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During a stress condition, the human body synthesizes catecholamine neurotransmitters and specific hor-
mones (called “stress hormones”), the most important of which is cortisol. The monitoring of cortisol
levels is extremely important for controlling the stress levels. For this reason, it has important medical
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applications. Common analytical methods (HPLC, GC-MS) cannot be used in real life due to the bulkiness
of the instruments and the necessity of specialized operators. Molecular probes solve this problem. This
review aims to provide a description of recent developments in this field, focusing on the analytical
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Introduction

Cortisol, a lipophilic human hormone produced by the
adrenal cortex, plays a crucial role in many biological pro-
cesses, including blood pressure regulation and sugar metab-
olism." In addition, this hormone is recognized as a marker of
the stress levels of humans due to the increase of its concen-
tration in relation with the stress conditions. In these con-
ditions, it is released by the hypothalamic-pituitary-adrenal
axis (HPA) in response to stress events.” Cortisol levels are not
constant under normal conditions and are dependent on the
person and the hours of the day.® The physiological concen-
tration of cortisol is regulated by the normal homeostasis;
however, under stress conditions, its levels increase together
with gluconeogenesis, lipolysis, and proteolysis, thus leading
to the decrease of immunity.* Cortisol can be found in many
biological fluids, such as saliva,” sweat, serum, plasma, urine,
hair, and cerebrospinal fluid, as well as in hairs.® Table 1 sum-
marizes the concentration ranges of cortisol in different
human matrixes.

Human blood contains a higher concentration of this
hormone. However, obtaining a blood sample requires special-
ized medical staff for removal from the vein. Urine samples
require 24 hours of collection. Thus, it is not practical during a
common day. The sensing of cortisol sweat requires the use of
epidermal adhesive devices that use natural pressures associ-
ated with perspiration. The main limitation is the amount of
sweat produced under normal conditions (without physical
effort). Saliva is thus a cheaper source of cortisol compared to
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aspects and the possibility to obtain real practical devices from these molecular probes.

these other bodily fluids due to its collection by simple practi-
cal kits (also known as “salivette”).

Different diseases are related to abnormal cortisol concen-
trations; chronic stress conditions lead to high cortisol concen-
trations (up to nine times higher than normal values)."?
Examples of chronic stress conditions include depression,™*
anxiety,"®> osteoporosis,'® schizophrenia,’” cancer, diabetes,
Cushing’s, cardiovascular and autoimmune diseases.’®>* A
worldwide increase of chronic stress over the last years was
recently reported, probably due to the COVID-19 pandemic,
leading to anxiety conditions.>

Cortisol analysis can be performed in the laboratory by
analytical techniques, mainly based on mass spectrometry.”®2®
Although these methods are highly selective and sensitive,
they require specialized staff, expensive instruments and com-
plicated protocols. The use of other easier methodologies,
which are able to perform a facile cortisol analysis is strongly
required, mainly for a continuous and self-use cortisol moni-
toring. In this context, optical sensors that are able to give a
change of colour or emission in the presence of cortisol can be

Table 1 Physiological cortisol concentration ranges
Matrix Concentration Ref.
Blood 25 pg mL™" (morning) 7
0.1-3 ng mL™" (evening) 8
2 ug mL™" (night) 8
Serum 45-227 ng mL™" (morning) 9
17-141 ng mL™" (evening)
Saliva 0.1-12 ng mL~" (morning) 9 and 10
0.5-2 ng mL™" (evening)
2.2-4.1 ng mL™" (night)
Sweat 8-142 ng mL™" 10
Hair 18-153 pg mg ™" 11
Plasma 40-250 pg mg™" 12
Urine 21-150 pg pe die 10
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a practical alternative to the instrumental analysis, due to the
fast response, easy analytical protocols and small size.

In general, a sensor able to detect an analyte by giving a
change of color or emission is constituted by two main parts:
(i) a recognition site that is able to recognize (more or less
selectively) the target analyte, and (ii) a transductor moiety that
is able to give an optical signal of the presence of the analyte.
The recognition site can be “biological”, such as aptamers>®°
and antibodies,*" which show high affinity and selectivity for
the selected analyte, or organic scaffolds that are able to interact
with the analyte with covalent or non-covalent interactions.**

Molecular sensors

Detection of a target analyte by a molecular sensor is based
mainly on two different approaches: covalent and supramole-
cular sensing, in which a functional group of the sensor mole-
cule reacts with the analyte, leading to the formation of new
covalent bond (Fig. 1a).** This approach leads to a new mole-
cule having different optical properties from the starting
sensor. For this reason, it is detectable by the change of color
or emission. This detection method is very sensitive. However,
in many cases, it suffers from low selectivity (due to the pres-
ence of other analytes having similar reactivity to the selected
one) and a slow response, depending on the kinetics of the
chemical reaction involved.

