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Tailored Ag—Cu—Mg multielemental nanoparticles
for wide-spectrum antibacterial coating+
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Bactericidal nanoparticle coatings are very promising for hindering the indirect transmission of pathogens
through cross-contaminated surfaces. The challenge, limiting their employment in nosocomial environ-
ments, is the ability of tailoring the coating’s physicochemical properties, namely, composition, cyto-
toxicity, bactericidal spectrum, adhesion to the substrate, and consequent nanoparticles release into the
environment. We have engineered a new family of nanoparticle-based bactericidal coatings comprising
Ag, Cu, and Mg and synthesized by a green gas-phase technique. These coatings present wide-spectrum
bactericidal activity on both Gram-positive and Gram-negative reference strains and tunable physico-
chemical properties of relevance in view of their “on-field” deployment. The link between material and
functional properties is rationalized based on a multidisciplinary and multitechnique approach. Our results
pave the way for engineering biofunctional, fully tunable nanoparticle coatings, exploiting an arbitrarily
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Introduction

Nanostructured materials (NMs) and nanoparticles (NPs)" are
active areas of research of a burgeoning expansion in many
techno-economic sectors and application domains, ranging
from sensing and catalysis to healthcare. A considerable body
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wide number of elements in a straightforward, eco-friendly, high-throughput, one-step process.

of work has been devoted to investigate the peculiar physico-
chemical characteristics of NPs, such as high surface-to-
volume ratio, low melting point, curvature radius,> optical®
and mechanical™® responses toward their interactions with
bacteria and cells in solution.®® However, worldwide threats,
like cross-contamination through infected surfaces in nosoco-
mial environments”'® or biofilm formation on medical
devices and implants," necessitate biofouling and bioconta-
mination prevention. This calls for a nanostructured coating
with functionalities like antifouling’® or bacterial release'®
actions. In particular, a bactericidal surface should be able to
kill both Gram-positive and Gram-negative strains of multi-
drug resistant pathogens. This state of things requires the
development of functional nanostructured coatings capable of
hindering the spread of a wide variety of different bacteria on
solid surfaces by employing an effective eco-friendly synthesis
technique with high throughput, thereby expanding the
current research efforts beyond those involving microbicidal
NPs in solutions."* ™

The key parameters influencing the coating/bacterial inter-
actions and potential harmfulness against eukaryotic cells'”
are the NPs composition,"®*° chemical state,
morphology,'®** film porosity and root-mean-square (RMS)
nano-roughness.”* 2 The challenge to go beyond a narrow-
spectrum bactericidal coating, e.g., composed of pure Ag NPs,””
is to mix different microbicidal materials to form multi-
elemental NPs. Among the potential microbicidal elements
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(Ag, Al, Cu, Mg, Ni, Ti, and Zn'*"'®?"?%)  the remarkable
activity of Ag against Gram-negative bacteria®” and that of Cu
against Gram-positive bacteria and yeasts'>*® intuitively
suggest the combination of these two elements as extremely
promising.”**° In addition, we recently showed that adding
elements with greater oxygen chemical affinity’’ to metallic
NPs considerably enhances the nanostructured film adhesion
to the substrate,'® Mg being a potentially viable candidate for
this scope. A multielemental NP film combining Mg, Ag, and
Cu, therefore, seems a promising coating, potentially capable
of fulfilling all the above mentioned requirements.

The bactericidal efficiency of a coating could be further
increased if we can synthesize a nanostructured material with
a high surface-to-volume ratio, controlled morphology and
thickness, wherein multielemental NPs preserve their compo-
sition and properties. However, this process has, so far, been
marred by several issues. For instance, the coating synthesis by
wet routes is hampered by problems related to colloidal stabi-
lization, substrate functionalization, solvent purification and
other multistep processes,> while synthesis
routes®**7*° have, so far, not been able to achieve such goals
either with regard to optimal size and composition of NPs or
with respect to the coating thickness, roughness and mor-
phology control. A promising alternative solution for the syn-
thesis of a green and affordable multielemental NP coating is
the supersonic cluster beam deposition (SCBD) technique.'®
This eco-friendly method is based on the gas-phase synthesis
of directly deposited NPs forming homogeneous films**?”
with controllable morphology parameters***®*” on a wide
variety of substrates.

