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As one of the most effective drugs for influenza virus infection, clinical application of zanamivir is restricted
with the emergence of resistant influenza virus. It is crucial to manufacture novel pharmaceuticals against
influenza virus infection. In recent years silver nanoparticles (AgNPs) have attracted wide attention in the

antiviral field. In this study, we demonstrated surface decoration of AgNPs using zanamivir (ZNV) with

antiviral properties. AQNPs co-delivery of the zanamivir nanosystem was designed to reverse influenza
virus resistance. In brief, zanamivir modified AgNPs (Ag@ZNV) inhibited the neuraminidase activity of the
HIN1 virus. Moreover, cytopathic effect showed that Ag@ZNV remarkably resisted HIN1 virus-induced
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apoptosis of MDCK cells, involving DNA fragmentation, chromatin condensation and caspase-3

activation. Ag@ZNV effectively reduced the accumulation of reactive oxygen species (ROS) induced by
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1 Introduction

Influenza viruses which pose a great threat to the public are
widespread on the global health system." There are three types
of influenza viruses, A, B and C, causing disease in human
beings. Nevertheless, infections of influenza A, which H1N1
belongs to, account for the majority of hospitalizations.> The
HIN1 influenza pandemic broke out in 2009 in Mexico and
America, extended quickly among humans and led to more than
280 000 deaths in the whole world, developing into the first
human influenza pandemic in the past 40 years.>” Influenza A
is classified according to its two chief surface proteins,
hemagglutinin (HA) and neuraminidase (NA). NA plays
a significant role in virus replication. It cleans sialic acid from
surfaces of HA, NA and cells and helps progeny viruses separate
from host cells.® Studies demonstrated that the 2009 A(H1N1)
virus resulted from a series of reassortment events involving
swine, avian and human influenza A virus strains, with the NA
gene originating from an avian-like Eurasian swine A/HIN1
lineage.”® NA inhibitors are a category of antiviral compound
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HIN1 virus and activation of both p38 and p53 signaling pathways. Taken together, our study indicates
that Ag@ZNV is a novel promising pharmaceutical against HIN1 influenza virus infection.

against influenza viruses, targeting the highly conserved enzy-
matic site of the NA glycoprotein.” Zanamivir and oseltamivir
are commonly used as NA inhibitors that bind within the NA-
active pocket and disturb the enzyme reaction.” They are the
approved options at present in America for instant interference
of influenza virus infection.'*> However, resistance to the NA
inhibitors commonly arises due to amino acid mutations within
the NA active sites, either in the framework residues or in the
catalytic residues.” NA inhibitor-resistant influenza viruses can
be selected rapidly in treated patients or appear without
a distinct link to treatments sometimes."* New prophylactic and
therapeutic approaches against influenza viruses have kindled
great interest of scientists.

Based on the distinctive physical and chemical properties,
nanomaterials have become novel in medicine, food industry,
and environmental technology.’*'® Among them, silver nano-
particles (AgNPs) have attracted wide attention in biomedical
field. Beside of the antibacterial, antifungal and anticancer
activities, AgNPs are being explored as antiviral agents in recent
years.”” ™ Accumulated data has reported that AgNPs suppress
the replications of respiratory syncytial virus, dengue virus 2,
rift valley fever virus, bean yellow mosaic virus, herpes simplex
virus, parainfluenza virus 3 and H3N2 influenza virus.>*>
Therefore, we are expecting to verify that zanamivir modified
AgNPs (Ag@ZNV) has prominent activity to restrain HIN1 virus
infection. Reactive oxygen species (ROS) plays an essential role
in pathophysiological process of our bodies.”® Infections of
viruses affect the balance of redox, induce ROS overproduction
and lead to apoptosis of host cells.”””® Previous research has

This journal is © The Royal Society of Chemistry 2017
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described that AgNPs induce ROS production to kill cancer
cells,”” but little is known about the relationship and mecha-
nism between the two in virus infections. In this study, we are
aiming to explore how zanamivir modified AgNPs antagonize
MDCK cells apoptosis induced by H1N1 influenza virus.

