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Ultrathin coatings based on bi-elemental nanoparticles (NPs) are very promising to
limit the surface-related spread of bacterial pathogens, particularly in nosocomial
environments. However, tailoring the synthesis, composition, adhesion to substrate,
and antimicrobial spectrum of the coating is an open challenge. Herein, we report
on a radically new nanostructured coating, obtained by a one-step gas-phase depo-
sition technique, and composed of bi-elemental Janus type Ag/Ti NPs. The NPs are
characterized by a cluster-in-cluster mixing phase with metallic Ag nano-crystals
embedded in amorphous TiO; and present a promising antimicrobial activity includ-
ing also multidrug resistant strains. We demonstrate the flexibility of the method
to tune the embedded Ag nano-crystals dimension, the total relative composition of
the coating, and the substrate type, opening the possibility of tailoring the dimen-
sion, composition, antimicrobial spectrum, and other physical/chemical properties of
such multi-elemental systems. This work is expected to significantly spread the range
of applications of NPs coatings, not only as an effective tool in the prevention of
healthcare-associated infections but also in other technologically relevant fields like
sensors or nano-/micro joining. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978772]

The synthesis of tunable and durable microbicidal coatings based on nanoparticles (NPs) is
becoming of critical importance!-? since indirect transmission of pathogens through contaminated
surfaces is a recognized major global health threat, especially in the hospital settings.>~® The develop-
ment of a functional NPs coating implies (1) the capability to tune the composition and the chemical
and mechanical’ properties through a proper combination of its constituting elements in a single NP
and (2) the ability to deposit such NPs on a wide variety of substrates, a critical step in achieving an
effective microbicidal coating.

So far, the synthesis of NPs composed of two elements (bi-NPs) has stimulated research
efforts®'3 due to their remarkably enhanced catalytic, microbicidal, optical, electronic, and mechan-
ical properties, which goes beyond the mere sum of the effects of the constituent materials. Ag/Fe
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NPs allow their removal from a solution after the Ag microbicidal effect has been exploited,® while
the combination of Au and Pt into bimetallic NPs shows a remarkable microbicidal effect that the
single metal NPs (either Au or Pt) do not present.” Small quantities of Pd inside Pd-W NPs metal are
sufficient to enhance the cluster stability and catalytic properties due to the formation of ultra-active
Pd hot-spots.'? Moreover, Ag can broaden the bactericidal activity of TiO,-based photocatalyst com-
posite materials and can also act against silver-resistant microorganisms due to their photooxidative
mechanism,'* and various wet synthesis methods have been used resulting in Ag decoration of TiO,
nanostructures. !>

However, very little is known about the formation and properties of bi-NPs—based coatings.'”
Time-consuming multi-step post-synthesis processes,'® colloidal stabilizers, cross-linking growth,
or substrate functionalization is required to obtain the coating when NPs are synthesized in a wet
environment,'® therefore increasing the degree of complexity of the system. In this respect, the
synthesis and the growth of controlled antimicrobial coating with bi-NPs in a single step are an open
challenge. A feasible alternative to directly synthesize and deposit controlled nano-structured multi-
elemental coatings is based on gas-phase synthesis techniques,?'~>} and in particular Supersonic
Cluster Beam Deposition (SCBD).?>?* Here, the synthesized NPs form a beam that allows the direct
deposition of the coating on the substrate. At present, antimicrobial coatings composed of bi-NPs
have never been obtained by this approach.

In this work, we present a new family of antimicrobial films composed of bi-elemental Ag—Ti
NPs obtained in a single step, with tunable size and relative concentration of the constituents. The NPs
are similar to the Janus type NPs,?” with metallic Ag nano-crystals partly embedded in an amorphous
TiO, matrix. The nano-structured Ag—Ti coating shows good adhesion to the substrate and exhibits
an exceptional bactericidal effect against major Gram-negative nosocomial pathogens, remarkably
similar to a pure Ag NPs coating,?* but with an 85% lower Ag mass content. Thus, this work opens the
possibility to produce radically new materials for a variety of applications, engineering the coating
properties with a potentially unlimited set of elements: broadening the antimicrobial spectrum for
healthcare environments by introducing other microbicidal metals or tailor the coating adhesion by
varying the elements relative concentration in the NPs.

