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ABSTRACT:

Topography-mediated antibacterial surfaces that inactivate bacteria by physical contact are gaining
attention in recent times. Contrary to conventional antibacterial coatings, topography-mediated
antibacterial surfaces do not suffer from coating instability and possible toxicity problems. In this
study, a one-step hard anodization process has been deployed to fabricate a topography-mediated
antibacterial aluminum surface. By optimizing anodization parameters, such as concentration of
electrolyte, current density and anodization time, desirable features of micro-nanoscale
morphology were achieved. The optimum condition of anodized aluminum that provided pores

of diameter of 151 + 37 nm effectively killed 100% E. coli bacteria.



Introduction

Many organisms such as cicada, dragonfly and damselfly use their micro-nanoscale surface
structures to adapt, fight colonization or as evolutionary surviving strategy'. These micro-
nanostructures on the wings of most insects and plant parts such as lotus leaves are composed of
natural long chain palmitic (hexadecanoic) and stearic (octadecanoic) fatty acids?, rendering them
superhydrophobic. Superhydrophobic surfaces are known to exhibit water contact angle (WCA) >
150° and a tilting angle < 10°%. Due to their ability to inhibit initial bacterial attachment and
subsequent biofilm formation, superhydrophobic coatings are considered important strategy for
designing anti-biofouling surfaces®. However, they lose their water roll-off property over time due
to coating instability*. Hence, novel antibacterial strategies that kill bacteria on contact via surface
topography have become an area of intense scientific focus in recent times'" >’. These novel
antibacterial strategies herein referred as topography-mediated antibacterial surfaces exhibit
antibacterial property by inducing mechanical stresses to damage cell membrane, leading to

bacterial cell death® &,

Since topography-mediated antibacterial cicada wings was first reported by Ivanova and co-
workers® against Pseudomonas aeruginosa (PA) (gram -ve) bacterium and their subsequent report
on synthetic analogue, black silicon'’, various artificial antibacterial surfaces mediated by micro-
nanoscale patterns, such as nanocones, nanofibers and nanopillars, have been fabricated on metals,
ceramics and polymers'!"!*. These approaches provide a paradigm shift in fabrication of the next
generation novel antibacterial surfaces. Contrary to conventional antibacterial coatings, such as
leachable antibacterial agents (metallic silver and copper), these do not suffer from coating

instability, possible toxicity and antibacterial resistance problems®. Thus, they are more eco-



sustainable and have great potential for medical implant prostheses, and frequently touched surface
applications. In particular, these could be useful as antibacterial touched surfaces, in support of
existing hand hygiene, masking and social distancing protocols aimed at curbing both community
and healthcare spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections. Surfaces in frequently touched areas can actually become potential reservoir for
transmission of various pathogens making them serious infection prone health risk. For example,
SARS-CoV-2, methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli (E. coli),
Pseudomonas aeruginosa (PA) and Clostridium difficile spores can survive on inanimate
environmental surfaces for days, weeks and months!#!®. Thus, commonly touched inanimate
environmental surfaces such as elevator buttons, doorknobs, handrails, faucet handles, light
switches and medical equipment should be rendered antibacterial to limit the spread of pathogenic

infections.

Aluminum is a very attractive material for engineering constructions and many aluminum
components are widely used in medical devices!” and in frequently touched surfaces'®. Aluminum
can be transformed into antibacterial surface via low cost wet chemistry process. Surprisingly,
only few studies have been reported on antibacterial aluminum prepared by wet chemistry'’-%,
Hasan et al.'” recently reported antiviral aluminum surfaces fabricated using a chemical etching
process, which were effective against the current SARS-CoV-2. In a related study'®, previously,
they demonstrated the antimicrobial activity of a topography-mediated aluminum, fabricated by
chemical etching against common multi-drug resistant (MDR) pathogens such as Pseudomonas

aeruginosa (P.A) and Staphylococcus aureus (S.A), and on respiratory viruses such as respiratory

syncytial virus (RSV) and rhino virus (RV). While desirable nanoscale topography are achievable



by chemical etching, mechanical property of nanoscale features are rather weak?’. An alternative
surface treatment process resulting in aluminum surfaces with excellent anti-corrosive, tribological

and mechanical properties such as anodization appears promising in terms of robustness?®'.

