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Abstract

Psychological stress caused by everyday life style contributes to health disparities experience by

individuals. It affects many biomarkers, but cortisol “a steroid hormone” is known as a potential

biomarker for psychological stress detection. Abnormal levels of cortisol, is indicative of

conditions such as Cushing’s syndrome Addison’s disease, adrenal insufficiencies and more

recently post-traumatic stress disorder (PTSD). Chromatographic techniques, which are

traditionally used to detect cortisol, are a complex system requiring multistep extraction/

purification. This limits its application for point-of-care (POC) detection of cortisol. However,

electrochemical immunosensing of cortisol is a recent advancement towards POC application.

This review highlights simple, low-cost, and label-free electrochemical immunosensing platforms

which have been developed recently for sensitive and selective detection of cortisol in biofluids.

Electrochemical detection is utilized for the detection of cortisol using Anti-Cortisol antibodies

(Anti-Cab) covalently immobilized on nanostructures such as self-assembled monolayer (SAM),

polymer composite, etc. for POC integration of sensors. The observed information can be used as

prototype to understand behavioral changes in humans in case to case such as farmers, fire

fighters, etc. Keeping the future directions and challenges in mind the focus of the BioMEMS and

Microsystems Research Group at Florida International University is on development of POC

devices for immunosensing, integration of these devices with microfluidics, cross validation with

existing technologies, and analysis of real sample.
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Introduction

A life sustaining adrenal hormone, cortisol is essential to maintenance of homeostasis. It is

secreted by the hypothalamic-pituitary-adrenal system and it is produced as part of body’s
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stress response (Fig. 1). It is called the “stress hormone” which influences and regulates

various physiological processes such as blood pressure, glucose levels, immune responses,

heart contractions, central nervous system activation, and carbohydrate metabolism [1]. It is

known that cortisol levels vary throughout the day in a circadian rhythm with highest levels

during daybreak and reaching its lowest level by night [2,3]. Thus understanding of

abnormal levels of cortisol is important [4–7,1]. Abnormalities in cortisol are indicator of

chronic conditions such as Cushing’s disease [8] due to excess cortisol levels, Addison’s

disease [9] due to decreased cortisol levels, and adrenal insufficiencies [10–13]. Changes in

behavioral and environmental conditions trigger cortisol secretion and hence its

measurement at point-of-care (POC) has become vital to understand behavioral patterns in

humans. Laboratory based techniques such as chromatography [14–16], radioimmunoassay

(RIA) [17], electro-chemiluminescence immunoassay (ECLIA) [18–22], enzyme-linked

immunosorbent assay (ELISA) [23–26], surface plasmon resonance (SPR) [27–30], and

quartz crystal microbalance (QCM) [31] which make up the state-of-the-art in cortisol

detection are complex systems requiring multistep extraction/purification of samples. The

turn-around time from sampling to results for these systems is typically from days to a few

weeks. In the recent years, electrochemical immunosensing has emerged as the promising

technology for simple, cost-effective, and label free POC detection of cortisol in bio-fluids.

Interstitial Fluid (ISF) [7], Blood [11], Urine [32], Sweat [33], and Saliva [34] are the

sources of cortisol. Urine and saliva are relevant bio-fluids for detection of cortisol because

only free cortisol is found in urine and 90% of free cortisol is in saliva. Harvesting these

samples is completely non-invasive.

Electrochemical Sensing of Cortisol

In the past few years there have been many reports of electrochemical immunosensing of

cortisol using electrochemical impedance spectroscopy (EIS) [35] and cyclic voltammetry

(CV) [36]. Self-assembled monolayer (SAM) [37], Au nanowires [38], Au-PANI

nanocomposite [39], AgOAg-PANI nanocomposite [40], and Graphene [41] based

electrochemical cortisol immunosensors have been developed. These immunosensors have

been integrated with microfluidic systems for POC sensing [36,42]. This section gives an

inclusive overview of the various electrochemical detection platforms integrated for

quantification of cortisol. POC cortisol sensing is also discussed in this section.

Electrochemical Immunosensing of Cortisol

Electrochemical immunosensing has emerged as a promising label-free detection technology

alternative to optical detection. It is based on the principle of measuring the changes in the

electrical properties of a conductive substrate due to the adsorption of an analyte on the

surface functionalized with antibodies sensitive to the analyte. Cyclic voltammetry (CV) and

Electrochemical Impedance Spectroscopy (EIS) are two common methods of

electrochemical analysis. The electrical change is attributed to the change in the

concentration of the electro active redox species at the electrode (Fig. 2). Due to the mature

processing techniques of the microelectronics industry, fabrication of microelectrodes is

possible which provides high sensitivity and very low detection limits. The inexpensive

batch fabrication and simplicity of the electronic circuit for electrochemical detection has
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brought up electrochemical immunosensing up to speed with other immunosensing

techniques [43] Multi-parametric-analysis electrochemical immunosensor has shown great

potential for detection of desired biomarkers at POC due to high sensitivity and ease of

fabrication using nanotechnology [44].