The NPs coatings have been obtained by SCBD (see Scheme S1 of the supplementary material),
exploiting pulsed plasma ablation of the material to be deposited, and extraction of condensed NPs into
a beam directed on the substrate surface. Coatings of three different materials, AgTi8020 (nominal
weight contents 80% Ag and 20% Ti), AgTi5S050 (nominal weight contents 50% Ag and 50% Ti), and
PureAg (99.99% Ag), were deposited using the same operating conditions independently from the
substrate, changing the deposition time to control the film thickness. The antimicrobial features (i.e.,
reduction of bacterial viability) were investigated against a panel of clinically relevant Gram-negative
and Gram-positive nosocomial pathogens, for which contaminated surfaces represent a major vehicle
for transmission (Table S5 of the supplementary material).

The SCBD flexibility allows to easily deposit scattered bi-NPs to precisely estimate the height
distribution (Figure S1 of the supplementary material) by atomic force microscopy (AFM). For
AgTi5050, the bi-NPs median height is 4.3 nm, remarkably higher than the 3.3 nm of AgTi8020
(Figures S1(b) and S1(d) of the supplementary material). Furthermore, the longer tail of the AgTi5050
distribution, extending up to 12 nm, indicates an appreciable increase in the vertical dimension of
the bi-NPs with increasing Ti concentration. The NP surface density of the AFM data (Figures S1(b)
and S1(d) of the supplementary material) is extrapolated to be 0.02 + 0.008, much lower than that
obtained by aerosol-deposition of TiO2 NP, but in agreement with the prediction of NP deposition in
the ballistic regime.?

The individual bi-NPs structure has been characterized by high angle annular dark field scanning
transmission electron microscope (HAADF-STEM) images (Figure 1), exploiting direct deposition
on STEM grids. The NPs are characterized by an intense spot partly surrounded by a lighter gray zone
(Figures 1(a) and 1(d)), and the corresponding elemental maps (Figures 1(b) and 1(c)) clearly indicate
that the contrast difference is due to Ag (red) and Ti (green) phase-separation. This suggests that SCBD
synthesizes aggregates of Ag NPs partly embedded in an amorphous Ti surrounding. An increase of the
Ti concentration leads to an increase in the average bi-NP size, related to the formation of aggregates
having multiple Ag NPs embedded in the Ti. The obtained NPs are remarkably different from the
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FIG. 1. ((a)-(d)) HAADF images of AgTi8020 and AgTi5050 scattered NPs with the relative elemental map. Short acquisition
times are used to limit beam-induced damage (i.e., NPs moving or deforming). ((e)—(g)) High resolution HAADF-STEM images
of the NPs and FFT analysis of Ag crystalline structure of the zone in the purple rectangle. Red arrows are indicating small Ag
NP, and green arrows are pointing to the Ti part of the NPs. ((h)—(j)) frequency histograms of the Ag crystallites dimension.

simple Ag decoration of TiO, nanostructures that have been obtained by sol gel,'* solvothermal,'
hydrothermal,'® and hydrolyzed solution!” methods.

To obtain statistical information on the bi-NPs size and crystallinity as a function of the Ti con-
centration, a large number of HR-STEM images were acquired for bi-NPS and for pure Ag NPs
(Figures 1(e)-1(g)). The data confirm the Ag and Ti phase separation at the nanoscale. Moreover,
the Ag NPs observed in the AgTi8020 and AgTi5050 cases (Figures 1(f) and 1(g)) are mostly poly-
crystalline, as in the pure Ag phase (Figure 1(e)). Interestingly, the Ti partly surrounding the Ag
NP (indicated with green arrows) is completely amorphous instead. The crystallinity of the Ag NPs
(either pure or in the Ti) is confirmed by the 2D-fast Fourier transform (FFT) of the purple-squared
areas shown in the inserts of Figures 1(e)-1(g). The FFT maxima provide a vector length of 0.24
+ 0.01 nm, compatible with the one of bulk, unstrained Ag{111} spacing (0.236 nm).

Grazing incidence X-ray diffraction (GIXD) obtained on a 100 nm-thick AgTi5050 NP film on
glass confirms the presence of Ag nano-crystallites with Ag{111} 0.236 + 0.002 nm spacing (Figure
S2 and Note 3 of the supplementary material), while Ti-related peaks are not found. Hence, the
deposited bi-NPs are composed of a mixture of Ag nanocrystals intermixed with amorphous Ti.

The population histograms for Ag NPs diameters are presented in Figures 1(h)-1(j). For pure
Ag, the size distribution is characterized by a large number of small NPs (diameter <2 nm (red arrows
in Figure 1(e))). Larger NPs with diameters ranging from 4 to 12 nm represent 90% of the total Ag
mass (e.g., squared NP in Figure 1(e)). Notably, by increasing the Ti/Ag ratio, the dimension of
the Ag nano-crystallites decreases from 2.5 nm, in the case of AgTi8020, to 1.8 nm, in the case of
AgTi5050. These results show that SCBD provides an easy and effective way to tailor the Ag NPs
size by varying the composition of the sputtered rod. These results are consistent with the AFM data
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since STEM images resolve the lateral dimension of Ag nano-crystallites embedded in the Ag-Ti
bi-NPs, whereas AFM gives an estimation of the total height of the aggregate including the Ti matrix.

