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ABSTRACT: Raman spectroscopy uncovered molecular scale markers of the viral
structure of the SARS-CoV-2 Delta variant and related viral inactivation
mechanisms at the biological interface with silicon nitride (Si3N4) bioceramics.
A comparison of Raman spectra collected on the TY11-927 variant (lineage
B.1.617.2; simply referred to as the Delta variant henceforth) with those of the
JPN/TY/WK-521 variant (lineage B.1.617.1; referred to as the Kappa variant or
simply as the Japanese isolate henceforth) revealed the occurrence of key
mutations of the spike receptor together with profound structural differences in
the molecular structure/symmetry of sulfur-containing amino acid and altered
hydrophobic interactions of the tyrosine residue. Additionally, different vibrational
fractions of RNA purines and pyrimidines and dissimilar protein secondary
structures were also recorded. Despite mutations, hydrolytic reactions at the
surface of silicon nitride (Si3N4) bioceramics induced instantaneous inactivation of
the Delta variant at the same rate as that of the Kappa variant. Contact between virions and micrometric Si3N4 particles yielded post-
translational deimination of arginine spike residues, methionine sulfoxidation, tyrosine nitration, and oxidation of RNA purines to
form formamidopyrimidines. Si3N4 bioceramics proved to be a safe and effective inorganic compound for instantaneous
environmental sanitation.
KEYWORDS: SARS-CoV-2, delta variant, Raman spectroscopy, silicon nitride, instantaneous virus inactivation

Surveys by the Japan’s National Institute of Infectious
Diseases confirmed that the highly transmissible SARS-

CoV-2 Delta variant is presently the most widespread in Japan
among confirmed cases.1 Data from Tokyo and neighboring
prefectures estimated that it exceeds 90% in each region, with
similar rates in other Japanese prefectures with only a few
exceptions. In other words, the Delta variant has almost
entirely replaced the original SARS-CoV-2 Japanese isolate.
Studies from Japan2 and other countries3,4 have shown a 2-fold
infectious capacity of the Delta variant with respect to that of
the Japanese isolate, with people infected with the Delta
variant possessing a viral load more than 1200 times higher
than that of people with the original SARS-CoV-2 isolate.5

Among the numerous (at least 15) mutations of the Delta
variant, those creating the most concerns are the two
simultaneous ones referred to as E484Q and L452R;6 the
former contributes a significantly enhanced potential for
binding to ACE2 and a better ability to evade the immune
system, while the latter is instrumental in providing a higher
affinity for the so-called “S” protein (prS) to ACE2 and in
lowering the recognition capacity of the immune system.7

Notably, the appearance of both mutations in the same variant
is unique so far.8 Another mutation considered to be key is the
one referred to as P681R, which transforms a proline residue in
the furin cleavage site of the spike protein into an arginine
one.9 Hospitalization statistics unanimously point to a higher
infectiousness of the Delta variant; concurrently, simulations
show a transmissibility 145% higher than that of the original
strain and a probability of infection approximately 2 times
greater than that of the original isolate by droplet/aerosol
inhalation.10 So far, there is no definitive answer on the factors
mainly contributing to such an increased degree of
infectiousness, either a longer length of time the variant
remains infectious in suspension or a higher activity is
exhibited in fomite transmission.
In a recent paper,11 we have shown the possibility of

capturing fundamental details of the molecular structure and
symmetry in different SARS-CoV-2 variants/sub-types by
Raman spectroscopy. This spectroscopic method enables fast
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screening and, complementary to genomics, brings insightful
structural information of amino acid residues, RNA bases, and
the secondary protein structure of virions. The differences in
the molecular structure and symmetry between the SARS-
CoV-2 Japanese isolate and the two sub-types of the Alpha
variant were stunningly bold. In two additional studies,12,13 we
have proposed the exploitation of the surface chemistry of
silicon nitride bioceramics in an aqueous environment as an
instantaneous and powerful antiviral effect against SARS-CoV-
2. Unlike other solid-state antiviral agents,14 Si3N4 is a
compound fully biocompatible toward eukaryotic cells while
effectively counteracting pathogens.15−18 Such duality is the
result of its peculiar surface chemistry, which features a cell-
supportive cation (silicon) and the formation of ammonia/
ammonium (and nitrogen radicals) as byproducts of hydrolytic
interaction between surface secondary amines and the aqueous
environment at the biological interface.15,16 Eukaryotic cells
and pathogens greatly differ in their capacity of metabolizing
un-ionized species of ammonia, which originates the observed
“antibiotic-like” behavior of Si3N4. Since ssRNA virions have
no capacity to resist ammonia attack to their RNA and viral
proteins,19,20 they become instantaneously inactivated by the
presence of a few volume percent of micrometer-sized Si3N4
particles in aqueous solution.12,13,15

This paper builds upon our previous studies of the SARS-
CoV-2 virus with a new twofold purpose: (i) to extend the
Raman spectroscopic identification of the virus to the Delta
variant (TY11-927) found in Japan, as distinct from the
Japanese Kappa isolate, and (ii) to test the viral inactivation
activity of the Si3N4 micrometric powder against the Delta
variant, while delving into the molecular chemistry mecha-
nisms behind its instantaneous inactivation pathway. Accord-
ingly, we focus here on the confirmation of a direct link
between Raman light and key structure/symmetry character-
istics of virions’ molecular structure as chemical fingerprints for
different variants and degenerative effects on SARS-CoV-2
virions.

■ RESULTS
Raman Spectrum of the SARS-CoV-2 Delta Variant

and Its Statistical Reliability. Figure 1a,b shows the Raman
spectra (i.e., average of 10 spectra collected at different
locations) measured on the Kappa JPN/TY/WK-521 and
Delta TY11-927 variants, respectively. It can immediately be
noticed that the two average spectra appear morphologically
very different to each other. Such differences were screened for
statistical reliability according to the Pearson’s similarity
method,21 as described in the Methods section. Results of
the statistical analyses that validate the average spectral
morphology of the two different variants are given in Table
1 in terms of the PC coefficient, r (cf. explanation in the

Methods section). As seen, when compared to their average
spectrum, individual spectra collected on the Delta variant at
different sample locations showed an r value close to 1 with a
small data scatter (r = 0.899 ± 0.113). On the other hand, the
value of the r coefficient significantly reduced to 0.576 ± 0.097
when they were compared to the JPN/TY/WK-521 average
spectrum. Similarly, when individual spectra collected at
different locations on the JPN/TY/WK-521 sample were
compared to their average spectrum and the average TY11-927
spectrum, they displayed values of r = 0.925 ± 0.065 and 0.498
± 0.83, respectively. The presented statistical results of spectral
similarity according to the Pearson’s method are in agreement
with our previous data on SARS-CoV-2 British variants11 and
demonstrate the high sensitivity for the Raman approach in
SARS-CoV-2 viral speciation. Four frequency intervals of the
Raman spectra, labeled as zones I−IV in the inset to Figure 1a

Figure 1. Raman spectra in the wavenumber interval 600−1800 cm−1 of (a) JPN/TY/WK-521 and (b) TY11-927 Delta variants. Spectra are
normalized with respect to the amide I signal and deconvoluted into Gaussian−Lorentzian band components according to eq 1 in the Methods
section. Four zones are emphasized in (a), and labels show frequencies at the maximum of selected bands (the abbreviations Met, Tyr, Phe, Leu,
Arg, and Glu stand for methionine, tyrosine, phenylalanine, leucine, arginine, and glutamine, respectively).

Table 1. Results of the Statistical Analysis to Validate the
Average Spectral Morphology of the Two Studied Variants
According to Pearson’s Correlation Coefficient (PC), r

JPN/TY/WK-521 TY11-927

JPN/TY/WK-521 0.925 ± 0.065 0.498 ± 0.83
TY11-927 0.576 ± 0.097 0.899 ± 0.113
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(at 600−750, 750−900, 900−1200, and 1600−1750 cm−1,
respectively), were analyzed in detail. Average spectra were
normalized with respect to their amide II signal at 1460 cm−1

and deconvoluted into band components according to a
machine learning algorithm described in the Methods section.
A complete list of frequencies at the maximum and their
proposed vibrational origins has been given in a previous
publication.11

Raman Signatures Linked to Virus Mutations. A
number of the observed spectral differences between variants
are expected to arise from amino acids, which are linked to
specific mutations of the Delta variant (cf. mutations reported
for the spike protein of the TY11-927 (B.1.617.2) variant in
Table 2). Among the reported mutations, the E484Q one

foresees the change from glutamic acid into glutamine, while
the L452R one relates to the replacement of leucine by
arginine.6 An additional mutation, referred to as P681R,
transforms a proline residue in the furin cleavage site of the
spike protein into an arginine one.9 According to the above

notions, we looked first into specific spectral fingerprints of the
arginine residue to replace those from the leucine one in the
spectrum of the TY11-927 Delta variant as compared to that of
the JPN/TY/WK-521 original isolate. The main bands
assigned to leucine and arginine residues are labeled in Figure
1a,b, respectively, as obtained from the spectra of their pure
compounds (in Figure S1a,b of the Supporting Information,
respectively). The machine learning algorithm used in this
study (cf. the Methods section), which picked from a library of
pure compounds, located prominent spectral contributions
assignable to the basic arginine amino acid residue in the
spectrum of the Delta variant at 617 cm−1 (COH bending),
879 cm−1 (C−N torsion), 940 and 982 cm−1 (N−C−N
symmetric stretching), 1088 cm−1 (C−N−H2 asymmetric
bending), 1102 cm−1 (NH3