The open challenge is, therefore, to combine Mg, a biocom-
patible element improving the coating adhesion/mechanical
stability,®® with the bactericidal elements (Cu and Ag) in NPs,
followed by assembling these NPs into a nanostructured
coating by employing an effective eco-friendly synthesis tech-
nique with high throughput. More specifically, from the
materials science point of view, the elemental NP composition
has to be addressed. For instance, the atomic distribution of a
multielemental NP combining Mg, Ag, and Cu could be largely
different with respect to a simpler case where common Agcore—
CUghenn NPs are synthesized in the absence of Mg.***° From the
microbiological viewpoint, the envisioned wide-spectrum
microbicidal activity may be affected by the final element
chemical state, NPs distribution and coating morphology, or
eventual materials cooperative effects, the actual efficacy still
remains to be determined.

In this work, we engineer a nanostructured coating by
bottom-up assembly of Janus-like NPs with tunable composition
and with unprecedented bactericidal spectrum. The link
between the physicochemical properties of the granular coating
and its bactericidal effect is addressed. We use X-ray photo-
emission spectroscopy (XPS) to characterize the NPs’ chemical
states and Rutherford backscattering spectrometry (RBS) to
quantify the film’s elemental stoichiometry and porosity. The
RMS roughness of the coating,> influencing the bacterial
adhesion to the substrate, is investigated by atomic force

non-wet
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microscopy (AFM). High-resolution transmission electron
microscopy (HR-TEM) and high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), com-
bined with energy dispersive X-ray spectroscopy (EDX), reveal the
Janus-like NPs morphology, partly exposing the bactericidal clus-
ters of metallic Cu and Ag to the environment. Molecular
dynamic (MD) simulations show that MgO plays the cardinal
role in the formation of clusters with a partial Ageore—CUghen
structure, while the effective wide-spectrum antimicrobial
activity is proven on Escherichia coli ATCC 25922 and
Staphylococcus aureus ATCC 6538 reference strains. Furthermore,
viability tests on two human cell lines (HeLa and A549) after
24 h of direct exposure to the tri-elemental NPs have been per-
formed to quantify the cytotoxicity of the bactericidal film.

Results and discussion
Morphology of NPs

The elemental distribution inside the NPs is of paramount
importance for both bactericidal activity and mechanical pro-
perties of the bottom-up-assembled NM. Small metallic clus-
ters are desirable to create ultra-active bactericidal hot spots,
as shown for Pd-W** and Ag-Ti'® bi-elemental NPs.
Furthermore, previous works have shown that the presence of
a metal oxide matrix partly embedding Ag hot spots allowed to
increase the mechanical stability of NPs, creating a nano-
structured coating that could strongly adhere to plastic and
glass substrates."™®

Fig. 1a and b show two HAADF-STEM images of scattered
AgCuMg202060 and AgCuMg503020 NPs, respectively, de-
posited onto a carbon-coated Au TEM grid. Because of the
atomic number sensitivity of this imaging technique, regions

AgCuMg202060

AgCuMg503020

HAADF - STEM

EDX

Fig.1 HAADF-STEM (top panels) and corresponding EDX elemental
maps (bottom panels). Cu (red), Ag (green), and Mg (blue) for the
AgCuMg202060 (a, c) and AgCuMg503020 (b, d) NP samples.
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with different contrasts are observable in this image; therefore,
they can be associated to the position of different elements.
The brightest areas (average diameter: 1.8 = 0.8 nm for
AgCuMg202060 and 3.0 = 1.7 nm for AgCuMg503020; see the
histograms plotted in Fig. S2 of the ESI{ for more details) can
be ascribed to NPs containing heavier elements such as Ag
and Cu, whereas the less bright zones are likely to be related
to Mg. This contrast-based observation is confirmed by the
EDX maps presented in Fig. 1c and d, showing that for both
AgCuMg202060 and AgCuMg503020, Ag (green) and Cu (red)
are mostly concentrated in the brighter areas, while Mg (blue)
is distributed in the surrounding. Hence, one can deduce that
the synthesized NPs assume a cluster-in-cluster (Janus) form,
with a Mg-rich matrix partially embedding Ag and Cu clusters.
The rather low signal-to-background ratio in the EDX maps
(also refer to the corresponding EDX spectra shown in Fig. S3
of ESIt) does not allow to distinctly visualize whether the Ag-
Cu clusters are alloyed or phase-segregated. Considering the
immiscible nature of Ag and Cu,*' the most likely scenario is
the segregation of these two elements instead of an alloyed
arrangement. HR-TEM analyses, performed on both the
samples, clearly reveal crystalline Ag NPs, the largest ones exhi-
biting a typical multi-twinned structure (see Fig. S4 of ESIf).
On the other hand, tiny MgO crystals were found in the
AgCuMg202060 NP sample, while no clearly ordered structures
were detected within the Mg-poor samples. No crystalline par-
ticles ascribable to Cu, or oxidized Cu, were identified by
HRTEM, probably due to the small size of Cu domains, which
did not allow for the formation of periodic structures. Further
investigations on their structures have been carried out by
using MD simulations, described further in this manuscript.
For applications as a microbicidal coating, the most promis-
ing candidate is AgCuMg503020 since the higher relative abun-
dance of Mg inside AgCuMg202060 NPs almost completely
impedes the exposure of Ag and Cu clusters. Indeed, a weight
concentration of Ag/Cu/Mg 20/20/60% is equivalent to an atomic
concentration of 6/11/83%, resulting in a very low presence of Ag
and Cu inside the coating. As such, we focused on the
AgCuMg503020 for performing a comprehensive investigation.

