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A B S T R A C T

Cancer, a local disease at an early stage, systemically evolves as it progresses by triggering alterations in sur-
rounding microenvironment, disturbing immune surveillance and further disseminating its molecular contents
into circulation. This pathogenic characteristic of cancer makes the use of biofluids such as blood/serum/plasma,
urine, tear and cerebrospinal fluids credible surrogates harboring tumor tissue-derived molecular alterations for
the detection of cancer. Most importantly, a number of recent reports have credentialed the clinical validity of
saliva for the detection of systemic diseases including cancers. In this review, we discussed the validity of saliva
as credible biofluid and clinical sample type for the detection of cancers. We have presented the molecular
constituents of saliva that could mirror the systemic status of our body and recent findings of salivaomics as-
sociated with cancers. Recently, liquid biopsy to detect cancer-derived circulating tumor DNA has emerged as a
credible cancer-detection tool with potential benefits in screening, diagnosis and also risk management of
cancers. We have further presented the clinical validity of saliva for liquid biopsy of cancers and a new tech-
nology platform based on electrochemical detection of cancer-derived ctDNA in saliva with superior sensitivity
and point-of-care potential. The clinical utilities of saliva for the detection of cancers have been evidenced, but
biological underpinning on the existence of molecular signatures of cancer-origin in saliva, such as via exosomal
distribution, should be addressed in detail.

1. Saliva & macromolecular constituents (Salivaomics)

Saliva, a slightly acidic oral fluid (pH=6–7) excreted by the sali-
vary glands, consists of 94–99% water, 0.2% organic and inorganic
substances, 0.3% proteins and numerous cellular elements [1,2]
(Table 1), including omics molecular biomarkers present in the blood
and urine that can be used in the early detection and monitoring of
various types of cancer, such as oral cancer, breast cancer, lung cancer,
gastric cancer and pancreatic cancer [3–6] (Table 2). Multiple pro-
teomic, transcriptomic, and microbiological markers have been iden-
tified in saliva that are effective indicators of oral and systemic diseases
(Fig. 1) [7,8]. In addition, saliva testing offers practical advantages of
being non-invasive and cost-effective. Therefore, salivary molecular
diagnostics is a rapidly advancing field with great potential to

significantly benefit public health.
Saliva is produced by three major salivary glands (parotid, sub-

mandibular and sublingual) as well as minor salivary glands located
throughout the oral mucosa [9]. Saliva production is affected quanti-
tatively and qualitatively by physiological and pathological conditions.
Healthy adults generally produce 500–1000mL of saliva per day at an
average flow rate of 0.3–0.4 mL/min [10]. Saliva secretion can be
stimulated by smell and taste, psychological and hormonal status, age,
drugs, oral hygiene and physical exercise [11]. Each salivary gland
secretes a characteristic saliva. For instance, parotid glands produce a
serous type of saliva, whereas sublingual glands produce a mucous type
of saliva. Saliva can be classified as gland-specific saliva collected di-
rectly from individual salivary glands or as whole saliva.

Saliva plays an important role in maintaining the homeostasis of the
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oral cavity. The function of saliva includes lubrication, buffering, taste,
digestion, antibacterial, antiviral, and antifungal protection [12]. The
main lubricating compounds in saliva are mucins which are heavily
glycosylated glycoproteins [13]. Buffer capacity is mainly attributed to
three components of saliva: bicarbonate, phosphate and protein buffer
[14]. Enzymes such as carbonic anhydrase contributes to maintaining

the pH of saliva, which is important to fight against acids produced by
bacteria [15]. Salivary immunoglobulins neutralize viruses and toxins
[16]. Another salivary immunity protein lysozyme hydrolyzes bac-
terial cell wall [17]. The main inorganic components of saliva (cal-
cium, phosphate and bicarbonate) are involved in tooth protection by
preventing demineralization and enhancing remineralization of tooth

Table 1
Major salivary molecular constituents.

Salivary constituents Function

Histatins Anti-bacterial, anti-fungal, buffering, mineralization, wound-closure
Statherins Tissue coating, mineralization, calcium phosphate homeostasis, lubrication, viscoelasticity
Lysozyme Anti-bacterial, innate defense mechanism
Proline-rich proteins Tissue coating, mineralization
Carbonic anhydrases Buffering, maintenance of pH homeostasis
Amylases Anti-bacterial, tissue coating, digestion, dental plaque and caries formation
Peroxidases Anti-bacterial, maintenance of good oral health, prevention of toxic accumulations of hydrogen peroxide (H2O2) and inactivation of many carcinogenic

and mutagenic compounds
Lactoferrin Antibacterial, antiviral, antiparasitic, catalytic, anti-cancer, and anti-allergic functions, innate defense mechanism
Mucins (mucin 1 & 2) Anti-bacterial, anti-viral, digestion, lubrication, viscoelasticity, tissue coating, non-immune protection of the oral cavity against desiccation and

environmental insult
sIgA Immune defense function, mucosal immunity, anti-viral
Cystatins Anti-bacterial, anti-viral, mineralization
Lipase Digestion

Table 2
Major salivary biomarkers for cancer detection.

Salivary biomarkers Type of marker Disease

EGFR [48] DNA lung cancer
CCNI, FGF19, FRS2, GREB1 [49] RNA
haptoglobin, zinc-a-2-glycoprotein, calprotectin [40] proteins
HOXA9, NID2 [50] DNA oral squamous cell carcinoma
miR-125a, miR-200a [51], miR-31 [52], DUSP1, H3F3A, IL1B, IL8, OAZ1, S100P, SAT [53], IL6 [54] RNA
c-erbB2, CA-125, p53 [55], IL-10, IL-13 [56] proteins
valine, leucine, isoleucine, phenylalanine, [36], porphyrin [57] metabolites
miR-17, miR-21, miR-181a, miR-181b, miR-196a [41], miR-3679-5p, miR-3679-5p [42] RNA pancreatic cancer
leucine with isoleucine, tryptophan, valine, glutamic acid, phenylalanine, glutamine and aspartic acid [35] metabolites
N. elongate, S. mitis [43] bacteria
cystatin B, triosephosphate isomerase, malignant brain tumors 1 protein [47] proteins gastric cancer

Fig. 1. Clinical utilities of saliva for the diagnosis of local and systemic diseases. Saliva has been proposed or proven to be credential biofluid for detecting variety of
systemic abnormalities including cancers.
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enamel [18]. Saliva facilitates the digestion process by digestive en-
zyme amylase which breaks down carbohydrates into sugars while li-
pase initiates fat digestion [19].

The composition of saliva varies between individuals and at dif-
ferent time of day. The most prevalent inorganic components in saliva
include sodium, potassium, calcium, magnesium, chloride, bicarbonate,
thiocyanate and phosphate. The organic components comprise uric
acid, lactate, immunoglobulins, mucins, lactoferrins, enzymes such as
amylases, peroxidase, lipase, lysozyme, kallikreins, hormones such as
cortisol, and cytokines [20]. These constituents are released by a
cluster of secretory cells called acini in salivary glands into the oral
cavity through collecting ducts [1]. The electrolyte composition of
fluid secreted by the acinar cells is very similar to that of an ultrafiltrate
of plasma [21].

Besides the molecules synthesized in the salivary glands, saliva also
includes gingival crevicular fluid, serum transudate, epithelial cells,
leukocytes and many microorganisms. As part of the endocrine system,
many constituents enter saliva from blood via passive diffusion, active
transport or extracellular ultrafiltration [22]. Depends partially on the
size and partially on the electric charge of the molecule, it can passively
diffuse from the capillaries surrounding the salivary glands to the
acinus cell. For example, steroid hormones pass relatively easily be-
cause they are small in size and composed of fatty acids. Another way is
active transport of proteins via ligand-receptor binding. For instance, B-
lymphocyte cells secrete IgA which gets released into saliva by binding
to the IgA receptors present on acinus cells [23]. A third means of
transportation of biomolecules from blood into saliva is ultrafiltration.
Sulfated steroids, estriol sulfates and neutral steroid hormones migrate
through the spaces between acinus and ductal cells. Molecules smaller
than 1900 Da (such as water, ions, and catecholamines) are transferred
through the gap junctions between the secretory units [24].

In addition, gingival crevicular fluid, a serum transudate or in-
flammatory exudate produced by the oral mucosa, also flows into the
oral cavity and becomes part of saliva [25]. Previous research has
suggested that circulating biomolecules associated with diseases may
eventually be transported from the bloodstream into the salivary glands
[6,26,27]. Therefore, saliva, as a “mirror of the body”, is functionally
equivalent to blood in reflecting the physiological and pathological
state of the body. As a diagnostic fluid, the collection and sampling of
saliva can be done noninvasively with minimal risks of cross-con-
tamination. One limitation of salivary diagnostics has been the low
concentrations of analytes in comparison with blood. However, with
the advent and development of highly sensitive detection platforms,
salivary diagnostics could be a huge breakthrough for cancer screening,
detection and monitoring [28].

