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ABSTRACT

IMPORTANCE

利農力

Nanomaterials have being investigated as antimicrobial agents, yet their antiviral potential is overshadowed by their cytotoxicity. By using a novel method, we fully exfoliated montmorillonite clay to generate the most fundamental units of nanoscale silicate platelet (NSP). Here, we show that the surfactant-modified NSP (NSQ) is less cytotoxic and that NSQc (NSP modified with
sodium dodecyl sulfate) could potently block infection by dengue virus (DEN), Japanese encephalitis virus (JEV), and influenza
A virus at noncytotoxic concentrations. For the antiviral mechanism, we find that the electrostatic interaction between the negatively charged NSQc and the positively charged virus particles blocks viral binding. Furthermore, we used mouse challenge models of JEV and DEN to demonstrate the in vivo antiviral potential of NSQc. Thus, NSQc may function as a potent and safe antiviral nanohybrid against several viruses, and our success in synthesizing surfactant-modified NSP with antiviral activity may shed
some light on future antiviral development.

E

merging viral infections have been threatening public health
constantly; examples include the severe acute respiratory syndrome (SARS) coronavirus outbreak ⬃10 years ago and the recent
H7N9 avian influenza A virus infection (1). Mosquito-borne flaviviruses, such as dengue virus (DEN) and Japanese encephalitis
virus (JEV), are reemerging and affecting humans living in tropical and subtropical areas. DEN infection in humans causes a wide
spectrum of illnesses ranging from mild dengue fever to severe
complications such as dengue hemorrhagic fever and dengue
shock syndrome (2, 3). JEV is the most important agent of viral
encephalitis and causes acute encephalitis with high mortality in
Asia (4). Inactivated and attenuated vaccines are available for JEV,
but no vaccine exists for DEN, in part because of the complexity of
the 4 serotypes of DEN and the potential involvement of antibody-dependent enhancement in severe dengue diseases. So far,
no specific antiviral therapeutics are available for treating JEV and
DEN infection (5, 6); thus, there is a great need to explore novel
technology such as nanomaterials for their antiviral potential
against these viruses.
Nanomaterials have the characteristics associated with high
surface-to-volume ratios and generally exhibit unique properties
not occurring in their micrometer-size analogs. The novel properties due to miniaturization of bulk materials have been inten-
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sively exploited in many research fields, and the practical applications are numerous (7). The concept of creating nanosize
pharmaceuticals has been explored for treating and preventing
human diseases (8, 9). For example, high potencies of silver nanoparticles (AgNP) for antibacterial and antifungal activities have
been well demonstrated (10). Continuing research on incorporating AgNP into a wide range of medical devices such as bone cement, surgical instruments, and wound dressings is being actively
pursued. Recently, the antiviral effects of AgNP have been demonstrated against several viruses (10), such as HIV (11), herpes
simplex virus (12), hepatitis B virus (13), respiratory syncytial
virus (14), and influenza virus (15). However, the adverse effects
of using nanoparticles such as AgNP, which have been found to be
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Nanomaterials have the characteristics associated with high surface-to-volume ratios and have been explored for their antiviral
activity. Despite some success, cytotoxicity has been an issue in nanomaterial-based antiviral strategies. We previously developed a novel method to fully exfoliate montmorillonite clay to generate the most fundamental units of nanoscale silicate platelet
(NSP). We further modified NSP by capping with various surfactants and found that the surfactant-modified NSP (NSQ) was
less cytotoxic. In this study, we tested the antiviral potentials of a series of natural-clay-derived nanomaterials. Among the derivatives, NSP modified with anionic sodium dodecyl sulfate (NSQc), but not the pristine clay, unmodified NSP, a silver nanoparticle-NSP hybrid, NSP modified with cationic n-octadecanylamine hydrochloride salt, or NSP modified with nonionic Triton
X-100, significantly suppressed the plaque-forming ability of Japanese encephalitis virus (JEV) at noncytotoxic concentrations.
NSQc also blocked infection with dengue virus (DEN) and influenza A virus. Regarding the antiviral mechanism, NSQc interfered with viral binding through electrostatic interaction, since its antiviral activity can be neutralized by Polybrene, a cationic
polymer. Furthermore, NSQc reduced the lethality of JEV and DEN infection in mouse challenge models. Thus, the surfactantmodified exfoliated nanoclay NSQc may be a novel nanomaterial with broad and potent antiviral activity.
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FIG 1 Characterization of the nanomaterials. (A and B) Conceptual illustrations of NSP (A) and SDS-modified NSQc (B). (C) Transmission electron micrographs of pristine MMT, NSP, AgNP/NSP, NSQa, NSQb, and NSQc. (D) Zeta potentials of the nanomaterials used in this study. (E) Agarose gel electrophoresis
of NSQa, NSQb, and NSQc.

