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Visible Light Activation of Virucidal Surfaces Empowered by

Pro-Oxidant Carbon Dots

Luca Malfatti,* Matteo Poddighe, Luigi Stagi, Davide Carboni, Roberto Anedda,
Maria Francesca Casula, Barbara Poddesu, Davide De Forni, Franco Lori, Stefano Livraghi,

Alessia Zollo, Laura Calvillo, and Plinio Innocenzi*

The scientific community is actively engaged in the development of innovative
nanomaterials with broad-spectrum virucidal properties, particularly those
capable of producing reactive oxygen species (ROS), to combat upcoming
pandemics effectively. The generation of ROS capable of inhibiting viral
activity on high-touch surfaces can prove an effective means of reducing
pathogenic and viral infections, while avoiding the exacerbation of antibiotic
resistance resulting from the extensive use of chemical disinfectants. Carbon
dots (C-dots), in particular, are a class of nanomaterials that under specific
conditions is able to generate reactive species. They are, therefore, excellent
candidates for fabricating light-activated functional antiviral devices.
Pro-oxidant C-dots have been developed via microwave synthesis using an
amino acid, glycine (Gly), and 1,5-diaminonaphtalene (DAN) as precursors.
The formation of C-dots has been obtained by reacting the precursors in
microwave using two different acid catalysts, H;BO; or HCI. The HCl catalyst
promotes the formation of a copolymer while using H;BO; the precursors
preferentially self-condense. The boron-catalyzed samples have shown to
contain radical centers whose intensity increases upon illumination by UV
and also visible light. They also show the capability of generating singlet
oxygen through energy transfer to oxygen molecules when irradiated. The
C-dots exhibit effective virucidal activity and have been tested in vitro using
two different variants of SARS-CoV-2, the original strain, and Omicron.
Antiviral C-dots have been finally used to functionalize a model surface,
inducing a strong virucidal activity against the SARS-CoV-2 coronavirus with
both ultraviolet (UV) and visible (VL) light.

1. Introduction

The controlled formation of reactive oxygen
species (ROS) represents a powerful tool for
developing antibacterial and antiviral appli-
cations or in photodynamic therapy. ROS
naturally form in several biological pro-
cesses; however, an excess of ROS can cause
oxidative stresses in the cells,['] and, more
importantly, chemical breakup of different
pathogens.*] On the other hand, ROS and
free radicals can disrupt the integrity of
several viruses, for instance by breaking
the bonds in the lipidic envelope, mak-
ing ROS-generating nanomaterials a poten-
tial effective tool as photoactivated viruci-
dal device. The photosensitized ROS for-
mation, that involves oxygen molecules, de-
pends on the properties of the nanoparti-
cle or molecule that acts as the sensitizer.
ROS can be produced through a photoin-
duced electron transfer, with formation of
0,°” and HO®, or via the energy transfer,
with the generation of 'O, In the latter
case, the transfer occurs from the sensi-
tizer to O, in the ground triplet state and
causes its excitation into singlet oxygen,
a molecular species that is extremely re-
active due to the spin pairing of the two
electrons in the z* antibonding orbitals.
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In the design of light-activated antiviral nanosystems, singlet
oxygen ('0,) is the main contributor to virucidal properties.”®’
Among the different ROS, singlet oxygen is particularly effective
in disrupting the lipids that form the membrane of enveloped
viruses. The C=C bonds in the lipids oxidize upon reaction with
singlet oxygen, forming hydroperoxyl groups. The lipidic mem-
brane plays a vital role in the fusion of the virion with the cell
membrane, and its disruption avoids cell infection.

The use of ROS for antiviral or antibacterial purposes also re-
quires effective control over their functional properties, for in-
stance, activation with light.>8] The chemical design of nanosys-
tems that remain noncytotoxic under normal conditions while
generating ROS in response to an optical signal is still highly
challenging.®! Several molecules with the capability of produc-
ing singlet oxygen have been tested as antiviral photosensitiz-
ers, for instance, perylene,'% porphyrin,['] and aryl methyldiene
rhodaninel'?! derivatives. The most severe limitations of such
compounds, however, is the poor solubility in water that reduces
the possibility to be used as external disinfectants.

Carbon-based nanomaterials are alternative ROS generators.
The photo-stimulated generation of '0, is well documented
for different carbon nanostructures, in particular fullerenes,
graphene, carbon nanotubes as well as carbon dots (C-dots).!**]
Photoactivated antivirals are ideal for external applications like
disinfectants and the creation of biocidal surfaces. C-dots are one
of such class of antivirals, due to their ability to generate reac-
tive oxygen species upon UV illumination.[*] Because of their low
production cost, high chemical stability, lower environmental im-
pact, and higher solubility in aqueous solutions in comparison to
other organic molecules, C-dots are especially valuable for devel-
oping biocidal devices.

The photophysical properties of C-dots heavily rely on their
surface and core properties, the presence of defects, heteroatoms,
and specific functional groups.'*'] Surface properties also play
a significant role in the formation of radical species and the
production of singlet oxygen.[*1¢] Additionally, the carbon-based
matrix has, in general, high biocompatibility and low toxicity,
making C-dots suitable for biomedical applications.!'*2°IC-dots,
in general, also have the capability of direct interaction with
the virion?'??l and they can efficiently adsorb molecular oxy-
gen on the surface, increasing the !0, generation yield. These
characteristics provide an extra advantage over conventional pho-
tosensitizers and single molecules capable of generating sin-
glet oxygen. However, the generation of ROS through photo-
stimulation with ultraviolet (UV) light has certain limitations.
In general, UV light has proven biocidal activity but requires
special handling procedures and its action is time-limited and
ineffective on certain surfaces. For this reason, the possibility
of generating ROS through exposure to visible light is of great
importance.

In the present work, we have developed a particular type of
C-dot produced through microwave treatment of an amino acid
together with a polyaromatic molecule, 1,5-diaminonaphthalene
(DAN). Glycine is the smallest and most stable amino acid char-
acterized by only one C, atom and, in aqueous solution, is in
the zwitterionic form. In general, the reaction of glycine in hy-
drothermal conditions is highly dependent on the presence of
boric acid to allow the completion of the amidation reactions and
extended polycondensation. Through a properly designed poly-
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merization process, glycine can create a carbon-based framework
that has the ability to accommodate polyaromatic molecules. This
is why the polymeric glycine structure has been chosen to facili-
tate the formation of sp? aromatic molecular units and extended
polyaromatic structures when reacted with DAN. Additionally,
glycine acts as a nitrogen-doping source, which follows a well-
established strategy observed in other DAN-based C-dots.[2>-%]
DAN, in fact, exhibits a strong tendency to oxidation, leading to
an increased presence of oxygen-containing functional groups,
including ketonic carbonyls that further promote the generation
of ROS.?%! In this study, we have successfully synthesized two
types of C-dots able to generate ROS via photoactivation. They
have been obtained using two different acid-catalyzed reactions:
the first promoted by a Lewis acid such as H,BO,, and the second
by a strong protic acid, HCL. We have evaluated the antiviral ef-
ficacy of these C-dots against the SARS-CoV-2 coronavirus, both
in the form of liquid dispersion and when attached to a surface.
We have carefully characterized the structure of the C-dots, iden-
tifying the various parameters that affect the properties of the C-
dots, such as their size, surface chemistry, and then studied their
functional properties. As a proof of concept, we have designed a
C-dot-functionalized silicon wafer as a prototype for visible light-
activated virucidal surfaces.

