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Abstract 

Saliva contains a diverse array of biomarkers indicative of various diseases. Saliva testing has been a major 
advancement towards non-invasive point-of-care diagnosis with clinical significance. However, there are 
challenges associated with salivary diagnosis from sample treatment and standardization. This review 
highlights the biomarkers in saliva and their role in identifying relevant diseases. It provides an overview 
and discussion about the current practice of saliva collection and processing, and advancements in saliva 
detection systems from in vitro methods to wearable oral devices. The review also addresses challenges in 
saliva diagnostics and proposes solutions, aiming to offer a comprehensive understanding and practical 
guidance for improving saliva-based detection in clinical diagnosis. Saliva diagnosis provides a rapid, 
effective, and safe alternative to traditional blood and urine tests for screening large populations and 
enhancing infectious disease diagnosis and surveillance. It meets the needs of various fields such as disease 
management, drug screening, and personalized healthcare with advances in saliva detection systems 
offering high sensitivity, fast response times, portability, and automation. Standardization of saliva 
collection, treatment, biomarker discovery, and detection between different laboratories needs to be 
implemented to obtain reliable salivary diagnosis in clinical practice. 
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Introduction 
Saliva, along with other oral fluids such as 

gingival crevicular fluid and combined secretions of 
minor salivary glands, play a vital role in supporting 
the health of both soft and hard tissues in the oral 
cavity. Biocomponents found in oral fluids include 
proteins and related molecules, nucleic acid 
components, extracellular vesicles (EVs), and 
endogenous and exogenous metabolites [1],[2],[3]. 
Thus, saliva is recognized as a mirror reflecting the 
health status of the body. So far, it has been clinically 
possible to diagnose a range of diseases through 
saliva [4],[5], including infectious diseases, genetic 
disorders, metabolic diseases, and immunologic 
diseases. This mainly relies on the role of biomarkers 
in saliva in the diagnosis, prognosis, prediction, and 
monitoring of diseases. For example, saliva samples 
can indicate the concentration of drugs in the body, 
allowing for drug intake to be monitored and 

controlled. This helps maintain drug levels within the 
optimal treatment range, enabling personalized 
treatment for each patient [6],[7]. It is noninvasive and 
painless to collect saliva samples; the possibility of 
using salivary biomarkers for detecting systemic 
diseases may constitute a promising opportunity to 
implement strategies for diagnosing and managing 
patients affected by chronic diseases, thereby limiting 
the risks associated with more invasive surgeries [8]. 
Several diagnostic tests that use saliva or oral fluids 
for the detection of SARS-CoV-2 have received 
authorization for emergency use from the U.S. Food 
and Drug Administration [9],[10]. Since then, research 
on saliva detection has become a focal point in 
analytical science, highlighting the numerous benefits 
of salivary diagnostics in healthcare, especially in a 
point-of-care scenario. 
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Figure 1. Schematic drawing highlighting the review content.  

 
Looking ahead, the market for salivary diagnosis 

can only be expected to grow as new biomarkers are 
discovered and validated. So far, researchers have 
made unremitting efforts to review saliva diagnosis: 
Liao et al. discussed saliva analysis and its 
applications in various medical diagnosis and 
monitoring [11], Song et al. provided a comprehensive 
summary of saliva biomarkers and their testing [12], 
and Giovanni et al. primarily addressed methods for 
evaluating saliva biomarkers and protocols for saliva 
collection [8]. However, there are several challenges 
associated with saliva diagnosis including identifying 
biomarkers unique to a given health condition, 
guaranteeing uniformity in the collection and 
preservation of saliva samples, and evaluating the 
specificity and sensitivity of salivary tests. Being 
different from the reported work, this review (Figure 
1) aims to overview advances of key factors in saliva 
diagnosis, including biomarkers in saliva, current 
cutting-edge saliva detection techniques, and clinical 
saliva sample pre/post-processing methods. The 

potentials, challenges, and perspectives of saliva 
diagnosis in disease screening, management, and 
prevention are the primary focuses of this review. 

Saliva components and biomarkers 
Saliva is secreted by glands in the oral cavity, 

and salivary gland cells produce mucous and serous 
saliva from plasma cells and mucous cells, 
respectively. Because salivary glands primarily 
secrete fluid originating from intercellular fluid, the 
final saliva composition in the oral cavity also 
incorporates elements from blood [13], which means 
the composition of saliva not only reflects local oral 
health conditions but also systemic physiological 
states. This greatly increases the possibility of saliva 
as a non-invasive, fast, and convenient biological fluid 
to replace blood samples for diagnosing diseases in 
clinical practice. Table 1 lists comprehensive 
information of the components in saliva, and some 
salivary biomarkers used for the clinical diagnosis of 
diseases and relevant cancers. 
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Table 1. Major components in saliva and their relevance with various diseases. 

Salivary components Concentration 
in saliva 

Concentration in 
blood 

Biological significance Related diseases Detection methods 

Proteins 
and 
peptides 

Amylase 0-7.5 mg/mL 
[26] 

10-110 µg/mL Aids digestion, protects the oral 
mucosa improves the taste of 
food 

Pancreatitis, sialadenitis, child 
development, malnutrition 

Enzyme-linked immunosorbent assay 
(ELISA), mass spectrometry (MS), 
polymerase chain reaction (PCR) 

Prostate-Spec
ific Antigen 

<4.0 ng/mL 
[27] 

N/A Monitor for prostate-related 
disease 

Prostate cancer, prostate 
cancer 

Enzyme-linked immunosorbent assay 
(ELISA), Mass spectrometry (MS), 
molecular diagnostic techniques 

Lysozyme 5.9-17.3 μg/mL 
[28] 

7-13 µg/mL [29] Antibacterial, aids digestion, 
promotes wound healing 

Periodontal disease and dental 
caries, enteritis, rheumatoid 

Enzyme-linked immunosorbent assay 
(ELISA), western blotting (WB) 

Glutathione 
peroxidase 

7.2–165.2 
mg/mL [30] 

263-639 mg/mL [31] Anti-bacterial, 
anti-inflammatory, promotes 
wound healing 

Periodontal disease 
gingivitis, diseases of salivary 
gland function, digestive 
system diseases 

Enzyme-linked immunosorbent assay 
(ELISA), mass spectrometry (MS), 
western blotting (WB), chromatography, 
biosensors, flow cytometry 
 

Lipase 13 µg/mL [32] 0-0.16 U/mL [33]  Promote fat digestion, improve 
food taste, participate in immune 
response 

Dry mouth, gastroesophageal 
reflux disease, diabetes 
mellitus 

Enzyme-linked immunosorbent assay 
(ELISA), colloidal gold method, liquid 
chromatography-tandem mass 
spectrometry (LC-MS), spectrometry 

sIgA 4-10.3 µg/mL 
[34] 

N/A Protect local immune, regulate 
immune responses, clear 
pathogens, maintain oral 
microbial stability, promote 
wound healing 

Crohn's disease, ulcerative 
colitis, multiple myeloma 

Enzyme-linked immunosorbent assay 
(ELISA), western blotting (WB), 
immunodiffusion assay, 
immunoturbidimetry assay 

IgG 0.05-0.36 
mg/mL [35] 

0.4-0.7 mg/mL [35] Promote fat digestion, improve 
food taste, and participate in 
immune response 

Dry mouth, gastroesophageal 
reflux disease, diabetes 
mellitus 

Enzyme-linked immunosorbent assay 
(ELISA), fluorescence method, lateral 
flow assay, liquid 
chromatography-tandem mass 
spectrometry (LC-MS), spectrometry 

IgM N/A 0.4-2.3 mg/mL [36] Respond to pathogen intrusion Rheumatoid arthritis, systemic 
lupus erythematosus, oral 
cancer, HIV 

Enzyme-linked immunosorbent assay 
(ELISA), mass spectrometry (MS), 
western blotting (WB) 

MMP8 1.85–31.65 
ng/mL [37] 

0.97–6.17 ng/mL 
[38] 

Remodel oral tissue, 
inflammatory response, as a 
diagnostic marker for oral and 
systemic diseases 

Oral cancer, rheumatoid 
arthritis, sjögren's syndrome 

Enzyme-linked immunosorbent assay 
(ELISA), mass spectrometry (MS), 
western blotting (WB), polymerase chain 
reaction (PCR) immunofluorescence (IF) 
staining 

MMP9 0.1–1.5 ng/mL 
[39] 

0.5–5 ng/mL [40] Remodel oral tissue. 
inflammatory response, as a 
diagnostic marker for oral and 
systemic diseases 

Oral squamous cell carcinoma, 
oral potentially malignant 
disorders  

Enzyme-linked immunosorbent assay 
(ELISA), mass spectrometry (MS), 
western blotting (WB), polymerase chain 
reaction (PCR) immunofluorescence (IF) 
staining 

Mucins 15-240 mg/mL 
[41] 

9.1- 10.7 ng/mL [42] Lubricate, maintain the stability 
of oral microorganisms, regulate 
the immune response, and 
improve the taste of food 

Xerostomia, oral mucositis, 
reflux esophagitis, gastric 
ulcer, chronic bronchitis, 
asthma, Sjogren syndrome, 
systemic lupus erythematosus, 
diabetes, obesity 

High-performance liquid 
chromatography (HPLC), mass 
spectrometry (MS), western blotting 
(WB), real-time polymerase chain 
reaction (RT-PCR) [43], 
immunofluorescence (IF) staining  

Proline-rich 
proteins 

2-4 mg/mL [44] N/A Antimicrobial action, mineral 
deposition, and dental plaque 
formation improve food taste 

Dental caries, periodontal 
disease, oral cancer 

Enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography-tandem 
mass spectrometry (LC-MS), nuclear 
magnetic resonance spectroscopy 
(NMR), real-time polymerase chain 
reaction (RT-PCR), 2D gel 
electrophoresis (2-DE) 

Albumin 0.1-0.8 mg/mL 
[45] 

34-54 mg/mL [46] Lubricate, maintain osmotic 
pressure, promote wound 
healing, and transport drug 
hormone molecules 

Gastroesophageal reflux 
disease, malnutrition 

Enzyme-linked immunosorbent assay 
(ELISA), mass spectrometry (MS), 
western blotting (WB), immunodiffusion 

Transferrin 2-21.2 µg/mL 
[47] 

2-3.6 mg/mL [48] Transport regulation of iron, 
antibacterial action, 
immunomodulation 

Iron anemia, chronic kidney 
disease, 
malnutrition 

Enzyme-linked immunosorbent assay 
(ELISA), nuclear magnetic resonance 
spectroscopy (NMR), mass spectrometry 
(MS), 

Growth 
Hormone 

N/A <10 ng/mL [49] Monitor growth hormone levels Renal insufficiency, 
acromegaly, turner syndrome, 
Prader-Willi syndrome 

Enzyme-linked immunosorbent assay 
(ELISA), polymerase chain reaction 
(PCR) 

Nucleic 
acids 

miRNA 2.59–29.4 
μg/mL [50] 

4.4-10.9 pM [51] Biomarkers, immune regulation, 
affect cell proliferation and 
apoptosis, regulate gene 
expression  

Cancer, coronary heart 
disease, myocardial infarction, 
Alzheimer's disease, 
Parkinson's disease, multiple 
sclerosis 

Real-time polymerase chain reaction 
(RT-PCR), RNA sequencing (RNA-Seq), 
nanostring technology, DNA microarray 
technology 

circRNA N/A N/A Biomarkers, regulate gene 
expression and participate in 
local immune responses 

Cancer, neurodegenerative 
diseases 

Next-generation sequencing technology 
(NGS) quantitative Real-time 
polymerase chain reaction (qRT-PCR), 
Northern Blotting 

cfDNA N/A 0.5-1.0 µg/mL [52] Diagnose biomarkers, monitor 
cancer, detect infectious diseases, 
non-invasive prenatal testing, 
aging research 

Cancer, autoimmune diseases, 
viral infections 

Quantitative polymerase chain reaction 
(qPCR), next generation sequencing 
(NGS) 

Hormon Melatonin 0.3-17.6 pg/mL 10-80 mg/mL [53] Circadian rhythm regulation, Sleep disorders, depression, Enzyme-linked immunosorbent assay 



Theranostics 2024, Vol. 14, Issue 18 
 

 
https://www.thno.org 

6972 

Salivary components Concentration 
in saliva 

Concentration in 
blood 

Biological significance Related diseases Detection methods 

es [53] antioxidants, maintain oral 
health 

anxiety, seasonal affective 
disorder, Alzheimer's disease, 
Parkinson's disease 

(ELISA), radioimmunoassay (RIA), 
liquid chromatography-mass 
spectrometry 

Testosterone  Males: 44-148 
pg/mL [54] 
Females: 16-55 
pg/mL [55] 

Males: 3-10 ng/mL 
[56] 
Females: 10-80 
pg/mL [57] 

Reflect the endocrine status of 
the individual, reflects the 
psychological and behavioral 
effects 

Depression, sexual 
dysfunction, abnormal growth 
hormone 
secretion 

Enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography-tandem 
mass spectrometry (LC-MS) 

Estradiol Males: 0.25 to 
3.93 pg/mL 
[58] 

Males: 10-50 pg/mL Reflect the endocrine status of 
the individual, reflects the 
psychological and behavioral 
effects 

Depression, sexual 
dysfunction, abnormal growth 
hormone 
secretion 

Enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography-tandem 
mass spectrometry (LC-MS) 

Females: 0.25 to 
6.13 pg/mL 
[58] 

Females: 15-350 
pg/mL 

Cortisol 0.5-50 µg/mL 
[59] 

50–230 ng/mL [60] Evaluate the individual's stress 
response and circadian rhythm, 
reflect oral health 

Hypoadrenalism, Cushing's 
syndrome, Addison's disease, 
polycystic ovary syndrome, 
depression, anxiety 

Enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography-tandem 
mass spectrometry (LC-MS) 

Insulin Fasting state: 
57.7-346.2 
pg/mL [61] 

1.93±6.08 mg/ mL 
[62] 

Monitor an individual's insulin 
levels to affect oral health 

Diabetes mellitus, obesity, 
metabolic syndrome, 
polycystic ovary syndrome 

Enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography-tandem 
mass spectrometry (LC-MS), 
radioimmunoassay (RIA) 

Metaboli
tes 

Uric acid  19 µg/mL [63]  Male: 24-60 μg/mL 
Female: 14-55 
μg/mL 

Antioxidants, monitor and 
predict gout and heart disease 

Hyperuricemia, gout  Enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography-mass 
spectrometry (LC-MS), nuclear magnetic 
resonance (NMR), biosensors 

Lactic acid 0-280 µg/mL 
[64] 

128-968 µg/mL [64] Evaluate the individual's exercise 
intensity and fatigue levels 

Oral cancer, diabetes mellitus, 
respiratory diseases 

Enzyme-linked immunosorbent assay 
(ELISA), high-performance liquid 
chromatography (HPLC), mass 
spectrometry (MS), nuclear magnetic 
resonance (NMR), biosensors 

Glucose 0.5-1.00 
µmol/mL [65] 

