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Abstract: Counteracting the spreading of multi-drug-resistant pathogens, taking place through
surface-mediated cross-contamination, is amongst the higher priorities in public health policies.
For these reason an appropriate design of antimicrobial nanostructured coatings may allow to
exploit different antimicrobial mechanisms pathways, to be specifically activated by tailoring the
coatings composition and morphology. Furthermore, their mechanical properties are of the utmost
importance in view of the antimicrobial surface durability. Indeed, the coating properties might
be tuned differently according to the specific synthesis method. The present review focuses on
nanoparticle based bactericidal coatings obtained via magneton-spattering and supersonic cluster
beam deposition. The bacteria–NP interaction mechanisms are first reviewed, thus making clear the
requirements that a nanoparticle-based film should meet in order to serve as a bactericidal coating.
Paradigmatic examples of coatings, obtained by magnetron sputtering and supersonic cluster beam
deposition, are discussed. The emphasis is on widening the bactericidal spectrum so as to be effective
both against gram-positive and gram-negative bacteria, while ensuring a good adhesion to a variety
of substrates and mechanical durability. It is discussed how this goal may be achieved combining
different elements into the coating.
Keywords: antimicrobial coatings; single and multi-element nanoparticles; metals; oxides; supersonic
beams; mechanical properties; granular materials; functional materials; magnetron sputtering; clusters

1. Introduction
Nanostructured materials (NMs) [1–5] represent an active area of research and a techno-economic
sector in continuous expansion in many application domains, as shown by the more than 1400 review
papers describing NMs applications that have appeared in the last three years. The technological
importance of NMs is due to their tunable physicochemical characteristics, such as optical
absorption [6–8], electrical conductivity [9,10], photothermal characteristics [11], optical [12,13] and
photoacoustic sensing [14,15], surface enhanced Raman scattering effects [16,17], chemical state [18],
and bactericidal functionalities [19–21]. In particular, the latter research sector has been driven by the
interest in understanding the interactions and effects of nanoparticles (NPs) on living organisms [20–27],
with prominent attention towards the wet synthesis of NMs and NPs and the study of their effect on cells
and bacteria in solution. More recently, the effort of the scientific community in developing NMs-based
antimicrobial agents has been stimulated by the emergence of multi-drug-resistant pathogens, posing a
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world-wide challenge with a large socio-economic impact [28,29]. In particular, a major issue
is due to microbe spreading by (1) cross-contamination through infected surfaces in nosocomial
environments [30,31] (2) biofilm formation on the surfaces of medical implants, such as dental or
bone repair devices [32–36]. Infectious diseases caused by fungi, viruses, bacteria, and particularly
by multidrug resistant bacteria has an estimated annual cost (direct and indirect) ranging from 6
to 60 billion US$ [37] in the US only. This is in addition to the limited number of new antibiotics
successfully developed in the last few decades [38], due to the difficulty to find new antibacterial
compounds with good pharmacological profiles and low toxicity and, from an economic point of view,
to the higher interest of pharmaceutical companies in developing drugs for chronic conditions than for
short-term treatments [39].
Where succesfull, the use of NMs could in principle avoid the problem of the antibiotic resistance
mechanisms. As a matter of fact, because of the their mode of action, NMs should be less prone in
promoting resistance in bacteria as compared to antibiotics [40]. Therefore a major goal is finding
appropriate materials that are able to kill bacteria, such as metal-based NPs [40–43], but also obtaining
functional nanostructured surfaces and thin film coatings [44,45] that can limit the spread of bacteria
through surfaces. These former aspects increase the level of challenge, since the nanomaterial is
required to have (1) microbicidal activity against a wide number of multi-drug-resistant Gram negative
(GN) and Gram positive (GP) pathogens; (2) tunable mechanical properties and adhesion, to tailor
the NPs release and the film durability in different conditions; and (3) cost-effective, environmental
friendly production methods with high throughput.
Furthermore, very recently, attention has also been focused on the problems that surfaces,
with active-attack functions against bacteria, might suffer due to the accumulation of dead bacteria
and organic debris [21]. Accumulation of organic debris on the surface might lead to shielding of
the active killing material (in particular for chemically functionalized surfaces), thereby reducing the
bactericidal efficacy. Some attempts have hence been made to combine passive-defense antibacterial
surfaces, which reduce the rate of bacteria sticking, with the bactericidal functionality [46,47].
Such goals are strictly related to the ability of synthesizing NPs with the desired properties and
also of assembling them at the nanoscale in such a way as to tailor the desired coating properties.
The sought properties, however, might be very different, depending on he application target, i.e.,
on the type of surface where the antimicrobial agent has to be located, since topological and chemical
characteristics of a surface determine the rate of microorganism adhesion [19,21,46,48]. In this respect,
a large number of works have been devoted to understanding the interaction mechanism of the NP with
living organisms. Although there are still important issues to be clarified, in particular with respect to
the nanostructured coatings, there is an emergent consensus on the major processes underlying the
antibacterial effects of NPs, as detailed in reference [40]. In a nutshell, these include NP penetration of
the bacterial cell membrane, induction of intracellular antibacterial effects (e.g., interactions with DNA
and proteins), and disruption of the bacterial cell membrane or generation of reactive oxygen species
(ROS) [40]. All these processes are directly related to NPs’ size, composition and availability at the
interaction interface between the coating and the bacteria.
Many different routes have been explored to synthesize NMs and NPs, from deposition of
polymeric films [19,21,45,49–51] with incorporated bactericidal agents [21,52–55], or metallic or
oxide films [2,21,56,57], to metal decoration of nanostructures [58–60]. The strategies are based
on wet synthesis (spin-coating [61], sol–gel [57,61,62]), photochemical [52], biological [63–65],
biotechnological [24] and physical methods (laser ablation [66], magnetron sputtering (MS) [2,44,67–69],
gas phase beams [70,71]). Surprisingly, the literature available on nanostructured coatings obtained by
physical methods is scarce.
This review is hence devoted to pointing out some aspects of antibacterial coatings,
briefly describing what kind of materials can produce antibacterial effects, and then the issues
related to the composition, mechanical properties and antimicrobial properties of coatings, focusing on
some recent examples of coatings obtained with physical deposition techniques.
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2. Interaction Mechanisms between Bacteria and NMs
The chemical elements composing the NPs determine the mode and the efficacy of bactericidal
action. Hence, to devise antibacterial nanostructured coatings, it is important to briefly review some of
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that such NPs interact with lipopolysaccharide through hydrogen binding and ligand exchange.
Structural changes in the phospholipid lead to the destruction of the cell membrane and cytoplasmic
leakage [75].
Alteration of bacterial metabolism. In the case of nanodiamonds with different oxygen-containing
surface groups, it is the formation of covalent bonds with proteins and molecules on cell walls to induce
a disorder of the bacterial metabolism and, finally, cell death [76], while the exposure to Fe and Cu NPs
of two GP and GN bacteria species results in the hindering of the normal metabolic pathways [77].
Reactive ion species (ROS) generation. Apart from direct interaction through the chemical bond
formation related to the surface composition of the NPs, other pathways are provided through the NPs’
physical properties. Since the outer membrane of the bacteria is charged, the interaction with oxidizing
species has been recognized as an important antibacterial mechanism of NPs. The interaction of atoms
with a strong positive redox potential with the bacteria wall induces an oxidative stress, leading to
bacteria killing [73,78–80]. Depending on the material, shape and size of the NPs, different ROS
can be produced by reducing oxygen molecules. CaO and MgO can produce superoxide radicals
(O2 − ), ZnO might generate hydrogen peroxide (H2 O2 ) and OH, while CuO NPs can also give rise to
oxygen [40]. The generation of ROS can be obtained by photon absorption, employing the availability
of surface states and defects to uptake the photogenerated electron hole pair to the surface of the
NPs [81,82]. The absorbed photon generates and electron-hole pair that, once it has reached the surface
of the NP, can interact with molecules adsorbed on the NP surface [83]. For instance, on ZnO the holes
on the surface can produce hydroxyl radical OH by interaction with OH− , and the superoxide radical
(O2 − ) by employing the photogenerated electron interaction with O2 .
Pit formation. TiO2 NPs adhered to the surface of bacterial cells produces ROS due to the
photocatalytic action of the surface Ti atoms, which makes electrons available at the surface of the
NP. The composition and structure of the cell membrane is damaged by the negatively charged
Oxygen atoms, causing pit formation, leakage of cellular contents and subsequent bacterial death [84].
Cytoplasmic leakage also results from the increase in bacterial cell volume and oxidative decomposition
of the bacterial membrane induced by the photocatalytic activation of TiO2 NP adhered to cell
membrane [85]. Ag NPs have also been shown to be incorporated into the bacteria membrane,
thus inducing a formation of pits and therefore the bacterial death [86].
Although TiO2 has been used most extensively because of its catalytic properties, economic
feasibility, and enhanced stability, a lot of research has been pursued to overcome the major limitations
of this material, i.e., the large bandgap (3.2 eV), which does not allow the use of visible light to produce
electron hole pairs [6,7,87–90] and the high recombination rate of the e-h pairs [80,88,91]. Even if
repeated experiments have shown that TiO2 -based materials are more efficient in generating ROS
species than ZnO-based materials [92], the application of doped TiO2 with increased light absorption
in the visible range to antibacterial coatings is basically unexplored.
Table 1. Summary of the cell/NPs interaction mechanisms for which the NPs’ effects have been described.
Mechanism Leading
to Membrane Damage

