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Abstract: Measuring cortisol levels as a stress biomarker is essential in many medical conditions
associated with a high risk of metabolic syndromes such as anxiety and cardiovascular diseases,
among others. One technology that has a growing interest in recent years is fiber optic biosensors
that enable ultrasensitive cortisol detection. Such interest is allied with progress being achieved
in basic interrogation, accuracy improvements, and novel applications. The development of
improved cortisol monitoring, with a simplified manufacturing process, high reproducibility, and
low cost, are challenges that these sensing mechanisms still face, and for which solutions are still
needed. In this paper, a comprehensive characterization of a D-shaped fiber optic immunosensor
for cortisol detection based on surface plasmon resonance (SPR) enabled by gold coating is
reported. Specifically, the sensor instrumentation and fabrication processes are discussed in
detail, and a simulation with its complete mathematical formalism is also presented. Moreover,
experimental cortisol detection tests were performed for a detection range of 0.01 to 100 ng/mL,
attaining a logarithmic sensitivity of 0.65 ± 0.02 nm/log(ng/mL) with a limit of detection (LOD)
of 1.46 ng/mL. Additionally, an investigation of signal processing is also discussed, with the
main issues addressed in order to highlight the best way to extract the sensing information from
the spectra measured with a D-shaped sensor.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nowadays, daily lifestyle issues are the main reason for psychological stress. Several factors,
such as globalization, changed lifestyles, competition, technological progress, among others,
have significantly contributed to the increase in the level of psychological stress. This problem
is becoming a serious concern that can affect individuals’ daily lives and their health. These
challenges are being faced by the most developed countries, which leads to the increasing need
for stress monitoring [1–4]. Nonetheless, stress is usually analyzed by applying questionnaires to
patients, which can be unclear. Thus, currently, there is a difficulty related to stress diagnosis that
is associated with the lack of quantitative parameters. Therefore, it is highly desirable to have a
quantitative measurement of a stress biomarker to indicate abnormal stress states, if possible in a
cheaply, easily and non invasive way.

The profound physiological stress consequences were empirically demonstrated for the first
time by Hans Selye in 1936 [5]. Selye, after almost 40 years of overly productive research,
declared: "Everybody knows what stress is and nobody knows what it is" [6], which demonstrates
the dilemma in finding a definition for stress syndrome [6]. Nonetheless, pragmatic approaches
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define stress as a normal physiological and behavioral response to something that has happened
or is about to happen and, in some way, disturbs the homeostasis of various physiological systems.
Therefore, changes caused by stress range from behavioral to molecular adaptations [7]. Stress,
physical injury, imminent danger, among others imply a large number of neuronal circuits, such
as the prefrontal cortex, hippocampus, amygdala, septum, and hypothalamus, which results in
the activation of the hypothalamic-pituitary-adrenocortical (HPA) axis and, in turn, in cortisol
secretion. These multi-dynamic sets of processes are triggered to restore homeostasis.

Although cortisol is considered as the stress hormone, its abnormal secretion has a high
impact on the immune, skeletal, cardiovascular, endocrine, and renal systems, as well as, on
the metabolic levels of glucose, blood pressure, and carbohydrates [8]. Cortisol levels vary
through a circadian rhythm over a 24-hour cycle, with higher levels occurring during dawn and
lower levels during night-time sleep [9]. Blood cortisol levels present values of 50-250 ng/mL
30 minutes after waking up, and 30-130 ng/mL before bedtime [10,11]. Specifically, in sweat,
a study showed that cortisol levels range from 8 ng/mL to 142 ng/mL, with the highest levels
occurring in the morning and the lowest in the evening [12].

When cortisol values chronically fall outside the physiological range, some clinical conditions
with great socio-economic importance, such as age-related cognitive decline, neurodegenerative
diseases, cardiovascular disorders, diabetes, abdominal obesity, and mental health conditions
are aggravated [7,13,14]. Besides biomedical purposes, cortisol is also considered an important
stress biomarker in some marine biology applications. One example is in the field of aquaculture,
where this hormone proved to be a reliable stress indicator in fishes. The assessment of the
stress levels of fishes in aquaculture, directly in the water, is extremely important to understand
the linking with growth, reproduction, the immune system, and the adequacy of fishes to the
environment and water quality [15]. In the last decade, the production of aquaculture in intensive
systems has increased rapidly, normally through recirculation aquaculture systems (RASs) with
limited water exchange [16]. The RASs meet the European Union’s objectives for sustainable
aquaculture, through food production and maintaining natural resources with minimal ecological
impact [17].

