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RESUMEN
El desarrollo de nuevos materiales y métodos de deposición a escala
nanométrica ha supuesto una auténtica revolución en muchas disciplinas de la
investigación. En particular, en el campo de los sensores de fibra óptica, los
recubrimientos nanoestructurados permiten generar efectos ópticos que no son
apreciables mediante la utilización de materiales convencionales. El principal
objetivo de esta tesis es la fabricación de nuevos sensores de humedad de fibra
óptica basados en nanofibras y películas nanoestructuradas que posean
propiedades antibacterianas para aplicaciones que operan en entornos de alta
humedad y probacterianos. Para ello, el estudio y síntesis de nanopartículas de
plata, y su posterior inclusión en los procesos de fabricación de recubrimientos
como electrospinning y Layer-by-Layer han sido analizados para la fabricación
de películas antibacterianas sobre fibra óptica. De esta forma, se han estudiado
y desarrollado en este trabajo diferentes arquitecturas sensoras basadas en
campo evanescente, resonancias basadas en plasmones superficiales localizados
y modos de pérdidas, y fibras tipo Long period gratings.

ABSTRACT
The development of novel materials and deposition methods on the
nanometric scale has meant an important breakthrough in diverse fields. More
specifically, in the field of optical fiber sensors, nanostructured coatings allow
the generation of optical effects which are not appreciable with the utilization
of thick films. This thesis aims to contribute to the development of optical fiber
humidity sensors based on nanostructured coatings with antibacterial properties
for pro-bacterial and high humidity environments. With this goal, the synthesis
of silver nanoparticles and their posterior incorporation in the sensing coatings
by means of techniques such as deposition methods as electrospinning and
Layer-by-Layer assembly have been analyzed and studied for the fabrication of
antibacterial nanocoatings onto optical fibers. Different sensing setups based on
evanescent field, lossy mode resonances, localized surface plasmon resonances,
and Long-Period gratings have been researched along this work to fulfill the
development of such sensors.
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CHAPTER 1. Introduction
1.1. Motivation and objectives
Humidity is one of the most controlled magnitudes due to its importance in
many processes in a wide range of industries, or other fields such as food
control, indoor air quality, health monitoring, forecast, and more. However, its
monitoring is a concern in specific situations as in high humidity environments.
In such cases, the proliferation of bacteria and microorganisms can produce the
apparition of biofilms which, when are not desirable, are addressed as biofouling
[1]. Nowadays, biofouling represents an expensive problem around the world,
and specifically, one of their effects is the damage of sensing instrumentation in
those harsh environments.
Since a few years ago, new promising optical fiber sensing techniques are
being successfully developed, and due to their advantages they are replacing
conventional electronic sensors in diverse applications. The growing interest in
optical fiber sensors is grounded in their multiple advantages, among them,
remote sensing, biocompatibility, real time monitoring, immunity to
electromagnetic interferences or multiplexing possibilities [2-5].
The world of optical fiber sensors has changed a lot in the last years. New
elements and play rules have resurged for the development of new devices
thanks to the research advances in nanotechnology and fabrication techniques.
These new elements are summarized in:


New optical fiber architectures



New materials, deposition techniques, and nanocoatings



New phenomena in fiber sensing



Nanoparticles

Thus, the analysis and thorough combination of these components allows the
design of multiple sensing approaches.
Some interesting optical fiber sensing architectures have been developed in
last decades. Among them, there are optical fiber sensors based on fiber Bragg
gratings (FBGs) [6], long period gratings (LPGs) [7], tapered fibers [8],
interferometers [9], or electromagnetic resonances [10-14]
In addition, the development of novel materials and deposition methods on
the nanometric scale has meant an important breakthrough in different fields
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[15, 16]. The utilization of these new materials and techniques in the optical
fiber sensors field has opened the door to new research lines and possibilities.
Thus, nanostructured coatings can be deposited on diverse optical fiber
architectures for the design of new sensors. As a consequence, many devices
have been developed to monitor or detect specific magnitudes, such as humidity
[17, 18], temperature [19], gases [20, 21], pH [22], ions [23], biomolecules [24,
25], and others.
More specifically, in the field of optical fiber sensors, when the coatings are
under the micron scale, new phenomena have to be considered. Thanks to
nanostructured coatings, the generation of optical effects that are not appreciable
with the utilization of thick films, can be observed and take advantage of them.
Among these phenomena, enhanced interaction with the evanescent field [26],
Lossy Mode Resonances (LMR) [27], or Localized Surface Plasmon
Resonances (LSPR) [28] have been studied which make possible the
development of optical fiber sensors with tunable spectral response. Moreover,
other structures as fiber gratings offer interesting coupling light characteristics
to make use in the design of new sensors thanks to suitable nanostructured
coatings [29].
Among the nanotechnology advances, the new chemical techniques for the
synthesis of nanoparticles (NPs) are very promising. The incorporation of
certain NPs in coatings can provide additional special properties: mesoporosity,
higher roughness, antibacterial behavior, etc. Moreover, the intrinsic properties
of metallic NPs are the base of diverse phenomena that can be also used as
sensing mechanism by themselves, for example LSPR [30] or quantum
confinement [31]. Therefore, the fabrication of selected NP-based coatings
presents nowadays opportunities to develop novel sensitive materials. This way,
very recent works have demonstrated that the use of these NPs-embedded
coatings enhance some parameters of previous devices as dynamic range
sensitivity [32, 33], robustness [33], or lifetime [34].
Amongst the different nanometric films that incorporate NP, those based on
silver nanoparticles (AgNPs) offer interesting possibilities. They show an LSPR
attenuation band in the visible spectral region which makes them good
candidates for sensing purposes. Moreover, they allow the fabrication of
coatings that present antibacterial or even biocide properties [35-38], avoiding
the appearance of bacterial growth. Another interesting property of the AgNPsembedded coatings is the combination of the mentioned LSPR due to the
metallic NPs, and also the LMR phenomenon provoked by the thin films [39].
In this thesis, all previous mentioned components (optical fiber structures,
nanocoatings, silver nanoparticles, and phenomena) have been carefully
combined in order to fabricate new optical fiber humidity sensors with further
biocide functionality. Two deposition methods have been studied and used to

3

Aitor Urrutia Azcona

deposit different humidity-dependent nanocoatings onto optical fibers:
electrospinning [40, 41], and Layer-by-layer [42, 43]. Furthermore, AgNPs
were synthetized and incorporated in the coatings by different techniques (In
situ synthesis method, and Layer-by-Layer Embedding) to develop more
devices. Different sensing schemes with antibacterial behavior based on
Evanescent field, LSPR, LMR and Long-period gratings will be studied along
this work.
The aim of this thesis is to fabricate new optical fiber humidity sensors based
on AgNPs-embedded coatings. The development of such sensing devices with
biocide coatings can be a suitable alternative for moisture monitoring
applications in high humidity environments. Moreover, this can be a useful
approach in the prevention of bacterial growth, enhanced lifetime sensor, and
the possibility of offering considerable savings in the replacement of damaged
sensors.
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1.2. Organization
This thesis has been organized in several chapters. A graphical summary
about the organization of this thesis is shown in Figure 1.1.

Figure 1.1. A schematic representation of the chapters of this work

Generally, optical fiber sensors are classified in several groups depending on
their detection method or sensing principles. The typical classification with
these criteria includes the following ones: absorbance or evanescent wave based
sensors, interferometric sensors, fiber grating sensors, and resonance-based
sensors. The background of their sensing principles and their optical fiber
configurations are described in chapter 2. Moreover, their combination with
diverse NPs-embedded coatings and the current status of research in this topic
will also be presented.
In chapter 3, electrospinning technique is used to coat cladding removed
optical fibers in order to fabricate evanescent sensors for humidity applications
such as breathing monitoring. Sensor were developed using poly(acrylic acid)
electrospun nanowebs with and without AgNPs as sensitive coatings.
In chapter 4, in order to fabricate coatings in a better controlled way, the
Layer-by-Layer assembly technique was applied to fabricate thin films onto
cladding removed optical fibers. In a first approach, a new humidity evanescent
sensor with a novel AgNPs synthesis route is presented. Next, a humidity LMR
based sensor was developed thanks to the incorporation of the AgNPs by the in
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situ synthesis method. The generation of the LMR band in the near-infrared
region provides a wavelength based sensor.
In a further step, also in chapter 4, Layer-by-Layer Embedded technique was
used to allocate the AgNPs into the coatings in a high precise manner,
controlling its amount during the deposition. This new approach allows the
generation of the LSPR of the AgNPs, and multiple LMR bands, offering selfreferenced wavelength based sensors.
Finally, in chapter 5, some long-period fiber grating sensors are presented.
Layer-by-Layer was used to deposit firstly only-polymeric thin films, and then
AgNP-loaded LbL films using the in situ synthesis method. Moreover, other
alternative approaches with partially coated long-period gratings (with and
without AgNPs) are also presented, providing simultaneous measurements for
humidity and temperature from a single grating.
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CHAPTER 2. Background: Optical fiber sensors based on
nanoparticles-embedded coatings
The use of nanoparticles (NPs) in scientific applications has attracted
the attention of many researchers in the last few years. The utilization of
NPs can help researchers to tune the physical characteristics of sensing
coatings (thickness, roughness, specific area, refractive index, etc.)
leading to enhanced sensors with improved response time or sensitivity
respect to the traditional sensing coatings. Additionally, NPs also offer
other special properties that depend on their nanometric size, and this is
also a source of new sensing applications. This chapter focuses on the
current status of research in the use of NPs within coatings in optical fiber
sensing, including the sensing principles used in this dissertation. These
sensors are briefly described and classified in several groups: evanescent
sensors, interferometric sensors, fiber grating sensors, and resonance
based sensors. For each sensor group, specific examples of the utilization
of NPs-embedded coatings in their sensing structures are reported.

2.1. Introduction
Since the last few decades optical fiber sensors have experienced an
important growth in the sensing technologies field. Recently, many applications
have been developed to monitor or detect a wide range of parameters in different
fields such as biomedicine, aeronautics, food control, indoor air quality and
other industries. This interest of the scientific community in optical fiber sensors
is motivated by their already well-known advantages, as immunity to
electromagnetic interferences, remote sensing, small dimensions, low weight,
biocompatibility, real time monitoring, or multiplexing capabilities [1, 2].
Currently, optical fiber sensors field has increased its research lines and
possibilities with the use of nano-coating deposition techniques. Nanostructured
thin films and nano-coatings have been applied to the diverse optical fiber
configurations for the fabrication of new sensors. Thanks to these combinations,
many devices have been developed obtaining the detection and monitoring of
multiple parameters such as a wide range of gases [3, 4], pH [5], temperature
[6], humidity [7, 8], ions [9], biomolecules [10, 11], and others.
One of the latest steps in the search of improved novel sensors is the inclusion
of nanoparticles (NPs) within the sensitive materials. In diverse new researches,
it has been demonstrated that selected NPs-embedded coatings enhance some
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parameters of previous devices, as for example, sensitivity [12, 13], dynamic
range, robustness [13], lifetime [14]. On one hand, these improvements are due
to the fact that NPs can provide additional special properties in coatings
(mesoporosity, higher roughness, antibacterial behavior, etc.). Thus, higher
surface area in sensitive regions allow to reach lower limits of detection (LoD)
in biosensing. On the other hand, the intrinsic properties of certain NPs cause
diverse phenomena that can be also used as sensing mechanism by themselves,
for example localized surface plasmon resonances (LSPR) or quantum
confinement.
Generally, optical fiber sensors may be classified in several groups depending
on their detection method or sensing principles. The typical classification with
this criteria includes the following ones: absorbance or evanescent wave based
sensors, interferometric sensors, fiber grating sensors, and resonance-based
sensors. The interferometric sensors, due to their high relevance, have also been
included in this review study. With respect to the other sensing mechanisms,
along this thesis evanescent sensors, resonance-based sensors, and fiber grating
sensors have been developed (as it is shown in chapter 3, chapter 4, and chapter
5, respectively). Therefore, their sensing principles and their optical fiber
configurations will also be described in next sections. Moreover, their
combination with diverse NPs-embedded coatings and the current status of
research in this topic will also be presented.
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2.2. Evanescent field based sensors
Evanescent field based optical fiber sensors have been reported since the 70’s
in literature, and their development have been widely used to these days. The
underlying phenomenon of such sensors is based on the interaction of the
exponentially decaying evanescent field in the lower refractive index region of
an optical waveguide (the cladding in optical fibers). In evanescent field sensors,
the material of the cladding can be carefully chosen so its optical absorption or
refractive index can be altered depending on a specific target magnitude.
Therefore a change in the guided light, in the absorbance, can be observed. The
absorbance can be described by the Lambert-Beer’s Law, where the
transmission of the light through an analyte, material or sensitive region (T,
called transmittance) represents the relation between the light intensity before
(Io) and after (I) passing through this sensitive region, expressed by the
following equation [15]:
𝐼

𝑇 = 𝐼 = 10−𝛼𝐿 = 10𝜀𝐶𝐿
0

(Eq 2.1)

where L is the length of interaction within the absorbing region (optical path),
and α is the absorption coefficient which can be denoted as the product of the
molar absorptivity (ε) and the concentration (C) of the target. This transmittance
nomenclature can also be transferred to absorbance terms, such that:
𝐼

𝐴 = −𝑙𝑜𝑔10 (𝐼 ) = 𝛼𝐿 = 𝜀𝐶𝐿
0

(Eq 2.2)

where absorbance (A) is the magnitude commonly used in this kind of optical
fiber sensors [15].
The incorporation of sensitive materials to optical fiber sensors can be
performed by embedding them into coatings or thin films. The propagation of
light through the optical fiber presents two contributions: the guided field in the
core, and the evanescent field in the medium surrounding this core. This
evanescent field is not accessible in unmodified standard cladded fibers, and
therefore it is not relevant for sensing. Thereby, the external medium cannot
interact with the guided light through the core, nor the evanescent contribution
in the cladding. Nevertheless, when the cladding is intentionally altered and
replaced by sensitive coatings, there could be a significant interaction between
the external medium and the evanescent field to the guided light. The optical
properties of the selected coating materials determine the changes in this
evanescent-field interaction and therefore play a key role in the design of
evanescent field absorption based sensor devices.
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The degree of penetration of evanescent field into the low refractive index
medium is very important. This quantity is called penetration depth of the
evanescent field, dp. This is defined as the perpendicular distance from the corecladding interface at which the electric field amplitude has become l/e of its
value at the waveguide interface. If Eo represents the electric field amplitude
at the interface, after a distance d, it falls to
𝐸 = 𝐸0 𝑒 −𝑧𝑑𝑝

(Eq 2.3)

where the magnitude of the penetration depth is
𝑑𝑝 =

𝜆
2𝜋𝑛1

√𝑠𝑖𝑛2 𝜃−(𝑛

2
2 ⁄𝑛1 )

(Eq 2.4)

and λ is the wavelength, θ is the angle of incidence to the normal at the
interface, n1, and n2 are the refractive indices of core and cladding media
respectively.
In many cases, optical configurations are developed to enlarge this interaction
with the evanescent field by removing the cladding, bending, or tapering the
fiber, as it is shown in Figure 2.1, thus improving their sensitivity to the changes
in the external media.

Figure 2.1: Schematic of the most used optical configurations used for the development of
absorbance based sensors with NPs-embedded coatings: a) cladding remove fiber; b) U-shape or bent
fiber; c) tapered fiber. Evanescent field is also depicted as tails that penetrate and interact within the
coating.
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2.2.1. Cladding-removed optical fiber sensors
Cladding-removed optical fiber (CROF) is one of the simplest structures used
in optical fiber sensing (shown in Figure 2.1a). A short length of the cladding of
the fiber is removed and then replaced by the deposition of a selected
nanostructured coating which interacts with the surroundings. This coating acts
as the sensitive region, and therefore its composition and fabrication parameters
are thoroughly studied in order to improve the sensitivity or other desirable
sensing values. Thin film fabrication techniques such as Layer-by-Layer
assembly (LbL), Langmuir-Blodgett, sol-gel, or spin-coating could be used to
create these coatings where, in some cases, NPs are embedded inside them them
[13].
During the last two decades many CROF based approaches have been
developed. Nevertheless, as it was previously commented, the use of NPs in
coatings has not been reported until the last few years.
CROF sensors with NP-based coatings have been reported in several works,
detecting humidity [16, 17], ethanol [18], ammonia [19], methanol [20] and
other gases [21, 22]. For instance, Kodaira et al [22] coated an optical fiber with
SiO2 NPs and poly(diallyldimethylammonium chloride) to create mesoporous
overlays by LbL. The resultant coating morphology allows to allocate functional
chemical compounds for diverse gases detection. Other relevant approach is
reported by Mariammal et al [18], using SnO2 and CuO:SnO2 NPs for ethanol
detection. The use of CuO:SnO2 NPs based coatings presented an enhancement
of 3 times in sensitivity respect to previously reported sensors based on pure
SnO2 NPs.

2.2.2. Bent optical fiber sensors
Bent optical fiber sensors can be considered as a particular case of the CROF
sensors, when the modified fragment of the fiber is submitted to a significant
bending (see Figure 2.1b). Sometimes these devices are also reported as U-shape
fiber sensors [23]. The intentional bending effect provides higher losses in the
transmitted light, and dramatically increases the evanescent field depth [8, 24].
Khijwania et al demonstrated the notable enhancement in sensitivity presented
by a U-probe in comparison with a straight probe due to a lager evanescent field
and absorption coefficient [8]. Included in this classification, there are different
devices which have sensitive coatings without NPs for humidity [8, 25, 26], or
pH [27]. However the use of coatings with NPs has appeared more recently. For
instance, Guo et al reported ammonia sensing devices [28] based on Ag NPs
within silica coatings with a theoretical limit of detection (LoD) of 61ppb.
Vijayan et al developed optical fiber humidity sensors based on a Co NPsembedded polyaniline coating [29]. Their sensors showed a quick response of 8
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seconds in a broad dynamic range of 20–95% in relative humidity terms. Other
humidity device with MgO NPs was presented by Shukla et al [30] using the
sol-gel technique. Also U-bent fibers have been coated with Au NPs to develop
resonance-based sensors [31, 32], as it will be described in section 2.4.

2.2.3. Tapered optical fiber sensors and other special fiber sensors
An alternative strategy for exposing the evanescent field to an external
sensitive coating is fiber tapering. This technique modifies the optical fiber
geometry and its structure (see Figure 2.1c) thus obtaining an increment of the
interaction of light with the sensitive region, and therefore providing higher
variations in the magnitude of the evanescent field. The length and waist
diameter of the taper, the refractive indices, and other fiber parameters were
analyzed by Ahmad et al [33] using a ray model. The influence of these factors
on the penetration depth of the evanescent field was studied [33]. They
concluded that the longest tapers provided the largest evanescent field, and that
penetration depth can be augmented three times with a convenient waist
diameter depending the original fiber diameter, according with other studies [34,
35].
Recently, tapered optical fiber sensors with AgNPs-based coatings have been
developed for ammonia sensing [36], ethanol levels [37], and bacteria detection
[38]. Other example of this type of devices was presented by Monzon et al for
hydrogen sensing using PaAu NPs [39].
The combination of diverse special fibers with NPs-embedded coatings are
also reported. Examples of this are such as hollow core fibers with Fe3O4 NPs
for magnetic field sensing and optical filter purposes [40], polished fibers with
TiO2 NPs [41] or photonic crystal fibers (PCFs) in junction with Au NPs [42]
and Fe3O4 NPs [43] for temperature sensing, among others. D-fibres also have
been coated with silica NPs coatings to develop other sensing approaches [44].
PCFs and micro-structured optical fibers (MOFs) are recently used in the
development of new sensors with metallic NPs based on metal-enhance
fluorescence (MEF) or surface-enhanced Raman scattering (SERS).
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2.3. Interferometric based sensors
Optical fiber interferometers have been widely used in the development of
optical fiber sensors. They can be mainly classified in four types: Fabry-Perot,
Mach-Zehnder, Michelson, and Sagnac [45]. Their sensing principles, and then
some examples of each type of sensors with NPs-embedded coatings will be
described below.

2.3.1. Fabry-Perot interferometers
The fabrication of Fabry-Perot interferometers (FPI) in optical fibers have
provided different sensing structures. There are numerous works that use the
simplest optical fiber FPI configuration: an air gap between two perpendicularly
cleaved optical fibers [46, 47]. A modification of this basic structure involves
the fabrication of a polymer-based nanocavity onto the cleaved end-face of the
optical fiber. These FPI nanocavities based on nanostructured coatings have
been commonly performed by means of the LbL technique in the last decade
[48, 49]. Thus, the obtained optical system is composed of three different
materials in terms of refractive index: the optical fiber (nf), the nanocavity (nc),
and the surrounding medium (ne). When the transmitted light pass through the
structure, the two media interfaces (fiber-coating and coating-air) act as partial
mirrors, where part of the optical power is transmitted and other part is reflected
(see Figure 2.2). The reflected power depends on the RI of the three materials,
and the nano-coating thickness (cavity length).

Figure 2.2. Schematic of a thin-film Fabry-Perot interferometer configuration used in optical fiber
sensing.

This reflective phenomenon has been used for sensing applications. Some of
them have performed Fabry-Perot cavities including NPs within thin films. For
instance, silica NPs were used in FPI based sensors for humidity [50], [51].
Moreover, FPI based sensors with embedded Au NPs or TiO2 NPs have been
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published for biological applications such as rabbit immunoglobuline detection
[52], or even as a precision refractometry for Refractive Index (RI) monitoring
[53]. Other example is the addition of carbon nanotubes based nanocomposites
in Langmuir-Blodgett overlays to detect volatile organic compounds (VOCs),
reported by Consales et al [54]. Furthermore, Yim et al presented a novel pH
sensor which nanocavity was composed of polymeric overlays combined with
complex NPs [55]. In other report, Ag NPs were allocated in zeolite thin films
to detect Hg2+ cations in aqueous solutions [56].

2.3.2. Mach-Zehnder interferometers
The multiple configurations provided by the Mach-Zehnder (MZ)
interferometers had let to a wide variety of sensing applications. Conceptually,
the optical fiber MZ interferometers are composed of two separate light paths
or arms: the sensing path, and the reference path. The light entered into the
device and was split into two beams by a fiber coupler. Then, light passed
through both paths reaching to another fiber coupler, where light was reunited
and both contributions create the interference. The traditional MZ structure was
scaled down as it was applied to optical fiber devices. In Figure 2.3, different
approaches to MZ configurations are shown.

Figure 2.3. Schematic of the mainly used MZ configurations in optical fiber sensing: a) based on
Long Period Gratings (LPG); b) based on tapered fibers; and c) based on a PCF.

Since the introduction of fiber gratings in sensing, many sensors have been
performed including them in the MZ configuration [57, 58], shown in Figure
2.3a. As it will be detailed in section 2.5, the periodic perturbation of the grating
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produces the coupling of some core modes to cladding-propagating modes, thus
obtaining two virtual paths for the transmitted light in a single optical fiber. To
recombine both light contributions, a second grating is placed behind the first
one, obtaining the desirable interference. The sensing mechanism of the fiber
grating is described in the Fiber grating sensors section. One experimental work
based on this configuration is presented by James, Korposh et al [59], coating
two long-period gratings with embedded SiO2 NPs in polymeric thin films by
LbL. In this study, the response of the system to the environmental perturbations
was investigated, measuring the changes for temperature, RI, and also to detect
ammonia concentrations.
Regarding to the rest of MZ configurations, there are some relevant works
for diverse applications. For instance, Li et al [60] presented one MZ based
sensor using ultra-abrupt tapered fibers to detect N2, with an improved RI
sensitivity respect to a conventional MZ interferometer. In other approach,
Socorro et al have reported a theoretical and experimental study of the
multimode interferences created by a single mode- multimode- single mode
fiber structure, obtaining a sensitivity enhancement controlling the thickness of
thin films [61]. However, until these days, as in the FPI situation, the use of NPs
in the MZ based approaches is not very common.

2.3.3. Michelson interferometers
Other interesting type of interferometers are the called Michelson
interferometers (MI). Their optical structured is quite similar to the MZ devices,
but in this case, the light is reflected at the end of each arm by a mirror addition.
Also, this approach can be developed in a compacted configuration, commonly
known as in-line Michelson interferometers. As in the case of MZ
interferometers, LPGs have been mainly used in MI configurations. There are
recent advances in MZ with NPs-embedded coatings for concretes applications.
One of the most relevant works is reported by Carrasquilla et al, who design a
LPG based MI interferometer [62]. LPG were coated with Au NPs entrapped in
a sol-gel matrix to create a platform for-the immobilization of functional
structure-switching DNA aptamer molecules.

2.3.4. Sagnac interferometers
Sagnac interferometers present an interesting alternative to other sensing
structures, due to advantages as easy fabrication and simple set-up, and
robustness. These type of interferometers consist of an optical fiber loop, along
which two beams are propagating in counter directions with different
polarization states, providing the desired interference. A more detailed
description of those interferometers can be found in the bibliography [63].
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Mainly, Sagnac interferometers are commonly fabricated using high
birefringent fibers or polarization maintaining (PM) fibers to obtain a higher
sensitivity; although more recently, they have been developed using PCFs or
PM-PCFs, reducing their temperature dependency.
Sagnac interferometers designed with NPs-embedded coatings have not been
reported. However there are some advances where the sensing fiber has been
coated with polymers. Hence, humidity sensors based in chitosan [64] or
polyvinyl(alcohol) [65], or salinity sensing devices based in polyimide [66] have
been published.
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2.4. Resonance based sensors
Resonance-based sensors are other important group within optical fiber
sensing field. Their development have been reported since more than 20 years
ago. When an optical waveguide is coated by a nanostructured coating, the
transmission of light along the overall structure can be affected. Depending on
the properties of the different materials involved in the system (the waveguide,
the coating and the surrounding medium), three different kinds of
electromagnetic resonances can be recognized. In this section, these kind of
resonances are described and some research advances are presented.

2.4.1. Optical resonances in overlays
To distinguish the different types of resonances, the relationship between the
permittivity of the coating (𝜀2 ), composed of real and imaginary part, is
considered (see Figure 2.4).

Figure 2.4. Schematic of a waveguide coated with a nanostructured film, and the required conditions
to generate SPR and/or LMR. Adapted from [67]. Copyright (2014) with permission from Elsevier.

The first resonant phenomenon happens when the real part of 𝜀2 satisfies the
following three conditions: must be negative; must be higher in magnitude than
its respective imaginary part; and must be higher in magnitude than both the
waveguide permittivity and the surrounding permittivity as well. Under these
conditions, the produced resonance is called surface plasmon resonance (SPR).
This kind of resonance consist in the coupling of the energy of certain resonant
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wavelengths of the incident light to a surface electrical current in a metallicsemiconductor interface. When such resonance occurs the energy is transferred
from photons to electrons, and therefore such resonant wavelengths are not
observable in the final transmitted light. For this type of resonance, metallic
films are required, being silver or gold the most typical SPR materials.
The second case happens when the real part of 𝜀2 is close to zero, and its
imaginary part is large. This particular case, named as long-range surface
exciton polariton (LRSEP) has not been applied to the development of optical
fiber sensors, and will not be reported in this review.
Finally, a third type of resonance occurs when the real part of 𝜀2 satisfies
these other three conditions: must be positive, must be higher in magnitude than
its respective imaginary part; and must be higher in magnitude than both the
waveguide permittivity and surrounding permittivity as well, see Figure 11.
Some studies demonstrated that the propagation of light in semiconductor
cladded waveguides exhibits some attenuation maxima for specific thickness
values of the semiconductor cladding and, also, at certain wavelengths of
incidence values [68]. This is due to a coupling between waveguide modes and
a specific lossy mode of the semiconductor thin film [69]. Because of that, in
these cases, resonances are denoted as lossy mode resonances (LMRs). [67, 70].
In this resonance the light couples into a different propagating medium, and it
is lost from the transmitted light. Semiconductor materials [71], polymers [72]
or ceramics are commonly used to create the sensitive films for the LMRs
sensors.
According to the optical structure, resonance based sensors could be
englobed as a sub-group of absorbance sensors, grating sensors or
interferometric sensors if their coatings satisfy the specific resonance
conditions. Generally in literature, the importance of the resonance phenomena
makes that they were considered as a group by themselves. However, they could
also be classified as CROF sensors, U-shape sensors, tapered sensors, LPG
sensors, FBG sensors, etc. depending on their optical configuration.

