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A B S T R A C T

The hydrolytic processes occurring at the surface of silicon nitride (Si3N4) bioceramic have been indicated as a
powerful pathway to instantaneous inactivation of SARS-CoV-2 virus. However, the virus inactivation mecha-
nisms promoted by Si3N4 remain yet to be elucidated. In this study, we provide evidence of the instantaneous
damage incurred on the SARS-CoV-2 virus upon contact with Si3N4. We also emphasize the safety characteristics
of Si3N4 for mammalian cells. Contact between the virions and micrometric Si3N4 particles immediately targeted a
variety of viral molecules by inducing post-translational oxidative modifications of S-containing amino acids,
nitration of the tyrosine residue in the spike receptor binding domain, and oxidation of RNA purines to form
formamidopyrimidine. This structural damage in turn led to a reshuffling of the protein secondary structure.
These clear fingerprints of viral structure modifications were linked to inhibition of viral functionality and
infectivity. This study validates the notion that Si3N4 bioceramic is a safe and effective antiviral compound; and a
primary antiviral candidate to replace the toxic and allergenic compounds presently used in contact with the
human body and in long-term environmental sanitation.
1. Introduction

In a previous study on the effect of silicon nitride bioceramic powder on
SARS-CoV-2, we found that simple contact of the powder with the virus in
a dilute aqueous suspension resulted in instantaneous and complete inac-
tivation of the virus [1]. The degree of instantaneous inactivation recorded
was similarly observed for other single-stranded RNA (ssRNA) viruses [2].
Subsequently, it was hypothesized that the agent responsible for this effect
is ammonia. Conversion into virucidal ammonia from ammonium
increasingly occurs with increasing the pH of the aqueous environment
[3]. Since the pH at the biological interface between solid Si3N4 and the
virion surface likely exceed the pK value [4], a steep concentration
gradient is established at the solid/virion interface with a far greater
percentage of indigenous ammonia in the virucidal state at the local
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contact. We used this argument to explain why ssRNA virus inactivation is
greatly accelerated upon contact with Si3N4 particles in suspension.

Studies on the inactivation rates of enterovirus [5] and other enteric
viruses [6] with ammonia have been reported, and locate the viral
sensitivity to this agent as a general property of viruses belonging to the
enterovirus group with few exceptions (e.g., the reovirus, an enteric virus
insensitive to ammonia) [5–7]. It should be immediately apparent from
the structural features that the interaction of viruses exposed to Si3N4
with hydrolytically eluted ammonia results in structural and chemical
damage.

Si3N4 is a biocompatible ceramic with the unique property of
concurrently supporting cell-cycle progression in eukaryotic cells and
counteracting pathogens [4,8–14]. Such dual (and uncommon) behavior
is the result of its peculiar surface chemistry, which features a
azda).

September 2021

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:pezzotti@kit.ac.jp
mailto:mazda@koto.kpu-m.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2021.100144&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2021.100144
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2021.100144


G. Pezzotti et al. Materials Today Bio 12 (2021) 100144
cell-proliferation supportive cation (silicon) and the formation of
ammonia/ammonium (and nitrogen radicals) as byproducts of the hy-
drolytic interaction between surface secondary amines and aqueous
environment at the biological interface [4]. Such reactions in turn induce
a robust pH buffering effect. Accordingly, optimal biological properties in
Si3N4 strongly depend on its surface stoichiometry, which could be
modulated to enhance either cell proliferation or pathogen lysis. The
different capacity of eukaryotic cells and pathogens of metabolizing
un-ionized species of ammonia and, thus, of resisting under NH3 stress is
key in the observed “antibiotic-like” behavior of Si3N4. In the specific
context of the present study, we build upon the widely accepted notion
that ssRNA virions have in general no capacity to resist inactivation by
ammonia attack to their RNA and viral proteins [2,15].

With the scenarios by which SARS-CoV-2 could actually have arisen
and its immunoevasive mechanisms yet under discussion [16], we looked
for a safe antiviral material with wide effectiveness and, concurrently, for
an analytical tool capable of screening the virions’ structure at the mo-
lecular scale. Accordingly, the main emphasis of this study was placed on
elucidating the mechanisms of virus inactivation by means of Raman
vibrational analyses of SARS-CoV-2 virions before and after exposure to
Si3N4 micrometric particles (5 vol%) suspended in aqueous solution. We
then compared the results with the susceptibility of other viruses to the
same Si3N4 powder. The present spectroscopic characterizations, which
are in line with our previous in situ Raman studies in microbiology [17],
focused on the antiviral mechanisms, and clarified the pathway by which
eluted ammonia and related reactive nitrogen species inactivate the
virus, in comparison with other ssRNA viruses. Understanding the viru-
cidal effects of Si3N4 at the molecular scale is key in controlling and
optimizing its surface stoichiometry for the development of advanced
environmental sanitation approaches capable to counteract the
COVID-19 pandemic without affecting human health even in the long
term.

2. Experimental procedures

SARS-CoV-2 viral stock of the original Japanese isolate (JPN/TY/WK-
521) was obtained from the Japanese National Institute of Infectious
Diseases. The viral stock was propagated using VeroE6/TMPRSS2 cells at
37 �C for 2 days and harvested by centrifugation at 4800 rpm for 20 min.
Samples for Raman spectroscopy were supernatant virions with a con-
centration of 3.0–4.5 � 109 TCID50 laid on a glass sheet with an area of
~38.5 mm2. Five volume percent (5 vol%) of Si3N4 powder was
dispersed in 1 mL of Phosphate Buffer Solution (PBS(�)), followed by the
addition of the viral suspension (2� 105 median tissue culture infectious
dose (TCID50) in 20 μL). The Si3N4 powder (SINTX Technologies, Inc.,
Salt Lake City, UT USA) had an average particle size of 0.8 � 1.0 μm.
Mixing was gently performed at room temperature for 1 min by slow
manual rotation. After exposure, the powders were pelleted by centri-
fugation (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 were collected, aliquoted, and sub-
jected to TCID50 assays, real-time RT-PCR, and fluorescence assays. The
full details of sample preparation and analyses were described in a pre-
vious study [1]. SARS-CoV-2 virus experiments were conducted in a
biosafety level 3 (BSL-3) biocontainment facility using BSL-3 work
practices.

