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ABSTRACT: COVID-19 has cost millions of lives worldwide.
The constant mutation of SARS-CoV-2 calls for thorough research
to facilitate the development of variant surveillance. In this work,
we studied the fundamental properties related to the optical
identification of the receptor-binding domain (RBD) of SARS-
CoV-2 spike protein, a key component of viral infection. The
Raman modes of the SARS-CoV-2 RBD were captured by surface-
enhanced Raman spectroscopy (SERS) using gold nanoparticles
(AuNPs). The observed Raman enhancement strongly depends on
the excitation wavelength as a result of the aggregation of AuNPs.
The characteristic Raman spectra of RBDs from SARS-CoV-2 and
MERS-CoV were analyzed by principal component analysis that reveals the role of secondary structures in the SERS process, which
is corroborated with the thermal stability under laser heating. We can easily distinguish the Raman spectra of two RBDs using
machine learning algorithms with accuracy, precision, recall, and F1 scores all over 95%. Our work provides an in-depth
understanding of the SARS-CoV-2 RBD and paves the way toward rapid analysis and discrimination of complex proteins of
infectious viruses and other biomolecules.
KEYWORDS: COVID-19, amino acid, secondary structure, nanoparticle, Raman spectroscopy, machine learning

1. INTRODUCTION
In early 2020, COVID-19 rapidly became the leading cause of
death and the exponential increase in positive cases over-
whelmed substantial portions of the healthcare system.1

Although highly protective vaccines have been developed,2−4

mutations of the genome of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) continue to generate new
variants. Particularly, amino acid changes in the receptor-
binding domain (RBD) of SARS-CoV-2 spike protein, an
essential component for binding to human angiotensin-
converting enzyme-2 (ACE2) receptors,5 can partially escape
vaccine protection and hinder the effort of rapid detection and
contact tracing.6−10 For example, the Delta variant that
emerged in late 2020 has amino acid changes in the RBD of
spike protein that leads to reduced vaccine efficacy.11 The
more recent variant of concern designated in November 2021,
Omicron, harbors amino acid substitutions at around 30
locations in the spike protein, around half of which are in the
RBD.12 Therefore, structural identification of the RBD is a
critical factor to enable variant monitoring based on the amino
acid substitutions and large-scale testing targeted at the SARS-
CoV-2 virus that is constantly mutating and evolving.

The current COVID-19 testing methods, including nucleo-
tide detection and antigen detection-based rapid tests and
immunoassays, are relatively time-consuming. Most testing
methods demand analyses at specialized centers by skilled staff
and require prior knowledge of the genomic sequence of either
the strain or the corresponding antibodies. In contrast, Raman
spectroscopy, a rapid and label-free optical characterization
technique, is an alternative to effectively identify different
strains and subtypes of infectious viruses.13 This technique also
provides fundamental information about the optical properties
of analytes by measuring the chemical bond vibrations caused
by light-matter interactions.13 However, Raman scattering of
biological samples suffers from a low scattering efficiency of
10−6 to 10−10, requiring enhancement methods to amplify the
signal,14,15 one of which being surface-enhanced Raman
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spectroscopy (SERS). SERS utilizes substrates ranging from
metal nanoparticles,16 metamaterials,17 to two-dimensional
materials18−21 to increase the scattering efficiencies of different
analytes. With the aid of machine learning, SERS is capable of
identifying the important virus component that contributes to
the Raman signals and distinguishing between different types
of influenza viruses.13,22 Although optical techniques, such as
Raman spectroscopy, have been applied to identify SARS-
CoV-2 and its protein components,23−25 there have been
scarce investigations of their fundamental properties including
excitation wavelength dependence and thermal stability, which
determine the SERS detection efficacy.
In this work, we studied the RBD of SARS-CoV-2 spike

protein, a key component for viral infection, using SERS and
machine learning. Several Raman vibrational modes of the
SARS-CoV-2 RBD were observed from 600 to 1800 cm−1

using colloidal gold nanoparticles as the SERS substrate. The
Raman signals are dependent on the laser wavelength, in which
the 785 nm laser yields a stronger Raman response than 532
and 633 nm lasers for the SARS-CoV-2 RBD, as well as for the
RBD of another infectious coronavirus, Middle East respiratory
syndrome coronavirus (MERS-CoV). The strong dependence
of SERS performance on the excitation wavelength is explained
by the red-shift of plasmon resonance as a consequence of
nanoparticle aggregation. We also examined the thermal
stability of two types of the RBD to improve the practicality
of SERS. Moreover, our principal component analysis of the
Raman spectra reveals the relationship between the nanostruc-
ture of the RBD and SERS responses. Since the Raman
fingerprints of RBDs reflect the structural and compositional
characteristics, the two types of RBDs can be distinguished
using machine learning classifiers with accuracy, precision,
recall, and F1 scores of over 95%. The in-depth analysis of the
feature weights based on linear support vector machine also
indicates the contribution from secondary structures and
Raman-active amino acids including tyrosine, phenylalanine,

and histidine to the SERS spectra, consistent with the
sequencing results. Our investigation of the fundamental
optical properties of the SARS-CoV-2 RBD and the underlying
SERS mechanism could facilitate real-time monitoring of the
constantly changing mutants of the circulating SARS-CoV-2.