However, RASs are complex systems in which fish’s biomass and water chemistry/quality
interact and, thus, small variations can lead to non-ideal conditions, inducing stress, reducing
food intake and growth performance, or can even conduct to mortality when high acute or chronic
stress is present [18]. Therefore, critical parameters such as plasma cortisol need to be monitored
to ensure the fish’s well-being. The traditional way to measure cortisol in fish is through blood
collection and blood plasma analysis. However, this is an invasive method in which the results
can be doubtful due to the stress caused by the measurement method itself [19,20]. On the other
hand, an increase in the rate of cortisol released into the water in response to stress has been
shown. Furthermore, this phenomenon has been correlated with plasma cortisol measurements,
in which cortisol concentrations in water are significantly higher in groups with high fish density
(∼ 3 ng/mL) than in groups with low density [19,20].

In both cases, cortisol levels can be measured by conventional laboratory techniques, but these
are invasive, time consuming and require specialized people both to collect and transport the
samples and to operate the complex equipment. To overcome these drawbacks, miniaturized
biosensing devices capable of detecting and quantifying specific analytes are essential. The
use of biosensors has advantages in point of care testing compared to traditional techniques.
Regarding RASs, the monitoring of fish stress and the controlling of water quality are the key
points for fish production with quality and promotion of fish well-being.

Focusing our attention on highly sensitive techniques for measuring physicochemical parame-
ters, SPR is one that has attracted enormous attention over the last three decades. This technique
enables a rapid and accurate optical detection of several parameters [21–23]. Specifically, when
free electrons collectively oscillate in a metal, surface plasmons waves are created. These
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waves propagate along a dielectric-metal interface and can be excited by the evanescent waves
generated from incident light. When the propagation constants (wave vector and frequency) of
the evanescent waves are similar to those of the surface plasmons waves, the SPR phenomenon
is triggered. This means that a strong absorption of light occurs and, the spectrum measured
as a result of this process presents a sharp dip at a specific wavelength, typically denominated
resonance wavelength. This resonance condition is highly sensitive to refractive index (RI)
changes from the surrounding medium. As a result, these changes can be determined by analyzing
the resonance condition [24], and robust sensor devices can be built from this SPR phenomenon.

Initially, the most used structure for SPR was the Kretschmann configuration, in which a prism
with a high RI was coated with a metallic layer, allowing surface plasmons waves excitations by
the evanescent wave of the prism, created from the total internal reflection. However, these planar
SPR sensor devices were bulky and could not be applied in remote sensing. The emergence
of optical fiber SPR has simplified and flexibilized optical design, enabling remote sensing,
miniaturization, and in situ measurements [24]. Henceforth, optical fiber detection based on
SPR has been the subject of study in a large number of investigations in different areas [25].
Several optical fiber configurations, like uncladded [26], D-shaped [27], U-bent [28], tapered
[29], among others, with different plasmonic materials have been constantly studied to improve
the performance and sensitivity of the optical fiber SPR sensors devices [30]. D-shaped fiber
optic structures present advantages over uncladded and tapered configurations, including the
need for less plasmonic material during deposition (is not necessary 2-step process involving a
180◦ rotation of the samples) and easier deposition process. In addition, this structure is more
robust than the tapered configuration. As plasmonic materials, most commercially available SPR
sensors and those presented in the literature employ gold (Au) and/or silver (Ag). Nonetheless,
Au presents better SPR performance and higher chemical stability, e.g. Ag tends to oxidize when
exposed to air, which impairs its performance and contributes to a short lifespan [25].

In a previous work, we have tested a cortisol immunosensor [31]. This sensor device is based
on SPR employing an unclad plastic optical fiber (POF) in which the SPR was used as sensitivity
enhancer, promoted by a gold/palladium (AuPd) alloy coating. The AuPd coated fibers were
functionalized with an anti-cortisol antibodies and passivated with bovine serum albumin (BSA)
to be tested in the presence of cortisol as a target analyte. Although the sensor in this work has
shown a very satisfactory result, the sensor device has some disadvantages. For example, the
AuPd alloy makes the sensor device more expensive as well as the employed fiber has problems
of sensitivity to moisture and issues in the manufacturing stage. Furthermore, reproducibility
should also be improved.

