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Powders of cerium (Ce)-substituted and tungsten (W)-substituted La;Mo,Oo (LMO) were prepared using poly-
merizable complex method. Their antiviral and antibacterial performances were then evaluated using bacter-
iophage Qp, bacteriophage ®6, Escherichia coli, and Staphylococcus aureus. The obtained powders, which were
almost single-phase, exhibited both antiviral and antibacterial properties. Effects of dissolved ions on their
antiviral activity against bacteriophage QB were remarkable. A certain contribution of direct contact to the

powder surface was also inferred along with the dissolved ion effect for antiviral activity against bacteriophage
@6. Dissolved ion effects and pH values suggest that both Mo and W are in the form of polyacids. Antiviral
activity against bacteriophage ®6 was improved by substituting Ce for La in LMO. Similarly to LMO, Ce-sub-
stituted LMO exhibited hydrophobicity. Inactivation of alkaline phosphatase enzyme proteins was inferred as
one mechanism of the antiviral and antibacterial activities of the obtained powders.

1. Introduction

The history of inorganic antiviral materials is not as long as that of
organic antiviral materials. However, studies of inorganic antiviral
materials are increasing gradually because one such material can affect
various viruses under a wide temperature range with only a small
probability of resistance development by a virus. Various materials
have been investigated. Antiviral properties have been reported for
metals [1-3] (e.g. Ag and Cu), photocatalysts (e.g. TiO, [4,5]), and
other materials (e.g. ZnO and CaO [6,7]). In fact, some of these mate-
rials have already been applied for practical use. Nevertheless, these
materials entail several difficulties such as coloration or inactivation
because of oxidation, and usage environment restrictions (requirement
of light illumination, or alkalization). Development of new inorganic
antiviral materials has been demanded to overcome these and other
difficulties.

We specifically examined the hydrophobicity of rare-earth oxides
[8-12] and antibacterial effects of molybdenum [13-16]. Then we
developed the complex oxide La,Mo05;0g (hereinafter LMO) using
polymerizable complex method [17]. This material exhibited hydro-
phobicity and simultaneous antibacterial effects against gram-negative
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(Escherichia coli, E. coli) and gram-positive (Staphylococcus aureus, S.
aureus) bacteria, and antiviral effects against non-envelope (bacter-
iophage Qf, hereinafter denoted as Qf) and envelope (bacteriophage
®6, hereinafter denoted as ®6) viruses [18]. Moreover, both anti-
bacterial and antiviral activities were found to be greater than two
orders after 6 h in the dark. However, the material's antiviral activity
against ®6, which is similar to influenza and COVID-19 viruses, was
less than that against E. coli, S. aureus, or Qp.

Given this background, we tried to substitute different atoms into
LMO to improve its antiviral activity against ®6 type viruses. We se-
lected cerium (Ce) and tungsten (W) because CeO, exhibits anti-
bacterial activity and because it is a readily available, low-cost rare-
earth oxide [19-22]. Tungsten, located below Mo in the periodic table,
forms a solid solution with Mo in a wide chemical composition range
[23,24]. Our preliminary experiments conducted using these two ele-
ments revealed that single-phase powder was difficult to obtain for high
Ce concentrations. As the W concentration increases, the antibacterial
performance of the material is degraded. Therefore, for this study, we
replaced 10% of La with Ce (La; gCeo.2Mo0,09, hereinafter denoted as
LCMO) and 50% of Mo with W (Las(Mo, W)Oy, hereinafter denoted as
LMWO). These powders were prepared using the same polymerizable
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complex method as that used for an earlier study [18]. Then we com-
pared their performance with that of LMO.

2. Experiment procedure
2.1. Powder synthesis and characterization

As starting materials for this study, we used lanthanum (III) nitrate
hexahydrate (La(NO3)3:6H20, 99.9%), hexa-ammonium heptamo-
lybdate tetrahydrate ((NH4)sMo0,0244H,0, 99.9%), ammonium tung-
state pentahydrate ((NH4);oW12041-5H>0, 85%), and cerium (III) ni-
trate hexahydrate (Ce(NO3)36H,0, 99.9%), all from Fujifilm Wako
Pure Chemical Corp., and all with no further purification.