2. Results and Discussion

To synthesize C-dots with specific functional properties a careful
design, which takes into account the requirements of the appli-
cation, is required. The use of C-dots as antiviral agents must
ensure photo-activated ROS emission under both UV and visible
light (VL) excitation. It is also crucial that the nanoparticles do
not exhibit any cytotoxicity. We have characterized the structure
of the nanoparticles, their functional properties including their
virucidal capability and finally developed a proof-of-concept an-
tiviral active surface.

2.1. C-dot Structure

C-dots composed of glycine (Gly) and 1,5-diaminonaphtalene
(DAN) have been prepared using a microwave treatment and
two different catalysts: H,BO, and HCI. The resulting nanoparti-
cles have been indicated as GDB and GDH, respectively. Gly and
DAN have been chosen based on specific criteria: Glycine is a
noncytotoxic amino acid that can thermally polymerize and form
nanoparticles when catalyzed with boric acid,[?’! DAN, instead, is
an aromatic molecule that can promote ROS formation, particu-
larly if partially oxidized.!!-?*] Both precursors, when co-reacted
in a microwave, generate nanometer-sized particles (Figure 1a).
The transmission electron microscopy (TEM) images indicate
that the C-dots vary in shape and size depending on the acid
used during synthesis. (Figure 1b). The C-dots synthesized using
H,BO, display a spherical shape with a size distribution peaking
around 18 nm. In comparison, the C-dots synthesized by HCl ap-
pear as small spherical nanoparticles of high electronic contrast
surrounded by polymeric shells with irregular shapes and lower
electronic contrast. The dimension of these C-dots (indicated by
the white arrows in the magnification inside Figure 1c) is less
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Figure 1. a) Scheme of the GD (Glycine-DAN) C-dot fabrication. Gly and DAN precursors are co-reacted in a microwave with the addition of a catalyst,
HCl (GDH) or H;BO; (GDB). b) TEM images of GDB C-dots; ¢) TEM images of GDH C-dots. An image magnification shows the high-contrast C-dot
cores (indicated by the white arrows). The GDB and GDH size distributions are shown in the insets.

than 6 nm. The comparative analysis of the two samples shows
that the choice of the catalyst governs the structure even when
the particles are synthesized from the same precursors.

To get a better insight of the C-dot structural properties a com-
bination of various techniques has been applied. Figure 2a shows
the X-ray diffraction (XRD) patterns of GDB and GDH, along
with Gly and DAN precursors taken as references.

The XRD patterns of the C-dots exhibit numerous reflections
associated with the organized arrangement of the crystalline Gly
and DAN precursors (Figure 2a). Notably, GDB displays dis-
tinctive alpha-glycine peaks (P21/c, reference code 00-002-0687),
which are clearly detected even after 48 h of dialysis. The diffrac-
tion peak intensities, however, differ with respect to the Gly refer-
ence sample, indicating a structural reorganization of the resid-
ual monomeric glycine within the dots. The most intense DAN
diffraction peaks (reference code 96-220-3126) no longer appear
in GDB. This can be explained by the hypothesis of a reaction
of DAN molecules to form amorphous polymer structures. The
GDH sample shows four distinct diffraction peaks at 23.5, 27,
39, and 46°, which do not find a precise correspondence in the
diffractograms of the precursors.
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Figure 2b shows the Fourier-transform infrared (FTIR) spec-
tra of GDH and GDB in the 1800 and 1000 cm~! range. The
extended spectra between 4000 and 400 cm™! are reported in
Figure S1 (Supporting Information). The spectra are character-
ized by the superimposition of the main vibrational modes of
Gly and DAN. The corresponding -NH, scissoring and wagging
modes are located at 1626 and 766 cm™!. Aromatic C=C stretch-
ing vibrations typically occur in the 1450—1600 cm™' range. In
GDB, distinctive features emerge from the overlapping of COO
and NH, bending and stretching modes, located between 1600
and 1575 cm™, with a prominent band ~ 1500 cm™' stemming
from the asymmetrical bending and rocking of the NH;* group.
The range between 1500 and 1250 cm™! primarily corresponds to
CH, stretching and bending bands, while two additional modes
at 1125 and 1042 cm™! persist and can be attributed to C—O and
C—N stretching, respectively. In GDH, distinctive absorptions
corresponding to the vibrational modes of the DAN monomer
are observed. This is particularly noticeable in the spectral range
between 1600 and 1500 cm™!, and at lower frequencies between
1200 and 1000 cm™!, where the C=0 and C—N groups of Gly
are less prominent compared to GDB. In general, the infrared
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Figure 2. a) XRD patterns of Gly, DAN, GDB, and GDH. b) FTIR absorption spectra in the 1800-1000 cm~" interval of Gly, DAN, GDB, and GDH samples.
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spectra, characterized by broadening and reduction in the detail
of the characteristic monomer vibrational modes, represent a
signature of the polymeric nature of both C-dots.[?#! Additionally,
the spectra suggest that the GDB dots contain a comparatively
higher proportion of Gly in both its monomeric and linear
polymeric forms. Lastly, two vibrational modes at 1252 and
1195 cm™! are noteworthy, as they do not appear in the precursor
compounds. The 1195 cm™! band is detected in both C-dots,
whereas the 1252 cm™! vibrational mode is exclusively found
in GDB. This component is tentatively attributed to Aryl-O-R
ether bonds, probably formed by condensation between DAN
and Gly without amide bond formation. The second is assigned
to Aryl—OH—type bonds, which can form as an effect of a strong
oxidative process of DAN.

The GDH and GDB samples have been also analyzed by nu-
clear magnetic resonance (NMR) spectroscopy. The 'H-NMR
spectrum of GDH (Figure 3a) shows a well-defined pattern whose
signals are assigned to a compound (DAN-Gly,) formed by the
reaction of DAN and Gly precursors in a 1:2 ratio (Scheme 1).

The singlet at 3.64 ppm, integrating for 4H, is assigned to the
four methylene protons of Gly (bonded to carbons 15/19 of DAN-
Gly, structure of Figure 3a) that are detected at lower chemi-
cal shifts with respect to free Gly (expected at 3.09 ppm). The
doublets lying at 6.72, 7.29, and the triplet at 7.10 ppm can be
unambiguously attributed to the six aromatic protons of DAN
(Figure S2, Supporting Information). Based on their multiplicity
and 'H-COSY correlations (Figure S3, Supporting Information),
they must be bonded to carbons 6/9, 4/7, and 5/8 in DAN-Gly,
(see left inset in Figure 3a).