Relative elemental composition of NPs

Tailoring NMs with the desired relative elemental composition
is crucial to synthesize ad hoc bactericidal coatings having
specific physical and biological properties, such as cytotoxicity
or adhesion to the substrate.>'® We employ RBS to relate the
actual NP composition with the nominal one of the starting
target rod—a macroscopic parameter—to prove the effective
tunability of the film constituents and exploit the SCBD flexi-
bility. RBS was obtained from an 85 + 5 nm-thick film of
AgCuMg503020 deposited on HOPG (the thickness was
measured by AFM at the film edge, see Fig. S6T). The choice of
a light element (C) substrate allows to precisely quantify all the
elements heavier than carbon. The data, visible in sections 3
and 5 of the ESI,{ show that the relative weight content of the
NPs (Ag/Cu/Mg = 47/29/24) is compatible with the nominal
one of the starting rod (50/30/20), indicating a direct transfer
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of all the elements from the macroscopic rod to the nano-
structured film. This direct correspondence demonstrates, for
the first time, the possibility of fine-tuning the elemental com-
position of tri- and multielemental NPs by using a SCBD
source. A more detailed quantification of the NP film contents
(including O) is reported in the ESI} (sections 3 and 5).

Chemical state

Since the chemical states of Ag, Cu, and Mg strongly influence
their bactericidal activity,"**"*° a thorough XPS analysis was
carried out on a 20 nm-thick film of AgCuMg503020 deposited
on Ta. The data show that Ag and Cu are metallic, while Mg
forms oxides. Considering the antibacterial activity of metallic
Ag,"® Mg0,* and Mg(OH), ** against a wide number of Gram-
negative bacteria and of metallic Cu against many Gram-posi-
tive bacteria,*>° the present chemical composition of the NPs
is a promising candidate to create a wide-spectrum bacteri-
cidal NM.

The main XPS core-level peaks (Ag 3d, Cu 2p, C 1s, O 1s,
Mg 1s, and Mg 2p) are shown in Fig. 2, together with the fits
of the different components. The binding energy (BE) posi-
tions and intensities of all the peaks are listed in Table 1 for
future reference. The BE and spin-orbit splitting energy of Ag
3d peaks (Fig. 2a) confirm the metallic form of Ag, similar to
that recently found on NPs synthesized with pure Ag and Ag-
Ti via SCBD.>**

The Cu 2p line shape (Fig. 2b) is characterized by the pres-
ence of two main photoemission structures at 932.8 and 952.7
eV BE, which is compatible with the peak positions of metallic
Cu,* and of the two minor peaks at 934.6 and 956.2 eV BE,
which could be ascribed to CuO.* The relative areas of these
two peaks are less than 10% of the total area of the main Cu
features. Moreover, the data reveal only a small shake-up struc-
ture around 945 eV BE, which was also observed in metallic
Cu.** These results, therefore, indicate that the Cu inside the
NPs is also mostly metallic, even though a limited interaction
with the oxygen of the surrounding shell might occur.**

Both Mg 2p and Mg 1s spectra (Fig. 2e and f) reveal a
single, broad peak resulting from the superposition of
different components. Then, the analysis of these photo-
emission lines, assuming that three possible stable Mg chemi-
cal states are separately contributing to the Mg line shape
(MgO, Mg(OH),, and MgCOj3), has to be supported by the sim-
ultaneous analysis of the C 1s and O 1s peaks (Fig. 2¢ and d,
respectively). The detailed analysis, reported in the ESIT
(section 4), reveals that the relative concentrations of MgO, Mg
(OH),, and MgCOj; are 42%, 39%, and 19%, respectively.

