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The present study reports the synthesis, characterization, and antibacterial properties of silver trimolybdate (Ag,Mo03040.2H,0)
nanorods. The synthesis was performed using a conventional hydrothermal method. The sample was characterised by scanning
electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, UV-Vis-NIR diffuse
reflectance, thermogravimetric analysis (TGA), and differential scanning calorimeter (DSC). The direct antibacterial activity was
evaluated using the microdilution method to determine the minimum inhibitory concentration (MIC). To assess the ability of
Ag,M03010.2H,0 nanorods to modulate antibacterial resistance, the MIC of aminoglycosides was established in the presence of a
subinhibitory concentration of this substance alone and associated with LED light exposure. The characterization of the sample
indicated that the synthesis of silver trimolybdate generated nanometric crystals with rod-like morphology, without secondary
phases. The treatment with Ag;M030;0.2H,0 nanorods alone or combined with visible LED lights exhibited clinically relevant
antibacterial activity against both Gram-negative and Gram-positive bacteria. This nanostructure presented a variable antibiotic-
modulating action, which was not improved by visible LED light exposure. Nevertheless, LED lights showed promising antibiotic-
enhancing activities in the absence of Ag,M050,,.2H,0 nanorods. In conclusion, silver trimolybdate dihydrate nanorods have
antibacterial properties that can be photocatalysed by visible-light exposure. While showing the potential use to combat an-
tibacterial resistance, the simultaneous combination of silver trimolybdate, visible LED lights, and antibacterial drugs should be
carefully analysed to avoid antagonist effects that could impair the effectiveness of antibiotic therapy.
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1. Introduction

The molybdates, a group of inorganic substances belonging
to the family of transition-metal oxides, are formed by
combining the [M0O,]*” ion with different cations. Studies
have demonstrated that these substances present unique
physical properties such as ferroelasticity and ferroelec-
tricity, making them suitable for synthesising substances
with various sizes, morphologies, and applications [1].

Accordingly, metallic molybdates with variable chemical
and structural characteristics have been synthesised and
assessed for biological activities in different fields of in-
vestigation [2, 3]. In this context, silver molybdates such as
Ag,MoQO,, Ag,Mo0,0,, and Ag,Mo;0;, can be obtained as
crystalline structures by combining molybdenum anions
with silver cations. Importantly, consistent evidence has
demonstrated that these compounds present remarkable
antibacterial properties, which indicate that they have the
potential to be used in targeted drug development to
overcome bacterial resistance [4-6].

These nanoscale material systems have been highlighted
in several scientific studies as a possible alternative to combat
resistant microorganisms, since they have a very small size,
but a large surface area, and are able to improve the delivery
of drugs in specific tissues. These characteristics lead to
increased efficacy and decreased adverse effects of antimi-
crobials by controlling the dosage and time of action [7].

The discovery of novel compounds with bactericidal and
bacteriostatic properties has gained increasing attention as
the rise of bacterial resistance to conventional antibiotics has
impaired the treatment of both community and hospital
infections [8]. Also, researchers have developed new strat-
egies to potentiate the activity of antibiotics against resistant
bacteria, including the association of conventional drugs
with new chemical entities and light-emitting diode (LED)
lights [9, 10]. In this context, previous research has dem-
onstrated that silver molybdates present a photocatalytic
activity [11]. Accordingly, it was reported that -Ag,MoO,
exhibited potent photocatalytic activity concerning the
degradation of ciprofloxacin, which might be related to the
absorption of visible UV light [12].

The WHO (World Health Organization) encourages the
governments of various countries to support studies for the
development of effective and low-cost antibiotics, since the
pharmaceutical industry has encountered scientific and
economic difficulties during the development of these drugs
[13]. Therefore, considering the evidence that silver mo-
lybdates could modulate bacterial resistance [14-16], this
study aims to investigate the antibacterial, antibiotic-en-
hancing, and photocatalytic activities of silver trimolybdate
dihydrate (Ag,Mo03010.2H,0) nanorods against resistant
strains of Staphylococcus aureus and Escherichia coli in as-
sociation with visible LED lights.

