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ABSTRACT: Development of novel antiviral reagents is of great
importance for the control of virus spread. Here, Ag,S nanoclusters
(NCs) were proved for the first time to possess highly efficient antiviral
activity by using porcine epidemic diarrhea virus (PEDV) as a model of
coronavirus. Analyses of virus titers showed that Ag,S NCs significantly
suppressed the infection of PEDV by about 3 orders of magnitude at the
noncytotoxic concentration at 12 h postinfection, which was further
confirmed by the expression of viral proteins. Mechanism investigations
indicated that Ag,S NCs treatment inhibits the synthesis of viral
negative-strand RNA and viral budding. Ag,S NCs treatment was also
found to positively regulate the generation of IFN-stimulating genes
(ISGs) and the expression of proinflammation cytokines, which might
prevent PEDV infection. This study suggest the novel underlying of Ag,S
NCs as a promising therapeutic drug for coronavirus.
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1. INTRODUCTION found in piglets and fattening swine in Europe.””** Unfortu-
nately, the control of PEDV was primarily dependent on
vaccination in advance, suggesting the necessity of developing
novel antiviral drugs.

Nanoparticles have shown great potential advantages in antiviral
activity. Up to now, several kinds of nanoparticles have been
reported to exhibit antiviral activity to a certain extent, such as

silver nanoparticles,' ™ functional gold nano articles,” carbon- Ag,S nanocrystals, also called quantum dots (QDs), are a class
based nanomaterials,é_w polyoxometalate,l /12 nanoclay,ls and of ideal narrow-band-gap NIR fluorescent materials®* and have
silicon nanoparticles.'* Generally, aiming the early stages of viral been used in optical and electronic devices, biolabeling, and
absorption and entry was the most universal tactic in the course bioimaging due to their advantages of low or no toxicity to living
of development of antiviral therapies.">~"” Like other biological tissues, good chemical stability, and outstanding optical limiting
interactions, the properties of the nanostructures allow them to properties.25’26 Wan’s group has reported that NO can be
adapt well to competin§ with these recognition sites to inhibit released by glutathione (GSH)-stabilized Ag,S QDs conjugated
viral entry into cells."™"” However, there were several common  with RSNOs under certain light irradiation with the function of
drawbacks for the previously reported antiviral materials. For NIR fluorescence imaging.”” Achilefu’s group has successfully
instance, the widely used strategy was based on blocking viral conjugated a tumor-avid peptide to Ag,S QDs that can be

attachment or viral entry into cells, and the nanoparticles have no
suppressive effect of on the progeny of the virus in the late viral
replication.”””" Therefore, more efforts should be made to
develop safe, high-performance antiviral drugs targeting different
stages of virus infectious life cycle.

Coronavirus is a life threatening virus that could lead to serious
respiratory tract infectious diseases in humans. Porcine epidemic
diarrhea virus (PEDV), a positive-strand RNA virus, membering

selectively delivered to tumor cells and tissue.”® Chen’s group has
shown that Ag,S nanocrystals can be used as photothermal
therapy agents in vitro and in vivo.”” Meng’s group has proposed a
DNA logic gate platform to enable the realization of femtomolar
level miRNA analysis through NIR Ag,S nanocrystals for their
autofluorescence properties.”’ To our knowledge, there is still no
report available about the function of Ag,S NCs as an antiviral

of the family Coronaviridae and genus Alphacoronavirus, is a vital agent.
animal virus model for the study of coronavirus. As a serious,
highly epidemical and ruinous intestinal disease, PEDV has Received: September 11, 2017
brought tremendous financial loss in the global swine industry, Accepted: January 16, 2018
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Scheme 1. Possible Mechanisms of the Antiviral Activity of Ag,S NCs”

“The replication cycle of viruses consists of the four consecutive steps of attachment, penetration, replication and budding. The study of underlying
molecular mechanisms indicated that Ag,S NCs treatment inhibits the synthesis of viral negative-strand RNA and viral budding. Meanwhile, the
production of ISGs and the upregulation of proinflammatory cytokines might have a crucial role in the inhibitory effect of Ag,S NCs.