Mechanical
Adhesion

Lipid
Peroxidation

Alteration of
Bacterial
Metabolism

ROS Generation

Pit Formation

NP material

Ag [25];
MgO [72];
TiO2 [74];

ZnO [73]
Al2 O3 [75]

Nanodiamonds [76];
Fe, Cu [77]

CaO, MgO [40];
ZnO [78,92];
CuO [78]; SiO [98];
TiO2 [80,92]; GO [79]

TiO2 [85];
TiO2 /Ag,
TiO2 /CuO [84]

Mechanism related to
ion release

Protein
denaturation

Enzyme function
alteration

NP material

Ag [93,94]

Cytoplasm
leakage
TiO2 [95];
ZNO [96]

CuO [97]
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2.1.2. Ion Release
NPs are able to release metal ions into the media surrounding the bacteria, hence giving rise to
different effects depending on the interaction pathways of the ions.
Protein denaturation. A double effect of Ag+ ions interacting with the bacteria was proposed,
namely: a) the ions denature the proteins of the bacteria, inducing the condensation of DNA molecules
and hence their replication ability; b) Ag ions interact with the thiol groups in protein inducing their
inactivation [93]. Ag protein interaction has also been proposed as a general way to alter the bacteria
functionality since it is interacting with many different proteins [94].
Cytoplasm leakage. TiO2 NPs were found to induce a strong reduction of the membrane potential,
resulting in the diffusion of the NP-generated hydroxyl radicals into the bacteria and in the leakage of
cytoplasm [95], while a similar effect resulting from exposure of E. coli cells to ZnO NPs was attributed
mainly to the ion/membrane interaction [96].
Enzyme function alteration. A recent work highlighted the effect of CuO NPs on the nitrogen
metabolism and on the electron transfer on bacterial denitrification, by causing a significant alteration
of the expression of key proteins. The exposure to CuO NPs affected the bacterial membrane integrity
resulting in membrane damage, but also resulted in the inhibition of the glucose transport, thus affecting
the bacterial intracellular metabolism [97].
2.2. Antibiofilm Activity
The surfaces of artificially implanted devices are conducive to the proliferation of eukaryotic
pathogens, showing up as biofilm formation, hence becoming resistant to antimicrobial agents. From the
point of view of NM design, one of the key steps is the adhesion of pathogen cells to the substrate.
It has been suggested that this process starts with the action of adhesins, which act as specific surface
recognition molecules [36], and calls for a specific understanding of the NMs’ surface properties in
order to prevent biofilm formation. In human implantable devices (heart valves or dental implants)
with antimicrobial coatings, TiO2 coatings loaded with NP of Ag, Ca and Si have been shown not
only to favor osseointegration [34], but also to prevent thrombosis and the occurrence of inflammation
through the reduction of biofilm formation [33,34]. In the case of partially implantable devices, such as
catheters, the reduction of infection risk has been investigated by coating the catheter surface with
Zn-doped CuO NPs to retard the growth of biofilms [35] and reduce the risk of bacterial infection
and complications [99]. The coated catheters present promising antibiofilm activity, biocompatibility,
and absence of detectable irritation [35]. In dental implants, and particularly in root canal therapy,
embedding nanodiamonds functionalized with amoxicillin, a broad-spectrum antibiotic, leads to
improved mechanical properties of the filler and functionality of the drug [100]. In maxillofacial
prostheses, the reduction of the incidence of tissue inflammation surrounding the prostheses has been
explored by coating the surface with nanostructured TiO2 . As a result, the introduction of nano-TiO2
coatings has been shown to inhibit a rather large range of bacteria strains [101]. These few examples
suggest that the combination of different elements into the coating is likely needed to provide a wide
spectrum of anti-biofilm activity, though the role of the coating roughness has not been explored in
detail. On the other hand, investigations into the effect of individual NPs on the biofilm disruption
has been obtained for Au [36,102], Ag [103], Mg [104], ZnO [42,102,105], CuO [102,106], CeO [102],
Fe3 O4 [107], YF [108] and TiO2 [101], indicating that smaller NPs with high surface to volume ratio
have a remarkable effect on biofilm destruction [98].
These works led to the development of various approaches with direct applications to the
biomedical field, such as tailored surfaces with antimicrobial effect, wound dressings and modified
textiles [5]. The use of linens impregnated with CuO NPs has been shown to reduce the occurrence of
hospital-acquired infections in health care facilities. Bed sheets containing CuO NPs are considered
one of the most interesting innovations in medical care, since they reduce microbial attachment and
thus microbial infections within hospitals [109].
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Since the possible interaction mechanisms between a coating and bacteria are manifold,
this overview suggests that there is still a wide potential for tailoring the coatings properties by
modifying the composition, the surface morphology, the structure and crystallinity of the surface of
the coating and of the NPs composing the film. In the next section we will review some of the most
recent works on nanostructured coatings obtained by two industrially scalable physical methods,
MS and SCBD, to provide hints on the pathway to use a combination of different elements to widen
the bactericidal spectrum. Considering that a coating should also provide durability against usage,
some aspect of the mechanical properties of coatings will also be considered.
3. Nanostructured Coatings
The strategies developed to control the incidence of infections should depend on the applications
which they are devised for, i.e., on the type of surface where the antimicrobial agent has to be located,
since the topological and chemical characteristics of a surface determine the rate of microorganism
adhesion [19,21,46,48]. In the framework of synthesis of nanostructured coatings with antimicrobial
properties, the main explored strategies range from modification of surfaces through deposition of
polymeric films [19,21,45,49–51] with incorporated bactericidal agents [21,52–55], or deposition of
metallic or oxide films [2,21,56]. For instance, Ag can broaden the bactericidal activity of TiO2 -based
photocatalyst composite materials and can also act against silver-resistant microorganisms due to