Considering the need for the microstructural stability with better mechanical properties for a long-
term service life and protection, we report herein a novel topography-mediated antibacterial
aluminum surfaces, fabricated via anodization. In this study, parameters of anodization such as
concentration of electrolyte, current density and anodization time have been systematically varied
for obtaining optimal topography that showed the best antibacterial performance. The results of
the optimization process and the antibacterial properties have been demonstrated. It has been
shown that the excellent antibacterial performance was purely driven by the surface topography of

the anodized aluminum.

MATERIALS AND METHODS

Pre-treatment of aluminum: AA6061-T6 aluminum sheets of dimensions 1" x 2" were
ultrasonically degreased (Branson® Ultrasonic Bath, 230 Vac, 50 Hz) in a diluted soap solution
for 15 minutes. The cleaned Al substrates were immersed in 1 M NaOH (VWR) etchant for 3
minutes at 55 °C to remove a superficial oxide layer. Subsequently, etched Al substrates were
immersed in HNO3 solution (10 wt. %, VWR) for desmutting, followed by further rinsing

thoroughly in distilled water. Finally, etched Al substrates were dried at 70 °C in an oven overnight.

Anodizing in acid electrolytes: Etched and as-received AA6061-T6 aluminum sheets used as

anode and cathode, respectively, were immersed in 3 wt.%, 15 wt.% and 45 wt.% concentrations
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of H3POsacidic electrolyte (VWR). The anodization process was performed by optimizing current
density from 7 to 40 mA/cm? and from 30 to 120 minutes using a galvanostatic 600 W direct
current power system (Ametek Sorensen DCS 100-12E, Chicoutimi, QC, Canada). To ensure
uniform heat distribution and prevent burning, the electrochemical cell was equipped with a cold
water circulating coolant bath (5 °C) and a Teflon stirring magnetic unit, rotating at 2000 rpm
throughout the anodization process. During anodization, the two electrodes were separated in
parallel by a distance of 1.5 cm. Anodized aluminum coupons were finally sonicated for 30
minutes in distilled water to remove residual electrolytes, followed by drying at 70 °C in an electric
oven (VWR) overnight. For quality control and reproducibility, each experiment was repeated in

triplicate.

Sample characterization: The surface morphological and elemental analyses of anodized
aluminum coupons were performed using scanning electron microscopy (SEM, JEOL JSM-6480
LV) equipped with energy dispersive X-ray spectroscopy (EDS). High-resolution SEM
micrographs were analyzed in a Java-based image-processing program - Image J

(http://rsbweb.nih.gov/ij/), to determine the morphological features. A minimum of 30 different

SEM micrographs were taken from each coupon for analysis. Approximately 1,000 independent
measurements were analyzed. Prior to SEM analysis, anodized aluminum coupons were metalized
with gold coating (~8 nm) using an Edwards Scancoat Six Sputter Coater. The surface roughness
of anodized aluminum was studied using an optical profilometry (MicroXAM-100 HR 3D surface

profilometer, NANOVEA, Irvine, USA).


https://www-sciencedirect-com.sbiproxy.uqac.ca/topics/materials-science/surface-morphology
https://www-sciencedirect-com.sbiproxy.uqac.ca/topics/physics-and-astronomy/electron-microscopes
http://rsbweb.nih.gov/ij/

Antibacterial study by a novel dry seeding assay: Escherichia coli bacterium strain (ATCC
8739) was grown overnight from frozen (—80 °C) glycerol stock in tryptic soy broth (TSB) (Hardy
Diagnostics) at 37 °C, and then passaged on fresh TSB (37 °C) to obtain bacterial cell density of
108 colony forming units/milliliter (CFU)/mL. Bacterial cell density was adjusted to ODg2s = 0.1.
To mimic near dry conditions of frequently touched surfaces in hospital setting, we have developed
a facile “dry seeding” approach to study the bactericidal activity of anodized aluminum coupons.
Briefly, 5 uL of Escherichia coli inoculum (1.5 x 10%) was seeded on a sterile 1”7 x 1" area of
anodized aluminum and as-received aluminum coupons (as control). Next, coupons were
incubated at ambient conditions of 25 °C and 50 + 10% relative humidity in a cell culture plates
for pre-determined contact time (1, 3 and 4 h). Subsequently, bacterial cells were sampled with
sterile swab from coupons into physiological saline (0.85 wt.% NaCl) followed by serial dilutions
and plating on tryptic soy agar (TSA) to obtain a bacterial lawn. Plates were finally incubated at
37°C for 24 h to yield countable viable bacterial colonies (30-300 colonies per plate). For
continuous bacterial loading study, same procedure was followed except that quantitative recovery
was done after 24, 48, 72 and 96 h. These anodized aluminum coupons were inoculated 1, 2, 3 and
4 times, respectively. Positive controls were also performed for t = 0 and t = 4 h to ascertain
bacterial cell viability. Three independent experiments were performed in duplicate to determine
the number of viable bacteria. Antibacterial efficiency was calculated from [(A-B)/A] x100 %.
Where A = CFU/cm? of viable bacteria on anodized aluminum coupon and B = CFU/cm? of viable
bacteria on as-received aluminum coupon (as control). Data were analyzed by one-ANOVA
(analysis of variance) with Tukey—Kramer multiple comparison test. Data were considered