2. RESULTS AND DISCUSSION
2.1. SERS of SARS-CoV-2 RBD. The RBD of SARS-CoV-2

is a key component of the S1 subunit of spike glycoprotein
(Figure 1a). It enables the binding to the host ACE2 receptor
and allows membrane fusion with host cells to initiate viral
infection.5 Moreover, changes in the RBD enable the
transmission of SARS-CoV-2 between different hosts.26,27

Thus, the RBD is a key target in developing vaccines and
neutralizing antibodies. Detailed expression of the purified
SARS-CoV-2 RBD protein used in this work is described in the
Methods section. For the SERS measurement, colloidal gold
nanoparticles (AuNPs) with an average diameter of 20 nm
were deposited on silicon and used as the SERS substrates
(Figure 1b). The 20 nm AuNPs display an optical absorption
at 528 nm as shown by ultraviolet−visible (UV−vis)
spectroscopy in Figure 1c. The highly purified RBD in
phosphate-buffered saline (PBS) was then deposited on the
SERS substrate and dried before SERS measurements. As
shown in Figure 1d, SARS-CoV-2 RBD on 20 nm AuNPs
(RBD/AuNP) shows distinct vibrational modes at the Raman
frequencies of 913, 941, 1101, 1133, 1171, 1264, and 1326
cm−1. These Raman modes are otherwise absent for PBS
solution deposited on AuNPs (PBS/AuNP) and SARS-CoV-2
RBD deposited on bare silicon (RBD/Si) under a 785 nm laser
excitation.
The distinct Raman modes observed in the Raman spectra

result from secondary structures and specific amino acids that
compose the SARS-CoV-2 RBD as shown in Table 1. The
strong Raman modes at 1264 and 1326 cm−1 are assigned to

Figure 1. SERS of SARS-CoV-2 RBD. (a) Illustration of SARS-CoV-2. The inset shows the spike protein consisting of S1 and S2 subunits. SARS-
CoV-2 RBD is in the S1 subunit. (b) Schematics of SERS of SARS-CoV-2 RBD on AuNPs. (c) UV−vis spectroscopy of AuNPs in water. The
absorption peak is at 528 nm. The inset shows the size distribution of AuNPs. (d) Raman spectra of SARS-CoV-2 RBD on AuNPs, PBD solution
on AuNPs, and SARS-CoV-2 RBD on silicon measured using a 785 nm laser.
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the polypeptide backbone (amide III), and the peaks located at
913 and 1171 cm−1 are attributed to the deformation
vibrations of CH2 and CH3, while the modes at 941, 1101,
and 1133 cm−1 originate from the stretching vibrations of C−
C and C−N.28 The amide III bands of the RBD of SARS-CoV-
2 are in agreement with frequencies of the spike protein as well
as the deactivated SARS-CoV-2 virion particle.29 The amide I
band is not consistently observed in the Raman spectrum of
SARS-CoV-2 RBD, which is explained by the size of the amino
acid side chain that prevents immediate contact between the
peptide and the AuNP.30 The absence of amide I has also been
reported for SERS of SARS-CoV-2 virion particles using Au−
Cu nanostars and Raman measurement of SARS-CoV-2 in
saliva.24,29 In contrast, specific amino acids lead to less-
prominent peaks in the Raman spectra. The Raman modes
positioned at 638 and 749 cm−1, 1004 and 1028 cm−1, 1073

and 1497 cm−1, and 1540 cm−1 have contributions from
tyrosine, phenylalanine, histidine, and tryptophan, respec-
tively.29