their photooxidative mechanism [57]. Such work highlights just one of the many critical issues to be
faced in the design of a functional coating, and in the following we will bring few examples related to
nanostructured coatings, namely the adhesion (related to film composition), the substrate temperature
during deposition (some substrates cannot withstand deposition temperatures above a few tens of ◦ C),
the coating porosity and surface to volume ratio, the duration of the coating or of the antimicrobial
effect and /or toxicity, related to the mechanism of bactericidal action.
3.1. Magnetron Sputtering
The numerous synthesis techniques available for the production of NMs can be broadly divided
into wet and non-wet routes. As previously described in the introductory paragraph, a vast literature
covers wet synthesis approaches, in particular for NPs synthesis and antimicrobial behavior. On the
other hand, the studies on nanostructured coatings are far from being complete, likely due to the fact
that the technological application and industrial scalability of physical deposition techniques are still
an open issue. In this sense, MS is becoming a rather mature technique, and is now applied at the
industrial level to produce hard coatings on tools or decorative treatment of surfaces.
Recently, the MS route [110] has been used also to deposit coatings on textiles and catheters [111],
implants [112] and on food packaging [2,113]. At the laboratory level, this technique allows the
synthesis of thin films up to the micron scale, together with the possibility of mixing materials to obtain
the desired functionality [44,111,114]. In short, the sputtering process is obtained by applying an
electric field between two electrodes within a medium vacuum chamber (see the scheme in Figure 2a).
The gas (typically Ar) injected into the chamber is ionized by the electric field and bombards the target
cathode, causing the ejection of atoms/molecules toward the substrates. The electric field may be
applied in direct current mode, at radio or microwave frequency, or in pulsed mode, depending on the
target conductivity and desired film control [115]. However, MS presents some limitations in depositing
NPs with a controlled surface-to-volume ratio, and even more when core shell or Janus-like NPs might
be needed to expose the active material in a controlled way. In particular, substrate temperature during
deposition and resulting morphology of the film are two critical issues impacting the behavior of
the film.
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Figure 2.
2. (a) Scheme of the magnetron sputtering process.; (b) scheme of the beam synthesis from
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concentration of the element into the media in contact with the film, eventually inducing toxicity
effects against mammalian cells. This points out the critical problem of dosing the amount of the
bactericidal element to obtain a balance between antimicrobial action and toxicity side effects. This
fact also impacts the applicability of this peculiar coating. The data reported by Goderecci et al.
suggest that in a closed system, the accumulation of Ag ions will lead to toxicity, while this is likely
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to obtain a balance between antimicrobial action and toxicity side effects. This fact also impacts the
applicability of this peculiar coating. The data reported by Goderecci et al. suggest that in a closed
system, the accumulation of Ag ions will lead to toxicity, while this is likely to be avoided in an open
system, where released Ag ions can be transported away. Hence, this kind of coating on a permanent
implant that remains surrounded by living cells could not be applicable. On the other hand, one could
envisage the use of such films in a wastewater purification system where the liquid flow is continuous.
It is interesting to note that such films composed of a single element present good adhesion,
as shown by the ASTM D3359 cellophane tape test on hard and flexible substrates. On the other hand,
the mixing into the coating of elements needed to obtain killing activity against both GP and GN
strains has raised the issue of the coating mechanical stability [44,56,116–118]. Musil et al. [44,118]
suggested that in this kind of thin film, the relative content of the most efficient antibacterial metals,
Ag and Cu, needs to be between 10% and 30%, and this almost always results in a strong reduction of
its 2020,
hardness
and PEER
in a poor
mechanical stability, in particular if the film thickness is on the order of
Materials
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The hardness H and the effective Young’s modulus E* decrease with increasing Cu content,
while the elastic recovery We is ≥ 60%. The Zr–Cu–N coatings exhibit a ratio H/E* ≥ 0.1, a value
indicating an enhanced resistance to cracking for all Cu contents ranging from 0 to 19 at.% Cu. [121]
Moreover, the hardness H ranging from ~25 to ~17 GPa is quite high and it makes it possible to
prevent the coating from being removed from the surface of a substrate by fretting (wear). The region
of Cu content in which the coatings exhibit a killing of the E. coli bacteria of 100% is marked by dashed
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The hardness H and the effective Young’s modulus E* decrease with increasing Cu content,
while the elastic recovery We is ≥ 60%. The Zr–Cu–N coatings exhibit a ratio H/E* ≥ 0.1, a value
indicating an enhanced resistance to cracking for all Cu contents ranging from 0 to 19 at.% Cu. [121]
Moreover, the hardness H ranging from ~25 to ~17 GPa is quite high and it makes it possible to prevent
the coating from being removed from the surface of a substrate by fretting (wear). The region of Cu
content in which the coatings exhibit a killing of the E. coli bacteria of 100% is marked by dashed lines
and in light gray, setting the limit for the minimum Cu concentration in such films [121]. The good
mechanical properties obtained for such films have been obtained thanks to a deposition substrate
temperature of 450 ◦ C, and this might be a major drawback when the same behavior is needed to
form films on flexible substrates that would melt at that temperature. Moreover, in the investigated
films, the active surface is limited to the top plane, resulting in a very small surface-to-volume ratio as
compared to those of film nanostructures at the 10 nm scale. Finally, the use of precious metals like Ag
