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Alumina surfaces with nanoscale topography reduce attachment and biofilm formation by
Escherichia coli and Listeria spp.

Guoping Fenga, Yifan Chenga, Shu-Yi Wangb, Lillian C. Hsua, Yazmin Felizb, Diana A. Borca-Tasciucb*,
Randy W. Woroboa and Carmen I. Morarua*
aDepartment of Food Science, Cornell University, Ithaca, NY, USA; bDepartment of Mechanical, Aerospace and Nuclear
Engineering, Rensselaer Polytechnic Institute, Troy, NY, USA

(Received 16 May 2014; accepted 8 October 2014)

This work reports on a simple, robust and scientifically sound method to develop surfaces able to reduce microbial
attachment and biofilm development, with possible applications in medicine, dentistry, food processing, or water treat-
ment. Anodic surfaces with cylindrical nanopores 15 to 100 nm in diameter were manufactured and incubated with Esch-
erichia coli ATCC 25922 and Listeria innocua. Surfaces with 15 and 25 nm pore diameters significantly repressed
attachment and biofilm formation. Surface–bacteria interaction forces calculated using the extended Derjaguin Landau
Verwey-Overbeek (XDLVO) theory indicate that reduction in attachment and biofilm formation is due to a synergy
between electrostatic repulsion and surface effective free energy. An attachment study using E. coli K12 strains unable
to express appendages also suggests that the small-pore surfaces may inhibit flagella-dependent attachment. These results
can have immediate, far-reaching implications and commercial applications, with substantial benefits for human health
and life.
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Introduction

Biofilm formation by pathogenic bacteria has harmful,
sometimes fatal, consequences and can pose severe con-
tamination problems in medicine, dentistry, food process-
ing, and water treatment. Colonization by bacteria on
medical devices and biofilm-related infections account
for 80% of all human bacterial infections (Taylor et al.
2012). Nosocomial infections in hospital settings, com-
monly associated with contaminated medical devices,
represent one of the leading causes of death in the USA
(Bryers 2009). Biofilms formed by pathogenic organisms
in food processing plants are a major culprit in food-
borne diseases, which claim thousands of lives and
amount to losses of about $78 billion/year in the USA
alone (Scharff 2012). Therefore, significant efforts are
made to develop solutions for preventing biofilm forma-
tion and microbial contamination in environments that
directly affect human health and life.

Bacterial attachment is the first step in the develop-
ment of biofilms, which are cohesively structured matri-
ces, notoriously difficult to remove by physical and
chemical means. Besides microbial cell surface properties
and environmental factors, the physico-chemical proper-
ties of the surface, including topography and roughness,
free surface energy and surface charge are critical to bac-
teria attachment and biofilm formation (Rijnaarts et al.

1999; Oliveira et al. 2001; Verran & Boyd 2001;
Mauclaire et al. 2010; Singh et al. 2011).

The effects of surface topography and roughness at
the micrometer scale on attachment have been exten-
sively studied, sometimes with contradictory findings.
Several studies conducted with microorganisms of inter-
est for medicine and food processing, including Strepto-
coccus thermophilus, Streptococcus waiu, Listeria
monocytogenes, and Flavobacterium odoratum, reported
inconclusive correlations between surface roughness and
bacterial adhesion (Boulangé-Petermann et al. 1997; Tide
et al. 1999; Verran & Boyd 2001). In contrast, other
studies indicated a significant impact of surface rough-
ness on attachment (Arnold & Bailey 2000; Medilanski
et al. 2002). A defined surface topography has also been
shown to influence bacterial attachment. Surfaces with
channels, pits or pillars of dimensions comparable to
bacterial cells appear to impact bacterial attachment,
while surface details at a scale larger than the cell size
do not affect it significantly (Whitehead et al. 2005; Díaz
et al. 2007; Verran et al. 2010; Xu & Siedlecki 2012).
Some of these effects are in part due to the interaction
between the bacterial adhesins including flagella, fimb-
riae, or curli, with elements of surface topography
(Prigent-Combaret et al. 2000; Lemon et al. 2007; Niba
et al. 2007). A study by Friedlander et al. (2013)
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reported that flagella expressed by E. coli can reach into
surface crevices and act as structural elements in attach-
ment and biofilm formation. Work from the authors’
group also indicates significant differences in expression
of cellular appendages as a response to surface topogra-
phy in the micro- and nanoscale range (Hsu et al. 2013).

Attachment of bacteria to nanostructured surfaces is
significantly different from attachment on bulk or micro-
structured materials (Park et al. 2008; Puckett et al. 2010).
Explanations of this behavior allude to the fact that nano-
structuring induces significant changes in surface charge
and surface free energy, which affect attachment and bio-
film formation (Hori & Matsumoto 2010). There is there-
fore a great opportunity to design nanostructured materials
able to effectively repel microorganisms. Unfortunately,
most nanostructuring methods are expensive, which ren-
ders the approach prohibitively expensive for many appli-
cations. Nanostructured surfaces can also be extremely
delicate and incompatible with the cleaning procedures
used in industrial or medical applications.

Compared to other nanofabrication methods, anodiza-
tion is a widely available surface treatment that produces
an oxide which, under well controlled conditions, exhib-
its a nanoporous structure, is chemically inert to many
cleaning agents, and has excellent wearing properties.
Anodization is used on an industrial scale and can be
applied to large surface areas and three-dimensional
parts. Aluminum anodization in particular is a widely
used process, with countless industrial applications
(Thomas & Benaben 2007). By controlling the anodizing
voltage and bath composition, Al anodization produces
cylindrical, parallel pores oriented perpendicular to the
surface, of defined pore diameter and surface porosity
(Jessensky et al. 1998; Masuda et al. 1998).

