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ABSTRACT: Developing nanomaterials-based antimicrobial
agents has shown a widespread promise. In this study, silver
nanoparticle-modified graphene oxide (GO-AgNPs) nano-
composites were self-assembled via interfacial electrostatic
force. By using the porcine reproductive and respiratory
syndrome virus (PRRSV) as a pattern, the antiviral effect of the
as-prepared GO-AgNPs nanocomposites on the replication of
virus was investigated. The results indicated that exposure with
GO-AgNPs nanocomposites could obviously suppress PRRSV
infection. It was found that GO-AgNPs nanocomposites
exhibited a better inhibitory effect compared with AgNPs
and GO. By selecting the porcine epidemic diarrhea virus
(PEDV) as a contrast virus, GO-AgNPs nanocomposites were
proven to have a broad antiviral activity. Mechanism studies
showed that GO-AgNPs nanocomposites might prevent PRRSV from entering the host cells, with 59.2% inhibition efficiency.
Meanwhile, GO-AgNPs nanocomposite treatment enhances the production of interferon-α (IFN-α) and IFN-stimulating genes
(ISGs), which can directly inhibit the proliferation of virus. Taken together, this study reports a new type of antiviral agent and
provides a promising pharmaceutical agent for treating infection by the highly pathogenic PRRSV. Moreover, it may provide
novel ideas for the research and development of antiviral formulations based on nanocomposites and extend their applications
in biological systems.
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1. INTRODUCTION

By combining nanotechnology with biotechnology, nanoma-
terials possessing unique physicochemical properties have
shown outstanding advantages in the field of medicine.1 So
far, a variety of nanomaterials, including carbon-based
nanomaterials,2−4 silver nanoparticles,5,6 functional gold nano-
particles,7−9 silicon nanoparticles,10 and polyvalent nano-
architectures,11,12 have been proven to possess antiviral
properties. Among these materials, metal nanoparticles have
attracted great attention due to their broad-spectrum antiviral
activity and inability to cause viral resistance.13

Silver nanoparticles (AgNPs), as a member of noble metal
nanomaterials, have gained considerable attention due to their
excellent antibacterial, antifungal, and antiviral properties.14−16

Baram et al. have reported that mercaptoethanesulfonate
(MES)-capped AgNPs can suppress viral infection by blocking
the viral attachment, thereby prohibiting the cell-to-cell
infection.17 Lu et al. have found that AgNPs with different
sizes can inhibit hepatitis B virus (HBV) replication and

extracellular virions by their high affinity with viral dsDNA.18

Many researches have suggested that the size, shape, stability
and capping agents made a big difference in efforts in the
antiviral effect of AgNPs.19 However, naked AgNPs are easily
agglomerated due to their high reactivity, which will reduce
their antimicrobial activity greatly.20 Therefore, a variety of
organic and inorganic substances are adopted as stabilizers to
modify the surface of AgNPs.21,22

In recent years, carbon-based nanomaterials have attracted
increasing attention because of the material’s good biocompat-
ibility and excellent physicochemical characteristics. Carbon-
based nanomaterials, for instance, GO, carbon dots (CDs), and
fullerenes, have been proven to have a strong antiviral
activity.23−25 As one of the most important members of
carbon-based nanomaterials, GO nanosheets with two-dimen-
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sional morphologies were considered to be a promising viral
inhibitor. For example, Ye et al. proved that GO and its
derivatives have antiviral properties due to their extraordinary
nanosheet structure and negative charge.23 Sametband et al.
prepared a graphene oxide derivative (rGO−SO3) by
simulating the cell surface receptor heparan sulfate and
demonstrated that this composite can inhibit HSV-1
infection.24 Huang et al. constructed multifunctionalized GO
composites and demonstrated that the composites could
prevent respiratory syncytial virus (RSV) infection through
immediately inactivating the virus and suppressing adhesion.26

In addition, GO sheets own rich polar oxygen functional
groups in its aromatic plane that can support DNA,27 metal
oxides,28 polymers,29 and inorganic nanoparticles.30

In our recent work, GO/g-C3N4 nanocomposites have been
successfully constructed. The photocatalytic bactericidal
activity of GO/g-C3N4 was greatly enhanced by introducing
GO.31 The inhibition efficiency of GO-AgNPs nanocomposites
on phytopathogen Fusarium graminearum showed a remarkable
enhancement when compared with GO and AgNPs.32