2.4.2. Resonances in nanoparticles
Since the introduction of optical fiber technology in the research of the
technique of SPR, fiber-optic SPR sensors have presented a lot of
advancements. Jorgerson, Homola et al published in 1992 [73] one of the
earliest optical fiber sensor based on SPR. They studied the changes of the
transmission spectrum varying the key parameters: the film thickness, the film
refractive index, and the length of the coated area. After that, many devices
based on SPR phenomenon were reported thanks to the metallic thin coatings
onto the fiber, being an essential reference in biochemical sensing in the last
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decade [74]. However, these metallic coatings mainly composed of silver or
gold films do not contain NPs, and consequently, there are not SPR based
sensors with NPs-embedded coatings.
The unique optical properties of metal NPs have also attracted the sensor
community to develop LSPR based sensors [75]. In the LSPR phenomenon, the
conductive NPs interact with the light which goes through the coatings,
generating resonant interactions among them. LSPR occurs when the dimension
of the NPs is smaller than the wavelength of light and the electromagnetical field
couples to a collective resonant oscillation of the electrons of the metallic
nanoparticle. Such localized resonances depend on the size, geometry and
composition of NPs, their distribution in the coatings and on the properties of
the external dielectric medium. Thus, these characteristics of Ag NPs were
studied in our research group in order to create further coatings for the
development of LSPR based sensors (see Figure 2.5) [76].

Figure 2.5: Photograph of multicolor Ag NPs solutions obtained as function of variable protective
(PAA) and reducing (DMAB) agents [76].

LSPR based sensors have few advantages over SPR based sensors, such as
higher surface area, and it is now when they are becoming relevant [77] as they
are improving sensitivity ratios or limit of detection values [12] or selectivity.
Nevertheless, further studies will be required. Hence, Cao et al [78] performed

-Chapter 2. Background: Optical fiber sensors based on nanoparticle-embedded coatings-

22

a comparative study between a LSPR based sensor with Au nanorods coating
and SPR based sensor with a thin Au layer, giving the second one higher
sensitivity.
Not only LSPR is used to create NPs-based sensor, but also LMRs. LMR
theory is very recent, and its development in sensing have been reported since
2009 by some authors [67, 79, 80]. Thus, the use of NPs in these sensors is being
a hot-point at this moment.
In these few years, LMR based sensors with embedded NPs have been
published to measure parameters such as the surrounding RI [81], relative
humidity [82], or volatile organic compounds (VOCs) [83] using the LbL
technique. Last works in LMR based sensors indicate that this sensing
mechanism and its potential use have a promising future in the next years.
A summary with different approaches of fiber optic sensors based on LSPR
and LMR are shown in Table 2.1

Resonance
type

Target

Coating

Deposition
technique

Sensitivity
parameters

Ref

LSPR
LSPR

Sol-gel
Dipping and
sintering
LbL

[84]
[85]

11pM
(nanospheres)
8pM (nanocages)

[12]

LSPR
LSPR

anti-IgG
proteins

Silanization
LbL

0.8 nM
-

[86]
[87]

LSPR

Blood
glucose
Explosive
vapours

LbL

[88]

Silanization
with APTES

blood min. vol.~150
μL
< 100 nM (23 ppb)
LOD ~5–10 ppb

LbL

< 100 nM

[89]

LMR

DNA
sequences
RI

Au NPs / SiO2 matrix
Ag NPs embedded in
polyvinyl(alcohol)
APTMS,
glutaraldehyde/cystea
mine + Au NPs
(nanocages or
nanospheres)
Aminosilane + Au NPs
poly(ethyleneimine)/
Au NPs + PSS
Au NPs + glucose
oxidase
Au NPs + 4mercaptobenzoic acid,
l-cysteine and
cysteamine
Au NPs functionalized
with oligonucleotids
TiO2 NPs/PSS

1% to 5%
10−8 M

LSPR

HF
Hydrogen
peroxide
proteins

LbL

2872.73 nm/RIU
1987 nm/RIU

LMR

Humidity

TiO2 NPs/ PSS

LbL

LMR
LMR

Humidity
VOCs

PAH /PAA+Ag NPs
PAH /Au-Ag
nanocompound + SDS

LbL
LbL

1.43 nm/RH% LMR1
0.97 nm/RH% LMR2
0.455 nm/RH%
0.131 nm/ppm for
methanol

[81]
,
[90]
[82]

LSPR

LSPR

[32]

[91]
[83]

Table 2.1 Summary of optical fiber sensors based on LSPR and LMR phenomena. Abbreviations:
poly (allylamine hydrochloride) (PAH), poly(acrylic acid) (PAA), poly (sodium 4-styrenesulfonate)
(PSS), sodium dodecyl sulfate (SDS).
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Besides these sensors, both LSPR and LMR phenomena can be observed
simultaneously in the same device. This case will be presented in chapter 4, as
the first sensor which combines both resonances, thanks to a self-assembled
polymeric coating with Ag NPs [92]. In this work, the appearance and evolution
of the LSPR caused by the Ag NPs, and LMRs caused by the overall coating,
during the LbL deposition process will be studied. As a result, the LSPR
provides a static band from the Ag NPs, and the polymeric coating gives a
sensitive band respect to the humidity changes, obtaining a novel self-referenced
wavelength based sensor.
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2.5. Fiber grating sensors
Fiber gratings are optical fibers that present a periodic perturbation of their
optical properties, namely in their core refractive index. Since the 80´s decade
fiber gratings have contributed to the development of many devices for diverse
applications in research fields such as communications, instrumentation and
sensing. There are several techniques for fabricating optical fiber gratings based
on UV laser [93], CO2 [94], infrared [95] lasers or electric arc [96]. It is possible
to find two main kinds of optical fiber gratings, Fiber Bragg Gratings (FBGs)
and Long Period Gratings (LPGs). LPGs are characterized by the long period of
their perturbation, which ranges from 100 um to 1000 um. In the FBGs case, the
perturbation have a shorter period than LPGs (tens of microns). This difference
in period results in different optical phenomena that yield different spectral
behavior when white light is guided through the grating. In LPGs, certain nonpropagating core modes are visible in the transmission spectrum at wavelengths
where there is a coupling between the core and the co-propagating cladding
modes; whereas in FBGs, there is a coupling between propagating and
counterpropagating core modes. Each attenuation band presented in the
spectrum is consequence of an optical resonance of the guided light and the
grating structure, so it is frequent to refer to those transmission minima as
resonance wavelengths.
On one hand, for FBGs, the resonance wavelength obeys the Bragg condition
described as [97]:
λ𝑏𝑟𝑎𝑔𝑔 = 2𝑛𝑒𝑓𝑓,𝑐𝑜𝑟𝑒 Λ𝑔

(Eq 2.5)

More details about FBGs can be found in relevant works reported by Hill and
Meltz [97], Kersey et al. [98], or Erdogan [99].
On the other hand, for LPGs the resonance condition is given by [100]:
λ𝑟𝑒𝑠 = (𝑛𝑒𝑓𝑓,𝑐𝑜𝑟𝑒 − 𝑛𝑒𝑓𝑓,𝑐𝑙𝑎𝑑 ) Λ𝑔

(Eq 2.6)

where λres is the resonance wavelengths, n eff,core and n eff,clad are the effective
refractive indices of the core and the cladding respectively, and Λ g represents
the grating period along the fiber axis (see Figure 2.6). LPG theory and some of
their optical sensing applications are found in the bibliography [101, 102].
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Figure 2.6. Illustration of a LPG coated with a NPs-embedded coating.

Both FBGs and LPGs have been widely used for the fabrication of optical
fiber sensor devices and sensor networks. The following sections describe and
enumerate briefly several research works based on FBGs and LPGs. Also,
several recent applications where the use of NPs within coatings in order to
create sensitive regions onto these fibers are presented.

2.5.1. FBG and tilted FBG sensors with NPs-embedded coatings
FBG sensors have been widely reported in literature during the last 25 years
for the monitoring of numerous physical parameters including vibration [103],
strain [104], bending, temperature [105], pressure [106], etc.
An important particular type of FBGs are the Tilted FBGs (TFBGs), where
their grating has a shift in angle respect to the fiber longitudinal axis [107].
TFBGs based sensors have been also developed to measure strain and
temperature [108, 109], vibration [110], bending [111], torsion [112], external
refractive index [113], or humidity [114] among other parameters.
All FBG sensors reported in the two previous paragraphs do not present NPs
in their coatings, or even in some cases they do not have any coating as sensitive
region. Works with coated FBGs as sensor have also recently reported with gold
nanofilms [115] for biosensing, and with ZnO thin films [116] for an
enhancement in RI sensitivity. Thus, Paladino et al [117] studied the effect the
effect of the thickness of the coating and the RI in TFBG sensors. As in other
fiber optics structure sensors, the use of NPs into optical fiber sensing
applications is very recent and it was during the last few years when most of the
applications were reported. In the particular FBG sensors case, there are few
works which add NPs or nanocomposites. For example, Lepinay et al introduced
gold NPs to create novel biosensors based on TFBGs [12]. The Au NPs were
coated onto the TFBG, thus providing an enhanced sensing platform for protein
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detection. Other work which presents a novel refractometer with an
improvement in sensitivity is reported by Bialiayeu et al [118], where a TFBG
was coated with silver nanowires, obtaining a 3.5-fold increase in sensitivity
respect to the uncoated TFBG.

2.5.2. LPG and coated LPG sensors without nanoparticles
As in FBGs, the inherent LPG structure also permits the development of
sensors for temperature, bending, strain or external RI depending their
fabrication settings [119]. The sensitivity to a particular measurand is dependent
upon the period of the LPG and the order of the cladding mode to which the
guided optical power is coupled, and thus is different for each attenuation band.
These characteristics makes them attractive for sensing purposes.
Cusano et al studied theoretically and experimentally the effects of the
cladding modes along the LPG structure when this was coated with nanoscale
overlays [120]. The variations of the external RI and the thickness of the coating
were analyzed, showing relevant improvements in the surrounding RI in terms
of amplitude variation and wavelength shift in the attenuation bands [83, 84].
As a result of these investigations several opto-chemical sensors based on
polystyrene nanocoatings have been reported by the same research group [121123]. Langmuir-Blodgett [124], LbL [125] and Sputtering [126] deposition
techniques were used for the fabrication of diverse thin film coatings over the
LPGs for sensing various physical and chemical magnitudes such as hydrogen
[127,128], pH [129], humidity [130], VOCs [131], or the study of sensitive
improvements [132, 133]. Other relevant study was reported by Shu et al [134],
presenting the so-called turning points in LPGs. These turning points appeared
for LPGs with specific grating periods, and provide two resonance wavelengths
for each cladding mode, thus allowing the fabrication of high sensitivity devices
[135].

2.5.3. LPG sensors with NPs-embedded coatings
During the last few years, the inclusion of NPs in coated LPGs have been also
reported for different sensing applications. In table 2.2, some of these works are
presented, including target, type of nanoparticles included, coating composition,
fabrication method used. A wide variety of substances have been monitored
such as ethanol, ammonia, proteins or other low-molecular analytes, among
others. One of the most used deposition techniques for LPG sensitive coating
fabrication is LbL, because of this method allows a controllable management of
the thickness and the NP composition of the fabricated thin films.
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Target

Nanoparticles

Deposition
technique

Sensitivity parameters

Reference

Humidity
Ion chloride
Ethanol

SiO2 NPs
Au colloids
ZnO nanorods

0.2 nm/%HR
0.46 nm/%HR
LoD ≈ 0.04 %

[13,136]
[137]
[138]

Ammonia
Low-molecular
chemicals
RI
Proteins

SiO2 NPs
TiO2 NPs

LbL
LbL
Aqueous chemical
growth
LbL
LbL

LoD = 140 ppb

[139]
[140]

SiO2 NPs
SiO2 and Au
NPs
SiO2 NPs

LbL
LbL

10-7 M
1927nm/RIU

[141]
[142]

LbL

19 nM

[143]

Aromatic
carboxylic acids
Low-molecular
analytes
Corrosion

Au NPs

Sol-gel

1 nM

[144]

Fe and SiO2 NPs

Dip-coating-

[145]

Sucrose, RI
Copper

Au NPs
Cibracron blue

LbL
LbL

~2 and ~2.5 fold EHN for
ATP and QDNA
20 nm ENH/RIU

[146] [147]
[148]

Table 2.2. Summary of optical fiber sensors with NPs-embedded coatings based on LPGs. Specific
terms of sensitive parameters term: relative humidity (RH); limit of detection (LoD); parts per billion
(ppb), Refractive Index units (RIU), enhancement respect to same device without NPs (ENH).

An interesting work about how to improve the sensitivity in humidity LPG
sensors is reported by Viegas et al [13]. They demonstrated that the use SiO2
nanospheres in polymeric thin films as intermediate structural coatings
enhanced the humidity sensitivity by a factor of 1.5 at a RH ≈ 30%, which was
improved to a value of 3.5 when dealing with RH around 70% (shown in Figure
2.7).
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Figure 2.7. Resonance wavelength shift dependence with the humidity for LPG with (black spots)
and without (white spots) SiO2 NPs intermediate coatings [13], from the journal ‘SENSORS’.
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2.6. Conclusions
In this chapter, a current status of the research in optical fiber sensors based
on nanoparticles-embedded coatings is presented. Sensors have been classified
according to the sensing principles used in the following chapters, which have
been described in separated sections.
Evanescent wave absorption based sensors present different techniques to
enhance their sensitivity or dynamic ranges thanks to the modification of the
optical structure. Thus, cladding-removing, bending, tapering or the use of other
specialty fibers are the strategies which are being now combined with
nanoparticles-embedded coatings.
Optical fiber interferometers have been widely used in optical fiber sensing.
The most known types (Fabry-Perot, Mach-Zehnder, Michelson and Sagnac)
have been described in a brief section. Moreover, some recent works reported
in literature have been commented.
Resonance based sensors have been also introduced, and then the different
phenomena which appear due to the addition of NPs within the coatings. Thus,
LSPR based sensors have been described, and some examples presented.
Moreover, the LMR phenomenon have been commented, and has opened the
door to the research and development of new sensing devices with excellent
sensitivity ratios.
Fiber grating based sensors have been described, and classified depending on
their grating period. Nowadays, FBGs and LPGs sensors are very attractive, and
present new alternatives thanks to the use of NPs and thin films onto their optical
structure. Some relevant sensors based on NPs-embedded coatings have been
also reported.
Finally, as a conclusion of this state-of-the-art review, it is possible to affirm
that a wide range of opportunities are open to the research and development of
novel improved optical devices. Consequently, this work will be focused on the
research of such new optical fiber sensors. In a first approach, the claddingremoved optical fiber structure will be used in the following chapter 3 in order
to develop novel, simple and cost-efficient evanescent humidity sensors. In
chapter 4, some sensors based on LSPR and LMR will be described. Finally,
chapter 5 reports about sensors based on LPG.
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CHAPTER 3. Optical fiber sensors based on electrospun
nanofiber mats with silver nanoparticles
In this chapter, the Electrospinning method has been applied to
fabricate optical fiber humidity evanescent sensors based on electrospun
nanofiber mats of poly(acrylic acid). The hydrophilic properties of these
electrospun nanofiber mats make them sensitive to humidity changes. In
a further study, silver nanoparticles were added to the poly(acrylic acid)
nanofiber mats, obtaining electrospun coatings with excellent
antibacterial behavior. These antimicrobial electrospun nanofibers were
also applied to optical fiber sensing for the first time. As a result, different
optical fiber humidity sensors were developed based on silver
nanoparticles doped electrospun nanofiber mats. The use of silver
nanoparticles provides an extra protection for the humidity sensors in
harsh or medical environments maintaining the previous coating sensing
properties. The architecture employed in this study, the cladding removed
optical fiber, permits the fabrication of a low-cost and easy-tomanufacture sensor that it could be used in medical applications such as
human breathing monitoring.

3.1. Introduction
Recently, new nanostructured materials with extremely high specific
surface area have been developed thanks to the use of nanotechnology [1-3].
With respect to the bulk materials, these new components can enjoy better
characteristics for sensing such as a higher sensitivity or a shorter response time.
The use of different techniques to create new nanostructured coatings such as
Layer-by-Layer assembly [4], physical vapor deposition [5], sol-gel [6], or
sputtering [7] make possible the tuning of the overall properties of the coating
by properly adjusting the composition and morphology of the films.
A good alternative to fabricate nanostructured coatings with a high specific
surface area is the electrospinning method. By means of this technique,
continuous polymeric nanofibers can be fabricated by applying a high voltage
field to a polymeric solution. Schematically, when such high voltage is applied
to the polymeric solution with respect to a grounded electrode, the polymeric
solution becomes charged and, due to electrostatic attraction, a stream of liquid
erupts from the surface and is launched towards the grounded electrode where
the substrate to be coated has been previously placed. If the molecular cohesion
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of the solution is high enough, a continuous thin fiber is formed and elongated
following the electrical field direction. Simultaneously, the solvent is
evaporated during the flight of the fibers and, finally, these electrospun
nanofibers (ENFs) are deposited on the grounded screen (substrate). The
thinning of the fiber leads to the fabrication of filaments up to several tens of
nanometers in diameter that superpose forming a fiber web [8]. These fibrous
membranes obtained using the electrospinning technique have a strong potential
application in sensing and other fields such as in the synthesis of biocompatible
or antimicrobial surfaces [9]. Such fiber mats may have a specific surface area
of approximately one to two orders of magnitude larger than the specific surface
area of continuous flat films [10], boosting the efficiency of the devices. In fact,
several recent sensors have been reported creating polymeric electrospun
membranes to sense RH [11-13], pH [14], ethanol [15], ammonia [16] and other
gases [17, 18]. These sensors are based on quartz crystal microbalances,
interdigital electrodes, a three-electrode system or a spectrofluorometer.
Very recently, a new sensor based on an ENF coating onto a hollow core
optical fiber has been reported for humidity sensing by our research group [19].
However, there is no evidence of more published reports about ENFs applied to
the optical fiber sensing field at the time of writing this dissertation. Therefore,
a new research line needs to be explored in order to study the use and application
of ENFs to optical fiber sensors. For this reason, the experimental study of the
optical response of ENFs for evanescent optical fiber sensors is presented in this
chapter.
In this work, the formation of ENF mats with different ENF diameters and
mat densities based on poly(acrylic acid) (PAA) are performed and analyzed.
PAA was chosen due to its hydrogel-nature in order to get ENFs with a swelling
behavior with humidity changes. PAA ENFs with different diameters and mat
thickness were studied and then deposited onto the optical fiber as sensitive
coatings obtaining novel optical fiber humidity sensors. In addition, this ENFoptical fiber configuration has been successfully used for human breathing
monitoring. To our knowledge, this is the first work in which the effect of ENF
mats have been experimentally studied for their application in optical fiber
humidity sensors. As will be demonstrated along this work, the sensing
characteristics of these optical fiber sensors depend dramatically on the ENF
diameter and density of the fiber mat. This point has a relevant importance in
order to improve the final characteristics of new sensor devices.
Besides this study, the addition of silver nanoparticles (AgNPs) onto the
ENFs was performed to create antibacterial fiber mats with biocide behavior by
means a singular fabrication process. Firstly, water insoluble ENFs were
achieved and then loaded with Ag NPs, obtaining biocide surfaces. Finally,
these antibacterial ENFs have been also used to develop successfully an
evanescent optical fiber device for human breathing monitoring. These optical
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devices based on ENFs with Ag NPs could also be used for other biomedical
applications.

3.2. Electrospun nanofiber mats (ENFs)
The electrospinning method is a relatively recent approach to create
nanofibers. This technique allows the production of synthetic nanofibers
(polymeric, inorganic), denoted as electrospun nanofibers (ENFs). The first
documented accounts of the elecrospinning date from 1902 by Cooley and
Morton in two patents [20]. In the 1960s, Taylor contributed towards the
fundamental understanding of the technique and the production of nanofibers
[21]. However, the electrospinning does not have an awakening interest for the
research community until the 1990s. It is in 1995 when Doshi and Reneker [8]
reported the electrospinning process in a research article, recovering the interest
in the technique. At the beginning, this technique only consisted of a polymeric
solution in a syringe with a needle, a high voltage source, and a metallic board
as electrode, as shown in Figure 3.1. The high voltage was applied to the
polymeric solution with respect to the metallic board. This electrical field caused
that an electrically charged polymeric jet was launched from the needle, forming
previously to this the so called Taylor cone (see Figure 3.2a and 3.2b). The jet
travelled in air, spinning until reaching the metallic board (ground plane with
respect the needle high voltage). The solvent of the solution was evaporated
along the way, and ENFs were collected onto the board or the substrate to be
coated [8, 22].

Figure 3.1: Setup scheme of the simple electrospinning technique.
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Figure 3.2: Pictures of the ENFs during the electrospinning process. a) It shows the needle (left) and
the fibers being electrospun towards the cathode (right). b) Detailed view of the Taylor cone formed at
the tip of the needle. Reprinted with permission from [9] © 2012 Wiley Periodicals Inc.

In the last 15 years, the number of published electrospinning related works
has experimented an almost exponential growth. This significant increase is due
to its numerous advantages such as simplicity, effectiveness, low-cost,
quickness which allow the implementation of ENFs in a wide range of
applications [23, 24]. Moreover, the ENFs structures present other strengths
such as high surface area, small diameter and specific physicochemical
properties [25].
In this section, most used materials for the ENFs fabrication and novel
ENFs with additional composites will be reported. Furthermore, a short list of
the relevant applications of these types of nanofibers will be detailed, including
some recent advances in diverse fields where ENFs are applied, as antibacterial
coatings, water treatment, wound healing, and others.

3.2.1. ENFs: composition and types
The composition of ENFs can be very diverse, and their diameter can vary
from 10 nm to 1000 nm or even higher diameters. Natural or synthetic polymers
are used depending on the target or final application. Electrospun natural
nanofibers of chitin, chitosan, hyaluronic acid, silk, cellulose, collagen, or others
can be found in literature [26]. Regarding to the synthetic ones, a wide list of
chemical compounds have been used by electrospinning: polyamide (PA),
poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), poly(ethylene glycol)
(PEG), poly(ethylene oxide) (PEO), poly(ethylene-co-vinyl acetate) (PEVA),
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poly(acrylonitril) (PAN), poly(vinyl acetate) (PVAc), poly(lactic acid) (PLA),
and more. A complete list of polymer which have been electrospun can be also
found in bibliography [27].
Generally, these polymers are dissolved in an adequate solvent to obtain
the electrospinning solution. The most used solvents are water, ethanol, N,Ndimethylformamide (DMF), isopropanol, among others. Other important factors
in the tailoring of the ENFs are the viscosity of the solution, flow rate, voltage
level applied, and distance between syringe and collector. The precision of these
parameters plays a key role in the ENFs fabrication [28].
ENFs are commonly classified in two types: randomly oriented ENFs and
aligned ENFs. On one hand, the use of a simple electrospinning setup, as in
Figure 3.1, produces the first type of ENFs. The result is an electrospun nanoweb
or nanofiber mat deposited onto the substrate (see Figure 3.3a). On the other
hand, aligned ENFs are mainly created by collecting the fibers over a rotating
collector [29], generally a drum or a rotating disc. The alignment of the ENFs
depends on the final applications (see Figure 3.3b).

Figure 3.3: SEM images of electrospun nanofibers produced by electrospinning. a) Nanofiber mat
from random ENFs (Inset shows the high magnified SEM image); b) Aligned electrospun composite
nanofibers. Reprinted (adapted) with permission from [30], and from [31], respectively. © (2009) and
© (2003), American Chemical Society.

Nowadays, the polymeric solutions can be combined with the incorporation
and use of organic and inorganic nanostructured materials or nanoparticles,
obtaining novel electrospun composite nanofibers (ECNFs) and providing
additional properties as reusability, high porosity, antibacterial activity,
corrosion or chemical resistance, biomolecular affinity, etc. [32]. Thus, the
synthesis of ECNFs is performed by various methods. The simplest one consists
of the dispersion of NPs or other nanostructures into the polymeric solution [33]
before the fabrication process. A different approach is the co-axial
electrospinning [34, 35], which combines two different stock solutions and
produces ENFs with a core/sheath nanostructure. Other alternatives in the
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ECNFs fabrication are some specific post-treatments, such as thermal [36] or
UV [37] curing, chemical functionalization [38] or binding [39], among others.

3.2.2. ENFs: applications
In the ENFs and ECNFs case, the applications depend strongly on the
composition of the fibers, and differ somewhat to the textile fiber applications.
Thus, some of the most relevant applications of the ENFs and ECNFs are water
treatment [40], antibacterial purposes [41], wound dressing [42], drug delivery
[43], sensing [44, 45] and biosensing [46], tissue engineering [47], catalyst [48],
microwave absorption [49], flame retardants [50], and other biomedical issues
[51, 52].
In Appendix 3 some of the most relevant applications are presented,
concretely antibacterial coatings, water treatment, tissue engineering among
others.
From the point of view of this chapter, the fabrication of ENFs are focused
on the development of optical fiber sensors, and their possible combination with
the antibacterial activity of their sensitive coatings.
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3.3. Evanescent optical fiber sensors based on ENFs
In this section, the formation of ENF mats with different ENF diameters and
mat densities were performed based on PAA. The aim of this work is the study
and the experimental demonstration that ENF membranes can be used as sensing
coatings in optical fiber sensors. Before this study, only one device based on
polyvinylidene fluoride had been reported [19]. However, there was not studies
about the effect of ENFs (composition, diameter, thickness) as sensitive
coatings in optical fiber sensors.
Here, the hypothesis is that the hydrogel-nature of the PAA ENFs, and
therefore, their swelling behavior with the humidity could make possible a
notable response to relative humidity variations. To our knowledge this is the
first work in which PAA ENF mats have been experimentally studied for their
application in optical fiber humidity sensors.

3.3.1. Electrospinning of the nanofibers and sensor fabrication
The polymer used for the ENFs fabrications was poly(acrylic acid), PAA,
(Mw≈100.000 sol. 35%wt. in water), provided from Sigma Aldrich and used
without any further purification. Regarding to the optical fiber cord, Plastic cladsilica (PCS) fiber with core and cladding diameters of 200 and 230 μm
respectively was purchased by OFS (Specialty Photonics Division).
Firstly, the PCS fiber was cleaved (with a Fujimura cleaver) obtaining a 3 cm
length section. Then, the cladding was chemically removed from this section.
This optical fiber core fragment is then used as the substrate in the
electrospinning deposition process. The polymeric solution was composed of
only PAA, 35 wt. % in water. This solution was immediately used for the ENFs
deposition. The solution flux was fixed to 1 mL/hour using a syringe pump. The
needle acted as the anode and an aluminum screen as the cathode. A distance of
22 cm was fixed between them, and a voltage of 18.5 kV was applied. The fiber
fragment was placed 2 cm above the aluminum cathode perpendicularly to the
syringe direction, in order to collect the ENFs. A more detailed description of
the electrospinning technique can be found elsewhere [22, 27]. In this particular
arrangement, the optical fiber fragment was rotated at 30 revolutions per minute
during the electrospinning process to achieve a uniform ENF-coating
throughout all the sensing section of the optical fiber. An illustrative scheme of
this set-up is shown in Figure 3.4.
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Figure 3.4. Scheme of the electrospinning method. The fiber fragment is placed 2 cm above the
aluminum cathode perpendicularly to the syringe direction, in order to collect the ENFs.

Once the segment was coated with the ENFs, it was submitted to a thermal
treatment of 150°C for 4 hours. Finally, the segment was spliced to optical fiber
pigtails at both extremes so as to monitor the transmission spectra of the device.
This fabrication process was repeated to create several devices with different
types of ENFs: with different ENFs diameters (varying the PAA viscosity) and
with different mat densities (varying the deposition time). The rest of all
fabrication process parameters were fixed to achieve a good repeatability in each
device.

3.3.2. ENFs characterization
Once the deposition process is finished, the ENFs were characterized using
optical microscopy (Leica DM2500P). In Figure 3.5, it is possible to see the
morphology of ENF coating onto the optical fiber core. As expected, the ENFs
are mainly placed perpendicularly to the guided light fiber direction. This ENF
arrangement on the optical fiber core can be explained by the spinning
movement of the optical fiber segment during the electrospinning process,
which make the ENFs wrap the optical fiber core.
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100 μm

Figure 3.5. Optical fiber core coated with ENFs.