Here, we report the use of Ag,S NCs for viral inhibition
(Scheme 1). Assays in vitro showed that cells treated with Ag,S
NCs restrained the propagation of PEDV possibly through
inhibiting the synthesis of viral negative-strand RNA and viral
budding. In addition, the antiviral activity of the Ag,S NCs also
might be attributed to the activation of ISG proteins and
proinflammatory cytokines.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Ag,S NCs. In this work, the synthesis of
glutathione (GSH)-capped Ag,S NCs was based on the previous
literature.®” Selecting the suitable capping reagent is the key to the
preparation of tunable Ag,S NCs. GSH is a small molecule peptide that
consists of three amino acids and can serve as a vital scaffold to prevent
the growth of large nanoparticles. In addition, GSH contains multiple
functional groups, indicating that the resulting GSH-capped Ag,S NCs
will have good water solubility. For synthesis of Ag,S NCs, 0.160 g of
sulfur was added to 10.0 mL of hydrazine hydrate (N,H,-H,0) and
stirred at ambient temperature to thoroughly dissolve. After
sedimentating for 48 h at 4 °C, the resulting aqueous S*~ source was
diluted 20 times before further use as the S?~ source, and then
supramolecular hydrogel was formed by mixing GSH and Ag* (AgNO;
as the Ag* source) in a fixed molar ratio in N, atmosphere. Next, 4.0 mL
of $*~ source solution was injected and stirred constantly for 30 min.
The obtained Ag,S NCs were purified by adding isopropanol, followed
by centrifuging the mixture. Finally, the precipitate was redispersed in
ultrapure water and kept at 4 °C for future use. GSH-capped Ag,S NCs
with a different FL wavelength were synthesized through changing the
amount GSH and the proportion of Ag" to S—N,H,-H,0.

2.2. Cell Viability. Vero cells were cultured in the 96-well plates until
approximately 80—90% confluence; the cells were exposed with
different concentrations (23, 46, and 92 ug/mL) of Ag,S NCs and
GSH (10 mM). Cells treated with the DMEM (2% FBS) were used as
control. After culturing the cells for 24 and 48 h, the supernatant was
superseded by 100 uL of DMEM (2% FBS) and 20 uL of MTT reagent
(5 mg/mL). Through further 4 h of incubation, 150 uL of dimethyl
sulfoxide (DMSO) solution was supplemented after the medium was
discarded. The OD value at 570 nm was measured.

2.3. One-Step Growth Curves. The 80—90% confluence Vero cells
were incubated with control DMEM (containing 10 p¢g/mL trypsin) or
Ag,S NCs at 37 °C for 2 h. Subsequently, the Vero cells were treated
with PEDV at 37 °C at a multiplicity of infection (MOI) of 0.01. After 1
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h infection, the inoculums were discarded, and then the cell monolayers
were cultured separately in control DMEM (containing 10 pg/mL
trypsin) or Ag,S NCs at 37 °C for 1, 3, 6, 9, 12, 24, 36, 48, 60, and 72 h
postinfection (hpi). After three freeze—thaw cycles, removal of cell
debris by centrifuging the cells at 4 °C. The average titers of all samples
were measured via plaque assay.*>*

2.4. Plaque Assays. The plaque assays of PEDV were performed
according to the previously reported with minor modifications.”* In
brief, Vero cells were inoculated and incubated in DMEM (10% FBS) in
a 6-well plate until 90—100% confluence, followed by infection with 10-
fold dilutions (800 yL/well) of PEDV-containing inoculum to allow
virus infection for 1 h. Then the cell monolayers were coated with Bacto
agarose and 2 X DMEM in a fixed volume ratio of 1:1 (including 10 ug/
mL trypsin). At 2—3 days postinfection, the plaques were counted.
Through three independent experiments, the standard deviations and
average plaque number were calculated. All the virus titers were
dispalyed as plaque forming units (PFU)/mL.

2.5. Indirect Immunofluorescence. Vero cells were cultured to
approximately 70—80% confluenc and , then unexposed or exposed with
Ag,S NCs for 2 h, followed by washing twice with PBS and infection
with PEDV at 0.01 MOL After 1 h of incubation, free viruses were
removed through extensive rinsing, and the Vero cells were incubated
with control DMEM (containing 10 yg/mL trypsin) or Ag,S NCs for 12
h. Next, the fixation of cells was performed with cold 4%
paraformaldehyde for 15 min, and the permeabilization was carried
out with methanol (—20 °C) at the ambient temperature. Next, the
PEDV-infected Vero cells were blocked by 5% (w/v) BSA for 45 min
and then measured with a mouse monoclonal antibody against the
PEDV N protein and FITC-conjugated goat anti-mouse IgG antibody
(Invitrogen). Subsequently, cells nucleus were counterstained with
DAPI After three washes, the photographs were obtained by an
Olympus IX73 microscope.