This study explores the effect of nanoscale topogra-
phy created by anodization on the attachment and bio-
film formation by Gram-positive and Gram-negative
bacteria, the mechanisms responsible for the impact of
nanoscale surfaces on attachment, and demonstrates a
simple yet robust solution to prevent bacterial attachment
by controlling surface properties.

Materials and methods

Surface fabrication

Nanoporous aluminum oxide surfaces with pore diame-
ters of 15, 25, 50 and 100 nm were prepared by two-step
anodization of high purity aluminum (99.99%, Alfa
Aesar, Ward Hill, MA, USA). The Al substratum was
first subjected to mechanical and electrochemical polish-
ing. An annealing process was performed between the
two polishing steps to release internal stresses (Jessensky
et al. 1998). The Al substratum was then immersed in an
etchant to remove the thin alumina layer formed during

electrochemical polishing. The first anodization step was
then carried out using a setup similar to that used for
electrochemical polishing, but the reaction was carried
out at room temperature. The voltage and anodizing mix-
ture depended on the pore size. The first porous alumina
layer was etched away and a second anodization step
was performed, during which pore growth was initiated
from dents left over by the nanopores in the first layer,
resulting in regular surface features (Jessensky et al.
1998; Masuda et al. 1998). Nanosmooth aluminum oxide
surfaces of 10 × 10 × 0.5 mm (Alfa Aesar) were used as
a control. It is also important to note that Al oxide (alu-
mina) is a generally recognized as safe (GRAS) material.

Bacterial cultures and media

The bacterial strains used were the Gram-negative E. coli
ATCC 25922, which has been used as a surrogate for
E. coli O157:H7 in attachment studies (Kim & Harrison
2009), and the Gram-positive L. innocua FSL C2-008;
L. innocua has been used in previous attachment studies
as surrogates for pathogenic L. monocytogenes (Saini et al.
2012). Four strains of E. coli K12: wild type (WT), flagel-
lum-deficient (ΔflgA), fimbriae-deficient (ΔfimH) and curli-
deficient (ΔcsgA) mutants were used to study the impact of
surface adhesins on attachment. The E. coli K12 strains
were obtained from the National BioResource Project at
National Institute of Genetics (Mishima, Shizuoka, Japan).
All cultures were maintained at –80°C in tryptic soy broth
(TSB) (Difco, Becton Dickinson and Company, Sparks,
MD, USA) with 20% (v/v) glycerol. E. coli K12 mutant
strains were maintained in the same medium, with
30 μg ml–1 of kanamycin. The strains were reactivated on
tryptic soy agar (TSA, Difco), then grown in capped
culture tubes with TSB at 37°C, with shaking at 225 rpm.

Characterization of surfaces by scanning electron
microscopy (SEM)

The surface topographic features and bacterial attachment
were visualized using a Zeiss LEO 1550 field emission
SEM (Carl Zeiss Microscopy, Jena, Germany). For ana-
lyzing the bare surfaces, coupons of each substratum
were cleaned using two cycles of 30-min sonication in
Milli-Q water, then rinsing in absolute ethanol. For visu-
alizing surfaces with attached bacteria, surfaces were
retrieved after incubation for 48 h and rinsed in sterile
water to remove unattached cells. Bacteria attached to
surfaces were fixed using 2.5% (w/v) glutaraldehyde in
0.05 M sodium cacodylate buffer at 4°C for 2 h. Samples
were rinsed in cacodylate buffer three times, 5 min each
time, then subjected to a secondary fixation using 1%
(w/v) osmium tetroxide in cacodylate buffer, for 1 h. The
fixed samples were rinsed in cacodylate buffer three
times, then dehydrated using ethanol solutions of 25%
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(v/v), 50%, 70%, 95%, 100% and 100% for 10 min
each, followed by critical point-drying with carbon diox-
ide. Dried surfaces were mounted to SEM stubs and
coated with evaporated carbon. A voltage of 1–5 kV was
used, depending on the sample. Images were acquired
using the SmartSEM software (Carl Zeiss Microscopy).

Bacterial attachment and biofilm formation

Bacterial strains were sub-cultured from freshly streaked
colonies on TSA in 4 ml of TSB for 24 h. A volume of
10 μl of culture was transferred to 3 ml of fresh TSB
and incubated for 12–16 h. The alumina surfaces were
cleaned using two cycles of 30-min sonication in Milli-Q
water, and sterilized with absolute ethanol. The sterilized
surfaces were vertically placed in TSB containing the
E. coli or L. innocua culture, without shaking, and incu-
bated at 37°C for up to 96 h.

Visualization and quantification of biofilm matrices
using confocal laser scanning microscopy (CLSM)

Surfaces prepared as above were sampled after incuba-
tion for 30 min, 48 h and 96 h. The surfaces were verti-
cally placed in stationary phase E. coli ATCC 25922 and
L. innocua cultures at 37°C for 30 min. TSB with a
1:100 (v/v) inoculation from 16 h old cultures was used
for incubation with surfaces for the 48 and 96 h time
points. The alumina surfaces with attached cells were
removed gently from the culture and rinsed in sterile sal-
ine solution (0.15 M NaCl) three times, to remove unat-
tached cells. Biofilms were labeled with Live/Dead
BacLight Syto 9 and propidium iodide and rinsed with
saline solution as described by Feng et al. (2013).
Attached cells and biofilms were visualized using a
Zeiss 710 confocal laser scanning microscope with
upright objectives. Images were acquired with a
Plan-Apochromat 25 × oil immersion objective lens at a
scanning speed of 9 and frame pixels of 512 × 512 (sur-
face area of 338.4 × 338.4 μm2). The laser power and
pinhole were set to 2.8% and 1.0 Airy unit, respectively.
The attached cells and biofilms attached to the surface
were scanned in 3D mode with a step size of 1.0 μm.
Five randomly selected, evenly spaced spots per surface
were chosen for scanning. Three-dimensional structures
of biofilm matrices were constructed and visualized
using the Volocity software (version 5.2.1, PerkinElmer,
Waltham, MA, USA).

