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Introduction: In this paper, we discuss the influence of the ligand type present on the surface of silver nanoparticles (AgNPs) on its
affinity to the virus surface and its virucidal activity against herpes simplex virus type 2 (HSV-2). We selected four different ligands,
which potentially exhibit different affinity to the HSV-2 virus surface and used them for functionalization of AgNPs: i) sodium citrate:
ii) tannic acid; iii) 1-mercaptoundecane-1-sulfonate (MUS); iv) and poly(ethylene glycol) (PEG).

Methods: The antiviral activity was performed by in vitro Vero cell culture. Anti- inflammatory activity was performed by
measurement of NF-kB activity. The antiviral potential of functional NPs in vivo was tested with HSV-2 model of genital infection.
Cryo- transmission electron microscopy (cryo-TEM) was used to directly visualize the interactions or lack of interactions of functional
NPs with the surface of the HSV-2 virus and to assess their affinity for the virus surface.

Results: It was found that the surface chemistry of NPs plays a key role in modulation of its interaction with the HSV-2 virus. Two of the
selected ligands (sodium citrate and PEG) were inert and show no affinity to the virus surface. AgNPs functionalized with heparan sulfate-
mimic ligand (MUS) showed high affinity to the virus surface, and the appearance of these interactions resulted in virus deactivation in about
50%. In the case of silver nanoparticles functionalized with tannic acid, the assessment of the affinity is difficult to be resolved, mainly because
TA-AgNPs exhibit very strong virucidal effect (~100%) and immediately after the contact of the HSV-2 virus with those NPs the virus structure
is being destroyed.

Discussion: The obtained results indicate that the high affinity of functional nanoparticles to the virus surface does not provide the high
virucidal effectiveness. The most effective revealed to be TA-AgNPs which exhibit very strong virucidal effect against HSV-2 virus.
Keywords: antiviral functional nanoparticles, interactions of nanoparticles with HSV-2, cryo-TEM, surface chemistry of antiviral

nanoparticles

Introduction

Human herpesviruses (HHV) are relatively common viruses. There are more than 100 known herpesviruses of with only
8 routinely infect humans: herpes simplex virus types 1 and 2, varicella-zoster virus, cytomegalovirus, Epstein—Barr
virus, human herpesvirus 6 (variants A and B), human herpesvirus 7 and 8.l of these, the HSV-1 and HSV-2 are the
viruses that cause the herpes simplex (HSV) infection. The mucocutaneous manifestations of HSV infection include:
gingivostomatitis, herpes genitalis, herpetic keratitis, and dermal whitlows." The World Health Organization estimated

3.7 billion people under age of 50 (64%) globally have herpes simplex virus type 1 (HSV-1) infection, and 520 million people aged
15-49 (13%) worldwide have herpes simplex virus type 2 (HSV-2) infection.”

The HSV infection is transmitted only among people by direct contact. Also the perinatal infection is possible - from
a pregnant woman to the newborn.® The virus replicates initially in epithelial cells, causing a characteristic vesicle on an
erythematous base. It then ascends sensory nerves to the dorsal root ganglia, where, after an initial period of replication, it
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Graphical Abstract
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establishes latency. It is not possible to completely cure HSV infection, because the common feature of herpesviruses is the
development of a latent infection, ie a lifelong infection of the infected person, which means that one will always have
herpesvirus in the body and periodically excrete it in saliva or genital secretions.’ This is because, after entering the body, the
virus multiplies and then travels along the nerves to sensory neurons (HSV-1 is most often located in the trigeminal ganglion,
HSV-2 in the spinal ganglia), where it remains in a latent form ready to be reactivated under favourable conditions (exposure to
strong sunlight, upper respiratory tract infections, fever fatigue, malnutrition, dental procedures, surgical operations or even
stress). During reactivated infection, the virus spreads distally from the ganglion to initiate new cutaneous and/or mucosal
lesions. The HSV reactivation may be asymptomatic, or it may increase the susceptibility to life-threatening disease.' The
relationships between the herpes virus infections and events associated with neurodegeneration has been extensively
studied.*” Scientific evidence suggests that HSV-1 infection is involved in the pathogenesis of Alzheimer’s disease
(AD).”® Kristen et al revealed that HSV-2 infection strongly alters the tau phosphorylation state and autophagic process in
human neuroblastoma cells, leading to the appearance of AD-like neurodegeneration markers.”

