substrate-based surface enhanced Raman spectroscopy 
(SERS) has demonstrated its potential as a diagnostic tool by providing 
its characteristic SERS spectra for the detection of various biomolecules, 
including viruses [14,15]. To achieve signal amplification, the syner
gistic effect among the nanostructured substrate, Raman laser with a 
suitable wavelength, and a trace amount of target analyte within the 
hotspot region is usually considered [16]. To capture an analyte of in
terest into Raman laser-induced hotspot(s), this can be achieved by 
matching the size and dimensions of the nanostructure to the analyte, 
which in this case the relatively large SARS-CoV-2 virus, comprising the 
structure of spike glycoproteins, is anchored onto the spherical viral 
particle(s) [17–19]. 

The SARS-CoV-2 spike glycoprotein is further subdivided into 2 parts 
- the S1 chain is located at the “head” of the spike, which is more 
accessible to external environmental particles than the S2 chain, which 
attaches directly to the spherical virus. The spike glycoprotein is often 
the site of mutation, especially the receptor-binding domain (RBD) 
located on the S1 chain [17,22,23]. In this work, several S1 chains are 
expected to be exposed on the nanostructured substrate, when a Raman 
laser of appropriate wavelength is applied, thereby forming a hotspot 
region and containing the S1 chains falling into this region. A method to 
distinguish variants can be achieved by interpreting the variant-specific 
SERS peaks of the spike glycoprotein. As the live virus is classified as 
Risk Group 3 (RG-3), all experiments require testing in a Biosafety Level 
3 Laboratory (BSL-3 Lab) [24,25]. 

2. Materials and method 

2.1. Analyte source: live SARS-CoV-2 virus and its variants 

Live SARS-CoV-2 viruses are classified as RG-3 organisms [24] and 
the required propagative work, such as neutralization assays and virus 
culture should be performed in a BSL-3 Lab [25]. Three live SARS-CoV-2 
viruses obtained from the National Cheng Kung University Hospital 
(Tainan, Taiwan), including GISAID clade lineage A.3 (specimen 
received at 2020/03/23, GISAID accession ID: EPI_ISL_493203), Alpha 
(specimen received at 2021/06/09), and Delta (specimen received at 
2021/12/10, GISAID accession ID: EPI_ISL_13234976) variants were 
isolated from the nasopharyngeal or nasal swab samples of infected 
patients in BSL-3 Lab. The genotypes of these viruses were identified by 
next generation sequencing (Illumina COVIDSeq Test) or probe-based 
melting curve assays (VirSNiP Mutation Assays, TIB MOLBIOL, Ger
many). Respiratory specimens from infected patients confirmed by 
Roche cobas® SARS-CoV-2 Test were inoculated into Vero E6 cell line 
containing viral medium (2% fetal bovine serum, minimum essential 
media and antibiotics). Proliferation was done in a 5% CO2 incubator at 
35 ◦C, and the cytopathic effect of the cells were monitored by viral 
growth with an inverted microscope. Virus-infected cells were inacti
vated by the lysis buffer of RNA extraction kit (QIA amp Viral RNA Kit), 
analyzed by RT-qPCR in BSL-2 Lab as previously described [26–28], and 
concentration quantified. 

The proliferated virus samples were then subjected to whole gene 
sequencing to confirm the genotype of the obtained samples in deter
mining SARS-CoV-2 variants. The cultured virus samples were then 
stored in a freezer at − 80 ◦C in BSL-3 Lab [20]. These variants have 
essentially the same composition and structure, except for the mutation 
site expressed on the spike glycoprotein. 

2.2. Variant factor: concentration and quality of spike glycoprotein 

The samples obtained after proliferation were then set to the highest 
concentration (100%) and diluted with virus medium to obtain lower 
concentration samples, i.e. 107, 106, 105, 104, 103, and 102 copies/mL 
for the study of the limit of detection (LOD). Note that the 100% con
centration corresponds to 107 copies/mL, where copies are associated 
with the nucleic acid signature of a variant; however, viral particles may 
be alive or dead (e.g., denatured, inactivated or fragmented matter). To 
determine the LOD, 107 copies/mL original virus concentration was 
used as the reference. 

