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Abstract: Developing smart, environmentally friendly, and effective antibacterial surfaces is
fundamental to contrast the diffusion of human infections and diseases for applications in the
biomedical and food packaging sectors. To this purpose, here we combine aluminum-doped zinc
oxide (AZO) and Ag to grow nanostructured composite coatings on bioplastic polylactide (PLA)
substrates. The AZO layers are grown by RF magnetron sputtering, and then functionalized
with Ag in atomic form by RF magnetron sputtering and in form of nanoparticles by supersonic
cluster beam deposition. We compare the morphology, wettability, and antimicrobial performance
of the nanostructured coatings obtained by the two methods. The different growth modes in
the two techniques used for Ag functionalization are found to produce some differences in the
surface morphology, which, however, do not induce significant differences in the wettability and
antimicrobial response of the coatings. The antibacterial activity is investigated against Escherichia coli
and Staphylococcus aureus as representatives of Gram-negative and Gram-positive bacteria, respectively.
A preferential antimicrobial action of Ag on the first species and of AZO on the second one is evidenced.
Through their combination, we obtain a hybrid composite coating taking advantage of the synergistic
dual action of the two materials deposited, with a total bacterial suppression within few minutes
for the first species and few hours for the second one, thus representing a valuable solution as a
wide-spectrum bactericidal device.

Keywords: antimicrobial coatings; aluminum-doped zinc oxide (AZO); RF sputtering (RFS);
supersonic cluster beam deposition (SCBD); silver nanoparticles; atomic force microscopy (AFM);
health; biomedical applications; food packaging
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1. Introduction

High-performance functional coatings represent one of the most effective strategy to confer
antimicrobial properties to surfaces where avoiding human infections and disease diffusion are
primary issues [1]. Such surfaces should be able to kill pathogen microorganisms or inhibit their
growth and biofilm formation, as well as to prevent diffusion of foodborne diseases and reduce food
degradation to preserve quality and increase shelf-life [2]. The use of antimicrobial surfaces can
limit the cross-contamination phenomena due to the transfer of microorganisms from a contaminated
surface to another. Moreover, due to the multiple simultaneous mechanisms of actions introduced
by the coating materials, bacterial resistance is harder to be developed with respect to conventional
antibiotics [3]. The development of efficient antibacterial materials is therefore a key aspect for a
wide range of applications—such as biomedical devices (medical equipment, surgery tools, implants,
etc.), food and beverage packaging materials, and textiles—just to mention a few. On the other hand,
employed materials should also ensure environmental safety, no secondary toxicity to human health,
or even biocompatibility, depending on the final use. To this aim, proper design of composition and
structure of surface coatings turns out to be essential to achieve all the required properties. Apart from
intrinsic biocide action of the coating material itself, other characteristics may be taken into account to
enhance the antimicrobial efficacy, such as tuning of surface features (nanostructuration, roughness,
etc.) and suitable combination of multiple active elements.

