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ABSTRACT: This study is a framework proposal for understanding the antimicrobacterial
effect of both a-Ag,WO, microcrystals (AWO) synthesized using a microwave
hydrothermal (MH) method and @-Ag,WO, microcrystals with Ag metallic nanofilaments
(AWO:Ag) obtained by irradiation employing an electron beam to combat against
planktonic cells of methicillin-resistant Staphylococcus aureus (MRSA). These samples were
characterized by X-ray diffraction (XRD), FT-Raman spectroscopy, ultraviolet visible
(UV—vis) measurements, field emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), and high resolution transmission electron
microscopy (HRTEM). The results reveal that both AWO and AWO:Ag solutions have
bacteriostatic and bactericidal effects, but the irradiated sample is more efficient; i.e., a 4-
fold of the MRSA planktonic cells as compared to the nonirradiated sample was observed.
In addition, first principles calculations were performed to obtain structural and electronic
properties of AWO and metallic Ag, which provides strong quantitative support for an
antimicrobacterial mechanism based on the enhancement of electron transfer processes

between a-Ag,WO, and Ag nanoparticles.

1. INTRODUCTION

Among the various types of potential functional materials,
tungsten-based oxides are an important class of materials that
exhibit various functional properties that depend on the
structure.’ In the last decades these materials were extensively
studied because of their excellent optical properties for
technological applications. In particular, Ag,WO, belongs to
the oxoargentates family,” and it is an inorganic material
containing a rich variety of polymorphs: a-orthorhombic (a-
Ag,WO,) with a space group of Pn2n, f-hexagonal with a space
group of P63/m, and y-cubic with a space group of Fd3m
depending on the acid or alkaline pH range.”*

The orthorhombic structure of a-Ag,WO, exhibits a complex
network composed of [WO;] and [AgOy] (y=176,4,and 2)
moieties as constituent clusters of this material whose internal
vibration spectra provide information on the structure and
order—disorder effects in crystal lattices.”® This structural
pattern is a key characteristic for a complete understanding of
a-Ag,WO, potentialities.

-4 ACS Publications  ©2014 American Chemical Society

In this framework, the structural order—disorder in the lattice
dictates physical and chemical properties of materials and is
strongly correlated with structural factors such as the cluster
arrangement, and thus materials can be described in terms of the
constituent cluster packing of atoms that can be considered as
structural motifs.” Breaking symmetry processes of these clusters
such as distortions, breathings, and tilts create a huge number of
different structures; this phenomenon can be related to short-,
intermediate- and long-range structural order—disorder that
subsequently creates different materials properties. Therefore,
for a a-Ag,WO, material, structural and electronic properties can
primarily be associated with cluster constituents, and the
disparity or mismatch of both clusters can induce structural
order—disorder effects that will significantly influence their
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luminescence and photodegradation processes. These processes
are important in novel functional nanomaterials; therefore, in
recent decades, understanding fundamental mechanisms under-
lying these processes has been a major goal of experimental and
theoretical research in chemical physics and physical chemistry.®

In the last few decades, hospital infection cases have rapidly
increased; most of them are related to methicillin-resistant
Staphylococcus aureus (MRSA) bacteria.” Bacteremia caused by
MRSA is associated with increased mortality rates'® and has been
identified more frequently in elderly or immunocompromised
patients."" Multiple factors influence outcomes for MRSA
bacteremia patients, and the most consistent predictor of
mortality is age with older patients being twice as likely to
die.'> There are now limited therapeutic options for treating
serious bacterial infections, and in the face of increasing
resistance, there is an urgent need for new antibiotics. In
particular, vancomycin hydrochloride has been the accepted
standard of therapy for MRSA infections."”> However, it is
becoming less than optimal for treating MRSA and other
resistant gram-positive bacteria. Vancomycin treatment failures
for MRSA infections have increasingly been reported in the
literature despite apparent in vitro susceptibility, particularly for
strains with a minimum inhibitory concentration (MIC) of 2 ug/
mL."* Reported data strongly suggest that patients with MRSA
bloodstream infections with vancomycin MICs of >1.5 pug/mL
respond poorly to vancomycin. Thus, optimal treatment
strategies to prevent the mortality associated with reduced
vancomycin susceptibility in S. aureus bacteremia worldwide is a
crucial research world subject to be solved.

