Reusable electrochemical impedance
spectroscopy biosensor for the detection of
cortisol in sweat: Introducing novel techniques
suitable for future affective wearable devices and
emotional stress.

Abdulaziz Akram A Zamkah

A thesis submitted in partial fulfilment of the
requirements of The University of Reading,
for the award of Doctor of Philosophy

January 2023



Declaration

Declaration

| hereby declare that the work presented in this thesis has not been submitted for any
other degree or professional qualification, and that it is the result of my own

independent work.

Abdulaziz Akram A Zamkah

Full Name

27 December 2022

Date

X

Abdulaziz Zamkah 2023 Page i



Abstract
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Abstract

Skin conductivity is used in emotion and stress-detecting systems based on physiology
(sweat). However, these technologies do not detect sweat biomarkers or utilize
sweat's biological information. Stress-induced volatile organic compounds (VOCs)
cannot be detected using these methods. This study explores biomarkers of human
emotional stress and identifies key indicators for wearable sensors in affective
systems. Crime, health, the economy, and quality of life are all affected by emotional
stress. Blood cortisol testing, electroencephalography, and physiological parameter
techniques are the gold standards for stress measurement; nevertheless, they are
expensive, inconvenient, and impractical for wearable real-time stress monitoring,
such as a smartwatch, due to their single-use design. Instead, sweat cortisol was found
as the critical stress biomarker for wearable affective system sensors in this study.
Modern sensor research aims to create synthetic receptors with similar selectivity and
sensitivity to natural antibody-antigen behaviour. This molecular recognition could
lead to selective, sensitive sensors that can identify and monitor targets noninvasively
when paired with modern methods for monitoring recognition element modifications.
Molecularly imprinted polymers, MIPs, are synthetic antibody-antigen systems. They
selectively bind their production molecule using a "lock and key" method. MIPs may
offer biological receptor specificity and selectivity with environmental durability and

low cost.

The current study explores the feasibility of using MIPs technology to detect cortisol in
sweat for real-time monitoring of emotional stress episodes. A conceptual approach is
given to make MIPs sensors more usable for monitoring cortisol sweat in wearable
devices. As seen in the reviewed literature, cortisol and MIPs are under-researched
biomarkers and their biosensors from the reviewed literature. Experiments employing
electrochemical impedance spectroscopy techniques on a capacitance MIP confirmed
this theory. It successfully detects cortisol within the physiological range as the higher
response is recorded for a greater concentration. The literature also shows that no MIP
biosensor is reusable in portable electronics. This work used a function generator

simulation to evaluate the hypothesis that the target extraction technique employed
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Abstract
during the MIPS fabrication step is repeatable and suitable for employment in

wearables.
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Chapter 1: Introduction

Chapter 1: Introduction

Consider John, a little boy of four years who has autism spectrum disorder (ASD).
John's dad, Alfred, has turned on the living room light because he cannot find his keys.
John, however, has photophobia whenever there is much light around. John's
meltdown and aggressive behaviour, which resulted in a hand injury, occurred because
he could not communicate his situation to his parents due to his disability. John's
doctor believes that his anxiety and meltdowns are an automatic response to the
sensory overload caused by a rise in cortisol. Therefore, John's doctor recommended
reducing his exposure to light and keeping an eye on his stress levels. On the way
home, Alfred stopped at a medical supply store to pick up a cortisol-monitoring

wristband.

One night during the hot summer, Alfred forgot to draw the curtains, and when
morning came, John was blinded by the sun's rays. His wristband began to alarm and
transmit notifications to Alfred's phone, letting him know that John was becoming
stressed and may have been on the edge of a meltdown. In a snap, John drew the
curtain, giving him a relaxing fidget to calm down. This band acts as a secondary
monitoring system for Alfred's son, notifying him of any signs of distress and allowing

him to act before a complete meltdown occurs.

1.1 Background and aim
The originator of stress research, Hans Selye, defined stress as "A non-specific
response of the body to a demand" in his book “The stress of life” (Selye, 1956). Selye's
definition was incredibly general. Consequently, stress has numerous contextual
definitions. It has been a hot topic in numerous medical, social, and psychological
studies (Mawardi, 1979, Kessler, Price and Wortman, 1985). In Behavioural science,
stress is the discomfort induced by recognizing a threat (Fink, 2017). Stress is the
stimulus that induces the production of cortisol and adrenaline in neuroendocrinology

(Miller and O’Callaghan, 2002).

Homo sapiens required these systems to survive life-threatening conditions such as
natural disasters and animal attacks from the beginning of human history. The stress
reaction is our survival mechanism, often known as the fight-or-flight response.

Sappho, one of the finest ancient Greek poets, detailed this response for the first time
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Chapter 1: Introduction

in human history, between 700 and 600 B.C., in her renowned song describing her

emotional response to the prospect of seeing her beloved (Papi et al., 2021).

“That man seems to me to be equal to the gods
who sits opposite you

and listens nearby to your

sweet voice and

lovely laughter, which indeed

sets my heart fluttering in my breast;

for when | look at you even for a moment,
then it is no longer possible for me to speak
but my tongue is broken

and at once a subtle fire runs beneath my skin
I cannot see anything with my eyes,

and my ears hum

a cold sweat comes over me, a trembling
seizes me all over, | am paler

than hay, and it seems to me

that | am little short of dying

but everything can be endured, since..”
“Ode to Jealousy” by Sappho, 700-600 BC

Despite the poem's poetic description and exaggerated emotional tone, we can
deduce that its author was aware of the physical manifestations of the fight-or-flight
reaction, including rapid heart rate (HR), blurred vision, and emotional sweating (Papi

etal., 2021).

In the modern era, with the increase in stressful events, stress has become a defensive
survival shield and a double-edged sword that might kill us (Daniel, 2020). To explain
this paradox, during stress reaction, the human bodies produce several hormones,
including adrenaline and cortisol, as a defensive reaction (Vining et al., 1983). But, if
the reactions are unnecessary, insufficient, or faulty, they may be harmful to the body
or may cause chronic medical conditions (Selye, 1980), such as anxiety, depression

(Hammen et al., 2009), diabetes and obesity (Naik et al., 2021).
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Chapter 1: Introduction

Cortisol, commonly known as the stress hormone, is a glucocorticoid steroid hormone
produced in the hypothalamus in the brain and the pituitary gland by the adrenal
cortex to the blood and circulated to the body’s organs and tissues (Daniel, 2020).
Throughout the day, cortisol levels will naturally rise and fall in sync with the circadian
rhythm, maintaining the equilibrium necessary for proper bodily function. During the
morning hours, concentrations peak, and they gradually decline as the day progresses

and night falls (Walsh and Dayan, 2000).

Cortisol plays a key role in a range of body functions, including metabolism, the
glucose level in the blood and memory. Increasing the cortisol level in the body leads
to several health problems, including fatigue, concentrating difficulties (Fraser et al.,
1999), and diabetes (Naik et al., 2021), as well as a reduction of the quality of life
(Alcalar et al., 2013). Also, abnormal cortisol production in the body leads to Cushing
syndrome (Alcalar et al., 2013). Stress, adrenal cortex failure, psychological problems,
and diseases like cancer all lead to increased production and release of cortisol (Rice et
al., 2019). Disruptions in the physiological processes governed by cortisol, such as
metabolic functions and cardiovascular disease, have been related to abnormalities in
its levels (Hogenelst, Soeter and Kallen, 2019), which can lead to heart attacks by
increasing heart rate and hypertension (Sekar et al., 2020), and anxiety and depression
(zea et al., 2020). At exceptionally high rates, cortisol can cause disorders such as
Cushing's syndrome, which appears as abdominal and facial obesity, hypertension
(Daniel, 2020), weak muscles, bone loss, and fractures (Sekar et al., 2020). In contrast
to high levels of cortisol, weight loss, low blood pressure, muscle weakness (Sekar et
al., 2020), vomiting, weariness (Zea et al., 2020), and excessive pigmentation (Singh et

al., 2014) are all symptoms of Addison's disease, which is caused about by low levels.

Cortisol levels, whether excessively high or low, can be used as a window into
underlying physiological problems (Singh et al., 2014) and serve as early warning signs
for diseases such as Cushing syndrome. The clinical practice requires stress biomarkers
to indicate cortisol availability and activity in the body for acute emergencies or for
treating chronic conditions. Although, unfortunately, these biomarkers are not yet
accessible (Daniel, 2020), monitoring cortisol levels consistently and noninvasively

should be highlighted as a measure of prevention, monitoring, and diagnosis.
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Chapter 1: Introduction
This monitoring has shown to be quite helpful since it enables real-time results and
eliminates the need for trained professionals and visits to healthcare facilities (Sekar et

al., 2020).

1.2 Motivation

Conventional wisdom holds that stress occurs when an individual goes from a
relaxed to an aroused state, setting off a chain reaction of protective physiological
responses. Once the danger has passed, the body's physiological state returns to
normal (Brauner et al., 2019). However, psychological hazards are more common than
physical ones in the modern world, making stress a constant companion. When our
bodies go through the same stressful situations repeatedly, it can be detrimental to
our health eventually. Stress can be mental, emotional, or bodily, making it difficult to

quantify.

Chronic Stress, if left unchecked, may have damaging effects on one's health (Kumar et
al., 2019). Work-related stress has been linked to coronary heart disease and high
blood pressure (Fraser et al., 1999; Vogt, Hagemann and Kastner, 2006). Stress can

suppress the immune system and cause several diseases (Kumar et al., 2019).

In addition, Clinicians have noted for a long time that chronically traumatized
individuals usually have alexithymia, which is difficulty identifying and categorizing
their emotional states, as well as orally expressing their emotions to others (Alvarez et
al., 1991). In this regard, Studies show a positive correlation between alexithymia and
stress disorders. People who are unaware of their feelings have a more challenging
time calming down when stressed. Tension can arise among individuals when they see
a potential threat in their relationships. Suppose they cannot determine the origin and
character of this feeling. In that case, they lack the adaptive mechanisms necessary to
deal with the possibility of experiencing negative emotions. For example, being aware
that one is feeling humiliated as a result of the opinions of others enables that person
to explain that he was hurt and encourages the other person to seek clarification or
avoid making comments of a similar nature in the future. A conversation of this nature
is impossible without the participant feeling humiliated. In such a circumstance, shame

nmn

will be experienced as "tension," "pain," or, at best, as another feeling (such as rage),
which will increase the possibility that aggression will be considered one of the few

methods to protect oneself from the source of such suffering (Elison, Garofalo and
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Velotti, 2014). Also, poor emotional awareness might cause self-harming behaviours
(Linehan, 2012). While alexithymia is a symptom of difficulty controlling emotions, the
problem goes far deeper. One of the most widely accepted conceptualizations of
emotion dysregulation describes it as including the following symptoms: a lack of
awareness for the understanding of emotions, rejection of emotional responses,
difficulty with goal-directed behaviour when upset, incapacity to control negative
emotions and/or access to ineffective coping mechanisms for dealing with them (Gratz

and Roemer, 2004).

The relationship between stress and alexithymia has been studied widely but not on
real-time monitoring levels. A study shows an association between alexithymia and the

stress hormone cortisol level using a laboratory salivary test (de Timary et al., 2008).

The past decade of research has used speech, facial expressions, body language, and
physiological factors to deduce people's emotional states (Hui and Sherratt, 2018).
Physiological signals have been proven to be more trustworthy in providing a genuine
evaluation of the human emotional state since they are difficult to be influenced by
humans. Stress induces a significant physiological response in the human body, making
physiological signals particularly well-suited to monitoring this emotion (Zhao et al.,
2018). However, the ‘flat’ affect is characterized by a fixed facial expression, a lack of
gestures, and emotional reactivity. These symptoms are associated with different
mental health issues, injury, and depression (Mald, 2008). Subjects with a more
frequent flat affect may no longer react to the cortisol response in stressful situations
(Lawler et al., 2019). The cortisol response helps to survive. Conversely, adapting lack
of response causes the flat affect patients to lack danger awareness that might be
deadly. Having a technology that can respond to the stress reaction could assist
patients in improving their emotional awareness and communication with people

around them.

People with autism spectrum disorder (ASD), for example, have difficulty recognizing
the emotions of others as well as understanding and managing their own (First, 2013),
which is critical to responsive communication and social connection. In addition,
flattened affect is recognized as a primary characteristic of autism (Stagg et al., 2014) .
Therefore, the literature uses a variety of techniques, including computer-human

interaction such as virtual reality (VR) (Farashi et al., 2022), video games (Beaumont et
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al., 2021), and interactive robots (Ozcan et al., 2016), to promote emotional awareness

in people with ASD.

In addition, a study provides a wearable device that uses many biosensors, including
cardiovascular, skin conductivity, and accelerometer, to predict violent behaviour in
children with ASD. With an average detection rate of 84%, the study demonstrates a
respectable level of accuracy. However, it proposed additional data collection to

improve the device's precision (Goodwin et al., 2019).

The abovementioned emotional communication problems inspire this thesis to
repeatedly determine the optimal biomarker for measuring emotional Stress in real
time for wearable devices. Then, examine the essential biological recognition
technologies to detect the target biomarker. In addition, more than 50 million people
around the world suffer from epilepsy (Epilepsy, 2022), making it one of the most
common neurological conditions. About 1.16 out of every 1000 people with epilepsy
will die from Sudden and Unexpected Death in Epilepsy (SUDEP) (CDC, 2022).
Memory and sensory loss, anxiety, and depression are only some of the physical,
psychological, cognitive, and social effects that can result from this illness (Cano-Lépez
and Gonzalez-Bono, 2019). In addition, several studies show that cortisol levels in the
blood, saliva, and sweat are elevated in response to stressful events and that cortisol
has the potential to serve as a biomarker for the avoidance of SUDEP (Herane Vives et

al., 2015).

Patients with epilepsy have greater basal cortisol levels than healthy individuals, and
reaction to chronic and acute stress increases cortisol secretions, thus, higher cortisol
levels than normal, which may be the cause of seizures and, in some cases, SUDEP.
However, there has been a lack of current research in this area, and some of the
results produced are inconsistent among studies (Cano-Lopez and Gonzdalez-Bono,

2019).

It is important to know that several factors regulate cortisol levels to gain more precise
results while monitoring this hormone in individuals with epilepsy. A variety of factors,
including the circadian cycle (Cano-Lopez and Gonzalez-Bono, 2019), lifestyle, diet,
addictions, age, and gender (Alves and Santos, 2021) can cause abnormal cortisol

secretions, skewing results and leading to misdiagnoses.
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Chapter 1: Introduction
1.3 Objectives

The main objective of this research is to design a wearable molecularly imprinted
polymer (MIP) that would detect emotional stress by detecting the stress hormone
cortisol in sweat in real time. Also, provide a self-cleaning method for the sensor to

provide longer usability. The specific objectives of this work are:

X/

+ Identifying the suitable sweat biomarkers for emotional stress detection in
personal affective wearable sensors.

+ Identify the appropriate sweat biosensor for detecting the suitable biomarker for
emotional stress detection for personal affective wearable sensors and explain its
properties.

%+ To create a cortisol-detecting MIP biosensor suitable for cortisol monitoring
appropriate for the underside of a smartwatch.

%+ To create an innovative MIP biosensor cleaning process for the sensor that
simulates the cycle voltammetric approach.

+» Examine the electrochemical spectroscopy technique for personal affective

wearable sensors.

1.4 Achievement

A literature review was conducted to answer the first question and found that
the current biomarkers, including cortisol blood tests and other biofluid tests, are
unsuitable for real-time monitoring and not reusable. The results are published as a
literature review paper in the MDPI Biosensors journal (Zamkah et al., 2020). In the
published work, cortisol, and Volatile organic compounds (VOCs) have been identified
as the most significant biomarkers ideal for monitoring emotional sweat using a
wearable biosensor. However, due to the lack of affordable technology for VOCs
biosensor, the pandemic circumstances, and the time needed to develop a body odor
biosensor, VOCs were eliminated as a target of the study. As a result, we look at the
electrochemical stress biomarkers available. We found that cortisol, which can be
detected in sweat, is the most important biomarker. This research also looked at
cortisol metabolites and other anti-stress compounds as potential additional sweat-
based stress biomarkers. Methods for detecting cortisol have been developed and

used in many relevant investigations.
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However, the literature studies results have not shown any cleaning methods that
might increase the usage of the wearable MIP. Hence the challenge of creating a
washable MIP in a wearable device remains. Nevertheless, based on the technical
method of the fabrication of the MIPs, researchers are using an electrochemical
method called cyclic voltammetry (CV) to remove the cortisol from the manufacturing
MIP. This extraction procedure was successfully simulated in the lab using a function
generator and can be integrated into future wearable works, which answers the fourth

question.

A novel molecularly imprinted polymer capacitive biosensor, capable of self-cleaning,
was designed and sent for manufacturing for the electrochemical detection of sweat
cortisol based on a review of the existing literature on the topic. Comprehensive test
results are presented to demonstrate the effectiveness of the sensor. However, there
may be a lag in the broad dissemination of sweat cortisol wearable devices because of
the necessity for the technology to support the commercial viability of wearable
devices that detect sweat biomarkers. Therefore, for proof of concept, we offered a
detection technique predicated on enhancing the viability of capacitive detection on a

wearable device.

1.5 Thesis structure
This thesis has seven primary chapters. The literature reviews the suitable
biomarkers for emotional stress for wearable biosensors and the associated biosensors
in Chapter 2. Chapter 3 discusses the MIPs' literature review and their principles. They
were followed by the experimental details and techniques presented in chapter 4.
Chapter 5 will present the findings of the experimental procedure. The results will be
discussed in Chapter 6 following their presentation. Finally, in chapter 7, a summary of

this work will serve as its conclusion.
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Chapter 2: Literature review

Parts of this thesis have been previously published in Zamkah et al. (2020)

2.1 Introduction

For many years, scientists have known that emotions can be communicated
among animals by changing their body odors (Todd, Atema and Bardach, 1967). In
stressful events, such as being injured or in life-threatening situations, chemical bio
signals are released from the skin to warn other animals to escape or to gather. For
example, Valenta and Rigby (1968) showed that rats can differentiate between
stressed and relaxed rats using airborne odor. Therefore, it has been postulated that
such effects may be extended to humans. Many experiments have been conducted to
determine the role of human odors in emotional communication. Consequently, it is
now known that humans can smell several emotions, including happiness (Chen and
Haviland-Jones, 2000), fear (Ackerl et al., 2002), and anger (Novaco, 2016). Indeed,

Benderly (1988) stated that “olfaction is our most emotional sense”.

In addition to body odors, physiological changes such as heart rate, skin conductivity,
and oxygen saturation in the human body occur as an emotional response. Hui and
Sherratt (2018) used physiological sensor data to detect emotional events based on
the concept of emotional context awareness. Happy and Routray (2015) used image
processing to detect emotional states in facial expressions. Li et al. (2019) merged
facial image processing with electroencephalography (EEG) for improved emotional
state detection, indicating that affective systems benefit from being multimodal. Yang
et al. (2020) demonstrated emotion detection through speech for Al-based home
assistants. While there is a large research area around affective systems and their
impact on emotion and stress, this paper will review the literature, specifically looking
for identified biomarkers in sweat that could be used to improve future affective

sensors’ sensitivity or classification to detect stress and emotion.
2.2 Emotional stress

In the modern era, stress has been identified as a significant factor that affects
health, the economy, and quality of life (Singh et al., 2014; Hung and Picard, 2016;
Cano-Lépez and Gonzdalez-Bono, 2019). Researchers have recognized the relationship

between the emotions of an individual and their health, which in turn has raised the
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Chapter 2: Literature review

subject of recognizing emotional status through affective computing (Picard and
Healey, 1997). These emotions were classified by some researchers into six basic
emotions, namely fear, disgust, joy, anger, sadness, and surprise (Hung and Picard,
2016). Recently, stress has been added to the recognized emotion set, which can be
defined as the feeling caused by emotional tension, which might happen in certain
circumstances when one reacts to demand or pressure that does not match with
knowledge and experience or is over their capability. In the modern world, stress is a
crucial problem. For example, researchers have reported that a growing number of
community violence cases are related to anger resulting from stressful experiences
(Bergman, Christopher, and Bowen, 2016; Novaco, 2016; Strasshofer et al., 2018).
Furthermore, police officers who do not cope with stress and its consequences have
been shown to have increased rates of post-traumatic stress disorder and increased
aggression (Bergman, Christopher, and Bowen, 2016). Also, stress has been shown to
harm human health and plays a key role in diseases related to a mental disorder, such
as anxiety (Tsukuda et al., 2019), and seizures (Patrick Mannion, 2016; Cano-Lépez and

Gonzalez-Bono, 2019).

2.3 Stress detection

Because of these risky influencers of stress, researchers have focused on
overcoming the issues and detecting stress as early as possible to prevent further
development. Although the classic invasive blood cortisol tests are the gold standard
for measuring stress that includes the commercial Enzyme-linked immunosorbent
assay (ELISA) (Shimada et al., 1995). In addition, there are two major methods that
have been used to detect stress noninvasively, either measuring brain waves via
implementing EEG electrodes or utilizing biomedical tools to detect physiological bio
signals, such as heart rate (HR), blood pressure (BP), and body temperature, and by
using sweat sensors to measure skin conductivity (SC) (Kumar et al., 2019), and
electrodermal activity (EDA), heart activity through electrocardiography (ECG), muscle
activity using electromyography (EMG), and respiratory response using
electromagnetic generation. Furthermore, other research has involved advanced
physical measurement methods to detect stress, such as automated facial expression
analysis (AFEA) to monitor stress facial expressions that might also include infrared (IR)

for eye movement tracking. Also, some computerized gesture analyses (leveraging
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AFEA) for body gestures have been evaluated for their ability to detect stress. Another
method for detecting stress involves comparing stress indicators such as voice patterns
under stress to those under normal settings (Simantiraki et al., 2018). Analysing how
individuals use their mouse and type can potentially reveal their emotional state
(Carneiro et al., 2017; Lau, 2018). Also, people can escape from stress by using their
mobile phones, as research found a favourable correlation between stress and using a

mobile phone (Sano and Picard, 2013).

In terms of device wearability, although EEG provides accurate readings and valuable
information about the brain’s states, its main disadvantage is that EEG electrodes must
be attached to the scalp. Which is reported to be inconvenient for users (Gu et al.,

2018).

2.4 Sweat Biomarkers

While SC sensors are common in emotion detection systems, they are mainly
used for measuring skin conductivity rather than the electrochemical content of the
sweat. Sweat’s electrochemical contents, such as the stress hormone cortisol and skin
gases are significantly under-researched. Maintaining a healthy core temperature
through perspiration is fundamental, but this bodily fluid also reveals interesting
health data. Perspiration composition in healthy and rheumatic people has been
studied (Ray and Mcswiney, 1934). This interest in sweat contents can be traced back
to the early 20th century, when Silvers, Forster, and Talbert, (1928) noted the
existence of glucose in sweat. Since then, scientists have investigated several
characteristics of sweat, and have looked into several components of sweat, including
fatty acids (Peter et al., 1970), lons (Prompt, Quinton and Kleeman, 1978) and viruses
(Wormser et al., 1992). In the modern era, with the rapid development of technology,
researchers have been using technology to digitalise sweat biomarkers. Adewole et al.
(2016) developed a sweat biosensor device to detect tuberculosis biomarkers. Kilic et
al. (2017) fabricated a smart e-patch to monitor drug intake in schizophrenia. Upasham
et al. (2021) developed a sweat biosensor to track the endocrine-inflammation
relationship and monitor long-term disease. In addition, several glucose sweat-based
biosensors have been developed recently (Khor et al., 2022). Sweat comprises

physiological components that execute physiological activities or participate as the end
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product of the metabolite process, in addition to odd components detected as
biomarkers. Chloride and Sodium play a significant part in the electrolyte balance
demonstrated in sweat concentrations ranging from 10-90mmol-1, and exceeding this
concentration may suggest cystic fibrosis, which also can be altered and affected by
the bicarbonate level (Baker, 2019). While urea's physiological role is related to
maintaining skin hydration, high concentration can be observed as a kidney failure
biomarker (Sonner et al., 2015). The liver also converts ammonia to urea, and high
ammonia concentrations can be biomarkers of Hepatic disorder (Guinovart et al.,
2013). While the body continues to eliminate ethanol as part of the metabolic process,
an increase in ethanol concentration is associated with alcohol intoxication. (Baker and
Wolfe, 2020). Moreover, as lactate is essential in skin hydration, exceeding its
physiological range might involve tissue perfusion and pressure ischemia (Derbyshire
et al., 2012). Thermal disorders can result from the fluctuating cytokines presented in
the sweat as an inflammation marker (Aranyosi et al., 2021). Potassium also regulates
the electrolyte balance and moisture of the skin; potassium level in sweat signals
potassium consumption for hypertension patients (Houston, 2011). Calcium, a typical
ion in sweat, can be associated with hypocalcaemia (Ahmed et al., 2016). Glucose was
one of the oldest components discovered in sweat. It is a significant biomarker for
diabetes (Moyer et al., 2012). In addition, sweat glands release Uric Acid, a final
metabolite of purines. Thus, some studies showed abnormal concentrations resulting
from cardiovascular or kidney disease (Baker, 2019). Another common sweat
component is Vitamin C, which is initially the main factor in preventing scurvy disease
(Sorice et al., 2014). Finally, Amino acids, presented naturally in sweat, have been

involved in some lung cancer screening studies (Calderén-Santiago et al., 2015).

Meanwhile, research results have confirmed that sweat components vary among
diseases, indicating the need for a metabolic analysis for general disease diagnosis,
screening and monitoring, or personalized biomarkers (Luque de Castro and Priego-
Capote, 2018). In the laboratory, the Wescore Macroduct (MCS) is the most common
device that combines sweat sampling and analysis. Also, other liquid analytical devices
such as liquid chromatography (LC), capillary electrophoresis (CE), and mass
spectrometer (MS). In addition, a gas chromatograph is commonly used to analyse the

volatile organic compounds in sweat (Serag et al., 2021).
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This review considers the current state of the art in understanding biomarkers
present in sweat under stress and emotional events. We present the most recent
electrochemical sweat markers and skin VOC studies to hypothesize potential stress

biomarkers for future affective technology sensors.

2.5 Physiology of stress

Perspiration’s main role is to maintain the core temperature of the human body
at optimum levels, which is important for survival, as increasing the core temperature
to over 40 °C causes serious health issues and can lead to death. The main objective of
sweating is the downregulation of the body’s core temperature in high-temperature
environments or under physiological stress. However, there are other major roles for
sweating, including gustatory sweating and emotional sweating (Wilke et al., 2007).
Emotional sweating occurs as a physical reaction against emotive stimuli such as stress

(Machado-Moreira and Taylor, 2012).

In an event of exposure to acute stress, the human body initiates several behavioural
and physiological responses, known as the fight-or-flight response, which includes
several connected activated mechanisms that enhance survival in events of danger and
maintain homeostasis. The sympathetic nervous system reacts to acute stress by
sending adrenaline and noradrenaline signals that cause multiple physiological changes,
such as increases in heart rate, blood pressure, and breathing rate (Ulrich-Lai and
Herman, 2009). In a slightly slower timeframe, the hypothalamic—pituitary—
adrenocortical (HPA) axis is activated, resulting in a production of the stress hormone
cortisol as a part of increasing the circulation of glucocorticoids (Ulrich-Lai and Herman,
2009), as it can be seen in Figure 1. Emotional sweat is produced on the entire surface
of the skin, but it is concentrated on the palms, soles, and underarms. All of these
responses are relative, and as such, the level of response is based on several factors,
including the nature of the stressor and the stressed person (Machado-Moreira and
Taylor, 2012). Sweat from the palms and soles is usually caused by emotive stimuli, not
by environmental temperature (Kerassidis, 1994). In comparison to thermal sweating,
which can be affected by ambient temperature, emotional sweat does not change in
response to the surrounding environment’s temperature. It increases dependently and

decreases during mental repose and sleep (Wilke et al., 2007).
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On the other hand, similar to thermal sweating, sole and palm emotional sweating
involves the eccrine glands (Kerassidis, 1994). However, there is a lack of information
regarding the central pathway of the eccrine glands, although some evidence has shown
that the cortex and amygdala are involved (Asahina et al., 2003). Interestingly,
emotional sweating of the axillary area does not occur before pubescence, suggesting
apocrine and apoeccrine glands play key roles in axillary emotional sweating, as they are
inactive before this stage (Lonsdale-Eccles, Leonard, and Lawrence, 2003). Apocrine
glands are activated by adrenergic stimulation and strongly respond to emotion
(Nakazato et al., 2004). However, the function of the secretion in these glands is unclear
yet, although there is evidence that apocrine odors have similar effects to pheromones

(Ackerl et al., 2002).
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Abdulaziz Zamkah 2023 -14 -



Chapter 2: Literature review

)

Figure 2 a) Visualized wristband device prototype for monitoring cortisol in human
sweat. (b) Scanning electron microscope (SEM) image of blank polyamide membrane on
the left side, where MoS2 nanosheets were placed into porous polyamide membrane
on the right side. (c) Stack of MoS2 nanosheets within a polyamide membrane sensing
platform for cortisol detection. The blue box is a magnified picture of a nanosheet that
presents the affinity assay for cortisol, Kinnamon et al. (2017).

