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This paper presents the development and feasibility tests of a cortisol immunosensor. The sensor is based
on surface plasmon resonance (SPR) using an unclad plastic optical fiber (POF) in which the SPRis used as
sensitivity enhancer, promoted by a gold/palladium (AuPd) alloy coating. The AuPd coated fibers were
functionalized with an anti-cortisol antibody and passivated with bovine serum albumin (BSA) to be
tested in the presence of cortisol as target analyte. The antibody-antigen binding reaction caused a

I;fy"t","rds" el fib variation of the refractive index on the surface of the AuPd coating, which leads to a shift of the SPR
Ur?zlel\fi (;fg;ca er signature wavelength. The sensor was tested for different cortisol concentrations, ranging from 0.005 to
Biosensor 10 ng/mL. The reported biosensor presented a total wavelength shift of 15 nm for the testing range,

SPR putting in evidence a high sensitivity. Control tests for selectivity assessment were also performed.
Concentrations as high as 10 ng/mL of cortisol, in a sensor functionalized with anti-hCG antibodies, only
resulted in 1 nm variation of the resonance wavelength, 15 times lower than the one functionalized with
the anti-cortisol antibodies, which indicates a high selectivity for the proposed approach. For this sensing
approach the limit of detection (LOD) was determined to be 1 pg/mL. The proposed SPR based POF sensor
has a low-cost interrogation method, high sensitivity and low LOD, straightforward signal processing and
find important applications in different biological fields.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

All biological systems had to adapt to physical and psychologi-
cal stress, developing effective responses to maintain physiologic
integrity even in the most demanding of circumstances. In
response to an imminent danger, physical injury, perceived threat
or stressful events, the body triggers a multi-dynamic set of
processes to restore homeostasis [1]. The stress response is
regulated by the hypothalamic-pituitary-adrenal (HPA) axis,
aiming at maintain the homeostatic processes, whose end product,
cortisol, is secreted in a pulsatile pattern respecting with the
circadian cycle and situations perceived as stressful [2]. In this
process, cortisol triggers a set of responses at the cardiovascular,
immunologic, and metabolic levels [3].

The rise of cortisol levels, as response to stress, is normal and
promote beneficial physiological responses, enabling the body to
restore homeostasis [3]. However, chronic elevation and non-
physiological patterns of cortisol are a maladaptation, which can
lead to a broad range of problems, including metabolic syndromes,
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mental health disorders, cardiovascular diseases and decrease of
the immune function [2]. In a systematic review and meta-
analysis, Adam el al. showed that a continuous high level of diurnal
cortisol slopes is associated with health problems, with strong
effects on inflammation and immune system, and that can be
translated in subsequent effects on multiple aspects of behavior
and health [4].

Currently, cortisol levels quantification still depends on
conventional laboratory testing of blood or urine with the
associated disadvantages, such as long time to conclusive result,
patient’s discomfort, difficult to perform distinct measures
through the day, among others [5]. Thus, efforts have been
gathered for the development of rapid and user-friendly point-of-
care (POC) monitoring tools, for instance to perform saliva and
sweat analysis, where the concentration ranges are 1-8 ng/mL and
8 ng/mL to 140 ng/mL, respectively [6,7]. These solutions also
present the advantages of eliminating additional source of stress
related to laboratory visits and blood/urine collection.

Besides biomedical applications, there is also a very special
need for this type of biosensors in aquatic biology applications
such as in farmed fish, an efficient source of protein to overcome
the expectation that the world population will increase by 2 billion
persons in the next 30 years, from 7.7 billion currently to 9.7 billion

2215-017X/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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in 2050 [8]. In this way, aquaculture is an industry that is set to
continue growing and needs to do so in a sustainable manner as
reported by United Nations [9]. In the aquaculture field, this
hormone has proven to be also a reliable indicator of stress in fish
[10] causing large mortality and consequently industry profit
losses. Assessing the stress levels of fish in aquaculture, directly in
the water, is of outmost importance in order to understand its
interaction with growth, reproduction, immune system and the
fitness of the fish in the environment as well as their welfare [11].
The cortisol concentration range in water fish tanks is roughly
between 0.007 and 5 ng/mL, depending the stocking density [10].
However, there are no commercial solutions in the market and this
industry rarely measures this critical parameter due to the lack of
probes available for installation in water tanks. In addition, way to
measure cortisol in fish is through blood sampling and analysis of
fish plasma (in conventional laboratory testing), an invasive and
time-consuming method (results only available long after the
sampling) where the results may be doubtful from the stress
caused by the sampling method.

Different strategies have been employed in cortisol biosensing,
especially electrochemical [12-14] and optical [15-17], with
limits of detection (LOD) ranging from 1 pg/mL to 0.2 pg/mL.
Despite all these approaches being promising, efforts must
continue to achieve low-cost and easy to use sensors in different
environments, including aquatic industry, that effectively allow
accurate, rapid and repeatable cortisol assessment in everyday
life [7,11].

