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The hospital environment is particularly susceptible to contamination by bacterial pathogens that grow on sur-
faces as biofilms. An increased risk of diseasemay be a direct consequence of their formation. Understanding bac-
terial adhesion to surfaces could be of special interest in order to avoid biofilm formation.
In this work, aluminum alloy plates were modified by coating themwith organosilanes via the sol-gel process in
order to get surfaceswith different points of zero charge (PZCs). These coatingswere homogeneous,with smooth
surface and reducedmetal corrosion. Thesemodified surfaceswere investigated to elucidate their effects on bac-
terial retention at two different times of a strain of Pseudomonas aeruginosa at different pHs. Bacterial retention
revealed significant differences between the coated surfaces. Surfaceswith lowPZC showed a lowbacterial reten-
tion due to electrostatic repulsion. On the other hand, surfaces with high PZC presented a distinct behavior:
bacterial retention increased with pH due to the image charge generated in the metal surfaces. According to
these results, when biofilm formation is undesired, the use of low PZC surfaces is the best choice since they
showed low attachment efficiency in bacterial retention.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Most bacteria live in a biofilm state to enhance their survival and
propagation. A biofilm is a structured community of bacterial cells
enclosed in a self-produced polymeric matrix (glycocalyx) which is at-
tach to an inert or living surface [1]. The process of bacteria attachment
to an available surface and the subsequent development of a biofilm are
determined by a number of variables, including the bacteria species, the
surface composition and environmental factors [2]. Bacterial adhesion
can be divided into two stages: the primary adhesion stage and the sec-
ondary or locking phase [1]. Considering the local environment, some
authorswill include an additional step in this process called surface con-
ditioning in which organic molecules and possibly inorganic materials,
such as metallic oxides or very fine clay mineral particles, attach to
the surfaces and change their surface energy, increasing the possibility
to be colonized [3].

Biofilm formation is a serious problem for public health because of
the increased resistance of biofilm-associated organisms to antimicrobial
agents and the potential for these organisms to cause infections in pa-
tients with indwelling medical devices [4,5].
ítica Instrumental, Facultad de
(UBA), Junín 956, C1113AAD
Pseudomonas aeruginosa is a versatile and ubiquitous pathogen asso-
ciated with a broad spectrum of infections in humans. In health-care
settings, this bacterium is an important cause of infection in vulnerable
individuals such as thosewith burns, neutropenia or receiving intensive
care treatments [6]. Besides, the ability of P. aeruginosa to formbiofilm is
also important for the bacteria persistence in environmental niches,
since the glycocalyx provides a certain degree of protection for its in-
habitants against certain environmental threats, for example biocides,
antibiotics, antibodies, surfactants, and bacteriophages [1].

Biofilms occurring inside the host are associated not only with the
pathogenesis of chronic lung infections in patients with cystic fibrosis
and bronchiectasis but alsowith infections related to indwelling devices
and other prosthesis materials [7].

Aluminum alloys are widely used in hospital enclosure applications
due to its low density, excellent mechanical properties and high resis-
tance to corrosion. This resistance is given by an aluminum oxide pas-
sivation layer which contributes to excellent mechanical and stability
properties [8,9]. However, bacterial contamination of this material is
common [10], and the prevention of bacterial attachment to this surface
can avoid the spread of microbes in hospitals and the related infections
that may occur as a consequence.

The aim of this study is to generate coated aluminum plates so as to
predict bacterial retention on these surfaces by means of electrostatic
interactions. In order to achieve these objectives, aluminum plates
have been functionalized with sulfonic, amine and hydroxyl groups.
The point of zero charge (PZC) of cell surfaces and coated aluminum
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has been evaluated. The coated plates have also been characterized by
Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM),
Energy Dispersive X-Ray Spectroscopy (EDS) and corrosion potential
(Ecorr). P. aeruginosa bacterial retention at two different interaction
times in these surfaces has also been analyzed.

2. Materials and methods

2.1. Surface coating

Aluminum alloy plates (AA 1050) were purchased from Aluar (BA,
Argentina). Tetraethoxysilane (TEOS), 3-mercaptopropyltrimethoxysilane
(MPTMS), and 3-aminepropyltriethoxysilane (APTES) were purchased
from Sigma (St Louis, MO, USA), hydrogen peroxide 30% was acquired
fromCicarelli (BA, Argentina). All other reagents usedwere of analytical
grade.