Cortisol Sensing Platforms: A Recent Update

Dithiobis(succinimidyl propionate) (DTSP) SAM modified interdigitated microelectrodes

(IDμEs) were used for the immobilization of cortisol specific monoclonal antibody (C-Mab)

to detect cortisol using EIS [37]. The electrodes were also modified with Ethanol Amine

(EA) to block the unreacted succinimidyl group on DTSP SAM and to remove unbound

antibodies from the electrode surface. The immunosensor exhibited the sensitivity of 7.9 kΩ

(pg mL−1)−1 and it accurately detected cortisol in the range of 0.36 pg mL−1 to 0.36 ng

mL−1 in saliva. This work was further proceeded using the same immunosensing strategy for

cortisol detection in interstitial fluid (ISF) in vitro and had sensitivity of 6.4 kΩ (pg

mL−1)−1[45]. EA/C-Mab/DTSP/Au (Fig. 3) based biosensor can accurately detect cortisol in

the range of 0.36 pg mL−1 to 0.36 ng mL−1 with the detection limit of 0.36 pg mL−1 in ISF.

ISF was extracted through micropores created on the stratum corneum layer of the skin by

means of vacuum pressure for detection of cortisol via EA/C-Mab/DTSP/Au based

immunosensor [7]. The performance of this EIS based immunosensor was validated using

ELISA. This confirmed the feasibility of using impedance based biosensor as a disposable

cortisol detector, capable of working with complex bodily fluids (e.g., saliva and ISF) at

point-of-care. The researchers also proposed that cortisol monitoring of continuously

harvested ISF over 24 hours even when the subject is asleep can project commercial

viability for in vivo real-time cortisol sensor device. The results from their research

suggested that a circadian rhythm could be established between the subject’s ISF and the

saliva samples collected over 24 hour time-periods.

In the recent years, explorations of nanomaterials and nanoparticle-polymer composites have

shown great promises to enhance the sensitivity and selectivity of cortisol detection. A

competitive immunoassay fabricated using anti-cortisol antibody immobilized onto protein

A-modified magnetic particles and cortisol antigen labeled with alkaline phosphatase (AP),

under optimized parameters, exhibited a linear range between 5.0 pg mL−1 to 150 ng mL−1

and a limit of detection was 3.5 pg mL−1 in DPV investigations [46]. The fabricated sensor

was highly sensitive, selective with respect to other corticosteroid compounds closely

related to cortisol and demonstrated by analyzing certified human serum containing cortisol.

Gold nanoparticles (NPs) have been used to increase the active surface area of the Au NP/

G-DTBP Protein/ Au electrode based electrochemical cortisol immunosensor [47]. The

Protein G –DTBP scaffold aided by providing an orientation controlled immobilization. The

immunosensor showed sensitivity of 1.6 µA (pg mL−1)−1 with a detection limit of 16 pg

mL−1 and demonstrated excellent performance in case of laboratory prepared samples and

real-life blood samples. In another study, electrophoretically fabricated polyaniline (PANI)-

Au nanocomposite was utilized to immobilize C-Mab covalently via EDC-NHS chemistry to

fabricate a mediator and label free electrochemical immunosensor for cortisol estimation

using CV technique [39]. The detection range of this nanocomposite based cortisol
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immunosensor was in the range of 0.36 pg mL−1 to 36 ng mL−1 with a detection limit of

0.36 pg mL−1 and sensitivity of 4.5 µA (g mL−1)−1. It was found to be selective against BSA

and α-hydroxy progesterone.

Another viable method for a quick and easy-to-use sensor was realized for immobilization of

anti-cortisol antibody via NHS-WSC-hydrochloride SAM chemistry on platinum electrode

[48]. In this immunosensor change in current was observed as a result of the competitive

reaction between sample cortisol and glucose oxidase-labeled conjugate and the current was

inversely proportional to the cortisol concentration in the sample. The sensor exhibited a

faster response time of 10 minute when compared to other sensors which require a 30

minute incubation time. However, the cortisol sensor had a higher detection limit of 1

ngmL−1. The detected current was 200 nA at 200mg dL−1 glucose concentration which the

authors propose is sufficient for a rapid, easy, and noninvasive analysis of cortisol in saliva

samples.

