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ABSTRACT The growing concern arising from viruses with pandemic potential and 
multi-resistant bacteria responsible for hospital-acquired infections and outbreaks of 
food poisoning has led to an increased awareness of indirect contact transmission. This 
has resulted in a renewed interest to confer antimicrobial properties to commonly used 
metallic materials. The present work provides a full characterization of optimized fluoride 
anodic films grown in stainless steel 304L as well as their antimicrobial properties. 
Antibacterial tests show that the anodic film, composed mainly of chromium and 
iron fluorides, reduces the count and the percentage of the area covered by 50% 
and 87.7% for Pseudomonas aeruginosa and Stenotrophomonas maltophilia, respectively. 
Virologic tests show that the same treatment reduces the infectivity of the coronavirus 
HCoV-229E-GFP, in comparison with the non-anodized stainless steel 304L.

IMPORTANCE The importance of environmental surfaces as a source of infection is a 
topic of particular interest today, as many microorganisms can survive on these surfaces 
and infect humans through direct contact. Modification of these surfaces by anodizing 
has been shown to be useful for some alloys of medical interest. This work evaluates the 
effect of anodizing on stainless steel, a metal widely used in a variety of applications. 
According to the study, the fluoride anodic layers reduce the colonization of the surfaces 
by both bacteria and viruses, thus reducing the risk of acquiring infections from these 
sources.

KEYWORDS anodic films, fluoride, antimicrobial, SS304L

T he survival of pathogenic microorganisms on inanimate surfaces contributes to 
the persistence and indirect transmission of infectious agents. Metallic materials 

and, particularly austenitic stainless steels, are part of our daily life due to their good 
combination of mechanical and corrosion properties, cleanability, and esthetic features. 
These features render these materials suitable to manufacture items used in architecture 
or public transport, such as elevators, benches, railings, and other types of handholds 
that are in contact with many individuals within short time intervals. Such materials are 
also common in medical settings and the food industry.

Contaminated surfaces are an established route of transmission for important 
nosocomial pathogens including methicillin-resistant Staphylococcus aureus, vancomy
cin-resistant enterococci, and norovirus, which share the ability to survive for extended 
periods (1, 2). Enveloped viruses, such as influenza and human coronaviruses including 
Middle East respiratory syndrome coronavirus (MERS-CoV) and Severe acute respiratory 
syndrome coronavirus (SARS-CoV), have a limited capacity to survive on dry surfaces (3, 
4). For example, the risk of surface transmission of SARS-CoV-2 has been estimated by the 
Centers for Disease Control and Prevention (CDC) to be less than 1 in 10,000 (5). Despite 
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this low risk, when the environmental conditions are favorable coronaviruses can persist 
for several days (6).

Cleaning routines using disinfectants have demonstrated a reduction in the rate of 
transmission of influenza virus and diarrheal disease (7, 8). The use of antimicrobial 
surfaces can be a complementary strategy to disinfection and cleaning to preserve 
stainless steel from pathogen contamination. Different approaches have been used to 
modify surfaces and provide them with antimicrobial properties. They include surface 
topography, roughness, or nanostructure modifications to alter their hydrophilic/phobic 
properties and to change their surface composition, by incorporating either organic 
or inorganic compounds (9), copper, and silver (10–12). These treatments have proven 
effective in inhibiting viral/bacterial adhesion or even providing materials with viricidal 
and bactericidal activity (13).

Several studies have documented that surface topography and roughness of stainless 
steel in connection with bacterial size are key factors in promoting bacterial adhesion 
and retention, as well as reducing the cleanability of the surface. Similarly, wettability 
and surface energy are also relevant properties in the adhesion process. Surface free 
energy (or surface energy) is the excess energy the surface has compared to the bulk 
material. This results from an imbalance of forces at the surface compared to the bulk of 
the material, where molecules are surrounded by similar molecules and pulled equally in 
all directions, resulting in a zero-net force on each molecule. In contrast, at the surface 
(air/solid interface), the material only has similar adjacent molecules on one side, while 
on the other side, there is very little interaction with the molecules in the air, resulting 
in excess energy at the solid interface. Quantifications of surface energy require at least 
two probe liquids. However, it can be roughly predicted by measuring the water contact 
angle. If the contact angle is <90°, the water spreads on the solid surface, the liquid wets 
the surface, and the surface free energy is high (the surface is hydrophilic). Conversely, 
if the contact angle is >90°, the water does not wet the surface and the energy is 
low (the surface is hydrophobic) (14). In general, hydrophobic surfaces appear to be 
more susceptible to bacterial adhesion than hydrophilic ones. Surface energy, which also 
depends on the condition layer (environment) and surface structure, is an important 
factor influencing bacterial adhesion (15).

Pseudomonas aeruginosa and Stenotrophomonas maltophilia are able to form 
biofilm on both hospital and household surfaces, causing mostly healthcare-associated 
infections but also community-associated infections. P. aeruginosa is considered the 
most dangerous microorganism and it is listed as a priority pathogen for Research and 
Development of new antibiotics by the World Health Organization (16, 17). Moreover, 
the ability to form biofilm is a recognized trait of S. maltophilia, but its clinical relevance 
is still unclear (18). However, its extraordinary ability to adhere to inanimate surfaces 
and its multi-resistant nature make it a critical pathogen in the healthcare environment 
(18, 19). These two species are examples of environmental bacteria that can be true 
pathogens, especially among patients in the intensive care units, immunosuppressed 
hosts, or patients with other conditions that make them susceptible to infection.

This work aims at providing additional properties to stainless-steel surfaces to inhibit 
pathogen adherence and to reduce their persistence, by incorporating fluorine, F, in 
the surface by means of an anodizing process. The antimicrobial properties of fluorine 
are widely used in dental health (20). Fluoride can affect bacterial metabolism as an 
enzyme inhibitor. Metal-fluoride complexes are also responsible for fluoride inhibition of 
proton-translocating F-ATPases, thus reducing the acid tolerance of the bacteria; they are 
thought to mimic phosphate to form complexes with Adenosine diphosphate (ADP) at 
the catalytic sites of the enzymes (21, 22).