2.6. Western Blot. Vero cells were unexposed or exposed with Ag,S
NC:s for 2 h, followed by infection with 0.05 MOI PEDV. After 1 h of
infection, the cell monolayers were incubated with control DMEM
(containing 10 pg/mL trypsin) and Ag,S NCs for 12 h and then
harvested by adding 150 uL of lysis buffer. After boiling the whole cell
extracts in SDS protein sample buffer, equivalent samples were
performed with 12% SDS—polyacrylamide gel electrophoresis, and
then the expression of the PEDV N protein was determined. The
expression of f-actin was investigated to represent a same amount of
protein sample loading.

DOI: 10.1021/acsami.7b13811
ACS Appl. Mater. Interfaces 2018, 10, 4369—4378


http://dx.doi.org/10.1021/acsami.7b13811

ACS Applied Materials & Interfaces

Research Article

(a) (b)
= |
2 =
L B
g z
L Z
< 3
z n
z £

200 400 800
Wavelength (nm)

(©) (d)
2 -~
& 3

=
W z 't
- ‘Z
= S
s =
E — Ag,SNCs =
= GSsH
4000 3000 2000, 1000 20 40 60

Wavenumber (em’ b} 20 (degree)

(e)
3 -
& -
e -4
o ~
g Z
£ 3

=
4 E
200 400
Wav clength (nm)

(g) (h)
s
£ 3
g g
z % g
= "
E b
g —AgSNCs =
= | —Gsn , , ‘

4000 3000 2000 _Jooo 20 40 60
Wavenumber (cm ) 20 (degree)

Figure 1. (a, e) UV—vis and fluorescence spectrum of GSH-capped Ag,S NCs (681 and 722 nm). (b, f) The TEM and HRTEM images of GSH-capped
Ag,S NCs (681 and 722 nm). (¢, g) The FT-IR spectra of resultant GSH-capped Ag,S NCs (681 and 722 nm) and GSH. (d, h) XRD patterns of

resultant GSH-capped Ag,S NCs (681 and 722 nm).
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Figure 2. (a, e) XPS spectra of GSH-capped Ag,S NCs (681 and 722 nm). High-resolution XPS spectra of Ag 3d (b, ), S 2p (c, g),and C 1s (d, h) of the

Ag,S NCs.

2.7. Influence of Ag* and S~ on Viral Replication. To measure
the effect of the release of Ag* from Ag,S NCs on viral replication, Vero
cells were unexposed or exposed with different concentrations of Ag*
(or $*7) at 37 °C. Next, Vero cells were treated with PEDV at 0.01 MOL
After 1 h of infection, the cells were extensively rinsed to clear the free
viruses and then treated with control DMEM (containing 10 yg/mL
trypsin) or different concentrations of Ag* (or S$*7) for 24 hpi. The
remaining steps are consistent with indirect immunofluorescence assays.

Furthermore, the effect of Ag" (or $?7) on viral replication was
quantitatively verified by measuring virus titer. Briefly, after mock
treatment or treatment with various concentrations of Ag* (or $*7), the
cells were then treated with PEDV. After 1 h of infection, cells were
rinsed with PBS and incubation with control DMEM or Ag* (or $*) for
24 h. Finally, the cells were harvested and stored in ultralow-temperature
refrigerator. The average titers of all samples were calculated through
plaque assays.

2.8. Attachment Assay. The 90—100% confluent Vero cells were
prechilled at 4 °C for 30 min. PEDV samples containing different
concentrations of Ag,S NCs were added into 6-well plates and cultured
at 4 °C to permit virus attachment. After 2 h of incubation, the

4371

attachment was stopped by two washes of the cells with ice-cold PBS.
Finally, cells were coated with Bacto agarose and 2 X DMEM in a fixed
volume ratio of 1:1 (supplemented with 10 yzg/mL trypsin). The titer of
PEDV was investigated by plaque assay.*®

2.9. Penetration Assay. After washing Vero cells with PBS, a PEDV
inoculum (800 uL/well) was permitted to adhere to the cells for 2 h at 4
°C. Then the supernatant was discarded, followed by two washes of the
cells with PBS and addition of the mediums containing different
concentrations of Ag,S NCs; the cells were cultured for an additional 3h
to initiate viral penetration (37 °C/S% CO,). Next, nonpenetrated
virions were discarded by rinsing the cell monolayer twice with PBS, and
then the overlay inoculum was added. The remaining steps were similar
to those for attachment assay.*®

2.10. Viral Negative-Strand RNA Replication. After 2 h mock
treatment or treatment with Ag,S NCs, the Vero cells were treated with
PEDV for 1 h, followed by incubating separately with DMEM
(containing 10 ug/mL trypsin) or Ag,S NCs for 4, S, 6, and 7 at 37
°C/5% CO,. Total RNA was extracted and quantified by RT-PCR.