The typical treatments for combating/mitigating HSV infection includes the antiviral drugs (acyclovir, denotivir,
docosanol, tromantadine) in the case of mild lesions. In more severe forms of HSV infection the same antiviral drugs that
inhibit the replication of virus are administered systemically (orally or intravenously). However, those drugs reduce only
the symptoms of primary and recurrent infection, but do not eliminate latent virus and do not reduce the risk of infecting
others or the frequency and severity of relapses after discontinuation of treatment.
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Nanomaterials, including nanoparticles (NPs), are of great interest in combating viral infection.” What’s more, research
shows that the action of NPs can be multifaceted. NPs, apart from strong virucidal properties, can also act as adjuvants,

10-12

reducing the frequency of recurrences of viral infection, and modulating biofilm formation.'®> Moreover, the interactions of

functional NPs with viruses can be multimodal due to their small size and possibility of functionalization. The effectiveness of

1416 e mulsomal

functional NPs as antiviral agents depends on many factor including: the type of nanoparticle (gold, silver,
NPs,'”'® nano-bilosomes'? etc)., the size of the NPs,”>*! but also, and perhaps mainly, on the type of ligands present on the
surface of the NPs, which are the real participant of the NPs interactions with viruses.?’ The ligands/modifiers present on the
surface of NPs provide them colloidal stability and prevent against agglomeration and/or aggregation processes, but also
properly selected ligands, can be used to tune the interactions of NPs with the surrounding environment.

The structure of herpesviruses consist of a core containing a double-stranded DNA genome which is enclosed by an
icosapentahedral capsid composed of capsomers.' The capsid is surrounded by an amorphous protein coating called the tegument
which is encased in a glycoprotein-bearing lipid bilayer envelope. These glycoproteins confer distinctive properties to each virus
and provide unique antigens to which the host is capable of responding. Through the appropriate NPs ligands, those virus-host
cell interactions can be disturbed and hence, the processes of docking and fusion of the virus to the host cell can also be disrupted.
There are several scientific reports that indicate the crucial role of the ligands present on the surface of NPs in the construction of
virucidal agents based on nanomaterials.”> ** Papp et al*> showed that the binding of the viral fusion protein hemagglutinin to the
host cell surface is mediated by sialic acid receptor and the use of sialic-acid-functionalized AuNPs competitively inhibit viral

infection. Cagno et al*

showed that proper functionalization of NPs with linkers mimicking heparan sulfate proteoglycans can
target the viral attachment ligands. Such ligands adsorbed on the surface of NPs increase the affinity of NPs to the surface of the
HSV. Such competitive action of functional NPs reduces the possibility of infection of the host cell. The antiviral action of
functional NPs can also be carried out by blocking the viral proteins responsible for docking and fusing the virus into the host
cell.?! However, this approach based on the lowering of the virus binding on cells by blocking the virus receptors with functional
NPs leads to 40% reduction of infection.”' Such functional NPs exhibit affinity to the virus surface, blocking the docking to the
appropriate receptors, but they had essentially no virucidal effect. Studies also indicate that modifications can also increase the
virucidal activity of polyphenols, eg curcumin'’ or bioavailability of active compounds.**

In our previous work,> we have shown that tannic acid-modified AgNPs (13 nm, 33 nm and 46 nm) are effective in
reducing HSV-2 infectivity both in vitro and in vivo, and the effectiveness of blocking virus attachment depends on the size of
those nanoparticles. Moreover, we revealed that this antiviral effect is more efficient for tannic acid-modified nanoparticles
than the tannic acid itself.>* This effect was observed in terms of blocking virus attachment, penetration and cell-to-cell spread
after initial infection. However, in this work, we did not investigate the effect of different ligands but only different sizes of
nanoparticles functionalized with same nanoparticles surface chemistry. Although, scientific results confirm the importance of

2022 there is a lack of systematic information about the comparison of the

surface ligands in nanoparticle-virus interactions
most commonly used ligands and its influence on the affinity of modified-NPs on its antiviral activity against HSV-2.

In this paper, we discuss the influence of the type of ligand present on the surface of silver nanoparticles (AgNPs) with the
size of about 30 nm on its virucidal activity against herpes simplex virus type —2 (HSV-2). We selected four different ligands
for AgNPs, which potentially exhibit different affinity to the HSV-2 virus surface and used them for functionalization of
AgNPs: 1) sodium citrate (SC); ii) tannic acid (TA); iii) 1-mercaptoundecane-1-sulfonate (MUS); iv) and
(O-(2-mercaptoethyl)-O’-methylpolyethylene glycol (PEG) (see Graphical Abstract). Functional NPs were precisely char-
acterized with dynamic light scattering (DLS) and high-resolution scanning transmission electron microscopy (HR-STEM).
The antiviral activity of functional NPs against HSV-2 virus was studied by using VERO cell line. Anti- inflammatory activity
was analyzed through the measurement of NF-kB activity. The antiviral potential of functional NPs in vivo was tested with
HSV-2 model of genital infection. Cryo- transmission electron microscopy (cryo-TEM) was used to directly visualize the

interactions of functional NPs with the HSV-2 virus and to assess their affinity for the virus surface and its virucidal effect.
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Materials and Methods

