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Effective SARS-CoV-2 antiviral activity of hyperbranched
polylysine nanopolymers

In this work, L. Stagi and co-authors explore the potential
of an t-lysine-derived polymeric nanoparticle as an
antiviral against SARS-CoV-2. Hyperbranched polylysine
nanoparticles, synthesized by thermal polymerization

and catalyzed by boric acid, effectively inhibit SARS-
CoV-2 replication with a good in vitro safety profile. The
virucidal activity is associated with the size and charge

of the nanomaterial, promoting electrostatic interaction
with the viral surface being only slightly larger than the
size of the virions. The low-cost production and ease of
synthesis strongly support the development of such novel
nanomaterials as a tool for potential treatments of COVID-19
and, more generally, as broad-spectrum antivirals.
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Introduction

Effective SARS-CoV-2 antiviral activity of
hyperbranched polylysine nanopolymers+

Luigi Stagi, @2 Davide De Forni,® Luca Malfatti, @2 Francesca Caboi,
Andrea Salis, ©© © Barbara Poddesu,” Giulia Cugia,® Franco Lori,” Grazia Galleri® and
Plinio Innocenzi @ *2

The coronavirus pandemic (COVID-19) had spread rapidly since December 2019, when it was first identified
in Wuhan, China. As of April 2021, more than 130 million cases have been confirmed, with more than
3 million deaths, making it one of the deadliest pandemics in history. Different approaches must be put in
place to confront a new pandemic: community-based behaviours (i.e., isolation and social distancing), anti-
viral treatments, and vaccines. Although behaviour-based actions have produced significant benefits and
several efficacious vaccines are now available, there is still an urgent need for treatment options. Remdesivir
represents the first antiviral drug approved by the Food and Drug Administration for COVID-19 but has
several limitations in terms of safety and treatment benefits. There is still a strong request for other effective,
safe, and broad-spectrum antiviral systems in light of future emergent coronaviruses. Here, we describe a
polymeric nanomaterial derived from L-lysine, with an antiviral activity against SARS-CoV-2 associated with
a good safety profile in vitro. Nanoparticles of hyperbranched polylysine, synthesized by L-lysine’s thermal
polymerization catalyzed by boric acid, effectively inhibit the SARS-CoV-2 replication. The virucidal activity
is associated with the charge and dimension of the nanomaterial, favouring the electrostatic interaction
with the viral surface being only slightly larger than the virions” dimensions. Low-cost production and easi-
ness of synthesis strongly support the further development of such innovative nanomaterials as a tool for
potential treatments of COVID-19 and, in general, as broad-spectrum antivirals.

present mutations in the receptor binding domain of the spike
protein; different studies have indicated that one of the spike

The worldwide emergency created by the COVID-19 outbreak
has mobilized the research to explore new solutions for vac-
cines and therapeutic agents against SARS-CoV-2." A signifi-
cant challenge to face is the virus capability of genetic
mutations, which could hamper the development of effective
vaccines for all the possible variants mostly governed by
mutations of its spike glycoprotein. Different SARS-CoV-2 var-
iants are circulating globally: B.1.1.7 in the United Kingdom
(UK); B.1.351 in South Africa; and P.1 in Brazil.> These variants
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protein mutations (E484K, shared by B.1.351 and P.1 variants)
may affect the neutralization by some polyclonal and mono-
clonal antibodies.>"

It is, therefore, crucial to produce broad-spectrum active
antiviral systems.® The response to the coronavirus disease
2019 (COVID-19) pandemic has been hampered by the lack of
effective antiviral treatments against SARS-CoV-2. Remdesivir
represents the first treatment approved by the Food and Drug
Administration for COVID-19;** it has been shown to reduce
the hospitalization time but proved to provide only a marginal
benefit for patients with severe COVID-19 disease.® Moreover,
it is not routinely recommended for patients who require
mechanical ventilation due to the lack of data showing
benefit at this advanced stage of the disease.” *** Remdesivir
is an intravenous drug, requiring treatment to be adminis-
tered in the hospital, and can cause adverse effects such as
gastrointestinal symptoms (e.g., nausea), elevated transamin-
ase levels, an increase in prothrombin time, and hypersensi-
tivity reactions. Innovative drugs for effective and safe treat-
ments need to be also developed in the light of possible
future pandemics.
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Alternative methods based on nanomaterials and nanofor-
mulations'® have drawn attention to suppressing the virus
spread with a particular emphasis on sanitizing contaminated
surfaces."" Fewer efforts have been dedicated to investigating
nanomaterials and nanostructures as antiviral systems to be
potentially applied in vivo.'> A few nanosystems such as poly-
meric nanoparticles covered by a liposome shell modified with
antibodies and ligands,"”> metal nanoparticle composites,"*
graphene' and graphene oxide'® and cross-linked peptides'”
have been proposed as potential antiviral systems for
SARS-CoV-2.

