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ABSTRACT

Cortisol is a dynamic endocrine biomarker regulated by hypothalamic-pituitary—adrenal (HPA) axis activity, and plays a central
role in circadian regulation and physiological stress responsiveness. This review summarizes key aspects of cortisol dynamics,
including circadian rhythms, modulatory factors, dysregulation, and acute and chronic stress responses. We further examine
commonly used laboratory stress-induction paradigms, such as the Trier Social Stress Test, Cold Pressor Test, Maastricht Acute
Stress Test, cognitive stressors, and multicomponent stress protocols, with an emphasis on their applicability to wearable
cortisol sensor development. Particular attention is given to experimental design considerations, including the choice of
sampling matrix, sensor-influenced temporal resolution, and acquisition frequency, as these parameters critically influence the
interpretation of cortisol fluctuations and define the performance requirements of sensing platforms. To complement the literature
review, we additionally report preliminary observations from a pilot study involving three healthy adult participants. The pilot
experiments explore the feasibility of selected stress-induction protocols for eliciting measurable stress responses using a dense
temporal sampling protocol. By integrating insights from prior studies with our pilot observations, we highlight methodological
considerations for capturing physiologically meaningful cortisol responses to stress, with a specific focus on stress-induced
dynamics and the temporal resolution necessary for continuous or near-continuous monitoring.

1 | Introduction facilitate adaptive stress responses. Cortisol’s key functions are

to mobilize energy resources and maintain physiological stability

Cortisol, a glucocorticoid commonly referred to as the stress
hormone, is one of the most important regulators of physiological
homeostasis [1]. It influences a wide range of human bodily
processes, including metabolism, immune function, cardiovas-
cular regulation, and neurobehavioral processes, through its
pervasive effects on glucocorticoid receptors present in nearly
all human tissues. The hypothalamic-pituitary-adrenal (HPA)
axis, a complex neuroendocrine network, controls cortisol secre-
tion by integrating environmental and psychological stimuli to

in response to internal and external threats to homeostasis,
thereby mediating the “fight-or-flight response.” Cortisol also
regulates blood glucose levels by promoting gluconeogenesis,
thereby linking stress physiology to long-term metabolic health
[2, 3]. Cortisol dysregulation, manifested as hypercortisolism, is
associated with a wide range of neuropsychiatric and metabolic
disorders, including Cushing syndrome, depression, anxiety, and
increased susceptibility to epileptic seizures [4-6]. Cortisol is also
closely linked to performance, often exerting a U-shaped effect
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on productivity [7]. Moderate cortisol levels have been shown
to support optimal motivation, alertness, and cognitive function,
whereas both deficient and excessive levels can compromise
performance. Low cortisol is associated with reduced drive and
alertness, while elevated cortisol, particularly during chronic
stress, can impair cognition and decision-making.

Given the widespread effects of cortisol on human bodily
functions and behavioral responses, a comprehensive under-
standing of cortisol dynamics is essential for distinguishing
normal physiological regulation from pathological conditions.
Consequently, research into cortisol dynamics and the factors
influencing them, such as circadian rhythms and stress-induced
variation, has expanded across medical, psychiatric, and bio-
engineering fields. Despite these advances, effective integration
across these domains remains limited, underscoring the need for
interdisciplinary frameworks that connect physiological insights
to technological applications.

The development and validation of cortisol sensors capable of
quantifying cortisol concentrations in various bodily fluids often
rely on laboratory-based stress-induction paradigms designed to
approximate real-world psychological or physiological stressors.
However, variability in individual stress responsivity, experi-
mental conditions, sampling matrices, and temporal resolution
presents significant challenges in developing robust experimental
protocols. A particularly critical factor is the timing of sample
acquisition, as cortisol responses exhibit characteristic delays and
recovery phases following stress exposure. Insufficient sampling
frequency may fail to capture key features of cortisol kinetics,
including onset latency, peak magnitude, time to peak, and
recovery rate. Although many studies rely on salivary cortisol
measurements collected at 5-10-min intervals [8, 9], higher tem-
poral resolution can reveal finer features of cortisol kinetics. This
is especially relevant for emerging wearable or minimally invasive
cortisol sensing platforms, where continuous or near-continuous
monitoring could provide a more physiologically accurate repre-
sentation of stress-related endocrine activity. An understanding
of the required temporal resolution can inform key design param-
eters for sensor development, including acquisition frequency,
hardware performance, data storage capacity, sample volume
requirements, and operational lifetime or replacement frequency.

In this review, we investigate cortisol dynamics at high temporal
resolution to inform the design and validation of wearable
biosensors. We review key factors influencing cortisol dynamics,
including circadian rhythms and stress, and evaluate commonly
used laboratory-based stress-induction protocols. We also discuss
how the interpretation of these dynamics may be influenced
by sampling method, medium, and sensor characteristics. To
complement the existing literature, we conduct a pilot study (n =
3) using standardized stress tests, including the Cold Pressor Test
(CPT), cognitive tasks, and exercise, and descriptively compare
salivary cortisol profiles over time across participants. We imple-
ment a high-frequency sampling protocol, with measurements
collected at intervals of 3 or 10 min, to characterize temporal
changes in cortisol and explore interindividual variability. Pre-
liminary observations revealed distinct participant- and protocol-
dependent cortisol trajectories. Following the CPT, all three
participants exhibited post-stressor cortisol increases, with differ-
ences in peak magnitude, timing, and recovery. The cognitive and

exercise protocols produced more variable trajectories, including
early, delayed, or no distinct peaks within the observation win-
dows. These pilot observations highlight the potential importance
of stressor type, sampling time, and interindividual variability in
cortisol kinetics and provide preliminary experimental guidance
for the development and evaluation of wearable biosensors and
multimodal stress—-monitoring systems.

2 | Cortisol Dynamics

The release of cortisol is predominantly orchestrated by neural
pathways (Figure 1), with the HPA axis playing a central role.
Specifically, the hypothalamus secretes corticotropin-releasing
hormone (CRH) from neurons in the paraventricular nucleus
(PVN), with arginine vasopressin (AVP) acting together with
CRH to prompt the anterior pituitary gland to release adreno-
corticotropic hormone (ACTH) into the bloodstream [10]. ACTH
then stimulates the adrenal cortex (the outer layer of the adrenal
glands, located above the kidneys), particularly the zona fascic-
ulata, initiating the production and secretion of glucocorticoids,
of which cortisol is the most prominent, via a process called
steroidogenesis [11]. As a steroid hormone, cortisol is not stored
in vesicles; instead, it is synthesized as needed and promptly
diffuses from the cells into the circulatory system upon pro-
duction. Within the bloodstream, roughly 90% of cortisol binds
to corticosteroid-binding globulin, while about 5%-7% associates
with albumin, leaving only a small fraction (approximately 3%-
5%) to circulate as free cortisol. To prevent excessive secretion,
cortisol exerts a negative feedback effect on both the hypothala-
mus and the pituitary, thereby inhibiting further release of CRH
and ACTH.

Cortisol regulation involves two primary mechanisms: the nor-
mal pattern, dominated by the circadian rhythm, with the highest
concentrations observed upon waking and the lowest during the
nocturnal hours, overlaid with cortisol secretion occurring in
hourly pulses [12]. The other mechanism is HPA axis activation in
response to stressful events or stimuli that disrupt homeostasis,
as well as the anticipation of such events. The subsequent
subsections provide a description of each of these mechanisms,
as well as the external factors that lead to deviations from the
typical pattern.

2.1 | Circadian Rhythm

The rhythmic oscillation of cortisol levels throughout a 24-h
cycle, known as the circadian rhythm, is a fundamental aspect
of HPA axis regulation and significantly influences physiological
processes [13]. Liddle’s early work on human adrenocortical
secretory activity demonstrated a clear daily rhythm in 17-
hydroxycorticosteroids, a biochemical marker associated with
cortisol secretion. More broadly, circadian glucocorticoid rhyth-
micity is observed across many mammalian species; however, its
phase depends on the organism’s activity pattern. In humans and
many diurnal mammals, cortisol levels are generally highest near
the beginning of the active phase, producing a morning “crest”
and an evening “trough.” Cortisol is typically elevated upon
awakening, increases further to a peak within approximately
30-45 min as part of the cortisol awakening response (CAR),
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FIGURE 1 | Regulation of cortisol by circadian rhythms and stress via the HPA axis. External zeitgebers (light-dark cycles) entrain the circadian
rhythm through the suprachiasmatic nucleus (SCN) of the hypothalamus, modulating basal cortisol secretion. In response to stress, activation of

the neurons of the PVN triggers the release of corticotropin-releasing hormone (CRH), stimulating the pituitary gland to secrete adrenocorticotropic

hormone (ACTH), which in turn activates the adrenal glands to produce cortisol. Cortisol is released into circulation, generating time-dependent stress

response profiles.

and then gradually declines throughout the day. In contrast,
nocturnal species often exhibit a phase-shifted glucocorticoid
rhythm, with peak levels occurring near the onset of their active
period during the dark phase rather than in the morning [14].
External cues, primarily the solar cycle, play a key role in
regulating this rhythm. Light perceived by the retina activates
the central circadian clock in the brain’s suprachiasmatic nucleus
(SCN), which coordinates the behavioral activity and rest periods.
This central clock then synchronizes peripheral clocks in nearly
every tissue, leading to increased circulating cortisol through the
stimulation of the pituitary gland to produce ACTH. The circa-
dian rhythm plays a crucial role in maintaining homeostasis and
modulating responses to stressors; understanding it is essential
for comprehending both normal physiological functioning and
the pathogenic mechanisms underlying stress-related disorders.

2.1.1 | Modulators of Circadian Rhythm

The 24-h periodicity of the circadian rhythm has long prompted
investigation into the search for its primary modulator. This
rhythm is regulated by the SCN, the body’s central circadian
pacemaker, with secondary clocks in other brain regions and
peripheral tissues, including the adrenal glands. This central
clock synchronizes peripheral clocks, boosting cortisol produc-
tion via ACTH from the pituitary gland. Light exposure through
the retina is a major environmental cue that entrains the central
circadian clock, which regulates active and rest periods and
coordinates peripheral clocks throughout the body (Figure 1)

[15]. However, early studies suggested that the ACTH-cortisol
rhythm is not solely dependent on external light input, posture,
or sleep-wake behavior. For example, investigations in bedridden
and blind individuals showed that the rhythm persisted even
in the absence of postural changes or visual input [16], though
shifts in the sleep-wake schedule could alter the timing of cortisol
metabolites [17]. Later, Orth et al. further demonstrated that
even under abnormal or absent sleep cycles, plasma cortisol
maintained a 24-h periodicity, establishing its origin in an endoge-
nous circadian oscillator rather than in the sleep schedule alone
[18]. Together, these findings indicate that cortisol rhythmicity
is primarily driven by the SCN as the central biological clock,
entrained by light, and modulated by sleep-wake patterns and
stress exposure [19].

Due to the complexity of this mechanism and its underlying mul-
tifaceted nature, various studies have focused on systematically
modeling the stimuli and responses via phase response curves.
Light is the most commonly studied stimulus in these phase
response curves, which quantify the magnitude and direction of
phase shifts (advances or delays) in a circadian rhythm caused
by a brief external cue (zeitgeber, or “time-giver”) [20, 21]. The
SCN acts as the master circadian clock, aligning physiologi-
cal and behavioral oscillations to day/night (activity/inactivity)
transitions, with light entraining its ventrolateral core (SCN
core). This core then communicates with the dorsomedial shell
(SCN shell) via vasoactive intestinal polypeptide (VIP), which
in turn outputs AVP (arginine vasopressin) to entrain the HPA
axis, resulting in rhythmic glucocorticoid secretion. To stimulate
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synchronization within the SCN and between the SCN and the
HPA axis under light entrainment,Li and Androulakis built a
semi-mechanistic mathematical model linking these layers (light
— SCN core — SCN shell —» HPA axis). The model successfully
replicated experimentally observed phase relationships, such as
those in which light exposure during the early subjective night
delays the circadian rhythm, while light exposure during the
late night or early day slightly advances it [22]. Their analysis of
virtual populations revealed significant interindividual variability
in circadian flexibility; individuals with higher light sensitivity
and stronger AVP coupling strength resynchronized their cortisol
rhythms more rapidly following a jet lag perturbation, reflecting
greater responsiveness of the adrenal-suprachiasmatic coupling
to external light cues. In humans, the intrinsic circadian period,
typically around 24.2 h, naturally favors phase delays, consistent
with the notion that eastward travel is harder. In addition to
air travel, night-shift simulations indicated that alternating-shift
and transient-shift schedules may affect cortisol rhythmicity
differently. In their simulation, some individuals with higher
light sensitivity maintained approximately 24-h oscillations with
a phase offset, suggesting better long-term tolerance, whereas
others lost their circadian rhythm. Transient shift work was par-
ticularly detrimental to individuals with higher light sensitivity.
These findings imply that circadian plasticity varies significantly
among individuals due to differences in coupling strengths, and
that light therapy could benefit individuals with low light sensi-
tivity in adapting to shift work or jet lag. The broader influence
of light therapy is further supported by a study by Figueiro
et al., which reported that no significant differences were found
between early and late chronotypes (chronotype identified via
preference for activity timing) following light therapy. However,
the study assessed circadian phase using melatonin rather than
cortisol [23].

2.1.2 | Dysregulation of Circadian Rhythm

Circadian rhythm persists even in individuals with atypical sleep
schedules, such as shift workers; however, it often becomes
phase-shifted, reduced in amplitude, or desynchronized relative
to environmental light-dark cycles and behavioral patterns.
Night-shift and rotating-shift workers exhibit reduced or delayed
CAR (cortisol awakening response), flatter diurnal slopes, and
elevated evening cortisol compared to day workers, reflecting a
misaligned HPA axis rhythm characterized by shift work disorder
(SWD), a circadian rhythm disorder associated with working
outside typical 8-to-5 shifts [24-27].

People who frequently experience jet lag, such as airline crews,
often face symptoms that worsen with the number of time
zones crossed and when traveling eastwards. Mood changes,
particularly dysphoria, are a significant component of jet lag, with
eastward travel notably disturbing sleep and increasing anxiety
and depression levels [28].

In addition to jet lag and shift work, social jet lag represents a
common form of circadian misalignment arising from differences
in sleep timing between workdays and free days. This discrepancy
reflects the conflict between an individual’s biological timing and
externally imposed social or occupational schedules and is often
greater in individuals with later chronotypes [29, 30]. Social jet lag

and other forms of circadian disruption have been associated with
adverse metabolic, cardiovascular, neurological, and psychiatric
outcomes [30, 31].

Flattened or phase-shifted cortisol rhythms are linked to impaired
glucose tolerance, insulin resistance, and increased risk of type 2
diabetes and obesity, as well as heightened cardiovascular risks
including hypertension and non-dipping blood pressure profiles
[32-34]. Psychiatric outcomes are also affected: circadian mis-
alignment and cortisol rhythm disruption increase vulnerability
to depression, bipolar disorder, and seasonal affective disorder,
with laboratory misalignment experiments showing heightened
mood disturbances under shifted schedules [21]. Widespread
circadian rhythm disruption is likely a contributing factor to the
prevalence of mood disorders and mood vulnerability [35]. Fur-
thermore, because cortisol is immunoregulatory, loss of rhythmic
control can contribute to chronic low-grade inflammation and
impaired immune function.

Importantly, misaligned rhythms also alter acute stress respon-
siveness. Shift workers and individuals with chronic HPA
dysregulation frequently display blunted cortisol reactivity in
laboratory stress tests, such as the Trier Social Stress Test (TSST)
or CPTs [36]. Such blunting has also been documented in occu-
pational burnout, where emotional exhaustion correlates with
diminished cortisol responses to stress exposure [37]. The “non-
responders” phenomenon (in which individuals show minimal
cortisol response in laboratory stress tests) may be more common
in those with chronically disrupted rhythms. Although the exact
patterns may differ, circadian misalignment generally impairs
the system’s capacity to mount strong acute stress responses
and diminishes the flexibility of the HPA axis, leaving baseline
cortisol levels elevated or misaligned. This combination increases
vulnerability to metabolic, cardiovascular, and mental health
problems while decreasing resilience.

2.2 | Stress Response

The stress response represents an intricate, adaptive, and evolu-
tionarily conserved physiological mechanism, during which the
HPA axis undergoes transient activation, resulting in elevated
and sustained secretory activity of CRH and ACTH. Subsequently,
cortisol initiates a rapid negative feedback loop targeting both the
hypothalamus and the pituitary. This action serves to attenuate
the further release of CRH and ACTH, thereby preventing
excessive activation of the HPA axis. The complex dynamics of the
HPA axis stress response are characterized by distinct temporal
phases [1].

Upon exposure to acute stress, the anterior pituitary gland
rapidly secretes ACTH, typically within minutes. This surge in
ACTH, which usually peaks approximately 15 min after the
onset of the stressor, is transient and tightly regulated by swift,
non-genomic feedback mechanisms. Rat experiments found the
subsequent glucocorticoid response to be delayed, as they must
be synthesized in the adrenal cortex, resulting in plasma cor-
ticosterone levels peaking 30 to 60 min after stress initiation
[38]. This response lasts longer than the ACTH pulse and is
regulated by the combined effects of metabolic clearance and
active feedback, typically exhibiting a “rise-and-fall” pattern.
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The rising phase begins when excitatory neural inputs stimulate
CRH neurons in the PVN of the hypothalamus. These inputs
carry information from circuits monitoring homeostatic threats
such as cardiovascular, immune, and nociceptive signals. CRH
then drives ACTH release from the anterior pituitary, which in
turn stimulates adrenal steroidogenesis, leading to the synthesis
and secretion of cortisol. As levels increase, cortisol supports
metabolic mobilization, modulates cardiovascular activity, and
exerts broad immunoregulatory effects to counter threats to
homeostasis, effectively triggering the “fight-or-flight response”.