ZnO-based materials provide a strong bactericide action and physico-chemical stability, although
the safety for human health is still debated in literature, especially for nanoparticles (NPs) [4,5]. Doping
or combining ZnO with other elements can enhance its antimicrobial properties and favorably modify
other characteristics like mechanical, optical, and gas/water vapor barrier properties. For example,
Al-doped ZnO nanomaterials have been reported as effective antibacterial agents against different
Gram-positive and Gram-negative species [6–8]. In the first report dealing with antimicrobial properties
of AZO coatings [6], nanostructured Al-doped ZnO films were grown by sputtering a target source
composed of mixed ZnO and Al2O3, since both components exhibit antibacterial properties [4,5]
and, at the same time, they are both considered biocompatible and authorized as additives in food
contact plastic materials [8]. Aiming to develop an environmentally friendly and health-safe composite,
in our experiments the coatings were applied onto polylactide, a nature-derived polymer with several
useful properties, biocompatible, bioresorbable, biodegradable and compostable [6,8]. In our previous
works, such AZO coatings on PLA presented a polycrystalline phase composition, they demonstrated
long-term stability (low release of material in physiological saline solution) and were shown to possess
strong antibacterial action against different Gram-positive and Gram-negative species, without any
significant toxicity detected on some human cell lines tested. To further improve the antimicrobial
performance of those coatings, in the present work we add silver as supplementary material well-known
for its antibacterial properties [9]. Both Ag and ZnO-based materials are identified to act against
microbial species by means of several mechanisms, like release of active species (e.g., metal ions and
reactive oxygen species ROS) or release of particles, with consequent cell membrane rupture, particle
internalization inducing metabolic alterations, electrostatic interactions between the bacterial wall and
the active materials and mechanical damaging of cell membrane and structure [4–9]. As a consequence,
their arrangement into composite coatings can be expected to enhance the total antimicrobial action
through the combined action of the two materials. In particular, herein two different methods are
explored to functionalize the AZO surface with the Ag add-on: RF magnetron sputtering (RFS)
and supersonic cluster beam deposition (SCBD). Differently from the sputtering deposition, where the
depositing species are mainly constituted by atoms and ions, in the SCBD technique Ag NPs are already
formed in the gas phase and then directed towards the substrate [10]. As a consequence, the diverse
growth regimes occurring in the two methods may give rise to different surface morphologies of the
Ag-functionalized AZO deposits on PLA. Atomic force microscopy, contact angle measurements and
antibacterial tests are then conducted to investigate the differences in the properties of the mixed
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coatings and to compare the responses of the single layer coatings (only AZO on PLA and only Ag on
PLA) with those of the multicomponent hybrid layers (Ag-functionalized AZO coatings on PLA).

2. Materials and Methods

AZO coatings were deposited at room temperature by RF magnetron sputtering in a vacuum
chamber (Sistec thin film equipment, Angelantoni Group, Italy) pumped down to a base pressure of
1 × 10−4 Pa. A ZnO:Al2O3 target (composition 98:2 wt.%, purity 99.999%, diameter 10 cm) was sputtered
at RF power of 150 W in Ar + O2 atmosphere at process pressure of 3 Pa, with relative flux percentage
of 90% Ar and 10% O2. Prior to the deposition, the cathode power was gradually increased until the set
point of 150 W in about 30 min in the same Ar + O2 atmosphere, and further cleaning and conditioning
of the target surface was carried on for additional 10 min before to start the deposition process on
the substrates. The coatings were simultaneously deposited on PLA films (extruded as previously
reported [6]) and reference silicon substrates, passing under the sputtering target through rotation at
5 rpm for 20 min, resulting in AZO thickness of 30 nm, as measured by stylus profilometry.

The AZO layers were functionalized by depositing Ag under different growth regimes through
the use of two different techniques: RF magnetron sputtering and supersonic cluster beam deposition.
For the Ag-functionalization by means of RFS, a set of AZO samples was coated in the same equipment
described above, by sputtering Ag at 50 W in Ar atmosphere, with the substrates passing under the
target for a fixed number of 11 cycles at 5 rpm. Another set of samples was functionalized by SCBD
at room temperature and at a base pressure of 1 × 10−4 Pa, following the same procedure described
elsewhere [11–13], depositing Ag NPs on the sputter-deposited AZO films. In brief, SCBD relies
on pulsed plasma ablation of a 99.99% purity Ag rod (ACI alloys), followed by NP condensation
and expansion through a custom designed aerodynamic focusing system, directing the NPs to the
substrate. The 6-nm thickness of the Ag layers was measured by atomic force microscopy on a silicon
reference substrate deposited together with the PLA substrates. In addition to the Ag-functionalized
AZO coatings (labeled as Ag/AZO), also single AZO and Ag coatings on PLA were deposited for
comparison. For the discussion of the results, hereafter the samples deposited on PLA substrates will
be labeled as AZO, Ag(RFS), Ag(SCBD), Ag(RFS)/AZO, and Ag(SCBD)/AZO, while the reference Ag
samples deposited on silicon substrates will be labeled as Ag(RFS)/Si and Ag(SCBD)/Si, where the
acronym ‘RFS’ or ‘SCBD’ in brackets stands for the technique used for the Ag deposition.

Atomic force microscopy data were obtained by an AFM (Park NX10, Park Systems, Suwon,
Korea) in non-contact and tapping mode. PPP-NHCR tips (resonance frequency in the 250–280 kHz
range, nominal tip radius 10 nm) were employed. The raw AFM data were analyzed with Gwyddion,
extracting the grain size by a watershed algorithm.