In this context, and in order to promote a better understanding of the use of the SPR effect for the
development of cortisol sensing devices, the present work aims to develop and characterize a fiber
optic immunosensor with a D-shaped configuration for cortisol detection based on the SPR effect
employing a pure gold coating. For this, we initially have experimentally characterized a silica
optical fiber (SOF) to the surrounding RI using glucose solutions, and an optical characterization
simulation was also performed. Afterward, Au functionalization with anti-cortisol antibodies was
performed, using cysteamine as the intermediate linker. Then the functionalized immunosensors
were tested for different cortisol concentrations ranging from 0.01 to 100 ng/ml. Subsequently,
the biosensor response was studied by analyzing the SPR signature in the transmission spectra. In
addition, control tests were performed with glucose and cholesterol as interferents to determine
the specificity of the immunosensor. Furthermore, a section on signal processing is presented
to compare the spectra obtained by processing the signals with a smooth filter or applying a
Gaussian adjustment.
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2. Materials and methods

2.1. Reagents

All reagents used in this work are listed below. Glucose (D-(+)-glucose ≥ 99.5%), cholesterol
(≥ 99%), and cysteamine hydrochloride (≥ 98%) were purchased from Sigma-Aldrich, Ger-
many. Cortisol, N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide hydrochloride (EDC), and
N-hydroxysuccinimide (NHS, 98%) were acquired from Merck, Germany. Phosphate buffer
saline (PBS) tablets (pH = 7.4, 10 mM) was obtained from Fisher Bioreagents, USA. BSA was
obtained from Alfa Aesar, USA. Also, anti-cortisol antibodies (500 µg/mL) were acquired from
antibodies-online GmbH, Germany. Throughout the work, deionized water was used and it was
obtained from a Milli-Q water purification system.

2.2. D-shaped gold-coated silica optical fiber production

The D-shaped SOF consists of standard single-mode fiber (SMF28) acquired from Phoenix
Photonics in the United Kingdom, fabricated by side polishing with insertion losses greater than
45 dB (typically 60 dB). This SOF presents a silica core doped with germanium, and a cladding
constituted only by silica. The diameter of the SOF is 125 µm with a core diameter of ∼9 µm.
The RI of the core is ∼1.47 and the cladding is ∼1.44. To develop a plasmonic D-shaped SOF, Au
was deposited through sputtering technique. After the polishing, the remain cladding thickness is
between 1 and 2 µm. The attained length of the polished region is 10 mm with a tolerance less
than 1 mm, in which 8 mm corresponds to the sensing region, and the remaining 2 mm is the
taper. Regarding sputtering, the thin Au film, 50 nm thick, was deposited on one side of the fiber
(in D-shape zone) by a sputter-coater (Leica EM SCD 500) under vacuum and argon. During the
deposition, the thickness of the Au layer was monitored through the in-built quartz microbalance
to ensure the desired coating thickness.

2.3. Instrumentation

The experimental setup for the Au coated SOF (Au-SOF) sensor is schematically represented in
Fig. 1. The Au-SOF sensor was placed in a small container constituted of polytetrafluoroethylene
(PTFE) with dimensions of 32 × 5 × 3 mm3 and a volume capacity of 400 µL. The sensor was
connected to a light source (tungsten lamp, LS-W7 (7W), manufactured by Sarspec, Portugal),
with an emission range from 380 nm to 2500 nm. The optical transmission spectra were acquired
by a spectrometer (FLAME-T-UV-vis manufactured by Ocean Optics, USA) with a detection
range of 180-890 nm and resolution of 0.19 nm, displayed on the computer using OceanView
software provided by Ocean Optics. In this software, when the sensor was characterized to the RI,
it was applied an integration time of 120 ms. Furthermore, the data were recorded and saved in
the wavelength range of 200-890 nm. All experiments were conducted at a controlled temperature
of 21◦C. Additionally, all the transmission spectra were normalized with the reference spectrum
(air as the surrounding medium) and later filtered using a smooth filter to reduce noise. These
steps were performed using MATLAB software. In the case of cortisol sensing tests, instead of
120 ms, it was applied an integration time of 240 ms.