Electrophoretically deposited PANI-core-shell AgAgO NP (~5nm) nanocomposite films

have been explored for Anti-cortisol (Anti-Cab) antibody immobilization via EDC/NHS

chemistry for mediator/label free electrochemical detection of cortisol [40]. Authors

proposed that nanocomposite exhibited a high magnitude of current response, which resulted

in high electron transport at the electrode-electrolyte interface without a mediator (Fig. 4).

This immunosensor exhibited a wide linear detection range of 0.36 pg mL−1 to 0.36 µg

mL−1, a detection limit of 0.64 pg/mL, and high sensitivity of 183 µA (g mL−1)−1 with a

regression coefficient of 0.998.

Reduced graphene oxide (rGO) modified gold interdigitated array electrode (Au-IDA) based

immunosensor for detection of cortisol in saliva has also been reported [41]. rGO modified

electrodes are desirable due to the fact that it is the most economical way of obtaining

graphene like structures and graphene is recognized for its unique conductivity. The

electrochemical activity of the electrode was studied on p-aminophenol (pAP) as it is a good

probe for electrochemical immunoassay and the redox cycle was confirmed between the

anode and cathode. It was found that denser rGO provide better reactivity for pAP. The

electrode was also used to estimate cortisol level in human saliva. The CV response of this

electrochemical immunoassay demonstrated a useful cortisol detection range of 1–8 ng

mL−1 with a detection limit of 1 ng mL−1. However other sensing parameter such as

sensitivity was not reported.

Very recently the BioMEMS and Microsystems research group at Florida International

University reported EA/Anti-Cab/DTSP(SAM)/Au IDEs based electrochemical

immunosensors for cortisol detection in saliva collected at different time intervals from two

participants (Fig. 5 b & c) [49]. The sensor exhibited a detection range of 10 pg mL−1 to 100

ng mL−1 with a detection limit of 10 pg mL−1 and sensitivity of 6µA (pg mL−1)−1. The

obtained results correlated well with results from the standard ELISA technique (Fig. 5a)

and such a validation was performed for the first time for cortisol estimation in saliva. The

aim of this work is to establish a cortisol sensing protocol using saliva samples collected

from human subjects along with validation of the results with the standard ELISA technique.

In order to develop that protocol this study has continued and data from two more
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participants were obtained which has been included in this review (Fig. d & e). This

developed protocol will be used to understand the behavioral changes of farm workers on

exposure to pesticide.

A comparison of the analytical performance of electrochemical based cortisol

immunosensors is provided in Table 1:

Cortisol Sensing at Point-of-care

Due to constraints of portability, cost, analysis time or requirement of highly skilled

personnel for system operation, microfluidic systems have enabled development of POC

chemical and biological assays. Advantages of a microfluidic system include small sample

volumes, precise control of fluidic routines, repeatable sensing protocols, controlled

environment for bio-molecule reaction, reduced form factor and application at POC. The

error associated with human handling is also eliminated due to the high degree of

automation that exists in microfluidic systems, thereby reducing the percentage of false

results. These features have drawn focus in integrating biosensors into microfluidic

environment with a goal to create POC sensors.

To analyze salivary cortisol at POC, a portable, rapid and hand held biosensor based on

disposable immune-chromatographic test strip has been proposed [50]. An

immunechromatographic test-strip (5 × 1.5 × 50 mm3) consisting of glucose oxidase

(GOD)-cortisol conjugate was synthesized for molecular recognition of cortisol. The

fabricated cortisol biosensor based on calorimetric protocol detects cortisol concentrations

between 1 to 10 ng mL−1 within 25 min. Another SAM based cortisol immunosensor has

been proposed by the same research group integrated with a fluid control mechanism which

has both a vertical flow and a lateral flow [42]. A competitive reaction between the sample

cortisol and GOD-labeled conjugate was found to be inversely related to the concentration

of cortisol and can be detected electrochemically. This sensor exhibited a salivary cortisol

detection range from 0.1–10 ng mL−1 with regression coefficient of 0.98. This

immunosensor was able to detect cortisol within 35 min and could be reused. The results

correlated well with ELISA. These immunosensors exhibited capability for an on-site and

easy-to-use biosensor for detection of salivary cortisol.