2 Experimental
2.1 Materials

The Madin Darby canine kidney cell line (MDCK) used for
influenza research was purchased from American Type Culture
Collection (CCL-34 TM). Influenza A/Hubei/74/2009 (H1N1) was
donated by Wuhan Institute of Virology, Chinese Academy of
Science. Fetal bovine serum (FBS) and Dulbecco's modified
eagle’'s medium (DMEM) from Gibco were used for cell culture.
t-1-Tosylamido-2-phenylethyl chloromethyl ketone (TPCK),
zanamivir, vitamin C (VC), silver nitrate (AgNO3), thiazolyl blue
tetrazolium bromide (MTT), 4/,6-diamidino-2-phenyindole
(DAPI), coumarin-6,2',7'-dichlorofluorescein diacetate (DCF-
DA) and propidium iodide (PI) were all purchased from
Sigma. Lyso Tracker deep red molecular probe was obtained
from Invitrogen. The terminal deoxynucleotidyl transferase-
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mediated dUTP nick end labeling (TUNEL) cell apoptosis
assay kit, neuraminidase detection kit, BCA protein assay kit
and caspase-3 activity assay kit were acquired from Beyotime
Institute of Biotechnology (Shanghai, China). p38, p-p38, p53, p-
p53, PARP, caspase-3 and B-actin monoclone antibody were
provided from Cell Signaling Technology. Milli-Q water for all
experiments in this study was collected from a millipore water
purification.

2.2 Synthesis of AgNPs and Ag@ZNV

AgNPs were prepared as (Li et al.):"” briefly, 0.1 ml of 400 ng
ml~" freshly prepared VC solution was added dropwise into
4 ml fresh 400 ug ml~" AgNO; solution, followed with constant
magnetic stirring for 30 min at room temperature. After that, 32
ul of 100 nM zanamivir was added. The excess VC, AgNO; and
zanamivir were eliminated by dialysis for 24 h. Then concen-
tration of Ag@ZNV was detected by ICP-AES (inductively
coupled plasma-atomic emission spectrometry).>® The AG@ZNV
nanoparticles solution was ultrasonicated in a water bath before
passed through with a 0.22 um pore size filter. The final
concentration of AgNPs was 2.5 ug ml~! and 0.8 nM of zana-
mivir and the sample was stored at 4 °C.
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Fig. 1 Characterization of AgNPs and Ag@ZNV. (A) TEM images of AgNPs and Ag@ZNV (scale bar 2 nm). (B) Zeta potentials of AgNPs and
Ag@ZNV. (C) Size distributions of AgNPs and Ag@ZNV. (D) and (E) Time course of size distribution of Ag@ZNV and AgNPs in aqueous solutions
using a zetasizer nano-zs particle analyzer. (F) EDX analysis of Ag@ZNV. Bars with different characters are statistically different at P < 0.05 (*) level.
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2.3 Characterization of Ag@ZNV

The morphology of Ag@ZNV nanoparticles was characterized by
a transmission electron microscopy (TEM). According to the
protocol, samples were prepared by dispersing the powder particles
onto a holey carbon film on copper grids. The micrographs were
acquired using Hitachi (H-7650) for TEM operating at an acceler-
ating voltage of 80 kV. Energy Dispersive X-ray (EDX) was carried out
using EX-250 system (Horiba) to analyse the elemental composition
of Ag@ZNV. Size distribution and zeta potential of Ag@ZNV were
determined by Malvern Zetasizer Nano ZS particle analyser.*