Contact angles of ultrapure water and diiodomethane on coatings deposited on PLA substrates
were measured by sessile drop method using an OCA 20 (Dataphysics, Filderstadt, Germany)
goniometer, and data were collected with SCA 202 software (version 3.4.3 build 76). Equilibrium
(static) contact angles were measured for 1 µL droplet volumes. Measurements were made on
10 different locations for each condition and the average value was reported with its standard deviation.
To compute the surface free energy from measured contact angles the Owens, Wendt, Rabel, and Kaelble
(OWRK) method [14] was applied and the related polar and dispersive components were evaluated
by the Ström et al. equation [15], where the dispersion (non-polar) and polar components of the
surface tension of the liquids employed were 21.8 and 51.0 mN/m for water and 50.8 and 0 mN/m for
diiodomethane, respectively.

Effect of the different coated films on microorganism survival was evaluated as previously
reported [8], with few variations. Briefly, Escherichia coli and Staphylococcus aureus were pre-inoculated
aerobically for 12 h at 37 ◦C in Luria-Bertani (LB) medium (10 g·L−1 tryptone, 5 g·L−1 yeast extract,
10 g·L−1 NaCl), with constant shaking at 250 rpm. Bacteria were collected by centrifugation for 10 min
at 3500 g, re-suspended at cellular density of 0.01 and 0.02 OD600 for E. coli and S. aureus, respectively
(about 1 and 3 × 107 colony forming units, CFUs), in the presence of 1 cm2 of sample (each cut into
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four equal parts) and incubated at 37 ◦C under constant agitation at 50 rpm by vertical rotator. E. coli
was re-suspended in sterile distilled water, while S. aureus, more sensitive to oligotrophic conditions
was re-suspended in peptone water (1 g·L−1 peptone, 5 g·L−1 NaCl). A control with uncoated PLA
was also inserted. At the times indicated 100 µl of each sample was suitably diluted, distributed
on LB agar dishes (15 g·L−1 agar) and incubated for 18–24 h at 37 ◦C. Subsequently, the number of
CFU/mL was quantified for each sample and the survival kinetics was determined as the percentage
variation over time of CFUs with respect to the initial time t = 0. The values were plotted on a
semilogarithmic scale as the mean ± standard deviation of three independent tests. The obtained
CFUs were also used to calculate the antibacterial activity (A) [16]. For this purpose, the following
formula was applied: A = F − G, where F represents the growth values in the presence of uncoated
PLA, while G corresponds to the growth values with the coated samples. They are calculated according
to the formula F = (Log Ct − Log Ct0) and G = (Log Tt − Log Tt0). C and T are CFUs detected for
uncoated PLA control and coated samples, respectively, at different times up to 8 h. The PLA films were
considered ‘antimicrobial’ when achieving an A greater than 2 (reduction in bacteria number >99%).
Values were reported as the mean ± standard deviation of three independent analyses. The significance
of the differences in the antimicrobial activity among the various treatments was evaluated by two-way
ANOVAs (analyses of variance), followed by Tukey post hoc tests (for α = 0.05).

3. Results and Discussion

3.1. Atomic Force Microscopy (AFM) Analyses

Three dimensional (3D) representation of the AFM data results of the AZO samples functionalized
with Ag by the two different techniques, presented in Figure 1a,c, clearly show the presence of some
wrinkling effects of the sample surface, corresponding to a rms roughness of 35 nm deriving from the
AZO deposition on PLA. This rms value is in line with that one previously measured on AZO samples
deposited at high RF power on PLA and ascribed to wrinkling effects induced on the polymer surface
by the particle bombardment during the AZO sputtering deposition, as extensively described in our
previous work [8]. To obtain the nanoscale grain size distribution it has been necessary to remove such
wrinkling effect by a polynomial regression, and the resulting 3D images are reported in Figure 1b,d
for Ag(RFS)/AZO and Ag(SCBD)/AZO, respectively.
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Figure 1. 3D AFM images of Ag/AZO coatings on PLA before (left) and after (right) fine correction:
(a) and (b) Ag(RFS)/AZO; (c) and (d) Ag(SCBD)/AZO. For all images, the X:Y:Z scale ratio is 1:1:1.