In order to characterize and analyze the ENFs diameter and density, several
deposition processes were performed with the conditions indicated in the
previous subsection using glass slides as substrates. Two batches of PAA with
different viscosities (47 and 49 cps. respectively) were used to obtain different
ENF diameters. As PAA solutions were used without further manipulation it is
possible to keep constant the two PAA viscosities, thus achieving repeatability
in the ENFs. Samples fabricated with the first batch were denoted as samples A,
and samples composed of more viscous PAA were denoted as samples B.
Furthermore three deposition times were applied to achieve different ENF mat
densities: 5 minutes (denoted as samples 1), 15 minutes (samples 2) and 30
minutes (samples 3). Experimentally, the optical properties of the fibrous
coatings were measured by UV-VIS spectrometry (Jasco V-630). The ENF
density has been estimated using the absorbance of the ENF coatings in the
visible region. All samples showed a white visual aspect, and their transparency
were inversely proportional to the density and thickness of the electrospun
polymeric webs.
The optical micrographs of the fabricated samples of the ENF depositions
are shown in Figure 3.6, and ENF diameter values and absorbance values are
presented in Figure 3.7. The average fiber diameter results in samples A were
1.61 ± 0.28 µm, 1.54 ± 0.32 µm, and 1.51 ± 0.43 µm respectively, taking the
error as the standard deviation. With respect to the samples fabricated from the
PAA polymer with higher viscosity, the average fiber diameter in samples 1B,
2B and 3B were 0.59 ± 0.15 µm, 0.48 ± 0.09 µm and 0.53 ± 0.18 µm
respectively. This demonstrates that a tiny viscosity variation (from 47 to 49
cps) in the electrospinning solution affects dramatically to the ENF diameter.

-Chapter 3. Optical fiber sensors based on ENFs with silver nanoparticles-

48

Figure 3.6. Optical micrographs of the fabricated samples. Thicker ENFs correspond to samples A
and thinner ENFs correspond to samples B.

Figure 3.7. UV-VIS absorption values at 450 nm of the ENFs in all samples. Inset: Summary table
with the sample codes and the diameter measurements.

Figure 3.7 also shows the absorbance values of all samples obtained by UVVIS spectroscopy at λ = 450 nm. ENF diameters are also presented in the inset
table of Figure 3.7. It is clearly appreciable how ENF deposition time determines
the electrospun mat thickness, giving higher UV-VIS absorbance values. It is
important to remark than an increment in time of the deposition process
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increases the ENF mat thickness, while the ENF diameter is kept constant. On
the other hand, it possible to see how thinner ENF diameters also yield higher
absorbance values because the polymeric fibers form a denser mat.

3.3.3. ENF coated optical fiber devices
The experimental setup used for testing the optical fiber devices is shown
in Figure 3.8. It consists of a white light source connected to one of the optical
fiber pigtails. The other one is connected to a UV-VIS spectrometer (USB2000FLG from Ocean Optics). The use of this spectrometer makes possible to cover
a wavelength range from 380 to 1000 nm.

Figure 3.8. Experimental setup to monitor the optical sensor response.

In order to study the optical response of the ENF coated optical fiber
devices, a programmable climatic chamber was used to expose the sensors to
different variations and cycles of relative humidity (RH) at a constant
temperature of 25ºC. Cycles consisted on RH ramps with a constant slope from
30% to 95% RH. Then, the absorbance spectra were captured taking as a
reference the optical signal from each sensor at 30%RH. In Figure 3.9 the
relative absorbance spectra of the sensor 1B are presented (device with a denser
ENF mat). The results showed that the relative absorbance spectrum is
decreased as the RH increased. This means that a higher amount of optical
power is transmitted through the optical fiber at higher RH environments, giving
a lower absorbance value. Contrary to that, the response of the sensor 1A, device
with a lower ENF mat density, showed an increment of the absorbance when the
RH grew, see Figure 3.10. In this case, this means that in high RH environments,
the optical losses of the ENF coated region are increased and therefore it
contributes to a reduction of the overall transmitted optical power. The more
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pronounced variation in optical power transmission is observed around the 700
– 800 nm range in both cases.

Absorbance (a.u.)

50%RH

60%RH

70%RH

80%RH
90%RH

Wavelength (nm)
Figure 3.9. Relative absorbance spectra variations at different RH values (optical response, sensor
1B).

90%RH

Absorbance (a.u.)

80%RH

50%RH

60%RH

70%RH

Wavelength (nm)
Figure 3.10. Relative absorbance spectra variations at different RH values (optical response, sensor
1A).
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3.3.4. Influence of the ENF mat density
Relative humidity tests were performed for the other sensor types (2A, 3A,
2B and 3B). These results were coherent with the optical characteristics shown
previously in figures 3.9 and 3.10. The swelling/deswelling behavior of the PAA
ENFs in presence of RH causes important changes in the evanescent field and
therefore in the transmitted optical power.
However the optical responses from sensors 3A and 3B showed
significantly higher hysteresis and drift values than the 1A, 1B, 2A and 2B
sensors. It is known that higher thickness ENF mats presents more difficulties
to trap and release the environmental humidity [53] yielding a slow and
hysteretic optical response. In addition, it has been observed by optical
microscopy that sensors 3A and 3B had a significant amount of loose electrospun
polymeric fibers which are not well fixed to the mat. These loose fibers could
induce irreversible morphological alterations in the ENF optical fiber overlay,
giving high optical drift values. In consequence, the optical response from
sensors 3A and 3B was not taken in consideration for the analysis.
In Figure 3.11 it is shown the transfer functions calculated at 750 nm of
type 1 and 2 sensors. In all cases, the sensors have two well different operating
regions. For humidity values from 30% to 50% the sensor response in
absorbance was almost negligible (around 0.01dB/%RH for the 1B). In contrast,
for the RH range between 70% and 95%, the optical response is significantly
more sensitive to RH (up to 0.11dB/%RH for the 1A).

Figure 3.11. Transfer function of the devices 1A, 2A, 1B and 2B for a 50%-95% RH range at a
wavelength of 750 nm.
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The first remarkable aspect of the above mentioned transfer functions, is
the difference in the slope of the curve, depending on the sensor type (A and B).
As it has been experimentally demonstrated with sensors 1A and 1B, the slope
sign of the optical response to relative humidity variations depend on the density
of the ENF (Figures 3.9 and 3.10). Type A sensors have thicker fibers but lower
mat densities, and their optical losses are directly related with RH increments.
Oppositely, type B sensors have higher mat density, and their optical losses are
inversely related with RH.
The classical evanescent optical fiber sensors typically show an increment
of the optical absorbance as the effective refractive index of the sensing coating
is increased [54, 55]. This happens when the sensing coating has a lower
refractive index than the optical fiber core [54] and it is consistent with the
behavior observed in type A sensors, where the transmitted optical power
decreases as the RH is increased. Nevertheless the type B sensors show the
opposite optical response as the RH is increased. This apparently anomalous
behavior is discussed in the following paragraphs.
Core refractive index (CoreRI) has been estimated as 1.463 at λ = 450 nm,
and 1.448 at λ = 1000 nm using the well-known Sellmeier equation [56], and
PAA solution RI was measured by a refractometer (model 320 ABBE, Zuzi),
thus estimating for pure PAA a RI of 1.50, which is consistent with other values
measured by ellipsometry found in literature [57]. Therefore the RI of the pure
polymer is higher than the optical fiber core one. Nevertheless, it is very
important to remark that the overall RI of the ENF coating does not depend only
on the RI of the electrospun fiber material, but also in the fiber diameter,
distribution, packaging, etc. [58]. For this reason, in this particular optical
configuration of the optical fiber sensor, the External Effective Refractive Index
(EERI) is composed by the ENF mat, water and air gap contributions.
According to the evanescent field theory [54], when EERI is lower than the
optical fiber core refractive index (coreRI), small increments of the EERI may
cause a notable increment of the evanescent optical losses, that depend on the
difference between EERI and the coreRI. For high RH values, ENFs swell and
increase their volume and thus this ENF swelling causes the suppression of air
gaps and leads to increase the EERI.
As it has been previously mentioned, the evanescent losses observed in type
A sensors fit well with the evanescent field theory when EERI < coreRI.
Nevertheless, Figure 3.11 shows how type B sensors presented the opposite
behavior; they show lower absorbance values (more transmitted light) with
higher RH values. The optical losses dependence with EERI variations is
summarized in Table 3.1, for the cases in which EERI > coreRI and EERI <
coreRI.
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External Effective
Refractive Index (EERI)

Optical
losses

EERI lower than
optical fiber core

Increase

Increase

EERI higher than
optical fiber core

Increase

Decrease

Table 3.1. Schematic dependence of the optical losses with the EERI variation for two different
refractive index coatings, one higher than the optical fiber’s core and the other with a lower one [59].

The experimental results showed in Figure 3.11 demonstrated that the sign
of the slope of the sensor transfer function depend on the ENF density rather
than the ENF thickness, as far as type A sensors show positive optical loss slopes
with RH increasing, while type B sensors have negative optical loss slopes with
RH. This optical response slope dependence is summarized in Table 3.2.

Fiber mat density

Relative Humidity (%) Absorbance

Lower (Type A sensors)

Increase

Increase

Higher (Type B sensors)

Increase

Decrease

Table 3.2. Experimental dependence found in the assayed sensors with relative humidity variations
for the two ENF densities (type A and B sensors). These trends have been extracted from Figure 3.11.

According to the theoretical and experimental information displayed in
Tables 3.1 and 3.2, it is possible to relate the A and B type sensors with their
respective EERI (lower or higher than the coreRI). In type A sensors (thicker
diameter ENF), the polymeric fibers are less compacted onto the optical fiber
core and the overall overlay morphology show more air gaps. These air gaps
contribute to lower the EERI, and as a result it is slightly lower than coreRI. In
these cases, the transmitted optical power decreases with a small EERI increase
caused by the RH [59, 69]. The hypothesis of the PhD candidate is that in type
B sensors the higher density of the ENF confers an EERI slightly higher than
the coreRI. In such type B mats, the diameter of the ENFs is thinner, and hence
more densely packaged. These ENF overlays have less air gaps and,
consequently the EERI is slightly higher than coreRI. Therefore when RH raises
the difference between EERI and coreRI is higher, and consequently the
transmitted optical power increases [59].
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3.3.5. Influence of the ENF mat thickness
Other significant aspect shown in Figure 3.11 is that the thickness of the
overlays dramatically affects to the sensitivity of the sensors. Thicker overlays
devices (2A and 2B) lead to worse sensitivities than thinner mat sensors (1A and
1B). In Figure 11, it can be seen as the devices 1A and 1B have a higher
sensitivity and also a higher dynamic range than 2A and 2B respectively. This
fact confirms that depending on the initial ENF thickness the RH-induced ENF
variations affects differently to the evanescent losses, and consequently to the
optical response of the device.
As far as the evanescent field around the optical fiber core has a welldefined penetration depth [54], the EERI within this region is what define the
evanescent losses of the optical sensor. In this way, the RH-induced optical
variations of the ENF must be confined in this region to impact in the sensor
optical signal. All optical medium variations outside this evanescent penetration
region will not affect to the sensor response.
In sensors type 1 (thinner ENF mat), the fibrous mats experiment important
RH-induced thickness variations within the evanescent field sensitive region.
Consequently these ENF morphology changes induce higher impacts in the
evanescent optical losses for the same RH range as in sensors 2 and 3. In these
thicker coatings, although the ENF morphology change could be greater than in
type 1 sensors, it may have a lower relative impact in the EERI, and thus in their
evanescent losses.

3.3.6. Dynamic response
Regarding to the dynamic response, all the sensors were submitted to the
same climatic chamber assays. Sensors 1A, 2A, 1B and 2B followed almost the
same dynamic response than the climatic chamber electronic RH sensor, with
low hysteresis and drift. As it has been previously mentioned, sensors 3A and
3B showed a very hysteretic behavior, with high drift values, and therefore they
were not studied in the present section.
One of the most exigent dynamic applications for RH sensors is a real
human breathing test. The ENF sensors were submitted to several exhalation
and inhalation cycles in order to demonstrate their potential in high performance
such sensing application. All sensors exhibited optical responses when they
were exposed to several human breathing cycles.
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Figure 3.12. Monitoring of the absorbance spectra to several human breathings (sensor 1B).

The best results were obtained for 1B sensor. These 1B ENFs had the
thinner diameter fibers and they also had the higher fiber density. These
characteristics probably confers to them a higher specific surface to interact with
the surrounding medium, and their thin diameter minimizes the environmental
water trap/release times, giving a very quick response. The results showed a fast
average time response of 300 ms, drift values close to zero and a high
repeatability (see Fig. 3.12). More in detail, the response times was around 340
ms (exhalation) and 210 ms (recovery time). This fast behavior of the sensors
against RH makes them excellent for human breathing monitoring. The
measurements showed a difference of 2 dB on average between the ambient
condition and the exhalation periods. Figure 3.12 represents the breathing test
for sensor 1B in the 730-780 nm range.
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3.4. ENFs with silver nanoparticles
In this section, PAA has been used as the polymer to create the fibrous
membranes onto glass substrates. Afterwards, those fibers were used as hosts
for the in situ synthesis of silver nanoparticles (Ag NPs). The combined effect
of the nanoparticle distribution together with the fibrous nature of the ENF mat
enhances the efficiency of the coating and allows good antibacterial behaviors
with very small amounts of silver.
Most of the previous works include the silver in the polymeric precursor
solution before the electrospinning process is carried out, in the form of AgNO3
[61 - 64], or directly as metallic nanoparticles [65, 66]. In such approaches the
fibers are electrospun already including the silver particles within and the
characteristics of the final fiber mat completely depend on the composition of
the spinning solution. In fact, in a preliminary approach of this work, a first
precursor solution with Ag NPs was electrospun. Ag NPs were synthesized
using PAA as protective agent, and dimethylamine borane (DMAB) as reducing
agent. By this resultant solution ENF with Ag NPs were created. However, the
antibacterial effect of such nanofibers were not biocide due to the most of Ag
NPs had been trapped into the ENFs and could not act against the bacteria.
To overcome this problem, instead of including the Ag NPs in the polymer
fibers, an alternative approach to create biocide PAA-based ENFs is proposed
in this work. Chemically stable polymer-only fibers were spun and the silver
was loaded into the fibers in a latter step using an in situ reduction method. In
order to achieve optimized antibacterial coatings, the fiber mats characteristics
(size, density) are adjusted with the electrospinning parameters and afterwards,
the Ag NPs characteristics are tuned by means of adjusting their particle loading
properties (amount, size and aggregation).

3.4.1. Water insoluble ENFs: fabrication and characterization
As it was commented previously, the ENFs which contain AgNPs inside do
not present an enough antibacterial efficiencies. In this alternative approach,
PAA ENFs are firstly fabricated, and the AgNPs are loaded onto them.
However, PAA is a soluble polymer, and therefore PAA-based ENFs dilute
easily into water. In order to overcome this, PAA is treated with a crosslinker
agent to achieve water insoluble ENFs. In the following lines is explained the
fabrication and characterization of these stable polymer fibers.
The polymeric solution concentration was varied to get different diameter
fibers. A concentration of 10%wt. of PAA was used for the thicker fibers, while
a 5%wt of PAA was used for the thinner ones. The solutions were prepared
using ultrapure water (18.2 MΩ·cm). Different amounts of the crosslinker agent
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-cyclodextrin (-CD) were added to the PAA solutions to get a 20% of CD/PAA weight ratio. Once the polymeric solution was prepared, it was
immediately used in the electrospinning process. The solution flux is fixed to
1mL/hour using a syringe pump. The needle (anode) and an aluminum sheet
(cathode) were placed 25 cm one from the other, and a voltage of 13.5 kV was
applied between them. Glass substrates were placed on the aluminum cathode
in order to collect the ENFs.
Once the electrospinning process is completed, the ENFs were thermally
treated at 140°C for 30 minutes. These fibers were cured in order to achieve a
chemical stabilization of the polymer with the formation of ester bonds in the
final structure of our fiber mat (see Figure 3.13). This reaction has a first step of
dehydration of the carboxylic groups of PAA giving glutaric anhydride-like
rings. These anhydride rings can interact with the hydroxyl terminations of the
β-CD giving a covalent bond between PAA and β-CD. As far as the β-CD rings
have several OH terminations, one cycle can result chemically bonded to more
than one PAA polymeric chain, acting as crosslinker.

Figure 3.13. Crosslink reaction scheme of the thermally-treated ENFs

The FTIR spectra of two different ENFs are shown in Figure 3.14. The first
one consists of only PAA electrospun fibers, and the other sample consists of
PAA+β-CD ENFs thermally treated at 140ºC for 30 minutes (coded as PAA+βCD+∆T). The use of β-CD as a crosslinker in aqueous PAA solution produces
ester bonds by esterification process [67]. The transmission FTIR spectrum of
crosslinked electrospun fibers shows absorption bands characteristics of such
ester bonds. More specifically, a strong absorption band in the 1750-1700 cm-1
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region is attributed to the ester carbonyls and also to the carboxylic carbonyl
bonds, present both in the free carboxylic acid groups of PAA and also in the βCD-PAA ester bonds. Moreover, the bands in the 1300-1100 cm-1 region are
attributed to the C-O stretching vibrations of carboxylic and ester functional
groups, and such bands are stronger in the crosslinked fibers than in the crude
PAA. Furthermore, the bands in the 1050-900 cm-1 region could be associated
to the OH deformation mode of the alcohol groups of β-CD which have not
crosslinked with PAA fibers.

Figure 3.14. FTIR spectra of two different samples: PAA and PAA+β-CD+∆T.

The FTIR gives evidence of the formation of some degree of crosslinked
ester groups and other unreacted alcoholic groups from the β-CD. This is
consistent with the results reported in bibliography [67] and also with the high
water insolubility of the thermally crosslinked fibers which has been
experimentally tested by water immersions for long periods of time (several
days), while the untreated fiber mats dissolved immediately as they were rinsed
gently with ultrapure water. The crosslinked fibers were stable in water, and due
to the weak polyelectrolyte nature of the carboxylic groups of the PAA, they
present a well-known pH dependent swelling behavior [67, 68].
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Figure 3.15. AFM images of crosslinked hydrogel fibers before (left) and after a 24 hour immersion
in water (right). The fibers were electrospun from a 10%wt. PAA.

Figure 3.15 shows two AFM images of an already crosslinked fiber mat
(electrospun from a 10%wt. PAA), before and after being immersed in water for
24 hours. Although a slight deformation of the fibers is appreciated, they remain
almost intact after the immersion time. The AFM analysis of the fiber mats
shown in Figure 3.15 confirms the chemical and mechanical stability of the
electrospun webs.

Figure 3.16. FE-SEM images of ENFs (5%wt. PAA).
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In order to analyze the morphology of ENFs, FE-SEM images were
obtained. Diameter, distribution and thickness of these crosslinked ENFs (from
a 5%wt. PAA solution) are shown in Figure 3.16. Also, it is possible to
appreciate a regular morphology of the nanofibers along the coated area with
some beads. Fibers, as thin as 110 nm in diameter, have been observed which
provide an extremely high active surface area to the resultant mat. The formation
of some beads with an average diameter of 500 nm in the treated area are due to
the contraction of the radius of the electrospinning jet when it was driven by
surface tension (see inset of Figure 3.16).
It is well known that the polymeric solution concentration impacts
dramatically in the viscosity and consequently in the diameter of the final
electrospun fibers. This is corroborated comparing the diameter of fibers from a
5%wt. of PAA and the fibers from a 10%wt. of PAA (keeping constant the βCD to polymer ratio). When the polymeric solution concentration is 10%wt. of
PAA (Figure 3.15) the ENFs show an average diameter of around 2.3 µm, while
with the 5%wt. PAA fibers the diameter was as thin as 110nm. This last
configuration provides an extremely high active surface area to the fabricated
fiber mat.

3.4.2. In situ synthesis of silver nanoparticles into ENFs
Then, the polymeric fibers were loaded with Ag+ ions via ion interchange
as described in previously reported works [69, 70], and finally silver was in situ
reduced with dimethylamine borane (DMAB) [71]. The visual appearance of
the fibrous coating changes dramatically after the reduction step, taking a
reddish coloring. The UV-VIS absorption spectrum of the fibers revealed the
presence of a strong absorption band with a maximum in 440 nm (Figure 3.17).
This change in the optical absorbance can be attributed to the formation of
metallic Ag NPs which shows a typical surface plasmon resonance (SPR)
absorption band. Although the maximum of the SPR band of Ag NPs is usually
found around 410 nm, in this case, the NPs are packaged inside the fibers and
the SPR resonant condition is red-shifted and slightly broadened [72, 73].
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Figure 3.17.UV-VIS Absorption spectrum of an Ag NP loaded electrospun fiber mat.

It is important to remark that in other works, the silver particles are already
included in the polymeric precursor solution of the electrospun fibers [61 - 64].
Since it is well known that the characteristics of the final fiber mat strongly
depend on the composition of the spinning solution, one of the main issues of
these approaches is that the average fiber diameter and morphology can vary
dramatically when parameters such as the amount of Ag NPs are slightly
changed [74]. Due to this, one of the main advantages of the here proposed
synthesis method is that the total amount of silver loaded into the fibers can be
adjusted subsequently to the fabrication of the fiber mats.

Figure 3.18. Variation of the intensity and the wavelength of the SPR absorption maximum
depending on the concentration of the AgNO3 loading solution.
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Simply by varying the number of dip/reduction cycles, or by increasing the
concentration of the AgNO3 loading solution, the nanoparticle synthesis is
altered. In this case, the concentration of the AgNO3 loading solution was
increased while the immersion time was kept constant. The ion exchange
mechanisms were more efficient, resulting in a heavier loading of Ag+ ions into
the PAA hydrogel fibers. When those ions were reduced to Ag0 by immersing
the fibers in DMAB, the size and aggregation of the Ag NPs were different
depending on the loading solution concentration. This difference results in a
dramatic change of the color of the fibers, observable even to the naked eye.
Figure 3.18 shows the variation of the intensity and the peak wavelength of the
SPR resonant absorption peak, as the concentration of the AgNO3 loading
solution is increased. As the amount of silver inside the fibers is higher, the SPR
absorbance is stronger and the wavelength of the peak is red-shifted, in
consonance to what it has been demonstrated in other works [72, 73]. In Figure
3.19, Ag NPs can be shown in the ENFs by TEM micrographs.

Figure 3.19. TEM image of the Ag NP loaded ENFs.

The complete UV-VIS absorbance spectra of the samples are shown in
Figure 3.20. This demonstrates the versatility of this approach, in which the
parameters of the polymeric precursor solutions for the fabrication of the fiber
membranes can be adjusted separately to optimize the nanoparticle synthesis
characteristics.

63

Aitor Urrutia Azcona

Figure 3.20. Variation of the absorption spectra depending on the concentration of the AgNO 3
loading solution.

3.4.3. Antibacterial study
3.4.3.1 Antibacterial study: preparation
The antibacterial activity of the new coatings against the L. plantarum
bacteria was assessed by a viable cell-counting method [75]. L. plantarum was
inoculated in a Tryptic Soy Broth aqueous medium and incubated at 37ºC for
24 hours. The obtained bacterial suspension had approximately 4.8·108
CFU/mL.
The bacterial suspension was shaken and diluted 106 times. “Tryptic Soy
Agar” was autoclaved at 121ºC for 30 minutes and cooled in sterile Petri-dishes
to form a 3 mm thick slab. Then 0.1 mL bacterial suspension dilution was spread
uniformly on the surface of the nutrient agar slab. The substrates coated with Ag
NPs loaded electrospun fiber mats were then placed onto the agar slab. Bare
glass slides were also placed as reference (previously disinfected by dipping in
isopropyl alcohol and treated by contact flame) by the same way. Then, Petridishes were introduced into an incubator for 24 hours at 37ºC and the colonies
were counted.
3.4.3.2 Antibacterial study: results
Finally, the antibacterial efficiency of the fiber mats was tested. The killing
efficiency of the less loaded samples (with 0.5mM of AgNO3) was slightly
lower than 99%, and it could not considered biocide. Nevertheless, it has been
observed a direct relation between the amount of silver contained in the ENFs
and their antibacterial activity.
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Figure 3.21. Bacteriological cultures of L. plantarum with two different samples, a reference sample
with no Ag NPs (left) and a silver loaded electrospun fiber mat (right).

In the case of the most concentrated samples (4mM), it is even observed an
inhibition zone around the sample in which no bacterial growth was observed;
therefore they show a highly efficient killing effect. In Figure 3.21 it is possible
to see the photographs of a bare glass substrate (Figure 3.21.a) and other sample
coated with ENFs loaded with Ag NPs with a 4mM AgNO3 (Figure 3.21b).
While in the reference sample the bacterial growth happened in the whole agar
slab and also under the glass, in the silver loaded fibrous membrane coating no
bacteria were found. The killing efficiency of these samples was higher than
99.99%, considering them as biocides.
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3.5. Evanescent optical fiber sensors based on ENFs with
silver nanoparticles
In this section, a new optical device based on silver loaded ENFs for
measuring RH is proposed. Fiber mats composed of PAA and β-CD were
deposited onto an optical fiber core by electrospinning. Afterwards the ENFs
were submitted to thermal curing. Then, the ENFs were loaded with silver
nanoparticles synthesized using a Ag+ loading step and a further reduction step.
Several load/reduction cycles were performed. The Ag NPs loaded fiber was
tested at variations of RH. The results showed a very fast response of the
absorbance spectra enabling high performance applications such as human
breathing monitoring

3.5.1. Experimental considerations
Firstly, Plastic clad-silica fiber with core and cladding of 200 and 230 μm
diameter respectively was cleaved and 3 cm of the plastic cladding were
removed.
The polymeric solution was prepared by the same way than in section 3.4,
mixing PAA (35%wt. in water) and β-CD to get a 20% β-CD/PAA weight ratio.
The mixture was stirred for 2 hours thus obtaining the polymeric solution used
in the electrospinning process. The solution flux was fixed to 1 mL/hour using
a syringe pump. The distance between anode (needle) and cathode (conductor
screen) was 20 cm, and a voltage of 16 kV was constantly applied during the
deposition process.
The optical fiber fragment was placed 2 cm above the cathode and
perpendicularly to the syringe jet direction. As a result the optical fiber fragment
is between the syringe and the conductor screen, and the ENFs coat the fragment
during the electrospinning process.
In order to achieve a uniform ENF mat onto the optical fiber core, this
optical fiber fragment was rotated along its longitudinal axis for 10 minutes of
deposition. In Figure 3.22 the final aspect of the deposited ENFs is presented.
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100μm

Figure 3.22. Micrograph of an optical fiber core coated with ENFs.

Both ENF components (PAA and β-CD) are highly soluble in water. In
order to render the ENFs water-insoluble, the coated optical fiber segment was
thermally treated at 140ºC for 30 minutes. As it was previously commented, this
treatment promotes a chemical stabilization of the polymer by means of a crosslinking reaction [67]. This reaction has a first step of dehydration of the
carboxylic groups of PAA giving glutaric anhydride-like rings. These anhydride
rings can interact with the hydroxyl terminations of the β-CD giving a covalent
bond between the PAA and the β-CD. Thanks to the cross-linking reaction the
ENFs become stable in water giving a hydrogel like polymeric fibrous mat.
Finally, the coated optical fiber fragment was spliced to optical fiber
pigtails at both extremes thus obtaining the device structure.

3.5.2. Results
Once the device structure was fabricated, Ag NPs were synthesized within
the already crosslinked ENFs as it is described in Appendix 2. The coated optical
fiber fragment was immersed into a silver nitrate 10 mM solution for 5 minutes
to load the ENFs with Ag+ via ion exchange. Then, the sample was rinsed in
ultrapure water and subsequently immersed 5 minutes into a 10 mM DMAB
solution so as to reduce the Ag+ ions to Ag0. After that, the sample was again
rinsed in ultrapure water. This process was repeated 5 times and it was
monitored by means of the setup shown in Figure 3.23.
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Figure 3.23. Experimental setup to monitor the load/reduction steps and the further humidity sensor
response.