Surface plasmon resonance (SPR) is an optical sensing
technique increasingly exploited in biosensing due to its high
sensitivity to surrounding refractive index (SRI). SPR relies on a
metal-dielectric interface supporting p-polarized electromag-
netic waves, namely surface plasmon waves (SPW), which
propagates along the interface [18]. When p-polarized light hits
this interface in such a way that the propagation constant and
energy of the resultant evanescent wave is equal to the one of
the SPW, a strong absorption of light occurs. The sensor
spectrum consequently shows a sharp dip at a particular
wavelength known as resonance wavelength. The resonance
effect depends on the wavelength and SRI of the metal layer [19].
Even though firstly developed for planar approaches, SPR
biosensing has been applied to different waveguides surface,
especially optical fibers. Due to their small size, biocompatibili-
ty, good sensitivity and fast response, they are promising
solutions for biosensing assays [20].

Plastic optical fibers (POFs) are particularly attractive, especially
due to their flexibility, easiness of handling, high numerical
aperture, and associated low-cost instrumentation [19]. POF
biosensors, particularly applying SPR for sensitivity enhancement,
had been investigated in different configurations, such as tapered
[21], uncladded [22], U-bend [23], and D shaped [24].

This work aims to develop and test the feasibility of an unclad
POF cortisol immunosensor, using the SPR effect, promoted by
gold/palladium (AuPd) alloy. Due to the strong physico-chemical
interaction of gold and sulphur [25], the AuPd coating was firstly
functionalized with a thiol derivative - cysteamine. Then, the anti-
cortisol antibody was covalently attached to this linker using N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlorine and
N-hydroxysuccinimide (EDC/NHS).

The preliminary cortisol detection study included the monitor-
ing of the functionalization steps and the final sensor testing to
different cortisol concentrations, ranging from 0.005 to 10 ng/mL,
achieving a LOD of 1 pg/mL. Control tests for selectivity assessment
were also performed in a sensor functionalized with antibodies for
human chorionic gonadotropin (anti-hCG antibodies), only
resulted in 1 nm variation of the resonance wavelength.
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2. Materials and methods
2.1. Chemicals and AuPd coated POF production

Cortisol (hydrocortisone solution 50 M), D-(+)-glucose
(>99.5) and cysteamine hydrochloride (>98 %) were purchased
from Sigma-Aldrich. Deionized water was purchased from a Milli-Q
water purification system. EDC and NHS (98 %) were acquired from
Merck whereas anti-cortisol polyclonal antibody was acquired
from antibodies-online GmbH. Bovine serum albumin (BSA) was
obtained from Alfa Aesar and phosphate buffer saline (PBS) tablets
(pH = 7.4, 10 mM) were purchased from Fisher Bioreagent. All
reagents were used as received.

For the optical sensor platform production was used a POF
(ESKA Mitsubishi, Japan) with a diameter of 1 mm, divided into a
core of polymethyl methacrylate (PMMA) with 980 pm diameter
and a cladding of fluorinated polymer with 10 wm thickness. First,
the cladding was removed using an abrasive process in which the
region for the cladding removal was rotated against different
sandpapers, starting with 30 pm grit size for the material removal
with sequential polishing steps using the 5 wm and 1 wm grit size
sandpapers. The fiber samples were cleaned with deionized water
between the steps. The uncladded POF samples were coated with a
nanolayer (~40 nm) of AuPd using the sputtering technique. For
the coating process, first the fiber is cleaned with isopropanol and
then placed in the sputtering chamber (SEM coating Unit E5000
mounted with a sputter target composed of 20 % Pd and 80 % Au).
After the first deposition, the fiber was rotated 180° for a second
deposition to ensure total 360° covering. The AuPd thickness was
estimated through the control of the deposition time. In addition,
tests were made before regarding to the thickness of the nanolayer
for this target via a scanning electron microscope, where the film
thickness for different deposition times was assessed. Subsequent-
ly, the AuPd-coated POFs were annealed during 2 h at ~50 °C to
strengthen the AuPd adhesion on the POFs surface.