2.6 Electrochemical detection of stress
2.6.1 Antibodies

The slivery cortisol test has been identified as the most effective and promising
non-invasive method to measure the cortisol level from biofluids (Singh et al., 2014) in
concentrations ranging between 8.16 to 141.7 ng/m (Jia et al., 2016). Most recently,
sweat has started to be an attractive area of research for measuring cortisol (Russell et
al., 2014). In 2016, researchers developed an antibody based wearable device using
nanosheets of zinc oxide (ZnO) to detect cortisol in sweat at concentrations of 1 to 200
ng/mL. The study used a thiol-based linker molecule to bind to the ZnO (Munje et al.
2016). For low levels of cortisol volume detection, a portable cortisol sensor was
developed using MoS2 sheets integrated into a nonporous flexible electrode system.
The system succeeded in detecting volumes in the range of 1-5 pl. An immunity assay
was designed, using MoS2 nanosheets operationalized with cortisol antibodies, seen in
figure 2 (Kinnamon et al., 2017). Most recently, CortiWatch, which is a wearable
wristband with a watch shape, as can be seen in figure 3, was developed for

monitoring cortisol fluctuations within the physiological range (8—141 ng/mL) for 9 h.
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Although this device is a significant achievement in the field, it was designed to be
disposed of after a low number of readings has been taken; this is interesting but not
practical. The device has the potential to improve some medical applications, such as
creating a circadian profile for a user and providing proof that self-monitoring of
cortisol levels is possible (Rice et al., 2019). Another recent study introduced an
immunosensor that can detect cortisol and lactate using the label-free electrochemical
chronoamperometric technique. This technique involves bioconjugation of cortisol and
lactate antibodies with electro-reduced graphene oxide e-RGO, which is utilized as a
synergetic platform for signal amplification. The prototype device can connect to
smartphones via Bluetooth and can detect responses at concentrations as low as 0.1
ng/mL. In terms of selectivity, the device showed no cross-sensitivity between the two
biomarkers or other components present in sweat (Tuteja, Ormsby and Neethirajan,
2018). Additionally, another cortisol detection immunosensor was introduced in a
study using a miniaturized potentiate (M-P) chip (LMP91000) to perform a three-
electrode range cyclic voltammetry (CV) measurement. The system succeeded in
detecting cortisol in the physiological range, with a sensitivity level of 1.24 uM of
cortisol (Cruz et al., 2014). Additionally, a four-channel electrochemical impedance
spectroscopy (EIS) analyser module was designed to detect cortisol in sweat. This
module utilized flexible chemi-impedance sensors and was constructed with three gold
electrodes for wearability. It was developed to detect cortisol in an ultra-low volume of
sweat (1-3 pL) using an antibody-based technique, as well as to measure other
physiological parameters, namely pH and skin temperature (Sankhala, Muthukumar

and Prasad, 2018).

mHealth is another strategy in this subject. According to Torrente-Rodriguez et al.
(2020), the wireless device measures cortisol levels in sweat using laser-induced
graphene. It consists of three graphene working electrodes, an Ag/AgCl reference
electrode, and a graphene counter electrode. Cortisol detection occurs when sweat
cortisol binds to the graphene electrode, generating a cathodic current. To determine
cortisol in sweat. The cathodic current on the electrode surface is measured to
determine cortisol in sweat. Additionally, the study revealed critical investigations on
the correlation between the perspiration and circulating cortisol for the first time. Also

discovered was a clear correlation between cortisol levels in sweat, serum, and saliva.
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Cheng et al. (2021) invented a flexible battery-free cortisol antibodies biosensor patch
that detects sweat cortisol using near-field communication that enables the device to
communicate with smartphones. For on-body testing samples, the equipment
detected cortisol in real time and distinguished between emotional episodes and
moments of relaxation. The device represents a promising advance in managing one's
mental health. Naik et al. (2021) demonstrated a dual imprinted biosensor to detect
cortisol only once and continue monitoring for glucose. Leitdo et al. (2021)
demonstrated an optical biosensor using surface plasmon resonance (SPR) technology
to detect cortisol. The anti-body-based biosensor has shown a high selectivity to the
cortisol as it can detect 0.005 ng/ml. Liu et al. (2021) developed a wearable
nanostructured film biosensor for detecting cortisol in perspiration. Differential pulse
voltammetry (DPV) is used to assess the detection's electrochemical performance. The
detection limit demonstrates remarkable selectivity since it can detect as low as 1
fg/ml. Bianet et al. (2022) investigated the differences between the direct attachment
of the cortisol antibodies to single-walled carbon nanotubes (sc-SWCVTs) and have
gold nanoparticles as linkers between the antibodies and the nanotubes in a field
effect transistor (FETs). The results showed that having a direct connection between
the antibodies and the (sc-SWCVTs) improve performance. Demuru et al. (2022)
developed a rapidly sensitive cortisol biosensor that can detect within 5 minutes. The
antibody-coated transistor detected lower cortisol levels around 50 pA/dec in the 1-

1000 nM.

Laochai et al. (2022) modified an electrochemical immunosensor electrode to facilitate
cortisol antibody immobilization. The electrochemical signal of detection of this sensor
is the reduction of the oxidation current using cyclic voltammetric CV techniques. The
device can detect cortisol within the physiological range. Madhu et al. (2022)
investigated a SnO2 nanoflake-integrated conductive carbon fibre (Sn02/CCY) to
detect cortisol. Immobilized antibodies boost the system's selectivity. The CV
technique was utilized to determine the extent to which electrochemical signals were
reduced during binding processes. Finally, Santiago et al. (2022) built a three-
electrode device for cortisol detection. Importantly, numerous layers of graphene
oxides and cortisol antibodies were used to build the working electrode. Cortisol is also

tested using the CV technique to identify the change in current.
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Real time circadian profile generated using Cortiwatch
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Figure 3

A) Wearable device prototype for CortiWatch B) it is used during experiments on
human subject’s Real-time rhythmic pattern obtained for a human participant

throughout a 9-hour time (Rice et al., 2019).

2.6.2 Aptamers

With the debut of SELEX technology in the 1990s, researchers were able to
systematically evolve ligands by exponential enrichment (Moon et al., 2015). The
aptamer is a particular sequence of oligonucleotides isolated using SELEX technology
from a library of randomly generated DNA or RNA (Mondal et al., 2015). In addition to
antibody-based methods, Aptamers biosensors are an alternative technique has been

developed to detect cortisol in sweat.

This technique is a colorimetric detection method based on the conjugation of cortisol
selective aptamers with the surfaces of gold nanoparticles (AuNPs). The aptamers
react with cortisol molecules present in the sweat, provoking their desorption from the

surface of the gold nanoparticles, resulting in reddish colour in AuNPs. The changes in
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colour are due to the introduction of salt in the colloidal solution, which causes
aggregation of AuNPs. The sensor detects within the physiological range of cortisol
present in sweat, using the visual range of detection (1 ng/mL). There were no

interactions with other biomarkers in sweat.

Wang et al. (2022) introduced a simple cortisol aptamer biosensor methodology.
cortisol aptamers are bonded to AuNPS-DNA, when the cortisol is detected by cortisol
aptamers it reduces the UV intensity absorption peak. The biosensor shows significant
selectivity as it does not recognise any other tested samples. For more complex design,
Weng et al. (2022) created a smartphone-based 3D microfluidic origami biosensor for
the detection of cortisol in sweat. The biosensor consists of cortisol aptamers
fluorescently labelled with carboxyfluorescein (AFM) and MoS2 nanosheets. The
optical detector was able to detect a broad range of cortisol concentrations within the
physiological range, as indicated by the rise in fluorescence intensity with increasing
cortisol concentrations. Also, to monitor cortisol levels, An et al. (2022) created a
disposable aptamer patch to monitor cortisol levels, as it can be seen in figure 4. Again,
electrical measurement forms the foundation of the sensor concept. When cortisol
binds to the aptamer, it shifts to the nanofibers' surface, altering the electrical
characteristics, raising resistance, and boosting the NFs' conductivity. Thus, the

labelled aptamer detection increases the intensity of the NFs.

Alternatively, Tu et al. (2020) provided colorimetric tests using blue tetrazolium to
assess sweat cortisol in twenty human samples. The researchers discovered a
substantial variation in cortisol concentrations between male and female samples, as
well as between apocrine and eccrine cortisol levels. This distinction between glands
can be important when selecting a wearable device for placement on the human body.
Moreover, the aptamers technique has advantages over antibody-based methods in

terms of stability, costs, and user-friendliness (Dalirirad and Steckl, 2019).
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Figure 4 monitoring cortisol levels using a wearable aptamer-field-effect transistor
sensing system (Wang et al., 2022).

2.6.3 MIPs

Parlak et al. (2018) presented a new patch-type multifunctional layered biosensor
that was developed to detect cortisol in sweat. A molecularly imprinted polymer (MIP)-
based artificial recognition membrane was developed to interpose between
semiconductor polymer channels, typically, the poly(ethylenedioxythiophene)—poly
(styrenesulfonate) (PEDOT—PSS) channel layer and sweat reservoir controls the
selective transit of cortisol molecules from the skin to the organic electrochemical
transistor (OECT) sensor channel. This molecule selective OECT (MSOECT)
demonstrated physical and chemical stability at body temperature, as well as the
capacity to resist physical deformation. The system was able to detect cortisol at low

concentrations (0.1-1 uM) with no selectivity or specificity mistakes recorded.

Nonetheless, Mugo and Alberkant (2020) introduced a molecularly imprinted
electrochemical (MIP) sensor to detect cortisol in sweat. The sensor was fabricated
using layer-by-layer (LbL) assembly and based on flexible poly (glycidylmethacryate-co
ethylene glycoldimethacrylate) (poly (GMA-co-EGDMA)). The MIP was built to suit the
human skin as a wearable device, as well as to be selective for cortisol detection in
human sweat. The sample was collected from the forehead of one volunteer after
exercise. The experiment was repeated for both a MIP sensor and a nonimprinted
polymer (NIP), namely a cortisol-free labelled film that was polymerized similarly to
the MIP but without the addition of cortisol. The selectivity of the sensor has been
shown to be blind to other interfering sweat components. In terms of selectivity, the
MIP sensor succeeded in detecting cortisol effectively in human sweat in the range of
10-66 ng/mL. However, the sensor has a limitation in terms of detecting cortisol at a

lower range (2.0 _ 0.4 ng/mL). In addition, a biosensor based on MIP has been
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developed to detect cortisol in sweat with a fingertip touch. It is inspired by the large
concentration of eccrine glands in the fingertips, which produce a substantial amount
of perspiration that facilitates sampling. The sensing component is a screen-printed
electrode with a MIP layer specific for cortisol. Due to Prussian blue redox probes that
provide direct electrical signalling of the binding event, cortisol levels can be detected
by amperometric detection. This study introduced a novel way to collect sweat using
sweat-absorbing polyvinyl alcohol (PVA) hydrogel, unlike prior emotional sweat
investigations that require a psychological or physiological stressor (Tang et al., 2021).
Mugo et al. (2022) reported an affordable dual biosensor to detect cortisol using MIPS
technology and a PH sweat biosensor. The biosensor has detected 1.4 + 0.3 ng/mL
insensitivity. Also, the sensor's reusability is interesting, since it was reused 15 times
every month with just minimal variations in response. After that, Mugo, Lu and
Robertson (2022) adapted their technology to a more wearable form. The sensor is
attached to cotton textile patch to be suitable for wearable design. The patched sensor
was examined fifteen times over the course of a month and demonstrated satisfactory

accuracy.

Yeasmin et al. (2022) introduced a gold nanoparticle-doped molecularly imprinted
polymer for cortisol detection. The gold particles aim to boost the electron

transfer between the redox probes and the electrode across the insulating MIP layer.
Unlike capacitive MIPs biosensors of the former, this biosensor measures the change in
current response triggered by the binding of target molecules to MIP, resulting in
electron transfer. The gold nanoparticles play a crucial role in increasing the efficiency
of the captured target to block the electron transfer. However, the biosensor is only
tested to detect artificial saliva cortisol; further investigation to detect sweat cortisol is
recommended to be suitable for wearable biosensors. Bian et al. (2022) recently
introduced a disposal sweat cortisol MIP biosensor. The sensor was fabricated using a
high throughput roll-to-roll R2R screen-printed electrode. The sensor was built as a
batch for single use on human skin. The signal of cortisol detection was a reduction of
the current signal compared with less concentrated samples. In terms of specificity,
the developed sensor was made to detect cortisol from sweat produced by eccrine
sweat, which contains various components. Therefore, minor structured or cortisol-
similar components might bind to the MIP cavities. As a result of the selectivity tests,
all tested components reacted less to the current versus cortisol. On the other hand,
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the sensor showed a higher response to glucose than others, which might be because
of a smaller structure of glucose, so they bind to the cortisol cavities. Also, the
selectivity tests confirmed that the NIPs are not selective to cortisol. A new approach
in the cortisol MIPs biosensor has been introduced recently by Yilmaz et al. (2022)
where a plasmonic cortisol MIP biosensor is proposed. This integration between the
technologies measures the change of the reflection light of the sensor angel during the
measurement of different concentrations of cortisol the higher concentration of
cortisol, the more significant rise in reflected lights. Even though the sensor effectively
detected cortisol in other fluids, including artificial plasma and urine, it can perform
only 5 times at full capability. Unlike the capacitive MIPs, Dykstra et al. (2022) and
Duan et al. (2022) introduced differential pulse voltammetry (DPV) as a signal
measurement method. When the MIP detects cortisol, the cavities are filled, blocking
access to the redox probe to transfer to the electrode surface. This leads to reduced
electron transfer, resulting in a reduced electrochemical signal. Thus, DVP is the
quantification method of cortisol detection as the calibration curve correlation
between the concentration of cortisol and its corresponding peak current change. So,
the higher the slope of the calibration curve, the more sensitivity of the MIP to the

target.

In comparison between the natural receptors and MIPs, the latter provides practical
aspects over the natural recognition systems. On the other hand, MIPS seems more
affordable, selective to the targets and provides environmental stability. Also, the

natural receptors are disposed of while MIPs can be cleaned.

2.7 Non-Electrochemical detection of stress

Physiological stress signals are commonly used for stress detection. Most of their
smartphone-compatible sensors can be recorded for visual and vocal analysis. Empatica
E4 is a wristband medical-grade biosensor based on streaming and viewing real-time
physiological data. It permits users to collect data on various physiological biomarkers,
including EPA and heart rate variation HRV. Additionally, the device contains a three-
axis accelerometer to detect motion (Indikawati and Winiarti, 2020).
Autosense is a pack of six sensors wearable devices in a portable form that allows for
collecting cardiovascular and respiratory measurements via radio transmission and

processing the data to detect stress stats (Ertin et al., 2011). The Massachusetts Institute
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of Technology developed the Q-sensor, a wearable device that detects stress by
monitoring changes in skin conductivity. A shimmer sensor is a biosensor developed to
measure stress in the workplace, which employs EDA sensors in the fingers and can
transmit data to PCs through Bluetooth. DatalOG is a flexible EMG band worn on
various body areas, making it applicable to a vast array of research (Pourmohammadi
and Maleki, 2020). Even though prior devices were able to identify real-time measures
of physical biomarkers, they are incapable of detecting emotional stress. The inability of
these metrics to differentiate between stress and usual settings necessitates additional
measurements to detect stress (Yoon, Sim and Cho, 2016). Therefore, recent studies and
research demand stress biomarkers beyond the physical ones. They require a traceable
physiological imprint of human stress (Zea et al., 2020).

Hair cortisol has been used for measuring chronic stress as a non-invasive method
(Cirimele et al., 2000). Recently, Herane-Vives et al. (2020) used earwax samples to
measure the cortisol level using a non-stressful, non-invasive, novel self-sampling
method. The study found that the cortisol concentration in earwax is higher than in hair,
and earwax has the potential to overcome some of the major limitations of the hair
methods, such as stability and storing conditions, as earwax has bacteriostatic
properties. However, earwax has been demonstrated to be a reliable source of cortisol,
this method is not practicable for acute stress measures or daily monitoring wearable
devices since earwax cortisol concentration is not impacted by acute stress (Bende,
1981) because of the nature of the ceruminous glands which is responsible for the
secretion of the ear wax (Montagna, 1955).

When measured before and after periods of acute stress, leptin has been shown to be a
reliable indicator of the body's response to stress (Bouillon-Minois et al., 2021). Further
research is needed to address leptin's behaviour after acute stress, as it was observed
in another study that leptin increases significantly after acute stress (Tomiyama et al.,
2012). It is debatable whether leptin is an ideal biomarker for wearables, given that it
has primarily found in serum and is made by fat cells. Finally, e-nose also has been
involved in cortisol detection. A study used e-nose with an association of a pattern
recognition software tool to detect a low concentration of cortisol (5 uM—-50 puM) in
sweat (Garcia-cortés et al., 2014). In a previous work Zamkah et al., 2020 discussed this
study saying “here e-nose detected stress situations by measuring the concentrations

of cortisol and adrenaline in sweat; however, no further studies have been carried out
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on this.”. An e-nose utilizing metal oxide gas sensors, pattern recognition algorithms,
and artificial intelligence technologies has been developed in response to this call (Durdn
Acevedo, Carrillo Gémez and Albarracin Rojas, 2021). Galvanic skin response analysis is
connected to the system. The skin conductivity was measured at the fingertips, and the
volatile organic compound emissions were recorded at the forehead. As can be seen
from the data, there is a clear distinction between the stressed and relaxed samples. In
addition, the system can distinguish between light, moderate, and severe stress. The
integration of these technologies is an emerging method for investigating the e-noses

to detect emotions, particularly stress.

2.8 Volatile organic compounds (VOCs)

Developing a non-invasive tool offering a significant level of selectivity and
sensitivity with real-time operation is a challenging issue. For this reason, VOC sensing
technology has been widely used in the medical field for several diseases that exhibit
specific changes in the pattern of the VOCs of sweat (Hsieh and Yao, 2018). Various gases
are released from human bodies, including metabolic gases, while sweat VOCs and VOCs
are produced by floral bacteria (Sekine, Toyooka and Watts, 2007). Also, VOCs can be
found in exhaled breath and other body biofluids (Drabinska et al., 2021). VOCs have a
high vapor pressure at ambient temperature and a low boiling point. Thus, they release
many molecules into the air when they boil (Ciccioli, 1993). VOCs are generally
nonreactive, and the adverse effects on human health depend on several circumstances,
such as exposure duration and intensity. This involves continuous monitoring of an
individual's VOC exposure. Accurate monitoring of VOC exposures could facilitate a
deeper comprehension of the environmental and physiological conditions that govern

human health (Mahmud et al., 2021).

On the other hand, there is a lack of research on VOCs relating to human emotions, even
though several studies have tested the role of sweat in human emotional interactions,
such as fear sweat (de Groot, Smeets and Semin, 2015) and anger aggression (Novaco,
2016). These studies present the olfactory roles in emotional interactions, while the
roles of chemical contents of emotional sweat had not been the focus of prior studies.
Therefore, Zamkah et al. (2020) combined two major studies investigating VOCs stress
biomarkers. One study hypothesized that stress biomarkers are released from the skin
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in response to stress. The study used the trier social stress test (TSST) to measure
stressors, a cortisol salivary concentration test as the gold standard for the study, and a
survey as the result comparison tools. The gas analysis was performed by gas
chromatography—mass spectrometry (GC/MS) system. The participants of this study
were 30 females, as they are responding to TSST better than males. These subjects had
a general anxiety tendency, which was evaluated using a physiological questionnaire.
The subjects ranged between normal and high anxiety trait levels, reflecting the type of
people who are likely to suffer from mental disorders as a result of stress. The study
identified 6 stress biomarkers (1,2-ethanediol acetophenone, heptadecane, hexanedioic
acid, dimethyl ester, benzyl alcohol, and benzothiazole) that were released from
underarms of the samples (Tsukuda et al., 2019). Table 1 depicts the released amounts
of the six stress VOCs that were identified as stress biomarkers in the skin. In the same
vein, another study used a deterrent methodology to identify stress VOCs. The paced
auditory serial addition test (PASAT) was used as a stressor and sweat samples were
collected from foreheads of 20 volunteers. The subjects were 10 males and 10 females
between 19 and 26 years old. The samples were randomly separated into two sampling
sessions. In the first session, subjects sat and listened to classical music. In the second
session, subjects undertook the PASAT test. In addition, heart rate and blood pressure
measurements were recorded. It was found that four stress biomarkers (benzoic acid,
n-decanoic acid, a xylene isomer, and 3-carene) (Martin et al., 2016). Notably, the
identified biomarkers from both studies were different. However, in terms of
wearability, there are no commercial biosensors available to detect stress via VOCs, but
a study did recommend a nanomaterial-based sensor array for future wearable
biosensors for VOCs, Figure 5 (Broza, Zuri and Haick, 2014). Unlike GC/MS, which
identifies specific VOCs, this array relied on the collective pattern of VOCs. Gioia et al.
(2022) also attempted to respond to our inquiry by conducting a preliminary
investigation on the association between stress response and perspiration. The purpose
of the experiment was to collect samples from the participants' underarms. Complex
laboratory instruments have been utilized to analyse chemical data, and they were able
to detect a wide range of volatile organic compounds. However, they chose to focus on
acids because they had previously been identified by two prior research. Therefore, the
study combines both chemical and physiological data (thermal imaging,

electrocardiogram, and electrodermal activity). The data indicate that dodecanoic acid
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is a possible biomarker for stress. In addition, additional locations and biofluids are

recommended for future direction investigations.
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Figure 5 Multi-channel VOC sensor application conceptual diagram (Mahmud et al., 2021).

2.9 Results

The results show a notable development in the field of electrochemical stress bio
signals from sweat. Several methods have been utilized to detect cortisol, the main
stress biomarker. In this regard, the antibody-based technique is the most common tool
used to detect cortisol in sweat (Cruz et al. 2014; Munje, Muthukumar and Prasad, 2016;
Tuteja, Ormsby and Neethirajan, 2018; Ganguly et al., 2019; Rice et al., 2019; Cheng et
al., 2021b; Leitdo et al., 2021; Liu et al., 2021; Bian, Shao, Liu, Zeng, et al., 2022; Demuru
et al., 2022; Laochai et al., 2022; Madhu et al., 2022; Santiago et al., 2022) , while less
commonly used techniques include the aptamer (Dalirirad and Steckl, 2019; Martin et
al., 2014; Pusomijit et al., 2021; Wang et al., 2022; Wu et al., 2022), e-nose (Garcia-cortés
et al., 2009; Cho et al., 2018), and MIP techniques which are significantly raised after the

publication of the literature review in 2020 (Parlak et al., 2018; Mugo and Alberkant,
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2020; Daniels et al., 2021; Villa et al., 2021; Bian, Shao, Liu, -, et al., 2022; Duan et al.,
2022; Dykstra et al., 2022; Yeasmin et al., 2022). In terms of sensitivity, all the above-
mentioned studies succeeded in detecting cortisol in its targeted range. However,
different detection ranges were presented in the studies. The lowest levels of cortisol
concentration detected were in 1fg/ml (Liu et al., 2021) while the only manufactured
antibody-based biosensor, CortiWatch, achieved a more modest level of detection,
ranging from 1 to 150 ng/mL (Rice et al., 2019), and the only manufactured aptamer-
based biosensor does not specify the detection level. Instead, the used a dynamic range
(1pM to 1 uM) as a critical parameter.

From the perspective of the placement of wearable sensor devices, it is an advantage
that the eccrine glands are spread over the whole human body, as this offers a variety
of placement options. In terms of selectivity, no reported errors were mentioned in
cortisol biosensor studies.

Cortisol metabolites have the potential to be sensed as stress biomarkers in wearable
devices. The current methods to detect them require sophisticated lab-based machines
(Runyon et al., 2019). Further investigations are needed to create long-lasting sensors
for wearable devices. Antistress hormones as stress biomarkers are also under-
researched. However, a Zn+ ion biosensor has been developed to detect an antistress
hormone called oxytocin in biological fluids for medical purposes (Mervinetsky et al.,
2019). From considering the literature, it is possible to recommend that more trial
studies be conducted to detect the ranges and concentrations of biomarkers in sweat
during a range of common stressful events, in order to further facilitate the capture of
information needed in the design of biomarker sensors in future effective systems.
VOC technology is in the development stage. Two studies utilized different
methodologies and found different stress biomarkers. The first study found changes in
the concentrations of the biomarkers 2-hydroxy-1-phenylethanone, benzaldehyde, and
2-ethylhexan-1-ol in response to the stressor (Martin et al., 2016), while the second
study found changes in the concentrations 1,2-ethanediol acetophenone, heptadecane,
hexanedioic acid, dimethyl ester, benzyl alcohol, and benzothiazole (Tsukuda et al.,
2019). However, in the first study, the biomarkers were found in the forehead samples,
which might be produced from eccrine glands as cortisol metabolite VOCs, whereas in
the second study the biomarkers were measured from apocrine glands (underarms).

This difference might be the reason for the discrepancy between the experimental
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results obtained. Another possible reason is that the VOC biomarkers resulted from
floral bacteria (Tsukuda et al., 2019). Further investigations are needed to understand
the source of axillary VOCs, to also test the accuracy for both types of glands, and to test
the performance of eccrine gland biomarkers at different places on the body.”

Table 1 Summary of stress biomarkers from the sweat or skin, methods used to measure
them, places

Biomarkers Methods Place Wearable Potential Device
Available
Cortisol Antibodies, Eccrine glands Wrist band + patch  e-nose + Flexible
aptamers, MIPs, (Antibodies,
aptamers
and e-nose and MIPs)

Apocrine (e-nose)

Cortisol metabolites Labs Eccrine glands No Flexible
Antistress hormones Zn+ions Eccrine glands No Flexible
VOCs Lab (GC/MS) Eccrine glands. No Flexible
(Benzoic acid, n- Apocrine glands or

decanoic acid, a xylene skin

isomer, and 3-
carene)(Martin et al.,
2016)

1,2-Ethanediol
Acetophenone
Heptadecane
Hexanedioic acid,
dimethyl ester

Benzyl alcohol
Benzothiazole(Tsukuda

etal., 2019)

Various signals have been identified as stress biomarkers. Table 2 summarises the
results that were found in this research. Cortisol has been the most popular stress
biomarker in sweat, with eight studies having targeted cortisol in the physiological range
of sweat. Three techniques have been utilized to detect cortisol in experiments involving
antibodies, aptamers, or e-nose technology. Antibody recognition methods including
immunoassay and electrochemical immune sensing were utilized in five out of eight
studies to detect cortisol (Cruz et al., 2014; Munje, Muthukumar and Prasad, 2016;

Tuteja, Ormsby and Neethirajan, 2018; Ganguly et al., 2019; Rice et al., 2019),. These
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methods were effective in terms of specificity to cortisol molecules because of the
nature of antibody—antigen immunochemistry (Ganguly et al., 2019). CortiWatch (Rice
et al., 2019), a cortisol wristband sensor, presents the antibody technique as an
advanced step in this field. On the other hand, Wang et al. (2022) represent the aptamer
technique as a developing step in the field. While many published works show patches
and stickers suit the wearable devices as promising attempts (Yoon, Sim, and Cho, 2016;
Sankhala, Muthukumar and Prasad, 2018; Cheng et al., 2021b; An et al., 2022; Demuru
et al., 2022; Mugo, Lu and Robertson, 2022).

In terms of placement, the antibody-based methods detect cortisol from eccrine sweat,
creating a promising future for cortisol detection technology, as eccrine glands are
present on the whole surface of the body, which ensures the flexibility of manufacturing
pervasive wearable devices. Alternatively, aptamer methods provide a visual, rapid
detection method to detect cortisol in sweat (Dalirirad and Steckl, 2019). The cortisol
samples were, however, manufactured (i.e., no human body sample location was
provided). Additionally, testing stress in real time has not been approved and finding
suitable body placement locations for wearables have not been tested. Another cortisol
detection method is e-nose, which “smells” the cortisol concentration in sweat vapours
and uses additional pattern recognition tools to differentiate between stress events and
quiet periods. Unlike the previous studies, sweat samples for this study were taken from
the underarms of the samples, which means they were collected from apocrine glands.
The sensitivity of the gas arrays increased directly with increasing cortisol concentration.
However, a simplified wearable form of e-nose to detect cortisol concentration is not
available. Samples were collected from apocrine glands (underarms), which could
minimize the placements options, as apocrine glands are located in certain areas of the
body, suggesting the potential for the development of wearable e-nose technology in
“smart shirts” or armbands. Further studies are required to test e-nose technology for
cortisol detection in eccrine glands, as succeeding in this would provide more fixable

wearable options.

The combined response to stress of cortisol, its metabolites, and cortisone raises the
idea of using multiparameter rather than only using cortisol, as all these markers are
present in sweat within a measurable range. By using GC/MS techniques, all the markers

can be separated from each other, and also, from other components of sweat, then
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variable concentrations and patterns can be measured in stressful events (Runyon et al.,

2019; Mugo and Alberkant, 2020) The samples in these studies were collected from

eccrine glands, which indicates flexibility in terms of wearable device developments in

the future.

Table 2 Comparison between three cortisol detection techniques over several factors.

Factors/Techniques

Antibodies

Aptamers

MIpP

Selectivity High selectivity to | High selectivity to | High selectivity to
cortisol—no cortisol—no cortisol—no
errors have been errors have been errors have been
reported reported reported

Sensitivity In the physiological | In the physiological | In the physiological
range range range

Thermal stability The lowest High The highest

Immune response

Can be rejected by

Cannot be rejected

Cannot be rejected

the immune
system
Cost Expensive Less expensive The cheapest
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2.10 Discussion

This chapter has highlighted previous work, showing that the detection of sweat
cortisol and VOCs emitted from the skin are effective methods for detecting stressful
events, and have huge potential to supplement emotion detection systems in the future.
Additionally, cortisol metabolites can be additional biomarkers to stress hormones that
increase the efficiency of detecting emotional stress. Besides, antistress hormones can
also potentially be used as stress biomarkers. Regarding cortisol detection using
biochemical sensors, previous studies have shown three main methods, employing
antibodies, aptamers, and MIPs. These methods have significant advantages over blood
tests through classical laboratory techniques, as the latter requires a greater number of
samples to be taken, consumes significantly more time, and needs trained staff to
operate advanced tools (Dalirirad and Steckl, 2019). In comparison between aptamers
and antibody methods, aptamers are not rejected by the human immune system, as
they are usually not considered foreign bodies, which makes them weakly immunogenic
and toxic molecules, unlike antibodies that are highly immunogenic and toxic molecules
(Ireson and Kelland, 2006). Additionally, aptamers have more thermal stability than
antibodies because of the nature of oligonucleotide-based aptamers, which can
maintain their structure, while protein-based antibodies lose their structure at high
temperatures. Therefore, aptamers can be used in various assay conditions (Song, Lee
and Ban, 2012). Additionally, the production of aptamers is a cost-efficient approach
compared to antibody production and allows for easier modification to different
chemical reactions (Birch and Racher, 2006; Ferreira and Missailidis, 2007). Lastly, for
future stress biomarkers that may have weak immune responses, such that antibodies
cannot be generated or produced, aptamers can be recommended, as they can detect
ligands that antibodies cannot recognize (Jayasena, 1999). However, in a comparison
between MIPS and aptamers, MIPs seem to be more economical (Ramstorm, Ye and
Mosbach, 1996) and more specific in terms of target binding (Mugo and Zhang, 2019).
Generally, MIPs have advantages over all other recognition systems, as they have high
selectivity, are inexpensive, have accurate mechanisms, and are environmentally stable,
as can be seen in Table 2. Therefore, due to these advantages, MIPs have been widely
used in several industries, including in chemical sensors and drugs (Parlak et al., 2018).