Also, these DAN signals are downshifted compared to the free
molecules, in particular, those attributed to protons closer to the
amide groups. The integral ratio indicates that each amino group
of DAN reacts with the carboxylic group of Gly forming an amide
bond. The reaction produces the symmetric molecule shown in
Figure 3a. The broad signal lying at 8.35 ppm can be attributed
to the N-H amidic protons that, together with the absence of the
signals at 5.4 ppm of free -NH, of DAN, confirms the formation
of the amide bonds. The terminal Gly does not show any signal
related to free -NH, (<3.0 ppm). The protonation by HCI down-
shifts, in fact, the signal of the corresponding ammonium salt
to 8.12 ppm.[?! Given the broad nature of -NH signals, it is rea-
sonable to assume that both the amidic -NH and the protonated
-NH;"* of the terminal Gly moieties overlap under the broad sig-
nal centred at 8.35 ppm. This assumption is further confirmed
by the integral of this signal, which counts for 8H (6 for the two
protonated GLY and 2 for the two amidic moieties). The evidence
produced by the 1D *C NMR spectra and the 2D 'H-*C HMBC
map (Figure S4a,b, Supporting Information) supports the previ-
ous hypothesis by showing a correlation between the signal at
169.33 ppm, that can be ascribed to the carbonyls of the amide
(13/14), and the 2-bonds apart methylene protons of Gly (bonded
to carbons 15/19 and whose proton signal lies at 3.64 ppm). In
contrast, there is no clear evidence of free Gly, given the absence
of the very diagnostic signal of free -COOH (6 > 9 ppm and
8¢ > 171 ppm). This was expected since the sample was dia-
lyzed against water. The other signals on the 1*C NMR spectrum
(143.69, 124.98, 124.53, 111.47, and 109.10 ppm), attributed to
the aromatic carbons of DAN, correspond to the carbons 1/10,
2/3,5/8,4/7 and 6/9 on the structure reported in Figure 3a. Very

Adv. Funct. Mater. 2024, 2404511

2404511 (4 of 15)

www.afm-journal.de

weak signals at 3.96 and 4.40 ppm can be assigned to a-CH, of ter-
minal Gly molecules. The presence of minor aromatic products
is suggested by the amplified signals between 6.5 and 7.5 ppm
(right inset Figure 3a) and confirmed by both the 'H-3C HSQC
and HMBC maps (Figures S4b and S5, Supporting Information).
The appearance of a broad band that emerges from the flat base-
line (4 — 10 ppm), in the 'D proton spectra of GDH (see inset
Figure 3a), suggests that the sample also contains macromolec-
ular aggregates of hydrocarbons, which cannot be resolved by
liquid-state NMR due to slow reorienting motions with respect
to the magnetic field. The carbonaceous core is, however, sur-
rounded by a major product, that is, DAN-Gly,, derived from the
amidation reaction of the aniline groups of DAN with the car-
boxylic moieties of Gly, activated by hydrochloric acid.

NMR analysis of GDB leads to different considerations, given
its articulated resonance pattern shown in Figure 3b. The GDB
nanoparticles have been obtained from a reaction catalyzed by
boric acid, a well-known Lewis acid, which has been used in sto-
ichiometric amounts. Boric acid promotes the complete conver-
sion of DAN into reaction products, while unreacted Gly is still
present. Interestingly, the GDB pattern does not show any signal
that can be directly correlated with the unreacted DAN precursor.
This result suggests that all the 1,5-diamino-naphthalene under-
goes self-polymerization to form oligomeric structures through
an oxidative pathway. On the contrary, the signals from the
methylene proton of residual free Gly can be detected both in
the 1D proton spectrum (3.01 ppm) (Figure 3b) and confirmed
by the correlation of this signal with 3C resonances (HSQC
at 41.9 ppm attributed to CH,-NH,; HMBC cross peak at 168-
3.01 ppm attributed to H,N-CH,-COOH, Figure S6a,b, Support-
ing Information). According to the integrals of the HSQC cross-
peaks (3.02/41.9 ppm and 3.3-3.46/43.4 ppm), we estimated that
~ 20% of the Gly in GDB is not polymerized.

The remaining Gly has reacted through different pathways cat-
alyzed mainly by boric acid, and the resulting species can be iden-
tified by several signals related to the respective methylene pro-
tons. The broad proton signal at 3.33 ppm is assigned to the -
NH, group of free Gly; however, this signal overlaps with those
of the methylene protons of at least three forms of glycine deriva-
tives, which can be detected as HSQC cross peaks around 43 ppm
(Figure S6a, Supporting Information). The broad signals at 6.55
and 6.79 ppm in the COSY spectrum (Figure S7, Supporting In-
formation) show that some of these methylene groups couple
with downfield shifted signals of -NH protons (3.34/6.55 and
3.46/6.79 ppm), compatible with -CH,-NH-X moieties. This find-
ing suggests the presence of Gly species attached to a heteroatom
X, such as Boron, as expected from a reaction with boric acid. The
NMR signals lying in the range between 4.10-3.45 ppm can be
attributed to methylene protons of poly-glycine species or other
secondary products. The HMBC correlation at 3.33 - 171 ppm is
ascribed to a long-range scalar coupling between amine protons
and carbonyl carbons of Gly (free terminal -COOH). However,
we could not detect free carboxylic protons in the 'H spectrum
(>8.5 ppm). Free Gly retains some reorientation freedom even if
itis reasonably buried inside the polymeric strands and linked by
non-covalent bonds.

With regards to the DAN moieties, it is possible to hypothesize
that the signals in the 7.0 — 7.7 ppm range of the HSQC and
HMBC maps belong to aromatic protons and, in particular, to
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Figure 3. a) 'H NMR spectrum of GDH. The inset shows an magnification of the signals. The structure of the DAN-Gly, compound with the numbers
to indicate the different positions of C atoms is shown inside the Figure on the left. b) "H NMR spectrum of GDB.

the benzenoid protons of oligomeric structures of poly-DAN.
The polymerization likely takes place through the formation of
a quite unstable radical cation that immediately couples with a
neutral 1,5-DAN monomer to produce a neutral radical and a
protonated monomer species, which, after undergoing a series
of transformations, produces an aromatic dimer of DAN. The
latter can take part in another oxidation cycle to form a trimer
until an oligomeric structure is reached (Scheme 2). A similar
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polymerization product was hypothesized by Pierre et al. that
obtained poly-1,5-DAN through an electro-oxidative process.!*]
The presence of boric acid favors a similar oxidation path, activat-
ing the DAN and stabilizing a spontaneous formation of radical
DAN species. Interestingly, the microwave-assisted reaction
catalyzed by Lewis acid leads toward a self-polymerization of the
precursors (i.e., poly-Gly and poly-DAN) rather than a reaction
between them, as seen for the reaction catalyzed by a protic acid.
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Scheme 1. Microwave-assisted reaction pathway of DAN with two Gly
molecules catalyzed by aqueous HCl to form a DAN-Gly, compound.