highly cytotoxic to many mammalian cells (10, 16, 17), are a concern, and applications of nanomaterials as antiviral agents have
lagged behind similar antibacterial studies.
Naturally occurring clays such as montmorillonite (MMT) are
conventionally used for catalysts and adsorbent agents and have
been used as natural medicine (18–20). We developed a novel
method to fully exfoliate MMT layered silicate clay to generate the
most fundamental units of nanoscale silicate platelet (NSP) (21)
(Fig. 1A), which possess higher antibacterial activity than the parental MMT in stack structure (22). The high surface-to-volume
ratio and polyvalent anionic charges on a single platelet render

April 2014 Volume 88 Number 8

intense forces for 2-dimensional noncovalent bonding attraction
and provide an extensive reacting surface for hybridizing AgNP on
1-nm-thick NSP. Synthesized AgNP/NSP nanohybrids inhibited
the growth of several bacterial pathogens and even Ag-resistant
Escherichia coli and drug-resistant Staphylococcus aureus (23, 24).
Recently, we also found that AgNP/NSP protected chicks against
salmonella infection (25). However, NSP with polyvalent ions
could directly interact with the cell membrane, thus leading to
some cytotoxic effects. To reduce the cytotoxicity, NSP was modified by capping with surfactants, because surfactant-capped
nanomaterials are known to have lower cytotoxicity in general
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MATERIALS AND METHODS

Antiviral tests in cells. For plaque reduction assay, BHK-21 cells
seeded in 6-well plates were adsorbed with JEV (⬃200 PFU) mixed with
the indicated compounds at room temperature for 1 h. After 2 h of viral
adsorption, the virus and compounds were washed away and cells were
overlaid with agarose-containing medium and incubated for 4 days. The
plaques were fixed and stained with crystal violet solution (28). To determine the step of viral infection affected by NSQc, cells were treated with
NSQc before virus adsorption for 2 h, during virus adsorption for 2 h,
after virus adsorption for 22 h, or during all of these times for 26 h. After
virus adsorption with a multiplicity of infection (MOI) of 5, cells were
washed and incubated for 22 h at 37°C. Culture supernatants were collected for virus titration by plaque-forming assay, and cell lysates were
harvested for Western blot analysis of viral protein expression (28). For
virus binding assay, JEV (MOI of 1) was preincubated with 1 or 10 g/ml
of the indicated nanocompounds or phosphate-buffered saline (PBS) for
1 h at room temperature. Cells were adsorbed with the virus mixture for 2
h at 4°C and then were washed three times with cold serum-free medium.
Total RNA was extracted with an RNeasy kit (Qiagen) and analyzed by
real-time reverse transcription-PCR (RT-PCR) as previously described
(31).
Mouse challenge assays. Stat1-deficient (Stat1⫺/⫺) mice (32) and
wild-type C57BL/6 mice were bred in the animal facility of the Institute of
Biomedical Sciences, Academia Sinica (Taipei, Taiwan). The mouse experiments were approved and performed in accordance with the guidelines of the Academia Sinica Institutional Animal Care and Utilization
Committee. To test whether NSQc treatment abolished the in vivo viral
infectivity, JEV (RP-9; 2 ⫻ 105 PFU/mouse) and DEN-2 (NGC-N; 1 ⫻ 105
PFU/mouse) were incubated with NSQc (10 and 20 g/ml) or PBS at 37°C
for 2 h. Groups of 5-week-old mice were intraperitoneally (i.p.) inoculated with virus and intracerebrally (i.c.) injected with 30 l of PBS (i.p.
plus i.c. route) (33, 34). For the therapeutic mode of testing, groups of
5-week-old C57BL/6 mice were infected with JEV through the i.p. plus i.c.
route, and then at 6 h postinfection, the mice were treated with the indicated NSQc compounds (20 or 80 g/ml) or PBS by i.p. injection. The
treatments were repeated at days 1, 2, 3, 5, 7, 9, 11, 13, and 15 postinfection. The mice were monitored daily for lethality. Relative JEV RNA levels
in the brain tissues of mice therapeutically treated with the indicated
NSQc compounds were determined by reverse transcription-quantitative
PCR (RT-qPCR) as previously described (35) on day 5 postinfection. To
test the effect of NSQc on naive mice, serum was collected at day 0, 5, and
25 after i.p. inoculation with 80 g/ml NSQc, and the alanine aminotransferase (ALT) activity was determined by using Fuji Dri-Chem Slide GPT/
ALT-P III (Fujifilm Corporation).
Statistical analysis. The 50% inhibitory concentration (IC50), defined
as the concentration inhibiting 50% of plaque formation, was determined
by the modified Karber formulation. The 50% cytotoxic concentration
(CC50) was determined by linear regression analysis. For statistical comparisons between 2 groups of data, the two-tailed Student t test was used.
Prism software with the log rank test was used to compare mouse survival
curves.