The falling phase begins when circulating glucocorticoid concen-
trations reach a level sufficient to trigger feedback mechanisms
that halt HPA axis output. Cortisol can directly suppress CRH
release within the PVN by binding to the glucocorticoid receptor
and promoting the release of endocannabinoids [39]. GABAergic
projections to CRH neurons in the PVN also limit the HPA
axis activity. Additionally, a slower and intermediate feedback
process involves trans-synaptic circuits, where inhibitory signals
are sent from the hippocampus and medial prefrontal cortex
to the PVN. Hence, the falling phase, controlled by feedback
mechanisms, is integrated through multiple pathways, and the
overall inhibitory effect observed at the PVN results from a
combination of inputs from the hippocampus, prefrontal cortex,
and hindbrain, as well as direct cortisol binding. Diminished
negative feedback caused by the depletion of glucocorticoid
receptors in the corticolimbic forebrain and lesions in the ventral
hippocampus have been found to prolong HPA axis responses
[40]. Similarly, stimulating the prelimbic cortex reduces glucocor-
ticoid output, causing stress inhibition [41], and alterations in the
prefrontal cortex impact both the intensity and duration of stress
responses.

These processes collectively create the characteristic pattern of a
swift ACTH pulse, succeeded by a more gradual but sustained
cortisol elevation, and ultimately a feedback-driven return to
baseline (Figure 1). This integrated feedback mechanism ensures
that the stress response remains both transient and self-limiting:
potent enough to facilitate adaptation, yet rigorously controlled
to avert the detrimental consequences associated with prolonged
cortisol exposure, including excessive energy expenditure. In
scenarios involving chronic stress, elevated glucocorticoid levels
might amplify the expression of CRH in the central amygdala,
thereby establishing a self-reinforcing cycle that exacerbates HPA
axis excitability rather than inhibiting it [42]. This maladaptive
loop can culminate in sustained hypercortisolemia, a condition
implicated in numerous physical and psychological pathologies,
representing a significant divergence from the adaptive, short-
term activation of the HPA axis [1].

2.21 | Stressor Type

The HPA axis responds differently depending on both the modal-
ity and the intensity of a stressor. High-intensity, long-duration
systemic challenges produce prolonged ACTH and glucocorti-
coid elevations; this extended secretion is adaptive because it
helps regulate and limit potentially harmful immune activity.
In contrast, psychological stressors, for example, a strange or
threatening environment or situation-produce shorter, more
transient responses.

The mechanism of HPA axis activation is also different. Homeo-
static stressors, which signal threats to physiological balance, are
communicated directly to PVN CRH neurons. This occurs gener-
ally via direct monosynaptic sensory relays from sensory organs,
such as baroreceptor and chemoreceptor inputs, or signals related
to fluid and energy balance, in a bottom-up manner. These are
also known as reactive stressors, as glucocorticoids are released
to address the perceived need [43].

In contrast, psychogenic stressors are conveyed through corticol-
imbic circuits in the brain, including the hippocampus, amygdala,
and prefrontal cortex, that provide contextual appraisal and
exert top-down modulation, shaping the magnitude and duration
of HPA activation. They elicit anticipatory responses that are
initiated by polysensory external stimuli that may predict a
physiological challenge, rather than its actual presence, leading
to glucocorticoid release in preparation for potential adverse
outcomes and the need for additional resources [44]. However,
the overall temporal course of the glucocorticoid response often
does not depend on the modality of the stressor, as demonstrated
by comparable corticosterone responses in mice to restraint
(anticipatory) and hypoxia (reactive) stress [1, 45]. In humans,
anticipation of a laboratory stressor has been shown to elicit a
larger subsequent salivary cortisol increase [8]. Higher anticipa-
tory stress was also associated with faster cortisol recovery after
the stressor, suggesting that this preparatory response may reflect
physiological readiness rather than impaired stress regulation.
Conversely, positive expectations and a greater perceived ability
to cope are associated with a lower cortisol response [46].

Apart from the nature of the stressor, the repetition and chronicity
of stressful events also profoundly influence HPA axis regulation,
often leading to habituation and heightened stress reactivity
(facilitation) [47]. In habituation with repeated exposure, the
glucocorticoid peak becomes lower and the response becomes
shorter, though it never disappears entirely. Responses to more
severe stressors have been found to be less likely to undergo
habituation, as adapting to these demands requires a higher
perceived effort [48].

Facilitation of the stress response refers to an amplified HPA
axis reaction to a new stressor following prior stress exposure
[49]. This occurs because the initial stress “primes” the axis,
leading to a quicker onset and higher glucocorticoid peaks in
response to a subsequent challenge, often due to increased
ACTH release or heightened adrenal sensitivity. Lesions to the
paraventricular thalamus disrupt such facilitation, indicating its
role in integrating previous stress exposures with subsequent
responses. This facilitative process primes the organism to better
confront unfamiliar or severe threats, effectively overriding the
usual suppressive feedback mechanisms.

Despite being evolutionarily adaptive processes, both facilita-
tion and habituation can turn maladaptive. Habituation can
contribute to blunted cortisol responses, which are linked to
post-traumatic stress disorder (PTSD), chronic fatigue, and poor
immune control. Exaggerated responses due to facilitation can
keep the system in a state of chronic hyperactivation, increasing
the risk of anxiety, depression, hypertension, and metabolic
disease. It may also impair recovery if every new stressor triggers
an oversized cortisol surge.
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The distinction between homotypic (repeated, identical) and
heterotypic stressors further elucidates the complexity of HPA
axis adaptation, as the former typically induces habituation,
while the latter can lead to sensitization, with variations observed
between sexes [50]. Repeated exposure to one type of stress
(white noise) leads to habituation of CRH neuron responses,
but switching stress modalities (e.g., from noise to foot shock)
disrupts habituation and “resets” responsiveness. Also, habitu-
ation can fade over time: after a rest period, CRH responses
can revert toward initial levels, indicating that experience-driven
suppression is not permanent but reversible [51].

HPA reactivity varies significantly across individuals, influenced
by factors such as sex, age, and genetics [52-54]. Testosterone
generally dampens HPA responsiveness, while estradiol enhances
it, resulting in women demonstrating greater variability in cor-
tisol responses across the menstrual cycle. This variability may
potentially contribute to increased female vulnerability to stress-
related psychopathologies like depression and PTSD. Aging is
associated with prolonged elevations of glucocorticoids; prior
experience (such as chronic stress exposure) can recalibrate
HPA dynamics, altering the speed, magnitude, and duration of
cortisol secretion.

2.2.2 | Chronic Stress

Although brief variations in the HPA axis are considered nor-
mal and beneficial reactions by the body, persistent HPA axis
dysfunction, which is metabolically demanding, is linked to
various diseases. Stressful events that persist over an extended
duration (e.g., caring for a spouse with dementia) or brief
focal events that continue to be experienced as overwhelming
long after they have ended (e.g., experiencing a sexual assault)
may lead to chronic stress, and exposure to chronic stress is
most likely to result in long-term or permanent changes in the
emotional, physiological, and behavioral responses that influence
susceptibility to and the course of disease. Imbalances in cortisol
caused by chronic and prolonged periods of stress can directly
impact neuronal function, neurotransmitter balance, and brain
regions involved in mood and cognition. In addition, they alter
other physiological biomarkers [55]. Chronic stress can activate
the HPA axis in various ways, with manifestations depending
on the stressor’s chronicity, intensity, frequency, and type. An
individual’s response to stress is influenced by genetics, early
life experiences, environment, sex, and age, with the context
determining if responses are adaptive or maladaptive. For exam-
ple, psychological stress has been found to impair vagal tone,
which can also increase the risk of noncommunicable diseases,
particularly stroke and heart disease [10, 56].

Elevated morning cortisol levels have been associated with
schizophrenia and bipolar disorder [57]. Similarly, obesity,
metabolic diseases, and cardiovascular conditions have been
associated with altered HPA dynamics [58]. Cortisol can also lead
to Cushing’s syndrome when present in excess, characterized
by major depression [59], anxiety or panic disorders [60], and
cognitive issues, alongside physical changes like increased body
mass index, cholesterol, blood pressure, and blood sugar often

associated with type 2 diabetes mellitus [10, 61]. Conversely,
cortisol deficiency (Addison’s disease) can manifest as irritability,
mood disturbances, distress, depression, and, to a minor extent,
psychosis [62, 63], and low blood pressure [55]. Endocrine
dysfunction often triggers a chronic stress response, leading to
alterations in the HPA axis, impacting mood, sleep, and overall
well-being [55].

Stress also affects mood and motivation. The nucleus accumbens
(NAc: the neural interface between motivation and action) and
the ventral tegmental area (VTA) are key brain structures that
form the mesolimbic pathway, a major dopaminergic circuit
involved in reward, motivation, and learning, collectively con-
stituting the reward pathway. Stress hormones reshape reward
circuitry by acting through glucocorticoid receptors in the NAc,
altering dopamine input and excitatory drive. Acute stress typi-
cally produces a transient increase in dopamine release within the
NAc [64]. This dopaminergic burst is often viewed as an adaptive
signal, as it can enhance motivation, salience, and alertness,
which can aid in coping with or preparing for challenging situ-
ations [64]. While acute stress can sharpen motivation, chronic
glucocorticoid exposure reprograms the NAc toward maladaptive
states, thereby linking stress to mood disorders and substance
abuse. Over time, repeated or chronic stress-and the elevated
glucocorticoid exposure that accompanies it, can dysregulate
dopaminergic circuits. Rather than simply boosting dopamine
release, chronic stress can reduce the excitability of dopamine
neurons, diminish reward sensitivity, or alter synaptic connectiv-
ity. This dysregulation within the reward circuitry is a significant
factor in the development of various mental conditions, especially
psychiatric disorders such as depression and anxiety, along with
substance use disorders [65].

2.2.3 | Blunted Cortisol Response

A diminished cortisol response to acute psychological stress,
characterized by blunted reactivity, has been identified in var-
ious mental health conditions and is associated with adverse
health outcomes [66]. Blunted responses are often indicators
of HPA strain, early-life developmental programming, circadian
misalignment, and disease states, all of which impair the system’s
adaptive flexibility in responding to new stressors.

A blunted cortisol response indicates reduced flexibility of the
HPA axis; insufficient cortisol during a challenging situation
compromises metabolic fuel availability and weakens anti-
inflammatory control, fostering low-grade inflammation and
dysregulation of stress-immune crosstalk [67]. Inadequate acute
reactivity fails to resolve challenges efficiently and promotes
cumulative wear and tear on brain-body systems [68]. Clinically,
blunted cortisol reactivity is documented in stress-related condi-
tions such as PTSD, where women show reduced salivary cortisol
responses to the TSST [69], and burnout, where individuals
exhibit a diminished CAR, reflecting altered HPA tone [70]. Thus,
stress unresponsiveness is problematic because it marks a loss
of HPA axis flexibility that undermines metabolic and immune
adaptation, heightens allostatic load, and co-occurs with (and
may contribute to) stress-related psychopathology [68].
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3 | Laboratory Experiments for Studying Cortisol
Dynamics

Cortisol research, either for biosensor development or to gain an
understanding of varied human responses, requires the emula-
tion of stressful situations in the laboratory. Researchers employ
a variety of stress-inducing methods, such as the TSST and the
CPT, to examine stress responses under controlled conditions.
The choice of an optimal technique depends on factors includ-
ing practicality, cost, researcher expertise, and environmental
constraints. Different stressor paradigms are thought to engage
both the sympathetic-adrenal-medullary (SAM) and HPA axes to
varying degrees. The physiological impact of these techniques can
differ substantially across individuals, complicating experimental
design, hypothesis development, and the interpretation of results
within and across studies.

A wide range of stress induction paradigms have been employed
in laboratory studies. These methods can be broadly categorized
into physical, physiological, and psychological stressors. Physical
stressors involve the imposition of an external environmental
challenge, such as extreme noise, the threat of electric shock,
or pain induced by the CPT. In contrast, physiological stressors
disrupt internal homeostasis through means such as calorie
restriction, sleep deprivation, or intense exercise. Psychological
stressors engage cognitive and emotional processes, for example,
by requiring individuals to perform demanding mental tasks,
such as complex arithmetic, or by exposing them to aversive or
distressing stimuli. These categories are not mutually exclusive;
for example, the threat of electric shock also elicits fear and
anxiety (a psychological component), while sleep deprivation
amplifies psychological stress reactivity. An additional way of
classifying stressors is by the presence of a social-evaluative
component, as seen in the TSST and the Socially Evaluated Cold
Pressor Test (SECPT), which reliably elevate cortisol levels by
threatening social status [71].

Several paradigms intentionally combine stressors to elicit
stronger responses across both the SAM and the HPA axes. For
example, the Mannheim Multicomponent Stress Test (MMST)
integrates mental arithmetic, emotional image viewing, aversive
noise, and the threat of monetary loss, whereas the Maastricht
Acute Stress Test (MAST) combines the SECPT with challenging
mental arithmetic [72, 73]. Importantly, methodological mod-
erators such as participant demographics (age, sex), time of
day, and saliva sampling timing strongly influence the magni-
tude of physiological responses. Cortisol responses are typically
more pronounced in men and older participants and tend to
be more observable in the afternoon due to the influence of
circadian rhythms [74]. In women, hormonal contraceptive use,
menstrual phase, and chronic stress exposure can attenuate
cortisol reactivity [75]. The timing of biomarker collection is also
crucial, as salivary alpha-amylase, a reflection of SAM activity,
typically peaks about 10 min after stress onset. In contrast, cortisol
responses occur approximately 20-30 min after the onset of the
stressor and can remain elevated for up to an hour. One important
variable to consider is the time of day at which the test is admin-
istered. Cortisol reactivity tends to be blunted in the morning,
when basal cortisol levels are near their circadian peak, and
stronger during afternoon sessions [9, 76]. The diurnal variation
highlights the need to account for circadian influences when

designing experiments and interpreting stress responses. Table 1
provides an overview of widely used stress-induction methods,
outlining their implementation and associated physiological and
psychological outcomes.

3.1 | Trier Social Stress Test (TSST)

The TSST, developed in 1993 [77], is the most widely used protocol
for inducing psychosocial stress in laboratory settings [71]. It com-
bines a public speaking task with a mental arithmetic challenge
performed before a panel of evaluators. The standard protocol
includes a preparation phase, followed by a speech task and then
an arithmetic task, each lasting about 5 min and conducted under
conditions of social evaluation. This method effectively induces
stress by leveraging humans’ sensitivity to social threat, defined
as situations that may diminish one’s perceived social standing.
Exposure to such evaluative conditions reliably boosts cortisol
levels because individuals are inherently motivated to maintain
their sense of belonging in social groups [78]. The TSST is shown
to perform well in longitudinal studies with a 4-month interval
during which habituation was not observed, and meta-analyzes
often note that the TSST continues to produce reliable responses
in repeated protocols, depending on the spacing between sessions
[79]. The TSST can also be adapted to examine stress associated
with recalled experiences of unfair treatment; in this modified
protocol, cortisol and negative emotion increased while heart-rate
variability decreased [80]. Similarly, the group public speaking
task for adolescents has been shown to elicit a significant cortisol
increase in youths, reinforcing the persistence of HPA axis
activation across varied stress paradigms [81].

A caveat of the TSST is that its effectiveness in activating the HPA
axis depends on methodological factors and individual partici-
pant characteristics. Sex differences and hormonal status heavily
impact the stress response. Research indicates that men fre-
quently exhibit stronger cortisol responses to the TSST compared
to women [74, 77]. Within female participants, responses vary
across the menstrual cycle, with enhanced reactivity reported
during the luteal phase relative to the follicular phase. The use
of oral contraceptives, pregnancy, and postmenopausal status has
also been associated with attenuated cortisol reactivity [9, 82]. A
wide body of work has also documented the role of health status
and lifestyle factors. Cortisol reactivity to the TSST is reduced
in individuals with psychiatric conditions such as depression
and anxiety disorders, and in those using psychotropic or corti-
costeroid medications [83]. Night-shift workers, whose circadian
rhythms are disrupted, also display irregular cortisol responses
[9]. These observations indicate that participant selection and
health background can strongly shape endocrine reactivity in
stress paradigms.

In terms of protocol features, evidence suggests that the presence
and composition of the evaluator panel are key to the TSST’s
effectiveness. Studies have demonstrated that a panel of two to
three evaluators, particularly when the panel is mixed in gender,
reliably heightens the social-evaluative threat and produces
stronger cortisol increases compared to tasks conducted without
an audience [77, 84]. Juster et al. demonstrated the impact of
anticipatory stress on TSST induced cortisol response [8]. In their
study, participants provided 10 saliva samples from 50 min before
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through 50 min after the TSST, allowing the study to assess
anticipatory activation, cortisol reactivity, and post-task recovery.
Higher self-reported anticipatory stress predicted both greater
cortisol reactivity and a steeper subsequent decline, showing
that pre-task appraisal can meaningfully shape the measured
cortisol trajectory. Thus, a cortisol elevation measured near the
task may reflect both anticipation of the upcoming evaluation and
reactivity to the task itself.

Duchesne et al. found that both sexes showed increased cortisol
levels when evaluated by the opposite gender, but this was
only observed in women during their follicular phase [85].
Additionally, video recording participants increases feelings of
threat, which may enhance stress responses and influence TSST
outcomes. A friendly version of the TSST, F-TSST, in which
evaluators exhibited friendly behavior instead of a reserved
demeanor, resulted in significantly reduced cortisol responses
compared to the standard TSST, emphasizing the critical role
of social-evaluative threat in HPA axis activation [86]. The
virtual Trier Social Stress Test (V-TSST) presents advantages
in resource conservation and standardization, demonstrating a
medium effect size in eliciting a cortisol response, suggesting its
potential as an alternative for stress research. However, a meta-
analysis indicates that the traditional TSST achieves a large effect
size in cortisol response, implying that the V-TSST may be less
effective in this regard [87].