Otherwise, supramolecular sensing is based on the for-
mation of one or more non-covalent interactions (i.e., hydro-
gen bonds, m-m, cation-w, ion-dipole, dipole-dipole inter-
actions) between the sensor and analyte (Fig. 1b).** This
approach requires a specific design of the organic sensor. In
particular, the recognition site must be carefully designed and
synthetized. It should have a fast response due to the for-
mation of instantaneous intermolecular interactions, and high
selectivity due to the possibility of establishing multiple non-
covalent interactions with the target analyte.*>*°

Aptamer sensors

Aptamer sensors, which are also called aptasensors, consist of
short single strand DNA or RNA having high affinity and
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Fig. 1 Schematic representation of the mechanism of action for (a)
covalent and (b) supramolecular sensing.
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selectivity for the target analytes. For these reasons, aptamers
are used in many analytical fields, such as diagnosis, drug and
blood analysis.”*™*> The high affinity for the target analyte
leads to high stability of the complex aptamer-analyte, low
detection limits,"®"” and in some cases, the possibility of
reusing the sensor.*®* The development of the microfluidic
devices allows for the integration of aptamers into a microflui-
dic chip, thus obtaining innovative sensor devices (lab-on-
chip).*® These devices conveniently have small dimensions
(e.g., few centimeters or less) and contain an injection sample,
enabling the mixing of reactants, as well as transport and
detection systems. Thus, these devices may be optimal for real
practical applications.>® Aptamers are also used in strip tests,
called Lateral Flow Assays, in which the liquid sample is trans-
ported by capillary.>

Antibody sensors

Together with aptasensors, antibodies (immunosensors) can
be classified as biosensors due to their non-synthetic nature.
The interaction between an antibody and its target analyte
(antigen) is extremely strong and selective.>*>* For this reason,
antibody-based sensors have been applied in many research
fields, such as the screening of many diseases and cancer, or
the detection of food contamination.>*>> Immunosensors can
be classified into two main groups: a label-free system and
labeled antibodies. Sensing by the former is based on the
detection of the interaction between the antigen and antibody,
monitoring a change of a chemical-physical parameter.
Meanwhile, sensing by the labeled antibody monitors the
amount of label species.

Many recently published reviews have focused on cortisol
sensing by immunodetection,”® portable and wearable
devices,”” ! electrochemical immunoassays,®>®® point-of-care
systems,®"®> and nanomaterials.®®

This review summarizes the recent advances on the sensing
of cortisol by optical sensors based on molecular, aptamers
and antibody receptors, highlighting the analytical para-
meters, such as limits of detection, linearity, selectivity, and
focusing on the possibility of using these sensors in real life to
control cortisol levels, thus monitoring the stress conditions.

Cortisol detection by chemical sensors

Tao and co-workers have reported on the detection of stress
hormones in mammalian cells with bioluminescent systems.®”
The method is cost-effective, non-immunological, non-isotopic
and colorimetric. In particular, to sensitively detect low corti-
sol levels, single chain-based bioluminescent indicators were
synthesized by including the recognition part of cortisol and
the colorimetric transducer into one single molecule. The
probe consists of a LXXLL coactivator motif ligand, which was
linked with a GS linker to the ligand binding domain of the
glucocorticoid receptor. The obtained fusion protein was then

This journal is © The Royal Society of Chemistry 2024
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interposed between two fragments (N-termini and C-termini)
of Gaussia luciferase (GLuc). The calibration curve showed a
biphasic response of the probe to agonists, which is typical of
the presence of a corepressor motif. This kind of curves evi-
dences the existence of two equilibria involving GR LBD: one
in the binding with the corepressor motif and the other in the
interaction with the coactivator motif, suggesting a different
behavior according to the different concentrations of agonist.
The method plans to illuminate the cortisol activity with a bio-
luminescence strip. The determination of cortisol was also per-
formed in urine samples, and further crosschecked with the
classical ELISA. The main goals of this system are as follows:
(i) high selectivity of the probe to cortisol, (ii) no interference
by other agonists or steroids, (iii) a small quantity of the probe
is required, (iv) the possibility to determinate the ligand
activity on-site, (v) response to cortisol in 20 min (faster than
ELISA, which needs 4 hours), (vi) mammalian cells containing
bioluminescent probes can be used for the determination of
cortisol in real samples.

In their report, Khalil and co-workers described the devel-
opment of a low cost, simple and accurate method for the
qualitative and quantitative determination of cortisol in phar-
maceuticals, urine and serum samples.®® This method uses a
new synthesized photo probe (5-(p-ethoxy) benzoyl methyl-2-
diazo-a-naphthol thiazol), which presents an emission band at
424 nm (A 320 nm): it reveals the presence of different con-
centrations of cortisol in acetonitrile at pH 5.7 through the
enhancement of the fluorescence intensity of the band. The
probe was synthesized using f-(p-ethoxy)benzoylacrylic acid
and thiourea; after a diazotization, a moiety of naphthol was
added. The selectivity found for cortisol at the described con-
ditions appears to be excellent. The authors critically investi-
gated the impact of different parameters that could determine
the enhancement of the fluorescence, such as solvent, pH, cor-
tisol concentrations and foreign ion concentration. Moreover,
the influence on the enhancement process due to other
steroids and analogues of cortisol was minimized compared to
other methods. This probe shows a limit of detection of 4.7 x
107° mol L™ and a linear dynamic range of cortisol concen-
trations from 8.0 x 10™° mol L™ to 5.5 x 10~ mol L™,

Takeuchi and co-workers proposed molecularly imprinted
polymer particles (MIP-NPs), prepared with cortisol-21-mono-
methacrylate (as template molecule), itaconic acid (as a func-
tional monomer), styrene (as a comonomer) and divinyl-
benzene (as a crosslinker), put together through radical
polymerization (Fig. 2).® The MIP-NPs were used as probes in
a nano-platform for the detection of cortisol based on fluo-
rescence polarization, in competition with dansyl-labeled corti-
sol. The affinity for cortisol was proven to be improved by the
presence of the template molecule containing cortisol,
because NPs synthesized with only methacrylic acid exhibited
a minor binding activity. Also, itaconic acid appeared to affect
the formation of the initial complex between MIP-NPs and
dansyl-cortisol, suggesting a cooperative work with the tem-
plate molecule. The process of sensing is based on the com-
petitive displacement of the dansyl-cortisol due to the concen-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic representation of the molecularly imprinted polymer
particles (MIP-NPs). Adapted from ref. 68 with permission from The
Royal Society of Chemistry, copyright 2016.

tration-dependent addition of cortisol. The binding process is
followed by fluorescence polarization, and is transduced into a
different fluorescence anisotropy of dansyl-cortisol, which
switches to the free state once the complex with MIP-NPs
breaks (Fig. 2). The detection limit achieved with the fluo-
rescence polarization-based assay is about 80 nM; it also
showed selectivity, which was proved by the binding differ-
ences found between cortisol and progesterone. Moreover, the
proposed assays are cheaper and more versatile than other
devices and sensor chips based on surface plasmon resonance
(SPR) or quartz crystal microbalance (QCM).