For LMO, La(N03)36H20 (2.50 g) and (NH4)6M070244H20 (1.02 g)
were each dissolved into distilled water (10 ml). Then these solutions
were mixed such that La:Mo = 1:1. For LMWO, (NH4)gMo0,0444H,0
(0.51 g) and (NH4)10W12041°'5H,0 (0.754 g) were each dissolved into
distilled water (20 ml). After La(NO3)36H,0 (2.50 g) was dissolved into
distilled water (10 ml), these solutions were mixed to set La:
(Mo + W) = 1:(0.5 + 0.5). For LCMO, La(NO3)3:6H50 (2.25 g) and Ce
(NO3)3'6H,0 (0.250 g) were each dissolved into distilled water (8 ml
for La(NO3)36H,O and 2 ml for Ce(NOs3)36H,0). In addition,
(NH4)6Mo,0544H,0 (1.02 g) was dissolved into distilled water (10 ml).
These solutions were then mixed to set (La + Ce):Mo = (0.9 + 0.1):1.

Subsequently, 2.31 mol/l of citric acid (C¢HgO7, 99.5%; Fujifilm
Wako Pure Chemical Corp.) aqueous solution was added to the mixed
solution. The molar ratio of metal ion (La + Ce + Mo + W) to citric
acid was 1:2. Then it was stirred for 10 min. Ethylene glycol (C;H¢Os,
99.5%; Fujifilm Wako Pure Chemical Corp.) was added to the solution
so that the molar ratio of ethylene glycol to citric acid was 2:3. This
solution was stirred in a water bath at 80 °C for 6 h to facilitate es-
terification. Then precursor gels were obtained. The obtained gels were
dried at 200 °C in ambient air. The dried gels were milled for 10 min
using a mortar and pestle. After calcination at 500 °C (LMO) or 550 °C
(LMWO, LCMO) for 12 h in ambient air, LMO, LMWO and LCMO
powders were obtained.

The microstructures of the obtained powders were observed using a
field-emission scanning electron microscope (FE-SEM, JSM7500F;
JEOL, Japan) and a transmission electron microscope (TEM, JEM-
2010F; JEOL, Japan). The specific surface area of each powder was
measured using Brunauer-Emmett-Teller (BET) method with N, (BEL
SORP mini; MicrotracBEL Corp., Japan). The crystalline phase of the
powders was evaluated using X-ray diffraction (XRD, XRD-6100;
Shimadzu Corp., Japan) with a Cu Ka radiation source. The UV-vis
absorption spectra of the samples were obtained using a UV-vis scan-
ning spectrophotometer (V-660; Jasco Corp., Tokyo, Japan). Barium
sulfate powder was used as a reference for this measurement. The
chemical composition of the powders was evaluated using inductively
coupled plasma analysis (ICP-OES, 5100 VDV; Agilent Technologies
Japan Ltd., Tokyo, Japan) and an X-ray photoelectron spectroscope
(XPS, Quantera SXM; Ulvac-Phi Inc., Japan) with an Al Ka X-ray line
(1486.6 eV).

2.2. Antiviral and antibacterial activity measurements

2.2.1. Sample preparation

For this study, antiviral and antibacterial activity measurements
were taken not only for prepared powders but also for La;03 (99.99%;
Fujifilm Wako Pure Chemical Corp.), CeO, (99.5%; Fujifilm Wako Pure
Chemical Corp.), WO3 (> 99%; Kanto Chemical Co. Inc., Tokyo,
Japan), and MoO3 (99.0%; Fujifilm Wako Pure Chemical Corp.). All
these oxide reagents were washed in distilled water (powder:-
water = 5 g:500 ml) and were dried at 100 °C for 12 h before mea-
surements. These powder samples were dispersed into ethanol (sample:
ethanol = 1 mg:1 ml; C;HgO, 99.5%; Fujifilm Wako Pure Chemical
Corp.). The suspension (0.15 ml) was loaded uniformly onto a glass
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substrate (25 mm X 25 mm) and was dried at 100 °C for 30 min. After
the loading—drying cycle was repeated three times, the substrate was
coated with the sample powder (0.45 mg total amount).

