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Abstract: The emergence and spreading of the SARS-CoV-2 pandemic has forced the focus of attention
on a significant issue: the realization of antimicrobial surfaces for public spaces, which do not require
extensive use of disinfectants. Silver represents one of the most used elements in this context, thanks
to its excellent biocidal performance. This work describes a simple method for the realization of
anodized aluminum layers, whose antimicrobial features are ensured by the co-deposition with
silver nitrate. The durability and the chemical resistance of the samples were evaluated by means
of several accelerated degradation tests, such as the exposure in a salt spray chamber, the contact
with synthetic sweat and the scrub test, highlighting the residual influence of silver in altering the
protective behavior of the alumina layers. Furthermore, the ISO 22196:2011 standard was used as the
reference protocol to set up an assay to measure the effective antibacterial activity of the alumina-Ag
layers against both Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria,
even at low concentrations of silver. Finally, the Ag-containing aluminum oxide layers exhibited
excellent antimicrobial performances also following the chemical-physical degradation processes,
ensuring good durability over time of the antimicrobial surfaces. Overall, this work introduces a
simple route for the realization of anodized aluminum surfaces with excellent antibacterial properties.

Keywords: anodized aluminum; silver nitrate; antimicrobial coatings; disinfection test; durability analysis

1. Introduction

The SARS-CoV-2 pandemic represents one of the heaviest challenges of recent decades,
introducing radical changes in the habits of people all over the world. Public attention
has focused on indirect spread and transmission of pathogenic microorganisms through
surfaces, which require careful disinfection. For example, the common spread of infections
caused by viruses and bacteria in healthcare settings [1], combined with the ever-increasing
bacterial antibiotic resistance, represent a critical concern, especially for the health of already
fragile subjects [2,3]. Moreover, surface contamination in public spaces constitutes a major
cause for apprehension: train and metro stations, airports, restaurants, and elevators must
be subject to constant disinfection of all touch-on surfaces [4].

Nevertheless, the continuous surface disinfection requires relevant economic and
temporal efforts, and its effectiveness is strongly dependent on the degree of involvement
of users [5]. Consequently, scientific research has recently been directed to alternative
approaches, developing innovative composite materials with the ability to counteract
the contamination of bacteria and viruses. Thus, extensive use of disinfectants could be
avoided, achieving a better safety of the products through a selective preventive approach.

The real technological challenge is to design materials with high-duty technological
properties and good aesthetical characteristics, which should both be maintained over
time during product life. Aluminum is one of the most used materials in the construction
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of components for public spaces [6-8], as aluminum alloys exhibit high specific strength,
thermal conductivity, workability, low density and low cost. However, its application
range has been restricted due to corrosion phenomena [9,10]. Thus, aluminum components
are often subjected to a surface anodizing process [11-16], to improve their protective
properties [17,18], chemical resistance [19,20] and also their aesthetic features [21,22]. As
a consequence of the health emergency, even the anodized aluminum surfaces must be
modified and made naturally antibacterial, to avoid the spread of the virus without the
need for continuous disinfection of public spaces.

For at least 25 years, silver has been one of the best antimicrobial agents due to its
strong biocidal effect, also present at low concentrations [23-27]. Although the exact
mechanisms at the basis of silver antibacterial activity are still not completely clarified,
silver ions are considered as the main agent responsible for the antibacterial activity,
as they can adhere to the cell wall and modify its permeability, deactivate respiratory
enzymes, and hinder DNA replication [28]. Silver nanoparticles act as a depot which
releases small amounts of silver ions, but they are able themselves to kill bacteria by
different action mechanisms [28,29]. It is commonly acknowledged that the size of silver
particles greatly influences their antibacterial activity: silver nanoparticles (AgNPs) are
more effective, as they show a higher amount of released silver ions with respect to
micro-sized particles, and they can directly alter the cell permeability when smaller than
10 nm [28]. Nowadays, AgNPs are used in many sensitive applications where extreme
hygiene is required: some examples are surgical instruments, polymer implants, artificial
implants and dental implants [30]. Their use is not only limited to health applications
but also extends to the food and textile industries [31]. Consequently, following the
SARS-CoV-2 pandemicg, silver and silver oxide have been subjected to various synthesis
studies, analyzing their antimicrobial features [32], cytotoxicity activities [33] and bioactive
properties [34].