2.2. Optimal Excitation Wavelength of SERS and
Thermal Stability of RBDs. The Raman spectra of SARS-
CoV-2 RBD on 20 nm AuNPs exhibit strong dependence on
the excitation wavelength. Among the three lasers employed,
the 785 nm laser provides the best SERS responses for SARS-
CoV-2 RBD, while the 633 nm laser offers fewer Raman-active
modes in the Raman scattering spectrum in comparison with
the 785 nm laser (Figure 2a). In contrast, no Raman peaks are
observed under the excitation of the 532 nm laser. Similarly,
the RBD of MERS-CoV spike protein also displays an
excitation-dependent SERS spectrum when using 20 nm
AuNPs as the SERS substrate (Figure 2b). The relative
Raman intensities are comparable for 785 and 633 nm laser
excitations, whereas the 532 nm excitation still yields no
Raman-active modes. The wavelength dependence of SERS is
dominated by the plasmon resonance of aggregated AuNPs
rather than the optical absorption of RBD samples since both
SARS-CoV-2 RBD and MERS-CoV RBD do not have optical
absorption at the laser wavelengths (Figure S1).
The absence of the SERS effect for 532 nm excitation can be

understood from the electromagnetic mechanism of SERS. For
noble metal nanostructures, the Raman enhancement effect is
based on the electromagnetic mechanism where the incident
photons excite the local surface plasmons of metal nano-
particles generating hot spots at certain locations. The
electromagnetic field is enhanced at those hot spots
contributing to the Raman enhancement.31,32 When being
excited with a 532 nm laser, the plasmon resonance competes
with the interband transition of d-band electrons to sp-
conduction bands.33,34 This inhibits the scattering of the
analyte and leads to a significantly reduced electromagnetic
enhancement.35,36

Table 1. Assignment of the Raman Peaks of SARS-CoV-2
RBD

Raman modes (cm−1) assignment

638 tyrosine (α-helix)
749 tyrosine (α-helix)
913 deformation vibrations of CH2

941 stretching vibrations of Cα−Cβ (α-helix)
1004 phenylalanine
1028 phenylalanine
1073 histidine
1101 stretching vibrations of C−C and Cα−N
1133 stretching vibrations of C−C and C−N
1171 deformation vibrations of CH3

1264 amide III (α-helix)
1326 amide III
1497 histidine
1540 tryptophan

Figure 2. Excitation wavelength dependence of SERS of RBDs. (a) Raman spectra of SARS-CoV-2 RBD and (b) MERS-CoV RBD on AuNPs
under 532, 633, and 785 nm lasers. Raman spectra are shifted in the y axis. (c) SEM image of backscattered electrons of separated AuNPs on Si
before adding RBDs. The scale bar is 500 nm. (d) SEM image of backscattered electrons of AuNP clusters on Si after adding RBDs. The scale bar is
2 μm.
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However, the preference for longer excitation wavelengths,
as demonstrated by the well-defined Raman peaks under the
633 and 785 nm lasers, can be explained by the red-shift of
plasmon resonance. This red-shift of plasmon resonance is
revealed by the scattering background in the Raman spectra. As
shown in Figure 2a,b, the background under the 633 nm laser
rises for higher wavenumbers, while the scattering background
under the 785 nm laser decreases for higher wavenumbers,
suggesting that the plasmon resonance exists between 633 and
785 nm for the aggregated 20 nm AuNPs. The prevalent factor
that needs to be considered for the change of plasmon
resonance is the agglomeration of AuNPs, which leads to
plasmon resonance at a longer wavelength.37,38 Particularly for
agglomerates composed of more than 15 nanoparticles, it has
been demonstrated that the coupling between metal nano-
particles could result in an additional absorption peak at 600−
800 nm,37 closer to the excitation wavelengths of 633 and 785
nm instead of the 532 nm laser. The resonant Raman
scattering between the incident photons and the localized
surface plasmons of AuNP agglomerates could improve the
Raman intensity. The possible influence of AuNP clusters is
further supported by the fact that PBS solution is involved in
the sample preparation, which promotes the aggregation of
nanoparticles.39 By adding the SARS-CoV-2 RBD in PBS
solution to the SERS substrate, Na+ and K+ in the PBS solution
neutralize the surface charges of AuNPs by binding to the
carboxylic acid groups of the citric acid capping, which causes
instantaneous and irreversible aggregation of AuNPs.39 The
individual AuNPs on the Si substrate before sample
preparation (Figure 2c) and the clustering of AuNPs after
adding the RBD (Figure 2d) are visualized by the back-
scattered electron images using scanning electron microscopy
(SEM).
To ascertain if the wavelength dependence applies to AuNPs