As for the temporal dynamics induced by the TSST, cortisol
typically rises within 10-15 min after stress onset, peaks around
20-30 min, and begins to recover within 60-90 min [9]. To capture
this trajectory, prior research has suggested saliva sampling at
baseline and at multiple post-stress intervals, with six time points
(=30, 0, +15, +25, +35, +45 min) recommended to encompass
anticipatory activity, the peak, and the early recovery phase [9].

3.2 | Cold Pressor Test (CPT)

The CPT is one of the most frequently employed laboratory
paradigms for inducing acute physiological stress, primarily
through exposure to painful cold stimulation. The standard
protocol involves immersing the non-dominant hand or forearm
in ice-cold water, typically maintained at a temperature between
0°C and 4°C, for a duration of 1-3 min [88]. Recent variations of
this test have introduced the submersion of both feet in cold water
to elicit a more robust stress response [89]. The CPT effectively
activates the sympathetic nervous system; however, its ability
to induce significant HPA axis reactivity is generally moderate
to low [90]. The magnitude of the cortisol response to the
CPT depends on several methodological factors, including water
temperature, immersion duration, and the presence of a social-
evaluative component. A study comparing the CPT and TSST
in individuals with alcohol dependence and/or PTSD found that
the TSST generally elicited higher levels of ACTH and cortisol,
along with lower mood ratings, compared to the CPT, indicating
a stronger HPA response to the TSST [91]. However, the stronger
response may also be due to the typically longer duration of the
TSST (10 min) compared to the CPT (1-3 min). The study also
observed variation in cortisol and ACTH peaks between these two
tests; for the TSST, ACTH and cortisol typically peak immediately
and within 5 min after the stress period, respectively, reflecting

continuous engagement of the HPA axis during the prolonged
stress. In contrast, for the CPT, the peaks occur later-around 5
and 30 min after the test, respectively-indicating that the brief,
intense physical stress elicits a more delayed endocrine response.

The Socially Evaluated Cold Pressor Test (SECPT) exposes par-
ticipants to a cold stimulus while simultaneously being observed
by evaluators or being video-recorded, resulting in stronger HPA
axis activation compared to the traditional CPT [90]. Similar
to the TSST, the addition of social evaluation enhances cortisol
reactivity. Participants undergoing stress experiments can be
classified as cortisol responders or non-responders using the
standard TSST threshold, defined as a baseline-to-peak cortisol
increase of at least 1.5 nM [92]. Schwabe et al. analyzed 10 years
of SECPT data, observing that approximately 60% of participants
met the responder criteria, with individual study rates ranging
from 48% to 84%. These findings indicate that the SECPT reliably
elicits cortisol elevations, though its response rate is somewhat
lower than that typically observed in the TSST, where cortisol
levels often double from baseline and 70%-75% of participants
qualify as responders [93].

As with other stress tests, the time of day plays a significant
role in shaping cortisol responses to the CPT. Morning testing,
when basal cortisol levels are high, tends to yield smaller relative
increases, whereas afternoon or early-evening sessions produce
more pronounced reactivity [94]. Bullock et al. reached the con-
clusion that repeated CPT exposure does not evoke a strong HPA
axis response due to habituation [95]. They also suggested that to
accurately use cortisol as an indicator of HPA axis activation in
experimental designs involving the CPT, it is essential to consider
both the stress potentially induced by the laboratory visit and
the specific duration of the CPT. All of these results show that
although the CPT is a powerful sympathetic system activator, its
ability to consistently cause HPA axis activation depends on par-
ticipant characteristics, social-evaluative and other uncontrolled
factors, and circadian timing.

3.3 | The Maastricht Acute Stress Test (MAST)

The MAST is a proven laboratory paradigm that combines
elements of psychological and physical stress to induce acute
stress. The MAST was created by Smeets et al. in 2012 and
combines the unpleasant cold stimulation of the CPT with a
cognitive stressor that involves performing mental math under
time constraints and receiving unfavorable social feedback [73].
The standard protocol alternates short, randomly timed trials
of hand immersion in 2°C ice water and backward counting
from 2043 in steps of 17, with participants unaware of the total
number or duration of trials. Errors or delays exceeding 5 s
trigger negative verbal feedback and a restart of the arithmetic
task. Repeatedly alternating between physical discomfort and
cognitive evaluation in an unpredictable fashion produces a
strong and multidimensional stress experience [73], activating
both the SAM and HPA systems.

The MAST elicits stronger cortisol responses than the CPT
because of the integration of both physical pain and cognitive-
evaluative stressors [73]. The MAST and the TSST are similar
in their activation of the cortisol response, but differ in their
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methods of inducing stress. While the TSST emphasizes social-
evaluative threat through public speaking and observation by
evaluators, the MAST focuses on performance-based cognitive
and physical challenges [96]. Despite these procedural differ-
ences, the MAST and TSST have produced broadly comparable
increases in subjective stress, salivary cortisol, and alpha-amylase
activity under the conditions examined [73, 96]. Cortisol con-
centrations following the MAST generally peak approximately
20-30 min after stress induction, similar to the temporal pattern
reported for the TSST [92]. Furthermore, one study found no sig-
nificant differences in cortisol responses across repeated MAST
sessions, suggesting that the paradigm may retain its capacity
to elicit an HPA axis response when administered repeatedly
[96]. Despite eliciting similar cortisol responses, the MAST offers
various methodological advantages over the TSST, such as being
shorter in duration (typically 10 min) and not requiring a panel
of evaluators, allowing it to be conducted by an individual
experimenter. These advantages make it less resource-intensive
and easier to standardize across labs. Additionally, these features
make the MAST desirable for studies that require rapid induc-
tion and recovery of stress responses, such as investigations of
cognitive performance, emotion regulation, or pharmacological
modulation under stress.

3.4 | Mannheim Multicomponent Stress Test

The Mannheim Multicomponent Stress Test (MMST) combines
cognitive and evaluative stressors by integrating mental arith-
metic, Stroop interference, and negative performance feedback
within contexts of monetary threat or social evaluation. The
approach enhances feelings of task uncontrollability and social-
evaluative threat, which activate the SAM and HPA axes to
a greater extent than single-task techniques [72]. Repeated
administration of the MMST has demonstrated good test-retest
reliability and robust cortisol responses [72]. In contrast, isolated
cognitive tasks, such as computerized arithmetic or Stroop tasks
without a strong social-evaluative component, primarily elicit
sympathetic-adrenomedullary activation and tend to produce
weaker or less consistent cortisol responses [71].

3.5 | Cognitive and Performance-Based Stressors

Cognitive stress paradigms, such as mental arithmetic, Stroop
interference tasks, and unsolvable puzzles, elicit stress through
cognitive load, time pressure, and evaluative feedback rather than
direct physical discomfort. These tasks often appear as standalone
stressors or as components within broader paradigms like the
TSST or the MMST. The analysis indicates that such cognitive
stressors reliably activate the SAM system, though their effects
on HPA axis activity (cortisol) are often smaller or more variable
than those produced by socially evaluative or physical stressors
[84].

One of the most popular performance-based cognitive stressors
is mental arithmetic, in which participants are typically required
to complete serial subtraction problems under time constraints,
with an experimenter or evaluator present. Negative feedback,
such as “That’s too slow, please start again,” is frequently given in
response to mistakes or slow answers, adding an evaluative and

uncontrollable element. The stress response is primarily caused
by this unpredictability rather than the cognitive load itself.

The Stroop test elicits a stress response by inducing cognitive
interference and attentional conflict. In this task, participants
must identify the color of the ink in which a word is printed,
even when the word itself denotes a different color (e.g., the
word “GREEN” printed in red ink). The test causes mental
strain and frustration when responses are repeatedly incorrect,
when the task is performed under time pressure, or when it is
conducted in the presence of evaluators. Unsolvable problem-
solving paradigms induce stress through goal frustration and
perceived failure. These include tasks where the correct answer
cannot be reached, regardless of how much effort is put in, such
as impossible puzzles or tracing geometric figures without lifting
a pen. The resulting loss of control and perceived incompetence
emulate psychological stress in the real world [97]. However,
most of these tests produce milder and shorter-lived physiological
stress responses than the TSST or CPT [71] and heavily rely on
participants’ working memory and problem-solving skills.

3.6 | Stress Induction Experiments in Sensors
Research

Validating cortisol biosensors used in a wearable or point-of-
care format requires a robust stress-induction paradigm, and the
methods used by research labs vary significantly. The targeted
matrix in which cortisol is analyzed also differs, with point-
of-care methods relying on urine or saliva, whereas wearables
generally rely on sweat or interstitial fluid.

Wang et al. developed and validated a flexible indium oxide
(In,05) aptamer field-effect transistor (FET) sensor for label-free,
multiplexed detection of cortisol across several biological fluids
[98]. Two complementary human studies were conducted: acute
stress induction using the TSST in 71 participants, and circadian
rhythm sampling in 17 participants at morning (9 am) and after-
noon (5 pm) time points. In the TSST, each participant underwent
a 10-min stressor block preceded by baseline acclimation and fol-
lowed by a 90-min recovery period. Saliva samples were collected
by passive drool at baseline and at 15, 25, and 90 min post-stress
to capture the temporal cortisol response profile. Sweat secretion
was iontophoretically stimulated on the forearm (1.5 mA, 5 min)
and collected for 40 min using absorbent micro-patches. The
collected sweat and saliva samples were frozen (—20 °C) and later
tested on multiple functionalized In,O; FET chips to validate
the sensors. These samples were analyzed via enzyme-linked
immunosorbent assay (ELISA), liquid chromatography-mass
spectrometry, and the developed aptamer-FET platform, all of
which showed strong correlations across methods and consistent
peak cortisol elevation at 15 min post-stress.

Torrente-Rodriguez et al. developed a graphene-based electro-
chemical biosensor (GS4) for real-time, noninvasive monitoring
of cortisol in human sweat under both circadian and acute stress
paradigms. The experiments encompassed 12 healthy participants
(aged 18-65 years) and integrated simultaneous measurements
from sweat, saliva, and blood to validate cross-fluid cortisol corre-
lations [99]. The GS4 sensor employed a laser-induced graphene
transduction platform functionalized with a cortisol-specific
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antibody to perform a competitive electrochemical immunoas-
say. Collected sweat entered a microfluidic reservoir, where it
interacted with HRP-labeled cortisol, generating an ampero-
metric signal inversely correlated with cortisol concentration.
They conducted three complementary experiments to examine
cortisol dynamics across diurnal, physiological, and acute stress
conditions. For circadian rhythm assessment, sweat, saliva, and
capillary blood samples were collected at 8 am and 7 pm from
four participants to capture daily variations in cortisol secretion.
Iontophoretic sweat was collected using the microfluidic GS4
patch for 40 min. The patch allowed for on-body electrochemical
measurement of cortisol. Saliva was collected via passive drool,
and blood was collected via finger prick; both were analyzed in
parallel to sweat. The cortisol measurements showed a prominent
diurnal pattern where levels were significantly higher in the
morning (AM) and lower in the evening (PM) across sweat, saliva,
and blood samples. Their observed correlations between sweat
and blood (r = 0.87) and sweat and saliva (r = 0.78) demonstrate
that sweat is a reliable indicator of systemic cortisol rhythms.

To assess sensor performance under physical exertion, three
untrained participants and one trained participant cycled on
a stationary ergometer for 50 min at 60 rpm with a constant
workload. During exercise, sweat was collected continuously
from the forehead with the GS4 microfluidic patch. Serum
samples were taken before and after the exercise period. The
study found that during exercise, cortisol levels progressively
increased and reached a maximum at approximately 40 min. The
levels then gradually declined during the recovery period. They
also performed the CPT, in which sweat was iontophoretically
stimulated on four participants and sampled at 8-min intervals,
whereas saliva and capillary-blood samples were obtained at
baseline and at discrete post-CPT time points (8, 16, and 24
min). Cortisol levels were observed to increase rapidly 8-16 min
after the stressor, followed by a gradual return to baseline by 24
min; however, previous research indicated a longer recovery time
to baseline.

In the study by Hossain et al. [100], the authors demonstrated
a flexible multimodal biosensor (StressFit) capable of track-
ing both circadian and stress-induced fluctuations of cortisol
directly in human sweat. The platform integrates electrochemical
cortisol sensing, pH and temperature monitoring, and surface
electromyography (EMG) within a single laser-induced graphene
substrate. The sensor’s cortisol detection unit was functionalized
with anti-cortisol antibodies via thiol and EDC/NHS coupling,
enabling real-time amperometric measurement as sweat directly
wetted the LIG-AgNP working electrode. Two experimental
protocols were utilized; the diurnal variation was captured by
collecting samples in the morning (8-10 am) and the evening
(8-10 pm), with sweat generated through mild physical activity.
In a separate session, the same participant performed 55 min of
stationary cycling at 60 rpm to elicit sympathetic activation and
sweating, and the device continuously measured cortisol in real-
time sweat. Because the system relies on active perspiration to
sustain a fluidic interface, it is best suited for exercise-based or
thermogenic stress testing and is less compatible with dry-state
psychological paradigms.

Singh et al. developed a non-invasive wearable microfluidic
aptamer-based sweat patch for real-time cortisol monitoring

during stress induction [101]. The device integrates electrochem-
ical sensing with microfluidic sweat sampling and employs a
pseudoknot-assisted conformation-switching cortisol aptamer
immobilized on gold electrodes for enhanced signal specificity
and regenerability. On-body validation was conducted on three
healthy adult participants who underwent indoor stationary
cycling while being intermittently exposed to the CPT to elicit
an acute stress response. Their microfluidic sweat patch was
attached to the lower neck region, chosen for its stable sweat
rate, low hair density, and ease of electrode—skin contact. Further
investigation is required to disentangle the superimposed effects
of psychological stress testing during physiological exertion
for sweat collection, as used in many contemporary studies,
as exercise-induced stress may elevate pre-CPT baseline cor-
tisol and confound the interpretation of CPT-driven cortisol
changes.

4 | Sampling Matrix Induced Cortisol Dynamics

Understanding cortisol dynamics across physiological matrices
is essential for selecting an appropriate sampling medium for
wearable cortisol monitoring. Blood remains the main clinical
reference because serum and plasma measurements are well
established; however, repeated blood collection is invasive and
is not suitable for continuous ambulatory monitoring. Saliva
and sweat can be collected noninvasively, while interstitial fluid
(ISF) can be accessed using minimally invasive methods such
as microneedles or implanted platforms. Tears and cerebrospinal
fluid (CSF) provide additional sources of physiological informa-
tion, but their collection is currently less practical for routine
wearable monitoring.

These matrices differ in their biological origins, transport
pathways, binding environments, and collection requirements.
Therefore, their cortisol signals should not be treated as syn-
chronous or physiologically interchangeable. Most evidence on
cortisol responses to acute stress comes from blood and saliva.
However, relatively few human studies have examined how
cortisol levels in interstitial fluid (ISF) change during acute
stress. Cortisol concentrations also differ substantially among
matrices. Published reviews frequently cite approximate cortisol
concentrations of 50-230 ng/mL in blood, 8-140 ng/mL in sweat,
2-20 ng/mL in saliva, and 9-34 ng/mL in ISF [102, 103]. These
values represent broad reference ranges rather than universal
physiological limits because cortisol levels can vary with the time
of day, stress, exercise, health status, individual characteristics,
sampling method, and analytical assay [104, 105]. Differences
among reviews, such as narrower salivary ranges or alternative
estimates for ISF, further indicate that a single fixed range cannot
represent all populations and experimental conditions [103].
The following subsections examine plasma, saliva, sweat, ISF,
and tears, with emphasis on cortisol dynamics and cross-matrix
correspondence.

4.1 | Serum and Plasma
Plasma cortisol remains the conventional reference matrix for

assessing HPA axis activity, but its interpretation depends
on whether total or free cortisol is measured [106]. In
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healthy individuals, most circulating cortisol is bound to
corticosteroid-binding-globulin (CBG) and albumin. Only the
unbound fraction is readily available for tissue diffusion and
glucocorticoid-receptor activation [107].

Plasma measurements can resolve cortisol dynamics at relatively
high temporal resolution when blood is collected repeatedly
through an indwelling venous catheter [108]. Nevertheless, blood
sampling remains invasive, restricts participant mobility, and is
difficult to incorporate into ambulatory or wearable monitoring
[109]. The collection procedure itself may also activate the HPA
axis and confound the response being measured. In laboratory
animals, Spencer and Deak describe a brief “window of oppor-
tunity” before handling-induced HPA axis activation produces a
measurable rise in circulating glucocorticoids, emphasizing that
baseline samples must be obtained rapidly or through procedures
that minimize sampling-related stress [110]. This method is
particularly relevant when plasma cortisol is used as the temporal
reference against which less invasive matrices are compared.

Although plasma provides the most established reference trajec-
tory, total cortisol does not always represent biologically active
cortisol accurately. This limitation becomes especially important
when corticosteroid-binding globulin or albumin concentrations
are altered. For example, Hamrahian et al. found that nearly
40% of critically ill patients with hypoproteinemia had apparently
subnormal total serum cortisol despite having normal adrenal
function [111]. Free cortisol has been found to reflect illness
severity more accurately than total cortisol, and it often increases
more markedly than total cortisol following stimulation [112,
113]. Similarly, patients with sepsis and septic shock can have
lower concentrations of cortisol-binding proteins and a higher
free-to-total cortisol ratio [114]. These findings demonstrate that
cross-matrix comparisons should specify whether total cortisol or
free cortisol is used as the reference, particularly because cortisol
in saliva, sweat, and ISF is generally interpreted to reflect the
unbound circulating fraction [107].