4-6 µmol/mL [65] Monitor the body's metabolism 
and digestion, and monitor the 
blood glucose level 

Diabetes mellitus, obesity High-performance liquid 
chromatography (HPLC), near-infrared 
spectroscopy (NIRS), 
Biosensors 

Others Extracellular 
vesicles 

1.11 g/mL [66] 1.5 x 108 to 1.5 x 109 
particles/mL [67] 

Transduce signal, early 
diagnosis, and monitor disease 

Oral cancer, diabetes mellitus, 
HIV, HPV 

Flow cytometry (FC), western blotting 
(WB), mass spectrometry (MS), 
quantitative Real-time polymerase chain 
reaction(qRT-PCR) 

Na+ 11.5-217.3 
µmol/mL [68] 

135-145 µmol/mL 
[69] 

Maintain electrolyte balance, 
promote taste delivery, and have 
antibacterial effects 

Dehydration, xerostomia, 
renal dysfunction, endocrine 
disorders 

Ion-selective electrode (ISE), inductively 
coupled plasma mass spectrometry 
(ICP-MS), ion chromatography (IC) 

K+ 2.6-18.3 
µmol/mL [68]  

3.5-5.0 µmol/mL 
[70]  

Maintain ion balance inside and 
outside cells, protect teeth and 
oral tissues, participate in nerve 
signaling 

Dehydration, sialadenitis, 
renal dysfunction, endocrine 
disorders 

Ion-selective electrodes (ISE), atomic 
absorption spectrometry (AAS), atomic 
emission spectrometry (AES), 
near-infrared spectroscopy (NIRS), 
biosensors 

Cl- 0.5-3.5 
µmol/mL [71] 

97-107 µmol/mL 
[72] 

Maintain acid-base balance, 
combine with peroxidase to act 
as an antimicrobial 

Dehydration, cystic fibrosis, 
Sjogren syndrome 

Ion selective electrode (ISE), 
high-performance liquid 
chromatography (HPLC), atomic 
emission spectrometry (AES) 

Ca2+ 1-4 µmol/mL 
[73] 

2.2-2.65 µmol/mL 
[74] 

Enamel mineralization, 
anti-caries effect, maintain 
electrolyte balance, influence 
saliva viscosity 

Periodontal disease, 
xerostomia 

Atomic absorption spectrometry (AAS), 
ion selective electrode (ISE), inductively 
coupled plasma mass spectrometry 
(ICP-MS) 

PO43- 5-35 μg/mL 
[75] 

25-45 μg/mL [76] Tooth mineralization, anti-caries 
effect, maintain oral pH 

Parathyroid dysfunction, 
osteoporosis, diabetes mellitus  

Spectroscopic, and chromatographic 
methods 

HCO3- 1-60 µmol/mL 
[71] 

22-26 µmol/mL [77] Prevents acid damage, maintains 
mouth pH, and facilitates 
digestion 

Dental caries, periodontal 
disease, reflux esophagitis, 
sjogren syndrome, metabolic 
acidosis 

Ion-selective electrode (ISE), pH meter 

Mg2+ 2.81-3.61 
mg/mL [78] 

0.7-1 μmol/mL [79] Enamel heavy mineralization, 
stabilize activating enzymes, 
stabilize nucleic acids 

Diabetes mellitus, renal 
dysfunction 

Atomic absorption spectroscopy (AAS), 
Ion-selective electrodes (ISE) 

NH3 4.4 µmol/mL 
[80] 

21-57 µmol/mL [80] Maintain oral pH, bacterial 
metabolites 

Kidney dysfunction, digestive 
system diseases 

Gas chromatography (GC), ion 
chromatography (IC) 

 
 
Saliva includes 99% water, 0.5% organic and 

inorganic materials, as well as a significant number of 
biological components. Organic matter is mainly a 
variety of proteins and hormones that play different 
roles, and inorganic matter is mainly Na+, K+, Cl-, and 
Ca2+. According to Johan’s work, salivary K+ 
concentration is higher than its plasma concentration 
(25 vs 4 mmol/L), while salivary Na+ concentration is 

lower than that in plasma (2 vs 145 mmol/L) [14]. 
Unlike blood plasma, which has 99% of its protein 
content dominated by 22 proteins, salivary protein 
composition is more diverse, with its top 20 proteins 
comprising only 40% of the total [15]. Numerous 
enzymes were found in saliva, such as carbonic 
anhydrase, lysozyme, salivary amylase, phosphatase, 
kallikrein, and peroxidases, some of which have been 
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utilized as biomarkers for diagnosing various diseases 
[16]. Hathama et al. measured the activity of alkaline 
and acid Ribonucleases (RNases) enzymes in the 
saliva of patients with benign and malignant breast 
tumors, as well as healthy controls. The results 
showed a highly significant elevation of RNase 
activity in the saliva of the breast cancer group 
compared to the benign tumor and control groups 
[17]. Patients with oral cancer had elevated levels of 
lactate dehydrogenase, a crucial enzyme in the 
metabolism of cellular energy, which suggested great 
glycolytic activity and tissue damage [18]. Due to 
dysregulated activity, salivary peroxidase, an 
antioxidant enzyme, may also contribute to the 
development of oral cancer and may have an impact 
on antioxidant defense mechanisms [19]. Nucleic 
acids secreted by cells or microorganisms in the 
mouth constitute a group of key biomarkers in saliva, 
closely related to diagnosing various diseases and 
cancer. In addition, nano-sized EVs were discovered 
in saliva, which are derived from almost any type of 
cells in the organism and are present in all body 
fluids. They carry a variety of finger-print 
biochemicals, such as ribosomal RNA, microRNA, 
long non-coding RNA, DNA, and proteins, which 
participate in the information exchange of recipient 
cells and regulate the function of recipient cells. 
Therefore, salivary EVs can be considered as 
biomarkers for various diseases, including cancer, 
amyotrophic lateral sclerosis, and asthma [3],[20]. 
However, high protein and viscous material 
concentrations in human saliva provide difficulty to 
the extraction of EVs because they can encase and 
disguise the EVs during extraction [21]. Saliva can 
also reflect hormone levels in the human body, such 
as steroid hormones [22], and closely matches blood 
in electrolyte and trace element levels [23].  

Due to the fact that the content of most 
biomarkers in saliva is lower than that in blood, so 
several tactical methods are used to address the 
variations in concentrations of blood components in 
saliva with the goal of improving its diagnostic 
potential, such as critical protocols of creating 
multiplexed assays, standardizing collection 
procedures, and establishing a correlation between 
blood levels and salivary concentrations. It also 
requires extremely sensitive detection techniques 
[24],[25], and entails normalizing test results to stable 
salivary components and thus reduce variability [8]. 
Advances in these protocols will significantly enhance 
the accuracy and capability of saliva diagnostics as a 
competitive test sample substitute for blood, 
especially in situations involving regular or 
non-invasive monitoring, which will be discussed in 
Section 5. 

Protein and peptide biomarkers 
Protein and peptide biomarkers are crucial for 

diagnosing diseases, monitoring disease progression, 
and evaluating responses to treatment. Their levels 
offer a window into the molecular mechanisms 
underlying various health conditions. As shown in 
Table 1, among various proteins and peptides in 
saliva, matrix metalloproteinases (MMPs) and 
prostate-specific antigen (PSA) are two most studied 
salivary biomarkers. MMPs are responsible for 
breaking down extracellular matrix proteins, which is 
a prerequisite for many biological processes such as 
cell division, invasion, and metastasis. They are 
involved in various physiological processes, including 
tissue repair, angiogenesis, and embryonic 
development, as well as pathological conditions such 
as inflammation, cancer, and cardiovascular diseases. 
Overactive MMPs can help tumor cells traverse the 
extracellular matrix and basement membrane for 
invasion and metastasis while promoting tumor 
growth and angiogenesis, and thereby providing 
necessary nutrients and oxygen for tumors. As 
potential diagnostic and prognostic biomarkers for 
oral cancer, MMP-1, MMP-2, MMP-10, and MMP-12 
levels were significantly increased compared with 
those of other groups. Especially MMP-1 cutoff values 
reach 199 pg/mL [81]. A study on salivary MMP-9 
levels in subjects with oral squamous cell carcinoma 
(OSCC), oral potentially malignant disorders 
(OPMD), tobacco users, and healthy controls found 
that OSCC and OPMD groups had significantly 
higher mean MMP-9 levels than that with tobacco 
habits and control groups [82]. The study suggested 
that salivary MMP-9 could be a useful, non-invasive 
biomarker in the diagnosis, treatment, and 
management of OSCC and OPMD. Another study 
observed that salivary MMP-9 could be a critical 
diagnostic and prognostic biomarker for OSCC 
(analysis of covariance and multivariable linear 
regression, p<0.05), and MMP-9 decreased from 
588.15 to 131.80 ng/mL after tumor surgery in 9 
months (p<0.05) [83]. PSA is an enzyme produced by 
the prostate gland and serves as a key protein 
biomarker in cancer diagnosis. Elevated levels of PSA 
in the blood can indicate conditions such as prostate 
cancer, benign prostatic hyperplasia, or prostatitis 
[84]. A correlation has been identified between levels 
of PSA in salivary and serum of patients with prostate 
adenocarcinoma [85]. Nevertheless, research by 
Elgamal et al. demonstrated the detectability of PSA in 
both normal and cancerous tissues remote from the 
prostate, indicating that exclusive reliance on PSA for 
diagnosis may lead to an overestimation of prostate 
cancer prevalence [86]. It is notable that additional 
molecular biomarkers, such as the prostate health 
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index, prostate cancer antigen 3, and 
kallikrein-related peptidase, are available and can 
complement PSA testing to refine diagnostic 
specificity and sensitivity [87]. In this context, Khan et 
al. have developed an electrochemical biosensor with 
the capability to detect salivary PSA with high 
sensitivity (40 fg/mL) and selectivity [88]. Contini et 
al. identified concentrations of proteins and peptides 
such as S100A8, S100A9, and cystatin B variants 
elevated in the saliva of Alzheimer's patients, 
indicating their roles in maintaining oral cavity 
homeostasis and providing neuroprotection [89]. 

There are many other protein biomarkers in 
saliva (Table 1), such as CRP and TNF-α produced by 
the human body during inflammation, which have 
been extensively studied and can be quickly detected 
[90],[91]. In summary, the abundant protein 
biomarkers in saliva provide new possibilities for 
early diagnosis and monitoring of systemic diseases, 
and some biomarkers are effective indicators for 
diagnosing oral and systemic diseases. With more 
advanced technologies of proteomics, we are expected 
to have more protein biomarkers discovered in saliva. 

Nucleic acid biomarkers 
Like proteins, salivary nucleic acid biomarkers 

are essential for non-invasive diagnosing and 
monitoring both infectious and non-infectious 
diseases. First of all, saliva is recognized as a viable 
diagnostic specimen for detecting common 
respiratory viruses and can be used to detect viral 
nucleic acids, including those of SARS-CoV-2, human 
immunodeficiency virus (HIV), and human 
papillomavirus (HPV) [92]. Additionally, circulating 
tumor DNA (ctDNA) in saliva has emerged as a 
promising biomarker for diagnosing various diseases, 
particularly cancers. Salivary ctDNA is particularly 
effective in detecting HPV-related head and neck 
squamous cell carcinomas (HNSCC). Studies have 
shown that HPV ctDNA can identify patients with 
HNSCC and monitor effectiveness of treatment [93]. 
Salivary miRNA was discovered to be useful in 
diagnosing OSCC patients since much higher levels 
were observed in diseased cohort groups [94]. 
Similarly, research on salivary exosomal miRNAs in 
OSCC patients identified different expression profiles, 
suggesting they may be potential diagnostic 
biomarkers of OSCC [95]. Beyond miRNA, other 
salivary biomarkers for OSCC diagnosis have been 
explored, including cytokines, cell-free RNA (cfRNA) 
[96]. Proteases like KLK5 and uPA [97], and salivary 
metabolites [98], each contributing to the expanding 
landscape of non-invasive diagnostic biomarkers for 
OSCC. Breast cancer gene (BRCA) mutation is another 
potential salivary biomarker for diagnosing cancer, 

particularly breast cancer and ovarian cancer [99]. 
Research by Vanstone et al. demonstrated the 
feasibility of detecting BRCA1 and BRCA2 mutations 
in saliva, offering a reliable, non-invasive, and 
cost-effective alternative to traditional blood tests 
[100]. Moreover, patients with breast cancer had 
higher levels of salivary BRCA1 methylation, which 
may be a useful biomarker [101]. Studies have 
explored salivary DNA methylation and abnormal 
promoter hypermethylation in genes as diagnostic 
tools for head and neck cancer, highlighting specific 
genes like KIF1A and EDNRB as potential biomarkers 
[102],[103]. This body of research underscores the 
diagnostic promise of nucleic acid-based salivary 
biomarkers, particularly through the lens of 
epigenetic modifications. All in all, saliva represents a 
rich source of DNA and RNA biomarkers, and nucleic 
acid biomarkers represent a promising frontier in 
precision medicine, offering valuable insights into 
disease mechanisms and enabling more effective 
diagnosis and treatment strategies. Technological 
advancements will further amplify their clinical utility 
and application across various medical fields by 
providing enhanced detection sensitivity and 
specificity. 

Hormonal biomarkers 
Saliva contains various hormones that play 

significant roles in both local and systemic 
physiological processes. Hormones such as cortisol, 
human chorionic gonadotropin (hCG), and insulin in 
saliva have been found to correlate strongly with their 
levels in serum, indicating saliva analysis provides a 
non-invasive method for the accurate monitoring of 
hormone levels in the human body. Cortisol is a stress 
hormone, indicating the presence and magnitude of 
stress or stress-related conditions [104]. Salivary 
cortisol levels vary from 0.5 to 50 ng/mL [105] and 
can be used to screen for Cushing’s syndrome [59]. 
Sharma et al. introduce a commercial graphene foam 
(GF) electrode modified with 1-pyrenebutyric acid 
N-hydroxysuccinimide ester (PBASE-NHS) to create 
an ultra-sensitive biosensor for detection of cortisol 
directly in human saliva, with a detection limit of 0.24 
fg/mL [106]. Estrogen plays a vital role in the normal 
physiology of the female breast as well as in the 
pathogenesis of breast cancer. Levels of estrogen and 
progesterone in saliva were both 0.1-10 ng/mL [12]. 
Certain forms of estrogen can be metabolized into 
compounds that can form DNA adducts and 
potentially lead to mutations. Estrogen-receptor- 
positive breast cancers, which make up a significant 
proportion of all breast cancers, rely on estrogen for 
their growth. The study investigated the presence of 
cancer antigen 15-3 (CA 15-3) and c-erbB-2 in the 
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saliva of healthy women and found indications of 
breast cancer antigen [107]. Mohammed et al. 
proposed a two-stage classification system for breast 
tumor biomarkers in a sample of Iraqi women, which 
included saliva-based attributes [108]. But even if 
salivary estrogen is found to have some diagnostic 
value, it is likely to be used in conjunction with other 
biomarkers. Mahajan pointed out that salivary hCG 
can be used as a biomarker for early detection of 
pregnancy, and is usually detectable at about 3-4 
weeks of pregnancy. hCG levels continue to increase 
throughout the pregnancy [109]. Lei et al. measured 
the concentration range of salivary hCG from 0.3 
mIU/mL to 0.8 mIU/mL by using graphene-based 
immunoassay chemiluminescence resonance energy 
transfer [110]. Insulin is a peptide hormone produced 
by the beta cells of the pancreas. It plays a crucial role 
in regulating blood glucose levels in the body [111]. 
Myette-Côté et al. revealed that the insulin 
concentration in fasting saliva was around 30% of that 
in plasma. They also concluded that regardless of the 
time of the day, the trend of post-meal salivary and 
plasma insulin reactions is similar, with a lag of about 
30-45 min between saliva and plasma insulin 
reactions [112]. For non-invasive insulin 
measurement, Lin et al. developed a method for 
hypersensitive detection of salivary insulin with a 
sensitivity of 10 fg/mL based on the CRISPR/Cas 
system, which has huge advantages in analytical and 
clinical investigations [113]. They provide a promising 
method for salivary insulin detection with high 
sensitivity toward non-invasive diabetes/prediabetes 
early diagnosis. So far, salivary hormone testing can 
aid in diagnosing and managing conditions related to 
hormonal imbalances, such as reproductive health 
issues, and metabolic disorders. 