A Raman spectrometer (LabRAM HR800, Horiba/Jobin-Yvon, Kyoto,
Japan) operating with a 50x optical lens was used for in situ spectral
analysis of the virus sample. The preparation procedure of the isolate
JPN/TY/WK-521 sample is described in the Supplementary Information.
The spectroscope was set in confocal mode and used a holographic notch
filter, which concurrently provided high-efficiency and high-resolution
spectral acquisitions. The incoming light was from a 532 nm solid-state
laser source operating at 10 mW. A spectral resolution of ~1 cm�1 was
achieved upon analyzing the Raman scattered light by a double mono-
chromator connected with an air-cooled charge-coupled device (CCD)
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detector (Andor DV420-OE322; 1024� 256 pixels). The acquisition time
of one spectrumwas ~15 s. To obtain an average spectrum, thirty spectra
were collected at different locations over areas of ~2 mm2 and averaged.

The average Raman spectrum was treated with a baseline subtraction
and automatically deconvoluted into series of Voigtian sub-bands using
commercial software (LabSpec 4.02, Horiba/Jobin-Yvon, Kyoto, Japan).
Baseline subtraction applied the criterion of polynomial fitting. For
spectral analysis, we applied a machine-learning algorithm specially
crafted for the Raman spectrum. This consisted of an automatic solver
exploiting a linear polynomial expression of Voigtian functions. An al-
gorithm searching for the minimum value of the difference between the
experimental and the fitted spectrum was then applied through a com-
puter program. The program chose a series of Voigtian sub-bands from
the deconvoluted spectra of pre-selected compounds from a database of
key biomolecules in aqueous solution and in a solid state according to the
chemical and structural peculiarities of the virions. According to the
spectra of pre-selected compounds, the algorithm pinpointed the closest
matches to the experimental spectra according to established criteria of
relative intensity, spectral position and bandwidth. These conditions
provided the required mathematical constraints to univocally deconvo-
lute the experimental spectrum. Additional details about the spectral
deconvolution procedure and the machine-learning algorithm were
given in a previous report [12].

3. Experimental results

3.1. Evidences of the antiviral behavior of Si3N4

Fig. 1 summarizes the salient immunochemistry evidences so far
collected on the antiviral behavior of Si3N4 powder vs. SARS-CoV-2 [1].
Details of the procedures adopted are given in the Supplementary In-
formation. Immunofluorescence images of VeroE6/TMPRSS2 cells are
shown for (a) non-inoculated cells (mock), (b) cells inoculated with vi-
rions unexposed to the Si3N4 powder (sham), and (c) cells inoculated
with supernatant virions exposed for 1 min to 5 vol% Si3N4 powder,
respectively. In the images, the envelope antibody of the anti-SARS
coronavirus is stained red, the viable cell F-actin (Phalloidin-stained)
green, and the cell nuclei (DAPI-stained) blue. The red fluorescent signal
is thus a marker for the synthesis of viral protein. As expected, the
as-cultured cells unexposed to virions (mock sample) showed no red
staining (cf. Fig. 1(a)), while the images of the sham cell sample revealed
extensive cell infection by the virus (cf. Fig. 1(b)). Remarkably, the cells
inoculated with supernatant virions treated with Si3N4 were viable,
showed no infected cells, and even appeared to further proliferate (cf.
Fig. 1(c)). The plot in Fig. 1(d), which quantifies a series of fluorescence
images, and shows ~35% fraction of cells in the sham sample (negative
control) and only 2% of cells inoculated with Si3N4–exposed supernatant
virions. Moreover, the fraction of viable cells was up to 10% higher than
that in the mock sample although lacked statistical significance. Data by
fluorescence imaging were confirmed by testing with TCID50 assay (cf.
data in inset to Fig. 1(b) and (c)). Compared with the negative control
(sham sample), the Si3N4 powder produced >99% effective inactivation
of SARS-CoV-2 virions.

The fragmentation of viral RNA upon 1-min contact with the Si3N4
powder was evaluated by means of RT-PCR experiments on the virions N-
gene sequence (Fig. 1(e)). Both supernatant virions and virions on pellets
were tested. Unlike the case of powder-unexposed control supernatant
(sham sample), the viral RNA underwent severe damage after Si3N4
contact, and viral RNA could not be detected on pelleted powder.

For further confirmation, the above characterizations were repeated
for virions exposed for 10 min to Si3N4 particles (n ¼ 3). The results,
shown inFig. S-1 of the Supplementary Information, validated the trend
observed at 1 min exposure as shown in Fig. 1. The combination of
fluorescence spectroscopy and RT-PCR results unequivocally proves the
occurrence of SARS-CoV-2 inactivation by Si3N4 bioceramic powder.
Based on this evidence and our previous work on the antipathogenic



Fig. 1. Fluorescence micrographs of (a) non-inoculated
cells (mock), (b) cells inoculated with virions unexposed
to Si3N4 powder (sham), and (c) cells inoculated with su-
pernatant virions exposed for 1 min to a suspension of
~5 vol% Si3N4 powder (results of TCID50 assay in inset);
(d) quantification of fluorescence microscopy data given as
% of infected cells on total cells (i.e., % of red-stained cells
with respect to the total number of blue-stained nuclei),
and % of viable cells on total cells (i.e., % of green-stained
cells with respect to the total number of blue-stained
nuclei). Labels in inset specify statistics by the unpaired
two-tailed Student's test with n ¼ 3. In (e), results of RT-
PCR tests to evaluate viral RNA.
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properties of the Si3N4 [1,2,4,12,13,18], we hypothesized that ammonia
likely plays a fundamental role in inactivating SARS-CoV-2 and we
attempted to prove this hypothesis using Raman spectroscopy.