statistically significant for p <0.05.



RESULTS AND DISCUSSIONS

Figure 1(A) and (B) show the potential-time (E-T) transient curve for the anodization process. As
typical for galvanostatic anodization, potential increases sharply at the initial stage and reduces
gradually with steady state oxide growth and dissolution over anodization time*’. The sharp
increase in potential is due to high resistance imposed by the compact barrier oxide layer. It should
be mentioned that barrier oxide results from egressing Al" ion (from the metal/oxide interface) and
ingress O% ion (from the oxide/metal interface), following local electrolytic water splitting®>. As
the anodization continues, potential increases linearly with time until it reaches a local maximum

called the breakdown potential.
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Figure 1. Parameters of anodization process: (A) Voltage-time (V-t) transient
curve as a function of concentration of H3POas acid; (B) Voltage-time (V-t)
transient curve as a function of current density; (C) Thickness of anodized alumina
oxide layer as a function of concentration of H3PO4 acid and (D) Thickness of

anodized alumina oxide layer as a function of current density.

Beyond the breakdown potential, it decreases gradually until it reaches a steady state-forming
potential®?. For a 3 wt.% H3POs, a steady state-forming potential of 96 V was attained after 60
minutes. Beyond this, the potential remains constant for an equilibrium oxide layer growth and
dissolution, which leads to a complete formation of porous oxide after 120 minutes. Similar trend
was observed for the other H3PO4 concentrations such as 15 and 45 wt.%. For example, a steady
state-forming potential of 82 V was attained for 45 wt.% H3POs4 after 50 minutes, which led to
complete anodization after 120 minutes. Notably, steady state-forming potential decreased with
increasing H3POas concentration. This may be due to the inverse relation between steady state-
forming potential and acid concentration, which is commonly explained by the oxygen bubble
growth model?*. According to this model, total anodizing current (J7o!) contributing to oxide layer
growth and dissolution consists of both ionic current (Jion) and electronic current (Je) as shown in
Equation 1%°;

JTUtal = J + J (1)

ion e



where J,,,, is the total current,/,,, the ionic current, andJ, the electronic current. The ionic

current contributing to migration of anions and cations at the anode can be expressed as Equation

2.
241 +30™ - AL O, (2)

similarly, the electronic current leading to oxygen evolution at the anode can be expressed as

Equation 3.
40 20, T +8e (3)

However, since ionic current dominates at the initial stage of anodization, the required net current
for overcoming the resistance of the compact barrier oxide layer is induced by ionic current®.

Contrarily, beyond the breakdown potential, electronic current increases at the expense of ionic

current, resulting in a decrease in total current J,,, and potential, with oxygen evolution and a

lower porous oxide growth?*?>, Hence, high acid concentration such as 45 wt.% H3POs resulted
in a lower steady state-forming potential of 82 V. On the other hand, a low acid concentration such
as 3 wt.% H3POa led to higher steady state-forming potential of 96 V. A similar observation was
made by Zhang et al.?* on anodized Titanium alloy using NH4F acid as electrolyte. They
demonstrated that NH4F concentration of 0.5 wt.% resulted in a low steady state-forming potential
of 55 V compared to 0.1 wt.% NH4F acid with a high steady state-forming potential of 95 V. As
shown in Figure 1(B), steady state-forming potential increased with increasing current density. As
a result, a steady state-forming potential of 96 V was achieved for 40 mA/cm?, compared to 78 V
for 10 mA/cm?. In addition, increasing acid concentration resulted in decreasing oxide layer
thickness. Thus, a porous oxide thickness of 1.1 £ 0.5 pm was obtained for 45 wt.% H3PO4
concentration, as opposed to a thickness of 5.3 = 0.4 um for 3 wt.% H3POas (Figure 1(C)).