Nau and co-workers reported on the use of cucurbit[n]urils
(CBn) as receptors for steroidal compounds.”’ The binding
affinities between steroids and these hosts were estimated by
isothermal titration calorimetry (ITC) and fluorescence displa-
cement titrations. The selectivity was also examined through
NMR, ITC, quantum chemical calculations and X-ray crystal
diffraction, and a remarkable binding selectivity was found.
Supramolecular complexes between CBn and steroids are
stable in aqueous media, like blood serum, buffers, artificial
gastric acid and water itself. The study was conducted with 21
representative steroids, like estranes, andostranes, and preg-
nanes (which have major binding affinities with CBS8), and
steroidal drugs, which have high binding affinities with both
CB7 and CBS (Fig. 3).

The calculated binding constant value for the complex cor-
tisol-CB8 is 4 x 10® M~". This study suggests that cucurbit[]
urils are promising candidates as chemosensors for steroidal
compounds at micromolar concentrations for different appli-
cations: monitoring of enzymatic conversion with steroidal
substrates, and the enhancement of solubility in water for
steroids (relevant in drug delivery) through host-guest detec-
tion, which is helpful to improve the bioavailability of steroidal
compounds or to eliminate steroid impurities. Steckl and Ray
reported on the label-free detection of several key stress-related
biomarkers (dopamine, norepinephrine, epinephrine, cortisol)
in buffer solution and in different body fluids (sweat, plasma,
urine, and saliva) using the precise optical absorbance of the
biomarkers in the near-ultraviolet (UV) region (Fig. 4).”* While
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Fig. 4 Optical absorption approach for label-free biomarker detection:
(a) basic absorption function; (b) integration approach. Reproduced
from ref. 70 with permission from American Chemical Society, copyright
2019.

catecholamines display very similar absorption characteristics
such as a major peak at 4; = 204 nm and secondary peaks at 4,
=217 and A; = 278 nm, cortisol exhibits a single dominant
peak at ~247 nm that is detectable down to ~0.5 pug mL ™"
(healthy physiological range 0.1-0.3 pg mL™"), and allows corti-
sol to be easily monitored and quantified, even in the presence
of other catecholamines. Measurements of biomarkers in
different biofluids were performed. The cortisol LOD in sweat
by means of UV absorption is ~0.2 pg mL™" (0.5 uM), which
fits the healthy physiological range (0.1-0.4 pg mL™").
Additionally, the authors designed and fabricated an optical
sensor integrated onto a solid support that was based on UV
absorption to detect biomarkers. Although serotonin and
dopamine revealed a LOD of <1 ug mL™", the authors are confi-
dent that a LOD improvement can be achieved by integrating
optoelectronics components on this sensor.
Mohammad-Andashti and co-workers developed a simple
and eco-friendly method to produce highly luminescent MoS,
quantum dots (QDs) through microwave exfoliation of MoS,
powder (Fig. 5).”> They experimented with different solvents
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Fig. 5 (a) Schematic representation of the production of highly lumi-
nescent MoS, quantum dots (QDs) by microwave exfoliation of the
MoS, powder. (b) Fluorescence spectra of the MoS, QDS—Cu?* on corti-
sol addition in the range of 0-500 ng mL™? (left), and calibration curve
for cortisol (Aex = 310 nm and Aem, = 413 nm) (right). Adapted from ref. 72
with permission from Elsevier, copyright 2022.

and microwave setups, finding that the best luminescent MoS,
QDs were obtained when the powder was dispersed in 1 M
NaOH solution and exposed to 850 W microwave radiation in a
closed microwave system at 30 bars for 30 minutes. Various
microscopic and spectroscopic techniques were used to
characterize the as-prepared MoS, QDs, which exhibited
maximum emission at 413 nm when excited at 310 nm. The
quantum yield of the QDs was measured at 1.98%. The
researchers also investigated the behavior of the MoS, QDs in
the presence of different metal ions. They found that Cu®*
Pb>", Cd*', Ag", Fe**, and AI’** quenched the luminescence
intensity of the MoS, QDs. However, the luminescence of
MoS, QDs-Ag" and Cu®" mixtures could be recovered upon the
addition of cortisol, with Cu** showing a higher emission
recovery. The authors demonstrated the potential application
of these MoS, QDs in cortisol sensing in human saliva using
an “off-on” response. They successfully established a linear
calibration curve for cortisol in the range of 100 to 500 ng
mL™", with a low detection limit of 16 ng mL™". Overall, the
method proved effective for determining the cortisol levels in
saliva.

Among several optical methods for cortisol detection,
surface plasmon resonance (SPR) has gained great interest due
to the notably low limits-of-detection (LOD) that have been
achieved and reported in the literature.”*’* In particular, fiber
optic (FO)-based SPR sensors have attracted even more atten-
tion due to the small-size, portability, lightweight sensing
layout, remote sensing, high sensitivity and notable figure of
merit (FOM).””

