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Abstract: This review reports the implementation of novel nanostructured functional coatings by
using different surface engineering techniques based on wet chemistry. In the first section, the
theoretical fundaments of three techniques such as sol-gel process, layer-by-layer (LbL) assembly
and electrospinning will be briefly described. In the second section, selected applications in different
potential fields will be presented gathering relevant properties such as superhydrophobicity, biocide
behavior or applications in the field of optical fiber sensors.
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1. Introduction

Surface engineering was defined, in the late eighties, as “the application of traditional and
innovative surface technologies to engineering components and materials in order to produce
a composite material with properties unattainable in either the base or surface material” [1]. For many
years, the main purpose of surface engineering techniques was the protection of materials against
corrosion and tribological problems. Two main strategies have been employed to reach this goal:
surface modification techniques and coatings. The first strategy provides incremental changes that
affect the material up to some characteristic depth. Treatments such as surface hardening, shot or
laser peening, thermochemical treatments or the different techniques of ion implantation modify the
first layers of a material in ranges that go from tenths of microns to several millimeters. The resulting
properties are very dependent of those of the substrate and the main advantage is that there is not an
abrupt discontinuity between the treated zone and the untreated substrate but a smooth transition
between them. On the other hand, the coating strategy is more radical: a new material is deposited on
the former surface and the resulting properties are basically those of the coating (paintings, electrolytic
coatings, CVD (chemical vapor deposition) or PVD (physical vapor deposition) layers). This option
makes possible a much broader choice of solution, although the main drawbacks are related to
problems of adherence and compatibility that can arise in the interlayer coating-substrate.

The emergence of nanotechnology as a new paradigm in the field of materials science and
engineering led to new approaches in the search of materials with new properties, based on the “35”
of their components: size, shape, and structure. The case of new developments in PVD hard coatings
is a good example of the potentiality of the nanotechnological approach. For instance, the hardness of
a material (or a coating) increases as the grain size diminishes according to the Hall-Petch equation,
reaching a maximum around 10 nm, when the sliding of the grain boundaries becomes relevant enough
to decrease this hardness beyond this critical size [2]. A similar pattern can be observed in the case of
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multilayered PVD coatings: by reducing the thickness of the bi-period, it is possible to obtain coatings
with a better hardness (and other mechanical properties) than the constituents separately. Once again,
a maximum in hardness is observed around 5-10 nm, reaching values labeled as “superhardness” [3].
The development of nanostructures for protective coatings has proven to be successful against wear
and corrosion resistance, and due to this, a great deal of work has been developed in the last 25 years,
in a higher number in comparison with the case of bulk materials. The main reason behind this major
advance is that, unlike the case of bulk materials synthesis, coating deposition processes are highly
versatile and naturally provide very small crystalline grain sizes or can incorporate nanoparticles in a
tailored way without the difficulties for controlling phase distribution and homogeneity of grain size
that we meet in the processing of bulk materials. It is easier to create a nanostructure in a quasi-2D
material than in a 3D one [4].

Protection of materials was the first, but not the only goal of surface engineering. Since the
emergence of microelectronic techniques, many treatment and coating technologies have been
specifically developed or adapted to create micro (and now, nano) structures able to perform precise
functions in electronics, optoelectronics or photonics. Moreover, the functionalization of surfaces is the
area that experiences a faster growth within surface engineering. Technological challenges such as
selective optical transmissivity and reflectivity, hydrophobicity, bacteriostaticity or different cases of
sensoric can be addressed by means of surface modification techniques and/or coatings that create
nanopatterns or homogenous dispersions of nanoparticles or nanoprecipitates.

Accordingly, a survey of recent publications shows that the number of published papers related
to both nanotechnology and coatings has increased during the last two decades from 1995 to 2015,
as can be clearly observed in Figure 1, opening the door for the fabrication of a new generation
of nanomaterials.
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Figure 1. Number of published documents (article, conference paper, review or book chapter) with the
words “Nanotechnology” and “Coatings” in their title, abstract or keywords (source: Scopus database).

This review is focused on three main applications of nanostructured functional coatings deposited
by wet-chemistry methods: superhydrophobic, antibacterial and sensorized coatings. In many cases,
wet-chemistry has clear practical advantages in comparison with the more expensive high vacuum
physical techniques as PVD or ion implantation or other optical-based strategies such as interference
nanolithography or pulsed laser texturing. To illustrate this point, a brief revision of the most promising
wet-chemistry techniques is presented in Section 2, in order to show their potentiality for the selected
applications which will be commented on in Section 3.
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1.1. Nanofabrication Techniques for the Design of Functional Coatings

In this section, the theoretical and fundamental concepts related to deposition technologies for
developing nanostructured thin-films will be briefly described. Firstly, three different wet-chemistry
technologies such as layer-by-layer (LbL) assembly, dip-coating sol-gel process and electrospinning
will be presented.

1.2. The Layer-by-Layer (LbL) Assembly

The layer-by-layer (LbL) assembly consists of the alternate immersion of the substrate (mostly
of glassy, polymeric or metallic nature) into aqueous polyelectrolyte solutions with opposite electric
charge, known as polycations and polyanions, respectively, the electrostatic attraction being the
main force to adsorb them onto a surface [5]. It is important to note that both polyanions and
polycations overlap each other at the molecular level, making possible the fabrication of a homogeneous
coating at the nanoscale level. The resultant combination of a cationic monolayer (polycation) and
an anionic monolayer (polyanion) is called a bilayer [6,7]. The resultant composition and thickness
of an individual bilayer can be controlled by adjusting several deposition parameters such as molar
concentration, pH, temperature, immersion time and ionic strength of the polyelectrolyte dipping
solutions [8-10]. In addition, the LbL assembly is considered a versatile, highly reproducible and easily
scalable technique, making possible the development of coatings on substrates of almost any size or
shape. A great benefit of this nanodeposition technique is that a wide variety of substances (fluorescent
dyes, nanoparticles or quantum dots) can be perfectly entrapped in the charged polyelectrolytes
with the aim to obtain a multilayer structure [11-17]. As an example, Figure 2 shows the high
versatility of this nanofabrication technique, being possible to fabricate multicolored LbL films (orange,
green or violet) as a function of the gradual incorporation of silver nanoparticles with a desired
coloration [18,19].
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Figure 2.  (a) Schematic representation of the layer-by-layer (LbL) technique by using
poly(allylaminehydrochloride) (PAH) as a polycation and poly(acrylic acid, sodium salt) (PAA) as a
polyanion which is acting as a capping agent of the silver nanoparticles (PAA-AgNPs) and aspect of
the orange colored LbL coatings as a function of the number of bilayers. (b) Multicolored LbL coatings
(orange, green or violet) as a function of previous synthesized PAA-AgNPs and the pH, concentration
and thickness coating. Reproduced from [19] with permission; Copyright Springer 2013.
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1.3. The Sol-Gel Dip-Coating Technology

The sol-gel process is one of the fastest-growing fields of contemporary chemistry owing to its
high simplicity and versatility, being suitable to be used on a wide variety of substrates. This chemical
process is based on a synthetic route for preparing inorganic as well as inorganic-organic materials
(known as hybrid materials) with high purity [20]. All the chemical reactions (hydrolysis, condensation
and polycondensation) follow the same evolution from a sol, a colloidal suspension of solid particles
in a liquid, to produce a gel, a substance that contains a continuous solid skeleton enclosing a
continuous liquid phase [21-23]. An important advantage is that the resultant sol-gel reactions do not
employ extreme reaction conditions because these reactions take place at room or low temperature,
amoderate temperature being necessary for a final curing step of the gel. In addition, several fabrication
parameters such as the type of metal alkoxyde precursor, pH, nature and concentration of the catalyst,
H,O:Si molar ratio, the type of co-solvent, temperature, method and extension of drying, the presence
of doping substances or the pulling up speed must be perfectly controlled in order to provide a
powerful, simple, flexible and low-cost processing technique [24,25]. Once the sol-gel precursor has
been prepared and aged for a specific period of time, the substrate is immersed into it by using the
dip-coating technique. After a fixed period of time, it is pulled out from the gel by using a determined
extracting speed. Then, the substrate is dried and some additional processing steps can be included
such as a heat treatment at controlled conditions of temperature and pressure. These steps can be
repeated until the coating has acquired the desired thickness.

