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ing the recent period related to covid-19 outbreak and lock-down, an ongoing discussion of increasing
stress etiology is reported. Biomarker analysis may help to assist diagnosis and classification of stress-
related diseases and therefore support therapeutical decisions. Due to its non-invasive sampling, the
analysis of saliva has become highly attractive compared to the detection methods in other specimen.

gfgr‘;lvgzﬁ; This review article summarizes the status of research, innovative approaches, and trends. Scientific liter-
Immunoassay ature published since 2011 was excerpted with concentration on the detection of up to seven promising
Mass spectrometry marker substances. Most often reported cortisol represents the currently best evaluated stress marker,
Point of care device while norepinephrine (noradrenaline) or its metabolite 3-methoxy-4-hydroxyphenylglycol is also a
Chromatography quite commonly considered stress marker. Other complementary stress marker candidates are testos-
Psychological stress terone, dehydroepiandrosterone (DHEA) and its sulfonated analogue DHEA-S, alpha-amylase, secretory
immunoglobulin A, and chromogranin A. Several working groups are researching in the field of stress
marker detection to develop reliable, fast, and affordable methods. Analytical methods reported mainly
focused on immunological and electrochemical as well as chromatographic methods hyphenated to mass
spectrometric detection to yield the required detection limits.
© 2020 Elsevier B.V. All rights reserved.
Contents
B O 15 e LTl (o) o 2
B 7= Tl 1< -2 011 o T 2
3. Methods
S N T )£

Abbreviations: 17—O0HP, (17a-hydroxyprogesterone); AA, (alpha-amylase); AED, (androstenedione); AlE, (Aggregation-induced Emission); AIM, (Angular Interroga-
tion Mode); APCI, (Atmospheric-Pressure Chemical Ionization); AuNPs, (Gold NanoParticles); CL, (ChemiLuminescence assay); CLIA, (ChemiLuminescence ImmunoAssay);
c-Mab, (Monoclonal Antibody); CNF-SPE, (Carbon NanoFiber Electrodes); CNT, (multiwall Carbon NanoTubes); CV, (Cyclic Voltammetry); DAD, (Diode Array Detection);
DHEA, (dehydroepiandrosterone); DHEA-S, (dehydroepiandrosterone-sulfate); DLLME, (Dispersive Liquid-Liquid MicroExtraction); DPV, (Differential Pulse Voltammetry);
ECLIA, (ElectroChemiLuminescence ImmunoAssay); ESI, (Electrospray Ionization); FIA, (Flow Injection Analysis); FO, (Fiber Optic); FOSPR, (Fiber Optic Surface Plasmon Res-
onance); HMP, (2-Hydrazino-1-MethylPyridine); HPLC, (High Performance Liquid Chromatography); HRV-SCort, (Heart Rate Variability combined with Salivary Cortisol);
IA, (ImmunoAssay); iCIEF, (Imaging detection Capillary Isoelectric Focusing); IIM, (Intensity Interrogation Mode); IL-DLLME, (Ionic Liquid Dispersive Liquid-Liquid MicroEx-
traction); LC, (Liquid Chromatography); LFIA, (Lateral Flow ImmunoAssay); LLE, (Liquid-Liquid Extraction); LMR, (Lossy Mode Resonance); LSPR, (Localized Surface Plasmon
Resonance); MALDI-MS, (Matrix-Assisted Laser Desorption lonization-Mass Spectrometry); MD, (MaltoDextrin); MEPS, (MicroExtraction by Packed Sorbent); MHPG, (3-
Methoxy-4-hydroxyphenylglycol); MIP, (Molecularly Imprinted Polymer); MS/MS, (tandem mass spectrometry); n.c., (not calculated); n.s., (not specified); NU, (Novo Unit);
PEG, (polyethylene glycol); PIT, (Photochemical Immobilization Technique); POC, (Point Of Care); PPAuNPs, (Polyaniline Protected gold Nanoparticles); PPY, (Polypyrrole);
QCM, (Quartz-Crystal Microbalance); rGO, (reduced Graphene Oxide); sAA, (salivary alpha-amylase); SPCE, (Screen-Printed Carbon Electrodes); SPE, (Solid-Phase Extraction);
SPME, (Solid-Phase MicroExtraction); SPR, (Surface Plasmon Resonance); SPRS, (Surface Plasmon Resonance Spectroscopy); SWV, (Square Wave Voltammetry); TR-IFMA,
(Time-Resolved Immuno-Fluorometric Assay); UHPLC, (Ultra-High-Performance Liquid Chromatography); UV, (UltraViolet detector); Vis, (Visible detector); XLC, (eXtraction
Liquid Chromatography).

* Corresponding author.
E-mail address: maria.parr@fu-berlin.de (M.K. Parr).
1 contributed equally
2 present address: Dr. Andreas Scholten, Institute of Forensic Medicine, Universitdtsklinikum Diisseldorf, Moorenstr. 5 40225 Diisseldorf, Germany

https://doi.org/10.1016/j.jpba.2020.113604
0731-7085/© 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.jpba.2020.113604
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2020.113604&domain=pdf
mailto:maria.parr@fu-berlin.de
https://doi.org/10.1016/j.jpba.2020.113604

2 G. Giacomello, A. Scholten and M.K. Parr / Journal of Pharmaceutical and Biomedical Analysis 191 (2020) 113604

5. Saliva sampling and storage for stress marker analyses................
6. Stressrelated biomarkers...........c..iiiiiiiii i
6.1, COrtiSOl. ...ttt
6.2, TeSEOSLEIONE ...\ttt ettt et e e e e
6.3. Dehydroepiandrosterone-sulfate (DHEA-S).....................
6.4. 3-Methoxy-4-hydroxyphenylglycol (MHPG)....................

6.5. Salivary alpha-amylase (sAA)

6.6. Secretory immunoglobulin A (SIgA)..........ccoviiiiiieinnnn...
6.7.  Chromogranin A (CgA) ......uuueeiiuieeeiiieeiiieeeiiaaaennnns

7.  Conclusions and future perspectives..

FUNAING .. ee ettt e e es
AcKNOWIedgmMentS. .. ..ovetee ettt
] (5 )3 Lol <

1. Introduction

According to the endocrinologist Hans Selye, stress is the non-
specific response of the body to any demand. While generally
connected with adaptations of the body by the activation of the
sympathetic nervous system, psychological stress in psychology
is often separated as positive and negative stress. Positive stress
(eustress) helps to improve performance and motivation (either
mental or physical), whereas distress is considered as excessive
amounts of stress, which may lead to health risks. In public
language, stress is most often connected with distress. Thus, in psy-
chology, stress is mainly related to emotional strain and pressure.

Prolonged emotional pressure of distressing periods, or chronic
stress, may lead to a broad spectrum of physical and psychological
diseases [1-5]. Whether an experience is perceived or not as dis-
tressing, strongly depends on individual aspects (e.g., environment,
socioeconomic stability, passed personal history, or mental health)
and is physiologically hard to estimate. Several factors like persist-
ing liability, ongoing anxiety, desperateness, or a lack of prospects
are tightening this experience. Hence, there is an increased risk
for people who are working in fields with ongoing emotional pres-
sure, like physicians, caregivers, nurses, social workers or teachers,
etc. [6-10]. Especially during nowadays coronavirus pandemic, an
ongoing discussion of increasing stress etiology in health care-
givers, but also in the general public is reported [11-21]. In public
perception, increasing stress load leads to symptoms summarized
as burnout. Chronic stress and burnout also influence how peo-
ple will physiologically react, cope, and adapt to a future acute
stress event. Thus, the diagnosis of chronic stress is becoming more
and more important in health protection [22]. Methods often rely
on psychological scales achieved by questionnaires, that strongly
depend on the individual patient [23]. Additionally, the physio-
logical response to mental and physical stress involves various
compounds that may, therefore, be used as biomarkers in biological
signal-based methods.