The first requirement nanomaterials must satisfy as antibac-
terial or antiviral systems is the lack of cytotoxicity. Carbon
nanomaterials are one of the main candidates to be used as
antivirals because several independent studies have demon-
strated low cytotoxicity in vitro in different cell lines.'®>° Within
the family of carbon nanomaterials, fullerenes,”* graphene,***
graphene oxide** and carbon dots®>>*® have shown antiviral pro-
perties and have been tested against different types of viruses,
including coronaviruses.”””*® Fullerenes exhibit an antiviral
activity mainly under UV illumination via the production of
reactive oxygen species,”® while the interactions of graphene
and graphene oxide with viruses are complex, owing to the anti-
viral properties being associated with wrapping, trapping or
physical disruption through the sharp-edged structure.*®
However, the dimensions of graphene sheets and the difficulty
in achieving precise control of surface functionalization,
number and dimension of layers, represent severe limitations.

Other candidates as antiviral nanomaterials are carbon dots
(C-dots).* C-dots are characterized by dimensions smaller
than 10 nm and an intense emission. In particular, carbon
nanoparticles are potentially attractive as virucidal systems
because they can interfere with the virus capability to enter the
cells. In vitro experiments have shown that functional carbon
dots inhibit host cells’ infection from HCoV-229E coronavirus
and HIV-1.>>*> On the other hand, C-dots are obtained by car-
bonising organic precursors, which makes the real control of
the intimate structure extremely difficult. Therefore, the draw-
back of C-dots is that, in most cases, they are a kind of “black
box” formed by molecules of different nature and dimensions
or having a graphitic core which does not make them, at this
stage of knowledge, a good candidate for developing medical
drugs. An alternative route to carbon dots and carbon
quantum dots as antiviral systems is nanopolymeric materials.
They are characterized by a polymeric and flexible structure
with dimensions close to, or slightly larger than the viral par-
ticle and could interfere with their replicative cycle. The anti-
viral activity of graphene sheets has shown that the dimen-
sions can be critical to inhibit by physical wrapping of the
viruses, thus limiting their capability to enter the cells. The
other parameter which appears very critical is surface charge.
An effective design of antiviral nanomaterials should be built
on the careful control of composition, shape, dimension, and
surface charge of the nanostructures.

Polylysine in the form of poly-L-lysine and poly-p-lysine is
characterized by a linear polymeric structure and a highly posi-
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tive surface charge. Polylysines have shown to possess an
inhibitory effect in the replication of RNA and DNA viruses
such as HIV-1 and influenza A virus.**** The antiviral activity
and also the cytotoxicity of polylysines increase with the mole-
cular weight. The antiviral activity has been attributed to the
inhibition of the virus binding to the cells. These results
suggest that a possible antiviral polymeric material should use
the positive surface charge of polylysine, while a branched
structure should offer the advantage of a higher interaction
with the virus at the same nanoscale. Following this general
idea, we have tested the antiviral properties of hyperbranched
polymeric nanomaterials obtained by boric acid-catalyzed
thermal polymerization of r-lysine against the SARS-CoV-2
virus. Experimental data suggest that the nanopolymer anti-
viral activity prevents the entry of the virus to the cells without
being cytotoxic. Polylysine hyperbranched nanopolymers, as
suggested by the present study, represent a promising antiviral
system whose potentialities worth being further exploited.*?

Experimental methods
Nanopolymer preparation

t-Lysine derived nanoparticles have been synthesized by a
thermal polymerization method. Commercial r-lysine ((S)-2,6-
diaminocaproic acid) powder (Sigma-Aldrich, crystallized,
>98.0% (NT), H,N(CH,),CH(NH,)CO,H) was placed in a
ceramic crucible and heated up to 240 °C for 5 h and allowed
to cool down to 20 °C before any further treatment. After the
thermal treatment, the obtained brown-black solid was dis-
persed in Milli-Q water, sonicated for 15 min and then centri-
fugated at 9000 rpm for 20 min. The supernatant was collected
and dialyzed against water for 24 h using a dialysis tube (ben-
zoylated, avg. flat width 32 mm (1.27 in.), replacing the water
every 12 h. Then, the resulting nanomaterials were freeze-dried
for 24 h and kept at 4 °C before characterization.

Lysine hyperbranched nanopolymers were prepared as
follows: boric acid (H3BO;) (Carlo Erba) and i-lysine powders
were mixed in a mortar and treated at 240 °C for 5 h in air.
The obtained compound was sonicated, dialyzed and freeze-
dried according to the procedure reported for lysine nano-
particles. 1-lysine-H;BO; derived nanopolymers were stored at
4 °C before characterization.

Materials characterization

Transmission electron microscopy (TEM) bright-field images
were obtained by using an FEI TECNAI 200 TEM operating at
200 kv with field emission electron guns. Before analysis, the
carbon nanomaterials were dispersed in ethanol and ultrasoni-
cated for 10 minutes. Afterward, the solutions containing the
carbon nanomaterials were cast on grids made by Cu and
covered with an ultrathin layer of carbon (nominally of 3 nm)
mounted on a lacey carbon film. After drying at room tempera-
ture, the grids were directly used for the measures. The particle
size was estimated by measuring at least 10 different particles
on 5 images taken from different areas of the grid.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr03745e

Open Access Article. Published on 23 September 2021. Downloaded on 7/30/2025 9:58:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Attenuated total reflectance-Fourier-transform infrared
(ATR-FTIR) analysis was carried out using an ATR accessory
coupled with an infrared Vertex 70 interferometer (Bruker).
The ATR spectra were recorded in the 4000-400 cm™ ' range
with a 4 em™ resolution.