Figure 3 shows a schematic representation for the design of a hybrid sol-gel coating composed
of metallic silver nanoparticles (AgNPs). As can be appreciated in Figure 3a, a hybrid coating is
fabricated as a function of an adequate selection of both inorganic alkoxyde precursor and organic
precursor, respectively. Then, the in situ synthesis process for obtaining the resultant AgNPs on this
hybrid sol-gel coating is performed by using a chemical reduction method. In this step, the sol-gel
hybrid matrix is immersed in a source of silver ions (silver nitrate, AgNOs3) and a further reduction
step of the silver ions to the resultant metallic nanoparticles is performed by immersion in a specific
reducing agent solution (dimethylamino borane, DMAB) [26]. Finally, the difference between a sol-gel
hybrid matrix without AgNPs (totally transparent) and sol-gel hybrid coatings composed of AgNPs
(orange color) can be clearly observed when a higher number of Loading/Reduction (L/R) cycles are
performed. This change in coloration clearly indicates that a progressive incorporation of AgNPs into
the sol-gel hybrid coating is obtained.
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Figure 3. (a) Schematic representation for the design of hybrid sol-gel coatings composed of silver
nanoparticles (AgNPs) by using a Loading/Reduction chemical process. (b) Aspect of the resultant
sol-gel hybrid coatings before the synthesis of AgNPs (totally transparent) and after the incorporation
of the AgNPs by in situ synthesis process from light yellow to orange coloration. Reproduced from [26]
with permission; Copyright Springer 2011.
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1.4. Electrospinning Process

The electrospinning technique is a good alternative to fabricate materials with a high surface
area due to the possibility of producing nanostructured ultra-thin fibers denoted as electrospun
nanofibers (ENFs) from a wide range of materials (polymers, composites and ceramics) onto any type
of surface with arbitrary geometry [27]. In the last 15 years, the number of scientific papers related
to this technique has shown an exponential growth due to the numerous intrinsic advantages of this
nanofabrication technique such as high simplicity, versatility, effectiveness, low-cost and quickness of
the fabrication process. Due to all these advantages, it makes possible its implementation in a wide
range of industrial applications [28-32]. In this process, the diameter and density of the ENFs are
influenced by critical fabrication parameters such as viscosity of the precursor solution, applied voltage,
the flow rate and the distance between collector/needle. In addition, the fabricated nanofibers show
additional advantages such as a good control over the resultant diameter, highly porous surface and
flexibility for a further chemical/physical functionalization [33,34]. Besides, an important aspect to
remark is that the resultant fiber mats have a specific area of two orders of magnitude larger than the
specific area corresponding to continuous flat films [35].

In this technique, the resultant nanofibers are fabricated by applying a high-voltage field to the
precursor solution with respect to a ground electrode. A schematic representation of the electrospinning
process is summarized in Figure 4 where the precursor solution is held at the end of a conductive
capillary tube (needle), which is subjected to an electric field that induces charge on the liquid surface.
As the solution travels in air, due to the electric forces, the solvent is evaporated during the flight of
the fibers and finally, the ENFs are deposited on the ground screen collector or the substrate to be
coated (see Figure 4a). In this case, an optical fiber core has been coated with ENFs, as can be observed
in Figure 4b, the design of novel optical fiber sensors being able to monitor physical or chemical
parameters (relative humidity, pH, gases or human breathing) [36]. As will be commented upon in
the following section related to functional applications of nanostructured coatings, these optical fiber
sensors based on ENFs show a very fast response time, being a critical parameter in the field of sensors
market [37].
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Figure 4. (a) Schematic representation of the electrospinning fabrication process where the fiber
fragment is placed perpendicularly to the syringe direction in order to collect the ENFs. (b) Optical
fiber core coated with the ENFs after the fabrication process. Reproduced from [36] with permission;
Copyright Elsevier 2013.

Once these three wet chemical coating techniques have been briefly commented upon, the
main processing advantages and disadvantages of using each one of these three key technologies as
a function of the equipment, productivity and resultant structure as well as the desired thickness of
the nanocoatings has been summarized in Table 1.
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Table 1. Wet-chemical coating techniques evaluated in this work (layer-by-layer assembly, sol-gel dip-coating method and electrospinning process, respectively):
advantages, disadvantages and final structure.

Technique Advantages Disadvantages Final Structure
A simple and versatile technique;
Different substrates can be coated (metals, plastics, ceramics or even
semiconductors) with different shapes and sizes; Only valid for water-soluble
A repetitive and highly reproducible method; 4 The final thickness and the surface
. . . . molecules (polyelectrolytes); . . .
An easily scalable method, though time-consuming, for multilayer Fabrication of soft coatings: properties can be tuned in a precise manner
LbL assembly fabrication and industrial applications; 8 as function of the number of bilayers,

No requirement of highly sophisticated materials or apparatus;
It is carried out at room conditions;

A good alternative to encapsulate a wide variety of chemical
substances (indicators, nanoparticles, luminescent materials,
quantum dots).

Fabrication process can be long for thicker coatings as a
function of the immersion time in the polyelectrolyte
solutions and the final number of bilayers.

concentration of the solution, pH and the
ionic strength of the polyelectrolytes.

Sol-gel dip-coating technique

No sophisticated equipment (dip-coater);

A good alternative to entrap molecules, enzymes or antibodies;
Low-cost, flexible, simple and non-hazardous method for preparing
coatings with controllable composition and microstructure;
Excellent adhesion to the substrate;

Possibility of obtaining a high variety of sol-gel derived materials as
a function of the initial metal-alkoxyde precursor.

Design of hybrid coatings makes possible to combine organic and
inorganic properties;

Fabrication of hard coatings with a high resistance to thermal or
photo-chemical degradation.

The lack of a precise film thickness control up to 200 nm;
Long aging time for the preparation of the sol-gel
solution precursors;

Curing step needs a moderate or high temperature to
form a denser cross-linked coating.

The pulling up speed determines the
resultant thickness coating;

Depending on sol-gel processing parameters
such as molecular precursor, water to silane
ratio, nature of the catalyst, sol aging time
and temperature;

Acid-catalyzed reactions promote the
formation of linear polymers;
Basic-catalyzed reactions promote the
formation of highly cross-linked polymers.

Electrospining process

Nanofibers provide a high surface area to volume ratio, and a high
length to diameter ratio;

A rapid fabrication process;

Useful in a wide variety of industrial applications (separation
membranes, artificial blood vessel or wound dressing materials).

Sophisticated equipment;

Fabrication of soft coatings;

Only valid for the production of synthetic fibers from
polymeric solutions;

A strict control of the solution properties (viscosity,
surface tension, conductivity); the hydrostatic pressure
in the capillarity; electrical potential at the tip of the
needle and the distance between the tip and the
collection screen.

Depending on the fabrication parameters,
the electrospun fibers may have small
diameters, ranging from 5 to 0.005 microns.
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2. Nanostructured Functional Applications

2.1. Superhydrophobic Surfaces

One of the hot topics in academic science and industrial technology is the ability to control the
wettability of a solid surface for potential practical applications. In fact, nowadays, two well-known
concepts such as hydrophilicity and hydrophobicity are the most published topics in scientific
papers reported in bibliographies. In this sense, the design of bioinspired surfaces with special
surface wettability has attracted the attention of the scientific community because a high number of
biological organisms can be found which exhibit a special surface wettability such as the antifogging
functionality of mosquito eyes, antireflection of superhydrophobic cicada wings or self-cleaning
property of lotus leaves, among others [38]. According to this, an emerging effort is gradually being
focused on the development of novel coatings which simulate the structure-function relationship of
these natural materials.

A clear example is the lotus effect related to a specific water repellent plant (Nelumbo nucifera)
which leads to an ideally wonderful superhydrophobic effect with supreme self-cleaning properties
thanks to the rough structure of the lotus leaves (a template with hills and valleys), making possible
a reduced contact area with water. The concept of superhydrophobia can be defined as those surfaces
which prevent water contact angles higher than 150°, which is also commonly known as the artificial
lotus effect. The appropriate texturing and roughening of the resultant surfaces on the nano and
microscale are used to obtain these extreme wetting characteristics [39,40]. In order to obtain these
specific superhydrophobic surfaces is necessary to combine two variables such as low surface free
energy and a high degree of roughness. Once these two key experimental factors are perfectly
controlled, applications of relevant importance related to the design of superhydrophobic surfaces can
be found in fields as diverse as functional textiles or high-performance anticorrosive coatings, these
being the main areas of study in this superhydrophobic surface section.

In order to obtain water repellency behavior to textiles, it is necessary to have a strict control over
the topography of the fabric by using chemical methods with the aim of modifying the surface of the
fibers and leaving the fabric permeable to air and water vapor [41]. Among all the different chemical
methods, sol-gel technology is considered one of the most conventional methods to be used in the
textile industry due to its easy processing, acceptable thermal conditions (low curing temperature) and
its ability to provide uniform thin films. Most of the approaches found in the literature for obtaining
a low surface energy are based on the use of metal alkoxydes with hydrophobic functional groups.
An interesting approach for imparting water and oil repellency is presented by Gao et al. [42] where the
combination of both silica sol and hexadecyltrimethoxysilane (HDTMS) have been used to impart an
extremely high hydrophobicity to cotton and polyester fabrics, respectively. The high hydrophobicity
of the treated fabrics is due to the presence of the hydrophobic HDTMS in the outer surface combined
with an increase in the roughness by using alkaline hydrolysis conditions of the silica sol. In addition,
this sol-gel chemical synthetic method has the additional advantages of being an environmentally
friendly and cost-effective procedure, showing resistance to hydrolysis of multiple washing cycles.
Another interesting approach based on an alkaline hydrolysis is presented by Mazrouei-Sebdani and
Khoddani [43]. In this work, the fabrication of “lotus-type” polyester fabric is presented by combining
two major requirements such as low surface energy and a high degree of roughness. In order to obtain
this dual effect, firstly an alkaline hydrolysis has been performed for improving surface roughening.
In addjition, secondly, a further fluorocarbon layer has been deposited with the aim of generating low
surface energy.