Comprehensive analysis and identification of the content in human
saliva is the first step toward discovering and monitoring salivary
biomarkers associated with human health and disease status. The dis-
covery of biomarkers has laid the foundation for personalized medicine.
Biomarkers are main focus of current research studies, measured in
various human biological fluids. Specifically, as the holy grail of diag-
nostics is non-invasiveness, saliva is a highly desirable biofluid as its
collection is non-invasive, inexpensive and easy to perform.
Salivaomics is rapidly emerging focusing on comprehensive profiling of
all “omics” constituents such as DNA, RNA, proteins, metabolites, and
microbiota. It encompasses genomics, transcriptomics, proteomics,
epigenomics, metabolomics and microbiomics [29,30]. Genomics/
Epigenomics studies the biochemical characteristics of DNA, genes and
their methylation modifications [30]. The onset and development of
malignancy are associated with somatic mutations of tumor-specific
DNA, found in saliva, plasma or other biofluids. Salivary genome and
epigenome are assayable by a diverse collection of biomolecular tech-
niques, including methylation array, polymerase chain reaction (PCR)
and quantitative PCR (qPCR)-based genotyping [30]. Transcriptomics
deals with investigation of RNA, including coding messenger RNAs
(mRNAs) and non-coding RNAs such as microRNAs (miRNAs). The

current comprehensive transcriptomic methodologies comprise mainly
microarray profiling and RNA-Sequencing [31]. Proteomics are
methods to examine protein profiles. The most common proteomic
technologies include sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), two-dimensional-gel-electrophoresis (2-DE),
quantitative mass spectrometry (qMS), Western blotting, enzyme-linked
immunosorbent assay (ELISA), surface-enhanced laser desorption/io-
nization time-of-flight mass spectrometry (SELDI- TOF-MS) or Raman
spectroscopy (RS) [30,32]. Metabolomics is focused on metabolites
and providing deep insights into activation of different metabolic
pathways. Metabolomics gives the actual biological state of a sample
[33], specifically altered in cancer, that can be detected before ap-
pearance of symptoms of a disease, thus enabling early detection of
many abnormalities [34]. Currently known analytical techniques for
quantifying salivary metabolome encompass proton-nuclear magnetic
resonance (H-NMR) spectroscopy, gas chromatography mass spectro-
metry (GC–MS), high performance liquid chromatography-mass spec-
trometry (HPLC-MS), ultra-performance liquid chromatography -
tandem mass spectrometry (UPLC-MS/MS), plasma mass spectrometry,
and capillary electrophoresis-based mass spectrometry (CE-MS)
[35–37]. Lastly, microbiomics highlights the diversification of micro-
biota structures in the development of oral and systemic cancer [29].
The bacteria may induce carcinogenesis by the production of carcino-
genic products, (i.e. acetaldehyde), chronic inflammation and interac-
tion with eukaryotic cell cycle and signaling pathways [38,39].

This review presents the latest advancements in saliva-related stu-
dies and addresses the translational values of saliva for the early de-
tection of cancer, the second most common cause of death in the United
States [30].

2. Non-small cell lung carcinoma

The combination of five mRNA biomarkers [cyclin I (CCNI), epi-
dermal growth factor receptor (EGFR), fibroblast growth factor 19
(FGF19), fibroblast growth factor receptor substrate 2 (FRS2) and
growth regulation by estrogen in breast cancer 1 (GREB1)] could dif-
ferentiate lung cancer patients from control subjects with 93.75%
sensitivity and 82.81% specificity [33]. Similarly, three proteomic
biomarkers (haptoglobin, zinc-α-2-glycoprotein and calprotectin) have
been reported to have the discriminatory power of 88.5% sensitivity
and 92.3% specificity in saliva (AUC=0.90) [40].

3. Pancreatic cancer

Several biomarkers (miR-17, miR-21, miR-181a, miR-181b and
miR-196a) were also developed for pancreatic cancer [41], but speci-
fically, the combination of two miRNAs (miR-3679-5p and miR-3679-
5p) can be used to distinguish resectable pancreatic cancers [42]. They
can detect the changes in the concentration of salivary endogenous
metabolites. In addition, the comprehensive metabolite analysis of
saliva samples revealed eight metabolites (leucine with isoleucine,
tryptophan, valine, glutamic acid, phenylalanine, glutamine and as-
partic acid) that are able of discriminating healthy controls from pan-
creatic cancer subjects [AUC=0.993] [35]. In turn, based on the
Human Oral Microbe Identification Microarray (HOMIM) and qPCR,
Farrell et al. demonstrated that the combination of N. elongata and S.
mitis in saliva can distinguish pancreatic cancer patients from healthy
subjects (AUC of 0.90 with 96.4% sensitivity and 82.1% specificity)
[43]. Interestingly, Torres et al. reported similar results related to
pancreatic cancer patients by using high-throughput sequencing of
bacterial small subunit ribosomal RNA (16S rRNA) gene [44].

4. Breast cancer

Additionally, salivary levels of protein CA15–3 and lung resistance
protein (LRP) could be positively correlated when comparing breast
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cancer patients to controls [45,46].

5. Gastric cancer

In case of the detection of gastric cancer, the combination of three
biomarkers (cystatin B, triosephosphate isomerase, and malignant brain
tumors 1 protein) could reach 85% sensitivity and 80% specificity
[47].

6. Head and neck squamous cell carcinoma (HNSCC)

Head and neck squamous cell carcinoma (HNSCC) is the sixth most
common cancer worldwide [58] and poses high mortality and mor-
bidity for patients [59]. It is a group of tumors located in oral and nasal
cavities, paranasal sinuses, salivary glands, pharynx, and larynx [60].
The most common risk factors include tobacco and alcohol consump-
tion, as well as human papillomavirus (HPV) [61] and Epstein–Barr
virus infection [62]. Specifically, HPV is considered to be predictive
indicator of better HNSCC response to therapy [63,64]. In addition,
the analysis of molecular biomarkers in saliva can be indicative of
HNSCC early diagnosis, prognosis, prediction of treatment response,
and early detection of tumor recurrence [65].

6.1. DNA methylation biomarkers

The utilization of a genome-wide DNA methylation platform re-
sulted in uncovering two genes, HOXA9 and NID2, that can be used in
early detection and follow-up of patients with oral squamous cell car-
cinoma (OSCC) [50]. Detection of somatic mutations on TP53,
PIK3CA, CDKN2A, HRAS, NRAS, or HPV genes (HPV-16 and HPV-18) in
saliva results in identification of OSCC in 100% of patients with oral
cancers and in 47–70% of patients with cancers of other locations.
Moreover, tumor DNA can be identified in saliva taken from treated
patients before developing clinical signs and symptoms of recurrence
[66]. Moreover, different panels of methylation markers found in
saliva were developed in the literature to detect HNSCC [65]. For ex-
ample, a methylation panel of DAPK1, p16, and RASSF1A genes can be
used to identify HNSCC individuals with an accuracy of 81% (sensi-
tivity of 94% and specificity of 87%) [67], while a panel of KIF1A and
EDNRB hypermethylation had 77.4% sensitivity and 93.1% specificity
[68]. Significantly, EDNRB methylation in salivary rinses may have
potential to identify patients at risk for oral premalignant and malig-
nant lesions [69], while TIMP3 methylation for detection and mon-
itoring of high risk HNSCC individuals for local recurrence [70].

6.2. RNA biomarkers

In addition, salivary miR-9, miR-191, and miR-134 were found to
serve as biomarkers for HNSCC [71]. The decreased expression profiles
of miR-125a and miR-200a [51] as well as elevated levels of miR-31
[52] were reported in saliva of OSCC. Specifically, salivary miR-31 can
be used to monitor disease. It shows significantly increased levels in
patients with oral carcinoma at all clinical stages, but no expression
changes in premalignant lesions and healthy controls. Decreased levels
of miR-31 were also observed in saliva after excision of tumor [52].
Similarly, the expression level of miR-139-5p was significantly reduced
in OSCC samples compared to the controls, and returned to its original
state after surgical removal of the primary tumor [72]. In addition,
seven salivary RNA biomarker transcripts (DUSP1, H3F3A, IL1B, IL8,
OAZ1, S100P and SAT) were identified to distinguish OSCC from con-
trols [53], while the recent study performed by Horvath et al., showed
that salivary IL6 mRNA may serve as a biomarker to diagnose OSCC
[54]. Another study reports about elevated levels of transgelin mRNA
in saliva of OSCC patients, that is strongly correlated with poorer
overall survival [73]. In turn, Tang and colleagues evaluated that
salivary MALAT-1 (lncRNA) was present in all the OSCC patients [74].

6.3. Proteomic biomarkers

It was also suggested that the increase in tumor antigen CA15–3 and
antibodies for tumor protein markers c-erbB2, CA-125 and p53 in saliva
may be used as biomarkers for the oral cavity cancer and other sites
[55]. In addition, the elevated levels of IL-10 and IL-13, and decreased
levels of IL-1 receptor antagonist (IL-1ra) can be indicative for OSCC
[56]. Similarly, overexpression of CD44 soluble (CD44sol) in saliva of
laryngeal carcinoma patients before and after surgery were reported
compared to healthy controls [75]. A four-protein panel consisting of
MMP1, KNG1, ANXA2, and HSPA5, proved high sensitivity (87.5%) and
specificity (80.5%) in detection of OSCC [76]. In turn, increased ex-
pression of salivary RETN in the OSCC individuals were highly corre-
lated with late-stage primary tumors, advanced overall stage, and
lymph node metastasis [77].

6.4. Metabolic biomarkers

In turn, decreased level of valine, leucine, isoleucine, and pheny-
lalanine [36], while elevated levels of porphyrin [57], can indicate
oral squamous cell carcinoma (OSCC).

6.5. Microbial biomarkers

Recently, Furquim et al. studied oral microbiome of patients with
higher risk of developing OSCC than healthy controls. They observed
specific microbial differences associated with gingival disease
(Prevotella, Streptococcus, Prophyromonas and Dialister), oral graft-
versus-host disease (GVHD) (Firmicutes) and oral mucositis [59].