2. Materials and Methods

2.1. Synthesis and Characterization of Ag,Mo30;0.2H,0
Nanorods. Silver trimolybdate dihydrate (Ag,Mo301,.
2H,0) nanorods were synthesised using a simple
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hydrothermal method, as described previously [17]. In brief,
0.1062 g of silver nitrate (AgNO3) and 0.2194 g of ammo-
nium heptamolybdate tetrahydrate ((NH4)sMo0,0,4.4H,0)
were dissolved in 20 mL of deijonised water. These solutions
were then mixed, and the pH was adjusted to 2 with HNOs.
The resulting solution was transferred to a 50 mL Teflon-
lined stainless autoclave and maintained at 140°C for 6 h. The
yellowish precipitates were repeatedly washed with deion-
ised water using a centrifuge at 3600 rpm for 15 minutes and
dried in an air oven at 70°C for 12h.

The morphological aspects of the samples were analysed
by scanning electron microscopy (SEM). The SEM images
were obtained using a Tescan Vega 3 SBU scanning electron
microscope. The structural characterization was performed
by X-ray diffraction (XRD) using a Mini-Flex Rigaku dif-
fractometer equipped with Cu Ka (A =1.5418 A) radiation in
the 20 range of 10°-80°, with a step size of 0.02° and a count
time of 2 s/step. Fourier transform infrared (FTIR) spectra
were taken from 4000 to 450 cm™' using KBr pellets as a
reference using a Perkin Elmer Spectrum Two spectro-
photometer in transmittance mode. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
data were obtained using a simultaneous thermal analysis
equipment, STA 449 F3 Jupiter by Netzsch. A heating rate of
10°C-min~" was selected to measure the sample under a
stream of nitrogen (100 mL-min™"), between 25 and 600°C,
using ALL,O; open capsules. The UV-Vis-NIR diffuse re-
flectance measurements were performed using a Shimadzu
UV-3600 spectrophotometer equipped with an integrating
sphere accessory (model ISR-3100). Diffuse reflectance
analysis was used to estimate the band gap of the compound.

2.2. Antibacterial Activity Analysis. The standard (E. coli
ATCC 25922 and S. aureus ATCC 25923) and multidrug-
resistant (S. aureus 10 and E. coli 06) bacterial strains used in
this study were provided by the Laboratory of Microbiology
and Molecular Biology (LMBM) from the Regional Uni-
versity of Cariri (URCA). The antibiotics amikacin and
gentamicin, as well as all reagents used in the tests, were
purchased from Sigma Chemical Co. (St. Louis, USA). All
drugs were diluted in distilled water to an initial concen-
tration of 1024 yg/mL.

The MIC of each drug was determined using the broth
microdilution method. All strains were cultured in a heart
infusion agar (HIA) solid medium for 24 h at 37°C. Samples
were transferred from the solid medium to test tubes
containing sterile saline, and turbidity was assessed using a
value of 0.5 on the McFarland scale. Each inoculum was
prepared with 10% BHI (brain heart infusion) to obtain a
dilution of 1: 9. Next, 100 yL of inoculum in the medium was
transferred to wells on a 96-well plate with 100 4L of the
drugs at concentrations ranging from 512 to 8 yg/mL, fol-
lowed by incubation at 37°C for 24 h. Wells containing only
the inoculum in BHI were used as a growth control [18-20].
After incubation, 20 uL of 0.01% sodium resazurin solution
was added to each well, followed by incubation for 1h at
room temperature. A change in the color of the solution
from blue to red indicated bacterial growth. The MIC was
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defined as the lowest concentration capable of inhibiting
bacterial growth [21]. All experiments were carried out in
triplicate.

2.3. Analysis of Antibiotic Resistance Modulation by
Ag>Mo050;0.2H,0 Nanorods. The antibiotic-enhancing ac-
tivity was evaluated using the methodology described by
Coutinho and collaborators [19]. To this end, the bacterial
inocula were prepared in BHI as described above, and
AgrMo05010.2H,0 nanorods were added at a subinhibitory
concentration (equivalent to its MIC: 8 yg/mL). All wells on
a 96-well plate were filled with 100uL of this solution,
followed by adding 100 4L of each antibiotic at concentra-
tions ranging from 512 to 0.5 ug/mL. The MIC of each drug
was determined, and the occurrence of synergism was
interpreted as an enhanced antibiotic activity. Experimental
controls and readings were performed as previously
described.