However, the literature regarding the incorporation of F in metallic surfaces is scarce, 
and it is mainly focused on titanium alloys for biomedical use. Some works about the 
incorporation of F in Ti alloys by means of ion implantation and anodizing process have 
shown different antimicrobial efficiency (23–25). Nanostructured fluoride anodic films in 
titanium alloys reduce bacterial adherence by 50%. In these studies, the antibacterial 

Full-Length Text Applied and Environmental Microbiology

February 2024  Volume 90  Issue 2 10.1128/aem.01892-23 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
19

 F
eb

ru
ar

y 
20

25
 b

y 
19

3.
51

.1
54

.7
6.

https://doi.org/10.1128/aem.01892-23


properties were tested in vitro against S. aureus, Staphylococcus epidermidis, and P. 
aeruginosa using both collection and clinical strains (25–27).

Anodizing is a well-established process to provide corrosion resistance on valve 
metals (Al, Ti, and Mg). Recently, the growth of anodic films in iron-base alloys 
in fluoride-containing solutions has attracted much interest due to their potential 
applications in solar cells, photocatalysis and hydrogen production (28), nanohole 
arrays for fabricating functional devices (29), or even to tailor surface hydrophilicity for 
biomedical applications (30).

In most of these applications, the anodic layers are subjected to a thermal treatment 
to remove fluorine to gain stability of the layer. Preliminary work developed by the 
authors has demonstrated that it is possible to grow stable fluoride anodic layers in AISI 
304 stainless steel by anodizing in organic baths with fluoride additives (31).

The present paper assesses the antimicrobial properties of the fluoride anodic films 
grown on 304L stainless steel using two laboratory strains of P. aeruginosa and S. 
maltophilia, and the coronavirus HCoV-229E-GFP. Antimicrobial tests show a reduction 
in the surface area covered by both bacterial strains and a lower infectivity of the 
coronavirus HCoV-229E-GFP compared to non-anodized 304L.

MATERIALS AND METHODS

Surface modification

Disc samples of 3 mm of thickness of stainless steel 304L (18.29 wt.% Cr, 8.04 wt.% Ni, 
1.43 wt.% Mn, 0.31 wt.% Mo, 0.42 wt.% Si, 0.023 wt.% C, bal. Fe) were prepared from a 
commercial cold-drawn bar of 15 mm diameter. The surface of the samples was ground 
using successive SiC sandpaper from 200 to 3,000 grit and, subsequently, polished with 
a diamond paste of 3 μm. Afterward, the samples were rinsed and cleaned with distilled 
water and ethanol, and then dried in an air stream.

The anodizing process was carried out in a two-electrode cell using a platinum foil 
coupon of 2.25 cm² as cathode and the 304L discs as anode. Just one side of the disc of 
1.77 cm² was anodized in an ethylene glycol (EG) electrolyte containing 0.1 M NH4F and 
0.1 M H2O in static conditions. The anodizing process was accomplished at a constant 
voltage and a temperature of 5 ± 1°C. The voltage was applied in ramp mode at a rate 
of 1 V s−1 up to 50 V and then, this voltage was kept constant for 15 min. Samples were 
immersed in a saturated CaCO3 solution to remove fluorides, subsequently cleaned with 
distilled water, rinsed with ethanol, and then dried in an air stream.

Surface characterization

Before and after anodizing the roughness of the surface was characterized by a Sensofar 
plμ2300 optical imaging profiler using an objective 20× EPI magnification. Surface 
roughness measurement was performed in an area of 557 × 398 µm². Data processing 
was done according to ISO 25178 standard using a Gaussian L filter (λc= 80 × 80 µm). 
Three distinct regions were analyzed on each surface condition. Normality of each series 
of data was checked with the Shapiro-Wilk test using Origin software with a significance 
level of P < 0.05. Statistical significance was evaluated using analysis of variance by 
Levene’s test. The average surface roughness parameter, Sa, is presented as the mean 
value and the standard deviation (X ± standard deviation).

X-ray diffraction analysis has been carried out in a Bruker D8 Advance X-ray diffrac-
tometer with a Co anode and operating in grazing mode at a fixed angle of 2°.

Nanostructure of the anodic oxide layer was first analyzed by a field emission gun 
scanning electron microscope (FEG-SEM) Hitachi S 4800 J equipped with energy-disper
sive X-ray spectroscopy (EDX). The stoichiometric composition and thickness of the 
oxide films were further determined by Rutherford Backscattering Spectrometry (RBS), 
using He+ ions with an energy of 3.035 MeV (resonant energy for 16O(α, α0)16O reaction), 
produced by the van de Graff accelerator at The Centre of Micro Analysis of Materials, 
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UAM, Madrid. The incident ion beam, with a diameter of 1 mm, was normal to the 
specimen surface with 10 μC dose scattered ions detected by a fixed detector at 170°. 
Data were analyzed using the SIMNRA program.

Characterization of the antimicrobial properties

Bacterial adherence

Two collection strains, known as environmental bacteria capable of developing biofilm 
and causing infections, such as P. aeruginosa ATCC 27853 (26, 32, 33) and S. maltophilia 
ATCC 13637 (34–36) were used. All the strains were stored at −80°C until the experiments 
were started.

The bacterial adhesion experiments on the non-anodized and anodized 304L steel 
samples were performed following a modification of the methodology previously 
described by Aguilera-Correa et al. (37). Each sample was washed and vortexed for 
15 s at 300 rpm in pure distilled water (B. Braun, Germany) before this experiment was 
performed. Each strain was grown in tryptic soy broth (bioMérieux, Marcy-l’Étoile, France) 
at 37°C for 24 h. After culture, bacteria were harvested at 3,500 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 CFU mL−1 bacterial solution, and 5 mL of this solution was statically incubated on 
304L steel samples in a sterile nontreated six-well plate (Thermo Fisher Scientific, MA, 
USA) at 22°C for 90 min (25, 38, 39). After incubation, samples were washed three times 
with SS to remove non-adhered bacteria, as described in the literature (38). Metallic 
samples were then stained with a Live/Dead Bac Light bacterial viability kit (Thermo 
Fisher Scientific, MA, USA) and rinsed with sterile water (40). About 10 photographs of 
different fields (400× magnifications) were taken with a DM 2000 fluorescence micro
scope (Leica Microsystems, Wetzlar, Germany) for each sample. All images were taken 
using the same microscopy conditions (380–463.1-ms exposure time, 5.5× optical gain, 
1.50 saturation level, and gamma of 10.00). The percentage of the total surface covered 
with adhered bacteria as well as the percentages of dead and live bacteria were obtained 
by using ImageJ software (National Institutes of Health, Bethesda, MD, USA) as previously 
described (37). The experiments were performed in triplicate for each strain.

Finally, after 90 min of incubation, bacterial solution was used to estimate the number 
of CFU mL−1 of planktonic bacteria exposed to each material using the drop plate 
method (41) on MacConkey agar (bioMérieux, Marcy-l’Étoile, France).