A fully automated low temperature co-fired ceramic (LTCC) based microfluidic system

integrated with an electrochemical immunosensor (Fig. 6) has been developed at BioMEMS

and Research Laboratory [36]. Authors designed and optimized 3D microfluidic architecture

(150 µm width) and successfully integrated with SAM modified IDμEs based

electrochemical immunosensor for detection of cortisol. The integrated sensor exhibited a

linear range of 36 pg mL−1 to 36 ng mL−1 at a sensitivity of 0.575 µA M in an automated

and controlled microfluidic environment. This LTCC based electrochemical cortisol

detection device is a step toward realizing development for non-invasive, point of care

measurement of human cortisol in desired bio-fluids.

The above mentioned electrochemical immunosensor integrated with MEMS technology

could be interfaced to a wireless health monitoring system that could transfer sensor data

over existing wide-area networks such as the internet and a cellular phone network to enable
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real-time remote monitoring of subjects. The area of miniaturized electronics integrated with

electrochemical biosensors has great significance for on-site diagnostics. The junction of

laboratory bio-sensing protocols and miniaturized electronics can be explored for mass

production with great prospects of commercialization.

Conclusion and Future Prospects

This mini review provides an update on low-cost and label free electrochemical detection of

cortisol using anti-cortisol antibody covalently immobilized on nanomaterial enabled

immunosensors. These reported electrochemical immunosensors have the potential to be

integrated with wearable POC devices for continuous monitoring of cortisol levels. This

review also highlights the microfluidic devices which have been integrated with these

immunosensors to provide rapid information on cortisol levels. These devices form the

current state-of-the-art in POC devices for cortisol sensing. These devices coupled with

continuous bio-fluid harvesting systems can allow a continuous readout of cortisol levels for

real-time analysis of patients subjected to stress induced by surrounds and situations. The

obtained rhythmic information on cortisol levels can be used to understand behavioral

patterns of individuals in field.

There have been inherent limitations of the above mentioned cortisol immunosensors that

have been designed in field and on-site cortisol detection. Low shelf-life of immunosensor at

room temperature and denaturation of antibody due to the environmental factors

(temperature fluctuations, humidity, change in pH, exposure to light etc.) limits their

application in the field for diurnal cortisol measurement. The encapsulation of antibody to

retain its bio-integrity [51] and single domain antibodies (sdAb) [52,53] which shows

potential as inherently immune to changes in temperature can be the possible solution to

overcome the issue to antibody stability. These strategies are not yet in practice. However,

currently at BioMEMS and Microsystems laboratory the aim is to analyze the affinity and

thermal stability of sdAb for electrochemical detection of cortisol to overcome the problem

of temperature dependent denaturation of the antibodies. The ability of these small antigen-

binding molecules to refold after heating to achieve their original structure [52] makes them

attractive candidates for POC wearable devices. Thus, there is a great scope to conduct

research in the area of developing miniaturized electrochemical devices to monitor cortisol

cycle for personalized health care.

Further work at BioMEMS and Microsystems laboratory at Florida International University

will be focused on fabrication of nanowire and nanoparticle based mediator free and label

free immunosensing of biomarker applications. It is well regarded that nanowires will

replace other competing nanostructures such as nanotubes in sensing platforms, due to their

high aspect ratio, tailorable properties, and surface modification [54]. Efforts are also

continuous towards exploring nanocomposites for cortisol sensing [39,40]. It is observed

that understanding of their properties and development morphologies is crucial, if these

nanostructures contribute significantly or enhance current sensing parameters such as

sensitivity and selectivity. Future sensors will require refined development techniques which

can be modified for greater sensitivity and stability.
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Figure 1.
Cortisol is secretion is regulated by HPA axis as a part of body’s stress response. As a

negative feedback due to stress, CRH is secreted from the hypothalamus which stimulates

release of ACTH from anterior pituitary. This acts on the adrenal glands to release cortisol.
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Figure 2.
Schematic of strategies used for electrochemical sensing
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Figure 3.
Schematic of EA/C-Mab/DTSP/Au Immunosensor
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Figure 4.
a & b) TEM image of AgAgO NP; c) Calibration curve obtained from the electrochemical

response studies of BSA/Anti-Cab/AgAgO-PANI/Au immunoelectrode as a function of

cortisol concentration (1 pM to 1 µM) [40].
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Figure 5.
a) A calibration curve obtained for determination of the cortisol concentrations in saliva

samples using ELISA. Comparison of results obtained from ELISA and Electrochemical

immunosensor for participant 1 (b), participant 2 (c), participant 3 (d), and participant 4 (e).
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Figure 6.
a) Exploded view of the microfluidic system; b) close up of the LTCC microfluidic channel;

c) cortisol detection using the immunosensor; and d) Fully automated microfluidic system

[36]
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