Another interesting work based on the co-hydrolysis and co-condensation of two different silane
precursors for obtaining hybrid silica sol-gel coatings is presented by Wang et al. [44]. It has been
clearly demonstrated that the use of non-hydrolyzable functional groups in the organic silane such
as alkyl, fluorinated alky or phenyl shows an important influence on the fabric surface wettability.
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Finally, in order to increase the washing durability of the superhydrophobic coating, a third type of
silane based on an epoxy group has been successfully incorporated.

Alternative works [45,46] for the design of superhydrophobic polyester fabrics are based on
the surface functionalization of SiO, nanoparticles with the aim to obtain fluoropolymer/SiO;
nanocomposites. In these works, firstly vinyl silica hydrosols are synthesized by one-step sol-gel
process by using vinyl trimethoxy silane as metal alkoxyde precursor and ammonium hydroxide
as a catalyst. In addition, secondly, an emulsion polymerization has been used for the synthesis of
a fluorinated acrylic polymer/silica. The presence of silica nanoparticles makes possible a rough
surface structure, whereas the low surface energy is provided by fluoropolymer.

Another novel work based on the incorporation of metallic nanoparticles for textile finishing
with the aim of increasing the roughness surface is presented by Berendjchi et al. [47]. In this work,
nanoparticles of copper are incorporated into silica sols in order to fabricate surfaces with dual
properties of being antibacterial and superhydrophobic, respectively. First of all, it is well known that
copper has been used as an excellent antibacterial agent for centuries and the desired antibacterial
properties of copper can be considerably improved with its reduction size in the nanometric scale.
In addition, the presence of these Cu nanoparticles into silica sol enables a surface with a higher air
trapping capability onto cotton fabrics. The experimental results indicate that the addition of 0.5%
(w/w) Cu into silica produces a flocculation of colloidal silica nanoparticles and such agglomeration
produces more grape-like clusters on the final surface. This specific morphology related to the
combination of copper into silica sol shows a higher air trapping with a slightly better static contact
angle (SWC) value (155.9°) in comparison with coatings treated with only an alkylsilane agent such as
HDTMS without any metallic nanoparticles (151.1°). In this work, the surface morphology has been
evaluated by scanning electron microscopy (SEM), while the surface roughness has been analyzed via
the scanning probe microscope (SPM), respectively. In Figure 5, SEM and SPM micrographs of the
untreated fabric, treated with the silica sol without nanoparticles and the sample with Cu-doped silica
are presented. First of all, the great difference in the resultant roughness between the untreated samples
and the samples with silica can be clearly appreciated. In addition, the Cu-doped treated samples
shows valleys as can be observed in the SPM images. Finally, the sol-gel fabricated surfaces containing
Cu nanoparticles displayed acceptable antibacterial properties against E. coli and S. aureus bacteria.
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Figure 5. (a,b) SEM and SPM micrographs of fabricated surfaces: untreated (left), silica sol (middle)
and Cu-doped silica (right); (c) Water drops on surface fabricated by 0.5% Cu-doped silica sol and its
contact angle value. Reproduced from [47] with permission; Copyright Springer 2011.

As has been previously commented upon, the fabrication of superhydrophobic surfaces can also
be employed for corrosion protection of metals (aluminum, steel, copper or even magnesium). In this
sense, sol-gel technology is one of the most suitable alternatives for corrosion protection pre-treatments
due to its environmentally compliance and compatibility with organic paints which are used in most
applications. In addition, the use of hybrid sol-gel matrices has a higher flexibility and versatility to
accept different types of additives in comparison with the simple sol-gel matrices. These hybrid sol-gel
matrices make possible the combination of the properties of the inorganic materials as well as the
properties of organic [48-50]. Accordingly, the inorganic materials are used to enhance the durability,
adhesion and scratch resistance of the coatings, whereas the organic materials in the resultant sol are
used to improve the density of the films, reducing the possibility of cracking formation during the
drying process. In this curing step, a highly cross-linked siloxane network is formed by thermally
inducing self-condensation reactions, removing the hydrophilic hydroxide groups from the remaining
silanol molecules and as a result, the formation of a denser thick film is obtained. A clear example is
presented by Du et al. [51] where hybrid sol-gel coatings showed an enhancement of the mechanical
properties such as hardness and abrasion resistance, being very important the curing step at elevated
temperature in order to pass the adhesion test. Another interesting work related to an important
increase in the hardness of the silica coatings as a function of the thermal treatment of the curing step
is presented by Cairns et al. [52]. Another novel work for the preparation of sol-gel coatings with both
superhydrophobicity and enhanced hardness is presented by Lakshmi et al. [53]. This work shows
a simple method to fabricate hard superhydrophobic sol-gel nanocomposite coatings using hydrophilic
silica nanoparticles. More specifically, silica particles of size 25-30 nm have been incorporated in
a hybrid sol of nano-sized colloidal and silica methyltriethoxysilane (MTEOS). The resultant surface of
the sol-gel coatings exhibited a highly porous structure with nanosize voids and randomly distributed
micro size bumps, showing a water contact angle as high as 162.5° with an excellent adhesion and
pencil hardness. In a later work, Lakshmi et al. [54] reported the effect of size of silica nanoparticles on
wettability and surface chemistry for the design of sol-gel superhydrophobic and oleophobic coatings
with good self-cleaning properties, a thermal treatment being necessary to expel the trapped solvents.
Another approach for the preparation of scratch-resistant superhydrophobic coatings by applying
a multilayer approach including multiple sol-gel processes is presented by Taurino et al. [55].

Once the high versatility of the hybrid sol-gel matrices has been demonstrated, novel works
can be found in the bibliography for the design of sol-gel coatings with high corrosion-resistant
performance in corrosive environments. Liang et al. [56] reported a facile sol-gel method with
tetra-ethylorthosilicate (TEOS) and vinyltriethoxysilane (VTEOS) as co-precursor for the fabrication of
superhydrophobic surfaces on aluminum surfaces at room temperature. In this work, the experimental
results obtained by polarization curves clearly indicate that the resultant superhydrophobic sol-gel
hybrid coatings exhibit a higher corrosion resistance than the untreated aluminum because the
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corrosion potential is considerably shifted to the positive direction compared to the untreated
aluminum. In addition, other potential factor related to the sol-gel technology is the high versatility
for combining with other different processes such as micro-arc oxidation or hydrothermal method for
obtaining superhydrophobic surfaces with an enhanced corrosion resistance [57,58].

However, other interesting alternatives for improving corrosion resistance are based on the
incorporation of fluoroalkylsilane into the outer surface of the coatings in order to enhance the
hydrophobic surface of the surface. A clear example was presented by Yu and Xu [59] where fluorinated
organic-inorganic hybrid films were prepared by sol-gel process, and the results indicated that the
outermost layer of the water-repellent film was associated with the presence of perfluoroalkyl groups.
Caldarelli et al. [60] reported an optimized process for obtaining superhydrophobic copper surfaces
by means of sol-gel technique. In this work, the resultant superhydrophobicity is associated with the
combination of two factors, a peculiar alumina flower-like structure with submicrometric air pockets
and the low surface energy of the fluorinated organic compound. Another approach is presented by
Liu et al. [61] where the combination of TiO, nanoparticles for increasing the surface roughness with
fluoroalkylsilane for increasing the hydrophobic property of the surface is reported. The resultant
water contact angle is around 150°, exhibiting an excellent corrosion resistance in chloride solution at
room temperature. Isimjam et al. [62] have reported a similar approach where two different types of
nanoparticles (TiO; and SiO;) have been successfully incorporated by using layer-by-layer assembly
onto the steel substrate with the aim of obtaining micro and nanoscale binary structure with different
surface roughness, and then the surfaces have been modified by the low free energy chemical PTES
(perfluorodecyl-triethoxysilane). The resultant coatings showed a strong repulsive force to water
droplets with a static contact angle of 165° and a strong chemical stability to various solvents including
0.01% HCl.

Another novel work which proposed a multilayer sol-gel nanocoating onto aluminum alloys for
the fabrication of new surfaces with dual properties of a high degree of hydrophobicity and corrosion
resistance is presented by Maeztu et al. [63]. In this work, a combination of a hybrid matrix to host
the corrosion inhibitor (graphene oxide, GrOy) with a simple sol-gel matrix to provide hydrophobic
properties (fluorinated polymeric chains) is presented. The effect of a thermal treatment is analyzed
in order to promote a denser thick film, and as a result an improvement in the resultant mechanical
and hydrophobic properties is obtained. In addition, the thermally treated samples showed a better
corrosion performance, which has been demonstrated by polarization curves and electrochemical
impedance tests. Figure 6, represents the aspect of the water droplet after performing the multilayer
sol-gel coating of the thermally treated sample. In addition, it has been corroborated that this curing
step makes possible the fabrication of nanocoatings with a better hardness and hydrophobic behavior.
Finally, the cyclic potentiodynamic curves in 3.5% NaCl solution indicate that the combination of
a corrosion inhibitor in the inner part of the coating (GrO;) with the hydrophobic fluorine chains
in the outer part of the coating makes possible the design of a novel multilayer structure with an
improvement in the corrosion resistance. Two main conclusions have been obtained of the corrosion
data. The first one is that an increase of the resultant thickness (from 1 to 6 dips) resulted in the shift of
the pitting corrosion potential towards a more positive one. In addition, the second one is that the
sol-gel hybrid coatings composed of GrOy presented a better pitting corrosion resistance in comparison
with the blank sol-gel hybrid coatings.
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Figure 6. (a) Droplet of water onto aluminum substrate for sample of 6 dips of GPTMS-MTEOS and
PFAS, respectively; (b) Contact angle value of the sample thermally treated; (c) evolution of the water
contact angle value as a function of the number of dips and thermal treatment; (d) Cyclic polarization
curves in 3.5% NaCl solution for the different samples of study. Reproduced from [63] with permission;
Copyright Elsevier 2017.

