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The pandemic of CONI-1Y is spreading unchiecked due Lo Lhe lack of eoffrroive antivical measuces. Sikver
aunuparticles [(AgNi) have been studied Lo possess antiviral properties and are presumed w inhibit
SARS-CuV-2. Due to the need far an cfactve agent against SARS-CoV-2, we evaluared the antiviral efTect
of ApNPs. We wvaluated a plethora of AgNPs af ditlecent sizes arxl concentration and abserved that
particles ol dinneter wiound 10 nm were effective 1 Inhébiting exivacelluler SARS CoV-2 at concentra-
nars ranging between 1 and 10 ppim while cytataxie eHeer was obseoved al cuncentrativns of 20 ppm
and abave, Luciterase-based peruduviius entry assay reveadad thar AgNPS potently inhibited viral entry
step via disrupling vicel integrity. These results indicate thal AgNPs are highly potent micrabindes
3gainst SARS-CuV-2 Lut shuuld b used with cauntion due 1o their Grtoloxic effects and their potcatial 1o

derange eavitonimental seosystems when impraperly disposed.

u 2020 Elsevier inc. All nghrs reseried

1. Introduction

The elemental metal, Stlver (Ag) has broad spectium antimi-
crabeaal action against varigus bacteria, fungi and viruses. Due (o
their versaulity, Ag nanuparticles (AgNP) have currently found their
way 35 a microbicide for bielogical surfaces in various forms such as
wound dressings, medical devices, deadarant sprays and fabrics.
Several studies have demonstrated the pitent antiviral action of
AgNPs against various human pathogenic viruses such as Respira-
tury syncytial virgs (RSV). Influenza vizus, Netovirus, Hepatitis B
virus (HBV) and Human immuncdeficcency visus [#IV) | ] [n
additien to thess viruses, since Ag has been demonstisted 1o kill
SARS-CoV, we hyputhesized the strong possibility of AgNPs Lo
inhibit SARS-Cov-2 [,]. Till date there are no studies directly
demanstrating the effect of AgNPs on SARS-CoV-2. We tested
tollnidal sitver {cAg). plain elemental Ag nanoparticles of different
diameters (AgNP,) and polyvinylpyrzoliatone capped 10 nm silver
nanoparlicles (PVP-AZNE ) against SARS CoV 2 1o find the most
ellective size and concentration of Ag that couid inhibit SARS-CoV-
2. We propose 1hat AgNPs could be used on inanimate aix! non
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biolegical surlaves ta efficiently control the ongeing COVID-19
pandemic while simultancously exercising care notl ta abuse it,

2. Materials and methods
2.0 Cell caltiere and virns propeganon

VerokSTMIRSS2 (VeruES ceils stably expressing the trans-
membrane senne protease TMPRSS2. ICRE #1819) and Calu-3 cell
lines were cultured in DMEM containing 10% FBS [1]. SARS-CoV-2
(IPNJTY/WHK-521] was oblained from NN, JAPAN, stored in ali-
¢uaris at =80 “C and handiled in biosalety level 3 (8SL3). While
perlanming SARS-CoV-2 infection studies, DMEM containing 2%
FBS was used.

2.2, Mogue assay

Plague assay was peormed SARS-CoV-2 on VeroE6/ TMPRSS2
and Calu-3 cell lines as describied elsewhere with minor modih-
cations | | 96 well plates were seeded with 5 ~ i0° cells per wel
in 10% FBS/DMEM and aliowed to grow overnight. Viral sofution
was diluted i 10-fuld serial dilutions in 2% FBS/DMEM. The su-
pernatants from weils were removed and replaced with viral i
lutions in correspandingly Libeled veells and incubated at 37 “C lor
4G h after which the celis were fixed with 4% formalin and stained
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with 0.25% crystal violet to visualize the plagucs against a wihite
Dackground. Median tissue culture infecling dose (TCID50) and

multiplicity ol inlection (MOI) were calculated from quadruplicate
tests,

2.3, Silver formulations

FPUP-AgNFy at 20 ppim stack concentration (Cat No: 795925)
and ¢Ag (Cat No: 85131) were obtained from Sigma. AgNPs of
dillerent sizes: AZNE, (Cat No: US7150), AgNP s (Cat No: UST091},
AENPog, AgNPgp and AGNI i (US1038W) were purchased from US
Resedrch Nanomaterials, Inc. All of the Silver lormulations were
dispersed in water andd the desired concentration was prepared by
diluting in sterile distilled water,

24, Celi viability cssay

The CeliTiter-Glo Cell Viability Assay (Promega) is 3 lumines-
cenve hased 3ssay which quantitatively detects live cells based on
adenasing riphnsphate (A1) levets. Cell death subsequent to Ag
mediated cylotaxicity or viral infection could be rapidly quantified
using Cell Titer Glo []. 50 pl of CellTiter-Glo Substrate (Promega)
was ddded 1o the cells and their viability was measured based on
the luminescence intensitics detected by CloMax Discover System
(Promega) 10 min Liter.