The most commonly considered biomarker for stress determi-
nation in humans is cortisol. This well-examined hormone is part
of the stress response, and its concentration varies in acute and
chronic stressful situations. In addition, there are a lot of other
biomarkers with a strong correlation to the perceived stress load.
Their detection methods are as multifarious as their amount. Many
research groups are working in the field of stress marker detection.
Therefore, the number of reported detection methods is increasing
too. Most of the manuscripts published in the scientific literature
are dealing with the detection of a few stress markers in differ-
ent matrices. Due to its non-invasive and stress-free sampling, the
analysis of saliva has become highly attractive compared to the
detection methods in blood, liquor, or hair. Therefore, the aim of
this review is to give an overview of state-of-the-art analysis, to
summarize the different detection approaches, and to provide a
lookout for prospective methods.

2. Background

Stress, caused by exceptional circumstances, is leading to a dys-
regulation of biological homeostasis. Thereby, these dysfunctions
are concerning all hormonal, neurohumoral, and physiological
axes. The measurement of marker substance levels of these axes
can be used for estimating the stress response level of an individ-
ual. The interactions of these substances and the physiology of the
axes will be briefly introduced in the following.

The immediate stress reaction, or the fight-or-flight response,
involves the rapid activation of the autonomic nervous system
(adrenal medulla, ANS), which leads to an increased concentra-
tion of epinephrine and norepinephrine (chemical structure in
Fig. 1) in blood. Only limited research focused on the detection of
the parent compounds themselves as they display limited chemi-
cal stability and are rapidly metabolized to yield 3-methoxylated
metabolites. Therefore, the level of their metabolite 3-methoxy-
4-hydroxyphenylglycol (MHPG, Fig. 1) is also associated with a
stress response. Its reference value from 12.85 ng/mL was deter-
mined by Reuster et al. [24], while Okumura et al. reported a
method able to quantify norepinephrine at about 0.17 pmol/mL
(i.e.,30 pg/mL) and epinephrine at about 0.1 pmol/mL (20 pg/mL) in
saliva [25]. Furthermore, they mentioned a stress-related increase
of the salivary neurotransmitter dopamine in some cases, most
likely related to strong fear or anxiety. As increasing catecholamine
levels are also associated with an induction of an elevated
metabolic rate, metabolomics may also be considered an interest-
ing future approach. However, at present, no publications related
to metabolomics investigations on human saliva in psychological
stress were retrieved within our database search.

As hypothesized, the hypothalamus-pituitary-adrenal (HPA)
axis responds deferred. Limbic and hypothalamic structures are
coordinating the emotional, cognitive, neuroendocrine, and auto-
nomic inputs. On its activation, corticotropin-releasing-hormone
(CRH) is excreted. This leads to a release of adrenocorticotropic
hormone (ACTH) in the pituitary, which triggers the release of
glucocorticoids in the adrenal gland. While ACTH is reported to
increase as a stress-related response by Ramos et al., others found
ACTH levels varying with age, sex and type of stress [26-28]. Sali-
vary ACTH levels are only rarely used in stress marker research.

Triggered by the HPA signaling the most important stress-
related glucocorticoid is cortisol. The normal ranges of cortisol in
blood and saliva for healthy individuals are around 30—160 ng/mL
(blood) and 1-1.6 ng/mL (saliva), respectively [29]. It is crucial to
notice, though, that cortisol concentration is influenced by several
factors such as sex, age, population, circumstances, and circadian
rhythm [30].Inthe case of an acute stress situation, the cortisol level
is increasing and reaches the concentration peak around 20-30
min after the stressor event. If the stressor is still ongoing over a
long-term period, cortisol levels are decreasing. If stress becomes
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Fig. 1. Chemical structures of the small molecule stress-related biomarkers cortisol, norepinephrine, 3-methoxy-4-hydroxyphenylglycol (MHPG), testosterone, dehy-

droepiandrosterone (DHEA), and DHEA sulfate (DHEA-S).

chronic, the response of the HPA axis is attenuated. Therefore, cor-
tisol (Fig. 1) is also considered as a marker of long-term response
in humans.

Reflexively, a high cortisol concentration influences the testos-
terone (Fig. 1) level in blood, which is reported to decrease from
its normal range (0.35 nmol/L [31]). The pre-stages of testosterone
are dehydroepiandrosterone (DHEA) and its sulfated form DHEA-S
(Fig. 1). Concomitant with an altered level of cortisol, the level of
DHEA and DHEA-S change as well [32]. This means that its aver-
age concentration in saliva (0.2-2.7 ng/mL) also depends strongly
on age, sex, and daytime [33]. While the acute stage of stress, the
level of DHEA (-S) increases, while its level decreases in a long-term
situation.

In parallel with the HPA axis, further paths are activated:
gonadal axis, adipose axis, and immune system. Thereby, several
other biological marker-substances are associated with acute and
chronic stress. Thus, in addition to epinephrine, norepinephrine,
cortisol, and testosterone, there are further proteins and enzymes
correlated with stress.

The increase in catecholamines leads to a greater need for
energy. Alpha-amylase (AA, Fig. 2) is an enzyme, which also
occurs in saliva (salivary AA (sAA)) with a normal range between
90-250 U/mL [29]. Its task is to split carbohydrates into digestible
oligosaccharides, which are very important during a fight-or-flight
response situation. The increase of AA activity is, therefore, also
associated with acute stress.

Another stress-related protein is the secretory immunoglobulin
A (sIgA), which is secreted by B cells from the immune system. It
plays a significant role in mucosal defense against pathogens and
occurs in healthy individuals and normal conditions in a range of
ca. 60.3 £+ 3.46 pg/mL in saliva [34]. B cells have a high density of
[32-adrenergic receptors. In case of a stress reaction, the increased
level of epinephrine and cortisol works along this pathway.

Another stress response marker is chromogranin A (CgA, Fig. 3),
which is part of the pathway of the autonomic nervous system. It
is the precursor to several functional peptides like vasostatin-1,
vasostatin-2, pancreastatin, catestatin, or parastatin. These pep-
tides negatively modulate the neuroendocrine function of releasing
cells, like cells of the adrenal medulla, which releases adrenaline to
the blood. In this way, the chromogranin A level is associated with
stress.

In some papers, serotonin is considered as a stress biomarker,
but mainly in blood or urine, where the concentration is higher
[29]. Moreover, Egri et al. found out that in children the sali-
vary serotonin levels do not correlate well with plasma levels and
Leung et al. highlighted that they do not correlate with central
serotonin turnover either, making serotonin a non-suitable sali-

Fig. 2. Structure of alpha amylase, based on Ramasubbu et al. [157].
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SAAALALLLC AGQVIALPVN SPMNKGDTEV MKCIVEVISD TLSKPSPMPV
60 70 80 90 100
SQECFETLRG DERILSILRH QNLLKELQDL ALQGAKERSH QQKKQSSYED
110 120 130 140 150
ELSEVLEKQN DQAELKEGTE EASSKEAAEK RGDSKEVEKN DEDADGAKPQ
160 170 180 190 200
ASLEPPXXXE AEDQTPGEEE AASTHPLASL PSKKRPGAQA EEDHEGPSQG
210 220 230 240 250
PVDREKGPSA EQGPQAEREE EEEAEAGEKA VPEEEGPRSE AFDSHPSLGY
260 270 280 290 300
KEMQRGWPQA PAMDGAGKTG AEEAQPPEGK GAREHSRQEE EEETAGAPQG
310 320 330 340 350
LFRGGKRGEP AQEEEERLSE EWENAKRWSK MORLAKELTA EKRLQGEEEE
360 370 380 390 400
EEEEEDPDRS MKLSFRAPAY GFRGPGLQLR RGWRPSSRED SVEAGLPLQV
410 420 430 440
RXYLEEKKEE EGSANRRPED QELESLSAIE AELEKVAPQL QSLRRG

Fig. 3. Chromogranin A: amino acid sequence of the recognized domain, used by
Escribano et al. [142].
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vary biomarker for evaluation of serotonergic system functioning
[35,36].