There are other interesting works based on the corrosion-protective properties of nanostructured
sol-gel hybrid coatings to metallic alloys. In these works, the main idea is to combine the barrier effect
of silica coatings with the corrosion inhibitor effect of different types of inorganic nanoparticles.
Zheludkevich et al. [64] have reported that the presence of zirconia (ZrO,) nanoparticles with
an amorphous structure and a variable diameter (from 40 to 200 nm) are used to improve corrosion
protection, showing a pore blocking effect. Pepe et al. [65] evaluated the presence of cerium ions in
silica sol-gel coatings and the results clearly indicated that there is an inhibition of the corrosion by
cerium salts which migrate thorough the coating to the site of the attack and then react to passivate the
site. Another work based on the development of silica coatings doped with TiO,-CeO, nanoparticles
is presented by Zaharescu et al. [66]. In this work, the binary powder plays a dual key role in the
resultant hybrid inorganic-organic films. Firstly, it is used to increase the barrier properties due to the
formation of a dense, crack-free and pore-free material. In addition, secondly, the cerium oxide from
the powder plays an inhibiting role and hinders the corrosion process.

Another different approach is presented by Liang et al. [67] where a facile one-step method is
presented to fabricate novel smart nanocontainers as key and efficient components for the development
of self-healing coating with superhydrophobic surfaces. The synthetic chemical route for the fabrication
of smart nanocontainers, SiO,-imidazoline nanocomposites (5iO,-IMI) is based on Stober method by
using a silica precursor (TEOS) and aqueous ammonium as a catalyst in the presence of an imidazoline
derivative (HMID) as a corrosion inhibitor. The resultant morphology of the SiO,-IMI containers
can be appreciated in TEM images, showing a nearly monodispersed spherical shape with uniform
diameter of about 100 nm. An important aspect is that during the corrosion process, the presence of
corrosive species (chlorides, sulfates, oxygen) are prone to intrude into the coating, reach the surface
and initiate the localized corrosion. According to this, sudden pH changes occur in the corrosive
micro-regions of aluminum alloy because there is a decrease of the pH value in the micro-anodic
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regions due to the dissolution of the Al and subsequent hydrolysis of Al**, whereas there is a local
alkalization in the micro-cathodic regions. Due to this, the stimuli-responsive characteristics of the
SiO,-IMI particles have been evaluated by using release experiments at three different pH values such
as acidic (pH 4.0), neutral (pH 7.0) and alkaline (pH 10.0) conditions, as can be observed in Figure 7.
The experimental results clearly indicate that the release profiles of HMID from SiO,-IMI under acidic
or alkaline conditions are totally different from those under the neutral conditions. At the end of
the release experiment (4 days of exposition), nearly of 95% embedded HMID has been released for
acid conditions (pH 4.0), being slightly more elevated than under basic conditions (pH 10.0), whereas
the neutral solution shows a negligible HMID release (less than 1.5% within 4 h of exposition and
17% after 4 days). In addition, two important ideas can be obtained from these experimental results.
Firstly, a clear acid/alkali dual-stimuli pH-dependent behavior was observed for the synthesized
SiO,-IMI nanoparticles. In addition, secondly, when the stronger acidity or alkalinity was applied,
a faster release rate has been obtained. Once this special acid /alkali dual-stimuli accelerated release
property has been demonstrated, these SiO;-IMI particles have been uniformly distributed into the
hydrophobic SiO; sol in order to construct “host-guest” feedback active coating (SiO,-IMI@SHC) with
a superhydrophobic surface onto the metallic aluminum substrate by using the dip-coating technique.
These SiO;-IMI (guest component) have a great biocompatibility with the sol-gel (host) coatings,
and once the localized corrosion occurs on the aluminum surface, SiO,-IMI can release HMID with the
aim of forming a compact molecular film on the damaged surface, inhibiting the corrosion spread and
executing a self-healing function.
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Figure 7. (A) Release profiles of HMID from SiO,-IMI at different pH values; (B) TEM images of the
S5i0,-IMI taken after being immersed in solution with different pH values ((a,d) pH = 7.0, (b, e) pH=4.0,
and (c,f) pH = 10.0) for (a—c) 1 day and (d—f) 4 days; (C) The acid /alkali stimuli-accelerated release
mode of SiO,-IMI. Reproduced from [67] with permission; Copyright Springer 2016.

Other novel works are focused on the use of assembled multilayer polyelectrolytes onto
healing agents (corrosion inhibitors) by using layer-by-layer assembly which can be released on
demand (external stimuli, pH, light, chemical reactions) [68]. In this sense, the pH-dependent
self-healing of LbL deposited multilayer of weak and strong polyelectrolytes can be used as an
effective anticorrosion protection system [69,70]. In addition, the development of superhydrophobic
surfaces with self-healing is a very promising engineering approach. Li et al. [71] reported bioinspired
self-healing superhydrophobic coatings. In this work, firstly a porous polymer coating that is rigidly
flexible is fabricated, showing a micro and nanoscaled hierarchical structure. In addition, secondly,
chemical vapor deposition (CVD) of a fluoroalkylsilane is performed, the resultant coatings being
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superhydrophobic due to the formation of a covalently attached fluoroalkylsilane layer. Once the top
layer is scratched, the preserved healing agents can migrate to the coating surface under a slightly
humid environment to heal the superhydrophobicity. A novel approach to the self-healing and recovery
of damaged micro- and nanoscale topographic features in crushed polymer-based superhydrophobic
coatings is presented by Manna and Lynn [72].

Finally, as can be commented in the nanofabrication techniques section, another approach for
the design of superhydrophobic surfaces with corrosion protection is the electrospinning process.
A clear example is presented by Radwan et al. [73] where a protective superhydrophobic PVDE-ZnO
nanocomposite coating obtained by on-step electrospinning technique is prepared for aluminum
against corrosion. The experimental results showed a WCA of 155 and a better corrosion protection
efficiency for aluminum than electrospun PVDF samples without the presence of ZnO nanoparticles.
In another recent work, Zhao et al. [74] reported superhydrophobic polyaniline(PANI)/polystyrene (PS)
micro/nanostructures for protecting carbon steel. The resultant coatings showed a water contact angle
as high as 153° with excellent anticorrosion properties with a corrosion protection efficiency of 99.48%.
Other approach based on the use of polystyrene is also presented by Zhao et al. [75] where a bilayer
coating is prepared through a superposition method as a function of a topcoat composed of polystyrene
(PS) and primer composed of polyaniline (PANI)/polymethyl methacrylate (PMMA). The experimental
results indicate that the PANI-PMMA primer fabricated by electrospinning combined with PS topcoat
fabricated by spray process showed the best corrosion protection, its protection efficiency being up
t0 99.95% after 720 h in 3% NaCl. In previous research articles, Zhao et al. [76,77] had reported the
great anticorrosion protection of electrospun PANI/PMMA microfibers film due to its extraordinary
compact structure.

It has been briefly commented that two different possibilities related to the implementation of
superhydrophobic surfaces in the field of functional textiles as well as high-performance anticorrosion
coatings; a summary of the different examples exposed in this work can be found in Table 2.

Table 2. Summary of the design of superhydrophobic or highly hydrophobic surfaces in the field of
functional textiles and metallic substrates for the design of anticorrosive properties.

Precursor Applications and Functional Characteristics

Sol-gel precursor (alkaline condition) Cotton and polyester fabrics; high resistant of multiple washing cycles [42]

Polyester fabrics; any adverse effect on the samples tensile strength, abrasion resistance, as well as

Sol-gel precursor (alkaline hydrolysis) permeability to air [13]

Hybrid silica sol-gel coatings (alkaline conditions);
Organic silanes with non-hydrolyzable functional
groups (alkyl, fluorinated alkyl and phenyl)

Commercial polyester, wool and cotton fabrics; the presence of epoxide groups improves the washing
durability [44]

Fluoropolymer/silica

organic/inorganic nanocomposite Flexible polyester fabrics; excellent superhydrophobicity [45]

Fluoropolymer/silica nanocomposite

Polyester fabrics; excellent superhydrophobicity [46]

Sol-gel precursor and use of copper nanoparticles

Cotton fabrics; multifunctionality (superhydrophobic and antibacterial surface) [47]

Hybrid sol-gel coating

Aluminum substrates; multifunctionality (superhydrophobic and high corrosion resistance) [56]

Combination of micro-arc oxidation and sol-gel
process

Magnesium alloy; multifunctionality (superhydrophobic and enhanced corrosion resistance) [57]

Combination of hydrothermal and sol-gel process

Zinc substrate; multifunctionality (superhydrophobic and good corrosion resistance) [58]

Flower like alumina obtained by sol-gel process and
fluoroalkylsilane

Copper surfaces; a high repellent behavior as a function of thermal treatment [60]

layer-by-layer method by using both TiO, and SiO,
nanoparticles; further modification with
a fluoro compound