The above results revealed that the combination of GO with
other nanomaterials may provide enhanced antimicrobial
activity. Considering the strong antiviral activity of AgNPs
and GO, herein, GO-AgNPs nanocomposites were constructed
and their antiviral activity was investigated. It can be expected
that GO-AgNPs nanocomposites would have a better
inhibitory effect than AgNPs and GO. As we have seen, the
potential inhibitory influence of GO-AgNPs nanocomposites
on a virus is rarely reported, and the mechanism of their
impact on the virus remains to be explored.
Porcine reproductive and respiratory syndrome virus

(PRRSV) is a single-stranded positive-sense RNA virus,
which posed a huge threat to the pig industry and brought
considerable financial ruin to the global livestock industry.33

Therefore, in this study, PRRSV was selected as an RNA virus
model to evaluate the inhibitory effect of GO-AgNPs
nanocomposites. It was found that GO-AgNPs nanocompo-
sites might inhibit viral invasion of the host cells and thus
inhibiting the viral replication. In addition, GO-AgNPs
nanocomposites might also inhibit the multiplication of
PRRSV by activating antiviral natural responses.

2. EXPERIMENTAL SECTION
2.1. Preparation of GO and AgNPs. GO nanosheets were

prepared by the sonication of commercially available graphene
oxide.34 The synthesis of AgNPs was based on previous reports,
and some minor modifications have been made.35 AgNO3 (25 mL/1.0
mM) solution was injected dropwise into NaBH4 (75 mL/2 mM)
solution under vigorous stirring, followed by adding 5.0 mL of 1 wt %
citrate and stirring together for the specified time (15 min). The
resulting AgNPs were filtered and centrifugated at 8000 rpm. Finally,
the sediment was collected, resuspended in deionized water, and
stored at 4 °C.
2.2. Synthesis of GO-AgNPs Nanocomposites. PVP-capped

GO was obtained via adding 80 mg of PVP to 20 mL of GO solution.
The hydrophobic side of PVP interacts with the hydrophobic group of
GO, while the exposed hydrophilic side serves the purpose of
improving the hydrophilicity and dispersibility of GO. The above
mixture was subjected to centrifugation after mixing for 30 min and
then was dispersed in 5.0 mL of ultrapure water. PDDA-function-
alized GO was obtained by the addition of PDDA (0.1 mL/20 wt %)
into KCl (15 mL/0.625 M) and then the addition of 5.0 mL of PVP-
capped GO. The resultant solution was subjected to ultrasonication
for 1.5 h, and then the impurities were removed by centrifugation. At
last, the PDDA-GO was resuspended in 2.0 mL of ultrapure water to

form the ultimate concentration of 2.0 mg/mL suspension. The GO-
AgNPs nanocomposites were prepared according to previous
reports.36 Typically, 1.0 mL of PDDA-GO suspension was injected
into the aforementioned AgNPs (30 mL) while stirring; then
ultrasonic treatment was performed for 5 min, and the mixture was
kept overnight. Then the sediment was rinsed and redispersed in
ultrapure water for later use.

2.3. Viral Plaque Assay. The PRRSV plaque assay was conducted
on MARC-145 cells.37 Briefly, infection of MARC-145 cells close to
all confluence was achieved with a 10-fold dilution of PRRSV-
containing inoculum (800 μL/well). After infection of 1 h, the cell
monolayers were subjected to rinsing and then were covered with
Bacto agar (1.8%) blended with 2 × DMEM (at a 1:1 ratio)
containing 3% FBS. Finally, plaques were counted at 48−72 h post
infection. The viral titers were shown in plaque-forming units (PFU/
mL).

