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Abstract: In this work, an optical fiber sensor based on the localized surface plasmon resonance
(LSPR) phenomenon has been designed for the detection of two different chemical species (mercury
and hydrogen peroxide) by using Layer-by-Layer Embedding (LbL-E) as a nanofabrication technique.
In the first step, silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) have been synthesized
by using a chemical protocol as a function of the strict control of three main parameters, which
were polyelectrolyte concentration, a loading agent, and a reducing agent. In the second step, their
incorporation into nanometric thin films have been demonstrated as a function of the number of
bilayers, which shows two well-located absorption peaks associated to their LSPR in the visible
region at 420 nm (AgNPs) and 530 nm (AuNPs). Finally, both plasmonic peaks provide a stable
real-time reference measurement, which can be extracted from the spectral response of the optical
fiber sensor, which shows a specific sensing mechanism as a function of the analyte of study.

Keywords: fiber optic sensor; gold nanoparticles; silver nanoparticles; localized surface plasmon
resonance; Layer-by-Layer Embedding; mercury; hydrogen peroxide

1. Introduction

Mercury presents a risk in the pollution of water bodies, affecting human health
and the ecosystem. The presence of this type of heavy metal is associated with serious
problems, such as lung or nervous system damage, heart diseases, or even neurological
and psychological symptoms [1]. Levels of mercury in waste water have to be taken
into account, too, in order to take vigorous control of waste management, environmental
analysis, toxicology, water safety, and water quality [2]. In order to deal with this toxic
compound, several detection methods have been developed, including electrochemical
sensors [3–5], colorimetric sensors [6–8], and optical sensors [9–11].

Hydrogen peroxide (H2O2) is also a harmful and toxic substance, which affects psy-
chological, pathological, and environmental fields [12]. It is considered to be a source of
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central nervous system diseases in human bodies [13]. This type of reactive oxygen species
(ROS) is produced in food and in biological, chemical, or even in pharmaceutical industrial
processes [14]. In addition, H2O2 has a greater concentration in air and water, which is the
main reason to develop new measurement strategies in these media [15]. Similar to mercury
detection, several H2O2 detection methods have been developed, including electrochemical
sensors [16–18], colorimetric sensors [19–21] or even optical sensors [22–24]. According to
this, this work is focused on optical fiber sensing technology, which has been in a rigorous,
continuous growth during the last few decades [25]. Optical fiber sensors offer exclusive
features, such as a passive nature, electromagnetic immunity, and chemical stability [26].
In addition, the combination of optical fiber sensing and nanotechnology is an emerging
field in the scientific community [27]. One of the research areas of interest is the immobi-
lization of metal nanoparticles in thin films as a result of the optical phenomenon known
as localized surface plasmon resonance (LSPR). It is well-known that LSPR is an optical
effect which is generated as a result of the interaction between the incident light and the
electrons in the conduction band of the metal nanoparticles [28]. Multiple parameters, such
as interparticle distance, the dielectric properties of the surrounding polymeric medium,
as well as nanoparticle size and shape, have to be considered for an efficient plasmonic
effect [29]. As a representative example for mercury detection, gold nanoparticles have
been used for the detection of this heavy metal as a result of the formation of an amal-
gam [30]. More specifically, the interaction Au-Hg makes the chemical modification of
the surface nanoparticles possible, which shows an alteration in the resultant size and
shape of the nanoparticles [9]. This issue enables a maximum absorbance wavelength
shift of the nanoparticles’ longitudinal plasmon mode, which is a reliable sensing signal
in the optical fiber device [31]. However, previous works have demonstrated that the
sensing phenomenon of H2O2 is based on an intensity absorbance change related to silver
nanoparticles (AgNPs) instead of a blue shift of the plasmonic peak. In this case, the sensing
mechanism is associated with the chemical reaction between AgNPs and H2O2 in which the
metal nanoparticles are oxidized towards silver ions (Ag+), and, consequently, a gradual
reduction in the plasmonic LSPR peak of AgNPs is obtained. However, an interesting result
is that H2O2 has shown an influence on the morphological and chemical state of AuNPs,
which maintain an LSPR peak centered at 530 nm [32].