3. Methods

Based upon two publications from Danhof-Pont et al. [37] and
Yamaguchi et al. [38], we have searched the databases of Pubmed
and ISI Web of Science for articles published since 2011, which
are dealing with stress marker detection in saliva. According to the
described stress markers (x), we have worked with the Boolean
search terms (x) AND detection AND saliva. The received articles
were then excerpted given their relation to stress research, devel-
oped or used method, the achieved detection limits, and feasibility.

4. Assays

Well established and innovative analytical techniques are both
used for biomarker determination. Initially, radioimmunoassays
(RIAs) were very common, but other immunoassays (IA) were
developed and optimized later to avoid the use of radioac-
tive reagents. Currently, the enzyme-linked immunosorbent assay
(ELISA) and immune-based biosensors are of more frequent use
[39-42].

In general, IA are susceptible to cross-reactivity dependent on
the selectivity of antibodies used therein. Molecularly imprinted
polymers (MIPs) are recently studied as alternatives and used in
assays to overcome the economic downsides of antibody-based
assays [43]. Similarly, bio- or chemiluminescent assays may serve
as alternatives [44-49].

Major advantages of IA include their effective usability in
the clinical routine with several commercially available Kits.
However, classical IAs represent single analyte assays only. Fur-
thermore, cross-reactivities with structurally related compounds
may confound the analytical results, especially if differences in con-
centration between the analyte and cross-reacting agent are very
high.

In addition to classical immunoassays, immunological methods
and electrochemical analysis are often combined in stress marker
analyses [50-55]. Bio- and immunosensors are widespread thanks
to their versatility, easy use, sensitivity, and short analysis time
[45,46,50-56]. Furthermore, due to their possibility of miniatur-
ization, they offer an excellent opportunity for developing point of
care (POC) devices.

The majority of steroidal stress biomarkers in saliva are still
analyzed with IAs because they are technically easy to use, rapid,
and relatively cheap. There are, though, some downside not always
negligible. IAs are based on the chemical binding reaction between
antibodies and a specific analyte, but sometimes the assay selectiv-
ity can be mined by the antibodies cross-reactivity with structurally
similar compounds. As reported in literature, this is the case
of cortisol and cortisone in saliva [57-59]. Similarly, in plasma
sample analyses cross reactivities for DHEA-S and testosterone
were reported [60,61]. Often overlooked high differences in the
concentration levels (even in order of magnitude) may require
cross-reactivities far below 1 % which are often stated as fio
cross reactivityin IA kits. Furthermore, cross-reactivity is not the
only variable that can influence the reliability of an IA. Since
they might be designed differently, also the resulting interaction
antibodies-analytes might change, and it is often not possible to
compare different 1As results [57]. Therefore, some conversion
tables have been developed to obtain comparable factor scores
between results obtained with the most common IAs [57]. But-
tler et al. [62] demonstrated high imprecision of some kits for
dehydroepiandrosterone-sulfate by comparison of different IA kits
and isotope-dilution-LC-MS/MS.

Thus, several authors instead use liquid chromatography (LC)
or gas chromatography (GC) mostly coupled with mass spectrome-
try (MS). These hyphenation methods also allow for multi-analyte
design, which cannot be achieved in classical IA analyses. Well-
established in steroid profiling, GC-MS combines high selectivity
due to its very high power of chromatographic separation and
additional mass selective separation with its potential for trace
level analysis. Fujimaru et al. and Yamada et al. utilized GC-MS
for the determination of the (nor-)epinephrine metabolite MHPG
[9,63]. To extend the scope of analytes, we have tested a GC-MS
method for the simultaneous determination of stress related small
molecule biomarkers. First experiments had shown that one could
combine cortisol, testosterone, DHEA, and MHPG. These substances
were well detectable as trimethylsilyl (TMS) derivatives by GC-MS.
Currently, method validation is in progress. However, the analy-
sis of sulfoconjugates is rather complicated by GC-MS. Thus, HPLC
based methods were also tested for combined analysis of the above-
mentioned small molecule stress biomarkers. In bioanalysis, HPLC
is often coupled with (tandem) mass spectrometry (LC-MS(/MS)),
which leads to higher selectivity and sensitivity and concomitantly
amuch lower limit of detection (LOD). It offers a fast, reliable, highly
selective, and robust determination of a wide variety of biomarkers
for use in multi-analyte designs [64-66]. The product ion spectra of
cortisol, testosterone, and norepinephrine, DHEA-S, and MHPG are
displayed in Fig. 4 (positive ionization) and Fig. 5 (negative ioniza-
tion). The use of HPLC based methods may also help to overcome
the lack of suitability for protein-based biomarkers in GC-based
methods. However, a comprehensive detection of small molecules
like catecholamines and steroids together with larger proteins may
remain challenging, especially if sample pre-treatment needs to be
incorporated in the method. Before running an HPLC-MS analy-
sis of a salivary sample, either a solid-phase extraction (SPE) or
a liquid-liquid extraction (LLE) is traditionally performed. In the
last years, attempts have been made to reduce the consumption
of organic solvents in the sample preparation. Therefore, microex-
traction techniques, ionic liquids (IL), or a combination of the two
(IL-DLLME) [64,67-70] have been introduced.

More specific details of analytical methods are given in the indi-
vidual sections of specific biomarkers.

5. Saliva sampling and storage for stress marker analyses

Salivarepresents a highly attractive specimen in bioanalysis due
to its non-invasive sampling. It has the undeniable advantage of
being easy to get, even from newborns and elderly, non-invasive,
and non-stressful, and is therefore frequently used in stress-related
research. The sampling procedure, though, requires some precau-
tions to obtain accurate and reliable results. For several analytes
concentrations in saliva are highly correlated to serum concentra-
tions [71,72]. As shown in this review, there are different collection
methods resulting in data that are not always interchangeable:
comparing analytical results with different procedures of sam-
pling might lead to incorrect deductions. Sampling is most often
performed using easy collection devices. Standard protocols are
developed and reported for many fields of analysis and adaptation
to field conditions was achieved already many years ago [73].

However, several potentially confounding factors need to be
considered to obtain significant and reliable data. Lipson and Elli-
son reported no influence of the selection of the type of sampling
tubes (glass or polystyrene) on salivary steroid concentrations [73].

For all the biomarkers considered, some factors can influence
the analysis. It is, therefore, recommended not to eat, smoke, drink,
or brush the teeth for at least one hour before the collection, and to
avoid blood contamination while collecting (i.e., by scratching the
gum) [74-77].