2.4. One-Step Growth Curves. MARC-145 cells (1.25 × 105/
well) were incubated to a full monolayer, followed by incubation with
DMEM (2% FBS) and GO-AgNPs nanocomposites (4.0 μg/mL) (37
°C, 2 h). Then cells were infected with PRRSV at a multiplicity of
infection (MOI) of 1.0 (37 °C, 1 h). Then the control DMEM or
GO-AgNPs nanocomposites were added for further incubation. Cell
samples including progeny PRRSV were harvested at 1, 3, 6, 9, 12, 24,
36, and 48 h after infection and stored at −80 °C. To completely
release the infectious intracellular virus, cells were treated with two
freeze−thaw cycles. The titer of collected virions was calculated via
the plaque assay.38

2.5. Virus Entry Assay. PRRSV was pretreated with GO-AgNPs
nanocomposites for 1 h with 5% CO2 at 37 °C. Then the mixture was
cocultured with MARC-145 cells at 37 °C to activate the virus
invasion process (1 h), followed by washing to clear the nonentered
virions. Subsequently, a 1.8% agarose overlay was injected and
cultured for 2−3 days or until complete viral lysis was observed in the
virus control wells.23

2.6. Statistical Analysis. Statistical analysis was performed
according to the Student’s t test. The *p value < 0.05 and **p
value < 0.01 were considered statistically significance.

3. RESULTS AND DISCUSSION

3.1. Characterization of GO-AgNPs Nanocomposites.
To fabricate GO-AgNPs nanocomposites, an electrostatic self-
assembly technique was used. It has been reported that AgNPs
synthesized with citrate were negatively charged.35 Therefore,
poly diallyldimethylammonium chloride (PDDA) was em-
ployed as a surfactant to modify GO nanosheets with a positive
charge to facilitate the loading of negatively charged AgNPs.
Figure 1a−c represented the morphologies of GO, AgNPs, and
GO-AgNPs nanocomposites, respectively. It can be seen
clearly that a great amount of AgNPs with an average particle
size of 17 ± 3.4 nm was evenly loaded on the surface of GO
nanosheets (Figure 1c), which was consistent with the
previous study.39 Figure 1d displayed the UV−visible
absorption spectra of GO, AgNPs, and GO-AgNPs nano-
composites. The maximum absorption peak of GO was found
to be 230 nm, while that of AgNPs was about 410 nm.40

Owing to the existence of surface plasmon on AgNPs, the
absorption spectrum of GO-AgNPs nanocomposites indicated
an obvious red shift, suggesting the successful loading of
AgNPs on GO nanosheets.41

The ζ potential measurement provides useful information
for studying the electrostatic interactions. The ζ potential of
GO nanosheets was −37 ± 4.0 mV, demonstrating the
negative surface charge of GO that resulted from the abundant
carboxyl and hydroxyl groups (Figure 1c). After modification
with PDDA, the value changed from negative to positive (39
mV), suggesting the formation of positively charged PDDA-
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GO. Dominated by an electrostatic interaction, the negatively
charged AgNPs (−25 ± 2.4 mV) were electrostatically bonded
to the surface of PDDA-GO and GO-AgNPs nanocomposites
with a positive charge (13 ± 1.7 mV) were formed. The results
of the ζ potential measurement revealed that PDDA played a
key role in the process of GO-AgNPs nanocomposites
formation.
Raman spectroscopy is considered to be a useful tool for

detecting ordered/disordered crystalline structures of carbon
nanomaterials. As presented in Figure 1f, the GO characteristic
Raman bands at 1341 and 1593 cm−1 represent the D band
and G band, respectively.42 After electrostatic self-assembly,
the peaks shifted to 1330 and 1587 cm−1 as a result of the
surface enhanced Raman scattering (SERS). The presence of
AgNPs could be verified via the XRD test. From Figure 1, it
can be seen that the GO sharp peak was located in 2θ = 10.5°,
corresponding to the GO (001) reflection. New peaks of 38.1,
45.5, 64.7, and 77.5° can be observed through the electro-
chemical modification with AgNPs, which can be attributed to
the (111), (200), (220), and (311) faces of face-centered cubic
AgNPs, thus indicating the successful fabrication of GO-
AgNPs nanocomposites. It was important to note that the peak
at 10.5° thoroughly disappeared after electrostatic self-
assembly, which was in agreement with the literature.43

