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A B S T R A C T   

Aluminium alloy 6063 was subjected to two different surface treatments: anodizing in sulphuric acid (SA) and 
the deposition of cerium conversion coatings (CeCC), in order to evaluate the antibacterial properties of the new 
surfaces. The microstructure and composition of the anodized samples and the cerium conversion coatings were 
characterized by scanning electron microscopy, energy dispersive spectrometry (SEM/EDS) and X-ray Photo-
emission Spectroscopy (XPS). Roughness and wettability were measured for all new surfaces. Bacterial adherence 
studies were carried out using Pseudomonas aeruginosa, with promising results for the anodized samples.   

1. Introduction 

In the last decade, the extremely important role of metallic surfaces 
in the transmission of infectious agents has been highlighted. The 
influenza A(H1N1) pandemic of 2009–2010, revealed the lack of in-
formation on viral survival on different household surfaces. Greatorex et 
al. [1] demonstrated that influenza A strains could survive up to nine 
hours on a wide variety of metallic surfaces. During the COVID-19 
pandemic, the role of metallic surfaces was again put on the table. 
Although for SARS-CoV2 the airborne transmission is the main route for 
virus spread and rapid contagion, this is not the case for other viruses 
and bacteria where contaminated surfaces can be used as indirect 
transmission of infection. The mechanism of surface infection trans-
mission through surfaces is simple: the droplets from sneezing or 
coughing are deposited on fomites and spread when a person comes into 
contact with the contaminated surface through their hands [2]. 

Stephens and co-workers [3] reviewed the contamination by mi-
crobial communities and antibiotic-resistant bacteria in different fo-
mites. Gram-positive and negative bacteria can survive for months on 
inanimate surfaces and are a risk factor for nosocomial infections [4]. Of 
particular note mention are Staphylococcus aureus and Pseudomonas 
aeruginosa, currently the most commonly co-infecting bacteria in severe 
nosocomial infections, apart from other environmental bacteria [5,6]. 

On the other hand, metallic surfaces are increasingly present in our 
living environment. Behind steel, aluminium alloys are the most widely 
used metal in the world due to their excellent properties, i.e. good 

electrical conductivity, good corrosion resistance and extrudability, 
relatively low cost and a high-quality surface finish [7]. For these rea-
sons, aluminium alloys are widely used in transport, hydraulic systems, 
mining equipment, nuclear technology and construction industries 
among others. Of particular importance, however, are everyday items 
such as door frames, handrails, furniture, appliances and kitchenware, 
which are touched by thousands of people every day. Much of this 
equipment (lifts, stairs, benches, kitchen appliances, handrails, handles 
or trays) is made from AA6063 aluminium alloy. 

As mentioned above, in recent years a particular emphasis has been 
placed on providing these alloys not only with new functionalities to 
extend their service life, but also with antimicrobial properties to pre-
vent the pathogenic microorganisms from remaining active on inani-
mate surfaces for long periods. 

Adhesion of microorganisms to a surface is a complex process that 
depends on several factors such as the type of microorganism (virus or 
bacteria), even strain variations, the properties of the surface -topog-
raphy, roughness, chemistry-, the surrounding environment - tempera-
ture and relative humidity-, the time of exposure and the inoculation 
dose [8]. Therefore, although the microbial adherence is controlled by 
many biological and physicochemical factors, surface properties have 
been shown a key factor in their adherence and survival on surfaces [9]. 
Despite the extensive research performed on different substrates, it is 
still not clear which surfaces characteristics favour adhesion, as they are 
often interrelated. Nevertheless, the use of antimicrobial surfaces can be 
a complementary strategy to the disinfection and cleaning practices that 
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have been investigated to protect surfaces from contamination. 
Recently, efforts have been focused on the development of surface 
treatments to provide advanced functionalities related to infections, 
following different routes [10–12] 

However, in order to protect large areas of metallic surfaces (e.g. 
handrails or handles), a cheaper and more effective method is required. 
Anodizing is perhaps one of the most commonly processes used for 
aluminium alloys in commercial applications due to its simplicity and 
low cost, making anodized aluminum-based materials very interesting 
candidates for use on high-touch surfaces [13]. 