Surfaces with antimicrobacterial properties are highly desired
in applications that require a protective barrier against infection.
In this context, nanoparticles have been investigated as an
alternative to traditional antibiotics due their unique chemical
and physical properties. Due to epidemics caused by different
pathogenics that target multiple cellular pathways, a research
field devoted to the developin§ new classes of powerful
antibacterial agents is imperative.> "’

In several applications, noble nanoparticles (Ag, Au, Pt)
deposited on a semiconductor surface to form a metal—
semiconductor composite have been proposed as promising
materials because of their advantageous features related to a
surface plasmon resonance effect, additional active sites and/or
an electronic trap.'®

Due to their potent antibacterial activity, silver nanoparticles
(AgNPs) have gained acceptance in a wide array of applications
in consumer products such as textiles, personal care products,
cosmetics, and medical.'® In addition, recent research has been
devoted to AgNPs and their uses in medicine’® > A wide
spectrum of studies confirmed that AgNPs possess excellent
antimicrobacterial activity to combat a broad spectrum of
microbes,">"7**73% and they are effective against a wide range of
organisms (e.g., bacteria, algae, zooplankton, and fish)*' —** and
for gram-negative and gram-positive bacteria.””>>™>" AgNPs
have also been reported to reduce microbial infection in skin and
burn wounds and to prevent bacterial colonization on various
devices surfaces such as catheters and implants.>*~*

Compared with conventional antimicrobacterial molecules,
AgNPs with the advantage of large surface areas bind efficiently
to microorganisms and provide enhanced antimicrobial
action,'”**** and AgNPS, alone or supported on a ceramic
support, are used as antimicrobial fillers in textiles* and
polymers*® for food-packaging®’ and biomedical applica-
tions,** for antimicrobial paints,*® and potentially for drug
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delivery.®" In addition, AgNPS are less toxic to human cells as
compared to other metals.>> Possible targets for silver inside the
microbial cells are numerous and hence the development/
evolution of its resistance to silver compounds is limited.*** As a
general trend, it has been assumed that AgNPs attach to the
negatively charged surface of the cell membrane, which causes
protein denaturation and subsequent cell death.>* On the other
hand, Panacek et al.*® proposed that these nanoparticles can
penetrate inside the bacteria and cause cell damage by interaction
with sulfur and phosphorus compounds such as proteins and
DNA.

Although gram-positive bacteria such as MRSA have no outer
membrane, they are enclosed within a thick peptidoglycan layer
(15—80 nm),*>** which is a polymer consisting of sugars and
amino acids that forms a mesh-like cell wall on the outside of the
plasma membrane. This rigid layer of peptidoglycan is harder to
penetrate and offers only a limited number of anchoring sites for
AgNPs, which facilitates a more difficult attack.>® Kim et al,'¢
reported that the gram-positive bacteria S. aureus was less
susceptible to AgNPs than gram-negative Escherichia coli. Thus,
these properties make AgNPs a good candidate for overcoming
antibiotic resistant bacteria; however, a global view of their
functioning is still missing.

Very recently, our group reported”” the synthesis of hexagonal
rod-like elongated a-Ag,WO, nanocrystals by sonochemistry,
coprecipitation, and conventional hydrothermal methods. It was
discovered that the a-Ag,WO, crystal lattice contains several
distortions on [AgO;], [AgO¢], [AgO,], and [AgO,] clusters
through different bond angles within O—Ag—O in the crystal
lattice. We also reported™ the fascinating real-time in situ
electron-driven silver filament growth process from the unstable
a-Ag, WO, crystals matrix using field emission scanning electron
microcopy (FE-SEM) and electron irradiation by transmission
electron microscopy (TEM). High-resolution TEM (HRTEM)
images indicate that these metallic Ag filaments grow on a-
Ag,WO, crystal surfaces. More recently, a combined exper-
imental and theoretical study was conducted on the structure and
electronic properties of a-Ag,WO, to clarify the photo-
luminescence processes of Ag filaments on a-Ag,WO, crystals.””
The present work can be considered as a natural prolongation of
previous studies, in which the microbial property of this exciting
material is emphasized.

Studies involving interfaces between Ag and a-Ag,WO, are
crucial to evaluate the improvement in formed nanocomposite
properties. Using a microwave hydrothermal (MH) method, we
synthesized a-Ag,WO,, (AWO) and herein we demonstrate that
metallic AgNPs formed by electron beam irradiation on a-
Ag,WO, microcrystal surfaces (AWO:Ag) produce a remarkable
antibacterial effect on planktonic cells of S. aureus. Because of the
importance of this problem and the paucity of quantitative
experimental results, the goal of our study is to determine this
antimicrobacterial effect. Therefore, both AWO and AWO:Ag
samples were characterized by X-ray diffraction (XRD), FT-
Raman spectroscopy, ultraviolet—visible (UV—vis) measure-
ments, and electron microscopy where an electron beam is used
for structural and morphological characterization. Due to
difficulties in assigning correct electronic responses at an
atomistic resolution, first-principles calculations were employed
to evaluate the electronic structure of a-Ag,WO, and metallic Ag
to rationalize experimental results; thus we propose a model to
explain the antimicrobacterial mechanism. Generated electrons
and holes at the solid surface under electron irradiation were
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The Journal of Physical Chemistry A

Figure 1. Bulk structures: (a) orthorhombic a-Ag,WO,; (b) cubic metallic Ag.

therefore investigated using a methodology already illustrated in
our previous research.”’