of different sizes, we tested the SERS performance of AuNPs
with diameters of 60 and 200 nm. The plasmon resonances of
unaggregated 60 and 200 nm AuNPs are around 536 and 558
nm, respectively. In contrast to the 20 and 60 nm AuNPs, the
absorbance of AuNPs with a diameter of 200 nm extends to
800 nm (Figure S2a,b). As shown in Figure S2c,d, both 60 and
200 nm AuNPs provide stronger Raman enhancement of
SARS-CoV-2 RBD under the excitation of a 785 nm laser than
532/633 nm lasers. The level of agglomeration, which is
correlated with the mean size of the AuNP aggregates, has
been demonstrated to be similar for AuNPs of different
diameters.40 Therefore, we expect that AuNPs of different
diameters share the same excitation dependence, which is
consistent with our observation. It is worth noting that the
aggregation of AuNPs can be effectively manipulated by
changing the pH and concentration of NaCl additives. For
biological sensing, the participation of biomolecules also affects
the electrosteric repulsion and surface adsorption that may
ultimately determine the optimal SERS wavelength.40

The practicality of biological sensing using SERS relies on
the stability of the analyte. Optical excitation oftentimes brings
about local heating of the sample that compromises the
reliability of the analysis. For Raman scattering, the thermal
stability of RBDs is demonstrated by the consistency of Raman
spectra under increasing laser power densities. We evaluated
different power densities ranging from 0.02 to 0.75 μW/μm2.
In Figure 3a, SARS-CoV-2 RBD shows a consistent Raman
intensity profile when being excited with the 785 nm laser and
a power density of 0.21 μW/μm2. However, the Raman

features smear out when the laser power increases to higher
than 0.46 μW/μm2, indicating sample damage due to laser
heating. High laser power also results in unwanted fluorescence
background. The thermal stability of MERS-CoV RBD is
slightly better than SARS-CoV-2 RBD in that the Raman
features persist to 0.46 μW/μm2 and partially to 0.75 μW/μm2

(Figure 3b). The thermal stability of a protein is correlated
with hydrogen bonding and ion pairs.41 Therefore, the better
stability of MERS-CoV RBD suggests that more hydrogen
bonding is present in MERS-CoV RBD than in SARS-CoV-2
RBD. To have a comparison of the thermal stability of different
kinds of protein peptides, we also examined the Raman spectra
of the MERS-CoV S1 mouse monoclonal antibody under
different power densities. As shown in Figure S3, the MERS-
CoV S1 antibody exhibits Raman peaks at 712, 849, 1003,
1127, 1238, and 1375 cm−1, which are drastically different
from the Raman peaks of SARS-CoV-2 RBD and MERS-CoV
RBD. MERS-CoV S1 mouse monoclonal antibody is
considerably more stable under laser heating as the features
in the Raman spectra hold up to 0.92 μW/μm2. This indicates
that the critical power density needs to be evaluated for
different kinds of peptides to achieve reliable SERS
identification.

2.3. Visualization by Principal Component Analysis
and Classification by Machine Learning. The Raman
spectrum of a protein is composed of vibrational modes
originating from aromatic and nonaromatic amino acid side
chains and polypeptide backbones. Thus, it contains structural
and compositional information about the nanostructure and is
unique to the analyte protein (as shown for 20 amino acids in
Figure S4). To elucidate how the distinct Raman features of
SARS-CoV-2 RBDs are related to the nanostructure, including
chemical composition and structural arrangement, we
visualized and analyzed 476 and 324 Raman spectra obtained

Figure 3. Thermal stability of RBDs. (a) Raman spectra of SARS-
CoV-2 RBD and (b) MERS-CoV RBD measured using a 785 nm laser
with different power densities. The spectra are normalized and shifted
in the y axis.
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for SARS-CoV-2 RBD and MERS-CoV RBD, respectively,
using principal component analysis (PCA), as shown in Figure
4. The average Raman spectra for SARS-CoV-2 and MERS-
CoV RBDs are shown in Figure 4a. Each Raman spectrum is
represented as a point in a two-dimensional coordinate by
PCA in Figure 4b. Principal components 1 (PC1) and 2 (PC2)
explain 55 and 6% of the variance among spectra, respectively.
As shown in Figure 4b, the Raman spectra of SARS-CoV-2
RBD and MERS-CoV RBD are separable by their values along
the axis of PC1: while SARS-CoV-2 RBD has a mean of −17.7
along PC1, MERS-CoV RBD has a mean of 26.1 along PC1.
Figure 4c visualizes the variance among all spectra for each
Raman shift along PC1. One can see that the variance has a
distinctive feature at 941 cm−1, suggesting that the stretching
vibration of the α-helix at 941 cm−1 significantly contributes to
the clustering of Raman spectra by PC1. However, for PC2 in
Figure 4d, the dominant characteristics of the variance are
located at 1171, 1264, and 1326 cm−1 that are assigned to the
deformation vibrations of CH3 (1171 cm−1) and amide III
(1264 and 1326 cm−1) (Table 1). The remaining PCs,
including PC3 and PC4, mostly describe the spectral noise.
Therefore, the Raman spectra of SARS-CoV-2 RBD and
MERS-CoV RBD are not well separable along the axes of PC3
and PC4, as shown by the PC1−PC3 and PC1−PC4 plots in
Figure S5. We also implemented the partial least squares (PLS)
analysis for the Raman spectra of SARS-CoV-2 RBD and
MERS-CoV RBD. As shown in Figure S6, the PLS plot of

