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Because of the need for new antifungal materials with greater potency, microcrystals of a-Ag,WO,, a
complex metal oxide, have been synthetized by a simple co-precipitation method, and their antifungal
activity against Candida albicans has been investigated. A theoretical model based on clusters that are
building blocks of a-Ag, WO, has been proposed to explain the experimental results.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metal tungstates belong to an important family of inorganic
materials that contain a combination of covalent, ionic, and metal-
lic bonds, making them suitable for various technological applica-
tions. Among them, silver tungstate (o-Ag;WOQ,), presents a
complex three-dimensional structure. At the atomic level,
o-Agr WO, can be described as a network of octahedral [WOg], pen-
tagonal bipyramid [AgO-], octahedral [AgOg], tetrahedral [AgO4],
and angular [AgO-] clusters, that act as the building blocks of o~
Ag,WO0,, and a weak crystal field is found [1]. a-Ag,WO, has
attracted considerable attention in recent years owing to its ability
to induce degradation of organic pollutants under UV light irradi-
ation [2], for inducing water splitting to H, and O, under UV light
in the presence of CH;OH and AgNOs [3], and for exhibiting visible-
light photocatalysis [4-6]. It is also used to produce catalysts [7,8]
and light-emitting diodes and gate dielectrics [9]. In addition, it
also exhibits photoluminescence activity [10-13].

In a recent study, we evaluated the great potential of o-Ag, WO,
nanorod-like structures as novel ozone gas sensors with good sensi-
tivity to low ozone concentrations as well as good stability, fast
response, and short recovery time [14], and we analyzed facet-
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dependent photocatalytic and antibacterial properties in o—Ag,WO,4
crystals [15]. Further, in many branches of the biomedical field, a
current challenge is the synthesis and application of complex metal
oxides with enhanced properties with respect to conventional mate-
rials. To the best of our knowledge, the antifungal properties of
o-Ag> WO, microcrystals have never been evaluated to date. Recently,
there has been a dramatic increase in the frequency of systemic fun-
gal infection, and in particular, Candida albicans (CA) is a major
human pathogen that causes local and life-threatening systemic
infections [ 16]. Therefore, the discovery of new antifungal materials
with greater potency against CA is becoming not only a hot research
subject but also a compelling challenge.

In this communication, o-Ag, WO, microcrystals required for this
study were synthesized by a simple co-precipitation method. These
microcrystals were structurally characterized by X-ray diffraction
(XRD), the morphological aspects were investigated by field-
emission scanning electron microscopy (FE-SEM) images, and the
antifungal action of the microcrystals against CA was evaluated.

2. Materials and method
2.1. Synthesis of «-Ag,WO0, microcrystals

All the chemicals used were analytical-grade reagents without
further purification. Silver tungstate o-Ag,WO, microcrystals were
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obtained by the co-precipitation method with polyvinylpyrroli-
done (PVP) (Vetec) as surfactant. The synthesis procedure is
described as follows: Separately, 1 mmol of sodium tungstate dihy-
drate (Na,WO0,-2H,0) (99.5% purity, Synth), and 2 mmol of AgNO3;
(99.8% purity, Sigma Aldrich) with 0.1 g of PVP were dissolved in
50 mL of deionized water. The two solutions were kept under con-
tinuous stirring and heated up to 70 °C. Then, the AgNO; solution
was quickly added to the tungstate solution and the temperature
was kept at 70 °C for 10 min. The resultant dark grey precipitates
were naturally cooled to room temperature, washed with distilled
water and acetone and dried at 60 °C for 24 h.

2.2. Characterization of a-Ag; WO, microcrystals

o-Ag,WO, microcrystals were structurally characterized using
XRD patterns obtained using a D/Max-2000PC diffractometer
Rigaku (Japan) with Cu Kot radiation (A = 1.5406 A) in the 26 range
10-70° by a scan rate of 2°/min. Morphology (shapes and sizes) of
the microcrystals was studied with a FE-SEM model Inspect F50
(FEI Company, Hillsboro, OR), operated at 5 kV.

Photocatalytic selective oxidation of Rhodamine was performed
in a 100 mL Pyrex glass bottle under the irradiation of ultraviolet
visible light. Controlled photoactivity experiments using different
radical scavengers (ammonium oxalate as scavenger for photogen-
erated holes, AgNOs as scavenger for electrons, benzoquinone as
scavenger for superoxide radical species, and tert-butyl alcohol
for hydroxyl radical species) were added to the reaction system.