Contrarily, current density increased linearly with oxide layer thickness. Consequently, 10



mA/cm? led to an oxide layer thickness of 3.1 + 0.4 pm. On the other hand, 40 mA/cm?resulted in

a thickness of 5.3 = 0.4 um (Figure 1(D)).

Since topographical features such as pore diameter, cell diameter or pitch, oxide thickness and
roughness are important for antibacterial activity®, topographical features were analyzed using

Equations 4, 5 and 6%,

e @

W = Dc;Dp (5)
= (%) 2 0907 () 6
a= 7= (32) =0907(3) (6)

where 1 is the pore density, Pn is the surface area of a single hexagonal cell, Dy, is the pore diameter
and Dc is the cell diameter in nm. Generally, phosphoric acid with low acid concentration, such as
3% H3POs4 and a high current density such as 40 mA/cm?, led to a large pore diameter, a large cell
diameter, a high surface roughness and efficient bactericidal property, compared to 45 wt.% H3PO4
at a low current density such as 10 mA/cm?. The low acid concentration leading to increased
potential and larger morphological features can be explained by oxygen bubble growth model?”.
By contrast, the classical field-assisted growth model explains the reason for increased current
density, resulting in larger morphological features. Thus, 3 wt.% H3POs (herein referred as
3HP40), exhibited a pore diameter of 151 = 37 nm, a cell diameter of 239 &+ 53 nm, a roughness
(rms) of 2.9 + 0.7 um and bactericidal efficiency of 100%. Contrarily, 45 wt.% H3POas (herein
referred as 45HP40) showed a low pore diameter of 55 & 12 nm, a cell diameter of 115 + 16 nm,

a roughness (rms) of 0.8 = 0.1 um and a bactericidal efficiency of 85% (details can be found in

Supplementary data, Figure S1 and Table S1).
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Antibacterial Activity

Antibacterial activity was studied by a novel dry seeding assay against E. coli bacterium on
anodized aluminum coupons. The objective here was to mimic a real-world scenario. Thus, we
inoculated test coupons with E. coli inoculum at ambient conditions of 25 °C and relative humidity
of 50 £ 10% in a cell culture plate for pre-determined contact time of 1-4 h. Figure 2 shows the
effects of morphological features on E. coli bacterial killing. Generally, antibacterial efficiency of
anodized aluminum coupon increased linearly with increased pore diameter, cell diameter, oxide
layer thickness and root mean square roughness. In combination with Figure 1, the results show
that anodized aluminum coupon having a lower H3PO4 concentration such as 3 wt.% and a higher
current density such as 40 mA/cm?, exhibited a high antibacterial efficiency compared to anodized

aluminum coupon with a higher H3PO4 concentration such as 45 wt.%.
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Figure 2. Effects of morphological features resulted from different anodization
parameters on E. coli bacteria killing efficiency: (A) pore diameter, (B) cell

diameter, (C) oxide thickness, (D) surface roughness (rms).

In particular, for 3 wt.% H3POa, increasing the current density from 10 mA/cm? to 40 mA/cm? led
to increase in both pore and cell diameters with a corresponding increase in bactericidal
performance (Details can be found in Supplementary data, Table S1 and Figures S1 and S2). For

instance, the pore diameter increased from 65 = 15 um to 151 + 37 um for respective current
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densities of 7 to 40 mA/cm? corresponding an increase of antibacterial activity from 90 to 100%
(Figure 2(A)). Similarly, the cell diameter or pitch increased from 135 + 10 um to 239 + 53 um
for same current densities with a corresponding increase in antibacterial activity from 90 to 100%,
respectively (Figure 2(B)). As would be expected, the current density also increased linearly with
porous oxide thickness and hence antibacterial activity. Oxide thickness of 1.1 £0.5 pm and 5.3 +
0.4 pm, were obtained for current densities of 7 and 40 mA/cm?, respectively, resulting in 90%
and 100% antibacterial efficiency respectively, (Figure 2(C)). Similar trend was observed for the
surface roughness and bacterial efficiency (Figure 2(D)). It should be mentioned that exact
antibacterial mechanism for 3 wt.% H3POs4 anodized aluminum coupon-3HP40, was not fully
elucidated here. Bacterial attachment on both biotic and abiotic substratum surfaces is a complex
phenomenon, involving surface chemistry and substratum surface morphology, bacterial cell type
and adhesion, Van der Waals interactions, extra polymeric substance (EPS) and quorum sensing

molecules?6-?’