2.2. AuPd coated POF funcionalization and cortisol monitoring

Firstly, each AuPd coated POF was cleaned by immersing the
fiber in a deionized water bath during few minutes, follow by
immersing in an aqueous solution of cysteamine (20 mM, 400 L)
overnight, for the preparation of the amine-terminated fiber. Then,
the fiber was washed three times with deionized water in order to
remove the unbounded cysteamine. The fiber was placed in PBS
solution, and then, functionalized with the anti-cortisol antibody
(ac-AB) by immersing it in a fresh mixture of 200 L of ac-AB (500
pg/mL), 100 wL of EDC (0.2 M) and 100 wL NHS (0.5 M), prepared in
PBS, and let to react during 2 h. Thereafter, the fiber was washed
three times with PBS, and the surface was passivated using a
solution of BSA (100 pg/mL, 500 L) during 4 h. After this process,
the biofunctionalized fiber was again washed 3 times with PBS. The
functionalization steps, schematically represented in Fig. 1, were
performed and monitored using the setup presented in Fig. 2,
recording the optical spectra in the wavelength range of 500—700
nm.

The concentration range of biological interest between 0.005
and 10 ng/mL was used to collect and analyze the biosensor
response, specifically 0.005, 0.01,0.1,0.5,1, 2.5, 5, 7.5 and 10 ng/mL.
The functionalized sensor described above was kept in the
container in contact with each cortisol solution during 30 min
to guarantee the formation of the antibody-antigen complex. Next,
by aid of a microsyringe the cortisol solution was removed,
following the washing (3 times) with PBS solution before the
transmission optical spectrum be acquired with the sensor sample
immersed in PBS solution. This procedure was repeated using the
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Fig. 1. Optical fiber functionalization steps.

Light
ight source Optical sensor apparatus

Functionalized

—2mm ="

PTFE solution container

AuPd POF
\ Solution (~500 uL)
T ]

/

Spectrometer

Aflame Computer

Fig. 2. Schematic representation of the experimental setup.

same sample fiber for each cortisol solution in an increasing
concentration order.

2.3. Instrumentation

The experimental setup for the sensor characterization is
schematically represented in Fig. 2. The biosensor was placed in a
small polytetrafluoroethylene (PTFE) container with the dimen-
sions of 32 x 5 x 3 mm?>. The optical sensor system was completed
with a small size, simple and low-cost equipment, composed by a
halogen lamp and a spectrometer connected to a laptop. The white
light source (halogen lamp, DH-2000-S-DUV-TTL, manufactured
by Ocean Optics, USA) has an emission range from 183 nm to 890
nm, whereas the spectrometer (FLAME-T-UV-vis, manufactured by
Ocean Optics, USA) has a detection range from 180 nm to 890 nm.
The AuPd POF sensor was connected to the equipment, light source
and spectrometer by two removable SMA connectors with
additional 3D printed customized adapters to position the POF
on the SMA connectors of light source and spectrometer. The SPR
signatures along with data values were displayed on-line on the
laptop screen and saved with the help of a software provided by
Ocean Optics, setting the integration time at 500 s and the
averaging of scans at 100. The optical transmission spectra were
normalized to the reference spectrum (air as the surrounding
medium). All experiments were conducted in temperature-
controlled room at 21 °C.

3. Results and discussion
3.1. Sensor’s biofunctionalization monitoring

AuPd POF sensors were immersed in deionized water for
cleaning before the sensor’s biofunctionalization procedure. As

regards the first step, the fiber was immersed in the cysteamine
solution overnight. During this period, a cysteamine monolayer is
formed and self-organized on the fiber surface leading to a
refractive index (RI) variation of the surrounding medium, and,
consequently, to light scattering differences. This phenomenon is
detectable by a red shift of the SPR signature. Fig. 3 shows the
spectra of the AuPd POF in PBS as well as the spectrum for each
functionalization step. All the optical spectra were acquired after
washing the fiber with PBS, in order to mitigate the possibility of
unlinked molecules interference in the surrounding RI.

Fig. 3 puts in evidence a large red shift of the SPR signature after
each functionalization step. The biofunctionalization steps caused
a total change in the SPR signature wavelength of 15 nm. In
particular, the immobilization of the anti-cortisol antibody (ac-AB)
on the sensor surface is confirmed by the SPR results: the
transmission spectra, reported in Fig. 3a), show an increase of the
resonance wavelength, before and after the biofunctionalization
procedure, even though in the presence of the same bulk refractive
index. This wavelength shift is due to an increase of the
surrounding RI of the AuPd surface and indicates the ac-AB
immobilization on the AuPd surface. Fig. 3b) shows the resonance
shift value, after this biofunctionalization step, of about 13 nm and
a shift of 15 nm after the final step (surface passivation with BSA).