3.2. Raman spectroscopic results

Fig. 2 shows normalized and deconvoluted Raman spectra as
collected in the frequency interval 600–1800 cm�1 on SARS-CoV-2
Japanese isolate JPN/TY/WK-521 virions (a) before and (b) after
1 min exposure to Si3N4 powder in aqueous solution. The spectra
collected before and after Si3N4 exposure appeared very different to each
other, thus proving that the Raman spectrum captured the fundamental
3

differences caused to the virus structure upon contact with Si3N4 particles
at the molecular level. Precise analyses of spectral differences are dis-
cussed with respect to four selected spectral zones labeled as Zones I ~ IV
and located at 600–750 cm�1, 750–900 cm�1, 900–1200 cm�1, and
1600–1750 cm�1. Raman spectra in the selected spectral zones were
collected with high spectral resolution, normalized, and deconvoluted
into sub-band components according to the procedure discussed in Sec-
tion 2. Frequencies at maximum and proposed vibrational origins are
given in the Supplementary Information (Fig. S-2 and Tables S-I(a)~(d)).

Fig. 3(a)–(d) show the spectra collected in Zone I, II, III, and IV. The
upper and lower spectra in each section are from virions before and after
exposure (cf. labels). Zone I is dominated by vibrational signals related to
Fig. 2. Raman spectra in the frequency
interval 600–1800 cm�1 of (a) the orig-
inal SARS-CoV-2 Japanese isolate JPN/
TY/WK-521, and (b) of the same
isolate after exposure for 1 min to 5 vol
% Si3N4 particles in aqueous suspension.
Spectra are normalized to their
maximum signal and deconvoluted into
Voigtian band components. Four Zones
are emphasized in (a) and labels show
frequencies at maximum of selected
bands (Met, Tyr, Trp, and Phe are ab-
breviations for methionine, tyrosine,
tryptophan and phenylalanine, respec-
tively). In (b), specific vibrations related
to structural modification upon Si3N4

powder treatment are emphasized and
discussed in the text.



Fig. 3. Enlarged Raman spectral zones of the JPN/TY/WK-521 isolate before and after exposure to 5 vol% Si3N4 micrometric powder in aqueous suspension: Zone I
(600–750 cm�1), Zone II (750–900 cm�1), Zone III (900–1200 cm�1), and Zone IV (1600–1750 cm�1); spectra are deconvoluted into a sequence of Voigtian sub-bands
(frequencies for selected bands shown in inset). The abbreviations Met and Cys refer to methionine and cysteine, respectively (with (t) and (g) locate trans and gauche
rotamers, respectively); the abbreviations G, C, U, pl, and A refer to guanine, cytosine, uracil, phosphodiester linkages, and adenosine, respectively.
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the C–S bond [19–21], and thus belongs to methionine and cysteine
rotamers, namely, the only amino acids incorporated into viral proteins
that contain sulfur. Zone II was selected because it contains a doublet
from tyrosine (often referred to as “Fermi doublet”) at 854 and 826 cm�1.
The doublet intensity ratio, referred to as I854/I826, is diagnostic of an
H-bonding environment around the tyrosine units; the lower the ratio the
more hydrophobic the environment in which the tyrosine residue is
embedded [22,23]. Zone III contains a prominent Raman signal from
phenylalanine at 1004 cm�1 (symmetric ring breathing) and incorporates
ring-related signals assignable to individual RNA purine and pyrimidines.
Cytosine (C) and uracil (U) pyrimidine bands from C–N–C in-plane
deformation of heterocyclic aromatic ring care entered at 1038 cm�1

and 1054 cm�1, respectively [24–26]; guanine purine shows the same
vibrational mode at 959 cm�1, while the C–N stretching mode at
1150 cm�1 is cumulative of the imidazole and pyridine rings of the
adenine (A) [27,28]. Finally, Zone IV designates the Amide I frequency
region, which is representative of the secondary structure of viral pro-
teins. The deconvoluted Amide I band components are assigned to
β-sheet (βs; at 1638–1640), α-helix (αh; 1657–1661), random coil (rc;
1675–1679), and β-turn rotamers (βt-I and βt-II; at 1692–1698 and
1713–1716 cm�1, respectively).

Structural changes in methionine residues are among the most
important post-translational modifications of the proteins engendered by
the presence of non-radical and free radical species [29,30]. Raman
4

spectroscopy is uniquely posed to capture such structural modifications
because of its high sensitivity to C–S bond vibrations, which strongly
display in Zone I. Fig. 4(a) shows a draft of the vibrational modes in
different methionine rotamers. The C–S stretching modes on the CH3 side
of the molecule give rise to two Raman bands at ~716 and ~698 cm�1,
which are attributed to the trans and gauche rotamers, respectively [31].
On the other hand, the C–S signal on the CH2 side found at ~650 cm�1

belongs to both rotamers. However, the C–S þ S–C in-phase stretching
mode appears at distinct frequencies in different rotamers (669 and
642 cm�1 for trans and gauche configurations, respectively). In the Raman
spectrum of the pristine SARS-CoV-2 virus, the most intense methionine
band at ~698 cm�1 suggests that methionine residues are mainly in the
gauche rotameric configuration with respect to the –C(α)

–S bond (cf. la-
bels in Fig. 4(a)). Exposure to the Si3N4-surface environment stressed the
structure and induced a change in the population ratio of the two rota-
meric forms, as shown by the significant decrease in the intensity ratio,
I700/I721 (from 3.5 to ~1; cf. Fig. 3(a) and the schematic draft in
Fig. 4(b)). The complete disappearance of the gauche C–S þ S–C in-phase
stretching band at 642 cm�1 confirms this trend. However, additional
fingerprint features could be found in the methionine spectrum, which
were induced by environmental interactions with Si3N4. They corre-
sponded to a clear shift toward higher frequencies of the C–S stretching
band from 698 to 707 cm�1 and a more than two fold increase in the
relative intensity of the C–S þ S–C in-phase stretching signal at