Metabolite biomarkers 
Salivary metabolites have been identified as 

potential biomarkers for a range of diseases, including 
HNSCC, OSCC, heart failure, and type 2 diabetes. 
Uric acid (UA) is a molecule that is produced by the 
breakdown of purines in the body. Elevated UA levels 
can be indicative of increased purine metabolism or 
decreased excretion, which could be associated with 
OSCC, and emotional disorders (such as anxiety and 
mood disorders). Salivary UA levels have been 
investigated as a noninvasive biomarker of metabolic 
syndrome and may be a useful surrogate for blood 
testing of UA levels, as a linear relationship between 
salivary and serum UA levels has been observed 
[114]. Anitha et al. found that the combined profile of 
UA levels in serum and saliva can be used as a 
diagnostic profile in oral squamous cell carcinoma 
patients [115]. Goh et al. found that the various classes 

of metabolites (from small fatty acids like chain amino 
acids or fatty acids to larger glycolipid and 
carbohydrate metabolites) showed considerable 
promise for minimally invasive diagnosis, especially 
for HNSCC and OSCC [116]. Recently, a microfluidic 
paper-based analytical device for the non-invasive 
detection of salivary UA was developed based on 
digital quantification of color intensity by MATLAB 
code, and its parallelism was validated in clinical 
samples [117],[118]. The salivary UA assay sensitivity 
was 50 µM which is significantly higher than the 
sensitivity of market available test strip based on 
electrochemical detection of UA in fingerpick blood 
(150 µM). It promises non-invasive disease screening 
by detection of salivary metabolites. Sanghoon et al. 
investigated the use of electrochemical biosensors to 
detect lactate in saliva and confirmed a significant 
increase in lactate levels in saliva during and after 
exercise [119]. Although salivary lactate shows 
promise as a measure of anaerobic capabilities, 
variations in saliva composition and sample 
techniques prevent it from being fully endorsed as a 
substitute for blood lactate [120]. Furthermore, 
research has demonstrated the potential of salivary 
lactate as a non-invasive biomarker for the 
surveillance of heart failure, with encouraging 
findings suggesting its usefulness in clinical settings 
[121]. For the purpose of diagnosing, screening, and 
tracking type 2 diabetes mellitus, salivary glucose has 
been investigated as a non-invasive substitute for 
blood glucose [122]. Due to the non-invasive nature of 
saliva collection, studies have demonstrated that 
salivary glucose levels are comparable to blood 
glucose levels in the diagnosis and monitoring of type 
2 diabetes [123]. Salivary metabolites can provide 
insights into the underlying biological pathways 
involved in diseases. This broad applicability 
highlights their potential in early disease detection 
and monitoring. 

Others 
A growing amount of research highlighted the 

significance of saliva as a medium for detecting 
disease biomarkers, particularly in cancer [124],[125]. 
Palanisamy et al. found that saliva contains exosomes 
released by salivary glands and other oral cells, which 
carry proteins and functional mRNA. Wong et al. 
discovered that exocrine microbubbles from breast 
cancer could alter the composition of saliva by 
interacting with salivary gland cells, suggesting 
discriminatory profiles of salivary biomarkers for 
diseases developing distally from the oral cavity. 
Wong's team further confirmed the critical role of 
tumor-derived exosomes in forming specific salivary 
transcriptome biomarkers for pancreatic cancer, 
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utilizing an in situ homologous pancreatic cancer 
mouse model [126]. In another study of children with 
chronic kidney disease, researchers observed that 
compared with the control group, the levels of 
pro-inflammatory factors, anti-inflammatory factors, 
T helper cells, cytokines, growth factors, and 
macrophages in the unstimulated saliva of children 
with chronic kidney disease were increased or 
decreased to varying degrees.[127]. Additionally, one 
research also delved into the role of circulating tumor 
cells (CTCs) and circulating tumor DNA in saliva 
[128]. CTCs, which shed from primary tumors into 
body fluids like blood and saliva, though rarer in 
saliva, present a promising avenue for non-invasive 
cancer detection. Patel et al. explored combining 
salivary mRNA and CTC levels for detecting head 
cancer with high accuracy [129]. Despite the majority 
of CTC research focusing on blood samples, the 
investigation into saliva as a source of CTCs is 
growing, with the potential for non-invasive 
monitoring and diagnosis of cancer. Salivary redox 
biomarkers are emerging as valuable tools for 
diagnosing and monitoring various health conditions, 
including chronic diseases. Studies on salivary redox 
biomarkers have been conducted in relation to 
systemic diseases such as type 2 diabetes mellitus, 
periodontitis, oral malignancies, and Sjögren's 
syndrome [130]. These biomarkers provide insights 
into the oxidative stress status within the body by 
measuring specific molecules and enzymes in saliva. 
Neurodegenerative disorders (NDDs) such as 
Alzheimer's, Parkinson's, and Huntington's disease 
can be diagnosed and their prognosis can be 
determined using salivary redox biomarkers, which 
have shown promise as non-invasive indicators [131]. 
Heme oxygenase-1 (HO-1) is one salivary redox 
biomarker that has demonstrated diagnostic value in 
distinguishing between patients with neuro-
degenerative disorders and healthy controls [131]. 
Certain salivary redox biomarkers are very sensitive 
to age, comorbidities, and medication, which 
increases their usefulness as diagnostic and 
prognostic markers. In general, saliva-derived EVs are 
a valuable resource for non-invasive liquid biopsy, as 
they represent the physiological and pathological 
conditions of their parent cells from systemic 
circulation. Analysis of proteins and nucleic acids 
inside salivary EVs is essential to biomarker 
discovery. However, it can be challenging to isolate 
and characterize salivary EVs due to their low 
abundance and the complexity of saliva, resulting in 
variable detection results. Standardizing the 
procedures and maximizing the quantity and quality 
of EVs in saliva will require further studies. It is 
promising to have the nucleic acid biomarkers 

together with the protein biomarkers and metabolites 
to provide a precise diagnosis in saliva-derived EVs. 

Saliva collection methods  
Natural saliva and stimulated saliva have 

distinct differences in their production, composition, 
and function. Natural saliva, mainly secreted from the 
sublingual and submaxillary glands, is produced at 
rest without any external stimuli. It has a flow rate of 
0.3-0.7 mL/min and a pH range of 6.5-7.5, contains a 
baseline concentration of electrolytes, enzymes, and 
antimicrobial agents, and plays a critical role in 
protecting oral and peri-oral tissues, providing 
lubrication, buffering capacity, remineralizing teeth, 
restoring soft tissues, and aiding digestion. In 
contrast, stimulated saliva is produced in response to 
various stimuli, such as taste (gustatory) or 
mechanical actions (like chewing), 80% of stimulated 
saliva is secreted by the parotid gland. It often 
contains high concentrations of bicarbonates, which 
act as buffers, and other components that aid in 
digestion and oral health. The flow rate of stimulated 
saliva ranges from 1.5 to 2 mL/min, with a lower pH 
range of 6.0-7.5. In short, the key differences between 
natural and stimulated saliva lie in their flow rates, 
composition, and functional roles in the oral cavity, 
helping with dental health assessment and 
management of saliva function-related diseases. 

Stimulated saliva collection involves the physical 
or chemical stimulation of the oral cavity to produce 
saliva, which can be collected from specific glands, 
such as the parotid glands, or as whole saliva. For 
instance, parotid gland saliva is preferred for clinical 
diagnosis due to its lower contamination levels but 
requires long sampling times, professional staff, and 
specialized equipment like polyethylene tubes or 
sialographic cannulas (Fig. 2a). Moreover, less 
invasive methods include the Carlsson-Critten 
collector or Lashley cup, which use citric acid 
stimulation and metallic tubes to collect saliva (Fig. 
2b, 2c). On the other hand, whole saliva is stimulated 
through activities like chewing, which can 
significantly alter its composition and flow rate (Fig. 
2d). 

In contrast, natural saliva is preferred in clinical 
and laboratory research because it minimizes analyte 
dilution. However, collecting natural saliva also needs 
standardized procedures. For example, unstimulated 
parotid saliva can be collected using Lashley cups or 
cotton swabs, though the latter may require longer 
collection times for adequate volume (Fig. 2e). 
Additionally, submandibular and sublingual saliva 
can be systematically collected from the oral cavity 
floor using syringes and Lashley cups (Fig. 2f). 
Regardless of the collection method, it is essential to 
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minimize contamination with food residues or other 
substances that may affect test results. By 
understanding the differences and appropriate 
collection methods for natural and stimulated saliva, 
more accurate and reliable diagnostic and research 
outcomes. Table 2 provides the comparison of 
stimulated saliva collection and unstimulated saliva 
collection, guiding the selection of saliva collection 
methods. 

Post-collection processing of saliva  
Saliva processing is a vital step in ensuring the 

accuracy and reliability of diagnostic tests. After 
saliva collection, saliva samples may undergo 
centrifugation or filtration to remove particulates and 
cells to isolate specific components such as hormones, 
enzymes, or antibodies. Additionally, some tests 
might necessitate the addition of preservatives or 
chemicals to stabilize the sample and preserve 
essential biomarkers. To maintain the integrity of the 
sample throughout storage and transit, buffer or pH 
adjustments need to be made during saliva 
processing. The different saliva processing methods, 

their advantages and disadvantages, and detection 
techniques are listed in Table 3. Normally post-saliva 
collection processing includes physical methods 
(centrifugation [141], filtration [142], cryopreservation 
[143], and centrifugal microfluidics [144]) and 
chemical methods (addition of sodium dodecyl 
sulfate (SDS) [145], adjustment of pH [146], and 
preservation with preservatives [147]) as shown in 
Fig. 3. 

Saliva detection methods  
Methods beyond biosensors 

Polymerase chain reaction (PCR) and real time 
PCR are commonly used for detecting nucleic acids, 
including DNA and RNA, in saliva. Kang et al. 
utilized real-time quantitative PCR and enzyme- 
linked immunosorbent assay (ELISA) to determine 
the expression of miR-23a, miR-146a, IL-1β, IL-6, and 
IL-17 in the saliva of patients and healthy volunteers, 
which can be used to diagnose periodontitis [148]. In 
the context of COVID-19, saliva has proven to be a 
reliable specimen for detecting SARS-CoV-2 using 

 
Figure 2. Saliva sampling methods. (a) Stimulated collection of saliva from the parotid gland using sialographic cannulas. (b) Stimulated/unstimulated collection of saliva from 
parotid gland using Lashley cup. (c) Lashley cup structure. (d) Stimulated saliva produced by chewing gum. (e) Unstimulated collection of saliva from the parotid gland. (f) 
Unstimulated submandibular and sublingual saliva collection. 
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RT-PCR [149]. Additionally, saliva samples have been 
used to assess differential gene expression of immune 
response molecules and cellular enzymes in patients 
with mild, moderate, and severe COVID-19 [150]. 
However, contamination during PCR can result in 
misleading positive results [151]. To realize the 
high-throughput analysis, microarray technology has 
been used to study gene expression in saliva to 
identify biomarkers for oral feeding readiness in 
preterm infants and assess the levels of 

pro-inflammatory cytokines in patients treated with 
fixed orthodontic appliances [152],[153]. 

In addition to PCR and ELISA, other methods 
such as mass spectrometry (MS), Raman spectro-
scopy, electric field-induced release and measurement 
(EFIRM) and next-generation sequencing (NGS) are 
popular in saliva detection. They are capable to 
identify and analyze various biomarkers in saliva, 
including those related to transcriptomics, 
proteomics, genomics, and metabolomics.  

 

Table 2. Comparison of stimulated saliva collection and unstimulated saliva collection. 

Collection Type Methodology Collection 
Volume 

Collection 
Time 

Impact on Detection Post-Collection 
Processing 
Difficulty 

References 

Unstimulated 
Saliva Collection 

Parotid gland using cotton swab. Low Long Minimizes analyte dilution, 
better basal state representation. 

Potentially high due 
to filtration 

[132],[133]  

Submandibular/sublingual glands 
using syringe every second minute. 

Moderate Moderate Better basal state representation. Moderate [134] 

Stimulated Saliva 
Collection 

Parotid gland using polyethylene tubes 
or cone-shaped sialographic cannulas. 

High Long Suitable for clinical diagnosis, 
less contamination. 

High due to 
invasive methods 

[135],[136]  

Parotid gland using Carlsson-Critten 
collector or Lashley cup with citric acid 
stimulation. 

High Moderate Suitable for clinical diagnosis, 
less contamination. 

Moderate [135],[137] 

Whole saliva via chewing gum or 
tasting. 

High Short to 
moderate 

Increased salivary flow and pH; 
variable composition based on 
stimulation method. 

Low [138],[139] 
[140],[133]  

 

Table 3. Comparison of different saliva processing methods. 

Methods Advantages Disadvantages Biomarkers Detection 
techniques 

Physical 
treatment 
 
 

Centrifugation Remove large particles of impurities and 
cells. 

Lose some small molecules and a high 
demand for saliva. 

Total protein 
concentration, 
enzymes (e.g., 
amylase) 

Enzyme-linked 
immunosorbent 
assay (ELISA), 
spectrophotometry 

Filtration Remove large particles of impurities and 
reduces the number of cells and impurities 
in the sample. 

Lose of some target analytes. Cytokines (e.g., IL-6, 
IL-8), microRNA. 

ELISA, PCR, 
RT-PCR. 

Cryopreservation Preserve samples for long periods without 
loss of quality. 

Introduce damage to the sample from 
ice crystals, affecting subsequent 
analysis. 

Long-term storage of 
DNA, RNA, and 
proteins. 

Freezing, 
lyophilization, 
cryopreservation. 

Centrifugal 
microfluidics 

Low consumption of samples and reagents, 
rapid mixing, separation, and reaction; high 
level of system integration, easy reading 
and analysis of test results. 