However, the detection of cortisol directly from sweat via e-nose technology is under-
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researched. In 2009, a study (Garcia-cortés et al.,2009) showed a promising result, here
e-nose detected stress situations by measuring the concentrations of cortisol and
adrenaline in sweat; however, no further studies have been carried out on this until the
pandemic as Duran Acevedo, Carrillo Gdmez and Albarracin Rojas, 2021 succeeded to
detect stress in the academic context. This study might re-open the gate for further
research.

Alternatively, recent studies identified VOCs stress biomarkers emitted from the sweat
or the skin during stress events (Martin et al., 2016; Tsukuda et al., 2019). However, the
results of the two studies are controversial in many aspects. In the first study (Martin et
al., 2016), samples were collected from eccrine glands (foreheads). Four stress
biomarkers were found, while in the second study (Tsukuda et al., 2019), no stress
biomarkers were identified from the eccrine glands (palms), even though very similar
methods (GC/MS) were used. This inconsistency raises the question of whether the
eccrine glands are similar in different areas across the body. As some researchers have
linked emotional sweating to the apocrine glands (Shelley and Hurley, 1953; Tsukuda et
al., 2019), it is also required to know if the eccrine glands produce emotional event
VOCs. On the other hand, the source of stress VOCs identified by (Tsukuda et al. (2019)
from the axillary area in the study is still unknown. The first possible source assumed
was the apocrine gland, while the second possible source was floral bacteria. Addressing
this issue may help find answers to the previous questions. Even Gioia et al. (2022)
completed their experiment in response to our request, they still need to address the
scientific shortcomings raised. The investigation discovered a novel possible biomarker
that had not been detected in prior studies but was classed as belonging to the same
acidic group. Though some E-noses have been extensively studied and do provide
excellent sensitivity to VOCs, they still have drawbacks when used as portable, real-time

monitors due to factors like size and power consumption.

With respect to cortisol metabolites, they have been used as additional biomarkers for
the stress hormones cortisol and cortisone for more accurate measurement. However,
cortisol metabolites are only present 10 min after the production of cortisol in stressful
events (Runyon et al., 2019), which raises concerns regarding the effectiveness of
utilizing them as biomarkers for acute stress, as this may require an immediate

response. They may, however, be useful for less rapid stress situations or chronic stress
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conditions in mental health. Another challenge in this regard is that cortisol metabolites
respond differently according to each individual, which suggests a need to develop
techniques to deal with such individual differences (Runyon et al., 2019). With respect
to antistress hormones, they are produced as a response to the production of stress
hormones (Lathe, 2002). Oxytocin has been classified as an antistress hormone (Uvnas-
Moberg and Petersson, 2005). Although it has not yet been used as a stress indicator,
its presence in biofluids has previously been detected (Mervinetsky et al., 2019). More
investigations are needed to check antistress hormone reliability as stress biomarkers,
for example measuring the time between the production of stress hormones and
antistress hormones. Additionally, although their presence in biofluid has been

confirmed, their amounts in sweat must be confirmed in a measurable range.

The literature identifies the cortisol as a major biomarker and, the MIP biosensor

technology is the most advanced methodology to detect cortisol. Therefore, the next

chapter will discuss the advanced research of MIPs biosensors.
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Chapter 3: Molecularly Imprinted Polymers (MIPs)

3.1 Introduction

3.1.1 The concept of MIP sensing technology

In the modern era, ambient environment sensing is widespread. Molecular
recognition is crucial to biological processes and is currently the focus of much
scientific study due to its importance in catalysis, separations, and sensing processes.
While biological systems can generate antibodies against foreign bodies, employing
such systems in chemical processes involves many concerns, including cost and
environmental sensitivity. Recent efforts in sensor research have focused on creating
artificial receptors that can detect and respond to targets with the same specificity and
sensitivity as antibodies and antigens. When combined with modern techniques for
monitoring changes in the recognition elements, this molecular recognition effectively
produces selective, sensitive sensors of non - invasively detecting and monitoring

targets (Belbruno, 2019).

MIPs are synthetic versions of the physiological antibody-antigen system. As such, they
use a "lock and key" mechanism to selectively bind the molecule with which they were
produced. As a result, MIPs have the potential to provide the specificity and selectivity
of biological receptors with the added benefits of environmental durability and low
cost. Natural receptors, for example, typically require storage and application at
temperatures in the human body temperature range. In contrast, MIPs based on a
polymer host can typically be stored indefinitely, do not require special environmental
storage conditions, and can be applied over a much more comprehensive temperature

range (Belbruno, 2019).

Multiple production methods will be discussed in a later section of this chapter.
However, they all follow the same basic outline: A three-dimensional polymer network
formed by a combination between an analyte, also known as the template, and
functional monomers within the company of a cross-linker agent. After that, the analyte
is extracted from the polymer to leave recognition sites integral to the template

molecule in terms of shape, size, and chemical functionality (Turiel and Martin-Esteban,
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2010). Another advantage of synthetic receptors is their near universality, especially for
tiny compounds. In contrast to biological systems, where the target must match an
available antibody or be uniquely synthesised for that target, MIPs may be created for
practically any target molecule. In terms of cost, MIPs are often less expensive than

natural antibody prices.

3.2 MIPs Production
Because of the widespread application of MIPs technology, researchers have
devised multiple strategies for preparing MIPs, each tailored to take advantage of the
unique characteristics of the rigid polymer. Synthesis, phase inversion, and soft

lithography are the three basic techniques used, as seen in figure 6 (Belbruno, 2019).

Covalent, non-covalent, and semi-covalent are the three described preparation
methods for synthesis, the most prevalent technique. Regarding the covalent method,
reversible covalent bonds are pre-polymerized between the analyte and monomers. The
matching covalent connections are then broken to extract the analyte or template from
the polymer. High contact stability between the template and monomers promotes the
homogeneity of specific sites and decreases the prevalence of non-specific sites (Wulff
and Sarhan, 1972). However, as the formation of covalent bonds and the removal of the
template are easily modifiable, this method has significant limitations when it comes to
generating suitable template monomers under complex mild conditions (Turiel and

Martin-Esteban, 2010).

Semi-covalent refers to a method used in molecular imprinting, where the template
molecule is covalently attached to a functional monomer, but the rebinding of the
template is dependent only on non-covalent interactions (Sellergren and Andersson,
1990). The non-covalent method depends on the development of a weak bond between
the analyte and the monomers. According to research, this is the most common method

for manufacturing MIP (Arshady and Mosbach, 1981; Chen et al., 2016).

In the method of synthesis production, a functional monomer interacts with the target
molecule in solution to promote a network of covalently or noncovalently interacting
complexes. Thus, functional monomers such as methyl methacrylate (MMA) and

methacrylic acid (MAA) provide a reactive substituent to begin a covalent interaction
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with the template. Following the addition of a cross-linking agent and polymerization
initiator, heating or UV-driven polymerization is initiated. The final step of the
interaction process is the generation of a powder suitable for separation. After covering
the substrate with the reaction mixture and initiating the polymerization by
photoinitiation, a film rather than a powder can be formed. Notable functional
monomers include methyl methacrylate (MMA), acrylamide, and methacrylate acid.
Ethylene glycol dimethacrylate (EGDMA) is the most often used cross-linker (Jafari,
Rezaei and Zaker, 2009).

Phase inversion is processed in the absence of a cross-linker, which causes less
homogeneity of the binding sites. Instead, the host polymer and its template are bound
together by adding a poor solvent, resulting in MIP as a membrane or beads (Belbruno,

2019).

Finally, soft lithography is a process that blocks the sensing large molecules from passing
into the cavities under the surface by producing a surface- imprinting materials that are
applied to them. The simple model of this process utilizes the fabrication of a stamp
made from a self-assembly array of the template. Then, the template is compressed to
a semi-polymerized film and maintained until the polymerization of the film is fully

completed (Odom et al., 2002; Qin, Xia and Whitesides, 2010).

In terms of extraction methods, several purification formats of the technical applications
of MIPs have been utilized for expected intrusions removal, adjustment of the analyte
form, and providing the reproducibility option apart from the variation of the sample
matrix (Smith, 2003). However, molecularly imprinted solid-phase extraction (MISPE) is
the most sophisticated technology application of MIPs since it allows users to adjust the
sample treatment step before commencing the final step. Furthermore, a rising range
of sample preparation procedures, such as solid-phase microextraction (SPME) and
matrix solid-phase dispersion (MSPD), have been integrated with MIPs (Ramos and

Smith, 2007; Pedersen-Bjergaard and Rasmussen, 2009).

Furthermore, following polymerization, the CV electrochemical extraction method is
also presented. By repeatedly applying cyclic voltammetric scans, the approach aims to
breakdown the bindings between the bonded targets and the cavities (Mugo and

Alberkant, 2020). Consequently, our work simulates the CV extraction approach utilizing
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a function generator to clean the sensor following an actual binding. Such a process can

be a part of the charging process of a smartwatch.

Several parameters must be taken into consideration while using MIPs based
biosensors. First, the imprinting factor (IF) can be defined as the proportion of the
analyte’s binding in the imprinted polymer to the binding of it in non-imprinted
polymers. Second, the binding capacity (BC) is the percentage of dividing the
concentration of the target molecule adsorbed from the test solution by the initial
concentration of that solution. Last, but not least, the response time (RT) the definition
of this parameter is controversial as it has been defined differently by several authors.
The model definition is the time needed to complete 62.3 per cent of the last signal

beginning from when the stimulus is applied (Belbruno, 2019).
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A) This diagram illustrates the process of creating molecularly imprinted polymers

(MIPs) using phase inversion when water is used as a template. Typically, template
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stamps are created on polymer film by self-assembly before they are prepared for
molecularly imprinted polymers (MIPs). For the stamp to produce desired effects, it is
pressed onto the film during polymerization. B) Molecularly imprinted polymers (MIPs)
are prepared using soft lithography or surface stamping by creating polymer film
templates, typically assembled by self-assembly techniques. It is then possible to extract
the stamp from the polymerized film, which creates binding cavities corresponding to
the template, and then press it onto the polymerized film. C) Molecularly imprinted
polymers (MIPs) are produced by combining the template molecule with a functional
monomer capable of forming hydrogen bonding interactions and a porogen solvent. To
initiate polymerization, cross-linkers and initiators are introduced into the mixture,
completing the polymerization process (middle right). In the final step, the template
molecule is extracted using an appropriate solvent, which results in the formation of the

MIP with binding sites available for subsequent rebinding (Belbruno, 2019).

3.3 MIPs sensing techniques.

Methods for sensing MIPs include electrical (Chemiresistors, Capacitance Sensors,
Field Effect Transistors, and Electrochemical Impedance Spectroscopy), Quartz Crystal
Microbalance (QCM) Sensors, Electrochemical Sensors, and other sensing technologies
like MIP-coated Surface Plasmon Resonance (SPR) crystals and MIPs optical biosensors

(Belbruno, 2019).

In our research area, a MIPs electrochemical biosensor is a powerful instrument for
detecting cortisol in sweat. In this regard, a brief review of the fundamentals of this
sensing approach will be discussed. Typically, three-electrode electrochemical MIPs
biosensors are used to analyze liquid samples. In these biosensors, the current is
monitored in two ways: amperometrically, when the potential is held constant, and
potentiometrically, when the potential varies. However, both approaches have some

common ground despite their obvious differences.
3.3.1 Conductometric and impedimetric

This approach relies on the time monitoring of the ionic changing at the solid-
liquid interfaces resulting from the conductivity of the MIP receptor layer with the
binding of a target analyte (Sergeyeva et al., 1999). Typically, electrochemical

impedance spectroscopy (EIS) is used to measure the ionic change. EIS analyses the
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impedance of a system apart from the impedance of the alternating current, assessing
the capacitive and inductive effects (Grieshaber et al., 2008). Recently, EIS has been
considered one of the most powerful analysis tools and widely used in either on vivo

studies (Wackers et al., 2020) or in vitro studies (Cai et al., 2010).
3.3.2 Voltammetry and amperometry

Voltammetry is an interesting approach for sensor engineers wanting to
fabricate highly sensitive bio(memetic) biosensors due to their versatility and low noise
(Su et al., 2011). This method involves three electrodes: the working electrode, the
counter electrode, and the reference electrode, with an aquatic electrolyte inside a
defined electrochemical cell. In a defined range, the voltage is swept, resulting in a
current monitored in time regarding raising the concentration of the target analyte. In
the case of increasing the peak of the current by several voltages, multiple target
analytes can be detected. Voltammetry is suitable for biofluidic samples and does not
require costly metal, as graphene electrodes are utilized in numerous applications
(Cheng et al., 2020). Furthermore, electrochemical interferences can be prevented by
several methods like Voltammetry and amperometry (CV), differential pulse
voltammetry (DPV), and square wave voltammetry (SWV), resulting in increasing the

sensitivity to the analyte of interest (Zhang et al., 2020).

Amperometry approaches are a subset of voltammetry approaches that operate at a
fixed optimal potential. At the operation potential, the target analyte is surrounded by
the MIP and either reduced or oxidised, providing an electrical current suitable for the

analyte of interest (Apetrei and Ghasemi-Varnamkhasti, 2013).
3.3.3 Field-effect transistors

These transistors typically contain three conducting electrodes: the drain, the
source, and the gate. The first two electrodes are used to segregate the biosensor's
semiconductor path, whereas the third is utilized to provide a bias voltage across the
sensor. The semiconducting path between the source and drain is guarded by receptor
layers affixed to an insulating layer, such as polymers or metal oxidation. When the
recognizing layer captures the target, the charge density at the liquid-solid interface
alters the conducting channel between the drain and source. The change of the

conducting channel either increases or decreases depending on the specific design of
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the sensor and the target properties, which may be monitored electronically (Chunta,

Suedee and Lieberzeit, 2018).

3.4 Capacitive sensing

Capacitive sensing technology has been used widely in a growing number of
industries as it offers an economic property in manufacturing and energy consumption
(Braun et al., 2015) and flexibility in fabrication design (Ye et al., 2020). Based on its
principles, Capacitive sensing technology can be a tool to measure any objective that is
either conductive or has a dielectric constant non-identical to the air value (Baxter,
1997). First, the capacitance technology is divided into three primary modalities,
volume sensing; in this model, the measured capacitance varies with the object's
physical characteristics. It is a dielectric constant or the change of the electric field self-
generated by the object. This modality is represented in several applications, including
capacitive gas sensors (Pourteimoor and Haratizadeh, 2017) and capacitive voltage
sensors (Zhu, Lee and Pong, 2017). The second modality is deforming sensing; Here,
the deformation of the electrode causes a change in capacitance. Thus, it is common
to use it in measuring physical quantities such as angles (Fulmek et al., 2002) and force

(Jindal et al., 2018).

Finally, displacement sensing measures the change of the capacitance once the object
has moved a distance from the electrode. This technique is used in motion centred
applications such as location and movement tracking(Arshad et al., 2017) as well as in

human-computer interaction systems (Muhlbacher-Karrer et al., 2017).

3.5 Capacitive electrochemical biosensors

In real-time, capacitive biosensors measure the change in binding capacity
between the target molecule and the sensor surface. Thus, this straightforward design
can be an efficient alternative to the prevalent ELSA immunoassay method
(Mattiasson, Teeparuksapun and Hedstrém, 2010). In detail, during an event of
analyte-reception interaction, the capacitive biosensors register the change in the
dielectric properties. Also, it might register the change in the thickness of the dielectric
layer (Berggren, Bjarnason and Johansson, 2001). The binding event displaces an ion
around the capacitive electrode, leading to capacitive reduction. The higher
displacement of ions, the more significant decrease in capacitance is registered
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(Mattiasson and Hedstrom, 2016). Due to the simplicity of this method, researchers
developed a variety of capacitive biosensors to detect various targets, including
Protein detection (Labib et al., 2009; Loyprasert et al., 2010; Teeparuksapun et al.,
2010), Nucleic Acid detection (Park et al., 2012; Thipmanee et al., 2012; Tsekenis et al.,
2012), Cell detection (Brzozowska et al., 2015; Rocha et al., 2016; Rydosz et al., 2016),
heavy metal (Corbisier et al., 1999), glucose (Labib et al., 2010), and molecules (Labib
et al., 2010). Additionally, because MIPs technology can mimic the natural recognition
cavities, which can also modify shape, size and position, more applications can utilize
the technology compared to the natural electrochemical methods (Cieplak and Kutner,
2016). Moreover, this study's fabricated sensor has used this capacitive method in
different research (Mugo and Alberkant, 2020; Mugo et al., 2022; Mugo, Lu and
Robertson, 2022).

3.5.1 Electrochemical impedance spectroscopy
Against this background, impedance change also has been utilized in capacitive MIP

biosensors research. This method is sensitive to surface phenomena and changes in
characteristics, making it an ideal tool for evaluating the platform's sophisticated
electrical resistance. It is, therefore, a crucial method in electrochemical studies (Lisdat

and Schafer, 2008).

Impedimetric sensors are bioelectronic devices that rely on biomolecular interactions
with a conducting transducer surface. The detection technique requires developing a
recognition combination at the interface between the sensing biomolecule and the
analyte, which modifies the electrical characteristics of the recognition surface (Lisdat

and Schafer, 2008).

Instead, the interaction with an analyte molecule can be monitored by immobilizing
the biological component on the working electrode. In this case, the impedance of the
sensing working electrode determines the overall impedance (Liu et al., 2006).
Impedance spectroscopy is mainly used in bioanalytics to monitor the biosensor
fabrication process. It is, however, also utilized to examine the biosensor's recognition
process. Proteins, biopolymers, cells, microorganisms, antibodies, and antigens are just
a few of the (bio)analytes that have been demonstrated to have applications (Katz and

Willner, 2003).
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The capacitance of the electrochemical doubling layer is affected by all substances
present within the biosensor interface, primarily solvent molecules, immobilized
biomolecules, and coatings that enhance immobilization and detection. Variations in
capacitance are caused by changes in the dielectric constant or the thickness of the
double layer on the transducer's surface (Berggren, Bjarnason and Johansson, 2001).
When designing a capacitive biosensor, the electrode surface is typically coated with
an extra insulating layer to minimize Faradaic currents. On top of this layer is
immobilized the biorecognition element (Liu et al., 2006). The effect of the electrical
field on the biological recognition event can also be studied by varying the working
potential used in conjunction with capacitance measurements taken in the absence of
Faradaic currents (Bart et al., 2005). Figure 7 shows how a biosensor is developed by
immobilizing the recognition element on a single working electrode. Recognition
activities at the sensor surface can be evaluated in several ways, including directly
detecting the overall impedance at specified frequencies and analysing changes in

electrode capacitance or resistance (Liu et al., 2006).

MIPs generate a surface that functions as the analyte's negative. Therefore, they can
be utilized to determine the analyte in a solution. Due to their chemical composition,
they may be recreated in various ways and are stable for prolonged periods in several
different conditions. In addition, thin surface coatings are appropriate for
impedimetric binding event transduction. Consequently, capacitive sensors for organic
substances have been developed (Liu et al., 2006). Biological material's impedance is
analysed as a function of a particular analyte's concentration in solution. This is
comparable to an investigation of solution resistance as a result of ion concentration
(Cheung, Gawad and Renaud, 2005). The rising cell density within the solution causes a

change in impedance that is clearly observable (Liu et al., 2006).

In detail, binding the target molecules with the cavities causes changes in the MIP
layer's electrical properties on the transducer surface, including its conductivity. The
higher concentration of target molecules, the more remarkable change in conductivity
response. As a result, it increased in capacitance in parallel with the increase in
conductivity (Asghar et al., 2019). They connected a glucose MIP biosensor to an LCR
meter and added several glucose concentrations to the MIP surface. The higher the

response, the higher the concentration sample (50ppm) as the capacitance was raised
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to 393nF. In contrast, one ppm was only 9.99nF. Our research implements a similar

method.

Storer et al. (2018) investigated the strong binding of a three-phosphate MIP
formulation against nitrate, sulphate, and NIP. The result of the study shows a
significant response of the MIP1 to phosphate compared to nitrate and sulphate.

Moreover, all three MIPs have higher responses to phosphate than NIP.

Herein, as our biosensor was only used with the traditional electrochemical capacitive
biosensing using the CV method, we found that using the impedance analysis
capacitive biosensing technique, LCR meter, is under-researched. Therefore, our
experiment using LCR will be presented in Chapter 4, and its results will be discussed in

Chapter 5.
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Figure 7 Designs for impedimetric biosensors that function on a modified working
electrode (a) or an in-plane arrangement of two electrodes (interdigitated electrodes,
IDE) (b). A biocomponent is immobilized on the electrode in a and between or on the
electrodes in b. (Liu et al., 2006)

3.6 Cleaning MIP sensors
In the meantime, using electrochemical biosensors for long-monitoring
applications is a complex challenge. Even though the importance of these sensors as
powerful tools for the analysis of a wide range of targets, the electrochemical removal
of the targets and the interfering molecules, such as proteins, electrolytes, and glucose,
are significant factors that reduce the sensitivity and the lifetime of the electrode (Goda
etal., 2016; Li et al., 2016; Xu and Lee, 2020). In addition, the literature found that after

sweat detection cortisol sensors can become contaminated with perspiration and are
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not generally reusable due to the fact that sweat degrades electrode surfaces (Sekar et
al., 2020).

As a result, several treatments or even re-build the sensing layers must be applied to
refresh the electrode for the electro-active species. In terms of the electro-inactive
species targets, researchers have tried different techniques to address this problem,
such as developing label-free biosensors and utilizing disposable screen-printed
electrodes (SPE). However, in both scenarios, the problem is far from resolved (Zhao et
al., 2015; Xu and Lee, 2020).

In recent years the development of self-cleaning electrochemical biosensors and
antifouling techniques has been an attractive area of research. Lin and Li (2020)
reviewed antifouling strategies in electrochemical sensors, including surface antifouling
mechanisms and electrode modification strategies. In terms of Surface antifouling
strategies, four main strategies have been presented: hydration layer, steric repulsion,
electrostatic repulsion, and surface topography. On the other hand, the modification
strategies for antifouling electrodes are divided into two main strategies: physical and
chemical. The former ones often do not change the chemical properties. The first
strategy is physical adsorption, and it has a constant cover of the materials with a
blocking layer to decrease the direct connection between foulants and electrodes. The
second is the mechanical coating. In this method, polymers and films coat the antifouling
reagents. The third is the superhydrophobic strategy, which is based on engineering the
surface of electrodes without alteration of the chemical properties; they divided into
two main strategies; the self-cleaning strategy, which is inspired by the lotus leaves an
effect, building a superhydrophobic surface that causes water to glean impurities and
prohibit any molecular attachment (Hang et al., 2019). The second hydrophobic strategy
is constructing the electrode surface's morphology with a unique structure that prevents
the direct contact of cells and proteins.

Last, but not least, regarding the nanoporous structure, recent studies show a proper
electrode topography can increase the antifouling (Lin and Li, 2020). Furthermore, nano
porous electrodes have been revealed to perform better in minimizing biofouling than
planar electrodes due to the porous interior structure limiting the mass transport speed
and minor molecules from an effective exchange (Sang, Vinu and Coppens, 2011).

The chemical strategies present the popular self-assembled monolayers (SAMs) and

Polymer brushes (Lin and Li, 2020). Zhang and Chen (2019) classified the strategies of
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no-wash electrochemical biosensors into four strategies: Signal change, radiometric
assay, direct reaction, and others which are less commonly used strategies in research.
The primary aim of the signal strategy is to amend the signal-to-noise ratio (SNR) as
much as achievable. The radiometric essay differs from the signal change method, which
depends on a single signal. It is designed from a built-in self-calibration of signal
intensity, recording a minimum of two targets-induced signal fluctuations (Huang et al.,
2018). Both strategies' signals are generated from the electrochemical activities of the
functional materials or the biological species, unlike the direction reaction method that
involves the target analyte directly to the reaction to obtain a specific electrochemical
signal. This can be done by either obtaining the signal generated from the target
analyte's direct reaction or the target's induced reaction. Xu and Lee (2020) classified
the antifouling strategies for the implantable biosensors into two categories: the passive
antifouling strategies, which include hydrophobic materials, PEG, hydrogels,
Zwitterionic Polymers, bio-mimicking materials, superhydrophobic surfaces, and drug-
eluting materials, and active-biofouling strategies that include, temperature,
responsive, surfactant desorbing surfaces, acoustic waves, and magnetic actuation.
Most recently, Cui et al. (2022) developed a novel dual-responsive electrochemical
biosensor by combining artificial protein MIPs and natural hyaluronic acid (HA) probes
on a flexible electrode to detect the cancer biomarker Cluster of Differentiation 44,
CD44. Both types of probes have been thoroughly examined and compared regarding
their effectiveness. A new design for screen-printed electrodes (SPEs) included dual
channels, where one channel utilized protein MIPs synthesized through a
polymerization process involving alginate gel, a biocompatible antifouling chemical. In
the second channel, natural HA probes were immobilized. Due to the use of this dual-
channel approach, the quantification of targets was highly sensitive and selective, with
a LOD of 1.41. Hu et al. (2022) developed an electrochemical antifouling ratiometric
sensor for Zearalenone ZEN detection. The sensor utilized a BP-graphene oxide (GO)
composite, and ionic liquid IL doped MIP, which provided a large surface area and
improved electrocatalytic properties for enhanced sensitivity. By preventing nonspecific
protein adsorption on the sensing interface, the doped IL in the MIP enhanced
selectivity. Fei et al. (2023) demonstrated the importance of antifouling in assembling
metal-organic framework (MOF) microcrystals into macroscopic membrane structures.

As a result of the use of graphene oxide (GO) as a nano-surfactant, super hydrophilic
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amino acid-based Zr-MOF microcrystals (MIP-202(Zr)) were successfully dispersed and
incorporated into a bulge-structured membrane. The resulting GO/MIP-202(Zr)
membrane exhibited enhanced water permeance, superior to pure GO membranes and
other GO/MOF composites. The membrane also demonstrated satisfactory rejection
performance for dye molecules, depending on their size, charge, and configuration.
Further, GO/MIP-202(Zr) membranes demonstrated improved antifouling properties in
comparison with pure GO membranes, which demonstrated the membrane's potential
for practical separation processes as well as provided insights into the assembly of MOF

microcrystals into macroscopic membranes for water treatment.

As practical examples of self-cleaning biosensors, Wei et al. (2018)
fabricated a self-cleaning electrochemical protein imprinted biosensor based on
thermoresponsive memory hydrogel applied on a glassy carbon electrode with a
polymerization method to self-clean bovine serum albumin (BSA) in aqueous media. The
sensor cleaning method involves potential cycling between -0.8 V to 0.8 V for 14 cycles
at 37 centigrade degrees in a Phosphate-buffered saline (PBS) buffer with no cleaning
solvents. After the cleaning, all the BSA molecules were removed without any changes
in the structure, and the electrode was ready for further detection. Hang et al. (2019)
developed a self-cleaning Hierarchical graphene/nanorods electrochemical biosensor to
detect H202 in blood serum. The biosensor consists of ZnO nanorods split on vertical
graphene nanowalls (VG/NRs) and fluorinated to present the antifouling properties. The
sensor shows high sensitivity in water and serum as well as excellent antifouling due to
the significant level of hydrophobicity. Zhang, Wang and Li (2019) developed a self-clean
electrode with an association of ratiometric electrochemical strategy to simulate the
detection of adrenalin, serotonin, and tryptophan. A glassy carbon electrode is modified
using PDMS as a hydrophobic layer combined with the zeolite imidazole framework (ZIF)
to obtain self-clean electrodes. Unlike the traditional ratiometric method, which
modifies the probes on the electrode surface, the novel strategy is conducted by adding
the internal reference probes directly into the electrolyte solution. Zhu et al. (2017)
fabricated a self-clean working electrode to eliminate unspecific adsorption of
molecules using hydrophobic and conductive nanocomposites of PDMS and multi-
walled carbon nanotubes to modify glassy carbon electrodes. Therefore, the electrode

has self-clean properties because of the hydrophobicity and the electron transfer
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capability due to the conductivity. Interestingly, Manickam et al. (2017) developed a
self-clean MIPs biosensor to detect cortisol in saliva samples by the electrochemical
over-oxidization process. This process removes all the bound cortisol molecules from
the polypyrrole (PPy) matrix scanning the potential in a range of 0 V to +0.8 V for 25
cycles in PBS solution at a scan rate of 50 mV/s. A broad irreversible voltammetric peak
was observed at approximately 3V during the elution scan because of the over-oxidation
of PPy. On the other hand, no cathodic peaks have been observed during the reverse
scan, which indicates the electrochemically irreversible properties of the over-oxidation

of the PPy process.