In this work, the employed nanofabrication bottom-up process is the Layer-by-Layer
(LbL) nanoassembly technique. This deposition method makes the fabrication of ultra-thin
films (sensitive region) on optical fiber cores possible by using oppositely charged poly-
electrolytes, which act as effective capping agents of the metallic nanoparticles [33–35]. In
addition, this nanofabrication technique makes it possible to obtain thin films with a good
control of the resultant thickness in the nanometric range, which acts as a function of opera-
tional parameters, such as pH, ionic strength, or the number of bilayers deposited [36,37].
The novelty of this work is the possibility of introducing two different metallic nanoparti-
cles, such as AgNPs and AuNPs, into LbL films, making it possible to obtain two different
LSPR sensing signals for the detection of both mercury [38] and hydrogen peroxide, respec-
tively, in an aqueous medium. Firstly, an initial study is performed with glass slides in
order to optimize the nanofabrication technique, and secondly, the sensing coating is imple-
mented onto the optical fiber. Finally, the experimental results corroborate the possibility of
the stable detection of two different parameters with a different sensing mechanism, which
is based on the wavelength displacement of the LSPR associated to the strong affinity of
the mercury towards AuNPs or to the reduction in the LSPR associated with the oxidation
process of the AgNPs due to the action of hydrogen peroxide.

2. Experimental Section
2.1. Materials

The polyelectrolytes used for the fabrication of the multilayer structure are poly(allylamine
hydrochloride) (PAH) (MW~17,500) (polycation) and poly(acrylic acid) (PAA) (MW~250,000)
35 wt% solution in water (polyanion). The synthesis of both metallic nanoparticles
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was achieved by using a source of metal ions, which were gold (III) chloride trihydrate
(HAuCl4·3H2O) and silver nitrate (AgNO3), respectively. Dimethylamine borane complex
(DMAB) was used for the reduction in the metal ions in AgNPs and AuNPs. The mercury
detection substance was obtained from mercury (II) chloride (HgCl2), and an aqueous
solution of 30 wt% of H2O2 was used in order to obtain the hydrogen peroxide samples.
All the chemical reagents were provided by Sigma-Aldrich for any further purification.
Finally, ultrapure water with a resistivity of 18.2 MΩ·cm was employed as deionized water.

2.2. Synthesis of the Metallic Nanoparticles

For the synthesis of AuNPs, aqueous solutions of HAuCl4·3H2O (20 mL, 5 mM) and
PAA (120 mL, 10 mM), which act as capping agents, were mixed and stirred for a period
of 2 h. After that, an aqueous solution of the reducing agent DMAB (5 mL, 100 mM) was
added to the previous solution, and the mixture was stirred for 24 h at room temperature.
Finally, a color change from yellow to purple-violet was obtained, indicating the complete
synthesis of the AuNPs. The combination of PAA and AuNPs is denoted as PAA-AgNPs.

For the synthesis of AgNPs, firstly, aqueous solutions of AgNO3 (20 mL, 10 mM) and
PAH (120 mL, 10 mM), which act as capping agents, were mixed and stirred for a period
of 2 h. After that, an aqueous solution of the reducing agent DMAB (5 mL, 100 mM) was
added to the initial solution, and the mixture was stirred for 24 h at room temperature.
Finally, a color change from transparent to orange was obtained, indicating the complete
synthesis of the AgNPs. The combination of PAH and AgNPs is denoted as PAH-AgNPs.
Finally, the aqueous solutions of both metallic nanoparticles were adjusted at a pH of 7.0.

2.3. Fabrication of the Layer-by-Layer Films

The Layer-by-Layer nanoassembly technique was used for the fabrication of the
multilayer structure. In this work, the presence of PAH and PAA were used as the positive
and negative charged polyelectrolytes for the build-up of the polyelectrolyte structure
film. In addition, as it has been demonstrated in the previous section, these charged
structures also played a key role in stabilizing the synthesized metallic nanoparticles. The
nanofabrication process was based on the sequential exposition of the substrate (glass slide
and optical fiber core) to the polycationic solution PAH-capped AgNPs (PAH-AgNPs) and
to the polyanion PAA-capped AuNPs (PAA-AuNPs) with an immersion time of 5 min.
Rinsing for 1 min in deionized water was performed for the two polyelectrolytes baths,
and drying for 30 s was performed after each rinsing step. The combination of a cationic
monolayer with an anionic monolayer is called a bilayer. The LbL process was carried out
using a 3-axis cartesian robot from Nadetech Innovations. Finally, an important aspect
to remark is that no atmospheric oxidation of the LbL films was observed using this
experimental process, which shows the long-term stability of the resultant films.

2.4. Characterization Techniques

UV-visible spectroscopy (UV-Vis) was used to characterize the optical properties of the
metallic nanoparticles and of the resultant LbL films. The measurements were conducted
with a Jasco V-630 spectrophotometer.

