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ABSTRACT: A combinatorial thin film material library from
the molybdenum—tungsten refractory metals oxides system
was prepared by thermal coevaporation, and its structural and
morphological properties were investigated after a multiple
step heat treatment. A mixture of crystalline and amorphous
oxides and suboxides was obtained, as well as surface
structuring caused by the enrichment of molybdenum oxides
in large grains. It was found that the oxide phases and the
surface morphology change as a function of the compositional
gradient. Tests of the library antimicrobial activity against E.

antimicrobial
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E. coli
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(M = Mo, W)
MO, + 3H,0 > 2H,0* + MO 2

coli were performed and the antimicrobial activity was proven in some defined compositional ranges. A mechanism for explaining
the observed activity is proposed, involving a collective contribution from (i) increased local acidity due to the enrichment in
large grains of molybdenum oxides with different stoichiometry and (ii) the release of free radicals from the W;30,, phase under

visible light.
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1. INTRODUCTION

Health care associated infections (nosocomial infections) are
nowadays one of the major routes through which patients
requiring hospitalization may contract diseases leading to
complications and, in some cases, even to death.! The large use
of currently available antibiotics and the lack of new ones
coming on the market, together with the development of
antibiotic resistant bacteria like Methicillin-resistant Staph-
ylococcus aureus (MRSA) or vancomycin-resistant enterococci
(VRE) expose patients to high risks. Recent studies have shown
that inanimate surfaces in hospitals (instruments and sanitary
installations, doorknobs, switches, etc.) are a reservoir of
microorganisms.2 The biggest issue is that the microorganisms’
transmission to the patients in many cases cannot be prevented
just by the hand hygiene of the healthcare workers or by
disinfection, especially in the case of some special medical
devices. Therefore, the development of bactericidal materials is
highly needed, in order to prevent the proliferation of
microorganisms and their transfer to patients.’ Currently,
there are two main approaches to decrease the contamination
of inanimate surfaces, by either preventing their adhesion onto
the surface and/or by having a biocidal effect. Antiadhesive
coatings such as diamondlike-carbon, self-cleaning surfaces, or
poly(ethylene glycol) prevent microorganism adhesion, but
they have the major drawback in moving them around instead
of eliminating them. Coatings with biocidal effect (Ag- and Cu-
containing coatings, photocatalysts, polycationic surfaces) are
effective in killing them but still show some issues like
cytotoxicity or development of resistance to infectious agents.*
Consequently, there is a great need for the development of new
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coatings, which are both safe and able to decrease and prevent
the contamination, transmission, and growth of microorganisms
onto inanimate surfaces close to patients.

It was recently reported that molybdenum oxides and
suboxides powders embedded in polyurethane tubes,” coated
onto lead wires,® and electrodeposited into TiO, nanotubes’
show very promising properties as antibacterial materials
against many nosocomial agents such as Gram-negative and
spore-forming microorganisms and against two staphylococci.
The authors explained the bactericidal effect of molybdenum
oxide by the formation of acidic surfaces in the presence of
humidity and at pH < 6 via the following reaction:®

MoO; + 3H,0 < MoO,>” + 2H,0"

The aforementioned reaction refers not only to molybdenum
oxide, but to transition metal oxides in general. Thus, it has
been suggested to function also for tungsten oxide,” with the
formation of WO,~ and/or WO,>” at similar pH values as in
the case of molybdenum oxide."’