. However, we hypothesize that the micro-nanoscale topography features,
characterized as pore diameter, cell diameter (pitch) and roughness (rms) may be responsible for
the excellent bactericidal activity. It should be mentioned that previous reports have confirmed a
topography-mediated antibacterial surface®. In fact, Ivanova et al.’ first reported on topography-
mediated bactericidal effects on Psaltoda claripennis cicada wings. In their work, they
demonstrated that by pure physical contact of Pseudomonas aeruginosa (PA) (gram -ve) bacterium
on micro-nanoscale patterns cicada wings, PA died in 30 minutes. These nanoscale pillar arrays
were hexagonal and conical shapes, with spherical caps of diameter ~ 60 nm, pitch of 170 nm and
height of 200 nm’. Also, Kelleher et al.” showed that nano-pillar array of diameters ranging from

156 +29 nm to 207 + 62 nm and pitch ranging from 165 + 8 nm to 251 + 31 nm, could effectively

kill Pseudomonas fluorescens bacterium. However, direct comparison of reported results in the
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literature must be treated with caution as the difference may arise due to different experimental
conditions. In the present report, 3 wt.% H3PO4 anodized aluminum coupon-3HP40 was compared
with the control coupons of as-received aluminum and of antibacterial solid copper (C11000 of
99.9% Cu) in a novel dry seeding assay. It is worthy to note that since 2008, copper has been
registered by the United States Environmental Protection Agency (US-EPA) as an antimicrobial
touched surface, and regarded as gold standard for comparing other non-porous antimicrobial
touched surfaces 2%3°. Also note that existing protocols such as the ASTM E21803!, the Japanese
Standard JIS Z28013 or the ISO 22196 stipulate conditions of high liquid medium humidity >
90% and temperature of 35 = 1 °. While these protocols might be ideal for biomedical implant
applications, they do not reflect the near dry conditions of inanimate environmental surfaces in
close proximity to patients, typified by a comfortable humidity and temperature®*. Thus, these

protocols may not truly predict the efficacy of antibacterial surfaces under realistic conditions.

Figure 3 shows representative images of E. coli bacterium colonies on 3HP40 test coupon, relative
to the control coupons. Compared to anodize aluminum coupon-H3P40, as-received aluminum
displayed a confluent bacterial growth with evenly spread colonies on TSA media even after 4 h
E. coli bacterium contact. On the contrary, it is noticeable that 3 wt.% H3PO4anodized aluminum
coupon-3HP40 killed virtually all bacteria under 1 h of E. coli bacterium contact. The number of
colonies on as-received aluminum at time 0 h, 1 h, and 4 h were 4.5 x 107, 4.207 x 107 and 2.24 x
107, respectively. These represent a 6.6% or 0-log reduction, 39% or 0.2 log reduction and 51% or
0.3 log reduction, respectively (see Table S3 of supplementary data). In contrast, the 3 wt.% H3PO4
anodized aluminum coupon-3HP40 achieved a bactericidal efficiency of 99.99998% or 6.5 log

reduction after 1 h of contact.
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As-Received Aluminum  3wt. % H;PO, Anodized Al

Figure 3. Representative images of colonies of E. coli in contact with: as-received

aluminum coupon from 1- 4 h (A)-(C); 3 wt.% H3PO4 anodized aluminum coupon-

3HP40 from 1- 4 h (D)-(F); and copper coupon from 1- 4 h (G)-(I).

The results of 3 wt.% H3PO4 anodized aluminum are very comparable with the commercially
available antimicrobial copper, of which both exhibited a 100% bactericidal efficiency after 1 h

under same conditions (Figure 4). It has to be noted that minimum microbiologic bacterial loads
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2 Thus, bacterial colonies

acceptable in hospital inanimate environmental surfaces is 2.5 cfu/cm
of 2.24 x 107 on as-received aluminum could be regarded worrisome; since such surface

contamination could be a potential reservoir for spread of nosocomial infection.
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Figure 4. Bactericidal efficiency of E. coli bacteria on 3 wt.% H3POas anodized
aluminum coupon-3HP40 compared to control samples (as-received aluminum and