7. Liquid biopsy based on somatic DNA mutations in circulating
tumor DNA (ctDNA)

Liquid biopsy can overcome issues that are associated with tissue
biopsy. Screening and monitoring individual's health information can
be done by convenient access for biofluids containing molecular sig-
natures released from afflicted tissues. Liquid biopsy can screen and
detect the presence of cancerous cells through analyzing cell-free DNA
in the circulation. Circulation tumor DNA (ctDNA) is a fragmented
tumor DNA. There are many pathologic and normal physiologic me-
chanisms that can release ctDNA into circulation. Both apoptotic or
necrotic tumor cells release fragmented DNA into the circulation [78].
Fragmented circulating free DNA was originally recognized by Mandel
and Métais in the blood of healthy individuals in 1948 [79]. In 1977,
Leon discovered that cancer patients have increased ctDNA con-
centration in the circulation [80]. A recent study has found that most
of the cell-free DNA fragments are 180 to 200 base pairs (bp) [81–83].
There have been many attempts to utilize blood samples to detect
ctDNA, non-invasively provides information regarding tumor genomes
[84,85]. For this reason, ctDNA liquid biopsy is a surrogate for “tissue
biopsy”. The use of liquid biopsy provides rapid and cost-effective
means to detect disease and collect pertinent information regarding
therapeutic targets. Clearly, the major advantage of ctDNA compared to
tissue biopsy is the noninvasiveness of the collection that enables re-
petitive, longitudinal molecular analysis of cancer located in body parts
that are difficult to access by surgeons and eliminates the risk for po-
tential complications of tissue biopsy. In addition, cfDNA analysis can
address the issue of tumor molecular heterogeneity as opposed to single
tumor lesion. Even, without the evident clinical signs or symptoms of
the disease, the ctDNA enables to diagnose the early onset of the cancer
disease [86]. Therefore, clinical applications of ctDNA to cancer
treatment are enormous such as diagnosis and molecular profiling,
tracking of therapeutic response, monitoring of resistance and tumor
heterogeneity, detection of postsurgical residual disease as well as early
cancer detection. However, liquid biopsy has also some limitations. The
ctDNA assays still need to be more clinically validated before fully
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entering clinical utility, specifically in early-stage cancer, treatment
monitoring, or residual disease detection. The evidence of clinical va-
lidity and clinical utility of ctDNA assays is still lacking to be considered
useful for cancer screening [87].

7.1. Liquid biopsy for cancer detection

Clinical applications of liquid biopsy are expected to become a va-
luable tool to apprehend the steps of tumor development. For example,
ctDNA fragments, which flow in the bloodstream, can be utilized as
tumor genotyping samples as they incorporate exact same genetic de-
fects to those of tumor cells (Fig. 2).

These include point mutations, rearrangements, amplifications,
microsatellite instability (MSI), loss of heterozygosity (LOH), and
tumor-associated DNA methylation [88]. As shown, this technique will
become useful in assisting clinical treatment decision of cancer in in-
dividuals. Furthermore, liquid biopsy can be applied to detect in-
dicators/biomarkers of diseases and monitor treatment efficacies in-
cluding recurrent tumors and onset of acquired resistance mutations.

CtDNA can be used in screening for cancer and tumor detection as it
can reveal whether cancer exists or not, even cancer's relapse after
treatment (recurrence). Salivary circulating biomarkers can be applied
in head and neck cancer [89–91]. Though, Epstein-Barr virus (EBV)
DNA in plasma can be useful to screen for early asymptomatic naso-
pharyngeal cancer in people who do not have any signs or clinical
symptoms yet [92]. Liquid biopsies in head and neck cancer is a pro-
mising field, particularly with nasopharyngeal carcinoma (NPC) and
HPV-positive HNSCCs [91]. Another study evaluated the total con-
centrations of plasma DNA and KRAS mutations in colorectal cancer
(CRC) patients [93]. Analysis revealed that more tumor fragments are
existing and that increased number of circulating tumor cells (CTCs) is
related to the biphasic size divisions of plasma DNA. One way to detect
solid tumors is by revealing the reoccurrence of somatic rearrange-
ments. McBride et al. depicted genomic rearrangements in 3 cancers
and proved that it is possible for PCR assay to find out a copy of tumor
gene within the plasma without underlying errors [94]. Also, utilizing
blood-based CRC screening test involving SEPT9 biomarker has been
prevalent for diagnostic method. It is possible for the SEPT9 biomarker
to reveal most part of CRCs in all phases and colorectal regions [95].

CtDNA is also utilized as prognostic biomarkers. A study by Lecomte
et al. investigated the mutations in KRAS gene and focused on the cy-
clin-dependent kinase inhibitor 2A hypermethylation within patients
who have CRC. Patients with no trace of ctDNA who have KRAS mu-
tations or CDKN2A gene promoter hypermethylation were shown to
have 100% possibility of 2-year survival rate. And this, in turn, in-
dicated the beneficial role as a prognostic biomarker of the ctDNA to
identify the recurrence of CRC within the patients [96]. A study by
Diehl et al. further demonstrates that patients who had evidence of
ctDNA had a relapse of disease within a year after surgery. This study
additionally indicated that high concentration of cfDNA and KRAS
mutants were evidences of the poor result for metastatic CRC patients
[97]. ctDNA's role as a predictive biomarker also exhibits many ben-
efits. A study by Diaz et al. examined whether KRAS mutant DNA is
seen within the CRC patients who were getting monotherapy with pa-
nitumumab. The result showed that for patients who were receiving the
treatment for the duration of 5–6months of time, 38% of mutations
were detected [98].

Liquid biopsy's most essential and prevalent application is tracking
of the response to certain therapies which are identified to have re-
sistance mechanisms. Liquid biopsy is able to avoid the difficulties
caused by repeated post-treatment cancer tissue sampling and also
show enhanced performance detection of treatment efficacy within
many tumor types. Liquid biopsy was demonstrated to be useful in
cancer patients when other implements of genomic analysis or repeated
tumor biopsy failed [99]. Schwarzenbach et al. conducted a study that
included 388 patients who had breast cancer prior to chemotherapy and
analyzed the LOH in a set of 8 genes [100]. Initially, finding of LOH
within ctDNA was first done by Nawroz et al. [101], and various stu-
dies have been done in other parts of the body. Schwarzenbach et al.'s
study revealed that increased LOH detection is related with the ag-
gressiveness of breast cancer. Also, ability of liquid biopsy to detect
ctDNA methylation is excellent tool to diagnose cancer patients
[95,96,102,103]. Another study revealed the correlation between the
ctDNA methylation and tumors among esophageal cancer patients
[104]. Similarly, taking consideration on studying PD-L1 expression on
CTCs in head and neck cancer, assessment of response to nivolumab or
pembrolizumab may affect prognostic results [105]. Studies have also
shown correlation between the amount of cfDNA and the progression of

Fig. 2. Liquid biopsy – circulating tumor DNA in blood and saliva.
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cancer. When studied the total of cfDNA in CRC patients during the
course of treatment, cfDNA was comparatively higher in the cancer
patients than those of the healthy individuals [84,106]. CtDNA, fur-
thermore, could be used to detect post-surgery residual disease that
emerge [107,108]. In other words, while treatments through surgery
can cure and remove major parts of the tumor, one cannot assure
whether the treatment worked for each and every patient. CtDNA can
serve as an effective marker to detect minimal residual disease which
may reoccur.

7.2. Saliva liquid biopsy

The holy grail of early detection of cancer is non-invasiveness and
saliva fulfills that. Saliva is a non-invasive biofluid that can be con-
veniently collected from cancer patients. Saliva is easily accessible and
can be indicative of systemic diseases. Therefore, it constitutes a pri-
mary fluid for monitoring current health status and for the advance-
ment of point-of-care medicine. Saliva liquid biopsy is a non-invasive
mean to detect and evaluate the features of cancer in an individual
[28]. Moreover, salivary liquid biomarkers enable real-time mon-
itoring of disease progression and therapeutic responses, initiating the
era of personalized medicine [90]. However, in oral cancer, the impact
of liquid biopsies in clinical settings is still limited, requiring further
studies to discover the best scenario for its clinical use. Tumors may
shed cellular material directly into saliva and may reflect pathological
changes that occur in distant organ [65]. Circulating markers such as
circulating tumor DNA (ctDNA), CTCs, and exosomal miRNAs arouse
interest as they opened a new path for new therapeutic methods [89].

CtDNAs of the two front line sensitizing mutations of epidermal
growth factor receptor (EGFR), L858R and exon 19del, were detected in
saliva of NSCLC patients in two blinded clinical studies with 96%
concordance with tissue/biopsy genotyping [48,109] marking the first
entry point of saliva liquid biopsy for late stages (III and IV) lung cancer
detection. Current technologies of digital droplet PCR (ddPCR) and next
generation sequencing (NGS), detect late stages lung cancer with ~80%
concordance in plasma.

The superior concordance/sensitivity of saliva liquid biopsy was
noted and is currently investigated for its mechanistic rationale,

translational and clinical utilities, regulatory evaluations and clinical
contexts of uses Fig. 3.

7.3. Current liquid biopsy platforms: ddPCR & NGS

Droplet digital PCR (ddPCR): ddPCR, is an assay utilized to precisely
quantify and determine nucleic acid sequences with mutations. The
PCR reactions are processed in microscopic scale, each reaction inside
isolated space or in water-oil droplets where each amplifying PCR re-
action takes place individually. A sample molecule can be fractionated
into millions of individual reactions, which enable the technique's ef-
ficiency. An example of advantage of ddPCR shows that utilizing the
ddPCR assay for a patient who possessed early stage breast cancer gave
detection sensitivity of 93.3% for tumor mutations [110]. While, uti-
lizing other technique of sequencing gene panel for a patient who
possessed a stage 1 non-small cell lung cancer showed ctDNA detection
sensitivity of 50% [111].

Next Generation Sequencing (NGS), utilizes the technique of im-
mobilizing DNA pieces in their process of synthesis, and reading their
sequence. NGS enables unlimited and enormous number of genes or
ctDNA to be efficiently sequenced and in a very short time. CtDNA
sequences produced could be compared with the DNA from the same
patient's non-disease sources, enabling the identification of changes in
the nucleotide of the affected genome compared to the unaffected
genome from the same subject/patient. NGS have been advanced to
detect gene fusions and other alterations inside the genome. Along with
ddPCR, NGS are the most prominent techniques in liquid biopsy.

