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ABSTRACT: Cs,K,Na[SiW,Nb;0,,] has broad antiviral ability including anti-Influenza A, P
-Influenza B, -HSV-1, -HSV-2, -HIV-1, and -HBV. A series of antivirus and/or biochemical »

experiments and X-ray nanotomography analysis confirm that this kind of broad-spectrum @

antiviral property is mainly due to its localization on the cell surface.
& Cell &
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Bl INTRODUCTION controversial results for whether POMs are active at the cell
surface or in the cytoplasm is scarce.

Using X-rays to construct three-dimensional (3D) tomo-
graphic images has already been well established in
medicine.'5™* Recently, the same principle was also extended
to the nanoscale, bringing us startlingly accurate pictures of tiny

objects, which was confirmed to be efficient for the imaging of
19-21

Polyoxometalates (POMs) are attractive for applications in
medicine because of their generally nontoxic to normal cells,
and molecular properties (such as polarity, redox potentials,
surface charge distribution, shape, acidity, and structure
designable) that impact the recognition and reactivity of
POMs with target biological macromolecules can be altered.' ™
Perhaps the most significant general medical property of POMs
lies in their antiviral activity: diverse but specific with efficacy in
vivo not simply in vitro.” Despite the fact that numerous POMs " e ) ) "
have been prepared and evaluated, the application of POMs to resplrato.ry syncytical virus, murine leukerg_leizsarcoma virus, .and
medicine and/or biosystems is still in its infancy.”'* Notably, human immunodeficiency virus (HIV). In our previous
the mechanism of viral inhibition of POMs is still unclear.'>'* work, it was found that compound Cs,K,Na[SiW;Nb;0,,]

The degree of cellular penetration and localization of a drug (POM93) has good anti-hepatitis B virus (HBV) properties.
directly impacts its mechanism of viral inhibition and other Herein, we report that POM93 has broad and high antivirus
biological attributes."* This point is a matter of direct relevance activities for the influenza virus (Influenza A and Influenza B),
to the development of drugs that target biomolecules herpes simplex virus (HSV-1 and HSV-2), and HIV-1.

cells.
As reported, K,[SiWoNb;0,0] and (Me;NH),[SiW,Nb,0,,]
show antiviral abilities on the influenza virus (Influenza A/B),

intracellularly including human immunodeficiency virus Significantly, a series of antivirus and biochemical experiments
protease, hepatitis virus, and reverse transcriptase inhibitors."® indicated that POM93 was located on the cell surface instead of
Although several lines of evidence using different techniques the interior of the cell. Moreover, on the basis of the X-ray
and types of experiments’ (Raman spectroscopy, fluorescence nanotomography technique, we further confirmed that this kind
microscopy, electron microscopy, scanning proton microscopy,

and energy-dispersive spectroscopy X-ray microanalysis) Received: April 11, 2014

suggest that POMs could cross cell membranes, so far, Accepted: May 30, 2014

definitive and direct experimental evidence to settle the Published: May 30, 2014
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of broad-spectrum antiviral property of POM93 is mainly due
to its localization on the cell surface.

B EXPERIMENTAL SECTION

Materials. Unless stated otherwise, all reagents and chemicals were
obtained from commercial sources. Sodium tungstate dihydrate (99%),
potassium hydroxide (90%), hydrochloric acid (37%), niobium
pentoxide (99.5%), cesium chloride (99.5%), and hydrogen peroxide
(30%) were obtained from Sigma-Aldrich and used without further
purification.

Synthesis of POM93. Cs,K,Na[SiW,Nb;0,,]-H,O was prepared
as described below. First, a hexaniobate solution was made by
dissolving 6.5 g of K;H[NbgO,,] in 400 mL of deionized (DI) H,0,
after which 11.6 M hydrogen peroxide was added with gentle stirring.
The reaction mixture was then acidified by the addition of 3 M HCI
(20 mL), and 25.1 g of A-a-NagH[SiW,05,] was mixed in until fully
dissolved. The solution was diluted with DI H,O to a final volume of
700 mL, resulting in a yellowish color. A total of 10 g of cesium
chloride was added, and the solution was evaporated at room
temperature. Approximately 350 mL of a yellow precipitate resulted.
The entire volume of the yellow precipitate was added to 300 mL of
distilled water and heated to 45 °C (>S5 h) in a water bath with
continual stirring. The solution was then filtered through 0.2 gm mesh
and allowed to evaporate at room temperature. Within only a few
minutes, yellow-colored crystals of Cs,K,Na[SiWNb;0,,]-H,0
developed (the X-ray diffraction pattern of POM93 is shown in
Figure S1 in the Supporting Information, SI). Elemental analysis was
carried out on the crystalline Cs,K,Na[SiW,Nb;0,,]-H,0
(H,Cs,K,NaNb,;0,,SiW,). Weight percents were as follows (ex-
pected/actual): Cs, 8.67/8.97; K, 5.09/4.93; Nb, 9.09/9.19; W, 54.02/
54.1S. IR spectral values (see Figure S2 in the SI) measured by the
KBr pellet method (cm_l) were 3429, 2357, 1623, 990, 958, 868, 789,
673, 595, 534, and 474.