This outcome can be justified by considering the well-known
ability of boric acid to promote preferentially the polyamidation
of amino acids.*

The spectroscopic data show that the nanoparticles obtained
using HCl or H;BO; as catalysts have quite different structures,
even starting with the same precursor. In the GDH dots, the com-
plete reaction of DAN with the amino acid gives DAN-Gly macro-
molecular polymeric structures; in the GDB, the two precursors
self-polymerize, giving extended poly-DAN macromolecules, and
Gly polymers of shorter length, mostly oligomeric, in nature.

X-ray photoelectron spectroscopy (XPS) measurements have
been performed to identify the different C and N species and to
confirm the structures deduced from the NMR measurements.
The C 1s region of GDH can be fitted with five components at
284.4,285.2, 286.0, 287.7, and 289.0 eV, attributed to C=C, C—C,
C—N, C=0, and COOH groups, respectively (Figure 4a).

The presence of the component at 284.4 eV supports the hy-
pothesis of the formation of macromolecular aggregates with
graphitic-like structure when HCI is used, while the very low
intensity of the COOH component confirms that unreacted
Gly units are not present. The N 1s region (Figure 4b) con-
tains two components at 399.5 eV, related to the presence
of terminal -NH, groups, and at 400.5 eV, assigned to the
amide groups (C—NH—C) created by the reaction of Gly with
DAN (Scheme 1).3231Unexpectedly, it also shows a component
at lower binding energy (398.5 eV) that could be attributed
to C—N=C species, coming from the tautomeric equilibrium
formed between the amidic and imidic forms.3436]

GDB samples have shown some differences in the XPS spec-
tra, which suggest the presence of other species when boric acid
is employed in the synthesis (as shown in Figure 4c). In such
cases, the C 1s region does not present the 284.5 eV component
associated with the formation of a graphitic-like structure, but
instead shows a component at 284.9 eV, characteristic of C sp?
in organic molecules or compounds. This result agrees with the
presence of Gly, Gly oligomers, and Gly-boric acid derivatives.
The presence of boron, as confirmed by the XPS survey (Figure
S8, Supporting Information), suggests that Gly species react with
boric acid, which is also in agreement with the NMR results. Ad-
ditionally, the presence of unreacted Gly is confirmed by the de-
tection of the 289.0 eV component related to COOH groups.

The analysis of the N 1s region of GDB is more complex due
to the presence of five different components, at 398.5, 399.5,
400.5, 401.5, and 402.7 eV (Figure 4d). The components at
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399.5 and 401.5 eV are attributed to -NH, and -NH,* species,
characteristic of the unreacted Gly.”2%%7 The component at
400.5 eV, assigned to the amide bond, confirms the forma-
tion of Gly oligomers. The components related to the corre-
sponding C=N*(H)—C and C=N—C species overlap with the
components at 401.5 and 398.5 eV, respectively.*®! The compo-
nent at 398.5 eV, which increases with DAN content (Figure
S9; Table S1, Supporting Information) can also be assigned to
C—N=C species present in the poly-DAN structures observed
by NMR. In addition, a small component associated to -NO
species is observed, likely due to the oxidation of amino groups of
DAN.

2.2. Characterization of the Functional Properties

The content of carbon radical centers (C°) in the C-dots and
the photoinduced production of singlet oxygen have been inves-
tigated by two sets of Electron Paramagnetic Resonance (EPR)
measurements. In the first set of experiments (Figure 5a—d), solid
state EPR measurements have been carried out on C-dots placed
in a high vacuum cell, as vacuum conditions are crucial to pre-
vent the influence of molecular oxygen, which is a paramagnetic
molecule itself. The EPR measures have been done in three con-
ditions: dark, upon exposure to UV, or blue VL.

A weak isotropic signal at g = 2.004, attributed to carbon rad-
ical species (C*), in an approximated concentration of 4.0 x 10™
spins g~1,3831 characterizes the GDB EPR spectrum. The spec-
trum also shows the presence of minor signals that resonate at
g = 2.054, g = 2.030, and g = 1.978 due to unassigned species.
The abundance of carbon radical species (C*) depends on the ir-
radiation conditions as shown by the changes in the signal at g=
2.004. Upon irradiation by UV the C* signal increases, indicating
the photoinduced formation of radical centers. An increase is also
observed by illumination with VL even it is smaller compared to
that induced by UV irradiation (Figure 5a,b). The same change
is detected in both vacuum and oxygen atmospheres while the
different measurement conditions do not affect the other minor
features in the GDB spectrum. Finally, once interrupting the light
exposure, the original intensity of the C* signal is restored after
~ 60 min (Figure S10, Supporting Information).

In the second set of experiments, the formation of singlet oxy-
gen under blue light exposure has been monitored in solution us-
ing the 4-oxo-TEMPH molecules as a trapping agent. This com-
pound reacts with singlet oxygen to form the paramagnetic 4-
0xo-TEMPO adduct (Scheme 3), which can be easily detected by
EPR.4I

For the GDB sample, the spectra, recorded at 5, 30, and 60 min,
display a monotone variation of the EPR integrated area as a func-
tion of the exposure time that is correlated to the formation of sin-
glet oxygen (Figure 5e). Moreover, the comparison between two
GDB samples prepared with different DAN molar ratios (GDB
with 1:1 and GDB_05 with 1:0.5 Gly:DAN molar ratios) suggests
that the formation of singlet oxygen is linearly correlated with
DAN concentration (Figure 5f). A lower content of DAN pro-
duces less singlet oxygen, the difference also increases with the
time.

Remarkably, the EPR spectrum of the DAN molecule also
shows the same signal attributed to C* species with an intensity
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Figure 5. a) EPR spectra of GDB measured before (black spectrum) and after irradiation (red spectrum) with UV light (360 nm) in vacuum for & min.
b) The same EPR measures shown in a) are repeated in O, atmosphere (20 mbar). c—d) The EPR spectra recorded under VL at 470 nm in vacuum (c)

and in O, (d). The signal marked with *

is due to the presence of O, in the measurement cell. ) EPR spectra of 4-oxo-TEMPO in a GDB suspension

exposed to VL (470 nm) for 5, 30, and 60 min. f) Singlet oxygen formation measured by the EPR signal area when exposing to VL (470 nm) the GDB

(red curve) and GDB_05 samples (black curve) for increasing times (5, 30, an

similar to that of GDH C-dots, indicating a concentration in the
10™ spins g~! range. The signal, however, is not sensitive to
UV or VL (Figure S11, Supporting Information). Finally, DAN
molecules are not capable of producing singlet oxygen in the
same condition as GDB.

O o)
lo2
HSC CH3 —- H3C CH3
HsC H CHa HaC CHa
4-OXO-TEMPH 4-OXO-TEMPO

Scheme 3. Formation of the paramagnetic 4-oxo-TEMPO adduct from the
4-0x0-TEMPH molecule in the presence of singlet oxygen.
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d 60 min). The lines are a guide for eye.

