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Bacteria attached to solid surfaces and encased in a self-synthesizedmatrix, so-called biofilms, are highly difficult
to eradicate and present negative impact on industry and human health. The ability of supramolecularly tem-
plated mesoporous silica coatings to inhibit biofilm formation in Pseudomonas aeruginosa is shown here. Assays
employing submerged and air-liquid interface biofilms demonstrated that mesoporous coatingswith tuned pore
size significantly reduce the number of attached bacteria and matrix production. Given its versatility, scalability,
robustness and low cost, our proposal is attractive for the production of transparent, inert and permanent
antibiofilm coatings that could be applied on multiple surfaces.
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1. Introduction

In nature, bacteria generally are not found as free cells but form com-
plex structures attached to solid surfaces. In these structures, known as
biofilms, bacteria grow embedded in a self-made matrix consisting of
water and extracellular polymeric substances [1]. Biofilms have re-
ceived great attention in the last years because of their enormous im-
pact on industry and human health and their detrimental effects in
economics and sanitary terms worldwide. They grow on industrial set-
tings producing corrosion of pipelines and other facilities [2]. Biofilms
also form on food-processing environments, water distribution systems
and medical devices such as catheters, contact lenses and heart valves,
with the consequent risk of a pathogenic process [3].

Bacterial biofilmshave high resistance to antibiotics and other bacte-
ricidal agents compared to free cells [4]. In addition to conventional an-
timicrobial agents, alternatives approaches based on the use of
nanotechnology (surfaces modification, nanomaterials) are intensely
EISA, Evaporation-Induced Self
ng Electron Microscopy; TEM,
X-ray Scattering; NMS, non-
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investigated to counteract bacterial biofilms [5–8]. It is widely accepted
that the better way to combat biofilms is to prevent its formation in-
stead of the use of chemical and physical treatments to eradicate them
when they are installed [5]. Biofilm formation is a process that includes
an initial phase of cell attachment, regulated by physical forces and hy-
drophobic interactions, and a subsequent phase of molecular-specific
reactions between the cells and the surface leading to strong adhesion
and proliferation [9]. The adhesion of microorganisms to surfaces not
only depends on cell membrane properties and environmental factors,
but also on the surface topography and roughness [9]. Taking this into
account, controlling biofilm formation by tuning surfaces at nanoscale
level is a major challenge in the development of antibiofilm strategies
[5]. While it is usually accepted that surfaces with features smaller
than bacterial cells inhibit bacterial attachment [10–15], the opposite ef-
fect was also described [16,17]. On the other hand, no difference be-
tween smooth and nanorough surfaces has been observed in sol-gel
derived nanoporous TiO2 deposited on titaniumdental implant surfaces
[18]. In this context, complex interplay among porosity, pore topology,
roughness and hydrophobicity were observed in commercial titanium
substrates assessed for bacterial attachment [19].Moreover, a given sur-
face can produce different effects depending on themicroorganism test-
ed [11]. Considering these controversies and the fact that these
structures are usually obtained by difficult, expensive anddelicate treat-
ments, it is interesting to investigate newalternatives. In this regard, de-
veloping a simple and inexpensive method to cover a wide range of
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surfaces by highly controlled nanorough films would be very useful in
the field of antibiofilm treatments.

Mesoporous Oxide Thin Films (MOTF) obtained by the so-called
Evaporation-Induced Self Assembly (EISA) method have been applied
in technologies such as catalysis, sorption, filtration, sensor devices
and regulation of adhesion and proliferation of human osteoblastic
cells [20–22]. MOTFs offer simplicity, low costs of production,
nanostructural flexibility and robustness for the preparation of highly
controlled nanoscale topographies. While anodized metal surfaces
have demonstrated antibiofouling properties, their application is limit-
ed to conductive substrates. We took advantage of the straightforward
and highly reproducible EISA thin film deposition and demonstrate in
this work the possibility of utilizingmesoporous silica surfaces obtained
by this technology to inhibit the biofilm formation of Pseudomonas
aeruginosa (P. aeruginosa), a bacterium capable to form strong biofilms
with enormous impact on medicine and industry [23,24]. Inhibition of
biofilm formation through silica MOTFs has never been demonstrated
before, and therefore, it is significant for the further development of
antibiofilm transparent coatings on a variety of conductive or non-con-
ductive substrates. In addition, this study contributes to the understand-
ing of the influence of nanotopography on the formation of bacterial
biofilms.
2. Experimental