Even though there are many applications for which powders
or nanostructures can be used for preventing the development
of microorganisms onto inanimate surfaces, for antibacterial
coatings thin films can be used as functional surfaces. The one-
by-one sample preparation approach requires a lot of time and
energy and some enhanced properties can be easily missed
simply because a specific composition has never been
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addressed. On the other hand, thin film synthesis involving
spatial variation of composition can be used for producing
combinatorial libraries or compositional spreads.'’ In the last
years, the combinatorial solid-state chemistry led to the
discovery of new materials with outstanding properties.'> As
an example, this method has already been applied successfully
in the thin film area for the Co-doped TiO, thin films, revealing
that TiO, becomes photocatalytically active under visible li§ht
only for a restricted Co content, between 5.4 and 9 at %." It
was also recently used for finding mixed amorphous Hf-Ta
oxides with applications for high dielectric constant materials,"*
for enhanced photoelectric effects in iron oxide—tungsten oxide
thin film libraries,"> or for catalysts for oxygen reduction
reaction.'® Concerning mixed Mo—W oxide thin films, there
are many reports involving discrete compositions and
deposition techniques such as sol—gel,'” cathodic electro-
deposition,'® chemical vapor deposition (CVD)," thermal
evaporation,zo RF sputtering,21 spray pyrolysis,22 or liquid
phase deposition,”® with the main research focus on the
investigation of optical, electrochromic, and gas sensing
properties. To the best of the authors’ knowledge, no
combinatorial approach was applied to this oxides system,
either for a structural and morphological study, or as
antimicrobial coatings, even though some promising results
on mixed molybdenum—tungsten oxides with discrete
compositions were already reported in the literature.

Herein, the authors report on the preparation and character-
ization of a molybdenum and tungsten oxides combinatorial
thin films material library deposited by thermal coevaporation,
as well as a screening of antimicrobial properties as a function
of compositional change. The main advantage of this method as
compared with the one-by-one approach is that the samples
with a compositional spread have the same history (identical
deposition and heat treatment conditions), therefore the results
obtained are directly comparable and often more consistent.

2. EXPERIMENTAL DETAILS

2.1. Combinatorial Thin Film Material Libraries. Molybdenum
oxide (HC Starck, Germany) and tungsten oxide (Wolfram Bergbau
und Hiitten AG, Austria) powders were used as precursors for the thin
film material library deposition. Microscopy glass slides (76 mm X
24 mm) were cut in 18 chips, and they were cleaned in an ultrasonic
bath in acetone, followed by isopropanol. Afterward, they were rinsed
with water, dried under nitrogen flow, and subsequently placed inside
the vacuum chamber. The material library deposition was performed
using an in-house developed thermal coevaporation system.'® The
system was pumped until a base pressure of approximately 5 X 107
hPa was reached to ensure low levels of impurities in the films. The
MoO; and WO; powders were placed in separated alumina crucibles
positioned at a distance of 120 mm from the substrate directly below
each of the two short sides of the substrates. This geometry leads to
the formation of a compositional gradient along the substrate due to
vapor phase mixing of both oxides. The evaporation sources were
powered by individual DC sources able to provide up to 3.5 kW each.
The minimum power needed for evaporation was 150 W for MoO;
and 400 W for WO;. By adjusting the power on each source, the
evaporation rates of each material can be tuned and therefore the
compositional spread along the substrate can be adjusted as desired.
By modifying the distance between either of the two sources and the
substrate, the compositional gradient can be compressed along the
substrate (e.g, steep concentration change), thus conferring the
possibility of properties screening over a wide compositional range.
Also, the compositional gradient can be stretched (e.g., just a few
percentage spread along the entire substrate length), consequently
providing the possibility to address with an increased compositional
resolution very specific compositions. In the current work, the
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evaporation rates (approximately 1 nm s™* for both materials) were
actively tuned during the deposition process via a self-developed
proportional—integral—derivative (PID) controller in order to achieve
a large compositional spread along the substrate. This was desired
because the aim is to investigate a broad compositional range, for the
initial screening of the bactericidal properties of a MoO;—~WO; mixed
system. The as-deposited thin films were heat treated in ambient air
with 1 K min™" heating and cooling rates in a multiple step process, as
follows: heating to 300 °C, sinking time 2 h, cooling to 20 °C, heating
to 400 °C, sinking time 4 h, cooling to 20 °C. Figure la shows the
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Figure 1. (a) Photograph of a Mo—W oxides thin film material library
deposited on glass indicating the chips (1—18), the direction of the
Mo gradient, and the positions wherefrom the bacterial culture was
harvested after defined times. (b) Schematic drawing of the agar plates.

photograph of such material library. Each of the 18 chips had
approximately 12 mm X 8 mm, and they were arranged in three rows
with six chips on each row. The arrow in the upper part of the figure
indicates the side along which the composition spread was deposited,
whereas the arrow across the sample indicates a constant composition.

