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The COVID-19 pandemic demonstrated the critical need for accurate and rapid testing for virus detection.
This need has generated a high number of new testing methods aimed at replacing RT-PCR, which is the
golden standard for testing. Most of the testing techniques are based on biochemistry methods and require
chemicals that are often expensive and the supply might become scarce in a large crisis. In the present
paper we suggest the use of methods based on physics that leverage novel nanomaterials. We
demonstrate that using Surface Enhanced Raman Spectroscopy (SERS) of virion particles a very distinct

spectroscopic signature of the SARS-CoV-2 virus can be obtained. We demonstrate that the spectra are

iig:;i%zt:d%z{yzggzll mainly composed by signals from the spike (S) and nucleocapsid (N) proteins. It is believed that a clinical
test using SERS can be developed. The test will be fast, inexpensive, and reliable. It is also clear that SERS

DOI: 10.1039/d1ra03481b can be used for analysis of structural changes on the S and N proteins. This will be an example of
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Introduction

The number of cases of COVID-19 and its associated mortality
have raised serious concerns worldwide. Early diagnosis of viral
infection allows rapid intervention, disease management, and
substantial control of the rapid spread of the disease.’ The most
common test used to detect the virus is the real time reverse
transcriptase-polymerase chain reaction RT-qPCR utilizing
nasal or pharyngeal swabs or saliva.> This technique detects
viral RNA regions, and it is highly sensitive and very specific.
However, it has a relatively long turnaround time, requires
expensive equipment, and involves highly trained scientists.
Additionally, this technique requires the use of DNA-binding
dyes, which sometimes are difficult to obtain.

Recent improvements have cut down the response time
significantly and there has been a very rapid advance in new
testing methods. Developments include immunological
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application of nanotechnology and properties of nanoparticles for health and social related matters.

methods, such as Enzyme Linked Immunosorbent Assays (ELI-
SAs), chemiluminescence immunoassays (CLIAs), lateral flow
immunoassays (LFIAs), and multiple others.>” Recently, the
development of clustered regularly interspaced short palindromic
repeats (CRISPR)-based diagnostics has been used to detect the
SARS-CoV-2 virus.*® This method is very promising but is still in an
early stage. Several other methods based on nanotechnology and 2-
D materials have also been reported.’*** A comprehensive review
of the detection methods can be found in ref. 15-17. A general
conclusion is that the methods, other than RT-PCR detection
assays, have some limitations including low detection sensitivity
and, thus, have not replaced RT-PCR as the gold standard.

In this paper we explore the development of a new test,
which, if successful, can be broadly implemented with higher
sensitivity and reliability. Whereas most of the currently avail-
able testing is based on biochemical methods, we present the
possibility of expanding our capabilities using the advances in
techniques based on physics and, more specifically, the prop-
erties of condensed matter and its interactions with light.

Raman spectroscopy is a well-established technique for the
study of inorganic and organic materials.’*** Raman spectroscopy
has been used for the detection of bacteria in food* in the
detection of bacterial infections®>® and HIV-1 virus detection.>*>®
Recently it has been applied to the study of SARS-CoVid-2 using
gold nanoparticles®* and conventional Raman spectroscopy.** The
Raman technique uses the inelastic fraction of light interacting
with a molecule, that due to this interaction, the wavelength of the
light is shifted, called Raman shift, which is directly related to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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vibrational modes of the molecules analysed and therefore repre-
sents a fingerprint of the molecule. Raman spectroscopy is
intrinsically highly specific to chemicals compared to other spec-
troscopies, such as fluorescence or visible/near-infrared (NIR)
absorption, and hence offers many advantages.

The Raman signal intensity is very low, about 10~ ° times the
initial laser light intensity and, thus, a signal amplification is
required. This can be achieved using the plasmonic effects of
metallic nanoparticles. Depending on the shape (aspect ratio)
or chemical composition, the plasmonic field enhances the
signal up to ~10%-10° times.*** In addition, other materials
such as transition metal dichalcogenides and other 2-D mate-
rials***® can produce an additional signal enhancement of ~10>
due to electronic transfer. This method is known as Surface
Enhanced Raman Spectroscopy (SERS) and can be a powerful
method to detect viruses and other pathogens.** Raman based
detection is expected to have high sensitivity and specificity as
demonstrated by the detection of breast cancer using SERS.*”**

In this paper we report preliminary studies of SARS-CoV-2
virion particles and its spike (S) and nucleocapsid proteins (N).
We developed a highly sensitive SERS substrate based on plas-
monic and excitonic phenomena which allows a very complete
characterization of the virion SARS-CoV-2 and its S and N proteins.
We show that SERS can provide a solid platform for viral testing.

