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Abstract

Saliva is a crucial bodily fluid that protects the oral cavity from infections. The composition of saliva also changes dynamically depending
on conditions such as illness, stress, and diet. Thus, the organic substances in saliva, particularly enzymes, proteins, and hormones, reflect
overall health status and are increasingly valued as non-invasive diagnostic tools. Aptamers, which are short single-strandedDNAor RNA
molecules with high affinity and specificity, have gained attention as novel biomarker detection tools. This study explores the feasibility of
employing aptamers as an innovative diagnostic technique for detecting salivary biomarkers. Specifically, we discuss the development
and application of aptamers tailored to detect key salivary biomarkers, such as salivary alpha-amylase, secretory immunoglobulin A
(sIgA), human beta-defensin, C-reactive protein, and lactate dehydrogenase. Our group used base-appended bases to achieve high affinity
and stability against targets. For instance, cortisol and sIgA in saliva are useful for assessing chronic stress and fatigue, thereby enabling
objective evaluations of diseases. Enhanced techniques for measuring salivary biomarkers promise non-invasive and cost-effective
diagnostic methods that can significantly contribute to early infection detection, chronic disease monitoring, and psychological stress
assessment. This review underscores the extensive applicability of salivary biomarkers and provides critical insights that could improve
future public health and medical care quality.
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1. Introduction

Saliva is a pivotal bodily fluid in humans, playing a
crucial role in protecting the oral cavity from infections and
serving as a lubricant that safeguards teeth and regulates en-
zymatic activity in the mouth. This complex mixture varies
dynamically in composition due to factors such as disease,
diet, and mental state. Produced primarily by the major
salivary glands—parotid, submandibular, and sublingual—
as well as minor salivary glands, saliva is typically gener-
ated at an average of 0.3–0.4 mL/min in adults, amounting
to 500–1500 mL daily [1,2]. Saliva is composed of 99%
water and 0.5% organic and inorganic substances, includ-
ing hormones, enzymes, and immunoglobulins, in addition
to various cellular components. These constituents con-
siderably contribute to oral and systemic health [3]. Ma-
jor organic components include enzymes (e.g., amylase,
lysozyme, peroxidase, lipase), proteins (e.g., cytokines, im-
munoglobulins, mucins, lactoferrin), and hormones (e.g.,
cortisol). The major salivary glands, including the parotid,
submandibular, and sublingual glands, are highly perme-
able and surrounded by capillaries, allowing passive dif-
fusion and active transport of substances between blood
and saliva through adjacent acinar cells [4]. Consequently,
some salivary components closely correlate with serum
concentrations, making them useful for the diagnosis and
treatment of diseases. For instance, saliva derived from the
parotid gland contains amylase [5] and inflammatory pro-
teins, such as interleukin-6 (IL-6), IL-10, IL-1β, and tu-

mor necrosis factor [6]. Saliva remains stable at room tem-
perature for up to 24 h and at 4 °C for up to a week, thus
proving to be a valuable and potent sample for diagnostic
purposes. In recent years, salivary diagnostics have gained
traction for medical diagnosis because of their low cost and
non-invasive nature, with easy sample collection from in-
dividuals ranging from young children to the elderly [7,8].
Similar to blood, saliva contains numerous substances re-
flecting overall health, enabling the early and rapid detec-
tion of pathological changes. Salivary components are typi-
cally measured using highly specific and sensitive immuno-
logical and biochemical methods, such as radioimmunoas-
say, enzyme-linked immunosorbent assay (ELISA), spec-
trophotometry, and chromatography [9]. While ELISAs
are mainly applied to measure salivary biomarkers, their
complexity and time-consuming nature make them unsuit-
able for point-of-care use. The development of evalua-
tion systems that can measure multiple markers simultane-
ously at a low cost is strongly in demand [10]. Aptamers
are short single-stranded DNA or RNA with high affin-
ity and specificity to targets and are chemically and phys-
ically stable. A recent study has reported that an aptamer-
assisted proximity ligation assay developed to detect coro-
navirus disease 2019 (COVID-19)-related antigens is very
strongly correlated with ELISA, with a correlation coef-
ficient of 0.98 [11]. Additionally, comparative analyses
of serum measurements between aptamer-based proteomic
profiling techniques, such as Olink and SomaScan, and
ELISA demonstrated strong positive correlations for pro-
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Table 1. Comparison between aptamers and antibodies.
Aptamer Antibody

Quality and Features Affinity 10 pM to 10 µM 10 pM to 10 µM

Specificity Highly specific Highly specific

Stability pH 5 to 9, –80 to 100 °C, liquid or dry pH 5 to 8, sequence specific, empirically
determined, –80 to 4 °C

Size Small molecules Relatively large by comparison

Application
Characteristics

Synthesis method Chemical Biological
In vitro SELEX takes only 2–8 weeks Produced in vivo

No batch-to-batch variation More than 6 months
Batch-to-batch variations

Modifiability Easily modified without losing affinity Modifications often reduce activity
Modifications possible at 5′ end, 3′ end,

and internally, well-controlled
Difficult to control; typically conjugated with one

type of signaling or binding molecule
SELEX, Systematic Evolution of Ligands by Exponential Enrichment.

teins such as CD97 (rho = 0.87), mesothelin (rho = 0.78),
HSP70 (rho = 0.87), and ANGPTL3 (rho = 0.73) [12].
Due to these properties and their inexpensive synthesis, ap-
tamers are gaining attention as new tools for biomarker de-
tection.

Numerous studies have focused on the applications
of aptamers [13–16]. Compared with antibodies, aptamers
have easier chemical modification andmore functionalities.
Moreover, aptamers can be used as enzyme-like molecules
that operate through structural changes owing to their sta-
bility at room temperature and resistance to thermal denat-
uration [17]. When comparing aptamers to antibodies, the
advantages include stability and resistance to thermal de-
naturation, as well as ease of synthesis and modification
[13,18] (Table 1). These characteristics make aptamers at-
tractive as molecular recognition elements for diagnostic
agents and sensors, and combining them with polymerase
chain reaction (PCR) can achieve high detection sensitiv-
ity [19]. Despite many successful reports of acquiring ap-
tamers and fabricating aptamer sensors for various targets,
few reports of accurately detecting targets in body fluids
such as blood are available [20]. Aptamers are selected
from libraries containing random sequences and primer re-
gions through Systematic Evolution of Ligands by Expo-
nential Enrichment (SELEX) [21,22]. SELEX has seen var-
ious adaptations since its development in 1990, including
magnetic bead-based SELEX, microarray-based SELEX,
nitrocellulose filter-based SELEX, capillary electrophore-
sis SELEX, and cell SELEX [23]. We employed a mag-
netic bead-based SELEX method as a means of selecting
aptamers for protein markers in saliva, referencing the SO-
MAMAR development approach by SomaLogic [24]. The
selection buffer (SB) used was a HEPES-based buffer (40
mM HEPES, pH 7.5, 125 mM NaCl, 5 mM KCl, 1 mM
MgCl2, and 0.01% Tween 20). In the first round, a 20 pmol
single-stranded DNA (ssDNA) library was mixed with 250
µg of target beads at 25 °C for 15 min, washed with SB,

and then eluted with bead-bound ssDNA using 7 M urea.
Washing was performed three times in the first and sec-
ond rounds and five times from the third round onward.
The eluted ssDNA was amplified by PCR using a forward
primer and a biotin-modified reverse primer, and the ampli-
fied dsDNA was used to prepare the ssDNA library for the
next round. After eight rounds of selection, the sequences
in the library were analyzed by next-generation sequenc-
ing, and candidate clones were selected by considering se-
quence frequency and motif sequences. Binding to the tar-
get protein was confirmed using multiple methods, includ-
ing surface plasmon resonance assay, electrophoretic mo-
bility shift assay, and fluorescence polarization binding as-
says. However, obtaining high-affinity aptamers for some
targets using SELEX with only natural bases is limited by
functional and structural constraints. To overcome this is-
sue, several scholars have attempted to develop DNA/RNA
aptamers incorporating modified bases. In 2010, slow off-
rate modified aptamers (SOMAmers™) with high binding
affinities for various protein targets were demonstrated for
the first time [25]. Incorporating modified uracil and cy-
tosine bases in addition to natural nucleic acids produces
aptamers with high binding affinities and low dissociation
rates [26–28]. Our group has utilized this technology to
identify several aptamers that specifically bind to targets
from three types of libraries incorporating base-appended
base (BAB) modifications: uracil analog adenine deriva-
tives at position 5 (Uad), uracil analog guanine derivatives
at position 5 (Ugu), and adenine analog adenine derivatives
at position 7 (Aad) (Fig. 1, Ref. [29]).