The transmission spectra were captured from two spectrometers (HR4000
and NIR512, from Ocean Optics) for wavelengths from 390 nm to 1600 nm.
Absorbance spectra values were increasing as more cycles were performed (see
Fig. 3.24).

Figure 3.24: Monitoring of the absorbance spectra in 5 Ag load/reduction cycles for wavelengths
from 390 nm to 1600 nm.

As it is shown in Figure 3.24, each Ag+ load/reduction cycle contributes to
the growth of Ag NPs, and as the ENFs are more heavily loaded, the attenuation
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band gets more intense and wider, growing towards the near infrared. The
evolution of the absorbance in the first five Ag load/reduction cycles is
presented in Figure 3.25.

Dip 5

Dip 4
Dip 3
Dip 2
Dip 1

Figure. 3.25: Absorbance spectra during the 5 load/reduction cycles.

Due to the fibrous nature of the ENF overlay the absorbance values
observed are high, with a large scattering component. Nevertheless as far as AgNPs are synthesized on the polymeric ENFs it is possible to observe an
absorbance peak around 450 nm (see Fig. 3.25). This attenuation peak is due to
the LSPR phenomenon typically observed in colloidal Ag-NP dispersions (410
nm) [9, 72, 73]. However, this LSPR band observed in the ENFs is centered at
slightly higher wavelengths (450 nm) due to the aggregation of nanoparticles on
the polymeric fibers [9]. Furthermore an additional attenuation band was
observed in the 800nm region. This additional band can be related with the
apparition of longitudinal Ag aggregates which can add another resonant
condition for the LSPR modes.
The experimental setup shown in Fig. 3.23 was also used to characterize
the RH sensing properties of the optical device. Sensors were submitted to 20%
to 90% RH variations and the optical response was monitored together with a
RH electronic sensor. (HIH4000, Honeywell) in order to compare the optical
RH response of the ENF sensor. The results of the RH response are shown in
Figure 3.26.
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Figure 3.26: Absorbance spectra results in the humidity test performed from 20%RH to 90%RH for
wavelengths 450 y 650 nm.

Figures 3.26 and 3.27 show the response of the sensors to RH variations.
The results showed an exponential-like transfer function as it is shown in Figure
3.27. As in the study made for ENFs without Ag NPs, the optical response for
the 10 % – 50 % RH was almost negligible. In contrast, the absorbance increased
when the RH is higher than 50% RH. Additionally, the drift of the optical signal
was found to be very small.
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Figure 3.27. Transfer function of the sensors at 600nm.

Also several human breathing cycles were performed to expose the sensor
to RH changes In Figure 3.28 it is represented the repeatability of the device,
where the optical intensity remains after several breathing cycles.

Figure 3.28: Sensor response to several breathing cycles

The obtained results showed a fast response time of 400 ms, low drift values
(lower than 4.6 %) and repeatability.
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3.6. Conclusions
In this chapter, the use of the electrospinning technique has been applied to
the fabrication of evanescent optical fiber sensors. Electrospinning was studied
and described, and then poly(acrylic acid), PAA, electrospun nanofibers (ENF)
were developed to fabricate new nanostructured coatings for optical fiber
sensing. ENFs diameter and ENFs density were characterized and applied to the
monitoring of relative humidity changes. As a result, different humidity optical
fiber sensors were successfully fabricated for human breathing monitoring. The
sensing mechanism is based on the evanescent field theory. The effective
external refractive index, composed by air, water and ENFs, changes as the
humidity variations due to the swelling/deswelling properties of the PAA ENFs.
The difference between the refractive index of the core and the external effective
refractive index provides the changes in the optical response. Their quick
response time, repeatability and low-cost fabrication make them being an
interesting alternative to the conventional humidity sensors.
In a further step, silver nanoparticles were loaded to the ENFs, obtaining
antibacterial fiber mats. In a first attempt, silver nanoparticles were included
into the polymeric electrospinning solution to create silver-doped ENFs.
However, this approach do not present biocide properties due to the inside
location of the own Ag nanoparticles. Also, PAA ENFs are water soluble, and
therefore, they are not valid to create stable and long-lasting coatings. To
overcome these problems, PAA ENFs were processed with β-cyclodextrin in
order to get their insolubility thanks to a crosslinking reaction. Then, five
load/reduction immersion cycles with silver nitrate and dimethylamine borane
were performed to get the silver-loaded ENFs. These resultant nanofiber mats
with silver nanoparticles were studied in Lactobacillus plantarum cultures to
observe their antibacterial behavior, giving killing efficiency values higher than
99.99% (biocide values).
Finally, the obtained ENFs with silver nanoparticles were used to fabricate
some optical fiber devices to sense relative humidity. The evanescent sensors
presented similar sensitivity values for high humidity values than the sensors
with no silver nanoparticles. Therefore, both type of optical fiber sensors are
able to detect easily the variations of humidity, especially in high moisture
environments. Both approaches could be used for diverse biomedical
applications or in food quality industry.
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CHAPTER 4. Optical fiber humidity sensors based on
silver nanoparticles-embedded coatings
In this work, different optical fiber humidity sensors including silver
nanoparticles have been developed using the Layer-by-Layer assembly
method. The control of the film thickness at the nanometer scale permits
to optimize the sensing properties of the coatings. The embedded silver
nanoparticles provide an additional function to the sensitive coatings
which show an excellent antibacterial behavior. Such silver nanoparticleloaded thin films were investigated and adjusted to get novel optical fiber
sensors based on evanescent field, LSPR and LMR phenomena. The
resonance (LSPR and LMR) phenomena offer a wavelength-based
sensing mechanism which provides more robustness and improved
sensitivity ratios than evanescent wave sensing approaches. In addition,
the use of silver nanoparticles provides an extra protection for the
humidity sensors in harsh or medical environments maintaining the
previous coating sensing properties.

4.1. Introduction
In this chapter, Layer-by-Layer self-assembly technique (LbL) is used,
instead of electrospinning, to create ultrathin coatings loaded with silver
nanoparticles (AgNPs) with a high control of their thickness, composition and
morphology. LbL assembly method is one of the simplest and most costeffective technique to fabricate sub-micron coatings. This technique offers
many advantages in comparison with other alternatives. LbL assembly method
can be applied onto surfaces with complex shape (cylindrical, conical or plane)
and the resultant thickness of the film can be controlled with a high precision by
just selecting the number of deposited layers [1, 2]. In addition, LbL allows the
deposition of diverse types of materials, such as polymers, fluorescent
indicators, nanoparticles, quantum dots or colorimetric indicators [3-8].
This high versatility combined with its simplicity makes the LbL method as
a suitable method for fabricating optical fiber sensors based on nanostructured
coatings. As a consequence, there are numerous works related to optical devices
based on LbL based coatings which have been recently reported for sensing
different parameters such as humidity, pH, temperature, gas, glucose or
hydrogen peroxide [9-13].
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LbL process consists in the alternate immersion of the substrate into aqueous
solutions with opposite electric charge, being the electrostatic attraction the
main force to adsorb molecular monolayers onto a substrate, as shown in Figure
4.1 (see Appendix 1 for a more detailed description). The polyanions and
polycations overlap each other at the molecular level, and this produces a
homogeneous optical material [14-17]. The pair of one anionic monolayer and
one cationic monolayer is called bilayer. The composition and thickness of an
individual bilayer can be controlled by adjusting the deposition parameters
(concentration of solutions, pH, temperature, immersion times, ionic strength,
etc.).

Figure 4.1: Setup scheme of the Layer by Layer assembly process.

The main advantage of LbL assembly with respect to the electrospinning
technique is the high control of the thin film properties such as composition,
thickness and roughness. As far as many previously studied relative humidity
(RH) sensitive coatings showed a poor antibacterial activity, in this work three
different approaches were used to build-up silver nanoparticle (AgNPs) loaded
coatings with different optical properties for RH sensing applications.
In the following paragraphs it is shown a brief description of the different
experimental approaches and techniques used to create three LbL optical fiber
sensor structures. Firstly, an intensity-based RH sensor was studied, taking as a
starting point previous results of our research group. Once the coatings were
loaded with AgNPs their spectral behavior was analyzed and, as it will be seen
in the following section, the experimental approach was modified in order to get
more ordered thin-films in which the unique spectral properties of the AgNPs
could be used by themselves as the sensing mechanism yielding enhanced
optical fiber sensors.
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4.1.1. Silver nanoparticles doped LbL coatings for highly biocide
humidity sensors
As it was previously commented, the AgNPs-embedded coatings must be
biocide to prevent effectively the apparition or growth of bacteria colonies in
high humidity environments. However, such property is not useful if the coating
do not present significant sensitivity to humidity changes. In the following
paragraphs it is possible to find a brief description of the different techniques
used in this work for the incorporation of AgNPs into LbL films, their issues
and advantages.
The selection of the proper materials for the build-up of the LbL sensitive
films is a key point in the development of a humidity sensor. In the experiments
detailed in chapter 3, poly(acrylic acid) (PAA) was used to create the sensitive
coatings due to its weak polyelectrolyte nature, and its hydrogel nature. As it
was previously commented, the humidity-dependent behavior of the PAA
chains provoked changes in the nanofiber coating, giving an optical response to
humidity. Therefore, polymers such as PAA are the first candidates to fabricate
new nanostructured coatings by Layer-by-Layer assembly. A counterpolyelectrolyte (with positive charge) is required to create thin films using the
LbL deposition process. One of the most used polycations is poly(allylamine
hydrochloride) (PAH) which also has a weak polyelectrolyte nature and in a
similar way of PAA it shows strong morphological changes induced by
humidity or pH variations. Consequently this PAH/PAA multilayer couple has
been widely used for multiple applications [18-20]. However, in a more recent
study, Rubner and co-workers reported that PAH/PAA multilayers did not
present enough antibacterial behavior by themselves [21], and they suggested
other strategies as the PAH/metal oxides thin layers [22].
Therefore, taking into account the hydrogel-like behavior of both
polyelectrolytes (PAH or PAA), the initial experiments of this work were
focused on previously published results from our own research group:
PAH/silicon dioxide nanoparticles (SiO2 NPs) [23-25]. In these precedent
works, PAH/SiO2 NPs LbL coatings presented the desired hydrophilic character
and swelling behavior and consequently can suffer from alterations due to
humidity. Thereby, this PAH/SiO2 NPs coating was considered, and a total of
50 bilayers were fabricated onto glass slides in order to study its antibacterial
properties, using the method shown in [26], as it will be later described in section
4.2.1.3 (Antibacterial study).
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The results of the antibacterial test indicated that the coatings provided a
certain antimicrobial activity against different bacteria cells, but they were could
not considered biocide at all.

Table 4.1. Results of killing efficiency of the PAH/SiO2 multilayers measured in Bacterial Cell
Reduction after 24 hours.

In conclusion, PAH/SiO2NPs films could be used to develop optical fiber RH
sensors, but due to their lack of biocide behavior were not valid according to the
objective of this work. Consequently, these initial sensitive coatings needed to
be enhanced and the research focused on the incorporation of AgNPs
In order to overcome this issue, several silver precursors were considered to
be added to the polyanionic solution. As it is well known silver nitrate (AgNO3)
aqueous solutions are one of the most used Ag+ cation source. However, the
silver nitrate solution needed to be adjusted at pH 9 as the same pH value as
SiO2 NPs solution in order to get a proper polyanionic solution. Unfortunately,
this nitrate silver salt is chemically unstable at that pH value, and precipitates,
not allowing to get a suitable AgNO3+SiO2 NPs solution.
Finally, a successful alternative was found: the silver nitrate solution was
mixed with ammonia, forming diamminesilver nitrate (DAS), which is a stable
basic Ag+ complex at high pH values (8-10). This new solution is compatible
with pH of the SiO2NPs solution used in the LbL process, and both were
combined as anionic solution to fabricate AgNPs-embedded coatings based on
PAH/DAS+SiO2NPs multilayers. This will be described in detail in section 4.2.
It should be noted that during the LbL process, DAS releases silver cations, and
the PAH reduces them, thus obtaining metallic AgNPs in a single step, without
any further chemical treatment. To our knowledge this single stage Ag NPs,
single stage in situ synthesis route, is novel and has not been previously
reported.
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A new humidity sensor based on PAH/DAS+SiO2 NPs multilayers is
described in section 4.2.2. This sensor is based on evanescent field phenomenon,
and its spectral response was typically broad and non-specific giving intensitybased optical fiber sensors. These optical responses were characterized and
evaluated and they will be commented in detail in section 4.2.2.
In order to enhance the performance of those first optical fiber sensors in
terms of sensitivity and spectral response, other improved coatings were
proposed thanks to other two different AgNPs synthesis routes: In Situ Synthesis
(ISS) method and Layer-by-Layer Embedded (LbL-E) technique reported by
Rivero et al (see Appendix 1 and 2, respectively). Those techniques involved
the weak polyelectrolyte PAA as stabilizing (or structural) agent allowing a
better control of the size and aggregation of the NPs: These highly controlled
AgNPs make possible the observation of different spectral behaviors and
consequently the fabrication of wavelength-based optical fiber RH sensors.
Therefore SiO2 NPs were replaced by PAA in the LbL fabrication process as far
as it allowed to embed higher quality AgNPs which gave more defined optical
resonances.

Table 4.2: Scheme of the sensitive coatings, methods to incorporate and synthesize the AgNPs, and
their sensing principles presented in this chapter.

Thanks to the ISS method, it was possible to generate Lossy Mode Resonance
(LMR) bands in the NIR region thanks to the incorporation of AgNPs (see
section 4.3). Moreover, a LMR based sensor with AgNPs was fabricated for the
first time in literature, providing a wavelength based sensing system immune to
the intensity variations.
After that, a further step was made in order to improve the spectral response.
In this case, other novel humidity resonance-based sensors were fabricated
(section 4.4) using the LbL-E technique. Here, it is possible a higher control of
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the thickness and the AgNPs aggregation during the process allows an improved
precision and control in the generation and shift of different resonance bands.
The idea behind these modification of the sensitive coatings was the
achievement of on optical fiber sensor in which both LSPR and LMR resonant
bands could be observed simultaneously. This novel configuration results a
single optical fiber device could yield self-referenced wavelength-based optical
sensors, as it is discussed in the following sections.
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4.2. Optical fiber humidity evanescent sensor based on silver
nanoparticles-embedded coatings
In this section, an evanescent optical fiber humidity sensor based on a novel
LbL antibacterial sensitive coating is proposed. The fabrication of the coatings
was firstly performed by LbL onto glass slides using a new route of Ag NPs
synthesis never reported in literature before. As it was commented previously,
one of the most used and well-known Ag+ cation source are silver nitrate
aqueous solutions. However, the silver nitrate solution needed to be adjusted at
pH 9 as the same pH value as SiO2 NPs solution in order to get a suitable
polyanionic solution. Unfortunately, this nitrate silver salt is chemically
unstable at that pH value, and precipitates, not allowing to get a proper AgNO3
+ SiO2 NPs solution.
In this fabrication process, Ag NPs are in situ synthesized during the LbL
process. Diamminesilver nitrate ([Ag(NH3)]2NO3, DAS) acted as precursor of
silver cations. The polymer PAH plays a double-key role: acts as polycation
during the building up of the bilayers, and also reduces the Ag cations released
from the silver salt to obtain Ag NPs. Coatings and NPs are analyzed and
characterized, their antibacterial activity is presented.
This type of coating is then used to fabricate an optical fiber evanescent
sensor to monitor humidity variations. The swelling behavior of the coating due
to the PAH, and the absorption of the overall coating affect to the effective
refractive index of the surrounding. The slight absorption/desorption changes in
the coating due to the humidity changes, provokes a change in the spectral
response of the sensor. Device fabrication and characterization are presented.
Finally, the optical response of the sensor to RH changes is represented and
commented.

4.2.1. Single stage silver nanoparticles synthesis into Layer-by-Layer
coatings
4.2.1.1 Fabrication of the Layer-by-Layer coatings
The silver based coatings were fabricated by Layer-by-Layer assembly. The
starting solutions were prepared as described in earlier works [25] to achieve
highly rough thin films. PAH (10 mM) acted as the cationic polyelectrolyte, and
mixture of diamminesilver nitrate plus silica nanoparticles (DAS + SiO2 NPs)
was used as the polyanionic solution.

-Chapter 4. Optical fiber humidity sensors based on Ag NPs-embedded coatings-

84

The DAS solution had been previously prepared by mixing 250 mL of
AgNO3 (5mM) solution with 0.83mL of aqueous ammonia (5%wt.) overnight
at room temperature. SiO2 NPs (Ludox TM-40 colloidal silica, 0.03%wt.) were
finally added to the DAS solution, thus obtaining the anionic solution used in
the mentioned LbL process. Here, the DAS provides the silver ions whereas the
SiO2 NPs allow the creation of the bilayers. The main reason of the use of such
SiO2 NPs in the anionic solution is their high negative charges at basic pH
values, which help to the silver salt adhesion to the PAH monolayers.
Standard microscopy glass slides were used as substrates for the LbL process.
The general protocol of the multilayer films fabrication is the following;
firstly, the substrates were treated with oxygen plasma and further washed with
ultrapure water and dried under nitrogen stream. Afterwards, they were dipped
into the PAH solution for 2 minutes followed by a 2 minutes rinsing step into
ultrapure water. Then, the substrates were dipped into the DAS + SiO2 NPs
solution for 2 minutes followed by the same rinsing step. This dipping cycle was
repeated until the desired number of bilayers was achieved. Samples of 5, 10
and 50 bilayers were fabricated. The coated area of each sample was
approximately 10 cm2 in all cases. Finally, the LbL coated substrates were dried
under nitrogen stream in order to evaporate all remaining water of the coatings.
In this single-stage process, the silver ions are incorporated to the LbL coating
during the sequential LbL adsorption process. It should be noted that in this
work the silver salt was dissolved in the anionic solution together with the SiO2
NPs. The behavior of the absorption dynamics and the occurrence of chemical
reactions between the chemical species present in the anionic and cationic LbL
solutions are complex since several processes happen simultaneously, and they
are analyzed and discussed in the following paragraphs.
4.2.1.2 Characterization of the silver nanoparticles into Layer-by-Layer
coatings
The UV-VIS absorbance spectra of the samples confirm the existence of
silver nanoparticles within the coating [27]. Figure 4.2 shows the UV-VIS
absorbance as the number of bilayers is increased. As it is shown in Figure 4.2,
the visible absorbance of the samples gets more intense when more layers are
added to the LbL film, giving experimental evidence of the presence of
spontaneous chemical reactions during the LbL absorption steps. In order to
explain this phenomenon, the authors propose an amine-assisted reduction of
the silver ions, yielding metallic silver nanoparticles. In this case, the reducing
agent is the amino group of the PAH. The polycation PAH is a weak electrolyte
and under the appropriate conditions their functional groups can switch from
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ammonium to amino. It has been previously reported that PAH shows amino
functional groups at pH values higher than 7 [28]. As the reaction between PAH
and silver occurs during the anionic immersion of the LbL process, the adsorbed
PAH chains are exposed to the basic medium of the DAS+SiO2NPs solution,
and therefore the reduction reaction takes place only at the surface of the LbL
coating. The Ag NPs formation is a one-electron reduction. The following
reduction reaction scheme is proposed, similarly as the reported by other authors
[29]:

AgNO3  NH 2 R  Ag 0  NH 2 R   NO3

(Eq. 4.1)

where R is the backbone of the PAH polymer. Blanchard et al. propose in
their work [29] a reducing route for chloraurate ions while in the present study
the reduction affects to the diamminesilver ions. The experimental data show
that certain absorption bands appear in the UV-VIS spectra as the LbL process
is carried out, revealing the formation of silver nanoparticles within the coating
[27, 30].
The UV-VIS absorption spectra in Figure 4.2 show clearly two absorption
bands; a small peak around 385 nm and a larger and wider band with its
maximum around 455 nm. It is well known that dispersed silver nanoparticles
shows a narrow and strong absorption band with a maximum between 400 and
410 nm because the Surface Plasmon Resonance (SPR) coupling of light [27].
The SPR resonant condition is affected by factors like the size of the
nanoparticles, their aggregation degree, the refractive index of the external
medium, etc. In this case, the silver nanoparticles can probably have a high size
dispersion (and aggregation) and they are trapped in a PAH/SiO2 NPs matrix,
therefore the SPR absorption band is shifted to 455 nm and widened. This redshift and widening of the SPR peak is similar as the ones measured in other
works [27]. The smaller absorption peak around 380 nm is probably related with
multipole transitions of Surface Plasmon, as it is also described in [27].
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Fig 4.2. UV-VIS absorbance of the coating as the number of bilayers is increased. Samples of
PAH/DAS+SiO2 with 10, 20, 30, and 40 bilayers.

Other characterization techniques were performed to confirm the existence
of the Ag NPs such as Transmission Electron Microscopy (TEM). Figure 4.3a)
shows the TEM microscopic images of only silica particles, while Figure 4.3b)
represents TEM images of the synthesized Ag NPs with silica particles. The
image in Figure 4.3b) reveals the presence of two different materials with a very
different electron density. The lighter spheres correspond to the silica
nanoparticles, since they are an isolating material, and their electron
transmittance is relatively high, while the darker particles probe the existence of
a highly conductor material which blocks the transmission of the TEM electron
beam. Such dark particles are the synthesized Ag NPs and appear mixed up with
the silica nanospheres. This TEM characterization together with the SPR peak
shown in the UV-VIS spectroscopy verifies the presence of the synthesized Ag
NPs during the LbL multilayer assembly.
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Fig 4.3. TEM images of the coatings: a) (left) with only SiO2 NPs. b) (right) with SiO2 and Ag NPs.

The visual aspect of the coating is shown in Figure 4.4. The sample had a red
to brown color due to the SPR absorption peak of the Ag NPs in the coating.
This visual aspect of the samples is very similar to the color reported using
routes for the synthesis of nanoparticles within polymeric coatings [31].

Fig 4.4. Image of the 50 bilayer LbL coating. The reddish color of the sample reveals the presence of
AgNPs in the coating.

The Ag weight ratio respect to the overall coating for 5, 10, 20, 30, 40 and 50
bilayers samples was calculated by Inductively-Coupled Plasma Optical
Emission Spectrometer (ICP-OES) and are shown in Table 4.3. This table
displays the volumetric fraction of Ag which has been calculated using the same
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method used in [32]. The density of silver has been taken as 10.5 g/cm3 and the
density of the polymeric phase has been taken as 1.2 g/cm3. The amount of silver
per surface unit was calculated using the volumetric fraction and the thickness
of the coating measured by AFM. As can be seen, the silver weight ratio
increases slightly when more bilayers are added to the LbL film. The silver
weight ratio values are similar to other traditional approaches [32], confirming
that this new synthesis route has an efficiency comparable to other previously
reported works. Furthermore, this new route also enjoys the advantage that the
Ag NPs are synthesized during the LbL process making unnecessary any
additional treatment.

Bilayers

Coating
Thickness (nm)

5
10
20
30
40
50

29
61
88
219
279
371

Ag %wt* Ag %vol
25.74
26.19
26.73
28.62
30.23
32.29

Ag area density
(μg/cm2)

3.81
3.90
4.00
4.38
4.72
5.17

0.36
0.74
1.14
3.05
4.16
6.05

Table 4.3. Thickness, Ag %wt, Ag %vol and Ag area density of the coating films.*Measured using
ICP-OES

4.2.1.3 Antibacterial study
Preparation
The bacteriologic tests were carried out at an external certified laboratory,
AIN (Asociación de la Industria de Navarra, ISO certified), using the standard
test method previously reported in other works [26, 33]. The antibacterial
coatings were tested in both gram positive and negative bacteria, more
specifically in E. coli (ATCC # 25922), S. aureus (ATCC # 6538P) and L.
delbrueckii (CECT # 4005) cultures to observe their antibacterial activities. To
measure the effect of an antimicrobial compound, it is calculated the percentage
of cell reduction between the control sample and the test sample [26]:

 Test SampleCFU ml  
  100
Cell reduction %  1 
Control CFU ml  


(Eq.4.2)

A sample is considered as a biocide surface if Cell reduction is higher than
99% [26].
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In order to take into consideration only the effect of the silver nanoparticles
in the antibacterial tests, two references were used. The first reference (ref1)
substrate was a bare glass slide. The second reference substrate (ref2) consisted
in a LbL coating of 50 bilayers of PAH and SiO2 without any silver. The
experimental procedure for the fabrication of ref2 was exactly the same
described in the previous sub-section, with the only difference that the silver
nitrate was not added to the anionic solution. This was performed to distinguish
any antibacterial activity from the PAH/SiO2 matrix.
Results
The antibacterial activity of the coatings was studied using the previously
reported bacteriologic test method. The average results for 5, 10 and 50 bilayer
coatings, taking the error as the standard deviation, are represented in Table 4.4.
According to data of this table, a killing efficiency higher than 99% is achieved
for coatings thicker than 5 bilayers. The 5 bilayers coatings, see Table 4.3, have
a silver density of 0.36 μg/cm2. Therefore, any Ag density higher than this value
showed a marked biocide behavior. In all cases, the coatings exhibited an
excellent behavior against E. coli, S. aureus and L. delbrueckii. Of these
samples, only the 50 bilayer coatings showed a killing efficiency higher than
99.98%.

Table 4.4. Results of killing efficiency of the multilayers PAH/(BAS+SiO2NPs) and PAH/SiO2NPs
measured in Bacterial Cell Reduction after 24 hours.

The bacteria killing efficiency can be visually appreciated in Figure 4.5,
where it is shown two pictures of the Lactobacillus delbrueckii cell cultures over
a bare glass slide (as reference substrate - Figure 4.5a)) and a biocide coating
(Figure 4.5b)). It can be seen that the coated side of the substrate (left side of
the sample) remains clean, while bacteria colonies (white spots) grows
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randomly dispersed over the rest of the agar slab. Additionally in Figure 4.5c),
a 50 bilayer PAH/SiO2 sample is shown, where bacteria also grows on the
coating, thus confirming that the PAH killing efficiency is not high enough to
obtain biocide surfaces (killing efficiency > 99%), as it was commented in the
introduction section.

Fig 4.5. Pictures of the bacteria cultures over: a) ref1 substrate (bare slide); b) coated substrate (50
layer PAH/DAS+SiO2 coating); c) ref2 substrate (50 layer PAH/SiO2 coating). Notice in 7b that the
coated side of the glass slide (left side) shows no bacteria colonies on it (white spots). Tests
performed against Lactobacillus delbrueckii.

91

Aitor Urrutia Azcona

4.2.2. Evanescent wave sensor fabrication and characterization
A plastic/clad silica fiber with core of 200 μm in diameter is cleaved and 3
cm of the plastic cladding is removed. This 3 cm segment of uncladded optical
fiber core (sensitive region) is coated using the LbL assembly technique, as it
was previously commented. It is initially used the LbL assembly because it
allows the monitoring and control of the coating thickness with a high accuracy
during the fabrication process.
To perform this process, layers of opposite-charged materials are alternated
[34, 35]. Here, PAH is used as polycation and (Ag[NH3]2)NO3 + SiO2 NPs is
used as polyanion. The construction of the LbL coating was monitored using the
setup shown in Figure 4.6. A white light source was connected to one end of the
optical fiber and an UV-VIS spectrometer (HR4000, Ocean Optics Inc.) was
connected to the other end.

Fig 4.6. Experimental setup used to monitor the LbL process.

When the LbL process is performed, the coating deposited onto the fragment
core produces an alteration of the visible absorption spectrum. When light
passes through the sensitive region, transmitted light is affected by the new
surrounding refractive index created by the LbL coating. UV-Vis spectra of the
LbL process evolution are represented in Figure 4.7 for the deposition of 10, 20,
30, and 40 bilayers. The combination of Ag NPs and SiO2 NPs causes an
expected increase in the optical absorbance with the thickness (number of
bilayers) is increased.
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The final brown coloration of the thin films indicates that Ag NPs has been
successfully incorporated into the films, as was commented in the previous
section (4.2.1) [36].

Fig 4.7. UV-Vis spectra captured during the LbL process at 10, 20, 30, and 40 bilayers. Absorption
band appears with the increase of the number of bilayers.