In order to enhance the sensitivity and the overall sensing
performance, compared to the existing FOSPR sensors, several
strategies are under evaluation. Among others, innovative 2D
materials are emerging as a powerful component for a new

This journal is © The Royal Society of Chemistry 2024
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generation of FOSPR sensors, with special focus on MXenes,
2D materials composed of a transition metal (M) and carbon
or nitrogen, where “ene” is due to the similarity with gra-
phene. In this context, Sharma, Marques et al. reported on a
FOSPR sensor, bearing a chalcogenide core and either conven-
tional 2D materials (MoS,, WS>, graphene) or MXenes (Ti;C,,
Ti3C,0,, TizCyF,, TizC,(OH),), for salivary cortisol detection.”®
The performance of the sensors was simulated and analyzed at
A = 830 nm, using both angular and intensity interrogation
mode (AIM, IIM), with a cortisol concentration range of
0.36-4.50 ng mL~". Notably, the MXene-based sensors (in par-
ticular TizC,0,-based probe) can achieve a LOD as low as 15.7
fg mL ™",

Pandey and co-workers reported the detection of the sali-
vary cortisol level, using fiber optic plasmonic sensors based
on a grating structure of alternatively SiO, or SiC, in combi-
nation with a thin Ag layer.”” The detection mechanism is
based on the interaction between the cortisol present in the
analyzed solution with the SiO, or Sic grating/Ag layer system,
measuring the variation of power loss (PL) spectra with the
angle of incidence. Indeed, it has been demonstrated that the
SPR sensing technique, performed using PL mode, facilitates
an improvement of the overall sensing performance, expressed
in terms of LOD and FOM.”® In detail, a six-layer probe was
designed and developed as schematized below, comprising: (a)
a SegsTesSmy 5 fiber core, (b) a clad dielectric layer made of
perfluorinated homopolymer; (c) thin Ag layer; (d) SiO, layer,
(e) grating structure, SiO, or SiC and (f) analyte layer. In order
to obtain the maximum power loss response, low LOD and
high FOM, the thickness of the Ag thin layer, as well as the
grating SiO, and SiC layers were accurately optimized by
keeping the laser operating wavelength constant at 4 = 830 nm.
Remarkably, the sensor layouts based on the SiO, and SiC
grating layers provided LOD values of 9.9 pg mL™' and 9.8
pg mL™', respectively, by operating in angular interrogation
mode (AIM). These values decrease when represented in inten-
sity interrogation mode (IIM), namely by reporting the LOD of
22.6 fg mL™" and 64.17 fg mL ™", respectively, for the SiO, and
SiC grating sensors. The SiO, grated system displayed an
average sensitivity and FOM value of 0.091° (ng mL™")™" and
0.705 (ng mL ™)™, respectively, which are within a consistent
range in terms of sensor performance. Due to the excellent
results obtained, the ease of processability and the portability
of the above-described sensing configuration, it represents a
good candidate for the detection/monitoring of cortisol levels
in aquaculture water, as well as wearable devices for cortisol
monitoring in human sweat.

In 2021, Zhao et al. reported on a novel four-fold interpene-
trated lanthanide-based metal-organic framework MHT-1,
which showed a selective fluorescent response to cortisol with
concentration values ranging from 10™° M to 4 x 107> M in
artificial human sweat (Fig. 6).”° Ln-MOFs have received
growing attention because of their excellent optical properties
(large Stokes’ shifts and high color purity) that can improve
sensitivity, selectivity, and recyclability for luminescence
detection.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) The coordination environments of Eu®** and HzBTB. (b) The
topology structure of MHT-1 with a [2 + 2] mode. (c) The 3D four-fold
interpenetrated framework of MHT-1. Reproduced from ref. 78 with per-
mission from Royal Society of Chemistry, copyright 2019.

The stability of MHT-1 was investigated using different
methods, such as powder X-ray diffraction (PXRD), thermo-
gravimetric analysis (TGA) and the solvent and pH stability.
These results reveal the high thermal/solvent stability of
MHT-1, which is stable until 460 °C or after immersion
in different organic solvents (CH3;OH, CH3;CN, DMA, and
dioxane). Moreover, the water and pH stability of MHT-1 was
assessed after soaking MHT-1 in different aqueous solutions
(pH values from 1 to 12) in order to mimic the sensing con-
ditions in human sweat. The sensing of MHT-1 towards corti-
sol in water was explored by adding various cortisol solutions
with concentrations ranging from 10™° M to 4 x 10~° M. The
emission intensity of MHT-1 decreased progressively with the
increasing concentration of cortisol (11.90% of the original
intensity when the cortisol concentration reached 4 x 107> M),
and the corresponding LOD for MHT-1 is 10~° M, which is
comparable to those of previously reported studies. The
luminescence intensity of MHT-1 was tested for 20 cycles for
cortisol detection without loss of sensitivity. In addition, since
MHT-1 showed a good linear relationship between the lumine-
scence intensity and cortisol concentration, an intelligent logic
gate was proposed to achieve cortisol detection in human
sweat with the naked eye, leading to a fast, simple and visual
detection of cortisol.