The biomass volume (μm3 μm–2) and thickness were
quantified using COMSTAT (Heydorn et al. 2000), for
live bacteria only. Although dead cells were observed in
the biofilm, they were most likely naturally dead due to
extended time of incubation, since the surfaces used in
the study were not expected to have bactericidal effects.

The role of bacterial appendages in initial attachment
to nanoporous alumina surfaces

E. coli K12 isogenic mutant strains of wild type (WT)
and genes of flgA, fimH and csgA were selected from the
Keio mutant library, based on previous findings that
knockout of these genes resulted in significant reduction
in biofilm formation (Baba et al. 2006; Niba et al. 2007).
flgA, fimH and csgA encode major assembly protein for
the flagellar basal-body periplasmic P ring, the Type 1 fi-
mbriae adhesin unit, and the curlin major unit, respec-
tively. Bacterial attachment was quantified by plating the
cells detached from surfaces onto TSA and expressed as
CFU cm−2, according to a method described previously
(Boulangé-Petermann et al. 1997) with minor modifica-
tions. All strains were loop-inoculated and cultured in
TSB at 37°C for 16 h with aeration (225 rpm), then sub-
cultured in fresh medium by a 1:100 (v./v.) inoculation
until cell density reached OD600 nm=1.1 (109 cells ml–1).
Surfaces with 15 and 100 nm pore size were vertically
placed in 3 ml of TSB containing each strain at 37°C.
The surfaces were retrieved after 30 min and rinsed three
times in 15 ml of 0.15 M NaCl solution to remove
loosely attached cells, then sonicated in 2 ml of 0.15 M
NaCl for 10 min to detach all attached cells. The recov-
ered cell suspension was serially diluted and plated on
TSA, and incubated overnight at 37°C. The experiments
were repeated independently at least three times.

Measurement of contact angles

Contact angles of bacterial cell lawns and alumina sub-
strates were determined by the sessile drop method using a
Rame-Hart 500 goniometer (Rame-Hart Inc., Succasunna,
NJ, USA) (Busscher et al. 1984; Li & Logan 2004). The
detailed procedures are included in the Supplementary
information [Supplementary information is available via a
multimedia link on the online article webpage].

Surface charge measurements

The zeta potential of bacterial cells was measured using
a Malvern Zetasizer nano-ZS with disposable folded cap-
illary cells (Malvern Instruments, Malvern, UK). The
detailed procedures are included in the Supplementary
information.

Statistical analysis and mathematical modeling

Experiments were repeated independently at least three
times. Each experiment included two biological samples
per surface type and technical duplicates for each sam-
ple. Five random areas per surface were sampled for
CLSM and data obtained from these areas was averaged
to obtain a mean value for each surface. The student’s t
test was used to compare two populations. To compare
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means of more than two sample populations, one-way
ANOVA analysis was performed, followed by post-
ANOVA Tukey’s test. All statistical tests were performed
using JMP 8.0 (SAS Institute, Cary, NJ, USA). The
extended Derjaguin Landau Verwey-Overbeek (XDLVO)
model was constructed and computed using Mathematica
9.0 (Wolfram, Champaign, IL, USA).

Results and discussion

Bacterial attachment and biofilm formation

Three dimensional images of biofilm matrices at 30 min,
48 h and 96 h obtained by CLSM are shown in Figures

1 and 2 for E. coli ATCC 25922 and L. innocua FSL
C2-008, respectively. E. coli had an extremely low pres-
ence on the 15 and 25 nm pore surfaces, for the entire
time period probed. L. innocua displayed the same trend,
but less pronounced differences among surfaces at early
stages of biofilm formation. For E. coli, a limited pres-
ence was also observed on the 50 nm surfaces after
30 min and 48 h; biofilm formation appeared to some
extent at 96 h. On the nanosmooth control and 100 nm
pore surfaces E. coli adhered at a significantly (p < 0.05)
higher level than on the small pore surfaces, and a well-
developed biomass was observed. The biofilm matrices
formed on these two surfaces were highly structured

Figure 1. Constructed CLSM images of attachment and biofilm formation by live E. coli ATCC 25922 at 30 min, 48 h and 96 h on
all alumina surfaces. These images have biomass accumulation close to the average of their surface type. Scale units (small grid) are
34 μm in length.
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laterally and vertically at 48 and 96 h, as evidenced by
the volume and thickness of the biofilm layer. The
100 nm surface retained a higher amount of E. coli cells
and a more cohesively structured biofilm than the nano-
smooth surface.

A quantitative assessment of the biofilms showed that
for all time points the volume of biomass formed by
E. coli on the 15 nm surface was the least for all sur-
faces. At 96 h, the average biomass on this surface was
0.8 μm3 μm–2. The biomass volume for the 100 nm sur-
face was about 15 times larger (11.8 μm3 μm–2), while
for the nanosmooth control it was about 25 times larger
(20.4 μm3 μm–2). At 48 h the 15 and 25 nm surfaces

retained significantly less biomass than the nanosmooth
control, while the biomass on the 100 nm surface was
significantly higher than all the others (p < 0.05); the
same trend was observed at 96 h.