+ asymmetric rocking), and 1369
cm−1 (COO− symmetric stretching) (cf. the structure, Raman
spectrum of the arginine pure compound, and assignments of
the main fingerprint vibrational modes given in Figure
S1b).22−24 All these Raman signals were either missing or
very weak in the spectrum of the Japanese Kappa isolate (cf.
Figure 1a,b). Concurrently, we analyzed signals from leucine
(cf. the structure, Raman spectrum of the leucine pure
compound, and related assignments of fingerprint vibrational
modes given in Figure S1a of the Supporting Information)22

and labeled them, as shown in Figure 1a. Fingerprint leucine
signals, which do not overlap with signals from other amino
acid residues, could be located at 1032 cm−1 (C−N
stretching), 1195 cm−1 (NH3

+ asymmetric rocking), 1520
cm−1 (NH2 asymmetric stretching and rocking), and 1540
cm−1 (CH3 symmetric bending).22,25−27 All these signals were
indeed detected in the Raman spectrum of the JPN/TY/WK-
521 original isolate but were conspicuously weaker in that of
the TY11-927 Delta variant.
Regarding the E484Q mutation, we performed the machine

learning algorithm searching for vibrational fingerprints of
glutamic acid and glutamate. The structures of these two

Table 2. Mutations Reported for the Spike Protein of the
TY11-927 (B.1.617.2) Variant6,9

spike protein
mutations position description

T19R 19 threonine-to-arginine substitution
G142D 142 glycine-to-aspartic acid substitution
Δ156−157 156−157 deletion
R158G 158 arginine-to-glycine substitution
Δ213−214 213−214 deletion
L452R 452 leucine-to-arginine substitution
T478K 478 threonine-to-lysine substitution
D614G 614 aspartic acid-to-glycine substitution
P681R 681 proline-to-arginine substitution
D950N 950 aspartic acid to asparagine substitution

Figure 2. (a) Structures and C−S stretching vibrational modes/frequencies of trans and gauche methionine rotamers and (b) gauche and trans
rotamers of cysteine with C−S stretching vibrational modes/frequencies. Low-frequency zone I (600−750 cm−1) regions of the Raman spectra of
JPN/TY/WK-521 and TY11-927 viral strains are given in (c,d), respectively, spectra were deconvoluted into a sequence of Gaussian−Lorentzian
sub-bands (frequencies for selected bands are shown in the inset). The abbreviations Met and Cys refer to methionine and cysteine, respectively,
while (t) and (g) locate trans and gauche rotamers, respectively. In (e), sub-band components are extracted to better visualize signals from different
rotameric configurations of the methionine structure (the related methionine trans-to-gauche, (Vt/Vg)M, and the cysteine-to-methionine, VC/VM,
ratios are given in the inset together with labels of band wavenumbers and types of the rotamer).
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compounds, their Raman spectra, and related assignments of
fingerprint vibrational modes are given in Figure S2a,b,
respectively, of the Supporting Information.28−31 Two
unequivocal fingerprints of glutamine could be located in the
signals at 1282 cm−1 (CH2 wagging) and 1332 cm−1 (CH
bending), which were observed as being relatively strong in the
TY11-927 variant while being very weak or completely missing
in the JPN/TY/WK-521 isolate (cf. Figure 1a,b).
Finally, a further bold spectral difference between JPN/TY/

WK-521 and TY11-927 variants consisted in the disappearance
in the latter of a sharp feature of medium intensity at ∼604
cm−1. Lysine possesses such a signal, which is related to
asymmetric bending of its NH3

+ group.22 Lysine-to-asparagine
substitution has been reported in some sequence of the Delta
variant and has been associated with conformal changes in the
spike protein, which might favor immune escape.32 However,
we could not find in the spectrum any other unequivocal
confirmation for the disappearance of additional lysine bands
due to overlapping with other signals.
Spectroscopic Analyses in Selected Spectral Zones.

Zone I�Figure 2a,b shows the schematic drafts of methionine
(Met) and cysteine (Cys), respectively. Trans (t) and gauche
(g) rotamers appear at different wavenumbers in spectral zone
I, according to the vibrational modes shown in the inset.
Spectra in (c and d) represent the Raman low frequency zone I
as recorded for JPN/TY/WK-521 and TY11-927 viral strains,
respectively. This zone, which is dominated by vibrational
signals relating to the C−S bond,22 allows monitoring
methionine and cysteine amino acid residues incorporated
into viral proteins. Raman assessments in this spectral zone
show significant differences between variants, which arise from
both fractions and molecular symmetry of S-containing amino
acid residues. In the JPN/TY/WK-521 original isolate, C−S
stretching bands from methionine residues are found at 642

and 652 cm−1 (C−S bond stretching vibrations on the CH2
side of molecules in the gauche rotameric configuration), 669
cm−1 (C−S bond stretching vibrations on the CH2 side of
molecules in the trans rotameric configuration), 698 cm−1 (C−
S stretching on the CH3 carboxyl side in the gauche
configuration), and 715 cm−1 (C−S stretching on the CH3
carboxyl side in the trans configuration) (cf. insets in Figure
2a).33,34 In the TY11-927 variant, the C−S bond-related
Raman bands show both distinct shifts in the wavenumber and
bold variations in their relative intensities as compared with
that of the original isolate (cf. labels in the inset to Figure 2a,
spectra in Figure 2c,d, and sub-bands replotted in Figure 2e).
In particular, an enhancement of the signal at 651 cm−1 was
observed, while the companion signal at 642 cm−1 was too
weak to be detectable. Differences in the fractions of
methionine rotamers are a consequence of the different
amino acid sequences to which methionine links,11 and
different molecular symmetry characteristics are expected to
play a key role in a number of functions during the virus
lifetime.35,36 The methionine trans-to-gauche ratios, (Vt/Vg)M,
were computed from the relative areal fractions of C−S bonds
to be 0.39 and 1.22 for JPN/TY/WK-521 and TY11-927,
respectively (cf. labels in the inset to Figure 2e). These
different ratios reflect chirality characteristics peculiar to
individual strains and can be used as efficient fingerprints in
variant recognition. Similar to the case of methionine, the C−S
stretching wavenumbers of zwitterionic (monoclinic) cysteine
rotamers also differed for different variants (cf. Figure 2b−
d).37−40 The C−S stretching bands, found at ∼632 and ∼679
cm−1 in the JPN/TY/WK-521 isolate for gauche and trans
rotamers, respectively (cf. Figure 2c), shifted to 633 and 688
cm−1, respectively, and showed inverted relative intensities in
the TY11-927 variant (cf. Figure 2d). However, the ratio
between the cumulative areal fractions of cysteine and

Figure 3. Structure of tyrosine in (a) zwitterionic, (b) non-hydrated, and (c) fully hydrated conditions are shown together with in-plane and out-of-
plane vibrational modes of the phenol ring according to ref 43. Spectral zone II (750−900 cm−1) of the Raman spectra of (d) JPN/TY/WK-521
and (e) TY11-927 viral strains; spectra are deconvoluted into a sequence of Gaussian−Lorentzian sub-bands (frequencies for selected bands shown
in the inset). The abbreviations Trp and Tyr refer to tryptophan and tyrosine, respectively. In (f), tyrosine sub-band components are shown
together with the Raman ratio, I854/I826 (cf. labels in the inset and a qualitative estimate of the environmental pH at the surface of different viral
strains).
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methionine bands remained unchanged in the two viral strains
(i.e., VC/VM = 0.3; cf. insets in Figure 2e). Unlike the strongly
hydrophobic methionine unequivocally located at buried sites
in the core of globular proteins, cysteine is exposed to the
surface and its thiol side chain participates as a nucleophile in
environmental reactions (being also susceptible to oxidation).
For this reason, the cysteine signals sense different pH
environments at the virion surface, as discussed later.
Zone II�Figure 3a−c shows the schematic drafts of the

molecular structure of tyrosine with different degrees of
hydration. Vibrations of its phenol ring “feel” the surrounding
environment, the relative intensity of the so-called tyrosine
Fermi doublet (found at 854/824 and 857/819 cm−1) in the
spectra of JPN/TY/WK-521 and TY11-927, respectively
(Figure 3d,e), enabling the analysis of virion/environment
interactions. The intensity ratio, I854/I826, is diagnostic of the
H-bonding environment around the tyrosine units, and the
lower the ratio, the more hydrophobic the surrounding
environment.41−43 The ratio differed significantly in different
strains (i.e., 1.9 and 1.1 for JPN/TY/WK-521 and TY11-927
variants, respectively; cf. labels in Figure 3f). According to
Hernandez et al.,43 the components of the tyrosine doublet
originate from two independent vibrational modes of the
phenol ring, namely, in-plane ring breathing (854 cm−1) and
out-of-plane C−H bending (826 cm−1). The I854/I826 ratio is a
sensor of the hydrophobic/hydrophilic balance in environ-
mental interactions at the virion surface, and the lower the
I854/I826 ratio, the more hydrophobic the tyrosine config-
uration. Since tyrosine is the most hydrophobic in an alkaline
environment (and vice versa for the acidic environment), the
lowered I854/I826 intensity ratio observed in the Delta variant as
compared to that in the Kappa variant (i.e., 1.1 vs 1.9,
respectively) proves that the Delta variant has shifted its
surface protonation conditions toward alkaline (and more
hydrophobic) ones. Following the analysis by Arp et al.,44 the
enhanced character of the hydrogen bond donor to the
tyrosine phenoxyl proton in the TY11-927 variant contrasts
with the prevalently acceptor character of the tyrosine
phenoxyl oxygen in the original JPN/TY/WK-521 virions.