to widen the bactericidal spectrum could result in an increase of the production costs, considering
the total amount of the bactericidal metal needed to obtain a micron thick material over cm2 areas.
Unfortunately, the reported results do not indicate the mechanism of action of the synthesized coating
and concentrate on the physical properties of the film, so at this stage one may hypothesize that the
antibacterial activity might come from both ion release and membrane damage.
3.2. Gas Phase Deposition
A feasible alternative to tackle the different issues discussed above is to employ a
different physical method, namely Supersonic Cluster Beam Deposition (SCBD) [6,70,71,124–127].
The peculiar characteristics of this method are related to the working principle described in detail
elsewhere [19,90,126,127] and schematized in Figure 2b. Briefly, an inert gas (He or Ar) is injected into
an ablation chamber at pressures in the 20 to 45 bar range towards a target rod of the desired material.
The carrier gas allows the triggering of a synchronized high voltage discharge, thus forming a plasma
that ablates the Ag rod. The ablated material condenses into NPS that are extracted through a nozzle
to reach supersonic speed in the expansion chamber, thus forming a collimated beam directed on the
substrate surface. Considering the fact that the NPs are produced in gas phase under controlled pressure
conditions and deposited in medium vacuum, the setup allows the deposition of nanostructured
film on virtually any substrate, either rigid or flexible [12], without the presence of solvents or other
contaminants. The average kinetic energy of the NPs (about 0.2 eV/atom) [3,127] allows a soft landing
of the NPs that maintains their original structure, hence NPs are assembling on the substrate forming a
film of desired thickness. It is also worth noting that the coating is assembled from NPs landing and
the deposition takes places at room temperature, hence avoiding the risk of substrate damage.
SCBD has been used to synthesize antibacterial coatings only in recent years [70,71]. The pioneering
work of Cavaliere et al. [70] investigated the nanostructured Ag films obtained by SCBD and their
bactericidal activity. The films are deposited at room temperature on soda lime glass substrates.
The average NPs size was 7.8 ± 0.6 nm, and the correspondent film thickness was measured to 8 nm,
i.e., a single layer, with a NP density of 1.15 ± 0.04 × 1011 NPs/cm2 [70]. The film is stable against ageing
up to 15 days, as can be deduced from Figure 5, where the X-ray photoemission spectra of the O1s core
level are plotted as a function of time. Very small changes are observed in the oxygen line shape as a
function of time, as evidenced by the difference lines on the bottom of the panel. A least square fitting
procedure decomposes the O1s peak in a main component at 531,6 eV binding energy, related to the
Si-O bond in the substrate [128], and to the AgO feature at 530.2 binding energy [128,129] present in
the film. The relative intensity of the two components as a function of time shown in Figure 5c show a
maximum change of 10% with respect to the initial value, indicating major stability of the film against
variation of the oxidation state.
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As for the mechanical properties, coating thicknesses below 10 nm, as that obtained in the work
As for the mechanical properties, coating thicknesses below 10 nm , as that obtained in the work
of Cavaliere et al., hamper the possibility to obtain information on the mechanical characteristics of
of Cavaliere et al., hamper the possibility to obtain information on the mechanical characteristics of
the system with standard indentation techniques, although recent attempts to unveil the hardness,
the system with standard indentation techniques, although recent attempts to unveil the hardness,
elastic modulus, adhesion and friction of single NPs have been reviewed [130]. Modelling of atomic force
elastic modulus, adhesion and friction of single NPs have been reviewed [130]. Modelling of atomic
microscopy interaction with a single nanoobject is actually well established, although experimentally
force microscopy interaction with a single nanoobject is actually well established, although
very little data on the NPs/substrate interaction obtained by this technique is available [130]. The same
experimentally very little data on the NPs/substrate interaction obtained by this technique is available
technique, however, might not be applicable when the grown film is granular or porous, i.e., the NPs
[130]. The same technique, however, might not be applicable when the grown film is granular or
are assembled into a film while conserving their structural individuality, thus making the film subject
porous, i.e., the NPs are assembled into a film while conserving their structural individuality, thus
to initial plastic modifications under the load of the AFM tip, hampering a reliable extrapolation of the
making the film subject to initial plastic modifications under the load of the AFM tip, hampering a
elastic constant from force distance curves.
reliable extrapolation of the elastic constant from force distance curves.
To overcome this problem, a recent study on nanoporous granular film was carried out using
To overcome this problem, a recent study on nanoporous granular film was carried out using
the picosecond photoacoustic technique [131,132], an optical technique that probes the mechanical
the picosecond photoacoustic technique [131,132], an optical technique that probes the mechanical
behavior of granular materials maintaining their original morphology and properties. The picosecond
behavior of granular materials maintaining their original morphology and properties. The
photoacoustic technique is based on the excitation of the mechanical breathing automodes of the film
picosecond photoacoustic technique is based on the excitation of the mechanical breathing
by a 150 fs laser pulse. The excited elastic eigenmodes are then sampled measuring the variation in the
automodes of the film by a 150 fs laser pulse. The excited elastic eigenmodes are then sampled
reflectivity or transmissivity of a time-delayed probe pulse. The laser spot size is around 100 microns
measuring the variation in the reflectivity or transmissivity of a time-delayed probe pulse. The laser
spot size is around 100 microns against a film thickness in the order of tens of nm, hence, the only