Vertical growth often comes with a complex 3D
architecture of the biofilm, which renders the biofilm
more resistant to environmental stresses. In this study,
thickness was used as an indicator of vertical growth of
the biofilms. The average thickness of the biofilms
formed by E. coli on all surfaces followed a trend similar
as the biomass, with the 15 and 25 nm surfaces showing
the smallest thickness, and the nanosmooth and 100 nm
surfaces the largest thickness (Figure 3c). At 96 h the

Figure 2. Constructed CLSM images of attachment and biofilm formation by live L. innocua at 30 min, 48 h and 96 h on all alu-
mina surfaces. These images have biomass accumulation close to the average of their surface type. Scale units (small grid) are 34 μm
in length.

Biofouling 1257

D
ow

nl
oa

de
d 

by
 [

19
0.

15
1.

16
8.

19
6]

 a
t 1

8:
40

 1
2 

D
ec

em
be

r 
20

14
 



average thickness on the 15 nm surface was 0.9 μm,
which suggests the presence, on average, of a monolayer
of cells. At the same time point, the thickness for the
100 nm pore size and nanosmooth control was 24.9 μm
and 18.5 μm, respectively, which indicates 20 to 30 lay-
ers of cells.

L. innocua showed similar biofilm formation trends
to E. coli, although the antifouling effects of the 15 and
25 nm pore surfaces were less pronounced (Figure 2,
Figure 3b, d). At 96 h, the volume and the thickness of
biomass formed by L. innocua on the 15 nm surface
were 11.2 and 15.3 μm, respectively. On average, the
15 nm surface showed about 40% less biomass than the
control and the larger pore diameter surfaces although a
statistically significant difference from the control was
observed only with the 25 nm surfaces (Figure 3b) at
48 h.

Overall, the CLSM observations demonstrate that
anodized alumina surfaces with 15 and 25 nm pores
reduced attachment and biofilm formation by E. coli and

L. innocua, while the 100 nm surface promoted biofilm
formation at a level similar or higher than the nano-
smooth control.

A physico-chemical explanation of bacterial attachment
and biofilm formation

Bacterial attachment and biofilm formation are affected
by factors including the properties of the contact surface,
the composition and temperature of the environment,
bacterial cell physiology and cell surface properties. The
interaction of bacteria cells with solid substrata has been
explained before using the thermodynamic theory, which
considers the surface free energy of the substratum influ-
ences both the strength and reversibility of bacterial
attachment (Zhao, Liu, Wang, et al. 2005). The relation-
ship between surface free energy and relative bacterial
attachment is frequently illustrated by the ‘Baier curve’,
which shows that the number of bacteria attached to
surfaces reaches a minimum at a surface energy of

Figure 3. Average values (n = 3) of biomass and thickness of biofilm matrices formed by live E. coli ATCC 25922 (a, c) and
L. innocua (b, d) at 30 min, 48 h and 96 h for all surfaces. For any given time point, values not connected by the same letter are
statistically different from each other (p < 0.05). Error bars represent the standard error of the means.
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about 25 mN m–1 (Baier 1980). This relationship was
first reported for biofouling in marine applications and
has also been found to hold for microorganisms and
organic contaminants specific to food processing (Zhao,
Liu, Wang, et al. 2005; Zhao, Liu, & Wang 2005; Pereni
et al. 2006; Liu et al. 2006; Zhao et al. 2007). However,
this theory does not account for the role of the bacterial
cells in attachment.

Bacterium–surface interaction is also described by
the Derjaguin and Landau, Verwey and Overbeek
(DLVO) theory (Marshall et al. 1971), which considers
the effect of both surface energy and surface charge on
the cell–substratum interactions (Mafu et al. 1991;
Carpentier & Cerf 1993; Katsikogianni & Missirlis
2004). According to this theory, the total interaction
between a surface and a bacterial cell is the sum of
Lifshitz–van der Waals attractive forces, which are
dominant in the vicinity of the surface, and electrostatic
Coulomb interactions, which become dominant further
away from the surface (Hori & Matsumoto 2010). Chen
et al. (2014) used atomic force microscopy to derive
the long-range Lifshitz–van der Waals adhesion for
wild-type Staphylococcus aureus, and the measured
forces matched those calculated using the DLVO theory,
confirming the validity of the DLVO approach. Bacteria
and natural surfaces in aqueous solutions are usually
negatively charged, which gives rise to a repulsive elec-
trostatic energy (van Loosdrecht et al. 1989). At low
ionic strength, when a bacterium approaches a surface
it encounters an energy barrier that cannot be overcome
solely by motility or Brownian motion; at high ionic
strength, this energy barrier vanishes and bacterial cells
can easily approach the surface and adhere irreversibly
(Bunt et al. 1995; Vigeant & Ford 1997; Otto et al.
1999; Bolster et al. 2001; Hori & Matsumoto 2010).
The DLVO theory was later modified into the extended
DLVO (XDLVO) theory, which also accounts for
hydration forces and hydrophobic forces, summarized
as acid–base interaction forces (van Oss 1993). The
acid–base interaction forces are dominant in the short-
range, but diminish exponentially as separation distance
increases (van Oss 1993).

This approach was employed here to estimate the
bacteria–surface interaction forces. The total energy
needed to bring a bacterium from an infinite distance to
a surface is given by (Li & Logan 2004):

UXDLVO
Total ¼ UAdj

LW þ UAdj
AB þ UAdj

EL (1)

The forces associated with these energies are:

FXDLVO
Total ¼ FAdj

LW þ FAdj
AB þ FAdj

EL (2)

where FAdj
LW represents the Lifshitz–van der Waals attrac-

tion forces, FAdj
AB the acid-base interaction forces and

FAdj
EL the electrostatic repulsive forces.
Since the XDLVO theory is based on smooth sur-

faces (Bhattacharjee et al. 1996), ‘adjusted’ (Adj) values
of these forces were calculated, taking into consideration
the nanoporous structure of the surfaces used in this
work. Contributions from the vertical surfaces and the
bottoms of the cylindrical pores were also considered.

