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Introduction: As a therapeutic antiviral agent, the clinical application of amantadine (AM) is limited
by the emergence of drug-resistant viruses. To overcome the drug-resistant viruses and meet the
growing demand of clinical diagnosis, the use of biological nanoparticles (NPs) has increased in order
to develop novel anti-influenza drugs. The antiviral activity of selenium NPs with low toxicity and
excellent activities has attracted increasing attention for biomedical intervention in recent years.
Methods and results: In the present study, surface decoration of selenium NPs by AM
(Se@AM) was designed to reverse drug resistance caused by influenza virus infection. Se@
AM with less toxicity remarkably inhibited the ability of HIN1 influenza to infect host cells
through suppression of the neuraminidase activity. Moreover, Se@AM could prevent HIN1
from infecting Madin Darby Canine Kidney cell line and causing cell apoptosis supported by
DNA fragmentation and chromatin condensation. Furthermore, Se@AM obviously inhibited
the generation of reactive oxygen species and activation of phosphorylation of AKT.
Conclusion: These results demonstrate that Se@AM is a potentially efficient antiviral phar-
maceutical agent for HIN1 influenza virus.
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Introduction

Influenza virus is a segmented RNA virus which is the most highly contagious
pathogen worldwide and affects millions of people with influenza each year in sea-
sonal epidemics.'? HIN1 influenza virus, which belongs to influenza A type viruses,
is a highly infectious respiratory disease.® This virus was discovered and identified in
Mexico and the USA in 2009 and caused 8,768 deaths in 207 countries.* The mode of
spread of HIN1 influenza is as follows: sneezing, cough, and contaminated materials.’
Owing to the mutation of the genome and antigenic shifts in the emerging cross-species
infection by avian influenza virus, the influenza virus has a high variability, which
may lead to novel influenza strain among humans.® The influenza infection cycle
comprises of several steps: first, the influenza viruses attach to the host cell surface
receptor and fuse with the endosomal membrane; second, uncoating of nucleocapsid
and multiplication of the genetic material occurs; and finally, the influenza protein and
new viron is expressed and released.”® Hemagglutinin (HA) and neuraminidase (NA)
found on the surface of influenza virus are the most important glycoproteins. HA is
a cell-anchoring viral glycoprotein which plays an important role in viral infection
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by combining sialic acid-containing receptors on host cells
and mediating the entry and fusion of the virus.”!'® NA plays
an important role in assisting the virus to cleave the linkage
between sialic acid and hemagglutinin.!

Existing antiviral drugs approved by the US Food and
Drug Administration are NA inhibitors such as oseltamivir/
zanamivir and M2 ion channel inhibitors such as rimantadine/
amantadine (AM).'>!* The M2 proton channel is a critical
factor in viral replication; the replication cycle is arrested and
infection of the host is halted when proton transport through
the channel is inhibited.'*!> The M2 protein is a 97-residue
integral membrane protein with a TM domain of 19 resi-
dues and a 54-residue cytoplasmic tail, with several point
mutations in pore-lining residues of the A/M2 TM domain
resulting in resistance to AM.'%!7 Because of the emergence of
such drug resistance, AM and rimantadine are no longer rec-
ommended as common clinical anti-influenza treatments. '8!
Therefore, the antiviral therapies must be promoted in an
attempt to control the pandemic influenza A virus.

Nanomaterials with unique chemical and physical proper-
ties have emerged as a promising alternative for virus con-
trol.?” The design of new antiviral nanodrug should consider
strategies to effectively control viral infection and also deal
with the cytotoxicity related to the exposure of biological
materials.?'*> According to Tao et al, consensus M2e peptide
was combined with gold nanoparticles (NPs) against HIN1
influenza A viruses.” According to Ye et al, graphene oxide
is a promising antiviral agent due to its unique properties.**
According to Vonnemann et al, different sizes of polyva-
lent NPs inhibited virus.”® Meanwhile, the potential of NPs
against viral infections through immunization was reported
by Sokolova et al.** Wang et al reported that the SiO,-layered
double hydroxide NPs enhance the response of hepatitis B
virus DNA vaccine.?” According to Wang et al, polyoxometa-
late with a broad spectrum may be a new type of antiviral
agent.”® According to Barras et al, carbon nanodots have high-
efficiency functionality as entry inhibitors in the early stage of
virus infection.?” According to Khanal et al, phenylboronic-
acid-modified NPs possess potential antiviral therapeutic
application.’* Among them, selenium NPs (SeNPs) with
their unique antimicrobial activities have attracted consider-
able attention.?*2 Se is an essential nutritional trace element
with the ability to regulate cellular redox homeostasis.**
The deficiency of Se could increase the susceptibility to
infections, including respiratory virus and hepatitis B virus
infections.***” In this study, we present novel SeNPs that
can inhibit the ability of HINT influenza virus to infect host
cell. We look forward to verifying that AM-modified SeNPs
(Se@AM) have excellent antiviral activity. Reactive oxygen