Factors affecting sample 
pre-treatment, chip clogging, 
contamination, design restrictions, 
initial chip series costs, and 
performance sensitivity to flow 
conditions include complexity and 
potential issues. 

Multiplex assays, 
point-of-care testing, 
proteomics. 

Microfluidic chips, 
lab-on-a-chip, 
biosensors. 

Methods Advantages Disadvantages Biomarkers Detection 
techniques 

Chemical 
treatment 
 

Addition of SDS Release tiny molecules; interact with 
positively charged biomolecules and aid in 
their separation; dissolve and destroy big 
molecules (such as proteins and lipids). 

Introduction of impurities. Protein profiling, 
enzyme activities. 

SDS-PAGE, Western 
blotting, mass 
spectrometry. 

 Adjustment of PH Quickly reduce protein interference by 
altering biomolecule solubility and charge; 
dissolve calcium phosphate crystals to 
prevent interference; 
increase the relative abundance of target 
analytes to increase detection sensitivity. 

Dissolve or destroy some small 
molecules; cause side reactions and 
unreliable analysis results. 

Salivary pH 
measurement, 
ionized 
biomolecules, 
enzyme activities. 

pH meter, 
ion-selective 
electrodes, 
spectrophotometry. 

 Preservative 
method 

Inhibits microorganism growth; 
prevents enzymatic reactions; 
maintains sample integrity. 

Preservatives vary in requirements 
for different samples; 
choice is limited; 
some preservatives can corrode 
equipment and containers. 

Microbial 
DNA/RNA, 
proteins, enzymes. 

PCR, ELISA, 
next-generation 
sequencing (NGS). 
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Figure 3. Schematic diagram of saliva processing. Among different saliva processing methods, green indicates processing applicable objects; red indicates processing inapplicable 
objects.  

 
As a highly sensitive, universal technique in 

analytical science, MS allows for the detection of 
several oral and systemic disorders and the prediction 
of their course, as well as the determination of the 
biological profile under diseased and normal settings. 
For proteome investigation, liquid chromatography 
-mass spectrometry (LC-MS) is thought to be very 
sensitive and adaptable, however, it has limits when it 
comes to finding peptide traces [154]. This limitation 
is the low ionization efficiency (by protonation or 
deprotonation) and the low ion stability in the MS 
experiment. Furthermore, quantitative analysis by 
LC-MS frequently cannot be performed without 
isotopically labeled standards, which usually have to 

be specially synthesized. Gas Chromatography-Mass 
Spectrometry (GC/MS) is used to evaluate plasticizer 
exposure in dentistry. This technique involves 
analyzing saliva samples after hollow fiber liquid 
phase microextraction to identify the metabolites of 
phthalates and bisphenol A, which are widely used in 
dental materials [155]. As GC-MS is utilized for the 
analysis of volatile and semi-volatile compounds, 
large molecules or high molecular weight compounds 
in saliva are not suitable for GC-MS detection. 

Raman spectroscopy offers non-destructive 
quantitative analysis of the chemical composition and 
structure of analytes, with an extremely low detection 
limit of 100 ppb. Currently, microfluidic technology 
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has been combined with Raman spectroscopy to 
simultaneously monitor multiple analytes in a single 
microfluidic channel. This combination makes 
microfluidic Raman spectroscopy applicable for 
reaction monitoring, fiber probes, and identification 
of tumor cells [156],[157],[158]. 

EFIRM is an innovative liquid biopsy platform 
designed to detect circulating tumor DNA (ctDNA) 
containing specific mutations directly from bodily 
fluids like saliva and plasma. EFIRM utilizes an 
electric field to preferentially release and concentrate 
single-stranded DNA molecules, including ultra-short 
ctDNA fragments. Its key advantages include high 
sensitivity, with the ability to detect single-digit copy 
numbers of mutations, a rapid 3-hour assay 
turnaround time, cost-effectiveness compared to 
NGS, and minimal sample volume requirements (30 
μL). EFIRM has demonstrated high sensitivity in 
detecting actionable mutations, such as EGFR 
mutations in non-small cell lung cancer (NSCLC), 
from saliva and plasma samples. It supports both 
qualitative (mutation detection) and quantitative 
(mutation load monitoring) assays, with potential for 
multiplexing and point-of-care applications, 
exemplified by a single-droplet microsensor for 
multiplexed EGFR mutation detection. However, 
EFIRM is currently limited to detecting a few specific 
mutations, mainly in EGFR for NSCLC, and has 
limited multiplexing capabilities in its present 
hardware configuration. Its sensitivity might be 
affected by the prevalence of targeted mutations in 
different populations, and further validation and 
standardization are necessary for clinical 
implementation [159]. 

NGS refers to modern sequencing techniques 
that can rapidly sequence millions or billions of DNA 
molecules in parallel. Illumina (sequencing by 
synthesis), Ion Torrent (semiconductor sequencing), 
and Oxford Nanopore (nanopore sequencing) are 
popular technologies for massively parallel 
sequencing, producing vast amounts of data quickly 
and cost-effectively compared to the older Sanger 
sequencing method. NGS facilitates the discovery of 
novel genes and variants with applications in research 
and clinical settings. However, NGS also has 
limitations, including shorter read lengths, higher 
error rates, significant computational demands, 
potential technical biases, and ethical and privacy 
concerns related to large-scale genomic data 
generation [160].  

In vitro biosensors 
 Biosensors are analytical devices that combine a 

biological component, such as enzymes, antibodies, or 
nucleic acids, with a physicochemical detector to 

recognize and measure analytes. Current biosensing 
devices have shown advantages over traditional 
detection technologies in screening and diagnosing 
highly recurrent diseases, such as low cost, short 
diagnosis time, and real-time monitoring. They are 
particularly useful in salivary detection due to their 
ability to provide rapid, specific, and sensitive 
analysis of various biomarkers, such as nucleic acids, 
proteins, small molecules, or ions, making them 
versatile tools in both clinical diagnosis and research 
[161].  

Electrochemical biosensors present a highly 
promising approach for achieving highly sensitive, 
selective, multiplexed, and cost-effective detection of 
proteins and nucleic acids in vitro. Koukouviti et al. 
designed a wooden tongue depressor (WTD) 
multiplex biosensor for the simultaneous 
determination of glucose and nitrite in artificial saliva 

(Fig. 4a) [162]. The WTD was transformed into an 
electrochemical multiplex biosensing device for oral 
fluid measurement by laser treatment. The WTD's 
surface was programmably irradiated by an 
inexpensive laser engraver fitted with a low-power 
(0.5 W) diode laser, creating two miniature 
electrochemical cells (e-cells). Using a commercial 
hydrophobic marker pen, programmed pen-plotting 
is used to spatially divide the two e-cells. The limits of 
detection were 22.5 and 3.5 μmol/L for glucose and 
nitrite. Liu et al. created an electrochemical aptasensor 
on a screen-printed carbon electrode (SPCE) for 
non-invasive simultaneous real-time detection of 
glucose and insulin in saliva (Fig. 4b) [163]. The 
sensing interface responded linearly to glucose in the 
range of 0.1-50 mM with a detection limit of 0.08 mM 
and to insulin in the range of 0.05-15 nM with a 
detection limit of 0.85 nM when using the 
electrochemical signal readout on SPCE. By 
combining a portable wireless biochip with an 
SPCE-based sensing interface, it was possible to 
provide continuous real-time, non-invasive glucose 
and insulin monitoring in saliva using smartphone 
signal reading. They also generated a microfluidic 
paper-based analytical device (μPAD) to detect 
SARS-CoV-2 Nucleocapsid (N) protein in saliva with 
high specificity (Fig. 4c) [144]. With a dynamic range 
of 10-1000 pg/mL and an assay period of 8 min, the 
on-disc μPAD was able to detect the SARS-CoV-2 N 
protein down to 10 pg mL-1 by chemically treating the 
μPAD surface and adjusting the protein 
immobilization conditions. Bihar et al. developed an 
electrochemical glucose sensor on paper substrates for 
non-invasive glucose monitoring utilizing 
inkjet-printing technology (Fig. 4d) [164]. The design 
incorporates a conducting polymer (PEDOT: PSS) and 
glucose oxidase as the biorecognition element.  



Theranostics 2024, Vol. 14, Issue 18 
 

 
https://www.thno.org 

6981 

 
Figure 4. Summary of in vitro saliva detection devices. (a) A laser-treated wooden tongue depressor is transformed into an electrochemical multiplex biosensing device for oral 
fluid analysis. Reproduced with permission [162]. Copyright 2023, American Chemical Society. (b) An electrochemical aptasensor for simultaneous detection of glucose and 
insulin on a portable biochip with smartphone signal readout. Reproduced with permission [163]. Copyright 2022, ELSEVIER. (c) μPADs on centrifugal microfluidic discs for the 
quantification of the N protein of pseudovirus in saliva. Reproduced with permission [144]. Copyright 2022, American Chemical Society. (d) A disposable paper glucose sensor 
printed with conductive polymer, uses a glucose oxidase enzyme and electron mediator for biorecognition. Reproduced with permission [164]. Copyright 2018, Nature. (e) 
SARS-CoV-2 infection detection in saliva using microfluidic electrochemical analysis of 3CLpro enzymatic activity. Reproduced with permission [167]. Copyright 2022, Nature. 
(f) A microfluidic chip detects active SARS-CoV-2 virus from saliva for rapid and accurate infection identifications. Reproduced with permission [168]. Copyright 2022, Science. 

 
This sensor detects a broad range of glucose 

concentrations in saliva and retains functionality with 
minimal performance loss (<25%) up to a month after 
fabrication when sensors were stored in air-free 
conditions. Similarly, a highly sensitive glucose 
sensor was developed on a conductive nanomesh 
made of linked metal-organic frameworks (MOF) 
with a detection limit of 16.57 µm, which remains 
stable for 16 days of usage [165]. Escuela et al. 
summarized the challenges faced by enzymatic 

detection, which is more stringent for conditions such 
as pH, temperature, and ion strength [166]. A rapid 
electrochemical detection system for SARS-CoV-2 
infection was developed, harnessing 3CLpro enzy-
matic activity in unprocessed saliva (Fig. 4f) [167]. 
This cutting-edge design employs electrochemical 
biosensing to identify viral protease activity in saliva 
within one minute, providing swift, point-of-care 
diagnostics for active infections. The system 
incorporates a conductive carbon paper electrode 
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(CPE) functionalized with 3CLpro-specific antibodies 
to capture the viral enzyme, triggering a redox 
reaction measurable via cyclic voltammetry (CV). The 
pH-responsive quinone probe, p-benzoquinone, 
exhibits a shift in redox potential in response to 
enzymatic activity, delivering a highly sensitive and 
specific signal. Clinical trials with saliva samples from 
50 individuals revealed 100% sensitivity and 
specificity, validating the method’s effectiveness for 
large-scale screening without the need for sample 
preparation or specialized equipment. This approach 
reduces the dependency on costly reagents and offers 
a rapid, user-friendly solution for SARS-CoV-2 
detection.  

RT-qPCR and rapid antigen testing have 
remained the cornerstone of COVID-19 detection, but 
they fail to distinguish between patients with active, 
potentially infectious disease and those who lack the 
ability to transmit the virus. As a result, PCR-based 
tests may overestimate the number of active disease 
spreaders. To address this issue, Gamage et al. devised 

a microfluidic chip capable of isolating and detecting 
active SARS-CoV-2 particles from saliva, specifically 
targeting viral particles with an accessible 
receptor-binding domain (RBD) on the spike protein. 
Utilizing surface-bound DNA aptamers for affinity 
selection, intact virus particles are captured by the 
chip’s microstructures and subsequently released via 
blue light for RT-qPCR detection (Fig. 4e) [168]. The 
system exhibits remarkable specificity, effectively 
distinguishing between active and non-active 
viruses—critical for identifying truly infectious 
individuals. Boasting a recovery rate of 
approximately 94%, this device holds promise for 
scalable, low-cost production, making it well-suited 
for point-of-care testing. Moreover, it offers a simple, 
affordable method of extended quarantines by more 
accurately determining infectiousness than 
conventional RT-qPCR, which often detects inactive 
viral RNA. 

 

 
Figure 5. Summary of oral wearable monitoring devices. (a) Mouthguard glucose sensor and its reaction with the open-loop injection system and phantom jaw. Reproduced with 
permission [173]. Copyright 2016, ELSEVIER. (b) Pacifier Biosensor and schematic amperometry response of glucose monitoring. Reproduced with permission [174]. Copyright 
2019, American Chemical Society. (c) The intraoral sodium intake sensor enables real-time responses to various diets in vivo by a human subject. Reproduced with permission 
[175]. Copyright 2018, PNAS. (d) Monitoring fluctuations in the local oral microenvironment pH using wearable devices to detect caries lesions Reproduced with 
permission[176]. Copyright 2022, Nature. (e) A wearable cellulose acetate-coated mouthguard biosensor for in vivo salivary glucose measurement. Reproduced with permission 
[177]. Copyright 2020, American Chemical Society. (f) A mouthguard biosensor for uric acid that has built-in wireless electronics. Reproduced with permission [178]. Copyright 
2015, ELSEVIER. 
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Oral wearable biosensors 
Oral wearable monitoring is used in the oral 

environment to monitor the oral health status or 
treatment process continuously [169],[170]. It 
normally consists of a sensor module, a waterproof 
housing, a data processing unit, a communication 
module, an energy module, a fixture, and additional 
components like LED indicators and push-button 
switches. Together, these components form the basic 
framework of the wearable sensor, enabling effective 
monitoring and management of oral health conditions 
and treatment processes. Being different from in vitro 
detection, all materials used in oral wearables should 
be biocompatible [171],[172]. 