Another way to improve the antimicrobial properties of aluminium 
alloys is to deposit coatings on their surface that can mitigate the 
attachment of microbial pathogens. Over the last three decades, cerium 
conversion coatings have been investigated for the corrosion protection 
of aluminium alloys as an alternative to chromate-based treatments 
because they are less toxic and environmentally friendly. In recent years, 
cerium nanoparticles –NPs- have attracted considerable interest as an 
antimicrobial agent [14]. The use of CeO2 in industrial and biomedical 
applications is due to its ability to reduce Ce+4 to Ce+3 on the surface of 
CeO2 NPs [15,16]. It has been reported that the Ce4+ cation of the 
nanoparticles is reduced to Ce3+ at the membrane surface of Escherichia 
coli, resulting in oxidative stress of the main components of the plasma 
membrane of the microorganism, such as lipids and/or proteins, or 
during cellular metabolism electron uptake [17]. Another proposed 
mechanism of antibacterial action is the generation of ROS by metal 
NPs, which that leads to the induction of oxidative stress and alters the 
function of the respiratory chain in bacteria [18]. 

This property widely reported for CeO2 NP has also recently been 
reported when cerium is incorporated into coatings. Pedroi et al. [19] 
studied the antimicrobial activity of Ce–doped hydroxyapatite suspen-
sions (5 Ce–Hap) and Ce-doped hydroxyapatite coatings using 
gram-positive S. aureus ATCC 25,923, gram-negative E. coli ATCC 25, 
922, and fungal Candida albicans ATCC 90,029 at different time points. 
The results showed that both 5Ce–HAp suspensions and 5Ce–HAp 
coatings effectively inhibited the development of colony forming units 
(CFU) for all the microbial strains tested and they attributed the anti-
microbial effect to the presence of cerium ions in the lattice of the 
hydroxyapatite. 

The aim of the present work is to modify the surface of the 
aluminium alloy AA6063 by anodizing and deposition of cerium con-
version coatings in order to study the bacterial adherence of an envi-
ronmental species, P. aeruginosa, to the alloy surface. A morphological 
and compositional characterization of the modified surfaces was carried 
out as well as bacterial adhesion tests. 

2. Materials and methods 

2.1. Material and surface treatments 

15 mm diameter bars of a commercial aluminium alloy 6063-T5 
supplied by ALU-STOCK were used. The test samples were cut into 
discs 2 mm thick. Table 1 shows the chemical composition of the com-
mercial aluminium alloy 6063-T5 as given in the certificate supplied by 
the manufacturer. 

Depending on whether the samples were anodized or conversion 
coated, different surface pretreatments were required. For anodization, 
the samples were ground up to 1200 SiC, rinsed in deionized water and 
in ethanol. Alkaline etching was then carried out in a 0.6 M NaOH so-
lution at 40 ◦C for 300 s followed by desmutting for 15 s in a 7.2 M HNO3 
solution at room temperature. Prior to anodizing, the untreated parts of 

the samples were masked with a special lacquer. The anodizing process 
was carried out in a two-electrode cell where the cathode was a stainless 
steel ring. The anodizing process was performed in an aqueous solution 
of 0.4 M sulphuric acid (H2SO4) at 35 ◦C (SA) applying a stepped voltage 
of 4 V/min from 0 to 20 V and then at constant voltage of 20 V for 6 min. 
Anodized samples were rinsed in deionized water for 45 min to remove 
the residual acid within the nanoporous structure. 

The thickness of the anodic layer was measured using a Fisherscope 
probe. 

For the deposition of Cerium Conversion Coatings (CeCC), the sam-
ples were also ground up to 1200 SiC and polished with diamond paste 
to 3 µm using standard metallographic techniques. For the deposition of 
CeCC, the samples were immersed in a cerium conversion bath con-
taining 10,000 ppm CeCl3⋅7 H2O + 0.3 vol.% H2O2 for 1 h at room 
temperature. After this time the CeC coated samples were rinsed in 
distilled water, ethanol and dried in hot air. Table 2 summarizes the 
sample designations according to the surface treatments applied. Seven 
samples were prepared for each condition. 