The EPR spectra of GDH exhibit a signal assigned to C°
similar to what detected in the GDB sample (g = 2.003), but
no traces of the other minor spectroscopic features are ob-
served (Figure S12a, Supporting Information). Moreover, in
these C-dots the C® signal has a significantly higher inten-
sity (5.4 x 10Y spins g™!). However, this species does not dis-
play any photoresponse if exposed to UV or blue light, in vac-
uum or in the presence of oxygen (Figure S12b—d, Supporting
Information).

The EPR characterizations yield a crucial finding, indicating
that carbon radical species do not play a significant role in
light-induced singlet oxygen generation. The behaviour of the
C* signal under irradiation in fact do not change in presence
of oxygen in solid state EPR measurements suggesting that
no direct interaction with O, occurs. Moreover, comparing the
EPR features of the GDB and GDB_05 samples (Figure S13,
Supporting Information) the ability to produce singlet oxygen
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Figure 6. a) UV-Vis spectra of GDB and GDH C-dots. b) Emission (yellow curve) and excitation (black curve) spectra of GDB and GDH C-dots; c) and
d) 3D emission-excitation-intensity (false color scale) maps of GDB and GDH samples.

appears inversely proportional to the quantity of C® centers.
However, the fact that only GDB shows an increasing of the
C* centers containing radicals under irradiation, in particular
visible light, clearly indicates that only in these samples the light
induces an electronic distribution rearrangement. This change
is probably related to the capability to generate singlet oxygen.

The optical properties of the C-dots, as characterized, provide
valuable insights that support the interpretation of the EPR re-
sults. The UV-Vis spectra of GDH and GDB samples exhibit
strong absorptions in the UV, peaking around 235 and 325 nm
(Figure 6a). These spectra are attributed to the characteristic 7—z"
transitions of the naphthalene molecule. Notably, the spectrum
of the GDB sample shows an absorption tail that extends into the
visible range, reaching down to 600 nm. While the difference in
absorbance in the visible range is not substantial, it is still dis-
cernible (see the inset in Figure 6a).

When excited between 250 and 350 nm, both GDB and GDH
samples show a broad and featureless emission peaking at
410 nm, which is characteristic of the amino-substituted com-
pounds of the naphthalene structure (Figure 6b—d).

The ability to form singlet oxygen when exposed to UV light
has been tested using indocyanine green (ICG) in a colorimetric
assay. The EPR test to detect singlet oxygen formation, in fact,
cannot be done under UV irradiation because the 4-oxo-TEMPO
probe photodegrades. On the contrary, ICG is stable under UV
and has an absorption band at 780 nm, which decreases in inten-
sity as a result of the formation of 'O, due to the decomposition
of ICG by dioxetane reaction. Figure 7a,b shows the absorption
decay of ICG dissolved in GDB and GDH aqueous dispersions
when irradiated with UV light at 365 nm.

The ICG absorbance in the GDH suspension shows a faster de-
cay rate than in GDB, suggesting that the GDH system is more
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efficient in producing 'O, (Figure 7c). Under these conditions,
the formation of singlet oxygen follows a different pathway com-
pared to activation by VL. Furthermore, the higher efficiency of
GDH suggests that, under UV exposure, a higher number of C*
could help the formation of 1O,.

It is evident from the previous chemo-physical characteriza-
tions that the reaction between DAN and Gly in a microwave re-
actor can be used to prepare C-dots with a significant capability
to generate singlet oxygen. However, the choice of the acid de-
termines the formation of specific molecular structures that are
responsible for distinct responses to light stimulation. When C-
dots are exposed to UV light, GDH appears to be more efficient
than GDB, while GDB is the only system that responds to VL
excitation. These two properties are connected to the different
chemical conversion undergoing the DAN molecule during the
C-dots formation. In GDH, the DAN reacts almost stoichiomet-
rically with Gly, producing the DAN-Gly, derivative.

On the contrary, the GDB C-dots contain poly-DAN macro-
molecules and these specific compounds are responsible for the
absorption tail in the visible range (Figure 6a). The choice of an
appropriate catalyst drives the synthesis toward radical-enriched
C-dots with a specific photo-activated response, which could be
triggered on demand whenever the '0, formation is required.
The DAN precursor is the main one responsible for these proper-
ties. The molecule, in fact, can produce singlet oxygen in solution
when excited by UV light (Figure S14, Supporting Information).
However, the scarce solubility in water and the relative harmful-
ness of DAN are limiting the use of this compound in its molec-
ular state. The incorporation of DAN into a carbon nanoparticle
improves the solubility in water and buffers. At the same time,
the C-dots are not cytotoxic (Figure S15, Supporting Information)
and optimize the photoactivity of the molecule. When DAN reacts
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with glycine to form DAN-Gly,, it produces more efficiently 'O,
if excited in the UV range.

Previous DAN-based C-dots have already proved to emit sin-
glet oxygen when excited in the UV and no other ROS, such as
hydroxyl radicals, superoxide, or hydrogen peroxide, have been
detected using specific colorimetric tests.[*!] On the basis of those
results, the mechanism of singlet oxygen formation must involve
the energy transfer from the C-dot, which acts as a sensitizer, to
oxygen in the ground triplet state.’) Moreover, if boric acid is used
instead of HCI, the thermal treatment pushes the DAN molecules
to polymerize into a poly-DAN structure. We attribute the absorp-
tion in the visible range of the GDB C-dots to this compound,
which in turn, enables the production of 1O, under blue light ir-
radiation. Another significant effect that is likely to enhance the
formation of single oxygen is a better O, absorption capability by
the C-dots, in comparison to a single molecule like DAN, which
promotes the energy for ROS generation.

2.3. C-dot Antiviral Activity

The potential of using C-dots with the capability of generating
singlet oxygen as virucidal agents has been tested toward differ-

Viral titer TCID50/mL

ent variants of SARS-CoV-2 coronavirus. Multiple testing is very
important because, in general, it has been observed that the re-
sponse to vaccines and antivirals greatly changes with the vari-
ants of SARS-CoV-2. At first, the tests have been performed by
adding the C-dots in buffer solutions with known virion concen-
tration and then exposing the solutions to UV (at 365 nm) and VL
(at 450 nm) for 5 min. Solutions incubated in the dark have been
used as control. The C-dot concentration in the wells containing
the virion solutions has been set at 5 mg mL™! for both the GDH
and GDB. This is 50% of the cytotoxic concentration (CC50%),
as determined in vitro by checking the cell monolayer integrity
of Vero E6 cells exposed to increasing concentrations of C-dots
in a medium (Figure S15, Supporting Information).