Additional spectral features were found that substantiate the
above analysis. Following previous studies of filamentous
viruses,45,46 a pH increase alters the morphology of the Raman
tyrosine doublet with the new appearance of a relatively strong
band at ∼839 cm−1 (i.e., between the doublet) and a weak
band at 812 cm−1. In the spectrum of the Delta variant, the
former signal could clearly be detected, while the latter one was
too weak and overlapped to be resolvable (cf. Figure 3e,f). This
spectral characteristic suggests the coexistence of tyrosine and
tyrosinate moieties in the protein structure of the Delta variant.
Indeed, the value of the I857/I819 intensity ratio observed in this
variant (i.e., 1.1) nears the intermediate value (i.e., ∼1.25)
usually reported in the literature for the phenolic OH group
acting as both the donor and acceptor of moderate hydrogen
bonds.47 A tendency to deprotonation is symptomatic of an
increased environmental pH and agrees with the finding of a
lowered tyrosine intensity ratio. A further confirmation that
corroborates the tyrosine doublet trend in the TY11-927
spectrum is the appearance of a low-wavenumber amide I
signal at 1635 cm−1 (cf. Figure 1a,b), which is also a marker of
environmental pH enhancement around tyrosine (cf. addi-
tional discussion later in this section).43 The lowered tyrosine
doublet ratio and the 839 cm−1 signal of tyrosinate are markers
of an altered virion/environment equilibrium in the Delta
variant. Finally, note also that zone II contains the breathing
vibration of the indole ring of tryptophan at 753−756 cm−1 (cf.
Figure 3a,b). This latter vibration is ∼20% lower in the Delta
variant than in the Kappa one. A comparison of key residues in
SARS-CoV-2 variants by Deval et al.48 has shown that
tryptophan was the most common residue in both Delta and
Kappa variants. This notion was confirmed by the Raman data
shown in this study in comparison with the spectra of two
Alpha sub-variants shown in a previously published work.11

Zone III�Figure 4a shows the structure of RNA bases and
the fingerprint Raman signals by which they can be located in
the spectrum of viruses. The in-plane deformations of C−N−C
bonds in the heterocyclic aromatic ring of cytosine (C) and
uracil (U) pyrimidines are displayed at different wavenumbers
(i.e., at 1038 and 1054 cm−1, respectively)49−52 because

Figure 4. (a) Schematic draft of purines and pyrimidines with phosphodiester linkages together with the ring vibrational modes selected to locate
different RNA bases (abbreviations p and i in brackets refer to pyridine and imidazole rings, respectively). Spectral zone III (900−1200 cm−1) is
given in (b,c) for the Raman spectra of JPN/TY/WK-521 and TY11-927 viral strains, respectively; spectra are deconvoluted into a sequence of
Gaussian−Lorentzian sub-bands (wavenumbers for selected bands shown in the inset). The abbreviations G, C, U, pl, and A refer to guanine,
cytosine, uracil, phosphodiester linkages, and adenosine, respectively; in (d,e), sub-band signals are separately shown and used to estimate the
fractions of different purine and pyrimidines (shown in the inset together with the wavenumbers of the selected signals) found in different strains.
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different functional groups are attached to their six-membered
pyrimidine ring. The same C−N−C vibration in the five-
membered imidazole ring of guanine (G) purine appears at a
significantly lower wavenumber (i.e., 959 cm−1) as a
consequence of the different structure of the ring.51,52 On
the other hand, a cumulative signal from C−N stretching in
both five-membered imidazole and six-membered pyrimidine
rings of the adenine (A) purine is displayed at 1150 cm−1.51,53

Figure 4d,e summarizes the differences in relative intensity of
signals from purines and pyrimidines in the two investigated
strains. In the inset, fractional intensity values are shown, as
computed by assuming the sum of selected signals from all
purine and pyrimidine bases to be 100%. These fractional
differences capture the process of genome “reshuffling”
occurred in the Delta variant. However, the RNA “Raman
fractions” usually do not match those obtained by genome
analyses11 because they are altered by base pairing, signal
cross-sections, and the presence of viral nucleoproteins
associated at preferential RNA sites.54 Besides vibrational
signals from RNA bases, zone III also contains signals peculiar
to phenylalanine at ∼1004 cm−1 (symmetric ring breathing),
phosphodiester linkages of the RNA backbone (pl band) at
1106−1109 cm−1,55 and arginine at 940, 982, 1088, and 1102
cm−1 (cf. previous section) (cf. labels in Figure 4b,c). The
relative intensity of the pl band, which is proportional to the
number of nucleotides units of ordered structures (and thus
gives the number of nucleotides involved in secondary
interactions), is 3 times higher in the spectrum of the Delta
variant. This means that the Delta variant presents a much
higher probability of secondary interaction than the original
isolate. Regarding the four arginine signals, as discussed in the
previous section, they appear to be peculiar to the Delta variant
except for the band at 1088 cm−1, which shows a weaker signal

also in the spectrum of the original isolate (likely contributed
by other molecules).
Zone IV�Figure 5a shows schematic drafts of the

secondary structures of proteins and their expected ranges of
vibrational (amide I) frequencies: signals at ∼1635, ∼1660,
1678−1683, and 1698−1711 cm−1 represent secondary
structures of the β-sheet, α-helix, random coil, and two β-
turn rotamers (type I and type II), respectively.54 Deconvo-
luted Raman spectra in the amide I region (1600−1750 cm−1)
of the JPN/TY/WK-521 and TY11-927 variants are given in
Figure 5b,c, respectively. In the deconvoluting signals related
to the protein secondary structure, machine learning training
was performed according to the work of Maiti et al.56 In Figure
5d, amide I signals are extracted from the respective
deconvoluted spectra and compared for different isolates (cf.
labels). A common feature resided in the predominance of the
α-helix component in both investigated viral strains. However,
the amide I spectra of the Delta variant was clearly different
from that of the Japanese Kappa isolate, reflecting a substantial
dissimilarity in the protein secondary structure between the
two strains. The most striking difference was the lack of the β-
sheet signal in the JPN/TY/WK-521 strain, coupled to the
absence of a signal from the β-turn type II rotamer (cf. Figure
5b,c). Both these signals were instead clearly detected in the
spectrum of the Delta variant. Fractional amounts of protein
secondary structures were computed from the relative
intensities of the amide I spectrum, as shown in the inset to
Figure 5d,e. According to a Raman study of proteins in an
aqueous environment published by Eker et al.,57 a hydrophobic
environment leads to a propensity to form the β-sheet
structure. The present results agree with this trend since the
Delta variant experienced a lowered I854/I826 tyrosine ratio (i.e.,
a marker of increased environmental hydrophobicity and
increased pH) as compared to the Kappa variant. Recent cryo-

Figure 5. (a) Schematic drafts of the amide I vibrational mode, the different secondary structures of proteins and their related wavenumbers.
Spectral zone IV (amide I, 1600−1750 cm−1) of the Raman spectra of (b) JPN/TY/WK-521 and (c) TY11-927 viral strains; spectra were
deconvoluted into a sequence of Gaussian−Lorentzian sub-bands (wavenumbers for selected bands shown in the inset). In (d,e), signals are shown
and used to estimate the fractions of different protein secondary structures (shown in the inset together with the wavenumbers of the selected
signals) found in different strains. The abbreviations Tyr, Trp, and phl represent tyrosine, tryptophan, and phospholipids, respectively.
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electron microscopy analyses of the conformational states of
the Delta spike have shown that the Delta T478K substitution
(cf. Table 2) plays a fundamental role in stabilizing and
reshaping the receptor-binding domain, enhancing the
interaction with the host-cell receptor ACE2.58 Using a similar
approach, Yurkovetskiy et al.59 showed how D614G changes
affect the conformation of the S1 domain in the SARS-CoV-2
spike; the association rate between D614G and ACE2 being
slower than that between D614 and ACE2 and the dissociation
rate of D614G being faster and resulting in a lower affinity. In
silico studies by Calcagnile et al.60 predicted that D614G
replacement could drastically change the peptide secondary
structure by replacing the (intracellular) C-terminal β-sheet
with the α-helix in the region close to the mutation with a
consequent increase in flexibility and variations in affinity
between ACE2 and the D614G spike. However, unlike the
T478K mutation, the D614G mutation is peculiar to both
variants studied here.61 Accordingly, it is difficult to directly
link the observed conformational differences to a specific
mutation using Raman spectroscopy. Since the spike protein
needs to be in an open-state conformation to interact with
ACE2 and initiate viral entry,62 the present Raman study
suggests that the increase in infectivity reported for the Delta
variant could be linked to a higher propensity of its spike
proteins to unfold or to spend more conformational time in the
open form as a consequence of the enhanced alkalinity of its
surface environment.
Raman Barcodes. In a previous report,11 we proposed to

identify different SARS-CoV-2 variants by constructing a
barcode from their deconvoluted (average) Raman spectra.
Each line of the barcode has a thickness equal to 1/50 of the
deconvoluted sub-band width and a distance from the
successive line proportional to the sub-band area. We
suggested that once the Raman technology could be refined
to allow prompt on-site analyses, the Raman barcode could
enable efficient electronic recordkeeping and increase users’
accessibility to both emergence and transmission character-
istics of variants through apps and user-friendly software.
Figure 6 shows Raman barcodes for the JPN/TY/WK-521 and
TY11-927 variants, as constructed from their deconvoluted
Gaussian−Lorentzian sub-bands (replotted from Figure 1).
For comparison, deconvoluted sub-band components and
Raman barcodes are also shown for the two British variants
QK002 and QHN001 investigated in ref 11. As seen, the
obtained Raman barcodes were capable of unambiguously
locating all virus variants. Similar to the recently proposed
“genetic barcode” (based on genetic data extracted from
coronavirus tests according to a global genome database),63

the “Raman barcode” is capable of locating the multiplicity of
slightly different versions of the virus among infected people
within their general classification into individual variants, likely
using an analytical procedure less cumbersome than genomic
sequencing.
Inactivation of the SARS-CoV-2 Delta Variant by Si3N4