2.2. Growth and preparation of bacterial suspension

P. aeruginosa ATCC 27853 was grown at 35 °C for 24 h on Luria
Bertani (LB) medium (Britania, BA, Argentina).

2.3. Plates coating

The films were made on aluminum alloy plates (AA 1050) of
2.5 cm × 2.5 cm. They were conditioned by washing them with neu-
tral extran (Merck™) and water, degreased with ethanol 96%V/V,
rinsed with deionized water and immersed in NaOH 1 M solution for
5 min. After that, they were rinsed with deionized water and dried at
room temperature.

2.3.1. TEOS coating
A TEOS sol was prepared by sonicating (35 kHz, Transsonic Tl-H-5,

Elma, Germany) a mixture of 1 mL of TEOS, 0.06 mL of 0.05 M HCl and
0.2 mL of deionized water for 30 min at 20 °C. The coating solvent mix-
ture was prepared by making a 5-fold dilution of the TEOS sol in a mix-
ture of acetone:water (75:25) [11]. The coatings were carried out by
immersing vertically the pre-treated aluminum alloy plates in the sol
for 15 s. For additional layers, the first coating film was allowed to dry
for 20 min before the following step. After then, they were dried at am-
bient condition. The plates that had three layers (3-TEOS) were chosen
for the rest of the assays because the PZC was lower than with one or
two layers (Supplementary data 1).

2.3.2. APTES coating
APTES (0.022 mL) was added into a solution containing 2.5 mL

ethanol, 0.5 mL ammonia and 22.0 mL deionized water. The plates pre-
viously coated with three layers of TEOS (3-TEOS) were incubated in
this solution at room temperature with gentle shaking for 18 h. After
that, they were rinsed with deionized water and air dried. These plates
were named T-APTES.

2.3.3. MPTMS coating
An MPTMS sol was prepared by sonicating a mixture of 1 mL of

MPTMS, 0.06 mL of 0.05 M HCl and 0.2 mL of deionized water for
15 min at 20 °C. The coating solvent mixture was prepared by making
a 5-fold dilution of the MPTMS sol in a mixture of acetone:water
(75:25). The coating was carried out by immersing vertically the plates
that had been coatedwith one layer of TEOS in the sol for 15 s. For addi-
tional layers, the first coating film was allowed to dry for 20 min before
the following coating. After that, theywere dried at ambient conditions.
The thiol groups attached to the surface were oxidized with a 9% H2O2

solution; they were incubated with gentle stirring for 90 min at room
temperature. Afterwards, they were rinsed three times with deionized
water. In order to ensure that all the sulfonic groups were protonated,
the plates were incubated in a 0.01 N HCl solution for 1 h. The plates
were washed with deionized water three times and dried under ambi-
ent conditions. The plates that had three layers of oxidized thiol groups
were chosen for the rest of the assays and named 3-MPTMS-Ox.

2.4. Coatings and microorganisms characterization

2.4.1. Infrared spectrum
ATR-FTIR transmission spectra were acquired in the range of

4000–650 cm−1, using a Fourier transform infrared spectrometer
(FT-IR) with ZnSe flat-plate attenuated total reflectance (ATR) (Nicolet).
All slides were previously dried for 24 h at 60 °C to avoid interference
from water related bands.

2.4.2. Amine groups density in T-APTES plates
In order to determine amine group density of T-APTES plates, we

followed the picric acid method. Briefly, three APTES coated aluminum
slides were neutralized with 0.287 M Pyridine in dichloromethane for
6 min, and then washed with dichloromethane for 2 min.

Then, the slides were treated with 0.1 M picric acid for 10 min and
washed five times with dichloromethane for 2 min each time. The
picratewas elutedwith the pyridine solution for 6min. The solution ab-
sorption at 358 nmwas measured spectrophotometrically. The concen-
tration of amine group in the solution was obtained by comparing the
absorption at 358 nm of the unknown solution with that of a standard
picrate solution [12,13].

2.4.3. Scanning electron microscopy–energy dispersive X-ray analysis
Samples were analyzed using a Zeiss SUPRA 40 microscope for

scanning electron microscopy (SEM), while elemental analyses were
carried out by energy dispersive X-ray analysis, using an EDX analyzer
(OXFORD instrument).