2.1. Preparation and characterization of silica thin films

Glass substrates were dip-coated at 40–50% relative humidity (RH)
and 1 mm s−1 withdrawal rates. Si(OEt)4 (TEOS) was used as the inor-
ganic precursor, and CTAB (C16H33–N(CH3)3Br) and Pluronics F127
(HO(CH2CH2O)106(CH2CH(CH3)O)70-(CH2CH2O)106OH) (F127), were
selected as the templates. TEOS was prehydrolyzed by refluxing for
1 h in awater/ethanol solution; [H2O]/[Si] = 1; [EtOH]/[TEOS]= 5. Sur-
factant template, alcohol, and acidic water were added to the
prehydrolyzed solution in order to prepare the precursor solutions,
with final composition TEOS:EtOH:H2O (0.1 M HCl):CTAB equal to
1:40:5:0.1 molar ratio or TEOS:EtOH:H2O (0.1 M HCl):F127 equal to
1:40:5:0.0075 molar ratio. After deposition by dip-coating, the films
were placed in a 50% RH chamber for 24 h. The filmswere then subject-
ed to a consolidation thermal treatment, which consisted of heating at
60 °C for 24 h and at 130 °C for another 24 h. Finally, the films were cal-
cined at 350 °C for 2 h in order to remove the template. For comparison,
nonporous filmsweremade as described, but in the absence of the poly-
meric template. Film thickness were obtained from the ellipsometric
parameters ψ and Δ at each P/Ps (Ps being the saturation water pres-
sure), which was varied from 0 to 1 using a SOPRA GES5A apparatus,
equipped with microspot optics. Pore size distributions of mesoporous
films were obtained from water adsorption–desorption isotherms de-
termined by Ellipsometric Porosimetry (EEP) according to current pro-
tocols [25]. Film porosity was evaluated by the WinElli 2 software
(SopraInc), which transforms the variation of n with P/Ps into filled
pore volume by using a three-medium BEMA treatment. Pore and
neck size distributions are derived according to a Kelvin model. Contact
angles were determined by averaging measurements on five distilled
water droplets using a Ramé-Hart 290 contact-angle apparatus. Micro-
graphs were obtained using a Philips EM 301 TEM operating at 60 kV.
2.2. Bacterial strain and growth conditions

The study was conducted using the prototypical P. aeruginosa strain
PAO1 (B. W. Holloway). Bacterial cultures were grown at 37 °C in com-
plete LB broth (10 g tryptone, 5 g yeast extract and 5 g NaCl bring the
volume up to 1000 mL in distilled water); for growth in solid medium,
15 g L−1 agar were added.
2.3. Biofilm formation

Control and mesoporous slides employed in biofilm assays were
20 mm × 25 mm × 1 mm; they were sterilized by soaking in ethanol
70% and subsequent evaporation at 60 °C before use in biological assays.
For the formation of submerged biofilms, slides were placed horizontal-
ly at the bottom of 100 mL glass beakers and covered by 10mL of over-
night cultures diluted to an optical density at 650 nm (OD650) of 0.01 in
LB. For air-liquid interface (ALI) systems, the slideswere placed vertical-
ly at the bottom of 50mL Falcon tubes and covered by 5mL of overnight
cultures diluted to an OD650 of 0.01 in LB so that about half of the slide
was submerged. The beakers and tubes were capped with cotton
plugs and incubated at 37 °C for 4, 8 or 24 h without shaking.