2.4 Cell culture and cell infection

MDCK cells were maintained in DMEM medium with 10%
FBS, 100 U ml ™" penicillin and 50 Uml ™" streptomycin at 37 °C
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in 5% CO, incubator.*® H1N1 virus infection was performed
and 50% tissue culture infective dose (TCID50) was calculated
as (Amatore et al.).*>*® Briefly, cells were seeded in 96-well
culture plates at a density of 4 x 10* cells per well for 24 h.
Then cells were washed twice with phosphate buffered saline
(PBS) and infected with HIN1 in DMEM without FBS. For 50%
tissue culture infective dose (TCID50) test, virus was diluted
following 10 times-gradient from 10-1 to 10-10 in this step.
After adsorption for 2 h at 37 °C, the supernatant was removed,
and cells were cultured with DMEM containing 2% FBS and 2
pg ml~' TPCK-treated trypsin after washing twice to remove
the unattached viruses. The cytopathic effect (CPE) was
observed and TCID 50 was calculated using Reed-Muench
method. All the HIN1 virus used in this study was at the titer of
100 TCID 50 ml.

A 120 B 120
MDCK MDCK
90 ~ 90-
3 : S :
2z =
:_"_.; 60+ sk % 60 i
2 E
3 304 8 301 =
04 0
Control  1.25 25 5 10 (ug/ml) Control 0.6 0.8 1.0 1.2 (nM)
AgNPs ZNV
C 120
S 90 .
;g 60 -
; sk
3 30
O - T T
> N o QA
& 3
OO& Q”\ \x((/@ vaq§ @(\)%
AP
‘2” Qs\ é\
N
D  Control HINI HINI+ZNV HINI+AgNPs  HINI+Ag@ZNV
A o { o

Fig.2 Effects of Ag@ZNV in MDCK cells infected by HIN1. (A—C) Antiviral activity of AgNPs, ZNV and Ag@ZNV were measured by MTT assay. (D)
Morphological changes of MDCK cells observed by phase-contrast microscopy (magnification, x40). The concentrations of Ag@ZNV, AgNPs
and ZNV were 2.5 ug ml%, 2.5 ug ml~* and 0.8 nM. Bars with different characters are statistically different at P < 0.05 (*) or P < 0.01 (**) level.
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2.5 Determination of cell viability

Cytotoxicity of Ag@ZNV nanoparticles was determined by MTT
assay.** Briefly, MDCK cells were seeded in a 96-well culture
plate and infected with HIN1. Then cells were treated with
indicated concentrations of zanamivir with or without AgNPs.
After 72 h, 20 pl of 5 mg ml~! MTT solution was added per well
and incubated at 37 °C. Solution in the well was aspirated off
after 5 h and DMSO was added 150 pul per well. The absorbance
at 570 nm was recorded and MDCK cell viability against
Ag@ZNV was measured using a microplate spectrophotometer.

2.6 Intracellular localization of Ag@ZNV

The intracellular localization of Ag@ZNV labelled by 6-coumarin
in MDCK cells was traced with Lyso Tracker Red as a lysosomal
marker.* Briefly, cells were cultured in 35 mm cell culture dishes
with 80 nM Lyso Tracker for 120 min. When 70% confluence was
stained, 1 mg ml~! DAPI was added for 30 min. Then 6-coumarin
labelled Ag@ZNV and Lyso Tracker Red were incubated at 37 °C
for various periods of time. Finally cells were rinsed by PBS three
times and analysed by a fluorescence microscope.

2.7 The neuraminidase inhibition assay

H1N1 was mixed with or without Ag@ZNV for 2 h before incu-
bated at 37 °C. Then neuraminidase (NA) activity of influenza
virus was determined using a NA detection kit measured by
a fluorescence microplate reader with an excitation wavelength
360 nm and emission wavelength 460 nm as (Wang et al.).*®

2.8 Flow cytometric analysis

The effect of Ag@ZNV on cell cycle distribution was measured
by a flow cytometry as (Song et al.).”” MDCK cells infected by
H1N1 and treated with or without Ag@ZNV were harvested and
fixed with 70% ethanol at —20 °C overnight. After PI staining,
DNA contents were quantified and cell cycle distribution was
analyzed by MultiCycle software. The proportion of cells in G0/
G1, S, G2/M phases was represented as a DNA histogram.