Figure 8a resumes the results obtained using a sub-optimal ex-
posure time to UV light, causing minimal changes in viral titer,
measured as 50% tissue culture infectious dose (TCID50 mL™).
Both types of C-dots exhibit remarkable antiviral activity when
exposed to UV light, being capable of completely breaking up
the SARS-CoV-2 virions (Original strain) in a short time of ex-
posure. On the contrary, the effect of the C-dots in dark on the
virion is negligible, being inside the estimated error bars of the
measurements. This suggests that the antiviral activity is not due
to the inhibition of replication but to the disruption of the viral
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Figure 8. a) Virucidal activity of GDH and GDB C-dots against SARS-CoV-2 original strain after exposure to 365 and 450 nm light for 5 min (a and b,

respectively).
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Figure 9. a) AFM image of the amino-functionalized surface after decoration with the GDB C-dots. b) 3D view of the AFM image emphasizing the

presence of C-dot aggregates on the surface.

membrane through peroxidation of membrane phospholipids by
the photogenerated ROS. The disruption of the viral envelope in-
hibits the fusion between the virus and the cell membrane. The
photoinduced virucidal activity of GDH and GDB samples have
been also tested under exposure to VL at 450 nm (Figure 8b). Re-
markably, GDH induces a minimal change in viral titer, while in
presence of the GDB C-dots, when exposed to visible light, the vi-
ral titer falls of ~ 2 log (corresponding to 2 orders of magnitude).
The different antiviral activity of the two C-dots is attributed to
the change in the absorbance in the visible range. The GDB sam-
ple, in fact, exhibits a broad and faint absorption band peaked
at 450 nm (Figure 6a) while the GDH sample does not absorb.
The absorbance in the visible can be attributed to the presence
of specific organic moieties, such as poly-DAN, in the GDB C-
dots. On the contrary, the radicals present in the GDH and in the
DAN molecules, although detected in a higher weight concen-
tration with respect to the GDB, are not sensitive to the photon
irradiation, both in the UV and visible range (vide supra). This
observation also suggests that the chemo-physical phenomena
leading to the 'O, formation and, therefore, the virucidal activ-
ity are manifold and related to different mechanisms of energy
transfer between the C-dots and the buffer solution.

The virucidal efficacy of GDB under visible light irradiation
can be exploited to provide antiviral properties to so-called “high-
touch surfaces,”, that is, surfaces that are frequently touched
with the hands and can be easily contaminated with fomites,
contributing to the spread of virus-related diseases.*?) As a
proof of concept, we have used a slice of a silicon wafer that
has been at first coated with a silica layer, then functionalized
with amino groups, and finally decorated with GDB. The C-
dots have been chemically anchored via amide bonds by us-
ing 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
1-hydroxypyrrolidine-2,5-dione (NHS) coupling agents.[*}] The
optical appearance of the coating does not change after C-dots
functionalization, indicating the formation of a very thin layer
of nanoparticles (Figure S16a, Supporting Information). After
the C-dot reaction with the silica surface, the atomic force mi-
croscopy (AFM) reveals mainly the presence of sub-micron-sized
aggregates randomly distributed on the analyzed area (Figure
9a,b). The 3D view of the decorated surface shows that the heights
of the biggest C-dots aggregates are smaller than one micron and
they appear well separated on a scale of several microns, justi-
fying the absence of changes in optical appearance of the sur-
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face. For sake of comparison, we have characterized a second
surface that has been left to react with the EDC/NHS coupling
agents only, without the addition of C-dots (Figure S16b, Sup-
porting Information). The residual coupling agents form a com-
pletely different roughness morphology characterized by micron-
scale wrinkles. Although aggregates are visible on most surfaces,
when measured at higher AFM magnification, specific areas re-
veal the presence of small, uniformly-sized particles that match
the dimensions of the C-dots as measured by TEM. (Figure S17,
Supporting Information).

It is noteworthy that the C-dots remain attached to the sur-
face after several washes with deionized water and even after be-
ing subjected to ultrasonication for thirty seconds. This clearly
demonstrates that the chemical bond is strong enough to prevent
the C-dots from detaching from the substrate.

The decoration with GDB C-dots provides strong antiviral
properties to the surface when it is irradiated with UV or even vis-
ible light. Spectroscopic tests with ICG exposed to 365 nm light
confirm that the C-dots functionalization is responsible for the
10, formation, while not-functionalized films do not affect the
ICG absorption (Figure S18, Supporting Information). The viru-
cidal performances have been tested using a method similar to
that applied to the C-dot suspension, but optimized for the solid
surface. A 5 pL viral suspension of known concentration was laid
down over small squared pieces of functionalized surface. The
surfaces have been at first exposed to UV or visible light, and af-
terward the residual viral titer has been determined. The virucidal
activity of functionalized surfaces has been tested with the orig-
inal strain and Omicron variant, to check eventual difference in
efficacy.

Figure 10 resumes the most effective results of the antiviral
tests. In dark condition, the amino-silica-coated surface does
not affect the virus titer, confirming that the surface function-
alization used to graft the C-dots on the silicon substrate does
not interfere with the analysis. On the other hand, as already
observed in Figure 8, the UV light exposure affects viral titer
in non-functionalized silicon surfaces (Control). The GDB-
decorated surfaces exhibit an excellent virucidal effect under
exposure to UV, as proved by a reduction of the viral titer of
more than 5 logs. The UV irradiation has an excellent antiviral
efficacy on both the Originall*’! and Omicron!*? variant without
noticeable differences. Remarkably, the GDB- functionalization
shows a strong efficacy also under VL. this result is more evident
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Figure 10. Virucidal activity of GDB-decorated surface measured versus Original and Omicron variants (a and b, respectively) after exposure to 365

(UV) and 450 nm (VL) light.

on the Omicron variant, where the viral titer is reduced down
to the detection limit. The Original variant, on the contrary,
shows a sensible reduction in the viral titer, which, however,
remains at detectable levels. A decrease of more than two orders
of magnitude in the viral concentration (2 logs) is observed,
corresponding to a reduction of more 99% of the initial value. It
is possible to state that the GDB C-dots confer an extraordinary
antiviral effect on the surface, promoted by exposure to light,
both in the UV and visible range.

3. Conclusion

Preparing C-dots with specific functional properties requires
careful design of the material, tailoring the properties according
to use. Therefore, manufacturing C-dots with oxidant properties,
such as being able to be used as antivirals, needs an accurate
selection of the right precursors and synthesis process. In the
present work, we have demonstrated that it is possible to use mi-
crowave reactor synthesis to obtain C-dots with antiviral proper-
ties starting from an amino acid, glycine, and a molecule contain-
ing aromatic groups, 1,5-diaminonaphthalene. A key step in the
synthesis is the selection of an appropriate acid catalyst, without
which the reaction between the two precursors cannot take place.
The use of boric acid or hydrochloric acid as catalysts produces
C-dots having different molecular structures while starting from
the same precursors. HCl as a catalyst promotes the formation
of copolymers, while H;BO, induces homopolymerization of the
precursors, with the formation of poly-DAN macromolecules and
Gly structures of smaller extent.

Despite these differences, both types of C-dots show the pres-
ence of C*® centers, although to different extents. The formation
of C* species in GDB dots increases upon irradiation by UV light
and to a lesser degree when exposed to visible light. Conversely,
GDH dots do not respond to UV or visible light illumination.
Remarkably, both C-dots exhibit efficient ROS emission when ir-
radiated with UV light, as confirmed by colorimetric assays and
measurement of magnetic properties. However, only the boric
acid-catalyzed C-dots show a significant response to visible light
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irradiation, considering the variation of C* in the solid state and
the formation of singlet oxygen. Another interesting finding is
that GDH appears to be more efficient than GDB to generate
ROS when exposed to UV light but GDB is the only system that
responds to visible light excitation.