Template removal is a crucial step in the fabrication process of MIP. At this step,
templates are extracted from the polymer to create cavities that rebind with the
targeted template molecular. A wide range of techniques have been used at this stage,
and these techniques are classified into three general methods: Solvent extraction,
physically assisted extraction and supercritical solvents (Lorenzo et al., 2011). CV is a
standard method to extract cortisol templates in cortisol MIP biosensors. Bian et al.
(2022) performed 20 cycles to break the hydrogen bonds between the cortisol templates

and polypyrrole, resulting in cortisol cavities in the MIP film.

3.7 Adjustments of MIPs for wearables
3.7.1 Cyclic Voltammetry
In electrochemistry, voltammetry-based electroanalytical methods are
commonly employed to collect quantitative data on redox processes in the lab for real-
time monitoring (Stradolini et al., 2017). A voltage sweep is applied between the
electrochemical cell's working electrode (WE) and its reference electrode (RE) to excite
the cell. The current generated by the oxidation or reduction of the target species is
then measured at the counter electrode (CE) or, alternatively, at the working electrode
(WE). Current is typically reported versus the electric potential to produce a

voltammogram (Carrara, 2013) .

Palmsens 4 potentiostats with PSTrace software may be used for capacitance
measurement in the current investigations as an external device to perform CV (Mugo

and Alberkant, 2020). On the other hand, such a device may restrict the practicality of
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wearables. Also, having a printed circuit board that CV runs for wearables are still in
the developing stage (Crozatti et al., 2013). In electronic devices, however, simple LCR

meter circuits are produced (Georgas et al., 2022).

To overcome the limitations of the CV methods, our research examined the change in
the capacity of the sensor in the addition of cortisol using an LCR meter to characterize

the sensor and a signal generator to create the CV signals for cleaning.

3.7.2 Placement of the detection

The presence of eccrine sweat glands at densities of >100 glands/cm2 2 in
numerous places of the body enables multiple valid sampling sites. Consequently, the
case for utilizing a wearable device to sample and detect sweat is noticeably clear. The
advantages of sweat for non-invasive biofluid access are that most sampling sites and
surface areas are external to the body, and continuous access is provided. It can be
triggered on demand by employing local iontophoresis. It can be sampled at meagre
fluid generation rates without external contamination; can be detected before
analytes are degraded (Heikenfeld, 2016). Therefore, eccrine glands have been chosen
as the intended site of sampling for our constructed device. It has also been designed
into the wristband to be within easy reach. Also, having a wristband wearable delivers
visual feedback on the user site. In addition, it allows for future adaptability when used

with multi-model biosensors.

3.8 Conclusion
This chapter summarizes the history of MIPs and their uses in many industries,
which led to the development of various production techniques. The extraction
procedure removes the artificial targets to create the binding sites and is a crucial
component of MIP manufacture. However, this study indicated that MIPs utilized in
studies are discarded after single or multiple applications. Thus, we discovered that
repeating the extraction process to eliminate the bound targets following the

experimental trials has received insufficient attention.

In addition, the chapter provides an overview of the sensing technologies associated
with MIPs. The chapter's primary focus was capacitive MIPs and the most recent
capacitive sensing techniques employed in the field. Capacitive biosensing in MIPs LCR
meter approach is under-researched, although CV methods are extensively utilized in
electrochemical detection. For example, the literature indicates that measuring
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cortisol in wearables must be paused for CV scans between measures. In comparison,
an LCR meter may offer continuous measurement and real-time monitoring.

Additionally, it may be more functional for wristband design.

This research indicates that the impedance change measurement meter is the most
suitable capacitance approach for the real-time monitoring of wearable devices. In the
lab, spectroscopy can be characterized with a bench LCR meter. A wearable device
would implement to spectroscopy method using the microprocessor of the wearable

device.

Therefore, in the following chapter, the research will evaluate capacitance

measurement utilizing an LCR meter on MIPs produced for use with CV approaches. In
addition, the literature uncovered the MIP's need for reusability. Therefore, this study
will mimic the CV extraction approach using function generators so that it is suited for

wearable devices in the following chapter.
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4.1 Introduction

Our MIPs biosensors were designed as part of this research and kindly
manufactured by Dr Samuel Mugo's team and in Canada. Everything required to
manufacture the imprinted polymers was purchased, as specified in the previous
research (Mugo and Alberkant, 2020) as following: All aqueous solutions were
prepared using > 18 MW Milli-Q water (Millipore, Bedford, MA, USA). The Dow and
Corning’s Sylgard 184, polydimethylsiloxane (PDMS) was purchased from Dow Corning
Corporation, Midland, MI, USA. The Ecoflex 00—-30-part A, part B was bought from
Smooth-on Incorporation, Edmonton, Alberta, Canada. The multi-walled carbon
nanotubes carboxylic acid functionalized (diameter 9.5 nm x 1.5 um), hydrocortisol,
cyclohexanol, glycidylmethacrylate (GMA), potassium ferricyanide, ethylene glycol
dimethacrylate (EGDMA), (3-glycidyloxypropyl trimethoxysilane) (GOPS), and 4,4'-
azobis (4-cyanovaleric acid) (ACVA) were obtained from Sigma-Aldrich, Oakuville,
Ontario Canada. The cellulose nanocrystals (CNC) were donated by Alberta Innovates,
Edmonton, Alberta.
However, our modified biosensor was tailored to our needs. The most recent cortisol
MIP biosensor consisted of 400 uL of cyclohexanol, 26 puL of GMA, 80 uL of EGDMA, 2.0
mg of ACVA, and 1.5 uM of cortisol dissolved in a 1/1 (v/v) mixture of water and
acetonitrile (Mugo and Alberkant, 2020). However, previous research indicates that
the optimal ratio of cortisol to polymers is 1:5 (Ramsttrom, Ye and Mosbach, 1996). In
addition, the 1:6:30 Molar ratio of template/functional monomer/cross-linker (Parlak
et al., 2018) and dichloromethane (DCM) showed better performance than acetonitrile
to make the polymer more porous and, as a result, more sensitive, by providing more
binding sites (Ramstorm, Ye and Mosbach, 1996). Therefore, our batch of MIPs sensors
was specified based on the mentioned details. Also, two different batches of MIP have
been utilized, which have differences. The main difference is that the second batch has
a higher cortisol response and is more hydrophobic. In contrast, the second batch
responds faster as the surface gets saturated faster. All electrodes were connected by
winding conductive wire around the electrodes to avoid any damage caused by direct

connection with mechanical clips as can be seen in Figure 8.
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A) B)

Figure 8

A) depicts a wire wound electrode attached to the LCR meter clips. Other
electrodes follow the same procedure. B) depicts the biosensor's final design, with the
reference electrode in red, the working electrode in black, and the counter electrode

in green.
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4.2 Materials and Methods

4.3 Devices

4.3.1 The LCR meter
The LCR meter used in our experiments was the LCR-6002 (GW-instek). LCR

meters measure the capacitance and resistance of electronic components and circuits.
These properties are characteristics of the device or circuit related to its electrical
behaviour and are typically expressed in Farads (f) and Ohms units, respectively. To
measure the response of an electronic device or circuit to changes in concentration
using an LCR meter, it would need to experiment with varying the concentration of a
solution and measuring the resulting changes in the capacitance and/or resistance of
the device or circuit. The LCR meter is connected to a laptop, and all the results of the

tests will be extracted in an excel sheet using putty software.

4.3.2 Function generator
The device used to generate the required functions was the TG2001 (Thandar). It is

an electronic device that generates a spectrum of electrical waveforms at different
frequencies. These waveforms can be used to test and validate electronic circuits and

systems.

4.3.3 A digital storage oscilloscope (DSO)
The experiments used the TDS 1012B (Tektronix) two-channel digital storage

oscilloscope (DSO). The purpose of a DSO is to measure and analyse electrical signals
that are going to be used through the function generator. It has a display screen and a
system for capturing and storing waveform data. A two-channel DSO can measure and
display two distinct input signals simultaneously, allowing the user to compare and

analyse the signals side by side.

4.4 Chemicals
Our Cortisol was purchased from Sigma Aldrich (Hydrocortisone (H4001)) and

Phosphate buffer (Phosphate buffer pH 7.2 at 25 °C (P3288-1VL)), (Merck LTD, Floor 4,
Merck House, Seldown Lane, Poole, UK). The Artificial sweat (Artificial Sweat without
customization, NCZ-APS-0011-20) was bought from (NANOCHEMAZONE™, Edmonton,
Alberta, Canada).
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4.4.1 Cortisol preparation
To prepare our stock cortisol, 25mg of cortisol is added to 100 ml phosphate buffer

for 0.25 mg/ml of cortisol. Then different dilutions have been made out of this stock.
including 75000 ng/ml, 50000 ng/ml, 25000 ng/ml, 140 ng/ml, 100 ng/ml, 60 ng/ml,
and 20 ng/ml. As the physiological range of cortisol in human sweat is between 8 and
140 ng/ml). Initially, 75000 ng/ml and 5000 ng/ml were utilized for confirming the

detection, and as stock for dilutions.

4.4.2 Preparation of 0.1M Phosphate buffer.
0.71g of Phosphate buffer pH 7.2 stock have been added to a final volume of 50 ml

of distilled water.

4.4.3 Fabrication of the capacitive sensor
The biosensor is manufactured on a patch (made from PDMS) that was created in

four steps: 1) PDMS was initially produced by combining a cross-linker and a curing
agent. Ecoflex is then created by combining Ecoflex elastomer and hardener. 2) The
two mixtures were then combined. 3) The mixture of PDMS and Ecoflex was then
baked for four hours at 72°C to produce a PDMS/Ecoflex micro-pillared patch. 4) After
that, silver nanoparticle aqueous suspension was coated on the cured patch, followed
by (3-glycidyloxypropyl trimethoxysilane) GOPS supplemented with glacial acetic acid.
Regarding silver nanoparticles film, The MIPs polymer was set and dehydrated. The
polymer constituted of cyclohexanol, GMA, EGDMA, ACVA, and 1.5y M of cortisol
dissolved in a mixture of water and acetonitrile. Then, the MIPs were polymerized are
70 °C for 4 hours in the oven. Regarding our sensor, a MIP template was extracted
using the CV cleaning technique. The MIP films were immersed in 10 mL of 0.1
phosphate buffer in an electrochemical cell connected with reference and counter
electrodes. They conducted five CV cycles with potential ranges of +0.9V and -0.9V,
and they changed the buffer between every five cycles for a total of 15 cycles. More
importantly, the research indicates that the captured analyte can be removed from the
cavities through the CV method. Therefore, our work simulates the conditions of the
extraction method using a function generator. First, the biosensor is immersed in 10mL
of the buffer. Then, the potential range +0.9V —0.9V in a triangle waveform signal was

applied to sensor’s the reference and the counter electrode.
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The biosensor was evaluated by generating cyclic voltammograms in the range of 0.95
Vto +0.95V at a scan rate of 0.10 V/s (Mugo and Alberkant, 2020). Cortisol
concentration was estimated using cyclic voltammograms by calculating the ratio of
current to scan rate. There are three electrodes in the CV acquisition system, and the
working electrode is presented as-fabricated capacitive Sensor. The auxiliary electrode
is platinum, and the reference electrode is Ag/AgCl electrode. As 50 pl of 0.1 M
phosphate buffer was placed on the Sensor, 10 pL of cortisol standard at 150 ng/mL
was progressively spiked. With every addition of the buffer, cyclic voltammograms
were obtained in triplicate. The same test also has been done with a real sweat
collected from a sample after an intensive workout session. It is worth presenting that
the sensor has also been used to detect other biomarkers in sweat, such as adrenaline
and glucose. In this experiment, MIP was compared with a non-imprinted Polymer
(NIP), and it found that MIP has higher selectivity and responsiveness than NIP. Also,
raising cortisol concentration yielded a linear calibration (R? 0.92) and increased the
isolating properties of the MIP, reducing the capacitance with concentration (Mugo
and Alberkant, 2020).

Both MIPs and NIPs were received from our partners in Canada. However, the
responses and hydrophobicity of the two batches were very different. Because of this,
there is a clear distinction in the results of the tests. A smaller quantity of liquid was
required to spike the initial batch. However, the second batch is more responsive than

the first, and the reaction due to any liquid is much lower in the first batch.

4.5 Methodology

4.5.1 Cortisol detection using MIPs biosensor.

The following procedure includes the most common standard steps utilized to
detect cortisol. First, the MIP cortisol sensor was connected to the LCR meter via its
working electrode and Ag/AgCl reference electrode. Also, the LCR meter was logged to
a laptop. Then, 500 uL of 0.1M phosphate buffer (pH7) was applied to the sensor to
activate the sensor and measure the capacitance of the buffer after 24 hours. Finally,
500 pL of diluted cortisol was applied to the sensor and spiked to the maximum
capacity in about 30 mins. Also, the sensors were tested for detection of cortisol within

the physiological range (20-60-100-140) ng/ml.
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4.5.2 MIP cleaning

Five hundred uL of 0.1 M phosphate buffer is applied to the textile surface to clean
the biosensor. The Ag/AgCl reference and Auxiliary electrode are connected to the
function generator to replicate CV devices runs. So, the generator supplied triangle
wave potentials in the range of +0.9V to 0.9V at 0.1 V/s. In general, the washing

process lasted twenty hours. Blank tests were run before and after the cleaning.

The exact process will be applied between each set of tests of the linearity of the
cortisol detection within the physiological range. In addition, the first test after the

cleaning process of each set was compared.

4.5.3 The resistance factor of the MIP
As a method for impedance spectroscopy, we found that resistance is our

experiment's primary measurement parameter. Therefore, critical points of resistance
must be considered in these testing. The initial objective is to determine the resistance
range during the cortisol detection spike. In addition, the lowest resistance point has

been obtained simultaneously with the maximum capacitance response.

During this test, Putty software captured the data from the LCR meter logging,
counting the measured C and R parameters. First, the data will be extracted manually

using an Excel spreadsheet, and then, the data will be analysed.

The analysis focuses on identifying the resistance behaviour and its relation to the

capacitance.

4.5.4 Linearity tests

The initial biosensor sensitivity test involved exposing the sensor to four
concentration levels, all of which fell within the physiological range. The
concentrations measured were 20 ng/ml, 60 ng/ml, 100 ng/ml, and 140 ng/ml. Each
experiment involved applying 500 pL of the dilution to the sensor's surface and
observing its capacitance response. Additionally, resistance is monitored as resistance

decreases with increasing concentrations.

4.5.5 Repeatability tests

To validate the repeatability of the detection results, the sensitivity test of the

following concentrations is done twice, for a total of two tests per concentration: 20,
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60, 100, and 140 ng/ml. First, a CV cleaning is performed 48 hours between each set of
testing. The 48-hour interval between each concentration measurement ensures that

the surface is dry.

4.5.6 Real-time monitoring of drops

This test investigated the device's short-term sensitivity to cortisol by observing the
biosensor's transient response at various phases of resistance before and after the
cortisol spike. After adding 60 uL of the mixture of buffer and sweat, the mixture is
removed from the surface. Different 10 uL of cortisol concentrations, only buffer, and
only sweat drops are examined. After each drop, the liquid is removed and try to test

the drop effect at the same levels of capacitance and resistance.

4.5.7 Small drop test

This test is performed to determine the smallest amount of liquid capable of spiking
the capacitance of the sensor to replicate the detection of sweat drops. A 100 ml drop
of synthetic sweat has been applied to the sensor surface. In addition, 50000ng/ml of
cortisol was added to the sensor interface for the second trial. Each test was

conducted on a dried sensor.

4.5.8 High concentrations selectivity tests

Three concentrations have been diluted from the cortisol stock to check the sensor
selectivity in high concentrations. The first dilution was 75000ng/ml, the second
dilution was 50000 ng/ml, and the final one was 25000. 500 pL samples of each were
applied on the sensor surface and waited 24 hours to observe the higher response

possible.

4.5.9 CV run simulation test.
In this experiment, the working and reference electrodes of the biosensor will be

connected to the LCR meter, while the counter electrode will be connected to the
function generator. Then, 250uL of the phosphate buffer is introduced to the
biosensor interface, and the capacitance is measured until stability is achieved.
Following this, 20 pl of 75,000 ng/ml cortisol will be added. Finally, using an Excel

spreadsheet, the test results were exported from the putty software and examined.
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5.1 Cortisol detection
The MIP testing revealed the usefulness of molecular imprinting technology
employing impedance spectroscopy techniques for ensuring sensitivity and detecting
cortisol in sweat. Results from varied cortisol standard concentrations for MIP-based

sensors are depicted in Figure 9.

The MIP demonstrates a superior sensitivity to cortisol due to receptor-specific cavities
placed within the film. In addition, increasing cortisol concentrations increase the
capacitance and decrease the resistance of the sensor interface. As a result, the sensor

was able to detect physiological levels of cortisol in human perspiration.

5.2 Linearity test
The MIP succeeded in differentiating between different concentrations of
cortisol, all within the physiological range of cortisol in human sweat. For 20ng/ml, the
sensor has registered 166 nF in capacitance, 170 nF for 60 ng/ml, 175nF for 100 ng/ml
and 176ng/ml for 140 ng/ml, as can be seen in figure 9.
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170
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164

162

160
Cortisol concentration (ng/ml)

Figure 9

Capacitance response of MIPs biosensor to different cortisol concentrations within the

physiological range.
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5.3 Drops tests.

Drops of 10 pL of sweat and 50000ng/ml of cortisol will be dropped on the
sensor's surface at a capacitance of 81 pF and 33KQ resistance. The first two
experiments show a higher cortisol response at 350pF while the similar drop of
artificial sweat was raised to 290pF. However, after repeating the experiment for the

third time, the reaction to the cortisol was poor compared to its reaction to sweat.

The experiment is repeated in lower resistance: 7.8 nF capacitance and 1.2 KQ
resistance. After removing the liquid from the surface, the capacitance was reduced to
6.8 nF. Then, adding only 10 pL of artificial sweat, the capacitance was raised from 6.8
nF to 7.2 nF. After that, the liquid was removed, and the capacitance was reduced to
6.8 nF. Once we added the cortisol drop, the capacitance was raised from 6.8 nF to 7.8

nF.

After that, at a capacitance of 7 nF, the experiment was repeated with 20 pL of cortisol
and artificial sweat. Again, the sweat sample raised the capacitance from 7nF to 7.6 nF,

while the cortisol sample increased it from 7 nF to 8.8 nF.

However, on the third attempt, both cortisol and sweat reacted the same, and both hit

8.8 nF. As seen in figure 10.

Comparison of Capacitive Response to 10 pl
Cortisol and Artificial Sweat at Equal Capacitance
Levels

10

0 III II

cortisol drops vs Artificial sweat

oo

[&)]

N

Capacitgance in nF
D

B Sweat1 mCortisoll M Sweat?2 Cortisol 2 mSweat3 ™ Cortisol 3

Figure 10 Capacitive response comparison between 10 pl of cortisol and artificial sweat
at the same level of capacitance. The graph demonstrates the respective changes in
capacitance values for both cortisol and artificial sweat samples.
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5.4 One drop test on a dry sensor
100 L of cortisol has shown a higher response than artificial sweat. The sensor
responded to the cortisol with 1.21 nF at 4.5 KQ resistance. On the other hand,

artificial sweat recorded 0.86 nF at 6.38 KQ resistance, as seen in figure 11.

Capacitance response of the MIP to 100 uL of
cortisol
compared to 100 pL of artificial sweat
15

0.5

Capacitance (nF)

M Cortisol M Artificial sweat

Figure 11

Shows capacitance response of the MIP to 100 uL of cortisol compared to 100 pL of

artificial sweat.

5.5 High concentrations selectivity test
The sensor has detected different ranges of cortisol concentrations. For

example, it registered 0.988 nF for 25000 ng/mL, 3.1 nF for 50000 ng/mL, and 3.8 nF
for 75000 ng/mL, as shown in figure 12.

Capacitance response of the MIP4 (Batch

1) to a range of cortisol concentrations.
3.5
2.5

1.5

Capacitance (nF)
N

0.5

0 -

M 25000 ng/ml  ®50000 ng/ml  ®m 75000 ng/ml
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Figure 12 Shows the difference response of the MIP4 (Batch 1) to different range of

cortisol concentrations.

The results presented in figures 9, 10, 11 do indeed demonstrate that the designed

MIP sensor detects cortisol.

5.6 Cleaning results

After detecting cortisol, the sensor's ability to clean must be confirmed to
ensure its reusability. Following a series of cortisol tests, 500 uL of phosphate buffer
was supplied to the sensor. The sensor's reaction to a contaminated buffer was 3.08
nF. However, after cleaning the sensor surface, the same quantity of buffer was
applied, and the reading was 0.949 nF. Due to the number of ions held in the dielectric
area, the results indicate a higher reaction before cleaning. The reduced reaction
suggested that the accumulated ions had been removed after cleaning, as seen in

figure 13.

Also, comparing figure 14 (Linearity tests after cleaning) with figure 9 (unwashed)
reveals that the cleaning process eliminated the cortisol. A linear detection was

observed in the lower ranges.

MIP4 capacative respond to the phosphate
buffer before and after cleaning differently

3.5
2.5

1.5

Capacitance (nF)

0.5

1
m Buffer before cleaning  m Buffer After cleaning

Figure 13 shows MIP4 respond to buffer before and after cleaning differently.
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5.7 Repeatability tests results after cleaning.
The results were 20ng/ml for the first set of tests. The sensor has registered
(166, 170, 175, 176) nF for (20,60,100,140) ng/mL, respectively. While the second set
recorded (38.5, 41.1, 53.5, and 180) nF for (20,60,100,140) ng/mL, respectively. As can

be seen in figure 14.

Repeatability tests after cleaning

200
180
160
140
120
100
80
60
40

0

m20ng/ml mW60ng/ml m100 ng/ml 140 ng/ml

Capacitance (nF)

Figure 14

Presents the second set results of the repeatability tests different range of cortisol

concentrations.

However, As shown in Figure 15, prolonged use of the same sensor can result in the

build-up of mineral salts on the sensing surface, which may affect the accuracy of the

measurements.

Abdulaziz Zamkah 2023 62



Chapter 5: Results

Figure 15 Shows damaging of the electrode’s surfaces and salt accumulation on the

sensing surface after using the sensor about 50 times.

5.8 Resistance tests
In an activated biosensor, the resistance is varied between each sensor
depending on the time of the last use of the sensor and how clean it was. However,
once the sample was added to the surface, the resistance droped, and the capacitance
increased gradually. For example, in a biosensor from the second batch, the dried
biosensor had a capacitance of 14 pF in 8 MQ resistance. When the resistance is 18 KQ,

the capacitance is 66 pF. As can be seen in figure 16.

Abdulaziz Zamkah 2023 63



Chapter 5: Results

Figure 1

A) Shows the resistance change in the detection of 140 ng/ml diluted cortisol

Logarithmic scale shows the reduction in
resistance vs the increas in capacitance overtime
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sample. B) shows change of the capacitance of the sensor in the same

experiment.

Also, it has been noticed that the spike was 81 pF to 6 nF when a sudden drop in

resistance between 9 KQ to 1 KQ in the 140ng/mL sample, as seen in table 3.

In a test of cortisol using a biosensor from the second batch, after adding 500 pL of 20

ng/mL of cortisol, the capacitance was spiked from 45.9 pF to 11.8 nF when a sudden

decrease in resistance from 470 KQ to 3.81 KQ as it can be seen in table 4.

Sample Sample number Capacitance | Resistance
(3 samples per
second)
140ng/ml 2156 8.15E-11 9.49E+04
140ng/ml 2157 6.05E-10 2.24E+04
140ng/ml 2158 1.23E-09 1.63E+04
Abdulaziz Zamkah 2023

64



Chapter 5: Results

Table 3

Shows the change of capacitance and resistance at the beginning of the cortisol spike

when 500 pL of 140 ng/ml of cortisol is tested.

Sample Sample number | Capacitance in Resistance in
(3 samples per Farads Ohm
second)

20ng/ml of 1956 4.59E-11 4.72E+05

cortisol

20ng/ml of 1957 3.53E-10 6.10E+04

cortisol

20ng/ml of 1958 5.08E-09 6.51E+03

cortisol

20ng/ml of 1959 1.18E-08 3.81E+03

cortisol

Table 4 Shows the change of capacitance and resistance at the beginning of the cortisol

spike when 500 pL of 20ng/ml of cortisol is tested.

Before the sudden resistance change, the capacitor acts as an open circuit with high

resistance and blocks the current. After the spike, with the resistance reduction, the

capacitor starts to function. Thus, the sensor's response becomes more accurate once

the changes happen. Based on the results and the physical monitoring, the ideal

resistance range for the current biosensor design is between 2KQ and 300 Q.

Moreover, when 20ng/mL was tested, it recorded 320Q) as the lowest resistance point.

Moreover, it is 309Q for the 60 ng/mL test, 305Q for 100 ng/mL. Finally, 302 Q for 140

ng/mL test, as can be seen in figure 17.
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Comparison of resistance between different
levels of cortisol

3.25E+02
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L 60ng/ml
3.00E+02 20ng/ml
2.95E+02
2.90E+02

Cortisol concentrations

Figure 17 Compares the resistance of various levels of cortisol concentration.

The cortisol concentration in the sample may alter the recorded resistance when
measuring diluted cortisol using an LCR meter. This is since the concentration of
cortisol in the buffer determines the conductivity of the mixture. Highly concentrated
cortisol has higher conductivities and lower resistances than diluted cortisol. The

results demonstrate linearity among the four samples with varying concentrations.

5.9 CVsimulations test

In this experiment, the Simulation recognized the decrease in capacitance by
real-time monitoring. In each of the three repetitions of the experiment, the reduction
has been observed. The baseline buffer capacitance was approximately 43 nF. Figure
18 demonstrates that the capacitance was lowered to 35 nF with the addition of
cortisol. After that, the capacitance began to climb until it reached 40 nF; another
cortisol sample was added, and a dip to 30 nF was seen. In the final test, once the
capacitance has been increased to around 34 nF, cortisol is added to the interface,

decreasing capacitance to 29 nF.
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Multi detection of cortisol using an
elechtrochemical CV method simulation using
the LCR meter and function generator
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Figure 18

Describes three detections of cortisol in row in real time monitoring using the LCR

meter and function generator each peak is in red after each peak the drop of cortisol

was added.
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Chapter 6: Discussion

6.1 Cortisol detection
Electrochemical impedance spectroscopy has proven to be a valuable tool for
physiological cortisol detection. This is because the capacitive MIPs biosensors respond
higher to greater concentrations for each test and through the different batches of

fabricated MIPs.

6.2 Drops tests during various stages of resistance.

As evidenced by the data, as seen in figure 10 the sensor's sensitivity is
ineffective prior to the capacitance, and resistances spike positively and negatively,
respectfully, as there are no significant variations between the artificial sweat and
cortisol readings. In contrast, the differences between cortisol and sweat became

apparent after the capacitance spike accumulated in low resistance reading.

6.3 One Drop tests from a dry sensor
100 pL of cortisol produced a sensor response of 1.21 nF and 4.3 KQ resistance,
but 100 pL of sweat produced only 830pF and 6.38 KQ resistance. However, it is
difficult for the sensor to detect cortisol before the spike. It must be sufficiently fluid
(less than 10 KQ resistance) to differentiate between cortisol-containing and cortisol-
free solutions. As seen in the results, the difference is low between both responses,

and it might be varied based on the initial resistance of the sensor.

6.4 Linearity tests in the physiological range.

As can be seen in figure 9, the biosensor can distinguish between all four
samples within different concentrations. The first three samples have more linearity
and close results compared to 140ng/ml of cortisol concentration. Even though the
second set of tests has a different range of responses, the first three tests have a more

gradual increasing line followed by a sharp response. This pattern is repeated twice.

As the detection signal increases in capacitance with the increase of the cortisol
concentration, several factors can affect the practicality of the sensor. Even though the
current design of the sensor can confirm that the range of cortisol concentration is
within the physiological range diluted in buffer, the direct detection of natural drops of
sweat on the skin has yet to be investigated. Even though the LCR meter is not

designed to measure the concentration of the substance directly, it indirectly
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succeeded in measuring the cortisol concentrations as different concentrations
present different electrical properties. However, a wearable device might have a

different result based on the meter's sensitivity.

By using impedance spectroscopy to quantify the change in the electrical
characteristics of the MIP biosensor as a function of the target molecule concentration,
MIP biosensors may be employed for accumulative measurement. For example, low-
concentration target analyte measurements taken after a high-concentration test may
produce an unexpectedly positive result. It is possible that the MIP biosensor's
capacitance was impacted by ions left over from the high-concentration test that

remained adsorbed on its surface.

The binding sites on the MIPs may become saturated with ions when subjected to a
high target analyte concentration, leaving the biosensor inefficient in binding any
further ions. In addition, due to the presence of the remaining ions from the high-
concentration test, the biosensor may have a more significant reaction to a lower-
concentration sample. Notably, the application of MIP biosensors for accumulative
measurement employing impedance spectroscopy methods will depend on the
individual properties of the MIP biosensor and the standardized measurement
conditions. In addition, the sensitivity and reliability of the measurement will rely on

the design of the MIP biosensor and the test conditions.

6.5 High concentrations test

The sensor differentiated between three samples with high concentrations, as
seen in figure 12. All sample responses were lower than the sensor response to cortisol
within the physiological range. The saturation effect is the situation that arises due to
the high binding capacity of MIPs. Saturation of the MIPs with the analyte, when there
are no binding sites accessible, reduces the biosensor's responsiveness at very high
concentrations. Saturation can happen at various concentrations depending on the
biosensor's setup. Additionally, the saturation effect can be created by overloading the
sensor with high analyte concentrations. This can cause some MIPs to dissociate from
the surface, limiting the total number of MIPs available to bind the analyte.
Furthermore, an overload of analytes can reduce biosensor responsiveness because
different analyte molecules compete for the same binding sites. The sensitivity of the

sensor to low concentrations is high. This may be explained by the theory of
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impedance spectroscopy, which states that higher concentrations correspond to
greater capacitance. Thus, the outcome of this test could reveal the highest detectable

concentration limit.