The surface morphology before and after the heat treatment, as well
as the compositional spread along and across the substrate, were
measured using a Zeiss 1540-XB field emission scanning electron
microscope (FE-SEM) with a build-in energy dispersive X-ray
spectrometer (EDX) from INCA X-Sight Oxford Instruments. The
measurement was performed using a 20 kV accelerating voltage, and
the results were analyzed using the INCA-software. The surface
topography was visualized using an atomic force microscope (AFM)
Nanosurf Easyscan 2. The crystallinity of the thin film material libraries
was investigated using a Philips X'Pert Pro X-ray Diffraction (XRD)
system using Cu Ko radiation and working in either grazing incidence
(@ =0.51°) or Bragg—Brentano geometry. The spot size was adjusted
in such way that only one chip at a time was measured; therefore, a
scanning of the crystalline phases along the compositional gradient was
obtained. The phase identification was done with the X'Pert
HighScore Plus software using the PDF 2 database.

2.2. Antibacterial Testing. Bacterial cultures were prepared from
10 uL frozen stock of Escherichia coli (E. coli) strain BL21DE3
(kanamycin resistant) kept in glycerol at —18 °C and inoculated in
1 mL of Lysogeny Broth (LB) medium. The medium was incubated
for 18 h at 37 °C under continuous motion in a rotary shaker. The
working culture was prepared by diluting 1 L of the cells culture in
1 mL of LB medium. An optical density ODggg o, = 0.1 of the culture
corresponding to ~10° CFU mL™ was measured using a Kontron
Uvikon 800 system. The LB medium was prepared by mixing yeast
extract (USB Corporation), NaCl 99.97% purity (Merck), and casein
(USB Corporation) in distilled water. Subsequently, the solution was
sterilized and after cooling down to approximately 50 °C, kanamycin
(stock solution 30 mg mL™") was added. Agar plates were used as
culture medium, and the details of this procedure are summarized in
Table 1.
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Table 1. Chemicals Used for the Preparation of LB Medium and the Agar Plates, Together with the Sterilization Conditions

yeast extract/g NaCl/g

LB medium (1 L)

S 10
agar plates (1 L)

10

casein/g

On each glass chip coated with the molybdenum—tungsten oxides
thin film library, a droplet of 40 yL from the working culture was
applied. Here it is worth mentioning that 18 (3 rows with 6 chips per
row) was the maximum useful number of chips which could be
obtained from a library. This conclusion was reached considering two
aspects: (1) the minimum area (approximately 100 mm?) required for
the 40 uL of working culture to cover fully the surface of one chip but
not to flow out of it and (2) for the same composition spread, three
chips were needed for three different testing times (2, 4, and 6 h).
After one defined time, 20 uL of liquid was harvested from the surface
of each chip (along one row in Figure 1a for a defined time interval)
and diluted in 1 mL of sterile phosphate buffered solution (PBS)
having a pH of 7.4. A volume of 10 yL from the PBS with bacteria
solution was evenly spread in the designated area onto the agar plates
prepared as indicated in Table 1. This procedure was applied in order
to assess the “volume activity” as a function of the compositional
gradient, namely the influence of the coating on the bacterial growth
for bacteria floating in fluid in the vicinity of the coating’s surface. Each
chip with the remaining 20 uL of working culture was rinsed
thoroughly in sterile PBS for removing the bacteria unattached to the
surface. Subsequently, each chip was placed in an Eppendorf vial in
1 mL of PBS and placed in a vortex at 2000 rpm for 2 min in order to
detach the bacteria fixed on the coating’s surface. In the following step,
10 uL from the PBS with bacteria solution was harvested and spread
onto the agar plate. The purpose of this procedure was to assess the
“surface activity” of the Mo—W oxides, namely the influence of both
compositional gradient and surface structuring on the bacterial
growth.® The agar plates were incubated for 12 h at 37 °C.
Consequently, one individual chip was used for two experiments (both
volume and surface activity), three chips with identical compositions
(along one column in Figure la) show the activity as a function of
time, whereas the six chips along one row in Figure la indicate the
activity as a function of the compositional gradient. Figure 1b shows a
schematic drawing of the agar plates. Each plate corresponds to one
concentration spread (three chips across the library), and it was
divided into three parts each corresponding to a defined time interval
(2, 4, and 6 h). There were 15 plates in total, 6 used for testing the
volume activity, 6 for testing the surface activity, and 3 more for the
positive and negative control.