Moreover, a few simplifying assumptions were made:
(i) E. coli ATCC 25922 and L. innocua cells were
assumed to have a spherical shape of equivalent radius
of 317 and 492 nm, respectively (Hsu et al. 2013); (ii)
surfaces have a fully wetting (Wenzel) behavior (Ran
et al. 2008); and (iii) each surface was assumed to be an
infinite planar surface in relation to a bacterial cell. Bac-
terial attachment took place in TSB, approximated as a
1:1 type electrolyte solution of ionic strength IS = 0.1 M,
at pH 7 and T = 310 K. The constants appearing in the
expressions for energy (Table 1) and surface zeta poten-
tial of pure alumina (Table 2) were taken from the litera-
ture. The pore depth and radius, surface porosity of the
surface and the dimensions of the bacterial cells were
determined from SEM images; zeta potential values of
bacterial cells were determined experimentally (Table 2).

The interaction forces exerted on a bacterial cell by a
nanostructured substratum was calculated as:

(1) The Lifshitz–van der Waals energy of attraction
between the cells and the surfaces, assumed as infi-
nite planar surfaces, was calculated using the
retarded Hamaker expression:

ULWðh; dÞ ¼ �Ha

6ðhþ dÞ½1þ 14ðhþ dÞ=k� (3)

where H is the Hamaker constant, a is bacterium radius,
h is the separation distance between the bacterium and
the surface, d is the depth of cylindrical wells and λ is
the characteristic wavelength of interaction between the
bacteria and the surfaces.

The Hamaker constant is given by:

H ¼ �12ph20DGLW (4)

The interaction energy per unit area, DGLW between the
bacterium and the surface, at the minimum separation
distance h0, is:

DGLW ¼ 2
ffiffiffiffiffiffiffiffi
cLWw

q
�

ffiffiffiffiffiffiffiffi
cLWs

q� � ffiffiffiffiffiffiffiffi
cLWb

q
�

ffiffiffiffiffiffiffiffi
cLWw

q� �
(5)
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where superscript ‘LW’ indicates the non-polar compo-
nent of surface tension, and subscripts ‘w’, ‘b’, and ‘s’
denote water, bacterium, and substratum, respectively.

After adjusting for the presence of nanopores in the
surface, Equation 2 becomes:

UAdj
LW ðh; d;PÞ ¼ P � ULWðh; dÞ þ ð1� PÞ � ULWðh; 0Þ

(6)

where P is the porosity of the surface
(P ¼ Areapores=Areatotal). The adjusted Lifshitz–van
der Waals force of attraction is:

FAdj
LW ¼ � @UAdj

LW

@h
(7)

(2) The acid–base interaction between a sphere and infi-
nite planar surface:

UABðh; dÞ ¼ 2pak1DGABe
h0�ðhþdÞ

k1

� �
(8)

DGAB ¼ 2
ffiffiffiffiffi
cþw

p ffiffiffiffiffi
c�s

p þ ffiffiffiffiffi
c�b

p � ffiffiffiffiffi
c�w

p� �

þ 2
ffiffiffiffiffi
c�w

p ffiffiffiffiffi
cþs

p þ
ffiffiffiffiffi
cþb

q
� ffiffiffiffiffi

cþw
p� �

� 2ð ffiffiffiffiffiffiffiffiffiffi
cþs c

�
b

p

þ
ffiffiffiffiffiffiffiffiffiffi
cþb c�s

q
Þ

(9)

where superscript ‘+’ indicates the electron acceptor and
‘–’ the electron donor.

The contact angles of three probe liquids on bacterial
cells and nanosmooth alumina can be used to determine
the surface energy parameters used in Equation 9 by
applying the extended Young equation (van Oss 1993):

1þ coshij
� �

ctotalj ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWi cLWj

q
þ

ffiffiffiffiffiffiffiffiffiffi
cþi c

�
j

q
þ

ffiffiffiffiffiffiffiffiffiffi
c�i c

þ
j

q� �
(10)

The measured contact angle values used for calculating
the polar and non-polar components of the surface ener-
gies are provided in Table 2. The contact angles mea-
sured on nanosmooth alumina surface are comparable to
values found in literature (Li & Logan 2004; Edy et al.
2013). The surface tensions of the three probe solutions,
denoted by cj, are known constants (van Oss 1993; Brant
& Childress 2002).

UABðh; dÞ was modified to account for the contribu-
tion of the vertical surface of the cylindrical nanopores.
Because the acid–base interactions are short-range inter-
actions, it was considered that only the top rim of the
vertical surface of the cylindrical nanopores (within 2 nm
from the surface) provides an additional contribution to
the acid–base interaction. This portion of the internal
surface of the cylindrical pores was approximated as a

Table 1. Values of constants used for the calculation of bacteria–surface interaction forces.

Symbols Parameters/constants Values Source

k Characteristic wavelength of bacteria–surface interaction 100 nm Gregory (1981)
k1 Characteristic decay of acid–base interactions in water 0.6 nm Bhattacharjee et al. (1996)
� Permittivity of water 80 × 8.8854 × 10−12 (C2 J−1 m−1)
h0 Minimum separation between two bodies 0.158 nm Bhattacharjee et al. (1996)
kB Boltzmann constant 1.38×1023 (J K−1)
Ce The elementary charge 1.602×10−19 C
γ Surface tension of water, glycerol, diiodomethane (Multiple values) Li & Logan (2004)

Table 2. Surface properties of bacterial strains and nanosmooth alumina substratum.