2.2. Surface characterization 

Scanning electron microscopy (SEM) was used for compositional and 
morphological analysis of the anodic layers (surface and cross sections) 
and the cerium conversion coatings, using a Hitachi S- 4800 equipped 
with an energy dispersive X-ray (EDX) instrument. At least five EDS 
analyses were performed on each type of particle or zone to determine 
the semiquantitative analysis composition in atomic percent (at.%). 

In addition, the chemical composition of the cerium conversion 
layers was studied by X-ray Photoemission Spectroscopy (XPS). The XPS 

Table 1 
Chemical composition of the aluminium alloy 6063 (weight%).   

Al Mn Si Cr Cu Zn Fe Ti Mg 

6063-T5 Bal. 0.03 0.54 0.01 0.01 0.01 0.19 0.01 0.52  

Table 2 
Sample designation according to anodizing and cerium electrolyte composition.  

Sample 
designation 

Pretreatment Treatment Cleaning Surface 
treatment 

REF 
(AE+D) 

Grind up to 
1200SiC, 
Alkaline etching 
in 0.6 M NaOH 
40 ◦C for 10 min 
and desmutting 
15 s in 7.2 M 
HNO3 solution 
at Troom   

None 

REF (P) Grind up to 
1200 SiC and 
polished to 3µm 

– – None 

SA Grind up to 
1200SiC, 
Alkaline etching 
in 0.6 M NaOH 
40 ◦C for 10 min 
and desmutting 
15 s in 7.2 M 
HNO3 solution 
at Troom 

Aqueous 
solution of 0.4 
M H2SO4 

solution at 
35 ◦C. Stepped 
voltage of 4 V 
per minute 
from 0 to 20 V 
and then 
keeping it for 6 
min 

Rinse in 
deionized 
water for 
45 min 

Anodizing 

CeCC Grind up to 
1200 SiC and 
polished to 3µm 

10,000 ppm 
CeCl3⋅7H2O +
0.3 vol.% H2O2 

for 1 h at RT 

Rinse in 
distilled 
water, 
ethanol and 
dry in hot 
air 

Conversion 
coating  
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analysis was performed using a high vacuum VG-CLAM XPS system with 
a non-monochromatic magnesium anode (Kα 1253.6 eV, 300 W). 
Spectra were recorded in the normal configuration. Survey spectra were 
obtained with a pass energy of 150 eV, while high-resolution spectra of 
O 1 s, Ce 3 d and Al 2 p were obtained with a pass energy of 20 eV. The 
XPS spectra were analysed by subtracting a Shirley- type baseline and 
the peak shapes of the main XPS signals were optimized by using an 
80:20 and 90:10 Gaussian function: Lorentzian function. All XPS spectra 
were calibrated in binding energy (BE) using the hydrocarbon-type 
carbon groups at 284.8 eV in the C 1 s region. 

2.3. Roughness and wettability 

The average roughness of the samples, Ra, was measured using an 
optical imaging profilometer Plμ 2300 (Sensofar) with a 20x EPI 
magnification objective. Roughness measurement was performed with a 
cut off of 7 in a total evaluation length 560 µm. Data processing was 
done under ASME B46.1 standard using a two sections gaussian filter 
(λc= 0.08 mm and λs =2.5 mm). Roughness measurements were per-
formed in 5 different zones of the sample, collecting 90 measurements 
on each sample (n = 90) and the roughness parameters data Ra is pre-
sented as the mean value and the standard deviation (X±SD). 

Surface contact angles were measured with distilled water using a 
Theta Attension optical tensiometer (KSV Instruments) with automatic 
liquid dispenser and monochromatic cold light source, operated in 
trigger mode with video frames recorded at 60 ms intervals. The drop 
size was 3 µL and the drop rate was 20 µL/s with a dispensing rate of 2 
µL/s. Contact angles were calculated using the Young –Laplace drop 
profile fitting method. Each contact angle value is reported as the 
average of 5 measurements taken at different locations on the sample 
surface. An average of 40 frames was used to calculate the contact angle 
for each drop. The contact angle value is given as the mean value and the 
standard deviation (X±SD). 

2.4. Microbiological characterization 

P. aeruginosa ATCC 27,853 was used as a model of environmental 
bacterium [20–22] . The strain was stored at − 80 ◦C until the experi-
ments were performed. 