Fig. 4. (a) Structures and C–S stretching vibrational modes/frequencies of trans and gauche methionine rotamers (cf. labels) and structural and vibrational variations
after sulfoxidation of the methionine structure; (b) Voigtian components representing signals from different rotameric configurations of the methionine structure
before and after exposure to Si3N4 powder (labels in inset give band frequencies and types of rotamer).
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~740 cm�1. Concurrently, two new bands appeared at 1043 and
1623 cm�1 (cf. arrowed asterisks in Fig. 3(c) and (d), respectively). These
two signals can be assigned to S––O stretching and NH3

þ in-plane
bending, respectively; both vibrations appeared as shoulder bands, but
were clearly missing in the spectrum of unexposed virions. According to a
vibrational spectroscopy study by Torreggiani et al. [32], the appearance
of the above S––O and NH3

þ signals coupled with a reduction in the C–S
band at 698 cm�1, which was found replaced by a more intense signal at
707 cm�1, reveals the formation of methionine sulfoxide (cf. Fig. 4(b)).
This molecule, depicted in Fig. 4(a), 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. In support of this interpretation, one could note a significant
enhancement of two bands from –COO– terminal bonds, whose sym-
metric and asymmetric stretching vibrations display at 1414 and
1590 cm�1, respectively (cf. Fig. 2(b)). This latter band also overlaps
in-plane bending vibrations of the NH3

þ terminal group in methionine
sulfoxide [32]. Moreover, both marked shift and signal intensification of
C–S stretching at 698 cm�1, and of C–S þ S–C in-phase stretching at
~740 cm�1 (cf. Fig. 4(b)) could conceivably be the consequences of
variations in bond stiffness/flexibility in the oxidized molecule. The next
section will discuss which non-radical or radical reaction(s) have caused
5

methionine oxidation at the surface of Si3N4 bioceramics.
Fig. 5 represents the main expected molecular structure modifications

and the spectroscopic characteristics revealed by the Raman analysis of
Zone II. Fig. 5(a) depicts the vibrational origins of the tyrosine doublet as
related to independent modes of the phenol ring: in-plane ring breathing
and out-of-plane C–H bending at 854 cm�1 and 826 cm�1, respectively
[23]. The intensity ratio of these two signals, I854/I826, has been indicated
as a sensor of hydrophobic/hydrophilic balance in environmental in-
teractions involving the tyrosine phenol ring [23]. Ammonia is known to
induce protein tyrosine nitration in biological systems [33], and to be the
cause of several pathologies [34]. The process of tyrosine nitration
(depicted in Fig. 5(a)), which leads to 3-nitrotyrosine formation, has been
studied using Raman spectroscopy [35]. The intensity ratio of the phenol
ring tyrosine doublet, I854/I826, is a useful nitration indicator. Additional
markers of nitration are signals from the nitro group, –NO2, (cf. Fig. 5(a)):
stretching (i.e., symmetric and asymmetric at ~1330 cm�1 and
~1550 cm�1, respectively) and in-plane bending vibrations (i.e., at
~821 cm�1) [36,37]. Upon nitration, the relative intensity of the tyrosine
doublet undergoes a trend inversion (cf. Fig. 5(b)) due to the contribution
of –NO2 bending at ~821 cm�1 [35]. The spectroscopic signals of
Fig. 3(b) in the frequency interval of the tyrosine doublet before and after
exposure to Si3N4 powder are schematically reproduced in Fig. 5(b). We



Fig. 5. (a) Structure of tyrosine and 3-nitrotyrosine (cf. labels): shown together
with in-plane ring breathing and out-of-plane C–H bending vibrational modes/
frequencies of the phenol ring in the former and symmetric stretching and in-
plane bending modes/frequencies in the nitro group, –NO2, of the latter; (b)
Voigtian components representing signals of the tyrosine doublet components as
detected before and after exposure of the virions to Si3N4 powder (Raman ratios
I854/I826 and I854/I811þ821 given in inset).
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indeed observed a trend inversion for the tyrosine doublet upon exposure
to Si3N4, with the intensity ratio, I854/I826, changing from 1.9 to 0.12.
This bold variation is partly due to overlap with the –NO2 signal (the
low-frequency band of the doublet appears split into two sub-bands), but
predominantly arises from a perturbation of benzene ring symmetry
(causing intensity increase and shift of the low-frequency band toward
lower wavenumbers). Confirmation of the tyrosine nitration process was
also obtained by the enhancement of the relative intensity of –NO2

symmetric and asymmetric stretching bands at 1330 and 1550 cm�1,
respectively (cf. labels in Fig. 2(b)). Nitration of tyrosine residues is also
expected to induce severe alterations of protein secondary structure [38].

An additional bold feature in Zone II is the complete disappearance of
two bands at ~781 and 789 cm�1 in the spectrum of virions exposed to
Si3N4 (cf. Fig. 3(b)). These two bands are cumulatively contributed to by
the ring vibrations of the RNA bases and C–O–P–O–C phosphodiester
bonds [39]; and their disappearance is an unambiguous proof that the
viral RNA has been damaged upon contact with Si3N4. This finding is in
line with the severe fragmentation of viral RNA found upon screening the
virions N-gene sequence by means of RT-PCR after 1-min contact with
the Si3N4 powder (cf. Fig. 1(e)). Additional details of RNA damage upon
short-term exposure to Si3N4 powder could be found in Zone III
(Fig. 6(a)). The Raman signals selected as markers of RNA purines in this
zone (C–N–C in-plane ring deformation in guanine and C–N ring
stretching mode in adenine; at 959 cm�1 and 1150 cm�1, respectively)
completely disappeared in the spectrum of Si3N4-exposed virions (cf.
Fig. 3(c)). The selected spectroscopic marker of uracil base in Zone II was
found ~4-fold stronger in relative intensity and shifted by ~13 cm�1