By leveraging salivary biomarkers, non-invasive diag-
nostic methods that replace traditional invasive techniques
such as blood draws and biopsies can be realized, reducing
the burden on patients and improving diagnostic rates, es-
pecially in pediatric, older adults, and psychologically bur-
dened patients [30,31]. Salivary diagnostic techniques are
effective for a wide range of diseases, including periodon-
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Fig. 1. Chemical structures of adenine derivative at the fifth position of uracil (dUadTP), guanine derivative at the fifth position
of uracil (dUguTP), and adenine derivative at the seventh position of adenine (dAadTP) [29].

tal disease, dental caries, cancer, diabetes, cardiovascular
diseases, and infections [30,32,33]. Moreover, the utiliza-
tion of salivary components has furthered the diagnosis and
evaluation of respiratory diseases, with promising appli-
cations in asthma, chronic obstructive pulmonary disease,
and pneumonia [31]. Additionally, beyond disease util-
ity, salivary biomarkers can capture early signs of chronic
stress leading to psychological disorders. For instance,
physicians, caregivers, nurses, social workers, teachers, and
other individuals working in emotionally demanding fields
are at a higher risk of burnout due to chronic stress [34].
Therefore, profiles of salivary biomarkers could serve as
highly sensitive markers for disease evaluation and chronic
stress visualization.

In this review, we focus on aptamers as a method for
measuring salivary biomarkers. Based on our research tech-
niques and reports from other research institutions, we de-
tail the utility of aptamers in detecting salivary biomarkers.

2. Biomarkers Present in Saliva
Saliva is instrumental in diagnosing and prognosing

diseases because it contains a variety of proteins that can
be used to investigate the effects of acute and chronic
stress on physical health [35,36]. These salivary proteins
range from high-molecular-weight glycoproteins to low-
molecular-weight proteins and peptides. Proteomics pro-
filing of saliva has identified over 3000 different proteins
[37]. Among the 1939 proteins detected in saliva, 597 are
also found in plasma, rendering saliva functionally equiv-
alent to serum. Human salivary glands contain numerous

peptides and hormones, making saliva an attractive, non-
invasive alternative to plasma or serum hormone testing in
recent clinical research.

Measuring proteins in saliva allows stress states to be
estimated and various systemic and local diseases to be di-
agnosed rapidly. The stress response of the nervous sys-
tem involves stimulation of the hypothalamus and brain-
stem and activation of the hypothalamus–pituitary–adrenal
(HPA) axis, the autonomic nervous system (ANS), and the
sympathetic–adrenomedullary system. Stress stimuli acti-
vate the HPA axis and ANS, resulting in the production and
secretion of specific hormones [38]. These systems work in
concert with the immune system and play a key role in the
pathogenesis of stress-related diseases [39]. All such com-
pensatory responses of the body are reflected in biomarkers
present in blood or saliva. Representative salivary stress
biomarkers include salivary alpha-amylase (sAA), secre-
tory immunoglobulin A (sIgA), chromogranin A, and cor-
tisol. Here, we introduce the roles of these biomarkers, in-
cluding reports of aptamers specifically binding to salivary
biomarkers identified by our research group (Table 2, Ref.
[29,40–42]). The salivary biomarkers identified by our re-
search group are proteins classified as markers of stress re-
sponse, immunity, and inflammation.

2.1 sAA

sAA, a major digestive enzyme in the oral cavity, is
responsible for the hydrolysis of starch and glycogen. It
also plays a role in immune defense against oral microor-
ganisms. In healthy individuals, sAA concentration is low-
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Table 2. Characteristics of the identified aptamers.
Target BAB-modified DNA(a) Length(b) Kd (nM)(c) Reference

Salivary α-amylase dUadTP 50 0.45 [40]
Secretory Immunoglobulin A dUguTP 41 3.7 [41]
Human β-Defensin 4A dAadTP 69 8.07 [42]
C-Reactive Protein dUguTP 48 0.0062 [29]
Lactate Dehydrogenase 5 dAadTP 44 0.24 [29]
(a) The three types of libraries incorporate base-appended base (BAB) modifications: adenine derivative
at the fifth position of uracil (dUadTP), guanine derivative at the fifth position of uracil (dUguTP), and
adenine derivative at the seventh position of adenine (dAadTP). (b) The length of each aptamer is indi-
cated. (c) The dissociation constant (Kd) indicates the binding strength between each aptamer and the
target protein.

est early in the morning and peaks in the late afternoon
[43]. sAA secretion is regulated by the sympathetic nervous
system and norepinephrine, and its concentration increases
in response to acute stress. Additionally, sAA activity in-
creases in patients under chronic stress, making it a reliable
and objective biomarker of potential stress [44,45]. sAA is
highly sensitive to changes in body stress mediated through
the nervous system [46,47]. Moreover, its levels signif-
icantly increase in patients with diabetes compared with
healthy individuals, indicating its use a diagnostic marker
for diabetes [48].

Our research group attempted to acquire aptamers
with high affinity for sAA. However, we were unable
to obtain sAA-binding aptamers from a natural single-
stranded DNA (ssDNA) library incorporating BAB mod-
ifications. Nevertheless, we successfully acquired high-
affinity sAA aptamers by employing a modified DNA li-
brary enzymatically synthesized with dUadTP instead of
thymidine 5′-triphosphate. The reported sAA aptamers
(AMYm1-3) contain 11 modified bases ((E)-5-(2-(N-(2-
(N6-adeninyl)ethyl))carbamylvinyl)-uracil) within their se-
quences. Comparison of AMYm1-3 with sequences
where the modified bases are replaced with natural bases
(AMYm1-3N) revealed that AMYm1-3 retains a stable sec-
ondary structure, demonstrating that the modified bases in-
trinsically contribute to the enhanced target binding affin-
ity and specificity of the aptamers. Furthermore, the detec-
tion capability of AMYm1 for sAA in saliva was validated
through multiple analytical methods, including lateral flow
assays. Correlation analysis between the lateral flow assay
and ELISA for different concentrations of sAA in human
saliva revealed a correlation coefficient of 0.942, indicat-
ing a very strong positive correlation. Based on these re-
sults, the high correlation with ELISA confirmed the utility
of AMYm1, facilitating the quantitative detection of sAA
in saliva [40].

2.2 sIgA

sIgA in saliva is an antibody found in mucosal areas
and acts as the first line of defense protein upon contact with
infectious pathogens or allergens [49]. sIgA has been ex-

plored as an indicator of immune system function [50]. Re-
cently, a connection has been identified between the activa-
tion of the HPA axis due to chronic stress and a decrease in
immune system activity, including sIgA [49]. A strong cor-
relation exists between decreased sIgA levels and perceived
stress, depressive symptoms, and anxiety [51]. Stress has
also been associated with upper respiratory infections, with
sIgA suggested as a reliable biomarker for identifying in-
fection risk in athletes [52].

While IgA in serum exists mainly as a monomer, the
majority of sIgA in excretory fluids such as saliva exists
as a dimer, with a concentration range of 0.6–1.2 µM [50].
Structurally, sIgA differs significantly from IgA found in
the serum. sIgA is a dimer and higher-order polymer linked
by a J chain and forms a complex with a glycosylated se-
cretory component protein [53]. Interestingly, sIgA has not
been reported to bind to nucleic acids other than the hemag-
glutinin protein of the influenza A virus [54]. Our group
has identified an aptamer with high binding specificity for
the dimeric form of sIgA present in saliva, which does not
bind to IgG or serum IgA. The binding specificity was con-
firmed by measuring the binding affinities for sIgA, IgG1
kappa, IgG, IgG-Fc, and serum IgA using a surface plas-
mon resonance (SPR) instrument. The SPR response curves
for the interaction between the identified aptamer and sIgA
or other types of IgG and serum IgA demonstrated high
binding specificity for the dimeric form of sIgA present in
saliva. This specific aptamer was selected from an ssDNA
library incorporating BAB modifications, which included
the introduction of a guanine base at position 5 (Ugu). Nat-
ural ssDNA could not bind to sIgA, highlighting the impor-
tance of BAB modifications for recognizing sIgA-binding
sites [41]. To the best of our knowledge, this study was the
first to report an aptamer binding to sIgA in human saliva,
suggesting its application in a system for the simple mea-
surement of sIgA in saliva.