The deposition of silver is mainly performed by one of the following two techniques:
electroless method or by electrodeposition process. Electroless deposition is used to form
colloidal or continuous conducting metallized surfaces under ambient conditions [35,36].
The advantage of this process is that it does not require conductive substrates, as the metal
is deposited from a bath that contains a source of the metal as a cation and a chemical
reducing agent. Recently, this technique has often been used for the deposition of silver
on polymeric [37-40] and metal [41] surfaces, on carbon nanofibers [42] and graphene
flakes [43]. Otherwise, the electrodeposition process requires a conductive substrate and
the application of a certain current density to achieve the deposition of silver. However,
process parameters such as the deposition time, current density, and electrolyte solution
concentration can be tuned, in order to control the morphology of electrodeposited products.
Thus, this process has been employed in the fabrication of metal microstructures with well-
defined shapes, such as nanorod arrays [44,45], nanosheets [46], pyramids [47], flower-like
particles [48] and dendrites [49]. Some studies report about the electrodeposition of silver
structures on indium tin oxide (ITO) [50,51], but also on aluminum [52] and anodized
aluminum surfaces [53,54].

The first studies related to the deposition of silver on anodized aluminum surfaces
date back to about 20 years ago: the electrodeposition of silver seemed to improve the
antibacterial activity of anodized aluminum [55], paving the way for new types of antibac-
terial surfaces. In recent years, silver has been deposited on the anodized layer by the
electroless deposition method [56-58], but also by exploiting alternative techniques, such as
hydrothermal deposition [59] or via the photoreduction deposition method [59]. However,
Dehghan et al. [60] developed a simple process of co-deposition of silver powder with
alumina during the anodizing step.

Thus, this work aims to add silver to a traditional anodized aluminum layer to obtain
an innovative antimicrobial coating, which can be used for interior design applications, for
wall surfaces of public spaces, and touch-on surfaces. The morphology of the Al,O3-Ag
composite coating was deeply characterized, evaluating how silver affects the protective
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properties of the anodized layer following exposure to aggressive environments simulating
human contact and disinfection processes. Finally, the protective efficacy of surfaces with
antibacterial activity against Staphylococcus aureus and Escherichia coli were assessed as
representatives of Gram-positive and Gram-negative bacteria, respectively, ensuring also
antiviral protection from SARS-CoV-2, thus playing an important role as an indicator of the
effectiveness of the chosen preventive approach for health protection.

2. Materials and Methods
2.1. Materials

Nitric acid (puriss. p.a.), sodium hydroxide (puriss. p.a.), sulphuric acid (puriss. p.a.),
sodium chloride (>99.0%), lactic acid (Ph. Eur. grade) and silver nitrate (=>99.0%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. The commercial
detergent disinfectant product Suma Bac D10 Cleaner and Sanitiser (Diversey Inc.—Fort
Mill, SC, USA), containing benzalkonium chloride (3.0-10.0 wt.%), was purchased and used
for accelerated disinfection tests, And 6082 aluminum alloy (Si 0.7-1.3 wt.%, Fe 0.5 wt.%,
Cu 0.01 wt.%, Mn 0.4-1.0 wt.%, Mg 0.6-1.2 wt.%, Cr 0.25 wt.%, Zn 0.2 wt.%, Ti 0.2 wt.%,
Al bal.) with thickness equal to 2 mm was purchased from Metal Center S.R.L. (Trento,
Italy). Nutrient broth (NB), nutrient agar (NA) and plate count agar (PCA), purchased
from Microbiol S.n.c. (Uta, Cagliari, Italy), were used for bacterial cultures and antibacteral
assay, in accordance with the BS ISO 22196:2011 norm [61]. Phosphate-Buffered Saline (PBS
1x), purchased from Gibco (Life Sciences, Waltham, MA, USA), was employed for 10-fold
serial dilutions and to recover the bacterial cells from test specimens.

2.2. Deposition of Al;O3-Ag Composite Coatings

Aluminum plates (80 mm x 60 mm x 2 mm dimensions) were put in an etching
solution of 5 wt.% NaOH for 300 s, followed by a desmutting step of 30 s in 10% v/v HNOs.
Thus, the samples were anodized in HySOy4 at 20 V at a temperature of 20 £ 1 °C for 20 min.
Subsequently, the aluminum plates were properly rinsed with distilled water and sealed
by soaking in boiled water (96 °C for 20 min). Finally, the anodized plates were cut in
2.5 cm x 2.5 cm samples.