2. MATERIALS AND METHODS

2.1. Preparation of the Samples. a-Ag,WO, crystals were
prepared at 120 °C for 1 h with 1 g of polyvinylpyrrolidone
(PVP) with a formula (C4HgNO),, where n = 29—32, with an
average molecular weight of 40 000 and a 99% purity (Sigma-
Aldrich) by the MH method. A typical a-Ag,WO, crystal
synthesis procedure is described as follows: 1 X 107> mol of
tungstate sodium dihydrate (Na,WO,2H,0; 99.5% purity,
Sigma-Aldrich) and 2 X 107> mol of silver nitrate (AgNO5; 99.8%
purity, Sigma-Aldrich) were separately dissolved with deionized
water contained in two SO mL plastic tubes (Falcon). Before the
salt dissolution was started, 0.5 g of anionic surfactant PVP was
dissolved in both tubes. In the sequence, 100 mL of this resulting
suspension was transferred into a Teflon autoclave vessel without
stirring. Then the Teflon reactor was sealed and placed inside an
adapted domestic microwave system and processed at 120 °C for
1 h. The temperature of the system was monitored using an in-
vessel temperature sensor (Model CNT-120, INCON Electronic
Ltd. from S3o Carlos-SP, Brazil). MH reactions were carried out
in 150 mL polyethylene vessels. The a-Ag,WO, crystal was
obtained as a light beige finely powdered precipitate. The
resulting suspension was washed with deionized water and
acetone several times to remove any remaining Na" ions and
organic compounds. Finally, this light beige powdered
precipitate was collected and dried with acetone at room
temperature for 6 h.

The growth of metallic Ag nanofilaments in a-Ag,WO,
crystals was performed in a scanning electron microscope
(SEM) model 30 kV (Zeiss DSM 940A) operating at 30 kV for
30 min.

2.2, Characterization of Samples. The a-Ag,WO, crystal
and a-Ag,WO, with Ag nanorods particles were structurally
characterized by XRD patterns using a D/Max-2500PC
diffractometer (Rigaku, Japan) with Cu Ka radiation (4 =
1.5406 A) in the 20 range from 10° to 70° in the normal routine
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with a 2°/min scanning velocity and 0.02° step. Micro-Raman
measurements were recorded using the LabRAM HR 800 mm
model (Horiba; Jobin-Yvon, France). High-resolution Raman
spectra were taken with a He—Ne laser at 632.81 nm (model
CCD DU420A0E325) operating at 25—1000 cm ™', with a
maximum output power maintained at 6 mW. A 50 um lens was
used to prevent sample overheating. UV—vis spectra were taken
using a Varian spectrophotometer (Cary SG model) in a diffuse-
reflectance mode.

The a-Ag,WO, microcrystals shapes and sizes were observed
using FE-SEM Inspect FSO model (FEI Company, Hillsboro,
OR) operated at 15 kV when the electron beam reached the
sample, and the focus was adjusted (time zero). a-Ag,WO,
microcrystals with Ag nanofilaments were observed by FE-SEM
in the same conditions described previously, but 30 min after the
focus was adjusted. A TEM analysis was performed using JEM
2100F TEM/STEM microscope operating at 200 kV. Chemical
sample analyses were performed by energy dispersive X-ray
spectroscopy (EDS) using an EDS Thermo-Noran equipped
with a Si detector attached to the JEM 2100F. Specimens for
TEM images were obtained by drying droplets of as-prepared
samples from an acetone dispersion that had been sonicated for
10 min and deposited on 300 mesh Cu grids.