The resultant polymeric structure shows a humidity-driven swelling which
makes it sensitive to changes in the relative humidity (RH). The thin films
structure changes its effective refractive index when it absorbs/desorbs water
from the environment. Furthermore, the thickness and roughness of the LbL
coatings can be accurately adjusted [37-39] and let us tailor its overall properties
as desired. This makes LbL films ideal to characterize and understand the
evolution of the optical measurements collected from the following optical
sensors.
The experimental setup used to perform the RH test is the same as before,
shown in Figure 4.6, introducing the device into an environmental chamber
(Angelantoni Inc.) to control both the RH and temperature of the sensor
surrounding medium. The optical fiber sensor was exposed to humidity changes
in the climatic chamber from 20% RH to 80% RH and the temperature was kept
constant at 25ºC during the whole RH cycle.
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4.2.3. Results
As it has been demonstrated in previous works, coatings based on weak
polyelectrolytes (PAH/PAA) can modify their thickness and refractive index
with RH changes due to the swelling/deswelling phenomenon [40-44]. In Figure
4.8, the optical fiber sensor was experimentally tested to RH changes from 20%
to 80% RH at constant temperature.
The results displayed in Figure 4.8 indicate that only a change in intensity of
the attenuation band (650-800 nm) was observed as RH is varied.

Fig 4.8. Spectral response of the sensor to RH changes from 20% to 80% RH at a constant
temperature of 25ºC.

The pattern of the absorbance spectra in this attenuation band showed an
approximate linear response to RH changes as it can be seen in Figure 4.9.
Nevertheless, no significant wavelength dependence with these RH changes was
observed in the position of the absorption band (750 nm). The sensitivity of this
device is low, presenting a value of 0.0037dB/%RH.
This change in wavelength was negligible with respect to the change in
intensity. Therefore, this device is an intensity based sensor which its response
depends on the difference between the refractive index of the core and the
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external refractive index of the evanescent field (coating and surrounding
medium).
This evanescent sensor presents the added-value of the antibacterial
prevention, thanks to its biocide coating. However, in order to achieve better
sensitivities values, another type of devices with other alternative sensing
mechanisms as the resonances should be considered. In fact, in the following
sections, resonance based sensors are presented.

Fig 4.9. Transfer function of the humidity sensor (at wavelength of 750 nm), linear fit (red line). The
device presents a R2=0.981
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4.3. Optical fiber humidity LMR sensors based on silver
nanoparticles-embedded coatings
In the previous section, an optical fiber humidity sensor based on evanescent
wave absorption changes was presented. In this section, a novel optical fiber
humidity sensor based on Lossy Mode Resonances will be proposed.
As it was commented in section 4.1, the discovery of the LMRs and their
applications as sensing mechanism in our research group [45-48], opened the
door to the development of novel LMR based sensors supported by thin film
coated optical waveguides. In fact, LMR based sensors have potentially higher
sensitivity than other sensing mechanisms [49]. LMRs phenomena occur when
the real part of the thin film permittivity is positive and higher in magnitude than
both its own imaginary part and the real part of the material surrounding the
coating [45-46, 50]. LMR based devices have been developed in the last few
years for pH sensing [51, 52], humidity sensing [53], or refractometers [54-58].
These devices based on LMR bands can be made of diverse materials such as
polymers or ceramics. Furthermore, LMR-based devices make possible the
generation of multiple resonant absorption bands and it is possible to obtain
sensing signals as a function of the thickness and refractive index of optical fiber
overlay. Moreover, LMR based sensors provide their sensitivity depending on
the wavelength shift of their LMR bands, and therefore, they are more robust
and non-intensity dependent.
Thus, the characteristics of LMRs were taken into account for the fabrication
of a novel humidity sensor. This sensor was composed of polymeric thin films
with silver nanoparticles (AgNPs). Here the incorporation of the AgNPs
provokes two effects. On one hand, the final coating becomes in biocide. On the
other hand, the apparition of a LMR band in the NIR region which will act as
the sensing mechanism to the humidity changes. Fabrication of the coatings, the
AgNPs incorporation, antibacterial study, and the generation of the LMR band
will be explained in the following subsections. Finally, results of the developed
LMR based sensor will be reported.

4.3.1. Silver nanoparticles synthesis and Layer-by-Layer coatings
4.3.1.1 Fabrication of the polymeric coating
Firstly, polymeric coating were fabricated onto glass slides by LbL using
PAH and PAA as polycation and polyanion respectively. By this way, it is
possible to characterize and analyze the properties of the coating by UV-vis

-Chapter 4. Optical fiber humidity sensors based on Ag NPs-embedded coatings-

96

spectroscopy, microscopy, and evaluate their antibacterial behavior before the
implementation of them onto the optical fiber device. Both PAH and PAA were
used at pH 7 and their concentration was 10 mM. The LbL process was repeated
until 40 bilayers of PAH/PAA.
4.3.1.2 In situ synthesis of silver nanoparticles into the polymeric coating
Once the LbL assembly is finished, Ag NPs are loaded into the thin films
using the chemical route described in Appendix 2. Coatings are immersed in
AgNO3 solution to load them with Ag cations, and in a further step, coatings are
immersed in dimethylamine borane (DMAB) solution to reduce the Ag cations.
By means of this chemical route, the Ag cations are reduced to produce zerovalent Ag NPs., as it is explained in Appendix 2. This load/reduction cycle is
repeated up to 6 times. This process based on the in situ synthesis of AgNPs was
developed by Rubner et al [59], and Rivero et al [60] (see Appendix 2).
A color change from transparent to orange is pointed as an interesting result
to corroborate the synthesis of the AgNPs during the Loading/Reduction cycles
into the polymeric coating obtained by the LbL assembly [61]. In Figure 4.10,
it is possible to appreciate the difference between a glass slide with only
[PAH/PAA] polymeric coating obtained by the LbL assembly (totally
transparent) and, a glass slide after the six loading/reduction (L/R) cycles
(golden-yellowish), which it is indicative that AgNPs have been correctly
synthesized and incorporated into the polymeric overlays.

Figure 4.10. Photograph of the coatings based on the in situ synthesis of AgNPs into the polymeric
LbL matrix. The orange coloration indicates that AgNPs have been synthesized the coatings.

This colored appearance is the result of the presence of a LSPR absorption
band of the metallic AgNPs synthesized inside the polymeric coating, and makes
possible the apparition of a strong absorption band in the visible region (410450 nm). This light coupling results in an orange coloration of the coating as far
as the LSPR absorption of spherical AgNPs is typically located around 410-450
nm, as it was previously demonstrated in [62].
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4.3.1.3 Antibacterial study
As in the previous AgNPs-based coatings, antibacterial activity of the
[PAH/PAA]+L/R cycles thin films was studied using the same analytical
method. The results indicate that the coatings exhibited an excellent behavior
against Lactobacillus plantarum, showing a killing efficiency higher than
99.9%. This is consistent with experimental results reported by Rubner [59].

4.3.2. LMR based sensor fabrication and characterization
4.3.2.1 Sensor fabrication and experimental setup
A segment of 3 cm of optical fiber cord (200 µm core diameter) was cleaved
and its cladding removed. LbL assembly technique was used by sequentially
exposing the optical fiber core to the cationic polyelectrolyte PAH and to the
anionic polyelectrolyte PAA. This process is repeated until reaching a
[PAH/PAA] polymeric structure of 40 bilayers.
Once the polymeric overlay is deposited onto the optical fiber core (sensitive
region), the in situ Ag NPs synthesis process is performed in order to incorporate
the AgNPs into the polymeric matrix. Thus, the loading/reduction (L/R) steps
are repeated up to 6 times to locate the LMR band in the infrared region. It
makes possible to obtain a resonant band (LMR) in the infrared region (9001600 nm). The utilization of these metallic AgNPs for optical sensors produces
an increasing of the refractive index of the thin film and allows the generation
of a LMR band in this spectral range of study (infrared, NIR).
The experimental setup to monitor the evolution of the LMR absorption band
in the NIR region is shown in Figure 4.11. The experimental setup consisted of
a white light source (Ando Inc.) which was connected to one end of the fiber
and a NIR spectrometer (NIR512, Ocean Optics Inc.) which was connected to
the other end of the fiber. Using this spectrometer, the spectral information in
the range between 900 and 1600 nm is captured.
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Figure 4.11. Experimental setup used to obtain and characterize the LSPR in the NIR region.

In order to observe the wavelength shift of the LMR absorption peak, the
sensitive fragment is exposed to RH changes. The same climatic chamber
(Angelantoni Inc.) of the previous section was used to control both RH and
temperature surrounding the sensor.
4.3.2.2 Generation and shift of the LMR band
The in situ synthesis of the AgNPs as a function of the number of
Loading/Reduction (L/R) cycles makes possible the generation of a new
absorption band (LMR) located in the infrared region. As it was previously
demonstrated by Rivero [62], thickness of the LbL film was kept unaltered as
the L/R cycles were carried out, and the only change is the amount of silver that
has been loaded into the LbL film. The amount and size of the AgNPs
synthesized in the LbL coating modifies the overall refractive index of the film.
Due to this, the wavelength of the LMR band maximum is shifted to longer
wavelengths as a higher number of L/R cycles were performed, as it can be
observed in Figure 4.12.
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Figure 4.12. Spectral response at infrared region as a function of the number of Load and Reduction
(L/R) cycles.

An evolution of the LMR band with 4, 5 and 6 L/R cycles is observed in the
NIR region (see Figure 4.13). A wavelength displacement of 150 nm from the
3rd cycle to the 6th cycle is observed during the AgNPs ISS technique. In the
first L/R cycles (1, 2 and 3) the resonance bands were very weak and they had
their maxima in the visible region. As far as the number of AgNPs sythesized
by the ISS technique grows almost exponentially with the number of L/R cycles,
in only a few repetitions the bands became more intense and narrow. In the ISS
sythesis tests there were not detected useful LMR bands in the visible region of
the spectrum, but in a few repetitions, there were found well defined LMR bands
in the NIR region, as it is shown in Figure 4.12.
It is important to remark that this synthetic route makes possible the
monitoring of the optical response of the optical fiber during the whole synthesis
process. This allows us to stop the AgNPs growth during the Loading/Reduction
cycles when the LMR position band is located at the desired wavelength in the
infrared region, 1150 nm in this case.
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Figure 4.13. Evolution of the UV-Vis spectra of the LMR absorption band in the infrared region as a
function of 4, 5 and 6 Load and Reduction (L/R) cycles.

4.3.3. Results
Once the sensor was fabricated in order to position the working point of the
sensor (LMR position band) in the sensitivity region (NIR) at 1150 nm, the
device was tested to variations of RH, keeping constant the temperature at 25ºC.
In Figure 4.14, the dynamic response of the device (LMR band, black line) to
different RH values between 20% and 80% for several cycles is shown.
The results indicate that the dynamic range of the device in the studied range
(NIR) is 27.3 nm which corresponds to a sensitivity of 0.455 nm/%RH.
However, this device shows a high value of hysteresis (17.3%) because of the
important difference between the rise and fall cycle when the maxima
wavelength of LMR band is tested to RH changes.
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Figure 4.14. Dynamic response of the device (LMR maximum sensitivity) to RH changes from 20 to
80% at 25ºC.

Figure 4.15. Response time of the sensor to several consecutive human breathing cycles.
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Finally, this device has been experimentally tested for human breathing
changes at LMR wavelength position (1150 nm) to evaluate the response time.
Results of the experiment to these quick changes of RH measurements are
shown in Figure 4.15. The observed response time of the sensor was 692 ms and
839 ms for the rise and fall, respectively. The response of this device is fast,
periodic and repetitive, as it can be observed in the inset of the Figure 4.15.
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4.4. Optical fiber humidity LMR and LSPR sensors based on
silver nanoparticles-embedded coatings
As it was previously commented, it has been demonstrated that it is possible
to generate LMR absorption bands in LbL films loaded with AgNPs using the
ISS technique. Due to the special characteristics of the ISS method a poor
control of the spectral response of the LbL films could be achieved, as far the
AgNPs’ size and aggregation could not be precisely controlled. Consequently,
there were not useful LMR bands in the visible region of the spectrum. In this
section, alternative Ag loaded LbL thin films were studied using the Layer-byLayer Embedding deposition technique (LbL-E). A prior AgNPs synthesis
followed by a further LbL incorporation of the NPs was used to fabricate
PAH/(PAA-AgNPs) thin films. A detailed description of the LbL-E technique
could be found in Appendix 1. Such LbL-E coatings could overcome some of
the issues of the coatings shown in the precedent section.
The LbL-E deposition technique reported by Rivero et al [62] permits to
control and monitor the transmission spectra while the coating is being
deposited as a function of the number of bilayers added to the coating (directly
related with its thickness). This is an important advantage with respect to the
previous strategy, where the polymeric films were first fabricated and the loaded
with AgNPs, because the generation and position of the LMR bands was not
totally controlled. For research purposes LbL-E monitoring enables to observe
the generation of different electromagnetic resonance bands (specifically a
LSPR band and LMR bands) as the coating thickness is increased. Thus, this
leads us to the present work, the fabrication and design of coatings for a LSPR
based sensor, and other two novel optical fiber sensors based on the
simultaneous measurement of both LSPR and LMR for monitoring humidity
changes.
One of the main advantages of the use of AgNPs in a polymeric matrix is the
alteration in intensity of the LSPR when a change of the refractive index of the
polymeric overlay is produced due to the swelling/deswelling phenomenon.
However, a thicker coating based on the deposition of these AgNPs, allows a
sensitivity enhancement to RH changes of the device thanks to the presence of
the LMRs. These LMR bands present a peak wavelength shift that depends on
the thickness and refractive index of the overlay and that can be monitored. Due
to this, it is possible to register humidity changes as a function of the wavelength
displacement of the LMR, and not only with an intensity shift of the LSPR.
Moreover, the fabrication process (LbL-E) can be stopped at the desired moment
when LMR band appears in the transmission spectra [45, 52].
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As is has been previously commented, the AgNPs play the key role in two
important aspects. The first one is the antibacterial protection which offer thanks
to their biocide behavior into the thin films. The second one, and the most
important point, is the feasibility of the generation and control of both LSPR
and LMR bands during the fabrication process.
As it will be explained below, the presence of this dual-peak, LSPR and LMR
respectively, permits to obtain more accurate measurements of the device. Thus,
in this section, the transmission spectra of devices fabricated with LbL-E films
of different thickness will be analyzed, trying to explain the generation and shift
of the LSPR and LMR, testing their responses to changes in RH and comparing
these results with the previously LSPR-device.

4.4.1. Silver nanoparticles synthesis and Layer-by-Layer coatings
4.4.1.1 Fabrication of the silver nanoparticles-embedded coatings
Ag NPs are prepared by adding freshly reducing agent (dimethylamine
borane, DMAB) to a stirred solution which contained 10 mM PAA
concentration and constant AgNO3 concentration (3.33 mM). The final molar
ratio between reducing and loading agent (DMAB:AgNO3 ratio) is 1:1. The final
molar ratio between protective agent and loading agent (PAA:AgNO3 ratio) is
3:1. Once the reaction is completed, the orange color is stable without any
further modification.
Glass slides are coated with multilayer thin films using the LbL-E deposition
technique, following the steps described in Appendix 1. To perform this process,
layers of opposite-charged materials are alternated. Electrostatic attraction
between cationic and anionic layers makes the resultant multilayer structure
homogeneous and compact [34, 35]. Here, PAH is used as polycation and PAAAgNPs (orange coloration) [63] is used as polyanion. Both weak
polyelectrolytes (PAH and PAA) are deposited at 10 mM and the same pH value
(pH 9.0). In Figure 4.16, the orange PAA-AgNPs synthesized and their further
incorporation into thin films using the LbL-E deposition technique is shown.
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Figure 4.16. Synthesis of AgNPs with an orange coloration and a further incorporation into thin films
using LbL-E as a function of the number of bilayers deposited

The final yellowish-orange coloration of the thin films indicates that AgNPs
with a spherical shape has been successfully incorporated into the films, as it
was demonstrated by Rivero et al. [64].
4.4.1.2 Silver nanoparticles-embedded coating characterization
In Figure 4.17, the UV-Vis spectrum as well as the final aspect of the thin
film based on the LbL-E with the Ag NPs with an orange coloration is presented.
The location of the LSPR peak at 430 nm indicates that AgNPs have been
successfully incorporated into the LbL thin film, which is perfectly coherent
with the results obtained in other works.
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Figure 4.17. UV-Vis spectroscopy of the LbL-E with the AgNPs (orange coloration) and the aspect of
the LbL-E thin film after the deposition process. The LSPR maximum is observed at 430nm, which is
coherent with the LSPR band of the previously synthesized AgNPs.

4.4.1.3 Antibacterial study
Antibacterial study was performed following the same preparation and
method as in the previous coatings (described in subsection 4.2.1.3). In Figure
4.18, the antibacterial behavior against Lactobacillus plantarum is shown. In
order to corroborate that the killing efficiency is due to the only presence of
AgNPs into the thin films, two different kind of coatings have been tested. The
first one corresponds to a reference substrate based on LbL polymeric thin film
of [PAH(9.0)/PAA(9.0)]40 and the second one corresponds to the LbL-E coating
of [PAH(9.0)/PAA-AgNPs(9.0)]40. It can be observed that in the reference
substrate (Figure 4.18a), bacteria growth was observed in the whole agar slab
and the coated area also showed a random distribution of the bacteria (white
spots). However, the LbL-E coating based on AgNPs (Figure 4.18b) showed no
bacteria growth in the coated area (yellowish-orange color), whereas the
uncoated area (transparent) clearly showed a growth of bacteria colonies in the
glass slide. The killing efficiency of the coating is higher than 99.9% which is
considered as a biocide surface.

107

Aitor Urrutia Azcona

Figure 4.18. Bacteria growth on culture plates after 24 hours: (a) reference substrate (only polymeric
LbL coating); (b) coated substrate based on AgNPs (LbL-E of orange AgNPs). The orange coated
area is clearly visible, as far as it inhibits the bacteria growth (no white spots).

These results corroborate that this method based on the incorporation of silver
nanoparticles into thin films, showed great results as biocide surfaces.

4.4.2. LMR and
characterization

LSPR

based

sensors

fabrication

and

4.4.2.1 Sensor fabrication and experimental setup
Optical fiber sensors with three different thicknesses were fabricated using
the LbL-E assembly technique. The first one was developed until a total of 15
bilayers, the second one with 25 bilayers, and the third one with 40 bilayers.
Both cases consist of a sensitive region composed of a PAH/PAA polymeric
matrix within AgNPs, which is sensitive to the RH changes.
The presence of AgNPs gives the appearance of LSPR band associated to
them. Moreover, these AgNPs allows an improvement of the visibility of the
LMR bands with a smaller thickness in comparison with a sensor with a
polymeric overlays without AgNPs. An important advantage of the use of LMR
as a sensing signal is the feasibility of selecting the operation wavelength and
tuning the sensitivity by just tuning the coating thickness.
Here, it will be shown the successive evolution of the apparition of different
absorption bands when the coating thickness is increased up to a number total
of 40 bilayers. Firstly, LSPR band will appear at a typical wavelength of 430450 nm, which it is typical of spherical AgNPs without a significant wavelengthdependence, providing a first LSPR based sensor. Secondly, the apparition of
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LMR bands will be observed to sweep all the spectral range as the coating
thickness is increased [12, 65]. For this last case, another two devices with two
different thicknesses will be presented.
The experimental setup used to obtain and characterize these band resonances
(LSPR and LMRs) is shown in Figure 4.6. This setup consists of a white halogen
lamp connected to one end of the optical fiber and an UV-VIS spectrometer
(OceanOptics HR4000) connected to the other end of the fiber. This
combination of optical source and detector allows us to show transmitted spectra
in the wavelength range from 350 to 1000 nm. This study will focus on this
specific wavelength range because the LSPR position corresponding to the
synthesized AgNPs is obtained at 430-440 nm (yellowish-orange color).
The fabrication steps of the three sensors was the same. A 3 cm segment of
uncladded 200 μm optical fiber core (sensitive region) was coated using the
LbL-E deposition technique, following the process described in Appendix 1. As
was previously commented, LbL-E technique was used because it allows the
monitoring and control of the coating thickness with a high accuracy during the
fabrication process.
The resultant nanostructured coatings are [PAH(9.0)/PAA-AgNPs(9.0)] with
the only difference of the total number of bilayers (15, 25 and 40). It is important
to remark that the polymeric structure (PAH/PAA) shows a slight hydrophilic
behavior that makes it sensitive to changes in the relative humidity. The
PAH/PAA structure changes its effective refractive index when it
absorbs/desorbs water from the environment. Furthermore the thickness and
roughness of the (PAH/PAA) LbL coatings can be accurately adjusted [37-39],
and let us tailor its overall properties as desired. This makes LbL films ideal to
characterize and understand the evolution of the optical measurements collected
from the following optical sensors.
Light passes through the sensitive region, which it is located between the light
source and the detector. Transmitted light is affected by the new boundary
conditions created by the LbL-E coating based on AgNPs. Then, a climatic
chamber (Angelantoni Inc.) was used to control both Relative Humidity (RH)
and temperature of the sensor surrounding medium. The optical fiber sensor was
exposed to humidity changes inside the climatic chamber from 20% RH to 70%
RH and the temperature was kept constant at 25ºC during the whole RH cycle.
4.4.2.1 Generation of the LSPR band
When the LbL-E is sequentially created onto the sensitive region, an
alteration of the visible absorption spectrum is observed at the detector. This
aspect is directly related to the Localized Surface Plasmon Resonance (LSPR)
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phenomenon of the AgNPs. In fact, the UV-Vis spectra were used to monitor
the building up of the LbL thin films in order to confirm the existence of this
absorption peak of the LSPR at this specific wavelength region around 430nm.

Figure 4.19. UV-Vis spectra when the LbL-E of the AgNPs for 1, 3, 6, 9, 12 and 15 bilayers. The
main absorption band is the LSPR corresponding to the AgNPs incorporated into the thin film.

In Figure 4.19, UV-Vis spectra are shown when the LbL-E was built up at
different thickness coatings as a function of the number of bilayers added in the
final coating (from 1 to 15 bilayers). The spectra show a direct relation between
the number of bilayers added and the increasing absorbance of the LSPR
absorption bands, at 440 nm. In other words, the results confirm that the optical
absorbance of the coating increases directly with the number of bilayers. This
confirms the hypothesis that the amount of AgNPs within the coating increases
directly with the number of bilayers. Moreover, the wavelength position of the
LSPR at 440 nm and the initial yellowish-orange coloration of the nanoparticles
are indicative of a complete incorporation of spherical AgNPs in the final
coating.
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4.4.2.2 Generation of the LSPR and a single LMR band
The UV-Vis spectra was used to monitor the transmitted light during the LbLE deposition technique, in order to study the apparition of the different resonant
absorption peaks caused by the coating based on AgNPs.
In Figure 4.20, when the coating thickness has less than 20 bilayers it is
possible to appreciate only a LSPR absorption band. This first absorption band
(LSPR) was found centered around 450 nm, and it is attributed to the optical
properties of the AgNPs. In addition, when the thickness of the LbL coating is
increased up to 30 bilayers, a new absorption band attributed to the LMR
phenomenon is observed (LMR 1). This resonant condition for LMR 1 strongly
depends on the thickness and refractive index of the optical fiber overlay.

Figure 4.20. UV-Vis spectroscopy of the sensor as a function of the number of bilayers added using
the LbL-E deposition technique. Curves plotted for 5, 10, 15, 20, 25 and 30 bilayers.

In fact, this LMR 1 attenuation band presents a shift of 300 nm of the
maximum with a thickness increase of only 5 bilayers. The central wavelength
of such LMR 1 is shifted from 650 nm to 950 nm in the spectral range as the
number total of bilayers is increased from 25 to 30 bilayers, as it can be observed
in Figure 4.20.
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4.4.2.3 Generation of multiple LMR bands
A detail of the last 5 bilayers of the fabrication process (from 36 to 40
bilayers) is observed in Figure 4.21, where the apparition of 2nd LMR and 3rd
LMR absorption bands and their displacement as more bilayers are added can
be easily appreciated. These resonances (LMR 2 and LMR 3) remained visible
within the studied spectral range at the end of the fabrication process, while
LMR 1 exceeded this range (more than 1100 nm) for a number of bilayers higher
than 30. Moreover, it is possible to observe an overall excursion of the central
wavelength of both LMR 2 and LMR 3 of 110 nm and 30 nm respectively, when
the coating thickness is increased from 36 to 40 bilayers.

Figure 4.21. UV-Vis spectroscopy of the sensor as a function of the number of bilayers added using
the LbL-E deposition technique. Curves plotted for 36, 37, 38, 39 and 40 bilayers.

As it can be observed in Figures 4.20 and 4.21, it is possible to detect multiple
absorption peaks (LMRs) in a polymeric coating fabricated with these AgNPs
by means of the LbL-E deposition technique, even LSPR and LMR
simultaneously. This fabrication technique allows the on-line optical monitoring
during the fabrication process, and therefore it is possible to stop the LbL-E
deposition when the optimal optical response is obtained.
In Figure 4.22, it is displayed the evolution of the spectral response as the
number of bilayers is increased up to 40 bilayers. This figure can help us to
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analyze the apparition of the different resonant bands (LSPR and LMRs) as the
thickness of the LbL-E overlay is increased from 1 bilayer to 40 bilayers.

Figure 4.22. Spectral response observed as a function of the number of bilayers added.

These transmission spectra confirm that no LMR bands are observed when
the coating thickness is very thin (from 1 to 20 bilayers), so the optical response
of the device is dominated by the LSPR absorption band of AgNPs centered at
450 nm. Nevertheless, when the coating thickness increases (from 25 to 40
bilayers), several LMR absorption bands are observed in the spectral range
studied. Finally, it is possible to appreciate their maxima wavelength
dependence of these LMR with the thickness of the LbL coating as a higher
number of bilayers are added to the final coating.

4.4.3. Results
In this section, the three sensors fabricated with different number of bilayers
(15, 25 and 40 bilayers) were monitored to show the spectral response of the
different absorption bands (LSPR and LMRs) to RH changes.
4.4.3.1 Sensor based on 15 bilayers
As it has been demonstrated in previous works, coatings based on weak
polyelectrolytes (PAH/PAA) can modify their thickness and refractive index
with RH changes due to the swelling/deswelling phenomenon [40-44]. In Figure
4.23, the optical fiber sensor was experimentally tested to RH changes from
20% to 70% RH at constant temperature.
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The results displayed in Figure 4.23 indicate that only a change in intensity
of the LSPR attenuation band was observed as RH is varied. The intensity of the
LSPR peak showed a linear response to RH changes as it can be seen in Figure
4.23 (inset). Nevertheless, no significant wavelength dependence with these RH
changes was observed in the position of the LSPR band (440 nm). This change
in wavelength was almost negligible respect to the change in intensity [12].

Figure 4.23. Spectral response of the device to RH changes from 20% to 70% RH at 25ºC.

According to this result, it was evident the necessity of an increase in the
thickness (more bilayers) in order to generate LMR bands and get better spectral
responses.
4.4.3.2 Sensor based on 25 bilayers
Taking into account the previous device, and the generation of the LMR 1
band by the increase of the coating thickness (described in subsection 4.4.2.2),
a sensor of 25 bilayers has been fabricated to show clearly both LSPR and LMR
1 bands. LSPR band is located around a wavelength of 440 nm, while LMR 1
band is positioned around 610 nm. The dynamic response of both LSPR and
LMR 1 are represented in Figure 4.24 when the device is tested for RH changes
between 20% and 70% for several cycles. It can be observed that LSPR shift
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(green line) shows no significant wavelength dependence, while LMR 1 shift
(black line) shows a high wavelength displacement when RH varies between
20% and 70% RH.

Figure 4.24. Dynamic response of the device (25 bilayers). The wavelength shift of both LSPR and
LMR 1 are monitored simultaneously to RH cycles from 20 to 70 %RH at 25ºC.