toward higher wavenumbers. An exception in the above prospect of RNA
damage was represented by the cytosine signal (C–N–C in-plane defor-
mation of heterocyclic aromatic ring) centered at ~1038 cm�1, which
remained unaltered (cf. Fig. 3(c)). These trends are schematically drawn
6

in Fig. 6(b). It is known that ssRNA viruses are the viruses most prone to
ammonia attack, because their genome type is more susceptible to
degradation, while other more stable genome types present a slower
inactivation, mainly driven by degradation of viral proteins [6]. How-
ever, a complete disappearance of ring vibrations in both guanine and
adenine purines, as observed in this study, can only be explained by
invoking breakage of the imidazole ring to form formamidopyrimidines
(Fapy) [40]. Such substantial structural changes are not obviously
assignable to any direct interaction with ammonia molecules; instead,
they can only be caused by off-stoichiometric reactions with oxygen/-
nitrogen radicals. Note that also the Raman results of post-translational
modifications in the methionine structure (in spectral Zone I) pointed
to the action of free radicals (cf. above). Work by Douki and Cadet [41]
showed that peroxynitrite anion (O––NOO�) can exhibit pronounced
oxidizing properties toward purine moieties, which leads to the pro-
duction of 8-oxo-7,8-dihydro-20-deoxyguanosine (8-oxo-dGuo) at a very
low yield. In a successive work, Douki et al. [42] linked the presence of
8-oxo-dGuo to the formation of 2,6-diamino-4-hydroxy-5-formamidopyr-
imidine (FapyGua), and also extended the findings to 4,6-diamino-5-for-
mamidopyrimidine (FapyAde) as an oxidation product of the adenine
base. The hypothesized structural variations, as induced upon oxidation
by O––NOO�, are schematically shown in Fig. 6(a). In support of this
hypothesis, one could invoke a significant enhancement in C––O
stretching vibration in Zone IV (cf. Fig. 3(d)) as a consequence of the
formation of Fapy molecules (cf. newly formed C––O bonds in open Fapy
rings as depicted in Fig. 6(a)).

Besides the evidence of ring disruption in purines, the present Raman
study also reveals the behavior of pyrimidine bases in viral RNA upon
exposure to Si3N4 powder. The evidence of no variations in the cytosine
signal indeed supports the hypothesis of a radical species effect on RNA
degradation. Degradation of the cytosine structure to form 6-hydroxy-5,6-
dihydrocytosine (cytosine photohydrate) only arises from the photo-
hydration reaction of cytosine [43]. This mechanism requires a
high-energy radiative, oxygen-independent process [44], which is not
involved with the hydrolytic reactions in object here. Nonoyama et al. [45]
have reported that both cytosine and uracil are almost inert to the per-
oxynitrite anion. Their study thus supports our finding of cytosine inert-
ness in the hydrolytic environment of Si3N4. However, an explanation for
the observed vibrational behavior of uracil pyrimidine requires further
elaboration. According to ultraviolet and ultrasonic absorption results [46,
47], the uracil structure primarily exists in the lactam (amide) form in
neutral aqueous solution. However, in an alkaline environment (pK~9.2),
ionization takes place and forms hydroxyl groups to replace the
double-bonded oxygens forming the lactim (imidic acid) structure [48].
The hydrolytic reactions taking place at the solid surface of Si3N4 in an
aqueous environment induce a robust pH buffering at the interface with
virions with local pH values comparable with the uracil ionization pK
value. Accordingly, it is conceivable to hypothesize that the uracil structure
underwent an amide-imidic acid tautomeric shift. This structural change
could explain both the increased intensity and the shift toward the higher
frequency of the uracil ring vibration in Zone III (cf. Fig. 6(b)).

The Amide I Zone IV at 1600–1750 cm�1 (Fig. 3(d)) gives information
about the secondary structure of proteins. A comparison between pristine
and Si3N4-exposed virions reveals marked variations, with a relative in-
crease in β-sheet fraction mainly at the expenses of random coil, and a
reshuffling in the balance of β-turn rotamers. The usefulness of Raman
spectroscopy in assessing post-translational modifications in proteins is
widely exploited in therapeutic production, a field in which subtle
changes are associated with key structural rearrangements hardly
detected by conventional methods of protein analysis [49].
Post-translational modifications of Coronavirus proteins, including spike,
envelope, membrane, and nucleocapsid proteins have recently been
reviewed by Fung and Liu [50], with emphasis on their impact on viral
replication and pathogenesis. Although the present Raman spectroscopic
assessments do not provide enough information to link changes in pro-
tein secondary structure to specific proteins responsible for the observed



Fig. 6. (a) Schematic draft of guanine
and adenine RNA purines with their
respective ring vibrational fingerprints/
frequencies (C–N–C in-plane ring defor-
mation at 959 cm�1 and C–N ring
stretching mode at 1150 cm�1 for gua-
nine and adenine, respectively), and
their transformation into for-
mamidopyrimidines upon opening of
the imidazole ring and oxidation with a
new C––O stretching mode appearing at
1724 cm�1. In (b), a comparison is
shown of Voigtian components repre-
senting fingerprint signals (and respec-
tive frequencies) of RNA purine and
pyrimidines before and after exposure of
the virions to Si3N4 powder.
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loss of viral infectivity, the rotameric variations observed in S-containing
amino acids are the key to interpreting protein structural changes and
amply justify viral inactivation; since disulfide bond formation is
fundamental for a correct folding, trafficking, and trimerization of the
spike protein. The observed rotameric modifications in Zone I can be
connected to the unfolding of the α-helical structure after coming in
contact with Si3N4, because methionine has an especially high
helix-forming propensity [51]. On the other hand, a recent computa-
tional simulation study of the impact of methionine oxidation on the
dynamics and energetics of proteins’ α-fold conformation has shown that
the sulfoxidation of helical methionines is a strong trigger for the
destabilization of the native α-fold configuration and leads to protein
conformational switch in the β-sheet structure [52]. This change gives a
more flexible secondary structure, but it also favors alternative states
which maybe essential in the observed viral inactivation pathway.