Experimental
SARS-CoV-2 proteins and virions

Purified SARS-CoV-2 spike (S) protein expressed in baculovirus
insect cells was purchased from Sino Biological (40589-V08B1).
This in vitro expressed protein, containing the S1 and S2
subunits, was purified by nickel chromatography using affinity
his-6 tag and which is capable of binding to the ACE2 receptor.
Similarly, we cloned the SARS-CoV-2 nucleocapsid (N) protein
into an E. coli expression vector and then purified it using its
his-6 tag and Ni chromatography. SARS-CoV-2 WA1 and HCoV-
NL63 (BEI Resources) virions were grown on VeroE6 (SARS-CoV-
2) or LLC-MK2 (HCoV-NL63) cells. Overlying media, containing
virus, was harvested, and tittered to determine the number of
infective particles prior to Raman analysis. Ethanol inactivation
(70%) of the virus was performed prior to the Raman analysis.
To examine the samples, we used Au/Cu nanostars prepared
using the methods reported previously by José-Yacaman and
colleagues.* Those authors report the controlled selective
growth and high-yield production of Au,;.,Cu concave pentag-
onal nanoparticles (CPNPs) and their evolution into branched
nanostructures, concave “nanostars” (CNSs), via a seed-
mediated growth method by using oleylamine (OLA) as
a capping and self-assembly promoter agent. The adding of Cu
is necessary to produce 5-arm structures (see Experimental
section in ESI Fig. S1(a—c)}) with concave facets and sharp tip
surface charge distributions showed significant induced polar-
ization along the arms of the CNSs, resulting in a highly local-
ized plasmon field at the tips (785 nm), as well as a surface
polarization due to the formation of image charges. Addition-
ally, the Au-Cu nanostars have concave facets which also
enhance the signal by non-plasmonic mechanisms as discussed
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by Lee and co-workers.*® Therefore, by controlling the shape, we
can obtain enhanced plasmon fields and make them ideal for
SERS of proteins. An image of the Au—Cu nanostars is shown in
Fig. 1. It has been demonstrated that every arm of the nanostars
acts as an antenna for the enhancement of the Raman signal.
The length and width of the nanostars arms were modified until
a light absorption peak around 800 nm was obtained on the UV-
Vis spectra, indicating that the nanoparticles were responding
in the 785 nm wavelength of the laser excitation source.

The SERS amplification requires that the plasmonic nano-
particles be in contact with the analyte. The electric field polari-
zation along the nanostar arms promotes that they attach to
proteins or virions. However, it is necessary to promote the
attachment by agitation of the nanoparticles—protein solution. The
Au-Cu nanostars were mixed with the buffer used on the virion
particles or the S and N proteins. The particle concentration on the
solution was 1.0% weight. The mixed solution was centrifugated/
shaken for several minutes to increase the attachment of the
nanoparticles to the proteins. We also used a MoS, of few mono-
layers thickness on a microscope slide, the solution of nano-
particles with proteins was dropped on the substrate. The Raman
spectra were obtained using a Horiba XploRA Plus 100 spectrom-
eter 785 nm laser - 200 mW power (100% filter) - 20 um laser beam
diameter, with 5 s acquisition time and 5 spectral accumulations.

Results and discussion

Spectra of SARS-CoV-2 virion particles and the S and N
proteins

In Fig. 2 we show the typical Raman-SERS spectra of inactivated
SARS-CoV-2 virion particles and the purified S and N proteins.
Those spectra are the result of averaging 30-50 different
spectra. The number of averaging spectra varies according to
the surface of the sample area, and it is difficult to keep
a constant number of spectra through all the analysis for all the
samples, however we have kept a higher number of spectrums
for reproducibility analysis purposes. The fluorescence contri-
bution and noise were eliminated using LabSpec software from
Horiba. In the case of the virion spectra, several peaks that were
not present in all spectra were eliminated. Most of those peaks
appear in only one spectrum so we consider them not being
representative. We attribute those peaks to the inactivation
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Fig.1 (a) SEM image of the Au—Cu nanostars used as SERS substrate.
The image shows very sharp peaks which act as plasmonic antennas.
(b) Optical absorption spectra of the nanostars revealed a strong peak
on the near IR.
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Fig. 2 SERS spectra of (a) the N protein, (b) the S protein, and (c) the
inactivated SARS-CoV-2 virion particles.