Chemicals

Silver nitrate (AgNO3, purity 99.999%, Sigma-Aldrich, St. Louis, MO, USA), sodium citrate (CsH;sN,305*2H,0, purity
99.0% Sigma-Aldrich), tannic acid (C;6Hs5,O46, Sigma Aldrich), sodium 11-mercaptoundecane-1-sulfonate (MUS, C;1Ha;
NaOsS,, Prochimia, Poland), O-(2-mercaptoethyl)-O’-methylpolyethylene glycol (PEG-SH, Mw=6000, Sigma Aldrich),
sodium borohydride (NaBHy, purity >96%, Sigma-Aldrich) were used as received. For all preparations, deionized water
obtained from the Deionizer Millipore Simplicity UV system (specific resistivity of water was 18.2 MQ-cm) was used.

Nanoparticles Synthesis

Citrate-Modified AgNPs (SC- AgNPs)

Citrate modified-AgNPs with the mean size of metallic core equal to 30 nm were prepared according to seed growth-
mediated method, which is a two-step procedure.?” Firstly, silver seeds were synthesized, and were then used to prepare
the final AgNPs with the size equal to 30 nm. The synthesis procedure was as follows: sodium citrate (0.228 g) and
deionized water (95 g) were mixed in the flask and heated at 70 °C for 15 min. Next, silver nitrate (1.7 mL, 1%) was
added, and then sodium borohydride (2 mL, 0.1%) was added with the syringe pump (syringe capacity 2 mL, diameter
8.00 mm, flow rate 55 mLeh ). Next, the hole mixture was additionally heated for 60 min at 70 °C, and then cooled
down to room temperature. The synthesis procedure was carried out without reflux thus after the synthesis process, the
amount of deionized water was added by weight so that the colloid mass was finally equal 100 g and the metal
concentration equal 100 ppm. In the second step of the synthesis process: sodium citrate (3 g, 1%) and deionized water
(75 mL) were heated for 15 min under reflux. Next, into the mixture solution silver seeds were added (10 g) and an
aqueous solution of silver nitrate with the syringe pump (2.6 mL, syringe 10 mL, diameter 10 mm, flow 20 mL/h). The
whole mixture was heated for 1 hour under reflux and next the second portion of sodium citrate was added (3 mL, 1%)
and the second portion of silver nitrate with a syringe pump (2.6 mL, syringe 10 mL, diameter 10 mm, flow 20 mL/h),
and the mixture was heated for another 60 min. In the last step, the colloid was cooled down to the room temperature.
The final AgNPs concentration was 355 ppm, and for all experiments this colloid was diluted to 100 ppm.

Tannic Acid -Modified AgNPs (TA-AgNPs)

Tannic acid -modified AgNPs were synthesized according to chemical reduction method already described in our previous
work.? Briefly, to the silver nitrate solution (95.2 g, 0.017%) warmed to the boiling point a mixture of aqueous solution of
sodium citrate (4.2 g, 4%) and tannic acid (0.6 g, 5%) was added. Immediately after the reagent’s incorporation, the solution’s
color changed to brown, indicating the formation of silver nanoparticles. The solution was vigorously stirred under reflux for an

additional 15 min and cooled down to room temperature. The concentration of nanoparticles in colloid was equal to 100 ppm.

O-(2-Mercaptoethyl)-O’-Methylpolyethylene Glycol -Modified AgNPs (PEG-AgNPs)

PEG-AgNPs with the mean size of metallic core equal about 30 nm were prepared by the use of TA-AgNPs colloids. The
modification was performed according to modified procedure already described in.> Briefly, this colloid was centrifuged
to remove TA a next the NPs were functionalized of with O-(2-mercaptoethyl)-O’-methylpolyethylene glycol (PEG).
Briefly, into the 1 g of colloid an aqueous solution of PEG (0.03354 g; 0.17%) and the colloid was left for 24 h for
surface functionalization. The amount of PEG molecules per 1 nm? of NPs surface was equal 3.

| I-Mercaptoundecane-|-Sulfonate -Modified AgNPs (MUS-AgNPs)