4.2 | Interstitial Fluid

Interstitial fluid (ISF) contains cortisol within the extracellular
space surrounding tissue cells and is therefore a physiologically
relevant matrix for minimally invasive monitoring. Predomi-
nantly unbound cortisol can diffuse from the circulation into
tissues, making ISF cortisol more directly comparable with
circulating free cortisol than with total plasma cortisol. However,
collecting ISF remains more technically demanding than collect-
ing saliva or sweat. Microdialysis enables repeated measurement
of subcutaneous free cortisol but requires catheter insertion,
while microneedles provide a less invasive interface that is poten-
tially better suited to wearable monitoring. With either approach,
the observed response may include delays introduced by vascular-
to-interstitial transport, ISF extraction, transport through the
sampling device, and sensor equilibration. A scaffolded hydrogel
microneedle study estimated ISF free cortisol at approximately
10% of total blood cortisol, illustrating why plasma and ISF
concentrations should not be compared without considering
binding and matrix-specific calibration [115]. This difference in
concentration reflects physiological partitioning and does not, by
itself, indicate a fixed temporal delay.

Human microdialysis studies provide more direct evidence
regarding the temporal correspondence between circulating and
subcutaneous cortisol. Bhake et al. studied 42 healthy men
under Synacthen-stimulation, dexamethasone-suppression, and
placebo conditions. Serum total cortisol and microdialysis-
derived free cortisol in blood and subcutaneous tissue were
measured at 10-min intervals beginning 1 h before and continuing
for 4 h after administration. The authors found good corre-
spondence between circulating and subcutaneous free cortisol in
the Synacthen and dexamethasone groups, with no significant
delay and an estimated offset of less than 5 min. However,
this result was obtained under pharmacological stimulation and
suppression and does not establish that the same temporal
relationship occurs during acute psychological stress [116].

More recent ambulatory microdialysis studies demonstrate why
the sampling process must also be considered when interpreting
ISF timing. Isherwood et al. compared simultaneous plasma
and subcutaneous microdialysate profiles across a broad panel
of hormones and metabolites [117]. For two participants, the
median offsets across correlated analytes were 32.3 min and 12.9
min, whereas only 3 of 20 metabolite profiles were correlated
in a third participant. Although cortisol was detected, these
aggregate values were calculated across analytes and should not
be interpreted as cortisol-specific plasma-to-ISF delays. Instead,
the findings demonstrate that apparent plasma-ISF offsets can
vary among analytes and individuals.

Upton et al. further used portable automated microdialysis
to measure 24-h subcutaneous adrenal-steroid profiles in 214
healthy participants. Consecutive 20-min samples captured cir-
cadian and ultradian variation in tissue cortisol and revealed
substantial interindividual differences in the timing and magni-
tude of these rhythms. Plasma-tissue validation, however, was
performed in only seven additional participants, not the full
cohort of 214 [118]. Each reported microdialysate concentration
also represented cortisol accumulated over a 20-min collection
interval rather than an instantaneous ISF concentration [119].
Consequently, rapid changes may be temporally averaged, mean-
ing that a single ISF measurement or a sparsely sampled profile
may not accurately represent the underlying cortisol trajectory.

Plasma-tissue correspondence may be further altered under
pathological conditions. Microdialysis studies involving severe
burns, sepsis, and traumatic brain injury have reported partial
or inconsistent agreement between tissue and circulating cortisol
[120-122]. These differences may reflect changes in perfusion,
inflammation, local cortisol metabolism, and plasma-binding
proteins rather than a limitation inherent to microdialysis
itself. Therefore, the applicability of tissue ISF measurements
should be carefully considered before use in different clinical or
physiological settings.

Collectively, the available evidence does not support the applica-
tion of a universal plasma-to-ISF delay. The observed temporal
relationship may depend on tissue perfusion, anatomical site,
participant physiology, the rate and magnitude of the corti-
sol change, sampling interval, extraction method, and device
architecture. Importantly, direct human evidence describing ISF
cortisol responses to standardized psychological stressors such
as the Trier Social Stress Test, Cold Pressor Test, or cognitive
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stress remains limited. Dedicated paired plasma-ISF studies
are therefore needed to establish whether acute stress-related
cortisol changes are delayed, attenuated, or temporally averaged
in ISF. For wearable microneedle platforms, delays in plasma-
to-ISF transport should be distinguished from additional delays
introduced by ISF uptake, transport through the microneedle or
hydrogel, molecular-recognition kinetics, and signal equilibra-
tion [123].

4.3 | Saliva

Saliva is the most established noninvasive matrix for repeated
cortisol assessment and, therefore, provides a practical compara-
tor for emerging sweat, tear, and ISF-based sensing platforms.
Saliva collection does not require venipuncture, can be repeated
during laboratory or field protocols, and has been used to validate
emerging sweat-sensing platforms. However, saliva remains a
discretely collected fluid rather than a continuously available
matrix. Consequently, the temporal resolution of a salivary
profile depends primarily on collection frequency rather than
assay speed.

Cortisol enters saliva principally from the unbound circulating
fraction and is therefore generally interpreted as a surrogate for
free, rather than total, plasma cortisol. This distinction is impor-
tant because changes in cortisol-binding globulin, including
those associated with estrogen-containing oral contraceptives,
can alter total serum cortisol without producing an equivalent
change in salivary cortisol. In a 24-h study involving hourly paired
samples from nine adults, serum and salivary cortisol rhythms
were synchronous in seven participants; the two exceptions were
oral-contraceptive users [124]. In septic-shock patients, salivary
cortisol also correlated more strongly with measured free serum
cortisol than with total serum cortisol (r ~ 0.79), although the
clinical setting and small study populations limit generalization
[125].

The interpretation of salivary cortisol is further influenced by
the cortisol-cortisone conversion. Within the salivary glands,
11-hydroxysteroid dehydrogenase type 2 converts a substantial
proportion of cortisol to cortisone. Therefore, salivary cortisol
and salivary cortisone represent related but noninterchangeable
measurements. As cortisone is more abundant in saliva and
remains measurable when cortisol concentrations are low, it
may sometimes correspond more closely to serum free—cortisol
exposure than salivary cortisol does [126]. Consistent with this,
salivary cortisone has been reported to track serum and subcu-
taneous free cortisol more consistently, especially at low cortisol
concentrations [127].

The principal strength of saliva is its suitability for repeated char-
acterization of circadian and stress-related trajectories. Dorn et al.
reported temporal synchrony between serum and salivary cortisol
over 24 h in most participants, although oral-contraceptive use
altered this relationship [124]. Juster et al. collected ten salivary
samples from 50 min before until 50 min after the TSST, allowing
anticipatory activity, post-stressor reactivity, and recovery to be
distinguished [8]. Saliva is therefore substantially more informa-
tive when collected at several defined time points than when
represented by a single pre and post-event measurement.

The timing of salivary responses relative to blood is stimulus and
protocol-dependent. Sampling density, circadian phase, stressor
type and duration, exercise intensity, and individual cortisol
responsiveness all affect the observed onset, peak, and recovery
profile [128, 129]. In 12 endurance-trained men completing 30
min of cycling at different intensities, serum and salivary cortisol
increased significantly only after exercise at 80% of maximal
oxygen uptake. Serum cortisol peaked immediately after exercise,
while the highest salivary cortisol value was observed at the next
and final sampling point, 30 min into recovery [130]. Similarly, an
insulin-tolerance study found that the highest observed salivary
cortisol value occurred at least 30 min after the serum maxi-
mum [131]. These findings demonstrate delayed salivary maxima
under those particular experimental conditions, but they do not
establish a universal 30-min lag between blood and saliva cortisol
measurements. The apparent delay depends on the stimulus,
circadian phase, response magnitude, sampling schedule, and
temporal averaging introduced by sample collection. For exam-
ple, measurements obtained only before exercise, immediately
afterward, and 30 min into recovery cannot determine whether
the actual delay was 10, 20, or 30 min.

Cross-matrix comparisons are further constrained when the
matrices are sampled at different frequencies. Bhake et al.
collected subcutaneous and intravenous microdialysate samples
every 10 min for 1 h before and 4 h after administration of
placebo, Synacthen, or dexamethasone. Saliva was collected less
frequently, at 30-min intervals. Although saliva was included in
the comparison, it was sampled less frequently. This limited the
ability to detect short-term changes and determine the precise
timing of the blood-to-saliva delay [116].

Saliva also presents important preanalytical constraints. Collec-
tion time and awakening time must be documented because
cortisol has pronounced circadian and awakening-related vari-
ation. Eating, drinking, smoking, toothbrushing, oral bleeding,
recent exercise, glucocorticoid exposure, collection-device mate-
rial, sample volume, and storage conditions can all affect the
measured value or its interpretation [132]. Absorbent devices and
passive drool should not automatically be treated as equivalent
because cortisol recovery from swabs can depend on both the
swab material and the volume of saliva absorbed. McKinlay et al.
found that cortisol recovery was affected by the volume of saliva
recovered, with smaller volumes potentially leading to measure-
ment bias. They reported that at least 2 mL of saliva should be
absorbed onto swabs to achieve adequate cortisol recovery [133].
The saliva collection process has also been shown to add noise.
Consecutive same-time-point samples still differed by 9%-14%
for cortisol and 5%-10% for cortisone, while 17% of participants
provided insufficient material for at least one analysis [134].
These issues are particularly relevant for wearable or frequent-
sampling applications, where a nominally rapid assay cannot
compensate for an inadequately controlled or intermittently
obtained saliva sample.

Saliva collection can be particularly difficult in critically ill or
mechanically ventilated patients. Kim et al. obtained insufficient
saliva from 15 of 49 mechanically ventilated participants (30.6%),
likely reflecting factors such as ventilation, poor oral hygiene and
lack of oral intake [135]. Oral bleeding, secretions, medication
residue, and impaired oral care can further contaminate samples
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[135, 136]. Thus, saliva is a practical and well-validated matrix
for repeated cortisol measurements in healthy stress studies.
However, its relationship to blood should be interpreted as a
physiological correspondence that varies with timing and context
rather than as a fixed, real-time equivalence.

44 | Sweat

Sweat is an attractive matrix for wearable cortisol monitoring
because it can be collected at the skin surface without venipunc-
ture and coupled directly to an on-body sampling interface.
The presence of cortisol in human eccrine sweat has been
analytically confirmed using liquid chromatography-tandem
mass spectrometry (LC-MS/MS), establishing that cortisol is a
measurable constituent of this matrix [104]. Nevertheless, sweat
cortisol should not be treated as an interchangeable proxy for
plasma, saliva, or ISF cortisol. Its measured concentration can
be influenced by systemic cortisol availability, transport into the
sweat gland, local steroid metabolism, sweat rate, evaporation,
anatomical collection site, and the interval over which the
sample accumulates.

Repeated-sampling studies demonstrate that sweat cortisol
changes over time during exercise, although the observed trajec-
tory varies across participants and collection conditions. Runyon
et al. measured cortisol, cortisone, and downstream metabolites
in repeated sweat samples from four healthy participants during
a 60-min exercise period. Cortisol and metabolite profiles were
highly individualized, indicating that sweat can capture dynamic
changes but that a single pattern cannot be generalized across
individuals [137]. In another study, King et al. collected sweat
from eight participants during 90 min of cycling in a heated
chamber. Mean sweat cortisol increased across the exercise peri-
ods, from approximately 0.34 ng/mL during the first collection
interval to 1.27 ng/mL during the final interval [138]. These
studies show that sweat cortisol can change over the course
of sustained exercise, but they do not establish a universal
response profile or a fixed biological delay relative to blood
or saliva.

Published exercise studies have reported differing sweat—cortisol
trajectories, ranging from an immediate post-exercise maximum
to a progressive increase during continuous cycling [100]. This
inconsistency reinforces that apparent sweat timing depends on
both cortisol physiology and sweat collection history rather than
a fixed biological lag. Paired-matrix studies provide evidence
of association but do not yet establish a fixed sweat delay.
Torrente-Rodriguez et al. reported a positive matched-sample
relationship between sweat and serum cortisol across morning
and evening measurements [99]. Sweat-saliva associations have
also been reported. Russell et al. found a significant corre-
lation after intensive exercise in 17 participants, with sweat
cortisol varying significantly with time of day. Wang et al.
reported a sweat-saliva correlation of r = 0.73 in 17 healthy
participants sampled in the morning and afternoon [98, 139].
Continuous passive-perspiration monitoring has also shown
strong sweat-saliva agreement (r = 0.92) and low Bland-Altman
mean bias, while passive-sweat concentration categories aligned
with paired salivary reference intervals in a subsequent study
[140, 141].

Correlation at a small number of matched time points does not
demonstrate that sweat, saliva, and blood respond simultane-
ously. No available study has defined a validated, generalizable
minute-scale sweat-to-serum or sweat-to-saliva lag during acute
stress. An apparent sweat—cortisol trajectory may combine sys-
temic cortisol secretion and transport into sweat with the time
required to generate, collect, deliver, and replace the sample at
the sensor. Correlation between matrices can therefore coexist
with differences in onset, peak time, or recovery. Determining a
true biological sweat delay will require repeated, closely spaced
measurements from sweat and a reference matrix under a
standardized stress protocol.

Sweat availability and the method used to stimulate secretion also
affect temporal interpretation. Some individuals produce insuf-
ficient passive sweat under resting or low-intensity conditions,
whereas exercise or thermal stimulation performed to generate
sweat may itself alter cortisol physiology. Passive sweat and sweat
stimulated by exercise, heat, or iontophoresis can differ in secre-
tion rate, local stimulation conditions, and collection history. Ion-
tophoresis can increase sample availability, but iontophoretically
stimulated sweat should not be assumed to be directly equivalent
to unstimulated sweat without experimental validation.

Anatomical collection site is a major determinant of sweat cortisol
measurement. In the cycling study by King et al., sweat cortisol
differed among the forehead, dorsal forearm, scapula, and triceps;
the forehead showed higher concentrations than the dorsal fore-
arm and triceps. Although cortisol increased over time at all sites,
the site-dependent concentrations and excretion rates demon-
strate that a sweat—cortisol value should always be reported with
its anatomical collection location [142]. Wearable studies should
therefore avoid treating values from different body sites as directly
interchangeable unless this equivalence has been established
for the specific device, sweat-induction method, and sampling
interval. Precollection skin cleaning, control of evaporation, and
documentation of cosmetics or topical products are also necessary
because residual sweat and surface contamination can alter the
recovered sample. Where possible, cortisol concentration should
be interpreted alongside local sweat rate or cortisol excretion rate.
Concentration alone may increase or decrease because of changes
in fluid secretion even when the amount of cortisol delivered to
the skin does not change proportionally.

These limitations become particularly important for long-
duration collection. A continuously worn patch integrates sweat
produced over time, so its final cortisol content may not repro-
duce the timing of a salivary or plasma trajectory. Meyer et al.,
for example, found that cortisol recovered from a week-long
sweat patch did not consistently correspond to the diurnal
salivary cortisol area under the curve [143]. Pearlmutter et al.
also reported that limited sweat volume and the small number
of quantifiable eccrine samples constrained direct comparison
between sweat and saliva [144]. Such studies demonstrate a
practical distinction between cumulative cortisol exposure and
time-resolved endocrine monitoring.

Overall, current evidence supports associations between sweat
cortisol and cortisol measured in other matrices, but it does not
establish a universal biological delay. Biological transport into
sweat must therefore be distinguished from delays caused by
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sweat generation, sample accumulation, microfluidic transport,
incomplete fluid replacement, and sensor response, which are
considered further in Section 5.

4.5 | Tears

Tear fluid is an emerging peripheral cortisol matrix with potential
relevance to ocular wearable sensing. Its principal attraction
is direct access to a small, continuously renewed surface fluid
through contact lenses or other ocular interfaces. However, tear
cortisol should not be assumed to be equivalent to plasma, saliva,
sweat, or ISF. Tear composition is influenced by lacrimal secre-
tion, tear-flow rate, ocular-surface condition, and the collection
procedure. Therefore, both concentration and apparent response
timing may depend on how tears are obtained.

Direct acute-stress evidence remains limited but is physiolog-
ically informative. Barmpari et al. reported that tear cortisol
increased following stress induction, correlated with salivary cor-
tisol, and reached its observed peak earlier than salivary cortisol.
Tear cortisol also showed acceptable test- retest reliability across
sessions, whereas tear alpha-amylase was more variable and did
not show a reliable stress-related response [145]. These findings
indicate that tear cortisol may respond earlier than salivary
cortisol under the specific protocol used by Barmpari et al. They
do not establish a universal tear-to-saliva delay or demonstrate
that tear cortisol changes simultaneously with blood cortisol.

The small sample volume and risk of reflex tearing are important
limitations. Schirmer strips can irritate the ocular surface and
stimulate reflex tearing. In contrast, microcapillary tubes and soft
contact lenses produced less observable irritation in the study by
Roden et al., although their performance may depend on operator
skill [146]. Reflex tearing can alter tear-flow rate and dilute some
tear constituents, while collection and processing methods can
also affect analyte recovery [147]. Moreover, basal, reflex, and
flush tears differ in lipid concentration and composition, demon-
strating that collection procedure can influence the biochemical
characteristics of the resulting sample [148]. Therefore, the
collection method needs to be treated as part of the measurement
definition rather than as a neutral procedural detail.

For temporal studies, investigators should report collection
method, tear volume, whether tears were basal or reflex-
stimulated, sampling duration, ocular irritation, contact-lens use,
eye drops or topical medication, and the interval between stress
exposure and sample acquisition. These controls are particularly
important because the observed timing of a tear-cortisol peak
could reflect true biological dynamics, changes in tear secretion,
or collection-related variation in tear flow and sample dilution.
Thus, tears are promising for high-temporal-resolution cortisol
research, but dense paired studies with saliva and blood are
required before their timing can be quantitatively compared
across matrices.