Antivirus Activity Assay of POM93. The antiviral activities were
assayed by the MTT method. MDCK cells (for the influenza virus),
Vero cells (for HSV), and MT-4 cells (for HIV-1) were seeded in a 96-
well plate at a seeding density of 2 X 10° viable cells/mL and
incubated for 24 h at 37 °C, followed by the addition of 0.1 mL of
Influenza A/Influenza B/HSV-1/HSV-2/HIV-1 virus stock and
various doses of POM93 (0.1 mL) to each well. In addition, 0.1 mL
of the medium was added as the negative control group. Then the
plates were incubated for 2 days at 37 °C in a humidified atmosphere
containing 5% CO, until maximum cytopathic effects (CPEs) were
observed in the negative control (untreated cells). The CPE was
observed by using MTT colorimetric assay. Briefly, 20 uL of the MTT
stock solution prepared in Dulbecco’s modified eagle medium was
added to each well, and the plates were incubated for a further 4 h at
37 °C. After incubation, the residual MTT solution in each well was
carefully removed, without disturbing the formazan crystals. The
formazan crystals were dissolved by adding 150 uL of dimethyl
sulfoxide (DMSO) to each well, and the plates were gently shaken for
another S min. The quantity of MTT reduction was measured
immediately by detecting the absorbance at 570 nm. The rates of
protection were calculated as (A — B)/(C — B) X 100%, where A, B,
and C mean the absorbance values from wells containing POM93 and
virus A, virus B, and cell (C) only, respectively.

Cytotoxicity Analysis. The cytotoxicity of POM93 was
determined using direct MTT assay. Briefly, MDCK, Vero, and
HepG2 cells were seeded on 96-well plates at a seeding density of 5.0
x 10* cells/mL and incubated for 24 h at 37 °C, followed by the
addition of various concentrations of POM93 and ADV to each well.
In addition, an equal volume of the medium was added as the negative
control group. After 48 h of incubation as required, 20 uL of an MTT
solution [S mg/mL in 0.01 M phosphate buffered saline (PBS)] was
added to each well. Cells were incubated for an additional 4 h at 37 °C,
and then 0.15 mL of DMSO was added to the mixture. The cytotoxic
activity was evaluated by the reduction of MTT observed in
mitochondria at 48 h after the initial treatment. The amount of
MTT reduction was measured by reading the absorbance using a plate
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reader (Bio-Rad Co.) at a wavelength of 570 nm. CCy, was defined as
the concentration of the compound that reduced the viable cell
number by 50% and calculated using the Bliss method.

B RESULTS AND DISCUSSION

In our experiments, compound POM93 was synthesized by a
mild wet chemical approach developed by our research group,
and the synthetic details are shown in the Experimental Section.
The antivirus activities and cytotoxicities of POM93 were
estimated by 3-(4,S-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. Details of the antiviral activity and
cytotoxicity are shown in Table 1. Data were expressed as mean

Table 1. Antiviral Activity and Cytotoxicity of POM93 in
Vitro

virus cell line ECyp (ug/mL) CCs (ug/mL)
Influenza A” MDCK 74 + 1.1 4262 + 8.7
Influenza B MDCK 112 + 3.1 4752 + 69
HSV-1 Vero 25+ 13 1060.5 + 9.3
HSV-2 Vero 73 + 1.6 1358.5 + 8.5
HIV-1 MT-4 32 +08 325.7 £ 54
HBV? HepG2 114 + 0.6 1784.0 + 3.1

“Influenza A virus here only including HINT1. “Data from our previous
work in ref 12.

+ SD (standard deviation). From it, we can see that POM93
possesses high antivirus activities with low ECg, (the 50% virus-
inhibitory effective concentration) on Influenza A, Influenza B,
HSV-1, HSV-2, and HIV-1 and low cytotoxicity with high CCy,
(the 50% cell-inhibitory concentration) on MDCK, Vero, and
MT-4 cells.