25, RT-gPCR

Viral RNA was extracted from culture Supersnatants using
QiAamp viral RNA Mini Kit (Qiagei) aned stored a1 - 80 € until
further analysis. The extracted viral RNA was quuantificd using
CFXS6 Real- Time System (Bio-rad ) with a TugMan Fast virus | Step
Muaster Mix (Therma) using 5'-ANATTTICCCCACCACCAAC 7V and
S'-TCCCACCTCTCTACGTCAA-3' 35 the pamer ser and 5'-FAM-
ATGICCCUCATICCCATGGA-BHO- 3 as probe | 1.

2 6. Cytoroxicity studies

¢Ag or AgNPs at desired concentration were addex! 1n VeroFG)
TMPRSS52 or Calu 3 cell lines grown tn 96-well white plates and
were ihcubated at 37 “C for 48 or 96 h respectively afeer which the
celis were washed with PBS and the viahility was quantified using
the Cellliter-Clo assay.

3. Silver and SARS-CoV-2 interaction studies
3.1 Virus pre-treacment assay

Virus ot a MOT of 0.05 (for Verokb/IMUIRSSZ2) or 0.5 (for Calu-3)
11 DMEM containing 2% FBS was incubated with 2 ppm solution of
AZNE for 1 hac 37 “C The correspanding virns-AgNP mixture was
addod to VeroES/TMIPRSS2 ar Calu-1 cells in 96 well plates and
incubated for 43 h or 96 h respectively al 17 “C. Cel! viahility was
quantificd by Cellliter-Clo assay and the viral copies in supernatant
were quantified by R1-qFCK.

3.2, Cedl past-tresitment assay

VerobS/TMPRESZ  cells  were  infected  with SARS-CoV-2
(MOl — 0.05) and wweubeted lar 2 h at 37 “C. The wells were
washed with P85S to remove extracellular viruses and topped up
with DMEM containing 2' FBS with 2 ppun PVP-AgNP g and incu
bated for 48 h at 37 “C. Cell viability was quantfied by CellTiter Clo
assay amd the viral copies in supernatant were quantfied by R1-
grCi.
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2.3 Cell pre-treatment assay

VeroE6/TMPRSS2 cells were treated with 2 ppm PVE-AZNI'y,
and incubared lor 3 hoat 37 “C. The wells were then washed with
PBS to remove free AgNPs in medium and topped up with DMEM
containing 2% FBS with SARS CoV-2 (MOI - 0.05) and incubated for
48 hat 37 "C. Cell viability was quantified by CeliTiter Glo assay and
the viral copies in supernatant were quantified by RT-¢PCR,

34, Immunefiuorcscence

Cells were lixet] with 4% paraformaldeliyde and permeabilized
with 0.5% Triton X- 100, and then were blecked with Rlocking One
{Nacalai) at room Lemperature for 15 min. The cells were incubated
with the polycional amibndy against SARS-CoV-2 Nucleocapsid
Protein antibody [1:100 dilution, Novus NB1UO-56576) af room
temperature for 1 h After incubation, colls were stained with Alexe
568-lakeled anti-rabbit antibody ( 1:1000 dilution, Thermo} for 1 h
AT coum Lemperature, The nucleus was stained with Prolong Gold
Annfade Mountaat with DAPI (Thermo). The images were Laken hy
fluorescence miczusops BZ-9000 (Kevence).

3.5. Pseudovirus entry assay

Pscudotype lentivirus was moduced by transient transfection of
HEK29T cells with pNL4-3. LucR-E  and pSARS2 Spike-FLAG at 2
ratio of 1:L Culture supernstants containung psevdoviruses were
collected 48 b after transfection and fileered through a 0.45 pm
Millex-HV filter (Merck ). For the entry assay, VeroEs/TMIRSS2 cells
sceded in 96-well plates vt e washad and inoculated wich 100 pl of
medium contatning pseudavirus with or without FVI-AgNI'y,.
Neutralizing antubody was wet! as a control for entry inhibition.
48 h after inoculation, cells were washed and added with 40 yl of
Bright Clo Substrate (Promega). Luciferase aclivily is measured
with CloMax Discover System (Promezga).