Atomic force microscopy (AFM) was used to characterize the thickness and the surface
morphology of the LbL coatings. The samples were scanned by using a Veeco Innova AFM
in tapping mode.

2.5. Optical Fiber Detection Setup

A multimode optical fiber with a 200 µm core diameter with polymeric cladding,
0.39 NA (THORLABS FT 200EMT) was used for the fabrication of the optical fiber sensor.
First, it was necessary to remove the acrylate cladding of a segment of approximately 2 cm
of the optical fiber; for this, a few drops of dry acetone and a blade were used, which
exposed the bare optical fiber core in its entire cylindrical section. This optical fiber segment
was immersed for 5 min in piranha solution to eliminate the acetone that could remain.
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Temporary SMA connectors were used in the ends of the optical fiber, thus exciting a sensor
from one of the connectors with a halogen white source, and the other end collected the
optical response with a CCD spectrometer (HR4000-UV Ocean Optics). Finally, a schematic
representation of the deposition process as well as the optical fiber setup is presented in
Figure 1.
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Figure 1. Schematic representation for the fabrication of the LbL nanostructured thin film (sensitive
region) and the optical setup for analyte detection.

2.6. Analyte Samples Preparation

Mercury samples were prepared by using mercury (II) chloride (HgCl2). Every con-
centration of mercury was prepared with phosphate buffer (PB) solution for achieving a
constant pH of 7.6. The Hg concentrations were 50, 25, 1, and 0.1 ppm. An important aspect
is that, for each measurement, the fiber optical sensor was immersed in PB + DMAB buffer
solution with the aim of obtaining a stable baseline for further mercury detection.

For the preparation of the hydrogen peroxide samples, phosphate buffer (PB) was used
as solvent. H2O2 concentrations of 10, 5, and 1 ppb were tested. For each measurement,
the fiber optic sensor was introduced into the PB in the same way that it was conducted
with Hg.

3. Results and Discussion

Prior to the deposition onto optical fiber, an exhaustive initial analysis about the
dispersion of the nanoparticles in the solution and their further immobilization in LbL
multilayer structures had been performed on glass slides.

3.1. Synthesis of the Metallic Nanoparticles and Their Incorporation into LbL Films

As has been commented in the experimental section, both metallic nanoparticles have
been synthesized by using different charged capping agents. In the case of AgNPs, a
positive polyelectrolyte (PAH) has been used for obtaining PAH-AgNPs, whereas in the
case of AuNPs, a negative polyelectrolyte (PAA) has been used for obtaining PAA-AuNPs.
Figure 2 shows the corresponding plasmonic peaks at a well-separated wavelength position
related to AgNPs and AuNPs. More specifically, the LSPR of the PAH-AgNPs is centered
at 400 nm, whereas the LSPR of PAA-AuNPs is centered at 530 nm. The locations of these
LSPR bands indicate the synthesis of metal nanoparticles with a mostly spherical shape
and nanometric size [39,40].
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AuNPs (purple).

Once the synthesis of the well-dispersed nanoparticles in the aqueous solution has
been demonstrated, the next step is the immobilization of them in thin films by using
the Layer-by-Layer nanoassembly technique. Figure 3 shows the UV-Vis spectra of the
LbL-E films deposited onto glass slides for a thickness variation of 10 to 30 bilayers. It
can be clearly appreciated that the sample composed of 10 bilayers has shown a clear
predominance of the LSPR peak related to AgNPs (plasmonic peak centered at 420 nm),
whereas the LSPR peak associated with the AuNPs has not yet been identified. However,
when the thickness coating is gradually increased up to 30 bilayers, both LSPR peaks
can be clearly observed at 420 nm for AgNPs and 530 nm for AuNPs. Another aspect to
remark is that a protuberance around 650 nm can also be observed, which is associated
with an agglomeration of the metal nanoparticles in the multilayer structure, although this
protuberance is smoother as the thickness coatings are gradually increased. This aspect
can be appreciated in Figure 4, where the 3D AFM image indicates that nanoparticles of
different sizes have been incorporated into the LBL films (see Figure 4a), and the average
thickness coating is gradually increased up to an approximate value of 100 nm, as can
be observed in the bilayers sample (Figure 4b). AFM images reveal the nano-roughness
of the LbL film (9 nm rms), which is consistent with previous works [41,42] where PAH-
PAA LbL membranes show a nanoporosity that allows an effective interaction between
the nanoparticles and the sensing analytes. Finally, broader LSPR absorption bands are
obtained in the resultant Layer-by-Layer Embedding film in comparison with the colloidal
dispersions (see Figure 2) due to the agglomeration of the metallic nanoparticles in the
nanostructured coating [40–42].
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3.2. Optical Fiber Setup Fabrication