2.4.4. Point of zero charge
The points of zero charge (PZC values) of the aluminum alloy plates

(nude plates, 3-TEOS, T-APTES, 3-MPTMS-Ox) and a P. aeruginosa sus-
pension were determined by the pH drift method [14]. The plates
were used as described above and the microorganisms were grown in
LB medium for 24 h and then washed with sterilized 0.85% saline solu-
tion three times.

A series of solutions of different pHwere prepared using a solution of
0.01 M NaCl that had been boiled to remove dissolved CO2 and then
cooled to room temperature. The pH was adjusted to a value between
1 and 10 using 0.1 M HCl or 0.1 M NaOH and their pH was recorded
(initial pH). Then, the samples were immersed in each solution and
the drift in the pH after 48 hwasmeasured (final pH). Since the addition
of a solid into a solution (with a particular pH) induces a shift in the pH
in the direction of the PZC, then the pHatwhich the addition of the sam-
ple did not induce a shift in the pH was taken as the PZC. All measure-
ments were carried out in triplicates.

2.4.5. Electrochemical assays
Potentiodynamic polarization curves were measured with a Teq-

V1.00 Electrochemical Unit. The tests were carried out at room temper-
ature in 0.2 M phosphate solution adjusted to pH 12. A three electrode
cell was employed. A platinumplatewas used as the auxiliary electrode,
and a saturated calomel electrode as the reference electrode. The alumi-
num coated plates were used as the working electrodes. Polarization
curves were measured from −2.2 V up to 2.3 V, at a sweeping rate of
0.005 V/s. Corrosion density current (Icorr) and corrosion potential
(Ecorr) were determined by Tafel polarization technique. The anodic
and cathodic current potential curves were extrapolated up to their in-
tersection at the point where Icorr and Ecorr were obtained [15–17].

2.4.6. Bacterial retention tests
Bacterial retention was determined at short term and long term in-

teraction times for 24 and 48 h, respectively. Microorganisms were



Fig. 1. IR spectra of T-APTES, nude, 3-TEOS and 3-MPTMS-Ox aluminum slides.

147M.E. Villanueva et al. / Surface & Coatings Technology 254 (2014) 145–150
stabilized in three media with different pH: 4, 6 and 8. Phosphate solu-
tions (0.2M)were used to control the pH. These assayswere performed
using microorganisms (108 cfu/mL) grown in LB medium for 24 h,
washed with sterilized 0.85% saline solution three times, and stabilized
for 24 h using 0.2 M phosphate solution for short term bacterial reten-
tion and LB broth diluted 500 fold with a 0.2 M phosphate solution for
long term bacterial retention.

Each plate was steam sterilized (121 °C during 20 min, pressure
1.1 bar) and then incubated in 5mL of the previously described bacteria
suspensions. Plates were also incubated with different pHs sterilized
phosphate solutions as controls.

After 24 h for short term bacterial retention and 48 h for long term
bacterial retention, the plates were removed with sterilized forceps
and rinsed with sterilized water 3 times. Then they were incubated for
30 min with methanol, rinsed with deionized water and incubated
with 0.1% crystal violet for 1 h. After that, the plates were rinsed with
deionized water and submerged in 3 mL of ethanol. The eluted crystal
violet was measured spectrophotometrically at 569.5 nm [18]. No sig-
nificant crystal violet adsorption was found for the bacteria free control
plates. P. aeruginosa survival was analyzedwith the living/dead colorant
2,3,5-triphenyltetrazolium chloride at the different pHs and interaction
times used in this assay. The results confirmed that these conditions do
not interfere with their survival.

The results were presented according to the attachment efficiency,
R, which was calculated by normalizing the Absorbance at 569.5 nm at
each experimental condition by the initial turbidity of the cell culture
used. Initial turbidity at 600 nm was fixed at 0.2 ± 0.05 absorbance
units [19].

R ¼ A sample – A controlð Þ=Tð Þ

A sample = sample absorbance
A control = control absorbance
T = turbidity of cell culture used.

All experimentswere conducted in triplicate, each time using a fresh
cell suspension.