Nowadays, more and more wearable saliva 
biosensors that integrate sampling, diagnosis, and 
signal output have emerged, providing convenience 
for real-time monitoring of disease. Takahiro et al. 
presented a mouthguard biosensor for monitoring 
glucose within 5-1000 µmol/L in human saliva [173]. 
The wearable sensor has a wireless communication 
module's capacity to track salivary glucose levels in a 
prosthetic jaw that closely resembles a person's 
mouth. Over a period of 5 h, the telemetry system 
allows for consistent, long-term real-time, 
non-invasive salivary glucose monitoring (Fig. 5a). 
García-Carmona et al. described the first chemically 
wearable sensor for neonates, obtaining limit of 
detection (LOD) and quantification (LOQ) of 0.04 mM 
and 0.1 mM, respectively, which are sufficient to 
quantify routine blood glucose levels in diabetic 
patients and successfully monitor glucose levels in 
infants, opening up new possibilities for the use of 
saliva as a non-invasive sample for monitoring 
infants' and neonates' internal metabolites (Fig. 5b) 
[174]. Lee et al. developed an intraoral biosensor to 
measure sodium in food during food intake, with a 
sensitivity that clearly detects concentration 
differences as well as high sensitivity (as small as 10-4 
M solution), providing an adequate sensing spectrum 
for sodium detection, which could be used to control 
hypertension (Fig. 5c) [175]. Liu et al. have developed 
a wearable, battery-free dental patch designed for 
real-time monitoring of the oral microenvironment. 
The system integrates near-field communication 
(NFC) technology with an electrochemical sensor, 
utilizing pH-sensitive electrodes to detect localized 
acidity changes caused by microbial metabolism. The 
sensor exhibits high sensitivity and selectivity, 
accurately monitoring pH fluctuations in the oral 
cavity and issuing alerts via smartphone when 
potential caries are detected. Both in vitro and in vivo 
experiments demonstrate the system’s precision, 
offering an effective method for early detection of 
dental caries [176]. Takahiro et al. developed a 

mouthguard glucose sensor with a cellulose acetate 
interference suppression membrane, addressing the 
challenge of accurately detecting salivary glucose, 
influenced by ascorbic and uric acids. It measures 
glucose concentrations in saliva efficiently without 
pre-treatment, in the range of 1.75 to 10,000 μmol/L, 
making it appropriate for tracking average salivary 
glucose levels (20-200 μmol/L). The accuracy of the 
sensor was verified by testing using saliva samples 
from healthy (Fig. 5e) [177]. Wang et al. also 
developed a mouthguard with instruments that can 
measure salivary UA levels non-invasively. SPCE 
modified by uricase has been integrated onto a 
mouthguard platform, accompanied by anatomically 
minimized instrumentation electronics that include a 
microprocessor, potentiostat, and Bluetooth low 
energy transmitter. The new platform allows real-time 
wireless transmission of the sensed data to common 
cellphones, laptops, and other consumer electronics 
for on-demand processing, diagnostics, or storage, in 
contrast to RFID-based biosensing systems, which 
necessitates huge proximal power supplies. The 
mouthguard biosensor covers the concentration 
ranges for both healthy individuals and patients with 
hyperuricemia (0-1 mM UA) and offers excellent 
sensitivity (2.45 μA/mM), selectivity, and stability for 
salivary UA detection. The novel wireless 
mouthguard biosensor created an appealing wearable 
system for real-time monitoring of a range of fitness 
and health applications (Fig. 5f) [178]. These 
technologies and advancements in salivary 
diagnostics hold great potential for early detection, 
monitoring, and management of various diseases, 
offering a more accessible and less invasive 
alternative to traditional diagnostic methods. 

Both in vitro biosensors and wearable devices for 
saliva detection demonstrate substantial diagnostic 
value across a spectrum of clinical scenarios. In vitro 
methods are particularly suited for routine 
screenings, disease monitoring, and the rapid 
diagnosis of infectious diseases such as COVID-19 
and HIV, alongside the assessment of endocrine 
disorders like diabetes and Cushing's syndrome, and 
the detection of biomarkers for various cancers and 
dental diseases. Large sample numbers, standardized 
data analysis techniques, high sensitivity, and 
specialized sensors are the main requirements for in 
vitro saliva detection. In contrast, wearable devices 
enable continuous, personalized, and remote health 
monitoring, proving essential for the management of 
chronic diseases such as diabetes and hypertension, 
the evaluation of hydration and electrolyte balance in 
athletes, and the tracking of stress-related biomarkers 
for mental health. The need for wearables that are 
easy to use and comfortable, sensors with high 
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sensitivity and specificity, device self-calibration, and 
algorithms that can correctly interpret sensor data are 
frequent challenges associated with oral wearable 
monitoring. 

Challenges of and solutions to salivary 
diagnosis 

Saliva, as a non-invasive and easy-to-collect 
biological sample, has shown great success in the 
screening of COVID-19 infection during the global 
epidemic. However, there are still many challenges in 
using saliva as an alternative body fluid in diagnosing 
diseases clinically, such as saliva sample 
collection/storage, ingredient complexity, sensitivity, 
and standardization of saliva diagnosis. 

Collection of saliva samples 
The quality of salivary samples, crucial for 

reliable and accurate diagnostics or research 
outcomes, is affected by numerous factors. One key 
factor is the collection method, which includes passive 
drool, swab, or stimulated collection, which may 
impact the sample's composition. Research shows 
stimulation methods may dilute specific biomarkers 
like Na+ and K+ [179]. The timing of collection is 
equally important as saliva composition varies 
throughout the day due to circadian rhythms. 
Numerous enzymes, hormones, and active molecules 
are present in saliva, and its amount and content are 
modified within regular daily intervals, making the 
timing of collection an important consideration for 
accurate analysis [141]. Research has shown that 
salivary flow rate and the concentrations of various 
salivary substances, such as protein, sodium, 
potassium, calcium, and chloride, follow circadian 
rhythms.[180]. Therefore, it is recommended to collect 
saliva samples at specific times of the day to account 
for these variations. In addition, attention should also 
be paid to food and drink intake during the saliva 
collection process. Since different diets might affect 
the makeup of saliva. For example, salivary pH levels 
typically rise right after eating, and food intake can 
affect salivary flow rate. In addition, it has been found 
that eating before saliva collection can affect the 
recognition of viral nucleic acids in saliva. Therefore, 
it is advisable to avoid consuming food as much as 
possible to reduce the impact on saliva composition. 
[181]. 

Storage and stability of saliva samples 
The storage temperature of saliva samples 

greatly affects their stability. To guarantee the 
integrity of the analytes being tested, saliva samples 
must be stored and kept stable. For short-term 
storage, several saliva analytes are more stable at 4 ºC 

than at room temperature, but for long-term storage, 
they are generally more stable at -20 ºC or -80 ºC [182]. 
Enzymes (amylase and protease) in saliva may 
degrade certain biological molecules. Therefore, 
preservatives such as protease inhibitors, RNase 
inhibitors, and DNA/RNA stable solutions need to be 
added to maintain sample stability. Saliva samples 
that have DNA stability can be kept for up to 18 
months at 37 ºC without affecting their quality or 
capacity to withstand different methods [183]. Dried 
saliva spot (DSS) is an innovative sampling technique 
that involves collecting saliva samples on filter paper, 
which are then allowed to dry. Saliva remains stable 
in DSS for up to a month at various temperatures, 
making it a popular alternative to serum for detecting 
target molecules. Krone et al. described a reliable 
method for detecting the presence of Streptococcus 
pneumoniae in human saliva using polymerase chain 
reaction and the WhatmanTM 903 protein saver card 
[184]. In addition, if there are bacteria, viruses and 
other microorganisms in saliva, the sample will be 
contaminated and the analysis interfered, so sterile 
equipment and consumables should be used. At the 
same time, the collection method and targeted 
analytics may also affect the stability of saliva 
samples. When collecting and storing saliva samples, 
researchers and doctors should carefully consider 
these parameters to ensure the accuracy and 
reliability of follow-up studies. 

Complexity of salivary components 
Saliva contains various components, such as 

enzymes, nucleic acids, hormones, cells, 
microorganisms, etc. The salivary composition is 
influenced by various factors such as age, gender, 
diet, and cleaning products, therefore it has high 
individual differences [134]. This poses significant 
difficulties in obtaining standardized saliva samples. 
In addition, the above factors may also reduce the 
accuracy and reliability of the results. Addressing the 
challenge of variability in salivary composition for 
clinical diagnostics necessitates a multifaceted 
approach, centering on the establishment of strict 
collection protocols that encompass guidelines on 
patient preparation, such as fasting, maintaining oral 
hygiene, and standardizing the time and method of 
saliva collection [141]. Implementation of consistent 
pre-analytical treatments like centrifugation and the 
use of specific preservatives to maintain biomarker 
stability is equally crucial. When interpreting results 
in the context of individual variations, it is essential to 
gather thorough patient data, including age, gender, 
food, medication, and lifestyle factors. By using 
sophisticated analytical methods like mass spectro-
metry or high-performance liquid chromatography, 
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salivary component detection and quantification are 
strengthened, which reduces the effect of sample 
variability [185]. Additionally, standardization 
methods, such as adjusting for total protein content or 
saliva volume, can further mitigate variability effects 
[186]. Hartl et al. utilized an integration of statistical 
modeling and machine learning algorithms to 
decipher complex datasets and adapt to inherent 
variability [187]. In addition, regular quality control 
and equipment calibration are required to maintain 
analytical accuracy. Collaborating with other 
laboratories and institutions to develop and adhere to 
standardized protocols and best practices can 
significantly improve the reliability and comparability 
of saliva diagnostic results in different environments. 
By weaving together these strategies, the challenges 
posed by the complexity and variability of salivary 
components can be effectively mitigated, enhancing 
the reliability and clinical utility of salivary 
diagnostics. 

Detection sensitivity 
In terms of sample processing, sample 

concentration techniques such as ultrafiltration or 
freeze-drying can improve the detectable level of 
biomarkers. Cutting edge detection technologies such 
as ultra-high performance liquid chromatography 
and tandem mass spectrometry can amplify signals by 
improving their sensitivity and separation efficiency. 
Nucleic acid amplification technology is also 
changing the biological testing industry, providing 
more opportunities for saliva diagnosis while 
maintaining high efficiency, specificity, and 
cost-effectiveness [188],[189]. Nanomaterials such as 
carbon nanotubes, graphene, and metal nanoparticles 
are being used to develop highly sensitive and 
selective electrochemical biosensors for saliva 
biomarkers. These nano material-based biosensors 
can detect various molecules in saliva, including 
glucose, hormones, proteins, viruses, and bacteria 
[190],[191]. Under the premise of standardized 
sampling, precise data analysis techniques and 
improved algorithms also contribute to improving the 
sensitivity of detection [187]. In addition, measuring 
multiple indicators simultaneously can greatly 
improve the overall sensitivity and specificity of 
saliva detection. By integrating these advanced 
scientific methods, saliva testing is expected to 
become a more effective tool for non-invasive 
diagnosis and early detection in clinical settings. 

Standardization of salivary diagnosis 
Salivary diagnostics must be standardized to 

ensure that the results of various studies and 
laboratories are reliable, reproducible, and 
comparable. Its main purpose is to develop unified 

methods, processes, and quality control measures for 
collecting, processing, and examining saliva samples 
to minimize individual differences as much as 
possible. There are commercial saliva testing products 
on the market today that use a variety of standardized 
methods to ensure the accuracy and reliability of test 
results. Salimetrics is one such entity, offering a range 
of products and services for saliva collection and 
testing. They emphasize the importance of proper 
saliva collection and processing procedures to obtain 
high-quality, reproducible data. This includes 
understanding the variability of saliva composition 
and being mindful of factors such as time of 
collection, oral position of the collection swab, and 
salivary flow rate. They also advised against the use 
of oral stimulants during collection to minimize 
unnecessary variability in test results [185]. Creating 
accurate and standardized analytical instruments, 
establishing reference intervals, and carrying out 
round-robin trials are all part of achieving 
standardization.  

Conclusion  
In this review, we introduce relevant diseases 

from the perspective of biomarkers in saliva and focus 
on the latest technologies and challenges in saliva 
diagnosis. Ongoing research on salivary diagnosis 
may uncover new salivary biomarkers for the 
diagnosis and monitoring of various diseases. In a 
variety of clinical settings, patients and healthcare 
professionals find it to be an appealing option due to 
its non-invasive nature and ease of collection. Saliva 
collection greatly reduces the risk of infection during 
sampling for both healthcare professionals and 
patients. The non-invasive saliva collection effectively 
blocks the spread of harmful pathogens such as HIV 
and hepatitis virus and eliminates the risk of infection 
caused by improper disinfection, which is of great 
benefit to some countries with poor medical resources 
and medical standards. In addition, for patients who 
are sensitive to pain and have blood sickness, saliva 
sampling can greatly improve their compliance. 
Saliva testing is a safer and easier alternative to 
traditional biological fluid (blood and urine) 
screening, which can be used for rapid testing of large 
populations to enhance infectious disease detection 
and monitoring. With the application of new 
technologies such as biosensing and microfluidics in 
saliva diagnosis platforms, the development trend of 
saliva detection equipment has shifted towards higher 
sensitivity, faster reaction time, smaller device size, 
portability, and automation to meet the needs of 
different fields, including disease diagnosis and 
management, drug screening and personalized 
medicine. However, the stability and standardization 
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issues in the pre-treatment process of saliva samples 
still pose significant challenges to the accuracy of 
detection results. Currently, numerous salivary 
biomarkers lack standardized reference ranges and 
individual variability among subjects further 
complicates sample standardization. To address these 
challenges, researchers and clinical practitioners 
should implement rigorous laboratory and analytical 
methods and actively pursue research on 
standardization and method improvement. This effort 
aims to enhance the reliability and accuracy of saliva 
sample analysis. The potential for saliva analysis in 
non-invasive disease diagnosis, management, and 
prevention is vast and promising. 

Abbreviations 
Evs: extracellular vesicles; HTS: high-throughput 

sequencing; EFIRM: electric field-induced release and 
measurement; ctDNA: tumor DNA; EGFR: epidermal 
growth factor receptor; NSCLC: non-small cell lung 
cancer; ELISA: enzyme-linked immunosorbent assay; 
MS: mass spectrometry; WB: western blotting; LC-MS: 
liquid chromatography-tandem mass spectrometry; 
qRT-PCR: quantitative real-time polymerase chain 
reaction; IF: immunofluorescence; HPLC: high- 
performance liquid chromatography; NMR: nuclear 
magnetic resonance spectroscopy; 2-DE: 2D gel 
electrophoresis; RNA-Seq: RNA sequencing; NGS: 
next-generation sequencing technology; RIA: 
radioimmunoassay; NIRS: near-infrared spectro-
scopy; FC: flow cytometry; ISE: ion-selective 
electrode; ICP-MS: inductively coupled plasma mass 
spectrometry; IC: ion chromatography; AAS: atomic 
absorption spectrometry; AES: atomic emission 
spectrometry; GC: gas chromatography; MMPs: 
matrix metalloproteinases; GC-MS: gas 
chromatography-mass spectrometry; OSCC: oral 
squamous cell carcinoma; OPMD: oral potentially 
malignant disorders; PSA: prostate-specific antigen; 
cfRNA: cell-free RNA; BRCA: breast cancer gene; 
hCG: human chorionic gonadotropin; UA: uric acid; 
HNSCC: head and neck squamous cell carcinoma; 
CTCs: circulating tumor cells; NDDs: neuro-
degenerative disorders; HO-1: heme oxygenase-1; 
SDS: sodium dodecyl sulfate; WTD: wooden tongue 
depressor; SPCE: screen-printed carbon electrode; 
μPAD: microfluidic paper-based analytical device; 
LOD: limit of detection; LOQ: limit of quantification; 
DSS: dried saliva spot. 

Acknowledgements 
This work was financially supported by grants 

from the National Natural Science Foundation of 
China (22174121, 22211530067, T2250710180), 2022 
Natural Science Foundation of Guangdong Provincial 

Basic and Applied Basic Research Fund (Guangdong 
Hybribio), Guangdong Peral River Talent Program 
(2021CX02Y066), Shenzhen Bay Open Laboratory 
Fund 2021, CUHK(SZ)-Boyalife Joint Laboratory 
Fund, the University Development Fund 
(UDF01002012), and the Science, Technology, and 
Innovation Commission of Shenzhen Municipality 
JCYJ20220818103007014.  