Once the presence of both LSPR peaks on glass slides has been demonstrated, the next
step is based on the fabrication of the sensitive region, which is deposited onto the optical
fiber core by using the same multilayer structure composed of both AgNPs and AuNPs,
as can be observed in the UV-Vis spectra of Figure 5. An interesting result is that, for only
a final thickness coating of seven bilayers, it is possible to clearly appreciate both LSPR
absorption bands at 420 nm (AgNPs) and 540 nm (AuNPs). More specifically, Figure 5a
presents the UV-Vis spectra evolution from one up to seven bilayers, which are the last of
the sensitive regions for analyte detection, and Figure 5b shows the UV-Vis spectrum for the
sample of seven bilayers and the wavelength separation of both LSPR absorption bands.
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3.3. Mercury Ions Detection

In this work, optical fiber sensors have been fabricated using the same sensitive coating
(seven bilayers of PAH-AgNPs and PAA-AuNPs), and each one has been used to detect
a specific mercury concentration. All of the sensors have shown a settling time of nearly
2000 s from 10% to 90%; such long reaction times may be due to the lower diffusivity in the
LbL polyelectrolyte membrane of heavy ions such as mercury. For each concentration, a
fresh sensor has been used, so the wavelength response can be completely attributed to
the mercury amalgamation with the AuNPs. The LSPR absorption band related to AuNPs
has shown a blue shift, which is notorious for higher mercury concentrations. Figure 6
shows the absolute value of the wavelength shift of each sensor, and it can be observed
that a gradual increase in the resultant wavelength shift has been obtained from 4.32 nm
(0.1 ppm), 17.70 nm (1 ppm), 21.61 nm (25 ppm), and 22.24 nm (50 ppm).
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50 ppm to 0.1 ppm.

The UV-Vis transient response of one sensor is presented in Figure 7 in order to have a
better appreciation of the wavelength shift related to the LSPR-AuNPs. The AgNP LSPR
maxima shows a good wavelength stability with a variation of only 3.1 nm, compared
with the 20.2 nm of the AuNP LSPR peak (Figure 7c). The Limit of Detection (LOD) of
this sensor can be assumed to be 0.1 ppm, since no significant AuNP LSPR shift has been
observed for lower Hg2+ concentrations.
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a wavelength shift of 13.88 nm, whereas Fe2+ was the second heavy metal with a higher 
response but with only a wavelength shift of 1.17 nm. These results demonstrate the high 
selectivity to mercury of the optical fiber sensor. These values are in concordance with 
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Figure 7. Transient response of a (PAH-AgNPs/PAA-AuNPs)7 optical fiber sensor for
[Hg2+] = 1 ppm: (a) Variation of the AuNPs LSPR with maximum respect to the AgNPs LSPR
reference. (b) Heatmap of the evolution of the UV-Vis spectra during the experiment. The initial
wavelengths of AuNP and AgNP LSPR peaks are marked wih white dashed lines. (c) Initial and final
spectral response of the optical fiber sensor.

The specificity of heavy metal detection is a very important factor for practical applica-
tions. In this work, the cross sensitivity against different metal ions in order to corroborate
the selectivity of the optical fiber sensor has been also evaluated. According to this, the
same sensitive region has been exposed to the same concentration (50 ppm) of the different
metal ions (Zn2+, Cd2+, Pb2+, Ni2+ and Fe2+) for a fixed period of 30 min. It is important
to remark that all the solutions were prepared using the same protocol as was used in
the previous mercury tests (PB + DMAB, pH 7.6). The experimental results (see Figure 8)
indicate that the wavelength shift of Hg2+ is much larger than that of the other ions. More
specifically, the LSPR-AuNPs present a higher affinity for mercury ions with a wavelength
shift of 13.88 nm, whereas Fe2+ was the second heavy metal with a higher response but
with only a wavelength shift of 1.17 nm. These results demonstrate the high selectivity to
mercury of the optical fiber sensor. These values are in concordance with what is reported
in the bibliography [43].
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3.4. H2O2 Detection