procedure. In general, the spectra of the SARS-CoV-2 virus and
the S and N proteins demonstrated broad peaks, which are the
result of many overlapping smaller peaks related to several
molecular vibrations. To obtain an accurate analysis of the virus
and proteins it is necessary to deconvolute the peaks into indi-
vidual components. This can be demonstrated by simulation of
the Raman-SERS spectra. Vibrational frequencies simulations were
calculated using the Gaussian code based on the Hartree-Fock
approximation** for an unrestricted isolated molecule, which is
part of the N protein to obtain the Raman spectra. The N and S
protein contain a very large number of diverse molecules and,
thus, its full structure will be very difficult to simulate. For
instance, a protein containing 25 000 atoms will be prohibitively
expensive in computer time (3D structures of the N, S proteins, and
the virion, as well as the region of the calculations can be found in
ESI Fig. 52-541).

Therefore, we only calculated the spectra of some compo-
nents of the N protein. We limit our calculation to two partial
molecules histidine and tryptophan. Calculations were made
using the Gaussian program, and Raman frequencies were
resolved by using the default solvent model using water as the
solvent medium. In the present work we only considered two
amino acids. The results are shown in Fig. 3, which shows the
spectra of 10 atoms of the molecule histidine and 50 atoms of
the molecule tryptophan. The resulting peaks (around
1000 cm™ ") are compared to the SARS-CoV-2 virus. As can be
seen, there are many peaks that overlap and fall on the observed
positions for the SARS-CoV-2 spectra. All peaks for the different
molecules represented in the spectra overlap, resulting in
a large broad peak which is the important result of the calcu-
lation. The virion particle is even more complex because
contains the S and N proteins and many other minority
components. Thus, to analyse the Raman spectra of the virion
particles more accurately, we need to deconvolute the peaks.
The deconvolution process was performed using the Fityk
program version 1.3,*> which offers an alternative of bell-shaped
functions to fit the Raman bands. The choice of fitting function
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Fig. 3 Theoretical simulation of portions of the Raman spectra of
components of the protein N. We use a portion of 50 atoms from the
tryptophan molecule (blue), a portion of 10 atoms of the histidine
molecule (red), and a portion of the experimental spectra of the SARS-

CoV-2 virion particle (black). The overlap of peaks close to the
1000 cm~* Raman shift can be observed.
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does not alter the wavenumber position of a given band but
results in slightly different full widths at half maximum
(FWHM), or line broadenings. Before the fitting was performed,
careful consideration must be paid to determine as best as
possible the base line of the Raman spectra. To do this, the
fluorescence background was determined by fitting a fifth-
degree polynomial curve to the measured spectrum from the
points where no Raman signal is expected to be present, and
this is subtracted from the original data. Judging from the
results, only reliable identifications may be assigned to the
spectral details above 400 cm ™. The fit was covered to include
all spectral details below 1800 cm™' as all spectral details,
originating of the side-chains of the amino-acids, as well as
from the peptide bonds (amide fingerprints) constitutive of the

Table 1 Raman shifts for the SARS-CoV-2 virion particle

Raman shift (cm™") Assignment

501.5 S-S bond (B-sheet)
531.65 S-S bond (a-helix)
577.0 Trp, Cys

656.2 Tyr (a-helix)

716.7 Phospholipids

782.5 Histidine

846.5 Tyr doublet

902.3 C-O-C skeletal modes
951.5 Trp

983.7 Trp-Val

1060.3 Phe

1121 Trp, Phe

1150 C-N, glycogen

1207 Phe, Tyr

1263 Amide III

1297.4 Amide I1I

1340.4 Trp, Ca-H deformation
1378 t-Alanine, N-acetyl-glucosamine
1445.1 C-H deformation
1492.1 L-Histidine

1554.0 Indole ring Trp
1600.7 Tyr, Phe, Trp

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Raman shifts for the spike (S) protein
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Table 3 Raman shifts for the nucleocapsid (N) protein

Raman shift (cm™')  Assignation

Raman shift (em ") Assignation

410.5 Tryptophan or histidine

432 L Tyr

442.6 Glucose

478.0 N-Acetyl-glucosamine

498.85 S-S bond (a/p)

510.96“ Phosphorylated protein and lipids
528.7 S-S bond (a-helix)