2.3. Antimicrobacterial Activity Analysis. To determine
the antimicrobacterial effect of synthesized AWO and AWO:Ag
samples, using a broth microdilution assay, MIC and minimum
bacterial concentrations (MCB) to planktonic cells were
determined as described by Clinical and Laboratory Standards
Institute (CLSI) (document M7-A7, 2006) with modifications. A
standard strain of methicillin-resistant S. aureus (MRSA) from
the American Type Culture Collection (ATCC 33591) was used.
To prepare the inoculum, MRSA was streaked onto mannitol salt
agar (MSA, Acumedia Manufactures Inc. Baltimore, Maryland,
USA) and incubated at 37 °C for 48 h. One loopful of this culture
was transferred to 10 mL of tryptic soy broth medium (TSB,
Acumedia Manufactures, Inc. Baltimore, Maryland, USA) and
incubated in an orbital shaker overnight at 37 °C and 75 rpm.
Then MRSA cells were harvested by centrifugation at 5000 rpm

dx.doi.org/10.1021/jp410564p | J. Phys. Chem. A 2014, 118, 5769—-5778
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Figure 2. FE-SEM images of a-Ag,WO, crystal morphology (a) before (AWO; time zero) and (b) after 30 min of Ag filaments growth stimulated by the
electron beam on the a-Ag,WO, surface (AWO:Ag) obtained in a high vacuum.

a b

WLa |C

Ag La

Figure 3. (a) Bright field STEM image of an isolated particle. (b) and (c) EDS mapping of W Lar and Ag La, respectively. (Scale bar = S0 nm in a, b, and

c.)

for S min, washed twice with phosphate-buffered saline (PBS)
(pH 7.2), and resuspended in TSB medium.

MIC and MBC were determined by incubating MRSA on a 96-
well microtiter plate for 24 h at 37 °C and exposed to serial 2-fold
dilution in a TSB medium of the a-Ag,WO, solution (from 1000
to 1.95 pg/mL). An inoculated TSB medium without the a-
Ag,WO, solution was used as a positive control; an uninoculated
TSB medium was used as a negative control. For AWO and
AWO:Ag samples, the MIC was defined as the lowest
concentration where there was no visible growth by visual
inspection. To establish the MBC, aliquots from each well were
removed and inoculated (10 L) on plates (in duplicate). After
48 h of incubation at 37 °C, the colony-forming units per
milliliter (CFU/mL) were calculated and log 10 transformed.
The MBC value was defined as the lowest concentration of the
AWO and AWO:Ag solutions resulting in no growth. All
experiments were performed in triplicate on three independent
occasions.

3. COMPUTATIONAL METHOD AND MODELS

The simulation was performed using a periodic approximation as
implemented in the CRYSTALO09 computer code.’® The
computational method is based on density functional theory
(DFT) in conjunction with Becke’s three-parameter hybrid
nonlocal exchange functional®" combined with the Lee—Yang—
Parr gradient-corrected correlation functional, B3LYP.®* The
hybrid density-functional method has been extensively used for
molecules and provides an accurate description of crystalline
structures, bond lengths, binding energies, and band gap values.%
The diagonalization of the Fock matrix was performed at
adequate k-point grids (Pack—Monkhorst 1976) in the
reciprocal space.”* Thresholds controlling the accuracy of the
calculation of the Coulomb and exchange integrals were set to
107® (ITOL1 to ITOL4) and 10~ (ITOLS), and the percent of

Fock/Kohn—Sham matrix mixing was set to 30 (IPMIX 1/4 30).
The dynamic matrix was computed by the numerical evaluation
of the first derivative of the analytical atomic gradient. The
system point group symmetry was fully exploited to reduce the
number of points considered. For each numerical step, the
residual symmetry was preserved during the self-consistent field
(SCF) and gradient calculations. Atomic centers for Ag and W
atoms have been described by basis sets (PS-11d3G
pseudopotential basis sets) provided by the CRYSTAL basis
set library, and the O atoms have been described by the standard
6-31G*.° k-point sampling was chosen as 36 points within the
irreducible part of the Brillouin zone. The XcrysDen program
was used to design band structure diagrams.*®

Figure 1a,b illustrates the two models built to simulate the a-
Ag,WO, orthorhombic bulk crystal and cubic Ag-metallic
structures.

4. RESULTS AND DISCUSSION

Figure 2 shows FE-SEM images of as-obtained samples before
(time considered equal to zero) and after the growth of Ag
filaments stimulated by electron beam irradiation on the a-
Ag,WO, surface, which were obtained in high vacuum (1 x 107°
Pa).

a-Ag,WO, microcrystals have a hexagonal rod-like elongated,
cubic-like, and triangular-like shapes that are acquired after a
rapid approach and a focus adjustment (time zero) (Figure 2a).
Figure 2b shows the a-Ag,WO, morphology and its surface after
30 min of electron beam exposition where the growth of
nanoparticles on the a-Ag,WO, crystal surface is visible.
According to our previous reasearch a reasonable amount of
electrons induces the continuous axial flow of metallic Ag
particles.’® FE-SEM analyses revealed that this axial Ag growth
process is highly reproducible.