2.4. Biofilm quantification

The number of viable cells on the slides was evaluated by counting
the number of colony forming units (CFU) on LB plates [26]. To this
end, glasses containing the biofilms were removed at the indicated
times (4, 8 or 24 h) and washed with distilled sterile water to eliminate
unattached cells. The bacterial biomass was scraped from the glass with
a sterile plastic spatula and homogenized by vigorous vortexing in NaCl
0.1 M. Appropriate dilutions of these suspensions were spread onto LB
solid medium and the colonies were counted after 24 h incubation at
37 °C. Total biofilm mass on test and control surfaces was evaluated
by the crystal violet stain method [27]. To this purpose, slides carrying
24 h old biofilms were washed with distilled water to remove unat-
tached cells and stained with 0.1% (wt vol−1) crystal violet solution
for 30 min. The slides were washed and the crystal violet attached to
the slides was dissolved in a mixture of 96% ethanol and 30% acetic
acid (1:1). Absorbance at 575 nm was measured in the resulting solu-
tion. A set of slides carrying 24 h old biofilms stained with crystal violet
wasphotographed to illustrate the effect ofmesoporous surfaces on bio-
film formation. Matrix fractionation and quantification of extracellular
polymeric substances (polysaccharides, proteins and DNA) present in
this compartment was based on protocols employed in the laboratory
[26]. To this end, slides carrying 24 h old biofilms were removed from
the glass beakers and washed once with distilled water. The biofilms
were carefully scraped from the glass surfaces and suspended in 0.1 M
NaCl. The cells were dispersed by vigorous stirring for 5 min at room
temperature and then separated by centrifugation for 30 min at 4 °C.
The absence of cells in the supernatant (matrix fraction) was confirmed
by plating on solid LB medium. The viable cell number obtained in the
cell fraction was similar to that observed in biofilm assays without ma-
trix separation, indicating that no significant cell lysis was generated by
the procedure. Content of polysaccharides, proteins and DNA was then
evaluated in the matrix fraction. Polysaccharides content was deter-
mined by the phenol/sulfuric acid method, using glucose as standard
[28]. Protein content was determined by the Lowry's method, using bo-
vine albumin as standard [29]. Extracellular DNA was quantified by
evaluating the absorbance at 260–280 nm using a Nanodrop 2000
(Thermo Scientific NanoDrop).

2.5. Scanning Electron Microscopy (SEM) images

24 h biofilmswere fixed in 2.5% glutaraldehyde for 2 h, washedwith
MilliQ water and dehydrated in a graded ethanol series (75%, 96%,
100%). Then, they were dried, sputter-coated with gold and examined
by SEM. SEM images were obtained using a SUPRA 40 (Carl Zeiss AG)
microscopy.

2.6. Statistical analysis

All samples were analyzed at least in triplicate. Data are represented
as means ± SE. Statistical significance was assessed by Student's t-test;
p b 0.05 was considered statistically significant.



Table 1
Structural data and contact angle measurements of the films employed in this study.

Film type Pore size
(nm)

Porosity
(%)

Thickness
(nm)

Contact angle
(°)

NMS – 5 ± 0.5 93 ± 1 23.0 ± 1
MS-4 4.1 ± 0.5 42 ± 2 150 ± 1 16.0 ± 1
MS-9 9.2 ± 0.8 37 ± 2 100 ± 1 28.0 ± 2
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3. Results and discussion