Contact angles (°)

Zeta potential (mV)Water Glycerol Diiodomethane

Bacteria
L. innocua FSL C2-008 46.5±1.2 a 65.9±2.3 a 46.4±1.7 d −35.3±1.3 b
E. coli ATCC 25922 40.3±1.1 b 70.7±2.1 a 56.9±3.0 c −29.3±0.4 ab
E. coli K12 WT 22.0±1.6 cd 64.2±3.5 a 67.5±1.2 ab −24.6±3.5 a
E. coli K12 ΔflgA 17.7±1.3 cd 62.1±5.6 a 72.8±0.6 a −27.3±3.2 ab
E. coli K12 ΔfimH 17.3±2.4 d 70.0±0.6 a 64.1±0.8 bc −33.0±1.2 ab
E. coli K12 ΔcsgA 21.4±0.2 c 72.1±4.8 a 65.9±1.4 ab −27.0±1.4 ab
Substratum
Nanosmooth alumina 67.5±5.0 56.9±1.2 43.7±5.4 −26.2±0.5*

Note: Data are presented as means ± the standard error of the means. Within each column, one-way ANOVA was performed at α = 0.05. Within each
column, levels not connected by same letter are significantly different (p < 0.05).
*Value from Li & Logan (2004).
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ring of Nhs hemispheres distributed uniformly along the
circumference. The acid–base interaction energy between
these spheres (from one cylindrical pore) and the bacte-
rial cell above it Ums

ABðh; dÞ, was calculated according to
van Oss (1993):

Ums
ABðh; dÞ ¼ Nhs

1

2
U ss

ABðh; dÞ ¼ p2k1DGABe
h0�h
k1ð Þ (11)

where U ss
ABðh; dÞ is the acid–base interaction energy

between one hemisphere and the bacterial cell. The num-
ber of cylindrical nanopores that contribute significantly
to the repulsion force exerted on one bacterium is:

Nw ¼ P � ðRe=RÞ2 (12)

where Re is the radius of the effective circular interaction
area (assumed as 60% of the equivalent bacterium
radius), P the surface porosity, and R the mean radius of
the pores.

The contribution of the Nw cylindrical walls to the
total acid–base interaction is:

Uwall
AB ðh;R;PÞ ¼ NwU

ms
ABðh; dÞ

¼ P � ðRe=RÞ2 � p2k1DGABe
h0�h
k1ð Þ (13)

The total acid–base interaction energy adjusted for the
presence of the pores becomes:

UAdj
AB ðh; d;R;PÞ ¼ PUABðh; dÞ þ ð1� PÞUABðh; 0Þ

þ Uwall
AB ðh;R;PÞ (14)

Finally, the adjusted acid–base interaction force is:

FAdj
AB ¼ � @UAdj

AB

@h
(15)

(3) The electrostatic interaction energy between a bacte-
rium and the surface is:

UELðh; dÞ ¼ p�a 2wbwsLog
1þ e�kðhþdÞ

1� e�kðhþdÞ

	 
�

þ ðw2
b þ w2

s ÞLog 1� e�2kðhþdÞ
h i� (16)

and

FELðh; dÞ ¼ � @UEL

@h
(17)

The total electrostatic force can be treated as the sum of
three contributions: (1) from the surface, calculated as
ð1� PÞ � FELðh; 0Þ; (2) the bottom of the cylindrical
wells, expressed as P � FELðh; dÞ; and (3) the walls of
the cylindrical wells, FWalls

EL . FWalls
EL is obtained by

integrating the electrostatic force element (force exerted

on an area element of the bacterium bottom surface by
one element of the vertical surface of the pore) over the
vertical surface of one cylindrical pore. Subsequently,
FCen
EL ðh; dÞ was integrated over the circular interaction

area (with radius Ri) of the bottom surface of a bacte-
rium cell. Finally the contribution from each pore was
multiplied by the number of nanopores within the effec-
tive interaction area, Nw, to obtain the electrostatic inter-
action contributed by the walls:

FWalls
EL ðh; d;R;PÞ ¼ FCen

EL ðh; dÞðpR2
i ÞNw (18)

where FCen
EL ðh; dÞ is the electrostatic force per unit bacte-

rium surface area exerted by a cylindrical pore of depth
d and Ri is the radius of the circular interaction area on
the bottom surface of a bacterium cell where the electro-
static interaction is significant.

To determine FCen
EL ðh; dÞ, the surface charge density

of the bacterial cell and the substratum were calculated
using the Grahame equation (Grahame 1953):

rðwi;M1;M2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
8�kBT

p
Sinh½Cewi=2kBT �½M1 þM2ð2

þ e�Cewi=kBT Þ�1=2
(19)

where M1 and M2 are the bulk concentration of monova-
lent cations and divalent cations (estimated to be 0.1 M
and 0 for TSB, respectively); Ce is the elementary
charge; and wi is the surface potential of the bacteria or
the substrate. Surface potentials were assumed to be the
same as the corresponding zeta potentials (Li & Logan,
2004).

The total electrostatic interaction force adjusted for
the presence of the pores becomes:

FAdj
EL ¼ P � FELðh; dÞ þ ð1� PÞ � FELðh; 0Þ þ FWalls

EL

(20)

Figure 4a, b shows examples of interaction forces
between the cells and the 15 nm surface as a function of
the separation distance from the surface, for E. coli
ATCC 25922 and L. innocua, respectively. Figure 5a, b
shows the total force, FXDLVO

Total , calculated for each sur-
face as a function of the separation distance. By conven-
tion, forces pointing towards the surface (attractive
forces) are negative, while forces pointing away from the
surface (repulsion forces) are positive (Li & Logan
2004).