4. Discussion

4.1. Post-translational modifications uncovered by Raman spectroscopy

Taken together, these results provide a set of unequivocal spectro-
scopic markers of the main structural changes occurring to SARS-CoV-2
virions as a consequence of their exposure to Si3N4-eluted ammonia
and related radicals. Despite the impressive experimental methods
presently available in virology, there are currently no techniques that can
provide molecular-scale insights into rotameric modifications at specific
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residues. However, Raman spectroscopy, with its unique capacity to
unfold differences in molecular symmetry, has revealed rotameric
transactions and the formation of sulfoxidated helical methionines
destabilizing the structure of the spike receptor binding domain (RBD)
recombinant proteins. Methionine residues are highly susceptible to
oxidation and form methionine sulfoxide [53]. Oxidation modifications
of methionine residues within proteins is mediated by a variety of oxygen
and nitrogen radicals, including peroxynitrite, O––NOO� [54]. Oxidation
of free and peptide-bound methionine to sulfoxide results in significant
conformational and functional changes in proteins. Dado and Weissbach
[55] have shown that methionine oxidation serves as a conformational
switch toward increasing the fraction of β-sheet structure, which is
indeed what we observed in this study. The rationale for the formation of
peroxynitrite at the virion/Si3N4 interface is given in the next section in
discussing the formation of Fapy structures.

An additional finding in the RBDwas the nitration of tyrosine residues,
which are dominant component of the SARS-CoV-2 spike structure [56].
An important feature of the interface between the spike RBD protein and
angiotensin-converting enzyme (ACE 2) receptor (i.e., the entry point for
the virus to hook into human cells) is its dense network of hydrophilic
interactions. With thirteen hydrogen bonds and two salt bridges at the
SARS-CoV-2 RBD/ACE2 interface [56], the involvement of multiple
tyrosine residues in forming hydrogen-bonding interactions with the
polar hydroxyl groups is key in determining the level of infectivity. The
present Raman assessments revealed the formation of nitrotyrosine and,
consequently, a dramatic impairment of hydrophobic/hydrophilic
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balance in phenol ring environmental interactions.
Methionine sulfoxidation and tyrosine nitration represent oxidative

post-translational modifications of the viral spike protein that block the
SARS-CoV-2 virions from entering cells. Post-translational modifications
of the spike protein create this block as the virions insert the wrong key
inside the cell lock. These findings exemplify well the antiviral pathway
and justify the loss of infectivity of the viral strain upon contact with
Si3N4. As an additional finding of this study, we suggest that Raman as-
sessments of rotameric methionine fractions, and the degree of nitration
in tyrosine residues could represent promising spectroscopic protocols
for assessing the effectiveness of antiviral therapies.

4.2. Formamidopyrimidine formation and the origin of free radicals

As mentioned in Section 3.2, breakage of the imidazole ring in RNA
purines to form Fapy structures necessarily requires the presence of ox-
ygen/nitrogen radicals, and the peroxynitrite anion is believed to be the
main agent of purine oxidation because of its strong oxidation capacity.
The formation of O––NOO� at the Si3N4/pathogen biological interface
has been proved in a previous investigation using stimulated emission
depletion microscopy of fungal pathogens and explained according to a
cascade of off-stoichiometric reactions starting from the formation of
ammonia [12]. Briefly, the homolytic cleavage of Si–N bonds occurring
upon hydrolysis at the Si3N4 surface concurrently liberates nitrogen an-
ions and unpaired electrons [57]; free electrons split the surrounding
water molecules to form oxygen radicals, which in turn catalyze NH3
oxidation into hydroxylamine and initiate a cascade of off-stoichiometric
reactions leading to the formation of reactive nitrogen species (i.e.,
including NO, NO2, and O––NOO�) [58,59]. Note that the present study
supports the above interpretation by documenting the presence of
nitrotyrosine residues as a proof for the existence of peroxynitrite at the
virions’ biological interface. This follows the same argument used by
Beckman et al. [60] proving the formation of peroxynitrite in arterial
plaques, since tyrosine is nitrated by peroxynitrite, but not directly by
nitric oxide [61]. A successive study showed that O––NOO� does not
directly react with tyrosine [62], but promotes tyrosine nitration through
reactions with the peroxynitrite-derived hydroxyl radicals and nitrogen
dioxide.

For a similarly definitive degree of viral inactivation, a comparison of
the effects of Si3N4 hydrolytic reactions on SARS-CoV-2 and Influenza A
virions [2] revealed similarities, but also interesting differences in the
mechanisms of viral inactivation. Radical driven post-translational al-
terations of methionine C–S bonds upon contact with Si3N4 were a
common feature in both viral strains. However, rather than methionine
sulfoxidation as in the case of SARS-CoV-2, C–S bond alterations in
Influenza A virions pointed to the formation of thioether groups in
methionine residues. Deprived of the C–S bond on the CH3 side, methi-
onine transformed into homocysteine. Regarding the effect of reactive
nitrogen species on RNA bases, ring opening was also observed for
Influenza A, but only in the guanine base (to form FapyGua), not in the
adenine base. On the other hand, the amide-imidic acid tautomeric shift
of uracil pyrimidine similarly appeared in the spectra of both
SARS-CoV-2 and Influenza A virions. The observed differences are in line
with the notion that different viruses can exhibit different inactivation
pathways and kinetics when treated with the same biocide [63]. Struc-
tural and genomic differences have a significant impact on type and
extent of structural damage that a virus can sustain before losing its
infectivity. The resistance to biocidal inactivation of a specific virus re-
mains related to its ability to cope with and adapt to the applied stressor.
However, taken together, the present results suggest that the Si3N4
inactivation pathways have a broad effectiveness, and preserve chemical
similarities among quite dissimilar ssRNA viral strains.

4.3. Comparison of Si3N4 inactivation kinetics vs. other viral strains

Aqueous ammonia, NH3(aq), is the neutral dissolved form of the total
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ammonia (NH4
þ/NH3) released by the Si3N4 surface upon hydrolysis.