2.4. Experimental optical characterization

Firstly, an Au-SOF was characterized to the surrounding RI. The Au-SOF was immersed in
glucose solutions with different known RIs, which allowed to detect the changes in the spectral
response for each solution. For that purpose, eight glucose concentrations were prepared with 0,
1, 5, 10, 20, 30, 40, 50% (w/v). To determine the RI of those solutions, it was used a refractometer
(Abbemat 200, Anton Paar) at 21◦C, obtaining RI values of 1.333, 1.334, 1.340, 1.346, 1.358,
1.368, 1.377, and 1.386 RIU, respectively. Before spectra acquisition, the sensor was immersed
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Fig. 1. Schematic representation of the experimental setup for the D-shaped fiber optic
immunosensor for cortisol detection based on SPR.

for 2 minutes in each glucose concentration. The sensitivity of the sensor was obtained through
the slope of the calibration plot [32]:

Sn =
∆λres

∆n
, (1)

where ∆λres corresponds to the variation in the resonance wavelength, and ∆n the variation in the
refractive index.

2.5. Simulated optical characterization

Moreover, we have simulated the D-shaped Au-SOF sensor’s RI characterization using the
COMSOL Multiphysics software package. For this, the Wave Optics Module was used, selecting
the Frequency Domain and the Mode Analysis study. In the model, the geometry of the fiber was
established creating two concentric circles representing cladding and core with a radius of 62.5
µm and 4.1 µm, respectively. Next, it was necessary to specify the RI of the core and cladding.
As already known, the RI of the materials varies with the wavelength due to the dispersion effects
[33]. As a result, the RIs of the fiber were calculated through the Sellmeier equation. The core of
a SOF is doped with a fraction of GeO2 to generate a higher RI compared with the RI of the
cladding. In this way, the Sellmeier equation for the core is given by [33]:

n =

⌜⃓⎷
1 +

3∑︂
i=1

(︃ (︁SAi + X (GAi − SAi) λ2)︁
λ2 − (Sli + X (Gli − Sli))2

)︃
, (2)

where SA, Sl, GA, and Gl are the Sellmeier coefficients for the SiO2 and GeO2, respectively, X is
the mole fraction of GeO2, and λ is the wavelength. This general type of model has been used by
others on several binary glass systems [34,35]. Furthermore, the RI of the cladding, which is not
doped with Ge may be obtained by (2) with X = 0. The different Sellmeier coefficients employed
for the RI calculation of core and cladding of SOF are displayed in Table 1 [33].

The fraction X of GeO2 is unknown, and to estimate its value, several values of X were tested
until obtaining an mode-field diameter (MFD) of 10.5 µm for 1550 nm, as indicated in the fiber
data sheet. The selected fraction X of GeO2 was 0.0305. To obtain the MFD throughout this
process, firstly, the effective area was calculated employing the following equation [36]:

Aeff =

[︃∬ ∞

−∞

|E |2 dxdy
]︃2

×

[︃∬ ∞

−∞

|E |4 dxdy
]︃−1

, (3)

where the |E | is the modulus of the fundamental mode electric field attained through COMSOL.
Finally, the MFD was determined employing the calculated effective area through the following
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Table 1. Sellmeier coefficients
for SiO2 and GeO2.

SiO2 GeO2

A1 0.69616630 0.80686642

l1 0.06840430 0.06897260

A2 0.40794260 0.71815848

l2 0.11624140 0.15396605

A3 0.89747940 0.85416831

l3 9.89616100 11.8419310

equation [37]:

MFD ≃ 2
√︃

Aeff

π
, (4)

Importantly, the main domain was meshed so that it was divided into smaller subdomains
with different sizes. The finer mesh subdomains are present near the interfaces between distinct
mediums. This is required to compensate the accentuated variations in the electromagnetic field.
After this process, a D-shape structure was designed. For that, part of the cladding circle was
cut to the core. An Au layer was created in the D-shape zone with a thickness of 50 nm. All
the mentioned parameters were inserted in our simulation model according to the fibers that
were used in the experimental tests. Also, to determine the RI of the Au layer, was employed a
COMSOL library [38], which is the most applied in optical fiber simulations.

In order to characterize the Au-SOF immunosensor to the external RI, a circular domain was
created around the D-shape structure with a radius of 63 µm. In this layer, eight different RI
values were inserted. Specifically: 1.333, 1.334, 1.340, 1.346, 1.358, 1.368, 1.377, and 1.386,
corresponding to glucose concentrations with 0, 1, 5, 10, 20, 30, 40, 50% (w/v). Several modes
were searched around the RI of the core, and the one consistent with SPR modes, having an
effective respective index with larger imaginary part, was selected. To obtain a transmission
spectra, a parametric sweep ranging from 570 to 760 nm was run. Afterwards, the loss coefficient
of the mode was calculated using [32]:

α = −2k0Im
{︁
neff

}︁
= −

4π
λ0

Im
{︁
neff

}︁
, (5)

where λ0 is the wavelength, k0 is the wavenumber in vacuum, and Im
{︁
neff

}︁
the imaginary part of

the SPR mode. Then, the transmittance defined as the ratio of the transmitted intensity, I, over
the incident intensity, I0, can be written as:

T =
I
I0
= e−αz, (6)

with z the length of the D-shape region.