MUS-modified AgNPs were prepared according to procedure already presented in our previous work in.*° Briefly, to the
5 g of citrate-AgNPs colloid with the metal concentration equal 100 ppm and the size of metallic core of about 30 nm and
0.04599¢g of 0.05% aqueous solution of MUS was added and the colloid was left for 24 h for ligand exchange. The
surface coverage of AgNPs with MUS was equal 5 molecules per 1 nm? of NP.
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Methods

Nanoparticles Characterization

The characterization of functional nanoparticles SC-AgNPs, PEG-AgNPs, MUS-AGNPs and TA-AgNPs was performed
using: Dynamic Light Scattering (DLS, Litesizer 500, Particle Analyzer, Anton Paar), High-Resolution Scanning
Electron Microscopy equipped with transmission detector STEM II (HR-STEM, NovaNanoSEM 450, FEI, USA).
STEM samples were prepared by drop-casting an aqueous dispersion of the NPs colloid onto carbon-coated copper
grids. The size distribution of the NPs was analyzed by measurement of at least 500 nanoparticles for each sample, and
the histogram for the size distribution of particles was prepared.

Virus and Antiviral Tests

Laboratory strains of HSV-1 (strain McKrae) and HSV-2 (strain 333)'? were grown and titrated in Vero cells (ATCC® CCL-81,
Rockville, MD, USA). All anti-viral tests were also performed in Vero cells. Virus was diluted in MEM (Thermo Fisher
Scientific, Waltham, MA, USA) and kept on ice before use. Vero cells were cultured in DMEM complete medium (10% fetal calf
serum, 10 U/mL penicillin, and 100 pg/mL streptomycin, Thermo Fisher Scientific) in 24-well plates until reaching 95%
confluence. Antiviral activity of AgNPs was studied by incubating HSV-1 or —2 with a fixed dose (100 PFU/mL) for 60 min with
7.5 ug/mL or 2.5 pg/mL of AgNPs in culture medium. Next, the mixture was added to Vero cells for 60 min at 37 °C, after which
cultures were washed with cold PBS, and 2% methylcellulose in complete culture medium was added. Twenty-four hours later,
plates were washed, stained with 1% crystal violet and counted for the number of plaques. Data were expressed as % of infection
(in %) using the equation; 100 x [(number of plaques with treatment)/(number of plaques without treatment)].

Activation of NF-xB

RAW-Dual™ (IRF-Lucia/KI-[MIP-2]SEAP) cells (InvivoGen, Toulouse, France) were used to measure NF-kB activity.
Cells were grown in DMEM complete medium (10% fetal calf serum, 10 U/mL penicillin, and 100 pg/mL streptomycin,
Thermo Fisher Scientific) in 96-well plate overnight. The next day, cells were stimulated with poly I:C (0,1 pg/mL) and
AgNPs at 5 pg/mL for 6 h. The activity of SEAP (secreted embryonic alkaline phosphatase) was measured in the
supernatant using QUANTI-Blue™ Solution (InvivoGen).

In vivo Experiments

To check anti-viral potential in vivo, HSV-2 model of genital infection was used, as described before.!! Shortly, female,
6- to 8-week-old C57BL/6 mice were used for all experiments. For genital HSV-2 Infection, female mice were injected s.
c. (subcutaneous) with 2.0 mg/mouse of medroxyprogesterone (Depo-Provera; Pfizer, Puurs, Belgium) in 200 pL of PBS.
Five days later, the mice were anesthetized and inoculated intravaginally with 20 uL of PBS containing 10°> PFU of HSV-
2 strain 333. Vaginal washings were performed at 24, 48 and 72 h after infection with 200 puL of 0.9% NaCl solution
containing 10 pg/mL AgNPs or 0.9% NaCl solution. The vaginal washings obtained at 72 h after infection were
subjected to HSV-2 titration by qPCR, as described before.?® The animal study protocol was approved by the Local
Committee on the Ethics of Animal Experiments in Warsaw, Poland (permit Number: WAW?2/69/2021). The study was
performed in strict accordance with the recommendations of the Polish Act of 21 January 2005 on animal experiments
(OJ no 33, item 289) and Directive 2010/63/EU of the European Parliament and the Council of 22 September 2010 on the
protection of animals used for scientific purposes. Mice were monitored daily and those showing neurological symptoms
or significant weight loss (>25%) were immediately removed from the experiment.