Steel surfaces; strong repulsive force to water droplets; multifunctionality (superhydrophobic,
UV resistance and anti-corrosion properties) [62]

Multilayered sol-gel nanocoatings based on graphene
oxide and fluorinated polymeric chains

Aluminum alloy (6061T6); multifunctionality (high hydrophobic behavior; anticorrosion properties and
good scratch-resistance) [63]

Smart nanocontainers with a special acid /alkali
dual-stimuli release property

Aluminum alloy; multifunctionality (self-healing and superhydrophobic surfaces) [67]

layer-by-layer assembly

Non-flat substrates of aluminum heat sink; multifunctionality (self-healing and superhydrophobic
surfaces) [71]

Electrospun PVDF-ZnO

Aluminum substrate; multifunctionality (superhydrophobic behavior and corrosion protection) [73]

Electrospun PS

Carbon steel; multifunctionality (superhydrophobic behavior and excellent anticorrosion protection) [74]

Electrospun PANI-PMMA

Carbon steel sheet; excellent protection performance with a highly hydrophobic behavior [75]
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2.2. Biocide Surface Treatments

Nowadays multi-resistant bacteria that have emerged from the indiscriminate use of antibiotics
are one of the most serious problems in healthcare. Bacteria biofilms can survive under deficient
nutrient conditions, developing resistance to biocides. In this way, infections are the most frequent
complications in hospitals with dramatic consequences. It has been estimated that around 80% of
the infections in hospitals involve bacterial biofilms that have up to a higher resistance of 1000 times
to antimicrobials than bacteria in the planktonic form. The use of antimicrobial surfaces can be an
effective strategy to interrupt transmission of bacteria from materials to humans [78-81].

One of the best known antibacterial agents is silver which has been widely applied in biomedical
applications due to its associated large surface area and a good release of its corresponding metallic
cations. In addition, this chemical element shows the additional advantage of being successfully
incorporated with a high versatility in different chemical wet methods (sol-gel, layer-by-layer,
electrospinning). According to these synthetic processes, there are two main methodologies for
incorporating silver nanoparticles (AgNPs) into the nanostructured thin-films. The first one is
associated with a direct incorporation of the metallic nanoparticles during the fabrication process of
the nanocoating, whereas the second one is based on in situ synthesis of AgNPs after performing
the resultant nanocoating. A clear example of this second option related to the in situ synthesis by
using the electrospinning process is presented by Rivero et al. [82]. In this work, PAA /cyclodextrin
nanofibers have been electrospun onto the substrate, then these nanofibers have been thermally
treated and finally, a chemical reduction process has been performed in order to promote the in situ
synthesis of the AgNPs by using the dip-coating technique. In order to obtain the AgNPs, firstly the
electrospun nanofibers have been immersed in a loading solution of silver nitrate (AgNO3) with
the aim of charging the nanofibers with Ag cations, and secondly, a reduction step with a reducing
agent has been performed in order to reduce silver cations to metal nanoparticles. A TEM image
of the in situ synthesis of the AgNPs loaded electrospun nanofibers with their specific antibacterial
efficiency against a specific bacteriological culture of Lactobacillus plantarum can be observed in Figure 8.
More specifically, it is possible to see the photographs of a bare glass substrate (Figure 8a) and other
samples coated with electrospun fibers loaded with silver nanoparticles (Figure 8b). In the reference
sample, the bacterial growth happened in the whole agar slab and also under the glass, whereas in
the silver loaded fibrous membrane coating no bacteria were found. The killing efficiency of these
samples composed of electrospun nanofibers with AgNPs was higher than 99.99%. It is important to
remark that this same methodology related to the in situ synthesis of AgNPs can be extrapolated to
other different wet-chemistry techniques such as the sol-gel process, showing a complete inhibition of
the bacteria growth [26].

Figure 8. Bacteriological cultures of L. plantarum with two different samples: (a) reference sample with

no silver nanoparticles and (b) silver loaded electrospun fiber mat. (¢) TEM image of the AgNPs loaded
electrospun fiber mat where it can be appreciated the AgNPs onto the electrospun nanofibers surface.
Reproduced from [82] with permission; Copyright Elsevier 2012.
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Another approach based on the reduction of silver ions to silver nanoparticles is presented
by Falleta et al. [83] as a function of two different mechanisms such as the UV-radiation exposure
and a synthetic chemical reduction process. In this work, the preparation of silver-polyacrylate clusters
has been obtained and the resultant coloration depends on molecular weight of the protective agent as
well as the mechanism of reduction to silver nanoparticles. In Figure 9, the strong inhibition effect of
the polyester fabrics against different types of microorganisms can be clearly observed.
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Figure 9. (a) Effect of untreated cotton samples and (b) effect of Ag-treated cotton samples toward

Ps. aeruginosa

the growth of the investigated stains. Reproduced from [83] with permission; Copyright American
Chemical Society 2008.

According to this, silver nanoparticles (AgNPs) are an effective killing agent against a broad
spectrum of Gram-positive and Gram-negative bacteria, the textile materials being one of the research
fields which is experiencing a continuous growth because of possible applications in the medical sector
leading to high performance products (atopic dermatitis, wound bandages, sterilization materials)
or the manufacturing of high-added value textile. In this sense, multiple works focusing on the
development of silver nanocomposites into textile fabrics can be found in the bibliography by using
the sol-gel technology. Interesting results have been presented by Timin and Rumyantsev [84]
where a silver-silica nanocomposite is fabricated by the hydrolysis and condensation of TEOS in the
presence of diamminesilver (I) cation, indicating that the morphology and resultant size of the silver
nanocomposites strongly depends on the amount of nanosilver in the silica matrix. The experimental
results show an excellent antimicrobial activity against E. coli and S. aureous bacteria. Other relevant
work also based on the sol-gel technology is presented by Mahltig et al. [85] where the antimicrobial
efficiency as a function of the curing temperature is evaluated. In this work, textiles coated with
inorganic silica layers containing silver nanoparticles have been fabricated by using the sol-gel method,
inhibiting the growth of fungi and bacteria on the coated textiles. In other novel work, Mahltig and
Textor [86] evaluated the combination of a high antimicrobial effect with a high durability after washing
cycles, being these two factors of vital relevance for a further industrial production process. In another
work, two different types of nanoparticles such as AgNPs and TiO, NPs are combined in order to
fabricate multifunctional textile nanocomposite materials with desirable UV protective, antimicrobial
effect and photocatalytic properties [87]. In fact, the inherent properties related to the TiO, NPs
such as extraordinary photocatalytic activity, non-toxicity, high availability or biocompatibility, make
them very useful for the manufacturing of high-value products. Accordingly, an interesting work
that concerns the major effects that TiO, NPs can impart on textile materials (antibacterial activity,
UV protection, self-cleaning properties) is evaluated by Radetic [88]. In this sense, related to the use of
TiO, NPs, another interesting work is presented by Khurana and Adiverakar [89] where high purity
and crystalline nano titanium dioxide particles have been synthesized by using the sol-gel method. In
this work, these TiO, NPs have been applied onto cotton fabrics with the aim of obtaining antimicrobial
activity and the use of a binder has improved the resultant durability after successive washes.
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Once the antibacterial activity of TiO, NPs has been demonstrated, it is important to mention that
other different metal oxide nanoparticles also show antimicrobial activity against Gram-positive and
Gram-negative bacteria. A comparative study about the use of three specific metal oxide nanoparticles
(ZnO, CuO and Fe, O3, respectively) which have been synthesized by sol-gel combustion is presented
by Azam et al. [90]. In this work, the antibacterial activity against both Gram-negative (E. coli and
P. aeruginosa) and Gram-positive (S. aureus and B. subtilis) have been evaluated. The experimental
results indicate that ZnO nanoparticles have an excellent bactericidal potential, showing better results
of antibacterial activity in comparison with the other two metal oxide nanoparticles. Farouk et
al. [91] present a novel work based on the use of nanosized ZnO particles as an antibacterial finish
for textiles. The ZnO nanoparticles embedded in a hybrid polymer sol have been applied onto
textile materials (cotton and cotton/polyester) in order to obtain antibacterial activity. The results
indicate that the antibacterial activity of the textiles is increased when the resultant particle size is
reduced. This enhanced bioactivity related to the smaller particles is associated with the higher surface
area to volume ratio. Finally, another important aspect related to the sol-gel technology is the high
versatility to accept a wide variety of biocide compounds which are perfectly embedded in the silica
matrix. In another work, Mahltig et al. [92] have reported the preparation of modified silica coatings
which contain embedded biocide materials. More specifically, an exhaustive study about silica layers
embedded silver, silver salts and biocidal ammonium quaternary salts is presented as a function of
three specific parameters such as antimicrobial efficacy, wash-out and long-term behavior.

Other interesting works based on the use of other different wet-chemistry methods such as the
layer-by-layer (LbL) technique for the design of novel antibacterial coatings can be also found in the
bibliography. Urrutia et al. [93] fabricated nanotexturized coatings which have been tested in bacterial
cultures of genus Lactobacillus, showing a good antimicrobial behavior against this type of bacteria.
Based on the same hypothesis of nanotexturized coating by using the LbL is presented by the same
author (Urrutia et al.) [94]. In this work, in situ synthesis of Ag NPs into LbL films is obtained by
the sequential deposition of poly(allylamine hydrochloride) (PAH) and SiO, NPs. In this approach,
the amino groups of the PAH acted as an efficient reducing agent and as result, AgNPs have been
successfully synthesized into the LbL films. All LbL coatings have been tested with gram-positive
and gram-negative bacterial cultures of E. coli, S. aureus, and L. delbrueckii, respectively, showing an
excellent antimicrobial behavior against these types of bacteria (more than 99.9% of killing efficiency
in all cases of study).