The statistical analysis was performed by using GraphPad Prism 8.0.2 software 
(Dotmatics, San Diego, CA, USA), and data were analyzed by the nonparametric unilateral 
Wilcoxon test with a level of statistical significance of P < 0.05. The values are cited and 
represented as medians and interquartile ranges.

Cells and viruses

Huh-7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Merck) 
supplemented with 1 mM sodium pyruvate (Merck), 1% non-essential amino acids 
(Merck), 4 mM L-glutamine (Merck), 50 µg mL−1 gentamicin (Panreac), 100 U mL−1 

penicillin, 100 µg mL−1 streptomycin, 0.2 µg mL−1 antifungal (Sigma), and 10% fetal 
bovine serum (FBS) (Sigma). Cells were cultured at 37°C and 5% CO2, and they were 
periodically thawed from a large frozen stock and passaged a maximum of 30 times at a 
split ratio of 1:4 to 1:5.

The virus used in the experiments was HCoV-229E-GFP. To prepare a virus stock, 3 × 
107 Huh-7 cells were infected with the virus at a multiplicity of infection of 0.01 plaque-
forming units (PFUs)/cell in DMEM supplemented with 10% FBS, and the infection was 
allowed to proceed for 96 h at 33°C. The titer of the viral stock was 3.2 × 107 PFUs mL−1. To 
control for the absence of contamination, the supernatants of mock-infected cells, which 
were maintained in parallel with the infected cultures, were titrated; no infectivity in the 
mock-infected cultures was detected in any of the experiments.
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Four different viral loads (3 × 106, 3 × 105, 3 × 104, and 3 × 103 PFU) were incubated 
on anodized and non-anodized samples with a final volume of 100 µL on a surface 
sample of 1.77 cm². The samples were previously sterilized by subjecting them to 160°C 
for 2.5 h. The contact time of the virus on the surface was approximately 1 h. The virus 
was re-suspended in 1 mL DMEM using mild vortexing. To control for the absence of 
contamination, samples coated with DMEM in the absence of virus were maintained in 
parallel.

Virus titrations were performed in Huh-7 cells following standard procedures. For 
titration of infectious HCoV-229E-GFP, viruses eluted from the anodized and non-ano
dized samples were serially diluted and applied to 1 × 106 Huh-7 cells. After 2 h 
adsorption with gentle stirring every 15 min, the inoculum was removed, and medium 
containing DMEM 2×, agar 1.4% (Gibco), 2% FBS, and 1% DEAE-Dextran (Sigma) was 
added to the plates. After 96 h, cells were fixed with 2% formaldehyde (Panreac) for 
20 min, and then stained with 2% crystal violet (Merck) in formaldehyde, for plaque 
counting and titer calculation.

RESULTS AND DISCUSSION

As a result of the anodizing process of the SS 304L in EG electrolyte containing 0.1 M 
NH4F and 0.1 M H2O at 5 ± 1°C, the samples experience a slight color change toward a 
yellowish appearance (Fig. 1) and an increase in surface roughness from Sa 13.9 ± 0.7 nm 
(for non-anodized 304L stainless-steel sample) to 101 ± 6 nm (for anodized sample).

FIG 1 Color change of the 304L stainless-steel surface as a result of the anodizing process.

FIG 2 SEM images. (a) Plan view of the anodic oxide film. (b) Area of the anodic film broken and detached by the incision made with the scalpel.
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The SEM analysis reveals that the anodic film has a porous nanostructure (Fig. 2a) 
with a wide distribution of pore diameters from ~10 nm to ~40 nm. The thickness of the 
anodic oxide film, measured in an area intentionally scratched by a scalpel to break and 
detach the film (Fig. 2b), was ~600 nm. The analysis of the anodic film performed by EDX 
revealed that it is mainly composed of F, Fe, and Cr (~53.99 at.%, 27.71 at.%, and 9.91 
at.%, respectively) with minor contents of O, Ni, and Si (5.28 at.%, 2.58 at.%, and 0.53 at.%, 
respectively). These results suggest that the anodic layer is mainly composed of iron and 
chromium fluorides and to a lesser extent of their oxides.

Further analysis by X-ray diffraction in grazing mode confirmed the formation of 
fluoride compounds in the anodized 304L samples, whereas the non-anodized 304L 
samples showed strong peaks corresponding to γ-Fe (austenite) and α-Fe (ferrite) (Fig. 3). 
The XRD studies conducted on anodized samples showed additional peaks correspond
ing to hydrated chromium fluoride and iron fluoride, as well as iron ammonium fluoride. 
Klimas et al. (42) have reported similar results for anodic films grown in a glycerol 
solution containing NH4F and low water additions but at higher temperatures and 
anodizing voltages (60°C and 70 V) than those used in the present work.

FIG 3 X-ray diffractograms corresponding to anodized and non-anodized 304L stainless steel.
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The composition and thickness of the anodic films were also examined by RBS. Figure 
4 compares the RBS spectra corresponding to the anodized and non-anodized 304L 
stainless-steel samples. The yields from fluorine and oxygen in the anodic film appear 
separately from the Cr and Fe yields.

The average molecular composition of the anodic layer estimated from the RBS 
analysis is gathered in Table 1. The anodic film comprised an inner fluoride-enriched 
layer of ~95.5 nm thickness and an outer layer ~511 nm thick mainly composed of iron 
fluoride hydroxide, chromium fluoride, and chromium oxide. The total thickness of the 
anodic layer estimated from the RBS is ~606.5 nm which is also consistent with the value 
measured at the SEM micrographs.

The literature describes the formation of such thick oxygen-free F-enriched layer of 
FeFx at the metal/film interface as a consequence of the field-assisted-dissolution growth 
mechanism of anodic layer (43) [being FeF3 (44) or FeF2 (45)] due to the smaller ionic 
radius and faster migration rate of fluoride than oxygen ions (O2−).

The chemical composition of the anodic layer grown in 304L stainless steel notably 
differs from that grown in pure Fe. Fadillah et al. (45) reported that for pure iron, the 
formation of an anodic layer composed of Fe2O3 · FeF2 on (100) facet, whereas Fe3O4 
· FeF2 formed on a higher index number facet. These authors state that the presence 
of FeF3 in the anodic film is negligible due to its faster chemical dissolution in the 
electrolyte regarding FeF2 due to the difference in their solubility constants. Conversely, 
in this work, the anodic film fabricated on 304L stainless steel is mainly composed of 
FeFX(OH)Y with minor contents of CrF3 and Cr2O3.