3. RESULTS AND DISCUSSION

3.1. Characterization of Combinatorial Mo—W Oxide
Thin Film Libraries. The as-deposited Mo—W oxide thin film
material libraries had a thickness in the range of 450—500 nm
measured in situ by quartz crystal microbalances (QCMs).
Figure 2 shows the compositional spread obtained along the
library as measured by EDX. The left and right y-axis represent
the Mo and respectively W concentrations in atom percent, and
the x-axis indicates the sample nomenclature.

The plot shows four concentration values for each chip. They
represent the concentrations (Mo and W) at two extremities of
each chip in the direction of concentration change, thus offering
information on the exact local composition spread along each
chip. In turn, this will define the local compositional resolution
of the study. The EDX results are given with respect to the
metal concentrations and do not include oxygen. This method
of quantification (only considering the metals) was chosen due
to the fact that both the films and the glass substrates contain
oxygen. Consequently, a quantitative oxygen analysis in the
EDX would not be meaningful for coatings having a few
hundred nanometer thickness, since the measured oxygen
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Figure 2. Compositional spread (relative to the metal bases) of the
Mo—W oxide thin film library along the central row (samples 7—12)
indicating the Mo and W concentrations (in at %) near the edges of
each chip. A pair of red and green squares represents the
concentrations of Mo and W on one edge of a chip, whereas the
pair of red and green triangles represents the Mo and W
concentrations at the opposite edge on the same chip.

content will include both film and substrate. Therefore, the
concentrations should be read accordingly in the entire data
analysis and discussion. The EDX characterization (Figure 2)
showed a compositional gradient along the library ranging from
approximately 91 at % Mo in one side (and 9 at % W,
respectively) to 44 at % Mo (56 at % W, respectively). On each
chip five different points were measured (on all four edges and
in the center) in order to quantify an exact local compositional
spread. The nonlinearity in the concentration was expected,
and it is caused by the particular geometry of the used
coevaporation system (with relatively small deposition
distances)*® and to the cosine law of evaporation.*
Consequently, comparing the local compositional spreads
along each chip, it can be seen that the local concentration
change was not a constant along the library. This ranged from
approximately 2 at % in the Mo-rich side up to 11 at % in the
W-rich side. Across the library there was found no
concentration gradient.

The XRD investigations on the as-deposited films revealed
that they are amorphous independently on the composition.
This was expected, since in thermal evaporation processes the
energy of the evaporated species is low (0.1-0.2 eV).
Therefore, the atoms/molecules arriving at the substrate do
not have enough energy for surface diffusion activation, which
is a necessary condition for crystallization on a (cold)
substrate.”” Figure 3a shows as an example the XRD pattern
for an as-deposited sample with the composition at the center
of 70 at % Mo. After the first heat treatment at 300 °C, the
films show the beginning of crystallization with only one broad
peak being present at 20 = 22.8° (Figure 3b). This peak might
be related to the crystallization of molybdenum oxide, since the
temperature threshold for the beginning of crystallization in
amorphous molybdenum oxide is lower than the one for
tungsten oxide.”® Nevertheless, solely from one peak it is
difficult to state with certainty to which phase/oxide it belongs.

dx.doi.org/10.1021/c05000536 | ACS Comb. Sci. 2014, 16, 631-639
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Figure 3. Comparison of the XRD patterns for a sample with
approximately 70 at % Mo and 30 at % W in the center: as deposited
(a), after 2 h at 300 °C in ambient air (b), and after 4 h at 400 °C in
ambient air (c).
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After the second heat treatment temperature at 400 °C, the
films show higher crystallinity. Figure 3c shows the XRD
pattern for a sample with the same composition as in Figure 3a
and b, but after the heat treatment at 400 °C.