In close proximity of the alumina surface, within
fractions of a nanometer, the bacterium–surface interac-
tion force for both E. coli and L. innocua is attractive
for all surfaces, primarily due to the short range attrac-
tive Lifshitz–van der Waals forces, which are dominant
at this length scale. The acid–base interaction force,
dominant for a separation distance of several nanometers
away from the surface, is strongly repulsive for E. coli
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(Figure 4a) at all separation distances from the surface,
but mildly so for L. innocua (Figure 4b). For both
microorganisms, the dominant contribution to FXDLVO

Total
for a separation distance beyond a few nanometers
comes from the repulsive electrostatic force, though the
maximum of this electrostatic force is only about 1/40 of
the maximum of the acid–base interaction force for
E. coli ATCC 25922, or 1/5 for L. innocua on a 15 nm
surface. These observations are in agreement with the
relative magnitude of forces reported in previous studies
(van Oss 1993; Brant & Childress 2002). As a result of
the tremendous increase in the bacteria–surface interac-
tion area contributed by the cylindrical walls, the acid–
base interaction force, and consequently, the total repel-
ling force FXDLVO

Total increased substantially as the density
of vertical pores per unit surface area increased, which
was the case for the 15 and 25 nm pore surfaces.

The maximum total repulsive force (Fmax) correlated
very well with the number of cells attached to the sur-
face, as shown in Figure 6. The number of cells was
estimated by dividing the biomass volume for each
strain–surface pair by the volume of an individual cell of
that strain. The average cell volumes were calculated
based on the cell size data (Hsu et al. 2013), and were
0.50 μm3 cell–1 for E. coli ATCC 25922 and 0.13 μm3

cell–1 for L. innocua.
For both microorganisms, the 15 nm pore surfaces

exerted the largest peak repulsive force (Fmax) followed
by the 25 nm pore surfaces, with the 50 nm pore surface,
100 nm pore surface and the control exerting comparable,

Figure 4. Interaction forces between bacterial cells and the
15 nm alumina surface as a function of separation distance
between cells and the surface for (a) E. coli ATCC 25922 and
(b) L. innocua (the inset shows a magnified plot). EL: electro-
static force; LW: Lifshitz–van der Waals forces; AB: acid–base
interaction force; TOT: total interaction force.

Figure 5. Total force exerted by the surfaces on the bacteria
cells as a function of distance from the substratum surface for:
(a) E. coli ATCC 25922 and (b) L. innocua (the inset repre-
sents a magnified plot). D: pore diameter.
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and relatively low, Fmax. Figure 6 shows a linear decrease
in cell counts (expressed as log CFU per unit area) as a
function of Fmax for both organisms and all time points.
The Fmax exerted on E. coli is stronger than that on
L. innocua, hence the biomass accumulation is less.

The R2 value of the regression lines was the weakest
at 30 min, and the highest at 96 h. This can be explained
at least in part by the improvement in the signal-to-noise
ratio of the data from 30 min (the lowest number of cells
attached) to 96 h (the highest number of cells). This
correlation is very important, as it relates the bacterium–
surface interaction forces with attachment and biofilm
formation on the alumina surfaces, for both microorgan-
isms used in this study. This correlation offers a signifi-
cant insight into the mechanisms that control bacterial
attachment, and may be used as a predictive tool for the
development of antifouling and antimicrobial surfaces.

Theoretical calculations have been performed to
better understand the effect of various surface topological
characteristics on the total interaction force. Figure 7
summarizes these calculations by showing the effect of
pore diameter and surface porosity on Fmax for both chal-
lenge organisms. Pore diameter has a tremendous effect
on the repulsive force, particularly at pore diameters
below 20 nm, with repulsive forces increasing exponen-
tially as pore diameter decreases, at a fixed surface
porosity. An increase in porosity at a fixed diameter
induces a linear increase in the value of the repulsive
force, while pore depth does not seem to have a

significant effect above several tens of nanometers. This
is well below the depth of pores of anodized surfaces,
which are several micrometers deep. Hence, controlling
the pore diameter, porosity and number of pores per unit
area is key in tuning the total repulsive force and pre-
venting initial attachment. It must also be noted that
Fmax exerted on E. coli ATCC 25922 varies more sub-
stantially in response to changes in porosity and pore
diameter as compared to L. innocua, illustrating the sig-
nificant role of cell surface properties in the attachment
process. This suggests that theoretical calculations of the
physicochemical interaction between each specific bacte-
rium–surface pair are essential to making accurate pre-
dictions of bacterial attachment.

Effect of anodized surfaces on bacterial cells

Although physico-chemical interactions between the sub-
stratum and the bacterial cells seem to play a major role
in attachment, attachment is likely also due to biological
changes experienced by the cells in response to surface
topography. Surface topography has been shown to
induce morphological, transcriptomic and proteomic

Figure 7. Theoretical predictions of the change in maximum
repulsion force as a function of pore diameter and surface
porosity, at fixed pore depth (1 μm) for (a) E. coli and (b) L.
innocua.