5772 dx.doi.org/10.1021/jp410564p | J. Phys. Chem. A 2014, 118, 5769—5778


http://pubs.acs.org/action/showImage?doi=10.1021/jp410564p&iName=master.img-002.jpg&w=324&h=106
http://pubs.acs.org/action/showImage?doi=10.1021/jp410564p&iName=master.img-003.jpg&w=359&h=123

The Journal of Physical Chemistry A

Exposure to the energetic TEM electron beam can modify
amorphous or nanocrystalline structures of solid materials. Ve?r
recently, using the chemical reduction method, Tsuji et al.*’
monitored the rapid transformation of various Ag nanostructures
from Ag® ions to Ag’ in solution by time-dependent surface
plasmon resonance. In another example, using in situ TEM
images, Yasuda et al® reported the indium oxide reduction
process at 820 °C in metallic indium and intermetallic species
(PdIn,).

To check the chemical composition of the as-obtained a-
Ag,WO, with metallic Ag’, an elemental X-ray mapping was
performed on a single particle. Figure 3a shows a bright field
scanning transmission electron microscopy (STEM) image of a
single nanostructure where the elemental X-ray mappings were
performed. The EDS results (Figure 3b,c) confirm that electron-
driven structures formed after electron exposure are composed
mainly of Ag elements whereas the “pristine” nanoparticle (cube)
mainly contains W elements with a smaller quantity Ag as
expected.®®

HRTEM analyses of the Ag filament on the a-Ag, WO, sample
after electron irradiation using a TEM microscope also were
performed. In Figure 4, an expanded view of the region is

10 nm

Figure 4. HRTEM analyses of the Ag filament on a a-Ag, WO, sample.
Inset: an expanded view of region A.

depicted and analysis results reveal that the lattice parameter is
about 2.3 A, which is consistent with the (111) plane of the cubic

structure of the Ag metallic nanofilament. HRTEM and EDS
results confirm the growth of Ag metallic nanofilaments from a a-
Ag,WO, crystal when exposed to an electron beam.

The a-Ag,WO, crystal lattice contains different [WOg],
[AgO,], [AgO,], [AgO,], and [AgO,] clusters, as discussed
before. Thus the electron excess provoked by electron irradiation
induces electronic and structural modifications on the unstable
a-Ag,WO, crystals and forms metallic Ag nanofilamentss.>® This
process generates complex vacancies of Vj, and Vg (where V& =
V&, Vo, Vo' ). An important component of the a-Ag,WO, crystal
matrix and Ag nanofilaments growth is the nonexistence of an
interface between them (Figure 3b,c). This feature attributes
special and unique properties of this new material, which are not
a core—shell, a decorated structure, or even a heterostructure,
and is therefore a continuous structure composed of a
semiconductor and a metal.

XRD patterns (Supporting Information, Figure 1SI) indicate
that both AWO and AWO:Ag have an orthorhombic structure
with a space group of Pn2n.* These crystals have sharp and well-
defined diffraction peaks, which indicates a structural order and
crystallinity at the lattice long-range without any deleterious
phases. However, it is difficult to identify any conclusions
concerning the existence of Ag nanoparticles on the lattice in
these crystals from XRD measurements.”” Moreover, all
diffraction peaks are in good agreement with the respective
Inorganic Crystal Structure Data (ICSD) base No. 4165.

Vibrational Raman modes characteristic of the oxoargentate
phase in the octahedral structure were observed for the two
samples having point-group symmetry C%S at room temperature
(Figure S). The lower translational active-mode of A, (57 cm™)
corresponds to external or lattice phonons associated with the Ag
heavy cation motion in the rigid molecular unit. Internal
vibrations are associated with movements inside the [WOq]
molecular group, which reveal several peaks correspond with
Raman-active internal modes of distorted octahedra [WO]
clusters: A}, B}, Aj, and B,. Figure 5b confirms good agreement
between observed vibrations and the literature.”” However,
fifteen actives Raman modes were noted, which is two less than
the modes detected by Turkovic et al.,”® which can probably be
explained by a low Raman signal. Small shifts in observed Raman
mode positions can arise from different factors such as

a

a-Ag WO, . {\ -
a-Ag WO - Irradiated M ©
¥ Raman mode

r—

Normalized Intensity (arbit. units)

Raman shift {cm'1}

T L v T L T . T - T v T L | L T ¥
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Figure S. (a) Actives Raman modes for an orthorhombic a-Ag,WO, crystal structure at room temperature, and (b) theoretical active Raman modes and
comparison with experimental results of this work and tresults reported by Turkovic et al.”
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preparation methods, average crystal size, interaction forces
between the ions, or the degree of structural order in the lattice.”*
More specifically, a-Ag,WO, crystals prepared by the MH
method possess a well-defined Raman-active vibration mode
related to symmetric stretching vibrations from («O«W—
O—) bonds of octahedral [WOq] clusters assigned by the 879
cm™' Raman mode.