As already indicated by the pattern in Figure 3¢, the Mo—W
oxide thin film library shows a higher degree of crystallinity
after the second heat treatment. Figure 4 presents the change of
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Figure 4. XRD patterns along the Mo—W oxide library after the heat
treatment at 400 °C showing the changes of oxide phases as a function
of compositional change. The identification of present phases is 4 a-
MoOj;, O MoyO,4, B Mo,0,;, ® W;50,5, O m-WO,.

the crystalline phases as a function of the compositional spread
along the library. The insets with numbers from 1 to 6
represent the sample and the corresponding XRD pattern. The
color bar on the right side of the graph indicates the
compositional spread along each measured sample.

The phases found in the Mo rich side are a-MoO;, the
Magnéli phase M0yO,4>° Mo,,0,,, and the W3O, stoichio-
metric oxide. Among the many W-oxide possible phases, the
WO, seems to show the best match, also being in agreement
with the data reported by Taurino et al. for films with similar
composition and heat treatment temperatures.'” The W40,
phase together with @-MoOj3 and the monoclinic WOj; could be
found for samples 4—6 with the W content >30 at %. No mixed
(Mo,_,W,)O; phases could be clearly matched with any of the
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patterns. It is presumed that the lack of mixed phases is related
with the multiple step heat treatment performed. The MoO;
crystallization temperature is lower than the one from WO,
therefore after the first heat treatment mainly the molybdenum
oxides start to crystallize, while tungsten oxide is still
amorphous. Only during the second heat treatment the
tungsten oxide crystallization occurs, but since the molybde-
num oxides are already crystalline (or partially crystalline), the
solid state diffusion is probably low, preserving phase separation
between the molybdenum and tungsten oxides. Since the
atomic radii of Mo and W are very similar, it is not supposed
that pure phases segregate, but rather W being solute in
molybdenum oxides (and Mo in tungsten oxides) in sufficiently
low amounts not to lead to the formation of (Mo,_W,)O,
mixed oxide phases. Another possibility is that the content of
these mixed oxide phases is low enough not to give a significant
signal in the XRD patterns. With increasing the W
concentration, it also can be observed that the peaks intensities
decrease and the background signal has a more pronounced
curvature. A strong contribution from the glass substrate to this
amorphous phase is not likely to occur since the thickness of
the thin film does not differ greatly along the sample and in the
Mo-rich region the broad background signal is considerably
lower. Thus, this is an indication that the tungsten oxide is not
fully crystalline, but there is an amorphous part present as well.
This aspect has already been reported in the literature for thin
films with the Mo:W ratio of 90:10 and 80:20 (at %:at %)
deposited by liquid phase deposition and postdeposition
annealed at 200 and 500 °C.** Similar results were found for
Mo—W oxide thin films deposited by CVD at 200 °C, followed
by postannealing at 400 °C*® and 500 °C."

The phase separation is supported by the SEM imaging/EDX
analysis performed on the surface of the samples after the heat
treatments (Figure 5). The images shown in Figure 5 were
acquired in three regions along each chip (edges - (a), (b) and
center - (c)). In general, different surface microstructures can
be observed. For the sample 1a, with the highest Mo content, a
two layer structure is visible. The outermost layer shows some
porosity and the presence of elongated grains with a length up
to a few pm, whereas the layer underneath seems to be
composed only of much smaller needle-like grain structure, also
not fully compacted. With increasing the W content, it can be
clearly seen that the previously underneath layer becomes more
and more visible onto the surface, and simultaneously some
islands of crystals with different morphology develop (e.g.,
sample 3c). These islands of crystals which have a very
structured surface are further converted to large domains with
some small outgrown grains with a length in the range of few
hundred nm (e.g,, sample Sa). At even higher W content, the
surface shows another type of structuring, with clearly separated
grains with a length in the ym range, surrounded by a layer that
appears much smoother, but porous (6b). This porosity has
already been reported in the literature and it is related to the
high Mo mobility which diffuses toward the surface and leads to
the segregation of molybdenum oxide rich phases, consequently
resulting in the formation of a tungsten oxide rich porous layer
underneath.”"