2.5. Statistics

All quantitative results were obtained from triplicate samples. Data
were expressed as means ± SD. Statistical analysis was carried out
using the two-way ANOVA and a Bonferroni multiple comparison
post-test. A value of p b 0.05 was considered to be statistically
significant.

3. Results and discussion

3.1. Characterization of the chemical and physical properties of modified
surfaces

The transmission infrared spectrumof the plates surface coatedwith
TEOS, APTES, andMTPMS oxidized were characterized (Fig. 1). The four
kinds of coated plates showed typical silicon oxide broad bands at
764 cm−1, 874 cm−1 and 1045 cm−1 corresponding to symmetric
Si\O\Si bond stretching, Si\OH bond stretching and asymmetric
Si\O\Si bond stretching, respectively. These bands accounted for the
presence of the silicon oxide polymeric network [20–22].

In 3-MPTPMS-Ox plates spectrum, it could be observed a sharp band
at 1239 cm−1 accounting for S_O stretching vibration of the sulfonic
acid group [23]. In the case of T-APTES spectrum, it did not show the
presence of amine groups. The lack of an amine bandprobably indicated
that the amount of amine groups in the surface was low.

SEM images (Supplementary data 2) did not showmajor topograph-
ical variations between the coatings. In order to assess the coating
homogeneity, EDX elemental analysis and mapping were performed.
All the coated plates revealed the presence of Al, C, Si and O, coming
from aluminum alloy and the silicon oxide coating. For EDX mapping
(Fig. 2), Al and Si were chosen as representative elements since they
are more sensitive and are the main components in the alloy and the
coatings. The distributions of the elements indicated that the coatings'
elemental composition was homogeneous.

The PZC values obtained for P. aeruginosa and the nude and
derivatized aluminum plates are shown in Table 1.

Metals and metalloid oxides (such as Al and Si, respectively) are
known to suffer hydroxylation in the presence of adsorbedwatermole-
cules, forming two types of co-existing hydroxyl groups: the basic-type,
and the acidic-type. Basic sites accept a proton whereas acidic sites do-
nate a proton yielding positively and negatively charged sites, respec-
tively. It follows that the net charge of the hydroxylated surface will
alterwith the pHof the electrolyte due to variations in the degree of ion-
ization of these groups. There is a pH at which the number of positively
charged (basic) hydroxyls equals the number of negatively charged
(acidic) ones in the absence of other adsorbed ions; this is called the
point of zero charge (PZC) of the oxide. For a typical hydroxylated sur-
face, the charge of the oxide changes from positive at pH b PZC to neg-
ative at higher values of pH [24,25].

In the derivatized plates, the PZC was influenced by functional
groups of the coating monomers. Thus, lower PZC were found for
those containing acid groups, such as Si\OH and\SO3H, and higher
values were found for the ones containing basics groups, such
as\NH2. The overall influence of all functional groups in the coated
plates determined PZC. On the other hand, the charge on an organic sur-
face, such as bacteria may arise from protonation of functional amine,
phosphoryl or carboxyl groups. It was not possible to obtain themagni-
tude of the charge at every pH with the results of this simple model.
However, a positive charge value at pH below the PZC, and a negative
one above the PZC could be predicted.

Amine groups in T-APTES plates, as it was mentioned before, could
not be determined neither by FT-IR nor by EDX probably due to low
sensitivity. On the other hand, quantification of the amine groups by
means of the picrate method could show that this coating had
0.53 μmol of amine groups per cm2. Such results and the fact that the
APTES coating, which was over the 3-TEOS plates, raised the PZC from
5.0 to 7.1, confirmed that a layer with basic groups had been grafted
on to the surface.

The electrochemical assays (Table 1) revealed a decrease of the Icorr
and an increase in the Ecorr, showing that the presence of the coatings
improved the corrosion resistance of the plates after immersion in
pH 12phosphate solution. The coating acted as a barrier to prevent elec-
trolyte from reaching the metal surface.