利農力

Cell lines and viruses. Baby hamster kidney fibroblast BHK-21 cells, human neuroblastoma SK-N-SH cells (ATCC HTB-11), and human lung
carcinoma A549 cells were cultured as described previously (28, 29). The
propagation and plaque formation of the JEV RP-9 strain and DEN-2
PL046 and NGC-N strains have been described previously (28, 29). Influenza A virus (H1N1, WSN) and MDCK (Madin-Darby canine kidney)
cells were kindly provided by Michael Lai (Institute of Molecular Biology,
Academia Sinica, Taipei, Taiwan).
Chemicals and antibodies. Hexadimethrine bromide (Polybrene)
was from Sigma-Aldrich. Mouse antibodies against actin (Novus Biologicals), influenza A virus nucleoprotein (ab20343; Abcam), and JEV NS3
and DEN-2 NS3 proteins (30) were used.
NSQ preparation and characterization. NSP was isolated by one-step
exfoliation of natural sodium MMT clay and toluene/aqueous NaOH extraction (21, 22). Three types of NSQ (NSQa, NSQb, and NSQc) were
created by use of different surfactants with NSP as described previously
(27). To remove the free SDS, NSQc was dialyzed against double-distilled
water by use of a dialysis membrane (molecular weight cutoff [MWCO],
3,500; Membrane Filtration Products, Inc.) for 3 days. The mass percentages of NSP and SDS were obtained with a thermogravimetric analyzer
(TGA 7; Perkin-Elmer, USA) at a heating rate of 10°C per min from 100 to
750°C. Nanomaterials were examined by using a transmission electron
microscope (Hitachi H-7100) operated at 100 kV. The zeta potentials of
nanomaterials in water were determined by laser light scattering using a
zeta potential and submicrometer particle analyzer (Delsa Nano S; Beckman Coulter). For gel electrophoresis, the nanomaterials were mixed with
loading dye (5% glycerol, 0.05% bromophenol blue, 0.05% xylene cyanol,
and 0.05% neutral red) and separated on a 1% agarose gel in 0.5⫻ Trisborate-EDTA (TBE) buffer for 10 to 15 min at a constant voltage of 100 V.
The gel was stained with ethidium bromide (EtBr) and photographed
under UV light.
Cytotoxicity test. Cytotoxicity was assessed by use of the Cell Proliferation Kit II (XTT) (Roche). Briefly, BHK-21 cells (1 ⫻ 104/well) were
seeded in 96-well plates, incubated with the indicated compound (0 to 80
g/ml) for 2 h, washed, and then cultured in fresh medium for 24 h. XTT
labeling mixture was added and left for 1 to 2 h at 37°C before measurement of spectrophotometric absorbance with a microplate reader.
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RESULTS