After removing the background, the resulting AFM images of samples deposited on PLA substrates
are shown in Figure 2 and the related rms roughness values are listed in Table 1.
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Figure 2. (1 × 1) µm2 AFM images of films deposited on PLA: (a) AZO; (b) Ag(RFS); (c) Ag(SCDB);
(d) Ag(RFS)/AZO; (e) Ag(SCBD)/AZO. Scale bar for all panels is 200 nm. Images in panels (a,d,e) have
been subtracted a polynomial background to remove the roughness of the AZO/PLA layer.

Table 1. Rms roughness, height (mode of the distribution), and width (standard deviation) of height
distributions obtained from the AFM analyses for coatings deposited on PLA and for reference Ag
samples deposited on silicon.

Sample Rms Roughness
(±0.1 nm)

Height
(±0.2 nm)

Distribution Width
(±0.1 nm)

AZO 2.4 1.8 1.6
Ag(RFS) 0.9 1.2 1.1

Ag(SCBD) 1.9 2.2 1.9
Ag(RFS)/AZO 4.2 5.0 3.9
Ag(SCBD)/AZO 3.3 3.7 2.5
Ag(RFS)/Si 3.6 4.3 4.4

Ag(SCBD)/Si 1.1 1.2 1.4

The fine morphology appears to be constituted by nanometric clusters uniformly distributed over
the sample surface and close one each other. In such samples, quantification of the NP size distribution
from the projected surface area is affected by convolution effects of the tip. We hence obtain the
grain size by measuring the height difference between the center of each grain and the height at the
grain border, assuming that we are observing the top half of a NP with a spherical shape. Figure 3
displays the radius distribution of the different samples, that has been fitted with either Gaussian or
lognormal distribution functions depending on the sample type. The RFS-synthesized samples are
fitted with a Gaussian distribution reflecting the growth mode of the grains in an atom-by-atom mode.
The SCBD-synthesized samples have been fitted with a lognormal distribution, since these layers are
obtained by depositing directly NPs and not atoms, and hence reflect the typical size distribution of
clusters produced by supersonic beams also for different materials [13,17–21]. The values of mode and
width obtained from the fit of the height distributions are reported in Table 1.
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Figure 3. Nanoparticle height distributions obtained from the analysis of AFM data for samples
deposited on PLA substrate: (a) AZO; (b) Ag(RFS); (c) Ag(SCDB); (d) Ag(RFS)/AZO; (e) Ag(SCBD)/AZO.
The blue curves represent the best fit functions as described in the discussion.

The different growth mode of the Ag layers obtained from the two synthesis methods can be
noticed already from the AFM images of samples directly deposited on PLA, shown in Figure 2b for
Ag(RFS) and Figure 2c for Ag(SCBD) respectively, and from the striking difference of the related size
distributions reported in Figure 3b,c. On the bare PLA, the mode of the Ag grain size is 1.2 ± 0.2 nm
for the Ag(RFS) sample and 2.2 ± 0.2 nm for the Ag(SCBD) sample (see Table 1). On the AZO/PLA
substrate the mode of the size distribution is 5.0 ± 0.2 nm for Ag deposited by RFS and 3.7 ± 0.2 nm
for Ag deposited by SCBD. It is worth noting that for Ag deposited on reference silicon substrates
(distributions not shown in Figure 3 for clarity, but fit values reported in Table 1), the mode of the
distribution is 4.3 ± 0.2 nm for the Ag(RFS) and 1.2 ± 0.2 nm for the Ag(SCBD) sample. This behavior
can be ascribed to the constituents produced by the two synthesis methods (mainly atoms and ions in RF
sputtering, NPs in SCBD), to the substrate diffusion coefficient and to the kinetic energy of the atoms or
NPs. The species synthesized by SCBD have an average energy of 0.1–0.5 eV/atom [21,22], while those
produced by RF sputtering process have an energy of ~10 eV/atom [23,24], two orders of magnitude
higher. On a silicon substrate, that is crystalline and with a rms lower than 0.2 nm, the landing energy
of the RF sputtered atoms account for a large atomic diffusion over the surface, promoting the atoms
coalescence into 4.3 ± 0.2 nm clusters. This behavior is almost absent for the less energetic SCBD
NPs, which maintains their integrity upon landing, thus resulting in a mode of 1.2 ± 0.2 nm. On PLA,
the atoms and the NPs may stick on the polymer surface or be easily implanted underneath the surface,
thus hindering their mobility and blocking their coalescence into bigger clusters. This results in an
almost four times reduction of the distribution mode (down to 1.2 ± 0.2 nm) for the Ag(RFS) deposit on
PLA with respect to Si, while it is only slightly increasing the distribution mode (2.2 ± 0.2 nm) for the
Ag(SCBD) sample. The single AZO coating on PLA forms grains of 1.8 ± 0.2 nm and presents a rms
of 2.4 ± 0.1 nm, while these values increase in both the Ag-functionalized samples, as expected due
to the superimposition of the Ag particles with the underlying AZO grains. In particular, the size
distribution mode in the Ag(SCBD)/AZO sample increases to 3.7 ± 0.2 nm, mainly due to such cluster
superimposition, since the NPs deposited by this method are not modified upon landing, as mentioned
above. Differently, the observed grain size on the Ag(RFS)/AZO present a further increase, up to
5.0 ± 0.2 nm, indicating again a high mobility of Ag adatoms on the AZO surface and their consequent
coalescence. To summarize, the combination of the synthesis methods (RF sputtering and SCBD)
with the substrate role (adatom mobility and surface roughness) is providing a very good playground
to modify the deposited grain size and final roughness of the Ag/AZO coatings.
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3.2. Wettability Analyses