The EDX measurements performed in different areas (Table
2) confirm the hypothesis that the molybdenum oxide
crystallizes first, leading to a phase separation with
molybdenum oxide rich regions on top of tungsten oxide rich
regions. Big difference in the compositions in neighboring areas
can be observed. For example, on the sample la, the

dx.doi.org/10.1021/c05000536 | ACS Comb. Sci. 2014, 16, 631-639
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Figure S. SEM images of the Mo—W oxide thin film library after the multiple step heat treatment showing the change of the surface microstructure
as a function of compositional change. Along each sample (numbered from 1 to 6 in the upper left side) three different regions are shown: (a) and
(b) were acquired near opposite edges in the direction of the compositional gradient, and (c) in the center. The circle and cross indicate the selected

areas where EDX measurements were performed.

Table 2. Composition in Different Areas along the Mo—W Oxides Thin Film Library Comparing the Overall Composition and
the Ones in Different Adjacent Regions, Which Show Different Surface Morphologies

Sample la 2c

At % Mo w Mo w
Overall 91 9 85 15
Circle 68 32 - -

Cross 920 10 89 11

3a Sa 6b
Mo w Mo w Mo w
83 17 63 37 57 43
79 21 57 43 43 57
82 18 67 33 67 33

Figure 6. AFM images acquired in the center of each sample along the Mo—W oxide thin film library after the multiple step heat treatment.

composition of the layer closer to the substrate (circle) has
approximately 68 at % Mo, as compared to the composition of
the outer layer (91 at % Mo). For this sample, there is not a big
difference between the overall composition and the composi-
tion of a single, elongated grain (cross), which show
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approximately the same Mo content. This might be attributed
to several factors such as small film thickness (hundreds of
nanometers), large Mo content, and the integration of the EDX
signal from both layers during the measurement, which leads to
the impossibility of separating the signals from outer and inner

dx.doi.org/10.1021/c05000536 | ACS Comb. Sci. 2014, 16, 631-639
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Figure 7. Agar Petri dishes showing the E. coli colonies grown on the Mo—W oxide thin film material libraries as a function of compositional change
and of harvesting procedure: (2) from the volume and (b) from the surface.

layers in the region where the layer underneath it is not
exposed. With increasing the W content, the regions with
different morphologies seen in the SEM images also show large
compositional variations (samples S and 6). For sample 6b for
example, the overall composition indicates approximately
57 at % Mo, with the outgrown grains (cross) having
approximately 67 at % Mo, whereas the neighboring region
(circle) shows only 43 at % Mo. Also these concentrations,
especially the ones from the outgrown grains, have to be
understood solely as an indication of a strong enrichment of an
element in the referred grains, rather than a precise value. This
is due to the fact that the EDX signal comes from the entire
film thickness in the measured spot, thus including a possibly
tungsten oxide rich layer underneath the outgrown grain.