Characterization of the nanomaterials. As examined by transmission electron microscopy, the exfoliated platelets of NSP were
homogeneously present in water (Fig. 1C, panel b), in contrast to
the aggregated lumps of MMT (Fig. 1C, panel a). In the case of
AgNP/NSP, both Ag particles and silicate platelets were vividly
observed (Fig. 1C, panel c). The images of NSP were slightly different from those of NSQa, NSQb, and NSQc (Fig. 1C, panels d to
f), probably due to the different affinities between the neighboring
platelets and the presence of surfactant molecules. For the ionic
behaviors, the modified clays were analyzed for their zeta potentials. MMT and NSP demonstrated zeta potentials at steady values
of ⫺37 and ⫺44 mV, respectively (Fig. 1D). With the addition of
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(26). NSP was modified by the cationic n-octadecanylamine hydrochloride salt (Qa), nonionic Triton X-100 (Qb), or anionic
sodium dodecyl sulfate (SDS) (Qc) (27) (Fig. 1B). The surfactantmodified NSPs such as NSQa, NSQb, and NSQc commonly
showed less cytotoxicity and enhanced antimicrobial activities,
probably due to improvement of dispersibility in water (27).
In this study, we evaluated the antiviral potentials of a series of
clay MMT-derived nanomaterials and found that NSQc, but not
the pristine clay, unmodified NSP, AgNP/NSP, NSQa, or NSQb,
potently blocked the plaque-forming ability of JEV and also suppressed infection with DEN serotype 2 (DEN-2) and influenza A
virus. The antiviral potency of NSQc depends on the composition
of NSP and the surfactant SDS, because NSQc(A30), with a higher
ratio of surfactant to NSP (70:30 weight ratio), showed stronger
antiviral activity than NSQc(A50) (50:50 weight ratio). For the
antiviral mechanism, we demonstrated an electrostatic interaction between the negatively charged NSQc and the positively
charged virus particles as the predominant factor in antiviral action. Furthermore, we used mouse models of JEV and DEN infection to demonstrate the in vivo antiviral potential of NSQc. Thus,
the complexes of NSP and negatively charged surfactant may be
potent and safe antiviral nanomaterials against several pathogenic
viruses.

Antiviral Activity of Surfactant-Modiﬁed Nanoclay

FIG 2 Potent anti-JEV effect of NSQc. (A and B) BHK-21 cells seeded in 6-well plates were adsorbed with JEV (⬃200 PFU) mixed with solvent (PBS) or 10 g/ml

MMT, NSP, or AgNP/NSP (A) or with the indicated NSQ compounds (0, 2.5, 5, and 10 g/ml) or Qc (SDS) (0, 1, 2, and 5 g/ml) (B). After 2 h of viral adsorption,
cells were washed and overlaid with agarose-containing medium. Plaques were stained after 4 days of incubation with crystal violet solution. NSQc(A30)
contained 30% NSP and 70% surfactant. NSQc(A50) contained 50% NSP and 50% surfactant. IC50, concentration inhibiting 50% of plaque formation,
calculated by the modified Karber formulation. (C) Cytotoxicity test of NSQ. BHK-21 cells were incubated with the indicated NSQ compounds at 5, 10, 20, 40,
and 80 g/ml, and cell growth was measured by XTT assay. The 50% cytotoxic concentration (CC50) and therapeutic index (CC50/IC50) are showed at the
bottom. Data are means ⫾ standard deviations (SD) (n ⫽ 3). **, P ⬍ 0.01 compared with PBS control by Student’s t test.