545.5 S-S bond (B-sheet)

601.0 Phe

633.8 Trp

651.7 Tyr (o-helix)

678.44 Trp

716.5% Phospholipids

786.04 Histidine

801.1 Trp

849.0 Tyr doublet

875.8 Tryptophan

891.9¢ Mono and disaccharides C-O-C skeletal modes
920.3¢ Glucose/glycogen

1033.1 Phe

1050.2° C-N and C-C protein stretching
1081.0 Histidine

1100.2 Trp, galactosamine

1115.6 v-C-C aliphitic

1128.0¢ Trp, Phe

1150.2¢ Glycogen

1220.1 Phe

1250.7¢ Amide III

1270.7 a-Helix amide III

1305.9 Phe

1320.0¢ Amide III (a-helix structures)
1356.7 Trp, Ca—-H deformation

1383.9 C-H rocking in lipids

1449.8¢ Fatty acids, C-H stretching of glycoproteins
1463.7 C-H deformation

¢ Indicates the peaks are also present on the Covid spectrum.

virion proteins are expected to be found in this spectral region.
The red line illustrates the result of the fits using Lorentzian
functions to deconvolute the presence of the contributing
Raman bands to the spectra. The result of the fitting is pre-
sented in Tables 1-3 for the SARS-CoV-2 virion, and the S and N
proteins, respectively. Fig. 4 shows an example of the peak
deconvolution for the N protein and illustrates its necessity
(additional deconvolution data is shown in Fig. S5(a—c)t for
the N, S protein and virion Raman spectra (NL-63), respectively).

To obtain the peaks reported in Tables 1-3, we deconvolute 50
spectra of each type and calculated the average. Our results
produce a significant number of peaks that can be used as a very
complete fingerprint for identification. We found that 15 of the
observed peaks on the virion particle correspond to the S and N
proteins. This the result of the virion particle structure. As
summarized on the ESIT the SARS-CoV-2 virion particles contain
several other proteins such as the membrane and envelop proteins
plus RNA. The membrane protein has a concentration three times
more than the N protein. In addition, the virion particles S protein

© 2021 The Author(s). Published by the Royal Society of Chemistry

373.8 3 C-C aliphatic chains

419.6 Tryptophan or histidine
495.2 S-S bond (B-sheet)

602.1 Phe

654.5 Tyr (a-helix)

678.4 Trp

729.77 v-C-C aliphatic chains
783.46 Histidine

823.8 Tyr

852.4 Tyr doublet

862 B-Sheet Tyr

922.3 Val-N-Ca-C

975.8 Trp, Val

1050 C-N and C-C stretching
1076.7 v-C-C aliphatic chains
1107.8 Histidine, Trp

1219.3 Phe, v-C-C aliphatic chains
1248.6° Secondary amide bands
1266.9 Amide III

1320.65¢ Amide III (a-helix structures)
1390.0¢ C-H rocking in lipids
1458.1¢ General fatty acids, C-H stretching of glycoproteins
1517.4 Galactosamine, aromatic rings
1554.9 Indole ring Trp

1608.0 Trp, Tyr, Phe

1671.7 Amide I

“ Indicates the peaks are also present on the SARS-CoV-2 Raman-SERS
spectrum.

might have combined with some compounds. So, we do not expect
the full virion particle have only peaks of S and N proteins.

Raman spectra of inactivated HCoV-NL63 virion particles

To demonstrate the capability of the Raman method for virus
testing, we studied the human coronavirus HCoV-NL63. This
virus causes mostly upper and at times lower respiratory tract
infections, community acquired pneumonia, and croup in
children.*® This virus can be considered as a surrogate of the

Intensity (a.u)

800 1200 1600

Raman shift (cm™)

Fig. 4 Example of the deconvolution (red line) of the SERS peaks for
the N protein.
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Fig. 5 SERS spectra of inactivated CoV-NL63 virions.

SARS-CoV-2 virus. Fig. 5 shows a typical Raman-SERS spectrum
of the HCoV-NL63 virus. We followed the same fitting procedure
described above and the peaks are identified in Table 4.

Discussion

A protein Raman spectrum is typically composed of contribu-
tions from three major types of vibrational modes originating
from the polypeptide backbone (amide bands) and aromatic
and non-aromatic amino acid side chain residues. The Raman-
SERS spectra of virion particles is complex and produces broad
peaks that are the result of the many closely spaced peaks
resulting from multiple chemical species.** A similar example is
the spectra of HIV-1 virus reported by Lee et al.*® A very inter-
esting fact is that the virion spectra and the S protein are lacking
peaks corresponding to the amide I bands (1640-1678 cm ™).
This has been a common observation.*® This has been explained
by Kuroski et al.*® with SERS studies of different homo-peptides
consisting of Gly-, Ala-, Tyr- and Trp-rich chains under a variety
of experimental conditions. There, it was demonstrated that the
absence of amide I bands in the spectra depended on the size of
the amino acid side chain. The side chain increases the distance
between the peptide bond and the metal nanoparticle pre-
venting their immediate contact. However, it is also possible the
lack of the amide peak on the virion might also be related to the
virus a deactivation procedure which might break amino acids.
Recently Carlomagno et al.*" reported Raman studies (not using
SERS) of SARS-CoV-2 in saliva samples they also do not report
the amide I peaks. In other recent paper Zhang et al.*’ used
silver-nanorods SERS array functionalized with binding protein
and the viral receptor of the cellular receptor angiotensin-
converting enzyme 2 (ACE2). There, they reported a very weak
amide I peak, which is very close to the noise. These authors
used a Raman peak of 1189 cm ™' in the ACE-2 with a shift to
1182 cm™ ' when the spike protein was attached, and then used
the ratio of those two peaks to predict the virus presence; their
SARS-CoV-2 spectra showed very few weak peaks. Another study,