species (ROS) plays an important role in many physiological
processes; oxidative stress is explicated between consumption
of ROS and cellular defense mechanisms.**** The imbalance
of redox is associated with many pathologies, such as skin dis-
ease, diabetes, cancer, Leigh syndrome and other diseases.*
This study was performed to investigate how Se@AM inhibits
HINI influenza virus-induced host cells apoptosis through
ROS-mediated signaling pathways.

Materials and methods

Materials

The Madin—Darby Canine Kidney (MDCK) cells were
obtained from ATCC® CCL-34TM. HINTI influenza virus
was provided by the Virus Laboratory, Guangzhou Women
and Children’s Medical Center, Guangzhou Medical Univer-
sity. Fetal bovine serum and DMEM were purchased from
Thermo Fisher Scientific, Waltham, MA, USA. Na,SeO,,
vitamin C, AM, MTT, propidium iodide, 4’,6-diamidino-2-
phenylindole (DAPI), and 2’,7’-dichlorofluorescin (DCF)-
diacetate were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA). AKT and caspase-3 antibodies were purchased
from Cell Signaling Technology (Boston, MA, USA).

Preparation of Se@AM

SeNPs were synthesized as follows: 0.25 mL stock solution
(0.1 M) of Na,SeO, was gradually added to 2 mL stock solu-
tion (50 mM) of vitamin C. Then, 0.8 mL of 1 uM AM was
added to the SeNPs solution. We detected the excess AM,
vitamin and Na,SeO, by dialysis for 24 hours. Se@AM NPs
were sonicated and then filtered through 0.2 um size pores.
The concentration of SeNPs and AM was measured by induc-
tively coupled plasma atomic emission spectroscopy.

Characterization of Se@AM

The morphology of Se@AM NPs was characterized by
transmission electron microscopy (TEM, H-7650). Elemental
composition of Se@AM was determined by energy disper-
sive X-ray spectroscopy (EDX) (EX-250 system; Horiba,
Kyoto, Japan). Zeta potential and size distribution of Se@AM
were monitored by Malvern Zetasizer (Malvern Instruments
Limited, Manchester, UK) software. Fourier-transform infra-
red spectroscopy samples were recorded using the potassium
bromide-disk method (Equinox 55 IR spectrometer). X-ray
photoelectron spectroscopy (XPS) measurement was carried
out on ESCALab 250 spectrometer.!

Cell viability by MTT assay
Cytotoxicity of Se@AM NPs was performed as previously
described.*? HINT1 influenza virus was incubated for 2 h and
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then rinsed to remove the viruses that were not internalized.
The indicated concentrations of AM with or without SeNPs
were added to MDCK cells for 24 h. Then, 20 pL/well MTT
was added and incubated for 5 h. The formazan crystals were
dissolved by adding dimethyl sulfoxide (150 puL/well) and
measured at 570 nm.

TEM of Se@AM-treated HINI|

HINI influenza virus was treated with Se@AM, and then
attached to the carbon-coated collodion grid. The grids were
examined by TEM.®

The NA inhibition assay by Se@AM
MDCK cells were infected with HIN1 influenza virus for
2 h. After 24 h, the cell culture supernatants were harvested.
Influenza virus NA activity was determined by quantifying
the fluorescent product resulting from the cleavage of the
substrate 4-methylumbelliferyl-o.-D-N-acetylneur-aminic
acid sodium salt hydrate solution by NA.* The reaction
mixture consisted of the tested compounds, after incubation
for 30 min at 37°C. The fluorescence of the mixture was
recorded at excitation wavelength of 360 nm and emission
at 460 nm.