Three different series of sample were deposited modifying the anodization solution,
as described in Table 1. The typical 20 wt.% H,SO4 bath was employed for the realization
of the reference samples, labelled as X. The other two series of anodized aluminum plates,
called A and B, were deposited adding 0.85 and 1.70 g/L of AgNOs in the H,SO,4 bath,
respectively. The two modified anodization baths were stirred for 30 min before the
deposition step, in order to favour the homogeneous dispersion of the silver nitrate powder.

Table 1. Samples labelling, with relative anodization bath formulation.

Bath AgNOj3 Addition [g/L] Sample
0.00 X
20 wt.% H,SOy4 0.85 A
1.70 B

2.3. Characterization

The surface morphology of the coatings was observed by low-vacuum scanning
electron microscope SEM JEOL IT 300 (JEOL, Tokyo, Japan), in order to study the effect of
the addition of AgNOj in the anodization bath on the defectiveness of the protective layer.
Energy-dispersive X-ray spectroscopy (EDXS, Bruker, Billerica, MA, USA) analysis has also
been carried out to map the silver powder distribution in the alumina matrix. The thickness
of the anodized layers was measured by means of the Phynix Surfix digital thickness gauge
(Phynix, Neuss, Germany).

Since the anodized layers containing silver are intended to exhibit good durability, the
samples were subjected to accelerated degradation tests, observing in detail the contribution
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provided by the presence of silver in the alumina coatings. Thus, the three series of samples
were exposed in a salt spray chamber for 144 h, following the ASTM B117-11 standard
(5 wt.% sodium chloride solution) [62], while their perspiration resistance was assessed
following the ISO 12870:2016 standard (Section 8.5) [63].

Prolonged disinfection processes were simulated by scrub test, verifying the resistance
of the silver-anodized layer subjected to multiple abrasive phenomena in synergy with
disinfectant solutions. An Elcometer 1720 Abrasion and Washability Tester (Elcometer,
Manchester, UK) was used, following the BS EN ISO 11998 standard [64]. The coatings
were subjected to two steps of 5000 abrasion cycles (37 cycles per minute) each, with the
support of 50 wt.% benzalkonium chloride solution, to simulate wet abrasion processes.
After both steps of abrasion, the samples were washed with distilled water and dried in
an oven at 60 °C for 30 min to analyse the weight loss of the coatings and evaluate their
resistance to wet abrasion/disinfection processes.

2.4. Evaluation of Antimicrobial Activity

Test specimens were sterilized by immersion in ethanol 70% for 10 min and subsequent
ultraviolet (UV) radiation for 1 h per each side in a sterile tray inside a laminar flow hood,
as described by Marti et al. (2018) [65].

The antibacterial activity of the Al,O3-Ag composite coatings was tested against the
Gram-positive Staphylococcus aureus ATCC 6538 strain and the Gram-negative Escherichia
coli ATCC 8739, in accordance with the ISO 22196:2011 norm [61]. Briefly, bacteria were
pre-cultured overnight at 37 °C on NA plates and then inoculated in 10 mL of NB 1/500 to
obtain a starting bacterial concentration of ~1.5 x 108 cells/mL (McFarland standard 0.5).
This suspension was then diluted in sterile PBS 1x to obtain a suspension (inoculum) with an
estimated bacterial concentration ranging between 1.0 x 10° and 6.0 x 10° cells/mL, with
a target concentration of 2.4 x 10° cells/mL. Colony-Forming Units (CFU)/mL were deter-
mined by 10-fold dilution and plating onto NA plates followed by incubation overnight
at 37 °C. The inoculum (100 pL) was then applied to the three series of pre-sterilized
surfaces (2.5 cm x 2.5 cm), and covered with polypropylene films (2.0 cm x 2.0 cm). The
untreated anodized samples (X) and the treated anodized samples (A and B) constituted
the experimental groups. Plates with the specimens X/T24, A/T24 and B/T24 were in-
cubated at 35 = 1 °C for 24 h, at a relative humidity >90%, while the control specimen
X/T0, representing the inoculum at T0, was immediately processed after the direct contact
with the bacteria. Three parallel samples of each group were used in the antibacterial test.
Immediately after inoculation (T0) or following incubation for 24 h (T24), bacterial cells
were recovered from the test specimens by adding 10 mL of sterile PBS 1x and vortexing
for 1 min to detach them. After this step, 10-fold serial dilutions in PBS 1x were performed
and 1 mL of each sample was included in PCA plates and incubated at 35 & 1 °C for 24
and 48 h to enumerate viable bacteria. Bacterial colonies were counted according to the BS
ISO 22196 protocol and expressed as:

N (cells/cm?) = (100 x C x D x V)/A, (1)

where N is the number of viable bacteria recovered per cm? per test specimen, C is the
plate count for each group of specimens, D is the dilution factor for the counted plates, V is
the volume (mL) used to recover the bacteria from the specimens and A the surface area of
the cover film in mm?.