Fig. 2. EDX mapping images. The right panel corresponds to Aluminummapping and the left panel to Silicon mapping.
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3.2. Bacterial retention

Controlling bacterial retention in aluminum alloy surfaces may be of
interest to avoid bacterial spread in hospital environments. It has been
shown that the initial attachment of bacteria to substrates plays an impor-
tant role in biofilm formation [26]. Thus, the study of the parameters that
influence bacterial retention could lead to prevent the undesirable effects.

pH is an important property that may influence bacterial retention
and subsequent biofilm formation. The data are based on the measure-
ments of bacterial retention at two different interaction times of
P. aeruginosa over the pH range of 4–8. Attachment trends for the bacte-
ria are shown in Fig. 3 for short term bacterial retention and Fig. 4 for
Table 1
Surfaces PZC, Ecor, Icorr.

Surfaces PZC Ecorr (mV) Icorr (nA/cm2)

Nude aluminum plate 6.8 −1848 ± 20 −36 ± 13
3-TEOS 5.0 −2061 ± 21 −27 ± 1
T-APTES 7.1 −1916 ± 23 −27 ± 23
3-MPTMS-Ox 4.7 −1943 ± 1 −26 ± 1
P. aeruginosa 4.5 – –
long term bacterial retention, with values of the attachment efficiency
(R) plotted as a function of pH.

Differences in bacterial retention were observed as the pH was var-
ied. In order to simplify the analysis, the results were examined dividing
them in two groups: those with high PZC, T-APTES (PZC = 7.1) and
nude aluminum (PZC = 6.8); and those with low PZC, 3-MPTMS-Ox
(PZC = 4.7) and 3-TEOS (PZC = 5.0) (Table 1).

3.2.1. Short term bacterial retention
At pH 4, all surfaces showed a minimal short term bacterial

retention, and the R differences between treatments were not signifi-
cant (p N 0.05). For P. aeruginosa, the PZC was 4.5 close to pH 4
(Table 1). Theminimal bacterial retention occurred at this pointwas re-
lated to the change in the ionization state of bacterial cell surface func-
tional groups (i.e., carboxyl, phosphoryl and amine groups). Being near
the bacteria PZC, the overall surface charge will approximate zero.
Therefore, the electrostatic forces between the bacteria and the metal
surface should be relatively weak [26]. As the electrostatic force was
not the only factor that influences the cell adhesion on metal [27], the
minimal short term bacterial retention found at this pH may be due to
hydrophobic interactions.

Since no change in cell surface hydrophobicity was expected upon
changing the pH of the medium [28], at higher pHs the bacterial cell

image of Fig.�2


Fig. 4. Attachment efficiency (R) in P. aeruginosa long term bacterial retention. Values are
expressed as mean ± SEM. Two-way ANOVA followed by Bonferroni, different letters
represent significant difference with p b 0.05.
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surfaces possessed net negative electrostatic charge by virtue of ionized
phosphoryl and carboxyl substituents, and this would be the factor that
rules the adhesion of P. aeruginosa cells to aluminum alloy surfaces [29].

Short term bacterial retention in high PZC surfaces increased when
pH was raised to 6 and 8. At pHs 6 and 8, the presence of negatively
charged COO− increased the electrostatic forces and the bacteria have
a thicker electric double layer (EDL) [27,30]. Since T-APTES and nude
aluminum surfaces were close to their PZC, the net charge was low in
both cases and the EDL was thinner than at pHs away from PZC. It was
expected that the interactions between bacteria and the metal surfaces
were relatively weak, whichwould lead to a low bacteria retention. De-
spite this, electrostatic attraction may still occur. When a charged parti-
cle (such as bacteria), approaches a charged surface (such as aluminum
surfaces), a so-called image charge will develop. This image charge will
be opposite in sign to the charge of the approaching particle, and will
form or disappear by charge rearrangement in the conductingmaterials
as it goes towards or away from the surface, respectively. Upon contact,
the attractive force between the negatively-charged particle and its
image charge is maximal. Hence, the interaction with the image charge
causes an additional attraction between these surfaces and the nega-
tively charged bacteria [26,31].

In T-APTES derivatized surfaces, the higher bacterial retention at pH
8 than at pH 6 was due to a weaker image charge at the latter because
the protonated amine groups present in the film layer minimize this ef-
fect. At pH8 the amine groupswere not protonated and the thicker elec-
tric double layer in the bacterial membrane caused a greater image
charge, which generated a higher bacterial retention.