It was known that the sequential stages of HSV entry into the
host cell are analogous to those of other enveloped viruses.
Typically, the virus particle is covered by an envelope, which,
when bound to specific receptors on the cell surface, will fuse
with the cell membrane and create an opening, or pore, through
which the virus enters the host cell. As reported, the
pretreatment of Vero cells with K,[PTi,W,,0,4]-6H,0 (PM-
19) prior to HSV-2 infection enhanced the antiviral potency of
PM-19 (called the “memory effect”), in which PM-19 mainly
inhibits HSV-2 infection at the penetration stage.”>** In light of
this, in our biochemical experiments (the experimental design is
shown in Figure 1, similar to ref 23), Vero cell monolayers were
washed with PBS and then infected with HSV-2 at 100 PFU per
well in the presence of POM93 for various periods. After
attachment of the virus to cells for 60 min at 4 °C, the cells
were washed with PBS and then overlaid with an agar overlay

HSV-2, 100pfu
!

‘ 37°C 4°C 37 C (agar overlay medium)
a| POM93 | POM93 [ POMY3 inagar

! * ! ® !
b| POM93 | POM93 |

* *

c‘ POM93 | | POM93

* H *

-15 0 1 6

72 (hr)

Figure 1. Experimental design for investigation of the pretreatment
effects of POM93.
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medium. The results of plaque assay were expressed as plaque
numbers per well. It was found that POM93-treated Vero cells
had an altered response to HSV-2 infection, and the plaque
inhibition effect was determined with cells pretreated or
nontreated with POM93. Pretreatment with POM93 for 15 h
prior to infection did not influence the plaque formation after
HSV-2 infection (Table 2, group a; POM93, 0 ug/mL). In

Table 2. HSV-2 Replication of Vero Cells with Exposure to
Various Concentrations of POM93

no. of plaques

group dose (ug/mL) N* PA*
a 0 90 92
S 88 90

20 32 27

80 9 8

b 20 65 39
80 41 25

c 20 39 16
80 12 7

Treated with POM93: group a, 0—72 h; group b, 0—1 h; group ¢, 1-6
h. N* = not pretreated with POM93; P** = pretreated with POM93.

addition, the pretreated Vero cells as well as nontreated cells
(data not shown) grew. The readdition of POM93 at
concentrations above 20 pg/mL from 0 to 72 h after infection
caused complete inhibition of plaque formation. However, no
effect of the pretreatment with POM93 was found (Table 2,
group a). In contrast, inhibition of viral attachment and
penetration by POM93 was enhanced in cells pretreated with
POMO93. As shown in Table 2, with pretreatment by POM93,
there are obvious antivirus effects of POM93 on the first (0—1
h, group b) and second (1—6 h, group c) stage of HSV-2
infection. In order to further confirm the pretreatment effects of
POM93, in a further control experiment, acyclovir (ACV; based
on selective inhibition of the replication of herpes viruses and
because a triphosphate acyclovir inhibits the DNA polymerase
and thus the formation of viral DNA)**** pretreated and
nontreated Vero cells were infected with HSV-2 at 100 PFU
per well and then retreated with ACV at 2 yg/mL to determine
the effect on replication of HSV-2. The results are expressed as
the number of plaques (see Table S in the SI). From it, we can
see that there is no obvious antivirus effect of ACV on the first
(0—1h) and second (1—6 h) stages of HSV-2 infection. These
pretreatment effects of POM93 were similar to the “memory
effect” of PM-19,> which inhibited HSV-2 infection at the
adsorption and/or penetration stage, and inferred that almost
all POM93 should locate on the cell surface instead of the
interior of the cell.**

It should be further pointed out that, as shown in Table 1,
POM93 has a broad-spectrum antiviral property. Here, the
question is whether this kind of broad-spectrum antiviral
property is attributed to its location on the cell surface. All of
the above antiviral experimental results suggested that POM93
should be located on the cell surface; however, there is still a
lack of direct evidence to confirm it. Nanotomography, as a
powerful and unique technique, with pixel sizes of the cross
sections in the nanometer range, uses X-rays to create cross
sections from a 3D object that later can be used to recreate a
virtual model without destroction of the original model.'*~*!
Thus, in the following experiments, X-ray nanotomography
tests were carried out.
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The following nanotomography experiment was carried out
using full-field X-ray microscopy at the 4W1A beamline of the
Beijing Synchrotron Radiation Facility. In the experiment, after
the incident X-ray was focused onto the sample by using a
condenser consisting of an elliptically shaped capillary tube, the
X-ray image of the sample was then magnified by the objective
stacked zone plates with a 45 nm outermost zone width
operated at 8 keV. Hereafter, the magnified image was
converted into a visual one on the YAG-Ce scintillator screen.
This visual image is further enlarged 20 times with a
microscope objective lens and captured by a 1024 X 1024
pixel CCD camera. The resolution was tested using the
electroplated gold spoke patterns, which shows that the
resolution can reach 50 nm with the field of view of 15 X 15
um?” and a pixel size of 15 X 15 nm.