The antibacterial activity of the treated surfaces was then calculated by the
following formula:

RA=Xt—AtOI‘RB=Xt—Bt, (2)

where X; is the average of the base 10 logarithm of the number of viable bacterial cells
recovered from the untreated samples after 24 h and A or By is the average of the base
10 logarithm of the number of viable bacterial cells recovered from the treated specimens,
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A and B respectively, after 24 h of incubation. The described protocol is schematized in
Figure 1.

Preparation of test inoculum
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Figure 1. Graphical representation of the protocol used to evaluate the antibacterial activity of
the treated specimens. CFU, Colony-Forming Units; PBS; Phosphate-Buffered Saline; PCA, Plate
Count Agar.

The same protocol was also used to test the antibacterial activity of the Al,O3-Ag
composite coatings after scrub or synthetic sweat treatment.

3. Results and Discussion
3.1. Coatings Morphology

The thickness of the anodized layers was measured with the thickness gauge. The
results are summarized in Table 2. These values represent the average of 50 measurements
performed on 5 samples (10 measurements per sample) for each series. The three series of
samples exhibit comparable thickness values, suggesting that the addition of silver nitrate
to the sulfuric acid bath does not affect the anodizing process yield. A similar behavior was
previously observed by Dehghan et al. [60], who co-deposited silver nanoparticles during
the anodization process.



Coatings 2022, 12, 28

60of 17

Table 2. Coatings thickness measured with the thickness gauge.

Sample Coatings Thickness (um)
X 124 +0.8
A 131+12
B 127 £ 0.9

The deposition of the silver powder on the samples during the anodization presumably
takes place by two different steps.

First of all, the silver nitrate reacts with the sulfuric acid to form silver sulfate [66],
which can be incorporated by the alumina film during the aluminum oxidation.

In addition, the 6082 aluminum alloy, which constitutes the substrate of the samples,
contains traces of silicon and magnesium, which counteract the localized growth of the
anodized layer. Thus, during the polarization of the aluminum substrate, the silver sulfate
that comes into contact with the magnesium or silicon of the metal alloy is susceptible to a
strong reduction reaction, to form metallic silver powder. As a matter of fact, magnesium
and silicon are much higher in the reactivity series than silver and, therefore, displace silver
from the sulfate group [67].

Finally, the reduced silver powder can also be observed after the sealing process, as it
exhibits poor solubility in water. As a consequence, different traces of silver can be easily
distinguished in localized areas where the alumina layer did not grow, as exhibited in
Figure 2.

A, .
&

" 4
.
o
[
3 -

BED-C 20,0kv  WD10,1mm Std.-P.C.60,0 100Pa ¥6.000 T 2m

Figure 2. SEM observation of silver powder entrapped in the alumina layer of sample A.

The three series of samples possess similar surface morphology: the alumina layers
reveal different localized cavities, with diameters between 1 and 7 puum, able to host the silver
during the deposition process. The increase in silver nitrate added to the anodizing bath
causes a rise in the concentration of silver detected in the alumina film, as shown in Figure 3,
captured with SEM. The white traces visible in (b) and (c) represent the silver powder,
whose high atomic weight favours its observation in backscattered mode. The presence
of silver increases from sample A (b) to sample B (c), as confirmed by the EDXS analyses,
which show a silver element concentration ranging from 0.73 to 1.57 wt.%, respectively.
Figure 3d represents the EDXS map of the silver element relative to the area observed in
Figure 3¢, confirming the high amount of silver powder introduced into the alumina film.
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The morphology of the samples is similar to the Al,O3-Ag composite layers produced
in previous works in literature [60,68]: these studies have highlighted the absence of
crystallinity in the composite material, which appears completely amorphous and in which
the low amount of Ag cannot be detected in XRD patterns.

Ch1 MAG:500x HV:20kV WD: 10.4 mm

(d)

Figure 3. SEM micrographs of the surface of sample X (a), sample A (b) and sample B (c), respectively.
(d) represents the Ag EDXS map relative to (c).