cationic surfactant to NSP, the zeta potential of NSQa greatly
shifted to ⫹42 mV, while modifications with AgNP, nonionic
surfactant, and anionic surfactant resulted in only slight changes
of the zeta potential for AgNP/NSP, NSQb, and NSQc (Fig. 1D).
The charge modification was confirmed by agarose gel electrophoresis, as NSQc with modification of negatively charged surfactant migrated toward the anode (Fig. 1E). These results provide
evidence showing the characteristic changes of NSP with different
modifications.
Potent anti-JEV effect of NSQc. We used plaque formation
assays to evaluate the antiviral potentials of a series of clay MMTderived nanomaterials against JEV infection. The plaque numbers
and sizes were similar with the solvent control and treatment with
10 g/ml of MMT, NSP, or AgNP/NSP (Fig. 2A). NSQa, which is
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NSP modified with cationic n-octadecanylamine hydrochloride
salt, had no effect on JEV infection at 10 g/ml (Fig. 2B). NSQb,
which is NSP modified with nonionic Triton X-100, slightly reduced JEV infection, with an IC50 of 6.61 g/ml (Fig. 2B). Interestingly, NSQc, which is NSP modified with anionic SDS, greatly
blocked JEV infection, as 10 g/ml of NSQc completely eliminated the plaque-forming ability of JEV (IC50 ⫽ 2.15 g/ml) (Fig.
2B).
To address whether some of the surfactant SDS might be dissociated from NSP in NSQc solution, we used thermogravimetric
analysis to measure the mass percentages of NSP and SDS before
and after dialysis. The undialyzed NSQc contains 42% NSP and
58% SDS (despite the fact that it is 30% NSP and 70% SDS during
synthesis), and 71% of the SDS was NSP bound and the remaining
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FIG 3 JEV viral entry is blocked by NSQc. Human neuronal HTB-11 cells

were treated with 0, 1, and 10 g/ml NSQc (A and B) or NSQc(A30) (C and D)
before virus adsorption for 2 h (before), during virus adsorption for 2 h (during), after virus adsorption for 22 h (post), or during all of these times for 26 h
(all). Western blot analysis was performed for protein levels of JEV NS3 and
actin as a loading control in cell lysates. The virus titers (PFU/ml) are means ⫾
SD (n ⫽ 3). The titers of the indicated groups were compared using Student’s
t test. ***, P ⬍ 0.001.