4. KResults
4.1, Cyrotoxiciry, effective dose and cunloct lime

AgNPs exhibit rytotoxicity to mammalian cells by generating
reactive oXygen species (ROS) |4], We wanted to assess tie cun
centration dependent cyloloxicity exhibited by Ag on the cell lines
Verok&/IMUKSS2 [non-huwman origin} and Calu-3 (human lung
cpithelial cell]. cAg was serially diluted and added to the cells in 98
well plates and the cell viability was assessed after 48 h using
Celiliter-Glo assay. Ag was found 10 #xhibil cytotoxicity at con-
centrations from 20 parts per aullivn (ppm) awward in both
VerollG6TMPRSS2 ( A) and Calu-3 cell ines | R).

Since cAg conlains particle sizes varying from 1 to 1000 nm, we
used 1Tas an initial screen 1o aseertain the offect of AZNIPs on SARS-
Cov-2. The multiplicity ol infection (MOI) of SARS-CoV-2 was
calculated by independent experiments and was found to be 0.05
and 0.5 for Veroks/ TMPRSSZ and Calu 3 respectively. Viral sus-
pension at a fixed MOI was treated with each serial dilution of cAg
for | h and then inoculated to VeroE6/ TMPRSS2 and Calu- 7 cslls,
Cell vinhility of infected Veroe 6/ IMPRSSZ was assessed aller 48 hito
identify the proportion of eells killed by the virus and the viral load
was quantfied in Calu - cells using real time reverse transcriptase
quantitative pelymerase chain reaction (RT-gPCR) after 96 h cAg
showed robust antiviry’ eflect denoted by increased viability of
infrcted VeroE6/TMIPRSS2 cells ar concentralions ranging between
I and 10 ppm (/ Al In Calu-3 cells, signilicant viral load
teduclion was ahserved 3t similar cAg concentiation range
( Bj. Wiule metal ‘uns arc known inhibitors of PCR ot kigh
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cuncentrations. we confirmed that at the effective concentration
(2 ppm). Ag did aot inhibit amplification and is suitable to analyze
viral RNA in Ag containing samples (10 .) 7], Since 2 ppm was
also 10-fold lewer than the cytotoxic concentration, it was chosen
as the desired concentration for further testing.

Previous studies have documented the size degendent polency

57

ot AgNPs in viral inactivation, with - 10 aun particle size reported
have maximum antiviral effect [ ] Since zAg contains varying
sizes of Ag particles, we predicted that the particiss around 10 nm
size 1n cAg wuould fuave exerted the antiviral effect. To prove this, we
emploved the virus pre-treatmens assay (VIPrA) Lo lest antiviral
rifect of AgNPs of difieienl sizes ranging from 2 1o 100 tun un
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extraceiiular viruses. Virus was treated with 2 ppm solution of
AgNPs ol dilferent sizes for 1 h and the vitus-AgNP mixture was
2dded 10 VeraEGTMPRSS2 and Calu-3 cells. The csil viability was
quantified by CellTuiter Clo assay in Veroks/TMIRSS2 and the viral
npics in supcrnatant were quantified by RT-qPCK in Calu-3 celis.
Antivirai effoct was noted with AgNPs of size ranging from 2 to
15 nm C and UL AgNIE; shawed cylotoxicity at 2 ppm while
uther sizes did not (-7 - ). Hence we chiase PVP-AgNP g for further
tesling, Since we observed excellent antiviral activily in VPrAat 1 h,
we wanled to know the minimum conzact time required hy Ag for
viral inhibition. Time course study performed based an VPrA with
PVI-AENPqy revealed significant inhibition beyond 30 min of con-
tact( 54

4.2. Silver inhikils extracellular viruses by preventing viral entry

We next performerl the VPrA, cell post-treatment assay (CPoA)
and the cell pre-teatment assay (CPrA) on SARS-CoV-Z using 'VI'-
AgNP g in VeroE6/TMPRSS2 1a aliserve the effect of Ag on oxtra-
cellular and intracellular viruses { A). VPrA showed cffective
inhibition of cxtraccllular free virions clracterized by both the
reduoction of cell death and also a steep Ll in the virsl load to
negligible levels (10 B and C). We further perlarmed the CPoA to
detect the ability of Ag to suppress vires in already infected cells. In
this experimental design. VeroE6/TMEPRSSZ cells were allowed Lo
be wilected with SARS CaV-2 (MOI 0.03) forZ hours after which the
extracellular viruses were washetd and then the infected cells were
treated with 2 ppm of PVP-AgNPy,. We abserved significant pro-
tection of infected cells and suppression of viral Ioard with PVP-
AgNEp ( -8 and CL Additicnally we performed the CPrA to