2.3. Antifungal effect of the synthesized «-AgoWO0, microcrystals

To evaluate the antifungal effect of the synthesized microcrys-
tals, the minimum inhibitory concentration (MIC) and the mini-
mum fungicidal concentrations (MFC) for action against
planktonic cells were determined using a broth microdilution
method as described by Clinical and Laboratory Standards Institute
(CLSI), document M27-A3 [17]. MICs were determined as the con-
centrations of a-Ag; WO, solution at which there was no visible
growth, and the MFC values were defined as the lowest concentra-
tions resulting in no growth on plates [18]. A standard strain of CA
from the American Type Culture Collection (ATCC 90028) was
used. To prepare the inoculum, CA was streaked onto Sabouraud
Dextrose Agar (SDA, Himedia, Mumbai, India) containing 5 pg/mL
gentamicin and incubated at 37 °C for 48 h. One loopful of this cul-
ture was transferred to 10 ml of RPMI-1640 culture medium
(Sigma Chemical, St. Louis, MO) and incubated in an orbital shaker
overnight at 37 °C and 75 rpm. Thereafter, CA cells were harvested
by centrifugation at 4000g for 5 min, washed twice with
phosphate-buffered saline (PBS, pH 7.2) and resuspended in a
RPMI-1640 medium to 10”7 CFU/mL by adjusting the optical density
of the suspension to 0.6 at 540 nm.

MIC and MFC were determined by incubating CA in 96-well
microtiter plates containing 100 pL of the o-Ag,WO, solution
(serial 2-fold dilution in RPMI-1640 medium from 1000 to
1.95 pg/mL). Inoculated RPMI-1640 medium, without the micro-
crystal solutions, was used as positive controls and uninoculated
RPMI-1640 medium as negative controls under identical experi-
mental procedures. To establish the MFC values, aliquots from ten-
fold serial dilution (10~! to 10~4) of each well were inoculated
(25 pL) on SDA plates, in duplicates, and incubated for 48 h at
37 °C. Then, the colony-forming units per milliliter (CFU/mL) were
calculated and log; transformed. All experiments were performed
independently in triplicate. Since the assumptions of normality
and homoscedasticity were found, a parametric one-way ANOVA,
followed by multiple pairwise comparisons (post hoc Tukey’s test),
were used to analyze the data (P = 0.05).

FE-SEM was used to observe morphological changes of C. albi-
cans when exposed to the silver tungstate microcrystals. For this
analysis, C. albicans suspensions were inoculated onto polystyrene
disks cut to loosely fit in a 24-well microplate (Orange Scientific,
Belgium). After 90 min, the medium was aspirated and the non-
adherent cells were removed by washing twice with 2 mL of PBS.
Ag>,WO, microcrystal solution (0.0312 mg/mL) was then added to
the wells, and incubated for 24 h at 37 °C. Controls were polystyr-
ene disks inoculated with C. albicans for 24 h at 37 °C, without
microcrystal solution. Thereafter, the disks were fixed in 4%
paraformaldehyde for 4 h at room temperature, dehydrated with
a growing ethanol series (70% ethanol for 10 min, 95% ethanol for
10 min and 100% ethanol for 20 min), and dried for 1 h. Then, the
disks were mounted onto stubs and sputter coated with gold
before analysis.

3. Results and discussion
3.1. X-ray diffraction

Fig. 1 shows the XRD pattern of the as-synthetized a-Ag,WO,
and the pure orthorhombic o-Ag, WO, (Inorganic Crystal Structure
Database, ICSD, card no. 34-61) indicating that the sample was
composed of a single phase only.

3.2. FE-SEM image analyses

The morphology of the sample obtained is shown in Fig. 2. As
shown by FE-SEM analysis, the o-Ag,WO, microcrystals has an
agglomerate nature and a rod-like elongated shape with length
of nearly 1 um, width of 140 nm and a thickness of approximately
120 nm. The upper right inset is a high magnification FE-SEM
image of the sample.

3.3. Antifungal effect of the synthesized «-Ag>WO,4 microcrystals

A MIC value of 0.0625 mg/mL was obtained for microcrystals.
This concentration of a-Ag,WO, microcrystal also inhibited com-
pletely the colony growth of CA (MFC = 0.0625 mg/mL). The statis-
tical analysis results showed significant effect for the factor
concentration (P =0.0). A significant reduction (P < 0.05) of log;o
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Fig. 1. X-ray pattern for a-Ag,WO, (a) synthesized by co-precipitation method in
this work (blue color), and (b) ICSD no. 34-61 (red color). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. FE-SEM images of a-Ag,WO, synthesized by co-precipitation with PVP as
surfactant. Inset shows the particle morphology with rod-like shape.