3.1. Synthesis and characterization of nanostructured silica coatings

The EISAmethod was used to build a set of silica thin films with dif-
ferent mesoporous structures on standard microscope glass slides, as
described previously [22,30]. Transparent and crack-free films were de-
posited by dip-coating using the supramolecularly templated partially
hydrolyzed oxide precursor Si(OEt)4 (TEOS). CTAB and Pluronics F127
were chosen as surfactants to attain different lyotropic mesophases in
order to create surfaces with different pore sizes and symmetries after
removal of the template. Control surfaces were non-nanoporous silica
films (hereafter NMS), which were synthesized by the same procedure
described above but without the surfactant template. EEP of mesopo-
rous films (Fig. 1) showed a large pore volume (37–40%) and uniform
pore size estimated from the adsorption branch. In the case of CTAB-
templatedfilmswith a 3Dhexagonalmesostructure, an average pore di-
ameter of ca. 4 nm was obtained (hereafter MS-4). Larger pore diame-
ters were obtained in the case of Pluronics F127, resulting in a cubic,
9 nm pore diameter mesostructure (hereafter MS-9). These differences
in mesoporous structure are illustrated in their respective Transmission
ElectronMicroscopy (TEM) images inserted in Fig. 1 and Small Angle X-
ray Scattering (SAXS) patterns showed in the Supplementary data (Fig.
Fig. 1. Pore size distribution of mesoporous films employed in this study. The pore size
distribution was obtained by water adsorption-desorption isotherms at 298 K. TEM
images of the mesoporous films are shown as inserts. MS-4 and MS-9 refers to films
with average pore diameter of ca. 4 nm and 9 nm, respectively.
S1). The structural features and contact angle measurements of the dif-
ferent films utilized are summarized in Table 1 [22,30]. Contact angle
values indicated that all the surfaces were hydrophilic, with the meso-
porous surface MS-4 presenting relatively higher hydrophilicity than
NMS and MS-9 films.

3.2. Antibiofilm effect of nanostructured silica coatings

In order to analyze the effect of mesoporous silica coatings on bio-
film formation, static systems instead of continuous flow methods
were employed because they are useful for examining early events in
biofilm formation [27]. Two types of assays were performed: sub-
merged, where the surfaces remained completely covered by the cell
suspension, andALI, where only about half of the surfaceswere covered.
In submerged assays, the biofilm grows in patches on the entire surface,
while in ALI assays, the biofilm forms preferentially at the air-liquid in-
terface. It is worth to mention that submerged systems are the most
commonly used in biofilms studies. On the other hand, studies with
ALI systems are relevant for industrial and piping facilities because
these structures are partly filled with liquids during operation [31].
The assays were conducted with P. aeruginosa, a microorganism largely
employed as model in biofilm studies. This microorganism is a versatile
bacterium present in aquatic and terrestrial environments and a rele-
vant opportunistic pathogen of humans.

Fig. 2 shows the effect of nanoporous silica coatings on the number
of viable cells (CFU) in 4, 8 and 24 h old biofilms. The viable cell count
after 4 h incubation showed no significant difference between
nanoporous and smooth surfaces in both submerged and ALI systems.
However, after 8 h incubation, the number of adhered cells to MS-4
andMS-9 in submerged systemswas significantly lower (p b 0.01) com-
pared to smooth surfaces, although no difference was observed be-
tween both nanostructured films. In ALI systems, a significant
decrease on cell adhesion (p b 0.05) was observed only in MS-9 films,
where the number of adhered cells decreased 4-fold compared to
smooth surfaces. The analysis of mature biofilms was performed on
24 h old biofilms because biofilms cultured for longer times produced
equal or lower biomass in our conditions. In both systems, less viable
cells were recovered from nanoporous surfaces compared to smooth
surfaces, especially in the case of MS-9, where the number of adhered
cells was about 3-fold lower than in NMS films (p b 0.05 for submerged
assays; p b 0.003 for ALI assays). In both assays a significant (p b 0.05)
lower viable cell count was observed in MS-9 compared to MS-4.
These results indicate that nanoporous silica coatings inhibit prolifera-
tion of biofilm cells, especially in the case of MS-9 films.

Thewhole biofilmmass in control and in test surfaceswas evaluated
by staining with crystal violet, a dye commonly used to visualize and
quantify biofilms which not only stains cells but any biological material
adhering to the surface. Representative images of stained 24 h biofilms
clearly demonstrate the inhibitory effect ofmesoporous coatings on bio-
film formation (Fig. 3). Quantification of crystal violet adhered to the
surfaces bymeasuring its absorbance at 575 nm supported this observa-
tion. A significant decrease in A575 was observed in MS-4 (p b 0.05) and
MS-9 (p b 0.01) compared to NMS films, and inMS-9 compared toMS-4
(p b 0.03), both in submerged and ALI systems (Fig. 3).