5 | Cortisol Dynamics Influenced by Sensors and
Sampling Method

Wearable cortisol measurements are influenced not only by
underlying physiology but also by sensor performance, sample-

collection methods, and the biological matrix in which cortisol
is measured. Wearable cortisol-sensing platforms frequently
demonstrate limits of detection (LODs) and dynamic ranges
that span physiologically relevant concentrations. However, these
analytical characteristics are often acquired in simplified buffer
systems or artificial biofluids rather than the native biological
matrix. Aptamer-based platforms have reported detection ranges
extending from sub-picomolar to micromolar, including an LOD
of 0.2 pM for the regenerative sweat patch of Singh et al. [101] and
practical detection near 1 pM for the aptamer-FET smartwatch
of Wang et al. [98]. Similarly, broad analytical performance has
been reported for molecularly imprinted polymer (MIP) based
sensors, including a range of 0.1 pM-1 uM [149] and 0.1 pM-5
UM [150]. Nevertheless, a low LOD or a broad benchtop calibra-
tion range does not, by itself, imply suitability for continuous
physiological monitoring.

Temporal performance remains under-characterized and incon-
sistently defined across the published literature. Response time
may be used to describe the intrinsic recognition or transduction
process, the time required to obtain a quantitative measurement,
or the total interval from sample acquisition to signal generation.
For instance, while the aptasensor reported by An et al. [151]
demonstrated a 5s sensor response under idealized analytical test-
ing conditions with an LOD of 10 pM, detecting cortisol in actual
sweat required several minutes. Thus, the reported electronic
or analytical response time should not automatically be inter-
preted as the effective temporal resolution of the fully integrated
wearable platform. Matrix-specific biological delays and latency
introduced by sweat microfluidics and ISF microneedle sampling
are discussed separately in Sections 5.1 and 5.2, respectively.

Continuous monitoring also demands the sensing interface to
track both decreasing and increasing cortisol concentrations
while maintaining reliable performance during repeated or
prolonged operation. Here, a fundamental distinction should
be clearly addressed between reversibility and regeneration.
Reversibility denotes spontaneous, thermodynamic equilibrium-
driven tracking of analyte concentration fluctuations, whereas
regeneration requires exogenous intervention (e.g., thermal,
chemical, or electrostatic release) to restore occupied bind-
ing pockets. Regenerative or reversible monitoring has been
demonstrated most clearly by the pseudoknot-assisted aptamer-
based sensing patch of Singh et al. [101], which tracked sweat
cortisol for up to 90 min; the MIP sensor of Chen et al. [150],
which exhibited less than 3.76% signal attenuation over 120
regeneration cycles; and the in situ regenerative MIP-OECT
platform of Liu et al. [152]. Neither reversible binding nor cycle
endurance guarantees drift resistance. Storage stability must also
be interpreted separately: Chen et al. retained approximately
96.1% of the initial response after 30 days [150], whereas Fande
et al. retained approximately 80% over the same period [153].
These results characterize performance after storage rather than
continuous on-body operation and therefore do not establish low
operational drift.

Human validation bridges controlled analytical performance and
practical translational utility by exposing devices to native-matrix
composition, interindividual variability, motion, temperature,
or changing sample availability. Human acute-stress validation
remains less common than analytical or proof-of-concept testing
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and is concentrated primarily among sweat-sensing platforms,
including the exercise and cold-pressor experiments of Torrente—
Rodriguez et al. [99]. Studies have demonstrated on-body mea-
surements, diurnal variation, exercise-associated changes, or
agreement with reference assays without establishing a complete
acute-stress trajectory. Therefore, these different validation levels
should be distinguished when assessing whether a platform can
resolve physiologically meaningful cortisol dynamics.

Table S1 provides a paper-specific comparison of representative
wearable cortisol platforms, in terms of the sensing mechanism,
analytical range, and LOD, validation matrices, sampling matrix
and method, intrinsic response and recovery, sampling-related
delays, regeneration or reversibility, drift and stability, human
or animal validation, stress experiment, and principal finding.
Values absent from the original reports are designated as not
reported (NR) rather than inferred. Moreover, the available
evidence indicates that few studies characterize analytical sen-
sitivity, bidirectional reversibility, operational drift, long-term
stability, native-matrix performance, and in vivo stress tracking
within the same platform. The suitability for high-temporal-
resolution continuous monitoring should therefore be evaluated
based on the combined evidence across these characteristics.

5.1 | Sweat Sampling and Microfluidic Interfaces

Wearable sweat microfluidics can achieve temporal resolutions
spanning sub-minute to multi-minute; however, the actual dura-
tion of a measurement is determined by the complete sampling
pathway rather than sensor response time alone. Factors such as
sweat availability, flow rate, effective fluid volume, channel geom-
etry, hydraulic resistance, and sample replacement collectively
determine the age of sweat reaching the sensor [154].

Although lower dead volume and higher flow generally improve
temporal resolution, channel miniaturization alone may not
guarantee accelerated transport, as narrow channels increase
capillary pressure while also increasing hydraulic resistance.
Moreover, changes in sweat secretion rates produce variable
transport velocities. These tradeoffs may contribute to diverse
channel dimensions and materials, including silicone, thermo-
plastics, and paper. From a design perspective, low-dead-volume
sensing regions, directional flow, and a defined outlet are there-
fore preferable when the objective is the rapid replacement of old
sweat with newly secreted fluid.

5.1.1 | Sweat Generation and Sampling Delay

Sweat generation itself is a primary determinant of microfluidic
timing as it directly governs channel filling rates, sample resi-
dence time, and sensor-refresh frequency. Perspiration rates vary
substantially across individuals, anatomical locations, environ-
mental conditions, and stimulation methods. Consequently, a
fixed-volume chamber may yield differing temporal resolutions
between users and over the course of a single monitoring session.
Natural resting sweat rates are typically very low and highly
variable, approximately 0-0.25 nL min™' gland™ [155], whereas
physical exercise and thermal stress can increase secretion to
approximately 10-100 nL min~'gland ~‘or more [155, 156].

For non-exercise sweat collections, transdermal iontophoresis
provides an alternative means of stimulation. A bioinspired
Janus-membrane platform was reported to demonstrate sweat
emergence within approximately 10 min after stimulation and
maintained continuous sampling for over 2 days [157]. Among
iontophoretic agents, pilocarpine produces a rapid initial sweat
response of approximately 1-10 nL min~'gland™, but this effect
declines within approximately 1-2 h [155]. In contrast, carbachol
can sustain secretion rates of approximately 1-15 nL min~!
gland™' for 24-48 h or longer, offering superior durability for
prolonged monitoring [155]. Importantly, sweat-generation rate
and the actual rate collected by the microfluidic device are not
necessarily equivalent.

5.1.2 | Microfluidic Transport Dynamics and System
Latency

Due to variations in sweat generation complicating the interpre-
tation of on-body filling times, microfluidic filling and renewal
are commonly characterized first under controlled benchtop
conditions using artificial sweating systems. These experiments
isolate transport at the device level from variations in physio-
logical sweat onset and secretion. For example, Yin et al. [158]
visualized and quantified fluid routing across microchannel-
connected chambers using dye tracking. The system yielded
15.7 uL over 1200 s, corresponding to an average device-level
collection rate of approximately 0.79 uL/min.

Although artificial sweating systems enable controlled charac-
terization of filling and renewal at device-level, they do not
reproduce the variable sweat onset and secretion rates encoun-
tered during actual human body application. Therefore, on-body
studies provide a more practical measure of the latency between
the beginning of the stimulation and the generation of a usable
sensor signal. An epidermal microfluidic platform filled its
reservoir approximately 8 min after exercise onset [159], whereas
another wearable patch initiated sensing approximately 13 min
into a cycling trial [160]. In a more complex integrated platform,
the initial measurements remained unreliable for approximately
18-27 min, reflecting the time required for sufficient sweat to
reach the electrodes [161]. These values represent practical delays
that combine sweat onset, device priming, microfluidic transport,
chamber filling, electrode wetting, and, in some cases, signal
stabilization rather than simply microfluidic transit times.

The initial chamber filling does not necessarily indicate that the
sample represents newly secreted sweat. As demonstrated by
Martin et al. [159], a large initial glucose response was attributed
to residual glucose on the skin surface and within sweat pores
before continuous fresh-sweat generation. Continuous flushing
was required to remove and replace this initially contaminated
sample, and analytically useful glucose measurements were
obtained only approximately 15-20 min after the detection cham-
ber was initially filled. Continuous renewal and adequate flushing
are therefore important in reducing surface contamination and
sample-age effects, although they do not eliminate the biological
delay associated with the transport of analyte into sweat. The
extent of carryover and sample averaging depends on the effective
sensing volume, channel length and cross-section, sweat flow
rate, and the presence of stagnant regions. Directional flow, low-
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dead-volume sensing chambers, and explicit outlet pathways can
promote sample replacement, whereas passive valves and isolated
reservoirs can prevent mixing by physically separating sequential
samples [162].

Continuous renewal also creates a capacity requirement. Some
volume-constrained microfluidic devices saturate within approx-
imately 8 min at typical exercise-associated sweat rates, causing
subsequent sweat to mix indiscriminately or overflow [163]. Thus,
although a device can exhibit a rapid initial filling rate, it can
still be unsuitable for prolonged continuous monitoring. Long-
term operation may further require fluidic robustness, given
that accumulated salts, skin debris, air bubbles, delamination,
or changes in surface wettability can cause irregular filling,
partial channel blockage, and eventual measurement failure
[164].

The opposite limitation occurs under low-flow or resting condi-
tions, where passive fluid collection can substantially increase
sample age. At the extreme end of passive collection, a granular
hydrogel scaffold based on osmotic uptake may require up to
approximately 60 min to harvest analytical volumes [165]. Low
flow increases the residence time of sample and slows the replace-
ment of previously collected sweat. Under these conditions,
diffusion, surface adsorption, and mixing within the collection
pathway may broaden or shift the measured trajectory; however,
these contributions have rarely been quantified separately in
wearable sweat devices. Modeling of approximately 100-um-wide
channels indicates that diffusive flux may become comparable
to convective transport under low-flow conditions, while smaller
channels and faster filling reduce diffusion-related temporal
smearing [164]. Surface interactions and dispersion effects can
further delay or attenuate concentration changes during ana-
lyte transport [166]. Therefore, evaluating material compatibility
under dynamic laminar flow is essential to prevent artificial
peak broadening.

Efforts to minimize dead volume or incorporate spontaneous
capillary driving forces can drastically accelerate fluid delivery.
Fully printed microfluidic channels delivered sweat to the sens-
ing electrodes in approximately 40 s [167], while a self-driven
platform based on dropwise Laplace-capillary transport reported
fluidic response in approximately 100 ms [168]. However, this 100-
ms value characterizes local mechanical movement of the fluid
front rather than complete physiological sample-to-result timing
and should not be interpreted as 100-ms biomarker temporal
resolution. Thus, reported microfluidic sweat-sampling times
appear to span from sub-seconds to nearly an hour depending
on whether the reported metric represents capillary actuation,
transport to the sensor, chamber filling, active sweat induction,
or passive collection under low-flow conditions.

Sequential or chrono-sampling architectures provide another
strategy for addressing mixing and sample-age limitations asso-
ciated with slow sampling by physically segregating successive
sweat fractions into discrete microchambers. Choi et al. [169]
used capillary bursting valves to passively route incoming sweat
through individual microreservoirs and collected approximately
1.8 uL in 0.8 min from a collection area of 0.03 cm?. Sweat-gland
pressure drove the fluid through interconnected microchannels
containing capillary bursting valves that opened at progressively

higher pressure thresholds, producing sequential routing without
external actuation. By isolating consecutive samples instead of
allowing unrestricted mixing within one reservoir, such architec-
tures can better preserve temporal information in the collected
sweat. This improved sample definition comes at the cost of
finite compartment capacity and, in some implementations,
greater fabrication and control complexity along with power
requirements for active circuits.

Sweat-activated galvanic cells offer a parallel mechanism to
timestamp segregated sweat volumes without active external
electronics [170]. Bandodkar et al. incorporated galvanic cells into
soft microfluidic devices as passive “stopwatches” to determine
when individual chambers were filled. The anodes and cathodes
behave as open circuits in the absence of sweat. Once sweat
enters the corresponding channel, it electrically connects the
electrodes, completes the circuit, and generates a voltage that
decays according to a characterized temporal profile. Because
the microchambers are filled sequentially, their corresponding
galvanic stopwatches are activated at different times, allowing
the voltage readings to provide a temporal reference for each
harvested volume [170].

A more recent example of time-resolved sample isolation is
the Cap-Sweat platform, in which sweat was captured and
fractionated into 18 discrete, fixed-volume sequential compart-
ments using passive capillary circuits. The platform reported
sub-minute temporal resolution and captured a transient early
cortisol increase that could be obscured by averaging or
mixing in continuous-flow collection architectures [171]. An
optimized venting structure suppressed evaporation and back-
contamination, allowing the device to resolve characteristic
sweat-rate behavior that included an initial transient peak during
the first 3-5 min of exertion, followed by a lower and more
fluctuating secretion phase [171]. These results illustrate why
preventing backflow, evaporation, and mixing is part of temporal
design rather than simply a packaging consideration.

Active fluidic control provides an alternative route to enhance
sample definition. By pairing thermally actuated expansion
valves with passive capillary gates in a dual-valve configura-
tion, previously harvested sweat can be physically sealed before
fresh fluid enters the manifold, eliminating internal mixing
and assigning each volume to a verified collection interval
[172]. Together, chrono-sampling, passive valves, active valves,
and explicit sample-isolation strategies suggest that temporal
resolution may depend not only on sweat-transport velocity but
also on the physical distinguishability of successive samples
after collection.

5.1.3 | Sweat Sampling in Cortisol Research

Cortisol-sensing platforms directly illustrate how microfluidic
latency can affect the interpretation of dynamic and continuous
hormonal profiles. In the aptamer-FET smartwatch developed
by Wang et al. [98], channel filling required 5-15 min after
iontophoretic stimulation. This filling period should therefore
be distinguished from both the biological appearance of cortisol
in sweat and the intrinsic electrical response of the aptamer-
FET sensor.
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The MIP-based cortisol sensing platform reported by Garg et al.
[149] provides a particularly useful example because both filling
and clearance were characterized clearly. At an average sweat
rate of approximately 2 uL/min, its 2.4 pL sensing chamber filled
within 2 min, while complete sweat removal required approx-
imately 3 min through a 0.5-mm-wide paperfluidic channel.
The analytical signal itself increased over the first 2 min and
reached a plateau after approximately 3 min. Because chamber
filling, sample clearance, and sensor equilibration occurred on
similar timescales, the measured temporal response could not be
assigned to any one of these processes. Nevertheless, the plat-
form demonstrated that minute-scale sample renewal is feasible
when sensing-chamber volume and sweat flow are appropriately
matched. It also illustrates an important continuous-monitoring
design criterion: chamber volume must be small enough to permit
rapid replacement but sufficiently stable to maintain consistent
sensor contact.

Interface geometry can generate additional delays that may
otherwise be incorrectly attributed to recognition chemistry.
Parlak et al. [173] reported a geometric artifact when comparing
skin-contact interfaces: a simple hole-punch acquisition layer
produced no significant sensor signal until approximately 6
min later. In contrast, the laser-patterned capillary architecture
produced a much earlier response and subsequently maintained
a stable signal for approximately 10 min. Although the study
did not report a complete microfluidic transport-lag constant,
the comparison proves that apparent sensor delay can originate
from inefficient fluid delivery. Thus, the fluidic interface should
be characterized independently before temporal changes are
assigned to sensor kinetics.

Longer-duration cortisol monitoring requires sustained sample
renewal while limiting carryover from previously collected sweat.
Singh et al. [101] integrated multiple inlets, microfluidic channels,
a sensing reservoir, and an outlet to support continuous cortisol
monitoring for up to 90 min. Sweat reached the sensing reservoir
within approximately 6-10 min, and continuous replacement
through the outlet began after the chamber was filled. By contrast,
platforms such as MicroSweat [174] directed sweat generated at
successive time points into separate absorbent storage cham-
bers, enabling chronological sampling instead of continuous
sensing. These contrasting architectures suggest two strategies
for preserving temporal information: continuous renewal of the
sensing volume and physical separation of sequential samples.
Designs intended for extended monitoring must therefore address
not only total collection capacity but also sample replacement,
stagnant volumes, channel contamination, changes in wettability,
and physical separation of successive samples.

As an alternative to conventional microfluidic routing, porous
materials can harvest sweat directly at the sensing interface.
Tang et al. [175] used a permeable hydrogel to collect fingertip
sweat without stimulation or a separate microfluidic conduit,
enabling a cortisol assay with a total analysis time of approx-
imately 3.5 min. Similarly, Wang et al. [176] used a porous
chitosan hydrogel as both the sweat-collection medium and, after
carbon-nanotube incorporation, a conductive interface between
accumulated fingertip sweat and the MIP electrode. The on-body
measurements required only a 30-s fingertip contact period prior
to electrochemical interrogation.

Accordingly, time-resolved wearable studies would ideally char-
acterize the sweat-induction condition, anatomical collection site
and area, time to first sweat, volumetric or area-normalized
sweat rate, inlet and chamber volumes, channel dimensions,
time to reach the sensor, chamber-filling time, sample-clearance
or washout time, effective sample age, sampling interval, total
device capacity, saturation time, and whether old and new sweat
are physically separated. Latency induced via biological transport
into sweat, microfluidic transport and renewal, and intrinsic sen-
sor response should be reported as distinct quantities. Although
favorable microfluidic architectures may achieve sub-minute to
minute-scale handling, practical on-body delays can extend to
tens of minutes when sweat induction, low secretion rates,
initial filling, flushing, and sample replacement are accounted
for. The physiological fidelity of a wearable sweat-based cortisol
measurement therefore depends not only on sensor sensitivity
but also on whether the microfluidic interface delivers a fresh,
time-defined, and adequately renewed sample.