copper) under 1 h of contact. Data represent three independent experiments

According to the US-EPA, touched surfaces with the claim of antibacterial property ought to kill
or inhibit the growth of bacteria to a minimum of 3-log reduction or 99.9 %?*. Thus, the
aforementioned 3 wt.% H3PO4 anodized aluminum is very promising and shows great potentials

as the ideal condition for practical antibacterial touched surface applications. Figure 5(A) and
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(B) show the SEM micrographs of as-received aluminum and 3 wt.% H3PO4anodized aluminum

coupon-3HP40, respectively. Notably, rod shaped E. coli bacteria (green arrows) are clearly seen

on as-received aluminum (Figure 5(A).
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Figure 5. Representative SEM microimages of colonies E-Coli bacteria on: (A) as-

received aluminum coupon; (B) on 3 wt.% H3POs anodized aluminum coupon-
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3HP40; and (C) a graphical representation of 96 h E. coli bacteria continuous
loading on 3 wt.% H3PO4 anodized aluminum coupon-3HP40. The green arrows in
(A) show live E. coli bacteria and the region in red in (B) indicates dead E. coli

bacteria, respectively. Data represent three independent experiments.

In contrast, live E. coli bacteria cells are not seen on 3 wt.% H3PO4 anodized aluminum coupon-
3HP40, except for cytoplasmic material (shown in the region in red) (Figure 5(B)), which leaked
out from bacteria after they were deformed and sunk into the nanopores®. In fact, the antibacterial
mechanism for topography-mediated antibacterial surfaces such as cicada wings has been
attributed to the self-induced shear stresses on bacterial cell membrane in contact with nano-
pillars !5 3637 Specifically, higher surface roughness, coupled with micro-nanoscale patterns
increases surface area for attachment from multiple focal points and overall bacterial-substratum
interaction. A stronger bacterial-substratum interaction would presumably enhance the tendency
for bacterial membrane to be stretched out, leading to an irreversible rupture and death®.
However, in the present work, a micro-nanoscale pattern was achieved by nano-pore arrays,
different from other nanostructures such as nanopillars reported previously’”’. Thus, we
hypothesize that upon bacterial attachment on the surface of the anodized aluminum (3HP40), E.
coli bacteria become suspended under gravity within nano-pore arrays of anodized surface, where
the suspended regions of anodized pores induce shear stresses on E. coli cell membrane. In their
attempt to avoid uncomfortable suspended regions, E. coli bacteria release extra polymeric
substance (EPS), which further enhance bacterial attachment on nano-pores of anodized
aluminum surface (3HP40). Consequently, this leads to membrane deformation, cytoplasmic

material leakage, failure of cell membrane integrity® and bacterial death. Figure 5(C) shows a
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graphical representation of a 96 h continuous E. coli bacterial loading study on the 3 wt.% H3PO4
anodized aluminum coupon-3HP40. The samples were monitored at 24 h interval within cycles
to evaluate the long-term activity of the anodized aluminum surface. Interestingly, even after 96
h E. coli bacteria continuous loading cycles, the 3 wt.% H3PO4 anodized aluminum coupon-
3HP40 was still bioactive with a 100% bactericidal efficiency. Thus, this anodized aluminum
surface with excellent bactericidal efficiency and durability looks promising for antibacterial
touched surface applications and an adjunct to hand hygiene for reducing potential bacterial

infections in hygiene critical environments.

CONCLUSIONS

In the present study, a topography-mediated novel antibacterial aluminum surface was fabricated
using a one-step hard anodization process. Anodization parameters such as electrolyte
concentration, time and current density were optimized. 3wt.% H3PO4 anodized aluminum at
current density of 40 mA/cm? and anodization time of 120 minutes exhibited a larger pore diameter
(151 = 37 nm), larger cell dimeter (239 + 53 nm), higher oxide layer thickness (5.3 = 0.4 nm) and
higher rms roughness (2.9 + 0.7um), compared to 45 wt.% H3PO4 anodized aluminum at same
conditions. Furthermore, 3wt.% H3PO4 anodized aluminum at current density of 40 mA/cm?
compared favourably with antibacterial solid copper with 100% bactericidal efficiency after 1 h E.
coli bacterium contact. Overall, the fabrication of topography-mediated antibacterial aluminum
presents a novel approach to be considered for the use of the next generation frequently touched

surfaces.
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