2.11. Release Analysis. Vero cells were infected with PEDV at 0.01
MOI for 1 h (37 °C/5% CO,). Afterward, the infected cells were
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Figure 3. Cytotoxicity of different concentrations of Ag,S NCs (681 nm) by MTT (a) and CCK-8 (b) assay. (c) Vero cell morphology after incubation
with different concentrations of Ag,S NCs (23—184 yg/mL) and 10 mM GSH.
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Figure 4. Growth curves of viruses after treatment or untreatment with Ag,S NCs. Cells were infected with PEDV for the indicated periods of time (a).
Plaque-reduction assay after neutral red staining. Pictures were taken 2—3 days following infection (b). Each data point represents mean + SD (N = 3).

cultured in a 5% CO, incubator for indicated infection periods of time,
followed by mock-treatment or treatment with Ag,S NCs at 37 °C for
15, 30, 45, and 60 min. Next, the supernatant and cell lysate were
harvested and stored at —80 °C, resgectively. Each sample was
determined by plaque assay in triplicate.®

2.12. Statistical Analysis. The experimental data was analyzed by
an independent  test. Statistical significance was decided with a *p <
0.05 and **p < 0.01. Each data point represents mean + SD (N = 3).

3. RESULTS

3.1. Characterization of Ag,S NCs. The optical properties,
morphology, and chemical structure of the as-prepared Ag,S
NCs are shown in Figure 1. The maximum emission wavelength
of Ag,S NCs at 681 and 722 nm with excitation at 450 nm
exhibited a red light emission. As shown in Figures 1a and le, no
typical absorption band of Ag nanoparticles or Ag (0) NCs were
observed, indicating that Ag,S NCs rather than nanocrystals were
formed at room temperature.”' This result was further verified by
measuring the powder X-ray diffraction (XRD) of Ag,S NCs, and
no distinct crystallinity was found (Figures 1d and 1h), which
well supported the result of UV—vis absorption spectra. Figures
1b and 1f show the characteristic TEM images of the resultant
Ag,S NCs. It could be observed that these Ag,S NCs (681 and
722 nm) were spherical and greatly dispersible, and the average
diameters were about 2.5 & 0.6 and 4.1 + 1.5 nm, respectively.
Figure Sla presents the hydrodynamic size distribution of Ag,S
NCs (681 nm); the average size was 3.7 nm, which was
determined by dynamic light scattering (DLS). Figure S1b shows
that the average size of Ag,S NCs (722 nm) was 5.3 nm.

To further understand the characteristics of the as-prepared
Ag,S NCs, the surface functional groups and valence status of the
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Ag,S NCs were performed. As shown in Figure 1c (681 nm) and
Figure 1g (722 nm), the Ag,S NCs displayed a typical peak at
3000—3500 and 785 cm ™, ascribing to the stretching vibration of
O-H (or N—H) and C—H. The peak around 1665 cm™" was
attributed to the C=0 vibration of the carboxylic acid groups on
the surface of Ag,S NCs. At 2490 cm ™', no apparent absorption
peak for the free thiol group was observed at the same position,
indicating that GSH molecules were connected with the surface
of Ag,S NCs through Ag—thiol bonds. The full range XPS
analysis (Figures 2a and 2e) of the resultant Ag,S sample clearly
showed four evident peaks at 163.1, 287.6, 367.7, and 531.6 €V,
corresponding to S 2p, C 1s, Ag 3d, and O 1s. A XPS spectrum of
Ag 3d (Figures 2b and 2f) confirmed the presence of Ag(0)
(367.7 V). This revealed that Ag ions exist in the form of
monovalent in Ag,S NCs. The S 2p peaks at 163.1 and 161.7 eV
were ascribed to S and Ag—S, respectively (Figures 2c and 2g).**
The four fitted peaks at 284.6,285.7, 287.6, and 288.2 eV in the C
1s spectrum were assigned to —CH,—CHj;, —CH—, —CONH,,
and —COOH groups, respectively (Figures 2d and 2h). The
surface components of the Ag,S NCs acquired by the XPS were
in consistent with FT-IR results.