The bacterial adhesion experiments on the AA6063 reference, 
anodized, and cerium-coated samples were performed according to a 
modification of the methodology previously described by Aguilera- 
Correa et al. . [23]. Each sample was washed and vortexed for 15 s at 
300 rpm in sterile distilled water (B. Braun, Germany) prior to this 
experiment. The strain was grown in tryptic soy broth (bioMérieux, 
Marcy-l’Étoile, France) at 37 ◦C for 24 h. After culture, the bacteria were 
harvested at 3500 rpm for 10 min. The supernatant was discarded, and 
the pellet was washed three times with sterile 0.9% NaCl saline solution 
(SS) (B. Braun). Bacteria were then suspended and diluted in SS, 
reaching 108 colony-forming units per milliliter of bacterial solution 
(CFU/ml), and 5 ml of this solution was statically incubated on AA6063 
samples in a sterile non-treated six-well plate (Thermo Fisher Scientific, 
MA, USA) at 22 ◦C for 90 min [24–26]. After incubation, samples were 
washed three times with SS to remove non-adhered bacteria, as 
described in the literature [25]. Metallic samples were then stained 
using a Live/Dead Bac Light bacterial viability kit (Thermo Fisher Sci-
entific, MA, USA) and rinsed with sterile distilled water [27]. Approxi-
mately 10 pictures (40x magnification) were taken for each sample with 
a DM 2000 fluorescence microscope (Leica Microsystems, Wetzlar, 
Germany). All were taken under the same microscopy conditions (183.3- 
to 380 ms exposure time, 5.5 × optical gain, 1.50 saturation level and 
gamma of 10.00). The percentage of the total surface with adhered 
bacteria as well as the percentages of dead and live bacteria were 
calculated and analyzed by using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA). Experiments were performed in triplicate. 

Finally, after 90 min of incubation, the bacterial solution exposed to 
each material was used to estimate the number of planktonic bacteria 
(colony-forming units per milliliter, CFU/ml) using the drop plate 
method [28] on MacConkey agar (bioMérieux, Marcy-l’Étoile, France). 
The remaining volume was used to evaluate the release of aluminium 
cations (Al) from the reference surface, the anodized surface and the 
cerium-coated surface as described previously [23]. After 90 min of 
incubation, 1.5 ml of the supernatant in contact with each material was 
set aside to measure the Al concentration in the bacterial solution, and at 
least 2 ml was filtered through a philtre with a pore size of 0.22 m to 
estimate the concentration of Al uptake by these planktonic bacteria. 
Using a Perkin Elmer Analyst 600 from Reference Laboratories (Barce-
lona, Spain), at least 1 millilitre of water was sampled at different times 
to determine the Al content by atomic absorption spectroscopy. The 
detection limit was 5 ng/ml in this experiment. 

Statistical analysis was performed using Graph Pad Prism 8 software 
(GraphPad Software, San Diego, CA, USA), and data were analyzed by 
the non-parametric unilateral Wilcoxon test with a level of statistical 
significance of p <0.05. Values are cited and presented as median and 
interquartile range. 

3. Results and discussion 

3.1. Morphology and chemical composition 

Fig. 1 shows the microstructure of the aluminium alloy 6063. Two 
types of intermetallics were identified: rounded and elongated brighter 
particles corresponding to α-AlFeSi intermetallics or α-AlMnFeSi in-
termetallics since Fe can be substituted by Mn and stabilize the forma-
tion of the Al12(FeMn)3Si, Fig. 1a; and polygonal darker particles 
corresponding to Mg2Si precipitates, Fig. 1b. These results are in 
agreement with those described in the literature [29,30]. 

Figs. 2a and 2b show the surface microstructure after alkaline 
etching and desmutting, and after mechanical polishing, respectively. 
Bright particles consisting of AlFeSi or AlFeMnSi intermetallics, and 
dark particles related to Mg2Si particles can be clearly observed. Thus, 
the intermetallics in the aluminium alloy 6063 remain on the surface 
following both pre-treatment processes and play an active role in the 
anodizing or cerium deposition. 