UV-Vis absorption spectra were recorded using a Nicolet
Evolution 300 UV-Vis spectrophotometer (Thermo Fisher) with
a bandwidth of 1.5 nm. In situ Fourier-transform infrared
spectra of sample powders in potassium bromide (KBr, IR
99%, Sigma) were recorded in an electrical heating jacket in a
transmission geometry (Specac).

Fluorescence spectroscopy measurements were performed
on a Horiba Jobin Yvon Fluoromax-3. Typically, 3D PL maps of
aqueous solutions were recorded from 200 nm to 600 nm. The
same spectrofluorometer and identical measurement settings
were used in all the cases for a simple comparison of the
obtained data. Photoluminescence quantum yield (QY)
measurements have been performed using a quanta-@
(HORIBA) integrating sphere accessory, attached to a
“NanoLog” Horiba Jobin Yvon spectrofluorometer.

X-ray diffraction (XRD) patterns were collected using a
SmartLab X-ray powder diffractometer (Rigaku, Tokyo, Japan)
in the Bragg-Brentano geometry with Cu Ko radiation (1 =
1.54178 A) and a graphite monochromator in the diffracted
beam.

"H NMR spectra were recorded at 25 °C on a Bruker Avance
III 400 MHz spectrometer. Deuterium Oxide (D,0) +
Tetramethylsilane (TMS, 0.05% v/v) was used as the solvent.
Deuterium oxide 99.9 atom % D, containing 0.05 wt% 3-(tri-
methylsilyl)propionic-2,2,3,3-d, acid sodium salt was pur-
chased from Sigma-Aldrich. The samples were dissolved in
0.6 ml of D,O and transferred to a 5 mm NMR sample tube.
TMS, used as an internal standard, was calibrated as § =
0.00 ppm. The experimental parameters were: '"H NMR: Pulse
angle of 90°, acquisition time of 2.5 s, 512 repetitions and
spectral width of 12 ppm.

The degree of branching (DB) and the average number of
branches (ANB) have been calculated using the integrals of the
different structural units in the 'H spectra using the
formulas:*

D+T D+T

= = 1
D+L+T D+Le+L+T (1)
and
D
ANB = —— (2)
D+ L

with D being the dendritic units, T the terminal structural
units, L, the N*linked linear units, and L, the N°-linked linear
units (see SI 17).

Zeta potential ({) and hydrodynamic diameter (size) of HPN
solutions were measured using a Zetasizer Nano ZSP instru-
ment (Malvern Instruments) in the backscatter configuration
(0 = 173°; laser wavelength of 4 = 633 nm). The scattering cell
temperature was fixed at 298 K, and the data were analyzed
using the Zetasizer software 7.03 version. The samples were

This journal is © The Royal Society of Chemistry 2021
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prepared by dissolving solid samples in Milli-Q water (1 mg
mL™"). The samples were left under rotation for one hour at
25 °C before analysis. All measurements were carried out at
least in triplicate.

Viral isolate

The human 2019-nCoV strain 2019-nCoV/Italy-INMI1 was iso-
lated in Italy (ex-China) from a sample collected on January 29,
2020, from Istituto Lazzaro Spallanzani, Rome, Italy.*®

Cell line

Cytotoxicity and antiviral activity of the drugs were studied in
Vero E6 cells (Cercopithecus aethiops, kidney, ATCC
CRL-1586). The cell line was maintained in DMEM sup-
plemented with 1% glutamine, 1% penicillin/streptomycin
and 10% fetal bovine serum, FBS (complete medium).

Cytotoxicity assay

A cytotoxicity experiment was performed in parallel with the
antiviral assay, using cells from the same passage.
Exponentially growing Vero E6 cells were seeded into a 96-well
plate at 1 x 10° cells per mL in a complete medium, 24 hours
later the cells were exposed to different concentrations of
drugs in the complete medium (2% FBS, as in the antiviral
activity assay) for 72 hours. The HPNs were resuspended in
DMSO and sonicated for 15 minutes. Compound dilutions
were performed in a culture medium. Remdesivir was included
as a reference drug.

The cytotoxic effect was evaluated using the MTS colori-
metric assay (Promega) and confirmed through observation of
the cell monolayer at the microscope. A cytotoxic concentration
of 50% (CCso) was calculated through interpolation of the
dose-response curves generated using Magellan™ software.
The tests with SARS-CoV2 have been performed in a Biosafety
Level 3 (BSL3) facility which is located in the science park of
Porto Conte Ricerche (Alghero, Italy).