Bioceramics. Figure 7 summarizes a set of immunochemistry
evidence pieces demonstrating the antiviral effect of Si3N4
powder against SARS-CoV-2 JPN/TY/WK-521 and TY11-927
virions were exposed to a 5 vol % Si3N4 powder-containing
aqueous solution. Figure 7a,b shows the fragmentation of viral
RNA upon 1 min exposure to the aqueous suspension, as
evaluated by means of reverse transcription polymerase chain
reaction (RT-PCR) analyses on the N-gene sequences of
Kappa and Delta variants, respectively. Both supernatant

virions and virions on pellets were tested. In comparison
with the powder-unexposed control supernatant (sham
sample), the viral RNA underwent severe damage after Si3N4
contact, and viral RNA was hardly detected on the pelleted
powder, this experimental output being common to both
variants with high statistical validity. Immunofluorescence
images of VeroE6/TMPRSS2 cells are shown in Figure 7c−e
in the case of noninoculated cells (mock), cells inoculated with
TY11-927 virions unexposed to the Si3N4 powder (sham), and

Figure 6. Sequences of Gaussian−Lorentzian deconvoluted sub-bands
and related Raman barcodes for the Kappa JPN/TY/WK-521 and
Delta TY11-927 variants are compared to those of two previously
reported British variants QK001 and QHN001 (from ref 11; cf. labels
in the inset).

Figure 7. Results of RT-PCR tests to evaluate viral RNA
fragmentation using the relative N gene level for (a) JPN/TY/WK-
521 and (b) TY11-927 viral strains (a comparison is given using
evaluations of supernatants and powders with viral RNA from virions
simply suspended in water). Labels in the inset to (a,b) specify
statistics according to the unpaired two-tailed Student’s test.
Fluorescence micrographs of (c) noninoculated cells (mock), (d)
cells inoculated with virions unexposed to Si3N4 powder (sham), and
(e) cells inoculated with TY11-927 supernatant virions exposed for 1
min to a suspension of 5 vol % Si3N4 micrometric powder (results of
the TCID50 assay are given in the inset).
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cells inoculated with supernatant TY11-927 virions exposed for
1 min to a water solution containing a suspension of 5 vol %
Si3N4 powder, respectively. In the images, the antibody of the
anti-Coronavirus Spike S1 stained red, thus representing a
marker for the synthesis of viral proteins. The viable cell F-
actin (phalloidin-stained) displayed green and the cell nuclei
(DAPI-stained) displayed blue. The as-cultured cells, un-
exposed to virions (mock sample), showed no red staining (cf.
Figure 7c), obviously reflecting the absence of virions, while
images of the sham cell sample revealed extensive cell infection
by the virus (cf. Figure 7d). Remarkably, almost no infected
cells were found in the sample inoculated with supernatant
virions treated with Si3N4, which appeared indistinguishable
from the mock sample (cf. Figure 7e). Data by RT-PCR
analyses and fluorescence imaging were confirmed by testing
using the TCID50 assay (cf. data in the inset to Figure 7d,e).
Compared with the negative control (sham sample), the Si3N4
powder produced 99.85% effective inactivation of SARS-CoV-
2 TY11-927 virions. This result was similar to that previously
reported for the JPN/TY/WK-521 variant with an effective
inactivation of 99.28%.12,13 The combination of the TCID50
assay, RT-PCR, and fluorescence spectroscopy results provides
unequivocal evidence for the occurrence of SARS-CoV-2 Delta
variant inactivation by Si3N4 bioceramic powder. In our
previous work on the antipathogenic properties of
Si3N4,

12,13,15−19,64 we have suggested that ammonia eluted by
hydrolytic reactions taking place at the Si3N4 surface in an
aqueous solution plays a fundamental role in the lysis of
pathogens and inactivation of viral strains including the JPN/
TY/WK-521 variant. In order to substantiate the mechanisms
of viral inactivation, we applied Raman spectroscopy to screen
the structural details of inactivated virions at the molecular
scale.
Zone I�Figure 8 shows the normalized and deconvoluted

Raman spectra in the frequency interval 600−1800 cm−1 of
JPN/TY/WK-521 and TY11-927 variants [in (a and b),
respectively] after 1 min exposure to Si3N4 powder suspended

in an aqueous solution. The spectra collected on Si3N4-exposed
virions appeared very different to the ones collected on the
respective unexposed virions (cf. Figure 1) and to each other
as well. The presence of such bold differences proves the ability
of Raman spectroscopy to capture peculiar molecular-scale
variations of the virion structure, as induced by contact with
Si3N4 particles. We performed high spectrally resolved analyses
in zones I−IV (i.e., the same zones selected for Figures 2−5)
in order to locate the main structural variations inferred by
Si3N4 exposure on virions of the two studied variants. These
spectral analyses are shown in Figure 9 (zones I and II) and
Figure 10 (zones III and IV). Normalized and deconvoluted
(average) Raman spectra collected on JPN/TY/WK-521 and
TY11-927 variants before and after exposure to Si3N4 powder
were screened for spectral differences. Figure 9a,b depicts the
Raman spectra collected in spectral zone I (600−750 cm−1) on
JPN/TY/WK-521 and TY11-927 variants, respectively. The
upper and lower spectra in each section are from virions before
and after Si3N4 exposure (cf. labels). Spectral analyses in the
low-wavenumber zone I, which is dominated by vibrational
signals related to the C−S bond,33,34,40 enable capturing with
high sensitivity the effect of nonradical and free radical
structures on methionine and cysteine rotamers.65,66 The
Raman data in Figure 9 show clear wavenumber shifts and
significant variations in relative intensity among bands from
different rotamers when comparing spectra collected before
and after exposure to Si3N4 powder (cf. upper and lower
spectra in Figure 9a,b). Structural changes in methionine
residues prove that, in both variants, exposure to the Si3N4
surface stressed the virions’ structure and induced a change in
the population of the rotameric forms of S-containing amino
acid residues. However, details of structural alterations differed
in the two variants. Important fingerprints of post-translational
modifications induced by the interaction of the JPN/TY/WK-
521 variant with Si3N4 consisted in a clear reduction in
intensity and a shift toward higher wavenumbers (i.e., from
698 to 712 cm−1) of the C−S stretching band of the gauche

Figure 8. Raman spectra in the wavenumber interval 600−1800 cm−1 of (a) JPN/TY/WK-521 and (b) TY11-927 variants after exposure for 1 min
to 5 vol % Si3N4 particles in an aqueous suspension; spectra were normalized to their maximum signal and deconvoluted into Lorentzian−Gaussian
band components. Four zones are emphasized in (a), and labels show frequencies at the maximum of selected bands (abbreviations are the same as
those shown in Figure 1). In (b), asterisks represent bands enhanced by the deimination of the guanidinium group of arginine, while additional
specific vibrations related to structural modification upon Si3N4 powder treatment are emphasized and discussed in the text.
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methionine rotamer. According to Torreggiani et al.,67 these
spectral characteristics, together with the appearance of S�O
and NH3