2.2.2. Antiviral activity measurement

2.2.2.1. Film adhesion method. We used QB (NBRC 20012) and ®6
(NBRC 105899) as viruses for antiviral activity measurements. Stock
suspensions of Qp and ®6 were prepared according to ISO 18061. The
stock phage suspension was resuspended to ca. 2.0 x 107 plaque-
forming units (PFU)/mL in 1/500 nutrient broth (1/500 NB; Eiken
Chemical Co. Ltd., Tokyo, Japan) that was 1 x NB 500-fold dilution
with sterile water. A 50 pl (=10° PFU) phage suspension was pipetted
onto a substrate with the sample powder and was covered with a
transparent film (20 mm X 20 mm, VF-10; Kokuyo Co. Ltd., Osaka,
Japan) to contact the suspension with the sample powder. Then it was
incubated under humid conditions at room temperature (ca. 25 °C) in a
dark room for 0, 2, 4, or 6 h. After incubation, the phages were
harvested by shaking with 10 ml soybean casein digest broth with
lecithin and polysorbate broth (SCDLP; Eiken Chemical Co. Ltd., Tokyo,
Japan) for 2 min to stop the incubation.

The Qf or ®6 in SCDLP was diluted with 0.01 M phosphate buffered
saline (PBS; Sigma-Aldrich Corp., USA) solution. We used E. coli (NBRC
106373) and Pseudomonas syringae (NBRC 14084, P. syringae), respec-
tively, as host bacteria for Qf and ®6. Both Qff and ®6 were infected
respectively with E. coli and P. syringae for 10 min. Subsequently, the
infected bacteria suspension (1 ml) was mixed with 0.5% Luria broth
agar (LB; Nacalai Tesque Inc., Kyoto, Japan and agar; Fujifilm Wako
Pure Chemical Corp.). Then the mixture was spread out on 1.5% LB
agar plate to form a double agar layer. The plate was incubated at 37 °C
for 48 h to form the plaques. The titer after incubation (N) was calcu-
lated by counting the plaques. Control data were obtained using the
same experimental procedure with a pristine glass plate instead of glass
plates with sample powders. The plaque assay was performed twice for
each point. Hereinafter, we designate this method as the film adhesion
method.

2.2.2.2. Dissolved ion contact method. As described also for an earlier
study, we evaluated the ion concentration when dissolved into 1/500
NB. To elucidate the contribution of dissolved ions to the overall
antiviral activity, we took antiviral activity measurements using the
solution after filtering the powder samples. Each prepared powder was
mixed with 1/500 NB by the same solid-liquid ratio as that used for the
film adhesion method. Then the mixture was shaken at 100 times/min
for 2 h. Each suspension was filtered to exclude the powder. The pH
value of the filtrate was measured. In addition, the amount of the
dissolved ion (La, Ce, W, and Mo) was measured using ICP-OES. The
filtrate solution was used for antiviral activity measurements against
QP and ®6. The filtrate solution, the suspensions of Qf or ®6
(2.2 x 107 PFU/ml), and the distilled water were mixed at a ratio of
8:1:1. This mixture was stirred and incubated at room temperature (ca.
25 °C) in the dark for 2, 4, and 6 h. After incubation, the reaction was
stopped with SCDLP medium. The medium was diluted with 0.01 M
PBS. Then the antiviral activity was evaluated using the same procedure
as that used for the film adhesion method. The initial virus
concentration before contact with the filtrate solution including
dissolved ions was set as the O h value. The control data were
obtained using 1/500NB instead of the filtrate solution. Therefore,
the ratio of 1/500NB, the virus suspensions, and the distilled water was
8:1:1; then, the same measurements were conducted. Hereinafter, this
method is described as the dissolved ion contact method.