sponsible for its antiviral action. Preincubation with DMSO (0.2%
and 1%) did not abolish the anti-JEV activity of NSQc and
NSQc(A30) (Fig. 4D and E), indicating that the hydrophobic region of NSQc may not play a major role in its antiviral activity.
NSQc suppresses infection by DEN-2 and influenza A virus.
To explore the antiviral spectrum of NSQc, we determined the
antiviral potentials of NSQc on another flavivirus, DEN-2, and
influenza A virus, an orthomyxovirus. NSQc and NSQc(A30) (10
g/ml) added during viral adsorption reduced the viral protein
expression and virus production by DEN-2 as determined by
Western blot analysis of viral NS3 protein and plaque formation
assay (Fig. 5A) and those of influenza A virus as determined by
Western blot analysis of influenza virus nucleoprotein (NP) and
plaque formation assay (Fig. 5B). Similar to the results for JEV,
antiviral activity against DEN-2 and influenza virus was lower
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29% was free in solution. To exclude the possibility that the antiviral activity of NSQc is derived from the free surfactant SDS,
which had a potent anti-JEV activity (IC50 of 1.81 g/ml) (Fig.
2B), we used the dialyzed NSQc [designated NSQc(A30) to distinguish it from the undialyzed NSQc], whose free SDS was completely removed, in a JEV plaque reduction assay. NSQc(A30) was
still able to reduce more than 90% of plaque formation at 10
g/ml (Fig. 2B), indicating that the antiviral activity of NSQc was
not solely contributed by the free SDS in solution. To address
whether the amounts of surfactant on NSP affect the antiviral
activity, we tested the antiviral potential of NSQc(A50) [50% NSP
and 50% surfactant, while NSQc(A30) has a ratio of 30% NSP to
70% surfactant]. The antiviral activity of NSQc(A30) was greater
than that of NSQc(A50), with IC50s of 4.47 g/ml and 10.79 g/
ml, respectively (Fig. 2B). Thus, NSQc with a higher ratio of surfactant to NSP has stronger anti-JEV activity.
Importantly, the antiviral activity of NSQc did not result from
a cytotoxic effect on host cells, because cell proliferation measured
by XTT assays showed that at 10 g/ml, all types of NSQ did not
affect cell growth, in contrast to SDS, which had high cytotoxicity
at 10 g/ml (Fig. 2C). After dialysis to remove the free surfactant,
NSQc(A30) had lower cytotoxicity than the parental NSQc, as 80
g/ml NSQc(A30) had no significant effect on cell growth (Fig.
2C). Overall, NSQc and NSQc(A30) have the best therapeutic
indices (CC50/IC50) of 22.14 and ⬎17.89, respectively, whereas the
others were either not potent enough or too toxic. Thus, among
the 6 clay-derived nanomaterials tested, NSQc was a safe and potent anti-JEV agent.
NSQc blocks early steps of JEV infection. To determine the
steps of JEV infection blocked by NSQc, we used 4 different protocols of treatment: NSQc was added to cells before virus adsorption for 2 h, during virus adsorption for 2 h, after virus adsorption
for 22 h, and during all of these times for 26 h. JEV infection of
HTB-11 cells, a human neuroblastoma cell line, was blocked by
only 2 modes of treatment (during virus adsorption and during all
times) at 10 g/ml, as determined by Western blot analysis of viral
NS3 protein expression and plaque formation assays for viral
progeny production (Fig. 3A and B). Similar results were noted for
dialyzed NSQc(A30) (Fig. 3C and D). The fact that 2 h of treatment during viral adsorption had an antiviral effect similar to that
of 26 h of treatment during all time periods strongly suggests that
NSQc blocks JEV infection mainly at the early steps of viral infection.
NSQc relies on electrostatic interaction to inhibit virus binding. To test whether the first step of viral infection, binding to the
cell surface, is affected by NSQc, we did a viral binding assay by
incubating cells with the virus-NSQc mixture at 4°C. The amounts
of virus bound on the cell surface were quantified by measuring
the viral RNA with real-time RT-PCR. Preincubation of JEV with
10 g/ml of NSQc and NSQc(A30), but not with NSQc(A50),
reduced 70 to 80% of JEV binding onto cell surface (Fig. 4A). Our
data thus suggest that NSQc is able to block JEV binding. Regarding the antiviral mechanism, we used Polybrene, a cationic polymer, to evaluate whether the negative charge of NSQc is responsible for its antiviral action. Preincubating NSQc(A30) with
Polybrene greatly abolished the anti-JEV activity of NSQc(A30)
(Fig. 4B and C), indicating that the negative charge of NSQc is
essential for its antiviral activity. We then used dimethyl sulfoxide
(DMSO), an organic solvent that dissolves hydrophobic compounds, to test whether the hydrophobic region of NSQc is re-

Antiviral Activity of Surfactant-Modiﬁed Nanoclay

and 10 g/ml) at room temperature for 1 h was adsorbed onto BHK-21 cells at 4°C for 2 h. After extensive washing, the cells were collected for RNA
extraction and the amounts of cell surface-associated virus were quantified by real-time RT-PCR. The JEV RNA copy numbers were normalized to that
of actin. The amounts of JEV binding relatively to the PBS control were calculated and are shown. Data are means ⫾ SD (n ⫽ 3) and were compared using
Student’s t test. (B) NSQc(A30) and NSQc(A50) (0 and 10 g/ml) were incubated with PBS or Polybrene (5 g/ml) for 1 h, and then JEV was added and
left for another 1 h. HTB-11 cells adsorbed with these mixtures for 2 h (MOI of 5) were washed and incubated at 37°C for 22 h. Western blot analysis of
protein levels of JEV NS3 and actin in cell lysates was performed. (C) The virus titers (PFU/ml) are means ⫾ SD (n ⫽ 3), and the indicated groups were
compared using Student’s t test. **, P ⬍ 0.01; ***, P ⬍ 0.001. (D) NSQc (10 g/ml) was incubated with PBS, Polybrene (5 g/ml), or DMSO (0.2% and
1%) for 1 h, and then JEV was added and left for another 1 h. BHK-21 cells adsorbed with these mixtures for 2 h (MOI of 1) were washed and incubated
at 37°C for 22 h. Western blot analysis of protein levels of JEV NS3 and actin in cell lysates was performed. (E) The virus titers (PFU/ml) are means ⫾ SD
(n ⫽ 3), and the indicated groups were compared using Student’s t test. *, P ⬍ 0.05.