The metallic state of Ag and Cu can be explained consider-
ing the chemical affinity with oxygen of the elements compris-
ing the NPs. The metallic states of Ag and Cu can be explained
considering their chemical affinity with oxygen (i.e., the nega-
tive partial derivative of the Gibbs energy, G, with respect to
the extent of the reaction, ¢),

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XPS Ag 3d (a), Cu 2p (b), C 1s (c), O 1s (d), Mg 2p (e), and Mg 1s (f) spectra of a AgCuMg503020 NP thin film. Dark red fits refer to MgO;
green fits, Mg(OH),; and blue fits, MgCOs. Solid black lines indicate the sum of the fitting Voigt functions, and black markers indicate the experi-

mental data.

Table 1 XPS results of core-level peaks obtained in this work for all the
materials under investigation. BE, FWHM, and relative area with respect
to the total area of the peaks for Ag, Cu, C, O, and Mg. BE errors are esti-
mated by considering the largest BE variation of the peak center, result-
ing from changes in the background subtraction and fitting parameters.
The last column indicates the chemical state of the element generating

the peak

Peak  BE (eV) FWHM (eV) Relative A  Source
Ag  3d;, 374.27+0.04 1.07 40% Metallic Ag
3ds, 368.28+0.04 1.11 60% Metallic Ag
Cu  2py,  9562+0.1  4.01 6% CuO
2P1s2 952.7 + 0.1 2.86 42% Metallic Cu
2ps,  934.6+0.1  1.86 6% CuOo
2ps/2 932.8 +0.1 1.65 46% Metallic Cu
C 1s 290.62 £ 0.05 1.44 — MgCO;
(0] 1s 530.14 £ 0.05 1.64 24% MgO
1s 532.01+0.05 1.53 44% Mg(OH),
1s 532.88 £0.05 1.67 32% MgCO;
Mg  2p 49.56 +0.10  1.33 42% MgO
2p 50.28 +0.10  1.33 39% Mg(OH),
2p 51.11 £ 0.10 1.32 19% MgCO;
1s 1304.6 £ 0.1 1.56 42% MgO
1s 1303.7+0.1  1.66 39% Mg(OH),
1s 1305.7 £ 0.1 1.59 19% MgCO;

for the elements comprising the NPs:**

1 1 .
AZ Cu+ZOZH5Cu20 =73 KkJmol ",

This journal is © The Royal Society of Chemistry 2019

1
AZ (Cu + 502 — Cuo) =128k mol ™,

1 1
AZ (Ag +70,— 5Ag20> = 5.5kJmol *,

1
AZ (Mg +50, = MgO) = 564kJmol .

These values explain why, in the presence of oxygen, metal-
lic Mg tends to quickly and spontaneously oxidize in the NPs,
while Ag and Cu remain metallic.

Topography and porosity

The surface nano-roughness has been shown to influence the
bacterial®***® and cellular®®*® adhesion, and consequently, the
biofilm formation!” and bactericidal effect. In particular, RMS
roughness higher than 20 nm is shown to decrease the bac-
terial-surficial interaction, whereas a small roughness value
increases this interaction.”® Depending on the specific appli-
cation, the NP density on the substrate and the thickness of
the antibacterial coating synthesized by SCBD can be tailored
in a wide range, starting from isolated NPs with a totally
covered surface area of 1% to a single monolayer film up
to hundreds of nanometers thick. Fig. 3a shows the repre-
sentative 4 pm X 4 pm 3D AFM image of the surface mor-
phology of an 85 nm-thick film of AgCuMg503020 NPs de-
posited onto a silicon substrate. The image is characterized by
the presence of NPs with spatially uniform distribution, indu-
cing granular morphology in the coating. This behavior is a

Nanoscale, 2019, 11, 16261635 | 1629
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Fig. 3 (a) Topographic 3D view of the AFM image of an 80 nm-thick AgCuMg503020 NP sample deposited onto flat Si. (b) Pixel height distribution

of the entire image. (c) Representative line scan taken from (a).

common feature of films obtained via SCBD, independently
from the substrate and from the material comprising the NPs,
due to the soft-landing regime ruled by the synthesis con-
ditions.” The pixel height distribution, obtained after third-
order polynomial background subtraction, is shown in Fig. 3b
along with a representative line scan (Fig. 3c). The RMS rough-
ness (obtained from the pixel height distribution of several
topographic images obtained from different film areas) is 4.5 +
0.2 nm, which is similar to the values obtained for films of
Ag”” and Ti*® NPs deposited in similar synthesis conditions
and substrates. Such a small roughness value is expected to
facilitate interactions between the bacteria and bactericidal
coating, allowing the full exploitation of the film’s Kkilling
activity.