2.9 TUNEL and DAPI staining assay

DNA fragmentation and nucleus condensation were examined
with fluorescence staining by a TUNEL apoptosis detected kit
and DAPI as (Li et al.).*®* Briefly, after fixed with 3.7% form-
aldehyde and permeabilized with 0.1% Triton X-100 in PBS, the
MDCK cells were labeled with TUNEL reaction mixture for
60 min and with 1 pg ml~" of DAPI for 15 min at 37 °C. The cells
were observed under a fluorescence microscope.

2.10 Caspase-3 activity

Caspase-3 activity was monitored following the instructions
with a caspase-3 activity assay kit."” Briefly, protein of the cells
was extracted following concentration determination using
a BCA protein assay kit. Protein mixed with specific caspase-3
substrates Ac-DEVD-pNA was added in a 96-well plate at 37 °C
for 1 h. The absorbance was recorded at 405 nm wavelength.

This journal is © The Royal Society of Chemistry 2017
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2.11 Measurement of reactive oxygen species (ROS)
generation

ROS accumulation inhibited by Ag@ZNV treated MDCK cells
after HIN1 infection was determined by staining cells with DCF
assay as (Yang et al.).* Cells were collected and incubated with
10 uM DCF-DA in PBS at 37 °C for 30 min. ROS generation was
determined by the fluorescence intensity with excitation and
emission wavelengths at 488 nm/525 nm.

2.12 Western blot analysis

Expressing of proteins involved in signaling pathways were deter-
mined by western blot as (Ren et al.).** MDCK cells treated with or
without Ag@ZNV for 24 h after HIN1 infection were lysed with
RIPA buffer and obtained total proteins. The protein concentration
was quantified using a BCA assay kit. Then equivalent amount of
proteins were separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gel followed by transfer onto a PVDF membrane. After
being blocked in 5% skimmed milk, the membranes were incu-
bated with specific primary antibodies and horseradish peroxidase
(HRP)-linked secondary antibodies. The bolts were developed with
enhanced chemiluminescence (ECL) reagent.

2.13 Statistical analysis

All the data were expressed as mean + SD. GraphPad Prism 5.0
software was used for data analysis. Data were analyzed using

4.

120 min

Fig. 3 Intracellular trafficking of Ag@ZNV in MDCK cells. Cells were
treated with coumarin-6 loaded Ag@ZNV for more than 120 min, and
stained with Lyso Tracker for lysosome and DAPI for nucleus. Cells
were observed under a fluorescent microscope at different time
(magnification, x100).

RSC Adv., 2017, 7, 742-750 | 745


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25010f

Open Access Article. Published on 03 January 2017. Downloaded on 3/20/2026 8:41:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances
120
3 90+
~ *
> T
E = ok
s 604
< ok
P
301
0- T
S ‘{%
& 4»@ & @y@
N X )
S,
&
Fig. 4 Inhibition of HIN1 NA activity by Ag@ZNV. The NA inhibition

assay was performed by quantifying the fluorescent using a microplate
reader. Bars with different characters are statistically different at P <
0.05 (*) or P < 0.01 (**) level. The concentrations of Ag@ZNV, AgNPs
and ZNV were 2.5 ung ml™% 2.5 ug mli=* and 0.8 nM.

two-tailed Student's t-test to evaluate differences between two
groups or one-way analysis of variance (ANOVA) for multiple
group comparisons. Differences were considered statistically
significant with P < 0.05 (*) or P < 0.01 (*¥).
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3 Results and discussion
3.1 Preparation and characterization of Ag@ZNV