2.3 Human β-Defensin (HBD)

HBD is primarily expressed in respiratory epithe-
lium [55] and functions as an antimicrobial peptide and
a chemoattractant involved in immune inflammatory re-
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sponses [56]. SerumHBD-2 is being studied as a biomarker
for predicting infectious and immune-inflammatory dis-
eases, such as spondyloarthritis [57], dermatophytosis [58],
atopic dermatitis [59], and early neurological deterioration
after stroke [60]. HBD-2 is also secreted in saliva and
has been reported as a marker related to the immunologi-
cal state of the oral cavity, including defense against infec-
tions by periodontal pathogens [61]. Additionally, it has
been associated with physical stress [62]. Our group aimed
to obtain HBD-2-binding aptamers by using a random ss-
DNA library incorporating threemodified bases: Uad, Ugu,
and Aad. Consequently, we successfully obtained clones
that strongly bind to HBD-2 from the Aad pool, which in-
cluded the introduction of the modified nucleoside triphos-
phate dAadTP into the analog Aad of BAB modifications.
While HBD-2-binding clones were also obtained from the
Ugu pool, they demonstrated weaker binding than the Aad
clones, indicating that Aad was more effective for acquiring
HBD-2-binding aptamers [42]. Generally, HBD-2 is mea-
sured using the cumbersome and time-consuming ELISA.
However, the identified HBD-2-binding aptamers hold po-
tential for developing a simple and convenient measuring
method suitable for on-demand monitoring of various con-
ditions, such as those in athletes.

2.4 C-Reactive Protein (CRP)

Human C-reactive protein (CRP) is a marker of acute
inflammation because its concentration in serum can in-
crease over 1000-fold during severe inflammatory states
[63]. CRP is also secreted into saliva, showing a strong cor-
relation with serum CRP levels [64]. Although the concen-
tration of CRP in saliva is approximately 2 ng/mL, which is
approximately 1/1600th of the level in serum [65], it is con-
sidered useful for the non-invasive evaluation of cardiovas-
cular diseases, oral diseases, and as a marker for pneumonia
in infants [66,67]. Our group explored aptamers that bind
to CRP using a ssDNA library incorporating three types of
BAB modifications (Uad, Ugu, and Aad). As a result, we
obtained several candidate sequences from the Ugu ssDNA
library, successfully identifying CRP-Ugu4 with high bind-
ing specificity to CRP [29]. Additionally, to enhance target-
binding capability and reduce structural instability, we min-
imized the identified aptamer sequence. The minimized ap-
tamer, which had its 5′ end truncated, demonstrated higher
CRP binding affinity than the original CRP-Ugu.

2.5 Lactate Dehydrogenase (LDH-5)

Lactate dehydrogenase (LDH), a detectable enzyme
present in the cytoplasm of almost all human cells, is as-
sociated with cell necrosis and organ damage as it is re-
leased into the bloodstream upon cell death [68]. LDH is a
frequently measured enzyme, with subtypes ranging from
LDH-1 to LDH-5 [69]. The isoenzymes of LDH activity
differ between saliva and blood: LDH-5 is predominant in
saliva, while LDH-1 is predominant in blood [70]. Abnor-

malities in LDH-5 levels in saliva have been associatedwith
oral squamous cell carcinoma, functioning as an indicator
for early tumor markers [71]. However, the measurement
of LDH is primarily based on activity assays, with diag-
nostic applications still underdeveloped. Our group iden-
tified three candidate aptamers for LDH-5 (Uad1, Ugu3,
and Aad1) and successfully identified LDH-Aad1 as a spe-
cific aptamer that does not show cross-reactivity with LDH-
1 (another LDH isoenzyme). The binding specificity was
confirmed by the SPR response curves of the interaction
between the candidate aptamers and either LDH-5 or LDH-
1. Among the three LDH-5 candidate aptamers, LDH-Aad1
did not show binding to LDH-1. Despite the 75% sequence
homology of the LDH-5 amino acid sequence with that of
LDH-1, LDH-Aad1 demonstrated very high binding speci-
ficity for LDH-5. Additionally, by truncating LDH-Aad1
to 44 bases, we acquired an aptamer with even higher bind-
ing affinity for LDH-5 [29]. Despite previous reports on
LDH-binding aptamers, the identified sequences and their
specific target binding sites had not been elucidated [72].
LDH-5 possesses Rossmann-fold, a substructure that inter-
acts with dinucleotides such as FADH and NADH [73], po-
tentially facilitating the binding to LDH-Uad, LDH-Ugu,
and LDH-Aad aptamers with BAB modifications.

The aptamers we identified maintain specificity for
LDH-5 and hold potential as tools for the early diagnosis
of oral cancer.

3. Utilization of Salivary Biomarkers for
Addressing Social Issues

Salivary biomarkers are measured not only to detect
infections and diseases but also to capture early signs of
mental health deterioration due to stress. For instance, sali-
vary stress markers such as cortisol, sAA, and CgA are use-
ful in diagnosing acute and chronic stress, anxiety, and de-
pression [74]. Chronic stress can lead to a wide range of
physical and psychological disorders. Whether an experi-
ence is perceived as stressful depends on factors such as en-
vironment, socioeconomic stability, past personal history,
and mental health, making physiological estimation chal-
lenging. Continuous responsibilities, anxiety, a sense of
hopelessness, and lack of prospects can amplify this experi-
ence. Thus, physicians, caregivers, nurses, social workers,
teachers, and other individuals working in fields with con-
tinuous emotional pressure are considered at high risk [35].
Generally, increased stress load leads to symptoms summa-
rized as burnout. Chronic stress and burnout affect physi-
ological responses, coping, and adaptation to future acute
stress events, making their diagnoses increasingly impor-
tant for health protection [75].

Our research group focused on nurses and conducted a
proof-of-concept study on the connection between salivary
profiles and early signs of chronic fatigue and turnover in-
tention, highlighting the significance of salivary profiles.
Nursing duties involve high physical demands, long work-
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ing hours (including mandatory overtime), night shifts, and
short rest periods between shifts, leading to significant
fatigue accumulation and subsequently to chronic fatigue
[76]. Chronic fatigue in nurses has been associated with
burnout, turnover intention [77], and decreased job perfor-
mance [78], making its management and prevention crucial.
However, fatigue in nurses is usually measured using self-
report questionnaires, which lack objectivity and may not
be sufficiently accurate [79]. Therefore, establishing an as-
sessment method combining self-report questionnaires and
evaluations of objective indicators is necessary to fully un-
derstand chronic fatigue in nurses. Our group investigated
the association between physiological markers in saliva and
chronic fatigue in nurses and found that cortisol and s-IgA
levels may be related to chronic fatigue. We further sug-
gested the necessity of measuring cortisol and s-IgA levels
in saliva to address fatigue risk effectively [80]. Other re-
search groups have reported that cortisol profiles serve as
stress indicators for educators, a profession with high po-
tential stress [81]. Additionally, salivary cortisol, sAA, and
CgA are promising tools for exploring COVID-19-related
stress [82].

Nursing accounts for over 50% of the global health-
care workforce shortage; thus, detecting early signs of
turnover and implementing preventive measures are also
crucial. Identifying at-risk nurses is essential to prevent
turnover. Cortisol is a physiological marker associated with
job stress [83], chronic fatigue [84], and burnout among
healthcare workers [85]. Our research group explored the
potential of predicting nurses’ intent to stay by combin-
ing the physiological marker cortisol in saliva with subjec-
tive indicators. Previous studies reported that burnout and
other psychological factors only partially explain nurses’
turnover intentions [83,85]. In our study, we revealed that
using cortisol profiles as an objective indicator is associated
with the extent of nurses’ reluctance to stay 3 months later
[86]. This approach enables the prediction of intent to stay,
providing support and an early intervention preparation pe-
riod for individuals at high risk.