latent variable 1 and latent variable 2 reveals similar patterns to
the PCA plot of PC1−PC2 (Figure 4b).
The interpretation of the variance for each PC can be easier

to comprehend by reconstructing several spectra that are the
result of adding one or two times of the standard deviation σ
along the PC direction to the mean spectrum. Details for the
reconstruction are described in the Methods section. In Figure
4e, the reconstructed spectra that vary from the mean spectra
by +2σ1 and −2σ1 (as highlighted by red and purple
backgrounds, respectively) resemble the Raman spectra of
MERS-CoV and SARS-CoV-2 RBDs in the experiments,
respectively. This can be easily explained because MERS-CoV
RBD spectra have more positive PC1 values compared to
SARS-CoV-2 RBD spectra (see Figure 4b). Furthermore,
Figure 4e shows that the shape and intensity of the Raman
peak at 941 cm−1 stemming from the α-helix have obvious
changes when varying along the PC1 direction, which is
consistent with the variance shown in Figure 4c. The α-helix is
the conformation where the hydrogen atoms of the backbone
N−H bond to the backbone C�O. It is a common motif in
the secondary structure of peptides, which accounts for the
stability and robustness to mutation.42 The difference in the
thermal stability of SARS-CoV-2 RBD and MERS-CoV RBD
upon laser irradiation could be related to the proximity of the
α-helix to the SERS surface. For example, if the α-helix of
SARS-CoV-2 RBD is closer to the SERS surface, it could
exhibit stronger relative Raman intensity compared to that in

Figure 4. PCA of SARS-CoV-2 RBD and MERS-CoV RBD Raman spectra. (a) The average Raman spectra of SARS-CoV-2 RBD and MERS-CoV
RBD. Raman spectra are averaged for 476 preprocessed SARS-CoV-2 RBD spectra and 324 MERS-CoV RBD spectra. (b) Visualization of SARS-
CoV-2 RBD and MERS-CoV RBD SERS spectra using PCA. Each point represents a spectrum; SARS-CoV-2 RBD spectra are rendered in purple
and MERS-CoV RBD spectra are in red. (c) Variance for each Raman shift along PC1. (d) Variance for each Raman shift along PC2. (e)
Reconstructed Raman spectra by varying from the mean spectrum along the PC1 direction. (f) Reconstructed spectra by varying from the mean
spectrum along the PC2 direction.
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the MERS-CoV RBD. At the same time, this secondary
structure is also prone to break down because of the strong
interaction with surface plasmons. In a similar way, the
reconstructed spectra by varying along the PC2 direction from
the mean spectra, as shown in Figure 4f, are consistent with the
results of PCA analysis as shown in Figure 4b. SARS-CoV-2
RBD spectra have mostly positive PC2 values (Figure 4b), and
thus, the reconstructed spectrum at +2σ2 along PC2 (spectrum
in the purple background in Figure 4f) resembles the average
Raman spectrum of SARS-CoV-2 RBD to a greater extent,
whereas MERS-CoV RBD spectra have mostly negative PC2
values (Figure 4b), and thus, the reconstructed spectrum at
−2σ2 along PC2 (spectrum in the red background in Figure 4f)
resembles the average Raman spectrum of MERS-CoV RBD
more. The main characteristic differences observable for PC2
are from deformation vibrations of CH3 at 1171 cm−1, as well
as amide III at 1264 and 1326 cm−1 that belong to the
secondary structure.
In addition, we employed machine learning to classify the