Detection of mitochondrial membrane
potential (AWm)

The fluorescence intensity from JC-1 monomers was used
to estimate the status of A¥m in MDCK cells exposed to
Se@oseltamivir (OTV), as previously described.* Cells
were trypsinized and resuspended with 10 pg/mL of JC-1.
The MDCK cells were then harvested and analyzed by flow
cytometry.

Annexin-V-FLUOS staining assay

Plasma membrane alterations in MDCK cells treated with
Se@AM were detected as previously described.*® Briefly,
MDCK cells were treated with Se@AM for 24 h and stained
with annexin-V-FLUOS, then washed with PBS 3 times, and
observed by flow cytometric analysis.

Terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate
nick-end labeling (TUNEL)-DAPI
co-staining assay

MDCK cells were observed under fluorescence microscope
with TUNEL and incubated with DAPI for nuclear staining,
as previously described.?’

Caspase-3 activity

The caspase-3 activity was detected under fluorescence
microscope with the excitation at 380 nm and emission at
460 nm wavelengths, as previously described.*®

TEM analysis of thin sections of MDCK

cells
TEM analysis of MDCK cells was performed in situ as
previously described.®

Determination of ROS generation

The ROS level was monitored by analyzing the fluorescence
intensity of DCF with excitation at 500 nm and emission at
529 nm wavelengths.>

Western blotting analysis

The total proteins were obtained after MDCK cells were
treated with Se@AM and incubated with lysis buffer. BCA
assay was used to quantify the protein concentration. The bolts
were developed with enhanced chemiluminescence reagent
that examines the target proteins on the X-ray film.!

Statistical analysis

All the data are presented as mean = SD. Differences between
the 2 groups were evaluated using 2-tailed Student’s #-test.
One-way analysis of variance was used in multiple-group
comparisons. Difference with P<<0.05 or P<<0.01 was con-
sidered statistically significant.

Results and discussion
Preparation of Se@AM

Functionalized Se@AM was synthesized. SeNPs were
modified with AM to form more compact and stable NPs
(Scheme 1). Light images of AM, SeNPs, and Se@AM
are shown in Figure 1A. As shown in Figure 1B and C,
the Tyndall effect of Se@AM indicated that Se@AM NPs
were synthesized. The morphology of Se@AM presented

O SeNPs @» AM

Scheme | Synthetic route toward Se@AM.
Abbreviations: AM, amantadine; Se@AM, AM-modified SeNPs; SeNPs, selenium
nanoparticles.
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Figure | Light images of AM, SeNPs, and Se@AM.
Notes: (A) The color change of AM, SeNPs, and Se@AM. (B and C) Tyndall effect of Se@AM.
Abbreviations: AM, amantadine; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles.
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Figure 2 Characterizations of SeNPs and Se@AM.

Notes: (A) TEM images of SeNPs and Se@AM. (B) EDX analysis of Se@AM. (C and D) Size distribution of SeNPs and Se@AM. (E) Zeta potentials of SeNPs and Se@AM.
(F) Stability of Se@AM in aqueous solutions.

Abbreviations: AM, amantadine; EDX, energy dispersive X-ray spectroscopy; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles; TEM, transmission electron microscopy.

-100 0 100

200

B

Size (nm)

Element | Weight (%)

20
15
10

Se@AM 70 nm

0 1 10 100 1,000 10,000
Size (d.nm)

120

0 1 3 5 7 14 30(days)
(Se@AM)

2008

submit your manuscript

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

HINI influenza virus-induced apoptosis

uniformly spherical particles as shown in Figure 2A.
As shown in Figure 2B, EDX indicated the signal of C (20%)
and N (8%) from AM, while Se atoms were 72%. The size
of Se@AM was decreased from 200 to 70 nm, which indi-
cated much smaller size as shown in Figure 2C and D. The
zeta potential of Se@AM (—36.9 mv) was lower than SeNPs
(—=23.5 mv), demonstrating the higher stability of Se@AM
than SeNPs as shown in Figure 2E. The size distribution of
Se@AM in Figure 2F revealed that Se@AM was stable for
30 days. Se@AM was further characterized to confirm the
chemical binding of AM to the surface of SeNPs. The Fourier

transform infrared (FTIR) spectra of unmodified AM, SeNPs,
and Se@AM are shown in Figure 3A. The FTIR spectrum of
Se@AM resembles that of AM, giving clear evidence that
AM ligand forms a part of the nanocomposite. AM displays
IR absorbance peaks at 2,903, 1,264, and 739 cm™' corre-
sponding to —CH,, —-NH,, and C-N. The absence of these
peaks in Se@AM indicated the formation of Se@AM. The
XPS spectra were also recorded to examine the interaction
between AM and SeNPs. As shown in Figure 3B, the N 1s
peak in the spectrum of Se@AM further confirmed that AM
has been successfully conjugated to the SeNPs.
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Figure 3 The FTIR spectra and XPS of Se@AM.