4. Discussion
The salivary biomarkers introduced in this review

have the potential to function as highly sensitive mark-
ers for visualizing chronic stress, chronic fatigue, and im-
mune status. Generally, these biomarkers are measured
using antibody-based methods, including ELISA, and are
widely utilized in research and treatment. However, ELISA
is complex and time consuming, making it challenging for
point-of-care use. Additionally, large cohort study requires
the development of evaluation systems that can measure
multiple markers simultaneously at a low cost [13]. For ex-
ample, simple methods utilizing amylase activity for mea-
suring sAA concentration have been developed and im-
plemented [87], but they are highly susceptible to pH and
salt concentration interference and cannot measure multi-

ple markers simultaneously. Therefore, novel technologies
other than ELISA need to be developed urgently for mea-
suring salivary biomarkers.

Aptamers are useful tools that are more resistant to
thermal denaturation than antibodies, can be stored at room
temperature, and can be synthesized at a low cost. Par-
ticularly, the BAB-modified ssDNA introduced in this re-
view has the advantage of high binding affinity to targets.
However, obtaining aptamer candidates with high binding
affinity to targets requires a large-scale oligonucleotide se-
quence, and the time and cost for analysis can be substan-
tial. Techniques such as ValFold [88] and fast string-based
clustering [89] reported by our group address these chal-
lenges, significantly improving the efficiency and accuracy
of designing and analyzing aptamers in silico. Assay pro-
files must be conducted in large cohorts to define the con-
centration and activity range of individual markers and en-
hance the value of point-of-care applications. Specifying
appropriate sampling times is also an important consid-
eration because some markers exhibit circadian rhythms.
From a societal perspective, the measurement of salivary
biomarkers is expected to significantly contribute to the pre-
vention, early detection, and management of chronic stress
and fatigue. Our group’s proof-of-concept study has shown
that salivary cortisol and IgA levels are associated with
chronic fatigue, enabling accurate state evaluations using
these biomarkers. Furthermore, a recent study has focused
on the clinical applications of aptamers in detecting salivary
biomarkers for various diseases. For example, an aptamer-
based biosensor has been developed for the rapid detec-
tion of the severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2) nucleocapsid protein in saliva, achieving
high specificity and low detection limits in a short time,
which holds promise for practical use in field diagnostics
[90]. Aptasensors for detecting carcinoembryonic antigen
in saliva have also been developed [91]. These technolo-
gies have shown great potential as non-invasive methods
for the rapid and accurate detection of diseases such as oral
cancer and periodontitis [92]. Such advancements suggest
that salivary diagnostics using aptamers could significantly
contribute to the early detection and management of dis-
eases across various medical fields. However, these non-
invasive diagnostic methods using salivary biomarkers still
face several limitations and challenges in their clinical ap-
plication. Current technologies do not possess sufficient
sensitivity and specificity for all applications. Despite ad-
vances in molecular technology improving detection capa-
bilities, sensitivity issues in detecting low concentrations
of biomarkers in saliva remain [33]. Furthermore, despite
the advantages of non-invasive saliva collection methods,
skepticism persists among healthcare professionals regard-
ing the clinical utility of salivary diagnostics compared to
traditional blood tests [92]. Extensive trials and validation
studies in real clinical settings are necessary to establish the
reliability of these new diagnostic tools. Future research
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should focus on refining profiles using these aptamers and
establishing protocols for practical patient care and health
management. Additionally, expanding cohort studies to in-
clude diverse individuals and groups is necessary to confirm
the broad applicability of salivary biomarkers. Such studies
could contribute to improving public health and healthcare
quality.

5. Conclusions
Salivary biomarkers—particularly detection technolo-

gies utilizing aptamers—have potential crucial roles in the
future of societal health management. These technologies
could significantly contribute to the early detection of in-
fections, monitoring of chronic diseases, and even the as-
sessment of stress and mental health as non-invasive and
cost-effective diagnostic methods.

Author Contributions
TS designed the study. TS, HM, and YA conducted

the research. IS provided significant help and advice on
the analysis and interpretation of the data. All authors con-
tributed to the manuscript editing. All authors read and ap-
proved the final manuscript. All authors participated suffi-
ciently in the work to take public responsibility for appro-
priate portions of the content.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
NECSolution Innovators provided support in the form

of salaries for Takahiro Shiga, Hirotaka Minagawa, Yu
Akiyama, and Ikuo Shiratori.

Conflict of Interest
All authors declare no conflicts of interest. Despite

they received sponsorship from NEC Solution Innovators,
Ltd., the judgments in data interpretation and writing were
not influenced by this relationship.

References
[1] Pedersen AML, Sørensen CE, Proctor GB, Carpenter GH, Ek-

ström J. Salivary secretion in health and disease. Journal of Oral
Rehabilitation. 2018; 45: 730–746. https://doi.org/10.1111/joor
.12664.

[2] Mese H, Matsuo R. Salivary secretion, taste and hyposalivation.
Journal of Oral Rehabilitation. 2007; 34: 711–723. https://doi.
org/10.1111/j.1365-2842.2007.01794.x.

[3] Tiwari M. Science behind human saliva. Journal of Natural Sci-
ence, Biology, and Medicine. 2011; 2: 53–58. https://doi.org/
10.4103/0976-9668.82322.

[4] Vining RF, McGinley RA. The measurement of hormones in

saliva: possibilities and pitfalls. Journal of Steroid Biochem-
istry. 1987; 27: 81–94. https://doi.org/10.1016/0022-4731(87)
90297-4.

[5] Speirs RL, Herring J, Cooper WD, Hardy CC, Hind CR. The in-
fluence of sympathetic activity and isoprenaline on the secretion
of amylase from the human parotid gland. Archives of Oral Biol-
ogy. 1974; 19: 747–752. https://doi.org/10.1016/0003-9969(74)
90161-7.

[6] Carlsson AD, Wahlund K, Ghafouri B, Kindgren E, Frodlund
M, Salé H, et al. Parotid saliva and blood biomarkers in juvenile
idiopathic arthritis in relation to temporomandibular joint mag-
netic resonance imaging findings. Journal of Oral Rehabilitation.
2024; 51: 2082–2092. https://doi.org/10.1111/joor.13806.

[7] Kaufman E, Lamster IB. The diagnostic applications of saliva–
a review. Critical Reviews in Oral Biology and Medicine:
an Official Publication of the American Association of
Oral Biologists. 2002; 13: 197–212. https://doi.org/10.1177/
154411130201300209.

[8] Nunes LAS, Mussavira S, Bindhu OS. Clinical and diagnostic
utility of saliva as a non-invasive diagnostic fluid: a systematic
review. Biochemia Medica. 2015; 25: 177–192. https://doi.org/
10.11613/BM.2015.018.

[9] Stachniuk J, Kubalczyk P, Furmaniak P, Głowacki R. A versatile
method for analysis of saliva, plasma and urine for total thiols
using HPLC with UV detection. Talanta. 2016; 155: 70–77. ht
tps://doi.org/10.1016/j.talanta.2016.04.031.

[10] Miočević O, Cole CR, Laughlin MJ, Buck RL, Slowey PD,
Shirtcliff EA. Quantitative Lateral Flow Assays for Salivary
Biomarker Assessment: A Review. Frontiers in Public Health.
2017; 5: 133. https://doi.org/10.3389/fpubh.2017.00133.

[11] Liu R, He L, Hu Y, Luo Z, Zhang J. A serological aptamer-
assisted proximity ligation assay for COVID-19 diagnosis and
seeking neutralizing aptamers. Chemical Science. 2020; 11:
12157–12164. https://doi.org/10.1039/d0sc03920a.

[12] Katz DH, Robbins JM, Deng S, Tahir UA, Bick AG, Pampana
A, et al. Proteomic profiling platforms head to head: Leveraging
genetics and clinical traits to compare aptamer- and antibody-
based methods. Science Advances. 2022; 8: eabm5164. https:
//doi.org/10.1126/sciadv.abm5164.