Raman spectra of SARS-CoV-2 RBD and MERS-CoV RBD
based on their Raman signatures. The full Raman spectra were
used as the input for machine learning models, independent of
the PCA result, which allows the machine learning models to
calculate and provide feature importance values on individual
Raman peaks. Five classifiers, including linear support vector
machine (SVM), logistic regression, decision tree, random
forest, and XGBoost, were used, and their performances were
evaluated using four metrics as shown in Figure 5a. All five
classifiers achieved accuracy, precision, recall, and F1 scores
higher than 95%. The formulas for the evaluation metrics and
information about detailed machine learning parameters are
described in the Supporting Information. Among the applied
classifiers, linear SVM shows the highest accuracy, recall, and
F1 scores, while XGBoost achieves the highest precision and
performs better than decision tree and random forest.
Furthermore, the feature weights used by linear SVM for
classification enable us to derive useful information from the
Raman features of RBDs. The higher feature importance at

certain Raman shifts suggests a larger contribution to the
classification from the Raman modes located at that Raman
shift. The stretching vibrations of Cα−Cβ (α-helix) at 941 cm−1

and amide III at 1326 cm−1 have high feature importance as
labeled by the arrows in Figure 5b, in agreement with the PCA
analysis (Figure 4c,d). In terms of the Raman modes
originating from specific amino acids, the feature importance
is low at the Raman shifts of tryptophan (1540 cm−1) due to
few amounts of tryptophan in both SARS-CoV-2 RBD and
MERS-CoV RBD (Figures 5c and S7). In contrast, the Raman
shifts of tyrosine, phenylalanine, and histidine exhibit
substantial feature importance corresponding to the different
amounts of each amino acid between SARS-CoV-2 RBD and
MERS-CoV RBD. Our feature importance analysis based on
linear SVM captures the composition of certain amino acids in
RBD peptides that provides a better understanding of their
roles in the light−matter interaction.
Research endeavors on COVID-19 are urgent, especially

when mutations in the genome of SARS-CoV-2 are found at an
accelerated pace. There have been new variants of concern that
possess amino acid substitutions in their RBDs.43 For example,
the Delta variant harbors defining mutations L452R in the
RBD that interacts with ACE2.44 Some of the amino acid
changes are known to partially evade the immune system and
some confer stronger binding to the human ACE2 receptor,
causing a higher transmission rate.11 The Omicron variant
even possess at least 30 amino acid substitution with 15 of
them in the RBD.12 Under this circumstance, a further refined
SERS and machine learning analysis could be developed to
analyze the amino acid changes in RBD. For example, the
reported amino acid substitutions in the RBD of the Omicron
variant spike protein include S375F, N501Y, and Y505H,
which represents substitution from serine to phenylalanine at
location 375, asparagine to tyrosine at location 501, and
tyrosine to histidine at location 505.12 Those changes in the
RBD might lead to spectral modifications at the Raman
frequencies of phenylalanine, tyrosine, and histidine, all of
which show high importance in the machine learning

Figure 5. Machine learning classification of SARS-CoV-2 RBD and MERS-CoV RBD. (a) Classification performance of different classifiers. Four
metrics including accuracy, precision, recall, and F1 scores were measured. (b) Feature importance calculated from applying linear SVM to
classifying SARS-CoV-2 RBD and MERS-CoV RBD. The dashed lines label the Raman shifts of tyrosine (Tyr), phenylalanine (Phe), histidine
(His), and tryptophan (Trp). The arrows label the stretching vibrations of Cα−Cβ (α-helix) at 941 cm−1 and amide III at 1326 cm−1, respectively.
(c) Amounts of tyrosine (Tyr), phenylalanine (Phe), histidine (His), and tryptophan (Trp) are normalized by the total number of amino acids in
the RBD based on the sequencing results.
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classifications (Figure 5b). To extend our knowledge of the
purified proteins to viruses, we can apply data correlation
analysis to compare the spectra of RBD and viruses so that
Raman fingerprints of RBDs that persist in the viruses can be
identified. Advanced machine learning models with interpret-
ability45,46 can be developed to extract Raman features that are
invariant to factors unrelated to the virus and extend the
analysis to unpurified or even patient samples. The reliability of
the machine learning analysis will benefit from viral enrichment
using other low-dimensional materials such as carbon nano-
tube (CNT) arrays. As shown in Figure S8, the overall Raman
intensities increase due to the enrichment of local RBD
concentration when CNTs are incorporated with AuNPs in the
SERS system.13,47