2.4. Evaluation of Antibiotic-Modulating Activity in Associ-
ation with LED Light Exposure. A light emitting diodes
(LEDs) device (NEW Estética®) was used in the experi-
mental protocols. This device allows illuminating the sam-
ples with red (620 nm), yellow (590 nm), and blue (415 nm)
colored light and also a combination of these colors; the
wavelength is predetermined by the apparatus.

To evaluate the effect of LED light exposure on bacterial
growth on antibacterial activity modulation, cultures and
treatments were carried out as previously described. The
plates were exposed to either blue, red, or yellow light for
20 min and then incubated at 37°C for 24 h. Plates without
LED light exposure were used as experimental controls. The
readings were performed as described before.

2.5. Statistical Analysis. Data are expressed as mean-
+standard deviation, and differences were evaluated
through analysis of variance (ANOVA) followed by Bon-
ferroni’s post hoc test using the GraphPad Prism 6.0 soft-
ware. The differences with p<0.05 were considered
significant.

3. Results and Discussion

Morphology of the as-prepared Ag,Mo0;01,.2H,0 nanorods
was evaluated by the SEM technique. Figures 1(a) and 1(b)
show the SEM images of the sample in low and high
magnifications, respectively. Figures 1(a) and 1(b) show that
the material formed has unique straight rod-like structures
without links between rods. In addition, the as-prepared
material presented high morphology homogeneity. Amor-
phous materials or aggregates were not detected, confirming
that the synthesis procedure using the hydrothermal method
resulted in a sample of excellent purity and quality. The
diameter size distribution histogram (Figure 1(c)) of the
nanorods shows that the average diameter size obtained is
136 nm (range of 54-350 nm).

The XRD pattern of the samples obtained in the present
study is shown in Figure 2. The crystalline nature of the
AgrMo05010.2H,0 nanorods was confirmed by XRD anal-
ysis. The respective positions of diffraction peaks in the XRD
pattern found are in good agreement with the results re-
ported by the Inorganic Crystal Structure Database (ICSD)
N° 162219, indicating the formation of Ag,Mo0;0,0.2H,0
crystals with orthorhombic structure and space group Dj>
(Pnma), without secondary phases. The sharp and well-
defined diffraction peaks indicated a high degree of struc-
tural order and crystallinity at the long-range, proving the
effectiveness of the synthesis method employed in this work.

The FTIR spectrum of Agy;Mo03040.2H,0 nanorods at
atmospheric conditions in the spectral range between 4500
and 450 cm ™' is shown in Figure 3. The vibrational bands
between 500 and 1000 cm ™" were assigned to the stretching
modes of Ag,Mo0;0,0.2H,0. The peak around 1625 cm™!
and the broadband between 3000 and 3500 cm—1 were at-
tributed, respectively, to the bending and stretching vibra-
tions of the H,O molecules, both connected to
AgrMo05010.2H,0 (crystallised water) and adsorbed on the
surface of the nanorods. The relative positions of all infrared
modes of silver trimolybdate dihydrate nanorods are con-
sistent with the literature data, confirming the results of the
XRD analysis [17].

Figure 4 shows the mass changes and heat flow rate of the
thermal modifications of Ag;M050;¢.2H,0 nanorods de-
termined by thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) techniques. Following
the characterization of the Ag,Mo030,0.2H,0 nanorods, the
DSC analysis shows four events (Figure 4). The first en-
dothermic event occurs at temperatures below 100°C and
corresponds to the loss of adsorbed water on the surface of
the nanorods. The second endothermic event occurs at
approximately 250°C and corresponds to the loss of crys-
tallised water in the sample. A third event is observed at
around 335°C and indicates a structural phase transition of
AgrMo05010.2H,0. The last endothermic event occurs at
about 530°C, corresponding to the decomposition of the
sample. Two distinct mass loss steps were detected in the
TGA curve. The first thermal event, around 65-120°C, with a
mass loss of 0.5%, is attributed to the loss of adsorbed water
on the surface of the nanorods. The second thermal event,
which occurs between 230 and 70°C, with a mass loss of
0.5%, corresponds to the loss of crystallised water in the
AgrMo05010.2H,0 nanorods. The DSC and TGA results are
in excellent agreement and indicate that the sample has a
wide range of thermal stability and, as such, can be used in
thermal processes that involve the production of antibac-
terial composites.