Interactions of Functional Nanoparticles With HSV-2

Cryogenic Transmission Electron Microscopy (cryo-TEM) images were obtained using a Tecnai F20 X TWIN micro-
scope (FEI Company, Hillsboro, Oregon, USA) equipped with field emission gun, operating at an acceleration voltage of
200 kV. Images were recorded on the Gatan Rio 16 CMOS 4k camera (Gatan Inc., Pleasanton, California, USA) and
processed with Gatan Microscopy Suite (GMS) software (Gatan Inc., Pleasanton, California, USA). Specimen prepara-
tion was done by vitrification of the aqueous solutions on grids with holey carbon film (Quantifoil R 2/2; Quantifoil
Micro Tools GmbH, GroBlobichau, Germany). Prior to use, the grids were activated for 15 seconds in oxygen plasma
using a Femto plasma cleaner (Diener Electronic, Ebhausen, Germany). Cryo-samples were prepared by applying
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a droplet (3uL) of the suspension to the grid, blotting with filter paper and immediate freezing in liquid ethane using
a fully automated blotting device Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, Massachusetts, USA). After
preparation, the vitrified specimens were kept under liquid nitrogen until they were inserted into a cryo-TEM-holder
Gatan 626 (Gatan Inc., Pleasanton, USA) and analyzed in the TEM at —178°C.

Statistics

Data were analyzed using GraphPad Prism version 7 (GraphPad software). The statistical tests included: an unpaired
Student’s #-test (normal distribution) or the Mann—Whitney U-test and the results are reported as mean + standard error of
the mean (SEM) unless indicated otherwise. The p < 0.05 was considered statistically significant.

Results and Discussion
The size and shape of functional AgNPs (SC-AgNPs, PEG-AgNPs, MUS-AgNPs and TA-AgNPs) were determined with HR-
STEM (Figure 1). The hydrodynamic size and the colloidal stability of functional NPs was investigated with DLS technique.
The functional NPs have been designed so that the size of the metallic core was comparable in each case. The shape
and size of the metal core were equal within the statistical error for all types of functional NPs. AgNPs had a spherical
shape and the size of metallic core was equal to 25 + 5 nm (SC-AgNPs, Figure 1A), 27 + 7 nm (PEG-AgNPs, Figure 1B),
25 £ 6 nm (MUS-AgNPs, Figure 1C) and 27 + 7 nm (TA-AgNPs, Figure 1D). The hydrodynamic size of functional
nanoparticles measured with DLS varied depending on the ligand type present on the surface of the metallic AgNPs
(Figure 1A-D). The smallest hydrodynamic diameter was measured for SC-AgNPs (dH = 31 + 8 nm, Figure 1A) that
contains citrate ligand and MUS-AgNPs (dH = 31 + 6 nm, Figure 1C) with 11-mercaptoundecane-1-sulfonate. In the case
of larger ligand such as TA and PEG the hydrodynamic diameter was equal to dH = 38 + 7 nm (TA-AgNPs, Figure 1D)
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Figure | The DLS size distribution histograms and HR-STEM images of functional nanoparticles: SC-AgNPs-SC (A); PEG- AgNPs (B); MUS-AgNPs (C) TA-AgNPs-TA (D).
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Table |1 The Overall Results of AgNPs Characterization Results
(dH- Hydrodynamic Diameter From DLS Measurements, d- the
Size of Nanoparticle Metallic Core Measured With HR-STEM)

Functional NPs | dy [nm] (DLS) | dstem [nm] (HR-STEM)
SC-AgNPs 31 £8 nm 25+ 5 nm
PEG-AgNPs 46 £ 7 nm 27 £ 7 nm
MUS-AgNPs 31 £ 6 nm 25+ 6 nm
TA-AgNPs 38+ 7 nm 27 £ 7 nm

and dH = 46 = 7 nm (PEG-AgNPs, Figure 1B). All colloids were stable and any aggregates or agglomerates were not
detected. The overall results of functional nanoparticles characterization are shown in Table 1.

Cytotoxicity of functional AgNPs was first characterized with MTT test (Table 1S, Supplementary Material). We
selected two concentrations of functional AgNPs (2.5 and 7.5 ug/mL) on the basis of our previous works,?***** but also
to check the lowest concentration showing no cytotoxic activity for cells able to internalize AgNPs. The antiviral
properties of functional AgNPs were first tested by the standard plaque forming assay (PFU/mL) in Vero cell culture.
Incubation of HSV-2 with functional AgNPs prior to cells infection showed significant inhibition of HSV-2 infection by
all tested functional AgNPs (p < 0.05) (Figure 2), while SC-AgNPs showed no antiviral activity. We observed that MUS-
AgNPs were less effective against HSV-2 compared to TA-AgNPs and PEG-AgNPs (Figure 2). The IC50 values for TA-
AgNPs, PEG-AgNPs and MUS-AgNPs were 1.18 + 0.16, 1.87 + 0.2, and 6.55 + 1.1, respectively.