+ signals at 1043 and 1621 cm−1, respectively, reveal
the formation of methionine sulfoxide (cf. Figure 8a). These
latter two signals, absent in the spectrum of pristine JPN/TY/
WK-521 virions, were newly found in the spectrum of virions
exposed to Si3N4 powder (cf. Figures 1a and 8a). Note that a
strong intensification of bands at 1043 and 1621 cm−1 was also
observed in the spectrum of the TY11-927 virions exposed to
Si3N4 powder (cf. Figures 1b and 8b). However, significant
reduction in intensity and shift toward higher wavenumbers
(i.e., from 718 to 726 cm−1) were observed for the C−S
stretching band of the trans methionine rotamer. Methionine
sulfoxide is a post-translational product of methionine, which
forms upon oxidation and occurs as a consequence of
environmental stress exposure operated by non-radical and
free radical species. The interpretation of the observed spectral
variations as a consequence of methionine sulfoxide formation
is supported by a significant enhancement of two bands from
−COO− terminal bonds, whose symmetric and antisymmetric
stretching vibrations are displayed at 1414 and 1590 cm−1,
respectively (cf. Figures 1 and 8). In the next section, a
discussion is presented about the nonradical or radical

reactions causing methionine oxidation at the surface of
Si3N4 bioceramics.
Zone II�In Figure 9c,d, Raman spectra are displayed for

the spectral region 750−900 cm−1, as collected on JPN/TY/
WK-521 and TY11-927 variants, respectively [upper and lower
spectra in each section for virions before and after Si3N4
exposure (cf. labels)]. The intensity ratio, I854/I824, of the
tyrosine doublet, diagnostic of the H-bonding environment
around the tyrosine units, was altered by instantaneous contact
with Si3N4 powder. However, the morphological change of the
tyrosine doublet for the TY11-927 variant was less dramatic
than that observed for the JPN/TY/WK-521 isolate. In the
latter isolate, a trend inversion was recorded upon exposure to
Si3N4, with the intensity ratio, I854/I826, changing from 1.9 to
0.12. On the other hand, no trend inversion but only a slight
increase in the I857/I819 ratio (i.e., from 1.1 to 1.2) was
observed for the TY11-927 variant. Ammonia induces nitration
in the protein tyrosine unit in biological systems,68 with the
formation of 3-nitrotyrosine, while a shift toward higher
environmental pH values promotes the formation of tyrosine
anions, also referred to as tyrosinate, as achieved by phenol
ring hydroxyl deprotonation.43 Raman spectroscopic studies of
these processes43,68 have revealed that the intensity ratio of the

Figure 9. Enlarged Raman spectra in zone I for (a) JPN/TY/WK-521 and (b) TY11-927 strains before and after 1 min exposure to 5 vol % Si3N4
micrometric powder in an aqueous suspension (cf. labels in the inset) and in zone II for (c) JPN/TY/WK-521 and (d) TY11-927 variants
unexposed and exposed to Si3N4 under the same conditions (cf. labels in the inset). Abbreviations are the same as those shown in Figures 2 and 3.
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phenol ring tyrosine doublet is a useful nitration indicator and
proposed clear procedures for spectroscopically recognizing
the occurrence of the above molecular modifications of
tyrosine. Note that, as discussed later in more detail, both
ammonia formation and pH enhancement are the two main
environmental perturbations occurring at the Si3N4 sur-
face.15,16 The trend inversion of the tyrosine doublet relative
intensity and additional markers of nitration, such as the
appearance of signals from the nitro group, −NO2 (i.e.,
symmetric and asymmetric stretching at ∼1323 and ∼1550
cm−1, respectively, and in-plane bending vibrations at ∼811
cm−1),69,70 evince the occurrence of severe nitration in Si3N4-
exposed JPN/TY/WK-521 virions (cf. Figure 9c). As discussed
later, nitration of tyrosine residues is also expected to induce
bold alterations of the protein secondary structure.71 Less
pronounced morphological changes were seen in the tyrosine
doublet of Si3N4-exposed TY11-927 virions. However, the
slight increase in the I857/I819 ratio was consistent with a
fractional increase in tyrosinate anions as a consequence of
local pH buffering. Following the discussion given in a previous
section, the observed mild increase in relative intensity of the
837 cm−1 tyrosinate band after exposure to Si3N4 is consistent
with an increase in environmental pH at the virion/
environment interface.
Zone III�Short-term exposure to Si3N4 powder induced

bold modifications in the RNA purine and pyrimidine ring
vibrations of JPN/TY/WK-521 virions (Figure 10a). Raman

markers of RNA purines, namely, C−N−C in plane ring
deformation in guanine and the C−N ring stretching mode in
adenine (at 959 and 1150 cm−1, respectively) completely
disappeared. However, regarding RNA pyrimidines, the
spectroscopic marker of uracil base at 1054 cm−1 was ∼4-
fold stronger in relative intensity and shifted by ∼13 cm−1

toward higher wavenumbers, while the cytosine signal at
∼1038 cm−1 remained conspicuously unaltered. Regarding
TY11-927 virions, a comparison between zone III Raman
spectra before and after Si3N4 exposure (Figure 10b) revealed
an intensity reduction (but not a complete disappearance) of
the guanine signal at 959 cm−1, while the 1162 cm−1 signal of
the other purine, adenine, became stronger (rather than
disappearing, as observed in the JPN/TY/WK-521 isolate). On
the other hand, only minor alterations could be found for the
pyrimidine Raman markers, with the weak band of cytosine at
1038 cm−1 remaining unaltered and the uracil band at 1060
cm−1 being shifted to 1067 cm−1 without significant changes in
intensity. Despite differences in structural details between
variants, the spectroscopic findings in zone III are in line with
the severe fragmentation of viral RNA found by RT-PCR
analyses (cf. Figure 7a,b). Following the hypothesis that the
post-translational modifications in methionine and tyrosine
structures (observed in spectral zones I and II, respectively)
could arise from the action of free radicals (as also suggested
by the appearance of the S�O band from methionine
sulfoxide in Figure 10a,b), it could be hypothesized that

Figure 10. Enlarged Raman spectra in zone III for (a) JPN/TY/WK-521 and (b) TY11-927 strains before and after 1 min exposure to 5 vol %
Si3N4 micrometric powder in an aqueous suspension (cf. labels in the inset) and in zone IV for (c) JPN/TY/WK-521 and (d) TY11-927 variants
unexposed and exposed to Si3N4 under the same conditions (cf. labels in the inset). Abbreviations are the same as those shown in Figures 4 and 5.
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significant oxidation might have occurred on specific RNA
bases. Douki and Cadet72 examined the oxidizing effect of
peroxynitrite anions (O�NOO−) on RNA purines and found
the formation of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-
dGuo) at a very low yield linked to the evolution of 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyGua). Sim-
ilar findings could be extended to 4,6-diamino-5-formamido-
pyrimidine (FapyAde) as an oxidation product of the adenine
base.73 In support to this hypothesis is the presence of the two
C�O stretching signals at 1721−1736 cm−1 in zone IV (cf.
Figure 10c,d) as a consequence of the formation of Fapy
molecules (i.e., C�O bonds in open Fapy rings). As discussed
in a previous paper,13 the invariance of the cytosine signal
upon exposure to Si3N4, as found for both variants, is a
consequence of 6-hydroxy-5,6-dihydrocytosine (cytosine pho-
tohydrate) formation being only possible under high radiative
energy.74 Regarding the shift of the uracil band toward a higher
wavenumber, it can be explained as the consequence of an
amide−imidic acid tautomeric shift induced by the robust pH
buffering at the interface between Si3N4 and virions where local
pH reaches values comparable with the uracil ionization pK
value.13,75 The present data are in line with the study by
Nonoyama et al.76 reporting that both cytosine and uracil are
almost inert to the peroxynitrite anion (cf. also discussion in
the next section). It should be noted that ssRNA viruses are
generally prone to the attack of ammonia through the related
formation of nitrogen radicals, their genome being quite
susceptible to degradation. The complete disappearance of ring
vibrations in both guanine and adenine observed in the Si3N4-
exposed JPN/TY/WK-521 virions could only be explained by
the breakage of the imidazole ring by oxygen/nitrogen radicals
to form formamidopyrimidines (Fapy).77 However, the
susceptibility to free radicals might considerably vary among
viruses, as observed here for the TY11-927 variant. Viruses
with more stable genome types may present slower inactivation
kinetics, mainly driven by the degradation of viral proteins.20

The Delta variant seems indeed to belong to this latter type of
virions as it showed a significantly less amount of RNA damage
and slower degradation of viral proteins as compared to the
Japanese Kappa isolate. However, despite the lower amount of
damage, the level of inactivation recorded by immunochem-
istry analyses was yet a remarkable entity (cf. Figure 7a,b).
Zone IV�The amide I region is representative of the

secondary structure of viral proteins. Comparisons between
pristine and Si3N4-exposed virions for this spectral zone are
shown in Figure 10c,d for JPN/TY/WK-521 and TY11-927
strains, respectively. Exposure to Si3N4 induced similarly
marked variations in the protein secondary structure for both
types of virions. Features common to both strains are as
follows: a significant fractional decrease in the α-helix
structure, complete or almost complete disappearance of the
random coil fraction, a relative increase or only a moderate
decrease of the β-sheet fraction, and a reshuffling in the
balance of β-turn rotamers. Raman spectroscopy is very
sensitive to post-translational modifications in proteins and is
widely exploited in therapeutic production, in which subtle
changes are associated with key structural rearrangements.78

Fung and Liu79 have recently reviewed post-translational
modifications of Coronavirus proteins, including the spike,
envelope, membrane, and nucleocapsid proteins, and empha-
sized their fundamental impact on viral replication and
pathogenesis. Raman spectroscopic assessments cannot
provide a direct link between changes in the protein secondary
structure and specific proteins responsible for the loss or
enhancement of viral infectivity. However, the rotameric
variations observed in S-containing amino acid residues are
key to interpreting protein structural changes and viral
inactivation because disulfide bonds regulate folding, traffick-
ing, and trimerization of the spike protein. The observed
rotameric modifications in zone I are indeed connected to
unfolding of the α-helical structure after coming in contact
with Si3N4. Methionine has an especially high helix-forming

Figure 11. (a) Structures and C−S stretching vibrational modes and wavenumbers of the trans methionine rotamer after sulfoxidation of the
methionine structure upon a chemical reaction with peroxynitrite, as shown in the inset; (b) structures of tyrosine, tyrosinate, and 3-nitrotyrosine
(cf. labels) are shown together with their characteristic vibrational modes and fingerprint wavenumbers. Note the symmetric stretching and in-plane
bending modes and the wavenumbers characteristic of the nitro group, −NO2, of the 3-nitrotyrosine structure. (c) Schematic draft of guanine and
adenine RNA purines with their respective ring vibrational fingerprints (C−N−C in-plane ring deformation at 959 cm−1 and the C−N ring
stretching mode at 1150 cm−1 for guanine and adenine, respectively). Their transformation into formamidopyrimidines upon opening of the
imidazole ring and subsequent oxidation is marked by a new C�O stretching mode appearing at 1724 and 1736 cm−1 (cf. Figure 10c,d).