Antiviral activity assay

Exponentially growing Vero E6 cells were seeded into a 96-well
plate at their optimal density in the complete medium, and
24 hours later the cells were exposed to different concen-
trations of drugs. Then, the cells were infected with
SARS-CoV-2 (multiplicity of infection 0.01) and cultured for
72 hours. Two replicates for each concentration point were
examined. Two different experiments were performed. At the
end of the incubation period, the antiviral activity was exam-
ined both through the ELISA assay (Sino Biological, quantify-
ing SARS-CoV-2 nucleoprotein) and the cytopathic effect obser-
vation using a microscope. An inhibitory concentration of 50%
(ICs0) value was calculated.

Time-of-addition experiments

Vero E6 cells (1 x 10° cells per mL) were seeded into 96-well
plates and treated with the compound (500 pg mL™') at
different stages of virus infection. For full-time treatment, the
cells were pre-treated with the compound for 1 h prior to virus

Nanoscale, 2021, 13,16465-16476 | 16467
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infection at 37 °C, followed by virus adsorption for 1 h in the
presence of the molecule. Then, the cells were washed and
further cultured at 37 °C with the molecule-containing
medium until the end of the experiment. For pre-adsorption
treatment, the agent was added to the cells for 1 h at 37 °C
before virus infection and maintained during virus adsorption.
Then, the mixture was replaced with a fresh medium without
molecules until the end of the experiment. For the post-
adsorption assay, the drug-containing medium was added to
the cells only after virus adsorption and maintained until the
end of the experiment. Uninfected cells were included in all
experimental settings to exclude possible drug-toxicity CPE.
For all the experimental groups, the cells were infected with a
multiplicity of infection 0.01 and absorption was performed
for 1 h at 37 °C. At the end of the incubation period
(72 hours), antiviral activity was examined through the ELISA
assay.
All conditions were tested in duplicate.

Flow cytometry

Vero E6 cells were grown in a tissue culture flask of 25 cm?®
until ~80% confluent, then treated with nanoparticles at
250 pug mL™" for 24 hours. Untreated cells were used as the
control. Then, the cells were detached and resuspended in ice
cold PBS for flow cytometry analysis.

The samples have been acquired on a FACSCanto flow
cytometer (BD Biosciences) and data analysis was performed
using the BD FACSDiva software program.

Vero E6 cells were selected, gating out dead cells, and both
percentages and mean fluorescence intensity (MFI) of fluo-
rescent HPN treated cells were evaluated (FITC channel).
10 000 events were collected for each experiment.

When determining the internalization of nanoparticles, the
cells were treated with trypan blue 0.025% for 5 minutes at
room temperature before acquisition. Flow cytometry images
were generated with FCS Express software.

Nanoparticle uptake for confocal microscopy

Vero E6 cells were grown in 35 mm coverslips directly into a
6-well plate until ~60% confluent, then treated with nano-
particles at 250 pg mL™" for 24 hours. Untreated cells were
used as the control. The cells were washed in PBS and fixed
with paraformaldehyde 4% for 15 minutes, then washed with
PBS/1% albumin, then PBS only and finally water. Coverslips
were then dehydrated and mounted on a slide with 50% gly-
cerol under a cover slip, and images were acquired using a
Leica TCS SP5 confocal microscopy, with LAS lite 170 image
software.

Results and discussion
Hyperbranched nanopolymer structure and properties

Lysine, an amino acid commonly found in protein-rich foods,
such as eggs and meat, has been selected as a natural precur-
sor to obtain highly biocompatible polymeric nanomaterials.

16468 | Nanoscale, 2021,13, 16465-16476
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Different types of carbon dots with a graphitic core have
been also successfully synthesised via bottom-up routes
using lysine in previous works.>”*® 1-Lysine is a versatile pre-
cursor that can form dendrimers and hyperbranched poly-
meric structures upon controlled thermal polymerization.**°
It can be polymerized to hyperbranched polylysine through
the polyamidation reactions.*' Hyperbranched polymers (HP)
are defined as highly branched macromolecules that have an
irregular branching and structure.*” HP synthesized from
amino acids offer several advantages with respect to linear
peptides in terms of solubility, biocompatibility, and
enhanced proteolytic stability.*> For these reasons, they are
currently under the highlight for developing therapeutic
applications.**

In general, the formation of hyperbranched lysine polymers
without employing any amidation catalyst or protective groups
requires several synthesis steps. In the present work, we have
used a simple approach to produce nanoparticles formed by
hyperbranched polylysine (hyperbranched polylysine nano-
particles, HPNs) via a thermal polymerization of a mixture of
L-lysine and boric acid (H;BO3).

We have synthesised two distinct nanopolymers via the
thermal treatment of i-lysine,*® the first one employing only
pure t-lysine as the precursor and the second one by using a
t-lysine-H;BO; mixture with boric acid as the catalyst. The two
nanomaterials, because of the addition of boric acid, differ in
terms of dimension, branching and surface charge. This differ-
ence has been reflected in a much different antiviral response,
with lysine-only-materials which do not exhibit any antiviral
activity (vide infra). We have, therefore, concentrated our atten-
tion on the nanomaterial obtained by the mixture of r-lysine
and H;BO;.