The sensor shows a dynamical range of only 3 nm for LSPR, and a dynamical
range of 50.8 nm for LMR 1. The results reveal that LSPR only shows a
sensitivity of 0.06 nm/%RH corresponding to this slight variation in
wavelength. This behavior of the LSPR was previously observed in Figure 4.23
(15 bilayers) where only a linear response in intensity of the LSPR band was
obtained without any significant change in the wavelength position. The results
for LMR 1 band are more relevant because of this high wavelength shift to the
same RH changes which corresponds to a sensitivity of 1.016 nm/%RH. This
sensitivity to RH changes corresponding to LMR 1 is seventeen times higher
than LSPR band, which indicates the great difference in wavelength
displacement between both LSPR and LMR as a function of RH changes, and
enables the fabrication of optical fiber devices suitable to be used in practical
RH monitoring applications due the high dynamic range of LMR 1 band. In
addition, it is important to note the great importance of this device (25 bilayers)
because it is possible to observe two differentiated resonances at different
wavelength-position (LSPR and LMR 1) which it enables to perform dual
reference measurements, with its associated improvement in accuracy. In Figure
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4.25, the transfer function of the variation of the maxima wavelength of both
LSPR and LMR 1 to different RH values from 20% RH to 70% RH, is presented.
The LSPR shows the same behavior to the rise and fall cycle with the same
slope. However, LMR 1 shows a hysteresis of 6.3%.

Figure 4.25. Transfer function of 25 bilayers device for RH cycles (20% RH- 70% RH-20% RH).

4.4.3.3 Sensor based on 40 bilayers
From the same parameters of the previous sensor with 25 bilayers, another
device of 40 bilayers has been fabricated in order to generate multiple LMR
bands (shown is subsection 4.4.2.3), and show the behavior to RH changes of
both LMR 2 and LMR 3 bands. As in the 25 bilayers based sensor, this sensor
allows the monitoring of both LSPR and LMR bands in the same spectral range
(see Figure 4.22). The LSPR remains at a fixed wavelength position reference
while LMR bands present a wavelength shift in order to monitor RH changes of
the surrounding medium. As it was previously commented, a higher number of
LMR bands, LMR 2 and LMR 3 bands, are observed for this LbL-E coating
thickness (40 bilayers), but LMR 1 band is not observed in this spectral range
of study.
The dynamic response of LMR 2 is shown in Figure 4.26 when the device is
tested for RH changes between 25 and 70 %RH for several cycles using the
same experimental setup of previous sections. For this case, it can be observed
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that LMR 2 (black line) showed a very large resonance wavelength shift of 42.4
nm for a RH range between 25 and 70 % RH. This result confirms that LMR 2
presents a sensitivity of 0.943 nm/%RH, very similar to the result obtained by
LMR 1 in 25 bilayers-device (1.016 nm/%RH).

Figure 4.26. Dynamic response observed of 40 bilayers device (LMR 2) to RH changes from 25 to
70% RH at 25ºC.

An important aspect to remark is that the resonance wavelength variation fits
well with the electronic RH sensor response, sensor which is located in the
climatic chamber. The optical fiber sensor response is due to fast RH changes
produced by the climatic chamber as result as normal operation (see inset of
Figure 4.26). For this case, it is possible to appreciate that the fiber optic sensor
(LMR 2) shows the same fluctuations than the electronic sensor.
Similarly, the dynamic response of LMR 3 (black line) to RH changes from
25% to 70% is shown in Figure 4.27. The wavelength shift in the studied range
is 5.7 nm, which it corresponds to a sensitivity of 0.126 nm/%RH. These results
indicate that LMR 2 (0.943 nm/%RH) improves the sensitivity of LMR 3 (0.126
nm/%RH) in more than seven times. Furthermore, it can be observed the high
repeatability of the sensor where the difference between the values at the end
and the beginning of the cycle are very similar to the two different LMRs (LMR
1 and LMR 2).

117

Aitor Urrutia Azcona

Figure 4.27. Dynamic response of 40 bilayers device (LMR 3) to RH changes from 25 to 70% RH at
25ºC.

In Figure 4.28, the transfer function of the variation of the maxima
wavelength of both LMR 2 and LMR 3 to different RH values from 25% to 70%
RH, are presented. The LMR 3 shows the same behavior to the rise and fall cycle
with a high linearity and with almost the same slope, whereas LMR 2 shows a
low hysteresis of 2.7%. This value of hysteresis corresponding to LMR 2 is
lower than previous device (LMR 1, 25 bilayers) with a higher value of
hysteresis (6.3%).
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Figure 4.28. Transfer function of 40 bilayers device for RH cycles (25% RH- 70% RH-25% RH).

An interesting property of these devices is that LMR allows the generation of
multiple resonances as the thickness coating is increased. This property makes
LMR suitable for the fabrication of multi-peak sensors with a better sensitivity
and multiple-wavelength optical filters. In addition, these devices take the
additional advantage of a dual-peak reference (LSPR-LMR) with a high
immunity to optical power fluctuations. This large wavelength displacement is
not observed in the LSPR-based devices which showed only LSPR lineal
intensity dependence with RH variations and negligible variation in wavelength
of the LSPR band.
After monitoring the high wavelength shift corresponding to the LMR 2
absorption band, the response time of the sensor was evaluated by exposing the
device to quick RH changes. Results of this experiment are shown in Figure
4.29. The observed response time was 476 and 447 ms for the rise and fall,
respectively. The response of this device is very fast, periodic and repetitive (see
inset), so that this system could be a good alternative to monitor breathing or
respiration in medical applications.
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Figure 4.29. Response time of 40 bilayers device (LMR 2) to several consecutive human breathing
cycles (rise and fall).

The hybrid inorganic-organic polymeric structure obtained by LbL-E
deposition technique for these sensors (PAH/PAA-AgNPs) is sensitive to RH
changes. This effect has been named in previous works as swelling/deswelling
phenomenon of the PAH/PAA structure [44]. As a consequence of this
variation, the effective refractive index of the structure changes, producing a
shift of the different LMR bands. Moreover, the incorporation of AgNPs in this
polymeric structure improves the sensitivity to RH changes, and also allows the
visibility of the LMR bands with a smaller thickness in comparison with only
polymeric overlay (PAH/PAA) which it implies an important reduction in the
fabrication time. Other remarkable advantage is that AgNPs makes possible the
use of LSPR reference at a fixed wavelength position around 450 nm whereas
multiple LMR bands appear around visible spectra as a function of the thickness
coating.
In Table 4.5, the most important characteristics of the different optical fiber
humidity sensors presented in this section and obtained by LbL-E deposition
technique are shown as a function of the number total of bilayers deposited onto
the optical fiber core (sensitive region).
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Table 4.5. Sensitivity values of the optical fiber humidity sensors based on LSPR and LMR using the
LbL-E (25 and 40 bilayers) with orange colored AgNPs.*Device with 15 bilayers not shown.

To summarize, a thicker coating (40 bilayers) makes possible the generation
of a higher number of resonant peaks in the visible spectral range using the same
fabrication process based on a successive loaded of AgNPs (LbL-E). In this
case, a coating of 15 bilayers presents an only resonant peak (LSPR), a coating
of 25 bilayers presents two resonant peaks (LSPR and LMR1) and a coating of
40 bilayers presents three resonant bands (LSPR, LMR 2 and LMR 3). In
addition, the presence of both LSPR and LMR absorption bands in a same
device is of great interest because of the utilization of the LSPR band as a
wavelength fixed reference, while LMR monitoring can be used to estimate the
RH of the environment with a high sensitivity of the LMR band to these RH
changes. It is important to remark that a better sensitivity of the device of 25
bilayers is observed with 1.016 nm/%RH whereas the device of 40 bilayers also
presents a high sensitivity of 0.943 nm/%RH. However, the device with a higher
thickness (40 bilayers) presents the additional advantage of a multiple reference
of the LMR bands (LMR 2 and LMR 3) and a better appearance of the transfer
function because LMR 3 shows a high linearity with almost the same slope,
while LMR 2 only shows a low hysteresis of 2.7% in comparison with the
hysteresis of the 25 bilayers device which it is of 6.3%.
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4.6. Conclusions
In this chapter, two different types of optical fiber humidity sensors has been
developed using the LbL assembly method incorporating silver nanoparticles
(Ag NPs). On one hand, an evanescent wave based sensor was first presented.
On the other hand, several resonance-based sensors were also proposed (LSPR,
LMR and both simultaneously) in the following sections.
Every sensitive coating was analyzed following the same protocol. Firstly, a
study and description of the AgNPs synthesis and their incorporation into the
different thin films was made in each case. Secondly, each coating was
characterized using UV-Vis spectroscopy, microscopy, and other techniques.
Finally, the biocide properties of these thin films were demonstrated by
antimicrobial tests in each case, obtaining killing efficiencies higher than 99%
for different bacteria types. Once this steps were studied, optical fiber sensors
were fabricated with their respective coatings onto the core of the fiber.
Regarding to the evanescent wave sensor, a novel AgNPs in situ synthesis
route is proposed during the LbL process. With this technique the AgNPs were
created during the LbL in a single step process, without any additional chemical
treatment. After that, the evanescent sensors were created, obtaining a RH
sensitivity in intensity terms when the device was exposed to environmental
humidity variations.
In order to enhance the sensitivity ratios, and create wavelength-based optical
fiber sensors, the study and development of resonance based sensors was
performed. AgNPs loaded polymeric LbL coatings make possible to obtain
these resonances in the spectral range of study. AgNPs provide the necessary
biocide functionality, and at the same time, they allowed to fabricate thin films
with modified refractive index and can be used to estimate the RH of the
environment.
In order to distinguish the difference between both LSPR and LMR, their
properties have been experimentally demonstrated using another two chemical
different synthetic routes based on AgNPs onto the optical fiber core. These
methods are described in Appendix 2 (in situ synthesis process), and in
Appendix 1 (LbL-E assembly technique), respectively. The first difference is
that LSPR phenomenon produces only a single peak in the visible region. The
position of this LSPR band at 410-450 nm is characteristic of AgNPs with a
spherical shape and the orange coloration of the resulting films corroborates this
hypothesis. However, LMR allows the generation of multiple resonances as the
coating thickness increases during the fabrication process. In addition, these
LMR bands can be generated in different regions of the spectrum, visible as well
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as infrared region, as a function of the synthesis process selected onto the optical
waveguide.
In particular, the presence of two phenomena, LSPR and LMR in a same
device based on AgNPs, using an optical fiber configuration has been presented
for the first time in the literature. Such simultaneous LSPR and LMR bands
provide wavelength-based optical fiber sensors, but they also have the additional
advantage of offering a self-referenced optical response.
Additionally LMR bands present a high peak wavelength shift, whereas
LSPR band presents a negligible wavelength excursion when the sensitive
coating is exposed to RH changes. This property makes LMR appropriate for
fabricating multi-peak sensors with a better sensitivity and self-referenced
optical responses. In Table 4.6, a summary of the differences between the
devices is shown.

Table 4.6. Characteristics of the optical fiber humidity sensors reported in the different sections.

In all the resonance-based cases it was observed that the wavelength of the
LMR is sensitive to the RH changes, independently of the method used to obtain

123

Aitor Urrutia Azcona

the AgNPs into the polymeric matrix. However, the sensitivity corresponding to
the LbL-E deposition technique (devices with 25 or 40 bilayers) is higher than
the sensitivity corresponding to the load/reduction cycles. This indicates that
LMR peak obtained by LbL-E deposition shifts to higher wavelength in a faster
way when the RH increases. Furthermore, results with LbL-E devices indicated
that the wavelength shift of the 1st LMR (with 25 bilayers) to the RH changes is
higher than the wavelength shift of the 2nd LMR (with 40 bilayers). Therefore,
the sensitivity is higher when the thickness of the coating is lower, once the 1st
LMR band is created.
In addition, one of the most exigent applications for RH sensors is human
breathing monitoring, as far as the exhalation/inspiration cycles increase and
decrease the RH air. A better response time corresponding to the LbL-E method
with 476 ms and 447 ms for the rise/fall is observed in comparison with the L/R
method with 692 ms and 839 ms for the rise/fall, respectively. In both cases, a
fast and repetitive response in intensity of the LMR band is demonstrated in
different spectral ranges (visible or infrared) as a function of the chemical route
of synthesis. These devices present better results than the evanescent wave
sensor, and could be a good alternative for high performance sensing
applications such as human breathing monitoring in medical applications.
To summarize, the high sensitivity to the RH of the LMR band opens the door
to a wide range of applications in the optical fiber sensors field. Taking into
account the success of optical fiber sensors based on LSPR, and due to the fact
that some of their limitations are overcome by LMR sensors, this new
phenomenon could be applied and combined with LSPR in a lot of applications
in the next years due to the associated advantages of both phenomena in a same
optical device. In addition, silver nanoparticles-embedded coatings contribute
to enhance lifetime of the devices in high RH environments due to their biocide
behavior, preventing the adverse bacterial apparition which could damage the
sensitive coating.
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CHAPTER 5. Optical fiber humidity sensors based on long
period gratings with silver nanoparticles-embedded
coatings
In this chapter, the development of optical fiber humidity sensors
based on long-period gratings is proposed. The Layer-by-Layer assembly
technique is used to fabricate sensitive coatings onto the fiber long-period
gratings. The swelling properties of the polymeric thin films make them
sensitive to humidity changes. Due to the grating characteristics,
wavelength-based measurement system is proposed to monitor humidity
changes. In a further study, a partially coated LPG was experimentally
studied for the first time, obtaining a novel dual-wavelength based
sensing method which enables the simultaneous measurement of RH and
temperature using only one LPG. In other approach, AgNPs are
incorporated to the coatings, obtaining a novel optical device with a
AgNPs-embedded coating which provides an extra protection for the
humidity sensor in harsh or medical environments, maintaining the
sensing properties.

5.1. Introduction
In the last twenty years, optical fiber gratings devices have experienced an
important development due to their unique sensing properties [1]. More
specifically, in long-period gratings (LPGs), where the grating period written on
a single-mode fiber is generally in the range of 100 µm to 1 mm, there is a
coupling of light between the guided core mode and various co-propagating
cladding modes. This coupling produces a series of attenuation bands in the
optical fiber transmission spectrum, each one centered at a different resonant
wavelength. The fact is that when a broadband light (white light) passes through
the grating, some part of the light is coupled to the cladding at certain
wavelengths and travel by the latter (cladding modes), generating the mentioned
attenuation bands in the transmission spectrum at the end of the grating (see
Figure 5.1). These resonant wavelengths depend mainly on the effective
refractive index of the coupled modes and the grating pitch [2], [3]. Although
LPGs were initially developed as rejection-band filters [4], they also present
interesting characteristics for sensing applications. The central wavelength of
each LPG resonance depends critically on the refractive index difference
between the core and the cladding, and hence any variation caused by strain,
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temperature, or even changes in the external refractive index may cause large
wavelength shifts in the resonances [1,2,5]

Figure 5.1. Schematic of a LPG, indicating their parameters, and its characteristic spectrum when the
light goes through the grating.

In the last decades, new deposition techniques such as sol-gel [6], sputtering
[7], or electrospinning [8] have enabled the fabrication of thin films and
nanostructured sensitive coatings onto optical fiber structures. One of the most
used deposition techniques for LPG sensitive coating fabrication is Layer-byLayer assembly (LbL), because of this method allows a controllable
management of the thickness and the NP composition of the fabricated thin films
[9]. Diverse optical fiber sensors based on LPGs have been recently developed
to monitor different physical and chemical magnitudes as humidity [10, 11],
temperature [12], pH [13], hydrogen [14, 15], ethanol [16], ammonia [17],
volatile organic compounds [18], and proteins [19], among others [20].
However, as it was commented in chapter 2 (section 2.5), the incorporation
of NPs into the coatings for LPG based sensors has not been thoroughly
investigated yet, and it is a new research line to develop today.
In this chapter, different optical fiber humidity sensors based on coated LPGs
are proposed. Firstly, a simple sensor based on a LPG covered with polymeric
thin films is reported, and analyzed. After that, a novel alternative of
simultaneous measurement of two magnitudes (RH and temperature) is
described thanks to a half-coated LPG approach. This is the first time that an
experimental device with these characteristics is studied. Finally, another LPG
sensor based on a AgNPs-embedded coating is studied, showing that it is
possible to obtain humidity sensing devices using AgNPs-based coatings.
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5.2. Optical sensor based on a coated LPG
In this section, a simple optical fiber humidity sensor based on a LPG is
proposed. Firstly, the LPG is fabricated and then coated by LbL. The sensitive
coating is composed of poly(allylamine hydrochloride), PAH, and poly(acrylic
acid), PAA, and interacts with the surrounding medium. Once again, the
hygroscopic behavior and the consequent swelling properties of these thin films
affects to the effective refractive index of the cladding, provoking changes in
the cladding modes and the transmission spectrum of the grating, shifting the
wavelength positions of the characteristic attenuation bands of the LPG. Thus,
this device enables a wavelength-based measurement system for humidity
system

5.2.1. LPG fabrication and characterization
The LPG was fabricated using the point-by-point technique by means of an
Argon-ion frequency-doubled laser at a wavelength of 244 nm and a highprecise translation stage with an accuracy of few nanometers. The laser beam,
with 50 µm in diameter, was focused onto the optical fiber to modify the
refractive index of the core. The exposure time in each point was constant along
the total length of the grating.
The optical fiber used in the experiments was a single mode fiber
PS1250/1500 (from Fibercore Inc.), and the resultant grating parameters were
464 µm for period and 6 cm for length, respectively.
Next, LPG was connected to a broadband light source in one extreme, and to
an optical spectrum analyzer (OSA) in the other to measure the transmission
spectrum and observe the main attenuation band created by the grating.

5.2.2. Sensor fabrication and experimental setup
LPG was coated with polymeric thin films by means of the LbL assembly
method using a ND-3D robot (Nadetech Innovations Inc.) as follows. First, the
LPG was cleaned with a 0.1 M NaOH solution for 30 min and then treated with
a 10 mM KOH solution for 5 min to charge the region surface negatively. Next,
it was immersed in a positively charged PAH solution for 2 min and cleaned by
several rinsing steps with ultrapure water. After that, the fiber was introduced in
a negatively PAA solution for other 2 min, and then cleaned. The coating
deposition was monitored using the light source and the OSA.
This deposition process was repeated 40 times, obtaining a final coating of
40 (PAH/PAA) bilayers onto the LPG surface. The building performance was
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monitored, recording the transmission spectrum after each bilayer was built. The
evolution of the spectrum is plotted in Figure 5.2. The nanostructured coating
caused a variation in the external refractive index, modifying the spectrum and
the attenuation bands of the LPG. The original main attenuation band (centered
at 1547 nm) was blue-shifted as the thin film was deposited, from 1547 nm to
1510 nm.
Once the deposition process was finished, for the coating stabilization and
drying, the coated LPG was kept for 24 hours at room conditions. After this
time, the main attenuation band remained centered in 1515 nm.

Figure 5.2. Evolution of the LPG spectrum for the main attenuation band during the LbL assembly
process.

The grating sensor was exposed to RH and temperature tests using the
experimental setup shown in Figure 5.3. The humidity tests consisted of a
constant slope from 80% RH to 20% RH for one hour, and next, RH variation
was inverted from 20% to 80%. This cyclic up-and-down profile was repeated
5 times. Temperature was kept constant at 25ºC during the whole RH cycles.
Afterwards, temperature tests were performed like this: the RH was kept at a
constant level of 30% RH while the temperature varied from 15ºC to 35ºC for
one hour intervals of 5ºC steps, and backwards.
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Figure 5.3. Experimental setup to monitor the optical sensor response

All mentioned RH and temperature tests were previously performed with the
original naked LPG, just before coating it, thus taking these previous results as
a reference.

5.2.2. Results
The transmission spectrum of the coated LPG presented a wavelength shift
pattern of the attenuation bands during the RH test. This shift is due to the
swelling/de-swelling properties of the polymeric coating depending the RH
conditions [21]. This effect provides noticeable variations in the external
refractive index, and therefore it modifies the resonance modes and their
attenuation bands. The evolution of this wavelength peak shift of the main
attenuation band is shown in Figure 5.4 a). As the RH values decreased, the peak
presented a red shift, ranging from 1513 nm for 80% RH to 1517.7 nm for 20%
RH. In a similar way, the peak shifted to 1513 nm again whereas the RH returned
to 80% RH. This pattern was observed for several RH cycles, obtaining a
sensitivity ratio of 81.61 pm/%RH (Δλmax= 4.7 nm).
In a further test, the coated LPG was exposed to temperature values ranging
from 15ºC to 35ºC at constant RH. This test was used to measure and
characterize the LPG intrinsic temperature dependence [3, 22]. Thus, the results
showed a linear behavior in the mentioned range, and are represented in Figure
5.4 b). The sensitivity value and the Δλ max was 398.57 pm/ºC and 7.8 nm,
respectively, and represent much better values than other recent works with
gratings (18.8 pm/°C in [23], 14.03 pm/ºC in [24], 27.6 pm/°C in [25], 64.8
pm/ºC in [26], and 84.3 pm/ºC in [27]).
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Figure 5.4. Evolution of the attenuation band wavelength (absolute values) for: a) the RH variation
from 20% to 80% and b) temperature variation from 15ºC to 35ºC.
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5.3. Optical sensor based on a partially coated LPG
In this section, a simultaneous humidity and temperature optical fiber sensor
based on a LPG is proposed and demonstrated experimentally. As it was detailed
in the previous section, the LPG was fully coated with humidity sensitive
nanostructured polymeric thin films by the LbL assembly technique. Hence the
refractive index surrounding the optical fiber (refractive index of the sensing
coating) was changed, so provoking wavelength shifts of the attenuation bands
of the transmission spectrum. This fully coated LPG was exposed to relative
humidity (RH) and temperature tests, varying from 20% to 80% RH and from
25 ºC to 85 ºC, respectively. Here, half of the LPG coating is chemically
removed and this results in the splitting of the main attenuation band into two
different contributions. When this semi-coated LPG was also exposed to RH
and temperature tests, the new two attenuation bands presented different
behaviors for humidity and temperature.
This novel dual-wavelength based sensing method enables the simultaneous
measurement of RH and temperature using only one LPG. This is the first time
that a LPG is partially coated to develop a sensing device. In addition, this new
sensor provides a simultaneous response for two different external magnitudes
using only one fiber grating thanks to the partial coating.

5.3.1. Fully coated LPG
The coated LPG based sensor fabricated and characterized in the previous
section is used as the initial point for the development of a novel sensor. That
LPG (length of 6 cm and period of 464 microns) was coated with 40 bilayers of
PAH/PAA, obtaining that the original main attenuation band was blue-shifted
from 1547 nm to 1515 nm.
In that sensor, RH and temperature tests were performed, giving the results
showed in subsection 5.2.2 and Figure 5.4. Summarizing, the wavelength
location of the attenuation band shifted during the RH variations. As the RH
values decreased, the peak presented a red shift, ranging from 1513 nm for 80%
RH to 1517.7 nm for 20% RH. In a similar way, the peak shifted to 1513 nm
again whereas the RH returned to 80% RH. Results were observed for several
RH cycles, obtaining a sensitivity ratio of 81.61 pm/%RH (Δλmax= 4.7 nm).
Regarding to the temperature variations, the wavelength peak shifted as
follows: when the temperature increased, the peak shifted down in a linear
behavior, and viceversa. The sensitivity value and the Δλmax was 398.57 pm/ºC
and 7.8 nm, respectively.
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These previous results obtained from the fully coated LPG, (also presented
in subsection 5.2.2) were taking as reference for the novel sensor proposed in
the following sub-section.

5.3.2. Partial removal of the coating
Once the RH and temperature tests were finished with the fully coated LPG,
the LPG coating was partially removed. A piranha solution (H2O2: H2SO4 30:70
v/v) was prepared to remove chemically one half of the coating along the
grating. This removing process was carefully made step by step so as not to
remove more than 50% of the coating according to the theoretical study
proposed by Bao et al [28]. The result was a semi-coated LPG as it is shown in
Figure 5.5.

Figure 5.5. Scheme of the chemical removing process of half of the polymeric coating.

After the chemical treatment, the semi-coated LPG was cleaned and rinsing
in several steps with ultrapure water. The transmission spectrum of the new
device was taken to observe the modification effect.
The main attenuation band was split into two contributions. On one hand, the
coated LPG contribution remained, although its magnitude (optical attenuation
in intensity) was reduced significantly owing to the reduction of the coating
length along the grating. On the other hand, a second attenuation band appeared
because of the removing process. As was expected, this new band corresponds
to the half uncoated LPG area, and it was centered at 1547 nm, in the same
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spectral wavelength of the original uncoated LPG attenuation band. Both
contributions have similar weight in magnitude due to their lengths which are
approximately half of the total grating length, being this result in agreement with
the mentioned theoretical study [28]. This comparison can be observed in Figure
5.6.

Figure 5.6. Detail of the transmission spectra of the coated LPG and the semi-coated LPG in the
range of the main attenuation band (1475-1575 nm).

The half-coated LPG was submitted to the RH and temperature cycles at the
same previous conditions than in the fully LPG coated case.

5.3.3. Results
5.3.3.1 Response of the partially coated LPG
The optical response showed that both attenuation bands shifted along the RH
test. The first attenuation band, attributable to the coated part of the LPG, is
centered at 1515 nm and presented the following behavior. The wavelength peak
shifted, ranging from 1515.6 nm for 20% RH to 1511.5 for 80% RH. From this
wavelength shift, the calibration plot was calculated, as it is shown in Figure 5.7
(black dots). The sensitivity ratio was 63.23 pm/%RH with a Δλmax= 4.1 nm for
the 20-80% RH range, and registered similar variations in comparison to the
fully coated LPG, as expected from the same grating period.
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Regarding to the second attenuation band, attributable to the original
uncoated LPG, the results showed an opposite behavior with respect to the first
band. In this case, as the RH increased, the peak shifted to higher wavelength
positions, from 1546.2 nm for 20% RH to 1549.3 nm for 80% RH. These
evolution peaks are represented in Figure 5.7 with red dots, and gave a
sensitivity ratio of 55.22 pm/%RH with Δλ max= 3.1 nm for the mentioned range.
These results were corroborated after multiple RH tests, and showed a high
repeatability. The fact that both contribution bands are near each other, and they
present a mutual overlapping, can affect in the resultant spectrum. A slight
wavelength shift of one band may affect to the minimum wavelength of the other
band. This experience can be appreciated in Figure 5.7, where the band shifts
show a particular symmetric pattern respect to the reference spectra (20% RH).

Figure 5.7. Wavelength shift of both attenuation bands during the RH variation: LPG contribution
band (uncoated part, red dots), and coating contribution band (coated part, black dots).

Afterwards, the half-coated LPG was also monitored under a dynamic range
of temperature values, from 25ºC to 85ºC, keeping RH constant values. Both
peak contributions presented a linear behavior as the coated LPG case. When
temperature increased, then both contribution peaks shifted to lower
wavelengths (shown in Figure 5.8).
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Figure 5.8. Wavelength shift of both attenuation bands with the temperature variations: LPG
contribution band (uncoated part, red dots), and coating contribution band (coated part, black dots).

LPG and coating contributions showed very high sensitivity values: 405.09
pm/ºC and 410.66 pm/ºC, respectively. These sensitivities are even better than
the coated LPG results, and to the PhD candidate knowledge, they are the
outstanding ratios between recent works reported in literature [23-27] for a
temperature grating based-sensor.
5.3.3.2 Simultaneous RH and temperature measurement
Once the RH and temperature tests were performed, and the results were
analyzed, the resultant behavior pattern can be characterized as a two equation
system for two parameters, given by the following matrix expression:
∆𝜆𝐿𝑃𝐺
𝑘 𝑇𝐿𝑃𝐺
[∆𝜆
] = [𝑘
𝑐𝑜𝑎𝑡𝑖𝑛𝑔

𝑇𝑐𝑜𝑎𝑡𝑖𝑛𝑔

𝑘𝑅𝐻𝐿𝑃𝐺

𝑘𝑅𝐻𝑐𝑜𝑎𝑡𝑖𝑛𝑔

][

∆𝑇
]
∆𝑅𝐻

(Eq. 5.1)

where kTLPG, kRHLPG, and kTcoating, kRHcoating, are the temperature and RH
sensitivities of the LPG peak contribution and the coated peak contribution,
respectively (see Table 5.1). The wavelength shift of both peaks are ΔλLPG and
Δλcoating, while the temperature and RH variations are ΔT and ΔRH, respectively.
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Temperature sensitivity (25-85°C)

kRHcoating

- 63.23 pm / %RH

kTcoating

- 410.66 pm / °C

kRHLPG

58.87 pm / %RH

kTLPG

- 405.09 pm / °C

Table 5.1. RH and temperature sensitivity values in the studied ranges.