In X-ray nanotomography tests, the HepG2 cells (the sample
process with graded dehydration has preserved the overall
morphology of the cells relatively well) were spotted on a mylar
membrane of 20 um thickness and dried in air. We used
tomography to reveal the distribution of POM93 in a HepG2
cell. Because the contrast of pure cell is very low under hard X-
ray, POM93 will show high contrast in the obtained image, and
their distribution thus can be identified. The experiments were
carried out at 8 keV by placing the phase ring in the back focal
plane of the objective zone plate, which can provide Zernike
phase contrast and was suitable for investigating light materials.
The tomography images of HepG2 were collected at 0.25°
intervals from —60° to +60° and saved in the computer with an
exposure time of 30 s per image; the total scanning time was
about 4 h. After tomography data acquisition, all of the
projective images needed to be corrected to a common axis of
rotation using gold particles with 0.8—1.5 um diameter as
reference markers. Finally, using a parallel-beam filtered-back-
projection algorithm, the 3D and slice images of a HepG2 cell
were reconstructed and are shown in Figure 2. From the 3D

Figure 2. X-ray nanotomography imaging results of a HepG2 cell
treated with POM93 (100 pg/mL): (a) XZ plane; (b) YZ plane; (c)
green, red, and blue for the XZ, YZ, and XY planes, respectively. The
inset shows a 3D image of the HepG2 cell.

reconstruction, a series of cross-sectional slices can be
generated through the cell from any orientation without the
need for actual sectioning. Two representative one-pixel-thick
(about 15 nm) reconstructed slices, in which the gray value of
each pixel corresponds to the density and phase information on
the sample, are shown in Figure 2a,b. Figure 2a shows the XZ
plane slice, and only a circle for the cell wall can be identified
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with high contrast, suggesting that POM93 was deposited on
the cell wall. Figure 2b shows the YZ plane slice, and the cell
wall is also clear, without obvious signals inside indicating
nanoparticle distribution on the cell wall. The shape of the
HepG2 cell looks like a bowl in Figure 2b because the cell
collapses on the membrane. The open side of the bowl is the
membrane, and the clusters of dark objects around the cell are
gold particles used as markers. Figure 2c shows the magnified
image of the cell on the YZ plane, and the green line indicates
the XZ plane while the blue line indicates the XY plane. The
inset shows a 3D image of the cell. It is clear that the whole cell
looks like a bowl with the high-contrast cell wall and nothing
inside. A series of slices throughout the whole cell can be played
back as videos (videos 1 and 2 in the SI) showing all structures
of the cell, and the data confirm that our POM93 mainly
deposits on the cell wall.

Here we also want to further point out that POMs are a class
of metal oxide cluster anion compounds that exhibit antiviral
activity properties. Many studies have found evidence that
POMs can inhibit replication of a broad variety of both RNA
and DNA viruses in vitro and in vivo.”?*>° In this study, the
X-ray nanotomography technique confirmed that this kind of
broad-spectrum antiviral property of POM93 is mainly due to
its localization on the cell surface. The nonspecific masking of
the cell by POM93 prevents virus entry into the cell, leading to
viral inhibition. The antiviral activity of POM93 may be as an
inhibitor of the binding and fusion process. However, POMs
may break down into constituent metal-containing compo-
nents, and this kind of breakdown and/or accumulation under
biological conditions, particularly in the kidneys and in the liver,
accounts for the lack of interest in further study.>" Accordingly,
toxic affects account for the lack of interest in the further
development of these potential medicinal candidate drugs.
Anyway, based on the structural feature, broad antivirus
activities, and clear action of localization on the cell surface,
POMs should be regarded as a new type of antiviral agent.

H CONCLUSION

In summary, we reported that compound Cs,K,Na-
[SiWoNb;0,4,] (POM93) has broad and high antivirus activities
of Influenza A/Influenza B, HSV, HIV, HBV, and HCV. A
series of antivirus and biochemical experiments indicated that
POM93 was located on the cell surface instead of the interior of
the cell. Further, the X-ray nanotomography experiments
confirmed that this kind of broad-spectrum antiviral property
of POM93 is mainly due to its localization on the cell surface.
Our results suggest that POM93 with the character of location
on the cell surface may be a new type of antiviral agent.
Moreover, the present work also is an example for the deep
study in inorganic drugs or the biological effect of inorganic
nanomaterials based on the X-ray nanotomography technique.
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Plaque assay of POM93 pretreatment on HSV-2, the effect of
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