Considering the granular nature of the film, the most
likely scenario is that the film comprises solid NPs with small
voids and channels between them, such as that in pure
Ag NPs.**® RBS was used on this thick film to directly
quantify the number of atoms per unit area for each consti-
tuent and, consequently, to estimate the film porosity. The
expected thickness of a nonporous film with the RBS-measured
number of atoms per unit area is 68 nm. Since the actual AFM-
measured film thickness is 85 + 5 nm, the obtained film poro-
sity is 20 + 4%; the error is induced by the uncertainty of the
AFM-estimated film thickness. This value is similar to those
already obtained for Ag NP films (20 + 6%)*> and Ag-Ti NP
films (25 + 5%)> with the same synthesis apparatus. Further
details are reported in the ESIf (section 5). The present results
indicate that the SCBD synthesis method yields NPs and coat-
ings with remarkably similar surface morphology and porosity,
even when the number of elements comprising the NP is
larger than two. The present results suggest that the granular
NP film morphology is primarily related to the NP formation
process (size) and gas dynamics (kinetic energy/atom) as
opposed to the specific chemical species (i.e., interatomic
potential) involved.

MD simulations

To gain an insight into the dynamics of the physical processes
leading to NP formation and to rationalize the distribution of
elements inside each NP, we used MD simulations. MD is
emerging as the go-to technique for mechanical and
thermal nanometrology,”® complementing finite elements

1630 | Nanoscale, 2019, 11, 1626-1635

method-based®" or other ab initio approaches.”” During NP for-
mation, the quantity of available impurities inside the ablation
chamber is insufficient to produce stoichiometric magnesium
oxides, hydroxides, and carbonates. Since there is no structural
information on NP coalescence inside the ablation chamber, it
is not possible to develop a first-principles model of the Mg-
metal interface. Therefore, we employed a semi-empirical
model of the interaction between Ag/Cu and the (100) surface
of MgO. Assuming the NPs completely coalesced in the ablation
chamber, thereby keeping MgO as the outer shell, in order to
replicate the embedding of metal clusters in the Mg matrix, we
performed the MD simulation of a cubic cavity of MgO (size: 2 x
2 x 2 nm?®). At full loading, the cavity can contain approximately
350 metal atoms. The size of the metal cluster is, consequently,
similar to the metallic inclusion size shown in Fig. 1b, which
allows for a comparison with the experimental results and, at
the same time, is computationally feasible.

Our simulations started from a configuration with the
metal Ag/Cu mixture (40/60 at% corresponding to the experi-
mental concentration in NPs) in the liquid state. Successively,
the temperature of the system was gradually decreased from
800 K to 400 K. The liquid-to-solid transition of the metal
(Fig. S77) is located at 650 K. In our simulations, we monitored
the composition of the metal layer at the interface with the
MgO surface. We calculated the relative number of MgO-Cu
and MgO-Ag contacts as a function of temperature during the
cooling process. In the liquid phase, the fraction of MgO-Cu
contacts with respect to the total MgO-metal contacts is larger
than 0.6, indicating that Cu prefers occupying sites at the
interface with MgO (Fig. S8 and S97). The situation does not
change when the cluster solidifies. The transition to the solid
state implies an increase in phase segregation, as quantified
by the decrease in Ag-Cu contacts (shown in Fig. S8 and S97).
The structure revealed by the MD simulations, characterized
by a Ag core partially surrounded by smaller phase-segregated
Cu aggregates lying at the interface with the MgO matrix, is
evident in Fig. 4 and Fig. S10t1 and is compatible with the EDX
maps shown in Fig. 1d. It should be noted that usually, Ag-Cu
NPs in the gas phase are expected to exhibit very strong phase
segregation, resulting in the formation of Cucore=Agshen clus-
ters.>®*° Here, the MgO surface reverses the cluster chemical
ordering, driving Cu to the oxide interface. Even though the
observed partial Agcore—CUgpen Structure allows the exposure of

This journal is © The Royal Society of Chemistry 2019
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A, I\, 2

Fig. 4 Rendering of the final atomic distribution at 400 K obtained
from the MD simulations. Orange spheres represent Cu atoms; light-
blue spheres, Ag atoms; MgO, not visible. The results indicate an incom-
plete Agcore—Cushey Structure of the clusters.

all the elements contained in the coating, the tendency of Cu
to occupy the outer sites could increase the effective exposed
area of Cu with respect to Ag and the consequent bactericidal
effect.