2.6. Gold coated silica optical fiber functionalization

In this stage, four D-shaped Au-SOFs were functionalized with anti-cortisol antibodies using
the same protocol for all of them, adapted from [31]. The physicochemical interaction of Au
and sulfur is well known to be very strong and, consequently, many approaches take advantage
of this process using thiol derivatives, like the use of cysteamine as an intermediary linker. In
this way, antibodies were covalently bonded to the amine-terminated thiol, which is the case of
cysteamine, through EDC/NHS chemistry. Figure 2 illustrates the biofunctionalization process
performed on the Au-SOF biosensor device.
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Fig. 2. Scheme of optical fiber functionalization steps.

Specifically, the fibers were firstly positioned in a PTFE container and washed three times
with deionized water and PBS. Afterwards, the Au-SOFs were immersed overnight in 400 µL of
an aqueous solution of cysteamine (20 mM) prepared from cysteamine hydrochloride to create
amine groups on the surface of the fibers. To remove the unbounded cysteamine, the fibers were
washed three times with deionized water, before being immersed in PBS. Subsequently, the
Au-SOFs were functionalized with anti-cortisol antibodies. For that, the fibers were immersed
for 2 hours in a fresh mixture of 200 µL of antibody solution (500 µg/mL), 100 µL of EDC (0.2
M), and 100 µL of NHS (0.5 M), all prepared in PBS. Then, the fibers were washed three times
with PBS to removed unbounded antibodies and the surface of the fibers was passivated using
BSA solution (400 µL, 10 µg/mL) for 2 hours. The BSA was used to passivate the surface to
prevent from non-specific bindings. Lastly, the washing process took place 3 times with PBS.

2.7. Cortisol detection

After the functionalization process, four immunosensors were tested using different cortisol
concentrations to evaluate the sensor performance. From a cortisol stock solution, 5 concentrations
were prepared in PBS, specifically, 0.01, 0.1, 1, 10, and 100 ng/mL. To guarantee the formation
of the antibody-antigen complex, the immunosensor was immersed in each cortisol solution
(400 µL) in ascending order for 20 minutes. After each cortisol solution, the fibers were washed
three times with PBS and the transmission optical spectrum was acquired while the fibers
immersed in PBS. Furthermore, each concentration of cortisol was maintained in contact with
the immunosensor for 20 minutes since this time is sufficient to reach the equilibrium of the
cortisol-antibody reaction [31].

2.8. Control test

In order to evaluate the specificity of our immunosensor, a control test was carried out. For this,
an Au-SOF was also functionalized with anti-cortisol antibodies, following the same process as
described in section II-F, and tested for glucose (50 mg/dL and 500 mg/dL) and cholesterol (170
mg/dL and 240 mg/dL). The immunosensor was immersed in each concentration of interferent
for 20 minutes (400 µL). First, the two glucose concentration were tested, followed by the
cholesterol ones. Moreover, the concentrations were tested in ascending order. It is important to
emphasize here that glucose and cholesterol were used to perform control tests since they are
present in the human body, including blood and sweat, in the same way as cortisol. Nonetheless,
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glucose and total cholesterol levels considered normal for a healthy person should range between,
approximately, 60 to 109 mg/dL and below 200 mg/dL, respectively [39].

3. Results and discussion

3.1. Experimental and simulated optical characterization

Initially, a sensor was immersed in solutions with different glucose concentrations in order to
evaluate the performance of our sensor to the RI changes. Figure 3(a) displays the spectral
wavelength responses as function of the RI. As it can be observed, a shift to longer wavelengths
is noticeable with the increasing of glucose concentration. Hence, these wavelength shifts were
used to evaluate the sensitivity of the proposed sensing mechanism. The Au-SOF resonance
wavelength changed from 614.31 nm to 704.05 nm which corresponds to a total redshift of 89.74
nm. As represented in Fig. 3(b), the Au-SOF presented an R2 of 0.9817 and a sensitivity of
1646.7 ± 91.7 nm/RIU.

Fig. 3. (a) Transmission spectra recorded for glucose solutions in a concentration range
from 0 to 50%. (b) Resonance wavelength variation as a function of RI.