3.2. Toxicity of Ag,S NCs on Vero Cells. The cytotoxicity
of Ag,S NCs on Vero cells was evaluated by determining cellular
viability using an MTT and CCK-8 assay (Figure 3 and Figure
$2). The viability of cells treated by Ag,S NCs (681 nm), or GSH
was measured at a concentration range of 23—184 ug/mL. As
shown in Figures 3a and 3b, after cultivation for 24 and 48 h, the
effect of 46 ug/mL Ag,S NCs on cell viability was inappreciable,
and the survival rate of Vero cells was over 90%. Meanwhile, the
cell morphology was not influenced at this concentration (Figure
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3c). When the concentration reached 184 ug/mL, the
cytotoxicity of Ag,S NCs was relatively low, and the survival
rate of Vero cells was about 68% after 48 h incubation. Gui et al.
reported the cell viability far exceeded 91% after treatment with
QDs for 48 h, at a Ag,S QDs exposure concentration of 1.0 mg/
mL, which was similar to our present study.”> Hence, 46 ug/mL
was applied for the subsequent tests.

3.3. Influence of Ag,S NCs on PEDV Replication. One-
step growth curve was plotted to detect the PEDV titer after
treatment with 46 pg/mL Ag,S NCs to evaluate the effect of Ag,S
NCs on PEDV replication. In Figure 4a, compared to the
negative control group, significant viral titer inhibition was
observed in cells treated with Ag,S NCs. When treated with Ag,S
NCs at 12 hpi, the plaque formation unit (PFU) was significantly
decreased from 3.8 X 10° to 2.5 X 10> PFU/mL as shown by the
results from Figure 4b. Therefore, the number of plaques and the
titer of virus verified that Ag,S NCs indeed possesses excellent
antiviral activity against viral replication.

PEDV nucleocapsid (N), the RNA-binding protein, acts a vital
role in the viral life cycle and can serve as a target for precise and
early diagnosis of PEDV infection.”” To validate the inhibitory
effect of Ag,S NCs on the proliferation of PEDV, the expression
level of PEDV N protein was detected. Briefly, the infected cells
were incubated with different concentrations of Ag,S NCs or
control DMEM (including 10 pg/mL trypsin). After 12 hpi, the
cells treated with Ag,S NCs at different concentrations showed
an obvious difference in the number of infected cells (indicated
via green fluorescence) compared to the untreated PEDV-
infected group (Figure S). This indicated that the expression of
PEDV N protein was continuously downregulated in a
concentration-dependent manner, which was consistent with
the growth curves of virus.

Control PEDV

Ag,Se2mgmL)

Ag)Seangmy  AgySuspgmiy

DAPI FITC

Merge

Figure S. Indirect immunofluorescence assay of PEDV-infected Vero
cells after treatment or untreatment with different concentrations of
Ag,S NCs. Scale bar: 100 ym.

3.4. Effect of Ag,S NC Size on the Multiplication of
PEDV. As is well-known to all, the size of nanoparticles plays an
indispensable role in their interactions with external systems.***!
To further characterize the potential influence of the size on the
multiplication of PEDV, we tested the interaction of Ag,S NCs-
681 (Ag,S NCs-S) and Ag,$ NCs-722 (Ag,S NCs-L) with PEDV
by a plaque formation assay. As shown in Figure 6b, when
compared to untreated cells, the virus titer in the cells treated
with Ag,S NCs-S and Ag,S NCs-L was significantly reduced by
2.4 log and 3.0 log, respectively, and this result is more intuitively
shown in Figure S3. To further illustrate the differences of viral
multiplication at the protein level, the expression of PEDV N
protein after treatment with Ag,S NCs-S and Ag,S NCs-L was
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measured by indirect immunofluorescence assay and Western
blot assay. The green fluorescence signal of the group exposed
with Ag,S NCs-S or Ag,S NCs-L was obviously reduced
compared with the control, and the Ag,S NCs-S-treated group
had a more pronounced decrease tendency than the Ag,S NCs-
L-treated group (Figure 6a). The Western blot assay indicated
that the number of PEDV N protein expression was significantly
downregulated compared with that of the control after treatment
with Ag,S NCs-S or Ag,S NCs-L (Figure 6¢). The overall results
indicated that Ag,S NCs-S-treated group had a pronounced
inhibition on PEDV infection and excluded the possibility that
the aforementioned plaque reductions were arised from
cytotoxicity of the Ag,S NCs. Interestingly, the results were
similar to those reported by our group about the effects of
different sizes of CdTe quantum dots on pseudorabies virus.** In
general, smaller nanoparticles cause weaker hydrodynamic and
shear force when they entry into the cell, which make them
penetrate deeper than the larger nanoparticles.*"*>** This may
be the reason that lead to a better antiviral effect of small size
Ag,S NCs.