The morphology of AgNPs and Ag@ZNV was firstly character-
ized by TEM. As was shown in Fig. 1A, Ag@ZNV presented
monodisperse and spherical particles with high uniformity.
Besides, as average particle size distribution shown in Fig. 1C,
Ag@ZNV was effectively decreased from 3 nm to 2 nm compare
to AgNPs. The small size of Ag@ZNV contributed to the highly
stable nanostructures and it made it easy to cross cell
membrane. In Fig. 1B, the zeta potential of AgNPs alone was
—15.2 mV and increased to —24.7 mV after loading zanamivir,
which explained the higher stability of Ag@ZNV. Furthermore,
size distribution of Ag@ZNV in Fig. 1D showed that the average
size of Ag@ZNV was between 2 nm to 2.3 nm and kept stable for
30 days. Meanwhile, we also detected the size distributions of
AgNPs in Fig. 1E. The size of AgNPs was between 2.0 nm to
3.0 nm and kept stable for 28 days. In Fig. 1F, an elemental
composition analysis employing EDX showed the presence of
a strong signal from the Ag atoms (59.5%), together with C atom
signal (23%), N (8.6%) and O (8.9%) that from ZNV. No obvious
peaks for other elements or impurities were observed. The
present of N and O atom indicate that ZNV has self-assembled
on the surface of AgNPs. Based on the results of EDX analysis,
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Fig. 5 Ag@ZNV inhibited apoptosis in HIN1 infected MDCK cells. (
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A) DNA content was quantified by flow cytometric analysis of apoptosis and

changes in cell cycle distribution. (B) DNA fragmentation and nuclear condensation depressed by Ag@QZNV were detected by TUNEL-DAPI co-
staining assay. MDCK cells were treated with or without Ag@ZNV after HIN1 virus infection (magnification, x100). The concentrations of
Ag@ZNV, AgNPs and ZNV were 2.5 ug ml™%, 2.5 pg ml™* and 0.8 nM.
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Fig. 6 Inhibition of PARP and caspase-3 by Ag@QZNV in HIN1 infected
MDCK cells. (A) Cells were treated with Ag@ZNV and caspase-3 activity
was detected. (B) Expressing level of PARP and caspase-3 by western
blot, B-actin was used as loading control. Bars with different characters
are statistically different at P < 0.01 (**) level. The concentrations of
Ag@ZNV, AgNPs and ZNV were 2.5 ug ml™, 2.5 pg mi™ and 0.8 nM.
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the representative chemical formula of Ag@ZNV is derived as
(Ag;ZNV),.. The ratio Ag/ZNV nanoparticles was followed by
previously reported.’***

3.2 In vitro antiviral activity of Ag@ZNV

The antiviral activity of AgNPs, ZNV and Ag@ZNV were inves-
tigated by MTT assay. The cell viability of AgNPs and ZNV were
shown in Fig. 2A and B, AgNPs and ZNV decreased the cell
viability in a dose-dependent manner. As shown in Fig. 2C, the
concentrations of Ag@ZNV, AgNPs and ZNV were 2.5 ug ml ™,
2.5 ug ml~ " and 0.8 nM. The viability of MDCK cells infected by
H1N1 virus was 36.32%. Cells treated with zanamivir and AgNPs
reached to 63.23% and 61.87% respectively. However, cells
treated with Ag@ZNV remarkably reached to 82.26%. Mean-
while, a evaluation of synergy was performed by previously
reported.*® The data were interpreted by calculating the
fractional inhibitory concentration (FIC) index as follow: FIC=
(MICdrug A combination/MICdrug A combination) + (MICdrug B combination/
MICrug B combination)- In this study, the FIC index was basically
interpreted as follows: a FIC below 0.5, synergism; a FIC
between 0.5 and 2.0, indifference, a FIC higher than 2.0,
antagonism. MIC drug A combination is concentration present
in Ag@ZNV of Ag. MIC drug B combination is concentration
present in Ag@ZNV of ZNV. MIC drug A and B alone is that
corresponding to “free” AgNPs and ZNV, respectively. The drug
combination concentration was detected by ICP, the synergy
was evaluated with calculation of in vitro fractional inhibitory
concentration index as follow: MIC drug A combination is
concentration present in AG@ZNV of Ag (0.5 pg ml~"). MIC drug
B combination is concentration present in Ag@ZNV of ZNV
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Fig.7 Restrain of ROS generation by Ag@ZNV in HIN1 infected MDCK cells. (