To simulate the characterization of the Au-SOF SPR-based RI sensor, it was necessary to select
the SPR core mode for each wavelength according the section 2.5. Figure 4 displays the mode
profile simulated corresponding to the SPR phenomenon. In Fig. 5(a) is possible to observe a
continuous increase in the spectral wavelength with increasing of the RI. In order to calculate
the sensitivity of the simulated sensor to RI, the minimum of each transmission spectrum (SPR
wavelength) was saved considering equation (6). Figure 5(b) shows the change in these resonance
wavelengths as a function of the variation in the RI, in which the total redshift from 600.00 to
719.00 nm was 119.00 nm. A linear fit was also performed, and a determination coefficient R2 of
0.9740 and sensitivity of 2139.0 ± 142.7 nm/RIU were achieved by our simulation.

Fig. 4. Simulated SPR mode profile.
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Fig. 5. (a) Transmission spectra simulated for glucose solutions with RI ranging from 1.333
to 1.386 in Au-SOF. (b) Resonance wavelength variation as a function of RI.

The sensitivity obtained through simulation (Fig. 5) is higher compared to the experimental
one ( see Fig. 3). In the same way, the total redshift also presented a higher value. These
discrepancies may be related to the fact that, in our simulation, the fiber parameters used may
have been slightly different from the real values. For instance, there may be slight differences in
core radius, RIs, and Au layer thickness, which may imply a distinction between the calculated
modes and the real ones. Also, the lowest sensitivity obtained experimentally may be related to
the fact that the Au layer may not be completely homogeneous along the entire surface of the
D-shape region. Another issue that can be associated with the experimental investigation refers
to the fact that the light passes through the fiber, and when entering the D-shape zone presents an
adjustment distance to the new geometry, in which there may be some light losses without being
related to the losses in the Au layer. This effect was not considered in our simulations.

3.2. Cortisol monitoring

After the biofunctionalization procedure, Au-SOFs were tested with different cortisol concen-
trations, and the respective transmission spectra were acquired as shown in Fig. 6(a). This
Fig. 6(a) exhibits the results for one of the four assays with Au-SOF, where is possible to observe
a redshift to longer SPR wavelengths. To analyze the responses of the four immunosensors,
the wavelength shift was calculated by subtracting the SPR wavelength at 0 ng/mL from the
SPR wavelength at a given cortisol concentration, being the SPR wavelengths the minimum
of the transmission spectra, and, then, the average of the SPR wavelengths was taken. Also,
the spectra were smoothed by applying a filter in MATLAB software for noise removal. The
Au-SOF presented a logarithmic response to the cortisol concentration ranging from 0.01 to
100 ng/mL with an R2 value of 0.9975 as shown in Fig. 6(b). Moreover, the total redshift was
3.70 ± 0.39 nm, and the achieved logarithmic sensitivity (LS - SPR wavelength shift per unit
change in the logarithm cortisol concentration) was 0.65 ± 0.02 nm/log(ng/mL). The standard
deviation in resonance wavelength was calculated for each concentration since the experiments
were performed on 4 different immunosensors. As implied by the error bars shown in Fig. 6(b),
from 10 ng/mL the standard deviations are lower, indicating that the reproducibility for these
cortisol concentrations (higher than 1 ng/mL) may be promising for the next works in progress.
Thus, it is a good indicator for aquaculture field, specifically, for RASs systems with high fish
density (∼ 3 ng/mL) [20]. From the analysis of the error bars, the low reproducibility for lower
concentrations may be related to the polishing depth applied to the fibers. In more detail the
polishing depth can be slightly different between sensors causing them to have vaguely different
responses.
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Fig. 6. (a) Spectral responses of an functionalized Au-SOF immunosensor acquired in PBS
as a response for cortisol solutions in a concentration range from 0.01 to 100 ng/mL, after
incubation of 20 min. (b) SPR signature wavelength shift as a function of the logarithm of
cortisol concentration (results for quadruplicates are presented).