Cortisol detection by aptamer-based
sensors

In 2020, Cheng reported on a biosensor for the recognition of
cortisol based on functionalized Quantum Dot (QD) probes
(Fig. 7).° The QD-based cortisol nanosensors are able to
detect the cortisol concentration by following the target-
induced fluorescence quenching without additional labeling.
Cortisol selectivity was obtained by either the cortisol-selective
aptamers or anti-cortisol antibodies bound on CdSe/ZnS core-
shell QDs. Both type of QDs were carried by magnetic nano-
particles (MNPs) to give antibody-QD@MNP or aptamers—
QD®@MNP nanosensors. Moreover, two types of QDs were eval-
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Fig. 7 Schematics of cortisol detection by (a) aptamer-based, (b) anti-
body-based carbon dots, (c) real image. Reproduced from ref. 79 with
permission from American Chemical Society, copyright 2020.

uated: red QDs (630 nm emission) and green QDs (540 nm
emission). The aptamer-conjugated red QDs exhibited a larger
fluorescence quenching than the aptamer-conjugated green
QDs. This is probably ascribed to the larger surface of red QDs
that increases the conjugation of aptamers.

Luminescent experiments were conducted with both nano-
sensors aptamer-QD@ MNP probes and antibody-QD@MNP
probes by the addition of different cortisol concentrations
(from 0.01 nM to 100 nM in PBS buffer), after 20 min of incu-
bation time. A quenching of the fluorescence intensity is
observed in response to different cortisol concentrations: a
35% signal decrease was found with aptamer-based nanosen-
sors in a 100 nM cortisol solution, with a limit of detection of
about 1 x 107° M. The antibody-based nanosensors presented
20% quenching efficiency with 100 nM cortisol solution, and a
LOD of about 1 x 10~'' M, lower than the one offered by the
aptamer-based nanosensor. The presence of MNPs facilitates
the sample preparation of saliva samples in the cortisol detec-
tion. The increase in the ionic strength of the rinsing buffer
(PBS concentration from 0.5% to 2x) boosted the fluorescence
quenching efficiency, with the final detection recovery rate
growing from 42% to 96%.

Niu and coworkers compared two truncated aptamers,
40-mer 15-1a and 42-mer CSS.1, using isothermal titration
calorimetry for the cortisol sensing.®" Only CSS.1 exhibited an
interaction with cortisol, with a dissociation constant (K4) of
245 nM. The authors explored label-free fluorescence and col-
orimetric detection methods for cortisol. Using SYBR Green I
to stain the aptamers, CSS.1 showed a 53% saturated fluo-
rescence enhancement. This assay revealed that CSS.1 binding
was independent of Na* and weakly dependent on Mg”*
linear response has been found in the concentration range of
1-10 mM, with a detection limit of 742 nM. They also evalu-
ated two mutants and three truncated aptamers of CSS.1.
Furthermore, a colorimetric assay using gold nanoparticles
(AuNPs) was tested for cortisol binding. Although a cortisol-
dependent color change was observed, this assay was suscep-
tible to interference from other molecules (like dopamine),
which could cause AuNP aggregation. Interestingly, none of
the assays showed cortisol binding with the truncated 15-1a
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aptamer. Therefore, the researchers concluded that 15-1a
cannot bind to cortisol, suggesting the need for a more careful
truncation study on the original aptamer.

A fascinating sensing device for cortisol in human sweat
was reported by Weng, Jiang and co-workers.?” In this study,
they developed a selective and sensitive point-of-care system
composed of a 3D origami microfluidic device obtained by the
combination of the cortisol-selective aptamer-based immuno-
sensing, FRET mechanism mediated by MoS, nanosheets, and
smartphone detection method (Fig. 8). A four-layered 3D
origami microfluidic chip was obtained by the screen-printing
of hybrid paper, and it includes MoS, nanosheets and a corti-
sol-selective aptamer, labeled with a fluorescent probe (6-FAM-
aptamer). The sensing mechanism consists of the competitive
interaction of MoS, nanosheets and the cortisol analyte with
the cortisol-selective aptamer. In the absence of the cortisol
target analyte, MoS, is non-covalently bound to the aptamer,
quenching its fluorescence emission. When a small concen-
tration of cortisol is present, the higher affinity of the aptamer
leads to the cortisol-aptamer complex formation, the release of
MoS, and the restoration of the fluorescence emission. This
last signal is detected by a smartphone that is placed in a
proper dark chamber, and is able to process the data. The
microfluidic sensor was tested towards artificial sweat, con-
taining cortisol in the concentration range of 10-1000 ng
mL™", and towards real sweat collected by healthy patients.
The results demonstrated remarkable sensitivity and speci-
ficity towards cortisol detection, displaying an LOD of 6.76 ng
mL™". Due to the encouraging results, the sensor was also
tested under real conditions, by manufacturing a wearable
patch that was able to linearly measure cortisol levels in real
human sweat.

Zhang and co-workers developed a dual fluorescent homo-
geneous cortisol aptasensor based on the tandem hybridiz-
ation chain reaction (HCR) amplification strategy.*> The
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Paper substrate _Cortisol _ MoS, FAM-apt M tisol

Fig. 8 Schematic representation of the fabricated 3D origami microflui-
dic device (a) sweat channels, (b) 3D microfluidic origami chip, (c) four-
layered microfluidic origami chip, (d) MoS,-mediated FRET device.
Reproduced from ref. 81 with permission from American Chemical
Society, copyright 2022.
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system used split G-quadruplex (G4)/thioflavin T (ThT) com-
plexes and dsDNA-templated copper nanoparticles (Cu NPs) as
signal reporters (Fig. 9). When cortisol binds to its aptamer, it
inhibits the triggering of HCRs between the aptamer and four
hairpin structures (H1-H4), thereby preventing the generation
of the dsDNA template and G4 structure. This interaction
leads to a detectable change in the fluorescence signals. Under
optimized conditions, the limit of detection for the G4/ThT
complex is 3 fg mL™", and for Cu NPs, it is 2.5 fg mL™". The
method showed a linear range of 1 fg mL™" to 100 pg mL™",
indicating high specificity to various potential interfering sub-
stances. The researchers applied this method to determine
cortisol levels in 54 clinical blood samples, and the results cor-
related well with those obtained by the electrochemilumine-
scence immunoassay (ECL-IA) kit and radiological findings.
Using this approach, they were able to distinguish CS patients
from healthy controls and other patients, achieving a 0.94 area
under the receiver operating characteristic curve (AUC). The
cortisol quantification method demonstrated 100% specificity
and 83.3% sensitivity. This sensing strategy has shown signifi-
cant potential as an additional diagnostic tool for cortisol-
related disorders.