5.2 | Microneedle-Based Interstitial Fluid
Sampling

Microneedle-based interstitial-fluid (ISF) sensing provides mini-
mally invasive access to cortisol and has potential for wearable,
time-resolved monitoring, particularly due to the strong cor-
relation between plasma and ISF cortisol levels. However, the
temporal performance of a microneedle platform cannot be
inferred solely from the response time of its sensing element.
Depending on the device architecture, the measured response
may reflect vascular-to-interstitial transport, diffusion within
the dermis, ISF extraction or uptake by the microneedles,
analyte transport through hydrogel or microfluidic compo-
nents, molecular-recognition kinetics, and signal equilibration.
These biological, sampling, transport, and sensing contribu-
tions should therefore be distinguished when determining
whether a platform can resolve physiologically relevant cortisol
fluctuations.

Mechanistic studies show that microneedle sampling is governed
by tissue hydraulic resistance, microneedle geometry, and the
pressure gradient applied across the skin [177]. Dermal ISF
turnover has been estimated at approximately 60 nL min™
cm™2, equivalent to approximately 3.6 wL h™ cm™2 [178]. This
relatively slow replenishment places a physiological constraint
on continuous extraction: increasing the applied pressure or
number of microneedles may improve the recovered volume, but
extraction that is too rapid relative to local replenishment could
produce depletion of the sampled region.

Abbasiasl et al. demonstrated this pressure-driven approach
using a touch-activated wearable device comprising laser-drilled
hollow microneedles, a microfluidic collection chamber, and
a finger-actuated vacuum generator. The system maintained
pressures as low as approximately —53kPa and collected ISF
at approximately 2 uL needle™ h™!, with the recovered fluid
directed to electrochemical glucose and pH sensors [178]. The
platform established that an integrated vacuum can support
sustained ISF withdrawal without an external pump, although
the reported collection rate represents bulk fluid extraction rather
than biomarker-specific temporal resolution.
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Hydrogel microneedles collect ISF through swelling rather than
through continuous pressure-driven flow [179]. Laszlo et al.
developed superabsorbent acrylate-based microneedle arrays that
recovered up to 6 uL of dermal ISF within 10 min in vivo,
thereby enabling the identification of 176 clinically relevant
biomarkers by proteomic analysis [180]. The study also showed
that the molecular profile of the recovered ISF depended strongly
on hydrogel composition, indicating selective partitioning of
biomarkers into different microneedle formulations. Thus, sam-
pling performance depends not only on the volume absorbed
but also on interactions between the analyte and the hydrogel
network. For cortisol applications, diffusion, partitioning, and
nonspecific retention within the selected polymer would need
to be characterized before the extracted concentration could be
considered representative of native ISF. Rapid fluid recovery has
also been demonstrated using pressure-gradient-based sampling.
Hung et al. collected an average of approximately 15.5 mg of
human dermal ISF within 5 min by designing the spatial pressure
gradient that drives fluid from microneedle-created pores into
the collection chamber [181]. Together, the Laszlo and Hung
studies show that microneedle systems can obtain analytically
useful sample volumes within several minutes. However, the time
required to collect bulk ISF does not necessarily equal the time
required for a specific biomarker to reach and equilibrate with an
integrated sensor.

This distinction was demonstrated by the Wearable Aptalyzer
developed by Bakhshandeh et al., which coupled methacry-
lated hyaluronic-acid hydrogel microneedles to electrochemical
aptamer sensors for glucose and lactate [182]. The hydrogel
transported analytes from the skin to aptamer-functionalized
electrodes positioned behind the microneedle array. Although
the microneedles approached maximum swelling within approx-
imately 6 min, the electrochemical response in ex vivo porcine
skin stabilized only after approximately 20 min. The effective time
resolution was therefore limited primarily by analyte diffusion
through the hydrogel and binding at the aptamer interface
rather than by swelling or electrochemical measurement alone.
Some platforms have proposed computational compensation
for these effects. Dai et al. integrated hydrogel microneedles
with a predictive model intended to account for signal delay
during ISF sensing [183]. Such modeling may improve temporal
alignment, but its accuracy depends on whether the underlying
delay is stable across concentration direction, anatomical site,
participant, and physiological state. It cannot substitute for exper-
imental separation of physiological transport, device transport,
and transducer response.

5.21 | ISF Sampling in Cortisol Sensor Research

Direct characterization of cortisol dynamics with microneedle
sensors remains limited. In rats, a 3D-printed scaffolded hydro-
gel microneedle array recorded an ISF cortisol time-to-peak
of 61.6 + 27.5 min after retro-orbital hydrocortisone adminis-
tration [115]. This interval represents an end-to-end response
that includes systemic hydrocortisone distribution, vascular-to-
interstitial transfer, local dermal transport, and transport and
equilibration within the cortisol-responsive hydrogel and optical
sensing system. Because these contributions were not measured
independently, the reported peak time cannot be interpreted as a

physiological blood-to-ISF delay. The animal model and pharma-
cological administration route also limit its direct extrapolation to
endogenous cortisol responses following acute stress in humans.

Other cortisol platforms further illustrate the temporal averaging
introduced by finite collection periods. A europium-based metal-
organic framework hydrogel microneedle patch recovered up
to approximately 5 pL of ISF during a 1-h application and
distinguished stress-associated cortisol states [184]. However, the
resulting measurement integrates cortisol accumulated over the
collection interval rather than resolving a continuous trajec-
tory. Similarly, the aptamer-based hybridization chain reaction
microneedle patch distinguished resting and exercise-fatigue
cortisol levels in mice but did not quantify the corresponding
blood-to-ISF delay [185]. The Sharkey et al. system combined
hydrogel-forming microneedles with a hydrogel osmotic pump
and a paper microfluidic collection layer [186]. The osmotic gradi-
ent transported ISF through the swollen microneedles and along
the paper collection layer. After 15 min, cortisol recovery varied
across the paper segments despite complete wetting, indicating
incomplete analyte equilibration. Recovery improved at longer
durations and closer to the microneedle interface. Thus, the
paper pathway may have introduced additional transport delay
[186], suggesting placement of the sensor near the extraction site
with minimal intervening volume. These platforms demonstrate
cortisol-detection feasibility but do not yet establish the temporal
resolution required to reconstruct rapid endocrine dynamics.

Future studies should characterize the complete delay from
systemic cortisol changes to sensor response, distinguishing
vascular-to-ISF transport, local replenishment, extraction, hydro-
gel uptake, analyte transport, and transducer equilibration. Ris-
ing and falling kinetics should be assessed separately, alongside
key device parameters such as hydrogel composition, micronee-
dle area, extraction pressure, collection volume, sensor position,
dead volume, drift, and stability.

Cortisol-specific validation should synchronize plasma and ISF
measurements during controlled physiological or pharmacolog-
ical perturbations, using sampling intervals shorter than the
expected delay. Until these factors are independently character-
ized, “real-time” microneedle signals may reflect delayed or time-
averaged ISF cortisol concentrations rather than instantaneous
endocrine responses.

6 | Preliminary Observations of Cortisol
Dynamics at High Temporal Resolution

6.1 | Experimental Method

The objective of this exploratory pilot study was to evaluate
whether common, resource-efficient laboratory stress paradigms
could produce cortisol dynamics that could be resolved using
high-frequency sampling. The study was designed to approxi-
mate the temporal profiling envisioned for wearable cortisol-
monitoring systems, which seek to characterize changes over
time rather than provide only isolated pre- and post-stressor mea-
surements. The TSST, MIST, and MAST were not selected because
of their greater experimental complexity and, in some cases, their
requirement for trained evaluators or social evaluation. Instead,
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Experimental protocol and data collection protocol used in this work. Participants completed three acute stress paradigms: (a)

Stationary Bike exercise, (b) Cold Pressor Test (CPT), and (c) Cognitive (Math/Stroop) task, in separate sessions. Salivary cortisol was collected prior
to each protocol (at baseline or during warm up) and at repeated intervals during the protocol and recovery periods. Exact collection timing and total

duration varied across paradigms and participants due to protocol refinements made during the study.

three experimentally distinct stress paradigms were evaluated:
stationary bike exercise, the CPT, and a computerized cognitive
task combining mental arithmetic and the Stroop test.

Three healthy adult participants (one undergraduate, one mas-
ter’s student, and one Ph.D. student; age range 21-29 years) were
recruited under an Institutional Review Board (IRB)-approved
experimental protocol (HS-25-00142). Participants were non-
smokers and reported normal sleep-wake schedules (further
information is available in Table S2). Participant 3 reported
antibiotic use for strep throat. Written informed consent was
obtained before participation. Each participant completed cir-
cadian sampling in the morning and at night and all three
acute stress paradigms, with the experimental sessions conducted
on separate days (Figure 2). Acute stress experiments were
conducted during the afternoon to reduce time-of-day variability
in cortisol concentrations. The CPT sessions were conducted at
approximately 5:30 pm. Morning-to-evening cortisol variation
governed by circadian rhythm was assessed by collecting saliva
at 10 am and 10 pm across three consecutive days, resulting in six

circadian samples per participant. The small cohort was selected
in a manner consistent with proof-of-concept wearable cortisol
studies, which commonly use a limited number of participants for
initial human validation [99-101, 149, 173]. The study combined
repeated morning-and-evening sampling with dense sampling
across multiple stress paradigms to characterize time-dependent
cortisol dynamics and inform future wearable cortisol research,
rather than support population-level inference.

Saliva was selected as the cortisol-testing matrix because it
avoided invasive finger-prick blood collection and the collection
latency associated with sweat-based measurements. Saliva was
collected using a SalivaBio Oral Swab (SOS; Salimetrics), which
was placed under the participant’s tongue for 2 min. Samples were
collected every 3 min during the CPT and cognitive protocols
and every 10 min during the stationary bike protocol. Thus,
each 3-min sampling cycle comprised a 2-min swab-collection
period followed by a 1-min interval, whereas each 10-min cycle
comprised a 2-min collection period followed by an 8-min
interval. This dense sampling schedule was intended to provide
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temporal resolution approaching that envisioned for wearable
biomarker-monitoring systems and to capture cortisol changes
that could be missed by conventional protocols employing less
frequent sampling.

Because this was an iterative pilot study, participants were
enrolled and tested sequentially. P1 was evaluated using the
initial sampling schedules, whereas the schedules for subsequent
participants were extended by adding later time points when
the initial observation windows did not adequately character-
ize the recovery phase. Thus, the protocol refinements were
intended to improve temporal coverage rather than facilitate
direct comparisons among participants (Figure 2).

For the stationary bike exercise, all participants completed a
30-min session on an Exerpeutic Therapeutic Fitness bike. Par-
ticipants maintained a cadence of 60 rpm, and the bike tension
was held constant at level 4 of a maximum of 8 throughout
the exercise period. P1 was trained and reported exercising an
average of 10 h per week, whereas P2 and P3 were untrained
and reported averages of 3 and 0 h per week, respectively. Heart
rate, perceived exertion, power output, and aerobic capacity
were not measured; therefore, although the prescribed cadence
and bike-tension setting were standardized, the physiological
and perceived exercise intensity could not be quantified. Saliva
samples were collected at —10, 0, 10, 20, 30, and 40 min relative
to the start of exercise for P1 and P2. The exercise ended at
30 min, making the 40-min collection the first post-exercise
recovery measurement. The initial sampling window did not
capture a clear declining phase and included only one post-
exercise measurement, limiting characterization of the recovery
trajectory. Therefore, collections at 50 and 60 min were added
for P3 to better characterize post-exercise cortisol dynamics. In
total, six samples were collected from P1 and P2 and eight from
P3 (Figure 2a).

The CPT was conducted under controlled laboratory conditions
at approximately 5:30 pm to avoid the potentially blunted cortisol
response observed during the first half of the day. Participants
immersed their non-dominant hand up to the wrist in a plastic
tank containing water maintained at 2°C for 3 min. For P1,
saliva was collected at 0, 3, 6, 9, 12, 15, 18, 21, and 24 min,
resulting in 9 samples (Figure 2b). This initial observation
window did not clearly capture the complete declining phase.
The subsequent sampling schedules were therefore extended
to determine whether the pre-test baseline and expected post-
peak decline could be more clearly observed. Collection at —3
and 40 min was added for P3, resulting in 11 samples, whereas
collections at —3, 27, and 40 min were added for P2, resulting in
12 samples.

The cognitive stress protocol consisted of a computerized mental-
arithmetic task followed by a color-word Stroop task. Participant
information was collected using the computerized intake inter-
face shown in Figure S1, and participants completed a timed
resting period before the task (Figure S2). Representative arith-
metic, Stroop, and post-task feedback screens are shown in
Figure S3. Each component lasted approximately 3 min, resulting
in a total task duration of approximately 6 min. Participants
completed both tasks individually while seated, without an eval-
uator or audience; therefore, the protocol did not include social

evaluation. Both components incorporated time pressure through
limited response periods, computer-controlled task progression, a
visible countdown, and a ticking-clock sound. During the arith-
metic task, participants were instructed to respond quickly and
accurately. The software recorded the selected answer, response
accuracy, and response time for each question. Immediate
feedback identified correct responses and displayed the correct
answer following an incorrect or missed response. Question
difficulty was adjusted automatically according to participant
performance. During the Stroop task, participants identified the
displayed font color rather than the incongruent color word. The
stimulus-presentation rate increased progressively, and correct,
incorrect, and missed responses and their relative timestamps
were recorded. Immediate correctness feedback was not dis-
played during the Stroop component. Thus, the cognitive protocol
incorporated time pressure, computer-controlled progression,
and negative performance feedback during the arithmetic com-
ponent, but it did not include social evaluation or an explicit
manipulation of uncontrollability. For P1, saliva was collected
every 3 min from —3 to 24 min during the cognitive protocol and
recovery period (Figure 2c). The subsequent sampling schedules
were extended to better characterize the declining phase. A
collection at 40 min was added for P3, whereas collections at 27
and 40 min were added for P2.

Participants were instructed to refrain from eating, chewing
gum, smoking, drinking anything other than water, and brushing
their teeth for at least 30 min before each experimental session.
Immediately after collection, each sample was placed in an
individually barcoded SalivaBio Swab Storage Tube and frozen
at or below —20°C. Samples were subsequently shipped to the
Salimetrics laboratory and analyzed for cortisol using ELISA.

6.2 | Pilot Observations

The morning and evening cortisol measurements showed the
expected decrease from 10 am to 10 pm across all three
consecutive days and participants (Figure 3). This consistent
morning-to-evening difference is compatible with the expected
diurnal pattern of cortisol secretion. In all participants, cortisol
concentrations were highest on the morning of Day 1 compared
with the morning measurements on subsequent days, potentially
reflecting anticipatory activation of the HPA axis in response to a
new experimental paradigm. While Participants 1 and 3 displayed
relatively similar cortisol values, Participant 2 exhibited the
largest morning-to—evening fluctuation and consistently higher
cortisol levels, a pattern also observed in the other experiments.

Figure 5 summarizes both the morning-to-evening variation in
cortisol levels and the quantified responses to different stress-
induction experiments. Figure 5a illustrates the morning-to-
night cortisol ratio across participants, with an average ratio
of approximately 3.3, highlighting the expected diurnal decline
in cortisol levels. Figure 5b-d presents the quantified stress
responses using two parameters, r,, and r,y, defined as the
ratio of cortisol concentrations measured at approximately 20
and 40 min after stressor onset, respectively, to the correspond-
ing baseline cortisol concentration. These metrics were used
to compare cortisol response magnitudes across the different
stress paradigms.
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FIGURE 4 | Cortisol reactivity across the stationary-bike exercise, Cold Pressor Test (CPT), and cognitive stress-induction paradigms for Participants

1-3, shown in panels (a-c), respectively.

Following the CPT, cortisol concentrations reached their maxi-
mum measured values 18-24 min after stressor onset (Figure 4),
with r,, values ranging from 1.5 to 5.3 (Figure 5b). For exploratory
purposes, we applied the baseline-to-peak increase of at least 1.5
nM proposed by Miller et al. for distinguishing salivary cortisol
responders from non-responders following the TSST protocol

[92]. Participant 2 exhibited the largest response, with cortisol
increasing from a baseline of 6.37 nM to a maximum of 34.32 nM
at 18 min, corresponding to a peak-to-baseline increase of 27.95
nM and an approximately 5.4-fold peak concentration relative
to baseline (Figure 4b). Participant 3 reached a maximum of
14.41 nM at 21 min from a baseline of 3.73 nM, corresponding
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FIGURE 5 | Cortisol reactivity metrics across daily variation and stress-induction paradigms. Horizontal grouped bar plots displaying the ratios of

cortisol concentrations between morning and night (a), and at 20 min (r,y) and 40 min (r,4) after stressor onset relative to baseline for each participant

under three paradigms: (b) CPT, (c) stationary bike, and (d) cognitive (Math/Stroop) task. The dashed line at a ratio of 1.0 marks the baseline level.

to an increase of 10.68 nM and an approximately 3.9-fold peak
concentration relative to baseline (Figure 4c). Both participants,
therefore, clearly exceeded the exploratory reference threshold.

Participant 1 exhibited a smaller and more sustained response.
Cortisol remained near its maximum from 15 to 24 min, with
concentrations ranging from 4.61 nM at 15 min to a maximum
of 4.67 nM at 24 min. Relative to the calculated baseline of 3.16
nM, the maximum increase was 1.51 nM, narrowly meeting the
reference threshold (Figure 4a). However, selecting any of the
near-maximum measurements from 15 to 21 min would yield
an increase of 1.45 nM, which falls slightly below the threshold.
Participant 1’s classification was therefore sensitive to the selected
peak time and should be interpreted cautiously. Based on the
maximum measured concentrations, all three participants met
the exploratory threshold. Because this criterion was developed
for the TSST and has not been validated specifically for the
CPT, its application here is descriptive and should not be inter-
preted as establishing a CPT responder rate or demonstrating
universal effectiveness.