The full range XPS spectrum of GO distinctly presented
three peaks at 285.8, 403.1, and 532.8 eV, corresponding to C
1s, N 1s, and O 1s. (Figure 2a). The existence of CC/CC
(284.8 eV), COH (285.8 eV), C (epoxy) (286.7 eV), and
CO (287.8 eV) functions in C 1s by a high-resolution XPS
spectrum indicated that the preparation of GO was successful
(Figure 2b). Compared to pure GO, an additional Ag 3d peak
at 370.2 eV appeared in the spectrum of GO-AgNPs

nanocomposites, implying that the surface composition of
GO has been altered by AgNPs. The two sharp peaks of 368.1
and 374.1 eV observed in Ag 3d spectra could be assigned to
Ag 3d3/2 and Ag 3d5/2 photoelectrons (Figure 2e). Addition-
ally, the peak strength of the oxygen-containing functional
group was significantly lower than that of the pure GO
nanosheets. The C 1s peaks of GO-AgNPs nanocomposites
demonstrated that carbon was mainly presented in the shape of
CC/CC, COH, and C (epoxy) (Figure 2d). The above
data revealed that the surface of GO-AgNPs nanocomposites
was rich in hydrophilic groups and provided them with a good
water dispersibility.44 The FT-IR spectrum of GO-AgNPs
nanocomposites displayed strong and wide peaks at 3435 cm−1

because of the tensile vibration of OH groups.45 The new
characteristic peaks emerged at about 2884, 1475−1300, and
650−1000 cm−1 could be ascribed in turn to CH stretching
vibrations and CH in-plane and out-of-plane bending
vibrations. A contribution at 1641 and 1115 cm−1 showed
the CC and CO stretching and CH bending vibration
(Figure 2f). Apparently, the chemical structure of GO-AgNPs
nanocomposites identified by FT-IR spectra was consistent
with the results of XPS.

3.2. Effect of GO-AgNPs Nanocomposites on Cell
Viability. To evaluate the potential cytotoxicity of GO-AgNPs
nanocomposites, the relative survival rate of MARC-145 cells
was tested. Typically, MARC-145 cells were cultured with GO-
AgNPs nanocomposites for 24 and 48 h, respectively. As
revealed in Figure 3, after incubation with GO-AgNPs
nanocomposites (0.5−4.0 μg/mL) for 24 and 48 h, the
relative survival rate of cells was all greater than 85%,
suggesting the good biocompatibility of the GO-AgNPs
nanocomposites. However, when the concentration was 8.0
μg/mL, the cytotoxicity was small and cell viability decreased
slightly to 80%. Therefore, the following assays were carried
out with a concentration of 4.0 μg/mL.

3.3. Antiviral Activity of GO-AgNPs against PRRSV. To
explore the influence of GO-AgNPs nanocomposites on
PRRSV, one-step growth curves were plotted to detect the
changes of virus titers caused by the treatment of GO-AgNPs
nanocomposites (4.0 μg/mL) during viral replication. From
Figure 4, it can be found that the viral titers reduced in the
existence of GO-AgNPs nanocomposites compared to the
control assays, implying that GO-AgNPs nanocomposites
indeed possessed anti-PRRSV infection activity.
To verify the inhibitory effect of GO-AgNPs nano-

composites on PRRSV, the expression of PRRSV N protein
was detected after GO-AgNPs nanocomposite treatment. For
this purpose, the exposed or unexposed cells were first cultured
with PRRSV (1 h, 37 °C) and then incubated with GO-AgNPs
nanocomposites (0.5−8.0 μg/mL) for 36 hpi, followed by
fixation and staining with a specific antibody against PRRSV N
protein. PRRSV N protein plays a variety of important
functions in the process of virus infection. As demonstrated in
Figure 5, the green fluorescence signal in the GO-AgNPs
nanocomposite treatment group was dramatically lower than
that in the blank control group, and the fluorescent signal
directly reflected the expression level of N protein. It was
found that the decrease of green fluorescence signal followed a
dose-dependent manner. As the concentrations of GO-AgNPs
nanocomposites increased, the fluorescence signal gradually
reduced. As the concentration of GO-AgNPs nanocomposites
reached 8.0 μg/mL, a negligible green fluorescence signal was
observed, indicating the low expression level of N protein and

Figure 1. TEM images of GO (a), AgNPs (b), and GO-AgNPs
nanocomposites (c). UV−vis spectra of GO, AgNPs, and GO-AgNPs
nanocomposites (d). ζ potentials of AgNPs, GO, PDDA-GO (P-GO),
and GO-AgNPs nanocomposites (e). Raman spectra (f) and XRD
patterns of GO and GO-AgNPs nanocomposites (g).
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the high inhibitory activity of the nanocomposites. These
results further confirmed the conclusion of one-step growth
curves in Figure 4.
To further prove the inhibitory effect of GO-AgNPs

nanocomposites, the antiviral activity of pure AgNPs and
GO nanosheets against PRRSV was also studied. The indirect
immunofluorescence assay and Western blot analysis using a
viral specific antibody were regarded as intuitive and effective
diagnostic tools. In brief, the same concentrations of GO,