This anodic layer shows a preferential composition in chromium oxides and metallic 
fluorides than iron oxides. The low oxide content of the anodic film is explained 
according to the standard thermodynamic values. Indeed, the Gibbs free energy 
formation of the different chromium and iron oxides and fluorides reveals that Cr2O3 

FIG 4 Comparison of RBS spectra of anodized and non-anodized 304L stainless steel.

TABLE 1 Average molecular composition from RBS analysis of the anodic film

Layer Average molecular composition Thickness (nm)

Nanoporous anodic film
Outer FeF1.98(OH)0.58 · 0.011CrF3 · 0.011Cr2O3 511
F-enriched FeF0.843 95.5
Total thickness 606.5
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(−1,058.1 KJ mol−1), CrF3 (−1,088 KJ mol−1), and FeF3 (−972 KJ mol−1) are thermodynami
cally favorable compared to Fe2O3 (−742.2 KJ mol−1) and FeF2 (−668.6 KJ mol−1) (36).

Thus, the different analyses performed to establish the composition of the anodic film 
(XRD, EDX, and RBS) grown in 304L stainless steel confirm that the anodic film is mainly 
composed of iron fluoride hydroxide, chromium oxide, and chromium fluoride.

Antimicrobial properties

Antibacterial properties of the fluoride anodic film grown in 304L stainless steel were 
tested using collection strains of environmental non-fermentative Gram-negative bacilli 
such as P. aeruginosa and S. maltophilia. Both types of bacteria show persistence on dry 
surfaces for several months. The type of bacteria appears to have some influence on 
survival times since Gram-negative bacteria show longer persistence times in compar
ison to Gram-positive (1, 25, 38). Moreover, the influence of the type of material 
appears unclear since the results are strongly dependent on the experimental conditions; 
therefore, many of the published results are inconsistent (1).

Figure 5 shows the results of the bacterial adherence study. The variables measured 
in the experiment were count (n), area (%), viability (%), and concentration of planktonic 
bacteria in the supernatant (CFU mL−1). A lower adherence on the anodized surface was 
observed for both P. aeruginosa and S. maltophilia compared to non-anodized 304L steel, 

FIG 5 Bacterial counts (a), area (b), adhered bacterial viability (c), and bacterial concentration in the supernatant (d) of P. aeruginosa (Pa) (green) and S. 

maltophilia (Sm) (orange) from the non-anodized 304L (304L) and anodized 304L (An304L). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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since the area decreased significantly by 50.83% and 87.7%, respectively. Additionally, 
the count of S. maltophilia was significantly reduced by 14%. Colony-forming units per 
milliliter in the supernatant of S. maltophilia were significantly reduced by 1.48log10, 
while for P. aeruginosa, the reduction of 1.35log10 was not statistically significant. These 
results suggest a potential bactericidal effect of anodized 304L steel when compared 
to non-anodized 304L steel, even in the case of P. aeruginosa. Additionally, the findings 
suggest that the anodized surface has an anti-adhesive property for these two bacteria.

Interestingly, difference in the viability of both species has been shown (measured 
by BacLight live/dead stain). There is no clear explanation for this difference. It could be 
due to the different susceptibility of the two species to the compounds in the anodic 

FIG 6 (a) Comparison of RBS spectra of anodized 304L stainless-steel RBS before and after bacterial test. (b) Variation in composition of the anodic film obtained 

from RBS simulation.
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layer, the different adaptive responses to environmental changes, or even the fact that 
the different species may have different behavior when colonizing different materials, as 
has been the case with other organisms (46).

After the bacterial test, the specimens were analyzed by RBS in order to evaluate 
whether the compositional changes in the anodic layer may explain the antibacterial 
properties observed (Fig. 6a). As it can be seen, the spectrum shows a notabe increase in 
the intensity of the oxygen yield while the fluorine reduces. Following the bacterial tests, 
the F content in the anodic film decreases from ~49 at.% to ~15 at.%, while the oxygen 
content increases from ~17 at.% to ~29 at.% (Fig. 6b). According to previous works of 
the authors performed on Ti alloys fluoride contents ranging from 6 at.% to 12 at.% are 
enough to provide antibacterial properties to titanium alloy surfaces (25, 38, 47). So, it is 
expected that the stainless-steel surface still keeps antibacterial properties.

FIG 7 Inactivation of coronavirus HCoV-229E-GFP on metal surfaces. Virus (100 µL) with the total number of infection units indicated in the abscissa (in PFU/mL) 

was applied on 304L stainless and anodized 304L (An304L) (surface area = 1.77 cm²). After 1 h, samples were eluted and titrated as described in the “Cells and 

viruses” under Materials and Methods. (a and b) Average logarithmic values and standard deviation; the statistical significance was evaluated by applying a t-test 

(*P < 0.05). (c) Representative plaque assay that shows the reduction in viral infectivity upon application of a virus sample either to 304L or An304L samples.
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Figure 7 showed that incubation in anodized surfaces with F reduces the viral titer of 
the coronavirus HCoV-229E-GFP. The inactivating effect of F was observed over a 103-fold 
range of input infectivity, although the maximum decrease appears to occur with a 
low virus titer, a situation expected for most environmental contamination events. For 
example, enveloped viruses survive on surfaces with much longer half-lives when they 
are at higher concentrations (48). Treatment did not alter the plaque size of the surviving 
virus (Fig. 7b). It is remarkable that the F treatment was effective in inactivating a viral 
pathogen and two bacterial species. However, the diversity of the microbial and viral 
worlds begs for studies of inactivation with additional pathogens.

As the anodizing process modifies both the roughness and the F content in the metal 
surface, both parameters could be responsible for the observed antimicrobial properties. 
However, surface roughness values of 200 nm were described by Bollenl et al. (49) as the 
threshold value for roughness to influence on bacterial adhesion. Since the roughness of 
the anodized 304L stainless steel is about ~101 nm, the antibacterial properties of the 
anodic film appear to be inherent to the chemical activity of the fluoride. This result is 
consistent with our previous results on Ti6Al4V (25). Nevertheless, the role of roughness 
cannot be completely ruled out in the case of virus inactivation, although according 
to the literature evaluations on the role of the surface nanoscale on virus viability, the 
inactivation efficiency may depend on the type of virus tested.

Conclusion

The anodic films grown on 304L stainless steel in an EG solution containing 0.1 M NH4F 
and 0.1 M H2O at 50 V, 5°C in static conditions for 15 min show a nanoporous structure 
with a high fluorine content. The anodic layer is mainly composed of iron fluoride 
hydroxide, chromium oxide, and chromium fluoride.