3.1.1. Anodic layers (SA) 
After anodization in sulphuric acid, a nanoporous structure is clearly 

observed in the top view of the anodic layer, Figs. 3a and 3b. Pore size 
was measured using ImageJ software, indicating a pore diameter of ~16 
nm, in agreement with values reported by other authors for anodic 
layers grown at 20 V in sulphuric acid for aluminium alloys [31,32]. 

The cross-section of the anodic film shows an oxide layer of quite 
uniform thickness, Fig. 4. The average thickness of the layer was 7.10 
µm, which is in good agreement to the thickness measured using a 
Fisherscope probe, ~7.08 µm. EDS analysis of the anodic films shows 
that the anodic film is mainly composed of aluminium, oxygen, silicon 
and sulphur, Table 3. 

The presence of sulphur in the anodic layer is well known in the 
literature as acid anions are incorporated into the film during the 
anodizing process. According to the growth mechanism of ionic migra-
tion, the main alloying elements in solid solution in the 6063 alloy 
(silicon and magnesium) are simultaneously oxidized within the 
aluminium at the alloy/film interface. The outward migration rates of 
species (cations) in the anodic alumina are related to the metal-oxygen 
single bond energies compared to Al-oxygen (Al3+-O2− ) single bond, 
with relative rates decreasing as the metal-oxygen single bond energy 
increases. Therefore, a larger outward migration rate of Mg2+ ions 
relative to that of Al3+ ions in anodic alumina should be expected, 
considering the respective metal-oxygen single bond energies: Mg-O: 
167 KJ/mol vs. Al-O: 281 KJ/mol [33–37]. Therefore, the anodic film 
is depleted of magnesium as a result of the higher outward mobility of 
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magnesium species relative to aluminium as confirmed by EDS analysis, 
see Table 3. Magnesium ions would be lost to the electrolyte on reaching 
the surface of the film and might be present in the pore together with 
residual acid. Conversely, as Si-oxygen species have a higher single bond 
energy than Al-oxygen species: Si-O: 466 KJ/mol vs. Al-O: 281 KJ/mol, 
silicon species are immobile during the growth of anodic alumina, and 
are therefore located in the inner film layers [34]. 

On the other hand, the backscattered electron image of the cross 
section shows the presence of anodized intermetallic particles trapped in 
the anodic layer, Fig. 4. The EDS spectra revealed the presence of Al, Fe, 
Si and Mn in the particles with a bright contrast, corresponding to 
oxidized alfa- AlMnFeSi, while the particles with a dark contrast have a 
higher silicon content than the anodic layer and correspond to oxidized 
Mg2Si particles. The presence of the oxidized particles in the anodic film 
results in a significantly reduced rate of oxidation of the silicon particles 
compared to the aluminium matrix. The more rapid oxidation of the 
matrix leads to the coarsening of the porous anodic alumina beneath the 
particle and eventual occlusion of the particle in the anodic film. 

3.1.2. Cerium conversion coatings (CeCC) 
As previously mentioned, the surface preparation of the samples was 

different from that used for anodizing. After grinding and polishing, the 
samples were immersed in the cerium bath for 1 h. When the samples 
were removed, the color of the surface was slightly yellowish. 

SEM analysis revealed the homogenous deposition of a layer with 
globular features, Fig. 5, and EDS showed the presence of Ce (1.5 at.%), 
Al (81.82 at.%) and O (16.06 at.%) in the surface, indicating that the 
cerium conversion coating may be composed of hydroxides and oxides 
of aluminium and cerium. 

Cerium deposition occurs because of the electrochemical difference 
between aluminium matrix and the main alloy constituents, AlFeSi(Mn) 
intermetallics, which are cathodic sites respect to the matrix, allowing 
the deposition in cathodic sites on the surface [38]. 

The composition of the cerium conversion coating was also analyzed 
by XPS. Fig. 6a shows the high-resolution spectrum of O1s. As can be 
seen, the broad peak at binding energy of 531.41 eV can be deconvo-
luted into three peaks. The first one is placed at 531.6 eV corresponds to 

Fig. 1. FEG-SEM micrographs. Microstructure of AA6063 alloy after a metal-
lographic etching with HF for 30 s at room temperature. a) α-AlFeMnSi Inter-
metallic b) Mg2Si particles. 