Ding and co-workers prepared near-infrared carbon
quantum dots (NIR-CQDs) using a simple one-step hydro-
thermal approach with reduced glutathione and formamide as
raw materials.® These NIR-CQDs were then utilized for the
fluorescence sensing of cortisol. To achieve cortisol sensing,
the researchers combined NIR-CQDs with an aptamer (Apt)
and graphene oxide (GO). The NIR-CQDs-Apt complex was
attached to the surface of GO through n-n stacking inter-
actions, leading to a fluorescence “off” state due to an inner
filter effect (IFE) between NIR-CQDs-Apt and GO (Fig. 10).
However, in the presence of cortisol, the IFE process was dis-
rupted, causing the NIR-CQDs-Apt fluorescence to turn “on”.
This sensing approach demonstrated excellent selectivity for
cortisol over other cortisol sensors. The sensor had a wide
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detection range, allowing the detection of cortisol concen-
trations from 0.4 to 500 nM, with a low detection limit of 0.13
nM. Importantly, this sensor was capable of detecting intra-
cellular cortisol with excellent biocompatibility and cellular
imaging capabilities, showing promise for biosensing appli-
cations. The study highlights the potential of NIR-CQDs-based
sensors for the sensitive and selective detection of cortisol,
offering possibilities for bioimaging and other biomedical
applications.

Bang and co-workers developed a wearable LSPR-based bio-
sensor for the detection of cortisol in human sweat.®® This
innovative flexible biosensor was fabricated by anchoring gold
nanoparticles (Au-NPs) onto poly-dimethylsiloxane (PDMS),
through 3-aminopropyltriethyloxysilane (APTES). Specifically,
they selected PDMS as the substrate owing to its cost-effective-
ness, biocompatibility and flexibility. Hence, after O, plasma
treatment, APTES was deposited onto the PDMS substrate.
Subsequently, the strong affinity between AuNPs and the
amine groups emerging from the APTES-modified PDMS was
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Fig. 10 Hydrothermal approach to obtain near-infrared carbon
quantum dots (NIR-CQDs) in one step with reduced glutathione and
formamide as raw materials. Reproduced from ref. 83 with permission
from Elsevier, copyright 2023.
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exploited to anchor the gold nanoparticles to the flexible sub-
strate. Finally, using the great affinity between AuNPs and thiol
groups, a 5'-thiol modified cortisol-selective aptamer was
anchored to the surface of the LSPR biosensor. As a result,
they obtained a flexible and wearable LSPR biosensor that was
able to selectively detect cortisol in human sweat in the con-
centration range of 0.1-1000 nM, which is consistent with cor-
tisol levels in human sweat. The efficiency was also tested
under real conditions by placing the biosensor on the human
epidermis, showing a limit of detection of 0.1 nM. The mor-
phology and composition of the LSPR biosensor was studied
by means of SEM images, EDX analysis, and FT-IR spec-
troscopy. In particular, the SEM images revealed a homo-
geneous distribution of the AuNPs on the APTES-modified
PDMS substrate, showing an average diameter range of 86 +
7 nm. Meanwhile, the EDX analysis and FT-IR spectroscopy
data confirmed the composition of the biosensors. Detection
measurements revealed a red-shift of the extinction peak of
the LSPR biosensor after interaction with cortisol solution
(1000 nM), which was due to the change of the refractive index
of the metallic nanoparticles after the interaction with the
analyte. In order to examine the sensitivity of the wearable
LSPR biosensor, several cortisol solutions at a concentration
range of 0.01-1000 nM were tested, observing a linearity in the
change of the LSPR spectra. Finally, the biosensor was directly
attached to the human epidermis (patch 1 x 1 cm?), measuring
the cortisol level in healthy patients’ sweat during exercise.
The UV-Vis absorption spectra of the extinction peaks shift,
identifying the cortisol level, and further displaying great
mechanical stability.

Cortisol detection by antibody-based
sensors

Kobayashi and co-workers reported a sensitive immunoassay
system based on Gaussia luciferase (GLuc) forming a fusion
protein with artificial antibodies, wherein they realized a
BL-ELISA (bioluminescent enzyme-linked immunosorbent
assay) for the sensing of cortisol and cortisone.?® The genes
that encode for the variable domains of a monoclonal anti-
body were duplicated and associated with encoding a variable
fragment with a single chain (scFv). A wild-type Gaussia luci-
ferase (wtGLuc) gene was linked to the single-chain variable
fragment, and was expressed in different strains of Escherichia
coli’s periplasmatic space, where coelenterazine was used as a
support to keep track of the GLuc activity. The linked final
system (scFv-wtGLuc) was able to competitively stick cortisol
bound in a conjugate with albumin, and subsequently exhibit
batch-type luminescence. A dose-response plot was then
obtained, which showed a detection limit of 0.25 pg per assay
and a midpoint at 4.1 pg per assay. The main goals of this
system are as follows: (i) stability for over a year, with storage
at —30 °C as a periplasmatic extract; (ii) obtained concen-
tration ranges were compatible with those of serum cortisol
levels summed up with its metabolite cortisone; (iii) the sensi-
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tivity for cortisol was higher than other existing immuno-
assays; (iv) the experiment could be conducted without requir-
ing special equipment.