Bactericidal effect

The antibacterial activity of multielemental NP coatings was
tested against both Gram-negative and Gram-positive reference
strains (E. coli ATCC 25922 and S. aureus ATCC 6538, respect-
ively). We individually deposited a thin layer of AgCuMg503020
NPs and that of pure Mg NPs on soda-lime glass substrates,
with an average thickness of 6 nm for both the compositions.
This thickness corresponds to a single monolayer of NPs. Each
sample has been contaminated with a standardized bacterial
suspension of about 1 x 10” colony-forming unit (CFU) mL™"
and incubated at 25 °C in a dark and damp environment for
3 h. The subsequent measurements of the viable bacterial
count on the AgCuMg503020-NP-coated substrate, as shown in
Fig. 5, show a decrease of more than 4 orders of magnitude of
viable cells for both Gram-negative and Gram-positive bacteria,
indicating a relevant bactericidal effect. If compared to pure
Ag”” and AgTi'® NPs obtained under similar synthesis con-
ditions, where Gram-positive bacteria were almost unaffected
by the NP action after 3 h, the present tri-elemental NPs
provide an outstanding bactericidal activity against S. aureus,
confirming the wider-spectrum activity of this coating.

In order to verify whether the bactericidal activity of the
AgCuMg503020 NP coating might be related to Mg, the same
tests were repeated on a single layer of Mg NPs on glass (Mg).
No substantial decrease in viable bacteria was observed after
3 h of exposure (Fig. 5), indicating that, in this context, Mg is
harmless to the tested strains and that the remarkable bacteri-
cidal effect of the AgCuMg503020 films can be related to the
metallic components of NPs. The cause of the bactericidal
effect, either due to Cu alone or the cooperative and synergistic
effects of both Ag and Cu, as reported in the case of other

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Box-and-whisker plots showing the results of microbicidal tests
on S. aureus (blue) and E. coli (red). Each plot is a comparison between
the count of viable bacteria (reported as CFU per milliliter) of the control
before incubation (Ty), control bare substrate after incubation (Control),
pure Mg NP film (Mg NP), and wide-spectrum tri-elemental
AgCuMg503020 NPs. The dashed line at 10> CFU ml™? is the limit of
detection of the experiment.

nanocomposites,””?* is yet to be determined. Putting things

into perspective, a deeper understanding of the mechanism of
action in damaging the cytoplasmic membrane of bacterial
cells will require the determination of the metal-ion-releasing
properties of this composite coating.

The proposed solution represents the first SCBD-syn-
thesized wide-spectrum bactericidal NM effectively able to
hinder the spread of both Gram-positive and Gram-negative
pathogens on contaminated surfaces.

Human toxicity

Viability tests on HeLa and A549 cells were performed to evalu-
ate the cytotoxicity of the nanocomposite bactericidal coating
toward human cells. Bright-field images of HeLa and A549
cells after 24 h of incubation show that the cell viability was
minimized upon direct contact with NPs as compared to the
controls (Fig. S11t). This was further confirmed from the
corresponding viability tests (Fig. S1let), which revealed that
after 24 h of incubation with NPs, the cell viability, expressed
as the mean percentage of viable cells related to the control
(+ standard deviation) was 8 + 5% and 13 + 12% for HeLa and
A549 cells, respectively. Since Mg is considered to be a biocom-
patible element®® and Au NPs are harmful only upon cellular
uptake®”* (very unlikely in the case of a thin film of NPs
strongly bound to the substrate), the marked toxicity of the
NPs toward human cells could be mainly associated to Cu.'”
Considering that the bactericidal activity is taking place within
3 h, and possibly faster, the applications of such coatings
should take into account the time scale of the bactericidal
response. In the case of future specific applications, where a
direct contact with human cells is needed (e.g., prosthesis or
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dental implants), additional experimental data on the cyto-
toxicity effects toward animal living cells are required. Such
prospective work could allow obtaining a balance between bac-
tericidal activity and cytotoxic effects by synthesizing an ad hoc
tuned NP with decreased Cu content. Given the direct corre-
spondence of the NP content with the target rod demonstrated
above, for the synthesis of safer NMs, it will suffice to decrease
the amount of Cu in the ablated material (e.g,
AgCuMg502030).