To understand the effect of the thermal treatment on the
derived nanomaterials, we used FTIR in situ spectroscopy to
monitor the structural changes as a function of the tempera-
ture. Fig. 1la shows the temperature-wavenumber-intensity
infrared graph in the 1800-1450 cm™' range of the i-lysine-
H;BO; mixture during thermal treatment in air from 25 °C up
to 240 °C.

The FTIR data collected in situ at increasing temperatures
show that the lysine-H;BO; (Fig. 1b) system undergoes an ami-
dation reaction between 185 and 225 °C in accordance with
Differential Scanning Calorimetry (DSC) data (Fig. 1c). The
-COO~ stretching band at 1580 cm™" decreases in intensity
with the increase in the temperature to transform into the
C=O0O stretching band of amide I peaking at around
1654 cm™'. This process gives the formation of oligoamides
via one-step growth polycondensation of t-lysine in the pres-
ence of boric acid by thermal treatment at 240 °C.*® "H NMR
(Fig. S1-S4t) well support the formation of a hyperbranched
polylysine structure (Fig. S5f) in accordance with the
literature.**** The calculated degree of branching, DB, and an
average number of branches, ANB, are 0.4 and 0.13, respect-
ively. The polycondensation reactions give spherical-like nano-
particles whose dimensions are within the 200-300 nm range
(Fig. 2). The nanoparticles can be dispersed in water and

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) In situ FTIR spectra in the 1800-1475 cm™* range during thermal treatment of the L-lysine—HzBOs mixture (1:1 molar ratio) from 25 to

250 °C. The absorbance is reported in the false colour scale. (b) FTIR spectra of pure L-lysine and L-lysine—H3zBO3z mixture in the 4000-400 cm

-1

range (blue and black line, respectively). (c) DSC analysis of the L-lysine—H3BO3z mixture (1: 1 molar ratio) from 25 to 500 °C (blue line). The black line

shows the thermal ramp with a 20 min dwelling time at 180 °C.

DMSO solvent up to the concentrations used for the in vitro
tests.

Fig. 2a shows the UV-Vis absorption spectra of pure r-lysine
(black line) and HNPs (red line) in water. The spectra are
characterized by an intense absorption band in the deep UV, at
205 nm, which is assigned to n-n* transitions. At higher wave-
lengths, a weak absorption band peaking at 270 nm, which
has been previously attributed to lysine aggregates, is
observed.”” The HPNs are fluorescent with an emission in the
blue region. Fig. 2b shows the three-dimensional (3D) fluo-
rescence spectra [excitation (y)-emission (x)-intensity (z)] of
HPNs in water with an excitation-dependent emission
response. The nanomaterials exhibit a broad emission peaked
at 450 nm under excitation at 370 nm with a QY efficiency of
4.5%. By comparing the HPN optical properties with those of
the 1-lysine precursor,’® the emission in the blue region
appears characteristic of the amino acid (Fig. S61) which has
an emission maximum at around 440 nm under excitation at
360 nm. The fluorescence of such a nanomaterial represents
an intrinsic advantage because it can be also used at the same
time for bioimaging to follow its interactions with the cells
(vide infra).

This journal is © The Royal Society of Chemistry 2021

The TEM images of the HPNs reveal the formation of quasi-
spherical structures (Fig. 2¢), in the ~#150-200 nm range. The
electronic contrast is very low which does not allow precise
identification of the particle boundary. Moreover, the particles
appear completely amorphous with no evidence of any crystal-
line phase, as observed in different HPNs and supported by
X-ray diffraction analysis (Fig. S71). These results are compati-
ble with the formation of interconnected polymeric structures
with a low degree of densification. Fig. 2d shows the Dynamic
Light Scattering (DLS) measurement of the HPNs in water. The
particle distribution is well simulated by a Gaussian curve with
a maximum at around 300 nm.

Another characterization of the hyperbranched polymeric
nanoparticles regards the nature of the surface charge. The
analysis by zeta potential has shown that the particles have a
+20 + 2 mV charge, in accordance with similar values
measured for carbon dots.*®

Cytotoxicity

Cytotoxicity and antiviral efficacy against SARS-CoV-2 of the
HPNs have been assessed in African green monkey Vero E6
cells. Remdesivir is an intravenous prodrug of an adenosine

Nanoscale, 2021,13, 16465-16476 | 16469
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Fig. 2 (a) UV-Vis absorption spectra of lysine (black line) (0.01 M) and carbon nanomaterials (red line) in water (250 ug mL™2). (b) The excitation
(y axis)—emission (x axis)—intensity (false colour scale) fluorescence map of the carbon nanomaterials in water (0.25 mg mL™). (c) Representative
bright-field TEM image of HPNs. (d) Dynamic light scattering of the HPNs (black spots) in water (250 pg mL™). The bright areas are holes in the TEM

grid.

analog, binding to the viral RNA-dependent RNA polymerase
and inhibiting SARS-CoV-2 replication through premature ter-
mination of RNA transcription and has been used in the
present work as a reference drug, as it shows antiviral activity
in vitro against the new coronavirus*® and represents the first
treatment approved by the Food and Drug Administration for
COVID-19.*°

To investigate the extent of HPN biocompatibility, we have
performed standard MTS cytotoxicity assays. Soluble tetra-
zolium salts, such as 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), are
reduced by cellular nicotinamide adenine dinucleotide (phos-
phate)-dependent oxidoreductase enzymes in the presence of
an intermediate electron acceptor (phenazine ethosulfate) to
produce (producing) a formazan derivative that is quantified
by spectrophotometry.