Figure 2 shows Auger electron spectroscopy (AES) and X-ray photoemission spectroscopy (XPS)
data taken from three 20 nm-thick NP films deposited on Si(100) having different NPs compositions
(see Note 1 and Table S2 in the supplementary material), together with a pure (99.99%) polycrystalline
Ag reference.

The data obtained on all NPs coatings and on the pure Ag reference (Figs. 2(a) and 2(b)) do not
show any appreciable variation in the intensity or in the energy (both binding, BE or kinetic, KE)
for any of the spectral lines, in particular for the oxygen sensitive Ag MyNN Auger transition,2®2°
indicating that the Ag NPs do not undergo any oxidation. The small lineshape differences found
in the AgTi5S050 Auger spectrum (shoulder at 348.5 eV and intensity and width of the peak) stem
from a Ti Auger line present in the 350-357 eV KE region,”® becoming relevant with increasing Ti
content. The Auger parameter (defined as the Ag 3ds» BE + Ag M4Ny 5Ny 5 KE) further confirms
the purely metallic character of the Ag NPs, see Figure 2(c).2® Figures 2(d) and 2(e) show the Ti 2p
core level and LMV Auger line for AgTi5050 (green dots) and AgTi8020 (blue dots) NPs coatings,
respectively. The Ti 2p BE (453.6 V) and the spin-orbit splitting (5.7 eV) indicate a Ti** configuration
state.” Moreover, the energy and the relative area of the two main peaks of the Auger LMV line are
compatible with oxidized Ti.**

The coating stoichiometry was estimated following the procedure described in Note 4 of the
supplementary material (see also the oxygen Ols in Figure 2(f) showing a major contribution from
oxygen bonded to Ti at 530.6 eV3!) and the results are reported in Table TS3: Ag is metallic and
Ti is doubly oxidized, hence confirming the morphology of the nanoaggregates as that of Janus
Ag-TiO, NPs. Moreover, our data clearly indicate that the compositional changes in the pristine rod
(i.e., pure Ag, AgTi8020, AgTi5050) correspond to an analogous variation in the produced bi-NPs
stoichiometry, proving that SCBD is a powerful tool to tailor the NPs chemical composition simply
adjusting the Ag/Ti relative concentration in the initial rod. It is also worth noting that this method
has already been used to deposit Np coatings on glass,”* sapphire,” semiconductors,”® and on PVA
electrospun fibers,>? and can be extended to any metal surface, even textiles and paper, provided they
can be inserted into vacuum. Such flexibility can open a wide range of applications of such coatings,
from sensors to paper electronics.
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FIG. 2. XPS and Auger data: Pure Ag (red dots), AgTi5050 (green dots), AgTi8020 (blue dots), and polycrystalline Ag (black
dots). (a) Ag 3d core level; (b) Ag MNN Auger emission line; (c) experimental Ag Auger parameter compared to the literature.
Ag: Refs. 26 and 28; Ag*: Refs. 26 and 28; Ag?*: Refs. 26 and 28; (d) Ti 2p core levels compared with the literature3! for
different electronic configurations; (e) Ti LMV Auger line: the relative area of Ti LMV peaks indicates the presence of Ti**;
(f) O 1s core level and relative fits. Highlighted area of panels (a), (d), and (f) are used to obtain the relative stoichiometric and
mass concentration of the three elements. Fits and quantifications were made for each peak but only the first one is displayed.


ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-5-001704
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-5-001704

036105-5 Benetti et al. APL Mater. 5, 036105 (2017)

The antimicrobial features of the bi-elemental coatings were characterized for the AgTi5050
NPs system, the one with lower Ag amount with respect to a similar coating of ultrapure Ag NPs
obtained by SCBD,** to reduce the precious metal content in potential applications. The AgTi5050
coatings (thickness of one NPs layer) were found to be extremely effective against all the Gram-
negative strains tested (i.e., two reference strains of Escherichia coli and Pseudomonas aeruginosa,
and two multidrug resistant clinical isolates of P. aeruginosa, and Acinetobacter baumannii (Table S5
of the supplementary material), being able to almost completely sterilize a high bacterial inoculum,
~1x 107 colony forming units (CFU), in 3 h (Figure 3(a)).