3.5. Effect of Ag* and S*~ on the Multiplication of
PEDV. To probe the effect of release of Ag* from Ag,S NCs on
viral replication, infected cells were exposed with various
concentrations of Ag*. After incubation of 24 hpi, the results
showed that 4.8 + 1.3 uM Ag" was released when PEDV was
exposed with 46 uM Ag,S NCs, which was quantitative detection
through Inductively coupled plasma mass spectrometry (ICP-
MS). In Figure S4a, green fluorescence signals of the group
treated with different concentrations of Ag® were not
significantly decreased compared with the PEDV-infected
control, which was further verified by Figure S4b. In addition,
the effects of different concentrations of S*~ (Ksp(Ag,S) = 6 X
107%°) on viral replication were also investigated. From Figures
S4c and S4d, it can be seen that the results were similar to the
aforementioned ones, suggesting the release of Ag" and $*~ from
Ag,S NCs cannot play a dominate role in the antiviral ability of
Ag,S NCs.

3.6. Effect of Ag,S NCs on PEDV Replication Cycle. The
replication cycle of viruses consists of the four consecutive steps
of attachment, penetration, replication, and budding. To further
elucidate the mechanism of Ag,S NCs to inhibit PEDV infection,
we performed a series of tests to recognize which step(s) in the
life cycle of the virus was inhibited by Ag,S NCs.

To test whether Ag,S NCs could inhibit PEDV binding to
cells, the impact of Ag,S NCs on the attachment was estimated
by plaque assay. Briefly, the cells were first exposed with different
concentrations of Ag,S NCs and then infected by 0.03 MOI
PEDV at 4 °C for 2 h to allow virus attachment. Infected cells
untreated with Ag,S NCs were used as controls. As shown in
Figure 7 and Figure S5, the number of plaques after treatment
with Ag,S NCs was similar to that of the control, suggesting that
Ag,S NCs did not inhibit the viral attachment or the virus in the
early infection phase. This result also suggested that before viral
entry into the cells, Ag,S NCs did not significantly inhibit PEDV
infection by inactivating PEDV directly.

To investigated whether Ag,S NCs can inhibit viral
penetration, PEDV was incubated with the cells at 4 °C for 2 h
to allow the virus to attach to the cell surface, followed by
initiation of the penetration process by shifting temperature to 37
°C. In Figure 8, there was no remarkable decrease in PEDV titer
with the increase of Ag,S NCs concentration. Meanwhile, no
significant plaque-number difference was detected after treat-
ment or untreatment with Ag,S NCs (Figure S6), suggesting that
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Figure 6. Effect of Ag,S NCs-S and Ag,S NCs-L on PEDV. (a) Indirect immunofluorescence assay of PEDV-infected Vero cells after treatment or
untreatment with Ag,S NCs-S and Ag,S NCs-L. Scale bar: 100 ym. (b) The titer of PEDV in the presence and absence of Ag,S NCs-S and Ag,S NCs-L.
(c) Detection of PEDV-N protein expression through Western blot assay. The infected cells were exposed with Ag,S NCs-S and Ag,S NCs-L for 12 hpi.

B-Actin was used as a loading control.
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Figure 7. A dose-response study on the relationship between the
inhibition efficiency of viral attachment and the amount of Ag,S NCs.
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Figure 8. A dose-response study on the relationship between the
inhibition efficiency of viral penetration and the amount of Ag,S NCs.

the Ag,S NCs had no impact on the process of penetration of the
virus on the cell surface. The process of viral entry into host cells
involves the recognition between the viral envelope glycopro-
teins and the cell surface receptors. According to this mechanism,
AgNPs modified with mercaptoethanesulfonate can inhibit the
virus prohferatlon by blocking the binding of the virus to cell
surface heparin.”> Owing to the absence of molecules that bind to
the virus on the surface of the Ag,S NCs, the binding of virus to
the cell surface receptor cannot be prevented.

To investigate the effects of Ag,S NCs on the replication step
of PEDV, the level of negative-strand RNA of PEDV was tested.
Briefly, Vero cells were unexposed or exposed with Ag,S NCs for
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2 h, followed by infecting the cells separately with PEDV for 4, S,
6, and 7 h. As shown in Figure 9, the synthesis of negative-strand
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Figure 9. Relative synthesis of negative-strand RNA of PEDV was
determined at different hours post infection, with Vero cells mock-
treated or treated with Ag,S NCs.

RNA of PEDV was dramatically downregulated at different hours
postinfection compared with the control groups. These results
clearly demonstrated the inhibition of Ag,S NCs on PEDV
replication.