G. Giacomello, A. Scholten and M.K. Parr / Journal of Pharmaceutical and Biomedical Analysis 191 (2020) 113604

+ESI MS2 QTOF Fv=150 CE=20 (M+H}+
y 121.06479
153_ 100{00
60
40
20
o',

Abundancz

97.06479
2384

miz

145.10118  187.11174
14.31 14.42

8. |
" ...l: L[ et Y O T PP ey o '.h--[‘ A h el |.‘ ' | | | | ! |
20 40 60 80 1100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

363.21661

327.19547
267.17435 46.01
28.19

+ESIMS2 QTOF FY=150 CE=20 (M+H)+

100 97.06479
80 100(00

601
401 &3.04314
20 449

Abundarea

123.08044
6.30

159.11682 187.14813 213.16377
2.9 273 255

289.21622
253.19508
9.3

mlz

mn " 1 L
30 40 S0 60 70 80 S0 100 110 120 130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280 290 300 310

+
m
2]
Z
7]
0

QTOF FV=120 CE=20 (M+H}+
100
80
60-1
401 79.05423
4404948

204 Lint 15ins
04 - - — v —L

Abundance

107.04914
100,00

135.04405
2900  152.07060
13.97

11

20 30 40 S0 80 70 80 90

miz

100 110 120 130 140 150 160 170 180 190

Fig. 4. Product ion spectra (LC-QTOF-MS) of cortisol (upper), testosterone (middle), norepinephrine (lower), all positive ionization (ESI+), collision energy CE = 20V.

-ESI MS2 QTOF Fv=160 CE=20 (M-H)-

100
804

60
125.06081
404 21.74

59.01385
207 1147
0- | ' 0
20 40 60

Abundancz

mfz

189.09210
15.98

80 100 120 140 160 180 200 230 240 260 280 300 320 340 360 380 400 420

331.18150
S

-ESIMS2 QTOF FY=160 CE=20 (M-H}-

4 367.15848
?, 1808, 104.00
T 60 96.96011
3 401 3525
20-
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
mlz

-ESI MS2 QTOF Fv=160 CE=20 (M-H)-
1004
80
60
40 93.03459
20 . b k2

0

Abundanca

121.02950
10000

150.03224
25.72

miz

I
20 30 40 SO 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

Fig. 5. Product ion spectra (LC-QTOF-MS) of cortisol (upper), dehydroepiandrosterone sulfate (DHEA-S, middle) and 3-methoxy-4-hydroxyphenylglycol (MHPG, lower), all

negative ionization (ESI-), collision energy CE = 20 V.

Whetzel et al. and Shirtcliff et al. compared cotton swab
(Salivette) and passive droll collection methods [33,78]. No signif-
icant differences in the two approaches were detected in case of
cortisol and DHEA-S. Similar findings for cortisol were obtained
by Gallagher et al., and Hodgson and Granger in the compari-
son of passive droll and Salivette swab collection [79,80]. The
comparison of passive droll collection with two commercial Kits,
OraSure and Oracol reported by Nurkka et al. also resulted in
non-significant influences for sIgA [81]. In contrast, Shirtcliff et al.
reported significantly different concentrations for testosterone and
slgA when comparing Salivette and passive droll collection. The
authors hypothesized that this effect might be caused by a non-
specific binding or cross-linking reaction of the antibody used in
the immunoassay, or that an interfering substance is filtered out
by the cotton [78]. Lipson and Ellison found a high correlation
of salivary steroids (progesterone, androstenedione, testosterone
and cortisol) in non-stimulated collection and stimulated collec-
tion utilizing gum chewing (with or without sugar additives),
candy, or lemon juice [73]. However, significantly different con-

centrations compared to unstimulated collection were determined
for cortisol (lemon juice, lower concentrations), testosterone and
androstenedione (sugarless gum, lower concentrations), as well as
for progesterone (stimulation by sugared gum, higher concentra-
tions). Additionally, interindividual variances in the slope of the
correlation equation were found for progesterone concentrations
comparing unstimulated and sugarless gum stimulated collection
(higher or lower concentrations depending on the individuals) [73].

For evaluation of sAA activity Beltzer et al., and Rohleder et al.
highlighted that the salivary flow rate has a non-critical impact
[82,83]. However, it is observed that the activity of sAA strongly
depends on the sampling area of the mouth [82,84]. Thus, differ-
ences in the sampling devices impact the results even if they do
not result in different flows of saliva. Robles et al. hypothesized
that parotid and submandibular glands produce a higher level of
sAA in comparison with sublingual glands [84]. On the analysis of
MHPG and CgA, there are only a few studies. To our knowledge, only
Higashi et al. studied the MHPG concentration with (stimulated)
and without (unstimulated) gum-mastication, resulting in a signif-
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icant decrement in MHPG amount caused by salivary stimulation
[85].

Additionally, the correct time for sampling is crucial for later
result interpretation. Analyses of biomarkers have different time
windows in case of chronic or acute stress. For example, a spe-
cific stress event causes an increase of cortisol after 15—-20 min
from the exposure; then, the level begins to decrease even if the
stressor persists for some time, therefore, taking a sample of saliva
after this window will not be useful [86]. Especially in monitoring
of chronic stress a longitudinal evaluation is often performed and
needs careful experimental design. Most of the biomarkers taken
into consideration in this review are secreted with a trend, or cir-
cadian cycle, regulated mainly by day/night alternation and their
amounts in saliva change within 24 h [33,86-96]. The concentra-
tion of cortisol, for instance, starts rising in the morning and reaches
its peak within 40 min after awakening. Then, the level begins
to decrease until the minimum, or nadir, between 10 pm and 2
a.m. Normally, cortisol has a stable 24 h profile, overall unaffected
by acute changes in habits or behavior. Intense training, lack of
sleep, or fasting disrupt only momentarily the circadian cycle that
will quickly return to homeostasis. In the case of chronic stress,
instead, the level of cortisol remains high during the 24 h resulting
in an attenuated circadian cycle and a blunted response to future
stressors [86-90,96].

It is also critical to consider the medical history of the subject
examined because some diseases can cause an alteration of the
basal level of the biomarker. The Cushing’s and the Chronic fatigue
syndromes, i.e., create a blunted cortisol wake/sleep variation sim-
ilar to the one due to chronic stress [86,87,96].

Another aspect to consider is the storage of the salivary samples
prior to the analytical determination.

The steroids are reported as quite stable biomarkers in saliva.
Clements and Parker demonstrated that saliva samples for the anal-
ysis of cortisol resist at least five days with temperature variations
between 15 °C and 38 °C [97]. Moreover, cortisol concentrations
are stable at 5 °C for up to 3 months or at -20 °C and-80 °C for at
least one year. The only variation registered was after one month
of storage at room temperature [77]. Durdiakova et al. studied the
stability of testosterone at room temperature, at 4 °C, at —20 °C,
and at —80 °C. In each of these cases, no significant variations were
found within at least one month [98]. To our knowledge, there are
no stability studies for DHEA-S and MHPG in saliva.

In contrast, sample storage for the analysis of the protein
biomarkers required more attention. Bellagambi et al. studied the
stability of sAA for short and long term storage. The enzymatic
activity remained stable for at least 8 h at room temperature (anal-
ysis at ten different time points) and after four weeks at —80 °C. The
activity showed a decrease of about 15 % at 4 °C, always after four
weeks [99]. In IgA analyses, snap-freezing with glycerol in liquid
nitrogen resulted in significantly higher concentrations in compar-
ison to those detected after storage for 4-8 hours at 4 °C with and
without the addition of protease enzyme inhibitors before freez-
ing at —70 °C [81]. In contrast, Ng et al. found stable salivary IgA
concentrations for up to 3 months at 30 °C [100]. Escribano et al.
evaluated the stability of CgA in porcine saliva specimen in differ-
ent storage conditions. They proved that there is not a significant
reduction in concentrations up to one year at —20 °C or—80 °C, and
up to seven freezing/thawing cycles [101].

6. Stress related biomarkers

As relevant salivary stress markers, Yamaguchi et al. focused on
cortisol, DHEA-S, testosterone, sAA, CgA, and sIgA [38]. These com-
pounds were also examined by Danhof-Pont et al., who reported
further 32 candidates for biomarkers in case of burnout [37]. These

biomarkers concerned the HPA axis, the steroid hormones, the
autonomic nervous system (ANS), the immune system, different
metabolic processes, and the antioxidant defense system.