AgNPs, and GO-AgNPs nanocomposites (4.0 μg/mL) were
cultured with infected MARC-145 cells for 36 hpi. Cells
exposed with GO or AgNPs alone also presented a lower
fluorescence signal when compared to the positive control
group (Figure 6a), demonstrating that GO and AgNPs both
had antiviral activities. However, the fluorescence in cells
treated with GO-AgNPs nanocomposites displayed a note-
worthy reduction, almost the same as the negative control
group, suggesting the stronger inhibitory effect of the
nanocomposites. The results revealed that the electrostatic

Figure 2. XPS-survey spectra of GO (a) and C 1s high-resolution survey spectrum (b). XPS spectrum of GO-AgNPs nanocomposites (c), C 1s (d),
and Ag 3d (e) high-resolution survey spectra. FT-IR spectra of GO, AgNPs, and GO-AgNPs nanocomposites (f).

Figure 3. In vitro cytotoxicity of GO-AgNPs nanocomposites to
MARC-145 cells. Cells were cultured with different concentrations of
GO-AgNPs nanocomposites (0.5−8.0 μg/mL) for 24 and 48 h,
respectively.

Figure 4. One-step growth curves of virus after treatment or without
treatment with GO-AgNPs nanocomposites (4.0 μg/mL). Cells were
infected with PRRSV (MOI = 1.0) for the indicated periods of time.
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self-assembly improved the inhibitory effect of GO and AgNPs
largely. Figure 6b indicated that the PRRSV N protein
expression levels in the experimental group were distinctly
down-regulated, following the order GO-AgNPs nanocompo-
sites > AgNPs > GO (Figure 6b). These consequences were
line with the conclusion of indirect immunofluorescence.
3.4. Antiviral Activity of GO-AgNPs Nanocomposites

on PEDV. To acquire the antiviral spectrum of GO-AgNPs
nanocomposites, another RNA virus, PEDV (belonged to the
family Coronaviridae), was selected. Similar to the results of
PRRSV, the PEDV N protein expression level in the
experimental group was remarkably down-regulated and the
inhibitory effect was more pronounced under treatment with
GO-AgNPs nanocomposites (Figure 7). Interestingly, with the

concentration of GO-AgNPs nanocomposites increased, a
gradual increase in the inhibition rate was observed (Figure
S1). The results indicated that GO-AgNPs nanocomposites
might be a potential broad-spectrum inhibitor and also have
antiviral activity against other RNA viruses.

3.5. Mechanistic Considerations. The replication cycle
of the virus usually follows three steps, namely, the initial entry
and penetration into the host cell, then the replication and
protein synthesis, and the budding of new virions.46 To
investigate the possible mechanism of GO-AgNPs nano-
composites in inhibiting PRRSV infection, plaque assays
were conducted to detect the effect of GO-AgNPs nano-
composites on the entry of PRRSV. In the experimental

Figure 5. The indirect immunofluorescence assay was applied to analyze the infection of PRRSV cells with different concentrations of GO-AgNPs
nanocomposites. Scale bar was 100 μm.

Figure 6. Inhibitory effects of GO-AgNPs nanocomposites, GO, and
AgNPs against the virus. (a) Indirect immunofluorescence assay was
used to analyze the MARC-145 cells infected with PRRSV after
treatment with equal concentrations of GO-AgNPs nanocomposites,
GO, and AgNPs. Scale bars were 100 μm. (b) Expression level of
PRRSV N protein under GO-AgNPS, GO, and AgNPs exposure was
analyzed by Western blot assays.