3.2. Exposure in Aggressive Environment

The Al,O3-Ag composite coating must first of all exhibit good durability, as it was
designed for interior design applications, but also for the creation of outdoor components in
prolonged contact with humans. Consequently, the samples were subjected to two different
tests simulating particularly aggressive environments, to study the contribution provided
by silver to the alumina layer.

3.2.1. Salt Spray Test

The samples were exposed in a salt spray chamber to evaluate the protective behavior
of the coatings in an aggressive outdoor environment. The degradation of the composite
layers was monitored by observing the samples after 24, 72 and 144 h of exposure.

Aluminum usually exhibits good corrosion resistance in a neutral pH environment,
thanks to the strong affinity with oxygen, which causes the creation of a thin superficial film
of protective oxide. The alumina layer deposited by anodization plays the same protective
role, improving the durability of aluminum artefacts. However, the protective features of
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the oxide can be affected by the presence of impurities or alloying elements, which prevent
the oxidation of the aluminum itself, reducing the compactness of the oxide layer. Figure 4
highlights the development of small-scale corrosion products on all three series of samples,
already after 24 h of exposure in the salt spray chamber.

()

Figure 4. Corrosion products of sample X (a), sample A (b) and sample B (c), respectively, after 24 h
of exposure in a salt spray chamber.

The degradation of sample X (Figure 4a) is mainly due to iron impurities in the alu-
minum alloy 6082. As a matter of fact, the aluminum-iron galvanic coupling is unfavorable
for aluminum, on which surface anodic reactions of dissolution of Al3* take place, while
cathodic reaction occurs at the Fe surface [69].

This undesirable event also occurs in the two other sets of samples (Figure 4b,c).
However, the presence of silver causes an inevitable deterioration in the durability of the
aluminum product. Silver is one of the most electrochemically noble materials: when
coupled with other metals, it causes their natural corrosion, acting as a cathode in redox
reactions. As previously introduced, the alloy 6082 also contains traces of magnesium,
the least noble element in the galvanic series. By observing with SEM the surface of
samples A and B following exposure in a salt spray chamber, it is possible to notice
several small defects, as shown in Figure 5. These defects are often represented by holes
containing spherical accumulations. The EDXS maps in Figure 5 highlight the nature
of these agglomerations. The sphere consists mainly of magnesium, on which silver is
deposited, in the form of small particles. This analysis confirms one of the previous
assumptions about the silver deposition process during the anodization, by means of
natural reduction in the presence of magnesium [67]. Inside the hole, around the Ag-Mg
agglomerate, the signal of the iron element is also collected. Consequently, the concomitance
of silver and elements such as Fe-Mg causes the development of redox reactions [67],
resulting in the acceleration of the degradation processes of the anodic layer.
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Figure 5. SEM micrographs of sample A after 72 h of exposure (a). Magnification of a defect (b), with
relative EDXS map of Ag, Fe and Mg elements.

Ultimately, the deposition of silver, which occurs by means of reactions with ele-
ments such as magnesium and silicon, inevitably introduces localized sites susceptible to
accelerated degradation.

3.2.2. Test for Resistance to Perspiration

The samples were exposed to aggressive solution for a duration of 24 h, observing the
surface degradation after 8 h and at the end of the test. This characterization technique
serves to simulate prolonged contact of the component with human skin. Since anodized
aluminum is often used for interior design applications, it is necessary to assess the effect
introduced by the addition of silver.

Figure 6 exhibits some microscopic defects observed in the alumina layer (sample X)
after 24 h of exposure to test solution. Figure 6a shows a break in the film due to the
development of corrosion products, observed with the stereomicroscope. As a matter
of fact, the increase in volume of aluminum corrosion products causes breakage and
detachment of the protective layer. On the other hand, Figure 6b highlights the generalized
degradation of the alumina matrix, detected by SEM. The oxide layer shows a very high
porosity, of small dimensions, as a symptom of a poor resistance of the aluminum oxide in
the test environment. This behavior is due to the acidic nature of the test solution, because
of the presence of lactic acid. The protective aluminum oxide layer suffers especially
when exposed to acidic environments. The behavior exhibited by sample X was therefore
expected, as the experiment carried out represents a particularly aggressive accelerated
degradation test.