Contact angles measured for water and diiodomethane and related surface energies of the different
coatings deposited on PLA are reported in Table 2 and plotted in Figure 4.

Table 2. Contact angles of water and diiodomethane and surface energy values for coatings deposited
on PLA.

Sample
Contact Angle (◦) Surface Energy (mJ/m2)

Water Diiodomethane Polar
Component

Dispersion
Component Total

AZO 63.6 ± 3.2 55.8 ± 3.0 13.9 31.0 44.9 ± 2.7
Ag(RFS) 80.8 ± 2.3 49.6 ± 2.8 4.3 34.5 38.8 ± 1.8

Ag(SCBD) 91.8 ± 5.5 55.2 ± 2.4 1.6 31.3 32.9 ± 1.9
Ag(RFS)/AZO 93.7 ± 1.9 57.8 ± 3.9 1.4 29.9 31.3 ± 2.3

Ag(SCBD)/AZO 91.3 ± 5.9 55.9 ± 4.1 1.8 30.9 32.7 ± 2.8
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The water contact angle (WCA) values indicate that the water wettability of all the Ag-containing
samples is significantly different from that one of the AZO coating, with the latter presenting a
WCA of about 64◦ while the others showing higher WCAs around 80◦ or slightly above 90◦. As a
consequence of the Ag addition onto the AZO coating (samples Ag(RFS)/AZO and Ag(SCBD)/AZO),
the surface behavior is then turned from moderately hydrophilic to slightly hydrophobic, regardless of
the deposition technique used for the Ag functionalization. On the contrary, no particular variation is
observed on the wettability with the non-polar solvent diiodomethane, where contact angles values are
very similar for all the different coatings. In line with the differences in WCA, the total surface energy
of the AZO layer is also different from that one obtained on samples having silver on their surface:
the Ag presence on the surface reduces the total surface energy, where this decrease is primarily led by
the strong reduction of the polar component (corresponding to the increase of the related contact angle
with the polar liquid water).

Since the wettability of a surface is determined by a combination of its physico-chemical
characteristics, one of the reasons for the WCA differences between the Ag-containing coatings
and the unfunctionalized AZO sample can be related to the different chemical state of the surface
(dangling bonds, terminal facets of the particles, oxidation, etc.) due to the presence of the Ag clusters.
At the same time, influence of surface morphology can be deduced as well. Indeed, the lower contact
angles observed for both water and diiodomethane in sample Ag(RFS) as compared to Ag(SCBD)
can be attributed to its lower roughness, since the spread of a liquid droplet on a smooth surface is
facilitated with respect to a rougher surface where air can be trapped below the droplet and hinder
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its spread. On the contrary, the contact angle values obtained on sample Ag(RFS)/AZO increase to
values comparable to the analogous sample Ag(SCBD)/AZO, due to the increased roughness when Ag
is sputtered on the AZO coating, as described above.