Cortisol response and recovery patterns also varied among
participants. Participant 1, who was evaluated using the initial
sampling schedule, remained near the maximum through the
final measurement at 24 min, and no declining phase was
observed within this sampling window. Consequently, the timing
of recovery could not be determined. This incomplete recov-
ery profile motivated the addition of later sampling points for
subsequently tested participants as part of the iterative pilot
design. Participants 2 and 3 were therefore monitored for 40
min, allowing for a more complete characterization of their post-
peak trajectories. They exhibited distinct maxima at 18 and 21
min, respectively, followed by progressive decreases through 40
min. Neither participant had fully returned to baseline by the

end of the extended observation period, although Participant 3
approached the baseline more closely and exhibited a more rapid
post-peak decline. Previous research, however, has reported that
sweat cortisol returned to baseline within 24-27 min after stress
induction [99].

The difference between that finding and the recovery trajectories
observed here may have arisen from participant characteristics,
stress-induction protocols, or sampling matrices. Studies involv-
ing larger cohorts and standardized protocols are needed to
characterize generalizable recovery patterns and identify factors
contributing to interindividual variation.

During the 30-min stationary-bike experiment, Participant 1, who
was a trained athlete reporting approximately 10 h of exercise
per week, exhibited a cortisol elevation at 20 min that gradually
declined thereafter (Figure 4a). Participants 2 and 3, who were
not trained athletes and reported approximately 3 and 0 h of
exercise per week, respectively, did not exhibit distinct exercise-
associated cortisol peaks during the initial observation period.
Participant 3 showed an increase between 40 and 60 min during
the extended recovery period. Although all participants exercised
at the same cadence and bike-tension setting, their different
training backgrounds and BMIs-20.8, 21.0, and 31.5 kg/m? for
Participants 1, 2, and 3, respectively-suggest that the standardized
workload may have represented different relative exercise inten-
sities. This interindividual variability qualitatively resembles the
patterns reported by Pearlmutter et al., who observed relatively
stable salivary cortisol concentrations in athletes and decreases
in non-athletes following exercise [144]. In both studies, cortisol
trajectories may have reflected interactions among training sta-
tus, relative exercise intensity, physical characteristics, and the
underlying time-of-day decrease in cortisol. However, because
heart rate, perceived exertion, power output, and aerobic capacity
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were not measured in the present study, the respective contri-
butions of training status, BMI, and exercise intensity could not
be separated.

Variable response patterns were also observed during the
cognitive-stressor experiments. Participant 2 exhibited a profile
similar to that observed following the CPT, with cortisol peaking
at 18 min at approximately 1.83 times the baseline concentration.
For Participant 3, cortisol peaked at 6 min, with a baseline-to-
peak increase of 1.21 nM. The early timing of this peak, together
with an r,, value of approximately 1, suggests that it may not
represent the delayed cortisol response typically expected after
stressor onset and could instead reflect anticipatory stress or
endogenous variability.

The aim of this pilot was to achieve high-frequency endocrine
profiling to capture finer details of cortisol dynamics. How-
ever, the small sample size limits the broader interpretation of
these findings. Additionally, there were several potential sources
of interindividual variability that were not controlled during
experimentation, such as caffeine intake, sleep, recent stress,
and medication use. Given the small sample size, the potential
influence of these factors on cortisol dynamics could not be
reliably evaluated. Despite these limitations, the dense temporal
sampling successfully captured early post-stressor changes that
could be overlooked by conventional salivary protocols, which
typically employ sampling intervals of approximately 10-30
min, or only before and after an experimental intervention [9,
144]. The observations showed the expected morning-to-evening
decrease in cortisol across all participants, as well as marked
interindividual and protocol-dependent variability in acute stress
reactivity. Following the CPT, all three participants exhibited
observable cortisol increases, although the magnitude, timing,
and recovery patterns differed among participants. The find-
ings illustrate interindividual and protocol-dependent variability
and indicate that factors such as physical conditioning, task
engagement, anticipatory stress, circadian decline, and endoge-
nous cortisol pulsatility should be considered when designing
wearable-sensor experiments and recruiting participants. Thus,
these preliminary observations may assist biosensor research
groups in designing future studies to evaluate wearable-sensor
performance while accounting for interindividual differences in
participant characteristics.

7 | Conclusion

This study consolidates the current understanding of cortisol
physiology by linking circadian regulation, acute stress reactivity,
and laboratory paradigms to practical applications in biosensor
research. Variability in individual stress responses is influenced
by the type and intensity of the stressor, as well as by lifestyle
factors that modulate cortisol profiles and baseline concen-
trations. Stress-induction paradigms reported in the literature
were compared in terms of ease of implementation, efficacy,
reproducibility, and potential for habituation. Socially evaluative
and multicomponent paradigms often elicit robust responses;
however, these protocols involve greater complexity and may
introduce additional variability. The impact of sampling-matrix
selection on recovering cortisol dynamics was also analyzed.

Recent advances in wearable cortisol sensors and the temporal-
resolution requirements for these devices were discussed. Along-
side advances in cortisol-specific sensors, improvements in
sampling techniques for wearable-accessible matrices such as
sweat and interstitial fluid are necessary milestones for continu-
ous monitoring. Based on preliminary observations from this pilot
study with temporally dense sample collection, the CPT produced
observable cortisol increases across participants, with differences
in peak magnitude, timing, and recovery. Morning and evening
measurements also showed a consistent morning-to-evening
decrease in cortisol. These observations are particularly rele-
vant given the delays introduced by wearable measurements,
including matrix-specific physiological delays, sample collection,
microfluidic transport, and sensor response time. Characterizing
cortisol dynamics at high temporal resolution can inform the
selection of sampling intervals and observation windows needed
to capture the rising phase, peak, and return toward baseline.
The results also suggest that optimal sampling requirements may
vary among participants and stressor types, requiring different
sampling frequencies, monitoring durations, and sensor dynamic
ranges. Future work should combine cortisol measurements
with physiological signals such as heart rate, skin conductance,
and temperature to support a more comprehensive, real-time
assessment of human stress physiology.
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Table S1: Comparison of wearable and minimally invasive cortisol-sensing platforms, including analytical performance, sampling and assay timing, regeneration,
stability, and biological validation. NR, not reported; NA, not applicable.

Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing
method
Torrente- Laser-induced Competitive Sweat; Competitive Sample volume <10 |Continuously >90% analytical Cycling (3 untrained + 1 [Acute and diurnal
Rodriguez et |graphene immunosensor iontophoresis at |recognition was pL. Sweat was reversible binding | response retained trained): 50 min at 60 sweat-cortisol profiles
al. (2020) [1] |electrochemical |dynamic range rest and significant after 1 |collected at not established after 7 days at 4 °C |rpm; sweat sampled every |were obtained; sensor
immunosensor (20-80% naturally min at 5 ng/mL; |protocol-specific (storage stability). |10 min; all profiles response and
inhibition): generated 15-min incubation |intervals (10 min Electronics peaked at 40 min and sampling-related
0.43-50.2 ng/mL; |sweat during was used for during cycling; 8 supported ~330 declined slightly by 50 timing were not fully
LOD: 0.08 ng/mL. |exercise accurate min for cold-pressor min continuous min; the trained athlete |separated.
real-sample profiling); no amperometric showed a blunted
quantification. separate acquisition response. Cold-pressor (4
Wireless electronic | chamber-clearance subjects): 3-min
readings stabilized |time was reported. ice-water exposure; mean
within 10 s; sweat-cortisol peak
15-min incubation occurred 8-16 min
was used for afterward. Circadian
quantification. AM/PM ratio: 1.35-2.00.
Wang et al. Aptamer- Dynamic range: 1 |Sweat; Aptamer-FET Tontophoretic sweat |Dynamic tracking | Baseline Human: TSST saliva Repeated wearable
(2022) [2] functionalized pM—-1 pM. Lowest |iontophoresis response occurred |induction and sweat |of increasing normalization study (71 participants; measurements and
In,O3 FET practically followed by on the scale of collection required concentrations reduced baseline and 15, 25, 90 on-body iontophoretic
smartwatch detectable thin-film seconds. Recovery |~5-15 min, separate |was shown; device-to-device min). Separate paired sweat collection were
concentration: 1 microfluidic time during from the explicit variation from sweat—saliva AM/PM reported; the TSST
pM. delivery decreasing cortisol:|seconds-scale FET decreasing- ~50% to ~30%; study: N=17, r=0.73. cortisol measurements
NR. response. concentration calibrated variation |TSST saliva peaked at 15 |used saliva, not sweat.
recovery or was <10%. min and recovered by 90
regeneration- Long-duration min. Paired AM/PM
cycle validation operational drift sweat—saliva correlation
was NR. NR. r=0.73 (N=17).
Participant
concentrations were
presented graphically
rather than tabulated.
An et al. Aptamer- Full range: NR; Sweat; swab Analytical Swab transfer or Reversibility and |Short-term Controlled stress The reported j5-s FET
(2022) [3] functionalized LOD: 10 pM; transfer or response <5 s; direct skin regeneration NR |performance experiment NR response was separate
PEDOT-PAN approximately 1 direct recovery NR. placement; reported; drift and from the
nanofiber FET |nM detected in placement on Native-sweat native-sweat prolonged duration several-minute
native sweat skin measurement took |detection required NR native-sweat
several minutes several minutes. measurement.
and is listed
separately.
Fiore et al. Competitive Range: 10-140 Sweat; Complete Approximately 10 Disposable Reproducibility and | One participant On-body cortisol
(2023) [4] magnetic-bead ng/mL; LOD: wax-patterned |measurement time |min for sweat to wet | competitive 7-day completed two 10-min measurement used a
electrochemical |approximately 3 paper less than 15 min, |the paper assay; room-temperature cycling sessions at 16:00 |disposable paper assay
immunosensor ng/mL in standard | microfluidics including sweat microfluidic device, [regeneration NR [storage stability and 17:00; measured with discrete sample
solutions; native with NFC collection followed by two evaluated; cortisol concentrations collection and endpoint
sweat evaluated readout sequential 90-s operational drift were 90 and 93 ng/mL, detection.
separately by processing periods NR respectively; two
standard addition before endpoint concentrations
electrochemical only
detection

Continued on next page




Table S1

continued from previous page

Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing
method
Singh et al. Electrochemical |Linear dynamic Sweat; flexible |Intrinsic response |PDMS sampler Pseudoknot- On-body Human: three Repeated on-body
(2023) [5] pseudoknot- range: 1 pM-1 pM. | PDMS and recovery NR. [isolated older from |assisted aptamer |monitoring for up participants; signal regeneration was
assisted LOD: 0.17 pM in microfluidic newly generated was designed for |[to 90 min; exercise-generated sweat |reported; microfluidic
structure- buffer and 0.20 pM |[sampler sweat; quantitative |reversible quantitative drift and cold-pressor stress renewal time and
switching in artificial sweat. volume, filling, binding; repeated | NR protocols; monitoring operational drift were
aptamer exchange, and on-body signal extended up to 90 min. not quantified.
clearance times NR. |regeneration was
demonstrated
during
monitoring.
Garg et al. MIP-modified Tested range: 0.1 Sweat; Combined ~2.4-pL chamber; Sequential Short-term repeated | One participant cycled at | Filling, measurement,
(2024) [6] laser-induced pM-1 uM in pH iontophoresis sensor-exposure ~2-min filling and measurements operation three times of day. The and sample-removal
graphene 6.5 artificial sweat. |and paper response rose over |~3-min clearance; reported; demonstrated; on-body concentrations times were reported,
impedance After microfluidic ~2 min and ~0.5-mm paper regeneration- extended drift NR |are shown graphically although transport and
sensor oxygen-plasma pumping plateaued at ~3 channel; average cycle retention and were not stated sensor equilibration
treatment, reliable min; impedance sweat rate ~2 NR numerically in the text; remained coupled.
quantification was acquired every 27 |pL/min. exact values were not
demonstrated s; isolated reported in the text.
down to 1 pM. recovery NR.
Chen et al. Flexible Tested range: 0.1 Sweat; Intrinsic Volume, area, flow, |120 regeneration |Approximately Human exercise and The sensor retained its
(2025) [7] Au-electrode pM-5 pM. Formal |directional response/recovery |filling, and renewal |cycles with less 96.1% response diurnal profiles were response over repeated
MIP sensor calculated LOD: transport NR; NR. than 3.76% retained after reported for three regeneration and
NR through an Measurements attenuation 30-day storage; participants. storage tests; sampling
SF/PVDF were acquired at approximately delay and continuous
membrane 1-min intervals; 1.38% RSD under operational drift were
intrinsic response 20% strain; NR.
and recovery operational drift
times were not NR
reported.
Liu et al. Eu-MOF-loaded | Eu-MOF detection |ISF; swellable |Intrinsic Maximum Endpoint Batch Animal study using an ISF extraction and
(2024) [8] hydrogel limit: 1 nM; hydrogel fluorescence extraction capacity |fluorescence reproducibility and |acute restraint-stress fluorescence detection
microneedle microneedle-patch |microneedle response/recovery |of approximately 5 |measurement; storage stability mouse model; produced
fluorescence quantitative range: |extraction NR; 1 his pL per patch within |regeneration NR |evaluated; microneedles were applied | time-integrated
sensor 100 nM-1 mM ISF-collection 1 h; cortisol continuous for 10 min after stress endpoint
duration. measurements used operational drift induction. Reported measurements.
a 10-min patch NR plasma cortisol
application concentrations were
200.98 £ 17.67 ng/mL at
rest and 294.38 + 32.15
ng/mL under stress.
Zhou et al. Aptamer— In-vitro linear ISF; direct Intrinsic sensor Microneedle Endpoint Short-term Mouse ISF cortisol was Mouse rest and
(2025) [9] hybridization- response: 0-0.5 microneedle response/recovery |collection plus amplified assay; analytical stability |approximately 127 nM running-fatigue
chain-reaction pnM (R2:0.9992). sampling and NR; microneedle |in-patch HCR regeneration NR |reported; after running fatigue conditions were
fluorescence Formal LOD: NR. |in-patch collection and amplification caused continuous drift NR |versus approximately 75 |differentiated by
microneedle fluorescence HCR reaction temporal averaging; nM at rest endpoint ISF
patch detection times were not volume, transport (figure/text-reported measurements;

isolated.

rate, and
blood-to-ISF delay
NR.

approximate comparison).

continuous and
reversible tracking
were NR.

Continued on next page




Table S1 — continued from previous page
Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing
method
Sharkey et al.|Sampling-only Range and LOD: ISF; hydrogel- |NA (sampling Cortisol recovery NA Sampling In vitro agarose and Complete visible
(2025) [10] platform; no NA; cortisol forming study without an |was evaluated after performance synthetic-skin models; no |wetting preceded
integrated recovery evaluated |microneedles, integrated cortisol |15 min, 45 min, and characterized; human or animal stress quantitative
cortisol sensor as a representative |osmotic pump |sensor). 24 h. Spatial sensor drift NA experiment and no equilibration along the
analyte and paper equilibration along cortisol trajectory paper collector.
collector the paper channel
was incomplete after
15 min despite
complete visible
wetting and
improved after 45
min, particularly
nearer the
microneedle
extraction site.
Recovery after 24 h
was less consistent
because of possible
cortisol degradation,
evaporation, or
diffusion limitations.
Kwak et al. Cortisol- MAB-system LOD: |ISF; direct In a vascularized |The 61.6 + 27.5-min | Reversible Minimal Three female rats Time-resolved in vivo
(2026) [11] responsive 500 nM; responses |dermal sensing |[skin phantom, the |in vivo peak response photobleaching over |received 2.3 mg/kg measurements were
fluorescent demonstrated at using a signal reached combines demonstrated 90 min, no hydrocortisone by obtained; the 61.6-min
aptamer- 0.5, 1, and 10 pM |scaffolded 90% of steady hydrocortisone through meaningful change |retro-orbital injection peak combined
hydrogel cortisol aptamer- state within 5 min | pharmacokinetics, sequential in concentration- and were monitored for pharmacokinetics,
microneedle hydrogel after introducing |blood-to-ISF measurements dependent response |[up to 4 h; mean transport, hydrogel
array housed microneedle 500 nM cortisol; transport, diffusion |and wash steps; over 3 days in vitro, |time-to-peak was 61.6 £ |equilibration, and
within a array in vivo into the hydrogel, regeneration- and unchanged 27.5 min optical response.
3D-printed time-to-peak: 61.6 |aptamer binding, cycle retention calibration after in
scaffold 4+ 27.5 min after |and optical response;| NR vivo use;
hydrocortisone it is not an isolated longer-term in vivo
administration transport or drift NR
sensor-response time
Sheibani et Pt/aptamer- Tested range: 1 Cortisol Intrinsic response |The modified Hysteresis-free No significant No human or animal Low-drift cortisol
al. (2021) [12]|functionalized nM-10 uM; LOD: |solutions in and recovery electrode was FET operation response drift was | cortisol or stress detection was reported
graphene 0.2 nM physiological times NR; incubated in each reported; observed over 1.5 h |experiment; wearable in physiological buffer;
extended-gate incubation measurements cortisol solution for [reversible cortisol |in buffer; prolonged |sweat monitoring was real-time native-sweat
FET buffer; were performed 30 min, rinsed five tracking and or on-body stability | proposed and on-body

proposed for
sweat sensing
but not tested
with human
sweat

after a 30-min
cortisol incubation

times with DI water,
dried with nitrogen,
and then electrically
measured in 0.05X
PBS; this was an ex
situ assay;
continuous sampling
was not performed

sensor-
regeneration
protocol not
demonstrated

not demonstrated

measurements were
NR.
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Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing
method
Mei et al. MIP Tested range: 1 Sweat; Intrinsic MIP Nanofiber capillary |Successive Repeatability RSD: |Five healthy volunteers On-body measurement
(2023) [13] electrochemical |nM-1 pgM in PBS; |nanofiber-based |response and transport through a | measurements 3.56%; intersensor cycled while wearing the |combined
sensor LOD: 0.35 nM. microfluidic recovery times 0.7-mm-wide using one sensor |reproducibility sensor. Cortisol was exercise-driven sweat
integrated with |Artificial sweat collection and |NR; on-body channel from a were evaluated, RSD: 4.87%; 97.8% |measured at 8:00 am and |accumulation with a
a recoveries: in situ measurement 5.2-mm inlet but a defined of the initial 6:00 pm; morning subsequent 3-min
nanofiber-based |95.3%—-104.6% electrochemical |required 18 min of |chamber to a regeneration response retained concentrations were incubation.
microfluidic chip measurement exercise for sweat |7.2-mm sensing procedure and after 20 days at 4 125.2-270.6 nM and
accumulation chamber; cycle-retention °C; mechanical and |afternoon concentrations
followed by 3 min |quantitative flow value were not temperature were 30.1-123.4 nM. This
of incubation rate, transported reported performance was exercise-associated
volume, filling time evaluated; monitoring; a controlled
independent of continuous psychological-stress test
sweat production, operational drift was not performed.
and NR
sample-replacement
time NR
Cheng et al. |Dual-readout Tested cortisol Sweat; Cortisol Calibration used a 5 | Disposable paper |Triplicate Exercise-associated Multiplexed on-body
(2023) [14] paper-based range: 1 nM-10 patch-based 3D |incubation time: pL cortisol sample assay; calibration morning and evening sweat analysis used
wearable sensor; | uM; formal origami paper |10 min; intrinsic with 10-min regeneration and |measurements cortisol changes were discrete cortisol

cortisol
measured elec-
trochemically
alongside
colorimetric
measurements of
glucose, lactate,
uric acid,
Mg(II), and pH

calculated LOD
NR

microfluidic
collection

binding,
electrical-response,
and recovery

times NR

incubation. The
complete chip
experiment required
a minimum liquid
volume of 160 pL.
During on-body
testing,
approximately 30
min of exercise was
required for sweat
to reach the sensing
area.

reversible cortisol
measurement not
demonstrated

reported; storage
stability and
continuous
operational drift
NR

shown graphically for five
volunteers; exact
individual cortisol
concentrations were not
numerically tabulated

measurements
requiring sweat
collection and 10-min
incubation.