Fig. 2. FEG-SEM micrographs of AA6063 alloy. a) Surface appearance after 
alkaline etching and desmutting. b) Surface appearance after mechani-
cal polishing. 

M. Medel-Plaza et al.                                                                                                                                                                                                                          



Applied Surface Science Advances 19 (2024) 100574

5

alumina and/or aluminium oxihydroxide (AlOOH), the peak at 530.62 
eV corresponds to Ce2O3 and the last peak at 529 eV corresponds to 
CeO2. Fig. 6b depicts the Al 2 p high-resolution spectrum. It is also 
composed of three components corresponding to: 75.15 eV for alumina, 
another at 74.73 eV for aluminium hydroxide and finally, a peak related 
to metallic aluminium at 72.13 eV. Finally, Ce3d high-resolution spec-
trum, Fig. 6c, shows three peaks. Analyzing from the highest to the 
lowest binding energy, the first peak placed at 916.25 eV corresponds to 
the satellite peak u’’’ of Ce4+ which indicates the presence of Ce4+ in the 
coating [39]. In addition, the Ce 3d spectrum is composed of pairs of 
spin-orbit doublets, indicating the coexistence of Ce 3+and Ce 4+. The 
peaks corresponding to the Ce3+ peaks are placed at the following 
binding energies: 903.64 eV, 885.48 eV and 881.80 eV, whereas those 
corresponding to Ce 4+ are at binding energies of 898.45 eV and 900.56 
eV. According to the literature, these binding energy values are typical 
for Ce3+and Ce 4+compounds [40,41]. 

XPS analysis shows that the cerium conversion coating is mainly 
composed of a mixture of alumina/aluminium hydroxide and cerium 
oxides (Ce 3+ and Ce 4+). 

3.2. Roughness and wettability 

Roughness measurements, Ra, are summarized in Table 4. As can be 
seen, both reference samples -REF (AE+D) and REF(P) have lower 
roughness values than the surface treated aluminium alloys. The anod-
ized samples in shulphuric acid, SA, show the highest roughness in the 
micrometer range, while the roughness of the CeCC samples is in the 
nanometer range. Girginov et al. [42] pointed out that the increase in 
the surface roughness after anodizing is caused by the presence of in-
termetallics in the anodic film and their gradual dissolution during the 
process. 

Finally, the static water contact angle measurements were carried 
out on all samples. The reference alloy (AE+D) shows a contact angle 

Fig. 3. SEM images. a) Surface morphology of the AA6063 anodized sample 
surface. b) high magnification micrograph. 

Fig. 4. Cross-section of the anodic film grown in sulphuric acid.  

Table 3 
Semiquantitative composition of the anodic layer and embedded particles ob-
tained by EDS analysis (in at.%).   

Al O Si Mg S Fe Mn 

Anodic layer 33.27 63.68 0.39 – 2.65 – – 
Dark particles in the 

anodic film 
32.87 56.50 7.50 0.09 3.04 – – 

Bright particles in the 
anodic film 

40.22 49.93 3.45 – 1.73 4.44 0.23  

Fig. 5. SEM image. Surface appearance of the cerium conversion 
coating, CeCC. 
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value of about 71 ◦, while the reference alloy (P) shows a contact value 
of about 51◦, which corresponds to a hydrophilic surface. Anodized 
samples, SA, show a highly hydrophilic behavior with lower contact 
angles around 14◦ Finally, the cerium conversion coated sample has a 
hydrophobic behavior with a contact angle of ~102◦

The variations in wettability could be due to the changes in surface 
chemistry with different surface treatments, but it is also possible that 
topography plays a role. The topographical variations obtained after 
anodizing both at the macro and nanoscale scale could explain the 
decrease in hydrophobicity compared to the reference alloy, since the 
water droplet could be sucked into the pores. 

3.3. Bacterial adherence 

Adherence and survival are variables dependent on the type of 
bacteria and also on the properties of the material in which they are 
found, together with the environmental conditions [4]. It is important to 
note that artificial surfaces, including medical devices, have been shown 
to be a preferential site of adhesion for bacteria [43]. The first step in the 
adhesion process is the still reversible early stage of biofilm formation 
[44]. In this study we aimed to evaluate the adherence of P. aeruginosa, 
considered to be one of the most dangerous microorganisms associated 
with Healthcare associated Infections [45]. This microorganism is an 
environmental species that can be found in many sources, including 
medical ones. To our knowledge, only one study to date has evaluated 
the behaviour of P. aeruginosa on AA6063 nanostructured material, but 
with a different modification treatment [46]. 