3. CONCLUSIONS
In summary, using SERS and machine learning, we obtained a
fundamental understanding of the optical properties, thermal
stability, and nanostructure of the RBD of the circulating
SARS-CoV-2. In particular, we explored the SERS dependence
on the excitation wavelength and the thermal stability of SARS-
CoV-2 RBD and MERS-CoV RBD. The demonstrated strong
dependence on the laser wavelength can be partly explained by
the competition between plasmon resonance and interband
transition. The 633 and 785 nm lasers were particularly favored
because of the red-shifts of plasmon resonance due to
nanoparticle aggregation. We also demonstrated that different
types of protein including SARS-CoV-2 RBD, MERS-CoV
RBD, and MERS-CoV S1 antibody display contrasting
stabilities under laser heating. The understanding of the
SERS mechanism provides a guideline for the optimal
measurement parameters for RBDs using SERS. To clarify
the role of RBD nanostructure in the SERS process, we
employed PCA and spectrum reconstruction to analyze the
Raman fingerprints of two types of RBDs. The major spectral
difference in PCA between SARS-CoV-2 RBD and MERS-
CoV RBD is attributed to the α-helix, a secondary structure
related to the stability and robustness of viruses. Furthermore,
machine learning classification offers detailed insights into the
secondary structures and amino acids. Using machine learning
classifiers, RBDs from SARS-CoV-2 and MERS-CoV can be
easily differentiated with accuracy, precision, recall, and F1
scores all over 95%. The discrimination is attributed to the
vibrations of secondary structures including the α-helix at 941
cm−1 and amide III at 1326 cm−1 and amino acids including
tyrosine, phenylalanine, and histidine, which is consistent with
sequencing results. Our study offers key insights into the
optical properties of SARS-CoV-2 RBD that may facilitate
variant surveillance by monitoring the changes in the amino
acid composition of the RBD. This analysis approach can be
extended to peptides of a wide range of infectious viruses. We
anticipate that a further refined SERS and machine learning
platform can differentiate SARS-CoV-2 from other viruses
rapidly and accurately and can identify new strains of SARS-
CoV-2 in the early stage to maintain immunity.

4. METHODS
4.1. SARS-CoV-2 RBD Expression. The expression of the

RBD of SARS-CoV-2 spike protein from the WA-1 strain has
been recently described.48 Briefly, a pCAGGS-based plasmid
with a recodonized sequence for expressing the signal peptide
and the RBD with a fused 6×His tag was obtained from

Florian Krammer49 and was given the unique identifier
pSL1510 for this work. Plasmid was transfected using an
Expi293 expression system from Thermo Fisher. Transfected
Expi293F cells were cultured for 3 days (37 °C, 8% CO2, in
shaker flasks, (120−130 rpm)), at which point the culture
supernatant was collected and subjected to metal affinity
chromatography (Ni-NTA). Protein was bound to resin in
batches at 4 °C for 1 h, extensively washed, and eluted in 57
mM NaH2PO4, 30 mM NaCl, and 235 mM Imidazole. Purified
SARS-CoV-2 Spike RBD::6×His was dialyzed into 1 × PBS
and stored at −80 °C before use. The MERS-CoV RBD in PBS
was purchased from SinoBiological, catalog number 40071-
V08B1. The MERS-CoV S1 mouse monoclonal antibody was
purchased from Invitrogen, catalog number PIMA533278.

4.2. SERS Sample Preparation. The 20 nm gold
nanoparticles (AuNPs) were synthesized using the Turkevich
method.50 Then, 50 mL of HAuCl4 solution (0.01% by weight)
was first heated to boil, and 0.8 mL of sodium citrate solution
(1% by weight) was slowly added to the boiling solution. The
mixture was kept boiling for another 5 min and slowly cooled
down to room temperature, yielding a bright red solution. The
spherical AuNPs with sizes of 60 and 200 nm were purchased
from Nanopartz with product numbers A11-60-CIT-DIH-1-25
and A11-200-CIT-DIH-1-25. The nitrogen-doped CNT arrays
were synthesized via chemical vapor deposition using benzyl-
amine as the precursor. The details can be found in our
previous publications.13,47 The SERS substrates that contain
AuNPs with and without CNTs were prepared by drop-casting
the as-synthesized colloidal AuNP solution on top of the CNT
arrays and bare Si, respectively, and dried overnight. The
SARS-CoV-2 RBD and MERS-CoV RBD in PBS were drop-
cast on SERS substrates and dried before Raman measurement.

4.3. Optical Spectroscopy. Raman measurements were
performed with a Horiba LabRAM Raman spectrometer. The
Raman spectrometer was equipped with a 600/mm grating and
a 100× objective with a NA of 0.9. The acquisition time was 30
s. The laser power density was kept at 0.02 μW/μm2 except for
thermal stability measurements to avoid decomposition of the
viral protein. For the thermal stability measurement, the laser
power density was estimated by P

d
4

2 in which P is the laser
power and d is the effective spot size (diameter of the laser
spot). The Raman maps used for machine learning analysis
were taken with a step size of 2 μm. The UV−vis spectra of
AuNP were recorded in a 10 mm optical path quartz cuvette
using a LAMBDA 950 UV/vis/NIR spectrometer in the
wavelength range of 400−850 nm. A baseline correction was
performed using water.