Notes: All IR spectra were acquired in the form of potassium bromide plates. (A) FTIR spectrums. (B) XPS detection.
Abbreviations: AM, amantadine; FTIR, Fourier transform infrared; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles; XPS, X-ray photoelectron spectroscopy.

International Journal of Nanomedicine 2018:13

submit your manuscript

2009

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Li et al

Dove

>

120

100 ~

Cell viability (%)
5§ 8 &

N
o
1

o
|

Fok

ok

Control Virus Virus + Virus + Virus +
AM  SeNPs Se@AM
Virus + Virus + Virus +

$eNPs

Figure 4 Effects of Se@AM on the growth of HINI infection of MDCK cells by MTT assay.
Notes: (A) Antiviral activity of Se@AM. Free concentration of SeNPs was | mM and AM 0.4 um. AM (0.1 uM) and SeNPs (0.125 uM) were loaded onto the Se@AM.
(B) Morphological changes in HINI-infected MDCK cells were observed by phase-contrast microscopy. Bars with different characters are statistically different at *p<<0.05

or **$<<0.01 level.

Abbreviations: AM, amantadine; MDCK, Madin-Darby Canine Kidney; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles.

In vitro antiviral activity of Se@AM

MDCK cells treated with HIN1 influenza virus showed
cell viability of 32.34%. AM and SeNPs increased the cell
viability to 53.23% and 58.87%, as shown in Figure 4A, but
the cell viability of Se@AM was significantly increased to
79.26%. The results indicate that the antiviral effect of Se@
AM was superior to that of free SeNPs and AM. As shown
in Figure 4B, cells treated with HIN1 influenza virus showed
cytoplasmic shrinkage, loss of cell-to-cell contract, and reduc-
tion in cells numbers. The MDCK cell morphology changed
only slightly by co-treatment with Se@AM and appeared
healthy in shape. Synergy was evaluated by calculation of
in vitro fractional inhibitory concentration-index values:
minimum inhibitory concentration (MIC) of Se in Se@AM
(125 uM); MIC of drug B combination concentration of AM
in Se@AM (0.1 uM); MIC of drug A alone corresponded to
free SeNPs (1 mM); MIC of drug B alone corresponded to
free AM (0.4 uM). Fractional inhibitory concentration (FIC)
was calculated as (MIC of drug A combination/MIC of drug
A alone) + (MIC of drug B combination/MIC of drug B
alone) = 125 uM/1 mM + 0.1 uM/0.4 uM = 0.375. FIC was
0.375, below 0.5, indicating synergy. In this study, the FIC
index was basically interpreted as follows: FIC <0.5, synergy;
FIC between 0.5 and 2, indifference; FIC >2, antagonism.

The results suggest that Se@AM effectively inhibited the
proliferation of HIN1 influenza virus (Table 1). The titer of
HINT1 was detected by Reed-Muench assay (TCID=103%).

HINI morphologic changes

The group of HINI1 virus showed typical elliptical or
spherically shaped normal HIN1 virus containing virus
matrix and capsid (Figure SA). After interaction of Se@AM
with HIN1 virus for 12 and 24 h, the parts of HIN1 viral
edges were lost and the viral morphology was destroyed
(Figure 5B and C). The results demonstrate that Se@AM
could directly interact with virus particles and lead to disrup-
tion of viral function.