Chakoma et
al. (2024) [15]

Battery-free
MIP-radio-
frequency
resonant sensor
with LC
transduction

Tested range:
0.025-1 puM,;
sensitivity: 160.936
kHz/log(puM) with
NFC readout and
166.852
kHz/log(pM) with
an impedance
spectroscope;
formal calculated
LOD NR

Sweat; MIP-RF
sensor
integrated with
a 3D-printed
PDMS
microfluidic
channel

Wireless resonant
response
demonstrated;
intrinsic
molecular-
recognition and
recovery times NR

Microfluidic
reservoir:
approximately 150
pL, 12.6 mm
diameter, and 1.2
mm depth; inlet and
outlet channels: 1
mm wide and 1.2
mm deep.
Approximately 15
min of treadmill
exercise was
required to fill the
channel; sweat rate
and sample-renewal
time NR

Reuse employed
methanol/acetic
acid solution (1:2,
v/v), followed by
DI-water rinsing,
repeated three
times; negligible
differences in
resonant-
frequency
response were
reported between
washes, but
extended
reuse-cycle
retention NR

Approximately
96.8% of the initial
response was
retained after 28
days of storage;
100-cycle bending
stability evaluated;
continuous on-body
drift NR

Three subjects completed
approximately 15 min of
treadmill exercise for
measurements at 10 am
and 7 pm; all showed
higher morning than
evening cortisol levels.
No controlled acute-stress
challenge was performed.

Passive wireless
cortisol measurements
and chemical sensor
reuse were reported;
the 28-day result was a
storage-stability test.

Continued on next page
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Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing
method
Hossain et al.|StressFit hybrid | Tested calibration |[Sweat; medical |Real-time Skin-interfaced Cortisol-sensor Cortisol-sensor One healthy individual Physicochemical and
(2024) [16] patch combining | concentrations: 0.1 | gauze wicked acquisition multilayer patch regeneration and |repeatability and completed stationary electrophysiological
an anti-cortisol |pM-1 uM in sweat from the |reported; intrinsic |with gauze-mediated | bidirectional reproducibility were |cycling measurements signals were acquired
antibody- artificial sweat, skin to the binding, response, [sweat delivery; reversibility NR |evaluated using over four days, with simultaneously; cortisol
functionalized based on the electrochemical |recovery, and total |[sample volume, three sensors at cortisol assessed every 5 |validation involved one
PANI-AuNP— calibration figure; |sensor sample-to-signal sweat-generation three concentrations | min during nominal self-participating
MWCNT formal calculated times NR and collection times, over three 55-min sessions, although |investigator, and
electrochemical |LOD NR flow rate, and consecutive days; the statistical analysis sweat-transport timing
sensor with sample-renewal time mechanical and included a 60-min cortisol [was NR.
EMG, NR multimodal point. Plotted cortisol
temperature, operation evaluated; |increased from
and pH sensing long-term cortisol approximately 0.25
drift NR ng/mL at 5 min to
approximately 1.9 ng/mL
near 50 min and then
decreased to
approximately 1.0 ng/mL
at 60 min. Differences
were significant between 5
and 40 min (p = 0.0071)
and between 40 and 60
min (p = 0.0271).
Wang et al. MIP-based Tested range: Palm/fingertip |Electronic readout |Fingertip sweat was | Reuse, Electrodes stored at | Circadian study: three Hydrogel-assisted
(2024) [17] high-precision 1073-10* nM (1 touch sweat; and transmission |contacted with the |regeneration, and |5 °C for 4 weeks volunteers measured touch sampling
flexible sensor pM-10 uM); direct were described as |hydrogel-covered bidirectional and tested weekly every 2 h from 7 am to 7 |supported diurnal,
using porous formal LOD NR. self-collection real time, but electrode for 30 s reversibility NR; |at 100 nM lost pm; mean sweat cortisol |exercise, and
chitosan Sensitivity with using porous physiological before measurement. | template elution |approximately 5 decreased from 350 to 30 |cold-pressor
hydrogel as the porous chitosan measurements Bench calibration occurred during |nA/week. Five nM. Exercise study: two |measurements using
both sweat chitosan-hydrogel |hydrogel used discrete 30-s |used 100 pL fabrication rather |repeated 100-nM volunteers performed discrete fingertip
collector and interface: 189.2 fingertip contacts; |solution; this than during tests with the rope skipping; cortisol samples.
conductive nA/logl0(nM). intrinsic MIP volume does not sensor operation |hydrogel-covered measured 1 h later was
interface Calibration response and represent the sweat sensor produced 180 nM above the mean
experiments used recovery times NR |volume collected signals near 550 nA. |of resting volunteers.
100 puL per during on-body Multi-hour on-body |Exercise/CPT responses

concentration; 1
pM was the lowest
tested
concentration, not
a formally
calculated LOD.

testing.

drift NR.

reached approximately
250 nM. CPT: three
volunteers immersed one
hand in 0 °C water for 3
min; baseline was below
50 nM, cortisol rose
sharply at 10-15 min,
and returned to the
pre-CPT level by 20 min.

Continued on next page
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Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing
method
Tu et al. Stressomic Cortisol calibration | Sweat; Cortisol Sample volumes Five separate Sequential Human: HIIT (n=10), Sequential chambers
(2025) [18] multiplexed range: 0-100 iontophoresis- | measurements greater than 5 pL detection measurements and |emotional-picture/IAPS |provided time-stamped
competitive ng/mL; LOD: 2.70 |assisted stabilized after 15 |produced stable chambers negligible current stress (n=11), and hormone measurements
electrochemical |ng/mL. The wearable min of incubation |current, and a underwent drift under the stress-modulating under physical,
immunosensor corresponding sequential- irrespective of the |10-min incubation sequential filling, |tested physiological- |supplement intervention |emotional, and
for cortisol, LODs for sampling tested flow rate. was selected during |incubation, temperature (n=10); measurements at |supplement conditions;
epinephrine, and |epinephrine and microfluidic Isolated antibody |analytical release, and conditions were 0, 10, 20, 30, and 40 min. |each chamber used a
norepinephrine |norepinephrine patch association and optimization. The refreshing. This |reported. HIIT: cortisol increased separate sample
using Au- were 2.73 and 9.14 dissociation times |five chambers filled |provided Measurement at 10 min and gradually |aliquot.
nanodendrite- pg/mL, were not reported. |sequentially at time-separated duration is limited |declined toward baseline
decorated respectively. The approximately 6-min |samples; by the number of by 40 min. IAPS: cortisol
laser-engraved cortisol LOD was intervals at 1.5 regeneration of chambers; showed a slight,
graphene distinct from the pL/min. Flow rates |the same prolonged nonsignificant change at
electrodes picogram-per- of 0.5-3 pL/min immunosensor continuous 10 min and remained
milliliter LODs were evaluated. surface NR. operational drift stable through 40 min.
reported for the Each chamber was not established. | Supplement intervention:
catecholamines. represents the cortisol gradually
hormone level when declined. Individual
sweat entered it, concentrations were
although electrical presented graphically
readout may occur rather than tabulated.
later.
Liu et al. Computationally | Tested range: 1 Sweat; After the sweat The microfluidic The MIP was The device retained | Human; one participant Repeated regenerative
(2025) [19] assisted, in-situ |nM-10 M in PBS, |carbachol chamber was chamber held a regenerated in 92.1% of its initial |underwent one-day measurements were
regenerative artificial sweat, iontophoresis filled, the OECT |fixed sweat volume |situ by applying |current response diurnal monitoring from 7|obtained at 2-h
molecularly and artificial saliva.|with integrated |current stabilized |of 9.4 pL. Sweat —0.2 V for after 7 days. The am to 11 pm at 2-h intervals; each cycle
imprinted LOD: 0.69 nM in microfluidic in approximately |generally appeared |approximately 7-day result intervals, including a included sweat
polymer organic |PBS, 0.36 nM in collection and |150 s. This is the |approximately 4 min|1200 s (20 min), |describes retained 45-min running induction, signal
electrochemical |artificial sweat, delivery sensor-level signal |after application of |followed by response; intervention before the 5 |stabilization,
transistor and 0.82 nM in stabilization time |a 1-mA another 10-min continuous on-body |pm measurement. No regeneration, and
(MIP-OECT) artificial saliva. reported by the iontophoresis sweat-induction |drift NR. controlled channel refreshing.

wearable system

authors;
regeneration and
sweat induction
required
substantially
longer.

current, and the
chamber was nearly
filled after
approximately 8
min. The authors
recommended 10
min of sweat
induction before
biosensing.

step to refresh
the channel.
Regeneration was
demonstrated for
up to eight cycles
without washing;
numerical signal
retention across
the eight cycles
was not stated in
the main text.

psychological-stress
challenge was performed.

Continued on next page




Table S1

continued from previous page

Study Sensor / Analytical range |Sampling Intrinsic sensor |Sampling- Regeneration / |Drift / stability / |Measured cortisol / Main finding /
recognition and LOD matrix and response / interface and reversibility duration temporal result limitation
element collection recovery assay timing

method

Zhao et al. Cortisol- Tested cortisol Cortisol Real-time Sampling system Aptamer- Aptamer- No human or animal Cortisol sensing,

(2026) [20] aptamer- range: 1 pM—1 uM. |calibration was |measurements NA. No integrated mediated cortisol |functionalized cortisol experiment, mechanical compliance,
functionalized Hill-model performed consisted of five sweat-induction, sensing was transistors native-sweat and buffer stability
soft and dynamic range: primarily in consecutive collection, evaluated; maintained measurement, exercise were characterized at
intrinsically 0.38 pM-17.1 PBS. transistor scans at | microfluidic analyte removal, |electrical test, circadian the device level;
stretchable nM;LOD: <1 pM; |Additional each cortisol transport, filling, or |sensor performance in monitoring, or native-sweat and
electrolyte-gated | maximum validation was |concentration and |sample-renewal regeneration, physiological buffer |acute-stress trajectory on-body measurements
organic sensitivity: 7.54 conducted in showed stable, system was bidirectional for approximately was performed. were NR.
field-effect mV /decade; biologically distinguishable demonstrated. tracking, and 48-50 days and
transistor maximum response: | relevant buffers, [responses. A regeneration- showed no
(EG-OFET) 50.57 mV. including numerical cycle retention significant decrease

artificial sweat; |binding-response NR. in cortisol

native human |time and recovery sensitivity after 50

sweat was not |time were not days in PBS.

tested. reported. Devices operated
under up to 50%
strain; cortisol
calibration under
25% strain was
similar to that at
0% strain. More
than 1 h of
continuous
bias-stress stability
was reported, but
extended biofluid
signal drift during
continuous cortisol
monitoring was not
evaluated.

Pei et al. Reusable Tested range: 1 Sweat; Cortisol binding The incubation Electrochemical | The cortisol sensor |Controlled stress Sweat-cortisol

(2026) [21] molecularly nM-10 uM in PBS |epidermal response stabilized | chamber capacity chronoampero- retained experiments included 15 |measurements were
imprinted and artificial sweat;| multimodal after 1 min, which |was 8.4 pL. Wireless | metric approximately participants, with each integrated with ECG,
polymer cortisol |sensitivity: 0.2447 |wearable was selected as iontophoresis was restoration 98.3% of its signal |participant completing GSR, RAP, and skin
sensor 1A /log(nM) in system with the minimum applied for 5 min, returned the MIP |after 1000 cycles of |two sessions. In temperature;
integrated with |PBS and 0.24 wireless incubation time. and the chamber sensor to its 30% bending and representative traces, incubation,

ECG, galvanic |puA/log(nM) in carbachol Electrochemical filled with sweat background >96% after three CPT increased cortisol electrochemical
skin response, artificial sweat. iontophoresis restoration during the following |current in weeks under from 86 to 104 nM, restoration, and
radial artery Formal calculated |and integrated [returned the approximately 5 approximately 55 |ambient storage. followed by a decline to microfluidic renewal
pulse, and skin- |LOD: NR. microfluidic signal to its min. Tested s. Ten restoration | Daily cortisol 97 nM; a math quiz occurred between
temperature collection background level |[sample-volume cycles produced |measurements and |increased cortisol from 86 |cortisol readings.
monitoring in approximately |loading of consistent physiological-signal |[to 113 nM. A separate

55 s. These are 0.075-0.375 responses with monitoring were single-participant 24-h

sensor incubation
and restoration
times, respectively,
and do not

include sweat
induction,
chamber filling, or
sample
replacement.

pL/mm? produced
no substantial signal
change. Complete
microfluidic
replacement of an
old sample with a
new sample required
300 s.

<5% RSD. This
regeneration of
the sensing
surface is distinct
from the
approximately
300-s microfluidic
sample-
replacement
process.

demonstrated for 14
days, with a
separate 72-h
monitoring
demonstration.
Uninterrupted
operational drift of
the cortisol sensor
NR.

trace showed a morning
peak of 105 nM, a decline
to 79 nM after waking,
an increase to 95 nM
during a check-in
meeting, an increase from
84 to 94 nM during
running, and an increase
to 107 nM while watching
a horror movie. Stroop
and
morning-versus-afternoon
results were presented
graphically for multiple
subjects.




Table S2. Participant characteristics and potential sources of interindividual variability.

Information P1 - Undergraduate P2 - Master's student P3 - Ph.D. student
Age (years) 21 25 29
Gender Female Male Female
Menstrual-cycle phase Unsure N/A Luteal phase
Date of last menstrual Unsure N/A Unsure
period
Hormonal contraception None None None
Active pills or placebo for N/A N/A N/A
oral contraceptive
Caffeine consumption None None Yes - tea (60z every
morning)
Last meal/drink Yogurt, granola, and | One egg and one croissant None
banana at 8:00 am at 8:30 am
Alcohol consumption None None None
Nicotine/tobacco use None None None
Hours of sleep 8h 7h 7h
Sleep quality Good Good Average
Unusually stressful event None None None
Overall stress level (0-10) 3 3 8
Recent strenuous physical Yes - 1.5 h of None None
activity lacrosse at moderate
intensity
Typical exercise per week 10 h 3h 0Oh
Trained athlete Yes No No
BMI (kg/m2) 20.8 21.0 31.5
Prescription or over-the- Yes - Enbrel, 50 mg None Yes - antibiotic for strep

counter medication

throat (name not recorded)

Note. Information was self-reported by participants. N/A, Not-applicable; BMI, body mass index. ltems described as not recorded were

unavailable in the source participant-information table.




§ Math Test — Participant Intake = O x

Participant Information

Please fill in your details before starting the test.

First name * Last name *
Email address *
Age *

Gender

— select — v

[~ |agree to participate in this study and consent to
the collection of my data for research purposes.

Figure S1. Participant-intake interface. Representative participant-information screen displayed
by the computerized cognitive-task application before task initiation. All identifying fields are blank
in the displayed example.



/

Please close your eyes and relax
until next instruction

Time Remaining: 172s

Figure S2. Pre-task relaxation screen. Representative screen displayed during the timed resting
period preceding the computerized cognitive stress protocol.

What is the next number?
10, 17, 24, 31,

Your Feedback

How would you rate your experience?

1 2 3 4 5

Poor " versge Excallent

Additional comments:

Figure S3. Computerized cognitive-task interfaces. Representative screens from the cognitive
protocol: (a) timed mental-arithmetic task with multiple-choice responses and adaptive question
difficulty; (b) color-word Stroop task, in which participants identified the displayed font color rather
than the written color word; and (c) post-task feedback screen used to record the participant’s
experience rating and optional comments.
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