[13] Zhang Y, Lai BS, Juhas M. Recent Advances in Aptamer Dis-
covery and Applications. Molecules. 2019; 24: 941. https://doi.
org/10.3390/molecules24050941.

[14] Minopoli A, Della Ventura B, Lenyk B, Gentile F, Tanner JA,
Offenhäusser A, et al. Ultrasensitive antibody-aptamer plas-
monic biosensor formalaria biomarker detection inwhole blood.
Nature Communications. 2020; 11: 6134. https://doi.org/10.
1038/s41467-020-19755-0.

[15] Odeh F, Nsairat H, Alshaer W, Ismail MA, Esawi E, Qaqish B,
et al. Aptamers Chemistry: Chemical Modifications and Con-
jugation Strategies. Molecules. 2019; 25: 3. https://doi.org/10.
3390/molecules25010003.

[16] Ji D, Feng H, Liew SW, Kwok CK. Modified nucleic acid ap-
tamers: development, characterization, and biological applica-
tions. Trends in Biotechnology. 2023; 41: 1360–1384. https:
//doi.org/10.1016/j.tibtech.2023.05.005.

[17] Kaneko N, Horii K, Kato S, Akitomi J, Waga I. High-throughput
quantitative screening of peroxidase-mimicking DNAzymes on
a microarray by using electrochemical detection. Analytical
Chemistry. 2013; 85: 5430–5435. https://doi.org/10.1021/ac
4002518.

[18] Yang LF, Ling M, Kacherovsky N, Pun SH. Aptamers 101:
aptamer discovery and in vitro applications in biosensors and
separations. Chemical Science. 2023; 14: 4961–4978. https:
//doi.org/10.1039/d3sc00439b.

[19] IlguM,Nilsen-HamiltonM.Aptamers in analytics. TheAnalyst.
2016; 141: 1551–1568. https://doi.org/10.1039/c5an01824b.

7

https://doi.org/10.1111/joor.12664
https://doi.org/10.1111/joor.12664
https://doi.org/10.1111/j.1365-2842.2007.01794.x
https://doi.org/10.1111/j.1365-2842.2007.01794.x
https://doi.org/10.4103/0976-9668.82322
https://doi.org/10.4103/0976-9668.82322
https://doi.org/10.1016/0022-4731(87)90297-4
https://doi.org/10.1016/0022-4731(87)90297-4
https://doi.org/10.1016/0003-9969(74)90161-7
https://doi.org/10.1016/0003-9969(74)90161-7
https://doi.org/10.1111/joor.13806
https://doi.org/10.1177/154411130201300209
https://doi.org/10.1177/154411130201300209
https://doi.org/10.11613/BM.2015.018
https://doi.org/10.11613/BM.2015.018
https://doi.org/10.1016/j.talanta.2016.04.031
https://doi.org/10.1016/j.talanta.2016.04.031
https://doi.org/10.3389/fpubh.2017.00133
https://doi.org/10.1039/d0sc03920a
https://doi.org/10.1126/sciadv.abm5164
https://doi.org/10.1126/sciadv.abm5164
https://doi.org/10.3390/molecules24050941
https://doi.org/10.3390/molecules24050941
https://doi.org/10.1038/s41467-020-19755-0
https://doi.org/10.1038/s41467-020-19755-0
https://doi.org/10.3390/molecules25010003
https://doi.org/10.3390/molecules25010003
https://doi.org/10.1016/j.tibtech.2023.05.005
https://doi.org/10.1016/j.tibtech.2023.05.005
https://doi.org/10.1021/ac4002518
https://doi.org/10.1021/ac4002518
https://doi.org/10.1039/d3sc00439b
https://doi.org/10.1039/d3sc00439b
https://doi.org/10.1039/c5an01824b
https://www.imrpress.com


[20] Zhang W, Liu QX, Guo ZH, Lin JS. Practical Application
of Aptamer-Based Biosensors in Detection of Low Molecular
Weight Pollutants in Water Sources. Molecules. 2018; 23: 344.
https://doi.org/10.3390/molecules23020344.

[21] Ellington AD, Szostak JW. In vitro selection of RNA molecules
that bind specific ligands. Nature. 1990; 346: 818–822. https:
//doi.org/10.1038/346818a0.

[22] Tuerk C, Gold L. Systematic evolution of ligands by exponen-
tial enrichment: RNA ligands to bacteriophage T4 DNA poly-
merase. Science. 1990; 249: 505–510. https://doi.org/10.1126/
science.2200121.

[23] Brown A, Brill J, Amini R, Nurmi C, Li Y. Development of Bet-
ter Aptamers: Structured Library Approaches, Selection Meth-
ods, and Chemical Modifications. Angewandte Chemie (Inter-
national Ed. in English). 2024; 63: e202318665. https://doi.org/
10.1002/anie.202318665.

[24] Gold L, Ayers D, Bertino J, Bock C, Bock A, Brody EN,
et al. Aptamer-based multiplexed proteomic technology for
biomarker discovery. PloS One. 2010; 5: e15004. https://doi.
org/10.1371/journal.pone.0015004.

[25] Davies DR, Gelinas AD, Zhang C, Rohloff JC, Carter JD,
O’Connell D, et al. Unique motifs and hydrophobic interac-
tions shape the binding of modified DNA ligands to protein
targets. Proceedings of the National Academy of Sciences of
the United States of America. 2012; 109: 19971–19976. https:
//doi.org/10.1073/pnas.1213933109.

[26] Gawande BN, Rohloff JC, Carter JD, von Carlowitz I, Zhang
C, Schneider DJ, et al. Selection of DNA aptamers with two
modified bases. Proceedings of the National Academy of Sci-
ences of the United States of America. 2017; 114: 2898–2903.
https://doi.org/10.1073/pnas.1615475114.

[27] Kasahara Y, Irisawa Y, Fujita H, Yahara A, Ozaki H, Obika
S, et al. Capillary electrophoresis-systematic evolution of lig-
ands by exponential enrichment selection of base- and sugar-
modified DNA aptamers: target binding dominated by 2’-
O,4’-C-methylene-bridged/locked nucleic acid primer. Analyti-
cal Chemistry. 2013; 85: 4961–4967. https://doi.org/10.1021/ac
400058z.

[28] Imaizumi Y, Kasahara Y, Fujita H, Kitadume S, Ozaki H, En-
doh T, et al. Efficacy of base-modification on target binding of
small molecule DNA aptamers. Journal of the American Chem-
ical Society. 2013; 135: 9412–9419. https://doi.org/10.1021/ja
4012222.

[29] Minagawa H, Kataoka Y, Fujita H, Kuwahara M, Horii K, Shi-
ratori I, et al. Modified DNA Aptamers for C-Reactive Protein
and Lactate Dehydrogenase-5 with Sub-Nanomolar Affinities.
International Journal of Molecular Sciences. 2020; 21: 2683.
https://doi.org/10.3390/ijms21082683.

[30] Li CX, Zhang L, Yan YR, Ding YJ, Lin YN, Zhou JP, et
al. A narrative review of exploring potential salivary biomark-
ers in respiratory diseases: still on its way. Journal of Tho-
racic Disease. 2021; 13: 4541–4553. https://doi.org/10.21037/
jtd-21-202.

[31] Zhou Y, Liu Z. Saliva biomarkers in oral disease. Clinica Chim-
ica Acta; International Journal of Clinical Chemistry. 2023; 548:
117503. https://doi.org/10.1016/j.cca.2023.117503.

[32] Yoshizawa JM, Schafer CA, Schafer JJ, Farrell JJ, Paster BJ,
Wong DTW. Salivary biomarkers: toward future clinical and
diagnostic utilities. Clinical Microbiology Reviews. 2013; 26:
781–791. https://doi.org/10.1128/CMR.00021-13.

[33] Kumari S, Samara M, Ampadi Ramachandran R, Gosh S,
George H, Wang R, et al. A Review on Saliva-Based Health Di-
agnostics: Biomarker Selection and Future Directions. Biomed-
ical Materials & Devices. 2023; 1–18. https://doi.org/10.1007/
s44174-023-00090-z.