Table | Titer of HINI

Dilution CPE No CPE  Accumulation Ratio of
of HINI  (wells) (wells) CPE No CPE CPE (%)
(wells)  (wells)

10 8 0 24 0 100 (24/24)
102 8 0 16 0 100 (16/16)
1073 5 3 8 3 72.7 (8/11)
10 3 5 3 8 27.3 (3/11)
10— 0 8 0 16 0 (0/16)

Notes: The Reed—Muench assay was used to test the titer of HINI (TCID50=10%*).
Abbreviations: CPE, cytopathic effect; TCID, tissue culture infective dose.
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H1N1

Figure 5 Morphologic abnormalities in Se@AM-treated HINI.

H1N1 + Se@AM (12 h)

H1N1 + Se@AM (24 h)
& e >

Notes: (A) The HR-TEM negative staining. (B and C) HIN virus interacting with Se@AM at 12 and 24 h. White arrows indicate the Se@AM nanoparticles.
Abbreviations: AM, amantadine; HR, high resolution; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles; TEM, transmission electron microscopy.

Identifying NA as the potential target

of Se@AM

Surface glycoprotein NA plays an important role in the
entry of virus. Untreated HIN1 (100%) or Se@AM-treated
H1N1were used to measure the NA enzymatic activity. Com-
pared with AM (75%) and SeNPs (60%), Se@AM (36%)
inhibited obvious enzymatic activity of influenza HIN1 viral
NA, indicating that the Se@AM NPs had inhibitory effect
on NA activity (Figure 6). The anti-influenza mechanism of
Se@AM is postulated as: the Se@AM nanoparticles bind
tightly to the NA protein, thus forbidding the attachment of
HINTI virus to MDCK cells.

Depletion of mitochondrial membrane
potential (AWm) and translocation of
phosphatidylserine induced by Se@OTV

MDCK cells were treated with mitochondrial-selective JC-1
dye. As shown in Figure 7A, treatments of MDCK cells

120

100 A

oIIll

Virus Vlrus + Virus + Virus +
SeNPs Se@AM

@
o
1

E
o
1

Relative NA activity (%)
8 3

Figure 6 Inhibition of NA activity by Se@AM in HINI infection of cells.

Notes: The NA inhibition assay was performed using a microplate reader. Bars with
different characters are statistically different at *p<<0.05 or **p<<0.01 level.
Abbreviations: AM, amantadine; NA, neuraminidase; Se@AM, AM-modified SeNPs;
SeNPs, selenium nanoparticles.

with HINT1 influenza virus (30%) resulted in elevation of
mitochondrial depolarization and dysfunction. Compared
with AM (55%) and SeNPs (65%), when MDCK cells
were exposed to Se@AM, the percentage of mitochondrial
membrane potential significantly increased to 85%. These
results demonstrate that Se@AM inhibited HIN1 influenza
virus by apoptosis in MDCK cells by inducing mitochondrial
dysfunction. The percentage of living cells treatment with
HINI influenza virus was 48.80% as shown in Figure 7B.
Compared with AM (66.98%) and SeNPs (59.14%), when
MDCK cells were exposed to Se@AM, the percentage of
MDCK cells treated with Se@AM revealed a decrease in
cell number (79.96%). The results demonstrate that Se@
AM restrained HIN1 virus infection of MDCK cells mainly
through inhibiting apoptosis.

Inhibition of HIN infection

As shown in Figure 8, MDCK cells exhibited apoptotic fea-
tures by HINT1 influenza virus with DNA fragmentation and
nuclear condensation. Co-treatment with Se@AM remark-
ably prevented the HINI influenza virus-induced changes
in nuclear morphology. The results indicate that Se@AM
rescues the apoptosis of MDCK cells by HIN1 influenza virus.

Inhibition of caspase-3 activation

Caspase-3 activity was used to determine cell apoptosis.
As shown in Figure 9, treatment of MDCK cells with HIN1
obviously increased the caspase-3 activity to 519.7%. The
caspase-3 activity by AM and SeNPs was 483.6% and
428.3%, respectively. However, Se@AM significantly
decreased the caspase-3 activity to 290.2%. The results show
that the Se@AM inhibits HIN1 influenza virus activity.

TEM image of thin sections of cells
Mitochondria and microvilli were observed, with no morpho-
logical changes in untreated cells as shown in Figure 10A.
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Abbreviations: AM, amantadine; MDCK, Madin-Darby Canine Kidney; NA, neuraminidase; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles.
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Figure 8 Se@AM inhibited apoptosis in HIN| infection of MDCK cells.