2.2.3. Antibacterial activity measurement

Evaluation of the antibacterial activity was conducted according to
a film adhesion method described for ISO 17094, with minor mod-
ifications. For this study, we used E. coli (NBRC 3972) and S. aureus
(NBRC 12732). Each had been precultured on nutrient agar (NA; Nissui
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Pharmaceutical Co. Ltd., Tokyo, Japan) at 37 °C for 18 h and had been
suspended in 1/500 NB. The concentrations of these bacteria were fixed
to ca. 2.0 x 10° colony-forming units (CFU)/ml. A 50 pl (=10° CFU)
bacteria suspension was pipetted onto a substrate loaded with the
sample powder. After the substrate was covered with a transparent film
to contact the bacteria suspension with the particles, it was incubated
under a humid condition at room temperature (ca. 25 °C) in a dark
room. After a certain period (0, 2, 4, and 6 h), the bacteria were har-
vested by shaking with 5 ml SCDLP for 2 min to halt the incubation. The
bacteria in SCDLP were diluted with 0.01 M PBS. Each 1 ml of the
diluted bacteria suspension was mixed in NA and was incubated at
37 °C for 48 h to produce bacterial colonies. The concentration of viable
bacterial cells at each time point (N) was calculated by multiplying the
number of colonies and the dilution ratio. The control cell concentra-
tions were calculated using the same procedure as that used for a
pristine glass substrate. The initial cell concentration for each sample
was presented as the cell concentration at 0 h. The colony assay was
conducted twice for each point.

2.2.4. Cytotoxicity test

Cytotoxicity confirmation was conducted using Madin-Darby ca-
nine kidney cells (MDCK cells, CCL-34) purchased from American Type
Culture Collection (Manassas, VA, U.S.A.). Cells were maintained using
modified Eagle's medium containing 10% fetal bovine serum and were
incubated at 35 °C under a humidified 5% CO, atmosphere in an in-
cubator. The prepared sample glass was put in a Petri dish into which
was poured 5 ml of PBS. The extraction solutions of sample powders
were prepared by shaking 100 times/min for 2 h. The extraction solu-
tion (50 pl) and MDCK cell solution (4.0 X 10° cells/ml, 150 ul) were
mixed and incubated at 35 °C under a humidified 5% CO, atmosphere
in an incubator for 4 days. After incubation, an adenosine triphosphate
detection reagent (Viral ToxGlo™ Assay; Promega Corp., U.S.A.) was
added (100 pl). A spectrophotometer (infiniteM200; Tecan Group Ltd.,
Austria) was used to measure the emitted light intensity. The number of
living cells was calculated. Control data were obtained using the same
experimental procedure with a pristine glass plate used instead of a
glass plate with a sample powder.

3. Results and discussion
3.1. Powder characterization

Fig. 1 presents XRD patterns of the prepared powders. The obtained
powders were almost single phase; peaks in the patterns were identified
as La;Mo,0g (card No. 28-0509). Fig. 2 portrays the corresponding SEM
micrographs. The primary particle sizes of the powders were
50-100 nm. No specific microstructure such as micro domains was
observed in these particles by TEM observation (see Fig. SI-1 in Sup-
porting information). XRD patterns and SEM micrographs of oxide re-
agents are presented in Supporting information (Figs. SI-2 and 3). They
were larger than the prepared powders. Although La,O3; was the

LMWO

® La,Mo,04
) LMO

PPN

10 30 50 70
CuKa 26 [deg.]

Intensity [arb. unit]

Fig. 1. XRD patterns of prepared powders.
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Fig. 2. SEM micrographs of prepared powders: (a) LMO, (b) LCMO, and (c)
LMWO.

mixture of La;03 (card No. 5-0602, major phase) and La(OH); (card No.
5-0585, minor phase), others were single-phase oxides. Their peaks
were identified respectively as CeO, (card No. 34-0394), MoO5 (card
No. 5-0508), and WOs3 (card No. 32-1395).

Subsequent ICP analysis revealed that all prepared powder samples
possess the chemical composition ratio as charged (La:Mo = 1:1 for
LMO, La:Ce:Mo = 1.7:0.2:2.0 for LCMO, and La:Mo:W = 1.9:1.0:1.0
for LMWO, respectively). In the wide scan XPS spectra, only constituent
elements and carbon were detected. Narrow scans were conducted on
La3d, Ce3d, Mo3d, and W4, respectively (see Fig. SI-4 in Supporting
information). Surface compositions for the prepared powder samples
obtained by XPS were La:Mo = 0.9:1 for LMO, La:Ce:Mo = 1.7:0.2:2.0
for LCMO, and La:Mo:W = 1.8:1.0:1.0 for LMWO. The amount of
Mo + W was slightly richer than that of La + Ce at the powder surface.
This result might be because of the solubility difference among these
elements and suggests the formation of cation vacancy in the surface.
However, the composition difference XPS and ICP was not significant.
The valences of La, Mo, and W were identified as La(III), Mo(VI), and W
(VD) [25-27]. For Ce, although S/N ratio of the spectrum was small, it
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Table 1
Results of pH and dissolved ion concentration in 1/500 NB solution, with
specific surface areas of prepared powders and oxide reagents.