7.4. Electric Field Induced Release and Measurement (EFIRM) in salivary
diagnosis

As the field of liquid biopsy pushes the boundaries of sensitivity in
detecting biomarkers, a point of inquiry is the appropriate workflow for
mutation detection in clinical settings. Apart from the ability to sensi-
tively identify biomarkers when they are in low abundance relative to
wild type DNA, factors such as clinical benefit, sample volume, test
turnaround time, and cost effectiveness play roles that must be con-
sidered. Electrochemical (EC) sensors have recently found impactful

Fig. 3. EFIRM core technology. A. Principle of hybridization and detection of ctDNA target by EFIRM. The electrochemical sensor is a conducting polymer-based
electrochemical biosensor. Paired probes (capture and detector) are designed for each specific target mutant sequences [116,117]. Cyclic square wave (csw)-E-field
is applied to induce molecular hybridization. (adapted from Wei et al. [48]. Reprinted with permission of the American Thoracic Society. Copyright (c) 2018
American Thoracic Society. Noninvasive saliva-based EGFR gene mutation detection in patients with lung cancer, Am J Respir Crit Care Med, 190 (2014) 1117–112.
The American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society). B. Steps in EFIRM assay: First, a nucleic acid
capture probe is immobilized on a gold electrode surface by means of a conducting polymer layer. After hybridization of target DNA sequences in biofluid samples, a
biotinylated detector probe that is complementary to the target sequence will be added and incubated. Following incubation of samples and nucleic acid probes, a
series of reporter agents are sequentially incubated: The first reporter agent is a streptavidin poly-HRP conjugate, followed by a biotinylated anti-Streptavidin
antibody, and finally a Streptavidin-PolyHRP80 conjugate. Each step of the assay requires wash-off using a standard buffer solution (SSC or PBS). Final assay
measurement occurs by adding a 3,3′,5,5′-tetramethylbenzidine (TMB) solution and recording oxidation-reduction reactions between HRP enzymes and TMB. The
signal readout for the assay is completed in 60 s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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entries in clinical cancer diagnostics [112–114]. The Wong lab at
UCLA has developed the “Electric Field Induced Release and Measure-
ment (EFIRM)” technology to specifically capture and monitor in saliva
key biomarkers in human cancer patients that can be treated with
molecular targeted therapies. The core technology is an electrochemical
platform integrating sensitive and specific multiplex assays, optimized
for proteomic, transcriptomic and genomic biomarkers in biofluids,
including 1) design of nucleic acid probe to specifically amplify elec-
trochemical signals from low number of targets (< 10 molecules)
without sample extraction and amplification [115,116]; 2) improve
the biocompatibility and probe surface density through conducting
polymer interface on electrode [117,118]; 3) facilitate and enhance
the process of incubation through electric waveform [48,115]. As
ctDNA and circulatory biomarkers are now known to be contained in
extracellular vesicles (EVs) particularly exosomes, not freely present in
the biofluid, the EFIRM technique is further capable to release mole-
cular contents from exosomes using an electric field and rapidly capture
the molecular contents present before degradation from constituents of
the extracellular biofluid micro-environment [119].

7.4.1. EFIRM liquid biopsy for EGFR mutations in saliva from Lung Cancer
patients

Epidermal growth factor receptor (EGFR), a cell membrane receptor
with tyrosine kinase activity, is expressed in patients with NSCLC and
plays an important role in cellular proliferation, inhibition of apoptosis,
angiogenesis, metastatic potential, and chemoresistance [120]. The
EGFR gene is mutated in the tyrosine kinase (TK) domain in 20% in
patients with NSCLC in western countries (50% in Asians) as frontline
sensitizing mutations at L858R and exon 19del [120]. These sensi-
tizing mutations are actionable/druggable by the first-generation tyr-
osine kinase inhibitor (TKI) erlotinib/genfitinib and more recently by
the third generation TKI osimertinib/ADZ9291 [121]. Knowledge of a
NSCLC patient's EGFR mutation status at these frontline sensitizing
mutations and subsequent TKI treatment will confer progression free
survival (PFS). The EFIRM technology detected signature oncogenic
EGFR mutations in saliva of NSCLC patients, in two blinded clinical
studies, with near perfect concordance with biopsy genotyping
(96–100%) [48,109]. In the first blinded study, the AUC for predicting
the two specific EGFRmutations in lung cancer patients, exon 19del and
L858R, were 0.94 and 0.96, respectively [48] (Fig. 4). In the second
blinded clinical study, using tumor tissue (surgery/biopsy) genotyping
as the gold standard, eLB correctly predicted both EGFR exon 19del and
L858R status for all 37 pre- and post- surgery/biopsy saliva NSCLC
samples (AUC=1.0) [109].

7.4.2. Exosomal oncogene for pancreatic cancer research by EFIRM in
saliva: EFIRM detection of exosome communication of pancreatic cancer-
associated exRNA in saliva

Exosomes are lipid microvesicles (30–100 nm) that are able to mi-
grate systemically through the vasculature of the body promoting in-
tercellular communication [122]. They reside in a multitude of bio-
fluids including urine, blood, breast milk, bronchial lavage fluid,
cerebral spinal fluids, and saliva (Fig. 5) [123–128]. Although the
mechanism is not clear yet, exosomes in body fluids are believed to be
closely related to cancer development. However, the current state for
exosomal oncogene research is limited by (1) low efficient exosome
capture method and (2) no real-time exosome assay.

In a pancreatic cancer animal model, EFIRM was utilized to examine
the biofluid compartments that connect the distal tumor (pancreatic
cancer), blood and saliva as well as conditioned media from Pan02 cells
by selectively capturing exosomes from the biofluids to test the hy-
pothesis that exosomes mediate the systemic dissemination of the
tumor-derived biological functions [129]. An exosome-specific EFIRM
technology was able to first selectively capture CD63 (exosomal specific
membrane protein marker) positive exosomes and then concurrently
perform real-time detection for nucleic acids and/or proteins. In this

study, EFIRM was able to capture exosomes from saliva, serum and
panc02 culture media. In addition, all of the 7 exRNAs were found in
exosomes derived from saliva, serum and also panc02 cells. Among
them, 6 of the 7 genes were found to be upregulated in both saliva and
serum-derived exosomes of tumor-bearing mice when compared to
control, while Foxp1 was found to be significantly upregulated in saliva-
derived exosomes, and Gng2 was found to be significantly upregulated
in serum-derived exosomes of tumor-bearing mice. Aside from whole
serum, tumor, tumor-derived exosomes, serum-derived exosomes,
saliva and saliva-derived exosomes all exhibited upregulation of most,
if not all, of the 7 validated pancreatic cancer specific salivary tran-
scriptomic biomarkers.

8. Concluding remarks and future perspectives

The symptoms of cancer are often not specific until advanced stages
of the disease. There is an urgent demand for developing rapid, highly
accurate and non-invasive tools for cancer screening, early detection,
diagnostics, staging and prognostics. Biofluid-based detection targeting
molecular biomarkers of cancers has gained great attentions in clinical
community due to its non-invasiveness, potential for early detection
through screening of patients at high risk, and validity for cancer
monitoring and management. Discovery of cancer-associated bio-
markers in biofluids has greatly been benefited from recent advances in
high-throughput technology of ‘omics’ analysis, which could allow
sensitive and reliable assessment of the level of molecular targets.
Plasma has been the primary choice of biofluid for apparent scientific
reasons, but other biofluids such as CSF, urine and saliva have been
explored for the feasibility in clinical use as a diagnostic matrix har-
boring cancer-associated biomarkers. The clinical validity of salivary
nucleic acids for the assessment of systemic diseases has lately been
demonstrated. This review overviews data reported in the recent lit-
erature and discusses the clinical significance and prospects for the
application of saliva in the early detection of cancer with the potential
for being advanced to translational and personalized medicine. Validity
of salivary diagnostics for the detection of cancers, can be successfully
correlated with clinical diagnosis and further investigated for use as
biomarkers of histological grading and clinical staging of the disease.

For the past years, tremendous efforts have been devoted for the
development of cancer-specific biomarkers based on ‘omics’ signatures.
Unfortunately, only a few cancer biomarkers have entered routine use.
Even fewer have been approved for population screening or diagnosis.
For the omics biomarker to be effective, the concentration should suf-
ficiently differentiate from normal during early disease stages and
should reflect the extent or severity of the disease. The heterogenous
complexity of the pathological state of cancer poses tremendous chal-
lenges for the clinical utilization of omics biomarkers, and the various
omics technologies still bear technical issues of reproducibility and a
high false positive rate. Recently, liquid biopsy on circulating cell free
DNA with cancer-associated genomic mutations has become a great
interest in cancer detection. There are some inherent issues on the
clinical validity of ctDNA-based liquid biopsy to be used for general
screening purposes, such as the inability to locate the anatomical origin
of ctDNA. Nonetheless, targeting ctDNA with the specificity and sen-
sitivity of detection being measured in binary readouts (presence or
absence) could be advantageous over any kinds of omics biomarkers
relying on differential levels of target molecules.

To achieve sufficient power in clinical performance and avoid de-
tection of false positives, it is imperative to have a highly sensitive and
specific detection platform for ctDNA-based LB. Current practice of LB
primarily relies on PCR-based or NGS-based analysis. NGS-based ap-
proach has clear advantages including the ability for whole-genome
wide profiling of associated mutations, but at the same time it still
presents some technical and practical hurdles to be overcome for clin-
ical utilization in clinics, such as required sample processing time,
dedicated data analysis, and lack of point-of-care capability, etc.
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Fig. 4. National Cheng Kung University Hospital in
Taiwan (NCKUH): Blinded and randomized detection
of EGFR mutations in saliva using EFIRM. The re-
ceiver operating characteristic curves for detecting
the exon 19 delection [AUC=0.94, 95% CI, 0.82–1]
and the L858R mutation [AUC=0.96, 95% CI,
0.9–1]. (adapted from Wei et al. [48]. Reprinted
with permission of the American Thoracic Society.
Copyright (c) 2018 American Thoracic Society.
Noninvasive saliva-based EGFR gene mutation de-
tection in patients with lung cancer, Am J Respir Crit
Care Med, 190 (2014) 1117–112. The American
Journal of Respiratory and Critical Care Medicine is
an official journal of the American Thoracic Society).