Extracellular polymeric substances such as polysaccharides, proteins
andDNApresent in biofilmmatrix are essential in providingmechanical
stability and architecture to biofilm, adhesion to surfaces, and



Fig. 2.Effect ofmesoporous surfaces on the averagenumbers of attached cells. SubmergedandALI biofilmswere grownonmesoporousMS-4 andMS-9 surfaces; non-mesoporous surfaces
(NMS) were assessed as control. After 4, 8 and 24 h incubation at 37 °C, the number of viable cells attached to the different surfaces was quantified by the plate count method.
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protection of bacterial cells against diverse stress factors [32]. Therefore,
the effect of surface nanotopography on the concentration of these com-
pounds was evaluated in 24 h old biofilms. As shown in Fig. 4, a slight
decrease of polysaccharides and proteins levels was observed in sub-
merged biofilms formed on nanoporous surfaces compared to control
surfaces, but these differences were not significant. On the contrary, a
significant decrease of polysaccharides, proteins andDNA levelswas ob-
served in ALI biofilms grown on nanoporous films (p b 0.05 between
NMS and MS-4 or MS-9), following the same trend observed for the vi-
able cell count. It should be noted the higher level of extracellular poly-
saccharides observed in ALI biofilms compared to submerged biofilms
(Fig. 4).

Fig. 5 shows representative SEM images of 24 h biofilms grown on
nanostructured and control surfaces. No specific attachment sites
were observed. Based on a recentwork suggesting that bacteria respond
to the topography by maximizing its contact area with the surface, this
was an expected result, since the pores are uniformly distributed and
the distance between them ismuch smaller than the bacterium's length
(2–3 μm) so that the cells would be unable to be placed preferentially in
smooth areas between the pores [10]. The trend of bacterial attachment
observed in SEM images was similar to that observed in Fig. 2, that is
NMS N MS-4 N MS-9.

Additional assays employing conventional glass slides without coat-
ing were also performed as control. The obtained values for crystal vio-
let staining, CFU cm−2 and extracelllular polymeric substances
quantification were similar or even higher than those obtained for
NMS surfaces, supporting the practical antibiofilm application of
MOTFs (data not shown).

Taken as awhole, the results presented in this study indicate that the
mesoporous silica coatings described here inhibit the formation of bac-
terial biofilms with respect to non-mesoporous silica films. Moreover,
Fig. 3. Effect of mesoporous surfaces on the formation of biofilm assessed by crystal violet stain
and MS-9 films for 24 h. Crystal violet attached to the slides was quantified by measuring abso
MS-9 films had a greater effect compared to MS-4 films, suggesting
that the increase of pore size and/or the different arrangement of
pores significantly decrease the number of attached bacteria andmatrix
production. In addition to surface topography, hydrophobicity also in-
fluences bacterial adhesion and proliferation [9]. It has been suggested
that hydrophobic surfaces aremore susceptible to adhesion than hydro-
philic ones [33]. In the particular case of P. aeruginosa, it was demon-
strated that adhesion to a variety of glass and metal-oxide surfaces is
greater as hydrophobicity increases [34]. In this study, the hydrophobic
character of the surfaces did not correlate with biofilm formation. De-
spite being slightlymore hydrophilic,MS-4 films allowed higher biofilm
development compared to MS-9 films, suggesting that indeed the
nanotopography is the key factor in the phenomenon reported in this
work. In order to investigate the mechanisms involved in the effect of
nanostructured surfaces on bacterial attachment, it was demonstrated
in Escherichia coli that nanorough substrates modify the expression of
genes involved in fimbrial synthesis (organelles related to cell adhe-
sion) and stress response [35,36]. On the other hand, studies in P.
fluorescens demonstrated that bacterial assemblages involved in coloni-
zation of nanostructured surfaces are disorganized [37] and motility
strategies (flagella orientation, elongation, aggregation in rafts) respon-
sible of bacterial spreading are affected by micropatterns [16]. Other
study on the effect of micro and nanoscale topography on bacterial ad-
hesion revealed that bacterial cells exhibit different morphologies and
different number and size of appendages involved in attachment, de-
pending on the topographical structure of the surface [11]. In summary,
it is probably that the effect of mesoporous silica on cell adhesion and
proliferation obeys to genetic, proteomic and morphological changes
in response to mechanical stress.