A summary of the different antibacterial agents which are incorporated by the different
methodologies as well as their corresponding antibacterial activities against a specific type of bacteria
or fungi is summarized in Table 3.

Implant-related infections are one of the main causes of failure in orthopedics and trauma.
These infections increase the associated costs by over 300% and reduce the quality of life of the patients
and their physical functions [95]. The colonization of the implant by bacteria occurs in two phases:
in a first reversible phase, the bacteria adhere to the implant surface; in the second phase, they collect
together and produce a polymeric extracellular matrix, known as biofilm, which protects them from the
immune system and systemic antibiotics, leading to an irreversible bacteria colonization of the implant.
This biofilm formation, which is probably the most critical pathogenic event in the development of
implant-related infections, is normally completed within 12-18 h [96-98].

Surface coating is the most widely used method to obtain antibacterial and anti-biofilm
formation properties on a surface. Antibacterial coating technologies have been recently classified
by Romano et al. [99] in three main groups: pre-operative antibacterial local carriers or coatings,
active surface modification and passive surface modification. The passive surface modification group
includes all surfaces chemically or physically modified to prevent or reduce bacterial adhesion without
releasing antibacterial agents. These methods are normally based on changing the surface energy and
roughness of the material by chemical or physical methods, including hydrophilic or superhydrophobic
surfaces, antiadhesive polymers, hydrogels and biosurfactants. Although the surface chemistry is
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essential to preventing the adhesion of bacteria and biofilm formation, it was observed that several
organisms without any chemical protection are able to maintain their surface free of bacteria and
biofilm formation. These organisms show different topographical features in the micro- and nano-scale
providing them antibacterial properties: e.g., shark skin, pilot whale skin, lotus leaf and some insects’
wing surfaces. Topographical modification of the resultant surfaces with nano- and microstructures
has emerged as a potential tool for the fabrication of functionalized surfaces with antibacterial
properties [100]. Some of the technologies usually applied for fabrication of antibacterial surfaces via
surface micro- and nanostructuring are chemical etching (Black Silicon), physical vapor deposition
(PVD), plasma irradiation, hydrothermal treatments, photolithography, electron-beam lithography
and ablation by ultrashort pulsed lasers [101-107]. In Table 4, the advantages and disadvantages of
these micro and nano-patterning technologies are shown.

According to the information provided in Table 4, one of the major limitations of these
manufacturing technologies presented is the lack of scalability of the solution. Only in the case
of using the direct laser structuring via ultrashort pulsed lasers, the covered area reaches the scale
of meters. For this reason, the purpose of the research reported in this paper is to evaluate the effect
of different surface topographies obtained via picosecond pulsed laser ablation technology on the
proliferation of two different types of bacteria on titanium substrates.

A combination of micro- and nano-texturing (known as hierarchical structures) was designed and
manufactured in order to avoid or reduce this proliferation without the incorporation of antimicrobial
agents. As can be observed in Figure 10, the hierarchical structures generated by the laser in the
titanium plates consist of pyramidal features at the microscale covered by nanoripples (laser-induced
periodic surface structure: LIPSS). This hierarchical topography has been designed and manufactured
to obtain different surface properties of the Titanium Grade 23 substrate, such as superhydrophobicity,
which is one of the factors playing an important role on antimicrobial behavior.

Table 3. Summary of the antibacterial agents as well as deposition method evaluated in this work
against a specific type of genus.

Antibacterial Agent

Antibacterial Test

Deposition Method

Silver nanoparticles (in situ synthesis by a
chemical reduction method)

Lactobacillus plantarum

Electrospinning [82]

Silver nanoparticles (in situ synthesis by a
chemical reduction method)

Lactobacillus plantarum

Sol-gel dip-coating process [26]

Silver-poly(acrylate) clusters

Staphylococcus aureus, Staphylococcus epidermidis,
Pseudomonas aeruginosa, Candida albicans

Immersion in the polyacrylate
dispersions [83]

Diamminesilver (I) silver [Ag(NH3),]*

Staphylococcus aureus and Escherichia coli

Sol-gel dip-coating process [84]

Silver nanoparticles (study as a function of
the intensity and variation of the
curing treatment)

Fungi (Aspergillus niger) and bacteria (Bacillus
subtilis and Pseudomonas putili)

Sol-gel dip-coating process [85]

Silver containing silica sols

Escherichia coli

Pad-dry cure process; high long
term-stability after washing cycles [86]

Silver and titanium oxide nanoparticles

Gram-negative bacteria (Escherichia coli);
Gram-positive bacteria (Staphylococcus aureus);
Fungi (Candida albicans)

Dip-coating process,
Multifunctionality (UV protection and
photocatalytic properties) [87]

Titanium oxide nanoparticles

Staphylococcus aureus and Escherichia coli

Sol-gel method [89]; Use of a binder to
improve the durability after
washing cycles

Metal oxide nanoparticles (ZnO,
CuO and Fe,03)

Gram-negative bacteria (Escherichia Coli and
Pseudonomas aueginosa); Gram-positive bacteria
(Staphylococcus aureus and Bacillus subtilis)

Sol-gel combustion method [90]

Metal oxide nanoparticles (ZnO)

Gram-negative bacterium (Escherichia coli);
Gram-positive bacterium (Micrococus luteus)

Inorganic/organic hybrid coating
polymer [91]

Silica coating embedding biocides (silver,
silver salts and ammonium
quaternarium salts)

Inhibition of bacteria (E. coli) and fungi
(Aspergillus niger)

Long-term stability [92]

Silica nanoparticles combined with a high
surface area

Lactobacillus plantarum

Layer-by-layer assembly [93]

In situ synthesis of silver nanoparticles

Escherichia coli, Staphylococcus aureus and
Lactobacillus plantarum

Layer-by-layer technique [94]
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Table 4. Micro- and nano-patterning technologies used for manufacturing antibacterial surfaces: Advantages and Disadvantages.

Structuring Technique Advantages Disadvantages Antibacterial Capacity Scalability
S s Material limitation (silicon); L 5. .
Chemical Etching (Black Silicon) [101] Biomimetic (nano f eatures similar Time consuming (5 min-100 mm? Surface area); P. aerug lgusm 4.3 >.<.10 ;S uuresus. ®
to those observed in nature) . X 4.5 x 10°; B. subtilis: 1.4 x 10
Lack of control on pattern dimensions
S. aureus, E. faecali, K.
. Material limitation (Titanium); pneumoniae: <10% (stain-dead
Hydrothermal treatments (Titanium . T . . . 0. . . )
. Size control (biomimetic) Time consuming (1 mm growth requires 1 h at 240 °C);  cells); P. aeruginosa, E. coli, B. ®
nanowires) [102] . o o N
Expensive process subtilis: 40% < ¢ < 80%
(stain-dead cells)
Pulsed Plasma Polymerization + UV Substrate' mdep.endent method Geometrical restrlctlor}s (plana.r surfaces); ) E. coli: 13%-33% bacterial
. L . (polymeric coating); Photocurable polymeric materials are required; . . <
irradiation(photolitography) [103] . . . . adhesion reduction after 14 h
High resolution Time consuming process
Limited to flat samples;
Direct laser interference High quality nano-features in a Patterneq d.1men510ns dep eers on the laser S. aureus: up to 60% reduction ©
atterning(DLIP) [104] wide range of materials characteristics (wavelength); in adhesion
P Maximum area covered by this technology: 10-15 cm
diameter (via Lloyd’s mirror)
Limited to a short range of materials (metals); Eﬁfceiaseeic?i}riiscll?:a?lis‘
Electron Beam Evaporator [105] Size control Vacuum chamber and electron gun required; 7 €P o o ®
Expensive process. Small areas aeruginosa (10% < ¢ <40%,
P ’ ' depending on the bacteria)
Hierarchical structures (microand ~ Nanoripples emerged more likely when metallic
nano); surfaces are considered; On titanium. Decreased
Ultrashort pulsed laser ablation [106]  Direct nanostructuring of a wide Time consuming; adhesion on P. aeruginosa ~ 90% ©
variety of materials; Expensive equipment (but robust and implemented in  No effects on S. aureus.
Possibility of large area structuring.  industrial environments).
Replication of large areas via Sdr;lri]u:;fglcttatlli‘liifofnrlt?g Ssttreucst'u Ii}ggoii:liﬂfrriiengfftlﬁgs; E. coli: 32% reduction in
Roll to roll Nanostructuring [107] P & 8 ps: 8 bacterial adhesion, considering ©

nanostructuring of the roll—die

roll and replication via roll to roll;
Time consuming

PS, PE and PC

®: Good; ©: Acceptable; ©: Poor.
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Figure 10. Hierarchical structures generated on Titanium Grade 23 by picosecond laser texturing:
(1) Pyramidal structures; (2) Micro-humps; and (3) nanoripples.