The energy gap (E,,,) of Ag;M03040.2H,0 nanorods can
be estimated by extrapolating the linear part of Kubel-
ka-Munk function, which is the ratio between the ab-
sorption and scattering factor from the optical diffuse
reflectance spectrum [22]. Based on UV-visible diffuse re-
flectance measurements, a plot of (F(R)h»)"? versus photon
energy (hv) is shown in Figure 5, where it can be seen that
AgrMo05010.2H,0 nanorods present a band gap energy
(Egap) of about 2.80 eV. The Eg,, obtained is similar to that
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FIGURE 1: (a) Low and (b) high-magnification SEM images of Ag,M030,0.2H,O nanorods prepared by the hydrothermal method
(magnifications: (a) 2 kx and (b) 10 kx). (c) The diameter size distribution of the nanorods.
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FIGUrRe 2: X-ray diffraction pattern of the Ag,Mo;0;0.2H,0
nanorods obtained by the hydrothermal method.
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Figure 5: Diffuse reflectance ultraviolet-visible spectrum of
AgrM03040.2H,0 nanorods.
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TaBLE 1: Minimum inhibitory concentration (MIC) of Ag,Mo050;,.2H,0.

Treatment E.C ATCC 25922 S.A ATCC 25923 E.C 06 S.A 10

Ag,Mo30,0.2H,0 512 426.66 512 512

Ag;Mo030,0.2H,0 + blue light 853,33 682.66 >1024 >1024

AgrM03040.2H,0 + yellow light >1024 128 >1024 512

Ag,Mo30,0.2H,0 + red light >1024 512 >1024 >1024

S.A., Staphylococcus aureus; E.C., Escherichia coli. The MIC values are expressed in pg/mL.
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FIGURE 6: Minimum inhibitory concentration (MIC) of amikacin
and gentamicin alone or in the presence of Ag,Mo05;0;,.2H,0,
against multidrug-resistant strains of <i>S. aureus</i> and <i>E.
coli</i>. ****P <0.0001 indicates significant differences between
groups. Statistical significance was determined by one-way
ANOVA and Bonferroni’s post hoc test.

The antibacterial activity analysis results, given in Table 1,
demonstrated that silver trimolybdate alone exerted a
moderate action against standard and multidrug-resistant
strains of S. aureus and E. coli, with no significant variation
among these strains. Exposure to different LED lights
resulted in variable changes in the MIC of this compound.
While exposure to yellow light resulted in significantly in-
creased antibacterial activity of silver trimolybdate against
the standard S. aureus strain, it does not affect the activity of
this substance against the corresponding resistant strain. In
addition, all other combinations of LED lights and
Ag,Mo050,0.2H,0 nanorods showed antagonistic effects,
indicating decreased antibacterial activity. Therefore, only
yellow light was found to present clinically valuable results
concerning the modulation of silver trimolybdate antibac-
terial activity. It is worth mentioning that this is the first study
reporting the antibacterial activity of Ag,Mo;0,0.2H,0
nanostructures.

The antibacterial activity demonstrated by silver tri-
molybdate dihydrate is corroborated by previous studies
demonstrating a significant action of S-Ag,MoQO, crystals
against E. coli [16]. In addition, different compounds ob-
tained as silver molybdate crystals have demonstrated sig-
nificant activities against both Gram-positive and Gram-
negative bacteria [15], as well as against fungal strains [23].
However, the mechanisms of action underlying the anti-
bacterial effects of crystals containing silver atoms remain to

be fully characterised. Nevertheless, it has been suggested
that the chemical properties of these compounds favor their
interaction with the negatively charged peptidoglycan wall,
which could result in increased cell permeability, followed by
cell disruption and bacterial death [24]. In addition, since
bacterial cells present elevated concentrations of sulfur and
phosphorus, the binding of these compounds to organelles
containing these elements could lead to impaired cellular
respiration and DNA denaturation, resulting in inhibition of
crucial processes for bacterial growth [25]. Accordingly, Ali
and collaborators [26] reported that the antibacterial effect
of Ag-doped TiO, nanoparticles was associated with the
production of hydroxyl radicals, which mediated the for-
mation of pores in the bacterial cell membrane.