This product reflects the metabolic activity and thus viability
of cells and, hence, can be used to determine a toxic dose of a
substance. Indeed, it has been recently published a standard

dedicated to nanomaterials using the MTS assay as an in vitro
cytotoxicity assay.”" Vero E6 cells have been exposed to increas-
ing concentrations (0.5, 5, 50, and 500 pg mL~") of HPNs to get
the 50% cytotoxic concentration (CCs,) value; the data have
been compared with the reference drug remdesivir® (Table 1).
500 pg mL" is the highest dose that could be tested
because of DMSO solvent concentration limits in cell culture.
The results show that HPNs are not cytotoxic up to the
maximum tested dose, with a CC5, >500 ng mL™?, in accord-
ance with previous biocompatibility tests for carbon dots.'®
The reference drug remdesivir has a CCs, value of >60 pg mL ™"
and is more cytotoxic than HPNs because it produces a similar
mean loss of cell viability at the highest test dose, but at
8-times lower concentration compared to HPNs. Fig. 3 shows
the cytotoxicity curves of HPNs (left) and remdesivir (right).

Antiviral activity

The antiviral assay was performed in parallel with the cyto-
toxicity experiments, using the SARS-CoV-2 permissive cell line

Table 1 Cytotoxicity data (expressed as % viability compared to control, mean and standard deviation) obtained in MTS assay

Remdesivir HPNs

Concentration Cytotoxicity (% cell viability, Concentration Cytotoxicity (% cell viability,
(ng mL™h) compared to untreated control) (ng mL™Y) compared to untreated control)
60 82.1+2.2 500 85.8+2.9

12 98.9 £ 6.7 50 102.5 + 2.8

2.4 94.1 £ 1.0 5 99.1+1.9

0.5 104.2 £9.4 0.5 98.8 +1.1
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Fig. 3 Cytotoxicity of HPNs (left) and reference drug remdesivir (right). The lines are a guide to the eye.

Vero E6 from the same culture passage. The cells have been
seeded into 96-well plates and exposed to different concen-
trations of remdesivir and HPNs. Cells have been then infected
with SARS-CoV-2 (multiplicity of infection, m.o.i, 0.01) and cul-
tured for 72 hours. At the end of the incubation period, viral
replication has been examined through ELISA assay, quantify-
ing SARS-CoV-2 nucleoprotein. The virus-induced cytopathic
effect (CPE) resulted in detached cells, as monitored by light
microscopy. Antiviral efficacy data (i.e., SARS-CoV-2 nucleocap-
sid protein, NC, expressed as % of control, mean and standard
deviation) obtained in the ELISA assay are listed in Table 2.

HPNs effectively reduce SARS-CoV-2 viral replication, with a
50% inhibitory concentration (ICso) value of 125 pg mL ™.
Remdesivir has been used as the control of viral infectivity
inhibition and has shown an ICs, of 1.9 pg mL™}, in line with
the results obtained by other research groups employing
different readout methodologies.”® Fig. 4 shows the dose-
response curves of HPNs (left) and remdesivir (right).

Control experiments have been performed testing the anti-
viral activity of polylysine nanopolymers obtained without the
use of boric acid as a catalyst. They have a smaller zeta poten-
tial, not higher than +6 mV, and a larger dimension in com-
parison with HPNs and do not show any antiviral activity
(Fig. S8 and Table S17).

The virus infection positive control has shown marked
effects on cell morphology (Fig. 5b) compared to the unin-
fected control (Fig. 5a). HPNs have shown a degree of protec-
tion from cytopathic damage at effective concentrations. The
pictures taken on the cells during treatment with HPNs at 2 x
ICs, show that it effectively restores the Vero E6 cell monolayer
(Fig. 5¢).

Time of addition

Previous reports suggest that the SARS-CoV-2 virus binds to
the angiotensin converting enzyme 2 (ACE2) receptor with its
spike protein. The virus size is around 60-140 nm.>*

Table 2 Antiviral activity data of test compounds at the different concentrations, i.e., % viral nucleocapsid protein, NC, compared to untreated

infected control (=100%)

Remdesivir HPNs
Concentration Antiviral activity (% viral NC protein, Concentration Antiviral activity (% viral NC protein,
(ng mL™h) compared to untreated control) (ng mL™h) compared to untreated control)
6 14+7 500 14+ 6
1.2 73+£9 50 79 £41
0.24 96 £ 10 5 95+19
0.05 107 + 23 0.5 94+9
HPNs Remdesivir
140 140
5 120 - 120
£ 100 £ 100
o o
® 80 x 80
g 60 g 60
o o
s 40 5 40
L%} Q
EPT) = 20
0 o
0.1 1 10 100 1000 0.01 0.1 1 10

Concentration, ug mL*

Concentration, ug mL*

Fig. 4 Effect of the nanomaterial on the SARS-CoV-2 replication (left) and control remdesivir drug (right). The lines are a guide to the eye.
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Fig. 5 Optical images of the Vero E6 monolayer: (a) uninfected control, (b) infected with SARS-CoV-2, and (c) infected with SARS-CoV-2 and
treated with HPN's at 250 ug mL™2. Optical microscope image at 50x magnification.