Unlike the results of the salt spray test, the presence of silver does not exacerbate the
severity and degradation due to exposure in aggressive solution. Figure 7 shows a defect
in sample A, observed by SEM. The alumina matrix exhibits generalized deterioration,
but it is still possible to observe the presence of traces of silver in the anodized layer
(lighter spots). However, when the acid test solution is able to penetrate the layer and
reach the aluminum substrate, it causes an aggressive attack with consequent development
of corrosion products and breakage of the alumina film, similarly to the phenomenon
exhibited in Figure 6a. This defectiveness is also evident in samples containing silver, as
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can be seen in Figure 7, which highlights the presence of a large hole and cracks in the
protective layer, as a result of the development of corrosion products.

(b)

Figure 6. Corrosion product of sample X observed at the stereomicroscope (a) and degradation of the
relative alumina layer analysed by SEM (b), after 24 h of test.

WD10,1mm Std.-P.C.60,0 70Pa x500 50urnr

Figure 7. SEM micrographs of the surface of sample A after 24 h of test.

Definitely, these analyses suggest that silver does not produce negative effects related
to contact with human skin: acid solutions lead to the inevitable degradation of aluminum,
whose durability is not compromised by the addition of silver in the anodized layer.

3.3. Disinfection and Abrasion Test

The scrub test is a technique developed for the study of abrasion resistance of organic
coatings, assessing the reinforcing contribution of pigments [70-72] and inorganic [73] and
organic [74-76] fillers. The alumina layer possesses much greater abrasion resistance than
a typical organic coating: as a matter of fact, in this work, the scrub test was chosen not to
replicate particularly abrasive phenomena, but to simulate repeatedly cleaning the surface.
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Thus, the scrub test was implemented with the commercial detergent disinfectant
product Suma Bac D10 Sanitiser, based on benzalkonium chloride solution, to simulate
both soft abrasion and disinfection processes simultaneously with a single accelerated
test. Although the detergent manufacturer recommends using the product at a 4 wt.%
concentration to achieve a good level of surface detergency, Suma Bac D10 Sanitiser was
employed at higher concentrations (50 wt.%), to make the test even more accelerated and
aggressive for the anodized layers. The weight loss of the samples due to the continuous
sliding of the abrasive pad (30 mm X 80 mm X 10 mm) was monitored, calculating the
parameter L, defined as the loss in coating mass per unit area, following the formula:

L=(myg — mp)/A, 3)

where my and m, represent the sample’s initial weight and the weight after the nth cycle,
respectively, and A is the area traversed by the scrub pad over the coating’s surface.
Figure 8 shows the trend of the mass loss as a function of the abrasion cycle number.

I I I
064 —m—sample X 7
1 —@—sample A .
0.5 sample B £ -

.

0.4

4

0.3+

-

0.2+

-

0.1+

-

0.0

Mass loss per unit area [g/m?]

I I
0 5,000 10,000
Scrub cycles

Figure 8. Loss in coatings mass per unit area, as a function of the abrasion cycles number.

Since the anodized layer has a ceramic and non-polymeric nature, the samples exhibit
an almost negligible mass loss. In fact, the alumina film exerts a good resistance towards
the abrasive and continuous movement of the pad. The mass loss, although very limited,
shows a linear trend as a function of the number of abrasion cycles. Taking into account
the standard deviation of the results, obtained on 5 samples per series, it can be stated
that the three different coatings exhibit a very similar behavior, which is not influenced by
the presence of silver. Therefore, silver does not improve the resistance of the anodized
layer, but, at the same time, it does not introduce such defectiveness as to accelerate the
mechanical degradation of the sample.

Furthermore, silver appears to offer good resistance against material removal phe-
nomena due to the scrub test. As an example, Figure 9 shows the surface of sample A after
10,000 scrub cycles. The related EDXS map (Figure 9b) highlights the presence of silver in
large quantities. Despite the abrasion phenomena, the silver powder is well anchored in
the alumina layer. Thus, the anodization process in synergy with the deposition of silver
seems to be very effective, as the samples exhibit excellent alumina-silver compatibility.
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Ch1 MAG:500x HV:20kV WD: 10.4 mm

(b)

Figure 9. SEM micrograph of sample A surface morphology, taken after 10,000 cycles of scrub test (a),
and relative EDXS map of Ag element (b).

3.4. Determination of Antibacterial Activity of Silver-Treated Coatings

One strategy to prevent the persistent spread of infections from indoor environments
and common contact surfaces is to improve the material properties by making them
biocidal [77]. Among the variety of engineered nanomaterials used for the development
of antimicrobial treatments, AgNP is one of the most broadly explored agents, due to its
wide-spectrum antibacterial properties and effectiveness [78].