[34] Zangheri M, Mirasoli M, Guardigli M, Di Nardo F, Anfossi L,

Baggiani C, et al. Chemiluminescence-based biosensor for mon-
itoring astronauts’ health status during space missions: Results
from the International Space Station. Biosensors & Bioelectron-
ics. 2019; 129: 260–268. https://doi.org/10.1016/j.bios.2018.09.
059.

[35] Sobas EM, Reinoso R, Cuadrado-Asensio R, Fernández I, Mal-
donado MJ, Pastor JC. Reliability of Potential Pain Biomarkers
in the Saliva of Healthy Subjects: Inter-Individual Differences
and Intersession Variability. PloS One. 2016; 11: e0166976.
https://doi.org/10.1371/journal.pone.0166976.

[36] Strahler J, Skoluda N, Kappert MB, Nater UM. Simultaneous
measurement of salivary cortisol and alpha-amylase: Applica-
tion and recommendations. Neuroscience and Biobehavioral Re-
views. 2017; 83: 657–677. https://doi.org/10.1016/j.neubiorev.
2017.08.015.

[37] Amado FML, Ferreira RP, Vitorino R. One decade of salivary
proteomics: current approaches and outstanding challenges.
Clinical Biochemistry. 2013; 46: 506–517. https://doi.org/10.
1016/j.clinbiochem.2012.10.024.

[38] Špiljak B, Vilibić M, Glavina A, Crnković M, Šešerko A,
Lugović-Mihić L. A Review of Psychological Stress among
Students and Its Assessment Using Salivary Biomarkers. Be-
havioral Sciences. 2022; 12: 400. https://doi.org/10.3390/bs
12100400.

[39] Sternberg EM. Neural regulation of innate immunity: a co-
ordinated nonspecific host response to pathogens. Nature Re-
views. Immunology. 2006; 6: 318–328. https://doi.org/10.1038/
nri1810.

[40] Minagawa H, Onodera K, Fujita H, Sakamoto T, Akitomi J,
Kaneko N, et al. Selection, Characterization and Application of
Artificial DNA Aptamer Containing Appended Bases with Sub-
nanomolar Affinity for a Salivary Biomarker. Scientific Reports.
2017; 7: 42716. https://doi.org/10.1038/srep42716.

[41] Minagawa H, Shimizu A, Kataoka Y, Kuwahara M, Kato S,
Horii K, et al. Fluorescence Polarization-Based Rapid Detec-
tion System for Salivary Biomarkers Using Modified DNA Ap-
tamers Containing Base-Appended Bases. Analytical Chem-
istry. 2020; 92: 1780–1787. https://doi.org/10.1021/acs.analch
em.9b03450.

[42] Minagawa H, Kataoka Y, Kuwahara M, Horii K, Shiratori I,
Waga I. A high affinity modified DNA aptamer containing base-
appended bases for human β-defensin. Analytical Biochemistry.
2020; 594: 113627. https://doi.org/10.1016/j.ab.2020.113627.

[43] O’Donnell K, Kammerer M, O’Reilly R, Taylor A, Glover V.
Salivary alpha-amylase stability, diurnal profile and lack of re-
sponse to the cold hand test in young women. Stress. 2009; 12:
549–554. https://doi.org/10.3109/10253890902822664.

[44] Vineetha R, Pai KM, Vengal M, Gopalakrishna K, Narayanaku-
rup D. Usefulness of salivary alpha amylase as a biomarker of
chronic stress and stress related oral mucosal changes - a pilot
study. Journal of Clinical and Experimental Dentistry. 2014; 6:
e132–e137. https://doi.org/10.4317/jced.51355.

[45] van Veen JF, van Vliet IM, Derijk RH, van Pelt J, Mertens B, Zit-
man FG. Elevated alpha-amylase but not cortisol in generalized
social anxiety disorder. Psychoneuroendocrinology. 2008; 33:
1313–1321. https://doi.org/10.1016/j.psyneuen.2008.07.004.

[46] Nater UM, Rohleder N. Salivary alpha-amylase as a non-
invasive biomarker for the sympathetic nervous system: current
state of research. Psychoneuroendocrinology. 2009; 34: 486–
496. https://doi.org/10.1016/j.psyneuen.2009.01.014.

[47] Koh D, Ng V, Naing L. Alpha amylase as a salivary biomarker
of acute stress of venepuncture from periodic medical examina-
tions. Frontiers in Public Health. 2014; 2: 121. https://doi.org/
10.3389/fpubh.2014.00121.

[48] Shah VS, Pareikh D, Manjunatha BS. Salivary alpha-amylase-
biomarker for monitoring type II diabetes. Journal of Oral and

8

https://doi.org/10.3390/molecules23020344
https://doi.org/10.1038/346818a0
https://doi.org/10.1038/346818a0
https://doi.org/10.1126/science.2200121
https://doi.org/10.1126/science.2200121
https://doi.org/10.1002/anie.202318665
https://doi.org/10.1002/anie.202318665
https://doi.org/10.1371/journal.pone.0015004
https://doi.org/10.1371/journal.pone.0015004
https://doi.org/10.1073/pnas.1213933109
https://doi.org/10.1073/pnas.1213933109
https://doi.org/10.1073/pnas.1615475114
https://doi.org/10.1021/ac400058z
https://doi.org/10.1021/ac400058z
https://doi.org/10.1021/ja4012222
https://doi.org/10.1021/ja4012222
https://doi.org/10.3390/ijms21082683
https://doi.org/10.21037/jtd-21-202
https://doi.org/10.21037/jtd-21-202
https://doi.org/10.1016/j.cca.2023.117503
https://doi.org/10.1128/CMR.00021-13
https://doi.org/10.1007/s44174-023-00090-z
https://doi.org/10.1007/s44174-023-00090-z
https://doi.org/10.1016/j.bios.2018.09.059
https://doi.org/10.1016/j.bios.2018.09.059
https://doi.org/10.1371/journal.pone.0166976
https://doi.org/10.1016/j.neubiorev.2017.08.015
https://doi.org/10.1016/j.neubiorev.2017.08.015
https://doi.org/10.1016/j.clinbiochem.2012.10.024
https://doi.org/10.1016/j.clinbiochem.2012.10.024
https://doi.org/10.3390/bs12100400
https://doi.org/10.3390/bs12100400
https://doi.org/10.1038/nri1810
https://doi.org/10.1038/nri1810
https://doi.org/10.1038/srep42716
https://doi.org/10.1021/acs.analchem.9b03450
https://doi.org/10.1021/acs.analchem.9b03450
https://doi.org/10.1016/j.ab.2020.113627
https://doi.org/10.3109/10253890902822664
https://doi.org/10.4317/jced.51355
https://doi.org/10.1016/j.psyneuen.2008.07.004
https://doi.org/10.1016/j.psyneuen.2009.01.014
https://doi.org/10.3389/fpubh.2014.00121
https://doi.org/10.3389/fpubh.2014.00121
https://www.imrpress.com


Maxillofacial Pathology. 2021; 25: 441–445. https://doi.org/10.
4103/jomfp.jomfp_84_21.

[49] Cohen S, Miller GE, Rabin BS. Psychological stress and an-
tibody response to immunization: a critical review of the hu-
man literature. Psychosomatic Medicine. 2001; 63: 7–18. https:
//doi.org/10.1097/00006842-200101000-00002.

[50] Laurent HK, Stroud LR, Brush B, D’Angelo C, Granger DA.
Secretory IgA reactivity to social threat in youth: Relations with
HPA, ANS, and behavior. Psychoneuroendocrinology. 2015; 59:
81–90. https://doi.org/10.1016/j.psyneuen.2015.04.021.

[51] Engeland CG, Hugo FN, Hilgert JB, Nascimento GG, Junges
R, Lim HJ, et al. Psychological distress and salivary secretory
immunity. Brain, Behavior, and Immunity. 2016; 52: 11–17. ht
tps://doi.org/10.1016/j.bbi.2015.08.017.

[52] Sinnott-O’Connor C, Comyns TM, Nevill AM, Warrington GD.
Salivary Biomarkers and Training Load During Training and
Competition in Paralympic Swimmers. International Journal of
Sports Physiology and Performance. 2018; 13: 839–843. https:
//doi.org/10.1123/ijspp.2017-0683.