3.3. Control test

An Au-SOF sensor was tested for glucose and cholesterol interferents in order to evaluate their
selectivity. Figure 7 shows the histogram comparison of the resonance wavelength shift as a
function of different cortisol, glucose, and cholesterol concentrations. It can be observed that the
maximum resonance wavelength shift was approximately 3.70 nm when using cortisol. In general,
the Au-SOF sensor responded to glucose and cholesterol concentrations, with the SPR wavelength
shifting to lower values at all interferent molecules concentrations except for 50 mg/dL of glucose,
for which the shift is similar to the resolution of the spectrometer and no conclusions can be
drawn. The negative response probably occurred due to the interaction of BSA with glucose and
cholesterol and its removal from the surface, leading to a decrease in the surrounding RI and,
consequently, to a shift in the resonance wavelength to lower values. The limit of detection was
1.46 ng/mL, calculated through a conservative approach, given mathematically by [40]:

LOD = meanblank + 3σblank, (7)

being blank the control analyte responses, mean is the average value, and σblank its standard
deviation. In addition, it is also intended to perform control tests with other interferents when
new tests are performed with real samples (sweat or saliva; and fish water).

Fig. 7. Histogram of the resonance wavelength shift as a function of different cortisol,
glucose, and cholesterol concentrations.
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3.4. Signal processing investigation

Different approaches have been applied for removing noise from biosensors, namely, polarimetry-
based methods for main instrumental noises in phase-sensitive SPR measurements [41], opti-
mization of the signal-to-noise ratio (SNR) using carbon nanotube transistors [42], application of
temporal averaging [43], envelope detection approaches [44], using alternating current measure-
ment with a lock-in amplifier [45], and application of a two-stage adaptive algorithm [46]. In
this section, we present some results of investigations of the application of a filtering process
and a Gaussian fitting as potential alternatives to process the signals generated by our biosensor.
Initially, a moving average filter with several and different span values was applied to reduce
signal noise. This filter smooths data by replacing each data point with the average of the
neighboring data points defined within the span. This process is equivalent to lowpass filtering
with the response of the smoothing given by the equation [47]:

ys (i) =
y (i + N) + y (i + N − 1) + · · · + y (i − N)

2N + 1
, (8)

where ys (i) is the smoothed value for the ith data point, N is the number of neighboring data
points on either side of ys (i), and 2N + 1 is the span. This filter was adopted in our investigation
as it allows reducing random noise while retaining a sharp step response [47]. Figure 8 shows the
raw spectrum and the same transmission spectrum after smoothing with different span values.
The modification of the spectra is evident when using different smooths. For lower values, the
spectrum does not reveal a well-defined minimum, being this phenomenon visible for higher
smooth values such as 0.07 and 0.1. When higher span values are applied, like 0.2, there is an
expressive modification of the spectrum, which makes it impossible to be analyzed since there is
a very significant difference compared to the raw spectrum.

Fig. 8. Raw spectrum and smoothed transmission spectra for different span values.

Moreover, for different smooth values, a change in terms of sensitivity and coefficient of
determination is visible. Comparing the results for the smooth values of 0.03, 0.07, and 0.1, it
is observed, in Fig. 9(a), that the sensitivity for 0.03 is 0.49 ± 0.04 nm/log(ng/mL), which is
lower than the others. The sensitivity for 0.07 (Fig. 9(b)) and 0.1 (Fig. 9(c)) are, respectively,
0.81 ± 0.04 nm/log(ng/ml) and 0.65 ± 0.02 nm/log(ng/ml), with a greater sensitivity at 0.07.
However, for 0.1 the R2 is higher comparing with the R2 of 0.07, leading to the conclusion that
the results show a better logarithmic fit when using a smooth with a span of 0.1. In addition,
the LOD turned out to be 2.19 ng/mL by smoothing data with 0.07, which is higher than the
LOD attained when using a smooth value of 0.1 (1.46 ng/mL). This is a disadvantage when using
0.07. In the case of smooth with a span of 0.2 (Fig. 9(d)), both the sensitivity and R2 are clearly
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degraded, with values of 0.47 ± 0.08 nm/log(ng/mL) and 0.9271, respectively. Among all, the
most suitable approach to remove noise is to perform a smoothing with a span of 0.1.

Fig. 9. SPR signature wavelength shift as a function of the logarithm of cortisol concentration
corresponding to smooth span values of (a) 0.03, (b) 0.07, (c) 0.1, and (d) 0.2. (Note: Results
for quadruplicates are presented).