In the previous section, the experimental results have clearly shown a specific sensitiv-
ity to the LSPR band associated with the AuNPs, whereas the LSPR band of the AgNPs
remained unaltered in wavelength (reference signal), which can be seen in Figure 9a. In
this section, a change in the plasmonic behavior of the AgNPs when the sensitive region
is exposed to hydrogen peroxide is presented. Previous works have demonstrated that
this analyte induces a degradation in the LSPR-AgNPs due to the corresponding oxidation
of silver nanoparticles to silver ions (Ag+) [32]. More specifically, the degradation of the
resultant silver nanoparticles, which is induced by the catalytic decomposition of hydrogen
peroxide, causes a considerable change in the absorbance strength of the LSPR absorption
band depending on the H2O2 concentration, making a quantitative determination of this
sensing analyte possible [44,45]. All sensors showed a stable optical signal in all aqueous
buffered media, and their optical responses can be attributed entirely to the hydrogen
peroxide concentration. According to this, a new optical fiber sensor has been fabricated
by using the same protocol, although it was used for hydrogen peroxide detection in this
case. The optical fiber has been immersed in the buffer PB solution for 1 h to have a stable
baseline for hydrogen peroxide. Subsequently, the sensitive region of the optical fiber
sensor film has been immersed in an initial hydrogen peroxide concentration of 10 ppb.
The experimental results are presented in Figure 9b, where it can be clearly observed that
the LSPR-AgNPs have shown an absorbance reduction of 0.16 a.u., whereas the LPSR-
AuNPs have shown a significatively more stable behavior, making it possible to use it as a
reference signal.

Figure 10 shows the transient response of a (PAH-AgNPs/PAA-AuNPs)7 optical fiber
sensor when exposed to a concentration of H2O2 of 3 ppb. The sensitivity of the optical fiber
sensor to H2O2 analyte is higher in comparison with that of previous works [31], in which
the sensing range is in the order of the ppb. An increase in the absorbance reduction related
to the LSPR peak is observed when the H2O2 concentration is gradually increased, which
is in concordance with the literature because a major H2O2 concentration in the buffer
makes a higher oxidation rate of the silver nanoparticles immobilized in the multilayer LbL
structure possible.
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Figure 10. Transient response of a (PAH-AgNPs/PAA-AuNPs)7 optical fiber sensor for
[H2O2] = 3 ppb: (a) Variation of the absorbance of the AgNPs LSPR with maximum respect to the
AuNPs LSPR reference. (b) Heatmap of the evolution of the UV-Vis spectra during the experiment.
(c) Initial and final spectral response of the optical fiber sensor.

Finally, the sensitive region has been immersed in five different concentrations (0.1, 1,
3, 5, and 10 ppb) in order to appreciate the declining tendency of the absorbance intensity
corresponding to the AgNP plasmonic peak (see Figure 10). Figure 11 shows the maximum
variation in absorbance (∆Abs) for each f hydrogen peroxide concentration, which shows a
good logarithmic fitting.
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Figure 11. Calibration curve of the (PAH-AgNPs/PAA-AuNPs)7 optical fiber sensor towards H2O2.
The sensor has been tested for 0.1, 1, 3, 5, and 10 ppb.

The sensor’s response was registered for the following concentrations: 0.1, 1, 3, 5,
and 10 ppb. Beyond a 10 ppb concentration, the sensor shows some signs of saturation
decreasing its sensitivity significantly. The standard deviation of each measurement was
registered and showed a stable behavior, which was around 0.015 a.u. for both the baseline
and the measurements. Using the 3σ criterion above the baseline, we can determine a
theoretical Limit of Detection (LOD) of 0.24 ppb of H2O2. Therefore, the useful range for
this configuration would be from 2.4 to 10 ppb of H2O2.

4. Conclusions

Silver and gold nanoparticles have been successfully embedded into nanostructured
thin films by using the Layer-by-Layer technique. The charged polyelectrolytes are used as
a versatile tool for the synthesis of silver nanoparticles (PAH-AgNPs) and gold nanopar-
ticles (PAA-AuNPs) into the multilayer structure in the nanometric range (corroborated
by AFM analysis). An initial study on glass slides was performed in order to corrobo-
rate the presence of both metallic nanoparticles in LbL films with their corresponding
optical properties. The next step was to perform further immobilizations in optical fibers
for chemical detection. In this sense, two different environmental pollutants (Hg2+ and
H2O2) have been evaluated as a function of the LSPR response. In both cases, the use
of a self-referenced signal provided a robustness in the sensing mechanism, which was
different for each analyte of study. In the case of LSPR-AuNPs, this absorption peak has
experienced a wavelength shift in the presence of different Hg2+ concentrations, whereas
the LSPR-AgNPs have only experienced variations for variable H2O2 concentrations with
a decrease in absorbance magnitude. This study introduces a new multifunctional fiber
optic sensor for the detection of Hg2+ and H2O2 and is a proposal of interest for future
environmental applications.
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