Moreover, active Raman modes confirm that a-Ag,WO, is
structurally ordered at short-range, but the peaks are relatively
wide, which is an indication of structural disorder at this level.
However, X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) analyses also
confirm this structural feature.’’”

Note that Raman analysis is incapable of detecting any
significant change in both AWO and AWO:Ag samples. In
contrast, results obtained from the FEG-SEM image and TEM
analysis reveal a surface differentiation between the samples.
Raman spectroscopy is a powerful tool to distinguish surface
changes in nanomaterials, but as the crystal grows, these changes
are weak and therefore the formation of a metallic Ag cubic phase
is not detected by this technique because Raman technique is an
intrinsic bulk analysis.

The AWO sample has one well-defined absorption front
whereas the irradiated crystals typically exhibit a continuous
smooth absorption increase as a function of the energy, which
suggests localized states inside the band gap (Supporting
Information, Figure 2SI). Optical gaps obtained by extra-
polation of the linear curve regions according to the Wood and
Tauc method”” are 3.1 eV for the nonirradiated sample and 2.4
eV for the irradiated sample. The drastic reduction in the band
gap of irradiated sample can occurs by a plasmonic effect of Ag
nanorods in surface, by the presence of this new structure on the
surface creating new localized levels in the band gap or most
probably by both effects. AWO and AWO:Ag have a local far-
field interaction in the band gap, which probably facilitates
hybridization between a-Ag,WO, and Ag metallic band gaps and
results in a total reduction of 0.7 eV for the total band gap. In
addition, the continuously increasing smooth absorption front as
a function of the energy is linked to localized electronic levels in
the band gap which is introduced by de Ag metallic nanofial-
ments effects on the surface.

Figure 6 shows total and partial DOS projected on the 4d, 5d,
and 2p orbitals of Ag, W, and O atoms, respectively, for neutral a-
Ag,WO, and the Ag cubic structure. For the neutral a-Ag,WO,,
the projected DOS on the W atom is basically determined by 5d
orbitals in the conduction band (CB) and the Sd? orbitals. The
valence band (VB) is primarily derived from hybridized O 2p and
Ag 4d orbitals, whereas the metallic Ag has a Fermi energy of
—3.17 eV with a conductor electronic structure character and free
electrons forming continuous electronic states.

Theoretical calculations are in concordance with UV—vis
spectra experimental results. New levels observed in the a-
Ag,WO, irradiated structure are derived from the disordered
semiconductor surface after Ag metallic growth and from
metallic Ag that emerged from the surface which reduced the
total band gap (Supporting Information Figure 2SI).

An analysis of the results shown in Figure 7 reveals that MRSA
was inactivated and killed by a-Ag,WO, solutions and that this
effect was concentration-dependent. The planktonic MIC/MBC
value for the solution irradiated by an electron beam from the
electronic microscope was considerably lower (31 yg/mL) than
the nonirradiated value (125 yg/mL). Although both a-Ag,WO,
solutions had bacteriostatic and bactericidal effects to combat the
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Figure 6. Total and partial DOS projected on 4d, 5d, and 2p orbitals of
Ag, W, and O atoms, respectively, for neutral a-Ag; WO, and Ag’ cubic
structures.

microorganism tested, a 4-fold reduction in MIC/MBC was
observed for MRSA in sample II.

Note that a-Ag,WO,\Ag junction properties are related to
surface plasmons on AgNPs, which generates exceptionally high
localized electromagnetic fields. This increased activity of
AWO:Ag can be due to the interaction with the disorder surface
from semiconductor and Ag nanofilaments (more oxidant) in the
surface and the microbial cell surface. The a-Ag, WO, attachment
with Ag nanofilaments to the plasma membrane may change its
permeability by alterin% the adenosine triphosphate pool and the
proton motive force.'>** Once they are into the cells, silver ions
released from AgNPs can interact with phosphorus moieties in
DNA and result in DNA replication inactivation; silver ions or
can also react with sulfur- and phosphorus-containing proteins,
which inhibits enzyme functions.” Interaction of AgNPs with
the DNA has clearly been observed in an TEM analysis that
results in a densely packed condensed DNA that loses its ability
to replicate.”* There are other known pathways for the
interactions between AgNPs and bacteria®® such as (i)
interference in the mitochondrial respiratory chain, which
reduces dehydrogenase activity,’*”>and (ii) production of
reactive oxygen species (mainly superoxide radical
anion),'®*"*> which may also target lipids, DNA, RNA, and
proteins and cause severe consequences to the cell functions.”®