These findings were confirmed by our literature search. Since
2011, a significant number of publications reported the detection
of cortisol in saliva (more than 300), but not all of them had a
direct relation to stress research. Other well-examined biomark-
ers in saliva are testosterone (ca. 70 publications), chromogranin
A (11 publications), salivary alpha-amylase (ca. 100 publications),
and secretory immunoglobulin A (50 publications). Other interest-
ing candidates were the sulfated precursor of testosterone DHEA-S
(10 publications) and the norepinephrine metabolite 3-methoxy-
4-hydroxyphenylglycol (MHPG) (2 publications). Not all of these
papers are related to stress biomarker research, thus, a supplemen-
tary selection has been made.

In the following sections, we itemize the most relevant biomark-
ers and their analytical methods for determination.

6.1. Cortisol

Cortisol (chemical structure in Fig. 1) is the most commonly uti-
lized stress biomarker. It is reported to show a strong correlation
between serum and salivary concentrations [102]. This correlation
allows the detection of active cortisol in saliva, with a non-invasive,
stress-free sampling.

Since 1979, when Kabra et al. reported the first HPLC method
using UV detection for the detection of cortisol in serum/plasma
[103], the variety of approaches has drastically increased.

Nowadays, cortisol determination is often performed by
LC-MS/MS to provide the desired selectivity and sensitivity. Fur-
ther chromatographic methods utilize high performance thin layer
chromatography (HPTLC) and eXtraction Liquid Chromatography
(XLC). GC methods are not reported for the detection of cortisol in
saliva within the monitored time frame. However, from its analysis
in other biological matrices, it is known that GC separation requires
the derivatization of cortisol, which may hamper its quantitation
[104].

Miller et al. refer to LC-MS as a well-established reference
method [105]. Thus, they used it to compare the suitability of
diff ;erent commercial IA. Their findings revealed nonlinear rela-
tions between IA and LC-MS/MS methods, which they discussed
in terms of IA cross-reactivity with saliva matrix components. In
contrast, Kaushik et al. referred to immunoassays as the gold stan-
dard in cortisol detection because these methods are simple, rapid,
economical, sensitive, robust, and reproducible [106]. Radioactive
labeled IAs (RIAs) are no longer preferable because of the risk of
the radioactively labeled assays, and the trend shifted towards
fluorescence labeling. Nevertheless, the analyte still needs to be
pre-treated.

Modern label-free detection methods like surface plasmon res-
onance spectroscopy (SPRS) are developed to avoid the preparation
step. Tahara et al. described an SPR method for detecting cor-
tisol [107]. The sensor surface was modified with carboxylated
polyethyleneglycol and cortisol 3-(0O-carboxymethyl) oxime as a
cortisol analog. This indirect competitive setting worked with anti-
cortisol antibodies, which first bind to free cortisol in the sample.
Afterwards, the remaining unbound antibodies were captured on
the sensor surface. The received response of the layer thickness was
inversely proportional to the concentration of free cortisol in the
sample. The developed method yielded a limit of detection (LOD)
of 38 pg/mL.

The use of fiber-optic (FO) based SPR sensors allowed to reach
the lowest LODs ever registered. In 2017, Usha et al. reported a fiber
optic salivary cortisol sensor, using lossy mode resonance (LMR)
with molecular imprinting of ZnO nanocomposites and polypyrrole
(PPY) [108]. Very recently (March 2020), Pandey et al. described a
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fiber-optic plasmonic sensor for cortisol quantitation. They realized
two FO sensors based on plasmonic gratings: one made of SiO,
and a thin Ag layer, and the other of SiC/Ag [109]. They operated
in Angular Interrogation Mode (AIM) and Intensity Interrogation
Mode (IIM) to determine the LODs. In AIM, assuming 0.001° as the
smallest angular shift detectable, they calculated a 9.9 pg/mL LOD
for the SiO,/Ag sensor probe and 9.8 pg/mL for SiC/Ag. With IIM they
obtained even lower limits, i.e., 22.6 fg/mL for SiO,/Ag and 68.17
fg/mL for SiC/Ag, which is by far below the concentration range that
is expected for salivary cortisol.

Electrochemical (EC) methods are usually easy, fast, and fewer
solvent consuming. There are different typologies of EC analysis;
the most common are cyclic voltammetry (CV), differential pulse
voltammetry (DPV), square wave voltammetry (SWV), amperom-
etry, and potentiometry. Furthermore, electrochemical methods
allow the realization of devices for POC use. There are some publica-
tions collected in this review (Table 1) that combine the advantages
of the electrochemical sensors with the high selectivity of the
immune assays.

Several additional methods are published, diff ;erent in sample
pre-treatment and detection. To resume the results, Table 1 gives
an overview.

6.2. Testosterone

The detection of testosterone (chemical structure in Fig. 1)
in saliva is described in ca. 70 publications since 2011, mainly
in correlation with doping or physical stress in sport. Escribano
et al. presented an automated chemiluminescent immunoassay
for detecting salivary testosterone in pigs. The reported method
utilized a commercial kit with a solid-phase, competitive chemilu-
minescent enzyme immunoassay [48]. Furthermore, Gosetti et al.
summarized the detection of steroids with ultra-high-performance
liquid chromatography-tandem mass spectrometry (UHPLC-
MS/MS) in different human matrices, including saliva [117]. This
review only refers to the detection of 17-hydroxyprogesterone in
saliva; the analysis of testosterone is mainly described in other
matrices, like hair, blood, or urine.

Other publications are dealing with testosterone detection in
saliva: Jensen et al., Sobhi et al., Alzahrani et al., and Gomez-Gomez
et al. used HPLC-MS/MS [114,118-120]. All four research groups
used electrospray ionization source in positive mode. Out of these
four papers, Sobhi et al. detected testosterone alone in human saliva
while the others reported multi-compound analyses.

Immunoassays are well established and accepted in the scien-
tific community, but they require the use of natural receptors or
antibodies that are often very expensive. To overcome this problem,
molecularly imprinted polymers (MIPs) are gaining more attention
as an advantageous alternative. Kellens et al. used a microfluidic
system combined with an in situ photo-polymerization on func-
tionalized diamond substrates to obtain a controlled and consistent
distribution of micro-patterned MIPs on the sensor substrate. So,
they realized a selective sensor platform for testosterone [43].

There are some additional methods published, diff ;erentin sam-
ple pre-treatment and detection. To resume the results, Table 2
gives an overview.

6.3. Dehydroepiandrosterone-sulfate (DHEA-S)

Dehydroepiandrosterone-sulfate (DHEA-S, chemical structure
in Fig. 1) appears to be an interesting stress marker, albeit its detec-
tion is not very deeply examined. Yamaguchi et al. pointed out that
DHEA-S has an excellent serum-saliva correlation (0.86, Salimet-
rics assay) because it enters saliva via ultrafiltration through the
tight junctions between the acinar cells [38]. Since 2011, only a few
published works dealt with the analysis of this steroid in saliva.