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00200
ACS Infect. Dis. XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00200?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00200?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00200?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00200?fig=fig11&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


propensity,80 but sulfoxidation of helical methionines is a
strong trigger for destabilization of the native α-fold
configuration and leads to a conformational switch into β-
sheet and β-turn structures with an increase in structural
flexibility.81 The disappearance of the random coil structure,
common to both variants after exposure to Si3N4 powder, is
another quite interesting feature. Among post-translational
folding switches,82 those involving redox-sensitive cysteine
thiols are capable of forming reversible disulfide bonds, by
which order ⇔ disorder transitions can be promoted with
reversible alterations of the protein function depending on the
redox environment.83,84 There are other examples of intrinsi-
cally disordered viral proteins undergoing the disorder-to-order
transition under redox or increasingly alkaline environ-
ments.85,86 Leaving aside the intrinsic mechanisms leading to
the observed structural changes, which require additional
investigations, the present Raman data demonstrate that post-
translational modifications involving redox-sensitive cysteine
thiols are essential in the observed viral inactivation pathway.
Schematic drafts of the molecular modifications induced

upon contact with Si3N4 powder are summarized in Figure 11:
sulfoxidation of the methionine structure, formation of 3-
nitrotyrosine, and formation of formamidopyrimidines in (a−
c), respectively. Finally, as a confirmation of the post-
translational modifications and deprotonation process occur-
ring upon exposing SARS-CoV-2 virions to Si3N4 powder, we
monitored the variation of tryptophan signals. Clear signatures
of tryptophan in the viral assembly were reported to be bands
originating from vibrations of (or within) its indole ring: at
∼756 (indole ring breathing), 1228 (H-rocking in the benzene
ring), 1330/1360 (doublet from CH2 vibrations), and 1552
cm−1 (C�C stretching in the pyrrole ring).45 However, due to
overlapping with signals from other amino acid residues, we
were only able to resolve the first and the last bands in the
above list of five. The last band at 1552 cm−1 has been used as
a sensor for protein subunit interactions.87 Given the location
of the C�C bond, its vibrational frequency is affected by the
torsional angle, χ2,1 (cf. Figure 11d). Systematic Raman
analyses of a number of tryptophan derivatives have revealed
the actual dependence of the C�C bond stretching wave-
number on the torsional angle, χ2,1.87 Significant wavenumber
shifts from the common value of 1554 cm−1 (cf. Figure 1a,b)
were recorded after exposure to Si3N4 in both the investigated
variants (i.e., 1569 and 1570 cm−1 for JPN/TY/WK-521 and
TY11-927 strains, respectively). According to the equation
given in the inset to Figure 11d, the initial torsional angle
computed for both variants was small (i.e., χ2,1 = 2.3°).
However, the significant shift toward higher wavenumbers after
exposure to Si3N4 is a marker of the increased deprotonation
and hydrophobicity of virions upon surface contact. The C�C
stretching mode of the tryptophan pyrrole ring senses
hydrophobic interactions and represents an additional Raman
structural marker of the altered conformation of the virions.

■ DISCUSSION
Arginine Signatures in the Delta Variant as Markers

of Infectivity. The effective reproductive number estimated
for the Delta variant (Rt = 6−7) is approximately double that
of the original strain and significantly higher than those of all
previously circulating variants of concerns.88 From an
epidemiological viewpoint, the increased transmission rate of
the Delta variant was linked to its shorter incubation time,89

shorter serial interval,90 and higher viral load.91 However, the

chemical origin of such an increased transmission rate is yet
unclear. A reduction in the time needed to receive an
infectious dose is triggered by mutations that either allow for
more efficient entry of the virus into host cells or result in a
higher viral load in infectious people. In this study, the
challenge is to understand whether Raman molecular finger-
prints for a more efficient entry into host cells (i.e., as a cause
of higher infectivity) of the Delta variant could be found in its
Raman spectrum. If achieved, such an understanding could
enable monitoring (and eventually predicting) viral infectivity,
levels of inactivation, or reactivity with neutralizing antibodies
for reported variants.
The spike protein of the SARS-CoV-2 virus is a type I fusion

protein composed of two subunits responsible for receptor
binding and membrane fusion.92 These highly glycosylated
proteins, which have undergone continue mutations, deter-
mine the infectivity of the virus and its transmissibility in the
host.93 Amino acid changes in the surface of the spike protein
can significantly alter viral functions, as suggested by
investigations of the effects of the site-specific glycans on
infectivity and immune escape.94 Early research on coronavirus
(i.e., preceding the COVID-19 pandemic) indicated putative
asparagine(N)-linked glycosylation sites as post-translational
modifications on the viral envelope, supporting protein folding
and determining infectivity.95 In particular, the L452R spike
receptor-binding motif substitution observed in the Delta
variant confers on it increased infectivity by strengthening the
interaction between the spike protein and the host-cell
ACE2.96 This mutation, which replaces leucine by arginine,6

switches the charge from neutral to strongly positive at a key
location in the reception binding subunit of the spike protein.
Since the ACE2 receptor charge is negative, the L452R
mutation makes the spike protein of the Delta variant
extremely efficient in binding. Polar in nature, arginine is the
most hydrophilic among natural amino acid residues, with its
large side-chain guanidinium (CH6N3

+) group capable of
storing up to six hydrogen bonds (cf. inset to Figure S1b). Due
to its pKa of above 12, the arginine positive charge is hardly
altered in biological environments. The compatibility of the
extremely hydrophilic arginine residue in an overall hydro-
phobic environment, which is the case of Delta virions (cf. the
discussion on the tyrosine doublet), has been discussed in
detail by other authors.97 The five dipolar N−H protons
contained in the guanidinium group are capable of donating
hydrogen bonds, while one pair of electrons can accept a
hydrogen bond. In terms of the potential for interacting with
cell membranes, phospholipids can provide mostly hydrogen
bond acceptor groups in the form of both ester bonds and
phosphate oxygens. There is thus an enormous attraction for
Delta virions toward the cell membrane, with a dramatically
increased probability for the virions to hook into the negatively
charged ACE2 receptor.
Among the arginine markers in the spectrum of the Delta

variant, which were discussed in a previous section (cf. Figures
1b and S1b), the one at 935 cm−1 (N−C−N symmetric
stretching) can be taken as a vibrational fingerprint unique to
the guanidinium group (Table S1), and concurrently, its
relative intensity might represent a marker for strain infectivity.
Notably, this band tends to disappear upon exposure to Si3N4
as a consequence of the chemical environment developed at
the solid/virion interface. On the other hand, Si3N4 exposure
seems not to affect the C−NH2 antisymmetric bending
vibration at 1087 cm−1,23,24 which maintains signal intensity
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and only slightly shifts toward lower frequencies (i.e., from
1088 to 1083 cm−1; cf. Figures 1b and 8b). One possible
explanation for this spectroscopic observation is the post-
translational modification of arginine into citrulline through a
deimination process. As schematically drawn in Figure S3a, in
the deimination process, one of the terminal nitrogens of the
arginine side chain is replaced by a double-bonded oxygen,
which removes the positive charge and alters the secondary
structure of the protein. This structural conversion should
completely eliminate the N−C−N symmetric stretching
vibrations of the arginine guanidinium group (i.e., the 935
cm−1 band, as indeed we observed in Figure 8b) but preserve
the C−N−H2 asymmetric bending mode observed at 1083
cm−1 (cf. Figure S3a,b). This is indeed what we have observed
in the spectrum of Si3N4-exposed TY11-927 virions (cf. Figure
8b). Note that the disappearance of the twin band at 1043
cm−1 also from N−C−N stretching vibrations cannot be
confirmed because of its complete overlap with the S�O
signal from methionine sulfoxide as a byproduct of methionine
oxidation (cf. Figures 8b and S3b in the Supporting
Information). Consistent with this structural variation is also
a clear increase in relative intensity for bands at 1125 cm−1