3.3. Antimicrobial Tests

Results of antimicrobial tests performed on the Gram-negative bacterium E. coli and Gram-positive
bacterium S. aureus are shown in Figure 5, reporting the bacterial survival rate at different time intervals
for the various coated samples, together with the reference data of the control sample (i.e., uncoated
PLA substrate). In order to quantify the net antimicrobial action of the coatings with respect to the
control, the antimicrobial activity A of the coated samples was calculated as

A = F−G = log
Ct/Ct0

Tt/Tt0
(1)

with F = (Log Ct − Log Ct0) and G = (Log Tt − Log Tt0), where Ct and Tt are the CFUs detected at the
different considered times t for control substrate and coated samples, respectively, and Ct0 and Tt0

are the respective CFUs at the initial time t = 0. The antimicrobial activity, whose values are listed in
Table 3 and plotted in Figure 6, can be considered good when A ≥ 2, and excellent when A ≥ 3.
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Figure 6. Antimicrobial activity (A) of the different samples against E. coli (left) and S. aureus (right).
Statistical analysis refers at same times and, for each of them, different letters indicate significant
differences among coated films (p < 0.001). The same character (normal, italic and underscored) is used
for each considered time.
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Table 3. Antimicrobial activity A against E. coli and S. aureus, calculated by Equation (1) at different
times for samples deposited on PLA. Data are reported as the mean ± standard deviation.

Bacterial
Species

Sample

Antimicrobial Activity (A)

Treatment Time (h)

0.25 * 0.6 1.5 3 5 8

E. coli

AZO 0.30 ± 0.30 2.59 ± 0.60 4.40 ± 0.04 6.30 ± 0.36 6.33 ± 0.28 5.90 ± 0.25
Ag(RFS) 6.36 ± 0.78 6.47 ± 0.53 6.32 ± 0.26 6.32 ± 0.26 6.40 ± 0.25 6.00 ± 0.18

Ag(SCBD) 6.03 ± 1.00 6.36 ± 0.60 6.37 ± 0.08 6.37 ± 0.02 6.40 ± 0.70 6.08 ± 0.01
Ag(RFS)/AZO 6.06 ± 0.50 6.47 ± 0.27 6.32 ± 0.26 6.32 ± 0.26 6.35 ± 0.20 6.05 ± 0.17
Ag(SCBD)/AZO 6.60 ± 0.80 6.36 ± 0.38 6.37 ± 0.05 6.37 ± 0.02 6.40 ± 0.30 6.30 ± 0.01

S. aureus

AZO n.d. −0.08 ± 0.03 0.02 ± 0.08 0.35 ± 0.19 1.45 ± 0.25 4.44 ± 0.69
Ag(RFS) n.d. 0.00 ± 0.03 −0.15 ± 0.08 0.13 ± 0.15 −0.05 ± 0.09 0.29 ± 0.26

Ag(SCBD) n.d. 0.00 ± 0.02 −0.17 ± 0.04 0.45 ± 0.10 0.28 ± 0.19 0.19 ± 0.33
Ag(RFS)/AZO n.d. 0.02 ± 0.02 0.00 ± 0.10 0.49 ± 0.21 2.70 ± 0.73 5.96 ± 1.27
Ag(SCBD)/AZO n.d. −0.04 ± 0.03 −0.10 ± 0.14 0.64 ± 0.20 1.96 ± 0.26 5.98 ± 1.70

* Data at 0.25 h for S. aureus were not determined (n.d.) as there was no detectable variation with respect to t = 0.