6.6 Repeatability

In repeatability testing, the biosensor demonstrated that it could detect various
cortisol concentrations. Nevertheless, it is not easy to maintain the same level of
accuracy between each detection and cleaning. Numerous elements play a crucial part
in this incident. First, a capacitive biosensor is an accumulative indication since it
represents the number of stored charges. Adding additional drops of cortisol will
increase capacitance and decrease resistance. In this scenario, the sensor can only
detect more significant concentrations after each detection; decreasing the sample

concentration will result in erroneous readings.

Secondly, the number of stored charges may also be affected by the cleaning
procedure's duration and quality. Therefore, repeating the same experiment may

result in successful detection but at a different capacitance level.

Thirdly, using a relatively large quantity of liquids can result in the loss of surface
materials from electrode surfaces. Consequently, the damaged electrodes respond less

to cortisol than they did in their original state, as seen in figure 15.

Fourth, utilizing the same sensor for extended periods might result in the formation of
mineral salts on the sensing surface, which can compromise the accuracy of the

reading, as shown in figure 15.

Finally, room temperature may also be a factor, as temperature influences the

resistance of liquids (Murdock et al., 2012).

6.7 Resistance
The resistance of the sensor plays a crucial role in our experiment. Dried
sensors need a significant amount of liquid in measuring levels (which is lower than
approximately 5 KQ). The brand-new MIPs biosensor has a resistance of more than 100
MQ. To reduce it, it needs about 500 pL of buffer or liquids and adding drops on the

electrode's surfaces. The hydrophobicity of the sensor's surface also is a crucial factor
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that might affect the resistance response to the added liquid. After the activation of
the sensor by reducing the resistance, experiments can be run efficiently. However,
after running the experiments, maintaining the dryness of the biosensor at the same
level of resistance is difficult. The resistance at this stage is based on the ions
remaining within the textile and a physically unremovable liquid. For example, after a
day of running an experiment of 500 uL of cortisol diluted in buffer, the resistance
usually is less than 10 MQ depending on the number of experiments done before and
how clean the sensor is. Having lower resistance at the beginning of a test will increase
the response number of the capacitance while having higher resistance will result in a
lower response. Therefore, it might be ideal to start a set of tests at the same
resistance range as much as possible. Furthermore, it might be ideal to have the same
time difference between each test so that the resistance would be at the same range
before each test. To prevent the need of buffer Zhao et al. (2022) introduced a passive
continuous analysis patch to monitor cortisol levels at normal levels. Microfluidic
channels were integrated into the patch to achieve this. Sweat is extracted from the
gland through the microfluidic channel and transported to the sensing surface.
Approximately 40 minutes were required for the sensor to be immersed in sweat. As
the technique targets the sweat at rest and stimulates the sweat glands to produce
sweat, it is beneficial for events that are not stressful. On the other hand, emotional
sweat with higher cortisol levels is a natural reaction. The development of
microchannels for sweat collection may have merit but without the addition of
stimulation techniques, such as iontophoresisAdditionally, Cortiwatch used a buffer to
wash the device and determine the baseline resistance before running the test. A
cartridge-style system was used to eliminate the need for a massive buffer on the skin,
which allowed the sensor to be interfaced with the skin and isolated from the
environment outside. By using this system, sweat could be collected directly from the
subject, eliminating the need for excessive buffer application. During the process, the
patch was applied to the cleaned surface of the participant's wrist to collect data. In
order to ensure the subject's convenience and a non-invasive monitoring experience,
CortiWatch was connected to a computer for data collection and analysis. The device
successfully detected cortisol in 3 uL of sweat. (Rice et al., 2019). Storer et al. (2018)
used a nitrogen gun and deionised water to clean the surface after each experiment.

This was to maintain the same conditions of the sensor after exposure to an analyte.
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Since they maintain the same capacitance level, it may be argued that resistance is
reset since it increases while capacitance decreases. This was done to provide the
same baseline data for each experiment. This process allowed the researchers to
accurately compare the results of each experiment and measure the impact of the
analyte on the sensor. By modifying the sensor design, such as integrating
microchannels, or using physical solutions, such as adding the buffer to activate the
device and removing it, researchers were able to prevent the need for large buffer
volumes. The unremovable buffer determines the baseline of the system's resistance

in this scenario.

The spike of resistance is a factor to be considered. After adding the sample to
the surface and the resistance starts to be reduced, it will reach a point when the
resistance would significantly reduce in parallel with the increase of the capacitance.
This point is varied between both batched received biosensors. For example, in our
first batch of biosensors, the capacitance is typically spiked to 1 nF when the resistance
reading is 5 KQ. In comparison, it is 5 nF when about 5 KQ in the second batch of
sensors. The detection range starts lower than 8 KQ when the dramatic negative
relation establishes between the resistance and the capacitance. These negative
relations can be observed in the resistance range lower than 1 kQ to 400 Q. Within this
capacitance range, the capacitance spike is remarkable as it rises sharply from 1 nF to

the samples' maximum capacitance.

In comparison, the change in capacitance is slower before the spike, as shown in figure
16. This is because, before the spike, the resistance of any liquid decreases similarly as
the system's liquidity rises. However, the lowest capacitance following the peak varies
according to the cortisol concentrations of the samples. This may limit the applicability
of the existing MIPs device, as it requires at least 500 pL of samples to reach the spike
faster. Therefore, it can be advised that the system's size be decreased to lower the
amount of liquid necessary to spike. Alternately, altering the textile's characteristics
can make it more absorbent, have fewer liquids needed to saturate with, or be less
hydrophobic on the surface. Also, as our utilized biosensor was created for the CV
electrochemical approach, it may be worthwhile to adapt it for electrochemical
impedance spectroscopy, as it necessitates a working electrode ten times the size of

the counter electrode (Lisdat and Schéafer, 2008).
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In a conceptual wearable sweat cortisol device, resistance can also indicate sweating.
In terms of power saving, the capacitance reader starts reading once a drop of
resistance starts. Due to the absolute humidity caused by the water content on the
sweat biosensors, resistance can signalize the sweat loss level (Taylor and Machado-
Moreira, 2013). The overall resistance and capacitance drop and rise when sweat flows
down the microchannel. In a hypothetical design for wearable technology, resistance
might serve as a signal of perspiration, therefore activating capacitive measuring.
Additionally, it may assess sweat concentration, as higher concentrations result in a
lower value of resistance using wearable sweat loss measuring devices (SLMDs) (Zhong

etal., 2022).

As seen in Figures 14a and 14b, the resistance reading decreases significantly at the
beginning of the experiment. The logarithmic scale decreased from 10 MQ to
approximately 1 KQ. In contrast, there is a slight rise in capacitance synchronously as it
grows from 18pF to around 1 nF within the same given period. The drop in resistance

from 1 KQ to about 400 Q boosts the sample's capacitance to 176 nF.

To summarize, it is preferable to have a low resistance to measure the capacitance
response correctly. This is because the resistance of the device being measured might

impact the accuracy of the capacitance measurement.

For instance, if the device's resistance is considerable, it may result in a significant
voltage drop across the device, which can alter the capacitance measurement. This is
especially critical for measuring exceedingly small capacitances, as the voltage drop

across the device might represent a substantial portion of the overall voltage applied.

Conversely, if the device's resistance is low, it will limit the capacitance measurement.

This will result in a more reliable capacitance measurement.

6.8 Cleaning test
There is a clear distinction between the tests of buffer samples using
phosphate buffer on a sensor that has been cleaned and buffer on a sensor that has
not been cleaned. The response to a sample that has been cleaned is significantly
reduced, which may suggest that the ions have been removed from the dielectric
layer. On the other hand, the high response of a contaminated buffer could be

attributable to the ions stored in the dielectric layer.
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As shown in figure 9, 20 ng/mL of cortisol was measured using an uncleaned biosensor.
It revealed 165 nF. However, once the linearity tests were complete, the sensor was
cleaned as previously described. After testing 20 ng/mL of cortisol, the second series of
linearity tests are initiated, as is seen in figure 14. The data indicate that the sensor
only responded to 38.5nF. These data are evidence that the cleaning hypothesis has

been answered.

There has also been evidence of a reduction in signal after cleaning in several
studies. Parlak et al., (2018) tested a range of concentrations to determine the device's
response, with measurements conducted at low, medium, and high concentrations.
Following the measurement, the sensor surface was regenerated by rinsing with a
washing solution and sonicating for 30 seconds. In both increasing and decreasing
concentrations of cortisol, the device demonstrated a stable response. However, in
order to understand how the device responds when saturated with cortisol, the
cortisol concentration was increased tenfold (up to 5 mM) and then gradually
decreased from 5 mM to 0.001 uM. When the device was saturated, there was no
response to decreasing cortisol concentrations. In these experiments, saturation of the
device and molecular binding were demonstrated to be essential factors in the sensing
process. Washing and sonicating the sensor surface may remove contaminants or
residual substances affecting the sensor's dielectric properties. Consequently, this
could affect the sensing performance and the response to cortisol levels. Additional
factors, such as changes in surface chemistry, electrode properties, or binding
interactions, may also influence the observed response. The exact role of the dielectric
area in the observed changes would require further investigation. Kong et al. (2023)
optimized the number of polymerization cycles, with 15 cycles found to improve the
EIS response. However, increasing the cycles beyond 15 led to a decrease in the
response, indicating the importance of finding the optimal balance. Furthermore, an
experiment was conducted to develop MIP-silica hybrid particles to detect amlodipine.
In order to remove the template (amlodipine), the particles were washed with
methanol, and the absorbance of the supernatant was evaluated using ultraviolet
visible UV/VIS spectroscopy. Upon successive washings, there was a decrease in
absorbance, which indicated that the template had been removed. Four washes were
required to remove the template altogether, leaving behind structurally adapted
cavities or interaction sites within the MIP-silica hybrids.
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In order to determine whether hybrid particles could rebind amlodipine, they
were thoroughly washed and dried. In response to a standard amlodipine solution, the
absorbance of the solution decreased, suggesting that the amlodipine molecules were
taken up by the MIP-silica hybrid particles and adsorb to them. Consequently, the
amlodipine concentration in the solution decreased. A measurable decrease in
amlodipine concentration in the solution was observed due to the successful removal
of the template from MIP-silica hybrid particles (Roshan et al., 2019). Kidakova et al.
(2019) study investigated the possibility of regenerating and reusing protein
molecularly imprinted polymer (MIP)-based sensors. The MIP sensor was regenerated
using acidic and alkaline solutions to disrupt hydrogen and electrostatic bonds
between the protein and the MIP surface. After the first regeneration cycle, the
sensor's response significantly decreased. Also, another study involved injecting a
regeneration buffer composed of MeOH and a buffer solution to regenerate the
working electrode. Capacitance was measured using the current step method, in which
a constant current was alternately applied to the electrode surface, and the resulting
potential profile was used to calculate capacitance. The binding of the target analyte to
the immobilized MIPs on the electrode surface decreased the capacitance registered.
The Deviation values were below 4.2% after cleaning (Lenain et al., 2016). Roushani et
al. (2022) needed to clean their MIPs sensor five cycles to restore its signal. A study by
Amaly et al. (2021) found that MIPs nanospheres in water treatment are restored to
85% after seven cycles. However, cleaning the sensor for the eighth time resulted in
just 48% of the cavities being regenerated. The process of cleaning may be adversely

affected by over-cleaning.

A function generator can generate the waveform for cyclic voltammetry
investigations. The electrochemical technique of cyclic voltammetry involves applying
a voltage to an electrode submerged in a solution and measuring the current that
flows through it. The current as a function of potential is plotted to create a cyclic
voltammogram, where the potential is ramped up and down. Ones can use a function
generator to create a ramp, square wave, triangle wave, or any other waveform for the

applied potential.

Thus, CV is proven to clean a MIP biosensor. In cyclic voltammetry, the cell's potential

is cycled from a low value to a high value and back down to a low value. This can be
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utilized to eliminate undesirable impurities or other species that may be present on
the MIP biosensor's surface. More importantly, it can be utilized to regenerate the
sensor by removing the target analyte from the MIP material's surface and restoring

the material's original structure.

The biosensor must be connected to an electrochemical measuring system to clean a
MIP biosensor using cyclic voltammetry. The system would apply a series of voltage
cycles to the biosensor using an appropriate electrolyte solution as the solvent (such as

phosphate buffer).

In a wearable device to make a CV run using the internal circuit of a wearable device, it
must use a built-in or attached calibrated function generator. Then, the MIP biosensor
must be placed in an appropriate solvent, phosphate buffer. After that, the function
generator applies a voltage ramp to the electrode. The voltage should be periodically
ramped up and down within a specific range and utilize the device's internal circuit to
measure the resulting current. The procedure must be repeated multiple times to o
selectivity. Of course, such cleaning process can be implemented in the future by the

smartwatch itself without the need for the function generator.

Increasing the solution temperature can generally accelerate chemical reactions,
including those that occur while washing the MIP biosensor. At higher temperatures,
this can result in quicker biosensor cleaning. However, it is essential to note that the
best temperature for washing a MIP biosensor will depend on the biosensor's design
and the target that must be eliminated. Further research is suggested to determine the
optimum temperature at which the cortisol can be effectively removed from the
biosensor. Also, a specific range of temperatures might be affordable while charging
the battery within the device part, which might be considered in future work to
accelerate the cleaning process. For example, at different temperatures, Wei et al.,
(2018) discussed the effect of self-cleaning on the performance of the bovine serum
albumin temperature-sensitive MIPs on a glassy carbon electrode , BSA-TMIPs/GCE
biosensor. A redox probe is used to determine whether self-cleaning is efficient at

different temperatures.

Results suggest that the BSA-TMIPs/GCE biosensor was significantly more sensitive to a

37 °C PBS buffer solution than to different treatment temperatures such as 20 °C, 40
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°C, and 50 °C. In TMIPs/GCE, the temperature is observed to influence the structural

changes of the biosensor contribute to its self-cleaning capability.

As a result of the polymerization, the BSA-TMIPs/GCE retain their original
polymerization structure at 20 °C, as well as their interaction between monomers and
templates. At 37°C, the lower critical solution temperature (LCST) is reached, and the
poly(N-isopropylacrylamide) PNiPAAm chains undergo a conformational conversion,
transitioning from hydrophilic to hydrophobic states. Through this process, the
hydrogen bonding interactions between the templates and monomers are weakened,
which facilitates the removal of BSA from the biosensor. However, it is possible that
the structural conversion might not take place entirely at temperatures higher or lower

than the LCST, resulting in residual BSA.

Moreover, applying potential cycling over a broader range (-0.8 V to +0.8 V) enhances
the peak current Al response. By expanding the potential range, multiple-point
electrostatic interactions are more rapidly destroyed, thereby assisting in removing
BSA. Self-cleaning conditions are optimized by considering the effects of oxygen and
hydrogen evolution processes. The optimized self-cleaning conditions for the BSA-
TMIPs/GCE biosensor involve a temperature of 37 °C, potential cycling from -0.8 V to

+0.8 V for 14 cycles, and a scan rate of 100 mV s.

Wei et al. (2022) examined the effects of temperature on BSA rebinding. According to
the results, the binding capacities of the dual-stimuli-responsive thermo-responsive
and electric-field dual-stimuli-responsive on a glassy carbon electrode, DR-MIHs/GCE
biosensor were affected by temperature. The DR-MIHs/GCE biosensors effectively
adsorbed and desorbed BSA by alternating between applied and withdrawn voltages
between 20°C and 50°C. Upon heating to 20°C, the imprinted sites, conformational
sizes, and functional orientations of the imprinted membrane closely resembled those
formed during the polymerization process, which increased the Al of the redox probe.
As a result, the target protein was successfully complemented. The application of a
specific voltage at 37°C caused a decrease in the flux of soluble BSA, indicating that it
was released into solution after the application of the voltage. The subsequent
increase in Al at 20°C indicated the recombination of BSA into the DR-MIHs/GCE

biosensor. These findings highlight the importance of temperature control during the
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rebinding process, as it directly influences the affinity and stability of the biosensor for

the target.

6.9 CV run simulation.

This experiment is essential to the concept of a practical wearable device for real-
time cortisol monitoring. Most studies use an external CV device to perform the runs in
the literature. The data is extracted through a voltammogram, and then the
capacitance is calculated using scientific formals. In contrast, our method is more
practical at the wearables level. As it can monitor real-time capacitance, a sudden drop
can be noticed immediately. This simulation can be afforded in wearable devices using
an internal capacitive reader and specified waveforms and their shapes, and the

required frequencies using a built-in function generator in the wearable device.

Compared to the CV simulation methods and spectroscopy, CV simulations are more
accurate as they can be seen in real-time monitoring. Another advantage is that the
resistance factor has fewer impacts on detection accuracy, unlike impedance
spectroscopy, where it is crucial. On the other hand, continuous monitoring using a CV
run is energy-consuming as the voltage needs to be applied constantly. They can be
combined in a wearable device to take advantage of both technologies. The LCR meter
was connected to the working electrode and the reference electrode in our
experiments. Thus, in a conceptual device, both modes apply as the capacity reader is
always connected to the sensor in spectroscopy mode, which can be used consistently
with minimum energy requirements. Urgent cortisol tests can be done by activating

the CV mode, the counter electrode is connected to the function generators.

In the first mode, a smartwatch would indeed be designed to detect cortisol in
perspiration using impedance spectroscopy. The MIP biosensor would be placed inside
the smartwatch, which would absorb the sweat. The impedance spectroscopy would
be performed to detect variations in the resistance and capacitance of the biosensor,
which would signal the presence and intensity of cortisol in the sweat; however, it
could take longer to achieve the full response. It might be useful in monitoring day to

day cortisol level.

In the second mode, the smartwatch would detect cortisol in sweat using cyclic
voltammetry (CV). CV is a technique that use a potential scan to detect variations in
the current flowing through the biosensor, and it is effective for detecting variations in
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the oxidation and reduction processes of the target analyte. The CV would be
accomplished by providing a voltage to the counter electrode and monitoring the
biosensor's current flow. This mode has the advantage of providing rapid detection

and can be used for real-time monitoring, but it is battery consuming.

MIPs also can be regenerated during the charging using CV runs. But it is worth
knowing that the voltage applied during the detection has different values and can be

adjusted while manufacturing.
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7.1 Conclusion
The evaluation of stress biomarkers revealed that stress detection is an
emotional event. Included in future investigations were possible biomarkers. This
article examines electrochemical stress biomarkers and concludes that cortisol is the
most significant stress biomarker since it is observable in sweat. In addition, this
review examined alternative stress biomarkers in perspiration, such as cortisol
metabolites and antistress chemicals. Most studies in this sector have established

cortisol detection methods.

Based on a literature review of the current research on the electrochemical detection
of sweat cortisol, it is advised that an electrochemical impedance spectroscopy
method be applied to a molecularly imprinted polymer capacitive biosensor. The
possible cause for the delay in the widespread distribution of sweat cortisol wearable
devices is the need for technologies to accommodate the commercial viability of
wearable devices that detect sweat biomarkers. A conceptual detection strategy based
on improving the practicability of capacitive detection on a wearable device was

provided to prove the concept.

In addition, a washable MIP in a wearable device was an unresolved issue, as most
present MIP biosensors are disposable. According to the literature, cortisol molecules
are extracted from the MIPs sensor utilizing the electrochemical CV approach during
manufacture. This step prompted the current work to remove cortisol utilizing the
exact voltage parameters but in a novel manner by employing a functional generator
instead of CV devices. However, these signals can be utilized in wearables without

needing a large CV device attached.

The motivation for the current research came from the rise of the mental problem
society in terms of the difficulty of emotional communication with people suffering
from emotional expression due to mental health problems such as autism. Therefore,
the goal of a wearable device that can alert wearers or their carers to ease

communication or prevent a harmful event was the goal of the current research.

A published review paper in an academic journal identified that cortisol is the primary

stress biomarker. Also, the review suggested that MIPs biosensors are the most
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advanced method to detect it. Based on the result, further studies have been

conducted to prove the concept.

7.2 Challenges

Even though the electrochemical impedance spectroscopy method has proven
to be more applicable for wearable devices as the direct measurement of capacitance
and resistance is much easier to be employed in wearable systems compared to the CV
method, which needs external tools to apply CV run, there are several limitations to be
addressed in the future. First, the detection range needs low resistance, which
requires a vast amount of uncomfortable liquid. In this scenario, the calculation of the
cortisol concentration must be addressed as the added liquid dilutes the actual
concentration. Alternately, future research could examine reducing the resistivity of a
manufactured sensing surface by adding more low-resistivity elements such as carbon
nanotubes, gold nanoparticles, graphene, and/or metal nanoparticles based on the

specific scientific requirements.

Consider the amount of liquid needed for accurate capacitance measurement. Thus,
the effect of the liquid’s variability on the measurement is reduced. To get the most
accurate readings possible, it is essential to ensure the liquid is homogeneous and
thoroughly mixed. Another technique to accomplish CV using a solid medium is
employing an electrode modified with an electroconductive polymer that can
immobilize recognition molecules. This can improve analyte detection and eliminate
the need for a buffer. However, there may be limits to executing CV with a solid
medium compared to buffer-based CV. For instance, the electrochemical reaction of
the analyte may vary in a solid media, which can impact the sensitivity and
reproducibility of the results. In addition, solid-state sensing materials may have a
limited lifetime, which may decrease the biosensor’s performance over time. There are
some essential factors for an ideal solid medium to use in Impedance spectroscopy.
Before reliable and relevant measurements may be performed, the solid medium must
be homogeneous and stable, with no changes in its properties over time. In addition,
the qualities of the solid medium, such as its viscosity and conductivity, may influence
the impedance measurements; therefore, it is essential to account for these factors

when interpreting the results. In addition, the biosensor itself, such as the type of
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immobilised biomolecules, and the design of the electrodes, can significantly impact

the accuracy of the results.

Second, the results' stability might vary between each cleaning, especially after
multiple uses of the sensor. It might be suggested to use a dryer to accelerate the
dehydration of the sensor. It might be a thermal drier or chemical such as dry nitrogen

gas.

Alternatively, options to eliminate buffers might be considered to increase the
practicality of the wearable device, which can be helpful in either impedance
spectroscopy or the electrochemical cyclic voltammetric method. For example, in CV
methods, using a solid-state sensing material, such as a thin film of molecularly
imprinted polymers (MIPs) placed on the electrode surface, is one technique to do CV
with a solid medium. This avoids the requirement for a buffer by providing a specific
binding site for cortisol. As a result, cortisol might directly interact with the sensing
material, and the ensuing electrochemical signal can be used to detect the cortisol’s

presence.

Second, the consistency of the data may change between cleanings, particularly after
many applications of the sensor. Using a drier or heater may be suggested to expedite
the sensor’s dehydration. This could be a thermal dryer or a chemical like dry nitrogen

gas.

Third, the best cleaning duration has yet to be determined. Notably, the longer
cleaning time causes the resistance to rise. However, it is also parallel to the surface
evaporation of the liquid. In the interim, observing the biosensor response during the
initial test is the only way to determine whether the cleaning operation was successful.
The operation is successful if the response is modest because fewer electrons are

stored in the dialectic zone.
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7.2.1 Future Directions

The current study reveals that electrochemical impedance spectroscopy is a viable
choice for wearable devices as opposed to the traditional electrochemical methods
used for cortisol detection. However, the approach can also detect sweat cortisol as a
home kit device. In addition, it can be a valuable instrument for merging wearable
multi-biosensor systems to detect emotional stress. These biosensors can sense
emotional occurrences. Adding a stress biomarker such as cortisol to the monitored

biomarkers would boost the platform's accuracy.

Also, the measurement of cortisol in real sweat has yet to be conducted due to the
pandemic restrictions. Therefore, it might be recommended to conduct further
research to measure cortisol in human sweat. Furthermore, it is recommended to
conduct the trials after developing the biosensor by lowering the resistivity factor to
suit the human sweating rate. Otherwise, it would be ideal to use sweat collection

methods.

There are several things to consider when developing a wearable molecularly
imprinted polymer (MIP) biosensor for impedance spectroscopy monitoring. The shape
and size of the MIP biosensor should be tailored for integration into a wearable
system. In addition, the MIP biosensor should be compact, comfortable, and
lightweight enough to be worn all day without causing discomfort and durable enough
to withstand repeated use. The sensitivity and accuracy of the measurement will be
determined by the specifics of the MIP biosensor's design and the assay settings. The
MIP biosensor must be sensitive enough to detect the target molecule at the required
concentrations. In addition, the measurement must be consistent and repeatable. The
consistency of the experimental conditions impacts the accuracy and repeatability of
measurement. Therefore, protecting the wearable MIP biosensor from environmental
conditions that could alter the reading is crucial. These aspects include temperature,
humidity, and mechanical stress. Wearable MIP biosensors should be user-friendly and
comfortable to use for extended periods. The MIP biosensor could be made to feel
more at home on the skin by using soft and flexible materials. The MIP biosensor that
may be worn should be simple to use and maintain. Therefore, the MIP biosensor

might be designed with simplicity and ease of use, including features that simplify
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routine upkeep, like cleaning and changing the recognition element. The wearable MIP

biosensor should be robust and withstand everyday use without damage.

Abdulaziz Zamkah 2023 84



Appendix

References

Ackerl, K., Atzmueller, M. and Grammer, K., 2002. The scent of fear. Neuroendocrinology Letters, 23(2),
pp.79-84.

Adewole, 0.0., Erhabor, G.E., Adewole, T.O., Ojo, A.O., Oshokoya, H., Wolfe, L.M. and Prenni, J.E., 2016.
Proteomic profiling of eccrine sweat reveals its potential as a diagnostic biofluid for active
tuberculosis. PROTEOMICS—Clinical Applications, 10(5), pp.547-553.

Alcalar, N., Ozkan, S., Kadioglu, P., Celik, O., Cagatay, P., Kucukyuruk, B. and Gazioglu, N., 2013.
Evaluation of depression, quality of life and body image in patients with Cushing’s
disease. Pituitary, 16(3), pp.333-340.

Alvarez WA, Shipko S. Alexithymia and posttraumatic stress disorder. J Clin Psychiatry. 1991
Jul;52(7):317-9. PMID: 2071564.

Alves, M. and Santos, University of Porto. (2021) ‘A Wearable Cortisol Monitoring Microsystem’.
Available at: https://repositorio-aberto.up.pt/bitstream/10216/135562/2/487887.pdf (Accessed:
26/12/2022).

Amaly, N., et al. (2021). Reusable molecularly imprinted polymeric nanospheres for diclofenac removal
from water samples. Journal of Chemical Research, 45(1-2), 102-110.

An, J.E., Kim, K.H., Park, S.J., Seo, S.E., Kim, J., Ha, S., Bae, J. and Kwon, O.S., 2022. Wearable cortisol
aptasensor for simple and rapid real-time monitoring. ACS sensors, 7(1), pp.99-108.

Apetrei, C. and Ghasemi-Varnamkhasti, M., 2013. Biosensors in food PDO authentication.
In Comprehensive Analytical Chemistry (Vol. 60, pp. 279-297).

Aranyosi, A.J., Model, J.B., Zhang, M.Z., Lee, S.P., Leech, A., Li, W., Seib, M.S., Chen, S., Reny, N., Wallace,
J. and Shin, M.H., 2021. Rapid capture and extraction of sweat for regional rate and cytokine
composition analysis using a wearable soft microfluidic system. The Journal of investigative
dermatology, 141(2), pp.433-437.

Arshady, R. and Mosbach, K. (1981) Synthesis of Substrate-Selective Polymers by Host-Guest
Polymerization. Macromolecular Chemistry and Physics, 182, 687-692. Asahina, M. et al. (2003)
‘Emotional sweating response in a patient with bilateral amygdala damage’, International Journal of
Psychophysiology, 47(1), pp. 87-93.

Asghar, N., Mustafa, G., Yasinzai, M., Al-Soud, Y.A., Lieberzeit, P.A. and Latif, U., 2019. Real-time and
online monitoring of glucose contents by using molecular imprinted polymer-based IDEs sensor. Applied
biochemistry and biotechnology, 189(4), pp.1156-1166.

Baker, L.B., 2019. Physiology of sweat gland function: The roles of sweating and sweat composition in
human health. Temperature, 6(3), pp.211-259.

Baker, L.B. and Wolfe, A.S., 2020. Physiological mechanisms determining eccrine sweat
composition. European journal of applied physiology, 120(4), pp.719-752.

Bart, M., Stigter, E.C.A,, Stapert, H.R., De Jong, G.J. and Van Bennekom, W.P., 2005. On the response of a
label-free interferon-y immunosensor utilizing electrochemical impedance spectroscopy. Biosensors and
Bioelectronics, 21(1), pp.49-59.

Beaumont, R. et al. (2021) ‘Randomized Controlled Trial of a Video Gaming-Based Social Skills Program
for Children on the Autism Spectrum’, Journal of Autism and Developmental Disorders, pp. 3637—-3650.

Abdulaziz Zamkah 2023 85


https://repositorio-aberto.up.pt/bitstream/10216/135562/2/487887.pdf

Appendix

Belbruno, J.J. (2019) ‘Molecularly Imprinted Polymers’, Chemical Reviews. American Chemical Society,
pp. 94-119.

Bende, M. (1981) ‘Human ceruminous gland innervation’, The Journal of Laryngology & Otology, 95(1),
pp. 11-15.

Benderly, B. (1988) ‘Aroma driven: On the trail of our most emotional sense’, Health 20, (12), pp. 62-65.

Berggren, C., Bjarnason, B. and Johansson, G., 2001. Capacitive biosensors. Electroanalysis: An
International Journal Devoted to Fundamental and Practical Aspects of Electroanalysis, 13(3), pp.173-
180.

Bergman, A.L., Christopher, M.S. and Bowen, S. (2016) ‘Changes in Facets of Mindfulness Preict Stress
and Anger Outcomes for Police Officers’, Mindfulness, 7(4), pp. 851-858.