Fig. 7 shows the results of the bacterial adherence study. The vari-
ables measured in the experiment were count (n), area (%), viability (%) 
and concentration of planktonic bacteria in the supernatant (CFU/ml). A 
lower adherence to the anodized and cerium coated surfaces was 
observed for P. aeruginosa compared to the AA6063 reference samples, 
as the count and area decreased significantly by 89.7 % (p <0,0001) and 
94.7% (p <0,0001) respectively, in the case of the anodized samples. 
However, the cerium conversion coating showed no significant differ-
ence in any case. In addition, a significant increase in bacterial viability 
was observed for both surface treatments, SA and CeCC, although in the 
case of the CeCC there were cases where a decrease in bacterial viability 
was found. The results also showed a potential bactericidal effect of the 
SA samples compared to the reference samples due to a 65.4% reduction 
in the concentration of planktonic bacteria in the supernatant exposed to 
this material (p< 0,05). In presence of P. aeruginosa, the reference alloy 
released 16 (14,75–16,25) μg/mL, SA released 144,5 (107,5–152,6) μg/ 
mL, while CeCC released 31,5 (20,5–52,6) μg/mL. From this aluminium 
released, P. aeruginosa uptook 59,8 (44.1–67,9)%, 65,1 (62,8–70,2)%, 
and 63,9 (56,9–65,6)% when it was exposed to the reference, SA, and 
CeCC alloys, respectively. These data are represented in Fig. 8. 

The results show that the anodized surface has bacterial anti- 
adherent properties against P. aeruginosa, that outperform the cerium 
conversion coating. Literature pointed out that the nanostructured 
topography developed on the aluminium alloy 6063 by chemical etching 
shows a bactericidal behaviour, because the bacterial membrane is 
stretched to its maximum capacity until it is ruptured by the direct 
contact with the nanopillars grown during the chemical etching [46]. 
Therefore, the finding found in the present work could be related to the 
nanostructured surface topography formed on the aluminium alloy 6063 

Fig. 6. XPS analysis of CeCC samples. High resolution spectra for a) O 1 s, b) Al 
2p, and c) Ce 3d 

Table 4 
Mean values and standard deviations of the roughness and contact angle of the 
samples after different surface treatments.  

Sample Ra (µm) Contact angle (◦) 

REF (AE+D) 0.451 ± 0.73 70.76 ± 6.05 
SA 0.820 ± 0.83 12.54 ± 1.51 
REF (P) 0.021 ± 0.002 51.46 ± 4.62 
CeCC 0.041 ± 0.006 102.62 ± 0.51  
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as a result of the anodizing process (nanoporous). This discrete change 
in the nanotopography and chemical composition of the metallic surface 
could affect the interaction between some filamentous appendages of 
the bacterial cell and the alloy, e.g. type IV pili, which have been shown 
to be essential for adhesion to abiotic and biotic surfaces [47]. 

On the other hand, hydrophobicity also plays an important role in 
the bacterial attachment to the surface. In general, hydrophobic surfaces 
seem to be more susceptible to the adhesion to bacteria in comparison to 

hydrophilic surfaces. In nature, P. aeruginosa bacteria from the same 
population can be hydrophilic or hydrophobic [48]. Moreover, this 
bacterium is able to sense and respond to a surface, probably via specific 
pathways to adapt its physiological response accordingly [49]. Under 
our experimental conditions, the number of adhering bacteria would 
mainly depend on the Lifshitz-van der Waals, Lewis acid-base and 
roughness properties of the materials, or in other words on their 
hydrophobic/hydrophilic properties [50]. 

Fig. 7. Bacterial counts (a), area (b), adhered bacterial viability (c), and bacterial concentration in the supernatant (d) of P. aeruginosa (green) from the non- 
modified AA6063 (6063 Ref), anodized AA6063 (6063 A) and cerium conversion coating AA6063 (6063 Ce): p-value<0.05; **:p-value<0.01; ***:p-value<0.001; 
****:p-value<0.0001. 