CFU/mL values compared to control (from approximately 8 log;o
CFU/mL to 5.4 log;o CFU/mL) was observed at concentrations start-
ing at 0.00098 mg/mL.

At the half of MIC/MFC value (0.03125 mg/mL), yeast growth
was also significantly reduced to approximately 3 log;qo CFU/mL
(Fig. 3).

Panacek et al. [19] evaluated the antifungal activity of the silver
nanoparticles (NPs) against pathogenic Candida spp. For the two
clinical strains of C. albicans, MIC values were 0.21 mg/L and
0.42 mg/L, showing that the NPs had either comparable or better
effects than the tested commercially available antifungal agents
(amphotericin B, itraconazole, and fluconazole), with MIC values
ranging from ~0.5 mg/L to 1.5 mg/L. It was also found that the
NPs killed all of the tested yeasts, but at a higher concentration
(MFC =27 mg/L). More recently, silver nanoparticles were biosyn-
thesized using plant leaf extract and tested for their antifungal
activity [20]. The MIC and MFC values of the silver nanoparticles
against the same C. albicans strain used in the present work (ATCC
90028), were 60 pg/mL and 120 pg/mL, respectively. It is impor-
tant to emphasize that, while pure silver nanoparticles were eval-
uated in the cited studies, in the present investigation a compound
containing silver (Ag,WO,4) was used. MIC and MFC values were
coincident (0.0625 mg/mL). Based on molecular weight of each
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Fig. 3. Summary of log;o CFU/mL values obtained for the concentrations of the o-

Ag,WO,. Different capital letters denote significant difference (P < 0.05) according
to the post hoc test.

component, the amount of silver present on the Ag,WO, micro-
crystals, at the MIC/MFC concentration, was calculated as being
0.000029 mg/mL. Thus, when Ag,WO, microcrystals are used, the
concentrations of silver is dramatically lower as compared to those
reported in literature [19,20]. Consequently, Ag, WO, microcrystals
presented here have far lower propensity to induce cytotoxic effect
to mammalian cells [21].

As mentioned above, a-Ag,WO, is formed by octahedral [WOg],
pentagonal bipyramid [AgO,], octahedral [AgOg], tetrahedral
[Ag04], and angular [AgO;] clusters. In this structure, the Ag-O
and W-0 bonds, and 0-Ag-O and O-W-O bond angles are free to
stretch/shorten and bend, respectively, resulting in the variation
of bond lengths and angles, as well the rotations of the [AgOy]
(y=2, 4,6, and 7) and [WOg] clusters, which are responsible for
the electronic structure of Ag;WO, phases. Therefore, an important
impact on crystal field can be sensed as well as in the dipoles and
electronic band structures, thereby influencing the behaviors of
photogenerated charge carriers, including excitation, transfer,
and redox reaction, in whole photocatalytic process [4,10,22]. This
is due to the fact that the clusters rotations influence the Ag-O and
W-0 bond lengths as well as the Ag-O-Ag and W-O-W bond angles
due to the shift of the oxygen ions from the edges of the ideal
structures. Subsequently, the relative positions of O, W, and Ag
atoms are variable.

Based on this behavior, our model for o-Ag,WO, crystals is
composed of by different types of distorted clusters ([WOg]q,
[AgO7]4, [AgO0¢la, [Ag04)a, and [AgO,]q) and ordered clusters
([WOglo, [Ag07]o, [Ag0slo, [Ag04lo, and [Ag0:]o) [23]. a-Ag>WO4
is a semiconductor with a band gap of about 3.1 eV, so it cannot
be activated by visible light. Therefore, other characteristic is also
very important for improve the activity, such as intrinsic defects
in the lattice that are capable to produce intermediary levels
between the valence band and the conduction band. These struc-
tural defects, which are caused by distorted [WOg]a/[AgOyla
(y=2,4,6,and 7) clusters, can polarize the lattice and lead to elec-
tronic transitions between disordered [WOs);/[Ag0,]; and ordered
[WOs), /[Ag0,]} clusters. Interestingly, different morphologies will
have different exposed facets which in turn modulate the antifun-
gal behavior of the material [15]. In our case, the exposed faces of
a-Ag,WO, are (010), (100),(001),(101),(110) and (011), and it
is important to note that the (001) and (101) exposed faces are O-
and Ag-terminated and they are the most stable surfaces of o-
AgoWO, [24]. The highest activity of (001) and (101) surfaces
can be attributed to the overall arrangement of Ag atoms in these
planes and the sub-layer, which could probably result in favorable
electronic interactions, creating a site for substrate binding for O,
and H,0 and the subsequent formation of reactive radicals [15].
Based on these assumptions, the following processes can occur in
o-Ag, WO, crystals, as expressed by the Egs. (1)(8).