Bian, L., Shao, W., Liu, Z., Zeng, Z., et al. (2022) ‘Detection of Stress Hormone with Semiconducting
Single-Walled Carbon Nanotube-Based Field-Effect Transistors’, Journal of The Electrochemical Society,
169(5), p. 057519

Bian, L., Shao, W., Liu, Z., -, al, et al. (2022) ‘Molecularly imprinted polymer on roll-to-roll printed
electrodes as a single use sensor for monitoring of cortisol in sweat’, Flexible and Printed Electronics,
7(2), p. 025014.

Birch, J.R. and Racher, A.J. (2006) ‘Antibody production’, Advanced Drug Delivery Reviews, pp. 671-685

Bobdey, S., Jain, A. and Balasubramanium, G., 2015. Epidemiological review of laryngeal cancer: An
Indian perspective. Indian Journal of Medical and Paediatric Oncology, 36(03), pp.154-160.

Bouillon-Minois, J.B. et al. (2021) ‘Leptin as a Biomarker of Stress: A Systematic Review and Meta-
Analysis’, Nutrients, 13(10).

Braun, A. et al. (2015) ‘Capacitive proximity sensing in smart environments’, Journal of Ambient
Intelligence and Smart Environments. 483-510.

Brauner, E.V., Nordkap, L., Priskorn, L., Hansen, Awm.,, Bang, A.K., Holmboe, S.A., Schmidt, L., Jensen, T.K.
and Jgrgensen, N., 2020. Psychological stress, stressful life events, male factor infertility, and testicular
function: A cross-sectional study. Fertility and sterility, 113(4), pp.865-875.

Broza, Y.Y., Zuri, L. and Haick, H. (2014) ‘Combined volatolomics for monitoring of human body
chemistry’, pp. 2-7.

Brzozowska, E. et al. (2015) ‘Recognition of bacterial lipopolysaccharide using bacteriophage-adhesin-
coated long-period gratings’, Biosensors and Bioelectronics, 67, pp. 93—99.

Cai, D. et al. (2010) ‘A molecular-imprint nanosensor for ultrasensitive detection of proteins’, Nature
Nanotechnology, 5(8), pp. 597-601.

Calderdn-Santiago, M. et al. (2015) ‘Human sweat metabolomics for lung cancer screening’, Analytical
and bioanalytical chemistry, 407(18), pp. 5381-5392.

Can, Y.S. et al. (2019) ‘Continuous stress detection using wearable sensors in real life: Algorithmic
programming contest case study’, Sensors (Switzerland), 19(8).

Cano-Lopez, I. and Gonzalez-Bono, E., 2019. Cortisol levels and seizures in adults with epilepsy: A
systematic review. Neuroscience & Biobehavioral Reviews, 103, pp.216-229.

Baxter, L.K., 1997. Capacitive sensors. Design and Applications.

Carneiro, D. et al. (2017) ‘Mouse dynamics correlates to student behaviour in computer-based exams’,
Logic Journal of the IGPL, 25(6), pp. 967-978

Abdulaziz Zamkah 2023 86



Appendix

Carrara, S. (2013) ‘Bio/CMOS Interfaces in Constant Bias’, Bio/CMOS Interfaces and Co-Design, pp. 185—
205.

Chen, D. and Haviland-Jones, J., 2000. Human olfactory communication of emotion. Perceptual and
motor skills, 91(3), pp.771-781.

Chen, L., Wang, X., Lu, W., Wu, X. and Li, J., 2016. Molecular imprinting: perspectives and
applications. Chemical society reviews, 45(8), pp.2137-2211.

Cheng, C. et al. (2021) ‘Battery-free, wireless, and flexible electrochemical patch for in situ analysis of
sweat cortisol via near field communication’, Biosensors and Bioelectronics, 172, p. 112782.

Cheng, J. et al. (2020) ‘Molecularly imprinted electrochemical sensor based on biomass carbon
decorated with MOF-derived Cr203 and silver nanoparticles for selective and sensitive detection of
nitrofurazone’, Chemical Engineering Journal, 398, p. 125664.

Cheung, K., Gawad, S. and Renaud, P. (2005) ‘Impedance spectroscopy flow cytometry: On-chip label-
free cell differentiation’, (2), pp. 124-132.

Cho, B., Lee, K., Pyo, S. and Kim, J., 2018. Fabrication and characterization of VOC sensor array based on
Sn02 and ZnO nanoparticles functionalized by metalloporphyrins. Micro and Nano Systems Letters, 6(1),
pp.1-6.

Chunta, S., Suedee, R. and Lieberzeit, P.A., 2018. High-density lipoprotein sensor based on molecularly
imprinted polymer. Analytical and bioanalytical chemistry, 410(3), pp.875-883.

Ciccioli, P. (1993) ‘VOCs and air pollution’, Chemistry and Analysis of Volatile Organic Compounds in the
Environment, pp. 92-174.

Cieplak, M. and Kutner, W. (2016) ‘Artificial Biosensors: How Can Molecular Imprinting Mimic
Biorecognition?’, Trends in Biotechnology, 34(11), pp. 922-941.

Cirimele, V. et al. (2000) ‘Identification of ten corticosteroids in human hair by liquid chromatography-
ionspray mass spectrometry’, in Forensic Science International, pp. 381-388.

Corbisier, P. et al. (1999) ‘Whole cell- and protein-based biosensors for the detection of bioavailable
heavy metals in environmental samples’, Analytica Chimica Acta, 387(3), pp. 235-244.

Crozatti, L.S.P., Ferri, C.A. and Andrade, C.M.G., Printed circuit board that performs cyclic voltammetry
in wearable electrodes.

Cruz, A.F.D. et al. (2014) ‘A low-cost miniaturized potentiostat for point-of-care diagnosis’, Biosensors
and Bioelectronics

Cui et al. (2022). "A dual-responsive electrochemical biosensor based on artificial protein imprinted
polymers and natural hyaluronic acid for sensitive recognition towards biomarker CD44." Sensors and
Actuators B: Chemical, 371, 132554.

Dalirirad, S. and Steckl, A.J. (2019) ‘Aptamer-based lateral flow assay for point of care cortisol detection
in sweat’, Sensors and Actuators, B: Chemical, 283, pp. 79-86.

Daniel, E. (2020) ‘Medical treatment and monitoring for disorders of cortisol and adrenocorticotrophin
excess and deficiency’. (Doctoral dissertation, University of Sheffield).

Demuru, S., Kim, J., El Chazli, M., Bruce, S., Dupertuis, M., Binz, P.A., Saubade, M., Lafaye, C. and Briand,
D., 2022. Antibody-Coated Wearable Organic Electrochemical Transistors for Cortisol Detection in
Human Sweat. ACS sensors, 7(9), pp.2721-2731.

Abdulaziz Zamkah 2023 87



Appendix

Derbyshire, P.J., Barr, H., Davis, F. and Higson, S.P., 2012. Lactate in human sweat: a critical review of
research to the present day. The journal of physiological sciences, 62(6), pp.429-440.

Drabinska, N., Flynn, C., Ratcliffe, N., Belluomo, I., Myridakis, A., Gould, O., Fois, M., Smart, A., Devine, T.
and Costello, B.D.L., 2021. A literature survey of all volatiles from healthy human breath and bodily
fluids: the human volatilome. Journal of breath research, 15(3), p.034001.

Duan, D., Lu, H., Li, L., Ding, Y. and Ma, G., 2022. A molecularly imprinted electrochemical sensors based
on bamboo-like carbon nanotubes loaded with nickel nanoclusters for highly selective detection of
cortisol. Microchemical Journal, 175, p.107231.

Durén Acevedo, C.M., Carrillo Gémez, J.K. and Albarracin Rojas, C.A. (2021) ‘Academic stress detection
on university students during COVID-19 outbreak by using an electronic nose and the galvanic skin
response’, Biomedical Signal Processing and Control, 68, p. 102756.

Dykstra, G., Reynolds, B., Smith, R., Zhou, K. and Liu, Y., 2022. Electropolymerized Molecularly Imprinted
Polymer Synthesis Guided by an Integrated Data-Driven Framework for Cortisol Detection. ACS Applied
Materials & Interfaces.

Elison, J., Garofalo, C. and Velotti, P. (2014) ‘Shame and aggression: Theoretical considerations’,
Aggression and Violent Behavior, 19(4), pp. 447-453. Available at:

Epilepsy Available at: https://www.who.int/news-room/fact-sheets/detail/epilepsy (Accessed: 28
November 2022).

Ertin, E., Stohs, N., Kumar, S., Raij, A., Al'Absi, M. and Shah, S., 2011, November. AutoSense:
unobtrusively wearable sensor suite for inferring the onset, causality, and consequences of stress in the
field. In Proceedings of the 9th ACM conference on embedded networked sensor systems (pp. 274-287).

Farashi, S., Bashirian, S., Jenabi, E. and Razjouyan, K., 2022. Effectiveness of virtual reality and
computerized training programs for enhancing emotion recognition in people with autism spectrum
disorder: a systematic review and meta-analysis. International Journal of Developmental Disabilities,
pp.1-17.

Fei, L. et al. (2023)’ Graphene oxide assisted assembly of superhydrophilic MOF-based membrane with
2D/3D hybrid nanochannels for enhanced water purification’. Chemical Engineering Journal, 460,
141694.

Ferreira, C.5S.M. and Missailidis, S. (2007) ‘Aptamer-based therapeutics and their potential in
radiopharmaceutical design’, Brazilian Archives of Biology and Technology,50 (2007): pp. 63-76.

Fink, G. (2017) ‘Stress: Concepts, Definition and History’, The Curated Reference Collection in
Neuroscience and Biobehavioral Psychology, pp. 549-555.

First, M.B. (2013) ‘DSM-5® Handbook of Differential Diagnosis’, DSM-5® Handbook of Differential
Diagnosis

Fraser, R., Ingram, M.C., Anderson, N.H., Morrison, C., Davies, E. and Connell, J.M., 1999. Cortisol effects
on body mass, blood pressure, and cholesterol in the general population. Hypertension, 33(6), pp.1364-
1368.

Fulmek, P.L., Wandling, F., Zdiarsky, W., Brasseur, G. and Cermak, S.P., 2002. Capacitive sensor for
relative angle measurement. IEEE Transactions on Instrumentation and Measurement, 51(6), pp.1145-
1149.

Ganguly, A., Rice, P., Lin, K.C., Muthukumar, S. and Prasad, S., 2020. A combinatorial electrochemical
biosensor for sweat biomarker benchmarking. SLAS TECHNOLOGY: Translating Life Sciences
Innovation, 25(1), pp.25-32.

Abdulaziz Zamkah 2023 88



Appendix

Garcia-Cortés, A., Marti, J., Sayago, |., Santos, J.P., Gutiérrez, J. and Horrillo, M.C., 2009, February.
Detection of stress through sweat analysis with an electronic nose. In 2009 Spanish Conference on
Electron Devices (pp. 338-341)

Georgas, A., Agiannis, K., Papakosta, V., Angelopoulos, S., Ferraro, A. and Hristoforou, E., 2022. A
Portable Screening Device for SARS-CoV-2 with Smartphone Readout. Engineering Proceedings, 16(1),
p.7.

Gioia, F., Callara, A.L., Bruderer, T., Ripszam, M., Di Francesco, F., Scilingo, E.P. and Greco, A., 2022, June.
Potential physiological stress biomarkers in human sweat. In 2022 |EEE International Symposium on
Medical Measurements and Applications (MeMeA) (pp. 01-06).

Goda, T., Yamada, E., Katayama, Y., Tabata, M., Matsumoto, A. and Miyahara, Y., 2016. Potentiometric
responses of ion-selective microelectrode with bovine serum albumin adsorption. Biosensors and
Bioelectronics, 77, pp.208-214.

Goodwin, M.S., Mazefsky, C.A., loannidis, S., Erdogmus, D. and Siegel, M., 2019. Predicting aggression to
others in youth with autism using a wearable biosensor. Autism research, 12(8), pp.1286-1296.

Gratz, K.L. and Roemer, L. (2004) ‘Multidimensional Assessment of Emotion Regulation and
Dysregulation: Development, Factor Structure, and Initial Validation of the Difficulties in Emotion
Regulation Scale’, Journal of Psychopathology and Behavioral Assessment 2004 ,26(1), pp. 41-54.

Grieshaber, D. et al. (2008) ‘Electrochemical Biosensors - Sensor Principles and Architectures’, Sensors,
8(3), pp. 1400-1458.

De Groot, J.H.B., Smeets, M.A.M. and Semin, G.R. (2015) ‘Rapid stress system drives chemical transfer of
fear from sender to receiver’, PLoS ONE, 10(2), pp. 1-22.

Gu, Y., Cleeren, E., Dan, J., Claes, K., Van Paesschen, W., Van Huffel, S. and Hunyadi, B., 2017.
Comparison between scalp EEG and behind-the-ear EEG for development of a wearable seizure
detection system for patients with focal epilepsy. Sensors, 18(1), p.29.

Guinovart, T., Bandodkar, A.J., Windmiller, J.R., Andrade, F.J. and Wang, J., 2013. A potentiometric
tattoo sensor for monitoring ammonium in sweat. Analyst, 138(22), pp.7031-7038.

Hammen, C., Kim, E.Y., Eberhart, N.K. and Brennan, P.A., 2009. Chronic and acute stress and the
prediction of major depression in women. Depression and anxiety, 26(8), pp.718-723.

Hang, T., Xiao, S., Yang, C., Li, X., Guo, C., He, G., Li, B., Yang, C., Chen, H.J., Liu, F. and Deng, S., 2019.
Hierarchical graphene/nanorods-based H202 electrochemical sensor with self-cleaning and anti-
biofouling properties. Sensors and Actuators B: Chemical, 289, pp.15-23.

Happy, S.L. and Routray, A. (2015) ‘Automatic facial expression recognition using features of salient
facial patches’, IEEE Transactions on Affective Computing, 6(1), pp. 1-12.

Heikenfeld, J. (2016) ‘Non-invasive Analyte Access and Sensing through Eccrine Sweat: Challenges and
Outlook circa 2016’, Electroanalysis, 28(6), pp. 1242-1249.

Herane-Vives, A., Ortega, L., Sandoval, R., Young, A.H., Cleare, A., Espinoza, S., Hayes, A. and Bendhr, J.,
2020. Measuring Earwax Cortisol Concentration using a non-stressful sampling method. Heliyon, 6(11),
p.e05124.

Hogenelst, K., Soeter, M. and Kallen, V. (2019) ‘Ambulatory measurement of cortisol: Where do we
stand, and which way to follow?’, Sensing and Bio-Sensing Research, 22, p.

Houston, M.C. (2011) ‘The Importance of potassium in managing hypertension’, Current Hypertension
Reports, 13(4), pp. 309-317.

Abdulaziz Zamkah 2023 89



Appendix

Hsieh, Y.C. and Yao, D.J., 2018. Intelligent gas-sensing systems and their applications. Journal of
Micromechanics and Microengineering, 28(9), p.093001.

Hu, X., et al. (2022). Antifouling ionic liquid doped molecularly imprinted polymer-based ratiometric
electrochemical sensor for highly stable and selective detection of zearalenone. Analytica chimica acta,
1210, 339884.

Huang, X., Song, J., Yung, B.C., Huang, X., Xiong, Y. and Chen, X., 2018. Ratiometric optical nanoprobes
enable accurate molecular detection and imaging. Chemical Society Reviews, 47(8), pp.2873-2920.

Hui, T.K.L. and Sherratt, R.S. (2018) ‘Coverage of emotion recognition for common wearable biosensors’,
Biosensors, 8(2).

Hung, H. and Picard, R.W. (2016) ‘Automating the Recognition of Stress and Emotion: From Lab to Real-
World Impact’, IEEE Multimedia, 23(3), pp. 3—7.

Indikawati, F.I. and Winiarti, S., 2020, March. Stress detection from multimodal wearable sensor data.
In IOP Conference Series: Materials Science and Engineering (Vol. 771, No. 1, p. 012028). IOP Publishing.

Ireson, C.R. and Kelland, L.R. (2006) ‘Discovery and development of anticancer aptamers’, Molecular
Cancer Therapeutics, pp. 2957-2962.

Jafari, M.T., Rezaei, B. and Zaker, B. (2009) ‘lon mobility spectrometry as a detector for molecular
imprinted polymer separation and metronidazole determination in pharmaceutical and human serum
samples’, Analytical Chemistry, 81(9), pp. 3585-3591.

Jayasena, S.D., 1999. Aptamers: an emerging class of molecules that rival antibodies in
diagnostics. Clinical chemistry, 45(9), pp.1628-1650.

Jia, M., Chew, W.M,, Feinstein, Y., Skeath, P. and Sternberg, E.M., 2016. Quantification of cortisol in
human eccrine sweat by liquid chromatography—tandem mass spectrometry. Analyst, 141(6), pp.2053-
2060.

Jindal, S.K. et al. (2018) ‘Design and Analysis of MEMS Pressure Transmitter Using Mach-Zehnder
Interferometer and Artificial Neural Networks’, IEEE Sensors Journal, 18(17), pp. 7150-7157.

Katz, E. and Willner, I. (2003) ‘Probing Biomolecular Interactions at Conductive and Semiconductive
Surfaces by Impedance Spectroscopy: Routes to Impedimetric Immunosensors, DNA-Sensors, and
Enzyme Biosensors’, Electroanalysis, 15(11), pp. 913-947.

KERASSIDIS, S. (1994) ‘Is palmar and plantar sweating thermoregulatory?’, Acta Physiologica
Scandinavica, 152(3), pp. 259-263

Kessler, R.C., Price, R.H. and Wortman, C.B. (1985) ‘Coping Processes’. Available at:
www.annualreviews.org (Accessed: 2 November 2022).

Khor, S.M., Choi, J., Won, P. and Ko, S.H., 2022. Challenges and Strategies in Developing an Enzymatic
Wearable Sweat Glucose Biosensor as a Practical Point-Of-Care Monitoring Tool for Type Il
Diabetes. Nanomaterials, 12(2), p.221.

Kidakova, A., et al. (2019) "Advanced sensing materials based on molecularly imprinted polymers
towards developing point-of-care diagnostics devices." Proceedings of the Estonian Academy of Sciences
68(2), pp 158-167.

Kilic, T., Brunner, V., Audoly, L. and Carrara, S., 2016, December. Smart e-Patch for drugs monitoring in
schizophrenia. In 2016 IEEE International Conference on Electronics, Circuits and Systems (ICECS) (pp.
57-60).

Abdulaziz Zamkah 2023 90



Appendix

Kinnamon, D., Ghanta, R., Lin, K.C., Muthukumar, S. and Prasad, S., 2017. Portable biosensor for
monitoring cortisol in low volume perspired human sweat. Scientific reports, 7(1), pp.1-13.

Kong, J., Jie, et al. (2023). "Rapid and Sensitive Detection of Sulfamethizole Using a Reusable Molecularly
Imprinted Electrochemical Sensor." Foods, 12(8), 1693

Kumar, M.T., Kumar, R.S., Kumar, K.P., Prasanna, S. and Shiva, G., 2019. Health monitoring and stress
detection system. Int. Res. J. Eng. Technol, 6, pp.90-93.

Labib, M., Hedstrom, M., Amin, M. and Mattiasson, B., 2009. A capacitive immunosensor for detection
of cholera toxin. Analytica chimica acta, 634(2), pp.255-261.

Labib, M., Hedstrom, M., Amin, M. and Mattiasson, B., 2010. A novel competitive capacitive glucose
biosensor based on concanavalin A-labeled nanogold colloids assembled on a polytyramine-modified
gold electrode. Analytica chimica acta, 659(1-2), pp.194-200.

Laochai, T., Yukird, J., Promphet, N., Qin, J., Chailapakul, O. and Rodthongkum, N., 2022. Non-invasive
electrochemical immunosensor for sweat cortisol based on L-cys/AuNPs/MXene modified thread
electrode. Biosensors and Bioelectronics, 203, p.114039.

Lathe, R., Anti-stress hormones. Available online: www. pieta-research. org/ClipPDF/ELBA22. pdf
(accessed on 4 December 2022).

Lau, S.-H. (2018) ‘STRESS DETECTION FOR KEYSTROKE DYNAMICS’. Available online: http://reports—
archive.adm.cs.cmu.edu/anon/anon/usr/ftp/usr0/ftp/mi2018/CMU-ML-18-104.pdf

(accessed on 26 December 2022)

Lawler, J.M., Bocknek, E.L., McGinnis, E.W., Martinez-Torteya, C., Rosenblum, K.L. and Muzik, M., 2019.
Maternal postpartum depression increases vulnerability for toddler behavior problems through infant
cortisol reactivity. Infancy, 24(2), pp.249-274.

Leitdo, C., Leal-Junior, A., Almeida, A.R., Pereira, S.0., Costa, F.M., Pinto, J.L. and Marques, C., 2021.
Cortisol AuPd plasmonic unclad POF biosensor. Biotechnology Reports, 29, p.e00587.

Lenain, P., Schynts, O., Flandre, D., & Francis, L. (2015). Affinity sensor based on immobilized molecular
imprinted synthetic recognition elements. Biosensors and Bioelectronics, 69, 34-39.

Li, C. et al. (2016) ‘One-Step Modification of Electrode Surface for ultrasensitive and Highly Selective
Detection of Nucleic Acids with Practical Applications’, Analytical Chemistry, 88(15), pp. 7583—7590.

Li, D., Wang, Z., Wang, C., Liu, S., Chi, W., Dong, E., Song, X., Gao, Q. and Song, Y., 2019. The fusion of
electroencephalography and facial expression for continuous emotion recognition. IEEE Access, 7,
pp.155724-155736.

Lin, P.H. and Li, B.R. (2020) ‘Antifouling strategies in advanced electrochemical sensors and biosensors’,
Analyst. Royal Society of Chemistry, pp. 1110-1120.

Linehan, M.M., 2018. Cognitive-behavioral treatment of borderline personality disorder. Guilford
Publications.

Lisdat, F. and Schéfer, D. (2008) ‘The use of electrochemical impedance spectroscopy for biosensing’,
Analytical and Bioanalytical Chemistry, 391(5), pp. 1555-1567.

Liu, Q., Shi, W., Tian, L., Su, M., Jiang, M., Li, J., Gu, H. and Yu, C., 2021. Preparation of nanostructured
PDMS film as flexible immunosensor for cortisol analysis in human sweat. Analytica Chimica Acta, 1184,
p.339010.

Abdulaziz Zamkah 2023 91


http://reports-archive.adm.cs.cmu.edu/anon/anon/usr/ftp/usr0/ftp/ml2018/CMU-ML-18-104.pdf
http://reports-archive.adm.cs.cmu.edu/anon/anon/usr/ftp/usr0/ftp/ml2018/CMU-ML-18-104.pdf

Appendix

Liu, X., Li, C., Wang, C,, Li, T. and Hu, S., 2006. The preparation of molecularly imprinted poly (o-
phenylenediamine) membranes for the specific O, O-dimethyl-a-hydroxylphenyl phosphonate sensor
and its characterization by AC impedance and cyclic voltammetry. Journal of applied polymer
science, 101(4), pp.2222-2227.

Lonsdale-Eccles, A., Leonard, N. and Lawrence, C. (2003) ‘Axillary hyperhidrosis: eccrine or apocrine?’,
Clinical and Experimental Dermatology, 28(1), pp. 2—-7.

Lorenzo, R.A., Carro, A.M., Alvarez-Lorenzo, C. and Concheiro, A., 2011. To remove or not to remove?
The challenge of extracting the template to make the cavities available in molecularly imprinted
polymers (MIPs). International journal of molecular sciences, 12(7), pp.4327-4347.

Loyprasert, S., Hedstrom, M., Thavarungkul, P., Kanatharana, P. and Mattiasson, B., 2010. Sub-attomolar
detection of cholera toxin using a label-free capacitive immunosensor. Biosensors and
Bioelectronics, 25(8), pp.1977-1983.

Machado-Moreira, C.A. and Taylor, N.A.S. (2012) ‘Psychological sweating from glabrous and
nonglabrous skin surfaces under thermoneutral conditions’, Psychophysiology, 49(3), pp. 369-374.

Madhu, S., Ramasamy, S., Magudeeswaran, V., Manickam, P., Nagamony, P. and Chinnuswamy, V.,
2022. Sn02 nanoflakes deposited carbon yarn-based electrochemical immunosensor towards cortisol
measurement. Journal of Nanostructure in Chemistry, pp.1-13.

Mahmud, M.M., Seok, C., Wu, X., Sennik, E., Biliroglu, A.0O., Adelegan, 0.J., Kim, ., Jur, J.S., Yamaner, F.Y.
and Oralkan, 0., 2021. A Low-Power Wearable E-Nose System Based on a Capacitive Micromachined
ultrasonic Transducer (CMUT) Array for Indoor VOC Monitoring. IEEE Sensors Journal, 21(18), pp.19684-
19696.

Mala, E. (2008) ‘Schizophrenia in childhood and adolescence’, Neuroendocrinology Letters, 29(6), pp.
831-836.

Manickam, P., Pasha, S.K., Snipes, S.A. and Bhansali, S., 2016. A reusable electrochemical biosensor for
monitoring of small molecules (cortisol) using molecularly imprinted polymers. Journal of The
Electrochemical Society, 164(2), p.B54.

Martin, H.J., Turner, M.A., Bandelow, S., Edwards, L., Riazanskaia, S. and Thomas, C.L.P., 2016. Volatile
organic compound markers of psychological stress in skin: a pilot study. Journal of Breath
Research, 10(4), p.046012.

Martin, J.A., Chavez, J.L., Chushak, Y., Chapleau, R.R., Hagen, J. and Kelley-Loughnane, N., 2014. Tunable
stringency aptamer selection and gold nanoparticle assay for detection of cortisol. Analytical and
bioanalytical chemistry, 406(19), pp.4637-4647.

Mattiasson, B. and Hedstrém, M. (2016) ‘Capacitive biosensors for ultra-sensitive assays’, TrAC Trends in
Analytical Chemistry, 79, pp. 233-238.

Mattiasson, B., Teeparuksapun, K. and Hedstrém, M. (2010) ‘lmmunochemical binding assays for
detection and quantification of trace impurities in biotechnological production’, Trends in
Biotechnology, 28(1), pp. 20-27.

Mervinetsky, E., Alshanski, 1., Tadi, K.K., Dianat, A., Buchwald, J., Gutierrez, R., Cuniberti, G., Hurevich, M.
and Yitzchaik, S., 2020. A zinc selective oxytocin based biosensor. Journal of Materials Chemistry B, 8(1),
pp.155-160.

Miller, D.B. and O'Callaghan, J.P., 2002. Neuroendocrine aspects of the response to stress. Metabolism-
Clinical and Experimental, 51(6), pp.5-10.

Abdulaziz Zamkah 2023 92



Appendix

Mondal, B., Ramlal, S., Lavu, P.S.R., Murali, H.S. and Batra, H.V., 2015. A combinatorial systematic
evolution of ligands by exponential enrichment method for selection of aptamer against protein
targets. Applied microbiology and biotechnology, 99(22), pp.9791-9803.

Montagna, W., 1955. Histology and cytochemistry of human skin: IX. The distribution of non-specific
esterases. The Journal of Biophysical and Biochemical Cytology, 1(1), p.13.

Moon, J., Kim, G., Park, S.B., Lim, J. and Mo, C., 2015. Comparison of whole-cell SELEX methods for the
identification of Staphylococcus aureus-specific DNA aptamers. Sensors, 15(4), pp.8884-8897.

Moyer, J., Wilson, D., Finkelshtein, I., Wong, B. and Potts, R., 2012. Correlation between sweat glucose
and blood glucose in subjects with diabetes. Diabetes technology & therapeutics, 14(5), pp.398-402.

Mugo, S.M., Lu, W., Wood, M. and Lemieux, S., 2022. Wearable microneedle dual electrochemical
sensor for simultaneous pH and cortisol detection in sweat. Electrochemical Science Advances, 2(1),
p.e2100039.

Mugo, S.M. and Alberkant, J. (2020) ‘Flexible molecularly imprinted electrochemical sensor for cortisol
monitoring in sweat’, Analytical and Bioanalytical Chemistry, 412(8), pp. 1825-1833.

Mugo, S.M., Lu, W. and Robertson, S. (2022) ‘A Wearable, Textile-Based Polyacrylate Imprinted
Electrochemical Sensor for Cortisol Detection in Sweat’, Biosensors 2022, Vol. 12, Page 854, 12(10), p.
854,

Mugo, S.M. and Zhang, Q. (2019) ‘Nano-Sized Structured Platforms for Facile Solid-Phase
Nanoextraction for Molecular Capture and (Bio)Chemical Analysis’, in Nanomaterials Design for Sensing
Applications, pp. 153—-195

Muhlbacher-Karrer, S., Mosa, A.H., Faller, L.M., Ali, M., Hamid, R., Zangl, H. and Kyamakya, K., 2017. A
driver state detection system—Combining a capacitive hand detection sensor with physiological
sensors. |IEEE transactions on instrumentation and measurement, 66(4), pp.624-636.

Munje, R.D., Muthukumar, S. and Prasad, S. (2016) ‘Interfacial tuning for detection of cortisol in sweat
using ZnO thin films for wearable biosensing’, Nanotechnology Materials and Devices Conference, pp. 0—
1.

Murdock, C.C., Paaijmans, K.P., Cox-Foster, D., Read, A.F. and Thomas, M.B., 2012. Rethinking vector
immunology: the role of environmental temperature in shaping resistance. Nature Reviews
Microbiology, 10(12), pp.869-876.

Naik, A.R., Zhou, Y., Dey, A.A., Arellano, D.L.G., Okoroanyanwu, U., Secor, E.B., Hersam, M.C., Morse, J.,
Rothstein, J.P., Carter, K.R. and Watkins, J.J., 2022. Printed microfluidic sweat sensing platform for
cortisol and glucose detection. Lab on a Chip, 22(1), pp.156-169.

Nakazato, Y., Tamura, N., Ohkuma, A., Yoshimaru, K. and Shimazu, K., 2004. Idiopathic pure sudomotor
failure: anhidrosis due to deficits in cholinergic transmission. Neurology, 63(8), pp.1476-1480.