In this work, the antibacterial efficacy of the anodized samples untreated and treated
with silver were tested using the BS ISO 22196:2011 standard [61] against E. coli and S. aureus.
At least two independent experiments were conducted against the two bacterial species to
determine the antimicrobial activities (R) of both A (enriched with 0.85 g/L of AgNO3) and
B (enriched with 1.7 g/L of AgNOs) surfaces. All the experiments fulfilled the conditions
for experimental validity (Table 3). As shown in Table 3, both A and B treated surfaces
(A/T24 and BT /24, respectively) demonstrated an antibacterial efficacy of the Al,O3-Ag
composite coatings, completely preventing the growth of bacterial cells in comparison to
the anodized untreated control surfaces (X/T24) after 24 and 48 h of incubation at 35 + 1 °C.
As shown in Table 3, the average of the antibacterial activity RA and RB values for E. coli
were, respectively, of 4.73 and 4.78, while the average of the antibacterial activity RA and
RB values for S. aureus were, respectively, of 3.08 and 3.25. No substantial differences in
the antimicrobial efficacy were observed between the two surfaces containing different
concentrations of silver nitrate, suggesting that an enrichment of aluminum surfaces with
0.85 g/L of silver is fully sufficient to induce a complete inhibition of microbial growth.

Additionally, aggressively treated and degraded surfaces B were tested against E. coli
and S. aureus and showed an average of RB values of 4.54 and 3.23, respectively (Table 4).
These antibacterial activities, referred to both samples treated with either the resistance to
perspiration test (synthetic sweat) and the disinfection and abrasion test (scrub), suggest a
long-term stability of the efficacy against persistent disinfection and deterioration processes.

Overall, a minimal variability of antibacterial activity against E. coli was observed in
the different experiments, while more variability was seen for S. aureus. Gram-positive
bacteria species possess a thicker cell wall compared to Gram-negative, resulting in a
30-80 nm peptidoglycan layer. This feature may effectively stick AgNPs and ions in the cell
wall, thus preventing their physical interaction with the cells and thus their antibacterial
actions, based on the disruption of the normal functions of membranes, DNA and proteins
and on the intracellular damages induced by the oxidative stress [79,80].



Coatings 2022, 12, 28

13 of 17

Table 3. Antibacterial activity of AgNOgs-treated surfaces against E. coli and S. aureus.

E. coli #1 #2 #3
Inoculum (CFU/mL) 2 3.6 x 10° 3.2 x 10° 3.3 x 100
Recovery counts untreated XE/TO 7.5 x 10* 8.2 x 10* 6.4 x 10*
Validity Recovery counts XE/T0 b 0.01 0.01 0.01
Recovery counts untreated XE/T24 € 7.9 x 10* 8.9 x 10* 3.4 x 10*
Recovery counts treated (Ag 0.005 M) AE/T24 nd <1 <1
Recovery counts treated (Ag 0.01 M) BE/T24 <1 <1 <1
. o - R(AE) > 4.92 R(AE) > 4.53
Antibacterial activity (R) R(BE) > 4.87 R(BE) > 4.92 R(BE) > 453
S. aureus #1 #2 #3
Inoculum (CFU/mL) 2 1.4 x 10° 1.0 x 100 1.5 x 10°
Recovery counts untreated XS/TO0 1.9 x 10 1.2 x 10* 2.4 x 10*
Validity Recovery counts XS/T0 P 0.03 0.06 0.06
Recovery counts untreated XS/T24 ¢ 3.0 x 10° 6.9 x 102 3.2 x 10°
Recovery counts treated (Ag 0.005 M) AS/T24 nd <1 <1
Recovery counts treated (Ag 0.01 M) BS/T24 <1 <1 <1
) N - R(AS) > 2.75 R(AS) > 3.41
Antibacterial activity (R) R(BS) > 3.60 R(BS) > 2.75 R(BS) > 3.41

2 (range 1.0 x 10°~4.0 x 10° CFU/mL); ® [(Lmax — Lmin)/Lmean] < 0.2; ¢ (6.2 x 10! cells/cm?).

Table 4. Antibacterial activity of Ag 0.01 M-treated surfaces against E. coli and S. aureus after exposure

to synthetic sweat and scrub.