Experimental
NP synthesis

Multielemental NPs were synthesized by the SCBD setup,
which exploits pulsed high-pressure He injection in a low-
vacuum (10~> mbar) chamber and synchronized discharge to
ignite a plasma that homogeneously erodes all the constitu-
ents of the target rod. The quenched atoms consequently con-
dense into NPs and are extracted through an aerodynamic
system, forming a beam directed toward the substrate. The
starting materials, which were used as ablation targets, were
sintered rods composed of Ag, Cu, and Mg at nominal concen-
trations of 20/20/60 wt% (AgCuMg202060) and 50/30/20 wt%
(AgCuMg503020). To understand the specific role of Mg in the
bactericidal test, Mg NPs were also synthesized starting from a
pure Mg rod. Additional details on the synthesis setup can be
found in the ESIf (section 1) or elsewhere."®

TEM

HR-TEM and HAADF-STEM imaging and EDX analysis were
carried out by an image-Cs-corrected JEOL JEM-2200FS micro-
scope, with a Schottky source (operated at 200 kV), equipped
with a Bruker XFlash 5060 EDX system. For these analyses, the
samples were prepared by SCBD deposition directly onto a Au
grid, coated with a double amorphous carbon layer (ultrathin
carbon on holey carbon). An analytical sample holder was
used with the aim of minimizing spurious contributions to the
EDX spectra (particularly for Cu as we needed to map and
quantify this element). Elemental maps for Mg, Ag, and Cu
were obtained by integrating the Mg-K, Ag-La, and Cu-Ka
peaks in the EDX spectrum, respectively, within the analyzed
area.

XPS

XPS data were collected in an Omicron MultiScan Lab UHV
apparatus (base pressure lower than 2 x 107'° mbar) equipped
with a SPECS Phoibos 100 hemispherical electron energy ana-
lyzer and a standard X-ray source (Al-Ka line). The XPS data
were acquired with the analyzer normal to the sample surface
at fixed analyzer transmission in the small-area mode with
pass energy of 20 eV. The BE values were determined by
measuring the Fermi edge of a Au reference substrate in
contact with the samples. A Shirley-like background was
removed from all the XPS spectra. A least-square fitting pro-
cedure using Voigt functions was used to determine the inten-
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sity and energy position of the structures. No charging of the
sample was observed during the XPS analysis. XPS quantifi-
cation was performed by using the areas of each peak divided
by the atomic sensitivity factor’* and corrected with the
energy-dependent inelastic mean free path (IMFP) of the elec-
trons for MgO.”®> The sample for XPS analysis was created by
coating a polycrystalline Ta film, previously treated with ozone
for 2 h, with a 20 nm-thick film of AgCuMg503020 NPs.

AFM

AFM (Solver pro NT MDT) was operated in the tapping mode
using an Etalon HA-NC tip with a nominal radius of 10 nm.

RBS

RBS measurements were performed using 1.57 MeV He' ions
impinging on the sample at an angle of 5° with respect to the
sample normal. Two detectors were simultaneously used, posi-
tioned to obtain scattering angles of the detected particles of
167° and 105.5°. The ratio of the constituents (and hence, the
composition of the layer) was directly derived from the
Rutherford equation, whereas the areal density was calculated
using the standard Ziegler-Biersack-Littmark (ZBL) stopping
power values.

MD Simulations

To setup the MD simulations, a homemade package was used.
The analyzed system consisted of 345 atoms with a compo-
sition of Ag:Cu—40:60 entrapped in a MgO box of 2 x
2 x 2 nm® to reproduce the relative Ag:Cu composition of
AgCuMg202060 NPs. The volume of the box was fixed during
the simulation and the MD runs were performed in a canoni-
cal ensemble with the temperature maintained constant by an
Andersen thermostat. The time step of the simulation was
0.005 fs, and the state of the system was saved every 0.25 ns.
Two independent initial configurations were extracted from an
equilibration run at 2000 K (in which the metal is in the liquid
state), cooled down to 800 K, and further equilibrated for 50 ns
in the liquid state. Starting from 800 K, the system was slowly
cooled down, at a rate of 0.1 K ns™", until the temperature of
400 K was reached. A semi-empirical potential to describe the
interaction between Ag/Cu and the (100) surface of MgO was
used, as developed by Vervisch et al.®® This model was pre-
viously used to study the structure of Ag®” and Ag-Cu®® clus-
ters on MgO. With regard to the metal-metal interactions, an
empirical atomistic forcefield derived within the second-
moment approximation to the tight-binding model (SMATB
potential) was used.>”*®

Contacts analysis

The contact analysis determines how many atoms of each
species are either the nearest neighbor of each other or in
contact with the MgO walls. The number of contacts between
the metal atoms (Ag-Ag, Ag-Cu, and Cu-Cu) was obtained
using a homemade tool with threshold contact distance of
0.30 nm. Then, the number of contacts was averaged every 2.5
ns. With regard to the number of contacts between MgO and
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metals (MgO-Ag and MgO-Cu), a contact was recorded if the
distance perpendicular to the MgO plane and the metal was
less than 0.32 nm; then, the number of contacts was normal-
ized by the total number of contacts of the MgO.