The virion nucleocapsids successfully released into the
cytoplasm of host cell after viral proteins were synthesized and
assembled, and then progeny virions could bud from the plasma
membrane on the surface of the infected cell. To determine
whether the Ag,S NCs could influence the virion budding, cells
were first treated with PEDV for the indicated time periods and
then mock treatment or treatment with Ag,S NCs for 15, 30, 45,
and 60 min. After the infected cells were treated with Ag,S NCs
for different time points, the virus titers in the Ag,S NCs-treated
group were significantly decreased compared with the control
groups (Figure 10). This indicated that even if the cells have been
infected with PEDV, the subsequent Ag,S NCs treatment was
still effective in inhibiting viral budding.

3.7. Ag,S NCs Activate Antiviral Innate Immunity. To
further probe the potential mechanism of Ag,S NCs inhibition of
PEDV infection, we estimated the impact of Ag,S NCs on the
immune and inflammation response of the host interferon. As
previously reported, type I interferons (IFNs) and IFN-
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Figure 10. Quantification of the titer of PEDV after the treatment of Ag,S NCs for a different time point. The virus titer of intracellular (a) and

supernatant (b).

stimulated genes (ISGs) were the most famous antiviral innate
immune molecules.””*’ The induction of ISGs and proin-
flammatory cytokines required the coordination and synergy
effects of the transcription factors IRF3 and NF-«B. In order to
explore whether Ag,S NCs promoted the production of IRF-3
and NF-«B, cells were cotransfected with the IRF3-Luc and NF-
kB-Luc luciferase reporter plasmids along with the internal
control plasmid pRL-TK after unexposure or exposure with Ag,S
NCs. As displayed in Figure 11, the Ag,S NCs positively
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Figure 11. Ag,S NCs promoted the activation of IRF3 and NF-xB
promoter. Vero cells were cotransfected with the IRF3-Luc (a) and NF-
kB-Luc (b) along with the pRL-TK plasmid. Luciferase assay was
performed after the treatment of Ag,S NCs for 12 h. (¢, d) Ag,S NCs
treatment-induced phosphorylation of IRF3 and p6S. Cells were
exposed with Ag,S NCs for 12 h and harvested for Western blot analysis
with phosphorylated IRF3 (p-IRF3), IRF3, phosphorylated p65 (p-
p6S), p6S, or f-actin antibodies.

regulated the promoter activity of IRF3 and NF-xB. Meanwhile,
production of IRF3 and NF-xB is often marked by the
phosphorylation of IRF3 and NF-kB subunit p6S, respectively.
As expected, when compared with the control, Ag,S NCs
treatment obviously enhanced IRF3 and p6S phosphorylation
(Figures 11c and 11d), which were concordant with the findings
of the Luciferase tests.

The mRNA expression levels of ISGs and proinflammatory
cytokines were determined by real-time RT-PCR. Compared
with the control group, the levels of mRNA expression levels of
interferon-stimulated genes 20 (ISG-20) and 54 (ISG-54) were
increased. Furthermore, the expressions of proinflammatory
cytokines were also significantly upregulated after the treatment
of Ag,S NCs, and the mRNA expressions of interleukin 8 (IL-8)
and interleukin 6 (IL-6) were 9.3 and 3.3 times higher than that
of the untreated controls (Figure 12). It is reported that IL-8

4375

(a) 1SG-20 (b) I1SG-54
£ 2.5
£ 3.0 ik g
g 2.5 H 2.
=20 z
15 2
210 ;3
&
0
Control Ag,SNCs Control Ag,S NCs
IL-8 -
(C) 1 (d) IL-6
3 5

p—

I3

Relative expression
Relative expression

Control Ag,S NCs

Control

Ag,S NCs

Figure 12. Level of cytokines expression in Vero cells after exposure
with 46 pg/mL Ag,S NCs. The expressions of ISG-20 (a), ISG-54 (b),
IL-8 (c), and IL-6 (d) were detected by real-time RT-PCR assay.

upregulation might cause IL-8 recruited neutrophils to
phagocytose target antigens, thereby regulating virus replication
by tri§gering Toll-like receptors and activating the IFN-$ and
ISG.* Meanwhile, Yu et al. found that fish TRIM32 could inhibit
virus infection by upregulating the interferon immune response,
IL-6 and IL-8."" It was also reported that ISG-20 could inhibit the
synthesis of virus RNA by inhibiting the enzymatic activities.*’
Additionally, ISG-54 was reported to stimulate the expression of
phosphorylated STAT1, which would play a crucial part in the
immune and inflammatory responses.””>” These reports
suggested that the production of ISGs and the upregulation of
proinflammatory cytokines might have a crucial role in the
inhibitory effect of Ag,S NCs. Yet, the results could not exclude
the probability of exploiting other antiviral activity mecha-
nism(s).