The material composition before and after picosecond laser treatment is analyzed by EDS
(Energy Dispersive Spectroscopy) in two different surfaces: out of the laser treated area (labelled
as Spectrum 1) and in the laser textured surface (labelled as Spectrum 3), see Figure 11. It is worth
noting that the semi-quantitative analysis of the material composition on both areas showed increments
of 23% on the oxygen concentration in the area affected by the laser radiation. This result indicates that
oxidation of the titanium alloy is promoted by the laser-texturing technique even when ultra-short
pulses are considered.

We studied the antibacterial activity of the test surfaces against Staphylococcus aureus ATCC 6538P
and Staphylococcus epidermidis ATCC 12228 using the standard JIS Z 2801:2010/A1:2012. According
to the standard, an antibacterial product is determined to have antibacterial effectiveness when the
antibacterial activity (R) is 2.0 or more. In the case of S. aureus, the Value of the antimicrobial activity
(R) was 1.65 and a percent Reduction of 98%. However, in the case of S. epidermidis, the value of the
antimicrobial activity was 0.64 and a percent reduction of 77%. According to these results, it is worth
noting that the antimicrobial effectiveness of the topography obtained by laser texturing depends
a lot on the bacterial type considered. Additionally, even though the topography selected showed
an improvement of the antibacterial activity, leading to R values higher than those observed in the
state of the art for different passive surface modification techniques (Table 1), this value did not
reach the antibacterial effectiveness threshold considered by the standard, which indicates that the
laser-texturing technique is an excellent approach for improving the antibacterial activity but in order
to reach the values established by the standard, a combination of this technique with active surface
modification techniques (such as PVD coatings doped with antimicrobial agents) is required.
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Figure 11. EDS analysis of the Titanium Grade 23 substrate considering (a) a surface without laser
treatment (Spectrum 1, O: 0 wt %) and (b) a surface where laser texturing process was performed
(Spectrum 3, O: 23 wt %).

2.3. Optical Fiber Sensors

Optical fiber technology has produced an authentic revolution in the telecommunications field
in recent decades due to its intrinsic advantages (light-weight, portability, small size, and capability
to perform “in vivo” or remote sensing measurements, immunity to electromagnetic interferences)
which are a key factor for sensing applications [108,109]. Due to all these potential advantages, the
scientific community is continuously developing novel market niches for its implementation in a wide
variety of different areas such as environmental monitoring, biomedicine, food or chemical industry,
gas sensing, clinical analysis or safety at work [110-113]. An important consideration is that the
optical fiber field has shown a considerable growth thanks to the implementation and development of
nanostructured thin films onto diverse optical fiber configurations. These nanostructured coatings
make possible an enhancement in the response time as well as in the resultant sensitivity [114-121].
In addition, the presence of nanoparticles in these sensitive thin films has resulted in the design of
high-performance fiber-optic sensors due to the inherent properties of the nanoparticles such as high
surface area ratio and porosity [122-126]. Among them, the use of metallic nanoparticles for sensing
applications is of great interest due to the presence of strong absorption bands in the visible region,
known as Localized Surface Plasmon Resonances (LSPR) [127]. These optical resonances are due
to the coupling of certain modes of the incident light to the collective oscillation of the conduction
electrons of the metallic nanoparticles [128]. In this sense, one of the most relevant aspects of the
synthesis of metallic nanoparticles, mostly silver (AgNPs) or gold nanoparticles (AuNPs), is that there
is a high dependence between their optical properties (color formation) and the resultant morphology
(shape and size). The possibility of monitoring the evolution of the LSPR wavelength position by
UV-Vis measurements and the corresponding color formation makes possible the design of metallic
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nanoparticles with a specific shape and size [129]. An illustrative example can be observed in Figure 12
where a multicolor silver map (Figure 12a) is presented as a function of a strict control of both protective
(polyacrylic acid sodium salt, PAA) and reducing (dimethylamino borane, DMAB) agents during the
synthesis process by using a chemical reduction method for a fixed molar concentration of the loading
agent (silver nitrate, AgNO3). Figure 12b shows the evolution of the optical absorption bands related to
the LSPR in two well-differentiated regions (region 1 from 400 to 500 nm, region 2 from 600 to 700 nm)
at a fixed PAA molar concentration of 25 mM when the reducing agent (DMAB) is gradually increased.
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Figure 12. (a) Photograph of the multicolor silver map obtained as a function of variable protective
agent (PAA from 1mM to 250 mM) and reducing agent (DMAB from 0.033 to 6.66 mM), respectively.
(b) UV-Vis spectra of the silver solutions prepared with variable DMAB concentration at a constant
PAA concentration of 25 mM (fifth line of the multicolor silver map). Reproduced from [129] with
permission; Copyright Springer 2013.

It is important to remark that this specific optical phenomenon (LSPR) is of great interest for
sensing or biosensing applications because it can be affected by the surrounding refractive medium of
the nanoparticles. As a result, the design of novel optical fiber sensors can be created with outstanding
properties such as high sensitivity, selectivity, robustness or optical self-reference. In addition,
depending on the location of the sensitive coating along the optical fiber, two different architectures
such as reflection or transmission can be considered. In the case of the reflection scheme, the sensing
material is deposited at the end of the tip fiber, it being the optical coupler which guides the signal from
the light source to the sensor. However, in the case of the transmission scheme, there is a direct optical
path between the light source and the receiver, respectively. Figure 13 shows a representative scheme
about both types of sensing configurations as a function of the location of the sensitive coating [130].

Due to these attractive properties related to the LSPR phenomenon of metallic nanoparticles
combined with the intrinsic advantages of optical fiber and the different possibilities related
to the architecture of the sensitive coating, the field of optical fiber sensors has extended their
applicability to measure biological, chemical, environmental, medical or physical parameters, among
others [131-134]. Most of the papers found in the literature are focused on the incorporation of gold
nanoparticles (AuNPs) into thin films because this type of nanoparticle presents additional advantages
such a great biocompatibility, non-reactivity, good chemical stability and easiness for a further
functionalization [135,136]. The possibility of the implementation of self-assembled multilayers with
metallic nanoparticles adsorbed onto optical fibers provides a simple, fast, robust and low-cost platform
for LSPR biosensing applications. In this sense, representative examples of the incorporation of metallic
gold nanoparticles inside different types of nanocoatings can be found in the literature [137-140] for
the design of LSPR fiber probes for biosensing applications.



Coatings 2018, 8,76 22 of 35

For example, Figure 14 shows one of the techniques previously commented upon.
Sol-gel technology is used for the immobilization and location of the AuNPs according to a specific
reaction mechanism (Figure 14a), whereas the reflection LSPR fiber-optic probe is described in
Figure 14b for the quantitative determination of hydrofluoric acid solution [137].
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Figure 13. Schematic representation of the different architectures used for optical fiber sensors such as (a)
reflection mode and (b) transmission mode. Reproduced from [130] with permission from Elosua et al. (2017).
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Figure 14. (a) The diagram of gold nanoparticles immobilized on PMMA optical fiber by using a sol-gel
coating. (b) Schematic diagram of the reflection-based LSPR fiber-optic probe. Reproduced from [137]
with permission from Chen et al. (2011).

Another interesting example based on a reflection mode is presented by Jia et al. [138]. In this
work, gold nanospheres have been successfully coated onto the tip of an optical fiber with the aim of
designing a Localized Surface Plasmon Resonance DNA biosensor. In a first step, the nanoparticle
size (20 nm and 80 nm, respectively) has been evaluated in order to fabricate a DNA biosensor with
a higher sensitivity. The experimental data showed that gold nanoparticles with a size of 80 nm
had a higher refractive index sensitivity (218.98 nm/RIU) than gold nanoparticles with a size of
20 nm (82.86 nm/RIU), respectively. In addition, in a second step, a wavelength interrogation mode
has been used to determine the sensitivity of the sensor and the results showed a red shift of the
LSPR absorption band when the concentration is increased (from 0 to 500 nmol/L, respectively).
In addition, the results indicated that the optical fiber sensor showed several advantages such as a
small sample consumption, easy fabrication and high sensitivity, being possible to detect a low target
DNA (50 nmol/L). Finally, Figure 15 represents a schematic diagram of the detection system as well as
the aspect of the optical fiber with the gold nanospheres coated onto the tip with its corresponding
sensitivity to target DNA concentration.
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Figure 15. SEM images of the tip of (a) the fiber sensor and (b) the electrostatic self-assembly of
monolayers of gold nanoparticles (AuNPs) of different sizes; (c) The absorbance spectra of the gold
nanoparticles coated sensor for DNA concentration ranging from 0 to 500 nmol/L and (d) relationship
between position of the LSPR peak and target DNA concentration. Reproduced from [138] with
permission; Copyright Springer 2016.

Another approach based on an nm-thickness composite gold thin film of AuNPs and
polyelectrolytes is presented by Wan et al. [139] for biosensing applications. In this work, layer-by-layer
assembly has been used to perform a nanocoating onto the end-face of the optical fiber in order to
fabricate a Localized Surface Plasmon Resonance fiber probe for the detection of the biotin-streptavidin
bioconjugate pair. The results indicate that there is a red-shift to shorter wavelengths related to the
LSPR peak when the concentration of the streptavidin solution is increased, as can be observed in
Figure 16.
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Figure 16. (a) Schematic representation of the optical setup and the fabrication of the thin film onto the
end-face of the fiber; (b) SEM picture of the cross-section of a cleaved optical fiber coated by 10-bilayers;
(c) normalized reflection spectra measured in air as a function of the concentration of streptavidin;
(d) wavelength shift of the LSPR peak as a function of streptavidin concentration. Reproduced
from [139] with permission from Wan et al. (2010).