There were differences in the quality of spike glycoproteins under 
different treatment conditions. For example, when the spike glycopro
tein is isolated or inactivated from a live SARS-CoV-2 virus, a different 
spike glycoprotein from that in the live virus may be produced. In our 
previous study [20], a live S pseudovirus was synthesized using the spike 
glycoprotein from the hCoV-19/Wuhan/WH01/2019 virus [28], and its 
characteristic SERS spectrum was used to correlate with that of live A.3 
variant in this study. Although these two spike glycoproteins are mostly 
similar in chemical composition and structure, the Raman peak assign
ment of spike glycoproteins in the literature remains a challenge to the 
original quality. 

2.3. SERS-active substrates 

In Fig. 1 (i) and (ii), surface morphologies of substrates are shown. 
The substrates used in this study are Au nanocavities (Au NC) and Au 
nanoparticles on porous ZrO2 (Au NPs/pZrO2). Au NCs were fabricated 
through a nano-indenter wherein the indentation depth is 120 nm, and 
the tip-to-tip displacement is 600 nm. Au NPs/pZrO2 were fabricated 
through the deposition of Au NPs on a porous ZrO2 platform; this porous 
ZrO2 was made through annealing ZrO2 gel-like precursor spin-coated 
on Si wherein polystyrene nanoparticles (PS NPs) with a diameter of 
250 nm were deposited, and the annealing process simultaneously 
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formed the ZrO2 and removed the PS NPs, leaving behind a porous 
substrate. Both substrates were shown to be effective SERS substrates for 
the detection of live S pseudovirus [20] and will be used in this study to 
explore SERS spectra of live viruses and to develop a method to differ
entiate the variants by spectroscopic analysis. Au NCs have a diagonally 
arranged cavity-like structure in which each cavity has a large hotspot. 
Au NPs/pZrO2 have concave bowl-like structures arranged in a hexag
onal array with multiple small hotspots on each bowl, which is due to 
the Au NP clusters covering the substrate surface. Within a Raman laser 
spot of the portable Raman Spectroscope (portable RS), there are ~4 and 
~36 complete nanostructures, which are referred to as the entirety of a 
unit of nanostructure, included for Au NCs and Au NPs/pZrO2, 
respectively. 

2.4. Instrument resolution and consecutive measurements 

All the experiments to detect live SARS-CoV-2 virus and its variants 
were performed in the BSL-3 Lab using a portable Raman Spectroscope 
(denoted as portable RS, Benchtop-size Single Laser Micro Raman 
Spectroscopy, NS220, Nanoscope Systems, Inc., Korea) with a laser spot 
size of ~2 μm in diameter, a spectral resolution of ±10 cm− 1, and a laser 
wavelength of 633 ± 1 nm. For comparison, the data for live SARS-CoV- 
2 S pseudovirus were obtained using a laboratory Raman Spectroscopy 
(denoted as lab RS, UniDRON, CL Technology Co. Ltd. Taiwan) with a 
laser spot size of ~1 μm in diameter, a spectral resolution of ±5 cm− 1, 
and a laser wavelength of 633 nm with a laser power of 35 mW; the 
experiments were performed in the BSL-2 Lab. The Raman laser in
tensity produced by portable RS is expected to be relatively weaker than 
that produced by lab RS, due to the limited capability making it less 
sensitive. 

In Fig. 1 (iii) and (iv), an experiment contains nine consecutive 
measurements of ordered nanostructures (i) and (ii) and with a center- 
to-center distance of ~2 μm (iii). The test sample is first placed 10 μL 
of the analyte-containing solution in a shallow well on a plastic slide 
with a glass coverslip containing a 5 mm × 5 mm support and two 
substrates. 