Author contributions 
The corresponding author takes full 

responsibility that all authors on this publication have 
met the following required criteria of eligibility for 
authorship: (a) significant contributions to the 
conception and design, acquisition of data, or analysis 
and interpretation of data; (b) drafting or revising the 
article for intellectual content; (c) final approval of the 
published article; and (d) agreement to be accountable 
for all aspects of the article thus ensuring that 
questions related to the accuracy or integrity of any 
part of the article are appropriately investigated and 
resolved. Nobody who qualifies for authorship has 
been omitted from the list. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Kumari S, Samara M, Ampadi Ramachandran R, et al. A Review on 

Saliva-Based Health Diagnostics: Biomarker Selection and Future 
Directions. Biomed Mater Devices N Y N. 2023; 1–18.  

2.  Malamud D. Saliva as a Diagnostic Fluid. Dent Clin North Am. 2011; 55: 
159–78.  

3.  Sjoqvist S, Otake K. Saliva and Saliva Extracellular Vesicles for 
Biomarker Candidate Identification—Assay Development and Pilot 
Study in Amyotrophic Lateral Sclerosis. Int J Mol Sci. 2023; 24: 5237.  

4.  Zhang C-Z, Cheng X-Q, Li J-Y, et al. Saliva in the diagnosis of diseases. 
Int J Oral Sci. 2016; 8: 133–7.  

5.  To KKW, Yip CCY, Lai CYW, et al. Saliva as a diagnostic specimen for 
testing respiratory virus by a point-of-care molecular assay: a diagnostic 
validity study. Clin Microbiol Infect. 2019; 25: 372–8.  

6.  Drummer OH. Drug Testing in Oral Fluid. Clin Biochem Rev. 2006; 27: 
147–59.  

7.  Hu S, Yen Y, Ann D, Wong DT. Implications of salivary proteomics in 
drug discovery and development: a focus on cancer drug discovery. 
Drug Discov Today. 2007; 12: 911–6.  

8.  Dongiovanni P, Meroni M, Casati S, et al. Salivary biomarkers: novel 
noninvasive tools to diagnose chronic inflammation. Int J Oral Sci. 2023; 
15: 27.  

9.  Tan SH, Allicock OM, Katamba A, Carrington CVF, Wyllie AL, 
Armstrong-Hough M. Saliva-based methods for SARS-CoV-2 testing in 
low- and middle-income countries. Bull World Health Organ. 2022; 100: 
808–14.  

10.  Azzi L, Maurino V, Baj A, et al. Diagnostic Salivary Tests for 
SARS-CoV-2. J Dent Res. 2021; 100: 115–23.  

11.  Liao C, Chen X, Fu Y. Salivary analysis: An emerging paradigm for 
non-invasive healthcare diagnosis and monitoring. Interdiscip Med. 
2023; 1: e20230009.  

12.  Song M, Bai H, Zhang P, Zhou X, Ying B. Promising applications of 
human-derived saliva biomarker testing in clinical diagnostics. Int J Oral 
Sci. 2023; 15: 2.  

13.  Proctor GB. The physiology of salivary secretion. Periodontol 2000. 2016; 
70: 11–25.  

14.  Aps JKM, Martens LC. Review: The physiology of saliva and transfer of 
drugs into saliva. Forensic Sci Int. 2005; 150: 119–31.  



Theranostics 2024, Vol. 14, Issue 18 
 

 
https://www.thno.org 

6987 

15.  Loo JA, Yan W, Ramachandran P, Wong DT. Comparative Human 
Salivary and Plasma Proteomes. J Dent Res. 2010; 89: 1016–23.  

16.  Saitou M, Gaylord EA, Xu E, et al. Functional Specialization of Human 
Salivary Glands and Origins of Proteins Intrinsic to Human Saliva. Cell 
Rep [Internet]. 2020 [cited 1 October 2024]; 33. Available at: 
https://www.cell.com/cell-reports/abstract/S2211-1247(20)31391-7 

17.  Hasan HR, Al-Issa YAH. A STUDY OF RNASE ENZYMES IN SALIVA 
SAMPLES FROM WOMEN WITH BREAST TUMORS. Med J Islam 
World Acad Sci. 2011. 

18.  Rao K, Gogineni S, Kumari S. Estimation of serum and salivary lactate 
dehydrogenase levels among healthy individuals and oral cancer 
patients-A clinical and biochemical study. Int J Dent Res. 2017; 2: 31–5.  

19.  Čižmárová B, Tomečková V, Hubková B, Hurajtová A, Ohlasová J, 
Birková A. Salivary Redox Homeostasis in Human Health and Disease. 
Int J Mol Sci. 2022; 23: 10076.  

20.  Comfort N, Bloomquist TR, Shephard AP, et al. Isolation and 
characterization of extracellular vesicles in saliva of children with 
asthma. Extracell Vesicles Circ Nucleic Acids. 2021; 2: 29–48.  

21.  Sun Y, Xia Z, Shang Z, et al. Facile preparation of salivary extracellular 
vesicles for cancer proteomics. Sci Rep. 2016; 6: 24669.  

22.  Lewis JG. Steroid Analysis in Saliva: An overview. Clin Biochem Rev. 
2006; 27: 139–46.  

23.  Chiappin S, Antonelli G, Gatti R, De Palo EF. Saliva specimen: A new 
laboratory tool for diagnostic and basic investigation. Clin Chim Acta. 
2007; 383: 30–40.  

24.  Yang S, Rothman RE. PCR-based diagnostics for infectious diseases: 
uses, limitations, and future applications in acute-care settings. Lancet 
Infect Dis. 2004; 4: 337–48.  

25.  Momenbeitollahi N, Cloet T, Li H. Pushing the detection limits: 
strategies towards highly sensitive optical-based protein detection. Anal 
Bioanal Chem. 2021; 413: 5995–6011.  

26.  Mandel AL, Peyrot des Gachons C, Plank KL, Alarcon S, Breslin PAS. 
Individual Differences in AMY1 Gene Copy Number, Salivary 
α-Amylase Levels, and the Perception of Oral Starch. PLoS ONE. 2010; 5: 
e13352.  

27.  Shlykova N, Bolanos J, Morgentaler A. Absent Diurnal Variation In 
Serum Testosterone Observed In Men With Baseline Low Testosterone. J 
Sex Med. 2019; 16: S35–6.  

28.  Jenzano JW, Hogan SL, Lundblad RL. Factors influencing measurement 
of human salivary lysozyme in lysoplate and turbidimetric assays. J Clin 
Microbiol. 1986; 24: 963–7.  

29.  Hankiewicz J, Swierczek E. Lysozyme in human body fluids. Clin Chim 
Acta. 1974; 57: 205–9.  

30.  Shirzaiy M, Salehian MA, Dalirsani Z. Salivary Antioxidants Levels in 
Patients with Oral Lichen Planus. Indian J Dermatol. 2022; 67: 651–6.  

31.  Rush JWE, Sandiford SD. Plasma glutathione peroxidase in healthy 
young adults: influence of gender and physical activity. Clin Biochem. 
2003; 36: 345–51.  

32.  Larsson B, Olivecrona G, Ericson T. Lipids in human saliva. Arch Oral 
Biol. 1996; 41: 105–10.  

33.  Moy BT, Kapila N. Probable doxycycline-induced acute pancreatitis. Am 
J Health Syst Pharm. 2016; 73: 286–91.  

34.  Booth CK, Dwyer DB, Pacque PF, Ball MJ. Measurement of 
immunoglobulin A in saliva by particle-enhanced nephelometric 
immunoassay: sample collection, limits of quantitation, precision, 
stability and reference range. Ann Clin Biochem. 2009; 46: 401–6.  

35.  Hettegger P, Huber J, Paßecker K, et al. High similarity of IgG antibody 
profiles in blood and saliva opens opportunities for saliva based 
serology. PLoS ONE. 2019; 14: e0218456.  

36.  Gonzalez-Quintela A, Alende R, Gude F, et al. Serum levels of 
immunoglobulins (IgG, IgA, IgM) in a general adult population and 
their relationship with alcohol consumption, smoking and common 
metabolic abnormalities. Clin Exp Immunol. 2008; 151: 42–50.  

37.  Balogun AO, Taiwo JO, Opeodu OI, Adeyemi BF, Kolude BM. 
Diagnostic Utility of Salivary Matrix Metalloproteinase-8 (MMP-8) in 
Chronic Periodontitis: A Novel Approach. Open J Stomatol. 2020; 10: 41–
9.  

38.  Schmalz G, Davarpanah I, Jäger J, et al. MMP-8 and TIMP-1 are 
associated to periodontal inflammation in patients with rheumatoid 
arthritis under Methotrexate immunosuppression – first results of a 
cross-sectional study. J Microbiol Immunol Infect. 2017; 52: 386-394.  

39.  Sorsa T, Tjäderhane L, Konttinen YT, et al. Matrix metalloproteinases: 
Contribution to pathogenesis, diagnosis and treatment of periodontal 
inflammation. Ann Med. 2006; 38: 306–21.  

40.  Van den Steen PE, Dubois B, Nelissen I, Rudd PM, Dwek RA, 
Opdenakker G. Biochemistry and Molecular Biology of Gelatinase B or 
Matrix Metalloproteinase-9 (MMP-9). Crit Rev Biochem Mol Biol. 2002; 
37: 375–536.  

41.  Liegeois MA, Fahy JV. The Mucin Gene MUC5B Is Required for Normal 
Lung Function. Am J Respir Crit Care Med. 2022; 205: 737–9.  

42.  Shih JY, Yang SC, Yu CJ, et al. Elevated serum levels of mucin-associated 
antigen in patients with acute respiratory distress syndrome. Am J 
Respir Crit Care Med. 1997; 156: 1453–7.  

43.  Denny P, Hagen FK, Hardt M, et al. The Proteomes of Human Parotid 
and Submandibular/Sublingual Gland Salivas Collected as the Ductal 
Secretions. J Proteome Res. 2008; 7: 1994–2006.  

44.  Bhuptani D, Kumar S, Vats M, Sagav R. Age and gender related changes 
of salivary total protein levels for forensic application. J Forensic 
Odontostomatol. 2018; 36: 26–33.  

45.  Gora K, Soni S, K Gupta K, Agarwal C, Bhandari K. A comparative 
evaluation of serum and salivary albumin in normal, gingivitis and 
periodontitis patients- A clinico biochemical study. IP Int J Periodontol 
Implantol. 2019; 4: 53–5.  

46.  Abbas A, Humma Z. Clinical Significance of Albumin: Structure, 
Function and Role in Different Pathophysiological States. Int J Appl 
Chem Biol Sci. 2021; 2: 13–23.  

47.  Kang J-H, Lee Y-H, Kho H-S. Clinical factors affecting salivary 
transferrin level, a marker of blood contamination in salivary analysis. 
BMC Oral Health. 2018; 18: 49.  

48.  Chen LY, Chang SD, Sreenivasan GM, et al. Dysmetabolic 
hyperferritinemia is associated with normal transferrin saturation, mild 
hepatic iron overload, and elevated hepcidin. Ann Hematol. 2011; 90: 
139–43.  

49.  Pagana KD, Pagana TJ. Mosby’s Diagnostic and Laboratory Test 
Reference - E-Book. Elsevier Health Sciences; 2012.  

50.  Patel RS, Jakymiw A, Yao B, et al. High resolution of microRNA 
signatures in human whole saliva. Arch Oral Biol. 2011; 56: 1506–13.  

51.  Max KEA, Bertram K, Akat KM, et al. Human plasma and serum 
extracellular small RNA reference profiles and their clinical utility. Proc 
Natl Acad Sci. 2018; 115: E5334–43.  

52.  Metzenmacher M, Hegedüs B, Forster J, et al. The clinical utility of 
cfRNA for disease detection and surveillance: A proof of concept study 
in non‐small cell lung cancer. Thorac Cancer. 2022; 13: 2180–91.  

53.  Kozaki T, Arata T, Kubokawa A. Salivary Melatonin Concentrations in a 
Sitting and a Standing Position. J Horm. 2013; 2013: 1–4.  

54.  Goncharov N, Katsya G, Dobracheva A, et al. Diagnostic significance of 
free salivary testosterone measurement using a direct luminescence 
immunoassay in healthy men and in patients with disorders of 
androgenic status. Aging Male Off J Int Soc Study Aging Male. 2006; 9: 
111–22.  

55.  Baxendale PM, Jacobs HS, James VHT. Salivary Testosterone: 
Relationship to Unbound Plasma Testosterone in Normal and 
Hyperandrogenic Women. Clin Endocrinol (Oxf). 1982; 16: 595–603.  

56.  Buena F, Swerdloff RS, Steiner BS, et al. Sexual function does not change 
when serum testosterone levels are pharmacologically varied within the 
normal male range. Fertil Steril. 1993; 59: 1118–23.  

57.  Davis SR, Bell RJ, Robinson PJ, et al. Testosterone and Estrone Increase 
From the Age of 70 Years: Findings From the Sex Hormones in Older 
Women Study. J Clin Endocrinol Metab. 2019; 104: 6291–300.  

58.  Shirtcliff EA, Granger DA, Schwartz EB, Curran MJ, Booth A, Overman 
WH. Assessing Estradiol in Biobehavioral Studies Using Saliva and 
Blood Spots: Simple Radioimmunoassay Protocols, Reliability, and 
Comparative Validity. Horm Behav. 2000; 38: 137–47.  

59.  Bacila I, Adaway J, Hawley J, et al. Measurement of Salivary 
Adrenal-Specific Androgens as Biomarkers of Therapy Control in 
21-Hydroxylase Deficiency. J Clin Endocrinol Metab. 2019; 104: 6417–29.  

60.  Cieszyński Ł, Jendrzejewski J, Wiśniewski P, Kłosowski P, Sworczak K. 
Correlation analysis of cortisol concentration in hair versus 
concentrations in serum, saliva, and urine. Endokrynol Pol. 2020; 71: 
539–44.  

61.  Vallejo G, Mead PM, Gaynor DH, Devlin JT, Robbins DC. 
Characterization of immunoreactive insulin in human saliva: evidence 
against production in situ. Diabetologia. 1984; 27: 437–40.  

62.  Desai GS, Mathews ST. Saliva as a non-invasive diagnostic tool for 
inflammation and insulin-resistance. World J Diabetes. 2014; 5: 730–8.  

63.  Gautam S, Thapa S, Khapung A. Assessment and Correlation of Uric 
Acid Concentration in Saliva and Serum of Patients Attending Tertiary 
Care Centre. J Coll Med Sci-Nepal. 2020; 16: 222–9.  

64.  Spehar-Délèze A-M, Anastasova S, Vadgama P. Monitoring of Lactate in 
Interstitial Fluid, Saliva and Sweat by Electrochemical Biosensor: The 
Uncertainties of Biological Interpretation. Chemosensors. 2021; 9: 195.  

65.  Gupta V, Kaur A. Salivary glucose levels in diabetes mellitus patients: A 
case–control study. J Oral Maxillofac Pathol JOMFP. 2020; 24: 187.  