with NSQc(A50) than with NSQc and NSQc(A30). Furthermore,
preincubating NSQc(A30) with Polybrene greatly abolished its
anti-DEN-2 and anti-influenza virus activities (Fig. 5C and D).
Thus, depending on the amount of surfactant and negative charge,
NSQc had antiviral activity against several viruses.
NSQc alleviates the mortality of mice infected with JEV and
DEN-2. JEV is a neurotropic virus and causes acute encephalitis in
humans. Mice have been the most commonly used and thoroughly characterized animal model for JEV infection (36). In our
established murine model (28, 37), mice infected with a virulent
JEV strain RP-9 can show signs of ruffled fur, hunchback, limb
weakness, and paralysis, and they die at approximately 10 days
postinfection. Developing an adequate mouse model for DEN has
been more difficult, since wild-type mice are resistant to DENinduced diseases (38). We have developed a DEN model in
Stat1⫺/⫺ mice, which showed paralysis, hemorrhage, vascular
leakage, and death after being challenged with a mouse-adapted

April 2014 Volume 88 Number 8

DEN strain (39). Here, we used the established murine models of
JEV (28, 37) and DEN-2 (39) to assess whether NSQc treatment
can impede the in vivo viral infectivity. In C57BL/6 mice, infection
with JEV killed 80% of the inoculated mice (Fig. 6A), whereas all
mice survived infection with JEV preincubated with NSQc (10 and
20 g/ml) or NSQc(A30) (20 g/ml). The less competent
NSQc(A50) at 20 g/ml also protected 80% of mice against JEV
challenge (Fig. 6A). For DEN-2 infection, all of the Stat1⫺/⫺ mice
died upon challenge with DEN-2, whereas preincubation of
DEN-2 with 20 g/ml of NSQc, NSQc(A30), or NSQc(A50) completely eliminated the ability of DEN-2 to kill mice (Fig. 6B). We
further used a postchallenge treatment mode to evaluate the in
vivo antiviral potential of NSQc. Starting from 6 h after JEV infection, treatment with NSQc or NSQc(A30) (80 g/ml per treatment) protected 60 to 80% of mice inoculated with JEV, whereas
a lower dose of NSQc and NSQc(A30) (20 g/ml), NSQc(A50)
and the PBS control did not provide protection against JEV infec-
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FIG 4 NSQc and NSQc(A30) reduce JEV binding on the cell surface through electrostatic interaction. (A) JEV preincubated with the indicated NSQc (1

Liang et al.

FIG 5 Antiviral spectrum of NSQc. (A and B) The indicated NSQc compounds (0, 1, and 10 g/ml) were incubated with DEN-2 (A) or influenza A virus (B) for
1 h (MOI of 5). (C and D) For the antiviral blockage test, NSQc(A30) and NSQc(A50) (0 and 10 g/ml) were incubated with PBS or Polybrene (5 g/ml) for 1
h and then incubated with DEN-2 (C) or influenza A virus (D) for 1 h. The mixture of DEN-2 was adsorbed onto BHK-21 cells and that of influenza A virus onto
A549 cells for 2 h (MOI of 0.1). After virus adsorption, cells were washed and further incubated at 37°C for 22 h. Western blot analysis of protein levels of DEN-2
NS3, influenza virus NP, and actin as a loading control was performed. The virus titers (PFU/ml) are means ⫾ SD (n ⫽ 3), and the indicated groups were
compared using Student’s t test. *, P ⬍ 0.05; **, P ⬍ 0.01.