pH SSA [mz/ La [umol/l] Ce [umol/ Mo [umol/ W [umol/1]
gl 1] 1

Initial 7.80 - - - - -

LMO 526 6.8 168 N.D. 299 N.D.
LCMO 577 10.4 75 0.43 112 N.D.
LMWO 5.84 12.0 12 N.D. 16 1

La,0; 6.60 0.6 2 N.D. N.D. N.D.

MoO; 335 1.7 N.D. N.D. 3992 N.D.

CeO, 5.46 3.3 N.D. 4 N.D. N.D.

WO;3 4.87 4.8 N.D. N.D. N.D. 87

was identified as Ce(III):Ce(IV) = 56:44 by the deconvolution of Ce3d
peaks [28,29].

Table 1 presents results of pH and dissolved ion concentrations from
sample powders immersed in 1/500 NB, and presents the specific sur-
face areas of samples. The surface area values were 7-12 m?/g for
prepared powders. The bar graphs for pH and dissolved ion con-
centrations presented in Table 1 are displayed in Supporting informa-
tion (Figs. SI-5 and SI-6). The initial pH value for 1/500 NB before ion
dissolution from the powders was 7.8. Despite their small specific sur-
face areas, the dissolved ion concentrations from MoQO3, CeO,, and WO
were greater than those from prepared powders. The solubility of MoO3
in water is 3.4 mmol/1 at 28 °C [30]. Results obtained for La,O3, CeO,,
and WOj are quite low. They can indicate that the materials are almost
insoluble [31,32]. The dissolved ion concentration found for La,03 was
the lowest among oxide reagents. Dissolved amounts of Ce, W, and Mo
decreased because they formed complex oxides with La. This result
implies that the dissolution of Ce, W, and Mo was suppressed, and that
the sustained release of these elements is attributable to the formation
of complex oxides with La because of its low solubility. The dissolved
ion amount ratios between La and Mo are of almost equal order, which
suggests that the dissolution of Mo induces La dissolution. An inverse
trend was found between pH values and the Mo dissolution amount. As
described in an earlier report [18], that result is expected to be attri-
butable to the resultant increase of the hydronium ion concentration by
Mo dissolution. The pH value order for oxide reagents was
La;O3 > CeOy; > WO3; > MoOs. By forming complex oxides with La,
the pH values of prepared powders became higher than those of simple
oxide reagents.

3.2. Antiviral activity

Fig. 3 presents results of antiviral activity against QP for prepared
powders (Fig. 3(a) and (b)) and oxide reagents (Fig. 3(c) and (d)) ob-
tained by film adhesion method (Fig. 3(a) and (c)) and dissolved ion
contact method (Fig. 3(b) and (d)). The antiviral activity achieved using
dissolved ion contact method was higher than that achieved using film
adhesion method for LMO, LCMO, and LMWO. The trend found for
LMO and LMWO was similar to that found for oxide reagents. Although
little antiviral activity was found for CeO,, La;O53 exhibited clear anti-
viral activity against Qf. The antiviral activity order by film adhesion
method was MoO3; > WOs;, and La,03 > CeO,; that by dissolved ion
contact method was La;O3, WO3; > MoO3; > CeO,.

The contributions of dissolved ions, especially those of ions of La, W,
and Mo, are large for antivirus activity against Qf because the activity
achieved using dissolved ion contact method was higher than that
achieved using film adhesion method. Before this study, we conducted a
preliminary study of LaVO,, for which we replaced Mo by V in LMO.
This material exhibited a small pH value (4.71) under the same ex-
periment conditions. Because the dissolved amount of V is much greater
than that of La, ion exchange between VO,*>~ and OH~ were expected
for charge compensation. Nevertheless, this material exhibited little
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antiviral or antibacterial activity (see Table SI-1, Figs. SI-7 and SI-8 in
Supporting information). Consequently, differences of antiviral activity
cannot be attributed simply to the different pH values.