4. DISCUSSION

Currently, the antiviral therapies are focused on the following
two strategies. First, viral infection starts from the virion adhesion
or binding to the host’s receptors, followed by penetration and
viral replication.” So, effective blocking of viral attachment and
entry into the cell can have a remarkable prophylactic effect
. . . 54,55 i

against viral diseases. The other strategy is concentrated on
inhibition of viral replication and budding (therapeutic effect).*®

For the antiviral activity, the most widely studied materials
include Ag nanoparticles and Au nanoparticles,””* carbon-based

1% 160 61,62 :

materials,”” silicon nanoparticles,” and so on. In vitro
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studies have shown that functional AgNPs (or Au nanoparticles)
could be acted as drugs against human immunodeficiency virus
type 1 (HIV-1), herpes simplex virus type 1(HSV-1),** tacaribe
virus (TCRV), respiratory syncytial virus (RSV), and so on. Lee
et al. constructed the GAG mimetic functionalized silica
nanoparticles that can be used as viral entry inhibitors by
blocking viral attachment and penetration into cells.”” Yang et al.
reported that functionalized graphene showed highly efficient
inhibition on RSV infection by directly inactivating the virus.*®
Zhu’s group found that AgNPs@OTV could suppress HIN1
influenza virus infection via ROS-mediated signaling pathways.®”
Furthermore, Yang et al. have shown that AgNPs could inhibit
the RSV titers by 2 orders of magnitude based on a tissue culture
infectious dose (TCIDy,) assay.”’

The level of PEDV N protein expression was also checked
through Western blot assay after Vero cells were unexposed or
exposed with the same concentration of Ag,S NCs and AgNCs.
In Figure S7, Ag,S NCs showed a stronger inhibitory effect than
AgNCs. Moreover, it was reported that DNA-modified gold
nanoparticle networks can impede viral attachment and entry
into cells for prophylactic effects, and these composite can also
produce therapeutic effects.”® Meanwhile, our previous study
proved that CDs can suppress porcine reproductive and
respiratory syndrome virus (PRRSV) and pseudorabies virus
(PRV) proliferation through activating the prodution of
interferon-a production and interferon stimulated genes.”®
Additionally, our previous work also demonstrated that CdTe
quantum dots suppress PRV proliferation by altering the
structure of viral surface proteins and the leakage of Cd**.*”
We speculate that nanoparticles with a different composition
vary in their antiviral mechanism. To further illustrate the
antiviral mechanism of Ag,S NCs, we investigated the effect of
Ag,Te NPs with a different composition on PEDV by comparing
the expression of PEDV N proteins after treatment with various
concentrations of Ag,Te NPs. In Figure S8, Ag,Te NPs did not
exhibit obvious antiviral activity against PEDV, implying that the
main antiviral activity of Ag,S NCs was not dependent on Ag".

The antiviral potential of Ag,S NCs was further evaluated by
using another RNA virus, PRRSV (a member of Arteriviridae).
Consistent with the result for PEDV, Ag,S NCs also displayed
inhibitory effects on the expression level of the PRRSV viral
protein (Figure S9). Thus, it can be deduced that Ag,S NCs
might have broad-spectrum antiviral properties against RNA
viruses.

5. CONCLUSION

In summary, this study described a one-pot method to prepare
hydrosoluble and biocompatible GSH-capped Ag,S NCs. We
demonstrated for the first time that Ag,S NCs had remarkable
antiviral activity against PEDV infection, with the infection
inhibited for a 3.0 log reduction in virus titer at the noncytotoxic
concentration at 12 hpi. The study of underlying molecular
mechanisms indicated that Ag,S NCs treatment inhibits the
synthesis of viral negative-strand RNA and viral budding.
Furthermore, we also found that Ag,S NCs activated the
production of IFN-stimulating genes (ISGs) and the expression
of proinflammation cytokines of Vero cells, which might inhibit
the PEDV infection.

These inspiring findings offer experimental support for the
further exploitation of Ag,S NCs as a potential and highly
effective antiviral agent in vivo. Given that SARS, MARS, and
PEDV belong to the coronavirus family, our results suggest the
possibility to develop efficient anti-SARS or anti-MARS reagents
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based on Ag,S NCs or conjugation of Ag,S NCs and functional
molecules.
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