[53] Kumar N, Arthur CP, Ciferri C, MatsumotoML. Structure of the
secretory immunoglobulin A core. Science. 2020; 367: 1008–
1014. https://doi.org/10.1126/science.aaz5807.

[54] Saito S, Sano K, Suzuki T, Ainai A, Taga Y, Ueno T, et al.
IgA tetramerization improves target breadth but not peak po-
tency of functionality of anti-influenza virus broadly neutral-
izing antibody. PLoS Pathogens. 2019; 15: e1007427. https:
//doi.org/10.1371/journal.ppat.1007427.

[55] Schröder JM, Harder J. Human beta-defensin-2. The Interna-
tional Journal of Biochemistry & Cell Biology. 1999; 31: 645–
651. https://doi.org/10.1016/s1357-2725(99)00013-8.

[56] Schneider JJ, Unholzer A, Schaller M, Schäfer-
Korting M, Korting HC. Human defensins. Jour-
nal of Molecular Medicine. 2005; 83: 587–595.
https://doi.org/10.1007/s00109-005-0657-1.

[57] Turina MC, Landewé R, Baeten D. Lessons to be learned from
serum biomarkers in psoriasis and IBD - the potential role in
SpA. Expert Review of Clinical Immunology. 2017; 13: 333–
344. https://doi.org/10.1080/1744666X.2017.1244004.

[58] Jaradat SW, Cubillos S, Krieg N, Lehmann K, Issa B, Piehler S,
et al. Low DEFB4 copy number and high systemic hBD-2 and
IL-22 levels are associated with dermatophytosis. The Journal
of Investigative Dermatology. 2015; 135: 750–758. https://doi.
org/10.1038/jid.2014.369.

[59] ClausenML, Jungersted JM,Andersen PS, SlotvedHC,Krogfelt
KA, Agner T. Human β-defensin-2 as a marker for disease
severity and skin barrier properties in atopic dermatitis. The
British Journal of Dermatology. 2013; 169: 587–593. https:
//doi.org/10.1111/bjd.12419.

[60] García-Berrocoso T, Giralt D, Bustamante A, Llombart V,
Rubiera M, Penalba A, et al. Role of beta-defensin 2 and
interleukin-4 receptor as stroke outcome biomarkers. Journal of
Neurochemistry. 2014; 129: 463–472. https://doi.org/10.1111/
jnc.12649.

[61] Signat B, Roques C, Poulet P, Duffaut D. Fusobacterium nuclea-
tum in periodontal health and disease. Current Issues in Molec-
ular Biology. 2011; 13: 25–36.

[62] Usui T, Yoshikawa T, Orita K, Ueda SY, Katsura Y, Fujimoto S,
et al. Changes in salivary antimicrobial peptides, immunoglob-
ulin A and cortisol after prolonged strenuous exercise. Euro-
pean Journal of Applied Physiology. 2011; 111: 2005–2014.
https://doi.org/10.1007/s00421-011-1830-6.

[63] Pathak A, Agrawal A. Evolution of C-Reactive Protein. Fron-
tiers in Immunology. 2019; 10: 943. https://doi.org/10.3389/fi
mmu.2019.00943.

[64] La Fratta I, Tatangelo R, Campagna G, Rizzuto A, Franceschelli
S, Ferrone A, et al. The plasmatic and salivary levels of IL-

1β, IL-18 and IL-6 are associated to emotional difference dur-
ing stress in young male. Scientific Reports. 2018; 8: 3031.
https://doi.org/10.1038/s41598-018-21474-y.

[65] Ouellet-Morin I, Danese A, Williams B, Arseneault L. Vali-
dation of a high-sensitivity assay for C-reactive protein in hu-
man saliva. Brain, Behavior, and Immunity. 2011; 25: 640–646.
https://doi.org/10.1016/j.bbi.2010.12.020.

[66] Gohel V, Jones JA, Wehler CJ. Salivary biomarkers and cardio-
vascular disease: a systematic review. Clinical Chemistry and
Laboratory Medicine. 2018; 56: 1432–1442. https://doi.org/10.
1515/cclm-2017-1018.

[67] Omran A, Ali M, Saleh MH, Zekry O. Salivary C-reactive pro-
tein andmean platelet volume in diagnosis of late-onset neonatal
pneumonia. The Clinical Respiratory Journal. 2018; 12: 1644–
1650. https://doi.org/10.1111/crj.12723.

[68] Lokesh K, Kannabiran J, Rao MD. Salivary Lactate Dehy-
drogenase (LDH)- A Novel Technique in Oral Cancer Detec-
tion and Diagnosis. Journal of Clinical and Diagnostic Re-
search. 2016; 10: ZC34–ZC37. https://doi.org/10.7860/JCDR
/2016/16243.7223.

[69] Urbańska K, Orzechowski A. Unappreciated Role of LDHA and
LDHB to Control Apoptosis and Autophagy in Tumor Cells.
International Journal of Molecular Sciences. 2019; 20: 2085.
https://doi.org/10.3390/ijms20092085.

[70] Malicka B, Skoskiewicz-Malinowska K, Kaczmarek U. Sali-
vary lactate dehydrogenase and aminotransferases in diabetic
patients. Medicine. 2016; 95: e5211. https://doi.org/10.1097/
MD.0000000000005211.

[71] Saluja TS, Spadigam A, Dhupar A, Syed S. Equating salivary
lactate dehydrogenase (LDH)with LDH-5 expression in patients
with oral squamous cell carcinoma: An insight into metabolic
reprogramming of cancer cell as a predictor of aggressive phe-
notype. Tumour Biology. 2016; 37: 5609–5620. https://doi.org/
10.1007/s13277-015-4415-x.

[72] Mafessoni TP, Mazur CE, Amenábar JM. Salivary lactate de-
hydrogenase (LDH) as a tool for early diagnosis of oral cancer
in individuals with Fanconi anemia. Medical Hypotheses. 2018;
119: 29–31. https://doi.org/10.1016/j.mehy.2018.07.021.

[73] Webber J, Stone TC, Katilius E, Smith BC, Gordon B, Ma-
son MD, et al. Proteomics analysis of cancer exosomes us-
ing a novel modified aptamer-based array (SOMAscan™) plat-
form. Molecular & Cellular Proteomics. 2014; 13: 1050–1064.
https://doi.org/10.1074/mcp.M113.032136.

[74] Chojnowska S, Ptaszyńska-Sarosiek I, Kępka A, Knaś M,
Waszkiewicz N. Salivary Biomarkers of Stress, Anxiety and De-
pression. Journal of Clinical Medicine. 2021; 10: 517. https:
//doi.org/10.3390/jcm10030517.

[75] Bruffaerts R, Vilagut G, Demyttenaere K, Alonso J, Alhamzawi
A, Andrade LH, et al. Role of common mental and physical dis-
orders in partial disability around the world. The British Journal
of Psychiatry. 2012; 200: 454–461. https://doi.org/10.1192/bjp.
bp.111.097519.

[76] Fang J, Qiu C, Xu H, You G. A model for predicting acute and
chronic fatigue in Chinese nurses. Journal of Advanced Nursing.
2013; 69: 546–558. https://doi.org/10.1111/j.1365-2648.2012.
06029.x.

[77] Ki J, Ryu J, Baek J, Huh I, Choi-Kwon S. Association be-
tween Health Problems and Turnover Intention in Shift Work
Nurses: Health Problem Clustering. International Journal of
Environmental Research and Public Health. 2020; 17: 4532.
https://doi.org/10.3390/ijerph17124532.

[78] Pasupathy KS, Barker LM. Impact of fatigue on performance
in registered nurses: data mining and implications for practice.
Journal for Healthcare Quality. 2012; 34: 22–30. https://doi.or
g/10.1111/j.1945-1474.2011.00157.x.