Antibacterial activity

Bactericidal tests were performed with the reference strains of
E. coli ATCC 25922 and S. aureus ATCC 6538 on soda-lime-
glass 20 x 20 mm? cover slips (Menzel-Glaser). Each support
was placed in a 6-well polystyrene tissue culture plate (IWAKI
microplate, Bibby Scientific Limited, Staffordshire, UK), con-
taminated with a standardized bacterial suspension (ie.,
about 1 x 10’ CFU mL™" in phosphate buffered saline, PBS; pH
7.3) and incubated at 25 °C in a dark and damp environment
for 3 h. After the incubation time, the bacterial cells were
removed from the supports by adding 2 ml of PBS containing
1% Tween-20 (a surfactant favoring the detachment of bacteria
from the supports), incubating for 30 min, and gently pipet-
ting. Appropriate dilutions (i.e., 80 pl for each 10-fold dilution)
were successively plated onto tryptic soy agar (TSA) (Oxoid,
Milan, Italy) for obtaining a viable cell count. Soda-lime-glass
cover slips without NP films were treated in the same way and
used as controls. All the data were obtained in two indepen-
dent experiments, with three replicates per condition per
experiment.

Human cytotoxicity

HeLa and A549 cells were maintained in a DMEM medium
containing 10% FBS, 1% tr-glutamax, and 0.1% gentamicin
and cultured in 25 cm? cell culture flasks at 37 °C and under a
humidified 5% CO, atmosphere. The cell passage was per-
formed via trypsinization every 2-3 days, when the confluency
reached 80%. To perform the viability tests, the cells were
seeded in a TC Dish 35 standard dish (SARSTEDT), which was
precoated with a monolayer of AgCuMg503020 NPs (average
thickness: 6 nm). After 24 h of incubation at 37 °C under
humidified 5% CO, atmosphere, the cell viability was esti-
mated by comparing the number of viable cells in the NP-
coated dishes with the number of viable cells in the control
bare dishes. Cell counting was performed by trypsinizing the
cells and depositing aliquots of the cell suspension in a
Glasstic slide 10 with grids (KOVA). The estimation of a viable
cell number was accomplished by following the KOVA system
protocol; nonviable cells were stained with trypan blue solu-
tion so that they could be excluded from the counting process.
The viability data were expressed as a mean percentage of the
viable cells as compared to the control.

Conclusions

Here, a new family of NP-based bactericidal coatings com-
posed of Ag, Cu and Mg and synthesized by a green gas-phase
technique was proposed. These coatings are effective against
both Gram-positive and Gram-negative reference strains. SCBD
allows the synthesis of tri-elemental NPs with tunable relative
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concentration of the elements. The NPs are characterized by
phase-segregated incomplete core-shell clusters of metallic
Agcore—CUgherl, partially embedded in a MgO matrix. This struc-
ture is replicated into the coatings, forming a granular film
with RMS roughness below 5 nm and porosity of 20 + 4%.
Granular coatings exhibit wide-spectrum bactericidal activity
because of the exposure of Ag and Cu metallic clusters to the
environment due to the low film roughness. The remarkable
bactericidal activity of the coating, together with the possibility
to fine tune the NP composition by exploiting the SCBD flexi-
bility, represent a striking progress in the development of
nanocomposite bactericidal coatings and an excellent opportu-
nity for technological transfer to several healthcare-related
applications.

The present results open up a wide spectrum of interesting
research paths necessitating further work to be pursued in the
near future to fully exploit the potential offered by multiele-
mental NP films. For instance, the antimicrobial properties of
Ag-Cu-Mg NMs against a broader spectrum of microorgan-
isms will have to be tested to establish its effectiveness against
other microorganisms of medical interest, as well as microbici-
dal (as opposed to microbiostatic) activity. NP films can also
be integrated with other technologies to enhance bactericidal
activity. For instance, surface acoustic waves (SAW) could be
launched in a photonic crystal, nanopatterned with NP films,
so as to mechanically assist the bactericidal killing action.>®
The device scheme would rely on the photoacoustic excitation
of SAW;>' the photoacoustic transduction capabilities of
similar NP scaffolds having already been proven.>*
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