25792 | RSC Adv, 2021, 11, 25788-25794
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Table 4 Raman shifts of the HCoV-NL63 virion particle

Raman shift (em ") Assignation

557.92 S-S bond (B-sheet)

626.86 Tty

644.00 Tyr (a-helix)

656.50 Try (B-sheet)

684.82 v-C-C aliphatic chains

740.93 Try (B-sheet)

759.64 Trp (B-sheet)

784.18 Histidine

825.18 Tyr (a-helix)

854.34 Tyr (B-sheet)

920.42 Glucose/glycogen

962.20 Trp, Val (a-helix)

1005.04 Phe ring modes

1026.20 Phe

1071.08 v-C-C aliphatic chains
1101.00 Trp, Val

1129.43 Phe, Trp

1156.12 C-N, glycogen

1198.06 v-C-C aliphatic chains, Tyr
1231.14 Amide III (B-sheet)

1268.94 Amide TII (a-helix)

1313.23 Trp, Ca-H deformation
1323.71 Amide III (a-helix structures)
1340.92 /B Trp, Co-H deformation
1368.81 N-Acetyl-glucosamine

1395.94 C-H rocking in lipids

1446.42 General fatty acids, C-H stretching of glycoproteins
1454.92 General fatty acids, C-H stretching of glycoproteins
1520.56 Galactosamine, aromatic rings
1549.18 Indole ring Trp

Desai et al.,*® reported Raman study of an RNA virus in saliva,
using a lentivirus vector system (based on HIV-1) and their re-
ported Raman spectra also showed only a few peaks and no
amide I peak. However, the N protein shows the amide I peak.
Our N protein was complete and purified whereas the S protein
was commercially available and broken in two subunits S1 and
S2. This further suggest the invisibility of the amide I peak is
related to the size of the amino acid chains.

On the other hand, it is well known that SERS amplification
effect requires that the molecule to be in contact with the metal
nanoparticle. Our approach using a SERS with a substrate that
combines plasmonic and excitonic amplification and the
mathematical analysis allow us to obtain a large number of peaks.
In the case of the virion particles we have obtained very consistent
spectrum. At least 15 of those peaks can be associated with the
presence of N and S proteins. Some of the variations on the peaks
that are observed can be attributed to the virion particles being
deactivated. It is likely that during the process of deactivation some
parts of the virus were destroyed. To reinforce the valuable infor-
mation that could be extracted from the SERS spectra it was
calculated the limit of detection for a calibration curve for the S
protein. The SERS spectra of the InBios-Spike-Protein was collected
for concentrations ranging from 744 uM to 7 nM. Then, using
PLSR (Partial Least Squares Regression) with two principal
components to the calibration curve the variance for the two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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components was calculated to be 99.9%. Thus, a detection limit
was found to be 8.89 x 10”° M with a Root Mean Square Error
(RMSE) =2.27 x 10~ °, which is a good approximation for
concentrations as low as nM range (see ESI Fig. S6(a-c)¥).

Conclusions

We have shown that using SERS produced by gold nanostars
nanoparticles and MoS, thin layers we can obtain a very
consistent signature for SARS-CoV-2 virion particles. In addi-
tion, the main proteins, S and N, produce well-defined spectra.
This suggests that Raman-SERS spectroscopy can be used not
only for virus detection but also to study the structure of the
proteins and follow in situ changes produced by different
conditions.

Our study is preliminary, clinical testing and a direct
comparison to other tests will be necessary to assess the
sensitivity and specificity of Raman. Nevertheless, our research
shows great promise for developing the technique. If developed,
a Raman-SERS test on saliva will produce instant results and
will only require the use of nanoparticles, which can be
massively fabricated at low cost.
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