From Equation 5.1, and by matrix operations, it can be expressed as

[

∆𝑇
1 𝑘𝑅𝐻𝑐𝑜𝑎𝑡𝑖𝑛𝑔
] = 𝐷[
∆𝑅𝐻
−𝑘 𝑇𝑐𝑜𝑎𝑡𝑖𝑛𝑔

−𝑘𝑅𝐻𝐿𝑃𝐺
∆𝜆𝐿𝑃𝐺
] [∆𝜆
]
𝑘 𝑇𝐿𝑃𝐺
𝑐𝑜𝑎𝑡𝑖𝑛𝑔

(Eq.5.2)

where D is the determinant of the matrix which contains temperature and RH
sensitivities (D = kTLPG·kRHcoating - kRHLPG·kTcoating. Therefore, the specific
expression for the half-coated LPG sensor, using the coefficients of the table
5.1, is given by

[

∆𝜆𝐿𝑃𝐺
∆𝑇
−0.06323 −0.05522
] [∆𝜆
]
] = 20.70801 [
∆𝑅𝐻
0.41066 −0.40509
𝑐𝑜𝑎𝑡𝑖𝑛𝑔

(Eq.5.3)

The linear system proposed in Equation 5.3 makes possible the decorrelation
of the variation of RH or temperature simply starting from the readings of the
peak minima. The effectiveness of the method was tested with two calibration
experiments; varying RH and temperature conditions only one at a time. Firstly,
partially coated LPG is submitted to a 20-80% RH variation at a constant
temperature of 25ºC. Afterwards the same sensor was monitored under a 2580ºC at a constant RH of 40%. The experimental results of the position of both
optical transmission minima were recorded and processed using Equation 5. 3,
and the results are shown in Figure 5.9.
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Figure 5.9. Half-coated LPG sensor response from Equation 5.3 for RH variation at constant
temperature level, and for temperature variation at constant RH level. Dash lines represent the trend of
experimental data in both cases.

As it is shown in Figure 5.9, the experimental results show an excellent fit in
temperature for any RH variations in the 20%-80% range. The standard
deviation obtained in this case is 0.244ºC. On the other hand, the RH values
recorded for different temperatures showed a higher standard deviation of
2.352%RH. These variability data are directly related by the performance of the
climatic chamber and the intrinsic instability of the RH as temperature was
changed. Nevertheless, the wavelength-based measurement system proposed in
this work have succeeded in the extraction of the temperature and RH
measurements from the absolute wavelengths of the two adjacent minima
obtained from a single partially coated LPG sensor.
Once this type of grating sensors were developed, as in the previous chapters
of this thesis, the incorporation of silver nanoparticles into the sensitive coatings
are performed in order to fulfill the aim of getting new optical fiber humidity
sensors with antibacterial coatings. The development of such sensors will be
presented in the following sections.
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5.4. Optical sensor based on a coated LPG with silver
nanoparticles-embedded coatings
In this section, a LPG sensor based on AgNPs-embedded coatings is
proposed. Here, the incorporation of AgNPs onto a fiber grating is performed
by the load/reduction process, described in Appendix 2. Firstly, a LPG is coated
alternatively with PAH/PAA thin films by LbL assembly. Secondly, the LPG
was exposed to several load/reduction cycles to synthetize the AgNPs into the
polymeric coatings. By this way, the LPG coated with AgNPs-embedded
coating was tested to RH and temperature variations to observe its sensitivity
results. This is the first time that the use of AgNPs onto fiber gratings and their
spectral response is studied.

5.4.1. Silver nanoparticles-embedded coatings
The procedure for the fabrication of the AgNPs-embedded coatings was the
same as it was described in section 4.4.1. It consists in the following steps.
Firstly, a polymeric coating was deposited by LbL assembly using PAH and
PAA as polycation and polyanion solutions (10mM), respectively. The LbL
process was repeated until 40 PAH/PAA bilayers.
Next, AgNPs were loaded into the polymeric thin films using the
load/reduction process (see Appendix 2). Coatings were alternatively immersed
into AgNO3 and DMAB solutions several times. The antibacterial study for
these coatings is the mentioned in subsection 4.4.1, giving killing efficiencies
higher than 99% against Lactobacillus plantarum bacteria cultures.

5.4.2. LPG sensor fabrication
Here, the LPG was also performed using the point-by-point technique by
means of an Argon-ion frequency-doubled laser at a wavelength of 244 nm and
a high-precise translation stage with an accuracy of few nanometers. The laser
beam, with 50 µm in diameter, was focused onto the optical fiber to modify the
refractive index of the core. The exposure time in each point was constant along
the total length of the grating.
The used optical fiber was PS1250/1500 (Fibercore Inc.), and the grating
parameters were 464 µm for period and 4.4 cm for length, respectively.
Then, LPG was connected to a broadband light source in one extreme, and to
an OSA in the other to measure the transmission spectrum and observe the main
attenuation band created by the grating.
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The LPG was coated by LbL as it was described in section 5.3.2. The LPG
was alternatively immersed into PAH and PAA solutions following the same
method. This deposition process was performed until getting a final coating of
31 (PAH/PAA) bilayers onto the LPG surface. The building process was
monitored, recording the transmission spectrum after each bilayer was built. The
evolution of the spectrum is plotted in Figure 5.10. The LbL process is stopped
in 31 bilayer due to the risk of fading out the target attenuation band. As it can
be observed in Figure 5.10, the attenuation band decreases in magnitude as the
bilayers and the coating thickness increase. The nanostructured coating caused
a variation in the external refractive index, modifying the spectrum and the
attenuation bands of the LPG. The original main attenuation band (centered at
1540 nm) was blue-shifted as the thin film was deposited, from 1540 nm to 1512
nm.

Figure 5.10. Evolution of the LPG spectrum for the main attenuation band during the LbL process.

The coated LPG was exposed to similar RH and temperature tests than the
previous sensors, using the experimental setup shown in Figure 5.3. The
humidity tests consisted of a constant slope from 80 % RH to 20% RH, and next,
RH variation was inverted from 20% to 80%. This cyclic up-and-down profile
was repeated 3 times while the temperature was kept at 25ºC.
Afterwards, temperature tests were performed keeping the RH at a constant
level of 30% RH while the temperature varied from 25ºC to 60ºC, and
backwards.
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These RH and temperature tests were performed as a reference and they will
be presented in its respective results section (subsection 5.4.3.1).
Once test were performed, the AgNPs were incorporated to the polymeric
coating of the LPG by the in situ synthesis method, as it is described in Appendix
2. AgNO3 (2 mM) and DMAB (10 mM) solutions were used in order to
synthetize the AgNPs into the LbL coatings. Here, the concentrations of DMAB
and AgNP were low with respect to previous works because a high
concentration of AgNPs changes drastically the overall coating properties
(including its refractive index), provoking an excessive and non-measurable
variation of the attenuation band in terms of wavelength and intensity (the
absorbance is so high that the signal saturates).
After the incorporation of the AgNPs, the created optical device was exposed
to the commented RH and temperature tests.

5.4.3. Results
5.4.3.1. Response of the LPG before the AgNPs incorporation
Before the incorporation of the AgNPs into the polymeric coating which
covers the LPG, both RH and temperature tests were performed.
The transmission spectrum of the coated LPG presented a wavelength shift
pattern of the attenuation bands during the RH test. As it was commented, this
shift is due to the swelling/de-swelling properties of the polymeric coating
depending the RH conditions [21]. This effect provides noticeable variations in
the external refractive index, and therefore it modifies the resonance modes and
their attenuation bands. The evolution of this wavelength peak shift of the main
attenuation band is shown in Figure 5.11 a). As the RH values increased, the
wavelength peak presented a blue shift, ranging from 1513.3 nm for 20% RH to
1509 nm for 80% RH. In a similar way, the peak shifted to 1513.3 nm again
whereas the RH returned to 20% RH. This pattern was observed for several RH
cycles, obtaining a sensitivity ratio of 61.01 pm/%RH (Δλmax= 3.5 nm). It should
be noted that this behavior is not linear.
Regarding to the temperature test, the coated LPG was exposed to values
ranging from 25ºC to 60ºC at constant RH (30%). This test was used to measure
and characterize the LPG intrinsic temperature dependence [3, 22]. The results
showed a linear behavior in the mentioned range, and are presented in Figure
5.11 b). The sensitivity value and the Δλmax was 401.07 pm/ºC and 16.1 nm,
respectively, and represent better values than other recent works with gratings
[23-27], as the LPG presented in the previous section.
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Figure 5.11. Evolution of the attenuation band wavelength peak (absolute values) for: a) RH variation
from 20% to 80%; b) temperature variation from 20ºC to 60ºC of the [PAH/PAA] coated LPG device.
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5.4.3.2. Response of the LPG during the AgNPs incorporation
Once the coated LPG was tested, the device was exposed to three load/
reduction cycles as it is explained in Appendix 2. As it was previously
commented, the concentrations of AgNO3 and DMAB used in this process were
lower than in other previous experiments. The reason of this concentrations is
the intrinsic high refractive index of the silver. When the AgNPs are synthesized
into the thin films, the refractive index of the coating changes considerably, and
this affects drastically to the attenuation bands of the sensor response, saturating
the absorbance signal. Therefore, it is necessary to reduce the concentration of
chemicals in order to create a measurable change of the refractive index of the
coating (and amount of AgNPs into the coatings).
In Figure 5.12, the studied attenuation band is plotted after each
load/reduction cycles. As it can be observed, the first cycle did not change
significantly the spectrum. However, the second cycle moved the attenuation
band from 1512 nm to 1522 nm. Next, the third cycle shifted again the band
until 1526 nm. After these three Load/Reduction cycles, the LPG was
vigorously rinsed with ultrapure water. By means of this washing final step, the
attenuation band shifted to 1522 nm because some synthesized AgNPs were
released to the water due to the fact that this AgNPs were not well allocated into
the thin films. Thanks to this step, the final coating presented a more chemical
stability.

Figure 5.12. Evolution of the attenuation band during the in situ synthesis (Load/Reduction) process.
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5.4.3.3. Response of the LPG with the AgNPs-embedded coating
Once the AgNPs were incorporated to the thin films, the LPG sensor was
exposed to the same humidity and temperature changes in order to study the
shift of the main attenuation band of the LPG.
Firstly, in the RH test, the transmission spectrum was monitored, and a slight
and repetitive shift of the attenuation band was observed during the RH changes.
When RH increased, the wavelength peak shifted to lower values from 1522.1
nm (20% RH) to 1520.7 (80% RH), as shown in Figure 5.13 a). Thus, the
sensitivity ratio was 22.34 pm/%RH and the maximum shift was 1.4 nm. If these
results are compared with respect the LPG without AgNPs, the obtained values
are lower than in that case. However, the data showed a much better linearity
with a coefficient of determination of 0.994 (vs. 0.954).
Finally, the temperature test was performed and the results are shown in
figure 5.13 b). Results provided a sensitivity ratio of 405.13 pm/ºC with a Δλmax
of 16.2 nm for the studied range. These values are almost identical with respect
to the data obtained from the LPG before the AgNPs incorporation, as it was
described in subsection 5.4.3.1 (S = 401 pm/ºC, Δλmax = 16.1 nm).
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Figure 5.13. Evolution of the attenuation band wavelength peak position for: a) the RH variation from
20% to 80% and b) temperature variation from 20ºC to 60ºC. LPG sensor with AgNPs-embedded
coating.

Therefore, the incorporation of AgNPs does not affect to the temperature
sensitivity ratios, whereas the humidity sensitivity is worse with this AgNPs
presence. On the other hand, the AgNP coated devices showed a much higher
linear response due to the mechanical stability and robustness conferred by the
AgNPs in the coating. In addition, it is important to remark that these sensitivity
values are enough to detect the humidity changes, and that the device provides
the added-value of the protection against the proliferation of bacteria in high
humidity environments where microorganisms may damage the conventional
sensitive coatings.
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5.5. Optical sensor based on a partially coated LPG with
silver nanoparticles-embedded coatings
5.5.1. Previous coated LPG and partial removal of the coating
In this section, the optical sensor based on a LPG with AgNPs-embedded
coatings is considered as the starting point in order to develop other type of
humidity sensors. It should be remembered that the preliminary fabrication and
characterization of the fully coated LPG with AgNPs was reported in section
5.4. As it was commented, firstly, a LPG is coated alternatively with PAH/PAA
thin films by LbL assembly. Secondly, the LPG was exposed to several
load/reduction cycles to synthetize the AgNPs into the polymeric coatings. This
way, the LPG coated with AgNPs-embedded coating was tested to RH and
temperature variations to observe its sensitivity results (provided in subsection
5.4.3).
Here, the partial chemical removing process of the AgNPs-embedded coating
was performed as in section 5.3, thus obtaining a new half coated LPG device.
This removing process was carefully made step by step so as not to remove more
than 50% of the coating according to the mentioned theoretical study proposed
by Bao et al [28]. Its scheme is represented in Figure 5.14.

Figure 5.14. Scheme of the chemical removing process of half of the AgNPs-embedded coating.
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After the chemical treatment, the transmission spectrum of the new halfcoated device was taken to observe the modification effect.
As it happened in the case of the LPG coated with PAH/PAA thin films, its
main attenuation band was split into two contributions, appearing a new
contribution band. However in this case, the split did not present a similar result.
Both new contribution bands were located at 1508 nm and 1530 nm, and
therefore, their new positions are not the same as the original LPG band
(centered at 1540 nm) and the fully AgNPs coated LPG band (centered at 1522
nm). In some way, both new attenuation bands are blue-shifted with respect to
their theoretical position, phenomenon that it may be as consequence of the nontotal removing of the AgNPs-based coatings from the chemically treated area of
the LPG by immersion in piranha solution.
The half-coated LPG with AgNPs was submitted to the RH and temperature
cycles at the same previous conditions than in previous cases.

5.5.2. Results
The optical response showed that both attenuation bands shifted along the RH
test. The first attenuation band centered at 1508 nm, denoted as peak 1, shifted
ranging from 1508.02 nm for 20% RH to 1506.84 nm for 80% RH. From this
wavelength shift, the calibration plot was calculated, as it is shown in Figure
5.15 (black dots). The sensitivity ratio was 18.73 pm/%RH with a Δλmax= 1.18
nm for the 20-80% RH range, and registered similar variations in comparison to
the coated LPG with AgNPs.
The second attenuation band centered at 1522 nm, denoted as peak 2, the
results showed an opposite behavior with respect to the first band. In this case,
as the RH increased, the peak shifted to higher wavelength positions, from
1529.8 nm for 20% RH to 1531.1 nm for 80% RH. These evolution peaks are
represented in Figure 5.15 with red dots, and provided a sensitivity ratio of 22.71
pm/%RH with Δλmax= 1.3 nm for the mentioned range. These results were
corroborated after several RH tests, and showed a high repeatability.
It should be noted that both bands have similar behavior to the two bands that
appear in the partially coated LPG with PAH/PAA thin films without AgNPs,
see Figure 5.7 and compare with Figure 5.15. The first band shifted to lower
wavelength values as the RH increases, whereas the second one shifted to higher
wavelength values in such conditions. These patterns are observed in their
transfer functions, as shown in Figure 5.15.
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Figure 5.15. Wavelength shift of both attenuation bands during the RH variation for the partially
coated LPG with AgNPs-embedded coating. Contribution band centered at 1508 nm (peak 1, black
dots), and contribution band centered at 1530 nm (peak 2, red dots).

Afterwards, the half-coated LPG with AgNPs was also monitored under a
dynamic range of temperature values, from 20ºC to 60ºC, keeping RH constant
values. Both peak contributions presented an almost identical linear behavior as
the coated LPG case (R2 values of 0.9964 and 0.9987). When temperature
increased, then both contribution peaks shifted to lower wavelengths (shown in
Figure 5.16).
Both contributions bands showed very high sensitivity values: 415.74 pm/ºC
(for band centered at 1530 nm) and 427.76 pm/ºC (band centered at 1508 nm),
respectively. These sensitivities are similar values than the coated LPG results,
and it should be noted again that both ratios are higher than other recent works
reported in literature [23-27] for a temperature grating based-sensor.
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Figure 5.16. Wavelength shift of both attenuation bands with the temperature variations for the
partially coated LPG with AgNPs-embedded coating: Contribution band centered at 1508 nm (peak 1,
black dots), and contribution band centered at 1530 nm (peak 2, red dots).

Once the RH and temperature tests are performed, and the resultant behavior
patterns can be also characterized as a two equation linear system with two
parameters, given by the Equation 5.1, described for the partially coated LPG
without AgNPs in the subsection 5.3.3.2. From Equation 5.1, and using matrix
operations, it can be obtained the same system mechanism expressed in
Equation 5.2 for this particular case thanks to the sensitivity ratios of RH and
temperature given by both contribution bands (see Table 5.2).

RH sensitivity (20-80%)

Temperature sensitivity (25-60°C)

kRHpeak1

- 18.73 pm / %RH

kTpeak1

- 427.76 pm / °C

kRHpeak2

22.71 pm / %RH

kTpeak2

- 415.74 pm / °C

Table 5.2. RH and temperature sensitivity values in the studied ranges.

This way, another new sensor based on a partially coated LPG with AgNPs
has been developed. It is important to remark that this new device presents a
dual-wavelength measurement system for RH and temperature simultaneously,
and moreover, its sensitive coating offers an extra protection against
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microorganisms due to its biocide properties. The novelty of the experimental
partially coated based sensors presented in section 5.3 has been corroborated
here again by means of these final results.
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5.6. Conclusions
Several optical fiber humidity and temperature sensors based on long period
gratings have been developed in this chapter. LbL assembly technique has been
used to fabricate the sensitive coatings onto the gratings. The spectral response
of the LPG during the LbL process was monitored in order to detect the changes
of the LPG attenuation bands in terms of wavelength and intensity. Once the
devices were fabricated, it were exposed to relative humidity (RH) and
temperature tests. The swelling behavior of the polymeric coating makes that its
effective refractive index changes when humidity increases or decreases. Thus,
changes in humidity provoke shifts in wavelength of the attenuation bands of
the LPGs due to their effect in the cladding modes.
The first developed sensor, composed of polymeric thin films provided
interesting sensitivity values for RH (81.61 pm/%RH) and temperature (398
pm/ºC). In a second stage and from the first sensor, half length of the polymeric
coating was chemically removed, obtaining a partially coated LPG based sensor.
This device provided a split of the main attenuation band into two contributions:
one attributable to the coated LPG part, and other corresponding to the uncoated
LPG part. Both contributions were monitoring during humidity and temperature
tests, allowing a simultaneously measurement of both parameters. This is the
first time in literature that a LPG is half coated, observing experimentally the
split of the attenuation band and providing a dual-wavelength measurement
system for two magnitudes, as relative humidity and temperature in this
particular case.
In a further study, another LPG was coated with polymeric overlays,
providing sensitivities of 61.01 pm/%RH for humidity and 401.07 pm/ºC for
temperature. In a further step, AgNPs were added to the thin films by the
load/reduction process. The novel device with AgNPs-embedded coatings was
exposed to RH and temperature giving sensitivity ratios of 22.34 pm/%RH and
405.13 pm/ºC. This sensor had less sensitivity to humidity with respect to the
same sensor without AgNPs. However, their response is very linear and gives
an extra-protection with biocide coatings.
Finally, in a last stage, the half of the AgNPs-embedded coating was
chemically removed to obtain another partially coated LPG sensor. This device
also provided the split of the main attenuation band into two bands. Their
response to RH and temperature variation conferred a novel system dualwavelength measurement system for both magnitudes with almost identical
sensitivities values than the previous fully AgNPs coated LPG. In addition, it is
the first time that AgNPs have been used to fabricate LPG based sensors,
allowing an enhancement in their lifetime for high humidity environments
thanks to their antibacterial properties.
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CHAPTER 6. Conclusions and open research lines
6.1. Conclusions
Along this work, an original study about nanoparticle-loaded optical fiber
humidity sensors has been presented. The use of nanoparticles within optical
sensitive coatings is especially attractive since they offer unique optical
properties derived from their nanometric size, such as special optical
resonances. Furthermore, during the last years there have been reported many
applications in which there is a need to monitor relative humidity in high
moisture environments. In such applications there is a concern due to the
formation of biofilms and corrosion issues derived from the proliferation of
microorganisms. Specifically, bacteria colonies may grow damaging the
sensitive coatings of the optical fiber devices used for humidity sensing
applications, causing measurement errors and shortening their lifetime. Certain
materials such as silver have been extensively used against microbes and
bacteria due to their well-known biocide behavior. Consequently, AgNPs can
be used to fabricate novel optical sensitive coatings and furthermore they can
provide an additional biocide functionality to the coatings. In summary, this
thesis has been devoted to the development of new optical fiber humidity
sensors based on biocide nanostructured coatings as the sensitive coatings.
Two different deposition techniques have been used to create the above
mentioned sensitive coatings:



Electrospinning method
Layer-by-Layer assembly technique

Additionally, the incorporation of silver nanoparticles (AgNPs) in the
coatings has been performed by means of three different techniques:




Single-stage synthesis
Layer-by-Layer Embedding method (LbL-E)
In situ synthesis method (ISS)

Thus, the study and description of AgNPs synthesis and their incorporation
into the different coatings was performed in each case. Moreover, all the
coatings were characterized using UV-Vis spectroscopy, AFM microscopy, and
other techniques. Furthermore, all mentioned silver-loaded coatings have been
tested in bacterial cultures to verify their biocide properties. Thereby, the
AgNPs-based coatings as sensitive coatings are applied to the fabrication of new
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humidity sensors. Two optical fiber structures have been used for the
development of the optical devices:



Cladding removed optical fibers
Long-period fiber gratings

The resultant devices are based on different sensing mechanisms depending
on their structure and coating:






Evanescent field
Localized Surface Plasmon Resonances (LSPR)
Lossy Mode Resonances (LMR)
Simultaneous LSPR and LMR
Light coupling between core and cladding modes in a grating.

All these devices offer the added-value of being more enduring and stable
due to the excellent antibacterial properties of their sensitive coatings.
In chapter 2, a review of the current state in optical fiber sensors based on
nanoparticles-embedded coatings has been presented. Among the most recent
and relevant works about nanoparticle based optical fiber sensors, the sensing
principles used in this thesis such as evanescent field theory, localized surface
plasmon resonance (LSPR), lossy mode resonance (LMR), and fiber gratings
have been introduced.
In chapter 3, a pioneer study of electrospun nanofibers (ENF) applied to
optical fiber is presented:






ENF mats of poly(acrylic acid) (PAA) has been deposited by the
electrospinning method onto coreless optical fibers and relative
humidity evanescent field sensors were successfully fabricated. The
ENF coatings were studied and optimized.
AgNPs were successfully loaded into the ENF mat using ISS
technique, obtaining a novel RH sensor with similar performance
than the previous ones (without silver), but with an extra-protective
effect against bacteria for high humidity environments (biocide
properties).
These ENF sensors were suitable for high performance applications
such as human breathing monitoring.

Furthermore Layer-by-Layer assembly technique (LbL) was used in for the
development of resonance based sensors in chapter 4. Such optical resonant
behavior was obtained thanks to the highly uniform and controlled polymeric
thin films loaded with silver nanoparticles. These points must be remarked:
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A first evanescent wave based sensor was fabricated with a novel
single-stage synthesis route of AgNPs synthesis using the PAH as
reducing agent during the LbL deposition.
Afterwards ISS technique was used to fabricate AgNPs within the
LbL overlays making possible the generation of a LMR band in the
infrared region. Such LMR sensor offers a wavelength-based RH
detection with a high sensitivity of 0.455 nm/%RH
Then LbL-E technique was used to create AgNP-loaded thin films
with two simultaneous resonances; LSPR and LMR.
All AgNP-loaded LbL films have been proved to have a good biocide
behavior.
LMR resonances showed improved sensitivities up to 1.016
nm/%RH, while LSPR resonance wavelength showed a negligible
dependence with RH. Consequently it was possible to implement a
self-referenced wavelength-based optical fiber RH sensor.

Finally, in chapter 5, the previous successful LbL coatings presented in
chapter 4 were applied to other promising optical fiber structures such as longperiod gratings (LPGs).






LPG RH sensors were successfully fabricated using PAH/PAA LbL
overlays. Moreover, in a further step, the LbL coating was partially
removed from the LPG. Such partial coating configuration induced
the split of the main attenuation band into two adjacent bands. This
experimental study has been reported for the first time in literature.
Such split resonant contributions showed different sensitivities to
temperature and humidity. Consequently it was possible to make a
simultaneous estimations of both magnitudes starting from both
attenuation band wavelength measurements. It is the first time that a
temperature-decorrelated RH sensor is achieved with a single optical
fiber LPG device.
Finally AgNPs were loaded into the LbL overlays using the ISS
method, Such AgNPs-embedded coatings were then partially
removed, providing a dual-wavelength based sensor for both
temperature and RH. Those sensors showed slightly lower
sensitivities that the original PAH/PAA LbL films but on the other
hand they present a more stable structure and a higher lifetime in high
humidity or pro-bacterial environments.
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6.2. Open research lines
Once the conclusions of this study have been explained, it is necessary to
summarize the research lines that this thesis has opened and can be considered
for future works.
From the current state of the research in optical fiber sensors presented in
chapter 2, some interesting ideas could be extracted. The most important one is
the necessity of studying the incorporation and behavior of other kind of
nanoparticles within nanostructured sensitive coatings in order to understand
and quantify the potential advantages that could be provide. Moreover, the
application of nanoparticles in specialty fibers as D-shape fibers and photonic
crystal fibers, among others have not been scarcely reported, and could offer
new alternative sensors.
Other open research line is focused on the characterization of electrospun
nanofiber mats and their deposition onto different optical fiber architectures. In
this thesis, only cladding-removed fiber sensors have been proposed in this
matter. However, there are other optical fiber structures as photonic crystal
fibers, polished fibers, or tapers, in which the electrospun nanofiber could
provide new sensors with shorter time responses or even better sensitivity ratios.
Moreover, only poly(acrylic acid) has been used as polymeric precursor to
fabricate the nanofibers, and therefore, multiple polymers used in
electrospinning (see Appendix 3) could be applied to the optical fiber sensors
field. Furthermore, the evanescent optical fiber sensors presented in chapter 3
could be improved with the orientation or alignment of the electrospun
nanofibers.
An important aspect to remark is the incorporation of the silver nanoparticles
in all sensors which have been proposed. All these pioneer sensors could be
improved with a further detailed study of the shape, diameter and distribution of
the silver nanoparticles. Nevertheless, if the antibacterial property is not
required, the inclusion of other metallic nanoparticles could help to the
development of other interesting sensors. For example, gold nanoparticles can
be used to bind biological molecules as the biotin, allowing the fabrication of
devices for protein or oligonucleotide sensing.
All these ideas could be taken into account for the development of new
sensors based on the generation and shift of multiple lossy mode resonances,
following the monitoring of the LbL assembly process. The use of other
nanoparticles or other materials could generate other LSPRs and other LMRs
which could provide self-referenced wavelength sensing devices.
From the experiments reported in chapter 5, a complementary study of the
effect of the silver nanoparticles in coatings on the long-period grating is
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expected. The incorporation of AgNPs by Layer-by-Layer Embedding, as it was
performed in chapter 4 on cladding-removed fibers, can be also applied to longperiod gratings in order to monitor in a more precise way the shift of the
attenuation bands during the deposition process.
Finally, although this thesis is focused on the development of optical fiber
humidity sensors, it would be interesting the search of other materials in order
to create specific sensitive coatings for other parameters such as pH, ammonia,
volatile organic compounds, among others

APPENDIX 1. The Layer by Layer assembly technique
Ap1.1 Introduction
One of the factors that have helped to the growth of the research in
nanostructured devices in the last years is the availability of several simple and
affordable deposition methods on the nanometric scale. That is, the apparition
and development of techniques that make possible the deposition of
nanocoatings on different surfaces. By using these techniques different
materials can be functionalized with thin films that give them special properties.
For example, antibacterial, superhydrophobic, self-cleaning, fireproof, or new
physical properties can be obtained by depositing this kind of coatings onto any
material (wood, glass, ceramic, etc.) [1-8].
These techniques have acquired a special role on the fabrication of optical
fiber sensor based on nanometric coatings. To deposit these nanofilms onto the
different optical fiber configurations many methods can be applied such as dipcoating, Langmuir-Blodgett, sputtering, spin-coating or Layer by Layer
assembly (LbL). Among all of these methods, LbL is one of the most
appropriate for fabricating optical fiber sensors due to its versatility and
simplicity.
The LbL method, also known as Electrostatic Self-Assembly Multilayer
(ESAM), consists of the alternate immersion of the substrate into aqueous
solutions with opposite electric charge. This way, the particles are adsorbed by
electrostatic attraction. It was reported for the first time by Iler [9] in 1966.
Unfortunately, nobody followed this line of research after his death. In the first
nineties, G. Decher and coworkers rediscovered the technique [10, 11]. Since
then, the number of publications has increased exponentially [12-14].
One of the main advantages that this technique offers is its simplicity. It is
not necessary any special or expensive equipment to perform a deposition. In
addition, the LbL method allows controlling with high precision the thickness
of the film by just selecting the number of deposited layers. This is a very
important issue because this parameter plays a key role in the behavior of optical
fiber sensors. Other benefits of LbL are that it can be applied onto surfaces with
any shape (conical, cylindrical, plain, etc.) and allows the deposition of a
different kind of substances, such as polymers, nanoparticles, fluorescent
indicators, quantum dots or colorimetric dyes [9, 10, 15-20].
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This versatility makes the LbL technique a suitable method for fabricating
optical fiber sensors based on nanostructured coatings. For this reason, several
optical fiber devices have been developed by using this technique, such as
Fabry-Perot interferometers on the nanometer scale, in-fiber optical gratings and
different type of sensors, such as humidity, gases, pH, hydrogen peroxide or
glucose sensors [21, 22].