Fig. 5. Proposed route for cancer-derived exosomes from distal tumors to saliva. Exosome transfer from distal tumor through circulation to salivary glands. Two types
of exosomes carrying cancer-derived content are released to saliva, either through exocytosis (cancer-derived exosomes) or the cellular plasma membrane fusion with
multivesicular bodies (acinus-derived exosomes).
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An emerging technology platform with reliable, robust and superior
clinical performance in detecting ctDNA will be greatly beneficial to LB-
based cancer detection. Current study shows EFIRM's capability out-
performing PCR-based or NGS-based LB and EFIRM's superior perfor-
mance in detecting ctDNA is due to a 25-fold higher sensitivity than
current technology of ddPCR and the presence of ultrashort fragments
of ctDNA in biofluids (Li et al., manuscript in preparation). Scientific
rationale for saliva as credible biofluid for cancer detection must be
determined. It is imperative to elucidate biological mechanism for the
presence of salivary biomarkers associated with cancer and mechanistic
details on the distribution of cancer-origin biomolecules into saliva.
Recent studies have evidenced the role of exosomes in systemic dis-
tribution of disease-specific biomolecules including cancer-specific
biomarkers. Quite a few studies have demonstrated exosomal associa-
tion of salivary biomarkers, which demonstrate the potential role of
exosome as a cargo for the transfer of salivary biomarkers from sys-
temic disease including cancer at a remote anatomical site [130,131].
A study has also demonstrated exosomal transfer of cancer-origin bio-
markers into saliva using animal model of pancreatic cancer [129].
However, more study is needed to advance our understanding on the
biogenesis and biodistribution of exosomal biomarkers into saliva.
Currently, it still remains to be addressed what the roles of the salivary
glands are in this process and if cancer-origin biomarkers are further
processed and presented in saliva. It is also intriguing to study if exo-
somal cancer biomarkers in saliva have any physiological downstream
effects. It has been shown that saliva exosomes from tumor-bearing
mice modulate immune cell phenotype and anti-tumor cytotoxicity
[132]. This finding reveals an important and previously unknown
mechanism of antitumor immune regulation and provides new insights
into our understanding of the alterations of saliva and salivary exo-
somes during tumor development.

Acknowledgment

This work was supported by the Public Health Service (PHS) grants
from the National Institutes of Health (NIH): UH3 TR000923.

Conflicts of interests

David Wong is co-founder of RNAmeTRIX Inc., a molecular diag-
nostic company. He holds equity in RNAmeTRIX and serves as a com-
pany Director and Scientific Advisor. The University of California also
holds equity in RNAmeTRIX. Intellectual property that David Wong
invented, and which was patented by the University of California has
been licensed to RNAmeTRIX. David Wong is consultant to
GlaxoSmithKlein, PeriRx, Wrigley and Colgate-Palmolive.

References

[1] M. Tiwari, Science behind human saliva, J Nat Sci Biol Med 2 (2011) 53–58.
[2] S.P. Humphrey, R.T. Williamson, A review of saliva: normal composition, flow,

and function, J. Prosthet. Dent. 85 (2001) 162–169.
[3] Y.H. Lee, D.T. Wong, Saliva: an emerging biofluid for early detection of diseases,

Am. J. Dent. 22 (2009) 241–248.
[4] J. Liu, Y. Duan, Saliva: a potential media for disease diagnostics and monitoring,

Oral Oncol. 48 (2012) 569–577.
[5] N. Spielmann, D.T. Wong, Saliva: diagnostics and therapeutic perspectives, Oral

Dis. 17 (2011) 345–354.
[6] J.M. Yoshizawa, C.A. Schafer, J.J. Schafer, J.J. Farrell, B.J. Paster, D.T. Wong,

Salivary biomarkers: toward future clinical and diagnostic utilities, Clin.
Microbiol. Rev. 26 (2013) 781–791.

[7] S. Al Kawas, Z.H. Rahim, D.B. Ferguson, Potential uses of human salivary protein
and peptide analysis in the diagnosis of disease, Arch. Oral Biol. 57 (2012) 1–9.

[8] D.T. Wong, Towards a simple, saliva-based test for the detection of oral cancer
'oral fluid (saliva), which is the mirror of the body, is a perfect medium to be
explored for health and disease surveillance, Expert. Rev. Mol. Diagn. (6) (2006)
267–272.

[9] O. Amano, K. Mizobe, Y. Bando, K. Sakiyama, Anatomy and histology of rodent
and human major salivary glands: -overview of the Japan salivary gland society-
sponsored workshop, Acta Histochem. Cytochem. 45 (2012) 241–250.

[10] H. Mese, R. Matsuo, Salivary secretion, taste and hyposalivation, J. Oral Rehabil.

34 (2007) 711–723.
[11] N.P. Walsh, J.C. Montague, N. Callow, A.V. Rowlands, Saliva flow rate, total

protein concentration and osmolality as potential markers of whole body hydra-
tion status during progressive acute dehydration in humans, Arch. Oral Biol. 49
(2004) 149–154.

[12] C. Dawes, A.M. Pedersen, A. Villa, J. Ekstrom, G.B. Proctor, A. Vissink,
D. Aframian, R. McGowan, A. Aliko, N. Narayana, Y.W. Sia, R.K. Joshi,
S.B. Jensen, A.R. Kerr, A. Wolff, The functions of human saliva: a review sponsored
by the world workshop on Oral medicine VI, Arch. Oral Biol. 60 (2015) 863–874.

[13] L.A. Tabak, In defense of the oral cavity: structure, biosynthesis, and function of
salivary mucins, Annu. Rev. Physiol. 57 (1995) 547–564.

[14] A. Bardow, D. Moe, B. Nyvad, B. Nauntofte, The buffer capacity and buffer systems
of human whole saliva measured without loss of CO2, Arch. Oral Biol. 45 (2000)
1–12.

[15] J. Kivela, S. Parkkila, A.K. Parkkila, J. Leinonen, H. Rajaniemi, Salivary carbonic
anhydrase isoenzyme VI, J. Physiol. 520 (Pt 2) (1999) 315–320.

[16] D. Malamud, W.R. Abrams, C.A. Barber, D. Weissman, M. Rehtanz, E. Golub,
Antiviral activities in human saliva, Adv. Dent. Res. 23 (2011) 34–37.

[17] T.K. Fabian, P. Hermann, A. Beck, P. Fejerdy, G. Fabian, Salivary defense proteins:
their network and role in innate and acquired oral immunity, Int. J. Mol. Sci. 13
(2012) 4295–4320.

[18] G.K. Stookey, The effect of saliva on dental caries, J. Am. Dent. Assoc., 139 Suppl
(2008) 11S–17S.

[19] J.W. Woolnough, A.R. Bird, J.A. Monro, C.S. Brennan, The effect of a brief salivary
alpha-amylase exposure during chewing on subsequent in vitro starch digestion
curve profiles, Int. J. Mol. Sci. 11 (2010) 2780–2790.

[20] S. Chiappin, G. Antonelli, R. Gatti, E.F. De Palo, Saliva specimen: a new laboratory
tool for diagnostic and basic investigation, Clin. Chim. Acta 383 (2007) 30–40.

[21] E. Roussa, Channels and transporters in salivary glands, Cell Tissue Res. 343
(2011) 263–287.

[22] R. Haeckel, P. Hanecke, Application of saliva for drug monitoring. An in vivo
model for transmembrane transport, Eur. J. Clin. Chem. Clin. Biochem. 34 (1996)
171–191.

[23] G.H. Carpenter, G.B. Proctor, L.C. Anderson, X.S. Zhang, J.R. Garrett,
Immunoglobulin a secretion into saliva during dual sympathetic and para-
sympathetic nerve stimulation of rat submandibular glands, Exp. Physiol. 85
(2000) 281–286.

[24] T. Pfaffe, J. Cooper-White, P. Beyerlein, K. Kostner, C. Punyadeera, Diagnostic
potential of saliva: current state and future applications, Clin. Chem. 57 (2011)
675–687.

[25] I.B. Lamster, J.K. Ahlo, Analysis of gingival crevicular fluid as applied to the di-
agnosis of oral and systemic diseases, Ann. N. Y. Acad. Sci. 1098 (2007) 216–229.

[26] N.J. Park, Y. Li, T. Yu, B.M. Brinkman, D.T. Wong, Characterization of RNA in
saliva, Clin. Chem. 52 (2006) 988–994.

[27] C.A. Schafer, J.J. Schafer, M. Yakob, P. Lima, P. Camargo, D.T. Wong, Saliva di-
agnostics: utilizing oral fluids to determine health status, Monogr. Oral Sci. 24
(2014) 88–98.

[28] K. Aro, F. Wei, D.T. Wong, M. Tu, Saliva liquid biopsy for point-of-care applica-
tions, Front. Public Health 5 (2017) 77.

[29] C.Z. Zhang, X.Q. Cheng, J.Y. Li, P. Zhang, P. Yi, X. Xu, X.D. Zhou, Saliva in the
diagnosis of diseases, Int J Oral Sci 8 (2016) 133–137.

[30] X. Wang, K.E. Kaczor-Urbanowicz, D.T. Wong, Salivary biomarkers in cancer de-
tection, Med. Oncol. 34 (2017) 7.

[31] K.E. Kaczor-Urbanowicz, Y. Kim, F. Li, T. Galeev, R.R. Kitchen, K. Koyano,
S.H. Jeong, X. Wang, D. Elashoff, S.Y. Kang, S.M. Kim, K. Kim, S. Kim, D. Chia,
X. Xiao, J. Rozowsky, D.T.W. Wong, Novel approaches for bioinformatic analysis
of salivary RNA sequencing data in the biomarker development process,
Bioinformatics 34 (1) (2018 Jan 1) 1–8.

[32] K.E. Kaczor-Urbanowicz, O. Deutsch, B. Zaks, G. Krief, S. Chaushu, A. Palmon,
Identification of salivary protein biomarkers for orthodontically induced in-
flammatory root resorption, Proteomics Clin. Appl. 11 (2017).

[33] A. Zhang, H. Sun, X. Wang, Saliva metabolomics opens door to biomarker dis-
covery, disease diagnosis, and treatment, Appl. Biochem. Biotechnol. 168 (2012)
1718–1727.