For a better understanding of the surface morphology after
the multiple step heat treatments, the samples were investigated
using AFM imaging (Figure 6). As already indicated by the
SEM images, the surface morphology varies with the change in
composition. In general, the molybdenum oxides rich outgrown
grains protrude from the surface and reach heights up to
approximately 900 nm (samples 1—4). Taking into consid-
eration that the thin film material library thickness is in the
range of 450—500 nm, it can be concluded that the underlying
tungsten oxide rich layer has a smaller thickness as the overall
estimated thickness of the thin film and/or a high porosity. The
structuring of the surface is, as expected, more pronounced for
high-Mo concentrations and becomes more uniform as the W-
content increases (samples S and 6). This fact is probably due
to the availability of molybdenum oxide, which crystallizes
before the tungsten oxide. Consequently, in the regions with
high Mo content, there are more molybdenum oxide rich
grains. This fact is also confirmed by the SEM/EDX
investigations. For example, for the highest Mo concentration
the molybdenum oxide rich layer covers almost completely the
tungsten oxide rich layer. As the Mo content decreases and the
W content increases, there are less and not that high outgrown
grains present (sample S and 6). The outgrown grains appear as
some isolated islands, surrounded by a matrix composed of
some much smaller grains which also protrude from an
underlying layer.
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3.2. Antibacterial Testing. The aforementioned method
for the growth of the E. coli bacterial culture was applied for
assessing the bactericidal activity of the Mo—W oxide thin film
material library. By this method, not only the activity in the
volume of the fluid in the surface vicinity may be investigated,
but also the activity of the surface. Nevertheless, this should be
seen as a comparative study to screen possible Mo—W
compositions of interest and to observe if the surface
structuring has an effect on the attachment of bacteria onto
the surface, and not for quantitative analysis. Merely a “yes—no”
testing was foreseen, in which it could be visualized if bacteria
attach and proliferate onto/in the vicinity of the surface. If the
material is not active, they will proliferate and be transferred to
the agar plates, whereas if it is active in the duration of the
experimental time, there would be no remnant bacteria which
can be transferred and no colonies will grow. It is worth
mentioning that also positive (Cu substrates) and negative test
cultures (the working culture) were performed, in order to
ensure the validity of the experiments in terms of sterile
conditions and bacterial growth.

Figure 7 shows the result of this investigation as after 2, 4,
and 6 h (ordered as depicted in Figure 1), with the (a) row
referring to the cultures harvested from the volume, whereas
the (b) row refers to the ones harvested from the surface. The
color bar on top of the figure represents the concentration
ranges of each set of chips with the same compositional spread.
Underneath, the agar plates on which the antibacterial tests
were performed with cultures harvested from the correspond-
ing chips are shown. As a general observation, it can be seen
that after 6 h incubation time and subsequent overnight growth,
for some compositional ranges there were no visible colonies
present for the culture harvested from the surface (Figure 7b)
or much fewer than for 2 and 4 h for the ones harvested from
the volume (Figure 7a). The active regions are from 91 to
74 at % Mo (9 to 26 at % W, respectively) and possibly for the
samples having SS to 44 at % Mo (45—56 at % W). When
comparing the results from the volume (Figure 7a) to the ones
from the surface (Figure 7b), a consistency of the activity for
the same compositional range can be observed (along each
column), but more colonies are present in the case of cultures

dx.doi.org/10.1021/c05000536 | ACS Comb. Sci. 2014, 16, 631-639
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harvested from the volume. This is expected, since for assessing
the surface activity additional steps were present. These steps
included the washing of the PBS with bacterial culture for
disposing of the bacteria unattached to the surface, thus
decreasing the number of bacteria which were later on applied
on the agar Petri dishes. Due to this consistency in terms of
volume/surface activity versus composition (similar results
along one column in Figure 7), but the observed nonlinearity
concerning activity versus compositional change (no linear
trend along the rows in Figure 7), the influence of the surface
structuring might be inferred. In the regions where the activity
is lower (chips 4—10—16 and 5—11—17 in Figure 1, and
columns 4 and S in Figure 7), also the surface morphology
shows a completely different microstructure in the SEM
(Figure 5) and AFM (Figure 6) images as compared to the
more active regions. For this compositional range (approx-
imately 74—54 at % Mo and 26—46 at % W, respectively), the
surface lacks the large, overgrown molybdenum oxide rich
grains present in the regions with high Mo concentration and
instead domains with smaller grains and smoother surfaces
were seen. It is possible that the bacteria attachment and
adhesion onto the less structured surface and/or into pores
might be higher, thus leading to reduced activity of these
surfaces. For the samples with the highest W content (Figure 1,
chips 6—12—18, and Figure 7, last column), which also show
some activity after 6 h, the larger grains rich in molybdenum
oxide are again present but their coverage on the surface is not
as high as in the case of regions with high Mo concentrations.

Another hypothesis for the observed nonlinear behavior
might relate the changes in activity to the local changes in the
pH, driven by the enrichment of neighboring regions with Mo
or W.