(mainly C−N stretching), 1149 cm−1 (C−N−H2 asymmetric
bending), and 1655 cm−1 (C−N−H2 symmetric bending)23

upon exposure to Si3N4 powder (cf. bands labeled with an
asterisk in Figures 8b and S3b and listed in Table S2). The
salient changes in the structure and Raman spectrum upon
deimination of arginine are summarized in Figure S3 and Table
S2 of the Supporting Information.
In summary, our Raman study suggests that the guanidinium

group of arginine from L452R spike substitution is likely the
one primarily responsible for the strengthened electrochemical
grip on cells of the Delta variant. Arginine possesses two
proton donor groups (OH and NH), six proton acceptor sites
(N and O), and six or seven bonds enabling molecular
rotations. Accordingly, a number of different tautomers and
conformers, including hydrated,98,99 protonated,100 and alkali-
cationized101,102 structures, are possible upon stabilization by
different intermolecular hydrogen bonds.98 The present
Raman experiments suggest that the 935 cm−1 (N−C−N
symmetric stretching) Raman fingerprint of the guanidinium
group can be taken as a marker for strain infectivity and viral
inactivation upon deimination. As explained above in agree-
ment with available Raman studies,98,102,103 markers of
different tautomers or conformers of arginine can also be
found at distinct wavenumbers. Therefore, the Raman method
unfolded chemical processes behind the enhanced infectivity
or inactivation of the Delta variant and other variants
undergoing L452R spike mutation.
Chemistry Behind Deimination and Post-transla-

tional Modifications. In the previous section, we stated
that one important reason for Si3N4 inactivation of TY11-927
virions was the switch of their receptor-binding motif from
(strongly) positively charged arginine sites into citrulline ones
without a net charge. Our Raman data showed that this
mutation increased hydrophobicity in the spike protein and led
to folding while affecting its secondary structure and function.
However, the chemical route for such inactivation remains to
be clarified. We hypothesize that it could reside in the cascade
of reactions that follow surface hydrolysis of Si3N4.

15,16

Homolytic cleavage of Si−N bonds concurrently liberates
nitrogen anions and unpaired electrons.104 Formation of
ammonium/ammonia moieties induces a substantial pH

buffering in the neighborhood of the surface, while free
electrons split the surrounding water molecules to form oxygen
radicals, which in turn catalyze NH3 oxidation into hydroxyl-
amine and initiate a cascade of off−stoichiometric reactions
leading to the formation of reactive nitrogen species (i.e.,
including NO, NO2, and O�NOO−).105,106 The formation of
O�NOO− at the Si3N4/pathogen biological interface was
proved by stimulated emission depletion microscopy of fungal
pathogens in a previous study.107 The N-vacant sites quickly
attract oxygen to form surface silanols, which are deprotonated
due to the above-mentioned pH buffering effect and thus
possess a negative charge (as experimentally proven by Fourier
transform infrared spectroscopy).108 This study, in line with
previous findings,13 suggests that the final products of Si3N4
surface hydrolysis, namely, nitrogen radicals and deprotonated
silanols, are key in SARS-CoV-2 viral inactivation. The silanol
moieties induce deimination of positively charged arginine to
form uncharged citrulline, as proven by studies of protein
citrullination on silica particles in an aqueous environ-
ment.109,110 On the other hand, nitrogen radicals induce
oxidation of free and peptide-bound methionine to form
sulfoxide with a conformational switch toward β-sheet
structures,111 nitration of tyrosine residues with the formation
of nitrotyrosine (altering hydrogen bonding interactions with
the polar hydroxyl groups key in determining the level of
infectivity), and breakage of the imidazole ring in RNA purines
to form Fapy structures. Obviously, structural and genomic
differences have an impact on the extent of structural damage
that a given variant could sustain before losing its infectivity.
However, the present data confirm that Si3N4 inactivation
pathways have a broad effectiveness and preserve chemical
similarities among different SARS-CoV-2 viral strains. Si3N4
hydrolytic reactions induced a similarly strong degree of viral
inactivation also in ssRNA Influenza A virions,19,112 with
similarities in radical driven post-translational alterations of
methionine C−S bonds and ring opening with formation of
FapyGua.
Significance of the Raman Technology in the COVID-

19 Pandemic. This study has shown that the increased
transmissibility of the TY11-927 Delta variant as compared to
that of the JPN/TY/WK-521 Kappa variant has a chemical
origin. The continuous insurgence of new variants in countries
with a low percent of vaccinated population calls for new
technologies to improve the presently available practices of
traceability, tracking, and record keeping of the viral spread.
This study on the Delta variant, in line with a recent one on
different strains of the Alpha variant,11 demonstrates that the
Raman analysis is capable of unveiling bold differences in
signals from different variants. Distinctive of the variants, once
implemented into a vibrational library, the Raman method
with its unique sensitivity to the molecular structure and
symmetry could provide insightful and promptly obtainable
information as compared to conventional genomic analyses.
We have followed here a barcode approach tailored to
transform the information contained in the Raman spectrum
into easily readable information and used it to compare Delta,
Kappa, and two Alpha sub-variants. The unique molecular-
scale information obtained by Raman spectroscopy, once
empowered with the Raman barcode, could complement
genomic analyses by facilitating real-time data access and
exchange as essential steps in tracking variants and in
estimating their spread and evolutionary mutation rate.
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Besides the importance of a swift spectroscopic identification
of different variants and the related possibility of visualizing in
real time spatiotemporal viral dynamics (a topic discussed in
detail in a previous work),11 this study shows the potential of
Raman spectroscopy in uncovering fundamental aspects of
enhanced infectivity and viral inactivation at the molecular
scale. The possibility of locating vibrational fingerprints of key
mutations and of quantifying the fractional balance between
amino acid residues and their rotamers directly links to viral
fitness and infectivity. It also reflects the genomic interplay
with the cellular environment in which the specific viral strain
was developed. From the above considerations, it emerges how
Raman spectroscopy could provide an invaluable contribution
in rationalizing the chemistry of SARS-CoV-2 structural
evolution (as modulated by the interplay between genomic
and founder-effect-driven kinetics) and viral inactivation (as
induced by contact with antiviral agents, monoclonal antibod-
ies, and drugs).
Finally, as a limitation of this Raman study, it should be

noticed that the Raman spectra shown in Figure 1 are indeed
representative of different variants, as statistically validated by
the Pearson’s method. However, the Raman data were
collected on virion samples fixed in paraformaldehyde, a
procedure that might denature the viral proteins, thus altering
the Raman barcodes with respect to that of untreated virions.
As all samples are treated with exactly the same fixation
procedure, the protein denaturation effect is believed to affect
in the same way all compared spectra, which still makes the
comparison meaningful. Since it is not possible to bring
samples with such a high concentration of virions out of the
biosafety level 3 (BLS-3) room, improved experiments could in
the future only be performed upon setting the Raman device
inside a BSL-3 biocontainment facility (cf. the Methods section
for sample preparation procedures).

■ CONCLUSIONS
This study has shown that the unique sensitivity of Raman
spectroscopy to the molecular structure and chirality can
readily locate the SARS-CoV-2 Delta variant while also
providing key information about mutations in its amino acid
residues, protein secondary structures, and nucleic acid
components. New chemical information was obtained about
the relationship between the observed increase in infectivity
and the L452R-related arginine side-chain conformation of the
spike protein of the Delta variant, enabling more efficient entry
into host cells. There was also sufficient sensitivity to typify
distinctive conformational differences in S-containing amino
acid residues and in amino acid markers of hydrophobicity
such as tyrosine and tryptophan. As a further step in Raman
analysis, we monitored viral inactivation upon short-term
exposure of Delta virions to a 5 vol % fraction of micrometric
Si3N4 crystallites in an aqueous solution. Arginine deimination,
methionine sulfoxidation, and tyrosine nitration were the main
detected post-translational modifications of the viral spike
protein. Post-translational modifications of the spike protein
almost completely blocked the SARS-CoV-2 virions from
infecting the cells, with their clear Raman fingerprints
uncovering the antiviral pathway at the molecular scale.
Raman assessments of radical driven post-translational
alterations represent promising spectroscopic protocols for
assessing the effectiveness of future antiviral therapies. In the
long-term, Raman identification of the molecular species will
allow clear spectral demarcations among different SARS-CoV-2

strains and likely become a key advance in fighting the hardly
predictable evolutions of the COVID-19 pandemic scenario.

■ METHODS
Preparation of SARS-CoV-2 Variants for Raman

Analysis. SARS-CoV-2 virus experiments were conducted in
a BSL-3 biocontainment facility using BSL-3 work practices.
Viral stocks of the original Kappa variant (JPN/TY/WK-521)
and Delta variant (TY11-927) were obtained from the
Japanese National Institute of Infectious Diseases after detailed
genomic characterizations on a series of biological replicates.
Viruses were infected at a multiplicity of infection of 0.01 and
propagated in the VeroE6/TMPRSS2 cells at 37 °C for 2 days.
Each 90 mL sample of the culture supernatants was harvested
and centrifuged at 4800 rpm for 20 min. The clarified
supernatants were assayed using viral infectivity titers using
TCID50 (median tissue culture infectious dose method). The
titer was in the order of 107 TCID50/mL for both variants.
Supernatants were then concentrated 1/15 using an ultra-
filtration membrane, Amicon Ultra-15 centrifugal filter unit
(Merck, Darmstadt, Germany). The concentrates were
suspended in phosphate-buffered saline (PBS) (−) and
ultracentrifuged at 24000 rpm for 3 h at 4 °C. After removing
the supernatants, the pellets were resuspended in 50 μL of PBS
(−), put on glass-bottom dishes, and air-dried. After fixing the
samples with 4% paraformaldehyde for 20 min at room
temperature and washing them with distilled water twice, the
pellets were air-dried again, kept in a dry environment at 4 °C,
and utilized for Raman analyses. The concentration of virus on
the glass bottom in Raman measurements was equivalent to
109 TCID50/38.5 mm2 for both variants. The area of the glass
bottom (7 mm in diameter) was 38.5 mm2.
Raman Spectroscopy and Related Data Treatments.