Figure 6. Correlation between cell count per unit area and the
peak value of the total interaction (repulsive) force between
bacteria and the surfaces (calculated according to Equation 2)
at 30 min, 48 h, and 96 h. Error bars represent the standard
error of the means (n = 3).
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Figure 8. SEM images of E. coli cells attached to (a) nanosmooth, (b) 15 nm, (c) 25 nm, (d) 50 nm and (e) 100 nm pore surfaces.
Lower magnification images (left) show microbial communities and higher magnification images (right) show details of bacterial
structures that physically interact with the surfaces. These images are representative of at least 10 observed fields.
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shifts in bacteria (Schilling & Bowen 1992; Prigent-
Combaret et al. 2000; Whitchurch et al. 2002; Harmsen
et al. 2010; Hsu et al. 2013). A comprehensive under-
standing of how nanoscale topography affects the expres-
sion of biomolecular entities that play a role in
attachment is not available at present. An aspect some-
what well understood is the surface effect on cellular
adhesins. Rizzello et al. (2011) reported that E. coli cells
grown on nanostructured surfaces lost the expression of
fimbriae, which are considered critical virulence factors
required for initial attachment (Naves et al. 2008).
E. coli is known for its ability to develop cellular
appendages, such as pili and flagella, which have a
strong role in the later stages of microbial attachment
and biofilm formation (Hori & Matsumoto 2010). Bacte-
ria may use these small diameter cellular appendages to
penetrate the energy barrier produced by the repulsive
physico-chemical forces, facilitating cell attachment to an
otherwise repelling surface.

The SEM examination of surfaces with attached cells
show a striking difference between the type and number
of appendages expressed by E. coli on the various sur-
faces (Figure 8), which is consistent with earlier observa-
tions (Hsu et al. 2013). The appendages observed in
this study resemble closely those observed by Prigent-
Combaret et al. (2000) for curli-producing E. coli strains.
The structure of these appendages was distinct from that
of extracellular polymeric substances (EPS) produced by
E. coli (Figure S1). The E. coli cells imaged on the
nanosmooth control (Figure 8a) and the larger pore ano-
dic surfaces (Figure 8d, e) appear clustered in a complex
architecture, and feature a large number of long, inter-
twined appendages. In contrast, the E. coli cells on the
15 and 25 nm surfaces appear as isolated cells and fea-
ture only few, relatively short appendages (Figure 8b, c).
From SEM images, the diameter of the appendages
expressed by the E. coli cells was estimated as 30–
60 nm. For surfaces with pore diameters above this size,
the appendages can easily penetrate inside the pores,
which will help anchor the cells onto the surface. This
was clearly observed for the 50 and 100 nm surfaces, for
which appendages were seen to penetrate inside the
pores (Figure 8d, e). No cellular appendages were
observed for L. innocua under the tested conditions.

Role of bacterial appendages in the attachment process

An attachment assay was conducted using E. coli K12
appendage-deficient mutants, since there were no
appendage-deficient mutants available for E. coli ATCC
25922 used in the rest of the study.

The flagellum-deficient mutant (ΔflgA) showed lower
attachment to both 15 and 100 nm surfaces compared with
the wild type strain (Figure 9), suggesting that flagella
have a significant role in attachment to the anodized

surfaces. The difference in attachment between WT and
the fimbriae-deficient mutant (ΔfimH) was negligible on
either surface type, implying that fimbria may play a
minor role in the initial attachment. Interestingly, the curli-
deficient mutant (ΔcsgA) attached to both surfaces at the
highest level among all E. coli K12 strains. Previous find-
ings revealed that the loss of csgA expression could result
in reduction of biofilm formation (Vidal et al. 1998; Dorel
et al. 1999) and that curli have a significant role in the
structural integrity of mature biofilm matrices (Serra et al.
2013). The discrepancy could be due to the fact that short-
term attachment rather than biofilm formation was
assessed in this study. Beaussart et al. (2014) quantified
the forces guiding the adhesion of Pseudomonas aerugin-
osa to surfaces and showed that type IV pili strongly bind
to hydrophobic biotic and abiotic surfaces in a time-
dependent manner, while flagella and the pili-associated
adhesin PilY1 played no direct role, further substantiating
the complexity of bacterial attachment and the need for
further work in this area.

Nonetheless, in the current study, attachment to the
100 nm surface was higher than on the 15 nm surface,
consistent with the observations from the attachment
study with E. coli ATCC 25922 and L. innocua. How-
ever, differences in attachment were statistically signifi-
cant only for the wild type and the curli-deficient E. coli
K12 strains.

Measurements of water contact angles and zeta
potential for the E. coli K12 strains (Table 2) indicated
that the genetic modifications did not result in any signif-
icant change in cell hydrophobicity or electrical charge.
Therefore, the differences in attachment observed
between the WT and appendage-deficient mutants were
most likely biological in nature, highlighting the role of
surface adhesins in attachment. It is possible that the
strength of attachment by the different strains to the two

Figure 9. Attachment at 30 min by E. coli K12 wild type, fla-
gella-, fimbria- and curli-deficient mutants on 15 and 100 nm
surfaces. Error bars represent the standard error of the means.
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surfaces was different, with a potentially stronger attach-
ment to the 100 nm surfaces, but this hypothesis will
have to be tested in future experiments.

Conclusions

This study reveals the direct effect of the pore diameter
of anodic nanoporous alumina on the attachment behav-
ior and biofilm formation by Gram-positive and Gram-
negative bacterial strains. Nanoporous surfaces with pore
diameters of 15 and 25 nm and relatively large surface
porosity were able to effectively minimize attachment by
E. coli spp. and Listeria spp., and possibly by other
microorganisms. The physico-chemical properties of the
anodized surfaces, which are directly affected by pore
diameter and surface porosity, and the cell surface, as
well as appendages expressed by bacterial cells were
shown to play an important role in attachment.

These findings can be used to design and fabricate
affordable antifouling surfaces for food and water pro-
cessing, as well as dentistry or biomedical applications,
with substantial public health and economic benefits.
Engineering nanoporous anodized surfaces with anti-
fouling properties could translate into virtually immediate
applications, since technology transfer for using anodic
surfaces in numerous applications can be very rapid.
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