Novaco, R. W. (2016). Anger. In G. Fink (Ed.), Stress: Concepts, cognition, emotion, and behavior (pp.
285-292). Elsevier Academic Press.

Odom, T.W., Love, J.C., Wolfe, D.B., Paul, K.E. and Whitesides, G.M., 2002. Improved pattern transfer in
soft lithography using composite stamps. Langmuir, 18(13), pp.5314-5320.

Ozcan, B., Caligiore, D., Sperati, V., Moretta, T. and Baldassarre, G., 2016. Transitional wearable
companions: a novel concept of soft interactive social robots to improve social skills in children with
autism spectrum disorder. International Journal of Social Robotics, 8(4), pp.471-481.

Abdulaziz Zamkah 2023 93



Appendix

Papi, G., Cuomo, V., Tedeschini, E., Paragliola, R.M., Corsello, S.M. and Pontecorvi, A., 2021. The ancient
Greek poet Sappho and the first case report of the fight-or-flight response. Hormones, 20(4), pp.819-
823.

Park, J.W., Kallempudi, S.S., Niazi, J.H., Gurbuz, Y., Youn, B.S. and Gu, M.B., 2012. Rapid and sensitive
detection of Nampt (PBEF/visfatin) in human serum using an ssDNA aptamer-based capacitive
biosensor. Biosensors and Bioelectronics, 38(1), pp.233-238.

Parlak, O., Keene, S.T., Marais, A., Curto, V.F. and Salleo, A., 2018. Molecularly selective nanoporous
membrane-based wearable organic electrochemical device for noninvasive cortisol sensing. Science
advances, 4(7), p2904.

Patrick, Mannion (2016) ‘Using biosensors for wearable stress and seizure detection’, EDN, 9 Marcgh,
Available at: https://www.edn.com/electronics-blogs/sensor-ee-perception/4441606/Using-biosensors-
for-wearable-stress-and-seizure-detection. (Accessed: 26 December 2022).

Pedersen-Bjergaard, S. and Rasmussen, K.E., 2009. New sample preparation technologies. Analytical and
Bioanalytical Chemistry, 393(3), pp.779-779.

Peter, G., Schropl, F., Feisel, H.G., W. Thirauf. (1970) Gaschromatographische Untersuchungen von
freien und gebundenen Fettsauren im ekkrinen Schweil. Arch. klin. exp. Derm. 238, 154-159

Picard, R.W. and Healey, J. (1997) ‘Affective wearables’, Personal and Ubiquitous Computing, 1(4), pp.
231-240.

Pourmohammadi, S. and Maleki, A., 2020. Stress detection using ECG and EMG signals: A comprehensive
study. Computer methods and programs in biomedicine, 193, p.105482.

Pourteimoor, S. and Haratizadeh, H., 2017. Performance of a fabricated nanocomposite-based
capacitive gas sensor at room temperature. Journal of Materials Science: Materials in
Electronics, 28(24), pp.18529-18534.

Preethichandra, D.M., 2013, May. Design of a smart indoor air quality monitoring wireless sensor
network for assisted living. In 2013 IEEE International Instrumentation and Measurement Technology
Conference (12MTC) (pp. 1306-1310).

Prompt, C.A., Quinton, P.M. and Kleeman, C.R. (1978) ‘High Concentrations of Sweat Calcium,
Magnesium and Phosphate in Chronic Renal Failure’, Nephron, 20(1), pp. 4-9. Available at:
https://doi.org/10.1159/000181189.

Pusomijit, P., Teengam, P., Thepsuparungsikul, N., Sanongkiet, S. and Chailapakul, O., 2021. Impedimetric
determination of cortisol using screen-printed electrode with aptamer-modified magnetic
beads. Microchimica Acta, 188(2), pp.1-8.

Qin, D., Xia, Y. and Whitesides, G.M. (2010) ‘Soft lithography for micro- and nanoscale patterning’,
Nature Protocols, 5(3), pp. 491-502. Available at: https://doi.org/10.1038/nprot.2009.234.

Ramos, L. and Smith, R.M., 2007. Advances on Sample Preparation, part 1.

Ramstrom, O., Ye, L. and Mosbach, K., 1996. Artificial antibodies to corticosteroids prepared by
molecular imprinting. Chemistry & biology, 3(6), pp.471-477.

Ray, P.-M.B. and A Mcswiney, B.B. (1934) ‘The Composition of Human Perspiration (Samuel Hyde
Memorial Lecture): (Section of Physical Medicine)’, Proceedings of the Royal Society of Medicine, 27(7),
p. 839.

Rice, P., Upasham, S., Jagannath, B., Manuel, R., Pali, M. and Prasad, S., 2019. CortiWatch: Watch-based
cortisol tracker. Future Science OA, 5(9), p. FSO416.

Abdulaziz Zamkah 2023 94


https://www.edn.com/electronics-blogs/sensor-ee-perception/4441606/Using-biosensors-for-wearable-stress-and-seizure-detection
https://www.edn.com/electronics-blogs/sensor-ee-perception/4441606/Using-biosensors-for-wearable-stress-and-seizure-detection

Appendix

Rocha, A.M,, Yuan, Q., Close, D.M., O’Dell, K.B., Fortney, J.L., Wu, J. and Hazen, T.C., 2016. Rapid
detection of microbial cell abundance in aquatic systems. Biosensors and Bioelectronics, 85, pp.915-923.

Roshan, S., et al. (2019). Molecularly imprinted polymer-silica hybrid particles for biomimetic
recognition of target drugs. Advances in Polymer Technology.

Roushani, M., Farokhi, S., & Rahmati, Z. (2022). Development of a dual-recognition strategy for the
aflatoxin B1 detection based on a hybrid of aptamer-MIP using a Cu20 NCs/GCE. Microchemical Journal,
178, 107328.

Runyon, J.R., Jia, M., Goldstein, M.R., Skeath, P., Abrell, L., Chorover, J. and Sternberg, E.M., 2019.
Dynamic behavior of cortisol and cortisol metabolites in human eccrine sweat. International Journal of
Prognostics and Health Management, 10(3).

Russell, E., Koren, G., Rieder, M. and Van Uum, S.H., 2014. The detection of cortisol in human sweat:
implications for measurement of cortisol in hair. Therapeutic drug monitoring, 36(1), pp.30-34.

Rydosz, A., Brzozowska, E., Gorska, S., Wincza, K., Gamian, A. and Gruszczynski, S., 2016. A broadband
capacitive sensing method for label-free bacterial LPS detection. Biosensors and Bioelectronics, 75,
pp.328-336.

Samson, C. and Koh, A. (2020) ‘Stress Monitoring and Recent Advancements in Wearable Biosensors’,
Frontiers in Bioengineering and Biotechnology, 8, p. 1037.

Sang, L.C., Vinu, A. and Coppens, M.O. (2011) ‘General description of the adsorption of proteins at their
iso-electric point in nanoporous materials’, Langmuir, 27(22), pp. 13828—-13837.

Sankhala, D., Muthukumar, S. and Prasad, S. (2018) ‘A Four-Channel Electrical Impedance Spectroscopy
Module for Cortisol Biosensing in Sweat-Based Wearable Applications’, SLAS Technology, 23(6), pp. 529—
539. Available

Sano, A. and Picard, R.W. (2013) ‘Stress recognition using wearable sensors and mobile phones’,
Proceedings - 2013 Humaine Association Conference on Affective Computing and Intelligent Interaction,
pp. 671-676

Santiago, E., Poudyal, S.S., Shin, S.Y. and Yoon, H.J., 2022. Graphene Oxide Functionalized Biosensor for
Detection of Stress-Related Biomarkers. Sensors, 22(2), p.558.

Sekar, M. et al. (2020) ‘Review—Towards Wearable Sensor Platforms for the Electrochemical Detection
of Cortisol’, Journal of The Electrochemical Society, 167(6), p. 067508.

Sekine, Y., Toyooka, S. and Watts, S.F. (2007) ‘Determination of acetaldehyde and acetone emanating
from human skin using a passive flux sampler-HPLC system’, Journal of Chromatography B: Analytical
Technologies in the Biomedical and Life Sciences, 859(2), pp. 201-207.

Sellergren, B. and Andersson, L. (1990) ‘Molecular Recognition in Macroporous Polymers Prepared by a
Substrate Analogue Imprinting Strategy’, Journal of Organic Chemistry, 55(10), pp. 3381-3383.

Selye, H. (1956) ‘The stresses of life’, Mc Graw Hill, New York, p. 516.
Selye, H. (1980) ‘A personal message from Hans Selye’, Journal of Extension, 18(3), pp. 6—11.

Sergeyeva, T.A. et al. (1999) ‘Selective recognition of atrazine by molecularly imprinted polymer
membranes. Development of conductometric sensor for herbicides detection’, Analytica Chimica Acta,
pp. 105-111. Available at: https://doi.org/10.1016/S0003-2670(99)00225-1.

Shelley, W.B. and Hurley Jr, H.J., 1953. The physiology of the human axillary apocrine sweat
gland. Journal of Investigative Dermatology, 20(4), pp.285-297.

Abdulaziz Zamkah 2023 95



Appendix

Shimada, M. et al. (1995) ‘Determination of Salivary Cortisol by ELISA and Its Application to the
Assessment of the Circadian Rhythm in Children’, Hormone Research in Paediatrics, 44(5), pp. 213-217.

Silvers, S., Forster, W., and Talbert, G.A., 1928. Simultaneous study of the constituents of the sweat,
urine and blood, also gastric acidity and other manifestations resulting from sweating: VI.
Sugar. American Journal of Physiology-Legacy Content, 84(3), pp.577-582.

Simantiraki, O., Giannakakis, G., Pampouchidou, A. and Tsiknakis, M., 2016. Stress detection from
speech using spectral slope measurements. In Pervasive Computing Paradigms for Mental Health (pp.
41-50). Springer, Cham.

Singh, A., Kaushik, A., Kumar, R., Nair, M. and Bhansali, S., 2014. Electrochemical sensing of cortisol: a
recent update. Applied biochemistry and biotechnology, 174(3), pp.1115-1126.

Song, K.M., Lee, S. and Ban, C. (2012) ‘Aptamers and their biological applications’, Sensors, pp. 612—631.

Sonner, Z., Wilder, E., Heikenfeld, J., Kasting, G., Beyette, F., Swaile, D., Sherman, F., Joyce, J., Hagen, J.,
Kelley-Loughnane, N. and Naik, R., 2015. The microfluidics of the eccrine sweat gland, including
biomarker partitioning, transport, and biosensing implications. Biomicrofluidics, 9(3), p.031301.

Sorice, A., Guerriero, E., Capone, F., Colonna, G., Castello, G. and Costantini, S., 2014. Ascorbic acid: its
role in immune system and chronic inflammation diseases. Mini reviews in medicinal chemistry, 14(5),
pp.444-452.

Stagg, S.D., Slavny, R., Hand, C., Cardoso, A. and Smith, P., 2014. Does facial expressivity count? How
typically developing children respond initially to children with autism. Autism, 18(6), pp.704-711.

Storer, C.S., Coldrick, Z., Tate, D.J., Donoghue, J.M. and Grieve, B., 2018. Towards phosphate detection in
hydroponics using molecularly imprinted polymer sensors. Sensors, 18(2), p.531.

Stradolini, F., Tuoheti, A., Ros, P.M., Demarchi, D. and Carrara, S., 2017, September. Raspberry pi based
system for portable and simultaneous monitoring of anesthetics and therapeutic compounds. In 2017
New Generation of CAS (NGCAS) (pp. 101-104). IEEE.

Strasshofer, D.R., Peterson, Z.D., Beagley, M.C. and Galovski, T.E., 2018. Investigating the relationship
between posttraumatic stress symptoms and posttraumatic growth following community violence: The
role of anger. Psychological trauma: theory, research, practice, and policy, 10(5), p.515.

Su, L., Jia, W., Hou, C. and Lei, Y., 2011. Microbial biosensors: a review. Biosensors and
bioelectronics, 26(5), pp.1788-1799.

Sudden Unexpected Death in Epilepsy (SUDEP) | CDC Available at: https://www.cdc.gov/epilepsy/about
(Accessed: 28 November 2022).

Tang, W., Yin, L., Sempionatto, J.R., Moon, J.M., Teymourian, H. and Wang, J., 2021. Touch-based
stressless cortisol sensing. Advanced Materials, 33(18), p.2008465.

Taylor, N.A.S. and Machado-Moreira, C.A. (2013) ‘Regional variations in transepidermal water loss,
eccrine sweat gland density, sweat secretion rates and electrolyte composition in resting and exercising
humans’, Extreme Physiology and Medicine, 2(1), pp. 1-30.

Teeparuksapun, K., Hedstrém, M., Wong, E.Y., Tang, S., Hewlett, I.K. and Mattiasson, B., 2010.
ultrasensitive detection of HIV-1 p24 antigen using nanofunctionalized surfaces in a capacitive
immunosensor. Analytical Chemistry, 82(20), pp.8406-8411.

Thipmanee, 0., Samanman, S., Sankoh, S., Numnuam, A., Limbut, W., Kanatharana, P., Vilaivan, T. and
Thavarungkul, P., 2012. Label-free capacitive DNA sensor using immobilized pyrrolidinyl PNA probe:

Abdulaziz Zamkah 2023 96



Appendix

effect of the length and terminating head group of the blocking thiols. Biosensors and
Bioelectronics, 38(1), pp.430-435.

de Timary, P., Roy, E., Luminet, O., Fillée, C. and Mikolajczak, M., 2008. Relationship between
alexithymia, alexithymia factors and salivary cortisol in men exposed to a social stress
test. Psychoneuroendocrinology, 33(8), pp.1160-1164.

Todd, J.H., Atema, J. and Bardach, J.E., 1967. Chemical communication in social behavior of a fish, the
yellow bullhead (Ictalurus natalis). Science, 158(3801), pp.672-673.

Tomiyama, A.J., Schamarek, I., Lustig, R.H., Kirschbaum, C., Puterman, E., Havel, P.J. and Epel, E.S., 2012.
Leptin concentrations in response to acute stress predict subsequent intake of comfort
foods. Physiology & behavior, 107(1), pp.34-39.

Torrente-Rodriguez, R.M., Tu, J., Yang, Y., Min, J., Wang, M., Song, Y., Yu, Y., Xu, C., Ye, C., IsHak, W.W.
and Gao, W., 2020. Investigation of cortisol dynamics in human sweat using a graphene-based wireless
mHealth system. Matter, 2(4), pp.921-937.

Tsekenis, G., Chatzipetrou, M., Tanner, J., Chatzandroulis, S., Thanos, D., Tsoukalas, D. and Zergioti, |.,
2012. Surface functionalization studies and direct laser printing of oligonucleotides toward the
fabrication of a micromembrane DNA capacitive biosensor. Sensors and actuators B: Chemical, 175,
pp.123-131.

Tsukuda, M., Nishiyama, Y., Kawai, S. and Okumura, Y., 2019. Identifying stress markers in skin gases by
analysing gas collected from subjects undergoing the Trier social stress test and performing statistical
analysis. Journal of breath research, 13(3), p.036003.

Tu, E., Pearlmutter, P., Tiangco, M., Derose, G., Begdache, L. and Koh, A., 2020. Comparison of
colorimetric analyses to determine cortisol in human sweat. ACS omega, 5(14), pp.8211-8218.

Turiel, E. and Martin-Esteban, A., 2010. Molecularly imprinted polymers for sample preparation: a
review. Analytica chimica acta, 668(2), pp.87-99.

Tuteja, S.K., Ormsby, C. and Neethirajan, S. (2018) ‘Noninvasive label-free detection of cortisol and
lactate using graphene embedded screen-printed electrode’, Nano Micro Lett, 10(3), p. 41.

Ulrich-Lai, Y.M. and Herman, J.P., 2009. Neural regulation of endocrine and autonomic stress
responses. Nature reviews neuroscience, 10(6), pp.397-409.

Upasham, S., Bhide, A., Lin, K.C. and Prasad, S., 2020. Point-of-use sweat biosensor to track the
endocrine—inflammation relationship for chronic disease monitoring. Future science OA, 7(1), p.
FSO628.

Uvnas-Moberg, K. and Petersson, M., 2005. Oxytocin, ein vermittler von antistress, wohlbefinden,
sozialer interaktion, wachstum und heilung/Oxytocin, a mediator of anti-stress, well-being, social
interaction, growth and healing. Zeitschrift fiir psychosomatische Medizin und Psychotherapie, 51(1),
pp.57-80.

Valenta, J.G. and Rigby, M.K. (1968) ‘Discrimination of the odor of stressed rats’, Science, 161(3841), pp.
599-601.

Villa, J.E., Khan, S., Neres, L. and Sotomayor, M.D., 2021. Preparation of a magnetic molecularly
imprinted polymer for non-invasive determination of cortisol. Journal of Polymer Research, 28(8), pp.1-
9.

Vining, R.F., McGinley, R.A., Maksvytis, J.J. and Ho, K.Y., 1983. Salivary cortisol: a better measure of
adrenal cortical function than serum cortisol. Annals of clinical biochemistry, 20(6), pp.329-335.

Abdulaziz Zamkah 2023 97



Appendix

Vives, A.H., De Angel, V., Papadopoulos, A., Strawbridge, R., Wise, T., Young, A.H., Arnone, D. and Cleare,
A.J., 2015. The relationship between cortisol, stress, and psychiatric illness: new insights using hair
analysis. Journal of psychiatric research, 70, pp.38-49.

Vogt, J., Hagemann, T. and Kastner, M. (2006) ‘The impact of workload on heart rate and blood pressure
in en-route and tower air traffic control’, Journal of Psychophysiology, 20(4), pp. 297-314.

Wackers, G., Putzeys, T., Peeters, M., Van de Cauter, L., Cornelis, P., Wibbenhorst, M., Tack, J., Troost,
F., Verhaert, N., Doll, T. and Wagner, P., 2020. Towards a catheter-based impedimetric sensor for the
assessment of intestinal histamine levels in IBS patients. Biosensors and Bioelectronics, 158, p.112152.

Walsh, J.P., and Dayan, C.M., 2000. Role of biochemical assessment in management of corticosteroid
withdrawal. Annals of clinical biochemistry, 37(3), pp.279-288.

Wang, B., Zhao, C., Wang, Z., Yang, K.A., Cheng, X., Liu, W., Yu, W,, Lin, S., Zhao, Y., Cheung, K.M. and Lin,
H., 2022. Wearable aptamer-field-effect transistor sensing system for noninvasive cortisol
monitoring. Science advances, 8(1), p. eabk0967.

Wei, Y., Yubo, et al. (2018). "Self-cleaned electrochemical protein imprinting biosensor basing on a
thermo-responsive memory hydrogel." Biosensors and Bioelectronics, 99, 136-141

Wei, Y., Yubo, et al. (2022). "Self-cleaning electrochemical protein-imprinting biosensor with a dual-
driven switchable affinity for sensing bovine serum albumin." Talanta, 237, 122893.

Wei, Y., Zeng, Q., Hu, Q., Wang, M., Tao, J. and Wang, L., 2018. Self-cleaned electrochemical protein
imprinting biosensor basing on a thermo-responsive memory hydrogel. Biosensors and
Bioelectronics, 99, pp.136-141.

Weng, X., Fu, Z., Zhang, C., Jiang, W. and Jiang, H., 2022. A Portable 3D Microfluidic Origami Biosensor
for Cortisol Detection in Human Sweat. Analytical Chemistry, 94(8), pp.3526-3534.

Wilke, K., Martin, A., Terstegen, L. and Biel, S.S., 2007. A short history of sweat gland
biology. International journal of cosmetic science, 29(3), pp.169-179.

Wormser, G.P., Bittker, S., Forseter, G., Hewlett, I.K., Argani, I., Joshi, B., Epstein, J.S. and Bucher, D.,

III

1992. Absence of infectious human immunodeficiency virus type 1 in “natural” eccrine sweat. Journal of

Infectious Diseases, 165(1), pp.155-158.

Wu, T., Ding, L., Zhang, Y. and Fang, W., 2022. A simple cortisol biosensor based on AuNPs-DNA aptamer
conjugate. IEEE Sensors Journal.

Wulff, G. and Sarhan, A. (1972) The Use of Polymers with Enzyme-Analogous Structures for the
Resolution of Racemates. Angewandte Chemie International Edition, 11, 341-344.

Xu, J. and Lee, H. (2020) ‘Anti-Biofouling Strategies for Long-Term Continuous Use of Implantable
Biosensors’, Chemosensors, 8(3), p. 66.

Yang, N., Dey, N., Sherratt, R.S. and Shi, F., 2020. Recognize basic emotional statesin speech by machine
learning techniques using mel-frequency cepstral coefficient features. Journal of Intelligent & Fuzzy
Systems, 39(2), pp.1925-1936.

Ye, Y., Zhang, C., He, C., Wang, X., Huang, J. and Deng, J., 2020. A review on applications of capacitive
displacement sensing for capacitive proximity sensor. IEEE Access, 8, pp.45325-45342.

Abdulaziz Zamkah 2023 98



Appendix

Yeasmin, S., Wu, B., Liu, Y., ullah, A. and Cheng, L.J., 2022. Nano gold-doped molecularly imprinted
electrochemical sensor for rapid and ultrasensitive cortisol detection. Biosensors and
Bioelectronics, 206, p.114142.

Yilmaz, G.E., Saylan, Y., Goktdrk, I., Yilmaz, F. and Denizli, A., 2022. Selective Amplification of Plasmonic
Sensor Signal for Cortisol Detection Using Gold Nanoparticles. Biosensors, 12(7), p.482.

Yoon, S., Sim, J.K. and Cho, Y.H. (2016) ‘A Flexible and Wearable Human Stress Monitoring Patch’,
Scientific Reports 2016, 6(1), pp. 1-11

Zamkah, A., Hui, T., Andrews, S., Dey, N., Shi, F. and Sherratt, R.S., 2020. Identification of suitable
biomarkers for stress and emotion detection for future personal affective wearable
sensors. Biosensors, 10(4), p.40.

Zea, M., Bellagambi, F.G., Halima, H.B., Zine, N., Jaffrezic-Renault, N., Villa, R., Gabriel, G. and Errachid,
A., 2020. Electrochemical sensors for cortisol detections: AlImost there. TrAC Trends in Analytical
Chemistry, 132, p.116058.

Zhang, J., Wang, D. and Li, Y., 2019. Ratiometric electrochemical sensors associated with self-cleaning
electrodes for simultaneous detection of adrenaline, serotonin, and tryptophan. ACS applied materials &
interfaces, 11(14), pp.13557-13563.

Zhang, Q., Jiang, D., Xu, C., Ge, Y., Liu, X., Wei, Q., Huang, L., Ren, X., Wang, C. and Wang, Y., 2020.
Wearable electrochemical biosensor based on molecularly imprinted Ag nanowires for

Zhang, Y. and Chen, X., 2019. Nanotechnology and nanomaterial-based no-wash electrochemical
biosensors: from design to application. Nanoscale, 11(41), pp.19105-19118.

Zhao, B., Wang, Z., Yu, Z. and Guo, B., 2018, October. EmotionSense: Emotion recognition based on
wearable wristband. In 2018 IEEE SmartWorld, Ubiquitous Intelligence & Computing, Advanced &
Trusted Computing, Scalable Computing & Communications, Cloud & Big Data Computing, Internet of
People and Smart City Innovation (SmartWorld/SCALCOM/UIC/ATC/CBDCom/IOP/SCl) (pp. 346-355).

Zhao, H. et al. (2023). "An integrated wearable sweat sensing patch for passive continuous analysis of
stress biomarkers at rest." Advanced Functional Materials, 33(9), 2212083

Zhao, Y., Xu, L., Li, S., Chen, Q., Yang, D., Chen, L. and Wang, H., 2015. “One-drop-of-blood”
electroanalysis of lead levels in blood using a foam-like mesoporous polymer of melamine—
formaldehyde and disposable screen-printed electrodes. Analyst, 140(6), pp.1832-1836.

Zhong, B., Jiang, K., Wang, L. and Shen, G., 2022. Wearable sweat loss measuring devices: From the role
of sweat loss to advanced mechanisms and designs. Advanced Science, 9(1), p.2103257.

Zhu, K., Lee, W.K. and Pong, P.W., 2016. Non-contact capacitive-coupling-based and magnetic-field-
sensing-assisted technique for monitoring voltage of overhead power transmission lines. IEEE Sensors
Journal, 17(4), pp.1069-1083.

Zhu, X., Chen, Y., Feng, C., Wang, W., Bo, B., Ren, R. and Li, G., 2017. Assembly of self-cleaning electrode
surface for the development of refreshable biosensors. Analytical chemistry, 89(7), pp.4131-4138.

Abdulaziz Zamkah 2023 99



Appendix

Abdulaziz Zamkah 2023 100



Appendix

Appendix A:

Identification of Suitable Biomarkers for Stress and

Emotion Detection for Future Personal Affective
Wearable Sensors

Abdulaziz Zamkah 2023 101



Appendix

8B biosensors ﬁn\o\w

Review

Identification of Suitable Biomarkers for Stress and
Emotion Detection for Future Personal Affective
Wearable Sensors

Abdulaziz Zamkah 17, Terence Hui 1, Simon Andrews 1, Nilanjan Dey 20, Fugian Shi > and
R. Simon Sherratt 1*

1 Biomedical Sciences and Biomedical Engineering, The University of Reading, Reading RG6 6AY, UK;

a.a.a.zamkah@pgr.reading.ac.uk (A.Z.); t.k.hui@reading.ac.uk (T.H.); s.c.andrews@reading.ac.uk (S.A.)
Department of Information Technology, Techno India College of Technology, West Bengal 700156, India;
neelanjan.dey@gmail.com

Rutgers Cancer Institute of New Jersey, Rutgers University, New Brunswick, NJ 08903, USA;
fugian.shi@rutgers.edu

*  Correspondence: r.s.sherratt@reading.ac.uk; Tel.: +44-118-378-8588

check for
Received: 30 January 2020; Accepted: 13 April 2020; Published: 16 April 2020 updates

Abstract: Skin conductivity (i.e., sweat) forms the basis of many physiology-based emotion and stress
detection systems. However, such systems typically do not detect the biomarkers present in sweat,
and thus do not take advantage of the biological information in the sweat. Likewise, such systems do
not detect the volatile organic components (VOC’s) created under stressful conditions. This work
presents a review into the current status of human emotional stress biomarkers and proposes the
major potential biomarkers for future wearable sensors in affective systems. Emotional stress has
been classified as a major contributor in several social problems, related to crime, health, the economy,
and indeed quality of life. While blood cortisol tests, electroencephalography and physiological
parameter methods are the gold standards for measuring stress; however, they are typically invasive
or inconvenient and not suitable for wearable real-time stress monitoring. Alternatively, cortisol in
biofluids and VOCs emitted from the skin appear to be practical and useful markers for sensors to
detect emotional stress events. This work has identified antistress hormones and cortisol metabolites
as the primary stress biomarkers that can be used in future sensors for wearable affective systems.

Keywords: stress; emotion; cortisol; volatile organic components; biomarkers; wearable sensors

1. Introduction

For many years, scientists have known that emotions can be communicated among animals by
changing their body odors [1]. In stressful events, such as being injured or in life-threating situations,
chemical biosignals are released from the skin to warn other animals to escape or to gather. For example,
Valenta and Rigby [2] showed that rats can differentiate between stressed and relaxed rats using
airborne odor. Therefore, it has been postulated that such effects may be extended to humans. Many
experiments have been conducted to determine the role of human odors in emotional communication.
Consequently, it is now known that humans can smell several emotions, including happiness [3],
fear [4], and anger [5]. Indeed, Benderly [6] stated that “olfaction is our most emotional sense”.

In addition to body odor, physiological changes (such as heart rate, skin conductivity, and oxygen
saturation) in the human body occur as an emotional response. Hui and Sherratt [7] used physiological
sensor data to detect emotional events based on the concept of emotional context awareness. Happy
and Routray [8] used image processing to detect emotional states in facial expression. Li et al. [9]
merged facial image processing with electroencephalography (EEG) for improved emotional state
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detection, indicating that affective systems benefit from being multimodal. Yang etal. [10] demonstrated
emotion detection through speech for Al-based home assistants. While there is a large research area
around affective systems and their impact on emotion and stress, this paper will review the literature,
specifically looking for identified biomarkers in sweat that could be used to improve future affective
sensors’ sensitivity or classification to detect stress and emotion.

In the modern era, stress has been identified as a significant factor that affects health, the economy,
and quality of life [11-14]. Researchers have recognized the relationship between the emotions of an
individual and their health [13], which in turn has raised the subject of recognizing emotional status
through affective computing [15]. These emotions were classified by some researchers into six basic
emotions, namely fear, disgust, joy, anger, sadness, and surprise [13]. Recently, stress has been added
to the recognized emotion set, which can be defined as the feeling caused by emotional tension, which
might happen in certain circumstances when one has to react to demand or pressure that does not
match with knowledge and experience, or is over their capability [11,16]. In the modern world, stress
is a crucial problem. For example, researchers have reported that a growing number of community
violence cases are related to anger resulting from stressful experiences [5,17,18]. Furthermore, police
officers who do not cope with stress and its consequences have been shown to have increased rates
of post-traumatic stress disorder and increased aggression [17]. Also, stress has been shown to harm
human health and plays a key role in diseases related to a mental disorder, such as anxiety [19] and
seizures [14,20]. Because of these risky influencers of stress, researchers have focused on overcoming
the issues and detecting stress as early as possible to prevent further development. Although the classic
invasive blood cortisol tests are the gold standard for measuring stress, there are two major methods
that have been used to detect stress noninvasively, either measuring brain waves via implementing
EEG electrodes or utilizing biomedical tools to detect physiological biosignals, such as heart rate (HR),
blood pressure (BP), and body temperature, and by using sweat sensors to measure skin conductivity
(SC) [21]. In terms of device wearability, although EEG provides accurate readings and valuable
information about the brain’s states, its main disadvantage is that EEG electrodes must be attached
to the scalp. which is reported to be inconvenient for users [22]. While SC sensors are common in
emotion detection systems, they are mainly used for measuring skin conductivity rather than the
electrochemical content of the sweat. Sweat’s electrochemical contents, such as the stress hormone
cortisol, and skin gases are significantly under-researched.