Figure 7. Inhibitory effects of GO-AgNPs nanocomposites, GO, and
AgNPs against PEDV. (a) Indirect immunofluorescence assay was
used to analyze the Vero cells infected with PEDV after exposure to
equal concentrations of GO-AgNPs nanocomposites, GO, and
AgNPs. Scale bars: 100 μm. (b) Western blotting detection of
PEDV N protein expression in the presence of GO-AgNPs
nanocomposites, GO, and AgNPs at 12 hpi.
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groups, PRRSV virions were cultured with various concen-
trations of GO-AgNPs nanocomposites prior to infection (1 h/
37 °C). From Figure 8, it can be seen that the viral titers of

PRRSV were significantly reduced, indicating the strong
antiviral activity of GO-AgNPs nanocomposites. Besides, it
was found that the depression of viral titers was dependent on
the concentration of GO-AgNPs nanocomposites. Compared
to the control group, when the concentration of GO-AgNPs
nanocomposites increased to 4.0 μg/mL, the relative titer of
PRRSV was reduced to 40.8%. The early steps of interfering
with the entry of the virus are reported to be feasible
therapeutic tactics, since the acting site of the inhibitor is
extracellular and relatively easy to obtain.1 The results of
plaque assays proved that GO-AgNPs nanocomposites could
significantly inhibit PRRSV infection by directly inactivating
the viruses before entering into the MARC-145 cells.
The natural immune response of the body, which prevents

the virus from spreading from infected cells to adjacent
uninfected cells, is the first line of defense against virus

invasion. An important aspect of the natural immune response
is the synthesis and secretion of type I interferon (α/β).47

When host cells are infected by pathogens, they will be
identified by the host’s pattern recognition receptor. After
activating a series of signal transduction within the cell, a
number of transcription factors are activated, which cause the
expression of interferon (IFN). The combining of IFN with
the receptor on the cell membrane produces a series of
interferon-stimulating genes (ISGs) through the JAK-STAT
signaling pathway, which can directly inhibit the proliferation
of the virus.48,49 To investigate the underlying mechanism of
GO-AgNPs nanocomposites antivirus, the effects of GO-
AgNPs nanocomposites on the production of IFN-α and the
ISGs were tested. Cells were exposed or unexposed with GO-
AgNPs nanocomposites for 24 h, followed by extraction RNA
via TRIzol reagent. As displayed in Figure 9, the effect of the
experimental group treated with GO-AgNPs nanocomposites
on IFN-α mRNA expression was 5.2 times that of the control
group. (Figure 9a). Encouragingly, significant upregulation of
interferon inducible protein 10 (IP-10) (Figure 9b),
interferon-stimulated gene 56 (ISG-56) (Figure 9c), interfer-
on-stimulated gene 54 (ISG-54) (Figure 9d), interferon-
stimulated gene 20 (ISG-20) (Figure 9e), and interferon-
stimulated gene 15 (ISG-15) (Figure 9f) was observed in the
groups of MARC-145 cells exposed with GO-AgNPs nano-
composites. These results indicated that the inhibitory effect of
GO-AgNPs nanocomposites may be attributed to the
expression of IFN-α and ISGs. Additionally, there may be
other antiviral mechanisms for the antiviral activity of GO-
AgNPs nanocomposites.

4. CONCLUSION
In this study, GO-AgNPs nanocomposites with a good water
solubility and high stability were successfully fabricated by the
interfacial electrostatic self-assembly method. The antiviral
activity of the as-prepared GO-AgNPs nanocomposites against
PRRSV was investigated, and two possible molecular
mechanisms were proposed. Detection of the titer and protein
expression of virus showed that GO-AgNPs nanocomposites

Figure 8. Effect of GO-AgNPs nanocomposites on the entry of
PRRSV. (a) Plaque assays of the control and PRRSV pre-exposure
with 4.0 μg/mL GO-AgNPs nanocomposites. (b) The influence of
concentrations of GO-AgNPs nanocomposites on the relative titer of
virus.

Figure 9. MRNA expressions of IFN-α (a), IP-10 (b), ISG-56 (c), ISG-54 (d), ISG-20 (e), and ISG-15 (f) in MARC-145 cells after exposure with
or without GO-AgNPs nanocomposites.
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had a stronger antiviral activity than AgNPs and GO at the
same concentration. Besides, the experimental results showed
that GO-AgNPs nanocomposites also had antiviral activity
against PEDV (another RNA virus), which means that GO-
AgNPs nanocomposites might be a broad-spectrum virus
inhibitor. The plaque assays suggested that GO-AgNPs
nanocomposites might inhibit virus entry into host cells,
thereby suppressing virus replication. Furthermore, the
activation of interferon-α and the up-regulated production of
interferon stimulated genes might also play a viral role in the
suppression of PRRSV infection. This work also provides
theoretical references for antiviral researches of other nano-
composites.
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