NH3(aq) possesses biocidal activity against most pathogenic microorgan-
isms through a number of different mechanisms [64–66]. It was also
recognized as the main agent responsible for virus die-off in sludge [67].
In a previous comparative study of Influenza A-H1N1, A-H2N3, and B/98
strains [17], the structural characteristics of methionine components
(including the matrix protein M1, which plays a key role in nuclear
import and viral replication) were found to greatly differ for different
viral strains. Similar to the present case of SARS-CoV-2 virions, Si3N4 was
found to be effective as a solid-state virus inactivator by various con-
current mechanisms including thioether cleavage of methionine residues,
RNA phosphodiester bond cleavage, and nucleotide damage [2]. How-
ever, clear differences in inactivation kinetics could be detected among
different ssRNA viruses. Although the effect of differences in the genomic
structure between different viruses might have a role (i.e., longer genome
lengths involve a higher probability of RNA cleavage), variations in
inactivation kinetics are believed to mainly depend on the different levels
of electrical attraction of virions toward the Si3N4 particles; namely, the
probability that a virion enters in contact with a Si3N4 particle for a given
volume fraction of particles in aqueous solution. This hypothesis is sup-
ported by studies of the isoelectric point (IEP) of different viruses [68,
69]. For example, the reported IEP of Feline Calicivirus (FCV) is ~3.9,
[70] which is very close to that of Si3N4 (~4.4) [71]. An electrical charge
very close to that of the Si3N4 surface over a wide range of pH makes the
FCV experience a low probability of encountering a Si3N4 particle in
suspension due to weak electrical attraction. This ultimately results in a
slower inactivation kinetics of FCV in an homeostatic aqueous dispersion
of Si3N4 particles [2]. On the other hand, Influenza A (H1N1) and
Enterovirus (EV-71) virions possess IEPs significantly greater than that of
Si3N4 (i.e., 7.47 and 10.9, respectively) [72,73]. Accordingly, they un-
dergo a faster inactivation kinetics [2], because of the high electrical
attraction enhancing the probability of virions entering in contact with a
Si3N4 particle in aqueous suspension. The IEP values of SARS-CoV-2 vi-
rions have been measured as ~10.1 in nucleoproteins, ~9.5 in mem-
brane proteins, and ~6.2 in the spike glycoproteins [74]. In all cases, IEP
values are far from that of Si3N4. Accordingly, the attraction toward Si3N4
particles in aqueous environments at homeostatic pH could be strong,
which fully justifies the quite fast inactivation kinetics reported in Fig. 1.
Once in contact with the surface of Si3N4 particles, the virions become
almost instantaneously “poisoned” by the eluted NH3(aq) molecules. Such
a two-steps antiviral mechanism has been branded as the “catch-and-kill”
effect [1].

4.4. The importance of a safe solid-state “non-nano” antiviral agent

As the COVID-19 pandemic continues to pose significant risks
worldwide, antiviral materials with “smart” surface chemistry, capable of
multiple and broad mechanisms of viral inactivation, are being actively
searched for. Environmental disinfection, sterilization of surfaces, and
the sanitization of protective equipment have traditionally been pursued
bymeans of chemical disinfectants, such as chlorines, quaternary amines,
alcohols, and peroxides [75]. However, chemical disinfectants generally
exhibit low durability and require high concentrations in order to reach a
full viral inactivation. Additionally, while being often an inevitable
choice, they represent a severe risk factor for public health and envi-
ronmental pollution [76]. In an attempt to foster long-term persistence
and to reach high effectiveness at low doses, nano-sized solid-state par-
ticles, both metallic and non-metallic, have been proposed, which
include Ag, Cu, TiO2, and graphene [77,78]. Nanoparticles possess an
inherently broad antiviral effectiveness, which originates from the gen-
eration of reactive oxygen species at their surface. However, the majority
(if not the totality) of nanomaterials also present adverse effects on both
human health and the environment [79]. In vitro, in vivo, and genomic
studies have clearly shown how nanoparticles, due to their small size, can
easily enter and remain trapped in the human body upon inhalation or
even through the skin; their toxicity arises from strong chemical



G. Pezzotti et al. Materials Today Bio 12 (2021) 100144
interactions with proteins and enzymatic molecules that alter gene
expression and biological functions at the cellular and subcellular
levels [80].

Based on previous and present data of viral inactivation by micro-
meter-sized Si3N4 powder, we challenge here the commonplace idea that a
solid-state antiviral agent should be “nano” to be broad, effective, and
efficient. Moreover, we propose the use of a “smart” antiviral chemistry
employing a volume fraction of powder as low as 5 vol% and based on
nitrogen rather than oxygen radicals. This new approach becomes highly
efficient in terms of virus inactivation kinetics upon exploiting the above-
mentioned “catch-and-kill” effect. Note that nanotechnology-based ap-
proaches are generally proclaimed as the most promising antipathogenic
formulations since benefiting from high surface-to-volume ratio and
enhanced surface reactivity [81,82]. Accordingly, even the most recent
reviews in the field of functional materials continue to list silver, TiO2,
and copper-derived nano-sized chemicals, which are toxic to human
cells, as the only possible alternatives to counteract the COVID-19
pandemic [83]. These are indeed options that feature an old chemistry,
while “smarter” inorganic materials have already been reported in the
literature, which exploit differently efficient mechanisms [84]. The
present Si3N4 approach belongs to the category that does not need to
exploit a nano-scale dimension to be highly effective. The physiological
gap in nitrogen radical metabolization existing between eukaryotic cells
and pathogens (especially viruses) indeed renders Si3N4 supportive of the
former and fatal to the latter (cf. Fig. 1) [4]. As a solid-state compound,
Si3N4 matches the Ehrlich's concept of “magic bullet”, namely, a chemical
compound with selective toxicity: toxic for the infecting microbe but safe
for the human host [85].