4.4. Principal Component Analysis. We measured 500
Raman spectra for SARS-CoV-2 RBD and 500 for MERS-CoV
RBD for machine learning analysis. In the mapping of Raman
spectra, there is no Raman signal from the virus component
when the AuNP is not present. Therefore, the blank Raman
spectra were first filtered by setting an intensity threshold.
Then, we performed normalization on the intensities so that
after normalization, the intensities are within the [0, 1] range,
having a mean value of zero and a standard deviation of one for
the 476 SARS-CoV-2 RBD and 324 MERS-CoV RBD Raman
spectra with signals. The standardization changes the visual
shape of the spectral yet retains their statistical equivalence.
We then applied PCA, a statistical technique to perform data
dimensionality reduction, and then visualize the data using two
principal components.51 The first two components explain
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approximately 61% of the variance of all spectra. For
reconstructing some representative Raman spectra based on
PCA, the variance of each principal component was extracted.
A representative spectrum was reconstructed by multiplying
the variance with its corresponding principal component score
and adding that to the mean spectrum. For each principal
component, we calculated the standard deviation of its
principal component score and showed several reconstructed
spectra within two times the standard deviation from the mean
spectrum.52

4.5. Machine Learning Classification. To classify spectra
of different RBDs, we applied five machine learning methods,
including linear SVM,53 logistic regression,54 decision tree,55

random forest,56 and XGBoost,57 to classify the preprocessed
spectra into two classes (the detailed training parameters for
each model are included in the Supporting Information). To
test the accuracy of our models, we used five-fold cross-
validation by splitting the dataset into fivefold and then using
each of them for testing while the others for training. The
formulas for the machine learning model evaluation metrics
including accuracy, precision, recall, and F1 scores are included
in the Supporting Information.
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Hübner, R.; Sheremet, E.; Zahn, D. R. T.; Ramanavicius, A.; Facsko,
S.; Rodriguez, R. D. Large-Scale Self-Organized Gold Nanostructures
with Bidirectional Plasmon Resonances for SERS. RSC Adv. 2018, 8,
22569−22576.
(36) Baia, M.; Toderas, F.; Baia, L.; Popp, J.; Astilean, S. Probing the
Enhancement Mechanisms of SERS with P-Aminothiophenol
Molecules Adsorbed on Self-Assembled Gold Colloidal Nanoparticles.
Chem. Phys. Lett. 2006, 422, 127−132.
(37) Zook, J. M.; Rastogi, V.; MacCuspie, R. I.; Keene, A. M.; Fagan,
J. Measuring Agglomerate Size Distribution and Dependence of
Localized Surface Plasmon Resonance Absorbance on Gold Nano-
particle Agglomerate Size Using Analytical Ultracentrifugation. ACS
Nano 2011, 5, 8070−8079.
(38) Kim, T.; Lee, K.; Gong, M.-S.; Joo, S.-W. Control of Gold
Nanoparticle Aggregates by Manipulation of Interparticle Interaction.
Langmuir 2005, 21, 9524−9528.
(39) Albanese, A.; Chan, W. C. W. Effect of Gold Nanoparticle
Aggregation on Cell Uptake and Toxicity. ACS Nano 2011, 5, 5478−
5489.
(40) Bélteky, P.; Rónavári, A.; Zakupszky, D.; Boka, E.; Igaz, N.;
Szerencsés, B.; Pfeiffer, I.; Vágvölgyi, C.; Kiricsi, M.; Kónya, Z. Are
Smaller Nanoparticles Always Better? Understanding the Biological
Effect of Size-Dependent Silver Nanoparticle Aggregation under
Biorelevant Conditions. Int. J. Nanomed. 2021, 16, 3021−3040.
(41) Vogt, G.; Woell, S.; Argos, P. Protein Thermal Stability,
Hydrogen Bonds, and Ion Pairs. J. Mol. Biol. 1997, 269, 631−643.
(42) Rocklin Gabriel, J.; Chidyausiku Tamuka, M.; Goreshnik, I.;
Ford, A.; Houliston, S.; Lemak, A.; Carter, L.; Ravichandran, R.;
Mulligan Vikram, K.; Chevalier, A.; Arrowsmith Cheryl, H.; Baker, D.
Global Analysis of Protein Folding Using Massively Parallel Design,
Synthesis, and Testing. Science 2017, 357, 168−175.
(43) World Health Organization. Tracking SARS-CoV-2 variants.
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
(accessed Dec 6, 2021).
(44) Hoffmann, M.; Hofmann-Winkler, H.; Krüger, N.; Kempf, A.;
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