2.5. Spectral data acquisition and processing 

The raw spectral data were processed for background subtraction 
using OriginPro software. SERS spectra were acquired from nine adja
cent positions for all six concentrations of analytes and all three variants. 
To compare SERS spectra of S pseudovirus (Fig. 2) with variants (Fig. 3) 
and substrates (Fig. 4), the average spectrum for each variant was taken 
from nine positions per substrate at a concentration of 106 copies/mL 
were used. To interpret why the average is taken, it is important to note 

that the band shift of the portable spectrometer shows slightly wider 
than that of the laboratory one. In Supporting data (SD 1), to verify the 
difference between nine measurements, in comparison with three fixed 
peaks offset (SD 1a), regions are programmed to be ±5 cm− 1 from the 
fixed peaks within which the maximum point of the characteristic peaks 
can be found (SD 1b). With the latter approach, the peak shifts resulting 
from the portable spectrometer resolution are taken into consideration; 
the variance among the intensities of each characteristic peak from the 
nine spectra were also analyzed. 

More of the same measurements can be made owing to the wide 
range of ordered and repetitive nanostructures on the substrate. The 
spectral range from 600 to 1800 cm− 1 was chosen as this range includes 
most of the characteristic peaks of the virus. To determine the LOD for 
each substrate and three variants, specific peaks, especially those for the 
qualitative detection of live SARS-Co-V-2 virus, were chosen and labeled 
on the obtained spectra; analyte concentrations of 107, 106, 105, 104, 
103, and 102 copies/mL were measured. For the estimated LOD, at least 
one measurement location should have an observable SERS spectrum 
after nine consecutive measurements. To distinguish variants, different 
SERS substrates and variants were cross-examined. The specific peaks of 
the variants as well as peak shape changes in the spectra were 
investigated. 

3. Results 

3.1. Comparison of SERS spectra of live A.3 variant and S pseudovirus 

In Fig. 2(a), the structure and composition of the surface proteins of a 
general live SARS-CoV-2 virus and SARS-CoV-2 S pseudovirus (referred 
to as S pseudovirus) are depicted, respectively. They differ by the 
membrane glycoprotein (a-1) and envelope glycoprotein (a-2) of live 
virus and the lentiviral packaging vector (a-4) of S pseudovirus. The 
spike glycoproteins associated with live virus and S pseudovirus are 
denoted as (a-3 L) and (a-3 P), respectively. 

In Fig. 2(b) and (c), SERS spectra of previously identified S pseudo
viruses using (i) Au NC and (i’) Au NPs/pZrO2 as substrates were used as 
references [20] The spike glycoprotein (a-3 P) of S pseudovirus was 
synthesized by that of hCoV-19/Wuhan/WH01/2019 virus [29], and its 
characteristic SERS spectra were first compared with the spike glyco
protein (a-3 L) of GISAID clade lineage A.3 variant (referred to as A.3 
variant), which has two unique surface proteins (a-1) and (a-2) and are 
absent in the pseudovirus form, but lacks the surface protein (a-4). 
Therefore, SERS peaks corresponding to (a-3 P) and (a-4) can be used as 
references to distinguish those corresponding to (a-1), (a-2), and (a-3 L) 
from A.3 variant. Spectral analysis compares SERS spectra by their 
common and unique proteins. Major corresponding SERS characteristic 