These results obtained are promising considering that
the pharmaceutical area is one of the most involved with the
study and development of nanoparticles, since they can
present different biological actions in the human body, ei-
ther by direct contact or by incorporation with other
products, being the main routes of entry into the body: the
skin (topical use), the lung (inhalation), and the gastroin-
testinal tract (ingestion) [27].

Concerning the events observed in the present study, the
generation of potent oxidative agents, including the superoxide
ion (Oy’), OOH* radicals, and hydrogen ions (He), could occur
as a consequence of electron-hole transfer in the bulk-surface
interface [16]. Therefore, oxidation of macromolecules such as
lipids, proteins, and nucleic acids could lead to significant
cytotoxicity [28]. Since Ag,Mo030;0.2H,0O nanorods present a
bandgap in the visible spectrum region (Figure 5), they can
absorb visible light, which in turn induces the formation of free
radicals generated by the transfer of electron-hole pairs on the
surface of the nanocrystals. Therefore, considering evidence
that this substance presents photocatalytic properties [17], we
analysed its antibiotic-enhancing properties associated with
exposure to visible LED light.

An analysis of the photocatalytic effect of LED lights in
association with Ag,Mo030,0.2H,0 nanorods demonstrated
that exposure to blue and red LED lights resulted in no
clinically useful modulation of the antibacterial activity. In
addition, some combinations resulted in antagonistic effects
that could be harmful in antimicrobial therapy. Neverthe-
less, exposure to yellow light resulted in significantly in-
creased antibacterial activity of silver trimolybdate nanorods
against the standard S. aureus strain. This finding corrob-
orated previous research showing that exposure to visible
light increased the activity of graphitic carbon nitride in-
corporated into silver nanoparticles against S. aureus [29].

Following the antibacterial activity analysis, this study
evaluated the ability of Ag,Mo030,0.2H,O nanorods to
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FIGURE 7: Minimum inhibitory concentration (MIC) of amikacin and gentamicin alone or in the presence of Ag;Mo030,4.2H,0 and blue (a),
yellow (b), or red (c) LED lights, against multidrug-resistant strains of S. aureus and E. coli. **** P < 0.0001 indicates significant differences
between groups. Statistical significance was determined by one-way ANOVA and Bonferroni’s post hoc test.

reverse bacterial resistance against amikacin and genta-
micin. As shown in Figure 6, the compound significantly
decreased the MIC of both antibiotics against the Gram-
negative strain. However, in the tests with S. aureus, the
association with a subinhibitory concentration of silver
trimolybdate nanorods caused no change in the MIC of
amikacin, besides increasing the MIC of gentamicin.
Therefore, these findings suggest that Ag,Mo03;0;¢.2H,0
nanorods reverted, at least partially, the degree of observed
resistance to aminoglycosides in E. coli, which was not
found in S. aureus.

The synergism observed in the association between the
silver trimolybdate nanorods and the aminoglycoside an-
tibiotics represent a promising finding in targeted research
for antibacterial drug development. Evidence has pointed to
a massive increase in antibacterial resistance in E. coli strains
[19]. In this context, chemical compounds containing silver
have attracted considerable attention in antimicrobial
therapy, as they exert a direct antibacterial activity associated
with minimal induction of antibacterial resistance [30].
According to Smekalova and collaborators [31], the inter-
action between silver atoms and the peptidoglycan layer is
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favored in Gram-negative strains due to its thinner and less
rigid structure than in Gram-negative bacteria. Thus,
according to this hypothesis, the interaction with the pep-
tidoglycan would facilitate the penetration of the amino-
glycosides, justifying their enhanced antibacterial activity
against E. coli.