Materials 2020, 13, 784
Materials 2020, 13, x FOR PEER REVIEW

11 of 24
11 of 23

against a film
thickness
in the order of tens
of nm,with
hence,
the only eigenmodes
that are excited/sampled,
eigenmodes
that
are excited/sampled,
are those
a displacement
field perpendicular
to the film
are
those
with
a
displacement
field
perpendicular
to
the
film
surface.
The
film
may
be
surface. The film may be considered as a homogenous effective medium. Its elastic propertiesconsidered
are thus
as a homogenous
Its elastic
properties
thus
described
two
elasticeigenmodes
coefficients,
described
by twoeffective
elastic medium.
coefficients,
namely
c11 and care
44. The
data
providebythe
elastic
namely
c11decay
and ctime.
datathese
provide
the aelastic
eigenmodes
and decay
With
these at
period
and
With
at hand
simple
continuumperiod
mechanical
modeltime.
makes
it possible
44. The
hand
a
simple
continuum
mechanical
model
makes
it
possible
to
determine
the
film
elastic
constant
c11
to determine the film elastic constant c11 and yield information on the film adhesion to the substrate
and yield
information
onAg
theNPs
filmfilms,
adhesion
to the substrate
[131].sound
For the
case ofand
pure
Ag NPs films,
[131].
For the
case of pure
the density,
longitudinal
velocity,
perpendicular
the
density,
longitudinal
sound
velocity,
and
perpendicular
elastic
stiffness
(c
)
are
80%
andthat
50%isof
elastic stiffness (c11) are 80% and 50% of the respective values for bulk polycrystalline
Ag,
11
the respective
values
for values
bulk polycrystalline
Ag, thatdeposited
is rather lower
than typical
values obtained for
rather
lower than
typical
obtained for coatings
by magnetron
sputtering.
coatings
magnetron
sputtering.
Such deposited
results arebyconsistent
with
the porous nanostructure of the film obtained by molecular
Such(MD)
results
are consistent
the porousthe
nanostructure
of theoffilm
molecular
dynamics
simulations
[132].with
In particular,
intrinsic porosity
the obtained
coatings by
obtained
by
dynamics
simulationsfrom
[132].the
In particular,
thereported
intrinsic porosity
of 6a.
the coatings
obtainedstructure
by SCBD
SCBD
can (MD)
be appreciated
virtual film
in Figure
The calculated
can be appreciated
from theand
virtual
film morphology
reported in Figure
6a.agreement
The calculated
provides elastic
provides
elastic properties
surface
well in
withstructure
the experimental
data
properties
and
surface
morphology
well
in
agreement
with
the
experimental
data
[132],
suggests
[132], and suggests that the low residual stress of the film and the estimated adhesion toand
a sapphire
that the low
residualrelated
stress of
and the estimated
substrate
are directly
tothe
thefilm
granularity
of the film.adhesion to a sapphire substrate are directly
related to the granularity of the film.

Figure6.6.(a)
(a)The
TheNPs
NPsvirtual
virtualthin
thinfilm
film(dimensions
(dimensions L
LXX ××LLYY××LL
nm
nm
× 30
nm)
obtainedbyby
Figure
ZZ
==
3535
nm
××
2020
nm
× 30
nm)
obtained
MD
simulations.
The
NPs
are
divided
into
blue
(large,
diameter
~
6
nm)
and
green
(small,
MD simulations. The NPs are divided into blue (large, diameter ∼ 6 nm) and green (small, diameter
diameter ~
AFM image
image of
of the
the 30
30 nm-thick
nm-thick Ag
Ag NPs
NPs film.
film. (c)
(c)Computed
ComputedAFM
AFMimages
images
∼11nm).
nm). (b)
(b) Experimental
Experimental AFM
obtained from the simulated cell and taking into account tip convolution effects. The computed images
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are obtained from intermediate deposition steps of the MD simulations, i.e., subsequent shots of the
images are obtained from intermediate deposition steps of the MD simulations, i.e., subsequent shots
simulation resulting in films of average thickness htF i = 9, 14, 23, 27, and 31 nm for shots one through five,
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The Ag NP films investigated in the work of Cavaliere et al. [70] were found to exert a
broad-spectrum bactericidal activity, quantified by depositing a 10 µL of microorganism suspension
The Ag NP films investigated in the work of Cavaliere et al. [70] were found to exert a broad(i.e., range 5.4–7.3 log Colony Forming Units—CFU) both in a glass slide covered with the Ag NPs
spectrum bactericidal activity, quantified by depositing a 10 µL ◦of microorganism suspension (i.e.,
film and in a control slide. After 24 hours of incubation at 25 C in protected damp environment,
range 5.4–7.3 log Colony Forming Units—CFU) both in a glass slide covered with the Ag NPs film
microorganisms were suspended in 10 mL of PBS, and 240 µL of each dilution was plated for viable
and in a control slide. After 24 hours of incubation at 25 °C in protected damp environment,
cell count. The microbicidal effect (ME) was defined as ME = logNC − logNE, where NC and NE are
microorganisms were suspended in 10 mL of PBS, and 240 µL of each dilution was plated for viable
the CFU obtained with control slides and NP film slides, respectively. The ME was demonstrated both
cell count. The microbicidal effect (ME) was defined as ME = logNC − logNE, where NC and NE are
with reference strains and with a collection of clinical strains that exhibited extensively drug-resistant
the CFU obtained with control slides and NP film slides, respectively. The ME was demonstrated
phenotypes and/or belonged to high-risk hyperepidemic clones, in particular clinical strains producing
both with reference strains and with a collection of clinical strains that exhibited extensively drugtwo of the most worrisome resistance mechanisms recently emerged in enterobacteria and capable of
resistant phenotypes and/or belonged to high-risk hyperepidemic clones, in particular clinical strains
pandemic dissemination [133]. The obtained results are summarized in Figure 7. Some of the sterilized
producing two of the most worrisome resistance mechanisms recently emerged in enterobacteria and
microorganisms are major opportunistic pathogens in the hospital setting, with a high propensity to
capable of pandemic dissemination [133]. The obtained results are summarized in Figure 7. Some of
survive for long periods on surfaces of hospital environments, evidencing the need for a strategy to
the sterilized microorganisms are major opportunistic pathogens in the hospital setting, with a high
reduce the cross-contamination epidemics. The results obtained in the work of Cavaliere et al. [70]
propensity to survive for long periods on surfaces of hospital environments, evidencing the need for
a strategy to reduce the cross-contamination epidemics. The results obtained in the work of Cavaliere
et al. [70] indicate that the film, being composed of Ag and AgO, has a limited efficacy on the film on
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the Ag/Ti relative concentration in the initial rod.
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Finally, the nanostructured Ag-Ti coating shows good adhesion to the substrate and exhibits
Finally, the nanostructured Ag-Ti coating shows good adhesion to the substrate and exhibits an
an exceptional bactericidal effect against major GN nosocomial pathogens, remarkably similar to a
exceptional bactericidal effect against major GN nosocomial pathogens, remarkably similar to a pure
pure Ag NPs coating [70], but with an 85% lower Ag mass content. The latter consideration points
Ag NPs coating [70], but with an 85% lower Ag mass content. The latter consideration points toward
toward a favorable strong reduction of the total Ag content in an antibacterial coating, but also reveals
a favorable strong reduction of the total Ag content in an antibacterial coating, but also reveals that a
that a partial Ag inclusion in a protective matrix such as TiO2 would not hamper the efficacy of
partial Ag inclusion in a protective matrix such as TiO2 would not hamper the efficacy of the active
metal. In turn, such behavior would again suggest a bactericidal mechanism related to the ion release
schematized in Figure 1. As a future development, it would be worth exploring the
bacteria/nanogranular film interaction to determine the major killing mechanism of such systems.
The remarkable activities against GN bacteria of Ag [70,140] and against GP bacteria and yeasts
of Cu suggests that the combination of these two elements widens the microbicidal spectrum of a
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Figure 9. STEM (a) and corresponding EDX elemental maps (b) for the Mg/Ag/Cu NPs. Scale bar is
20 nm. Adapted from Ref. [146] under the Creative Commons Attribution License 4.0.
20 nm. Adapted from Ref. [146] under the Creative Commons Attribution License 4.0.
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tri-element nanogranular film against drug-resistant GN and GP reference strains (Escherichia coli
ATCC 25922 and Staphylococcus aureus ATCC 6538) has been quantified using the procedure
employed for AgTi NPs [71] and is shown in Figure 10. The striking sterilization of the samples
observed for both strains is likely related with the presence of exposed Cu and Ag, since it was not
observed in the case of pure Mg NPs. Such behavior might be consistent with the hypothesis of ion
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Figure 10. Microbicidal tests on S. aureus (blue) and E. coli (red), comparing the count of viable
bacteria (reported as CFU per milliliter) of the control before incubation (T0), control bare substrate
bacteria (reported as CFU per milliliter) of the control before incubation (T0), control bare substrate
after incubation (Control), pure Mg NPs (Mg NP), and tri-elemental AgCuMg503020 film. The dashed
after incubation (Control), pure Mg NPs (Mg NP), and tri-elemental AgCuMg503020 film. The dashed
line at 1022 CFU ml−1
is the limit of detection of the experiment. Reproduced from [146] by permission
line at 10 CFU ml−1 is the limit of detection of the experiment. Reproduced from [146] by permission
of the PCCP Owner Societies.
of the PCCP Owner Societies.
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Table 2. Summary of the described coatings obtained by gas phase deposition and magnetron sputtering.
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NA
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NA
NA
NA