Many of these observations can be understood in terms of
surface plasmons when the modifications to the electronic
structure induced by the AgNPs are considered as the collective
oscillations of CB electrons following electric field vector
variations of the incident beam.”””® Thus plasmon excitation
provides an ultrafast method for delivering energy to the
immediate vicinity of AgNPs, and this energy is employed to
promote electron transfer processes.79 As a consequence, the Ag
plasmon band should be displaced upon subtracting electrons to
the overall a-Ag,WO, semiconductor variation.

On the basis of both experimental and theoretical results, we
propose a model where the driving force of this dynamic process
is the order—disordered effect at short-range between the a-
Ag,WO, and metallic Ag. In terms of the electronic structure, the
VB and CB of a-Ag, WO, are positioned (energetically) between
the Fermi energy of Ag. Therefore, the activated a-Ag,WO,
semiconductor can act as a sink of generated electrons that can

dx.doi.org/10.1021/jp410564p | J. Phys. Chem. A 2014, 118, 5769—5778


http://pubs.acs.org/action/showImage?doi=10.1021/jp410564p&iName=master.img-006.jpg&w=239&h=193

The Journal of Physical Chemistry A

~u= Non Irradiated
-—e~ |rradiated

MRSA growth (Logqg CFU/mL)

0 T T T
25 50

a-Ag, WO, Crystal dispersions (cm™)

75 100 125 150

o

MRSA growth (Log,, CFU/mL)

-
~

=

e — . - -

¥ Non

@ Irradiated

..

3.91 7.81 15.63 3125 625 125
a-Ag, WO, Crystal dispersions (cm!)

Figure 7. MRSA growth as a function of different concentrations of a-Ag,WO, nanofilaments solutions.

serve as a reservoir for photoinduced charge and Ag acts as charge
carriers and extends the lifetime of the electron—hole pair.
Generated electrons in a-Ag,WO, are transferred to AgNPs
metal and the electron accumulation increases the Ag negative
potential of Ag, which results in an upward shift of the resultant
Fermi level (Ey) to the CB of a-Ag,WO,. This negative shift in E;
facilitates a better charge separation and more reductive power
for the system, which indicates it is very likely that the junction of
the system hinders the electron—hole recombination process;
thus this improved bactericide activity can be achieved on the
Ag/a-Ag,WO, junction.

The overall process and charge transfer mechanism is
illustrated in Figure 8 to explain the antimicrobacterial effect. A

ot
®
(S ]
—
s
a
°
=
=
=

Figure 8. Proposed antimicrobacterial activity mechanism based on the
energy band structure and electron—hole pair transfer and separation in
a-Ag,WO, with metallic Ag.

discontinuity of e’ and h® are formed in the a-Ag,WO, and
metallic Ag at short-range because the metallic Ag was reduced
and emerged from the a-Ag,WO, surface as discussed in
HRTEM results (Ag* + le” — Ag’). This fact creates a disorder
in the a-Ag,WO, semiconductor and the formation of ¢’ and h*
pairs. Our group"”®" previously discussed the formation of e’
and h® in bulk and surface of tungstates with a scheelite structure
(AWO,, where A = Ca, Sr, Ba) via formation of complex clusters
([WO5V5]* ™™ and [AO;V5]™ (where V5 = V5, Vo, Vi) as
derived from structural disorders.

As observed in the DOS diagram (Figure 6), metallic Ag is
formed by delocalized electrons; in our case, AgNPs extend the
lifetime of the electron—hole pair formed in the semiconductor
to the microbial solution. Ag nanofilaments formed from the a-
Ag,WO, crystal surface increase, and they are capable of
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enhancing the charge transfer process to the solution and
producing a 4-fold the bactericidal effect increase.

Thus, the interaction between the semiconductor and the Ag’
metallic promotes trapping and conduction of e’ and h* pairs
without light-induced radiation. In a second step, the Ag’ and a-
Ag,WO, surface interact with H,O or/and O, depending on the
chemical environment. Generated OH* and HO5 radicals will
indiscriminately attack cell wall polysaccharides, membrane
lipids, and membrane proteins whose integrity is critical for
cellular survival. The abundance and peripheral location of the
cell envelope polysaccharides mark them as the first target, and
only after this barrier has been breached can the highly reactive
radicals directly attack the cell membrane, whose integrity is
critical for cellular survival. The cell membrane not only is the
ultimate barrier between the environment and the cell interior
but also is critical for the function of membrane-associated
proteins.** Possibly a small amount of the metallic Ag surface
undergoes oxidation at the interface with the aqueous solution.
Then Ag"* ions migrate from the nanoparticle surface toward the
solution. Generally, AgNPs and Ag" ions have a high affinity to
react with sulfur- and phosphorus-containing compounds inside
or outside the cell membrane, which in turn affects bacterial cell
viability."