The formation of ROS and radical species, indicates that the
C-dots can be potential antiviral systems capable of disrupting
the virion structure. When used as a virucidal agent in solution,
C-dots achieve complete virus inactivation within a time range
of 5 min. A remarkable result is the antiviral performance of the
GDB dots when photoactivated by visible blue light. The C-dots
can also be used to create photoactive antiviral surfaces. The graft-
ing of the C-dot surface via chemical amide bonding allows ob-
taining nanoparticles modified to be attached to different types of
surfaces without altering the optical appearance of the surfaces
to be functionalized. The performance of GDB-decorated silicon
wafers as proof-of-concept virucidal surfaces confirms that this
emerging class of nanoparticles is a valuable asset in the fight
against the spread of viral diseases and future pandemics.

Indeed, the use of a safe photon wavelength for the production
of light-activated antiviral ROS is an important breakthrough in
the field of large-scale sanitization of high-contact surfaces, such
as door handles or light switches, especially in critical environ-
ments such as hospitals or hospices.

4. Experimental Section

Chemicals:  Glycine (Gly, purity 98.5%), boric acid (purity 99.5%), and
glycerol (purity 99.5%) were purchased from Carlo Erba Reagents. 1,5-
diaminonaphthalene (DAN, purity 97%), tetraethoxysilane (TEOS, purity
98%), 3-aminopropyl-triethoxysilane (APTES, purity 99%), hydrochlo-
ric acid (37%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
1-hydroxypyrrolidine-2,5-dione (NHS), sodium 4-[2-[(1E,3E,5E,7Z)-7-
[1,1-dimethyl-3- (4-sulfonatobutyl) benzo[e]indol-2-ylidene]hepta-1,3,5-
trienyl]—1,1-dimethylbenzole]indol-3-ium-3-yl]butane-1-sulfonate  (indo-
cyanine green), 2,2,6,6-tetramethyl-4-piperidone (4-oxo-TEMPH) and
ethanol (concentration >99.5% v/v) were purchased from Sigma Aldrich.
All the chemicals were used without any further purification. Milli-Q water
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was used for synthesis and analysis. P-type, B-doped silicon wafers, with
a thickness of 350 um, were purchased from Si-Mat and used as the sub-
strate for surface functionalization. The silicon wafer was ultrasonicated
for 2 h in a HCl 1 m water solution and then rinsed with ethanol before
using.

Viral Isolate: The human 2019-nCoV strain 2019-nCoV/Italy-INMIT,
named Original strain,[*4l and the Omicron variant BA.1,[4° named Omi-
cron, were kindly provided by the from Istituto Lazzaro Spallanzani (Rome,
Italy) and the Department of Molecular and Translational Medicine, Sec-
tion of Microbiology and Virology, University of Brescia Medical School,
(Brescia, Italy).

C-dots Synthesis and Purification: Two types of C-dots were prepared
using an acid-catalyzed reaction in the presence of hydrochloric or boric
acid. The samples were named GDH and GDB, respectively.

At first, Gly and DAN were solubilized in milli-Q water in the mo-
lar ratio 1:1, using the following amount: 0.15 g of glycine and 0.31 g
of 1,5-diaminonaphthalene, in 20 mL of milli-Q water. After solubiliza-
tion, the hydrochloric acid and the boric acid were added in the molar
ratios: Gly:DAN:HCl = 1:1:0.2 and Gly:DAN:H3;BO; = 1:X:1, with X =
0.1, 0.5 and 1. The acronym “GDB_X" indicates the GDB C-dots with a
X DAN molar ratio; if it is not further specified, GDB is the Gly/DAN ratio
of 1.

After the acid addition, the aqueous solutions were ultrasonicated for
5 min and then treated at 1000 W for 3 min in a commercial microwave
oven. A dark powder was the final product. The powder was further sol-
ubilized in 20 mL of milli-Q water, filtered through a cellulose acetate sy-
ringe filter with a pore size of 0.22 um (Whatman Puradisc 30), and finally
placed inside a benzoylated dialysis membrane with a cut-off of 2000 Dal-
tons (Sigma Aldrich) and dialyzed with a tube against milli-Q water for
24 h, changing the water every 2 h. Finally, dialyzed solutions were poured
into a silicone mold and placed in an oven in the air at 60 °C for 14 h to
remove the solvent.

Materials Characterization: UV-vis spectra were measured in ab-
sorbance mode from 200 to 600 nm by using a Nicolet Evolution
300 UV-vis spectrophotometer (Thermo Fisher). A concentration of
0.8 mg mL~1 C-dots dispersed in water was used for the analysis. For col-
orimetric single oxygen detection, 60 L of a 0.0027 m Indocyanine green
aqueous solution was added to a 2 mL of 0.8 mg mL~" aqueous solution
of C-dots.

Zolix LED power supply, equipped with LED light sources model M365L
and M450L, was used to irradiate the solution at 365 and 450 nm, respec-
tively. Each sample was irradiated for 2 min at 20 mW cm~2 before UV-vis
acquisition of the Indocyanine green absorption maximum at 785 nm.

X-ray diffraction (XRD) patterns were recorded using a Bruker diffrac-
tometer D8 Discover working in grazing incidence geometry with a Cu K,
line (A = 1.54056 A). The X-ray generator was set at 40 kV and 40 mA.
Diffraction patterns were recorded in 26 ranging from 10 to 60° with a
step size of 0.05° and a scan speed of 0.5 s/step for 4 h.

Absorption Fourier-transform infrared (FTIR) spectra were recorded by
a Vertex 70 interferometer (Bruker) in the 4000—400 cm~' range with a
4 cm™ resolution and 32 scans. The spectra were recorded using KBr pel-
lets with 1 mg of sample and 500 mg KBr.

Fluorescence analysis of the samples solubilized in water was done us-
ing a Horiba Jobin Yvon NanoLog spectrofluorometer with an excitation
and emission wavelength ranging from 300 to 700 nm. A concentration of
0.1 mg mL~" was used for the analysis.

X-ray photoelectron spectroscopy (XPS) was carried out in a custom-
designed UHV system equipped with an EA 125 Omicron electron ana-
lyzer with five channeltrons, working at a base pressure of 10-10 mbar.
Core level photoemission spectra (C 1s and N 1s) were collected in nor-
mal emission at room temperature with a non-monochromatized Al Ka
X-ray source (1486.7 eV), and using 0.1 eV steps, 0.5 s collection time and
20 eV pass energy.

Transmission electron microscopy (TEM) images were acquired with a
Jeol JEM 1400 Plus and on a Hitachi H-7000 microscope. Once dispersed
in a tiny amount of ethanol, the samples were drop-casted on a carbon-
coated copper grid and left to evaporate at room temperature. Imagej soft-
ware was used to analyze the TEM pictures.
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Atomic Force Microscopy (AFM) was performed with a microscope NT-
MDT Ntegra at 0.8 Hz scan speed in semicontact mode, using a silicon tip
with the nominal resonance frequency of 150 kHz, 5N m~] force constant,
and 10 nm typical curvature radius.