The dissolved W and Mo form polyacids in this pH range. They
might form heteropolyacids with other ions because the solution con-
tains various ions such as phosphorous. The polyacids have a negative
charge in aqueous media and contribute to antiviral activity [33-36].
Judd et al. demonstrated that polyacids adsorbed at the cation site of
lysine residue in the active site of reverse transcriptase by electrostatic
interaction and demonstrated that they inactivate human im-
munodeficiency virus (HIV) [37]. Reportedly, lysine residue is neces-
sary for bonding with proteolytic enzymes in neuraminidase, which
contributes to desorption from the host cell [38]. These polyacids might
contribute to inactivation by inhibiting virus desorption from the host
cell. Although HIV is a virus with an envelope, lysine residue also exists
on the surface of non-envelope viruses at the active site of a spike,
which contributes to bonding with the host cell [39]. Actually, lysine
residue exists in the structure of Qf [40]. Consequently, these polyacids
can be expected to contribute also to inactivation of non-envelope
viruses such as Qp.

Several reports have described adsorption or interaction between
Mo or W ion (strictly speaking, poly type anions of molybdate
(M00427) or tungstate (WO0,427) ions) and lysine under different pH
[41-43]. The adsorption amount of Mo and W polyacids to lysine de-
pends on the lysine-metal ratio. The adsorption amount of W exceeds
that of Mo when the ratio becomes higher than a certain value [43].
This ratio might engender antiviral activity difference between WO;
and MoOs in dissolved ion contact method. Pérez et al. demonstrated
that La(III) does not enter the host cell. It blocks Ca(Il) entry induced by
rotavirus (non-envelope type virus) infection [44]. Wengler et al. also
demonstrated that lanthanide ion (such as La(III) and Ce(III)) treatment
blocks the ability of the host cell to support the replication of flavivirus
(envelope type virus) RNA. A similar effect of La(Ill) is expected to
contribute to the inactivation of Qf [45]. The slight antiviral activity
shown by CeO, might be attributable to the major Ce ion valence (not
I1I but V).

Based on the relation between the dissolved ion amount and anti-
viral activity against Qf, we can infer that the activity order of prepared
powders depends on the dissolved ion amount, and especially on the
amounts of La and Mo. The dissolved La(Ill) amount was
LMO > LCMO > LMWO > Lay0s, whereas antiviral activity by dis-
solved ion contact method was LayOs,
WO; = LMO > LCMO > LMWO > CeO,. The activity difference
between WO5; and LMWO is attributable to the dissolved W ion con-
centration difference. However, the activity order of LMO, LCMO,
LMWO, and La,0O3 does not simply follow the order of the dissolved La
amount. Although the reason for this result remains unclear, one rea-
sonable explanation is the interaction among La, W, and Mo ions. The
antiviral effects of La ion against Q3 might weaken when W or Mo ions
co-exist in the solution by formation of heteropolyanion; alternatively,
they might weaken for some other reason.

Fig. 4 presents the results of antiviral activity against ®6 for pre-
pared powders (Fig. 4(a) and (b)) and oxide reagents (Fig. 4(c) and (d))
by film adhesion method (Fig. 4(a) and (c)) and by dissolved ion con-
tact method (Fig. 4(b) and (d)). The antiviral activity achieved by
dissolved ion contact method was lower than that achieved by film
adhesion method for LMO, LCMO, and LMWO. The antiviral activity
order shown by film adhesion method was LCMO > LMWO > LMO.
That by dissolved ion contact method was LCMO > LMO > LMWO. The
activity order of oxide reagents was MoO3; > WO3 > La;03 > CeO,.
This order was the same for both methods. Although the antiviral ac-
tivity of WOz by dissolved ion contact method is higher than that by
film adhesion method, other oxide reagents exhibited similar antiviral
activity from these two methods.