It should be also noted that for the coatings discussed in the present review, there are no data
directly reporting on the mechanism leading to bacteria death, except for the work of Goderecci et al.
[67], where the Ag ions release by the coating has been suggested as the cause of the bacteria death.
The fact that the NPs are assembled into a coating, which determines a collective behavior in term of
physical properties (e.g., optical absorption, roughness, stability, wettability ion diffusion across the
coating), might influence the killing mechanism. Revealing how these innovative coatings lead to the
microbicidal effect will make it possible to design nanostructured coatings for each specific
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It should be also noted that for the coatings discussed in the present review, there are no data directly
reporting on the mechanism leading to bacteria death, except for the work of Goderecci et al. [67],
where the Ag ions release by the coating has been suggested as the cause of the bacteria death.
The fact that the NPs are assembled into a coating, which determines a collective behavior in term of
physical properties (e.g., optical absorption, roughness, stability, wettability ion diffusion across the
coating), might influence the killing mechanism. Revealing how these innovative coatings lead to the
microbicidal effect will make it possible to design nanostructured coatings for each specific applications.
4. Summary and Perspectives
Nanostructured coatings synthesized by physical methodsare emerging as a vaiable solution to
limit the spread of bacteria in different environments, in particular in health-related settings where
contamination of medical device surfaces is a major issue. The absence of solvents in the synthesis
process allows for superior control over the material purity, film, thickness, relative concentration of
the elements composing the coating, and, furthermore, the possibility of modifying the mechanical
properties. The fabrication of coatings by techniques such as magnetron sputtering has already reached
the industrial level, the same cannot yet be said for SCBD despite its advantages. SCBD allows direct
deposition of the coatings in a nanostructured form and extreme flexibility in the choice of materials,
allowing to tailor the coating for each specific application. The coatings can in some cases be fabricated
with good hardness and resistance to wear, and the adhesion to the substrate can be increased by using
materials such as TiO2 or MgO. A subject yet to be thoroughly investigated is the determination of the
antimicrobial activity mechanism, which requires, however, a strong interdisciplinary effort.
A few considerations can be made to address the future perspectives and challenges in the field.
The first issue for antibacterial surfaces is its long-term stability and the capability of a surface to
maintain its properties over a time scale of days, week, months, or even years. The life-time of an
antibacterial surfaces is, of course, strongly dependent on the application. For instance, on medical
implants the antibacterial activity duration could be restricted to the period required by the body to
accept the implant, while on medical devices used in surgery, the antibacterial effect could be restricted
to a few hours. Hence, despite the successful killing of initially surface adhered bacteria over short
periods, the efficacy over a time longer than a few hours after usage is still an open issue. This also
raises the question as to what is the most important bactericidal mechanism of the films: ion release,
ROS generation or surface morphology? This should be thoroughly addressed in the future and this
knowledge exploited to tailor the synthesis of nanostructured coatings.
Another issue is related to antibiofouling activity of the coatings. A wealth of research has been
performed, but mostly on paints. For this reason there is basically no information on the behavior
of the described coatings with respect to biofilm formation. The third issue is related to the use of
standard strains to test the bactericidal activity. This conduct does not take into account the emergence
of antibiotic resistant strains, against which novel coatings should be tested.
Finally, many of the reports to date are proofs of concept on some model surfaces, although
both magnetron sputtering and SCBD are already simple, cost-effective, environmentally friendly,
and reproducible fabrication methods. In this sense the industrial scale up should be envisaged in the
near future. Tackling these important challenges will require collaborative efforts from researchers
in the fields of surface chemistry, materials science, biomedical engineering, and biotechnology.
The technological fall-out will also provide plenty of opportunities for innovation beyond antibacterial
surfaces, like for instance in nonlinear optics materials, sensors or membranes.
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Djurišić, A.B.; et al. Mechanisms of Antibacterial Activity of MgO: Non-ROS Mediated Toxicity of MgO
Nanoparticles Towards Escherichia coli. Small 2014, 10, 1171–1183. [CrossRef]
Yu, J.; Zhang, W.; Li, Y.; Wang, G.; Yang, L.; Jin, J.; Chen, Q.; Huang, M. Synthesis, characterization,
antimicrobial activity and mechanism of a novel hydroxyapatite whisker/nano zinc oxide biomaterial. Biomed.
Mater. 2014, 10, 015001. [CrossRef] [PubMed]
He, X.; Zhang, X.; Wang, X.; Qin, L. Review of Antibacterial Activity of Titanium-Based Implants’ Surfaces
Fabricated by Micro-Arc Oxidation. Coatings 2017, 7, 45. [CrossRef]
Ansari, M.A.; Khan, H.M.; Khan, A.A.; Cameotra, S.S.; Saquib, Q.; Musarrat, J. Interaction of Al2 O3
nanoparticles with Escherichia coli and their cell envelope biomolecules. J. Appl. Microbiol. 2014, 116, 772–783.
[CrossRef]
Wehling, J.; Dringen, R.; Zare, R.N.; Maas, M.; Rezwan, K. Bactericidal Activity of Partially Oxidized
Nanodiamonds. ACS Nano 2014, 8, 6475–6483. [CrossRef] [PubMed]
Chatzimitakos, T.G.; Stalikas, C.D. Qualitative Alterations of Bacterial Metabolome after Exposure to Metal
Nanoparticles with Bactericidal Properties: A Comprehensive Workflow Based on 1 H NMR, UHPLC-HRMS,
and Metabolic Databases. J. Proteome Res. 2016, 15, 3322–3330. [CrossRef]
Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of Photogenerated Reactive Oxygen Species and Correlation
with the Antibacterial Properties of Engineered Metal-Oxide Nanoparticles. ACS Nano 2012, 6, 5164–5173.
[CrossRef]
Gurunathan, S.; Han, J.W.; Dayem, A.A.; Eppakayala, V.; Kim, J. Oxidative stress-mediated antibacterial
activity of graphene oxide and reduced graphene oxide in Pseudomonas aeruginosa. Int. J. Nanomed. 2012,
7, 5901.
Laxma Reddy, P.V.; Kavitha, B.; Kumar Reddy, P.A.; Kim, K.-H. TiO2 -based photocatalytic disinfection of
microbes in aqueous media: A review. Environ. Res. 2017, 154, 296–303. [CrossRef]
Carp, O. Photoinduced reactivity of titanium dioxide. Prog. Solid State Chem. 2004, 32, 33–177. [CrossRef]
Yates, J.T. Photochemistry on TiO2 : Mechanisms behind the surface chemistry. Surf. Sci. 2009, 603, 1605–1612.
[CrossRef]