[34] G.J. Patti, O. Yanes, G. Siuzdak, Innovation: metabolomics: the apogee of the
omics trilogy, Nat. Rev. Mol. Cell Biol. 13 (2012) 263–269.

[35] M. Sugimoto, D.T. Wong, A. Hirayama, T. Soga, M. Tomita, Capillary electro-
phoresis mass spectrometry-based saliva metabolomics identified oral, breast and
pancreatic cancer-specific profiles, Metabolomics 6 (2010) 78–95.

[36] J. Wei, G. Xie, Z. Zhou, P. Shi, Y. Qiu, X. Zheng, T. Chen, M. Su, A. Zhao, W. Jia,
Salivary metabolite signatures of oral cancer and leukoplakia, Int. J. Cancer 129
(2011) 2207–2217.

[37] S.K. Yan, B.J. Wei, Z.Y. Lin, Y. Yang, Z.T. Zhou, W.D. Zhang, A metabonomic
approach to the diagnosis of oral squamous cell carcinoma, oral lichen planus and
oral leukoplakia, Oral Oncol. 44 (2008) 477–483.

[38] S.J. Hooper, M.J. Wilson, S.J. Crean, Exploring the link between microorganisms
and oral cancer: a systematic review of the literature, Head Neck 31 (2009)
1228–1239.

[39] B.L. Schmidt, J. Kuczynski, A. Bhattacharya, B. Huey, P.M. Corby, E.L. Queiroz,
K. Nightingale, A.R. Kerr, M.D. DeLacure, R. Veeramachaneni, A.B. Olshen,
D.G. Albertson, T. Muy-Teck, Changes in abundance of oral microbiota associated
with oral cancer, PLoS One 9 (2014) e98741.

[40] H. Xiao, L. Zhang, H. Zhou, J.M. Lee, E.B. Garon, D.T. Wong, Proteomic analysis of
human saliva from lung cancer patients using two-dimensional difference gel
electrophoresis and mass spectrometry, Mol. Cell. Proteomics 11 (2012) (M111
012112).

K.E. Kaczor-Urbanowicz, et al. BBA - Reviews on Cancer 1872 (2019) 49–59

57

http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0005
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0010
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0010
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0015
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0015
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0020
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0020
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0025
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0025
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0030
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0030
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0030
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0035
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0035
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0040
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0040
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0040
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0040
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0045
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0045
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0045
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0050
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0050
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0055
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0055
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0055
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0055
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0060
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0060
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0060
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0060
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0065
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0065
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0070
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0070
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0070
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0075
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0075
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0080
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0080
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0085
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0085
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0085
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0090
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0090
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0090
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0095
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0095
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0100
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0100
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0105
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0105
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0105
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0110
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0110
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0110
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0110
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0115
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0115
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0115
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0120
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0120
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0125
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0125
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0130
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0130
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0130
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0135
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0135
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0140
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0140
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0145
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0145
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0150
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0150
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0150
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0150
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0150
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0155
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0155
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0155
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0160
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0160
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0160
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0165
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0165
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0170
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0170
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0170
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0175
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0175
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0175
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0180
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0180
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0180
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0185
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0185
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0185
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0190
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0190
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0190
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0190
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0195
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0195
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0195
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0195


[41] S. Gao, L.Y. Chen, P. Wang, L.M. Liu, Z. Chen, MicroRNA expression in salivary
supernatant of patients with pancreatic cancer and its relationship with ZHENG,
Biomed. Res. Int. 2014 (2014) 756347.

[42] Z. Xie, X. Yin, B. Gong, W. Nie, B. Wu, X. Zhang, J. Huang, P. Zhang, Z. Zhou, Z. Li,
Salivary microRNAs show potential as a noninvasive biomarker for detecting re-
sectable pancreatic cancer, Cancer Prev. Res. (Phila.) 8 (2015) 165–173.

[43] J.J. Farrell, L. Zhang, H. Zhou, D. Chia, D. Elashoff, D. Akin, B.J. Paster,
K. Joshipura, D.T. Wong, Variations of oral microbiota are associated with pan-
creatic diseases including pancreatic cancer, Gut 61 (2012) 582–588.

[44] P.J. Torres, E.M. Fletcher, S.M. Gibbons, M. Bouvet, K.S. Doran, S.T. Kelley,
Characterization of the salivary microbiome in patients with pancreatic cancer,
PeerJ 3 (2015) e1373.

[45] F. Laidi, A. Bouziane, A. Lakhdar, S. Khabouze, M. Amrani, B. Rhrab, F. Zaoui,
Significant correlation between salivary and serum ca 15-3 in healthy women and
breast cancer patients, Asian Pac. J. Cancer Prev. 15 (2014) 4659–4662.

[46] N. Wood, C.F. Streckfus, The expression of lung resistance protein in saliva: a
novel prognostic Indicator protein for carcinoma of the breast, Cancer Investig. 33
(2015) 510–515.

[47] H. Xiao, Y. Zhang, Y. Kim, S. Kim, J.J. Kim, K.M. Kim, J. Yoshizawa, L.Y. Fan,
C.X. Cao, D.T. Wong, Differential proteomic analysis of human saliva using
tandem mass tags quantification for gastric Cancer detection, Sci. Rep. 6 (2016)
22165.

[48] F. Wei, C.C. Lin, A. Joon, Z. Feng, G. Troche, M.E. Lira, D. Chia, M. Mao, C.L. Ho,
W.C. Su, D.T. Wong, Noninvasive saliva-based EGFR gene mutation detection in
patients with lung cancer, Am. J. Respir. Crit. Care Med. 190 (2014) 1117–1126.

[49] L. Zhang, H. Xiao, H. Zhou, S. Santiago, J.M. Lee, E.B. Garon, J. Yang,
O. Brinkmann, X. Yan, D. Akin, D. Chia, D. Elashoff, N.H. Park, D.T.W. Wong,
Development of transcriptomic biomarker signature in human saliva to detect lung
cancer, Cell. Mol. Life Sci. 69 (2012) 3341–3350.

[50] R. Guerrero-Preston, E. Soudry, J. Acero, M. Orera, L. Moreno-Lopez, G. Macia-
Colon, A. Jaffe, M. Berdasco, C. Ili-Gangas, P. Brebi-Mieville, Y. Fu, C. Engstrom,
R.A. Irizarry, M. Esteller, W. Westra, W. Koch, J. Califano, D. Sidransky, NID2 and
HOXA9 promoter hypermethylation as biomarkers for prevention and early de-
tection in oral cavity squamous cell carcinoma tissues and saliva, Cancer Prev. Res.
(Phila.) 4 (2011) 1061–1072.

[51] N.J. Park, H. Zhou, D. Elashoff, B.S. Henson, D.A. Kastratovic, E. Abemayor,
D.T. Wong, Salivary microRNA: discovery, characterization, and clinical utility for
oral cancer detection, Clin. Cancer Res. 15 (2009) 5473–5477.

[52] C.J. Liu, S.C. Lin, C.C. Yang, H.W. Cheng, K.W. Chang, Exploiting salivary miR-31
as a clinical biomarker of oral squamous cell carcinoma, Head Neck 34 (2012)
219–224.

[53] Y. Li, M.A. St John, X. Zhou, Y. Kim, U. Sinha, R.C. Jordan, D. Eisele, E. Abemayor,
D. Elashoff, N.H. Park, D.T. Wong, Salivary transcriptome diagnostics for oral
cancer detection, Clin. Cancer Res. 10 (2004) 8442–8450.

[54] J. Horvath, A. Szabo, I. Tar, B. Dezso, C. Kiss, I. Marton, B. Scholtz, Oral health
may affect the performance of mRNA-based saliva biomarkers for Oral squamous
cell Cancer, Pathol. Oncol. Res. 24 (4) (2018 Oct) 833–842.

[55] D.T. Wong, Salivary diagnostics, Oper. Dent. 37 (2012) 562–570.
[56] S. Aziz, S.S. Ahmed, A. Ali, F.A. Khan, G. Zulfiqar, J. Iqbal, A.A. Khan, M. Shoaib,

Salivary immunosuppressive cytokines IL-10 and IL-13 are significantly elevated
in Oral squamous cell carcinoma patients, Cancer Investig. 33 (2015) 318–328.

[57] M. Yuvaraj, K. Udayakumar, V. Jayanth, A. Prakasa Rao, G. Bharanidharan,
D. Koteeswaran, B.D. Munusamy, C. Murali Krishna, S. Ganesan, Fluorescence
spectroscopic characterization of salivary metabolites of oral cancer patients, J.
Photochem. Photobiol. B 130 (2014) 153–160.

[58] L.M. Arantes, A.C. de Carvalho, M.E. Melendez, A.L. Carvalho, E.M. Goloni-
Bertollo, Methylation as a biomarker for head and neck cancer, Oral Oncol. 50
(2014) 587–592.

[59] K. Dhanuthai, S. Rojanawatsirivej, W. Thosaporn, S. Kintarak, A. Subarnbhesaj,
M. Darling, E. Kryshtalskyj, C.P. Chiang, H.I. Shin, S.Y. Choi, S.S. Lee,
P. Aminishakib, Oral cancer: A multicenter study, Med. Oral Patol. Oral Cir. Bucal.
23 (2018) e23–e29.

[60] L.G. Marcu, E. Yeoh, A review of risk factors and genetic alterations in head and
neck carcinogenesis and implications for current and future approaches to treat-
ment, J. Cancer Res. Clin. Oncol. 135 (2009) 1303–1314.

[61] C.R. Leemans, B.J. Braakhuis, R.H. Brakenhoff, The molecular biology of head and
neck cancer, Nat. Rev. Cancer 11 (2011) 9–22.

[62] J.J. Yao, L. Lin, Y.N. Jin, S.Y. Wang, W.J. Zhang, F. Zhang, G.Q. Zhou, Z.B. Cheng,
Z.Y. Qi, Y. Sun, Prognostic value of serum Epstein-Barr virus antibodies in patients
with nasopharyngeal carcinoma and undetectable pretreatment Epstein-Barr virus
DNA, Cancer Sci. 108 (2017) 1640–1647.