Fig. 1. The SERS-active substrates utilized in this study are Au NC (i) and Au NPs/pZrO2 (ii), each having ~4 (iii) and 36 nanostructures within 1 Raman spot, 
respectively. SERS measurements were done in nine adjacent spots (iv) that correspond to more than 36 and 324 measured nanostructures; substrates were placed on 
acrylic support throughout the collection of SERS signals (v). 
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Fig. 2. (a) Structure and composition of S 
pseudovirus and A.3 variant; components 
are labeled: (a-1) membrane glycoprotein 
and (a-2) envelope glycoprotein, which 
are marked in red in both (b) and (c), (a- 
3) SARS-CoV-2 spike glycoprotein (indi
cated by black lines labeled as “s-peaks” 
in both Fig. 2(b) and (c), and (a-4) lenti
virus packaging vector (marked in grey in 
both (b) and (c)), which corresponds to 
the possible peaks that appear in the 
spectra of both analytes using (b) Au NC 
and (c) Au NPs/pZrO2. Peaks with the 
corresponding Raman vibration modes 
and assignments in Table 1 are also 
marked as s and s’ in (b) and (c), respec
tively. The difference of the genetic ma
terial inside the virus, as illustrated in (a), 
is not of concern in this study since SERS 
method is only effective to the detection 
of surface components of an analyte. The 
peak marked as (*) corresponds to an 
observed peak present in A.3 variant but 
not in S pseudovirus. (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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peaks, labeled s1 to s18 in (i) and (ii) for Au NC and s’1 to s’18 in (i’) and 
(ii’) for Au NPs/pZrO2, for any form of spike glycoproteins listed in 
Table 1 [21,30–32]. Spike glycoproteins (a-3 L) and (a-3 P) comprised of 
S1 and S2 chains are mainly exposed to the generated hotspot regions. 
Regions L1 to L3 in Fig. 2(b) and regions L1′ to L3′ in Fig. 2(c) are 
marked in red and correspond to non-spike proteins (a-1) or (a-2). Re
gions marked in grey for (a-4) are also identifiable on both substrates, 
but some signal intensities for (i’) are weaker due to the substrates used. 

To distinguish the two viruses, for cases of (i) and (ii), the peaks s9, 
s11, s15, and s17 of S pseudovirus are shown to be prominent, while the 
peaks s10, s14, s16, and s18 of A.3 variant are noticeable. The peak (*) 
for A.3 variant is significant in (ii) but less sensitive in (ii’). The regions 
marked in blue show differences in peak shape, most likely due to the 
substrate and instrumentation used. In Table 1, the spectra and assigned 
peaks in the literatures may differ from the quality of spike glycoproteins 
received, e.g., in the form of dissociated or inactivated proteins. 

3.2. Substrate-to-analyte effect for differentiating live SARS-CoV-2 
variants 

Au NC and Au NPs/pZrO2 were used to explore the substrate-to- 
analyte effect and to distinguish Alpha and Delta variants from A.3 
variant. In Fig. 3(a) and (b), Au NCs and Au NPs/pZrO2 were used for 
(ii), (iii), and (iv) and (ii’), (iii’), and (iv’), respectively. The charac
teristic peaks s1 to s18 and s’1 to s’18 of the spike glycoprotein (a-3 L) 
are labeled, and non-spike glycoproteins (a-1) or (a-2) with regions L1 to 
L3 and L′1 to L′3 from A.3 variant are marked in red for reference. Four 
regions for each substrate are marked in blue to indicate regions where 
differences in peak shape/intensity can be observed between/among 
variants. The regions s6/s7 and s’6/s’7, and s8/s9 and s’8/s’9 differ 
slightly among the three variants, most likely from amino acids and 
amide III. Since mutated sites in S1 chain of spike glycoprotein are ex
pected to be exposed to hotspot(s), these small changes in the spectrum 
may be important for distinguishing variants. The region s11/s12 can be 
used to differentiate Delta variant from A.3 and Alpha variants; how
ever, regions s’11/s’12 and s’15/s’16 can be used to differentiate Alpha 
and Delta variants from A.3 variant, most likely from amides III and II, 