Dissolved Mo and W ion also contribute to the overall antiviral
activity against ®6 to some degree, although their contributions are not
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Fig. 3. Results of antiviral activity against QP for prepared powders ((a) and (b)) and oxide reagents ((c) and (d)): (a) and (c), film adhesion method; and (b) and (d),

dissolved ion contact method.

as strong as that of Qf. The antiviral activity by dissolved ion contact
method was lower than that by film adhesion method for prepared
powders. Therefore, we can infer that the effects of direct contact of the
virus to the powder surface also exist for these powders. This trend
differs from Qf. The ion concentration is expected to be high around
the powder surface. Therefore, this difference might be attributable to
the difference of virus characteristics such as the resistance against
dissolved ions. Resistance against La ion might also be related to this
difference. The addition of Ce ion shows positive effects on antiviral
activity against ®6. In fact, LCMO exhibited the highest activity among
the prepared powders, even though the dissolved ion amount is less
than that for LMO. Because CeO, possesses little antiviral activity, some
synergetic effect is expected between Ce and Mo ions.

To date, several investigations have been conducted to elucidate the
antiviral activity of polyacids combined with rare-earth elements
[46-48]. Liu et al. investigated antiviral activity against influenza
viruses (envelope type viruses similar to ®6) of rare-earth
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borotungstate heteropolyoxometalates. They demonstrated that het-
eropoly blues (a part of W in polyacid that is reduced) containing Ce
exhibits the strongest inhibition activity against influenza virus. They
inferred that this substance has a molecular size that is suitable to in-
terfere and destroy the virus or virus' chemical components [47]. Re-
cently, Shiohara et al. and Kato et al. demonstrated that a combination
of multi-valence elements such as Mn and Ni enhances the Mars — van
Krevelen mechanism [49,50], which derives from the strong oxidation
power of Ce [51,52]. Actually, when LCMO was washed with ethanol,
the ratio of Ce(IV) decreased and that of Mo(V) increased (see Fig. SI-9
in Supporting information). Therefore, the oxidation power of Ce might
also enhance antiviral activity against ®6. Further investigations must
be conducted to identify the dominant mechanism of this system.
However, the effect of Ce is more remarkable on ®6 than on Qf. The
combination of Ce ion and Mo-based polyacids is expected to be ad-
vantageous for similar viruses such as influenza and COVID-19.

For this study, the advantage of W for antiviral activity by film
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Fig. 4. Results of antiviral activity against ®6 for prepared powders ((a) and (b)) and oxide reagents ((c) and (d)): (a) and (c), film adhesion method; and (b) and (d),

dissolved ion contact method.
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Fig. 5. Photographs of the change of plaque number for ®6 by film adhesion
method.

adhesion method (LMWO > LMO) is remarkable. However, a different
trend was obtained when dissolved ion contact method
(LMO > LMWO) was used. The dissolved ion amount for LMWO is
much smaller than that of LMO, probably because of the decrease of the
atomic ratio of Mo with high solubility. Near the powder surface, the
ion concentration increases. For that reason, the effect of direct contact
of the virus to the surface becomes remarkable; LMWO exhibited higher
antiviral activity than LMO by film adhesion method. Therefore, if the
direct contact situation between powder and virus is designed effec-
tively, then W addition might also be effective for increasing antiviral
activity against 6.

Fig. 5 displays photographs of the change of plaque number for ®6
that occurs when using film adhesion method. The number of plaques
was decreased remarkably. Almost all plaques were eliminated by
LCMO within 6 h.

3.3. Antibacterial activity

Fig. 6(a) and (b) presents results of antibacterial activity against E.
coli for prepared powders (Fig. 6(a)) and for oxide reagents (Fig. 6(b)).
The activity order for the prepared powders was LMO > LCMO =
LMWO. That for oxide reagents was MoO3 > La;O3; > WO3, CeOs,.
Antibacterial activity was not obtained from WO; or CeO,.