This review considers the current state of the art in the understanding of biomarkers present in
sweat under stress and emotional events. We present the most recent electrochemical sweat markers
and skin VOC studies to hypothesize potential stress biomarkers for future affective technology sensors.

Section 2 presents our research methodology. Stress sweating physiology and stress electrochemical
biomarkers are discussed in Section 3. A review of gas emissions from the skin, known as volatile
organic components (VOCs), during events of emotional stress is presented in Section 4. Results are
presented in Section 5 by evaluating each biomarker in terms of wearability, availability, and potential
and future directions. Section 6 discusses the implications of the work, while Section 7 concludes the
work and provides a guideline for future research.

2. Method

The design and methods used for this structured review comply with the preferred reporting items
for systematic reviews and meta-analyses (PRISMA) guidelines [23]. Regarding eligibility criteria, we
accepted all types of design and research outputs, and no restrictions were applied to samples. The
followed PRISMA guidelines results are presented in Figure 1.
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Records identified through
database searching
(Keywords: Stress biomarkers,
Cortisol detection from sweat,
VOCs, stress sweating and stress
wearable sensors)

(Search engines: Google Scholar,
ScienceDirect, IEEE Xplore, Additional records identified
Elsevier, Wiley online library) through other sources
(n=826) (n=0)

Records after duplicates removed
(n=804)

4
Records screened Records excluded,
(n=804) irrelevant or duplicate
(n=622)
4
Full-text articles assessed Full-text articles
for eligibility excluded:
(n=182) i) Did not use sweat
as a targeted biofluid
(n=27),
¥ ii) Samples were not
Studies included in human (n=3),
qualitative synthesis ii) insufficient data
(@=63) (n=92).
(n=122)

Figure 1. PRISMA process adopted and the results obtained in this review.
3. Sweat

3.1. Emotional Sweating Physiology

Perspiration’s main role is to maintain the core temperature of the human body at optimum levels,
which is important for survival, as increasing the core temperature to over 40 °C causes serious health
issues and can lead to death. In other words, the main objective of sweating is the downregulation of
the body’s core temperature in high-temperature environments or under physiological stress. However,
there are other major roles for sweating, including gustatory sweating and emotional sweating [24].
Regarding emotional sweating, this occurs as a physical reaction against emotive stimuli such as
stress [25]. In an event of exposure to acute stress, the human body initiates several behavioral and
physiological responses, known as the fight-or-flight response, which includes several connected
activated mechanisms that enhance survival in events of danger and maintain homeostasis. The
sympathetic nervous system reacts to acute stress by sending adrenaline and noradrenaline signals that
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cause multiple physiological changes, such as increases in heart rate, blood pressure, and breathing
rate [26].

In a slightly slower timeframe, the hypothalamic—pituitary-adrenocortical (HPA) axis is activated,
resulting in a production of the stress hormone cortisol as a part of increasing the circulation of
glucocorticoids [26]. Emotional sweat is produced on the entire surface of the skin, butit is concentrated
on the palms, soles, and underarms. All of these responses are relative, and as such the level of response
is based on several factors, including the nature of the stressor and the stressed person [25]. Sweat from
the palms and soles is usually caused by emotive stimuli, not by environmental temperature [27]. In
comparison to thermal sweating, which can be affected by ambient temperature, emotional sweat does
not change in response to the surrounding environment temperature. It increases dependently and
decreases during mental repose and sleep [24]. On the other hand, similar to thermal sweating, sole
and palm emotional sweating involves the eccrine glands [27]. However, there is a lack of information
regarding the central pathway of the eccrine glands, although some evidence has shown that the
cortex and amygdala are involved [28]. Interestingly, emotional sweating of the axillary area does
not occur before pubescence, suggesting apocrine and apoeccrine glands play key roles in axillary
emotional sweating, as they are inactive before this stage [29]. Apocrine glands are activated by
adrenergic stimulation and strongly respond to emotion [30]. However, the function of the secretion
in these glands is unclear yet, although there is evidence that apocrine odors have similar effects to
pheromones [4].

3.2. Electrochemical Biomarkers from the Sweat

The human sympathetic nervous system reacts to stress through many physical and emotional
reactions, which are collectively termed the fight-or-flight response. This response is activated from the
sympathetic nervous system and adrenal medulla by several mediators, such as noradrenaline, leading
to the production of cortisol from the adrenal cortex [31] and adrenaline [32]. However, there are
different types of stressful situations, including the fight-or-flight response, acute stress, and chronic
stress, causing the human body to react in many ways. In this regard, other hormones are produced in
events of stress, such as corticotropin-releasing factor (CRF), adrenocorticotropic hormone (ACTH),
and urocortin [33]. In addition, in response to stress, the levels of many hormones, such as insulin and
growth hormone, are altered to adapt to the new circumstances [34].

The salivary cortisol test has been identified as the most effective and promising noninvasive
method to measure the cortisol level from biofluids [12] in concentrations ranging between 8.16 to
141.7 ng/m [35]. Most recently, sweat has started to be an attractive area of research for measuring
cortisol [36]. In 2016, researchers developed a wearable device using nanosheets of zinc oxide (ZnO)
to detect cortisol in sweat at concentrations of 1 to 200 ng/mL. The study used a thiol-based linker
molecule to bind to the ZnO [37]. For low levels of cortisol volume detection, a portable cortisol sensor
was developed using MoS2 sheets integrated into a nonporous flexible electrode system, as can be seen
in Figure 2. The system succeeded in detecting volumes in the range of 1-5 uL. An affinity assay was
designed, using MoS2 nanosheets operationalized with cortisol antibodies [38].

Most recently, CortiWatch, which is a wearable wristband with a watch shape, was developed
for monitoring cortisol fluctuations within the physiological range (8-151 ng/mL) for 9 h. Although
this device is a significant achievement in the field, it was designed to be disposed of after a low
number of readings has been taken. The device has the potential to improve some medical applications,
such as creating a circadian profile for a user and providing proof that self-monitoring of cortisol
levels is possible [39]. Another recent study introduced an immunosensor that can detect cortisol and
lactate using the label-free electrochemical chronoamperometric technique. This technique involves
bioconjugation of cortisol and lactate antibodies with electro-reduced graphene oxide e-RGO, which
is utilized as a synergetic platform for signal amplification. The prototype device can connect to
smartphones via Bluetooth and can detect responses at concentrations as low as 0.1 ng/mL. In terms of
selectivity, the device showed no cross-sensitivity between the two biomarkers or other components
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present in sweat [40]. Additionally, another cortisol detection immunosensor was introduced in a
study using a miniaturized potentiostat (M-P) chip (LMP91000) to perform a three-electrode range
cyclic voltammetry (CV) measurement. The system succeeded in detecting cortisol in the physiological
range, with a sensitivity level of 1.24 uM of cortisol [41]. Additionally, a four-channel electrochemical
impedance spectroscopy (EIS) analyzer module was designed to detect cortisol in sweat. This module
utilizes flexible chemi-impedance sensors and was constructed with three gold electrodes for wearability.
It was developed to detect cortisol in an ultra-low volume of sweat (1-3 L) using an antibody-based
technique, as well as to measure other physiological parameters, namely pH and skin temperature [42].

@ suneters § 0 Y Aot W conmat

Figure 2. (a) Visualized wristband device prototype for monitoring cortisol in human sweat.
(b) Scanning electron microscope (SEM) image of blank polyamide membrane on the left side,
where MoS2 nanosheets were placed into porous polyamide membrane on the right side. (c) Stack of
MoS2 nanosheets within a polyamide membrane sensing platform for cortisol detection. The blue box
is a magnified picture of a nanosheet that presents the affinity assay for cortisol. Reproduced from
Kinnamon et al. [38].

In addition to antibody-based methods, an alternative technique has been developed to detect
cortisol in sweat. This technique is a colorimetric detection method based on the conjugation of
cortisol selective aptamers with the surfaces of gold nanoparticles (AuNPs). The aptamers react
with cortisol molecules present in the sweat, provoking their desorption from the surface of the
gold nanoparticles, resulting in reddish color in AuNPs, as can be seen in Figure 3. The changes
in color are due to the introduction of salt in the colloidal solution, which causes aggregation of
AuNPs. The sensor detects within the physiological range of cortisol present in sweat, using the visual
range of detection (1 ng/mL). There were no interactions with other biomarkers in sweat. Moreover,
the aptamers technique has advantages over antibody-based methods in terms of stability, costs,
and user-friendliness [43]. In addition, e-nose also has been involved in cortisol detection. A study
used e-nose with in association with a pattern recognition software tool to detect a low concentration
of cortisol (5 uM-50 uM) in sweat [44]. In addition, Parlak et al. [45] presented a new patch-type
multifunctional layered biosensor that was developed to detect cortisol in sweat. A molecularly
imprinted polymer (MIP)-based artificial recognition membrane was developed to interpose between
semiconductor polymer channels, typically the poly(ethylenedioxythiophene)-poly (styrenesulfonate)
(PEDOT-PSS) channel layer, and the sweat reservoir to control the molecular transport (which is
selective to cortisol) immediately from the skin to the organic electrochemical transistor (OECT) sensing
channel. This molecularly selective OECT (MS-OECT) showed physical and chemical stability at
body temperature, as well as the ability to counteract physical deformation. The device succeeded in
detecting cortisol at low concentrations (0.1-1 uM) and no errors were reported concerning selectivity
and specificity. Finally, Mugo and Alberkant [46] introduced a flexible nonenzymatic biometric
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molecularly imprinted electrochemical (MIP) sensor to detect cortisol in sweat. The sensor was
fabricated using layer-by-layer (LbL) assembly and based on flexible poly(glycidylmethacryate-co
ethylene glycol dimethacrylate)(poly (GMA-co-EGDMA)). The MIP was built to suit the human skin
as a wearable device, as well as to be selective for cortisol detection in human sweat. The sample was
collected from the forehead of one volunteer after exercise. The experiment was repeated for both a MIP
sensor and a nonimprinted polymer (NIP), namely a cortisol-free labelled film that was polymerized
similarly to the MIP but without the addition of cortisol. The selectivity of the sensor has been shown
to be blind to other interfering sweat components. In terms of selectivity, the MIP sensor succeeded in
detecting cortisol effectively in human sweat in the range of 10-66 ng/mL. However, the sensor has a
limitation in terms of detecting cortisol at a lower range (2.0 + 0.4 ng/mL). In comparison with the
aptamers technique, the MIP technique is more economic and specific.
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Figure 3. (a) Cortisol detection utilizing AuNP-aptamers: (b) negative control, for which there is no
change in color in the absence of cortisol; (c) color change when cortisol is present; (d) process of
cortisol effectiveness in releasing aptamers following salt aggregation. Reproduced from Dalirirad and
Steckl [43].

Regarding alternative biomarkers, a study also discovered that cortisol’s downstream metabolites
(the 200¢/3-DHCN) in the eccrine glands can be utilized as stress biomarkers in parallel with cortisol
and cortisone [34]. These biomarkers have stability in terms of production in reaction to stress. The
concentrations of cortisol and its metabolites were not altered by variables such as temperature and
pH. The only concern is that concentrations were affected by the presence of other enzymes produced
during a stress event [47]. However, the method was only used to detect these biomarkers in the
laboratory, but it has the potential to target biomarkers in the future for wearable biosensor studies.
Another aspect to be taken into consideration is the use of antistress hormones as biomarkers for
stress as they are involved in the body’s reaction to stress [33]. Oxytocin has been identified as an
antistress mediator [48]. Recently, a biosensor was developed to detect oxytocin using Zn™ ions from
biofluid [49]. However, the biosensor was developed to detect Zn ions and Cu ions in biofluids,
and was not designed for stress detection. This raises the question of whether it could be modified to
detect stress. Further feasibility studies are needed to address the advantages and disadvantages of
this sensor and to compare it with the current options available for detecting stress.
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4. Volatile Organic Components (VOCs)

The development of a noninvasive tool offering a significant level of selectivity and sensitivity with
real-time operation is a challenging issue. For this reason, VOC sensing technology has been widely
used in the medical field for several diseases that exhibit specific changes in the pattern of the VOCs of
sweat [50]. Various gases are released from human bodies, including metabolic gases, while sweat
VOCs and VOCs are produced by floral bacteria [51]. On the other hand, there is a lack of research
on VOCs relating to human emotions, even though several studies have tested the role of sweat in
human emotional interactions, such as fear sweat [52] and anger aggression [5]. These studies present
the olfactory roles in emotional interactions, while the roles of chemical contents of emotional sweat
had not been the focus of prior studies. Therefore, one study hypothesized that stress biomarkers are
released from the skin in response to stress. The study used the trier social stress test (ISST) to measure
stressors, a cortisol salivary concentration test as the gold standard for the study, and a survey as the
result comparison tools. The gas analysis was performed by gas chromatography-mass spectrometry
(GC/MS) system. The participants of this study were 30 females, as they are respond to TSST better
than males. These subjects had a general anxiety tendency, which was evaluated using a physiological
questionnaire. The subjects ranged between normal and high anxiety trait levels, reflecting the type
of people who are likely to suffer from mental disorders as a result of stress. The study identified 6
stress biomarkers (1,2-ethanediol acetophenone, heptadecane, hexanedioic acid, dimethyl ester, benzyl
alcohol, and benzothiazole) that were released from underarms of the samples [19]. Table 1 depicts the
released amounts of the six stress VOCs that were identified as stress biomarkers in the skin. In the
same vein, another study used a different methodology to identify stress VOCs. The paced auditory
serial addition test (PASAT) was used as a stressor and sweat samples were collected from foreheads of
20 volunteers. The subjects were 10 males and 10 females between 19 and 26 years old. The samples
were randomly separated into two sampling sessions. In the first session, subjects sat and listened
to classical music. In the second session, subjects undertook the PASAT test. In addition, heart rate
and blood pressure measurements were recorded. It was found that four stress biomarkers (benzoic
acid, n-decanoic acid, a xylene isomer, and 3-carene) were present, as can be seen in Figure 4 [53].
Notably, the identified biomarkers from both studies were different. However, in terms of wearability,
there are no commercial biosensors available to detect stress via VOCs, but a study did recommend a
nanomaterial-based sensor array for future wearable biosensors for VOCs [54]. Unlike GC/MS, which
identifies specific VOCs, this array relied on the collective pattern of VOCs.

Table 1. Released amount of volatile organic component (VOC) stress biomarkers. Reproduced from
Tsukuda et al. [19]. AUC, area under the curve.

Retention “Under Stress Task’ vs. ‘Relax”  ‘Under Stress Task’ vs. ‘Relax2’
Componnd GASING L Time (min) AUC p-Value (Wilcoxon's AUC p-Value (Wilcoxon's
Value Sign Rank Test) Value Sign Rank Test)

1,2-Ethanediol 107-21-1 33.1 25.6 082 <0.001 0.69 <0.001
Acetophenone 98-86-2 105 267 0.84 0.001 21 0.69 0001923
Heptadecane 629-78-7 57.1 276 081 0.003 15 0.60 067422

Heanedionicacld, 5 54 1141 295 088 <0.001 074 0.0042
dimethy] ester
Benzyl alcohol 100-516 791 302 081 <0.001 075 <0001
Benzothiazole 95-169 135 314 087 <0.001 0.6 0.153 65
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Figure 4. Overlaid extracted ion chromatograms from a sample from the four stress VOCs. Reproduced
from Martin et al. [53].

5. Results

The results show a notable development in the field of electrochemical stress biosignals from
sweat. Several methods have been utilized to detect cortisol, the main stress biomarker. In this regard,
the antibody-based technique is the most common tool used to detect cortisol in sweat [37,39-41,55],
while less commonly used techniques include the aptamer [43], e-nose [44,56], and MIP [45,46]
techniques. In terms of sensitivity, all of the above-mentioned studies succeeded in detecting cortisol in
its targeted range. However, different detection ranges were presented in the studies. The lowest levels
of cortisol concentration detected were in the range 0.1 to 1.0 uM [45], while the only manufactured
biosensor, CortiWatch, achieved a more modest level of detection, ranging from 1 to 150 ng/mL [39].
From the perspective of the placement of wearable sensor devices, it is an advantage that the eccrine
glands are spread over the whole human body, as this offers a variety of placement options. In terms
of selectivity, no reported errors were mentioned in cortisol biosensor studies.

Cortisol metabolites have the potential to be sensed as stress biomarkers in wearable devices. The
current methods to detect them require sophisticated lab-based machines [47]. Further investigations
are needed to create long-lasting sensors for wearable devices. Antistress hormones as stress biomarkers
are also under-researched. However, a Zn* ion biosensor has been developed to detect an antistress
hormone called oxytocin in biological fluids for medical purposes [49]. From considering the literature,
it is possible to recommend that more trial studies be conducted to detect the ranges and concentrations
of biomarkers in sweat during a range of common stressful events, in order to further facilitate the
capture of information needed in the design of biomarker sensors in future affective systems.
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VOC technology is in the development stage. Two studies utilized different methodologies and
found different stress biomarkers. The first study found changes in the concentrations of the biomarkers
2-hydroxy-1-phenylethanone, benzaldehyde, and 2-ethylhexan-1-ol in response to the stressor [53],
while the second study found changes in the concentrations 1,2-ethanediol acetophenone, heptadecane,
hexanedioic acid, dimethy] ester, benzyl alcohol, and benzothiazole [19]. However, in the first study,
the biomarkers were found in the forehead samples, which might be produced from eccrine glands as
cortisol metabolite VOCs, whereas in the second study the biomarkers were measured from apocrine
glands (underarms). This difference might be the reason for the discrepancy between the experimental
results obtained. Another possible reason is that the VOC biomarkers resulted from floral bacteria [19].
Further investigations are needed to understand the source of axillary VOCs, to also test the accuracy
for both types of glands, and to test the performance of eccrine gland biomarkers at different places on
the body.

Various signals have been identified as stress biomarkers. Table 2 summaries the results that were
found in our research. Cortisol has been the most popular stress biomarker in sweat, with eight studies
having targeted cortisol in the physiological range of sweat. Three techniques have been utilized
to detect cortisol in experiments involving antibodies, aptamers, or e-nose technology. Antibody
recognition methods including immunoassay and electrochemical immune sensing were utilized in
five out of eight studies to detect cortisol [37,39-41,55]. These methods were effective in terms of
specificity to cortisol molecules because of the nature of antibody—antigen immunochemistry [55].
CortiWatch [39], a cortisol wristband sensor, presents the antibody technique as an advanced step
in this field. In terms of placement, the antibody-based methods detect cortisol from eccrine sweat,
creating a promising future for cortisol detection technology, as eccrine glands are present on the
whole surface of the body, which ensures the flexibility of manufacturing pervasive wearable devices.
Alternatively, aptamer methods provide a visual, rapid detection method to detect cortisol in sweat [43].
The cortisol samples were, however, manufactured (i.e., no human body sample location was provided).
Additionally, testing stress in real time has not been approved and finding suitable body placement
locations for wearables have not been tested. Another cortisol detection method is e-nose, which
“smells” the cortisol concentration in sweat vapors and uses additional pattern recognition tools to
differentiate between stress events and quiet periods. Unlike the previous studies, sweat samples
for this study were taken from the underarms of the samples, which means they were collected
from apocrine glands. The sensitivity of the gas arrays increased directly with increasing cortisol
concentration. However, a simplified wearable form of e-nose to detect cortisol concentration is not
available. Samples were collected from apocrine glands (underarms), which could minimize the
placements options, as apocrine glands are located in certain areas of the body, suggesting the potential
for the development of wearable e-nose technology in “smart shirts” or armbands. Further studies are
required to test e-nose technology for cortisol detection in eccrine glands, as succeeding in this would
provide more fixable wearable options.

The combined response to stress of cortisol, its metabolites, and cortisone raises the idea of using
multiparameters rather than only using cortisol, as all these markers are present in sweat within a
measurable range. By using GC/MS techniques, all the markers can be separated from each other,
and also from other components of sweat, then variable concentrations and patterns can be measured
in stressful events [45,47]. The samples in these studies were collected from eccrine glands, which
indicates flexibility in terms of wearable device developments in the future.
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Table 2. Summary of stress biomarkers from the sweat or skin, methods used to measure them, places
flexibility, wearable device availability, and potential devices for future works. MIP, molecularly
imprinted polymer; GC/MS, gas chromatography-mass spectrometry.

Wearable

Biomarkers Methods Place iz Potential Device
Available
Antibodies, aptamers,
e-nose, and the Eccrine glands
Cortisol molecularly selective (antibodics, aptamers : - £
[37,39—41,43-45,55,56] organic and MIPs) Wrist band + patch  e-nose + Flexible
electrochemical Apocrine (e-nose)
transistor
Cortisol metabolites [34,47] In labs only Eccrine glands No Flexible
Stress antihormones [49] Zn+ ions Eccrine glands No Flexible

VOCs (study 1)

Eccrine glands (or skin) E-nose/gas array

bcnzmc' acid, n-decanoic aqdla Lab (GC/MS) (forehead) No oriore

xylene isomer, and 3-carene [53]

VOCs (study 2)

1,2-Ethanediol Acetophenone ’ p— ’

Heptadecane Lab (GC/MS) Undex.farms skin or No e-nose/gas array
apocrine glands sensors

Hexanedioic acid, dimethyl ester
Benzyl alcohol Benzothiazole [19]

Antistress hormones are present in human biofluids during stress [33] but utilizing them as stress
biomarkers is significantly under-researched. However, the antistress hormone oxytocin has several

functions and indeed a biosensor has been developed to detect it, but not in stress detection events [48].

That might suggest utilizing oxytocin as a stress biomarker in future studies. Additionally, because
its presence in biofluid has been already confirmed, confirming its presence in emotional situations
should be further tested.

In the first VOC study of its kind [53], benzoic acid, n-decanoic acid, a xylene isomer, and 3-carene
were identified as stress biomarkers using the GC/MS lab technique. The sweat samples were collected
from foreheads, which indicates that they are from the eccrine glands. In terms of wearability, this
indicates the fixability of various places for monitoring. To detect VOCs in real time, e-nose and
gas array sensors are commonly used, but unfortunately no device has been modified or developed
to detect specific emotional VOCs. The second VOC study [19] found 1,2-ethanediol acetophenone

heptadecane, hexanedioic acid, dimethyl ester, benzyl alcohol, and benzothiazole as stress biomarkers.

While this work also used GC/MS tools, samples from the armpits (apocrine glands) were also collected.
However, the source of VOCs collected from the axillary area is rather controversial, as they may
be emitted by bacteria present in the collection area. Being limited to apocrine glands areas could
minimize the options for developing wearable VOCs biosensors. Additionally, it is recommended to
use human VOC sensors to detect the above-mentioned biomarkers using either e-nose or gas sensors.

6. Discussion

This paper has highlighted previous work, showing that the detection of sweat cortisol and VOCs
emitted from the skin are effective methods for detecting stressful events, and have huge potential
to supplement emotion detection systems in the future. Additionally, cortisol metabolites can be
additional biomarkers to stress hormones that increase the efficiency of detecting emotional stress.
Besides, antistress hormones can also potentially be used as stress biomarkers. Regarding cortisol
detection using biochemical sensors, previous studies have shown three main methods, employing
antibodies, aptamers, and MIPs. These methods have significant advantages over blood tests through
classical laboratory techniques, as the latter requires a greater number of samples to be taken, consumes
significantly more time, and needs trained staff to operate advanced tools [43]. In comparison
between aptamers and antibody methods, aptamers are not rejected by the human immune system, as
they are usually not considered foreign bodies, which makes them weakly immunogenic and toxic
molecules, unlike antibodies that are highly immunogenic and toxic molecules [57]. Additionally,
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aptamers have more thermal stability than antibodies because of the nature of oligonucleotide-based
aptamers, which can maintain their structure, while protein-based antibodies lose their structure at
high temperatures. Therefore, aptamers can be used in various assay conditions [58]. Additionally,
the production of aptamers is a cost-efficient approach compared to antibody production and allows
for easier modification for different chemical reactions [59,60]. Lastly, for future stress biomarkers that
may have weak immune responses, such that antibodies cannot be generated or produced, aptamers
can be recommended, as they can detect ligands that antibodies cannot recognize [61]. However, in a
comparison between MIPS and aptamers, MIPs seem to be more economic [62] and more specific in
terms of target binding [63]. Generally, MIPs have advantages over all other recognition systems, as
they have high selectivity, are inexpensive, have accurate mechanisms, and are environmentally stable,
as can be seen in Table 3. Therefore, due to these advantages, MIPs have been widely used in several
industries, including in chemical sensors and drugs [45].

Table 3. Comparison between three cortisol detection techniques over several factors.

Factors/Techniques Antibodies Aptamers MIP
Selectivity High selectivity to cortisol—no High selectivity to cortisol—no High selectivity to cortisol—no
electivity errors have been reported errors have been reported errors have been reported
Sensitivity In the physiological range In the physiological range The highest sensitivity (0.1 ng/mL)
Thermal stability The lowest High stability The highest
Tmmune response Sanke re]ec:‘evvitlzi\the ARG Cannot be rejected Cannot be rejected
Cost Ex;)ensi\'e Less expensive Cheapest

However, the detection of cortisol directly from the sweat via e-nose technology is under-researched.
In 2009, a study [44] showed a promising result, here e-nose detected stress situations by measuring
the concentrations of cortisol and adrenaline in sweat; however, no further studies have been carried
out on this. Alternatively, recent studies identified VOCs stress biomarkers emitted from the sweat or
the skin during stress events [19,53]. However, the results of the two studies are controversial in many
aspects. In the first study [53], samples were collected from eccrine glands (foreheads) and four stress
biomarkers were found, while in the second study [19] no stress biomarkers were identified from the
eccrine glands (palms), even though very similar methods (GC/MS) were used. This inconsistency
raises the question of whether the eccrine glands are similar in different areas across the body. As
some researchers have linked emotional sweating to the apocrine glands [19,64], it is also required to
know if the eccrine glands produce emotional event VOCs. On the other hand, the source of stress
VOCs identified by Tsukuda et al. [19] from the axillary area in the study is still unknown. The first
possible source assumed was the apocrine gland, while the second possible source was floral bacteria.
Addressing this issue may help find answers to the previous questions.

With respect to cortisol metabolites, they have been used as additional biomarkers for the stress
hormones cortisol and cortisone for more accurate measurement. However, cortisol metabolites are
only present 10 min after the production of cortisol in stressful events [47], which raises concerns
regarding the effectiveness of utilizing them as biomarkers for acute stress, as this may require an
immediate response. They may, however, be useful for less rapid stress situations or chronic stress
conditions in mental health. Another challenge in this regard is that cortisol metabolites respond
differently according to each individual, which suggests a need to develop techniques to deal with
such individual differences [47].

With respect to antistress hormones, they are produced as a response to the production of stress
hormones [33]. Oxytocin has been classified as an antistress hormone [48]. Although it has not yet
been used as a stress indicator, its presence in biofluids has previously been detected [49]. More
investigations are needed to check antistress hormone reliability as stress biomarkers, for example
measuring the time between the production of stress hormones and antistress hormones. Additionally,
although their presence in biofluid has been confirmed, their amounts in sweat must be confirmed in a
measurable range.
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Table 4 presents an analytical performance summary of the major biosensors reviewed in this work.
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Table 4. Analytical performance summary of the major biosensors reviewed.
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Within the
Physiological
Reference Bifr:iiier Technique C ion Vol Range of 8.16 to
141.7 ng/m?
(Yes/No)

[371 Cortisol Cortisol antibodies 1 ng/mL to 200 ng/mL N/A Yes
[38] Cortisol Cortisol antibodies N/A 1-5 uL Yes
[39] Cortisol Cortisol antibodies 1ng/mL to 150 ng/mL N/A Yes
[40] Cortisol Cortisol antibodies 0.1 ng/mL N/A Yes
[41] Cortisol Cortisol antibodies 1.24 uM N/A Yes
[42] Cortisol Cortisol antibodies N/A 1-3 uL Yes
[43] Cortisol Cortisol aptamers 1 ng/mL N/A Yes
[44] Cortisol E-nose 5 mL-50 mL N/A Yes
[45] Cortisol MIPs 0.1 pM-1 uM N/A Yes
[46] Cortisol MIPs 10 ng/mL~66 ng/mL N/A Yes
[19,53] Stress VOCs GC/MS N/A N/A N/A

7. Conclusions

In this work, stress biomarkers were reviewed to present the current status of stress detection as
an emotional event. In addition, potential biomarkers were also introduced for future studies. This
paper has reviewed the electrochemical biomarkers of stress and highlights that cortisol is considered
as a major stress biomarker because of its measurable presence in biofluids (sweat in this case), which
makes it attractive to researchers. While most studies in this area have developed various methods
of cortisol detection, this review also considered other possible stress biomarkers, including cortisol
metabolites and antistress hormones, which are probably present in sweat as well. Another major
focus of the work is volatile organic components (VOCs), which are have only just been considered in
the most recent studies on stress detection. Studies has shown that there are a range of gasses emitted
from different places on the skin, as demonstrated in various emotional stress tests. In several aspects,
this field is still in the development stage. Firstly, the identified biomarkers from VOC studies are not
yet coherent and different factors might be involved, such as stressors, placement, and types of glands.
Secondly, all VOC experiments were measured in lab conditions; based on our knowledge, there are
no currently wearable gas sensors available to sense human VOCs. However, some studies showed
that e-nose or gas array sensors can smell environmental VOCs, as well as recognize human sweat
cortisol concentrations by pattern recognition methods. It might be assumed that environmental VOCs
biosensors can be modified to smell body odors. Also, pattern recognition for stress VOCs might be
recommended for future studies.
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