Fig. 3. SERS spectra produced from the substrates (a) 
Au NC and (b) Au NPs/pZrO2 with SARS-CoV-2 var
iants: (ii)/(ii’) A.3, (iii)/(iii’) Alpha, and (iv)/(iv’) 
Delta variants. Regions shaded in red correspond to 
membrane/envelope glycoproteins, while those 
shaded in blue are regions exhibiting variations in 
peak shapes among three variants. The peaks corre
sponding to spike glycoproteins are also indicated as 
s1/s’1 to s17/s’17 similar to Fig. 2. Moreover, the 
peak at 1477 cm− 1 is marked, corresponding to im
purities in the analyte sample, and the region at 
1640-1678 cm− 1 represents Amide I. (For interpre
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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Fig. 4. SERS spectra of (a) A.3, (b) Alpha, and (c) 
Delta variants with respect to the uses of (i) Au NC 
and (ii) Au NPs/pZrO2 as the substrates to explore the 
analyte(s)-to-substrate effect. Similar to Fig. 3, the 
regions in red correspond to the membrane/envelope 
glycoproteins, while those in green show differences 
in the peak shapes when comparing two different 
substrates with the same variant. (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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but relatively insignificant differences were found in the region s15/s16. 
Compared with Fig. 2(b), the peaks s10, s14, s16, and s18 of A.3 

variant are still significant for Alpha and Delta variants, as shown in 
Fig. 3(a), but not consistent with Fig. 3(b). Therefore, these four peaks 
are peak-specific for the detection of live SARS-Co-V-2 virus using Au NC 
as substrate. To differentiate the variants, peak shapes in the regions 
marked in blue can be considered. Furthermore, the doublets s17/s18 
relative to s’17/s’18 are identical and their signal intensities are 
important to distinguish the substrates used. The peaks (*) are promi
nent in (ii) and (iii)/(iii’), less sensitive in (ii’), but not found in (iv)/(iv’) 
for both substrates. In a recent report [32], the peak (*) at 1120 cm− 1 

was inferred to be an amino acid mutation in the spike glycoprotein 
associated with Alpha variant. Our results found that Alpha and A.3 
variants had this particular peak (*). A peak at 1477 cm− 1 can be 
observed on (iv) and (ii’); this incidental peak likely corresponds to 
impurities in the viral analyte sample, such as cellular debris from 
intracellular viral proliferation [33]. In addition, the region of 
1640–1678 cm− 1 corresponds to amide I in relation to the size of the 
amino acid sidechains; peak shapes and intensities differ for each sub
strate [34]. 

3.3. Analyte-to-substrate effect on substrates used to differentiate variants 

The discriminative ability of the two substrates for the three variants 
was further compared. In Fig. 4(a), (b), and (c), six regions s3/s4, s7, 
s11/s12, s13, s15/s16, and s17/s18 (i.e., peaks s and s’ are equal) 
marked in green are labeled and compared for each variant. 

The peak (*) appears in A.3 and Alpha variants, but not in Delta 
variant. The doublet s17/s18 and the regions s7 and s13 for each variant 

differed depending on the substrate used, which may be related to the 
band-shifts caused by differences in hotspot(s) generated on the sub
strate. In addition, the detection ability of Au NPs/pZrO2 shows different 
sensitivities to the regions s’7 and s3/s4. Comparing the spectra of each 
variant, most specific peaks or regions depends primarily on the sub
strate used. It also shows that each substrate has a different enhance
ment ability. 