The survival kinetics measured for E. coli (Figure 5a) demonstrate a strong bactericidal action
of the unfunctionalized AZO coating, with a survival rate reaching the minimum detection limit
(~3–5 CFU/mL) after about 3 h, corresponding to a reduction of cellular density higher than 6 Log
(A = 6.3, i.e., reduction in bacterial population >99.9999 %), that is in line with results reported in
our previous work on similar AZO samples [8]. However, the coatings made of only silver on PLA
(Ag(RFS) and Ag(SCBD)) clearly evidence even far better behavior against E. coli, with an extremely
fast action inducing the same reduction of about 6 Log in only 15 min. Then, the composite samples
made of Ag-functionalized AZO coatings (Ag(RFS)/AZO and Ag(SCBD)/AZO) follow the same trend
of the single Ag coatings (the survival rate curves of the Ag/AZO coatings and those of the Ag
coatings are overlapped in Figure 5), indicating that, in the examined time range (minimum of 15 min),
their antibacterial response is driven by the activity of silver.

In contrast, an opposite behavior is observed in the kinetics recorded for the Gram-positive
bacterium S. aureus (Figure 5b), where the simple silver coatings demonstrate a very low antibacterial
efficacy, while the response of the composite AZO + Ag coatings is mainly driven by the AZO
contribution. As a preliminary observation, a weak antimicrobial influence on S. aureus can be detected
at long time for the bare PLA substrate (uncoated control sample) too, inducing about 1 Log reduction
of the bacterial colony counts after 8 h. This minimal effect can be probably ascribed to a rather low
biocide action caused by the coarseness of the PLA surface, inducing mechanical detrimental effects
(e.g., cell deformations and wall abrasion), and to environmental stress induced by the oligotrophic
conditions of the incubation medium used during the microbiological tests. For longer exposition
times either or both the factors could then result in a slight bacterial reduction. Such behavior is not
observed on E. coli in the examined time range because, as a microbiological indicator of water quality,
it is more stable in environments poor in organic substances compared to a pathogenic bacterium such
as S. aureus [25,26].

Analyzing the results of the coated samples, the antibacterial action against S. aureus is shown to
be slower than E. coli for all the films, as clearly evidenced in Figures 5 and 6. In particular, the activity
A of the single AZO coating on S. aureus is moderate (A < 2) up to about 5 h, increasing to a value
around 4.4 at 8 h, whereas on E. coli the same activity level of A = 4.4 is obtained after only 1.5 h and
the coating exhibits a complete bactericidal action (A > 6) at 3 h. Generally, Gram-positive species
like S. aureus are considered to have higher susceptibility to ZnO than Gram-negative ones like E. coli,
due to the differences in thickness, complexity, and composition of cell membranes in the two families,
as well as difference in their intracellular content, thus inducing different sensitivity to active species
such as metal ions and reactive oxygen species [27]. However, it should be noted that, differently from
E. coli, S. aureus tends to form multicellular aggregates that take longer to be destroyed, therefore high
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bacterial suppression can be reached after longer exposure times with the active material, as shown in
our previous work [8], thus explaining the slower biocidal effect observed on S. aureus at short periods.

Contrarily to what observed on E. coli, the single Ag coatings on PLA (Ag(RFS) and Ag(SCBD))
demonstrate a very low antimicrobial effect on S. aureus even at long times, with a response that
is comparable to the bare PLA substrate, resulting in activity values A as low as ~0.2–0.3 at 8 h.
The limited efficacy of Ag against S. aureus in comparison to E. coli observed in our experiments is in
line with previous findings [11,28,29], and it was related to the different electrostatic interaction with
the charged cell walls of the two bacterial species.