[63] K.K. Ang, J. Harris, R. Wheeler, R. Weber, D.I. Rosenthal, P.F. Nguyen-Tan,
W.H. Westra, C.H. Chung, R.C. Jordan, C. Lu, H. Kim, R. Axelrod, C.C. Silverman,
K.P. Redmond, M.L. Gillison, Human papillomavirus and survival of patients with
oropharyngeal cancer, N. Engl. J. Med. 363 (2010) 24–35.

[64] L.G. Marcu, P. Reid, E. Bezak, The promise of novel biomarkers for head and neck
Cancer from an imaging perspective, Int. J. Mol. Sci. 19 (2018).

[65] L. Arantes, A.C. De Carvalho, M.E. Melendez, A. Lopes Carvalho, Serum, plasma
and saliva biomarkers for head and neck cancer, Expert. Rev. Mol. Diagn. 18
(2018) 85–112.

[66] Y. Wang, S. Springer, C.L. Mulvey, N. Silliman, J. Schaefer, M. Sausen, N. James,
E.M. Rettig, T. Guo, C.R. Pickering, J.A. Bishop, C.H. Chung, J.A. Califano,
D.W. Eisele, C. Fakhry, C.G. Gourin, P.K. Ha, H. Kang, A. Kiess, W.M. Koch,
J.N. Myers, H. Quon, J.D. Richmon, D. Sidransky, R.P. Tufano, W.H. Westra,
C. Bettegowda, L.A. Diaz Jr., N. Papadopoulos, K.W. Kinzler, B. Vogelstein,
N. Agrawal, Detection of somatic mutations and HPV in the saliva and plasma of

patients with head and neck squamous cell carcinomas, Sci. Transl. Med. 7 (2015)
293ra104.

[67] D.A. Ovchinnikov, M.A. Cooper, P. Pandit, W.B. Coman, J.J. Cooper-White,
P. Keith, E.J. Wolvetang, P.D. Slowey, C. Punyadeera, Tumor-suppressor gene
promoter Hypermethylation in saliva of head and neck Cancer patients, Transl.
Oncol. 5 (2012) 321–326.

[68] S. Demokan, X. Chang, A. Chuang, W.K. Mydlarz, J. Kaur, P. Huang, Z. Khan,
T. Khan, K.L. Ostrow, M. Brait, M.O. Hoque, N.J. Liegeois, D. Sidransky, W. Koch,
J.A. Califano, KIF1A and EDNRB are differentially methylated in primary HNSCC
and salivary rinses, Int. J. Cancer 127 (2010) 2351–2359.

[69] K.M. Pattani, Z. Zhang, S. Demokan, C. Glazer, M. Loyo, S. Goodman,
D. Sidransky, F. Bermudez, G. Jean-Charles, T. McCaffrey, T. Padhya, J. Phelan,
S. Spivakovsky, H.Y. Bowne, J.D. Goldberg, L. Rolnitzky, M. Robbins, A.R. Kerr,
D. Sirois, J.A. Califano, Endothelin receptor type B gene promoter hypermethy-
lation in salivary rinses is independently associated with risk of oral cavity cancer
and premalignancy, Cancer Prev. Res. (Phila.) 3 (2010) 1093–1103.

[70] M.M. Rettori, A.C. de Carvalho, A.L. Bomfim Longo, C.Z. de Oliveira,
L.P. Kowalski, A.L. Carvalho, A.L. Vettore, Prognostic significance of TIMP3 hy-
permethylation in post-treatment salivary rinse from head and neck squamous cell
carcinoma patients, Carcinogenesis 34 (2013) 20–27.

[71] C. Salazar, R. Nagadia, P. Pandit, J. Cooper-White, N. Banerjee, N. Dimitrova,
W.B. Coman, C. Punyadeera, A novel saliva-based microRNA biomarker panel to
detect head and neck cancers, Cell Oncol (Dordr) 37 (2014) 331–338.

[72] M.B. Duz, O.F. Karatas, E. Guzel, N.F. Turgut, M. Yilmaz, C.J. Creighton, M. Ozen,
Identification of miR-139-5p as a saliva biomarker for tongue squamous cell car-
cinoma: a pilot study, Cell Oncol (Dordr) 39 (2016) 187–193.

[73] J. Bu, X. Bu, B. Liu, F. Chen, P. Chen, Increased expression of tissue/salivary
Transgelin mRNA predicts poor prognosis in patients with Oral squamous cell
carcinoma (OSCC), Med. Sci. Monit. 21 (2015) 2275–2281.

[74] H. Tang, Z. Wu, J. Zhang, B. Su, Salivary lncRNA as a potential marker for oral
squamous cell carcinoma diagnosis, Mol. Med. Rep. 7 (2013) 761–766.

[75] E. Allegra, S. Trapasso, A. La Boria, T. Aragona, D. Pisani, A. Belfiore, A. Garozzo,
Prognostic role of salivary CD44sol levels in the follow-up of laryngeal carci-
nomas, J. Oral. Pathol. Med. 43 (2014) 276–281.

[76] J.S. Yu, Y.T. Chen, W.F. Chiang, Y.C. Hsiao, L.J. Chu, L.C. See, C.S. Wu, H.T. Tu,
H.W. Chen, C.C. Chen, W.C. Liao, Y.T. Chang, C.C. Wu, C.Y. Lin, S.Y. Liu,
S.T. Chiou, S.L. Chia, K.P. Chang, C.Y. Chien, S.W. Chang, C.J. Chang, J.D. Young,
C.C. Pao, Y.S. Chang, L.H. Hartwell, Saliva protein biomarkers to detect oral
squamous cell carcinoma in a high-risk population in Taiwan, Proc. Natl. Acad.
Sci. U. S. A. 113 (2016) 11549–11554.

[77] C.C. Wu, H.W. Chu, C.W. Hsu, K.P. Chang, H.P. Liu, Saliva proteome profiling
reveals potential salivary biomarkers for detection of oral cavity squamous cell
carcinoma, Proteomics 15 (2015) 3394–3404.

[78] M. Stroun, J. Lyautey, C. Lederrey, A. Olson-Sand, P. Anker, About the possible
origin and mechanism of circulating DNA apoptosis and active DNA release, Clin
Chim Acta 313 (2001) 139–142.

[79] P. Mandel, P. Metais, Not Available, C. R. Seances Soc. Biol. Fil. 142 (1948)
241–243.

[80] S.A. Leon, B. Shapiro, D.M. Sklaroff, M.J. Yaros, Free DNA in the serum of cancer
patients and the effect of therapy, Cancer Res. 37 (1977) 646–650.

[81] S. Jahr, H. Hentze, S. Englisch, D. Hardt, F.O. Fackelmayer, R.D. Hesch,
R. Knippers, DNA fragments in the blood plasma of cancer patients: quantitations
and evidence for their origin from apoptotic and necrotic cells, Cancer Res. 61
(2001) 1659–1665.

[82] K.C. Chan, J. Zhang, A.B. Hui, N. Wong, T.K. Lau, T.N. Leung, K.W. Lo,
D.W. Huang, Y.M. Lo, Size distributions of maternal and fetal DNA in maternal
plasma, Clin. Chem. 50 (2004) 88–92.

[83] F. Mouliere, B. Robert, E. Arnau Peyrotte, M. Del Rio, M. Ychou, F. Molina,
C. Gongora, A.R. Thierry, High fragmentation characterizes tumour-derived cir-
culating DNA, PLoS One 6 (2011) e23418.

[84] E. Heitzer, P. Ulz, J. Belic, S. Gutschi, F. Quehenberger, K. Fischereder,
T. Benezeder, M. Auer, C. Pischler, S. Mannweiler, M. Pichler, F. Eisner,
M. Haeusler, S. Riethdorf, K. Pantel, H. Samonigg, G. Hoefler, H. Augustin,
J.B. Geigl, M.R. Speicher, Tumor-associated copy number changes in the circula-
tion of patients with prostate cancer identified through whole-genome sequencing,
Genome Med 5 (2013) 30.

[85] S.J. Dawson, D.W. Tsui, M. Murtaza, H. Biggs, O.M. Rueda, S.F. Chin,
M.J. Dunning, D. Gale, T. Forshew, B. Mahler-Araujo, S. Rajan, S. Humphray,
J. Becq, D. Halsall, M. Wallis, D. Bentley, C. Caldas, N. Rosenfeld, Analysis of
circulating tumor DNA to monitor metastatic breast cancer, N. Engl. J. Med. 368
(2013) 1199–1209.

[86] R.B. Corcoran, B.A. Chabner, Application of cell-free DNA analysis to Cancer
treatment, N. Engl. J. Med. 379 (2018) 1754–1765.

[87] J.D. Merker, G.R. Oxnard, C. Compton, M. Diehn, P. Hurley, A.J. Lazar,
N. Lindeman, C.M. Lockwood, A.J. Rai, R.L. Schilsky, A.M. Tsimberidou,
P. Vasalos, B.L. Billman, T.K. Oliver, S.S. Bruinooge, D.F. Hayes, N.C. Turner,
Circulating tumor DNA analysis in patients with Cancer: American Society of
Clinical Oncology and College of American Pathologists Joint Review, J. Clin.
Oncol. 36 (2018) 1631–1641.

[88] Y.I. Elshimali, H. Khaddour, M. Sarkissyan, Y. Wu, J.V. Vadgama, The clinical
utilization of circulating cell free DNA (CCFDNA) in blood of cancer patients, Int.
J. Mol. Sci. 14 (2013) 18925–18958.

[89] T. Nonaka, D.T.W. Wong, Liquid biopsy in head and neck Cancer: promises and
challenges, J. Dent. Res. 97 (2018) 701–708.

[90] F. Lousada-Fernandez, O. Rapado-Gonzalez, J.L. Lopez-Cedrun, R. Lopez-Lopez,
L. Muinelo-Romay, M.M. Suarez-Cunqueiro, Liquid biopsy in Oral Cancer, Int. J.