NF-«kB is represents a family of inducible transcription factors, the activation which leads to coordinated expression
of many genes that encode cytokines, chemokines and adhesion molecules involved in regulation of immune response
and inflammation.?” Excessive inflammation during HSV-1/2 leads to deregulation of the local antiviral immune response
both at the level of mucosal tissue and nervous tissues.”*?° AgNPs sized >20 nm have been shown to down-regulate
eternally induced inflammatory response in cancer cells.’® Therefore, we measured NF-kB activity using in vitro assay
after 18 h exposition to each functional AgNPs in cells previously treated with poly (I:C) or infected for 6 h with HSV-1
or HSV-2. The measurements of NF-kB activity showed that any modification of AgNPs leads to significant down-
regulation of TLR3-dependent activation of NF-xB activity (p < 0.01) (Figure 3). Poli (I:C) is a homolog of viral dsSRNA

120
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< 80
0
*8‘ *
= 60 A
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. at g *k  kkk
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Figure 2 Functional-AgNPs inhibit HSV-2 infection in vitro. HSV titers (PFU/mL) in Vero cells infected with HSV-2 pre-incubated for | h with SC-AgNPs, PEG-AgNPs,
MUS-AgNPs and TA-AgNPs functional (7.5 ug/mL or 2.5 ug/mL of functional-AgNPs). The data are expressed as means from three independent experiments + SEM.
*¥represents significant differences with p < 0.001, **with p < 0.01, and *with p < 0.05 in comparison to infected control.
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Figure 3 Anti- inflammatory activity upon AgNPs treatment measured in RAW-Dual™ (IRF-Lucia/KI-[MIP-2] SEAP) cell. Two-way ANOVA test. *Represents p < 0.05, and
**p < 0.0 in comparison to untreated control, either uninfected, HSV-1/2-infected or poly (I:C)-treated.

and activator of TLR3-dependent inflammatory and antiviral pathways (Figure 3). Interestingly, only TA modification
was able to down regulate HSV-induced NF-kB activity, indicating that other specific pathways induced by HSV-1/2
infection are not sensitive to AgNPs (p < 0.05) (Figure 3). Vendidandala et al’' demonstrated that the use another
polyphenolic compound, such as gallocatechin (GC) to modify silver nanoparticles suppresses oxidative stress and
inflammation via modulating the Nrf2/HO-1 and TLR4/NF-kB pathways.

The RAW cells were uninfected, infected with HSV-1 (100 PFU/cell) or treated with poly (I:C) at 0.1 pg/mL for 6 h,
then AgNPs were added at 5 pg/mL for 6 h. After 6 h, activation of NF-kB pathway was measured as SEAP activity.
Data from three independent experiments are presented as mean + SEM. Two-way ANOVA test. * Represents p < 0.05,
and ** p < 0.01 in comparison to untreated control, either uninfected, HSV-1/2-infected or poly (I:C)-treated.

To study how local application of AgNPs can be used for treatment of HSV-2 infection, we applied intravaginally
200 pL of 0.9% NaCl solution containing 10 pg/mL AgNPs or 0.9% NaCl solution at 24, 48 and 72 h after infection. The
vaginal washings at 72 h were subjected to HSV-2 titration by gPCR (Figure 4). Treatment of HSV-2 mucosal infection with
functional AgNPs showed that only TA- and PEG-modified AgNPs were able to significantly reduce the HSV-2 titers in
vaginal tissues (p < 0.05) (Figure 4). However, activity of PEG-modified AgNPs was weaker in comparison to TA-AgNPs.

HSV-2 titers in vaginal lavages
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3
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Figure 4 HSV-2 titers in vaginal lavages collected after 3 treatments with SC-AgNPs, TA-AgNPs, PEG-AgNPs or MUS-AgNPs or NaCl (HSV-2) at 72h post infection. HSV-2
gB titers (copies/ng DNA) were measured by qPCR (N = 6). The bars represent means + SEM. *represents significant differences with p < 0.05, **p < 0.0l in comparison to
untreated infected tissues.
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The cryo-TEM studies were carried out to investigate the influence of surface chemistry and ligands type present on
the surface of AgNPs on the affinity of the functional NPs to HSV-2 virus. For this purpose, the functional AgNPs were
incubated with the HSV-2 virus for 30 seconds and next visualized using the cryo-TEM technique. Figure 5 presents the
cryo-TEM images of HSV-2 virus without NPs. The cryo-TEM images revealed the hexagonal shape of icosapentahedral
structure of the virus with clearly visible glycoprotein spikes (Figure 5A). The Schiffer and Corney* described the
structure of the HSV-2 virus as enveloped virus with the size about 160 nm in diameter. In our measurements, the mean
diameter of the HSV-2 virus is equal about 120 nm (Figure 5B).