The fluoride anodic film on 304L stainless steel exhibits antibacterial properties 
showed by reduced adherence for both P. aeruginosa and S. maltophilia compared to 
non-anodized 304L stainless steel. Moreover, the fluoride anodic film displays a potential 
bactericidal effect in the case of S. maltophilia, evidenced by a significant 1.48log10 
reduction in CFU mL−1 in the supernatant of anodized samples. Similarly, anodized 
304L stainless steel reduces the viral titer of the coronavirus HCoV-229E-GFP, with an 
inactivation efficiency that is more pronounced when low numbers of infectious units 
are applied to the metal surface. The lower content of F in the anodic film after the 
bacterial tests points out fluoride as the antimicrobial agent. Further studies are needed 
to evaluate the effect of this anodization process on biofilm development by environ
mental bacteria.

ACKNOWLEDGMENTS

We are indebted to Dr. L. Enjuanes (CNB, CSIC) for the supply of HCoV-229E-GFP. We also 
thank C. García-Crespo for the help with statistical analyses.

This research has been funded by MCINN, PID2020-112878RB-100/AEI/
10.13039/501100011033; the European Commission-Next Generation EU (Regulation 
EU2020/2024) through CSIC's Global Health Platform (PTI Salud Global), and PIE-
CSIC 202060E194. This work was supported by Instituto de Salud Carlos III, Span
ish Ministry of Science and Innovation (COVID-19 Research Call COV20/00181), and 
co-financed by European Development Regional Fund "A way to achieve Europe." 
The work was also supported by grants CSIC-COV19-014 from Consejo Superior de 
Investigaciones Científicas (CSIC), project 525/C/2021 from Fundació La Marató de 
TV3, PID2020-113888RB-I00 and 202220I116 from Ministerio de Ciencia e Innovación, 
PI18/00210 and PI21/00139 from Instituto de Salud Carlos III, and S2018/BAA-4370 
(PLATESA2 from Comunidad de Madrid/FEDER). CIBERINFEC-CIBER de Enfermedades 
Infecciosas (Centro de Investigaciones en Red de Enfermedades Infecciosas) and 
CIBEREHD-CIBER de Enfermedades Hepáticas y Digestivas (Centro de Investigación en 
Red de Enfermedades Hepáticas y Digestivas) are funded by Instituto de Salud Carlos 
III. Institutional grants from the Fundación Ramón Areces and Banco Santander to the 

Full-Length Text Applied and Environmental Microbiology

February 2024  Volume 90  Issue 2 10.1128/aem.01892-2311

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
19

 F
eb

ru
ar

y 
20

25
 b

y 
19

3.
51

.1
54

.7
6.

https://doi.org/10.1128/aem.01892-23


CBMSO are also acknowledged. The team at CBMSO belongs to the Global Virus Network 
(GVN).

AUTHOR AFFILIATIONS

1Centro Nacional de Investigaciones Metalúrgicas, CENIM-CSIC, Madrid, Spain
2CIBERINFEC, CENTRO DE INVESTIGACIÓN BIOMEDICA EN RED Enfermedades Infecciosas, 
Madrid, Spain
3IIS-Fundación Jiménez Díaz, IIS-FJD, Madrid, Spain
4Centro Nacional de Biotecnología, CNB-CSIC, Madrid, Spain
5CIBEREHD, CENTRO DE INVESTIGACIÓN BIOMEDICA EN RED Enfermedades Hepáticas y 
Digestivas, Madrid, Spain
6Centro de Biología Molecular Severo Ochoa (CBMSO) (CSIC-UAM), Madrid, Spain
7Pathogénie mycobactérienne et nouvelles cibles thérapeutiques, Institut de Recherche 
en Infectiologie de Montpellier, Montpellier, France

AUTHOR ORCIDs

Ana Conde  http://orcid.org/0000-0001-7889-8664
Jaime Esteban  http://orcid.org/0000-0002-8971-3167
Esteban Domingo  http://orcid.org/0000-0002-0573-1676

FUNDING

Funder Grant(s) Author(s)

Ministerio de Ciencia e 
Innovación (MCIN)

PID2020-112878RB-100/AEI/
10.13039/501100011033

Ana Conde

Ministerio de Ciencia e 
Innovación (MCIN)

PID2020-112878RB-100/AEI/
10.13039/501100011033

Maria Angeles 
Arenas

MEC | Consejo Superior 
de Investigaciones Científicas 
(CSIC)

PIE-CSIC 202060E194 Juan Jose de 
Damborenea

MEC | Instituto de Salud Carlos 
III (ISCIII)

COVID-19 Research Call 
COV20/00181, PI18/00210, 
PI21/00139

Celia Perales

MEC | Consejo Superior 
de Investigaciones Científicas 
(CSIC)

CSIC-COV19-014 Celia Perales

Fundació la Marató de TV3 
(Fundació la Marató)

project 525/C/2021 Esteban Domingo

Ministerio de Ciencia e 
Innovación (MCIN)

PID2020-113888RB-I00, 
202220I116

Celia Perales

Comunidad de Madrid 
(PLATESA2)

S2018/BAA-4370 Celia Perales

AUTHOR CONTRIBUTIONS

Ana Conde, Conceptualization, Formal analysis, Funding acquisition, Investigation, 
Methodology, Project administration, Supervision, Validation, Visualization, Writing – 
original draft, Writing – review and editing | Daniel Voces, Formal analysis, Investigation, 
Validation, Writing – review and editing | Marina Medel-Plaza, Formal analysis, Investiga
tion, Writing – original draft, Writing – review and editing | Celia Perales, Formal analysis, 
Funding acquisition, Methodology, Project administration, Supervision, Visualization, 
Writing – original draft, Writing – review and editing | Ana Isabel de Ávila, Formal analysis, 
Methodology, Supervision, Writing – review and editing | John Jairo Aguilera-Correa, 
Formal analysis, Methodology, Supervision, Writing – review and editing | Juan Jose 

Full-Length Text Applied and Environmental Microbiology

February 2024  Volume 90  Issue 2 10.1128/aem.01892-2312

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
19

 F
eb

ru
ar

y 
20

25
 b

y 
19

3.
51

.1
54

.7
6.