In surfaces with low PZC short term bacterial retention was signifi-
cantly lower than in those with high PZC at pH 6 and 8 (p b 0.05).
There was no significant difference in R between low PZC surfaces at
pH 4, 6 and 8 (p N 0.05). This similarity was related to their PZC,
which are very close (3-MPTMS-Ox, PZC = 4.7; 3-TEOS, PZC = 5.0).
At pH 6 and 8, both surfaces were negatively charged and the predom-
inant interaction process was the electrostatic repulsion. The contact of
metal with a solution containing concentrated bacteria (108 cfu) was an
extreme situation for metallic materials and it represented the worst
case scenario of biological contamination. Still, a low bacterial retention
was found in low PZC surfaces. Thus, in clinical settings such reduction
would be relevant.

3.2.2. Long term bacterial retention
In the second phase of bacterial adhesion,which leads to biofilm for-

mation, a stronger adhesion of bacteria to the surface occurs [32].
Fig. 3. Attachment efficiency (R) in P. aeruginosa short term bacterial retention values are
expressed as mean ± SEM. Two-way ANOVA followed by Bonferroni, different letters
represent significant difference with p b 0.05.
Bacterial retention in surfaces is related to subsequent biofilm forma-
tion. Fig. 4 illustrates long term bacteria retention.

In low PZC surfaces and nude aluminum surfaces, these results were
in agreement with those of short term bacterial retention. Yet, different
behavior between short and long term bacteria retention was found at
T-APTES surfaces. As expected, long term bacterial retention was signif-
icantly higher than at low PZC surfaces. However, the highest long term
bacterial retention was found at pH 6, and the highest bacterial reten-
tion at 24 h was found at pH 8. This difference may be because, at a lon-
ger period of time, the irreversible attachment to surfaces is mediated
bymolecular interactions between bacterial surface structures and sub-
stratum surfaces. Probably this process required longer exposure times
where the surface charge effect prevailed over the image charge phe-
nomenon. Therefore, at pH 6 T-APTES low protonated surface would
present higher tendency for long term bacterial retention than at pH 8
where negatively charge bacteria has a weaker affinity towards un-
charged amine groups.

In virtually all natural systems where bacteria are present and can
develop biofilms, there are proteins which play a significant role in bio-
film formation [32]. In order to minimize the protein adsorption to the
surfaces, their overall electrical charge should be neutral among other
characteristics [33].Concerning electrostatic interactions, when the sur-
faces are at a pH near their PZC, the protein adsorption will beminimal,
and that will reduce the bacterial attachment.

It is well known that surface roughness influences bacterial attach-
ment [34,35]. Surface roughness differences could be observed among
SEM images of coated surfaces. However, in this work, the short and
long term bacterial retention was similar within the surfaces that had
similar PZC. Thus, the roughness parameter was considered negligible
compared to the influence of the surface charge.

As well as electrostatic interactions, bacterial adhesins play a signif-
icant role in bacterial attachment despite their small contribution to the
overall expression of the physicochemical properties of the cell surface.
Thus, to predict bacterial attachment in other species, the presence of a
different kind of adhesins should be taken into account.

4. Conclusion

Aluminum alloy surfaces have been coated using sol-gel techniques.
The aim of this study is to generate coated aluminum plates to
predict bacterial retention on these surfaces considering electrostatic
interactions. In order to achieve these objectives aluminum plates
have been functionalized with sulfonic, amine and hydroxyl groups.

image of Fig.�4
image of Fig.�3
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The PZC of cell surfaces and coated aluminumplates has been evaluated,
same as Ecorr and Icorr.

These films were homogeneous and with a smooth surface. Besides,
as shown by electrochemical measurements, the different coatings
acted as a protecting barrier against the electrolyte access to the metal
surface, giving them additional protection against corrosion.

Bacterial retention at two different interaction times was studied in
these surfaces. According to these results, when bacterial attachment
was undesired the use of low PZC surfaces such as 3-MPTMS-Ox and
3-TEOS showed to be the best choice as they presented a low attach-
ment efficiency in bacterial retention in the range of pH 4–8. Therefore,
the PZC of the coatings should be similar to the bacterialmembrane PZC
in order to minimize electrostatic interaction.

The implication of this study is that the use of low PZC surfaces
would be an alternativeway to prevent infectious diseases since biofilm
formation in healthcare settings could lead pathogens to persist as a res-
ervoir and its eradication is much more difficult and expensive than its
prevention.
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