Nuclear Magnetic Resonance (NMR) spectra were collected using
a Bruker (Bruker Biospin, Karlsruhe, Germany) Avance spectrometer,
equipped with a 5-mm multinuclear inverse detection probe BBI, in deuter-
ated dimethyl sulfoxide (99.8%, Cambridge Isotope Laboratories Inc., An-
dover, MA, USA) at frequencies of 600.13 and 150.90 MHz for 'H and 3C
NMR, respectively. 1D proton spectra were acquired with a 90° pulse of
10.95 ps and 64 scans. In the "H-3C Heteronuclear Single Quantum Co-
herence (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC)
experiments, which were all gradient-selected experiments, a total of 256
spectra, each containing 2048 or 4096 data points, respectively, were
accumulated. For acquiring the HSQC, a sensitivity-improved double-
inept transfer, phase-sensitive sequence was used with decoupling dur-
ing acquisition and gradients in back-inept, 32 scans and 16 dummy
scans, J("*C-TH) = 145 Hz and spectral window of 7k x 33 201 Hz.
The HMBC sequence was optimized with long-range couplings (] =
10 and 145 Hz) and suppression of one-bond correlations with low-
pass J-filters, 32 scans and 16 dummy scans were acquired, over the
same spectral windows used for HSQC. 2D homonuclear shift correla-
tion was performed by using a COSY sequence with gradient pulses for
selection, acquiring 256 spectra of 2048 data points, 16 scans and 16
dummy scans, and spectral windows of 7002 x 6999 Hz. All NMR ex-
periments were carried out at 298 K (Bruker BVT3000 and BCUO5 units,
Bruker Biospin, Karlsruhe, Germany) and using a relaxation delay of
3s.

Solid state Electron Paramagnetic Resonance (EPR) spectra were ac-
quired using a Bruker EMX spectrometer operating at X-band (9.5 GHz),
equipped with a cylindrical cavity operating at 100 kHz field modulation.
All the spectra were recorded at room temperature (RT) with a 10 mW of
incident microwave power. Experiments were carried out both in a static
vacuum, obtained by connecting Suprasil quartz glass cells to a high vac-
uum pumping system (residual pressure P < 1073 mbar), and in the pres-
ence of O, at the pressure of 20 mbar. In situ irradiations were performed
using a UV LED centered at 365 nm and a blue LED centered at 470 nm,
setting the power to have the same irradiance value of 250 W m~2 for both
types of light.

To detect the formation of singlet oxygen, 3 mg mL~" aqueous suspen-
sions of the samples buffered at basic pH and containing the molecule 4-
oxo-TEMPH (0.044 M) were prepared. This molecule can react with singlet
oxygen to form the paramagnetic adduct 4-oxo-TEMPO. The photogener-
ation of the adduct was followed by acquiring EPR spectra on a benchtop
EPR spectrometer (ADANI's SPINSCAN X) after 5, 15, and 30 min of ex
situ irradiation with a 470 nm LED.

Antiviral Surface Synthesis:  Silicon wafers were used as substrates for
the preparation of an antiviral layer. The wafers were cut into 1.5 X 3 cm
parts, washed with ethanol, and dried in an oven in the air at 60 °C for 1 h.
The synthesis was divided into three parts: a) deposition of a silica layer
onto the silicon substrate, b) functionalization of the surface with amino
groups, and c) C-dots grafting.

In the first step, a silica precursor sol was prepared to deposit a thin
film on the substrates. The sol was obtained by adding 10 mL of TEOS
to 15 mL of ethanol (EtOH) and 2.5 mL of 1 m HCI. Before deposition,
the sol was placed under stirring for 90 min at room temperature. The
silicon substrates were dip-coated in the solution with a 100 mm min~!
withdrawal rate and then treated at 350 °C for 2 h.

The silica layers were chemically functionalized to expose the amino
groups on the surface. A sol made of 5 mL of APTES, 20 mL of EtOH,
and 1.5 mL of T m HCl was placed under stirring for 1 h at room temper-
ature. Then, the substrates covered by the silica films were immersed in
the APTES sol and dip-coated with a withdrawal rate of 100 mm min~" and
finally treated at 120 °C for 1 h.

An EDC/NHS coupling reaction was performed to graft C-dots on the
amine-modified silica surface: 200 mg C-dots, 200 mg of EDC, and 120 mg
of NHS were solubilized in 10 mL of DMF (N,N-dimethylformamide). The
amino-functionalized films were immersed into the solution and heated
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at 70 °C for 24 h under stirring. Afterward, the samples were rinsed with
water and dried in an oven in the air at 60 °C for 1 h.

Cytotoxicity Assessment: Cytotoxicity of the C-dots was evaluated us-
ing Vero E6 cells (Cercopithecus aethiops, kidney, ATCC CRL-1586) as
a reference. The cell line was routinely maintained in a Dulbecco Modi-
fied Eagle Medium (DMEM) supplemented with 1% glutamine, 1% peni-
cillin/streptomycin, and 10% fetal bovine serum. After the cells were
grown, they were placed inside a 96-well plate and grown for another 24 h
to achieve optimal cell density. After this period, the cells were subjected
to different concentrations of the nanomaterial and were left to incubate
for 72 h. The measurement was performed in triplicate. The cytotoxic ef-
fect was evaluated through microscopy observation (determination of cell
monolayer integrity). A cytotoxic concentration of 50% (CC50, concentra-
tion resulting in 50% loss of cell viability compared to untreated control)
was calculated.

Virucidal Activity:  The virucidal activity was evaluated by modifying the
guidelines given in the standard for testing chemicals as disinfectants.[46]
A volume of the viral suspension of SARS-CoV-2 (both Original strain and
Omicron variants) was put on a 96-well plate lid (12 x 8 cm). A volume
of C-dots in buffer was added to the viral suspension (final volumes and
concentrations are indicated in the results section).

Alternatively, TEOS-APTES plates functionalized with the test nanoma-
terial were used for testing virucidal activity. Suspensions or plates were
then left in the dark or exposed to visible (450 nm) or ultraviolet light
(365 nm) for the time indicated in each experiment (range 5-10 min).
Zolix LED power supply, equipped with LED light sources model M365L
and M450L, was used to irradiate the wells at a power of 20 mW cm~2 and
at a distance of &~ 10 cm. A culture medium was used as control, added to
the viral suspension, and exposed to the dark or to visible/ultraviolet light
as with nanomaterials. After an additional 5-min incubation, viral suspen-
sions were collected, and viral titer was determined. Vero E6 cells were cul-
tured in 96-well plate (20.000 cells per well). After 24 h cells were infected
with serial dilutions of each collected treated or untreated viral sample
(from 1072 to 107°) in 6-well replicates. After three additional days, in-
fection was determined by observation of the cytopathic effect in each test
well. Infection data were employed to calculate viral titer according to Reed
and Muench’s methodology.[*]
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