3.4. Limit of detection (LOD) and differentiation of variants 

The synergistic hotspot effect between nanostructures on substrates 
and adjacent analytes after Raman laser induction is highly considered 
for virus detection and variant differentiation. The LOD depends on the 
change in analyte concentration, which should fall within the detection 
range or within a valid distance from the hotspot(s). As shown in 
Figs. 2–4, peaks s10, s14, and s18 for Au NC and s’10, s’15 and s’18 for 
Au NPs/pZrO2 were prominent for all three variants with peak speci
ficity for the detection of live SARS-Co-V-2 virus. In Fig. S1, three var
iants of the two substrates were analyzed at concentrations of 107, 106, 
105, 104, 103, and 102 copies/mL. By indicating peaks s10, s14 or s15, 
and s18, both substrates demonstrated the ability to detect live variants 
with a LOD in the range of 103 to 105 copies/mL. Note that at least one 
measurement location can have a SERS spectrum if the LOD for variant 
detection is valid. In Fig. S2, the differences between the fixed-point and 
maxima within a region approaches are compared in terms of the vari
ances in peak intensities as depicted by error bars. There are two ap
proaches presented since given in a set of replicate spectra, the 
maximum points corresponding to a characteristic peak may vary due to 
the resolution of the portable spectrometer being less precise than that 
of a laboratory spectrometer. With the fixed-point approach, if a line is 
to be drawn on a fixed position, not all maxima from nine spectra would 
coincide with the line, due to the slight peak shifting as a consequence of 
the resolution of the portable spectrometer. Considering Fig. S2 (a) and 
(b) wherein the fixed-point approach was applied, variance is more 
apparent at higher (105-107) than at lower concentrations. Furthermore, 
the error bars exhibited with the fixed-point approach are much higher 
than when the maximum within a region approach, as shown in Fig. S2 
(c) and (d), is used, wherein error bars show mostly below 3% in the 
measurements. With the maximum within the region approach, the peak 
shifts resulting from the portable spectrometer resolution are taken into 
consideration, minimizing the variance. With discrepancies between 
these approaches, averaging the nine spectra eliminates these in
consistencies, to obtain one representative spectrum that takes into 
consideration the slight peak shifts that were observed due to the reso
lution of the portable spectrometer. At higher concentrations, such as 
103 to 105 copies/mL, all nine measurements could detect the target 
virus and obtain SERS spectra; their signal intensities for specific peaks 
only reached comparable (or saturated) values, which was mainly in
dependent of the concentration used. For Au NC, even at low concen
tration such as 104 copies/mL, the measured signal intensity remains 
significant if detectable. 

To distinguish differences between variants, peak shapes in regions 
s11/s12, s15/s16, and s17/s18 (s and s’) can be used to distinguish 
variants of the substrate used. More importantly, the doublets s15/16 
and s17/s18 are very identical. In addition, as previously described, 
regions s7 and s13 and peak (*) can be used to differentiate the substrate 
or variant used. 

4. Discussion 

Label-free and substrate-based SERS method has been applied to 
detect live SARS-Co-V-2 virus, enabling sensitive and rapid identifica
tion by spectroscopic analysis of characteristic peaks of its outer mem
brane proteins. Using a selected wavelength of Raman laser, Au NCs and 
Au NPs/pZrO2 were cross-examined with three live SARS-Co-V-2 vari
ants to understand the synergistic integration effect of nanostructures 

Table 1 
Assignment of SERS peaks based on SARS-CoV-2 spike glycoproteins, which are 
labeled correspondingly according to the substrate used: s for Au NC and s’ for 
Au NPs/pZrO2; references [32,33] utilizes isolated SARS-CoV-2 spike glyco
proteins, while reference [20] does SARS-CoV-2 S pseudovirus in determining 
the peaks corresponding to the spike glycoproteins from live A.3 variant.  

Label Raman shift 
(cm− 1) 

Peak Assignment Reference 

s1/s’1 620 CH2 rocking, Phenlyalanine [32] 
s2/s’2 660 CH2 rocking, Phenlyalanine [32] 
s3/s’3 837 Ring breathing in Tyrosine [20] 
s4/s’4 863 CH2 rocking, Tryptophan [32] 
s5/s’5 920 C–C stretching in amino acid; Glucose, 

Glycogen 
[33] 

s6/s’6 985 Tryptophan, Valine; CH2 rocking, 
Phenlyalanine 

[32,33] 

s7/s’7 1008 Symmetric ring breathing mode in 
phenylalanine 

[20] 

s8/s’8 1100 ν-C–C aliphitic [33] 
* 1120 Tryptophan, phenylalanine [33] 
s9/s’9 1136 NH3