Various methods for salivary DHEA-S are reported, either utiliz-
ing IA or HPLC-based methods. Additionally, non-sulfated salivary
DHEA is discussed as stress related biomarker as well. Kits are
commercially available and have been assessed for saliva analy-
sis [33,124]. However, cross-reactivity evaluations of commercially
available IA kits hardly consider the expected differences in con-
centration ranges between DHEA and DHEA-S. Francavilla et al.
analyzed DHEA-S in saliva to evaluate the correlation between
serum and salivary concentrations using an electrochemilumi-
nescence immunoassay [49]. Due to their selectivity, LC-MS/MS
based methods are considered more appropriate for the deter-
mination of salivary DHEA and DHEA-S. Two studies reported a
protocol for simultaneous measurement of cortisol and DHEA-S
using LC-MS/MS on a triple quadrupole (QqQ) instrument [64,65].
Yasuhara et al. proposed a combination of solid-phase microextrac-
tion (SPME) with electrospray (ESI) MS/MS. After examining several
on-line in-tube columns and diff ;erent parameters, they optimized
the detection and achieved a LOD of 13 pg/mL for DHEA-S. Cao
et al., instead, using a liquid-liquid extraction obtained a LOD of
0.03 ng/mL for DHEA-S. LC-MS/MS based methods for the determi-
nation of non-sulfated DHEA in a multi-analyte setting are reported
by Kataoka et al. [68] also utilizing on-line in-tube SPME.

Gaudl et al. used an on-line solid-phase extraction (SPE) with
LC quadrupole linear ion trap mass spectrometry for the simul-
taneous quantitation of 17a-hydroxyprogesterone, aldosterone,
androstenedione, cortisol, cortisone, dehydroepiandrosterone-
sulfate (DHEA-S), estradiol, progesterone, and testosterone [66].
They obtained a LOD of 814 pmol/L for DHEA-S.

6.4. 3-Methoxy-4-hydroxyphenylglycol (MHPG)

The detection of MHPG as a metabolite of norepinephrine is
described in a couple of studies. The chemical structures of both
are given in Fig. 1. Fujimaru et al. tested 39 nurses to examine the
relationship between cortisol, MHPG, secretory immunoglobulin A,
and stress [9]. Yamada et al. instead, proposed MHPG as a biological
marker for anxiety disorders. They analyzed 196 healthy volunteers
and 42 outpatients with anxiety disorders [63].

In both studies, MHPG was detected using GC-MS. The reached
LOD for MHPG was calculated only by Fujimaru et al. and was 0.55
ng/mL, with intra and interassay coefficients of variation (CVs) of
3.95% and 5.70 %, respectively. Reference values of normal salivary
MHPG concentration were reported as 12.85 ng/mL by Reuster et al.
[24].

Its precursors, norepinephrine and epinephrine, show limited
chemical stability and are therefore hardly covered directly in
biomarker studies. Okomura et al. report their analysis after stabi-
lization by adding reduced glutathione /ethylene glycol tetraacetic
acid (EGTA) based on a method reported by Schwab et al. [25,125].

6.5. Salivary alpha-amylase (sAA)

The detection of alpha-amylase is well investigated (structure
in Fig. 2). There are already commercial easy-to-use, quick tests,
and POC devices available. The most common detection method
for this marker is by measuring its activity. Several different assay
methods and unit definitions make it almost impossible to compare
reported activities. As one example, one NU (Novo Unit) is defined
as the amount of the enzyme that breaks down 0.00526 g of starch
per hour. Alternatively, its activity is given as unit that liberates 1.0
mg of maltose from starch in 3 min at pH 6.9 at 20 °C [126].

Ohtomo et al. developed a flow injection spectrophotomet-
ric analysis for analyzing alpha-amylase activity in saliva [127].
The principle of this method was the degradation of a starch-
iodine complex by alpha-amylase activity. The reached LOD was
60 NU/mL. Another spectrophotometric method is described by
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Table 1
Overview of different cortisol detection methods and their LOD. Reference values of salivary cortisol are reported in the range of 1-1.6 ng/mL [29].
Method/Analytical Ref. Saliva collection LOD Comment
technique
Bioluminescence [44] n.s. 360 pg/mL
Chemiresistor [45] Artificial saliva 1 pg/mL Single-walled, carbon
Immunosensor [46] n.s. 10 pg/mL nanotube-based
chemiresistive transducer
c-Mab covalently
immobilized on rGO
CL [47] Artificial saliva 80 pg/mL
CLIA [110] Sponge 160 pg/mL In pigs, SPE
[111] Artificial saliva 0.47 pg/mL
Electrochemical biosensor [50] Salivette® 10 pg/mL cv
(immunosensor and IA) [51]] PBS solution 0.36 pg/mL PPAuNPs on Au electrode,
5211 Artificial saliva 1.03 pg/mL CV +DPV
53] [ n.s. 0.4 pg/mL POC, 35 min analysis
54] Salivette® 1.7 ng/mL POC
[55] Passive droll 1 ng/mL Disposable
immune-sensor, CV + SWV
Fluid control: vertical +
lateral flow (no
pre-treatment)
ELISA [39] n.s. 28 pg/mL Cortisone detection
[40] Alpco Diagnostics 1 ng/mL LOD (saliva) is cited from
[41] salivettes 1.02 ng/mL kit supplier
Oral swab Biomimetic ELISA: MIP,
colorimetric detection
ELISA: indirect assay [42] n.s. 0.5 ng/mL Cortisol-ovalbumin
ELISA: direct competitive 1.2 ng/mL conjugated
assay Cortisol-alkaline
phosphatase-conjugated
IL-DLLME + LC-UV/Vis [70] Salivette® tubes 160 pg/mL Cortisone detection
LFIA [112] Artificial saliva 0.5 ng/mL Naked eye, AuNPs as signal
[113] Salivette® 0.3 ng/mL labeling with Ag
[10] Salivette® 0.4 ng/mL enhancement system, POC
CL imaging system, POC
CL biosensor, astronauts
LC-MS/MS [114] Spitting directly into a tube 100 pg/mL ESI, pre-treatment: LLE,
[66] Salivette® 10 pg/mL simultaneous detection of
melatonin and testosterone
SPE, quadrupole linear ion
trap, simultaneous
quantitation of 17-OHP,
aldosterone, AED, cortisol,
cortisone, DHEAS,
estradiol, progesterone,
and testosterone
LMR-MIP [108] Artificial saliva 25.9 fg/mL Fiber optic sensor
MEPS-HPLC-DAD [69] Disposable plastic pipette 1.5 ng/mL Simultaneous cortisone
and corticosterone
detection
SPME + LC-MS/MS [68] Salisoft® tubes 1.1 pg/mL Simultaneous Testost. and
[64] Salisoft® tubes 0.9 pg/mL DHEA detection
Simultaneous DHEA
detection
SPR (FOSPR) [109] Salivette® AIM: 9,9 pg/mL (SiO); 9.8 Plasmonic grating fiber
pg/mL (SiC) optic-based SPR sensor
1IM: 226 fg/mL (SiO,); (Si0; and SiC)
6817 fg/mL (SiC)
SPR (Indirect competitive [107] Oral swab 38 pg/mL compared with di ELISAs
IA +SPR)
Turbulent Flow [115] Salivette® 1.4 pg/mL Simultaneous cortisone
chromatography + and melatonin detection
LC-MS/MS
XLC-MS/MS [116] Salivette® 72 pg/mL Simultaneous cortisone
detection
ECLIA [49] Salivette® n.c. Simultaneous detection of
Cortisol, DHEA-S, IgA
Fuentes et al. [128] for the determination of AA in porcine saliva. of sAA in sheep [129] and horses [130]. They also compared the
The LOD was 11.65 IU/L. Unfortunately, they did not share any infor- results obtained for the equine saliva with a commercial enzy-
mation on their calculations, so that both LODs are even harder to matic assay. In both cases, the assay is based on an indirect,
compare. non-competitive sandwich method. As capture reagent, they used
Fuentes-Rubio et al. analytically and clinically validated a time- the anti-alpha-amylase polyclonal antibody and as a detector, the

resolved immunofluorometric assay (TR-IFMA) for the quantitation Eu3*-chelate labeled anti-alpha-amylase polyclonal antibody.
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Table 2
Overview of different testosterone detection methods and their LOD.