A) ROS levels were detected by DCF fluorescence intensity. (B) Cells

were incubated with 10 uM DCFH-DA for 30 min then treated with Ag@ZNV (magnification, x100). Bars with different characters are statistically
different at P < 0.01 (**) level. The concentrations of Ag@ZNV, AgNPs and ZNV were 2.5 ug ml™%, 2.5 pg ml™* and 0.8 nM.
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(0.2 nM). MIC drug A alone is that corresponding to free AgNPs
(2.5 ug mI™"). MIC drug B alone is that corresponding to free
ZNV (08 HM). FIC= (MICdrug A combination/MICdrug A combination) +
(MICdrug B combination/MICdrug B combination) = 0.5 g m171/2-5
pg ml™" + 0.2 nM/0.8 nM = 0.45. The FIC was less than 0.5
which indicated the evaluation was synergism. The result sug-
gested that Ag@ZNV effectively enhanced the antiviral activity.
As shown in Fig. 2D, MDCK cells infected by H1N1 showed
cytoplasmic shrinkage, reduction in cell numbers and loss of
cell-to-cell contact. The cytopathic effect was attenuate when
treated with Ag@ZNV. The cell viability and images suggested
that Ag@ZNV effectively suppressed the H1N1 virus proliferation.

3.3 Intracellular localization of Ag@ZNV

Endocytosis against nanoparticles is significant to transmission
study of drugs loaded nanosystems.** In the present study, the
localization of Ag@ZNV labeled by coumarin-6 in MDCK cells
was tracked by simultaneous staining. As Fig. 3 suggested, the
yellow area overlap with green and red fluorescence demon-
strated the co-localization of Ag@ZNV and lysosomes. The
combination accumulated on MDCK cells membrane, then
Ag@ZNV escaped from lysosome and released into the cyto-
plasm after 60 min. The fluorescence intensified gradually
displayed time-dependent cell-penetrating for antiviral activity
of Ag@ZNV.

3.4 Neuraminidase activity

Neuraminidase (NA) activity was used to estimate the effect of
viruses from infected cells. Zanamivir is commonly used as NA
inhibitors for clinical treatment against influenza virus infec-
tion. In this study, we compared the effects of AgNPs, zanamivir
and Ag@ZNV on H1N1 NA activity. The data in Fig. 4 showed
that Ag@ZNV-treated H1N1 virus had lower NA activity (42.68%)
than that treated with zanamivir (72.42%) or AgNPs (58.37%)
alone, suggesting that the compounds were more effective in
inhibition on NA activity of HIN1 virus.

3.5 Suppression of apoptosis by Ag@ZNV

Flow cytometric analysis and TUNEL-DAPI assay were per-
formed to evaluate the antiviral mechanisms of Ag@ZNV. As
shown in Fig. 5A, the sub-G1 apoptotic cell population had
a remarkable rise to 29.4% in the DNA histogram. However,
Ag@ZNV significantly reduced it to 17.3%. DNA fragmentation
is regarded as a vital biochemical hallmark during cell
apoptosis. In Fig. 5B, MDCK cells infected by HIN1 virus pre-
sented typical apoptotic features with nuclear condensation and
DNA fragmentation. Nevertheless, the DNA fragmentation and
changes in nuclear morphology induced by H1N1 virus were
effectively resisted when treated with Ag@ZNV. These data
indicated that MDCK cells were protected by Ag@ZNV from
H1N1 virus-induced apoptosis.