Besides its biomedical importance, the cortisol hormone is
also considered a relevant biomarker in marine biology. For
instance, it is considered a reliable stress indicator in the field
of fish aquaculture.’” The detection of cortisol levels of fishes
is extremely relevant, since it is related to several aspects of
fish’s well-being, such as the growth of the immune system,
reproduction, and the quality of the water environment. It is
possible to measure the cortisol level released by fishes directly
in water instead of the traditional assessment in fish’s blood.
In this context, several conventional analytical techniques are
employed. However, these are time-consuming procedures and
require specialized operators. To overcome these drawbacks,
portable devices that are able to detect cortisol in water in the
useful range of concentration are highly desirable. In this
context, Soares and co-workers selected the SPR detection tech-
nique as a rapid and accurate optical method.®® In particular,
the fiber optic SPR facilitates higher flexibility, miniaturiza-
tion, real-time monitoring and portability of the system. In
light of this, the authors developed and characterized a fiber
optic immunosensor in a D-shaped configuration, using a
gold coating functionalized with anti-cortisol antibody. To this
purpose, the silica optical fibers (SOF, with a typical size of
125 pm as diameter and ~9 pm as core diameter) were coated
with gold by sputtering (thickness 50 nm), and subsequently
functionalized with anti-cortisol antibody. Specifically, the
well-known physicochemical interactions between gold and
thiol groups were exploited by using cysteamine as a linker.
Afterwards, the amine groups and antibody were linked
through EDC/NHS chemistry. The final Au-SOF sensor was
placed in a proper PTFE support, as schematized below. Once
the experimental conditions were set up, the Au-SOF sensor
was firstly characterized with the surrounding refractive index
(RI), using standard solutions of glucose at several concen-
trations and known RI, in order to study the spectral response
upon RI changing. Subsequently, cortisol-containing solutions
were analyzed in a concentration range of 0-100 ng mL™", by
measuring the spectral response to different concentrations,
observing a limit of detection of 1.46 ng mL™'. Moreover, the
sensor showed remarkable sensitivity towards cortisolb over
other interferent analytes tested, such as cholesterol and
glucose.

An innovative approach for cortisol monitoring using
Surface Plasmon Resonance (SPR) and Plastic Optical Fibers
(POF) technology based biosensing was reported in 2021 by
Marques and co-workers.®” SPR is an optical sensing tech-
nique progressively exploited in biosensing because of its high
sensitivity to the refractive index. In the last years, POFs have
become particularly attractive due to their features, such as
ease of handling, flexibility, and low-cost instrumentation. The
combination of POFs biosensors and SPR has proven to be
very useful for sensitivity enhancement. In the literature,
different configurations have been considered, such as tapered
and uncladded to mention a few. The uncladded POF samples
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were first coated with a AuPd alley, by means of the sputtering
technique. Then, the samples were functionalized with cystea-
mine, exploiting the strong interaction of sulphur and gold.
Finally, the anti-cortisol antibodies were covalently attached to
yield the biosensor (Fig. 11).

The biosensor was tested with different cortisol concen-
trations, ranging from 0.005 to 10 ng mL~"'. A naked eye red
shift suggests the high sensitivity of the sensor for this concen-
trations range, achieving a LOD of 1 pg mL™". The resonance
wavelength shift for this concentration range was found to be
14.9 nm, while the sensitivity was calculated to be 3.56 to
0.20 nm log(ng mL™")™". Lastly, as control tests for selectivity
evaluation, a sensor functionalized with antibodies for human
chorionic gonadotropin (anti-hCG antibodies) was used,
resulting just in 1 nm variation of the resonance wavelength.

Naik and co-workers described a novel method for detect-
ing and quantifying low molecular weight organic compounds
like metabolites, drugs, additives, and organic pollutants.®
The method uses a competitive immunoassay with an ultrab-
right fluorescent nanolabel, called “plasmonic-fluor”, which
consists of a polymer-coated gold nanorod and bovine serum
albumin conjugated with molecular fluorophores and biotin.
The plasmon-enhanced competitive assay allows for rapid
detection within 20 minutes, and achieves over 30-fold lower
limits of detection for cortisol compared to conventional com-
petitive ELISA. By implementing the partition-free digital
assay, the sensitivity is further improved. Moreover, the
spatially multiplexed plasmon-enhanced competitive assay
enables simultaneous detection of two analytes, cortisol, and
fluorescein. This simple, rapid, and ultrasensitive method has
broad applications in biomedical research, clinical diagnosis,
food safety, and environmental monitoring, particularly for
multiplexed detection of various small molecules in different
settings.