The cryo-TEM images of HSV-2 virus after the incubation with functional NPs are presented in Figure 6.

The cryo-TEM images revealed that the SC-AgNPs do not attach to the surface of NPs which is related to the lack of
affinity of the citrate ligand for HSV-2 virus proteins (Figure 6A). Moreover, these functional nanoparticles exhibit no
virucidal effect (Figure 2) and no anti- inflammatory activity (Figure 3). SC-AgNPs were also unable to reduce the HSV-
2 titers in tissues (Figure 3). This low biological activity of these functional NPs is related to the type of ligand present on
the surface of the NPs. SC has no affinity for the spike proteins on the HSV-2 virus and does not have a virucidal effect
on its own. SC-AgNPs do not show significant virucidal activity against HSV-2, which most probably is the consequence
of the lack of its affinity to virus surface. The analysis of cryo-TEM images revealed that PEG-AgNPs are isolated and do
not exhibit affinity for the virus protein surface. We observed the NPs separated from the virus and it is clear that there
are no interactions between PEG-AgNPs and HSV-2 virus. The PEG is a non-ionic polyether compound, hence there is
no possibility of ionic or electrostatic interactions between the polymer and the virus. However, in our study PEG-
modified AgNPs showed very good antiviral activity in vitro (Figure 2). The fact that PEG-ylation might enhance the
antiviral activity and reduce the cytotoxicity of NPs as it was also presented by Ghaffari et al>* who presented higher
antiviral potential of PEG-ylated ZnONPs than unmodified ZnONPs against HIN1 influenza virus. In the case of MUS-
AgNPs the multiple attachment of the NPs to virus can be clearly visible (Figure 6C). The MUS-AgNPs are associated
with the HSV-2 virus confirming the interaction of MUS-ligand with HSV-2 viral proteins. The interaction of MUS-
AgNPs are based on the heparin-mimic compound (MUS-ligand) which ensures the electrostatic attraction with virus
surface by the negative charge of sulfone group. It is already well-known that the cell surface carbohydrate moieties
frequently serve as initial receptors for viruses.>* Sulfated, sulfonated, and carboxyl-containing agents are able to inhibit
a large number of viruses, especially the ones whose viral attachment ligands seeks heparan sulfate proteoglycans.>>’
Moreover, ligands rich in sulfated sequences are considered to be the strongest binders to heparin binding proteins.*® In
HSV-2 virus at least two proteins: glycoprotein C (gC-2) and glycoprotein B (gB-2) were demonstrated to be able to bind
heparin.**™*' This affinity results in a large amount of MUS-AgNPs to be observed directly on the virus surface.
Moreover, heparan sulfate mimic linkers may have a virucidal effect by targeting viral attachment ligands. MUS-
modified AgNPs showed only about 50% of antiviral activity in vitro (Figure 2) which indicate rather virustatic that
virucidal mechanism of action of MUS-AgNPs. This fact we already presented in our previous work.>’ Very strong

Figure 5 Cryo-TEM images (A and B) of HSV-2 virus (unstained sample). The measured diameter of the HSV-2 virus is equal 120 nm (B).

International Journal of Nanomedicine 2025:20 hetps: 2667



Tomaszewska et al

A

:

Figure 6 Cryo-TEM images of unstained samples: HSV-2 virus after incubation with: SC-AgNPs (A), PEG-AgNPs (B) MUS-AgNPs (C) and TA-AgNPs (D). Samples imaged
after about 30s of incubation of virus with functional nanoparticles. Images presenting the interaction of functional nanoparticles with HSV-2 surface.

virucidal effect is observed in case of the TA-AgNPs (Figures 6D, 7A and B). Most probably TA chemically damage the
virus structure which result in very fast and the strongest virucidal effect (Figure 2). Treatment of HSV-2 mucosal
infection with functional AgNPs showed that TA- modified AgNPs reduces the most HSV-2 titers in tissues along all
investigated functional NPs (Figure 3). TA contains domains composed of closely packed repeating units - gallic acids. It
is well-known that most viral attachment ligands (VALs) also possess closely packed repeating units, hence they are
ideally suited for multivalent binding to their cell receptor. Moreover, TA may bind very tightly to proteins by forming