Concerning the composite coatings made of Ag-functionalized AZO layers, the trend of survival
rate for S. aureus is found to be similar to that one of the single AZO coating, with a moderate
improvement introduced by the silver presence. To our knowledge, there is no other report in literature
about the antimicrobial properties of Ag-functionalized AZO coatings, thus we can only draw a general
comparison with analogous materials made of combination of Ag with ZnO. The antibacterial behavior
in our samples is similar or appears to be even faster, especially for E. coli, when compared to other kinds
of Ag-modified ZnO nanomaterials (see e.g., [30–32] and references therein), observing the different
activity of the two individual materials on Gram-negative and Gram-positive species and the beneficial
effects of joining them together. In particular, in [31], Ag was shown to be less effective on S. aureus
than E. coli, and the inhibitory effect was enhanced in the Ag/ZnO heterostructure NPs against both
species, presenting a better response against the latter, which is in line with the behavior demonstrated
by our samples too. Anyhow, it must be underlined that these properties are strongly dependent on a
series of experimental factors, such as materials composition and concentration, form (different kinds
of nanostructures), crystal structure, substrates, synthesis procedures, methodologies and parameters
used for the antimicrobial tests, etc., thus making it impossible to definitely derive a reliable comparison.
Our Ag/AZO coatings are able to reach a complete suppression of E. coli in only 15 min, while almost
complete bactericide action against S. aureus is induced in about 8 h (around 6 Log of CFU reduction).
This suppression rate for S. aureus in the hybrid coatings corresponds to an activity value that is
about 1.3 times higher than the single AZO coating at the same exposure time. Considering the
minor antibacterial action revealed for the individual Ag coatings against S. aureus as described above,
the improvement observed for this bacterial species in the composite coatings can be only partially
ascribed to the secondary additional contribution of silver on AZO. As a further enhancing factor,
the increased surface roughness in the AZO + Ag coatings with respect to the single AZO film might
also play a significant role in increasing the antimicrobial efficacy. Indeed, higher surface roughness has
been reported as a key factor to increase the bactericidal action [8,33], in consequence of the enlarged
effective contact area between the rough surface and the surrounding environment, promoting microbial
adhesion through electrostatic interactions with the surface, and resultant enhanced bactericidal effects
such as structural deformation of the microorganisms, abrasive damage of cell membranes, and fostered
transfer of active species (metal ions and ROS) from the coating surface to the bacterial cells.

For both bacterial species here considered, no significant difference in the antimicrobial
characteristics can be evidenced when comparing analogous samples where silver has been deposited
by the two different techniques (RFS or SCBD). The bacterial suppression rate and related antimicrobial
activities appear the same regardless of the process used for the Ag deposition in the two sets of
samples, pointing out no substantial influence of the used deposition technique on the antimicrobial
performance under the experimental conditions and time range here used. More complex experimental
analyses should be needed in order to discern for possible fine differences in the antimicrobial response
of these samples, especially in the case of E. coli where the drop of CFU counts is extremely rapid.

As an overall consideration, the Ag-functionalized AZO coatings on PLA here developed are
shown to possess an excellent antibacterial activity against both considered microbial species, with an
extremely rapid complete suppression of E. coli in a few minutes and a complete suppression of
S. aureus in a few hours. Thanks to the preferential action of each material against one species or
another (predominant efficacy of Ag on E. coli and of AZO on S. aureus in our samples) it is then
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possible to obtain a composite coating exploiting the combined performance of both materials together,
therefore being capable to simultaneously and efficiently strike both kinds of bacteria.

4. Conclusions

Ecofriendly antibacterial films made of Ag-functionalized Al-doped ZnO nanostructured coatings
deposited on bioplastic PLA films were developed with the aim to find new solutions to contrast the
diffusion of infections and diseases. Ag-functionalization was evaluated by two different deposition
methods—RF sputtering and supersonic cluster beam deposition—as a way to tune the surface features
(roughness and particle size) of the final Ag/AZO composite materials. Surface wettability was turned
from moderately hydrophilic to slightly hydrophobic by the addition of Ag onto the AZO layer,
together with some influence of surface roughness. The antimicrobial action of the Ag-functionalized
AZO coatings to the Gram-negative E. coli was shown to be led by the Ag presence, while the response
against the Gram-positive S. aureus was mainly driven by the AZO material. The combination of these
materials together enhanced the biocide action, leading to an extremely fast total suppression of E. coli
within few minutes, while S. aureus required some hours, due to the dissimilar bacterial walls and
consequent interactions of the two species with the active materials, as well as to different tendency to
form multicellular aggregates.

Thanks to the preferential bactericide action of Ag and AZO on the different bacterial species,
the hybrid Ag/AZO coatings here developed are then able to exploit a synergistic action, providing
simultaneous superior antimicrobial performance against both species with respect to the individual
material deposits. They can therefore represent a promising solution to provide broader spectrum
of action against different kinds of bacteria for different possible applications, like in food packaging
and biomedical sectors. In perspective of these final applications, further insights in the evaluation
of the active species releasing properties of these composite coatings can be required to get a deeper
understanding of the mechanisms of action in damaging the cytoplasmic membrane of the bacterial
cells and a correct evaluation of possible toxicity concerns for human cells.
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