Detection of cortisol in human serum is widely performed
by using immunoassay-based methods associated with chemi-
luminescence, surface plasmon resonance or electrochemical
techniques. However, for point-of-care applications, faster and
easier readout strategies are required. To this purpose, a
paper-based lateral flow immunoassay (LFIA) has been devel-
oped as a promising diagnostic tool.”" An interesting example
was reported by Praphairaksit and co-workers.”” They used the
competitive immunoassay approach, where the target analyte
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Fig. 11 Preparation of the Optical fiber. Reproduced from ref. 88 with
permission from Elsevier, copyright 2021.
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competes with a small amount of a similar labeled analyte,
replacing it and producing a response. In order to increase the
sensitivity of the classical LFIA systems, the authors manufac-
tured a geometrical-modified device with a concave test line by
using a very cheap method. In this device (called cLFIA), a cor-
tisol-selective antibody is immobilized on the concave-shaped
paper test line. The labeled analyte is represented by the
complex cortisol-bovine serum albumin (BSA), conjugated
with gold nanoparticles (AuNPs). In the absence of the target
analyte, only the AuNPs/cortisol-BSA conjugate interacts with
the test line, producing a clearly visible red spot. Conversely,
when a small concentration of cortisol in the sample competes
with AuNPs/cortisol-BSA for the antibody binding sites, this
last one is replaced with a consequent decrease of red color.
This innovative concave geometry promotes the binding
between the antibody and the target analyte, enabling a
reduction of the amount of employed antibody. Recognition
studies were performed with standard solutions containing
cortisol in the concentration range of 25, 50, and 75 ng mL™".
The limit of detection for cortisol was estimated to be 1.4 ng
mL ™, which is consistent with sensing applications in human
serum. A selectivity assessment was performed by testing the
cLFIA device towards solutions containing other steroids, such
as cortisone, corticosterone and progesterone, observing a
remarkable selectivity towards the cortisol analyte. The system
was demonstrated to be cheap and portable, and the response
is really easy to read within 10 minutes. For these reasons, the
cLFIA sensor was also tested for the detection of cortisol in cer-
tified human serum with good results.
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Pompa and coworkers combined the plasmonic properties
of gold nanospheres and nanostars to create an efficient
paper-based immunosensor for the visual assessment of sali-
vary cortisol.”® The dual-color system allowed for the easy and
immediate evaluation of cortisol levels, indicated by a color
change from blue to pink in the detection zone. Additionally,
this approach demonstrated potential as a fast and portable
monitoring system, capable of distinguishing different target
concentrations (Fig. 12). In particular, three main color
regions were identified, corresponding to three relevant ranges
of salivary cortisol, i.e., physiological conditions, inflammatory
stress response and pathological conditions, using a cut-off
value of 10 ng mL™" salivary concentration. Notably, analyses
were performed by using a smartphone as detector. This work
confirms the advantages of the two-color plasmonic system
over traditional lateral competitive lateral flow immunoassays.
The proposed mechanism showed potential applicability as a
rapid and easy-to-use POC technology for non-invasive, naked-
eye assessment of cortisol levels.

Table 2 summarizes the limit of detection, linearity range
and interferent analytes of the sensors described in this
review. In many cases, the limit of detections and linearity
range are from femtograms to nanograms per mL. The selecti-
vity (in terms of interferents used) was also evaluated.

Conclusions and future perspectives

Real-time analysis of health conditions is a field that is in con-
tinuous improvement and increasing interest. In particular,
the monitoring of some important analytes can give a fast
diagnosis of the human status. Cortisol is a hormone strictly
related to stress conditions, and its measurement can lead to a
quantification of stress levels. Many analytical methods have
been developed during the last years to measure cortisol levels
in different human matrixes, such as blood, urine, sweat and
saliva. This review summarizes sensing methods based on
chemical, aptamer and antibody-based sensors, focusing on
some important aspects, such as limit of detection, linearity
and selectivity.

A future goal is the realization of advanced wearable and
implementable devices for the real-time measurements of cor-
tisol levels in blood, sweat and saliva, with preference for the
last two matrixes. However, due to the low concentration value
of cortisol in these two fluids, one of the main problems to
solve is improving the sensitivity, in order to also decrease the
amount of sample required. In this context, the sensor techno-
logy has been improved. Many limitations are still present
with the electronic part of these sensor.

In addition, some practical problems need to be solved: (1)
the collection of some biological sample is not easy due to the
rapid evaporation in normal conditions. Collection from saliva
is probably easier, and leads to a small volume of liquid that is
suitable for rapid analysis with common point-of-care devices.
Furthermore, sweat and saliva are not constant throughout the
day even in the same person. This is due to many factors, par-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Critical Review

ticularly diet and environment. Thus, the possibility to
perform multiple analyses in one single day is challenging.

(2) The specific recognition site is a crucial part of a sensor
device. The most common element used are enzymes, anti-
bodies and antigens that have been isolated from living
systems. For this reason, they suffer from some limits, such as
the high cost and low stability (mainly after a long period of
time from the manufacturing process). Thus, the possibility to
develop new recognition sites, different from the biological
one, can lead to more stable and cost-effectiveness devices. In
addition, as reported in this review, sensing by biological reco-
gnition site shows high selectivity and specificity. For this
reason, each individual device can detect one single analyte
per time. The possibility to develop devices that are able to
simultaneously detect multiple analytes is a huge target for
the future. This goal can be achieved by the realization of
a multi-sensor platform, also called an array, containing
different non-specific chemical probes. The absence of speci-
ficity of the single probe guarantees the possibility to detect
different analytes. The selectivity is guaranteed by the total
response of all probes (in terms of color, emission or electrical
change) elaborated by multivariate analysis. Furthermore, the
recognition site can react with the analyte by two different
pathways: a covalent or non-covalent reaction. The first one,
exploited by the biological recognition site, is not suitable for
a continuous monitoring of the important analytes/hormones,
due to the irreversible chemical modification of the site. On
the contrary, the non-covalent pathway leads to the formation
of a reversible interaction between the recognition site and the
analyte, thus leading to the possibility of restoring the starting
sensor and performing a continuous monitoring of the human
health.

(3) Size and thickness of the devices: the portability and
wearability of these devices are crucial factors to obtain a prac-
tical diagnostic system. Dimensions that are a few millimeters
in thickness and few centimeters in size are fundamental.

(4) Non-invasive analysis: the possibility to obtain human
samples under non-stress conditions, as in the cases of blood
or long-time sampling of urine, is useful for a daily monitoring
of cortisol, also with a homemade kit.
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