Wochemacal ang Sropysical Retsdreh Canwanitwions S2J (2020) 195=200

Verul6/TMPRSS2 codis were incubated with 2 ppim PVP AgNPy, for
3 b atter which the cells were washed to remove unbousid silver
followed by infection with SARS-CoV-2 (MO! 0.05). At the end of
48 h, the virus was found only w be partially inhibited (-:= 2C).
We confirmed the size dependent antiviral effect of PVE- AgNE
using the immunofivorescence analysis caried on VPrA cxperi-
mental model: SARS-CoV-2 infection was ellectively averted by
AZNPyy and nat by AgNP g (- <A) The plague assay revealed that
silver achieved complele inhizition of 0.05 MOI whidh is one logg
fold more than vires control. Partial inhibition was observed with
higher viral loads starung lrom 0.5 MOI( - /8). Lo assess the role
af AgNPs in viral entry, we performed the hiferase based pscu-
davirus entry assay. PVIP-AgNPy potently inhibited pseudoviral
entry characterized by significant reduction of lucilerase activity
sinilar 1o that of the neutralizing antbody used as control (i <C).

5. Discussion

Ag s long kmnwn lor ils antimicrobial effect and the antiviral
property ol AgNPs is being extensively rescarched vath renewed
interest 1n the recent gt ||| The exact mechanism by whech
AgNP's exertics kelling ellect vn viruses is still obscure. However, 1t

has been consistently observed that AgNPs interact with_the
structural proteins on the surface ol exll.uellul.lr vinises to mhlbat
infeclimrin e “Farly phasc, by cither [ preventing virel utkachment
u- euu . ot Fy damaging the surface nro;mns_m_am;;muul
mtcgmy jof Virsons [ 11,/ ] it the current study. we have obtained
similar Aindings in the VPrA where AgNPs effectively inhibits
extracellular SARS-CoV-2 to pratest the target cells from infection
and the pscudovirus entry assay revealed that AgNPs inte mlcrfcﬂ: with
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AZNPs have boen shown W preferensially bind to viral surface
proteins rich in sulfhydryl groups and cleave the disullide bonds to
destabilize the pruiein, thereby affecting viral infectvaty |1,
Studics on HIV luive shown that AgNPs associate 1o the disulfide
Ianeis that are i clase proximity to the €N4 binding domain ol the
£r120 surface protein |1/ L Hati and Bhattacharyya have demon
strated the importance disulfide bonds in binding of SARS-CoV-2
spike pratein with the angiolensin converting enzyme-2 (ACE2)
receptor wid the distuption of which lead to impaired viral hinding
ter the recepios | |- |. Considenng 1he mechanism of action of AgNPs
shown by other authors, it can be presumed that AgNPs exert their
antiviral effect on SARS-CoV-2 Ly disrupting the disullide bonds on
the spike protein and ACEZ recepturs. Further studies dre heing
vonducted to find the antiviral mechanism of AgNEs on SARS-CoV 2
and elucidate it in detail subsequently.

AgNPs have also been claimed to possess intracellular antiviral
action by interacting wich viral suerleic acids [17]. We ohserved 2
pattial antiviral effect in CI%A, s there was somie amount of
reduction in the viral load in cells pre-treated with PVP AgNP ..
While the reason lar this cffect is not known at present, it is
possibly explained 1o be either due 1o the destruction of disullide
bridges on ACEZ receplon o due 10 a true intracellular mechanisin
(there by inhibiting ser:al viral infection of newly produced virus
from infected celis to unintected! cells). Also, since Ag binds non-
specifically te prateins, their use as antiviral agents mighe also
cause some Cellula dysfunction. Further studics are reyuired to
mure precisely explain the holistic eftea of Ag in vivo.