[Ag0,]; + [Ag0,]; — [AgO,], — [AgO,], (M
wherey=2, 4,6 and 7.

(WO + [WOs]; — [WOg], + [WOs]; 2)
[WOg], + [WOe]; + 02 — [WOg]; + [WO]; ... O 3)
[WOs], + WOs];; + H20 — [WOg)) + [WOg], . ... OH 4 +H' 4)

[WO6l; + [WOGl; . .. Oyas) + H' — [WOg]; + [WOgJ; + 0H' 5)

ads

[Agoy]:) + [Agoy}d +0; — [Agoy]: + [Agoy}d s OIZ(ads) (6)

A0, ], + [AgO,]; + Ho0 — [AgO,], + [AgO,]}...OH}py + H  (7)
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[4g0y], + 0, —> 0,

-> OH + H

WO, +0, —> 05

+ H,0 -> OH + H

Fig. 4. A Schematic proposal for the mechanism of action of a-Ag;WO,. The octahedral [WOg] (in grey, green and yellow), pentagonal bipyramid [Ag0O-] (in blue), octahedral
[AgOg] (in golden), tetrahedral [AgO,4] (in red), and angular [AgO,] clusters, as constituents building blocks of a-Ag, WO, are depicted. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. FE-SEM of C. albicans cells incubated without (a) and with the Ag,WO, microcrystals (b). H: hyphae. White arrows: morphological changes of C. albicans cells.

(8)

In these equations, the superscript x indicates neutral clusters,
(") the cluster with one electron, (.) the cluster with one hole,
and (*) reactive radicals. Thus, we assume that the defects on the
crystal surface with presence of under coordinated Ag atoms with
respect to the ideal (ordered) cluster as well as the electronic struc-
ture of these disordered [WOe]; and [AgO,], and ordered [WOs], and
[AgOy]:7 clusters play an important role in the production of OH* and
0,H* radicals, which are the most oxidizing species in these chem-
ical reactions that kill CA. Fig. 4 shows a pictorial representation of
our proposed model.

The photocatalytic procedure shows that semiconductor inter-
action with water and oxygen results in high concentration of
the peroxide radical relative to the hydroxyl radical bactericidal
activity.

FE-SEM images show that the untreated C. albicans cells (con-
trol) preserved their normal morphology (Fig. 5a), with cell aggre-
gates and presence of hyphal cells. In contrast, C. albicans cells
exposed to the Ag,WO, microcrystals showed irregular surface
and shriveled appearance, with absence of hyphae cells. It is
known that C. albicans can switch morphology from yeast to pseu-

[Ag0,]" + [AgO, ], ... Oy 0 + H — [AgO,]) + [AgO, ], + O,H

dohyphal or hyphal form [25]. This ability to switch between mor-
phologies is often considered a major virulence factor, since hyphal
cells are responsible for infection in the host and are able to invade
tissues [18].

4. Conclusions

o-Ag> WO, microcrystals were successfully obtained by using a
rapid, cost-effective method, namely, the co-precipitation method.
We described a systematic investigation on the antifungal activity
of a-Ag,WO, against CA. The as-synthesized microcrystals were
capable of inactivating and killing the CA cells at a concentration
of 0.0625 mg/mL. Moreover, exposure to sub-inhibitory concentra-
tions of the microcrystals yielded a reduction in the number of
viable cells by more than 5 log;o CFU/mL, demonstrating that o-
Ag>,WO0, has great potential as an antifungal agent. Reactive oxy-
gen species (ROS) apparently played a major role in cell death.
The electronic properties of a-Ag,WO, are to be strongly depen-
dent on the distortions of the crystal lattice, such as Ag-O and
W-0 bond distances, and 0-Ag-O and O-W-O bond angles, and
deformations of the [WOg] and [AgOy] (y =2, 4, 6 and 7) clusters,
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as building blocks of a-Ag,WO,. A theoretical model based on the
distortions of these clusters has been proposed to explain the
experimental results; this model denotes a shift in the conceptual-
ization of the role of o-Ag,WO, microcrystals in biological systems,
indicating that the crystal structure plays an important role. We
believe that the results presented herein offer new insights regard-
ing the various parameters that dictate the antifungal activity of o-
Ag,WO0,. In future, the possibility of a broad spectrum of interac-
tions between these complex metal oxides and antifungal systems
can be explored.
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