Most of the reported carbon dots exhibit their antiviral
activity interfering with the early stage of viral infection by
altering the viral surface proteins. Surface-functionalized
carbon dots with amine or boronic acid functional groups
effectively inhibit the host-cell entry of herpes simplex virus
type 1.>°> Curcumin derived carbon dots can block infection at
a very early stage of viral entry due to viral aggregation and
inactivation caused by electrostatic interaction of positively
charged carbon dots.*’ Also, curcumin carbon dots have
shown to slow down the production of negative RNA strands in
the porcine epidemic diarrhea virus.*' Viral inhibition could
also be derived from hindering budding and detachment steps
when the progeny of the virus is budding from the host cells.>"
Inhibition of another human coronavirus HCoV-229E entry
and viral replication was achieved with carbon dots.*> Huang
et al. showed that carbon dots inhibited viral entry of both
enveloped (flaviviruses such as Zika and dengue) and non-
enveloped viruses (e.g. adenovirus-associated virus) by binding
directly to viral surface proteins and hindering the first step of
viral attachment to the host cell.”® We, therefore, have asked
ourselves whether similar mechanisms can explain the anti-
viral activity of HPNs. Hence, we have performed a time-of-
addition experiment to explore which step in the viral life cycle
is blocked by these nanomaterials.

For the full-time treatment, cells have been pre-treated with
HPNs (a concentration of 4 x IC5, was selected for this experi-
ment, i.e. 500 pg mL™") for 1 h prior to virus infection at 37 °C,
followed by virus adsorption for 1 h in the presence of HPNs.
Then, cells have been washed and further cultured at 37 °C
with the HPN-containing medium until the end of the experi-
ment. To examine whether the substance could block viral
attachment and entry, a pre-adsorption treatment has been
performed, where HPNs have been added to the cells for 1 h at
37 ©°C before virus infection and maintained during virus
adsorption. Then, the mixture has been replaced with a fresh
medium without HPNs until the end of the experiment. To
examine the antiviral effect during post-entry steps, such as
genome translation and replication, virion assembly and
virion release from the cells, a post-adsorption assay has been
carried out, in which the HPN-containing medium has been
added to cells only after virus adsorption and maintained until
the experiment’s end.

The full-time treatment with HPNs has resulted in a com-
plete viral replication inhibition, measured by quantification

16472 | Nanoscale, 2021,13, 16465-16476

of the viral nucleocapsid protein by ELISA assay. The molecule
did not show the same degree of protection in the pre-adsorp-
tion treatment, as viral replication inhibition was 26% com-
pared to untreated control; in the post-adsorption treatment,
inhibition of viral replication was 72% compared to untreated
control (Fig. 6). The results suggest that HPN may act at
different stages of the SARS-CoV-2 life cycle. No compound-
related cytotoxic effect has been observed on uninfected cells
in all experimental settings (not shown in data).

Nanoparticle uptake kinetics

To confirm whether HPNs could penetrate the host cell and,
therefore, have the potential to exhibit antiviral activity in post-
entry steps, we have investigated the nanoparticle uptake into
the cells, performing a series of experiments in which Vero E6
cells have been incubated for 6 and 24 hours in growth
medium containing effective concentrations of HPNs (2 x ICj,
250 pg mL™" or 4 x ICso, 500 pg mL™"). The resulting fluo-
rescence per cell has been evaluated by flow cytometry.
Fluorescence intensity overlapped when cells were pulsed with
the HPNs for 6 or 24 hours (Fig. 7a), indicating efficient nano-
particle entry into the cells for shorter or longer incubation
times, at concentrations compatible with a demonstrated anti-
viral efficacy. We have also demonstrated that the HPNs are
taken up by the cells in a dose-dependent manner (Fig. 7b and c).

To verify whether the hyperbranched nanopolymers are
taken up by the cells, trypan blue 0.025% has been employed
to quench the fluorescence of molecules external to the cell

140
120
100
80
60
40

-
0

Full-time treatment

inhibition of viral replication
(% of control)

Pre-adsorption
treatment

Post-adsorption
treatment

Fig. 6 Time-of-addition experiments. Inhibition of viral replication (i.e.,
production of viral nucleocapsid protein detected through ELISA
72 hours post infection) is shown for full-time treatment, pre-adsorption
treatment and post-adsorption treatment.
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Fig. 7 (a) Flow cytometry histograms for cells pulsed with 250 pg mL™* of the HPNs and analyzed after 6 (blue) and 24 hours (red), and control cells
are shown in black. Flow cytometry histograms for cells treated with 250 pg mL™ (b) and 500 pg mL™ (c) of the nanomaterial for 24 hours; treated

cells are shown in red compared to control cells in black.

membrane. Trypan blue is a routinely used counterstain that
can quench autofluorescence.’”*® After trypan blue treatment,
the fluorescence of HPNs is still visible, confirming localiz-
ation inside the cell (Fig. S97).