+ rocking, Histidine [32] 
s10/ 

s’10 
1208 Tyrosine, Phenylalanine [34] 

s11/ 
s’11 

1284 CH2 wagging, l-arginine [32] 

s12/ 
s’12 

1301 CH2 twisting/wagging; Amide III in 
α-helix; Phenylalanine 

[32,33] 

s13/ 
s’13 

1358 Fermi resonance doublet of Tryptophan [20] 

s14/ 
s’14 

1400 Amide III in α-helix [32] 

– 1477 Impurities from analyte sample [35] 
s15/ 

s’15 
1506 C–N stretching mode in dATP [20] 

s16/ 
s’16 

1541 Amide II in anti-parallel β-sheet [32] 

s17/ 
s’17 

1592 Stretching of aromatic ring, 
Tryptophan, Phenylalanine 

[32] 

s18/ 
s’18 

1617 Amide I in anti-parallel β-sheet [32] 

– 1640–1678 Amide I [36]  
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and target viruses on SERS substrates. The synthetic S pseudovirus is 
first related to A.3 variant for reference; both two live viruses have the 
same spike glycoprotein with synthetic and live forms, they differ in the 
membrane and envelope glycoproteins of A.3 variant and the lentiviral 
packaging vector of S pseudovirus, as shown in Fig. 2(a). 

Second, despite differences in the acquisition method and quality of 
the spike glycoprotein used in this study compared with other studies, 
the peaks assigned as spike glycoprotein in this study also matched those 
in the literatures. In Fig. 2(b) and (c), the assigned peaks associated with 
spike glycoprotein are labeled. Most importantly, the peaks s9, s11, s15, 
and s17 of S pseudovirus are more prominent [20], while the peaks s10, 
s14, s16, and s18 for A.3 variant are more pronounced. Therefore, 
common peaks and peaks specific to A.3 variant can be used as a 
reference to distinguish from Alpha and Delta variants. 

Third, to take full advantage of the hotspot, the analyte should be 
exposed to as many hotspots as possible; since SARS-CoV-2 virus particle 
is a relatively large analyte, a properly designed SERS substrate is 
required such that its size needs to be matched to the analyte. The spike 
glycoprotein is a major component of the virus surface, which is 
essential to obtain mutation-related information, as shown in Fig. 5(a) 
(i-iii). The spike glycoprotein is divided into S1 and S2 chains, but 
mutations commonly occur in S1, which is basically the tip of the spike 
glycoprotein exposed to the external environment, making it the part 
that is more exposed to the hotspots. To differentiate the variants, the 
obtained spectra were cross-examined using two dissimilar substrates, 
which exhibited differences in the electromagnetic mechanism – Au NC 
forming one large hotspot and Au NPs/pZrO2 producing many small 

hotspots, as illustrated in Fig. 5(b) (i) and (ii). Through differences in 
hotspot(s), they may have different substrate-analyte effects and facili
tate the construction of SERS spectra of variants with common and 
specific peaks. Substrate-dependent effects are primarily determined by 
certain SERS peak shapes in specific spectral regions. 

As shown in Figs. 3 and 4, peak shape changes in regions s3/s4, s7, 
s11/s12, s13, s15/s16, and s17/s18 (i.e., peaks s and s’ are equal) can 
differentiate variants when a specific substrate is used. The doublets 
s15/s16 and s17/s18 have different peak shapes and signal intensities, 
regardless of the variant used. Some spectral changes may also occur, 
such as band shifts and disappearance of characteristic peaks, implying 
that the outcome resulting from the synergistic integration effect be
tween SERS-active substrate and the spike glycoprotein is crucial. These 
differences may be due to differences in substrate morphology leading to 
different hotspot shapes and affecting their ability to enhance spectral 
intensity. 