Several studies have reiterated the size dependent antivirel el
fect ol AgNPs with paiticies around 10 e diameter being st
effective | /|, This has been attributed the higher stability of inter
action ta the viral protein adirved by 10 am particles which is not

capuilie by larger partivles [ ). Consistent with this, we also
Qdserved anti-SARS-CoV-2 activity only with AgNPs of diameters
ranging lrom 2 10 15 nm. Our immunofluorescence study corrob-
orated the above phenomenaon. as we observed 1hat PVIP-A2NIy
compietely inhibited SARS-CoV-2 but AgNI e did nor,

AZNPs can be generated by several methods and can congain
reducing agents aind capping agents along with the metal particles
[ 71 Coated or cappext AgNPs are found 1o he more advanlageous
than plain AgNIs as coating increases stability, decreases agglom.
efation and reduces cylotoxicity of AgNPs [ 17]. Among the coated
AgNPs, PVP capped nanaparticies are widely studied for biclogical
use. It has been observed thar BVP coatung of AgNPs does not hisuler
thew antiviral activity while other coating agents do [1]. PVP
AGNPq has bern demonstiated (o possess excellent antiviral ac-
tivity against enveloped viruses such as RSV and 11V i |. ‘Ihis
was the rationale to select PVP-AgNPy, for the study and we have
demuonstrated the robust antiviral eftect of PVE-AgNDy, against
SARS CoV-2,

Autivizal effoct of AGNPs is also concentration dependent. Muost
studses have nbserved the antivical efficacy of AgNPs at concen-
Tanons ranging beoween 10 and 100 ppm | | ]. Howewer, 0.5 pgm
cAg has been shown effective in inhibiting influenza virus and is the
least concentration that has been repurted to show antwviral activity
=] In the cumrent stixly, we obseived naked AgNPs to inhibit
SARS CaV-2 at concentiations ranging betwreen 1 and 10 ppm and
become cylotoxic o manunalian cells from 20 ppm and above.

Cytotoxirity of AgNIS to mammalian cells depends on the cell
type and also the type of AgNPs Mchrbod e ai. have observed
cytotoxicity in Madin-Darby Canine Kidney (MDCK) cells with
naked cAZ particles at concenuations higher than 0.5 ppm |/ }
Naieed AgNPs with NaBH4 reducing agent were found to induce
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2POPTos:s in colon adenccarainoma cells at 11 ppm, while Citrate- ) o SN

stabilized naked AgNFs have been observed to exhibit cytotox- o e

ity at concentrations higher than 30 ppm [2 1,27 ]. In this regard. :

PVP coated AgNPs have heen demonstrated to e the least cyloloxic

witlt no demoanstrable cylotaxicily @ven 2l 50 ppm in human

alveodar basal epithelial cells [ ). Smalier partcles have a higher

toxic potential due to the greater surface Jrea of interacion with ! .

the bound protein [ |. We observed this effect as AgNE; showed -

cytotoxicity cven at 2 ppm while nonc of the bigger particies were '
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inanimate surfaces respectively | 7. However, the effect of AgNps 11 0 o
on influcncing the microbial life when released in the eavironment i o 1 " S
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Declaration of competing interest Rl capdind
‘The authors have no conflicts of interest directly relevanttothe  [19] : _ D pincohs . o
content of this article, Y.V, is a cusrent employee of Kanw Chemical T A oy
Co., Inc. 16} @ *
Ackmowledgements 17 - ks A Flglis o Fidia, k.22
The st:ly was funded by Japan Ageacy for Medical Researcliand ; PR 4 .
Developament (AMED), Grant number: 19%0108110k0401 and 81 -7« Faid LRy By B A e
201e0522001,0001. i s i DL P e
[9] o Sdanen Y el 1L Barea. 3 @ L i <
Appendix A, Supplementary data Sl e T SRR Rirs TN e
. _ (20 ¢ 1 : At : e
Supplementary data to this article can be found auline ar I
1 i RO LN PYY £ TS FONOR UL £ 121] 5
122] ~.7. & S, Kpa ¥ bae s TS LN dejiendens
{1} : o L M S avnl ¥ R A RO TR . i TARN '.H~::.”..'. TIHE it v et Nor
.‘ o v-.’ ; » ' ] l23l A ...'_.-l:. I .~ o -” e : :.._. '-'I: . - y o ..I_:
AN L] 124] ©
34 ke nan. GG b, | . ; |
141 $ovan & al Ea ATt il ! . 1 125] C Eal:zn,
;- ool g witt g2l
151 2 o : : e
r ..... e R . Jliv M. 1 akbias 127) & I . . Iilbarbossy A% 3
Y el 1 . . - 'l e | £ sl 19, Lh -

Pl