Materials 2020, 13, 784

83.

21 of 24

Kumar, S.G.; Devi, L.G. Review on Modified TiO2 Photocatalysis under UV/Visible Light: Selected Results
and Related Mechanisms on Interfacial Charge Carrier Transfer Dynamics. J. Phys. Chem. A 2011, 115,
13211–13241. [CrossRef] [PubMed]
84. Foster, H.A.; Ditta, I.B.; Varghese, S.; Steele, A. Photocatalytic disinfection using titanium dioxide: Spectrum
and mechanism of antimicrobial activity. Appl. Microbiol. Biotechnol. 2011, 90, 1847–1868. [CrossRef]
[PubMed]
85. Joost, U.; Juganson, K.; Visnapuu, M.; Mortimer, M.; Kahru, A.; Nõmmiste, E.; Joost, U.; Kisand, V.; Ivask, A.
Photocatalytic antibacterial activity of nano-TiO2 (anatase)-based thin films: Effects on Escherichia coli cells
and fatty acids. J. Photochem. Photobiol. B Biol. 2015, 142, 178–185. [CrossRef] [PubMed]
86. Sondi, I.; Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: A case study on E. coli as a model for
Gram-negative bacteria. J. Colloid Interface Sci. 2004, 275, 177–182. [CrossRef]
87. Márquez, A.M.; Plata, J.J.; Ortega, Y.; Sanz, J.F.; Colón, G.; Kubacka, A.; Fernández-García, M. Making
Photo-selective TiO2 Materials by Cation–Anion Codoping: From Structure and Electronic Properties to
Photoactivity. J. Phys. Chem. C 2012, 116, 18759–18767.
88. Pan, H.; Zhang, Y.-W.; Shenoy, V.B.; Gao, H. Effects of H-, N-, and (H, N)-Doping on the Photocatalytic
Activity of TiO2 . J. Phys. Chem. C 2011, 115, 12224–12231. [CrossRef]
89. Ma, X.; Wu, Y.; Lu, Y.; Xu, J.; Wang, Y.; Zhu, Y. Effect of Compensated Codoping on the Photoelectrochemical
Properties of Anatase TiO2 Photocatalyst. J. Phys. Chem. C 2011, 115, 16963–16969. [CrossRef]
90. Barborini, E.; Conti, A.M.; Kholmanov, I.; Piseri, P.; Podestà, A.; Milani, P.; Cepek, C.; Sakho, O.; Macovez, R.;
Sancrotti, M. Nanostructured TiO2 Films with 2 eV Optical Gap. Adv. Mater. 2005, 17, 1842–1846. [CrossRef]
91. D’Arienzo, M.; Siedl, N.; Sternig, A.; Scotti, R.; Morazzoni, F.; Bernardi, J.; Diwald, O. Solar Light and
Dopant-Induced Recombination Effects: Photoactive Nitrogen in TiO2 as a Case Study. J. Phys. Chem. C
2010, 114, 18067–18072. [CrossRef]
92. Barnes, R.J.; Molina, R.; Xu, J.; Dobson, P.J.; Thompson, I.P. Comparison of TiO2 and ZnO nanoparticles
for photocatalytic degradation of methylene blue and the correlated inactivation of gram-positive and
gram-negative bacteria. J. Nanoparticle Res. 2013, 15, 1432. [CrossRef]
93. Feng, Q.L.; Wu, J.; Chen, G.Q.; Cui, F.Z.; Kim, T.N.; Kim, J.O. A mechanistic study of the antibacterial effect of
silver ions onEscherichia coli andStaphylococcus aureus. J. Biomed. Mater. Res. 2000, 52, 662–668. [CrossRef]
94. Spadaro, J.A.; Berger, T.J.; Barranco, S.D.; Chapin, S.E.; Becker, R.O. Antibacterial Effects of Silver Electrodes
with Weak Direct Current. Antimicrob. Agents Chemother. 1974, 6, 637–642. [CrossRef] [PubMed]
95. Nataraj, N.; Anjusree, G.S.; Madhavan, A.A.; Priyanka, P.; Sankar, D.; Nisha, N.; Lakshmi, S.V.; Jayakumar, R.;
Balakrishnan, A.; Biswas, R. Synthesis and Anti-Staphylococcal Activity of TiO2 Nanoparticles and Nanowires
in Ex Vivo Porcine Skin Model. J. Biomed. Nanotechnol. 2014, 10, 864–870. [CrossRef] [PubMed]
96. Li, M.; Zhu, L.; Lin, D. Toxicity of ZnO Nanoparticles to Escherichia coli: Mechanism and the Influence of
Medium Components. Environ. Sci. Technol. 2011, 45, 1977–1983. [CrossRef] [PubMed]
97. Su, Y.; Zheng, X.; Chen, Y.; Li, M.; Liu, K. Alteration of intracellular protein expressions as a key mechanism
of the deterioration of bacterial denitrification caused by copper oxide nanoparticles. Sci. Rep. 2015, 5, 1–11.
[CrossRef] [PubMed]
98. Slomberg, D.L.; Lu, Y.; Broadnax, A.D.; Hunter, R.A.; Carpenter, A.W.; Schoenfisch, M.H. Role of Size and
Shape on Biofilm Eradication for Nitric Oxide-Releasing Silica Nanoparticles. ACS Appl. Mater. Interfaces
2013, 5, 9322–9329. [CrossRef] [PubMed]
99. Ballo, M.K.S.; Rtimi, S.; Pulgarin, C.; Hopf, N.; Berthet, A.; Kiwi, J.; Moreillon, P.; Entenza, J.M.; Bizzini, A.
In Vitro and In Vivo Effectiveness of an Innovative Silver-Copper Nanoparticle Coating of Catheters to Prevent
Methicillin-Resistant Staphylococcus aureus Infection. Antimicrob. Agents Chemother. 2016, 60, 5349–5356.
[CrossRef] [PubMed]
100. Lee, D.-K.; Kim, S.V.; Limansubroto, A.N.; Yen, A.; Soundia, A.; Wang, C.-Y.; Shi, W.; Hong, C.; Tetradis, S.;
Kim, Y.; et al. Nanodiamond–Gutta Percha Composite Biomaterials for Root Canal Therapy. ACS Nano 2015,
9, 11490–11501. [CrossRef]
101. Liu, L.; Bhatia, R.; Webster, T. Atomic layer deposition of nano-TiO2 thin films with enhanced biocompatibility
and antimicrobial activity for orthopedic implants. Int. J. Nanomed. 2017, 12, 8711–8723.
102. Hou, J.; Yang, Y.; Wang, P.; Wang, C.; Miao, L.; Wang, X.; Lv, B.; You, G.; Liu, Z. Effects of CeO2 , CuO, and ZnO
nanoparticles on physiological features of Microcystis aeruginosa and the production and composition of
extracellular polymeric substances. Environ. Sci. Pollut. Res. 2017, 24, 226–235.