https://doi.org/10.1128/aem.01892-23


de Damborenea, Conceptualization, Funding acquisition, Investigation, Methodology, 
Project administration, Supervision, Validation, Writing – original draft, Writing – review 
and editing | Jaime Esteban, Investigation, Methodology, Supervision, Validation, Writing 
– original draft, Writing – review and editing | Esteban Domingo, Funding acquisition, 
Investigation, Methodology, Project administration, Supervision, Validation, Writing – 
original draft, Writing – review and editing | Maria Angeles Arenas, Conceptualization, 
Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, 
Supervision, Visualization, Writing – original draft, Writing – review and editing

REFERENCES

1. Kramer A, Schwebke I, Kampf G. 2006. How long do nosocomial 
pathogens persist on inanimate surfaces? a systematic review. BMC 
Infect Dis 6:130. https://doi.org/10.1186/1471-2334-6-130

2. Wißmann JE, Kirchhoff L, Brüggemann Y, Todt D, Steinmann J, 
Steinmann E. 2021. Persistence of pathogens on inanimate surfaces: a 
narrative review. Microorganisms 9:343. https://doi.org/10.3390/
microorganisms9020343

3. Otter JA, Donskey C, Yezli S, Douthwaite S, Goldenberg SD, Weber DJ. 
2016. Transmission of SARS and MERS coronaviruses and influenza virus 
in healthcare settings: the possible role of dry surface contamination. J 
Hosp Infect 92:235–250. https://doi.org/10.1016/j.jhin.2015.08.027

4. Sizun J, Yu MWN, Talbot PJ. 2000. Survival of human coronaviruses 229E 
and OC43 in suspension and after drying on surfaces: a possible source 
of hospital-acquired infections. J Hosp Infect 46:55–60. https://doi.org/
10.1053/jhin.2000.0795

5.  . Centers for Disease Control and Prevention. Available from: https://
archive.cdc.gov/#/details?q=https://www.cdc.gov/coronavirus/2019-
ncov/more/science-and-research/surface-transmission.html&start=0&
rows=10&url=https://www.cdc.gov/coronavirus/2019-ncov/more/
science-and-research/surface-transmission.html. Retrieved 5 Apr 2021. 
Accessed April 5, 2021

6. Kampf G, Todt D, Pfaender S, Steinmann E. 2020. Persistence of 
coronaviruses on inanimate surfaces and their inactivation with biocidal 
agents. J Hosp Infect 104:246–251. https://doi.org/10.1016/j.jhin.2020.
01.022

7. Bright KR, Boone SA, Gerba CP. 2010. Occurrence of bacteria and viruses 
on elementary classroom surfaces and the potential role of classroom 
hygiene in the spread of infectious diseases. J Sch Nurs 26:33–41. https:/
/doi.org/10.1177/1059840509354383

8. Boone SA, Gerba CP. 2005. The occurrence of influenza A virus on 
household and day care center fomites. J Infect 51:103–109. https://doi.
org/10.1016/j.jinf.2004.09.011

9. Molchanova N, Nielsen JE, Sørensen KB, Prabhala BK, Hansen PR, Lund R, 
Barron AE, Jenssen H. 2020. Halogenation as a tool to tune antimicrobial 
activity of peptoids. Sci Rep 10:14805. https://doi.org/10.1038/s41598-
020-71771-8

10. Gross TM, Lahiri J, Golas A, Luo J, Verrier F, Kurzejewski JL, Baker DE, 
Wang J, Novak PF, Snyder MJ. 2019. Copper-containing glass ceramic 
with high antimicrobial efficacy. Nat Commun 10:1979. https://doi.org/
10.1038/s41467-019-09946-9

11. Grass G, Rensing C, Solioz M. 2011. Metallic copper as an antimicrobial 
surface. Appl Environ Microbiol 77:1541–1547. https://doi.org/10.1128/
AEM.02766-10

12. Lara HH, Garza-Treviño EN, Ixtepan-Turrent L, Singh DK. 2011. Silver 
nanoparticles are broad-spectrum bactericidal and virucidal com
pounds. J Nanobiotechnology 9:30. https://doi.org/10.1186/1477-3155-
9-30

13. Cowan MM, Abshire KZ, Houk SL, Evans SM. 2003. Antimicrobial efficacy 
of a silver-zeolite matrix coating on stainless steel. J Ind Microbiol 
Biotechnol 30:102–106. https://doi.org/10.1007/s10295-002-0022-0

14. Rapp BE. 2017. Chapter 20 - surface tension, p 421–444. In Rapp BE (ed), 
Microfluidics: Modelling, mechanics and mathematics. Elsevier, Oxford.

15. Horcevar M, Jenko M, Godec M, Drobne D. 2014. An overview of the 
influence of stainless-steel surface properties on bacterial adhesionm. 
Materials and Technology 48:609–617.

16. Thi MTT, Wibowo D, Rehm BHA. 2020. Pseudomonas aeruginosa biofilms. 
IJMS 21:8671. https://doi.org/10.3390/ijms21228671

17. World Health Organization. 2017. Prioritization of pathogens to guide 
discovery, research and development of new antibiotics for drug-
resistant bacterial infections, including tuberculosis. World Health 
Organization, Geneva.

18. Pompilio A, Ranalli M, Piccirilli A, Perilli M, Vukovic D, Savic B, Krutova M, 
Drevinek P, Jonas D, Fiscarelli EV, Tuccio Guarna Assanti V, Tavío MM, 
Artiles F, Di Bonaventura G. 2020. Biofilm formation among Stenotropho
monas maltophilia isolates has clinical relevance: the ANSELM 
prospective multicenter study. Microorganisms 9:49. https://doi.org/10.
3390/microorganisms9010049

19. Majumdar R, Karthikeyan H, Senthilnathan V, Sugumar S. 2022. Review 
on Stenotrophomonas maltophilia: an emerging multidrug- resistant 
opportunistic pathogen. Recent Pat Biotechnol 16:329–354. https://doi.
org/10.2174/1872208316666220512121205

20. Marquis RE. 1995. Antimicrobial actions of fluoride for oral bacteria. Can 
J Microbiol 41:955–964. https://doi.org/10.1139/m95-133

21. Yoshinari M, Oda Y, Kato T, Okuda K. 2001. Influence of surface 
modifications to titanium on antibacterial activity in vitro. Biomaterials 
22:2043–2048. https://doi.org/10.1016/s0142-9612(00)00392-6

22. Sutton SV, Bender GR, Marquis RE. 1987. Fluoride inhibition of proton-
translocating ATPases of oral bacteria. Infect Immun 55:2597–2603. 
https://doi.org/10.1128/iai.55.11.2597-2603.1987