66.  Iwai K, Minamisawa T, Suga K, Yajima Y, Shiba K. Isolation of human 
salivary extracellular vesicles by iodixanol density gradient 



Theranostics 2024, Vol. 14, Issue 18 
 

 
https://www.thno.org 

6988 

ultracentrifugation and their characterizations. J Extracell Vesicles. 2016; 
5: 30829.  

67.  Arraud N, Linares R, Tan S, et al. Extracellular vesicles from blood 
plasma: determination of their morphology, size, phenotype and 
concentration. J Thromb Haemost. 2014; 12: 614–27.  

68.  Kallapur B, Ramalingam K, Bastian, Mujib A, Sarkar A, Sethuraman S. 
Quantitative estimation of sodium, potassium and total protein in saliva 
of diabetic smokers and nonsmokers: A novel study. J Nat Sci Biol Med. 
2013; 4: 341–5.  

69.  Adlin EV, Channick BJ, Marks AD. Salivary Sodium-Potassium Ratio 
and Plasma Renin Activity in Hypertension. Circulation. 1969; 39: 685–
92.  

70.  Bilancio G, Cavallo P, Lombardi C, et al. Saliva for assessing creatinine, 
uric acid, and potassium in nephropathic patients. BMC Nephrol. 2019; 
20: 242.  

71.  Bardow A, Madsen J, Nauntofte B. The bicarbonate concentration in 
human saliva does not exceed the plasma level under normal 
physiological conditions. Clin Oral Investig. 2000; 4: 245–53.  

72.  Astapenko D, Navratil P, Pouska J, Cerny V. Clinical physiology aspects 
of chloremia in fluid therapy: a systematic review. Perioper Med. 2020; 9: 
40.  

73.  Sejdini M, Meqa K, Berisha N, et al. The Effect of Ca and Mg 
Concentrations and Quantity and Their Correlation with Caries Intensity 
in School-Age Children. Int J Dent. 2018; 2018: e2759040.  

74.  Bukhari HA, Sánchez C, Laguna P, Potse M, Pueyo E. Differences in 
ventricular wall composition may explain inter-patient variability in the 
ECG response to variations in serum potassium and calcium. Front 
Physiol. 2023; 14: 1060919.  

75.  Humphrey SP, Williamson RT. A review of saliva: Normal composition, 
flow, and function. J Prosthet Dent. 2001; 85: 162–9.  

76.  Picerno V, Scanu A, Adinolfi A, et al. THU0465 Calcium pyrophosphate 
deposition disease and osteoarthritis: two faces of the same medal? an 
ultrasonographic and microscopy study. Ann Rheum Dis. 2017; 76: 383–
383.  

77.  Cogan MG, Carneiro AV, Tatsuno J, et al. Normal diet NaCl variation 
can affect the renal set-point for plasma pH-(HCO3-) maintenance. J Am 
Soc Nephrol. 1990; 1: 193.  

78.  Luca E, Crivoi F, Galeş C, Popescu E, Ciubotariu D, Nechifor M. 
Research on serum and saliva concentration of some bivalent cations in 
patient with suppurations of the oro-maxillo-facial area. Rev Med Chir 
Soc Med Nat Iasi. 2009; 113: 899–903.  

79.  Ueshima K, Tachibana H, Suzuki T, Hiramori K. Factors affecting the 
blood concentration of ionized magnesium in patients in the acute phase 
of myocardial infarction. Heart Vessels. 2004; 19: 267–70.  

80.  Bhogadia M, Edgar M, Hunwin K, Page G, Grootveld M. Detection and 
Quantification of Ammonia as the Ammonium Cation in Human Saliva 
by 1H NMR: A Promising Probe for Health Status Monitoring, with 
Special Reference to Cancer. Metabolites. 2023; 13: 792.  

81.  Feng Y, Li Q, Chen J, et al. Salivary protease spectrum biomarkers of oral 
cancer. Int J Oral Sci. 2019; 11: 7.  

82.  Smriti K, Ray M, Chatterjee T, et al. Salivary MMP-9 as a Biomarker for 
the Diagnosis of Oral Potentially Malignant Disorders and Oral 
Squamous Cell Carcinoma. Asian Pac J Cancer Prev APJCP. 2020; 21: 
233–8.  

83.  Shin Y-J, Vu H, Lee J-H, Kim H-D. Diagnostic and prognostic ability of 
salivary MMP-9 for oral squamous cell carcinoma: A pre-/post-surgery 
case and matched control study. PLOS ONE. 2021; 16: e0248167.  

84.  Duffy MJ. Biomarkers for prostate cancer: prostate-specific antigen and 
beyond. Clin Chem Lab Med CCLM. 2020; 58: 326–39.  

85.  Shiiki N, Tokuyama S, Sato C, et al. Association between saliva PSA and 
serum PSA in conditions with prostate adenocarcinoma. Biomark 
Biochem Indic Expo Response Susceptibility Chem. 2011; 16: 498–503.  

86.  Elgamal A-AA, Ectors NL, Sunardhi-Widyaputra S, Van Poppel HP, Van 
Damme BJ, Baert LV. Detection of prostate specific antigen in pancreas 
and salivary glands: a potential impact on prostate cancer 
overestimation. J Urol. 1996; 156: 464–8.  

87.  Kohaar I, Petrovics G, Srivastava S. A Rich Array of Prostate Cancer 
Molecular Biomarkers: Opportunities and Challenges. Int J Mol Sci. 2019; 
20: 1813.  

88.  Khan MS, Dighe K, Wang Z, et al. Detection of prostate specific antigen 
(PSA) in human saliva using an ultra-sensitive nanocomposite of 
graphene nanoplatelets with diblock-co-polymers and Au electrodes. 
The Analyst. 2018; 143: 1094–103.  

89.  Contini C, Olianas A, Serrao S, et al. Top-Down Proteomics of Human 
Saliva Highlights Anti-inflammatory, Antioxidant, and Antimicrobial 
Defense Responses in Alzheimer Disease. Front Neurosci. 2021; 15: 
668852.  

90.  Diao W, Zhou C, Zhang Z, et al. EGaIn-Modified ePADs for 
Simultaneous Detection of Homocysteine and C-Reactive Protein in 

Saliva toward Early Diagnosis of Cardiovascular Disease. ACS Sens. 
2024; 9: 4265–76.  

91.  Zou S, Wei H, Cui X, Mak WC, Li X, Liu G. Intercalating methylene blue 
in molecular beacon for sensitive detection of salivary TNF-α towards 
early diagnosis of oral cancer. Sens Diagn. 2022; 1: 731–8.  

92.  Sciuto EL, Leonardi AA, Calabrese G, et al. Nucleic Acids Analytical 
Methods for Viral Infection Diagnosis: State-of-the-Art and Future 
Perspectives. Biomolecules. 2021; 11: 1585.  

93.  Tivey A, Church M, Rothwell D, Dive C, Cook N. Circulating tumour 
DNA — looking beyond the blood. Nat Rev Clin Oncol. 2022; 19: 600–12.  

94.  Manzano-Moreno FJ, Costela-Ruiz VJ, García-Recio E, Olmedo-Gaya 
MV, Ruiz C, Reyes-Botella C. Role of Salivary MicroRNA and Cytokines 
in the Diagnosis and Prognosis of Oral Squamous Cell Carcinoma. Int J 
Mol Sci. 2021; 22: 12215.  

95.  Mehterov N, Vladimirov B, Sacconi A, et al. Salivary miR-30c-5p as 
Potential Biomarker for Detection of Oral Squamous Cell Carcinoma. 
Biomedicines. 2021; 9: 1079.  

96.  Cristaldi M, Mauceri R, Di Fede O, Giuliana G, Campisi G, Panzarella V. 
Salivary Biomarkers for Oral Squamous Cell Carcinoma Diagnosis and 
Follow-Up: Current Status and Perspectives. Front Physiol. 2019; 10: 
1476.  

97.  Kang Y, Chen J, Li X, et al. Salivary KLK5 and uPA are potential 
biomarkers for malignant transformation of OLK and OLP. Cancer 
Biomark Sect Dis Markers. 2021; 31: 317–28.  

98.  Nijakowski K, Gruszczyński D, Kopała D, Surdacka A. Salivary 
Metabolomics for Oral Squamous Cell Carcinoma Diagnosis: A 
Systematic Review. Metabolites. 2022; 12: 294.  

99.  Shah JB, Pueschl D, Wubbenhorst B, et al. Analysis of matched primary 
and recurrent BRCA1/2 mutation-associated tumors identifies 
recurrence-specific drivers. Nat Commun. 2022; 13: 6728.  

100.  Vanstone M, Chow W, Lester L, Ainsworth P, Nisker J, Brackstone M. 
Recognizing BRCA gene mutation risk subsequent to breast cancer 
diagnosis in southwestern Ontario. Can Fam Physician Med Fam Can. 
2012; 58: e258-266.  

101.  Sánchez-Lorenzo L, Salas-Benito D, Villamayor J, Patiño-García A, 
González-Martín A. The BRCA Gene in Epithelial Ovarian Cancer. 
Cancers. 2022; 14: 1235.  

102.  Rapado-González Ó, Martínez-Reglero C, Salgado-Barreira Á, et al. 
Salivary DNA Methylation as an Epigenetic Biomarker for Head and 
Neck Cancer. Part I: A Diagnostic Accuracy Meta-Analysis. J Pers Med. 
2021; 11: 568.  

103.  Demokan S, Chang X, Chuang A, et al. KIF1A and EDNRB are 
differentially methylated in primary HNSCC and salivary rinses. Int J 
Cancer. 2010; 127: 2351–9.  

104.  Gröschl M. Current Status of Salivary Hormone Analysis. Clin Chem. 
2008; 54: 1759–69.  

105.  Koh DS, Koh GC. The use of salivary biomarkers in occupational and 
environmental medicine. Occup Environ Med. 2007; 64: 202–10.  

106.  Sharma A, Wulff A, Thomas A, Sonkusale S. Ultrasensitive 
electrochemical sensor for detection of salivary cortisol in stress 
conditions. Microchim Acta. 2024; 191: 103.  

107.  Streckfus C, Bigler L, Dellinger T, Pfeifer M, Rose A, Thigpen JT. CA 15–
3 and c-erbB-2 presence in the saliva of women. Clin Oral Investig. 1999; 
3: 138–43.  

108.  Mohammed IK, Al-Timemy AH, Escudero J. Two-Stage Classification of 
Breast Tumor Biomarkers for Iraqi Women. Al-Khwarizmi Eng J. 2020; 
16: 1–10.  

109.  Mahajan M, Belgaumi UI, Baad R, et al. Salivary Human Chorionic 
Gonadotropin as a Novel Biomarker for Early Detection of Pregnancy: A 
Pilot Study. Gynecol Minim Invasive Ther. 2019; 8: 59–61.  

110.  Lei J, Jing T, Zhou T, et al. A simple and sensitive immunoassay for the 
determination of human chorionic gonadotropin by graphene-based 
chemiluminescence resonance energy transfer. Biosens Bioelectron. 2013; 
54C: 72–7.  

111.  Wilcox G. Insulin and Insulin Resistance. Clin Biochem Rev. 2005; 26: 19–
39.  

112.  Myette-Côté É, Baba K, Brar R, Little JP. Detection of Salivary Insulin 
Following Low versus High Carbohydrate Meals in Humans. Nutrients. 
2017; 9: 1204.  

113.  Lin X, Wang G, Ma L, Liu G. Study on Factors Affecting the Performance 
of a CRISPR/Cas-Assisted New Immunoassay: Detection of Salivary 
Insulin as an Example. Front Bioeng Biotechnol. 2021; 9: 752514.  

114.  Soukup M, Biesiada I, Henderson A, et al. Salivary uric acid as a 
noninvasive biomarker of metabolic syndrome. Diabetol Metab Syndr. 
2012; 4: 14.  

115.  Anitha G, Kumar KV, Deshpande G, Nagaraj M, Kalyani V. Utility of 
serum and salivary lactate dehydrogenase and uric acid levels as a 
diagnostic profile in oral squamous cell carcinoma patients. J Oral 
Maxillofac Pathol JOMFP. 2022; 26: 218–27.  



Theranostics 2024, Vol. 14, Issue 18 
 

 
https://www.thno.org 

6989 

116.  Goh YM, Antonowicz SS, Boshier P, Hanna GB. Metabolic Biomarkers of 
Squamous Cell Carcinoma of the Aerodigestive Tract: A Systematic 
Review and Quality Assessment. Oxid Med Cell Longev. 2020; 2020: 1–
13.  

117.  Fan K, Zeng J, Yang C, et al. Digital Quantification Method for Sensitive 
Point-of-Care Detection of Salivary Uric Acid Using 
Smartphone-Assisted μPADs. ACS Sens. 2022; 7: 2049–57.  

118.  Goldsack JC, Coravos A, Bakker JP, et al. Verification, analytical 
validation, and clinical validation (V3): the foundation of determining 
fit-for-purpose for Biometric Monitoring Technologies (BioMeTs). Npj 
Digit Med. 2020; 3: 1–15.  

119.  Baek S, Matsui H, Mano T, et al. Dual-gate thin film transistor lactate 
sensors operating in the subthreshold regime. Biosens Bioelectron. 2023; 
222: 114958.  

120.  Yan P, Qin C, Yan Z, Chen C, Zhang F. Can salivary lactate be used as an 
anaerobic biomarker? PeerJ. 2023; 11: e15274.  

121.  Ghimenti S, Lomonaco T, Bellagambi FG, et al. Salivary lactate and 
8-isoprostaglandin F2α as potential non-invasive biomarkers for 
monitoring heart failure: a pilot study. Sci Rep. 2020; 10: 7441.  

122.  Tiongco R-E, Bituin A, Arceo E, Rivera N, Singian E. Salivary glucose as 
a non-invasive biomarker of type 2 diabetes mellitus. J Clin Exp Dent. 
2018; 10: e902–7.  

123.  Mascarenhas P, Fatela B, Barahona I. Effect of Diabetes Mellitus Type 2 
on Salivary Glucose – A Systematic Review and Meta-Analysis of 
Observational Studies. PLOS ONE. 2014; 9: e101706.  

124.  Palanisamy V, Sharma S, Deshpande A, Zhou H, Gimzewski J, Wong 
DT. Nanostructural and Transcriptomic Analyses of Human Saliva 
Derived Exosomes. Hansen IA, Ed. PLoS ONE. 2010; 5: e8577.  

125.  Lau CS, Wong DTW. Breast Cancer Exosome-like Microvesicles and 
Salivary Gland Cells Interplay Alters Salivary Gland Cell-Derived 
Exosome-like Microvesicles In vitro. PLoS ONE. 2012; 7: e33037.  

126.  Lau C, Kim Y, Chia D, et al. Role of Pancreatic Cancer-derived Exosomes 
in Salivary Biomarker Development *. J Biol Chem. 2013; 288: 26888–97.  