Method/Analytical technique Ref.

Saliva collection
method

LOD

Comment

Biosensor SPR [56]
LSPR

CLIA [48]

ECLIA [49]

Impedance immunosensor [121]

LC-MS/MS [114]
[118]1
119] [
120]
[66]

MALDI-MS [114,122]

MIP-sensor [43,122]

Multimode sensors [43,123]

PBS solution

Oral sponge
Salivette®

n.s.

Spit dir. into a tube
Spit dir. into a tube
Spit dir. into a tube
Salivette®
Salivette®

Spitting directly into a
tube

n.s.
(rinsed mouth)

0.05 ng/mL

0.16 ng/mL
n.c.

3.9 ng/mL

3 pg/mL

43.2 pg/mL (LLOQ)
> 0.3 ng/mL

4 pg/mL

4.9 pg/mL

1.7 pg/mL

0.14 ng/mL

STOCH. MODE

CNT: 3.4 pg/mL
Graphite: 0.12 pg/mL
Graphene: 0.7 fg/mL

Competitive inhibition
assay with AuNPs, POC
In pigs, automates CLIA
Simultaneous
detection of Cortisol,
DHEA-S, IgA

AuNPs Modified
Electrode

LLE, Simultaneous
detection of melatonin
and cortisol

DLLME, positive mode
Simultaneous
detection of 15 other
steroids

Derivatization with
HMP, simultaneous
detection of DHEA
SPE, quadrupole linear
ion trap, simultaneous
quantitation of
17-OHP, aldosterone,
AED, cortisol, cortisone,
DHEA-S, estradiol,
progesterone, and
testosterone
Simultaneous
detection of
progesterone,
cortisone,
hydrocortisone.

on Functionalized
Diamond-Coated
Substrates

Carbon based sensors
and CNT modified with
MD. DPV and
stochastic mode

Fullerene: 49.0 pg/mL
DPV MODE

CNT: 3.8 pg/mL
Graphite: 11.9 ng/mL
Graphene: 19.2 ng/mL
Fullerene: 4.2 ng/mL

Abbreviations: 17—0HP (17a-hydroxyprogesterone), AED (Androstenedione), AuNPs (Gold NanoParticles), CLIA (ChemiLuminescence ImmunoAssay), CNT (multiwall Car-
bon NanoTubes), DLLME (Dispersive Liquid-Liquid MicroExtraction); ECLIA (ElectroChemiLuminescence ImmunoAssay), HMP (2-Hydrazino-1-MethylPyridine), LC (Liquid
Chromatography), LLE (liquid-liquid extraction), LSPR (Localized Surface Plasmon Resonance), MALDI-MS (Matrix-Assisted Laser Desorption/lonization-Mass Spectrometry),
MD (MaltoDextrin), MIP (Molecularly Imprinted Polymer), MS/MS (tandem mass spectrometry), n.c. (not calculated), n.s. (not specified), SPR (Surface Plasmon Resonance),
UHPLC-MS/MS (Ultra-High-Performance Liquid Chromatography-tandem Mass Spectrometry).

Alternatively, electrochemistry is often used also to determine
sAA. Indeed, electrochemical techniques allow the realization of
simple, not expensive and portable assays suitable for point-of-
care testing. For example, Garcia et al. proposed an amperometric
method with screen-printed carbon electrodes. They detected indi-
rectly sAA thanks to a sequence of two chemical reactions. The first
reaction is the hydrolysis of starch to maltose by alpha-amylase, fol-
lowed by the conversion of [Fe(CN)g]*~ into [Fe(CN)g]*~ due to the
reducing sugar produced in the first step [131]. Many of the opti-
mized devices can be used directly on the POC. Zhang et al. realized
a smartphone-based potentiometric biosensor for testing sAA, a
kit ready to use. The saliva sample, obtained by passive drooling
on the sensing chip with preloaded reagents, starts the conver-
sion of Fe(CN)g3~ to Fe(CN)g*". The potentiometric sensor sends
the measure to the smartphone, and an application quantifies sAA
concentration through a calibration curve [132].

Another device for in situ testing was developed by Della Ventura
etal. [133]. They functionalized the gold surface of the electrodes of
a quartz-crystal microbalance (QCM) with antibodies by the pho-

tochemical immobilization technique (PIT). This simple method
immobilizes and activates the antibodies with UV radiation.

Lastly, Tsyrulneva et al. developed a simple, colorimetric
method with a paper membrane strip that also can be used without
a qualified analyst or expensive instrument [131]. They exploit the
colored byproduct formed during the cleavage of the alpha-bond
of 2-chloro-4-nitrophenyl-a-D-maltotrioside by sAA, to obtain a
semi-quantitative analysis. They combined the assay with a com-
plementary RGB (red, green, blue components) analysis, to make
the method quantitative and calculated a LOD of 11 pg/mL. They
demonstrated that other salivary components do not cause rele-
vant interferences. In their review paper, Yamaguchi et al. reported
a hand-held biosensor for sAA suitable for POC testing [38]. As no
LOD is reported, this article is only listed here for completeness and
not included in Table 3.

There are several additional methods published, diff ;erent
in sample pre-treatment and detection. An overview is given in
Table 3.
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Table 3
Overview of different sAA detection methods and their LOD.
Method/Analytical Ref. Saliva collection method LOD Comment
technique
AIE fluorescent probe [134] n.s. 0.007 U/mL based on the
tetraphenylethylene motif
and g-cyclodextrin.
Amperometry [131] n.s. 1.1 U/mL SPCE, indirect
determination, POC
Colorimetric Assay [135] n.s. 11 pg/mL paper membrane, POC
[136] n.s. 94,988 U/L (neat) Phadebas® paper, not with

189 U/L (1:500) mixed body fluids, H,O
insoluble polymers bound

to blue dye molecules

Colorimetric biosensor [137] Collector pad 10 U/mL Test strip, POC
FIA [127] n.s. 60 NU/mL Spectrophotometric
analysis, no pre-treatment
iCIEF (concentration [138] Spitting directly into a tube n.c. POC, Sample preparation:
measurement) ultrafiltration,
gel-filtration, and starch
affinity interaction
Immunosensor [133] Plastic collection tube 77 UL Influence of saliva
under the tongue viscosity, QCM, PIT
Potentiometric biosensor [132] Passive drooling 0.12 U/mL Smartphone based system,
POC
Spectrophotometry [128] Oral sponge 11.65IU/L In pigs
TR-IFMA [129] Oral sponge 0.09 ng/mL In sheep
[130] Oral sponge 0.097 ng/mL In horses

Abbreviations: AIE (Aggregation-induced Emission), FIA (Flow Injection Analysis), iCIEF (Imaging detection Capillary Isoelectric Focusing), n.c.

. (not calculated), n.s. (not

specified), PIT (Photochemical Immobilization Technique), POC (Point Of Care), QCM (Quartz-Crystal Microbalance), SPCE (screen-printed carbon electrodes), TR-IFMA

(Time-Resolved Immuno-Fluorometric Assay).

6.6. Secretory immunoglobulin A (sIgA)

Not many publications were retrieved, which are dealing with
the detection of secretory immunoglobulin A in saliva, and only a
few in the perspective of stress-related research work.

Wang et al. developed a detection device based upon gold
nanoparticles (AuNPs) conjugated with antigen-binding fragment
(Fab) fragments against sIgA [139]. These prepared AuNPs were
added to the sample, mixed with fluorescent-labeled sigA, which
competed with free sIgA in the sample. The measured fluorescent
signal in the solution was, therefore, proportional to the concen-
tration of free sIgA. Wang et al. reached a LOD of 50 ng/mL.