Fig. 8. Concentration of released and detected Al (III) in serum exposed to bacteria (S) and serum filtered not exposed to bacteria (F) from each of the surfaces: 
reference (a), anodized (b), and cerium conversion coating (c). The bar represents the interquartile range. 
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Our study showed that planktonic P. aeruginosa bacteria exposed to 
the SA alloy decreased their viability (CFUs per ml), but the adherent 
bacteria were mainly viable. The planktonic bacteria from the super-
natant of SA have lost their viability due to the toxicity of aluminium. It 
is well documented that the aluminium ion is toxic to microorganisms 
[51]. Although the mechanism of Al toxicity is not yet fully understood, 
it is known that Al ions can bind to the hydrophilic heads of cell mem-
brane phospholipids and proteins by altering lipid-protein interactions 
and modifying transport activity; it can influence metabolism by binding 
to enzymes or enzyme substrates and destabilise and replace magnesium 
or calcium in biological systems and promote acidification of the me-
dium [51]. P. aeruginosa produces two siderophores: pyochelin, which 
binds to Fe3+ in a 2:1 ratio, and pyoverdine, which binds to Fe+3 in a 1:1 
ratio. These siderophores interact with specific outer membrane re-
ceptors [52], namely, the Fe(III)-pyochelin receptor (FptA) [53] and the 
Fe(III)-pyoverdine receptor (FpvA) [54]. These receptors facilitate the 
entry of aluminium(III)-siderophore into the periplasmic space [23, 
55–59]. However, while aluminum- pyoverdine can be expelled from 
the periplasm to the extracellular space via an ATP-dependent efflux 
system resembling the PvdRT-OpmQ efflux system observed in 
P. aeruginosa PA01, there is no known similar efflux system for 
aluminum-pyochelin [23,55]. Consequently, aluminum-pyochelin 
might remain trapped in the periplasm, where aluminum exerts its 
bactericidal action, as demonstrated in the literature [23,60,61]. 

The viability of surface-adherent bacteria may be explained by the 
adaptability of this bacterial species to metallic surfaces, e.g. stainless 
steel, as it has been shown to be able to reduce the abundance of its 
porins to reduce the permeability of the outer membrane and other 
proteins associated with its cell wall homeostasis [49]. It is noteworthy 
that a similar reduction in porin content in the outer membrane of 
P. aeruginosa in response to copper-induced stress has already been 
described [62]. Our results are in contrast to previous studies that found 
a reduction in the viability of S. aureus, S. epidermidis and Steno-
trophomonas maltophilia on an nanostructured anodized Ti-Al-V alloy 
able to release aluminium [23]. 

In the present case, the results suggest that both the nanostructured 
surface topography and the hydrophilicity exhibited for anodized sam-
ples, SA, are the responsible for the bacterial anti-adhesion and bacte-
ricidal properties. 

4. Conclusions 

The surface modification of aluminium alloy 6063 by the growth of 
anodic layers and by the deposition of cerium conversion coatings was 
investigated to prevent bacterial adhesion. Anodic layers with nano-
porous morphology and thicknesses of 7 µm were grown. Cerium con-
version coatings composed of a mixture of alumina/aluminium 
hydroxide and cerium oxides (Ce 3+ and Ce 4+) and a globular structure 
were deposited. 

An increased roughness of the reference samples was measured after 
anodizing, whereas no roughness differences were obtained after cerium 
conversion coatings deposition. The cerium conversion coatings showed 
a hydrophobic behavior, while anodized samples showed a higher 
wettability (lower contact angle values) compared to the bare alloy. 

The results of the antimicrobial tests indicated that the cerium con-
version coating did not show statistically significant antibacterial 
adhesion properties when compared to the reference alloy. Finally, the 
anodized sample shows enhanced antibacterial properties for 
P. aeruginosa ATCC27853 compared to the reference alloy and a po-
tential bactericidal effect. This behaviour is due to the nanostructured 
surface topography and surface hydrophilicity resulting from the growth 
of the anodic layer. This could have potentially important implications 
for the prevention of the transmission of infections in hospital settings. 
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