127.  Szulimowska J, Zalewska A, Taranta-Janusz K, Marczuk-Kolada G, 
Żendzian-Piotrowska M, Maciejczyk M. Association Between Salivary 
Cytokines, Chemokines and Growth Factors and Salivary Gland 
Function in Children with Chronic Kidney Disease. J Inflamm Res. 2023; 
16: 1103–20.  

128.  Eun Y-G, Yoon YJ, Won KY, Lee YC. Circulating Tumor DNA in Saliva in 
an Orthotopic Head and Neck Cancer Mouse Model. Anticancer Res. 
2020; 40: 191–9.  

129.  Patel A, Patel S, Patel P, Tanavde V. Saliva Based Liquid Biopsies in 
Head and Neck Cancer: How Far Are We From the Clinic? Front Oncol. 
2022; 12: 828434.  

130.  Skutnik-Radziszewska A, Zalewska A. Salivary Redox Biomarkers in the 
Course of Caries and Periodontal Disease. Appl Sci. 2020; 10: 6240.  

131.  Maciejczyk M, Zalewska A, Gerreth K. Salivary Redox Biomarkers in 
Selected Neurodegenerative Diseases. J Clin Med. 2020; 9: 497.  

132.  Maruyama Y, Nishimoto Y, Umezawa K, et al. Comparison of oral 
metabolome profiles of stimulated saliva, unstimulated saliva, and 
mouth-rinsed water. Sci Rep. 2022; 12: 689.  

133.  Truong VK, Hayles A, Bright R, et al. Gallium Liquid Metal: 
Nanotoolbox for Antimicrobial Applications. ACS Nano. 2023; 17: 
14406–23.  

134.  Bhattarai KR, Kim H-R, Chae H-J. Compliance with Saliva Collection 
Protocol in Healthy Volunteers: Strategies for Managing Risk and Errors. 
Int J Med Sci. 2018; 15: 823–31.  

135.  Measuring salivary flow: Challenges and opportunities. J Am Dent 
Assoc. 2008; 139: 35S-40S.  

136.  Nunes LAS, Mussavira S, Bindhu OS. Clinical and diagnostic utility of 
saliva as a non-invasive diagnostic fluid: a systematic review. Biochem 
Medica. 2015; 25: 177–92.  

137.  Bellagambi FG, Lomonaco T, Salvo P, et al. Saliva sampling: Methods 
and devices. An overview. TrAC Trends Anal Chem. 2020; 124: 115781.  

138.  Satoh-Kuriwada S, Shoji N, Miyake H, Watanabe C, Sasano T. Effects 
and Mechanisms of Tastants on the Gustatory-Salivary Reflex in Human 
Minor Salivary Glands. BioMed Res Int. 2018; 2018: 3847075.  

139.  Thornbury D, Goray M, van Oorschot RAH. Drying properties and DNA 
content of saliva samples taken before, during and after chewing gum. 
Aust J Forensic Sci. 2022; 54: 861–70.  

140.  Zhu C, Yuan C, Ren Q, et al. Comparative analysis of the effects of 
collection methods on salivary steroids. BMC Oral Health. 2021; 21: 352.  

141.  Mohamed R, Campbell J-L, Cooper-White J, Dimeski G, Punyadeera C. 
The impact of saliva collection and processing methods on CRP, IgE, and 
Myoglobin immunoassays. Clin Transl Med. 2012; 1: 19.  

142.  Lee YJ, Kwon J, Shin S, Eun Y-G, Shin JH, Lee G-J. Optimization of Saliva 
Collection and Immunochromatographic Detection of Salivary Pepsin 

for Point-of-Care Testing of Laryngopharyngeal Reflux. Sensors. 2020; 
20: 325.  

143.  Lu H, Zou P, Zhang Y, Zhang Q, Chen Z, Chen F. The sampling strategy 
of oral microbiome. iMeta. 2022; 1: e23.  

144.  Liu S, Hou Y, Li Z, Yang C, Liu G. μPADs on Centrifugal Microfluidic 
Discs for Rapid Sample-to-Answer Salivary Diagnostics. ACS Sens. 2023; 
8: 3520–9.  

145.  Lamy E, Rubio CP, Carreira L, et al. Effect of thermal and chemical 
treatments used for SARS-COV-2 inactivation in the measurement of 
saliva analytes. Sci Rep. 2022; 12: 9434.  

146.  Rubio CP, Franco-Martínez L, Resalt CS, et al. Evaluation of sample 
treatments in a safe and straightforward procedure for the detection of 
SARS-CoV-2 in saliva. Int J Infect Dis. 2021; 108: 413–8.  

147.  Sullivan R, Heavey S, Graham DG, et al. An optimised saliva collection 
method to produce high-yield, high-quality RNA for translational 
research. PLoS ONE. 2020; 15: e0229791.  

148.  Kang L, Li N, Wang L. The Expression of miR-23a and miR-146a in the 
Saliva of Patients with Periodontitis and Its Clinical Significance. BioMed 
Res Int. 2021; 2021: 5135278.  

149.  Fakheran O, Dehghannejad M, Khademi A. Saliva as a diagnostic 
specimen for detection of SARS-CoV-2 in suspected patients: a scoping 
review. Infect Dis Poverty. 2020; 9: 100.  

150.  Verdiguel-Fernández L, Arredondo-Hernández R, Mejía-Estrada JA, et 
al. Differential expression of biomarkers in saliva related to SARS-CoV-2 
infection in patients with mild, moderate and severe COVID-19. BMC 
Infect Dis. 2023; 23: 602.  

151.  Silva PG, Branco PTBS, Soares RRG, Mesquita JR, Sousa SIV. SARS‐CoV‐
2 air sampling: A systematic review on the methodologies for detection 
and infectivity. Indoor Air. 2022; 32: e13083.  

152.  Palanisamy V, Wong DT. Transcriptomic Analyses of Saliva. Methods 
Mol Biol Clifton NJ. 2010; 666: 43–51.  

153.  Maron JL, Hwang JS, Pathak S, Ruthazer R, Russell RL, Alterovitz G. 
Computational gene expression modeling identifies salivary biomarker 
analysis that predict oral feeding readiness in the newborn. J Pediatr. 
2015; 166: 282-288.e5.  

154.  Bąchor R, Waliczek M, Stefanowicz P, Szewczuk Z. Trends in the Design 
of New Isobaric Labeling Reagents for Quantitative Proteomics. Mol 
Basel Switz. 2019; 24: 701.  

155.  Campanella B, Onor M, Lomonaco T, Benedetti E, Bramanti E. 
HS-SPME-GC-MS approach for the analysis of volatile salivary 
metabolites and application in a case study for the indirect assessment of 
gut microbiota. Anal Bioanal Chem. 2019; 411: 7551–62.  

156.  Buchan E, Hardy M, Gomes P de C, Kelleher L, Chu HOM, 
Oppenheimer PG. Emerging Raman spectroscopy and saliva-based 
diagnostics: from challenges to applications. Appl Spectrosc Rev. 2022; 0: 
1–38.  

157.  Dochow S, Krafft C, Neugebauer U, et al. Tumour cell identification by 
means of Raman spectroscopy in combination with optical traps and 
microfluidic environments. Lab Chip. 2011; 11: 1484.  

158.  Quang LX, Lim C, Seong GH, Choo J, Do KJ, Yoo S-K. A portable 
surface-enhanced Raman scattering sensor integrated with a 
lab-on-a-chip for field analysis. Lab Chip. 2008; 8: 2214–9.  

159.  Tu M, Cheng J, Chen Y-L, et al. Electric Field–Induced Release and 
Measurement (EFIRM): Characterization and Technical Validation of a 
Novel Liquid Biopsy Platform in Plasma and Saliva. J Mol Diagn. 2020; 
22: 1050–62.  

160.  Ver Donck F, Downes K, Freson K. Strengths and limitations of 
high-throughput sequencing for the diagnosis of inherited bleeding and 
platelet disorders. J Thromb Haemost. 2020; 18: 1839–45.  

161.  Dong T, Matos Pires NM, Yang Z, Jiang Z. Advances in Electrochemical 
Biosensors Based on Nanomaterials for Protein Biomarker Detection in 
Saliva. Adv Sci. 2023; 10: 2205429.  

162.  Koukouviti E, Soulis D, Economou A, Kokkinos C. Wooden Tongue 
Depressor Multiplex Saliva Biosensor Fabricated via Diode Laser 
Engraving. Anal Chem. 2023; 95: 6765–8.  

163.  Liu S, Shen Z, Deng L, Liu G. Smartphone assisted portable biochip for 
non-invasive simultaneous monitoring of glucose and insulin towards 
precise diagnosis of prediabetes/diabetes. Biosens Bioelectron. 2022; 209: 
114251.  

164.  Bihar E, Wustoni S, Pappa AM, Salama KN, Baran D, Inal S. A fully 
inkjet-printed disposable glucose sensor on paper. Npj Flex Electron. 
2018; 2: 1–8.  

165.  Wang M, Wang H, Cheng J. An Enzyme-Encapsulated Metal-Organic 
Frameworks Nanomesh Biosensor for Salivary Glucose Detection. Adv 
Mater Technol. 2024; 9: 2301678.  

166.  Ornelas-González A, Ortiz-Martínez M, González-González M, 
Rito-Palomares M. Enzymatic Methods for Salivary Biomarkers 
Detection: Overview and Current Challenges. Molecules. 2021; 26: 7026.  



Theranostics 2024, Vol. 14, Issue 18 
 

 
https://www.thno.org 

6990 

167.  Borberg E, Granot E, Patolsky F. Ultrafast one-minute electronic 
detection of SARS-CoV-2 infection by 3CLpro enzymatic activity in 
untreated saliva samples. Nat Commun. 2022; 13: 6375.  

168.  Gamage SST, Pahattuge TN, Wijerathne H, et al. Microfluidic affinity 
selection of active SARS-CoV-2 virus particles. Sci Adv. 2022; 8: 
eabn9665.  

169.  Li J, Yin J, Wee MGV, Chinnappan A, Ramakrishna S. A Self-Powered 
Piezoelectric Nanofibrous Membrane as Wearable Tactile Sensor for 
Human Body Motion Monitoring and Recognition. Adv Fiber Mater. 
2023; 1–14.  

170.  Hao J, Zhu Z, Hu C, Liu Z. Photosensitive-Stamp-Inspired Scalable 
Fabrication Strategy of Wearable Sensing Arrays for Noninvasive 
Real-Time Sweat Analysis. Anal Chem. 2022; 94: 4547–55.  

171.  Wu L, Wu I-C, DuFort CC, et al. Photostable Ratiometric Pdot Probe for 
in vitro and in vivo Imaging of Hypochlorous Acid. J Am Chem Soc. 2017; 
139: 6911–8.  

172.  Huang H, Xie S, Deng L, Yuan J, Yue R, Xu J. Fabrication of 
rGO/MXene-Pd/rGO hierarchical framework as high-performance 
electrochemical sensing platform for luteolin detection. Microchim Acta. 
2022; 189: 59.  

173.  Arakawa T, Kuroki Y, Nitta H, et al. Mouthguard biosensor with 
telemetry system for monitoring of saliva glucose: A novel cavitas 
sensor. Biosens Bioelectron. 2016; 84: 106–11.  

174.  García-Carmona L, Martín A, Sempionatto JR, et al. Pacifier Biosensor: 
Toward Noninvasive Saliva Biomarker Monitoring. Anal Chem. 2019; 
91: 13883–91.  

175.  Lee Y, Howe C, Mishra S, et al. Wireless, intraoral hybrid electronics for 
real-time quantification of sodium intake toward hypertension 
management. Proc Natl Acad Sci. 2018; 115: 5377–82.  

176.  Shi Z, Lu Y, Shen S, et al. Wearable battery-free theranostic dental patch 
for wireless intraoral sensing and drug delivery. Npj Flex Electron. 2022; 
6: 1–11.  

177.  Arakawa T, Tomoto K, Nitta H, et al. A Wearable Cellulose 
Acetate-Coated Mouthguard Biosensor for In vivo Salivary Glucose 
Measurement. Anal Chem. 2020; 92: 12201–7.  

178.  Kim J, Imani S, De Araujo WR, et al. Wearable salivary uric acid 
mouthguard biosensor with integrated wireless electronics. Biosens 
Bioelectron. 2015; 74: 1061–8.  

179.  Al Habobe H, Haverkort EB, Nazmi K, Van Splunter AP, Pieters RHH, 
Bikker FJ. The impact of saliva collection methods on measured salivary 
biomarker levels. Clin Chim Acta. 2024; 552: 117628.  

180.  Dawes C. Circadian rhythms in human salivary flow rate and 
composition. J Physiol. 1972; 220: 529–45.  

181.  Hernandez MM, Riollano-Cruz M, Boyle MC, et al. Food for thought: 
Eating before saliva collection and interference with SARS-CoV-2 
detection. J Med Virol. 2022; 94: 2471–8.  

182.  Barranco T, Rubio CP, Tvarijonaviciute A, et al. Changes of salivary 
biomarkers under different storage conditions: effects of temperature 
and length of storage. Biochem Medica. 2019; 29: 010706.  

183.  Anthonappa RP, King NM, Rabie ABM. Evaluation of the long-term 
storage stability of saliva as a source of human DNA. Clin Oral Investig. 
2013; 17: 1719–25.  

184.  Krone CL, Oja AE, Van de Groep K, Sanders EAM, Bogaert D, Trzciński 
K. Dried Saliva Spots: A Robust Method for Detecting Streptococcus 
pneumoniae Carriage by PCR. Int J Mol Sci. 2016; 17: 343.  

185.  Nam M, Jo S rom, Park JH, Kim M-S. Evaluation of critical factors in the 
preparation of saliva sample from healthy subjects for metabolomics. J 
Pharm Biomed Anal. 2023; 223: 115145.  

186.  González-Hernández JM, Franco L, Colomer-Poveda D, et al. Influence 
of Sampling Conditions, Salivary Flow, and Total Protein Content in 
Uric Acid Measurements in Saliva. Antioxidants. 2019; 8: 389.  

187.  Hartl J, Kurth F, Kappert K, et al. Quantitative protein biomarker panels: 
a path to improved clinical practice through proteomics. EMBO Mol 
Med. 2023; 15: e16061.  

188.  Kang T, Lu J, Yu T, Long Y, Liu G. Advances in nucleic acid 
amplification techniques (NAATs): COVID-19 point-of-care diagnostics 
as an example. Biosens Bioelectron. 2022; 206: 114109.  

189.  Li Y, Li S, Wang J, Liu G. CRISPR/Cas Systems towards 
Next-Generation Biosensing. Trends Biotechnol. 2019; 37: 730–43.  

190.  Baharfar M, Mayyas M, Rahbar M, et al. Exploring Interfacial Graphene 
Oxide Reduction by Liquid Metals: Application in Selective Biosensing. 
ACS Nano. 2021; 15: 19661–71.  

191.  Huang Z, Guan M, Bao Z, Dong F, Cui X, Liu G. Ligand Mediation for 
Tunable and Oxide Suppressed Surface Gold-Decorated Liquid Metal 
Nanoparticles. Small. 2024; 20: 2306652. 