E. coli #1 #2
Inoculum (CFU/mL) ? 3.9 x 10° 2.8 x 10°
Recovery counts untreated XE/TO 9.8 x 10* 7.4 x 10*
Validity Recovery counts XE/T0 P 0.03 0.01
Recovery counts untreated XE/T24 © 3.8 x 10* 3.4 x 10*
Recovery counts synthetic sweat BSE/T24 <1 <1
Recovery counts scrub treated BYE/ /T24 <1 <1
) o R(BSE) > 4.57 R(BSE) > 4.51
Antibacterial activity (R) R(BYE) > 457 R(BYE) > 451
S. aureus #1 #2
Inoculum (CFU/mL) 2 1.4 x 10° 1.4 x 10°
Recovery counts untreated XE/TO 1.8 x 104 1.9 x 10*
Validity Recovery counts XE/T0 b 0.03 0.03
Recovery counts untreated XE/T24 € 7.2 x 10? 3.0 x 10°
Recovery counts synthetic sweat BSS/T24 <1 <1
Recovery counts scrub treated BYS//T24 <1 <1
. . . R(BSS) > 2.86 R(BSS) > 3.60
Antibacterial activity (R) R(BYS) > 2.86 R(BYS) > 3.60

2 (range 1.0 x 10°~4.0 x 10° CFU/mL);® [(Lmax — Lmin)/Lmean] < 0.2; ¢ (>6.2 x 10" cells/cm?).

While the antimicrobial properties of silver are well documented [81,82], testing its
antibacterial efficacy in biomaterials is less trivial. Although the ISO 22196 norm [61] should
be the method of choice for testing the biocidal activity of potential antimicrobially active
materials and surface coatings, many reports in the literature dealing with this method
show deviations from the standard protocol regarding media and the overall workflow
procedure [83], rendering impossible direct comparisons. For example, in a similar study
on the antimicrobial activity of silver—silica surface coatings, while referring to the ISO
22196 application [61], the work was conducted according to a different procedure and the
results were expressed only as the logarithmic degree of abatement (CFU/mL) over time
and not as a coefficient of antibacterial activity (R) indicated by the ISO norm [84].

4. Conclusions

This work aims to present a simple process for the realization of anodized aluminum
layers with antibacterial features. Specifically, the study focused on evaluating the ef-
fect introduced by the silver-based filler on the protective performance of the alumina



Coatings 2022, 12, 28

14 of 17

References

layer. Moreover, the antibacterial features of the samples were assessed applying the ISO
22196:2011 protocol [61], even after accelerated degradation processes.

The samples were characterized by various tests simulating exposure in aggressive
environments or cleaning processes repeated over time. In fact, this type of coatings is
designed for applications in public environments, in which the surfaces are exposed to dif-
ferent types of environments and subjected to multiple disinfection and washing processes.

The analyses highlighted the residual influence of silver in altering the protective
behavior of the alumina layers, as the three coatings exhibit comparable thickness. The
increase of silver nitrate in the sulfuric acid bath resulted in an actual rise of silver observed
in the composite layers, from 0.73 to 1.57 wt.% in samples A and B, respectively.

The defects found in the samples following exposure in the salt spray chamber and
in contact with synthetic sweat solution are mainly due to the presence of impurities or
alloying elements in the aluminum alloy, such as magnesium, silicon and iron. In fact, these
tend to degrade easily, compared to aluminum and silver, with consequent development of
defects in the alumina-based composite layer. Regarding the perspiration test, silver does
not produce negative effects related to contact with human skin: acid solutions lead to the
inevitable degradation of aluminum, whose durability is not compromised by the addition
of silver in the anodized layer.

Furthermore, the samples showed high chemical-physical resistance, highlighted by
the results of the scrub test. Indeed, the three composite layers exhibit an almost negligible
mass loss, less than 0.5 g/ m? after 10,000 scrub cycles. The combination of abrasive
phenomena and prolonged contact with the disinfectant solution does not substantially
damage the alumina layer, with a high presence of residual silver even after multiple
test cycles.

Finally, the test using the ISO 22196:2011 norm [61] confirmed the effective antimicro-
bial activity of the alumina-Ag layers against both Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria. The antimicrobial efficacy is due to the presence of silver, the
antibacterial properties of which are evident even at low concentrations. Notably, the
samples containing Ag showed excellent antimicrobial performances also following the
chemical-physical degradation processes, ensuring good durability of the antibacterial
surfaces over time. Further studies to assess the effect of the anodized aluminum layers on
bacterial adhesion, as recently described by Surmeneva et al. (2019) [85], should provide
additional insights into the mechanism with which this antibacterial activity is achieved.
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