3.2. Cortisol sensing - detection range

The SPR wavelength shift of the AuPd POF was monitored for
the different cortisol concentrations and the respective spectra is
displayed in Fig. 4a. A naked eye red shift can be seen, which
indicates the high sensitivity of the sensor for this concentrations
range. The wavelength shift was calculated as the SPR wavelength
at a given cortisol concentration minus the SPR wavelength at zero
ng/mL, being this wavelength considered the minimum of the
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cortisol solution during incubation and the antigen-antibody complex formation (points represent the recorded data and lines are for a better guidance in the kinetic

response).

sinusoidal curve reported in Fig. 4a). The presented spectra were
smoothed by an FFT lowpass filter (cutoff at 0.19 Hz) and the peak
minimum was manually identified as the value with the
immediate left and right points with a higher transmitted optical
power. Fig. 4b shows that this sensor configuration exhibits an
exponential response (R? = 0.977) to the cortisol concentration
range from 0.005 to 10 ng/mL. The resonance wavelength shift for

this concentration range was of around 14.9 nm. Sensitivity,
defined as the shift of the resonance wavelength per unit change in
the logarithm concentration of cortisol, is calculated to be 3.56 +
0.20 nm/log(ng/mL). The experiments were performed on 3
different sensors and the standard deviation in resonance
wavelength was obtained for each concentration. Fig. 4c) also
shows the spectra recorded every 5 min during the formation of
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the antibody-antigen complex, where it can be seen that the
resonance wavelength position was substantially stable after at
least 20 min. It can be considered that, at the end of this time, the
equilibrium of the cortisol — ac-AB reaction was reached.

3.3. Control test and LOD

In order to ascertain if the analyte tested (cortisol) do not
interact with the sensor surface by non-specific interactions, a
control test was performed. The fiber was functionalized with anti-
hCG (antibody for human chorionic gonadotropin), which does not
have affinity for the target bioanalyte, cortisol. In this way, an AuPd
POF sensor was biofunctionalized with anti-hCG AB instead of ac-
AB (following the same procedure as described in section 2.3).
Then, the sensor was tested in different cortisol concentrations (0,
0.01,0.1,1,10 ng/mL) during 30 min, and the spectra were collected
for each concentration. Fig. 5 shows the comparison of resonance
wavelength shift as a function of cortisol concentration using the
fiber functionalized with anti-cortisol and anti-hCG antibodies. It
can be observed that, in this case, the sensor does not respond to
the different cortisol solutions, proving that its response is not due
to non-specific interactions. The observed variation in resonance
wavelength is around 15 nm when the anti-cortisol AB is used, (see
the left results of the histogram in the Fig. 5 for ac-AB) and only
around 1 nm for anti-hCG, for the concentrations tested. These
results demonstrate that the anti-cortisol antibody has high
specificity to cortisol and when the antibody-antigen complex is
formed occurs a slightly change in the surrounding refractive index
which is translated in a shift of resonance wavelength. Unlike, in
the control test a different antibody was used with no specificity
for the target analyte. Thus, no antibody-antigen was formed and
no significant shift in resonance wavelength has been observed.
The reason behind the very small shift observed could be assigned
to some non-specific interactions promoted by some physical-
adsorption of the cortisol onto the fiber surface.

Applying a conservative approach, the LOD of the sensor was
calculated as the 3o(blank), being the blank considered the
standard deviation of the first control cortisol concentration (0.01
ng/mL), which resulted in a LOD of 1 pg/mL. The achieved LOD
matches the lowest value found in the literature of cortisol
detection [14].

Considering the features of the AuPd POF biosensor, namely
low-cost approach, easiness of interrogation, low LOD, high

T T T T T T T T
0.01 ng/mL 0.1 ng/mL 1 ng/mL 10 ng/mL |0.01 ng/mL 0.1 ng/mL 1 ng/mL 10 ng/mL

AB cortisol AB hCG
Cortisol concentration
Fig. 5. Histogram comparison of the shift in resonance wavelength between when

is used ac-AB (left) and anti-hCG AB (right), for cortisol concentrations from 0.01 ng/
mL to 10 ng/mL.
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sensitivity and response range, it is envisioned that the sensor
will be well suitable for monitoring cortisol levels in saliva [6] and
fish stress levels in aquaculture by determining the cortisol
concentration at the water fish tanks [26].

4. Conclusions

A new approach for cortisol monitoring using SPR and POF
technology based biosensing was investigated aiming to achieve a
highly sensitive, low sample volume and low cost immunosensor.
The biofunctionalization with the anti-cortisol antibodies was
made via cysteamine and the final sensor was passivated with BSA.
This design along with a simple and low-cost interrogation
method, resulted in a highly sensitive and low LOD biosensor (1 pg/
mL). The achieved detection range matches the concentration
range of different biomedical and environmental samples, such as
human saliva or sweat and water from aquaculture tanks to
monitor stress of fish. The fiber optics technology would be of great
interest, especially in the latter, since a simple and low-cost
interrogation system (as presented in this work) could be in the
controlling office, with only the optical fiber probes in the water
fish tanks to be monitored. Moreover, there is the possibility of
sensors be reusable by applying a regeneration procedure, thus
allowing to be used more than once and lowering the manufacture
costs [27].
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