Shorter exposure times, tested against the multidrug resistant A. baumannii, revealed a detectable
decrease of viable cells already after 15 min of exposure, with a bactericidal effect (i.e., 3 log reduction
of viable cell count) achieved in 90 min (Figure 3(b)). Since environmental surfaces are contaminated
with a much lower bacterial inoculum® than that used here, the AgTi5050 NP coating, even with a very
low Ag content, could be highly effective as an antimicrobial tool in limiting the indirect transmission
of Gram-negative pathogens.

An overall lower and slower bactericidal activity was instead observed against the two Gram-
positive strains tested (i.e., a reference Enterococcus faecalis strain, and a methicillin-resistant
Staphylococcus aureus clinical isolate exhibiting also non-susceptibility to glycopeptides and dap-
tomycin (Table S5 of the supplementary material)). While a sizable reduction of viable cells was
obtained with the S. aureus strain after a longer exposition time on AgTi5S050 NP films, the
E. faecalis strain remained substantially unaffected (Figure 3(c)). Overall, the microbicidal activ-
ity of AgTi5050 NP films was found to be similar to that of pure Ag NP films synthetized by the
same methodology.?* Indeed, although a direct comparison was not possible due to different substrate
types and revised microbiological procedures, a similar reduction in the number of viable bacterial
cells was observed with strains tested in both studies, using comparable bacterial inocula for surface
contamination. These results encourage further studies to exploit SCBD’s ability to produce multi-
elemental NPs to include other antimicrobial metals in the NPs coating (possibly broadening the
antimicrobial spectrum toward Gram-positive bacteria).

According to Ref. 33 the Ag NP size should have little direct influence on the microbicidal effect,
at least on E. coli. However, a smaller NP size is influencing the Ag+ ion release due to the higher
surface to volume ratio,>* and hence increasing the microbicidal effect of the AgTi coatings, even
more if one consider that part of the Ag NPs might be completely embedded in the TiO;.

Besides the high antimicrobial performances, the bi-elemental NPs coatings also benefit from
the presence of the TiO,. Due to its ability to act like bridging site at a film/substrate interface, Ti
is commonly used to enhance thin films adhesion on various substrates. To verify this effect in our
coatings, we performed an empirical comparison between the pure Ag NPs and the AgTi5050 films
adhesion on a glass substrate (see Note 5 and Figure S3 in the supplementary material). With respect
to the pure Ag NPs, the introduction of Ti remarkably enhances the adhesion without affecting the
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FIG. 3. Antibacterial features of AgTi5050 NP films: (a) antibacterial activity against Gram-negative pathogens (3 h of
exposure); (b) time-kill curve of A. baumannii ABO6C13 (multidrug resistant clinical isolate); (c) antibacterial activity against
Gram-positive pathogens (3 and 24 h of exposure). CFU—Colony Forming Unit; P. ae, Pseudomonas aeruginosa. Dotted
lines indicate the detection limit of viable cell count (1.4 log CFU).
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measured antimicrobial activity, saving at the same time more than 85% of the expensive metal (Note
6 of the supplementary material).

In summary, we produced radically new nanostructured coatings using a one-step gas-phase
deposition. The coatings are characterized by a cluster-in-cluster mixing phase with small metallic
ultra-active microbicidal Ag hot-spots embedded in amorphous TiO,, stable and strongly bonded
to the substrate. Moreover, SCBD allows us to tune the Ag nano-crystals dimension and the total
relative composition of the coating. Furthermore, we produced for the first time multi-element NPs by
SCBD, opening the possibility of tailoring dimension, composition, antimicrobial spectrum, and other
physical/chemical properties of multi-elemental NPs only by varying the native rod’s composition.
The potential of this technique is also demonstrated by the wide variety of substrates employed (from
conductive to insulating substrates, from single crystals to STEM grids, and commercial chromium-
coated plastics) and the range of thicknesses obtained, from sub-monolayer (about 1%) up to few
hundreds of nm. This work is expected to spread significantly the range of applications of NPs films,
not only in the medical field but also in other technologically relevant fields like sensors (where the
selectivity to gas absorption is depending on the material employed), nano-/micro joining (where
NPs-based pastes are now used as a low-temperature alternatives to standard welding, brazing and
soldering processes), or electrocatalysis.

See supplementary material for details of coating preparation, data acquisition, scratch tests,
bacterial tests, and the data analysis.

We thank Urs Gfeller for the XRF measurements, Francesco Banfi for valuable discussions on
the manuscript and Giulio Viano for his valuable support in the microbiological analysis. The authors
acknowledge the financial support of Universita Cattolica del Sacro Cuore through D.2.2 and D.3.1
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