Notes: DNA fragmentation and nuclear condensation as detected by TUNEL-DAPI co-staining assay. All results are representative of 3 independent experiments.
Abbreviations: AM, amantadine; DAPI, 4’,6-diamidino-2-phenylindole; MDCK, Madin-Darby Canine Kidney; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles;
TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling.
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Figure 9 Inhibition of caspase-3 activity by Se@AM in HINI infection of cells.
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fluorogenic substrate. Bars with different characters are statistically different at
*$<<0.05 or *¥p<<0.01 level.
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When MDCK cells were treated with HIN1 influenza virus,
TEM image indicated distorted organelles and condensed
chromatin, which indicated apoptosis of MDCK cells
(Figure 10B). As shown in Figure 10C, the mitochondria
of MDCK cells recovered their shape after treatment with
Se@AM, which could reveal that HINI influenza virus
induced apoptosis.

Inhibition of ROS generation by Se@AM

The ROS generation was monitored through DCF assay to
indicate the action mechanisms of Se@AM. As shown in
Figure 11A, the ROS generation by HIN1 influenza virus
was increased to 420%. AM and SeNPs slightly inhibited
the ROS generation to 280% and 230%. However, Se@AM
remarkably decreased the rate of ROS generation (130%).

Control

Figure 10 TEM images of thin sections of MDCK cells treated with different groups.

Virus

The fluorescent intensity of DCF was found by HINT influ-
enza virus as shown in Figure 11B. The fluorescent intensity
of DCF in MDCK cells treated with HIN1 influenza virus
was much stronger than in those treated with Se@AM. These
results show that Se@AM could downregulate the level of
ROS in the antiviral action.

ROS activates apoptotic signaling
pathways by Se@AM

The over-generation of ROS could cause DNA damage
and affect the regulation of apoptosis signaling pathways.
Compared with AM and SeNPs, treatments of MDCK cells
with Se@AM remarkably inhibited the expression levels of
caspase-3, as shown in Figure 12A. Meanwhile, the level of
AKT was significantly increased by Se@AM (Figure 12B).
Taken together, Se@AM depressed HINI influenza
virus-induced host cell apoptosis by ROS-mediated AKT
signaling pathways (Figure 12C).

Conclusion

In summary, an efficient chemical method for AM surface-
modified SeNPs was described in this study. Se@AM with
lower toxicity exhibits enhanced abilities to prevent HIN1
influenza virus infection. The NA activity of HIN1 influenza
virus was inhibited by Se@AM. The molecular mechanisms
demonstrated that Se@AM inhibited caspase-3 activity and
mediated apoptosis through ROS generation. Furthermore,
Se@AM inhibited MDCK cell apoptosis by decreasing the
level of ROS to trigger AKT pathways. Therefore, Se@AM
might provide a promising Se subtype with antiviral proper-
ties against HIN1 influenza virus.

Notes: (A) Control, (B) cells treated with virus, and (C) cells treated with virus + Se@AM at 24 h.
Abbreviations: AM, amantadine; MDCK, Madin—Darby Canine Kidney; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles; TEM, transmission electron microscopy;

N, nucleus; M, mitochondria; Mv, microvilli.
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Figure 11 ROS overproduction induced by Se@AM in HINI infection of MDCK cells.

Notes: (A) ROS levels were detected by DCF fluorescence intensity. (B) HINI infection of MDCK cells preincubated with 10 uM DCF for 30 min and then treated with
Se@AM. Bars with different characters are statistically different at P<<0.05 (*) or P<<0.01 (*¥) level.

Abbreviations: AM, amantadine; DCF, 2',7’-dichlorofluorescein; MDCK, Madin-Darby Canine Kidney; ROS, reactive oxygen species; Se@AM, AM-modified SeNPs; SeNPs,
selenium nanoparticles.
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Figure 12 Intracellular apoptotic signaling pathways by Se@AM in HIN| infection of MDCK cells.
Notes: (A) The protein expression of caspase-3. (B) Phosphorylation status expression levels of AKT pathways. (C) The main signaling pathway of ROS-mediated AKT
signaling pathways. B-actin was used as loading control.

Abbreviations: AM, amantadine; MDCK, Madin-Darby Canine Kidney; ROS, reactive oxygen species; Se@AM, AM-modified SeNPs; SeNPs, selenium nanoparticles;
NA, neuraminidase.
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