Materials 2020, 13, 784

22 of 24

103. Gillett, A.R.; Baxter, S.N.; Hodgson, S.D.; Smith, G.C.; Thomas, P.J. Using sub-micron silver-nanoparticle
based films to counter biofilm formation by Gram-negative bacteria. Appl. Surf. Sci. 2018, 442, 288–297.
[CrossRef]
104. Banin, E.; Friedman, A.; Lahmi, R.; Gedanken, A.; Banin, E. Antibiofilm surface functionalization of catheters
by magnesium fluoride nanoparticles. Int. J. Nanomed. 2012, 7, 1175. [CrossRef] [PubMed]
105. Hoseinzadeh, E.; Makhdoumi, P.; Taha, P.; Hossini, H.; Stelling, J.; Amjad Kamal, M. A Review on
Nano-Antimicrobials: Metal Nanoparticles, Methods and Mechanisms. Curr. Drug Metab. 2017, 18, 120–128.
[CrossRef] [PubMed]
106. Miao, L.; Wang, C.; Hou, J.; Wang, P.; Ao, Y.; Li, Y.; Geng, N.; Yao, Y.; Lv, B.; Yang, Y.; et al. Aggregation and
removal of copper oxide (CuO) nanoparticles in wastewater environment and their effects on the microbial
activities of wastewater biofilms. Bioresour. Technol. 2016, 216, 537–544. [CrossRef] [PubMed]
107. Chifiriuc, C.; Grumezescu, V.; Grumezescu, A.; Saviuc, C.; Lazăr, V.; Andronescu, E. Hybrid magnetite
nanoparticles/Rosmarinus officinalis essential oil nanobiosystem with antibiofilm activity. Nanoscale Res. Lett.
2012, 7, 209. [CrossRef]
108. Lellouche, J.; Friedman, A.; Gedanken, A.; Banin, E. Antibacterial and antibiofilm properties of yttrium
fluoride nanoparticles. Int. J. Nanomed. 2012, 7, 5611.
109. Lazary, A.; Weinberg, I.; Vatine, J.-J.; Jefidoff, A.; Bardenstein, R.; Borkow, G.; Ohana, N. Reduction of
healthcare-associated infections in a long-term care brain injury ward by replacing regular linens with
biocidal copper oxide impregnated linens. Int. J. Infect. Dis. 2014, 24, 23–29. [CrossRef]
110. Wasa, K.; Kitabatake, M.; Adachi, H. Thin Film Materials Technology: SPUTTERING of Compound Materials;
Andrew [u.a.]: Norwich, NY, USA, 2004; ISBN 978-3-540-21118-1.
111. Sami Rtimi; Stefanos Giannakis; Cesar Pulgarin Self-Sterilizing Sputtered Films for Applications in Hospital
Facilities. Molecules 2017, 22, 1074. [CrossRef]
112. Haenle, M.; Fritsche, A.; Zietz, C.; Bader, R.; Heidenau, F.; Mittelmeier, W.; Gollwitzer, H. An extended
spectrum bactericidal titanium dioxide (TiO2 ) coating for metallic implants: In vitro effectiveness against
MRSA and mechanical properties. J. Mater. Sci. Mater. Med. 2011, 22, 381–387. [CrossRef]
113. Carvalho, P.; Sampaio, P.; Azevedo, S.; Vaz, C.; Espinós, J.P.; Teixeira, V.; Carneiro, J.O. Influence of thickness
and coatings morphology in the antimicrobial performance of zinc oxide coatings. Appl. Surf. Sci. 2014, 307,
548–557. [CrossRef]
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