tion (Fig. 6C). Furthermore, the levels of viral replication in the
brains of mice treated with 80 g/ml NSQc or NSQc(A30) postchallenge (with a 6-h delay) were lower than those in mice treated
with PBS or NSQc(A50) (Fig. 6D). However, further delay of the
treatment to 1 day after JEV challenge did not confer a protective
effect (data not shown), indicating that NSQc targets an early step
of the viral life cycle and should be given early after infection.
Whether NSQc could protect mice from challenge with other viral
strains and by other routes of infection such as intravenous inoculation remains elusive. To address the potential adverse effect of
NSQc, we measured the serum alanine aminotransferase (ALT)
level, an indicator of liver injury, and no abnormality was noted in
naive mice inoculated with a high dose of NSQc compounds (80
g/ml) (Fig. 6E). Thus, NSQc is safe and may exhibit preventive
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and therapeutic potential against viral infection in challenged
mice.
DISCUSSION

The MMT-exfoliated NSP and AgNP/NSP nanohybrids have potent antibacterial activity (22, 24, 40), but under noncytotoxic
conditions, NSP or even NSP coated with AgNP had no anti-JEV
effect (Fig. 2A). By capping of surfactants, we generated 3 new
types of NSQ that appeared to be less cytotoxic than the parental
NSP (27). The cationic NSQa had no anti-JEV activity, in accordance with our notion that a negative charge of NSQ is required
for its antiviral mechanism. The nonionic NSQb with a negative
zeta potential exhibited a weak anti-JEV activity (Fig. 2B). The
most potent antiviral activity was noted with NSQc, which is NSP
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FIG 6 In vivo antiviral potential of NSQc. (A) C57BL/6 mice were challenged with JEV (RP-9; 2 ⫻ 105 PFU/mouse) preincubated with the indicated NSQc

compounds (10 or 20 g/ml) or PBS. (B) Stat1⫺/⫺ mice were infected with DEN-2 (NGC-N; 1 ⫻ 105 PFU/mouse) preincubated with the indicated NSQc
compounds (20 g/ml) or PBS. (C) C57BL/6 mice were challenged with JEV (RP-9; 2 ⫻ 105 PFU/mouse), and starting from 6 h postinfection, the mice
were treated with the indicated NSQc compounds (20 or 80 g/ml) or PBS at the indicated days postinfection (arrows). The survival of mice was observed
daily. The numbers of mice in each group and the survival rates are shown in parentheses. Prism software with the log rank test was used to compare
survival curves. *, P ⬍ 0.05; **, P ⬍ 0.01. (D) Mice that received treatment with the indicated NSQc after a 6-h delay were sacrificed at day 5, and the
relative JEV RNA levels in the brain tissues were quantified by RT-qPCR and normalized to that of actin. (E) Naive C57BL/6 mice were i.p. inoculated with
80 g/ml NSQc, NSQc(A30), or NSQc(A50). Serum samples were collected at the indicated days, and their alanine aminotransferase (ALT) levels were
determined.
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FIG 7 Possible mechanism of NSQc-mediated antiviral activity. The positively charged virus particles adsorb to cell surface by interacting with negatively charged molecules such as glycosaminoglycans to initiate virus infection
(a). The negatively charged NSQc is able to adsorb with virus particles and then
results in blocking of viral binding onto the host cell (b). Cationic material
such as Polybrene neutralizes the negative charge of NSQc and prevents the
blocking of virus by NSQc (c).
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influenza; however, drug-resistant influenza virus strains and
novel avian-origin influenza viruses are emerging (51). Therefore,
antiviral agents against these devastating human pathogens are
urgently needed. Our success in synthesizing surfactant-modified
NSP and our finding that this novel NSQc nanocompound can
block several viruses may shed some light on future antiviral development.
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