Another work based on the assembly of AuNPs in a polyelectrolyte multilayer structure is
presented by Shao et al. (2010) [140]. In this work, transmission architecture has been used for the
design of an optical fiber LSPR biosensor (see Figure 17). In Figure 17a, can be clearly observed that
the gold nanoparticle assembled film (sensing layer), which is built onto a trilayer polyelectrolyte
structure, modified the sidewall of an unclad optical fiber. In addition, two well-dispersed AuNPs
(spherical in morphology) with a single plasmon band have been used for the preparation of the LSPR
sensing films. The resultant optical fiber sensor has been used to detect the changes of the bulk phase
refractive index and the assays of antibodies. More specifically, the optical fiber LSPR sensor has
been modified by rabbit IgG in order to detect goat anti-rabbit IgG, as can be observed in Figure 17b.
The experimental results indicate that after pumping different concentrations of goat anti-rabbit IgG,
the resultant peak intensity is gradually elevated when the goat anti-rabbit IgG concentration is
increased. These results related to this optical fiber biosensor present several additional advantages
such as a very good reproduction, a rapid preparation and a high sensitivity, it being a promising
alternative as a portable immune-sensor.

One of the main advantages of the layer-by-layer assembly is the high versatility to entrap different
types of metallic nanoparticles (silver, gold, copper) as well as a great capability for incorporating
nanoparticles with a wide variety of shapes (spherical, hexagonal, triangle, rod) and sizes (micrometric
or nanometric range) into the thin-films [141-143]. In order to corroborate the morphological aspect of
the LbL coatings based on an adequate incorporation of metallic nanoparticles with different shapes,
AFM images have been used to determine the distribution in the outer surface of the coatings, as it can
be appreciated in Figure 18.
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Figure 17. (a) Schematic representation of the experimental setup of the LSPR optical fiber sensor
by using a trilayer polyelectrolyte structure which has been used to assemble the gold nanoparticles;
(b) LSPR biosensing at different concentrations of goat anti-rabbit IgG from 0.11 to 100 pg/mL.
Reproduced from [140] with permission from Shao et al. (2010).
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Figure 18. (a,b) AFM images in tapping mode for the LbL-E coatings in order to corroborate the
presence of nanorods of an approximated size of 200 nm; (c,d) AFM images in tapping mode for the
LbL-E coatings in order to corroborate the presence of both spherical nanoparticles and particles of
higher size (clusters).

Once these metallic nanoparticles with a specific shape have been successfully incorporated into
the LbL thin films, Rivero et al. have developed novel optical fiber sensors based on the implementation
of these sensitive coatings for the detection of physical, chemical or biological parameters such as
Relative Humidity (RH), refractive index (RI), pH changes or human breathing [144-149]. It is
important to remark that it is the first research group in reporting optical fiber sensors based on the
simultaneous apparition of two different optical phenomena such as the Localized Surface Plasmon
Resonance (LSPR) and lossy-mode Resonance (LMR) for sensing applications [144]. Previous works
have reported the fabrication of LMR devices for sensing applications because the LMR band can
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be generated by using a broad range of supporting materials (polymer, semiconductor), making
possible the apparition of multiple absorption bands in the visible or infrared region [150]. However,
practical applications for sensing devices based on the simultaneous combination of both LSPR and
LMR phenomena are of great interest in the field of optical fiber because it yields the design of
self-referenced optical sensors. More specifically, the LSPR band is used as a reference signal, whereas
the LMR bands are used as a sensing signal due to the great difference in their sensitivities to the
parameter of study. Figure 19 presents a clear example for the fabrication of dual LSPR-LMR optical
fiber devices based on the incorporation of metallic nanoparticles into layer-by-layer films, it being
possible to observe their corresponding sensitivities to Relative Humidity, human breathing, pH or
refractive index values.
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Figure 19. Experimental setup used for the design of dual LSPR-LMR optical fiber devices for sensing
applications and the difference in their corresponding sensitivities in real cases for monitoring the
Relative Humidity (RH), pH changes, human breathing and refractive index values.

A summary of the main applications of the optical fiber sensors evaluated in this work is presented
in Table 5. Finally, it is necessary to remark that the presence of the metallic nanoparticles shows
additional advantages in the nanostructured coatings. The first one is that these nanoparticles make
possible an increase in the sensitivity of the device as well as an improvement in the visibility of the
LMR bands for a thinner coating. In addition, the second one is that the presence of AgNPs allows an
enhancement in the lifetime of the nanocoatings in high relative humidity environments due to its
antibacterial behavior, whereas the presence of AuNPs makes possible a great biocompatibility for
a further functionalization.
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Table 5. Summary of the main application of the optical fiber sensors based on sensitive nanocoatings.

Deposition Technique Sensing Parameter

Layer-by-layer assembly pH (range 4-7); Good repeatability and high sensitivity [114]

Fast and linear response in either acid or alkali solution (pH range 2.5 to 10);

Layer-by-layer assembly Resolution of 0.013 pH unit [115]

Langmuir-Blodgett technique Refractive index [116]

Radio-frequency plasma-enhanced

chemical-vapor-deposited SiNy nanocoating Refractive index and temperature [117]

High sensitivities of 0.6 nm/pH unit and —0.85 nm/pH unit for acidic and

Layer by-layer assembly alkaline solutions [119]

High accuracy of £0.001 pH units; Average sensitivity of 0.027 pH units/nm

Layer-by-layer assembly (range between pH = 3 and pH = 6) [120]

Layer-by-layer assembly Refractive index and chemical species; Fast response time [121]
Electrospinning Gas sensing; High sensitivity and selectivity [122]
Sol-gel technology; core-shell silica nanoparticles Dissolved oxygen; High sensitivity [123]
Layer-by-layer assembly Relative Humidity [124]
Layer-by-layer assembly Relative Humidity and temperature [125]
Layer-by-layer assembly Refractive index [126]
Sol-gel method Hydrofluoric acid in aqueous solutions (137)
Electrostatic self-assembly LSPR sensing (gold nanospheres); DNA biosensor [138]

Tonic self-assembled multilayers (ISAM) technique ~ LSPR sensing (gold nanoparticles); Biotin-streptavidin bioconjugate pair [139]
Layer-by-layer assembly LSPR sensing (gold nanoparticles); Antibody detection [140]
Layer-by-layer assembly LSPR and LMR sensing (silver nanoparticles); Relative humidity changes [144]
Layer-by-layer assembly LSPR and LMR sensing (gold nanoparticles); Refractive index changes [145]

LSPR and LMR sensing (gold nanorods); Refractive index and relative humidity

Layer-by-layer assembly changes [146]

Layer-by-layer assembly LSPR and LMR sensing (gold nanorods); pH changes [147,148]

LSPR and LMR sensing (silver nanoparticles); Human breathing and relative

Layer-by-layer assembly humidity [149]

3. Conclusions

Wet chemistry coating technologies have proven to be easy to implement and scalable
techniques to attain relevant goals in surface functionalization in fields such as high hydrophobicity,
bacteriostaticity and sensorics.

The design of superhydrophobic surfaces for metallic alloys and fabrics has been successfully
obtained by the sol-gel process involving hybrid or single silica matrices combined with water-repellent
precursors. An appropriate texturing and roughening of surfaces on the nano and microscale is used to
obtain these extreme wetting characteristics. The future outlook and open research lines in this specific
field are associated with the design of bio-inspired special wettable surfaces which can be applied to
a wide number of industrial applications such as finishing textile fabrics, corrosion resistance surfaces,
self-cleaning properties, anti-graffiti surfaces, anti-icing or anti-snow coatings, among others.

Nanocoatings that present bactericide effects can be obtained by the incorporation of different
types of nanoparticles (silver, copper, titanium oxide, zinc oxide) which are perfectly embedded in a
single or hybrid matrix by using these wet-chemistry methods. In addition, the experimental results are
better than those obtained by alternative physical techniques such as pulsed laser texturing. A future
outlook for the design of textile fabrics with antibacterial behavior is focused on the development of
multifunctional finishing properties such as photocatalytic activity, UV protection and long washing
durability, making possible the fabrication of high value-added products. In order to obtain these
multifunctional properties a good adhesion of the coating onto the textile fabrics by covalent bonds is
necessary, the sol-gel technology being a good alternative.

Finally, the use of these nanofabrication techniques applied to the development of novel optical
fiber sensors based on nanostructured coatings is a hot topic in the scientific community because they
can present unique properties that can lead to important and significant advances in the design of
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novel optical devices. In this sense, sensing devices such as optical fiber can take advantage of these
nanostructured materials in the implementation of improved sensors due to the intimate interactions
of these nanostructures with a target parameter (i.e., pH, gases, ions, volatile compounds, refractive
index, and biomolecules) with a considerable enhancement in the resultant sensitivity. The detection of
this wide variety of parameters makes possible their implementation in fields as diverse as aeronautics,
food quality, environmental control, biomedicine or even in other industries.
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