Figure 7 Cryo-TEM images of damaged HSV-2 structure after exposition to TA-AgNPs (A and B) (30s of exposition, samples unstained; arrows indicate the separated
strands of the DNA helix from destroyed structure of HSV-2 viruses).
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multiple hydrogen bonds between their phenolic groups and the -NH groups of the peptides.*? Hence, TA, due to its
structure, can also interact with the proteins on the surface of the virus. Lin et al** also identified hydrolysable tannins as
compounds that inhibit viral glycoprotein interactions with cell surface glycosaminoglycans (GAGs). The strong multi-

valent binding of TA-AgNPs to HSV-2 virus membrane may lead to local distortions***>

and consequently cause the
global virus deformation, and irreversible loss of virus infectivity. TA-AgNPs and HSV-2 interactions may result in
damage of the envelope of viruses and therefore, leading to a damage of the capsid with the releasement of viral genetic
material. The analysis of the cryo-TEM images of destroyed HSV-2 viruses revealed the presence of separated strands of
the DNA helix (Figure 7A and B). These images clearly indicate that the veridical action of TA-AgNPs against HSV-2
viruses causes the destruction of the virus structure but also the unwinding of the DNA strands.

The main difference between MUS- and TA-ligand is that the TA-AgNPs exhibit virucidal effect and are able to affect
the structural integrity of the virus, while MUS-AgNPs attach to the virus and exhibit much less virucidal activity. This
finding was also observed by Isenburg et al** who revealed the antiviral effects of hydrolysable and galloylated condensed
tannins due to inhibition of virus adsorption. Xie et al*® suggested that the inhibition action of tannins could be due to its
binding to components of the viral envelope, preventing viral attachment and penetration of the plasma membrane. The
ellagitannin as casuarinin was also found to possess anti-herpesvirus activity in inhibiting viral attachment to cells and viral
penetration, and also disturbing the late events of infection.*® Also, studies by Fukuchi et al*’ on the mode of anti-HSV
action hypothesized that TA inhibits virus attachment to cells. Reshamwala et al*® showed that polyphenols exert their
antiviral effect through binding to multiple sites on the virion surface, leading to aggregation of the virions and preventing
RNA release and reducing cell surface binding. The two hydrolysable tannins (chebulagic acid and punicalagin) were found
to exhibit inhibitory effect of HSV type 1 (HSV-1), especially in entry and spread stage of the virus.*’ The authors revealed
that tannins can bind to viral glycoproteins on viruses and the cell surfaces of infected cells, blocking virus attachment,
entry, and cell to cell spread. Authors also showed that tannins may target more than one step of infection, including
attachment, membrane fusion, and cell-to-cell fusion. We may also conclude that the character of binding between tannins
and HSV glycoproteins may help to induce better immune response by acting as nanoadjuvants facilitating internalization
of HSV antigens. Effective internalization and their further presentation to antigen presenting cells (APC) are followed by

mounting of antiviral response.?*%¢

Conclusion

Inhibition of virus-host cell entry is an effective antiviral control strategy, which is based on the virus cell membrane
adsorption, which results in inhibiting the virus activity and the ability to bind to human cells. Based on how the virus
infects the host cell through interactions between viral glycoproteins and cell membrane molecules, it is possible to
develop agents to counteract this process. Our results proved that the type of ligand present on the surface of NPs plays
a key role in tuning the interaction between functional NPs with the viral spike proteins. Our research revealed that the
use of heparin mimic ligand to disrupt the interaction between viral glycoproteins and the host cell membrane molecules
is not sufficient to construct an effective virucidal preparation based on NPs. Much more effective revealed to be the use
of tannic acid as NPs ligand, which ensures the affinity for viral spike proteins, exhibit very strong virucidal effect, and is
non-toxic for host cells. Our work indicates that NPs functionalized with tannic acid (TA-AgNPs) have a very strong
virucidal effect, much stronger than sulfonate NPs (MUS-AgNPs). Although MUS-AgNPs have a high affinity for the
virus surface, they do not have a sufficient virucidal effect, and can only be called virusostatic. The results obtained
in vitro were not reflected by tests performed in vivo, indicating that virusostatic effect may not be sufficient to show any
antiviral activity in vivo. These effects may be due to the specific character of interaction between tannic acid and HSV
glycoproteins, or other factors influencing activity of sulfonate NPs such as stability in tissue environment, corona effects
and others. Our research indicates stronger virucidal effect of TA-AgNPs, related to the destruction of the structure/
integrity of the virus membrane and the unwinding of the DNA strands. These results clearly indicate the effectiveness of
TA-AgNPs in combating of HSV-2 infections and maybe also the other viral infections.
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