Several studies have examined the antibacterial activity of La;O3
[53-55]. The mechanism was attributed to nutritional inhibition by the
absorption of phosphoric acids [54,55]. Actually, LMO exhibited higher
activity than that of either La;O3 or MoO3, which suggests synergic
effects of La and Mo. We conducted alkaline phosphatase (ALP) enzyme
inactivation testing to investigate the antibacterial activity mechanism.
Detailed experiment procedures were described in Supporting informa-
tion. The ALP is a kind of enzyme protein with a higher-order structure
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formed by three-dimensional combinations of long molecular chains of
20 amino acids. When a change of the molecular interaction from some
external cause distorts the higher-order structure, protein functions
degrade and deactivate [56]. The result is portrayed in Fig. 7. This
figure presents the antibacterial activity rate (log;o(N/Ny)/h) against S.
aureus. Results show that MoOs, La;03, LMWO, LCMO, and LMO pro-
vided high ALP inactivation rates. This trend roughly corresponds to the
antibacterial activity rate, which implies that inactivation of the en-
zyme proteins such as ALP is one mechanism of antibacterial activity
for these powders. Sunada et al. investigated the antiviral performance
of Cu,0 and demonstrated that Cu,O possesses ALP enzyme inactiva-
tion activity [57,58]. They inferred the antiviral performance of their
materials as derived from this activity because the outer part of the
virus is made of protein. Some are proteins necessary for adsorption and
release to host cells. Therefore, the ALP inactivation activity of these
samples is expected to contribute to their antiviral activity.

Fig. 6(c) and (d) respectively presents results of antibacterial ac-
tivity against S. aureus obtained for the prepared powders and oxide
reagents. The activity order for the prepared powders was LMO >
LCMO = LMWO. That for oxide reagents was MoO3; > LayO3; > WOs3,
CeO,. Antibacterial activity was not exhibited by either WO3; or
Ce0,.These trends are almost identical to that found for E. coli, which
suggests that substitution of Ce or W for the part of LMO is ineffective
for antibacterial activity improvement. However, both LCMO and
LMWO retain a certain degree of antibacterial activity (three order
decrease in 6 h). Fig. 8 displays the cytotoxicity test results for LMO,
LCMO, and LMWO. None of these powders possesses cytotoxicity. This
result was the same as that obtained from our previous study [18]. It is
noteworthy that various experiments can be used to assess the toxicity
of the materials. Further various experiments are necessary to confirm
the cytotoxicity of these materials.

The dissolved amount of ions from prepared powders is greater than
that for oxidized silver (Ag»0, 0.86 pmol/1 [59]), but less than that for
MoOs. All these powders are white (LMO and LMWO) or light yellow
(LCMO). The probability of spoiling design is low. Although MoOs3 is
effective for antiviral and antibacterial use in the initial stage, its ac-
tivity is expected to deteriorate quickly because of its high solubility.
Actually, La-based complex oxides such as LMO, LCMO, and LMWO are
difficult to deactivate. For that reason, they retain their activity longer
than MoOj, releasing Mo-polyacids slowly with higher amounts of
minimal inhibitory concentration (MIC) value (0.17-1.7 pmol/1 for E.
coli [60]).

This study indicated LCMO as the most promising material with
high antiviral activity against ®6. We confirmed that this material
possesses not only antiviral and antibacterial properties but also hy-
drophobicity similar to that of LMO (see Figs. SI-10, SI-11, and SI-12 in
Supporting information). Because of its hydrophobicity, this complex
oxide is expected to have good affinity with organic compounds. It is
noteworthy that the method of measuring antiviral and antibacterial
properties used for this study does not include the contribution of
materials' hydrophobicity. Several earlier studies demonstrated the
benefits of hydrophobicity for antiviral and antibacterial performance
[61-63]. Detailed investigations of the relations between hydro-
phobicity and antiviral or antibacterial performance of this material
must be undertaken in future work.

Unlike LMO, LCMO has a UV-shielding property that originated in
Ce [64-66] (Fig. 9). However, photocatalytic decomposition activity
was not obtained from this material. Therefore, this material might be
applicable to UV shielding coatings for windows or cosmetics.

4. Summary

For this study, we partially replaced La and Mo of La,Mo0,09 (LMO)
by Ce or W. We then investigated their antiviral and antibacterial
properties using Qf, @6, E. coli, and S. aureus. The powdered sample
was prepared using polymerizable complex method. The obtained
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powders, which were almost single phase, exhibited both antiviral and
antibacterial performance. The dissolved ions strongly affect antiviral
activity against Qf. A certain contribution of direct contact between the
powder surface and virus was inferred, aside from the effects of dis-
solved ions for antiviral activity against ®6. Results suggest that Mo and
W form polyacids in the solution. Partial substitution of Ce for La im-
proved the antiviral activity against ®6. All prepared powders in-
activated ALP enzyme proteins, suggesting that one mechanism ac-
counts for their antiviral and antibacterial performance.
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