A Raman spectrometer (LabRAM HR800, HORIBA/Jobin-
Yvon, Kyoto, Japan) was used for in situ spectral analysis of
viral strains. The spectroscope was set in the confocal mode
and equipped using a holographic notch filter to concurrently
provide high-efficiency and high-resolution spectral acquis-
itions. The wavelength of the incoming light was 785 nm, as
emitted from a solid-state laser source operating at 10 mW.
The background spectrum of paraformaldehyde only was
preliminary recorded under the red light using exactly the same
spectroscopic measurement conditions. Under red light, the
paraformaldehyde used for fixation appeared as a broad
background, which could easily be eliminated according to a
standardized procedure, as explained later in this section. A
spectral resolution better than 1 cm−1 was achieved upon
analyzing the Raman scattered light using a double
monochromator connected with an air-cooled charge-coupled
device (CCD) detector (Andor DV420-OE322; 1024 × 256
pixels); the grating used in the spectrometer had the high
resolution of 1800 gr/mm. The acquisition time of a single
spectrum was typically 10 s. However, several consecutive
acquisitions were performed at the same spot to minimize
noise. The laser spot was ∼2 μm, as focused on the sample
through a 50× optical lens. Construction of average spectra
consisted in collecting and averaging 10 spectra at different
locations over a total area of ∼2 mm2 for each type of the
sample. A schematic draft explaining the sample setup and the
sample/probe interaction is given in the Supporting
Information (Figure S4).
Raman spectra were pretreated using a procedure of baseline

subtraction due to the presence of a broad fluorescence noise
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from paraformaldehyde fixation, as stated above. In order to
optimize and standardize the baseline subtraction procedure,
three different methods were compared: polynomial fitting,113

the asymmetric least squares method,114 and penalized spline
smoothing based on vector transformation.23 In background
removal by polynomial fitting,113 the background is fitted to a
low-order polynomial by iteratively determining the poly-
nomial parameters that minimize a least squares criterion. This
method is conceptually the simplest and is widely used in
Raman spectroscopy. However, besides being time-consuming,
it might give unreliable results when baseline drifts arise from
fluorescence noise. Due to the presence of a broad and
irregular fluorescence spectrum from paraformaldehyde, base-
line shifts differed at different locations or even at the same
location when different wavenumber intervals were selected. In
order to counteract severe baseline drifting, the spectral
preprocessing was optimized in order to be insensitive to the
noise morphology. For this purpose, the algorithms proposed
in refs 114 and 115 were tested, and both proved reliable for
the present Raman analyses. The data shown here were
processed according to the penalized spline smoothing
algorithm based on vector transformation, as given in ref
115. An example of background subtraction is shown in Figure
S5 of the Supporting Information.
After baseline subtraction, Raman spectra were automatically

deconvoluted into a series of Gaussian−Lorentzian sub-bands
using commercial software (LabSpec 4.02, HORIBA/Jobin-
Yvon, Kyoto, Japan). In deconvolutive spectral analyses, we
applied a machine learning approach using an automatic solver
built in-house, Sav(ν), exploiting a linear polynomial expression
of Gaussian−Lorentzian functions, V(Δν, σ, γ), where ν, Δν, σ,
and γ represent the Raman frequency, the shift in frequency
from each sub-band’s maximum (ν0), the standard deviation of
each Gaussian−Lorentzian component, and the full-width at
half-maximum of the Lorentzian component, respectively. An
algorithm searching for the minimum value of the difference
between the experimental spectrum and the fitted spectrum
was then set as follows

S V( ) ( , , , ) 0
i

i
j

ij ijav 0
(1)

where the index i locates each compound in a series of n
compounds contributing to the overall spectrum and the index
j locates each Gaussian−Lorentzian sub-band of a series of m
compounds in the Raman spectrum of each compound of an n
series. A computer program was utilized to optimize the above
algorithm after choosing a series of Gaussian−Lorentzian sub-
bands from the deconvoluted spectra of preselected com-
pounds included in a database of key biomolecules and
compounds in aqueous solution and in the solid state
according to the chemical and structural peculiarities of
virions. Preselection of the compounds was performed
according to the published Raman literature on viruses.44,45,47

After picking up the spectral sub-bands of selected elementary
compounds from the library, the algorithm pinpointed the
closest matches to the experimental spectra according to the
three following criteria: (i) assigning spectral positions (ν0) of
sub-bands from each selected elementary compound within ±3
cm−1 (i.e., to include the possibility of alterations of the
molecular structure in the virion structure); (ii) preserving
relative intensities (βij) upon summing up the selected sub-
bands; and (iii) preserving the full-width at half-maximum (σ
and γ) values for specific sub-bands from each elementary

compound. The conditions imposed on band positions,
relative intensities, and bandwidths provided a set of
mathematical constraints that allowed univocally deconvolut-
ing the experimental spectra. The computational work
produced two important outcomes: (a) spectra could be
screened automatically and an appropriate deconvolution
could be suggested through finding the closest match with
the experimentally collected spectrum through eq 1, while
additionally identifying the molecules/compounds primarily
contributing to each sub-band, and (b) sub-bands having
primarily single-reference-molecule sourced signal intensity
(>90%) could be isolated. A number of reference spectra from
basic molecules used in the above-described machine learning
algorithm could be found in ref 112.
Statistical Analyses. Pearson’s correlation coefficient

(PC), r, also referred to as the spectral similarity coefficient,
was calculated according to the following equation21
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where Θ represents the average spectrum from a given variant,
s is the individual spectrum to be statistically evaluated, and n
is the total number of CCD pixels in each of the two spectra.
Note that the wavenumber interval object of the comparison
and the individual pixel intervals selected should be exactly the
same. A perfect matching and a complete mismatch between Θ
and s then give r = 1 and r = 0, respectively.
Statistical analyses of the RT-PCR results were carried out

by means of the unpaired Student’s t-test. The statistical
significance of the data was evaluated as highly statistically
relevant (p < 0.01; labeled with two or more asterisks).
Assessment of Virus Infectivity and Immunochemis-

try Assays. A fraction of 5 vol % Si3N4 powder was dispersed
in 1 mL of PBS (−), followed by the addition of viral
suspensions of each variant [2 × 105 median tissue culture
infectious dose (TCID50) in 20 μL]. The Si3N4 powder
(SINTX Technologies, Inc., Salt Lake City, UT, USA) had a
particle size of 0.8−1.0 μm. Mixing was gently performed at
room temperature for 1 min by slow manual rotation. After
exposure to virions, the powders were pelleted by centrifuga-
tion (2400 rpm for 2 min), followed by filtration through a
0.22 μm filter (Hawach sterile PES syringe filter, Hawach
Scientific Co., Ltd., Xi’an, China). Supernatants and pellets
were collected, aliquoted, and then subjected to RT-PCR tests
using N gene primers. The RNA of viruses exposed or
unexposed to Si3N4 particles was extracted using a QI Amp
Viral RNA mini kit (QIAGEN N.V., Hilden, Germany)
according to the manufacturer protocol. Reverse transcription
was performed using a ReverTra Ace qPCR RT master mix
(TOYOBO CO., LTD., Osaka, Japan). 8 μL of the RNA
template was added to 2 μL of the 5× RT master mix. The
mixture was incubated at 37 °C for 15 min, 50 °C for 5 min,
and 98 °C for 5 min, and held at 4 °C.
Supernatant virions exposed or unexposed to Si3N4 powder

were inoculated into VeroE6/TMPRSS2 cells grown in growth
medium and maintained at 37 °C in an atmosphere of 5%
CO2. The infectivity titer was in all cases in the order of 107
TCID50/mL. After infection at a multiplicity of infection of
0.01 at 37 °C for 2 days, the infected cells were washed with
Tris-buffered saline (TBS) buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl) and fixed with 4% perfluoroalkoxy alkane for
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10 min at room temperature, followed by membrane
permeabilization with 0.1% Triton X in TBS for 15 min at
room temperature. The cells were blocked with 2% fetal bovine
serum in PBS (−) for 60 min at room temperature and stained
with the anti-SARS Coronavirus Spike S1 (Rabbit) antibody
(dilution = 1:60) (Sino Biological Inc., Beijing, China) for 60
min at room temperature. After washing with wash buffer, cells
were incubated with Hoechst 33342 (Dojindo Laboratories,
Kumamoto, Japan), Alexa 594 goat anti-rabbit IgG (H + L)
(1:500) (Thermo Fisher Scientific, Waltham, MA, USA), and
Alexa 488 phalloidin (1:40) (Thermo Fisher Scientific,
Waltham, MA, USA) for 60 min at room temperature in the
dark. Infected cells were visualized using the Keyence BZ-X
analyzer. The inoculated VeroE6/TMPRSS2 cells were stained
red, green, and blue to visualize the viral protein, F-actin, and
cell nuclei, respectively.
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