23. Wang X, Liu H, Ren X, Sun H, Zhu L, Ying X, Hu S, Qiu Z, Wang L, Wang X, 
Ma G. 2015. Effects of fluoride-ion-implanted titanium surface on the 
cytocompatibility in vitro and osseointegatation in vivo for dental 
implant applications. Colloids Surf B Biointerfaces 136:752–760. https://
doi.org/10.1016/j.colsurfb.2015.09.039

24. Santos-Coquillat A, Gonzalez Tenorio R, Mohedano M, Martinez-Campos 
E, Arrabal R, Matykina E. 2018. Tailoring of antibacterial and osteogenic 
properties of TI6Al4V by plasma electrolytic oxidation. Applied Surface 
Science 454:157–172. https://doi.org/10.1016/j.apsusc.2018.04.267

25. Arenas MA, Pérez-Jorge C, Conde A, Matykina E, Hernández-López JM, 
Pérez-Tanoira R, de Damborenea JJ, Gómez-Barrena E, Esteba J. 2013. 
Doped TIO2 anodic layers of enhanced antibacterial properties. Colloids 
Surf B Biointerfaces 105:106–112. https://doi.org/10.1016/j.colsurfb.
2012.12.051

26. Perez-Jorge C, Arenas M-A, Conde A, Hernández-Lopez J-M, de 
Damborenea J-J, Fisher S, Hunt AMA, Esteban J, James G. 2017. Bacterial 
and fungal biofilm formation on anodized titanium alloys with fluorine. J 
Mater Sci Mater Med 28:8. https://doi.org/10.1007/s10856-016-5811-5

27. Aguilera-Correa J-J, Doadrio AL, Conde A, Arenas M-A, de-Damborenea 
J-J, Vallet-Regí M, Esteban J. 2018. Antibiotic release from F-doped 
nanotubular oxide layer on TIAl4V alloy to decrease bacterial viability. J 
Mater Sci Mater Med 29:118. https://doi.org/10.1007/s10856-018-6119-4

28. Farrag HH, Sayed SY, Allam NK, Mohammad AM. 2020. Emerging 
nanoporous anodized stainless steel for hydrogen production from solar 
water splitting. Journal of Cleaner Production 274:122826. https://doi.
org/10.1016/j.jclepro.2020.122826

29. Yanagishita T, Osada Y, Masuda T, Masuda H. 2022. Preparation of 
ordered nanohole arrays with high aspect ratios by anodization of 
prepatterned 304 stainless steel. J Electrochem Soc 169:063502. https://
doi.org/10.1149/1945-7111/ac7355

30. Peng C, Izawa T, Zhu L, Kuroda K, Okido M. 2019. Tailoring surface 
hydrophilicity property for biomedical 316L and 304 stainless steels: a 
special perspective on studying osteoconductivity and biocompatibility. 
ACS Appl Mater Interfaces 11:45489–45497. https://doi.org/10.1021/
acsami.9b17312

Full-Length Text Applied and Environmental Microbiology

February 2024  Volume 90  Issue 2 10.1128/aem.01892-2313

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
19

 F
eb

ru
ar

y 
20

25
 b

y 
19

3.
51

.1
54

.7
6.

https://doi.org/10.1186/1471-2334-6-130
https://doi.org/10.3390/microorganisms9020343
https://doi.org/10.1016/j.jhin.2015.08.027
https://doi.org/10.1053/jhin.2000.0795
https://archive.cdc.gov/#/details?q=https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/surface-transmission.html&start=0&rows=10&url=https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/surface-transmission.html
https://doi.org/10.1016/j.jhin.2020.01.022
https://doi.org/10.1177/1059840509354383
https://doi.org/10.1016/j.jinf.2004.09.011
https://doi.org/10.1038/s41598-020-71771-8
https://doi.org/10.1038/s41467-019-09946-9
https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1186/1477-3155-9-30
https://doi.org/10.1007/s10295-002-0022-0
https://doi.org/10.3390/ijms21228671
https://doi.org/10.3390/microorganisms9010049
https://doi.org/10.2174/1872208316666220512121205
https://doi.org/10.1139/m95-133
https://doi.org/10.1016/s0142-9612(00)00392-6
https://doi.org/10.1128/iai.55.11.2597-2603.1987
https://doi.org/10.1016/j.colsurfb.2015.09.039
https://doi.org/10.1016/j.apsusc.2018.04.267
https://doi.org/10.1016/j.colsurfb.2012.12.051
https://doi.org/10.1007/s10856-016-5811-5
https://doi.org/10.1007/s10856-018-6119-4
https://doi.org/10.1016/j.jclepro.2020.122826
https://doi.org/10.1149/1945-7111/ac7355
https://doi.org/10.1021/acsami.9b17312
https://doi.org/10.1128/aem.01892-23


31. Domínguez-Jaimes LP, Arenas Vara MÁ, Cedillo-González EI, Ruiz Valdés 
JJ, De Damborenea JJ, Conde Del Campo A, Rodríguez-Varela FJ, Alonso-
Lemus IL, Hernández-López JM. 2019. Corrosion resistance of anodic 
layers grown on 304L stainless steel at different anodizing times and 
stirring speeds. Coatings 9:706. https://doi.org/10.3390/coat
ings9110706

32. Asker D, Awad TS, Raju D, Sanchez H, Lacdao I, Gilbert S, Sivarajah P, 
Andes DR, Sheppard DC, Howell PL, Hatton BD. 2021. Preventing 
Pseudomonas aeruginosa biofilms on indwelling catheters by surface-
bound enzymes. ACS Appl Bio Mater 4:8248–8258. https://doi.org/10.
1021/acsabm.1c00794

33. Zhang W, Sun J, Ding W, Lin J, Tian R, Lu L, Liu X, Shen X, Qian P-Y. 2015. 
Extracellular matrix-associated proteins form an integral and dynamic 
system during Pseudomonas aeruginosa biofilm development. Front Cell 
Infect Microbiol 5:40. https://doi.org/10.3389/fcimb.2015.00040

34. Brooke JS. 2012. Stenotrophomonas maltophilia: an emerging global 
opportunistic pathogen. Clin Microbiol Rev 25:2–41. https://doi.org/10.
1128/CMR.00019-11

35. Li D, Wong CH, Seet MF, Kuan N. 2019. Isolation, characterization, and 
inactivation of Stenotrophomonas maltophilia from leafy green 
vegetables and urban agriculture systems. Front Microbiol 10:2718. 
https://doi.org/10.3389/fmicb.2019.02718