Si3N4 has been used for more than 15 years in the human body in
contact with bone and soft tissue without any adverse effect being so far
reported [86]. Moreover, several in vitro studies have shown the
compatibility of Si3N4 with different cells lines, including mature oste-
oblasts [87], mesenchymal cells [4,88,89], and primary odontoblasts
[90]. As a fine micrometric powder, Si3N4 can remain suspended in the
air for some period, but its effect on human health is comparable to inert
dust [91]. Si3N4 presents enormous potential as a disinfectant
against SARS-CoV-2 and other ssRNA virions, due to the intrinsic
anti-viral property exerted by reactive nitrogen species in aqueous (or
moist) environments. Lacking the adverse effects of nanomaterials on
human health and the environment, micron-sized Si3N4 bioceramic
powder is a primary candidate to replace toxic and allergenic compounds
in long-term environmental sanitation.

In a recent review [92], an highlight was given of the contribution of
materials science to the development of personal protective equipment to
counteract the COVID-19 pandemic. Methods were also reviewed for the
design of simple, accurate, and low-cost virus-detection devices. This
study matches both these two fundamental items by proposing a potent
and safe antiviral bioceramic and by showing the power of Raman
spectroscopy in detecting the related mechanisms of viral inactivation.

4.5. Comparison with other nitrides and possible future developments

The mechanism of hydrolysis and nitrogen elution at the biological
interface between virions and Si3N4 particles is, in principle, also exploit-
able by other inorganic nitride compounds, although with different ki-
netics. For example, aluminum nitride (AlN), which shares with Si3N4 the
chemical similarity of N atoms with strong electronegativity, is also known
to undergo hydrolysis and to liberate nitrogen species in aqueous envi-
ronment [93]. AlN has shown similar antiviral effect against SARS-CoV-2
[1]. However, the concurrent formation of aluminols at the solid surface
and the possible liberation of aluminium salts to cellular environment
makes this compound less safe than Si3N4 with respect to eukaryotic cells.
From this point of view, Si3N4 has the important advantage of having a
cation (Si) completely compatible with (and even supportive of) eukaryotic
cells [4]. Another important factor in view of future applications is rep-
resented by the kinetics of nitrogen elution. The evolution of NH3 upon
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immersion of AlN powder in aqueous environment is quite abrupt and
aggressive, with a pH buffering up to >10 [93]. However, the almost
immediate formation of a thin shell of a stable aluminum oxide or hy-
droxide, which acts as a hydrophobic coating, locks the particle surface by
preventing further reactions of AlN with water [94,95]. Conversely, Si3N4
experiences a slower kinetics as compared to AlN. Its pH buffering effect is
milder (maximum pH~8.5), but yet suffices to fight viruses and other
pathogens, while being retained over several runs of environmental
exposure [1,2,4,13]. This behavior is consequence of the enhanced solu-
bility of surface silanols in the alkaline environment developed when ni-
trogen leaves the solid surface [96]. In summary, the uniqueness of Si3N4
as an antiviral compound is the result of two concurrent and synergic
factors: the safety of its Si cation toward eukaryotic cells and the slow and
durable kinetics of its hydrolytic reactions. Possible applications of the
antiviral surface chemistry of Si3N4 include its introduction as micrometric
powder in facemasks, surgical drapes and fabrics, as dispersoids in pro-
tective polymeric coatings for doorknobs or digital screens, and as loading
particles in disinfectant sprays with long-term efficacy. In this perspective,
Si3N4 surface chemistry could be listed among “resilient and agile” mate-
rials engineering solutions designed to address the challenge of the
COVID-19 pandemic [97].

Looking for other possible nitride candidates, graphitic carbon nitride
(g-C3N4) might deserve special attention for antiviral applications
because of its peculiar catalytic behavior [98]. Already used for
degrading pollution, as an antimicrobial agent, and in hydrolysis to
generate hydrogen and oxygen, g-C3N4 appears to possess a potent sur-
face chemistry capable to instantaneously inactivate viruses upon irra-
diation exposure both in presence and in absence of aqueous
environment. The antiviral application of g-C3N4 could also represent a
brand new development with respect to the already reported theranostics
approaches using inorganic nitride compounds [99–102].

5. Conclusion

Following the discovery of the strong antiviral effect of Si3N4
micrometer powder [1,2], this study delved into the molecular chemistry
mechanisms of this unambiguous phenomenon. High spectral resolution
Raman spectroscopy enabled us to form a picture of the viral inactivation
pathways. We discovered two distinct types of structural degenerative
effects on SARS-CoV-2 virions: (i) oxidative post-translational modifica-
tions of the viral spike protein blocking the SARS-CoV-2 virions from
entering cells; and, (ii) breakage of the imidazole ring to form for-
mamidopyrimidine structures, causing a severe damage to the ssRNA
genomic structure. Both types of degradation originated from the for-
mation of reactive nitrogen species at the virion/Si3N4 interface, and held
similarities with the structural damages previously observed in other
ssRNA viral strains.

From a more general viewpoint, the originality of this work resided in
debunking the widely spread idea that an inorganic powder to be effective
against pathogens must exploit nanometer dimensions. We instead put
forward here the new concept of Si3N4 as a long-term “solid-state anti-
biotic” matching the Ehrlich's selective toxicity concept of “magic bullet”:
toxic for the infecting virus but safe for human host cells. An additionally
original achievement here is the demonstration that high-resolution
Raman spectroscopy aided by a machine-learning algorithm specially
crafted for the Raman spectrum is capable to provide invaluable insight
into molecular-scale mechanisms behind viral inactivation.

In summary, the use of micron-sized Si3N4 particles could easily and
safely be implemented in disinfectant sprays and coatings. Direct embed-
ment in personal protective equipment fabrics, including facemasks, sur-
gical drapes, and other garments, could help limit viral transmission in
hospitals and nursing homes. As neither anion- nor cation-side surface
chemistry of Si3N4 will affect human health and the environment, even in
the long term, this unique bioceramic could become an invaluable tool in
fighting SARS- CoV-2 and future pandemics.
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