Fourth, the synergistic hotspot effect between nanostructures on the 
substrate and adjacent analytes is thus responsible for virus detection 
and variant differentiation. Using the same substrate, at higher analyte 
concentrations, the signal intensities of peaks s10, s14 or s15, and s18 
were comparable and almost independent of the concentration used, 
while at low concentrations, their detected signal intensity is still 
evident. As shown in Fig. 5(c) (i), (ii) and (iii), there is a possibility of the 
analytes stacking upon each other, in particular at high concentrations, 
that results in unequal exposure of the analytes to hotspots. Further
more, when analytes come into contact with the substrate surface, they 
are expected to be configured in multiple orientations, the spike 

Fig. 5. The structure of SARS-CoV-2 spike glycoprotein is shown in (a), and mutations occur on the S1 genome (i). Between S1 and S2 chains (ii), S1 is more 
dominantly exposed to the hotspot regions (iii). SERS signal enhancement is based on (b) substrate-to-analyte and (c) analyte-to-substrate effects. In (b), Au NC (i) 
and Au NPs/pZrO2 (ii) differ in morphologies resulting to different hotspot shapes; (c), the distribution of analytes (i) leads to unequal exposure to the hotspot(s); the 
concentration of analytes (ii) and (iii), the distance of the analyte from the hotspot(s) (iv), and the presence of interfering substances (v) may also influence the 
resulting SERS signals. 
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glycoproteins are not evenly spaced, and hotspot coverage may vary 
across all viral particles. Therefore, SERS peak intensity of each variant 
may vary, depending on how the virus is distributed on the substrate 
surface or how many viral particles can be accommodated within the 
nanostructured unit. For Au NC, since the region of the strongest hotspot 
is expected to be at the bottom of the nanocavity, SERS peaks position 
can remain unchanged, but their SERS intensities (or peaks shapes) are 
not optimized as the analytes aggregate away from the hotspot [12]. 
Although the concentration of analytes increases further, they tend to 
stack together in such a way that not all of these analytes are effectively 
exposed to the hotspot(s), so the synergistic effect is considered weak or 
undetectable. This is reflected in the results, as the intensity of the 
characteristic peaks is almost constant despite further increases in 
concentration. 

At low concentrations, the reduction in intensity is mainly attributed 
to a reduction in the number of detectable viral particles, as shown in 
Fig. 5(c). However, there may be cases where viral particles are present, 
but the distance between the viral particles and the effective hotspot(s) 
may be so large that the resulting signal is too weak to be reflected as a 
characteristic peak, shown in (iv), e.g., the presence of other substances 
contained in live sample forms a considerable barrier between the an
alyte and the substrate, resulting in a weaker hotspot effect on the 
analytes. It should also be noted that at lower concentrations, it would 
mean less viral analytes, and these are sparsely and randomly situated 
throughout the substrate. This is one of the limitations of the study that 
should be considered for further improvement in succeeding studies. For 
the addition of oxymetazoline, shown in (v), a non-SERS-active inter
fering substance, using Au NC as substrate for the three variants, specific 
peaks s10, s14, and s18 remained unchanged at 105 copies/mL LOD 
(shown in SD 4), while the peak (*) decreased significantly. This means 
that the complicity of the synergistic hotspot effect increases with the 
presence of different interfering substances. 

5. Conclusion 

The synergistic hotspot effect between nanostructures on specially 
designed SERS-active substrates and adjacent analytes is responsible for 
SARS-Co-V-2 virus detection and variant differentiation. Their common 
signal intensities at peaks s10, s14 or s15 and s18 peaks were compa
rable and almost independent of the concentration used, while at low 
concentrations, the detected signal intensities remained significant. 
Variations in peak shape in regions s3/s4, s7, s11/s12, s13, s15/s16, and 
s17/s18 can further differentiate variants when using specific sub
strates, while the doublets s15/s16 and s17/s18 have distinct peaks 
shape and signal intensity, regardless of the variant used. In the presence 
of interfering substances at LOD levels, some unaffected peaks can still 
be used as important references for reliable detection. This substrate- 
based label-free method enables the detection of SARS-CoV-2 virus 
and its variants, and is of great value for more comprehensive and 
specific studies to distinguish upcoming variants. 
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