As we demonstrated that LED light exposure differen-
tially modulated the antibacterial activity of silver trimo-
lybdate nanorods, which in turn presented antibiotic-
modulating properties in association with aminoglycosides,
this study investigated the antibiotic-modulating effects of
LED light exposure associated or not with Ag,Mo0;010.2H,0
nanorods (Figures 7(a)-7(c)). Exposure to the blue LED light
(A) potentiated the effects of gentamicin against both strains,
which was not found for amikacin. However, in the presence
of a subinhibitory concentration of Ag,Mo0;0;0.2H,0
nanorods, no improvement in antibiotic activity was ob-
served, and most associations resulted in antagonistic effects.
On the other hand, the yellow LED light (B) potentiated the
action of both antibiotics against E. coli, as well as potentiated
the action of gentamicin in front of S. aureus. However, in the
presence of Ag,Mo0501¢.2H,0, both drugs presented reduced
antibacterial activities against resistant strains of E. coli and
S. aureus. Finally, exposure to the red LED light (C) increased
the activity of amikacin and gentamicin against E. coli and
S. aureus, respectively. However, when simultaneously
combined with Ag,Mo0;0;0.2H,0 nanorods and irradiated
with the red light, both drugs had their MIC against S. aureus
increased.

Studies have indicated that the antibacterial and anti-
biotic-modulating activities of LED lights are due to pho-
todynamic inactivation of microorganisms that results from
the generation of reactive oxygen species as a consequence of
the interaction between the emitted light and the photo-
sensitising agent [32]. Therefore, the association of ami-
noglycosides with LED lights may represent a promising
strategy for treating skin infections caused by resistant
bacteria. Notably, the development of target research aimed
at optimising the applications of microorganism photo-
inactivation can significantly contribute to advances in
combined therapy for bacterial diseases [33].

The present study results show that different wavelengths
in the visible spectrum can potentiate the action of ami-
noglycosides against both Gram-positive and Gram-nega-
tive strains. However, the simultaneous association with
Ag,Mo05010.2H,0 nanorods seems to interfere with the
biochemical mechanisms involved in this phenomenon,
impairing antibacterial action. In addition, it has been
demonstrated that, due to the photocatalyst effect,
Ag,Mo05010.2H,0 nanorods can induce the degradation of
organic compounds such as strains, as well as the antibiotics
used. It is well known in the literature that the
AgrM05010.2H,0 nanostructured is an efficient visible-
light-driven plasmonic photocatalyst for the degradation of
glyphosate and rhodamine B dye, which shows high effi-
ciency in the degradation of organic compounds [17, 34].

Liu et al. [35] synthesised Ag,Mo;0;, 1.8H,0 with rod-
like structures by chemical precipitation, and after this
obtaining, Agl/Ag,Mo030,¢:1.8H,0 was subsequently formed.

In tests to evaluate the photocatalytic activity of this material,
efficient results in dye degradation were also obtained.

Thus, significant degradation of aminoglycosides could
justify the frequent antagonistic effects resulting from the
simultaneous association with Ag,M030;¢.2H,0 nanorods
and visible LED lights.

Other studies have already reported these photo-
catalytic effects of antibiotics, such as the degradation of
norfloxacin hydrochloride [36], gentamicin [37], and
amikacin [38], so it becomes increasingly important,
studies of synthesis and application of nanostructured
materials for environmental recovery, since the ineffi-
ciency of effluent treatment methods or even the absence
of these in municipalities, associated with the exacer-
bated consumption of antibiotics, contribute to the
ubiquity of these drugs in various environments, espe-
cially aquatic, increasing the proliferation of multidrug-
resistant bacteria and toxicity, which makes it essential,
the development of new efficient tools to degrade these
compounds [39].

4. Conclusion

The synthesis of Ag,M0;0;0.2H,0 nanorods using a simple
hydrothermal method generated nanometric crystals with
rod-like morphology. The treatment with silver trimolybdate
nanorods alone or combined with visible LED lights
exhibited clinically relevant antibacterial activity against
Gram-negative and Gram-positive bacteria. This nano-
material presented a variable antibiotic-modulating action,
which was not improved by LED light exposure. Never-
theless, visible LED lights showed promising antibiotic-
enhancing activities in the absence of Ag,Mo0;0,0.2H,0
nanorods.

In conclusion, silver trimolybdate nanorods have anti-
bacterial properties that can be photocatalysed by visible-
light exposure. While showing the potential be used to
combat antibacterial resistance, the simultaneous combi-
nation of Ag,Mo030:0.2H,0 nanorods, LED lights, and
antibacterial drugs should be carefully analysed to avoid
antagonist effects that could impair the effectiveness of
antibiotic therapy.
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