To the best of our knowledge, our results on the effect of nanoscale
topography on the matrix components are interesting, since
ing. Images depict crystal violet stained submerged and ALI biofilms grown on NMS, MS-4
rbance at 575 nm.



Fig. 4. Effect of mesoporous surfaces on the composition of biofilm matrices. Submerged and ALI biofilms were grown on NMS, MS-4 and MS-9 surfaces. After 24 h incubation at 37 °C,
extracellular polymeric substances (polysaccharides, proteins and DNA) were quantified.
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quantitative studies on the role of nanotopographyon biofilm formation
are usually based on microscopic counting of adherent bacteria, CFU
plate counts and general methods as thickness or density measure-
ments [9]. ALI biofilms grown on nanostructured surfaces showed a sig-
nificant decrease in the levels of matrix components compared to
smooth films. On the contrary, this difference was not as evident in sub-
merged systems, indicating that the effect of nanotopography onmatrix
formation is stronger under aerobiosis, at least under the conditions
employed in this study.

Although several types of nanostructured surfaces with antibiofilm
properties have been described, the most significant difference with
our proposal is that they are mostly obtained by modification of pre-
existing surfaces, not by covering it, whichdemonstrates the high versa-
tility of MOTFs. Hu et al. prepared superhydrophobic nanorough poly-
mer coatings by electrospraying, but due to the biodegradability of the
polymer, this method provides a temporary anti-adhesion [38]. In addi-
tion, to the best of our knowledge, most nanorough surfaces described
are not scalable, they are substrate-limited (e.g., to conductive surfaces
in the case of anodized oxides), non-robust (e.g., fiber-coated surfaces),
and sometimes require high cost materials and specific facilities of
micromanufacturing [11,13,15], which increases the costs and scalabil-
ity. Other nanostructured surfaces are even more complex, for example
those requiring the use of ultraviolet radiation and/or the additional use
of antibacterial substances [39,40], some of them potentially toxic to
human tissues [39]. In addition to our proposal, mesoporous silica has
Fig. 5. SEM images of 24 h biofilms grown on NMS,
been employed to obtain nanocomposites for other potential biomedi-
cal applications, such as drug delivery against cancer and other diseases
[41–45].

From a practical point of view, the inhibitory effect of mesoporous
silica coatings on biofilm formation described in thiswork can be partic-
ularly attractive for the production of robust, inert, permanent and
transparent antibacterial coatings that could be used on a variety of sub-
strates in diverse applications, for example, in pipelines, biomedical and
food facilities. Future studies testing the effect of these coatings on other
microorganisms and natural occurring biofilms should be carried out in
a systematic way in order to further broaden the research on their
usefulness.

4. Conclusions

In this work, we demonstrate, for the first time, the ability of MOTF
to inhibit biofilm formation in P. aeruginosa, a bacterium capable to
form robust biofilms with enormous impact on medicine and industry.
Mesoporous films not only inhibited cell proliferation but also biofilm
matrix production, a quite novel and relevant result given the essential
role of this compartment in providing mechanical stability and protec-
tion against antibacterial agents. Compared to previous approaches of
nanorough surfaces synthesis, MOTF preparation is simple and flexible
on potentially any surface, the precursors are accessible molecules and
the performance is clearly superior, obtaining ordered and highly
MS-4 and MS-9 films. The bar represents 5 μm.
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reproducible films. These robust, inert, permanent and transparent an-
tibacterial coatings could be used in diverse surfaces in the biomedical,
biotechnology and industrial fields.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2017.04.022.
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