[79] Gifkins J, Johnston A, Loudoun R, Troth A. Fatigue and recov-

9

https://doi.org/10.4103/jomfp.jomfp_84_21
https://doi.org/10.4103/jomfp.jomfp_84_21
https://doi.org/10.1097/00006842-200101000-00002
https://doi.org/10.1097/00006842-200101000-00002
https://doi.org/10.1016/j.psyneuen.2015.04.021
https://doi.org/10.1016/j.bbi.2015.08.017
https://doi.org/10.1016/j.bbi.2015.08.017
https://doi.org/10.1123/ijspp.2017-0683
https://doi.org/10.1123/ijspp.2017-0683
https://doi.org/10.1126/science.aaz5807
https://doi.org/10.1371/journal.ppat.1007427
https://doi.org/10.1371/journal.ppat.1007427
https://doi.org/10.1016/s1357-2725(99)00013-8
https://doi.org/10.1007/s00109-005-0657-1
https://doi.org/10.1080/1744666X.2017.1244004
https://doi.org/10.1038/jid.2014.369
https://doi.org/10.1038/jid.2014.369
https://doi.org/10.1111/bjd.12419
https://doi.org/10.1111/bjd.12419
https://doi.org/10.1111/jnc.12649
https://doi.org/10.1111/jnc.12649
https://doi.org/10.1007/s00421-011-1830-6
https://doi.org/10.3389/fimmu.2019.00943
https://doi.org/10.3389/fimmu.2019.00943
https://doi.org/10.1038/s41598-018-21474-y
https://doi.org/10.1016/j.bbi.2010.12.020
https://doi.org/10.1515/cclm-2017-1018
https://doi.org/10.1515/cclm-2017-1018
https://doi.org/10.1111/crj.12723
https://doi.org/10.7860/JCDR/2016/16243.7223
https://doi.org/10.7860/JCDR/2016/16243.7223
https://doi.org/10.3390/ijms20092085
https://doi.org/10.1097/MD.0000000000005211
https://doi.org/10.1097/MD.0000000000005211
https://doi.org/10.1007/s13277-015-4415-x
https://doi.org/10.1007/s13277-015-4415-x
https://doi.org/10.1016/j.mehy.2018.07.021
https://doi.org/10.1074/mcp.M113.032136
https://doi.org/10.3390/jcm10030517
https://doi.org/10.3390/jcm10030517
https://doi.org/10.1192/bjp.bp.111.097519
https://doi.org/10.1192/bjp.bp.111.097519
https://doi.org/10.1111/j.1365-2648.2012.06029.x
https://doi.org/10.1111/j.1365-2648.2012.06029.x
https://doi.org/10.3390/ijerph17124532
https://doi.org/10.1111/j.1945-1474.2011.00157.x
https://doi.org/10.1111/j.1945-1474.2011.00157.x
https://www.imrpress.com


ery in shiftworking nurses: A scoping literature review. Inter-
national Journal of Nursing Studies. 2020; 112: 103710. https:
//doi.org/10.1016/j.ijnurstu.2020.103710.

[80] Yamaguchi S, Watanabe K, Sugimura N, Shishido I, Konya I,
Fujita T, et al. Salivary Biomarker Profiles and Chronic Fatigue
among Nurses Working Rotation Shifts: An Exploratory Pilot
Study. Healthcare. 2022; 10: 1416. https://doi.org/10.3390/heal
thcare10081416.

[81] Wagner D, Pearcey SM. Perceived stress and salivary biomark-
ers in educators: comparison among three stress reduction ac-
tivities. Health Psychology and Behavioral Medicine. 2022; 10:
617–631. https://doi.org/10.1080/21642850.2022.2102016.

[82] Deneva T, Ianakiev Y, Boykinova O. Salivary mental stress
biomarkers in COVID-19 patients. Frontiers in Medicine. 2022;
9: 999215. https://doi.org/10.3389/fmed.2022.999215.

[83] Soo-Quee Koh D, Choon-Huat Koh G. The use of salivary
biomarkers in occupational and environmental medicine. Oc-
cupational and Environmental Medicine. 2007; 64: 202–210.
https://doi.org/10.1136/oem.2006.026567.

[84] Herane-VivesA, PapadopoulosA, deAngel V, ChuaKC, Soto L,
Chalder T, et al. Cortisol levels in chronic fatigue syndrome and
atypical depression measured using hair and saliva specimens.
Journal of Affective Disorders. 2020; 267: 307–314. https://do
i.org/10.1016/j.jad.2020.01.146.

[85] Marcil MJ, Cyr S, Marin MF, Rosa C, Tardif JC, Guay S, et
al. Hair cortisol change at COVID-19 pandemic onset predicts
burnout among health personnel. Psychoneuroendocrinology.
2022; 138: 105645. https://doi.org/10.1016/j.psyneuen.2021.
105645.

[86] Yamaguchi S, Fujita T, Kato S, Yoshimitsu Y, Ito YM, Yano
R. Utility of salivary cortisol profile as a predictive biomarker
in nurses’ turnover risk: a preliminary study. Journal of Phys-
iological Anthropology. 2024; 43: 1. https://doi.org/10.1186/
s40101-023-00349-w.

[87] Yamaguchi M, Kanemori T, Kanemaru M, Takai N, Mizuno Y,
Yoshida H. Performance evaluation of salivary amylase activity
monitor. Biosensors&Bioelectronics. 2004; 20: 491–497. https:
//doi.org/10.1016/j.bios.2004.02.012.

[88] Akitomi J, Kato S, Yoshida Y, Horii K, Furuichi M, Waga I. Val-
Fold: Program for the aptamer truncation process. Bioinforma-
tion. 2011; 7: 38–40. https://doi.org/10.6026/97320630007038.

[89] Kato S, Ono T, Minagawa H, Horii K, Shiratori I, Waga I,
et al. FSBC: fast string-based clustering for HT-SELEX data.
BMC Bioinformatics. 2020; 21: 263. https://doi.org/10.1186/
s12859-020-03607-1.

[90] Siu RHP, Jesky RG, Fan YJ, Au-Yeung CCH, Kinghorn AB,
Chan KH, et al. Aptamer-Mediated Electrochemical Detection
of SARS-CoV-2 Nucleocapsid Protein in Saliva. Biosensors.
2024; 14: 471. https://doi.org/10.3390/bios14100471.

[91] Li J, Ding Y, Shi Y, Liu Z, Lin J, Cao R, et al. A zinc oxide
nanorod-based electrochemical aptasensor for the detection of
tumor markers in saliva. Chemosensors. 2024; 12; 203. https:
//doi.org/10.3390/chemosensors12100203.

[92] Melguizo-Rodríguez L, Costela-Ruiz VJ, Manzano-Moreno FJ,
Ruiz C, Illescas-Montes R. Salivary Biomarkers and Their Ap-
plication in the Diagnosis and Monitoring of the Most Common
Oral Pathologies. International Journal of Molecular Sciences.
2020; 21: 5173. https://doi.org/10.3390/ijms21145173.

10

https://doi.org/10.1016/j.ijnurstu.2020.103710
https://doi.org/10.1016/j.ijnurstu.2020.103710
https://doi.org/10.3390/healthcare10081416
https://doi.org/10.3390/healthcare10081416
https://doi.org/10.1080/21642850.2022.2102016
https://doi.org/10.3389/fmed.2022.999215
https://doi.org/10.1136/oem.2006.026567
https://doi.org/10.1016/j.jad.2020.01.146
https://doi.org/10.1016/j.jad.2020.01.146
https://doi.org/10.1016/j.psyneuen.2021.105645
https://doi.org/10.1016/j.psyneuen.2021.105645
https://doi.org/10.1186/s40101-023-00349-w
https://doi.org/10.1186/s40101-023-00349-w
https://doi.org/10.1016/j.bios.2004.02.012
https://doi.org/10.1016/j.bios.2004.02.012
https://doi.org/10.6026/97320630007038
https://doi.org/10.1186/s12859-020-03607-1
https://doi.org/10.1186/s12859-020-03607-1
https://doi.org/10.3390/bios14100471
https://doi.org/10.3390/chemosensors12100203
https://doi.org/10.3390/chemosensors12100203
https://doi.org/10.3390/ijms21145173
https://www.imrpress.com

	1. Introduction
	2. Biomarkers Present in Saliva
	2.1 sAA
	2.2 sIgA
	2.3 Human -Defensin (HBD)
	2.4 C-Reactive Protein (CRP)
	2.5 Lactate Dehydrogenase (LDH-5)

	3. Utilization of Salivary Biomarkers for Addressing Social Issues
	4. Discussion
	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