36. Melloul E, Roisin L, Durieux M-F, Woerther P-L, Jenot D, Risco V, Guillot J, 
Dannaoui E, Decousser J-W, Botterel F. 2018. Interactions of Aspergillus 
fumigatus and Stenotrophomonas maltophilia in an in vitro mixed biofilm 
model: does the strain matter?. Front. Microbiol 9. https://doi.org/10.
3389/fmicb.2018.02850

37. Aguilera-Correa J-J, Mediero A, Conesa-Buendía F-M, Conde A, Arenas M-
Á, de-Damborenea J-J, Esteban J. 2019. Microbiological and cellular 
evaluation of a fluorine-phosphorus-doped titanium alloy, a novel 
antibacterial and osteostimulatory biomaterial with potential 
applications in orthopedic surgery. Appl Environ Microbiol 
85:e02271-18. https://doi.org/10.1128/AEM.02271-18

38. Pérez-Jorge C, Conde A, Arenas MA, Pérez-Tanoira R, Matykina E, de 
Damborenea JJ, Gómez-Barrena E, Esteban J. 2012. In vitro assessment of 
Staphylococcus epidermidis and Staphylococcus aureus adhesion on TIO2 
nanotubes on TI–6Al–4V alloy. J Biomed Mater Res A 100:1696–1705. 
https://doi.org/10.1002/jbm.a.34118

39. Kinnari TJ, Esteban J, Gomez-Barrena E, Zamora N, Fernandez-Roblas R, 
Nieto A, Doadrio JC, López-Noriega A, Ruiz-Hernández E, Arcos D, Vallet-
Regí M. 2009. Bacterial adherence to SIO2-based multifunctional 

bioceramics. J Biomed Mater Res A 89:215–223. https://doi.org/10.1002/
jbm.a.31943

40. Boulos L, Prévost M, Barbeau B, Coallier J, Desjardins R. 1999. LIVE/DEAD 
baclighttm : application of a new rapid staining method for direct 
enumeration of viable and total bacteria in drinking water. J Microbiol 
Methods 37:77–86. https://doi.org/10.1016/s0167-7012(99)00048-2

41. Herigstad B, Hamilton M, Heersink J. 2001. How to optimize the drop 
plate method for enumerating bacteria. J Microbiol Methods 44:121–
129. https://doi.org/10.1016/s0167-7012(00)00241-4

42. Klimas V, Pakštas V, Vrublevsky I, Chernyakova K, Jagminas A. 2013. 
Fabrication and characterization of anodic films onto the type-304 
stainless steel in glycerol electrolyte. J Phys Chem C 117:20730–20737. 
https://doi.org/10.1021/jp407028u

43. Shahzad K, Kowalski D, Zhu C, Aoki Y, Habazaki H. 2018. Ex situ evidence 
for the role of a fluoride-rich layer switching the growth of nanopores to 
nanotubes: a missing piece of the anodizing puzzle. ChemElectroChem 
5:610–618. https://doi.org/10.1002/celc.201701103

44. Shahzad K, Tsuji E, Aoki Y, Nagata S, Habazaki H. 2015. Formation and 
field-assisted dissolution of anodic films on iron in fluoride-containing 
organic electrolyte. Electrochimica Acta 151:363–369. https://doi.org/10.
1016/j.electacta.2014.10.132

45. Fadillah L, Kowalski D, Aoki Y, Habazaki H. 2020. Compositional 
variations in anodic nanotubes/nanopores formed on Fe 100, 110 and 
111 single crystals. Electrochimica Acta 364:137316. https://doi.org/10.
1016/j.electacta.2020.137316

46. Martín-García M, Aguilera-Correa JJ, Arenas MÁ, García-Diego IM, Conde 
A, de Damborenea JJ, Esteban J. 2023. Differences in in vitro bacterial 
adherence between TI6Al4V and CoCrMo alloys. Materials (Basel) 
16:1505. https://doi.org/10.3390/ma16041505

47. Perez-Jorge C, Arenas M-A, Conde A, Hernández-Lopez J-M, de 
Damborenea J-J, Fisher S, Hunt AMA, Esteban J, James G. 2017. Bacterial 
and fungal biofilm formation on anodized titanium alloys with fluorine. J 
Mater Sci Mater Med 28:8. https://doi.org/10.1007/s10856-016-5811-5

48. Bangiyev R, Chudaev M, Schaffner DW, Goldman E. 2021. Higher 
concentrations of bacterial enveloped virus Phi6 can protect the virus 
from environmental decay. Appl Environ Microbiol 87:e0137121. https://
doi.org/10.1128/AEM.01371-21

49. Bollen CML, Lambrechts P, Quirynen M. 1997. Comparison of surface 
roughness of oral hard materials to the threshold surface roughness for 
bacterial plaque retention: a review of the literature. Dent Mater 13:258–
269. https://doi.org/10.1016/s0109-5641(97)80038-3

Full-Length Text Applied and Environmental Microbiology

February 2024  Volume 90  Issue 2 10.1128/aem.01892-2314

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
19

 F
eb

ru
ar

y 
20

25
 b

y 
19

3.
51

.1
54

.7
6.

https://doi.org/10.3390/coatings9110706
https://doi.org/10.1021/acsabm.1c00794
https://doi.org/10.3389/fcimb.2015.00040
https://doi.org/10.1128/CMR.00019-11
https://doi.org/10.3389/fmicb.2019.02718
https://doi.org/10.3389/fmicb.2018.02850
https://doi.org/10.1128/AEM.02271-18
https://doi.org/10.1002/jbm.a.34118
https://doi.org/10.1002/jbm.a.31943
https://doi.org/10.1016/s0167-7012(99)00048-2
https://doi.org/10.1016/s0167-7012(00)00241-4
https://doi.org/10.1021/jp407028u
https://doi.org/10.1002/celc.201701103
https://doi.org/10.1016/j.electacta.2014.10.132
https://doi.org/10.1016/j.electacta.2020.137316
https://doi.org/10.3390/ma16041505
https://doi.org/10.1007/s10856-016-5811-5
https://doi.org/10.1128/AEM.01371-21
https://doi.org/10.1016/s0109-5641(97)80038-3
https://doi.org/10.1128/aem.01892-23

	Fluoride anodic films on stainless-steel fomites to reduce transmission infections
	MATERIALS AND METHODS
	Surface modification
	Surface characterization
	Characterization of the antimicrobial properties

	RESULTS AND DISCUSSION
	Antimicrobial properties
	Conclusion