3.6 Inhibition of caspase-3 activation by Ag@ZNV

Caspase-3 plays as a pivotal executioner role in apoptosis, as it is
responsible for the proteolytic cleavage of many critical

748 | RSC Adv., 2017, 7, 742-750
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proteins, such as the poly-ADP-ribose polymerase (PARP). To
investigate the activation of caspase-3 and PARP during inhi-
bition of HIN1 virus by Ag@ZNV, we carried out a fluorometric
assay and western blot. As revealed in Fig. 6A, caspase-3 activity
of MDCK cells infected by H1N1 virus reached 326%, while the
Ag@ZNV group substantially decreased to 189%. In Fig. 6B,
expressing levels of caspase-3 and PARP in cells treated with
Ag@ZNV were downregulated evidently comparing to the up
regulation group of cells without treatments post HIN1 infec-
tion. The result demonstrated that Ag@ZNV resisted HIN1
virus activity through inhibition of cell apoptotic mediated by
caspase-3.

3.7 Resistance of ROS generation by Ag@ZNV

Including influenza virus, infections of certain viruses develop
simultaneously with the generation of excess reactive oxygen
species (ROS) which is associated with cell apoptosis. In order to
investigate whether Ag@ZNV nanoparticles restrain ROS-

A

DNA damage

e
/

Fig. 8 Inhibition of ROS-mediated apoptosis signaling pathways by
Ag@ZNV in HIN1 infected MDCK cells. (A) Inhibition of expressions of
p38 and p53 which were up regulated by HIN1 infection. (B) The
sketch of ROS-mediated p38 and p53 signaling pathways. The
concentrations of Ag@ZNV, AgNPs and ZNV were 2.5 ng ml™%, 2.5 ug
ml~ and 0.8 nM.
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mediated apoptosis induced by H1N1 virus. We monitored
intracellular ROS level by inspecting the fluorescence intensity
of dichlorofluorescein (DCF). As shown in Fig. 7A, ROS gener-
ation of MDCK cells heightened obviously post infection of
HIN1 virus without treatments. Zanamivir or AgNPs alone
inhibited the generation slightly when Ag@ZNV cut it down
substantially. From photos in Fig. 7B, we observed strong
fluorescent intensity of DCF in MDCK cells infected by H1N1
virus. Fluorescence in cells treated with zanamivir or AgNPs
alone turned weak and present dark after treated with Ag@ZNV.
These results revealed that Ag@ZNV restrained ROS generation
induced by H1N1 virus infection.

3.8 ROS-mediated signaling pathways

ROS overproduction causes DNA damage and further leads to
cell apoptosis through regulating signaling pathways like
p38 and p53. Due to the inhibition of H1N1 virus-induced
ROS generation, we further examined the expression of
proteins downstream post treated with Ag@ZNV by western
blot. As displayed in Fig. 8B, HIN1 infection resulted in up
regulations of expressing of p38, p-p38, p53 and p-p53.
Oppositely, they were partly down regulated when cells
were treated with Ag@ZNV. These results reflected that ROS-
mediated p38 MAPK and p53 signaling pathways took effect
on the inhibition of cells apoptosis induced by H1N1 virus by
Ag@ZNV.

4 Conclusions

In conclusion, our study demonstrated preparation of zanami-
vir loaded by silver nanoparticles (Ag@ZNV). Ag@ZNV exhibits
superior abilities to improve cellular uptake and resist HIN1
virus infection. The compound evidently depressed the neur-
aminidase activity of H1N1 virus and reduced the apoptotic cell
population induced by H1N1 virus infection. The potential
molecular mechanisms revealed that Ag@ZNV inhibited
caspase-3 mediated apoptosis via ROS generation. Furthermore,
we found that p38 and p53 signaling pathways were associated
in down regulating ROS-mediated apoptotic triggered by the
Ag@ZNV in MDCK cells post HIN1 virus infection. In summary,
our study indicates that AG@ZNV can effectively protect MDCK
cells from apoptosis induced by infection of HIN1 influenza
virus.
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