Ap1.2 Deposition procedure
As it was mentioned before, the LbL assembly technique consists of the
alternate deposition of monolayers of oppositely charged polyelectrolytes. The
electrostatic attraction between these solutions is the basis of the method.
The LbL film deposition method involves different steps. In Figure Ap1.1,
this process is schematically represented. First of all, the substrate is cleaned
and treated to create a charged surface. After this step, the substrate is alternately
immersed into solutions of cationic and anionic substances to create a multilayer
thin film. If the initial charge of the substrate is positive, the first immersion will
be into the polyanionic solution, and if it is negative, the first immersion will be
made in the polycationic solution. After each immersion, the substrate is dipped
into water to remove the excess of material (see Figure Ap1.1). This way, a first
polymeric monolayer attaches to the substrate surface, and a second oppositecharged polymeric monolayer attaches to the first one by electrostatic attraction,
thus creating a first polymeric bilayer. From this step, the process can be
repeated alternating the immersion steps and producing as a number of bilayers
as desired. The molecular species of the anionic and the cationic components
and the long-range physical order of the layers determine the resulting coating
properties.

Fig. Ap1.1. Schematic of the different steps in the deposition of a nanocoating by the Layer by Layer
assembly method.
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It is important to note that the polyanions and polycations overlap each other
at the molecular level, and this produces a homogeneous optical material [2224]. The composition and thickness of an individual bilayer can be controlled
by adjusting the deposition parameters (concentration of solutions, pH,
temperature, immersion times, etc.). In addition, these coatings can be formed
onto many different substrates (metals, plastics, ceramics or semiconductors)
with different shapes.

Ap1.3 Layer-by-Layer Embedding deposition technique
(LbL-E)
The Layer-by-Layer Embedding deposition technique (LbL-E) is a particular
case from the conventional LbL assembly method. It is based on a previous
synthesis of silver nanoparticles (AgNPs) with a desired shape using
poly(acrylic acid) (PAA) as a protective agent before the LbL assembly process
[25]. Thus, the solution which contains PAA-AgNPs is used as the polyanionic
solution during the conventional LbL assembly deposition process.
AgNPs are synthesized at room temperature via chemical reduction process
of an aqueous solution of silver precursor (silver nitrate, AgNO3) with an
aqueous solution of dimethylamine borane complex (DMAB) which acts as a
reducing agent. In this synthesis process, the reduction of silver ions (Ag+) to
silver nanoparticles (Ag0) is possible thanks to the use of a protective agent,
PAA which can control the shape/size of the resultant nanoparticles and prevent
their agglomeration or precipitation.
In this synthetic route for preparing the AgNPs, the protective agent used
(PAA) is of vital importance in a further incorporation of the nanoparticles into
a thin film using the Layer-by-Layer Embedding (LbL-E). This is due to the
presence of free carboxylate groups at a suitable pH which are used to build the
sequentially multilayer film in the LbL assembly. To perform this deposition
technique, the electrostatic attraction between monolayers of opposite charge
such as the cationic polyelectrolytes (PAH) and the anionic polyelectrolytes
with the nanoparticles incorporated (PAA-AgNPs), makes possible to obtain a
thin multilayer film with a homogeneous and compact structure. The final
coloration of the thin films can be tuned as a function of several parameters such
as, the initial color of the AgNPs dispersions, the number of bilayers added or
the pH of the dipping solutions [26]. In Figure Ap1.2, a schematic representation
of the LbL-E deposition technique is shown for an incorporation of AgNPs with
spherical shape (orange color). LbL-E process can be performed for AgNPs with
a different shape, size and coloration, as desired.
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Figure Ap1.2. A schematic illustration of the AgNPs synthesis (spherical) and a further progressive
incorporation into thin films using the LbL-E deposition technique.
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APPENDIX 2. In situ synthesis method (Load/Reduction
process)
Ap2.1. In situ synthesis of silver nanoparticles
In order to obtain the in situ synthesis of silver nanoparticles (AgNPs) and
their incorporation into the Layer-by-Layer (LbL) films, a previous coating is
required.
Firstly, a polymeric coating is fabricated using the LbL assembly by
sequentially immersions in poly(allylamine hydrochloride) (PAH) and
poly(acrylic acid) (PAA) solutions with controlled molar concentrations at a
desired pH, as it was described in Appendix 1.
Secondly, silver cations (Ag+) are immobilized into the previous polymeric
matrix by the LbL assembly via metal-ionic exchange when LbL thin films are
immersed into a silver nitrate solution (AgNO3). Afterwards, the silver loaded
into the LbL polymeric coating is then reduced using dimethylamine borane
complex solution (DMAB). This reducing agent (DMAB) makes possible the in
situ synthesis of silver nanoparticles (Ag0) into the LbL films [1, 2]. These two
immersions are called as load and reduction steps, respectively. Thus, the
load/reduction steps are repeated in order to load more AgNPs into the thin films
[3]. The repetition of these steps are named as load/reduction process. A
schematic representation of this process is shown in Figure Ap 2.1.
It has been found that it is possible to use the pH of the polyelectrolyte
dipping solutions to control the number of free carboxylic acid groups present
in the multilayer thin films constructed from weak polyacids such as PAA [4,
5]. This polyanion presents carboxylate and carboxylic acid groups at a suitable
pH where the carboxylate groups are the responsible for the electrostatic
attraction with the cationic groups of the polycation (PAH), forming ion pairs
to build sequentially adsorbed multilayers in the LbL assembly [6-8]. However,
the free carboxylic acid groups are responsible for binding Ag-ions by the metalion exchange mechanism with the proton (nanoreactor sites).
To summary, the presence of the free carboxylic acid groups in poly(acrylic
acid) makes possible to bind metal ions via a simple aqueous ion exchange
procedure, and a further chemical reduction step with a reducing agent, leads to
obtain the silver nanoparticles within the thin film.
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Figure Ap2.1. Schematic illustration of the ion exchange in the polymeric LbL matrix and a further in
situ synthesis of the AgNPs into thin LbL films in the first load/ reduction steps.

In the following paragraphs, a study of different parameters which affect to
the technique, such as pH levels, number of cycles, temperature, among others,
is presented.

Ap2.2 Study of the in situ synthesis method
In this study, the effect of the pH of the previous coatings in the further in
situ synthesis of the AgNPs is analyzed. After that, thermal treatments and UVVis spectroscopy of final coatings are also characterized. Moreover, the number
of Loading/Reduction cycles and the thickness and morphology of these
coatings are also presented.
Two different pH values of the PAH/PAA thin films, pH 7.0 and pH 9.0
respectively, are used to show how the silver nanoparticles are synthesized into
the LbL films (see Figure Ap2.2). A color change from transparent to yelloworange has been pointed as an interesting result to corroborate the in situ
synthesis of the silver nanoparticles during the loading (AgNO3) and a further
reduction (DMAB) process into the polymeric film. This Loading/Reduction
(L/R) process has been repeated up to 4 times because it has been demonstrated
that AgNPs have been synthesized in the polymeric LbL film.
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Figure Ap2.2. In situ synthesis (ISS) of the AgNPs into LbL films as a function of the number of L/R
cycles and the pH value of the dipping polyelectrolyte solutions (PAH and PAA, respectively).

It is possible to appreciate the difference between a glass slide with only
polymeric coating [PAH/PAA]40 obtained by the LbL assembly at pH 7.0 or 9.0
(transparent), and the evolution of the yellow-orange coloration after the
successive Loading/Reduction cycles. When a higher number of L/R cycles has
been performed, a better definition of the orange coloration in the LbL films can
be observed, which is indicative that AgNPs have been synthesized into the
polymeric LbL films. In addition, a higher number of nanoractor sites are
available at pH 9.0, enabling a higher ion exchange and as a result, a higher
number of the in situ synthesis of AgNPs is obtained into the LbL film. Due to
this, the films show a higher intense orange coloration at pH 9.0 in comparison
with the films at pH 7.0.
In Figure Ap2.3, UV-Vis spectra of the LbL films are shown after the in situ
synthesis of the AgNPs at pH 9.0. The presence of the LSPR absorption band at
a specific wavelength position (420 nm) is indicative that AgNPs with a
spherical shape have been synthesized into the LbL films. In addition, an
increase in intensity of the LSPR absorption bands is observed when the number
of L/R cycles is increased. This result is due to a higher amount of AgNPs are
incorporated into the LbL films when the number of L/R cycles is increased
during the fabrication process.
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Figure Ap2.3. UV-Vis spectroscopy of the in situ synthesis (ISS) of the silver nanoparticles (AgNPs)
into LbL films for different number Loading/Reduction cycles (1, 2, 3 and 4 L/R cycles).

The influence of the temperature in the LbL films has been also evaluated.
The films have been thermally treated at 150 ºC to improve their mechanical
stability and promote a chemical crosslink between the polymeric chains of both
polyelectrolytes, PAH and PAA. An amide bond is formed between the
carboxylic acid groups (COOH) of the PAA and the amine groups (NH2) of the
PAH. In addition, it is important to remark that higher values of temperature
(i.e. melting point) produces a total evaporation of the polymeric chains and so,
the only contribution of the AgNPs will be observed in the films.
In Figure Ap2.4, UV-Vis spectra of the LbL films are shown after thermal
treatment of 150 ºC for 2 hours. The maxima of the LSPR absorption bands have
been shifted in wavelength position (from 420 nm to 425 nm) and increased in
intensity. This aspect related to LSPR evolution band can be better observed in
Figure Ap2.5 where the intensity of the LSPR bands after thermal treatment is
duplicated for the higher number of L/R cycles (n= 3, 4) in comparison with the
films at room temperature.
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Figure Ap2.4. UV-Vis spectroscopy of the in situ synthesis of the AgNPs into LbL films for different
number Loading/Reduction cycles (1, 2, 3 and 4 L/R cycles) after thermal treatment of 150 ºC for 2
hours.

Figure Ap2.5. Comparative study of the intensity of the LSPR absorption bands as a function of the
number of L/R cycles at room temperature and after thermal treatment of 150ºC for 2 hours.
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In all the cases of study, an increase in intensity of the LSPR absorption bands
has been observed in the UV-Vis spectroscopy after thermal treatment (150 ºC).
A conclusion of this result can be due to a better proximity of the in situ
synthesis of the AgNPs in the LbL films and so, a higher value in intensity of
the LSPR absorption bands is observed.
In order to understand this thermal effect related to the drastic increase of the
LSPR absorption bands, an AFM analysis was performed to study the thickness
evolution (see Table Ap2.1) and the morphology of the resultant LbL films at
room temperature and after thermal treatment (150 ºC). The thickness evolution
after n cycles of L/R (n=1-4) is very similar that only polymeric LbL coating
[PAH(9.0)/PAA(9.0)]40, so that no change in the resultant thickness is observed
after the in situ synthesis of the AgNPs into the LbL films. In addition, the effect
of the temperature results in a partial thickness reduction (around 20%) with no
significant changes between initial control coating (only polymeric LbL film)
and the coatings based on in situ synthesis of AgNPs after the
Loading/Reduction (L/R) process.
Table Ap2.1. Average evolution thickness as a function of the Loading/Reduction (L/R) cycles
added.

According to this result of no variation of the thickness after L/R cycles, the
morphology of the resultant films has been evaluated. In Figure Ap2.6, AFM
analysis (1x1 µm) show a random distribution of the in situ synthesis of the
AgNPs with a spherical shape and variable size into the polymeric LbL films,
as it can be observed in both height (a) and phase (b) images. These AFM images
are of [PAH(9.0)/PAA(9.0)] + 4 L/R cycles coating in tapping mode at room
temperature and show an average in roughness of 1.39 nm (rms). The light spots
observed in the height image correspond to the in situ synthesis of the AgNPs
into the LbL films which can be perfectly observed in the phase image.
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Figure Ap2.6. AFM images (1x1 µm) in tapping mode of height (a) and phase (b) for a coating
[PAH(9.0)/PAA(9.0)] + 4 L/R cycles before thermal treatment (room temperature).

A totally different aspect of the in situ synthesis of the AgNPs in the
topographic distribution can be observed after thermal treatment (150 ºC) for
the [PAH(9.0)/PAA(9.0)] + 4 L/R cycles coating (see Figure Ap2.7). For this
specific case, AFM images (1x1 µm) in tapping mode reveal a random
distribution with an aggregation of the AgNPs in the polymeric LbL overlay.
This aggregation of the AgNPs makes that the resultant films have increased in
roughness with an average of 4.76 nm (rms). This thermal treatment induces an
aggregation of the in situ synthesis of the AgNPs into the LbL films due to the
partial thickness reduction of the films and so, an increase of the LSPR
absorption bands (UV-Vis spectra) is obtained.

Figure Ap2.7. AFM images (1x1 µm) in tapping mode of height (a) and phase (b) for a coating
[PAH(9.0)/PAA(9.0)] + 4 L/R cycles after thermal treatment of 150 ºC for 2 hours
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Ap2.3 Application in the thesis
The load/reduction process is performed once a coating is fabricated. In
general, this technique offers a demonstrated antibacterial behavior for the
treated coatings [9, 10].
For example, this technique is used in Chapter 2 to incorporate silver
nanoparticles into the electrospun nanowebs which coat the optical fiber.
The same procedure was used after the LbL assembly deposition process to
synthesize the silver nanoparticles into the polymeric thin films in Chapter 4
(section 4.3). In this case, the apparition and shift of a Lossy Mode Resonance
band was monitored thanks to the use this technique.
In chapter 5, PAH/PAA multilayers were also modified in section 5.4 in order
to create the final AgNPs-embedded coatings. In this case, the in situ synthesis
process provokes the wavelength shift of the attenuation bands of the longperiod grating.
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APPENDIX 3. Electrospun nanofibers applications
In the electrospun nanofibers world, the applications depends strongly on the
composition of the fibers, and differs somewhat to the traditional textile fiber
applications. Some of the most relevant applications of the electrospun
nanofibers (ENFs) and electrospun composite nanofibers (ECNFs) are water
treatment [1], antibacterial purposes [2], wound dressing [3], drug delivery [4],
sensing [5, 6] and biosensing [7], tissue engineering [8], catalyst [9], microwave
absorption [10], flame retardants [11], and other biomedical issues [12], [13].
The recent advances in antibacterial coatings are here described.
Furthermore, some relevant works for water treatment, wound healing and
dressing, and others applications will be also presented because of their growing
importance in the last years.

Ap3.1. Antibacterial
The fabrication of antibacterial ENFs can be classified in several groups,
depending on the used antibacterial agent. These active agents are incorporated
in the fibers by mixing them with the polymeric solution before the
electrospinning process, by co-axial electrospinning, by other chemical
treatments or binding onto the ENFs surface. The most used active agents for
the development of antibacterial ENFs are silver nanoparticles (Ag NPs),
antibiotics, triclosan, chlorhexidine, quaternary ammonium salts, chitosan and
metal oxide NPs.
The use of the silver as antibacterial agent is well-know, and has been applied
to biomedicine and other fields. In the last years, Ag NPs have experimented a
growing interest for their large surface area and better release of metal cations
[14]. There are 3 main methods to incorporate Ag NPs into ENFs: by simple
mixing with the polymer before electrospinning, by the in situ Ag NPs synthesis
into the polymeric solution, and by the in situ synthesis of the Ag NPs after
electrospinning in a post-treatment.
The first incorporation method of Ag NPs into the polymeric solution is the
simplest and it has been widely used. Recent works have reported the
development of antibacterial ENFs thanks to this method, using polymers such
as polyvinyl alcohol (PVA) [15], poly(vinyl pyrrolidone) (PVP) [16],
poly(vinylidene fluoride) (PVDF) [17], or nylon 6 [18].
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The second method is based on the in situ Ag NPs synthesis into the
electrospinning solution. For this purpose silver nitrate (AgNO3) is added to the
polymeric solution. Here, the polymer acts as encapsulating agent for the silver
cations. Next, a reducing agent is incorporated to the solution, thus forming Ag
NPs. In some cases, the own solvent acts as reducing agent. Examples of ECNFs
fabricated with this method have been published by Le et al. [19] and Yang et
al.
[20]
using
polyacrilonitrile/silver
nitrate/dimethylformamide
(PAN/AgNO3/DMF) mixing solution. In addition, other studies have
successfully developed ECNFs from nylon/AgNO3/formic acid [21], and
PVA/AgNO3/chitosan [22]. The main advantages of this method is the fact that
it does not need to pre-synthetize the Ag NPs, and moreover the ECNFs do not
require further treatments.
The third method to obtain ENFs with Ag NPs is based on diverse treatments
after the electrospinning process. In a first step, the ECNFs are fabricated. Then,
a further thermal, UV or other chemical treatments are performed. Thus,
PVA/regenerated silk fibroin ENFs have been heated at 155°C for 5 min or
treated with UV for 3 h [23], poly(lactic acid)(PLA) fibers at 80°C for 48 h in a
hydrogen atmosphere [24], or PAN ENFs at 160°C [25] to allow the transition
of Ag cations to metallic silver. Nevertheless, such post-treatments are not as
effective as the Ag NPs synthesis in the polymeric solution [25]. However, in
the recent study reported in Chapter 3 (section 3.4) [26], Poly(acrylic
acid)/cyclodextrin nanofibers were thermally treated, and then processed by dipcoating as follows. In a first step nanofibers were immersed in a AgNO3
solution, charging the ENFs surfaces with Ag cations. Next, ENFs were
immersed in dimethylamine borane, leading to the reduction of Ag cations to
Ag NPs onto the ENF mat surface. A TEM image of the Ag NPs loaded ENFs
and antibacterial test results from this work are described in section 3.4 and
shown in Figures 3.19 and 3.21, respectively.
Not only Ag NPs exhibit antibacterial properties, but also ZnO and TiO2 NPs,
as it was previously commented. These NPs present excellent antibacterial
behavior after or during UV illumination [27, 28]. However, the necessity of a
UV radiation makes them less attractive from the antibacterial point of view.
In the antibiotics case, the amount of drug is adjusted in the electrospinning
solution. The concentration of each antibiotic is different for each solution.
Thus, Kenawy et al [29] used blends of PLA and PEVA containing 5%
tetracycline hydrochloride. In other works, the quantities are 30% of Moxi in
coPLA [30], 7.5% mupirocin in PLA fibers [31], respectively. Although the
antibiotic-polymer mixture has advantages as simplicity and flexibility in the
amount of drug loaded, the ENFs tend to leach out the active agent too fast into
the solution, which is called as burst release phenomenon. To avoid this and
provide a well-controlled release, some approaches have been developed using
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coaxial electrospinning, fabricating core/sheath structures. For example,
antibiotics as ampicillin [32], tetracycline hydrochloride [33] or gentamycin
[34] have been successfully encapsulated in diverse ENFs.
Other biocide compounds have been also mixed into electrospinning solution
as chlorhexidine [35] in cellulose acetate, or amine groups [36] in PAN. In other
approach reported by Kayazi et al., triclosan (TR) have been complexed with
cyclodextrin (CD) and mixed with PLA. Thanks to the complexation, the
ECNFs showed an increase in their antibacterial activity for E. coli and S.
aureus. A schematic of the ECNFs fabrication and their antibacterial results are
shown in Figures Ap3.1 and Ap3.2, respectively.

Figure Ap3.1: Schematic of the fabrication ECNFs process of triclosan/cyclodextrin induced
complexes (TR/CD-IC) with PLA performed by Kayazi et al. Reprinted with permission from [37] ©
(2013) American Chemical Society.
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Figure Ap3.2: Antibacterial results of the ECNFs with and without different types of CD. The
bacterial inhibition growth is higher for the PLA/TR/β-CD-IC nanofibers. Reprinted with permission
from [37] © (2013) American Chemical Society.

Chitosan is other natural substance which have an inherent antibacterial
ability, and therefore, it has been also used to fabricate antibacterial ENFs. Due
to its weak mechanical properties, chitosan has been mixed with PVA, PLA,
poly(ethylene oxide) (PEO), or polyamide (PA) to develop stronger ECNFs.
More information about the use of chitosan in antibacterial ENFs can be found
in literature [38].

Ap3.2 Wound dressing
Selected wound dressing materials are required with special attention for the
wound healing process. Among the overall compounds of great importance, Ag
NPs are used as antimicrobial in hydrocolloids, alginates and hydrofibrous
materials fabricated by electrospinning [39]. For example, ECNFs bandages
have been developed using iodines encapsulated into PVP and PEO/PVP ENFs
[40]. Other relevant works focused on the preparation of wound dressing mats
by electrospinning have been presented by Hong [41], and Rujitanaroj et al.
[42].
Hong reported a novel wound dressing material based on PVA/AgNO3
nanofiber mats. In a first stage, PVA and AgNO3 were mixed and launched by
electrospinning. After that, the resultant nanofiber webs were treated by heat or
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UV radiation. The study concluded that the only heat treated electrospun
PVA/AgNO3 fiber web was a good material as wound dressings because it had
structural stability in moisture environment as well as excellent antimicrobial
ability and, quick and continuous release of the effectiveness [41].
Rujinaroj et al. developed successful gelatin fiber mats containing Ag NPs.
The stability of the fiber mats were tested in an aqueous solution, the release of
the Ag cations was studied in a simulated body fluid (pH 7.4) at skin temperature
(32ºC) and physiologic temperature (37ºC), and the antibacterial activity were
analyzed [42].

Ap3.3 Water treatment
Water pollution is a high problem nowadays, and the waste water and
pollutants may impact dramatically in the aquatic life and humans. To overcome
this, there are some techniques which are developing interesting solutions. One
of these processes is the photocatalysis, which allows the photodegradation of
some pollutants present in water. Recently, new advances in ENFs with
photocatalytic nanostructures have been reported. In a study, Panthi et al [43]
developed ECNFs using PAN and in situ synthesized CoS NPs. Their
photocatalytic activity was analyzed, and results showed excellent behavior for
photodegradation of methylene blue and methyl red dyes under solar light
radiation. In other example, Yu et al [44] fabricated ECNFs based on PAN and
Ag3PO4, and analyzed their photocatalytic activity under visible radiation. They
demonstrated that the ECNFs exhibit higher photocatalytic performances than
pure Ag3PO4 powder. They indicated that the combination of particle-polymer
for the ECNFs preparation may be adopted for more applications. Furthermore,
TiO2 and ZnO have well-known photocatalytic properties. Both metal oxides
have been also used to fabricate ECNFs for waste water treatment [45, 46].

Ap3.4 Other applications
Between other important applications are tissue engineering and drug
delivery. In tissue engineering the ECNF material must be biocompatible. For
example, poly(l-lactide-co-ε-caprolactone) have been used to fabricate
electrospun tubular scaffolds for tissue engineered vascular grafts [47]. Other
vascular application was reported by He et al. [48]. They demonstrated in an in
vitro study that the incorporation of electrospun collagen-blended poly(l-lactic
acid)-co-poly(ε-caprolactone) scaffolds enhances human coronary artery
endothelial cell viability, spreading, and attachment, while also preserving the
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endothelial cell phenotype . Other emergent developments in tissue engineering
based on electrospinning are focused on potential scaffolds for ligaments [49],
tendons [50], and bones [51], thanks to the alignment and the mechanical
properties of the ECNFs.
Regarding to drug delivery applications, ENFs with high porosity allow drug
loadings and have the ability to overcome mass transfer limitations associated
with other polymeric systems. Thus, in some works, drug is located by
absorption onto the surface of the ENFs and then their efficacy was analyzed in
in vivo studies [52]. Also in the drug delivery field, the targeted and controlled
delivery of anticancer drugs is being one of the widest area of research now [53],
[54].
Another recent application based on ECNFs is their use as flame-retardants.
Wu et al [55] reported novel ECNFs composed of nylon 6 with two additives:
montmorillorite nanoclay and a non-halogenated flame retardant based on
organic phosphinates. The three component were mixed and the ECNFs were
performed and analyzed. Although the termogravimetric analysis presented
worse results, the loss mass rate of the samples was overall decreased, and the
additives played a key role in reducing flammability. In other study, Selvakumar
et al [11] developed ENFs of PA with boronic acid NPs onto a cotton substrate.
With a very low concentration of these resultant ECNFs, they increased the
flame-spreading time in an 80%, obtaining excellent fire protection results.
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GLOSSARY
AFM – atomic force microscopy
Ag+ - silver cations
Ag NPs – silver nanoparticles
AgNO3 – silver nitrate
CD – cyclodextrin
CFU – colony-forming unit
COOH – carboxylic acid groups
coreRI – refractive index of the core
CROF – cladding-removed optical fiber
DAS – diamminesilver nitrate
DMAB – dimethylamine borane
DMF – dimethylformamide
ECNF – electrospun composite nanofibers
EERI – external effective refractive index
ENF – electrospun nanofibers
ESAM - Electrostatic Self-Assembly Multilayer
FBG – fiber Bragg grating
FPI – Fabry-Perot interferometer
FTIR – Fourier Transform Infrared spectroscopy
ICP-OES – Inductively-Coupled Plasma Optical Emission Spectrometer
ISS – in situ synthesis
LbL – Layer-by-Layer assembly
LbL-E- Layer-by-Layer-Embedding
LMR – lossy mode resonance
LoD – Limit of Detection
LPG – long-period fiber grating

-Glossary-

L/R – Loading/Reduction
LRSEP – long-range surface-exciton polariton
LSPR – localized surface plasmon resonance
MEF – metallic-enhanced fluorescence
MI – Michelson interferometers
MOFs – micro-structured optical fibers
MZ – Mach-Zehnder
NH2 – amine
NPs – nanoparticles
OSA – optical spectrum analyzer
PA – polyamide
PAA – poly(acrlylic acid)
PAH – poly(allylamine hydrochloride)
PAN – poly(acrilonitril)
PCF – photonic crystal fiber
PCS – plastic-clad silica
PEG – poly(ethylene glycol)
PEM – polyelectrolyte multilayer
PEO – poly(ethylene oxide)
PEVA – poly(ethylene-co-vinyl acetate)
PLA – poly(lactic acid)
PMFs – polarization maintaining fibers
PSS – poly (sodium 4-styrenesulfonate)
PVA – poly(vinyl alcohol)
PVAc – poly(vinyl acetate)
PVDF – poly(vinylidene fluoride)
PVP – poly(vinyl pyrrolidone)
RH – relative humidity
RI – refractive index
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RIU – refractive index units
SDS – sodium dodecyl sulfate
SEM – scanning electron microscopy
SERS – surface-enhanced Raman scattering
SiO2 – silicon dioxide
SiO2 NPs – silica nanoparticles
SPR – surface plasmon resonance
TEM – transmission electron microscopy
TFBG – tilted fiber Bragg grating
TiO2 – titanium dioxide
TR – triclosan
UV – ultraviolet
VOCs – volatile organic compounds
ZnO – zinc oxide
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