Thus, results of this investigation indicate that synthesized a-
Agy,WO, holds great promise as an alternative to the antibiotic of
last resort, vancomycin: bacteria have already started to develop a
resistance to vancomycin. Also, for the first time, our results
demonstrate that irradiation by an electron beam from the
electronic microscope enhances the antimicrobial effect of the a-
Ag,WO, solution and thus reduces the minimum nanoparticle
concentration required to kill MRSA.

Finally, note that the performance of nanosilver as an
antimicrobacterial agent after its initial employment has not
been investigated and therefore prompts further research.
Indeed, this investigation may help engineer nanosilver products
that retain their antibacterial activity mostly by the nanosilver
contact, which is essential before nanosilver is used for
specialized treatments in hospitals, as fillers in textiles, as
polymers for biomedical uses (e.g., catheters, or in consumer
products for everyday use.

5. CONCLUSIONS

In this study, a a-Ag,WO,, orthorhombic phase was successfully
obtained by using the MH method (AWO). The a-Ag,WO,
surface was irradiated by electron bean irradiation, which
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promoted Ag metallic nanofilament growth (AWO:Ag). These
samples were characterized by XRD, FT-Raman spectroscopy,
and UV—vis measurements as well as electron microscopy (FE-
SEM, TEM, and HRTEM) where an electron beam was used for
structural and morphological characterization. In addition, a
framework is proposed for understanding the antimicrobacterial
effect to combat planktonic cells of methicillin-resistant S. aureus
(MRSA) of both samples, which is based on the analysis of the
results obtained by experimental techniques and first-principle
calculations.

The main conclusions can be summarized as follows: (i)
Structural analysis of XRD reveals that at long-range, both AWO
and AWO:Ag samples are ordered whereas Raman analysis
renders a broadening spectra that indicates a structural disorder
at short-range. (ii) STEM images underscore the absence of an
interface between the a-Ag,WO, matrix and Ag nanofilament
growth. This feature provides special and unique properties for
this new material, which is not a core—shell, a decorated
structure, or even a heterostructure, and is therefore a continuous
structure composed of a semiconductor and a metal. (iii) The
electron beam provokes a structural and electronic disorder on
this material that modifies [WOg4] and [AgO,], 764, cluster
constituents and the formation of metallic Ag. (iv) A 4-fold
enhancement of the antimicrobacterial effect was observed in the
a-Ag;WO,\Ag junction of the AWO:Ag sample. (v) Exper-
imental data and theoretical calculations suggest that this
enhancement originates from the coupling between a-Ag,WO,
and Ag and promotes electron and hole transfer processes that
can readily participate in antimicrobacterial processes. From an
electronic perspective, this activity can be closely related to the
energy level alignment: VBs and CBs of a-Ag,WO, and Ag are
well positioned (energetically); i.e., the activated Ag can act as an
electron trap or as a sink of generated electrons that aids
electron—hole separation and induces a local electromagnetic
field capable of easing the electron excitation. This result
corresponds to the coupling in a plasmonic system that can be
visualized in terms of either electric or magnetic near fields; i.e.,
surface plasmon induced localized heating of AgNPs can produce
the chemical degradation of MRSA on the AgNPs. (vi) The
surface of Ag and a-Ag,WO, interacts with H,O or/and O,
depending on the chemical environment generating OH* and
HO#% radicals that will indiscriminately attack cell wall
polysaccharides, membrane, and membrane proteins whose
integrity is critical for cellular survival.

The creation of new materials has always been fascinating to
researchers as it provides immense opportunities to study the
emergence of novel physical and chemical properties. Quite
often newly identified materials facilitate the discovery of novel
phenomena. One such example, which can change the directions
of noble metal research is the production of AgNPs by irradiation
of a-Ag,WO, microcrystals by employing an electron beam.
Results of this research provide fundamental insight into the role
of ajunction in antimicrobacterial activity. From a practical point
of view, we believe that the combination of a-Ag,WO, and
AgNPs not only has outstanding potential in biological
applications but also shows potential promise for applications
in sensors, solar cells, catalysis, separation technology, etc. These
studies are currently in progress.
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