In contrast to the following work, the influence of cross-
reactivity by the use of Fab fragments is unknown and not
examined. Kvietkauskaite and his colleagues used a sandwich ELISA
for investigating stress markers in soldiers [6]. They determined
a LOD of 0.4 ng/mL for sIgA. Theoretical cross-reactivity was pre-
cluded by the authors.

Electrochemical methods and immunoassays have also been
used to detect sIgA. Rizwan et al. developed an electrochemical
immunosensor with gold nanoparticle (AuNP) and polyethylene
glycol (PEG) nanocomposite with immobilized Anti-sIgA mono-
clonal antibody (c-Mab) deposited on modified carbon nanofiber
electrodes (CNF-SPE)[140]. With this electrochemical immunosen-
sor, they obtained an extremely low LOD (500 fg/mL).

Another electrochemical immunosensor was developed by Lim
et al. [141]. They covalently immobilized sIgA to magnetic beads
and then incubated with biotin-conjugated secondary antibody
and with streptavidin-hydrogen peroxidase. Finally, they immo-
bilized the obtained magnetic beads on a single-walled carbon
nanotube working electrode for amperometric measurements. This
immunosensor reaches a LOD of 5 pg/mL and has a linear range of
5 pg/mL-10 ng/mL.

According to our database search, the most recent paper about
slIgA in salivary matrix is published by Francavilla et al. They used
a pre-validated immunoturbidimetric assay (Roche Diagnostics
S.p.a, Monza, Italy) to quantitate and then evaluate the correla-

tion between serum and salivary concentrations of IgA and steroid
hormones, such as cortisol and testosterone [49].

6.7. Chromogranin A (CgA)

Chromogranin A is associated with an increase in liberated cat-
echolamines. Its role as a stress marker is not often reported: only
seven publications were found and only two of them report the
validation of their method.

Escribano et al. developed and validated a time-resolved
immunofluorometric assay for detecting salivary CgA in pigs [142].
Here, they used polyclonal antibodies against CgA (Catestatin) and
combined them with the commercially available kit (DELFIA, Perkin
Elmer). The relevant amino acid sequence used for detection in this
assay isdisplayedin Fig. 3. This kit utilizes the lanthanide Europium,
which is liberated after antibody-reaction. The concentration of lib-
erated Eu is proportional to the concentration of CgA. The reached
LOD was 4.27 ng/mL. This method was also used by Casal et al. in
their study about the effects of an environmental enrichment and
herbal supplement on physiological stress indicators in pigs [143].

Two more studies on the stress biomarkers in porcine saliva
were carried out. The first by Huang et al. analyzed CgA with west-
ern blot [144]. The other, by Tecles et al., reports the development
and validation of a time-resolved immunofluorometric assay (TR-
IFMA). They obtained a 4.27 ng/mL LOD and a CV < 10 % for intra
and inter-assay [145].

CgA was tested as a salivary stress biomarker also in humans. Rai
et al. tested a commercially available ELISA. However, the sensitiv-
ity of the kit was not in the focus of the work and thus not reported
[146]. Abekura et al. used a commercial ELISA kit as well. They stud-
ied the correlation between sleep bruxism and psychological stress
by combining objective (CgA) and subjective (ten-division visual
analog scale) parameters [147].In 2019 Lihala et al. correlated CgA
concentrations and personally perceived stress levels before and
after non-surgical periodontal therapy [148].

It is essential to consider when to collect a sample of saliva to
quantitate CgA. Its concentration is not constant during the day.
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Salivary CgA has higher levels during the night, reaches the highest
peak just after awakening, then decreases rapidly, and remains low
through the day [94].

7. Conclusions and future perspectives

With ongoing discussions on psychological (dis-)stress, reliable
and objective diagnostic tools are highly desired to categorize the
stress level. An event of acute stress has a disrupting effect on the
physiological homeostasis and it causes, for example, a momen-
tary increase in sAA or cortisol levels. If the distressing event is
prolonged or repeated over-time, the ability of hormonal, neu-
rohumoral, and physiological axes might result blunted and not
adequate. Therefore, chronic stress not only leads to a feeling of
exhaustion, mental distance from society and work, loss of produc-
tivity, but also to secondary psychological and physical diseases.

Thus, research on stress-related biomarkers is of persevering
interest. In view of the fact that stress and its consequences are
very multifaceted, harmless, comfortable, and economical detec-
tion devices are of increasing interest.

Classical clinical assays like IA offer easy analytical approaches
for single analytes that may be designed for POC testing. Provided
a sufficient sensitivity, economic efficiency is becoming more crit-
ical. Therefore, test methods, which are lower priced and easy to
use, are of major interest, especially in research fields like stress
prophylaxis and personalized medicine. To prevent risks related to
stressful jobs or other conditions, the necessity of fast, sufficiently
sensitive, and portable devices is of primary importance. This goal
appears suitable for electrochemical developments. Dependent on
the selectivity of the antibody utilized cross-reactivity may result
in the overestimation of analytes when compared with MS data,
particularly at lower concentrations. When comparing the data
obtained with MS and IAs, there is often no linear correlation
between the results [57,149,150]. To overcome this issue and pro-
duce more reliable kits, IAs manufacturers are nowadays often
using MS based techniques to validate and calibrate their kits more
accurately [59].

To supplement clinical testing and confirmation of the POC
device results exact and highly sensitive detection methods are
developed meanwhile. In this field, mainly sophisticated methods
based on chromatography coupled to mass spectrometric detec-
tion appear to be the methods of choice. While many detection
methods reported in literature are designed for detecting only
one or two markers simultaneously, LC-MS/MS or GC-MS(/MS)
based methods offer the possibility for multi-analyte methods.
After successful optimization, they may cover several stress-related
biomarkers in one single analytical method. This allows for an
efficient simultaneous measurement and helps to reliably assess
possible stress-related risks in a multifactorial design. As one exam-
ple, Gaudl et al. report the simultaneous determination of 17—OHP,
aldosterone, AED, cortisol, cortisone, DHEAS, estradiol, proges-
terone, and testosterone in saliva by one LC-MS/MS method [66].

The capability of LC—MS/MS based methods to cover multiple
analytes is most persuasively demonstrated in metabolomics stud-
ies. Only recently, metabolomics investigations are also reported
for stress-related conditions. For further reading on this topic, we
would like to refer to the review paper of Mellon et al. [151].
Complementary, Nathalie Michels recently reviewed multi-omics
approaches in the context of psychological stress [152]. Using gene
expression analysis Le-Niculescu et al. discovered and validated
NUB1, APOL3, MAD1L1, and NKTR as predictive biomarkers in addi-
tion to FKBP5, DDX6, B2M, LAIR1, and RTN4 [153]. Additionally,
Dean et al. recently reported the use of multi-omics for the identi-
fication of biomarkers for the diagnosis of post-traumatic stress
disorders [154]. They finally reported a set of 28 markers, that

yielded 81 % accuracy. Using three out of these markers, namely
gamma glutamyl tyrosine, insulin, and the methylation marker
cg01208318, they still achieved 60 % accuracy in the validation
group. Unfortunately, the read-out for most of the multi-analyte
methods is still challenging and multivariate statistics are often
required. However, the discovery of further suitable biomarkers
may be achieved by these designs. Their suitability needs further
validation. Furthermore, their recovery in saliva needs to be evalu-
ated in future studies as well.

Further innovative approaches may off ;er attractive solutions
for developing cost and sensitivity efficient devices. Martin et al.
recently showed that the use of aptamers is leading to promis-
ing results in the detection of small molecules, especially in terms
of selectivity [155]. They did not report the LOD of the methods
but opened a new perspective for combining the detection of small
and large molecule marker substances [156]. This approach shows
another potential future trend.
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