As already mentioned, the molybdenum oxide owns its
bactericidal properties to the formation of acidic surfaces in the
presence of humidity. Gram-negative bacteria as E. coli can be
killed at pH values lower than 5.5.° Consequently, the
mechanism responsible for the observed activity of MoO;
was assumed to be the formation of H;O ions in the vicinity
of the surface leading to an increased acidity by locally lowering
the pH value of the working culture.” A similar mechanism was
proposed for WO, In the current study, if solely this
mechanism would be responsible for the observed antimicrobial
activity of mixed molybdenum and tungsten oxides, there
should be no variations in the activity as a function of
compositional change, since they would both contribute to the
increase in the acidity. Nevertheless, due to the variations in the
stoichiometry and crystallinity of these oxides and to the lack of
referred data concerning change of the pH caused by the
presence of these mixed oxides and suboxides, this hypothesis
cannot be totally disregarded.

Comparing the literature on the antibacterial properties of
molybdenum oxides and suboxides to tungsten oxide, it has
been reported that the latter has no antimicrobial properties,>*
or activity only under laser irradiation via a photocatalytic
effect,®® and when covered with Ag34 or Pd nanoparticles,35 In
the present study, there was no continuous decrease of activity
as a function of tungsten concentration increase, therefore it
might be inferred that it also contributes to the activity. Thus,
an assumption can be made that the contribution comes rather
from the presence of W3O,y than from the WO;, cumulated
with the molybdenum oxide rich large grains found for some
compositional ranges. W30, has an acidic surface due to its
unique defect structure that can accommodate a large number
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of oxygen vacancies.’® Promising research has been already
performed for wastewater purification using nanostructured
W 3049 which degrades pollutants in the presence of visible
light by the formation of OH* radicals.***” On the other hand,
the bacterial disinfection works also in the presence of free
radicals by the oxidation of the cells membrane, and the
subsequent damage.**® Since the present experiments were
carried on under visible light, it can be presumed that the
observed activity comes from a synergetic coupling of the
structured surface due to the large molybdenum oxide rich
grains which are responsible for the local changes in the pH,
and the adjacent regions containing W;3O,, which release free
radicals under visible light.

4. CONCLUSIONS

In this work two new approaches were presented: (i) the
preparation and characterization of Mo—W oxides combinato-
rial thin film libraries and (ii) the proof of principle as they can
be used as antimicrobial coatings with screening compositional
ranges active against E. coli. Combinatorial thin film coatings
with compositional spreads ranging from 91 to 44 at % Mo (9
to 56 at % W, respectively) were successfully deposited by
thermal coevaporation. After a multiple step heat treatment, a
mixture of crystalline molybdenum and tungsten oxides and
suboxides and amorphous tungsten oxide were obtained. By
this type of heat treatment, also the surface structuring caused
by the enrichment of molybdenum oxide in large grains was
achieved. Preliminary tests of the coatings’ antimicrobial
activities against E. coli strain BL21IDE3 (kanamycin resistant)
were performed, by investigating the bacterial growth both onto
the surface and in the volume of the working culture. In some
certain compositional ranges [91—74 at % Mo (9—26 at % W,
respectively)] and possibly for the samples having S5—44 at %
Mo (45—56 at % W) the antimicrobial activity was proven, and
some possible mechanisms were proposed. The mechanism
involves a combined contribution of surface structuring and the
presence of the W3O,y phase. The former is caused by the
enrichment of molybdenum oxides in large, structured grains,
which lower locally the pH via formation of hydroxonium ions,
whereas the W0,y phase is responsible for the formation of
free radicals under visible light. Both these mechanisms were
reported as factors that can damage the cell membranes leading
to their death and consequently to the observed antimicrobial
activity. Further investigations are planned for a more detailed
screening of the exact composition(s) which are active by
expanding a smaller gradient over the sample length. Also, as a
proof of the working principle, a comparison of the activity
under light and in the dark will be pursued, to confirm the
proposed mechanism relating the presence of the W30,y phase
with the observed bactericidal effect.
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