Another method that was performed to obtain the best possible data treatment was applying a
Gaussian fit described by [48]:

y =
n∑︂

i=1
aie−(x−bi)

2/2c2
i , (9)

where a is the amplitude, b is the centroid (location), c is related to the peak (in our case a dip)
width, and n is the number of Gaussian functions employed to represent a specific transmission
spectrum. To represent a transmission spectrum as a Gaussian function, a system with 3n nonlinear
equations by the nonlinear least-squares method has to be solved. To solve these equations,
the Trust-region algorithm was adopted [49]. It can solve nonlinear problems more efficiently
than other algorithms, and it represents an improvement over the popular Levenberg-Marquart
algorithm [50] because it delivers a significantly faster performance in batch while obtaining
solutions of comparable quality. Also, Gaussian peaks are encountered in many areas of science
and engineering. For example, Gaussian peaks can describe line emission spectra and chemical
concentration assays [51–53]. Particularly, the SPR signature has a well-defined dip in a Gaussian
format, and for this reason, this type of adjustment in the presented analysis was adopted.

Figure 10(a) depicts the raw spectrum, the spectrum filtered using 0.1 smooth, and some
Gaussian fittings performed for different wavelength ranges: entire range, 500 to 700 nm, 600 to
700 nm, and 610 to 690 nm. It can be seen that the range to which the filter is applied has a lot of
influence on the shape and position of the final spectrum (see Fig. 10(b)) and, consequently, on
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the determined resonance wavelength. Specifically, in this example, it can be seen that the spectra
obtained after the Gaussian fit for a more restricted range are shifted compared to the Gaussian
fit applied to the entire spectrum and, therefore, the SPR wavelengths are distinct. Depending on
the chosen wavelength ranges to process the data, the fitted spectra can present different shifts,
for both longer and shorter wavelength values. In this way, to achieve a more reliable processed
spectrum, the signals must be processed considering the entire range of values. When using
smaller ranges, the final results may not correspond to the true sensor response.

Fig. 10. Representation of raw spectrum, smoothed spectrum using span 0.1, and Gaussian
fittings performed for different wavelength ranges. (a) Spectra with full range. (b) Magnified
view of spectra around the dip.

After carrying out a Gaussian fitting considering the entire range of the signal values, Fig. 11
shows the graph of the resonance wavelength shift as a function of the logarithm of cortisol
concentration. Comparing with Fig. 9(c) corresponding to smooth 0.1, despite the sensitivity
being slightly higher, R2 has a considerably lower value which suggests a substandard logarithmic
fit when using a Gaussian fitting approach. Furthermore, a higher uncertainty is observable,
leading to the conclusion that the standard deviations associated with each cortisol concentration
are higher in general and, consequently, the reproducibility is poor. In addition, if a comparison
between Fig. 9(b) (smooth span of 0.07) and Fig. 11 is made, it is concluded that Gaussian fitting
produces a lower performance as well. Thus, all these conclusions show that the Gaussian fitting
may not be an adequate alternative to process the SPR signature of biosensors. Therefore, the

Fig. 11. SPR signature wavelength shift as a function of the logarithm of cortisol
concentration corresponding to a full spectrum processed with a Gaussian fitting. (Note:
Results for quadruplicates are presented).
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results suggest that the most adequate approach to remove noise in the transmission spectra
generated by the SPR signature is to perform a smoothing process.

4. Conclusion

The aim of this study consisted in the development of an SPR-based Au-SOF immunosensor
capable of detecting cortisol levels as stress biomarker. The immunosensor was built having a
D-shape structure and coated with a gold film to enable the triggering of the SPR phenomenon.
Initially, an optical characterization of this sensor device for different RI values was simulated
and performed experimentally, in which it was possible to obtain sensitivities with in the same
order of magnitude. In the biofunctionalization procedure, it was employed cysteamine as the
intermediary linker to allow a stronger immobilization of the anti-cortisol antibodies, and the final
sensor device was passivated with BSA. With this sensing mechanism, it was possible to achieve
a sensitivity of 0.65 ± 0.02 nm/log(ng/mL) and a limit of detection of 1.46 ng/mL. Moreover,
reasonable reproducibility for cortisol concentrations above 1 ng/mL was attained however,
more tests are in progress to check the reproducibility performance for particular concentrations
range above 1 ng/mL. The limit of detection and these concentrations are compatible with the
concentration range of biomedical and biological samples, such as human blood (50-250 ng/mL
after walking, and 30-130 ng/mL before bedtime), sweat (from 8 ng/mL to 142 ng/mL), and water
from aquaculture tanks (3 ng/mL for high fish density) envisaging the fish stress monitoring.
When performing the signal processing step, it is necessary to be especially prudent in selecting
the used approach, since the results can be significantly modified according to the method and
the ranges that are chosen. Among the signal processing methods discussed, smoothing data
with a span value of 0.1 turned out to be the most adequate approach to remove noise in the
transmission spectra.
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