Fluorescence microscopy

Nanoparticle internalization has been confirmed by analyzing
Vero E6 cells pulsed with HPNs for 24 hours by means of con-
focal microscopy.

Cell nucleus

x [um]

y [pm]

After 24 h of incubation with 250 pg mL™" of HPNs, fluo-
rescent green spots are visible inside the cytoplasm confirming
internalization (Fig. 8a and b). Z-Stack and 3D rendering have
confirmed that the HPNs are effective inside the cells and not
on the cell surface (Fig. 8c and d). There is no evidence of
HPNs in the cell nuclei (Fig. 8c).

The plasma membrane represents a highly selective barrier
protecting living cells and limiting the entry and exit of large
macromolecules. The capability of HPNs to rapidly and effec-

Fig. 8 Confocal microscope images of control (a) and (b) cells pulsed with the nanomaterial at a concentration of 250 pg mL™ for 24 hours; (c) 3D
projection of fluorescence distribution within the cell; (d) 3D rendering through side projections of confocal Z-stack confirming the presence of the
nanoparticles (green spots). The slides were analysed using a Leica SP5 confocal microscope.
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tively penetrate host cells might represent an advantage over
drugs with poor permeability properties. Uptake of the nano-
particles by the cellular systems most probably occurs with a
process known as endocytosis.’® Further studies will be
needed to better elucidate the uptake mechanism of HPNs, to
assess whether it is the result of pinocytosis or phagocytosis
processes.

To explain the antiviral activity of HPNs, we should con-
sider that SARS-CoV-2 is characterized by the spike (S) glyco-
protein® on the outer surface, which plays a critical role in the
interaction with antiviral systems and external surfaces.®! van
der Waals and surface charges are the forces that govern the
interaction of the virus through the surface-associated active
chemical groups, namely carboxylic acid, hydroxyls, amines
and carbonyls. Viral particles, in general, have an isoelectric
point below 7°* and at neutral pH exhibit a negative charge.
Highly positively charged polylysine molecules have already
shown to have a strong electrostatic interaction with viruses
and to be able to inhibit their replication. The same mecha-
nism can be assumed in the present case.”>*° The hyper-
branched structure favours the interaction with the
SARS-CoV-2 spikes through the surface charge; on the other
hand, nanopolymers with a lower branching and positive
surface charge do not exhibit any antiviral activity.

Besides viral entry inhibition, other mechanisms of anti-
viral activity can be hypothesised. Other research groups, in
fact, have observed that nanomaterials exhibit their antiviral
activity against several viruses by several distinct mechanisms
interfering at different stages of viral replication, e.g. alteration
of viral attachment and inhibition step, inhibition/stop of RNA
replication (through alteration of enzymes that are needed for
viral genome replication), hindering budding and detachment
steps.”® As we have demonstrated that HPNs penetrate the
cells (Fig. 7 and 8), this suggests that they exhibit antiviral
activity not only at the entry-level but also by limiting viral
RNA replication or budding of virions. The time-of-addition
experiment (Fig. 6) confirms that HPNs may act at different
stages of the SARS-CoV-2 life cycle, either acting at viral entry
or post-adsorption steps.

Conclusions

In the present work, we have explored a potential antiviral
treatment based on hyperbranched nanopolymers. Thermal
polymerization of r-lysine catalyzed by boric acid allows hyper-
branched nanopolymers to obtain an average dimension of
200 nm and a positive charge. If the polymerization is carried
out without boric acid, the final nanopolymer has a less
branched structure, smaller positive charge and larger dimen-
sion. The r-lysine only nanopolymer has not shown any anti-
viral activity in contrast of the hyperbranched one.

The hyperbranched polylysine nanoparticles are not cyto-
toxic up to the maximum tested dose, 500 mg mL™", while
remdesivir, used as a reference drug to test the antiviral pro-
perties, is more cytotoxic. The hyperbranched polylysine nano-

16474 | Nanoscale, 2021,13,16465-16476
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particles have shown a remarkable capability to inhibit the
SARS-CoV-2 viral replications, with a 50% inhibitory concen-
tration (IC50) value of 125 pg mL™" and good protection from
cytopathic damage. The surface charge of the hyperbranched
polylysine nanoparticles may favour the electrostatic inter-
action with the virus surface, which explains the antiviral
activity. Because of the mechanism of action that has been
hypothesized, the virucidal effects should be largely indepen-
dent of the genome of SARS-CoV-2 and, therefore, are the
lysine hyperbranched nanopolymers expected to be effective
against multiple existing and newly emerging variants.

Besides the potential low cost and easy synthesis, the poly-
meric hyperbranched nanomaterial derived from t-lysine
opens the route for developing new solutions as possible treat-
ments of COVID-19 and in general as broad-spectrum
antivirals.
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