K.E. Kaczor-Urbanowicz, et al. BBA - Reviews on Cancer 1872 (2019) 49–59

58

http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0200
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0200
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0200
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0205
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0205
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0205
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0210
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0210
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0210
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0215
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0215
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0215
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0220
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0220
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0220
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0225
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0225
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0225
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0230
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0230
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0230
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0230
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0235
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0235
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0235
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0240
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0240
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0240
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0240
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0245
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0245
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0245
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0245
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0245
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0245
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0250
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0250
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0250
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0255
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0255
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0255
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0260
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0260
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0260
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0265
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0265
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0265
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0270
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0275
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0275
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0275
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0280
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0280
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0280
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0280
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0285
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0285
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0285
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0290
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0290
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0290
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0290
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0295
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0295
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0295
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0300
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0300
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0305
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0305
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0305
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0305
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0310
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0310
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0310
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0310
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0315
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0315
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0320
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0320
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0320
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0325
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0330
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0330
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0330
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0330
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0335
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0335
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0335
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0335
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0340
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0340
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0340
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0340
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0340
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0340
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0345
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0345
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0345
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0345
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0350
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0350
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0350
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0355
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0355
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0355
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0360
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0360
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0360
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0365
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0365
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0370
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0370
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0370
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0375
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0375
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0375
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0375
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0375
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0375
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0380
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0380
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0380
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0385
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0385
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0385
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0390
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0390
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0395
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0395
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0400
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0400
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0400
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0400
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0405
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0405
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0405
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0410
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0410
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0410
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0415
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0415
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0415
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0415
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0415
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0415
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0420
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0420
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0420
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0420
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0420
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0425
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0425
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0430
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0430
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0430
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0430
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0430
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0430
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0435
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0435
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0435
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0440
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0440
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0445
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0445


Mol. Sci. 19 (2018).
[91] M.E. Spector, J.L. Farlow, C.T. Haring, J.C. Brenner, A.C. Birkeland, The potential

for liquid biopsies in head and neck cancer, Discov. Med. 25 (2018) 251–257.
[92] K.C.A. Chan, J.K.S. Woo, A. King, B.C.Y. Zee, W.K.J. Lam, S.L. Chan, S.W.I. Chu,

C. Mak, I.O.L. Tse, S.Y.M. Leung, G. Chan, E.P. Hui, B.B.Y. Ma, R.W.K. Chiu,
S.F. Leung, A.C. van Hasselt, A.T.C. Chan, Y.M.D. Lo, Analysis of plasma Epstein-
Barr virus DNA to screen for nasopharyngeal Cancer, N. Engl. J. Med. 377 (2017)
513–522.

[93] V. Kloten, N. Ruchel, N.O. Bruchle, J. Gasthaus, N. Freudenmacher, F. Steib,
J. Mijnes, J. Eschenbruch, M. Binnebosel, R. Knuchel, E. Dahl, Liquid biopsy in
colon cancer: comparison of different circulating DNA extraction systems fol-
lowing absolute quantification of KRAS mutations using Intplex allele-specific
PCR, Oncotarget 8 (2017) 86253–86263.

[94] D.J. McBride, A.K. Orpana, C. Sotiriou, H. Joensuu, P.J. Stephens, L.J. Mudie,
E. Hamalainen, L.A. Stebbings, L.C. Andersson, A.M. Flanagan, V. Durbecq,
M. Ignatiadis, O. Kallioniemi, C.A. Heckman, K. Alitalo, H. Edgren, P.A. Futreal,
M.R. Stratton, P.J. Campbell, Use of cancer-specific genomic rearrangements to
quantify disease burden in plasma from patients with solid tumors, Genes
Chromosom. Cancer 49 (2010) 1062–1069.

[95] T.R. Church, M. Wandell, C. Lofton-Day, S.J. Mongin, M. Burger, S.R. Payne,
E. Castanos-Velez, B.A. Blumenstein, T. Rosch, N. Osborn, D. Snover, R.W. Day,
D.F. Ransohoff, I. Presept Clinical, Study steering committee, T. study, prospective
evaluation of methylated SEPT9 in plasma for detection of asymptomatic color-
ectal cancer, Gut 63 (2014) 317–325.

[96] T. Lecomte, A. Berger, F. Zinzindohoue, S. Micard, B. Landi, H. Blons, P. Beaune,
P.H. Cugnenc, P. Laurent-Puig, Detection of free-circulating tumor-associated DNA
in plasma of colorectal cancer patients and its association with prognosis, Int. J.
Cancer 100 (2002) 542–548.

[97] K.L. Spindler, N. Pallisgaard, I. Vogelius, A. Jakobsen, Quantitative cell-free DNA,
KRAS, and BRAF mutations in plasma from patients with metastatic colorectal
cancer during treatment with cetuximab and irinotecan, Clin. Cancer Res. 18
(2012) 1177–1185.

[98] L.A. Diaz, Jr, R.T. Williams, J. Wu, I. Kinde, J.R. Hecht, J. Berlin, B. Allen, I. Bozic,
J.G. Reiter, M.A. Nowak, K.W. Kinzler, K.S. Oliner, B. Vogelstein, The molecular
evolution of acquired resistance to targeted EGFR blockade in colorectal cancers,
Nature 486 (2012) 537–540.

[99] G. Perkins, T.A. Yap, L. Pope, A.M. Cassidy, J.P. Dukes, R. Riisnaes, C. Massard,
P.A. Cassier, S. Miranda, J. Clark, K.A. Denholm, K. Thway, D. Gonzalez De Castro,
G. Attard, L.R. Molife, S.B. Kaye, U. Banerji, J.S. de Bono, Multi-purpose utility of
circulating plasma DNA testing in patients with advanced cancers, PLoS One 7
(2012) e47020.

[100] H. Schwarzenbach, C. Eichelser, J. Kropidlowski, W. Janni, B. Rack, K. Pantel, Loss
of heterozygosity at tumor suppressor genes detectable on fractionated circulating
cell-free tumor DNA as indicator of breast cancer progression, Clin. Cancer Res. 18
(2012) 5719–5730.

[101] H. Nawroz, W. Koch, P. Anker, M. Stroun, D. Sidransky, Microsatellite alterations
in serum DNA of head and neck cancer patients, Nat. Med. 2 (1996) 1035–1037.

[102] K. Kawakami, J. Brabender, R.V. Lord, S. Groshen, B.D. Greenwald, M.J. Krasna,
J. Yin, A.S. Fleisher, J.M. Abraham, D.G. Beer, D. Sidransky, H.T. Huss,
T.R. Demeester, C. Eads, P.W. Laird, D.H. Ilson, D.P. Kelsen, D. Harpole,
M.B. Moore, K.D. Danenberg, P.V. Danenberg, S.J. Meltzer, Hypermethylated APC
DNA in plasma and prognosis of patients with esophageal adenocarcinoma, J.
Natl. Cancer Inst. 92 (2000) 1805–1811.

[103] K. Warton, G. Samimi, Methylation of cell-free circulating DNA in the diagnosis of
cancer, Front. Mol. Biosci. 2 (2015) 13.

[104] K. Sawada, D. Kotani, H. Bando, The Clinical landscape of circulating tumor DNA
in gastrointestinal malignancies, Front. Oncol. 8 (2018) 263.

[105] A. Strati, G. Koutsodontis, G. Papaxoinis, I. Angelidis, M. Zavridou,
P. Economopoulou, I. Kotsantis, M. Avgeris, M. Mazel, C. Perisanidis, C. Sasaki,
C. Alix-Panabieres, E. Lianidou, A. Psyrri, Prognostic significance of PD-L1 ex-
pression on circulating tumor cells in patients with head and neck squamous cell
carcinoma, Ann. Oncol. 28 (2017) 1923–1933.

[106] K.C. Chan, P. Jiang, Y.W. Zheng, G.J. Liao, H. Sun, J. Wong, S.S. Siu, W.C. Chan,
S.L. Chan, A.T. Chan, P.B. Lai, R.W. Chiu, Y.M. Lo, Cancer genome scanning in
plasma: detection of tumor-associated copy number aberrations, single-nucleotide
variants, and tumoral heterogeneity by massively parallel sequencing, Clin. Chem.
59 (2013) 211–224.

[107] L.A. Diaz Jr., A. Bardelli, Liquid biopsies: genotyping circulating tumor DNA, J.
Clin. Oncol. 32 (2014) 579–586.

[108] G. Siravegna, A. Bardelli, Genotyping cell-free tumor DNA in the blood to detect
residual disease and drug resistance, Genome Biol. 15 (2014) 449.

[109] D. Pu, H. Liang, F. Wei, D. Akin, Z. Feng, Q. Yan, Y. Li, Y. Zhen, L. Xu, G. Dong,
H. Wan, J. Dong, X. Qiu, C. Qin, D. Zhu, X. Wang, T. Sun, W. Zhang, C. Li, X. Tang,
Y. Qiao, D.T. Wong, Q. Zhou, Evaluation of a novel saliva-based epidermal growth

factor receptor mutation detection for lung cancer: a pilot study, Thorac Cancer 7
(2016) 428–436.

[110] J.A. Beaver, D. Jelovac, S. Balukrishna, R. Cochran, S. Croessmann,
D.J. Zabransky, H.Y. Wong, P.V. Toro, J. Cidado, B.G. Blair, D. Chu, T. Burns,
M.J. Higgins, V. Stearns, L. Jacobs, M. Habibi, J. Lange, P.J. Hurley, J. Lauring,
D. VanDenBerg, J. Kessler, S. Jeter, M.L. Samuels, D. Maar, L. Cope, A. Cimino-
Mathews, P. Argani, A.C. Wolff, B.H. Park, Detection of cancer DNA in plasma of
patients with early-stage breast cancer, Clin. Cancer Res. 20 (2014) 2643–2650.

[111] A.M. Newman, S.V. Bratman, J. To, J.F. Wynne, N.C. Eclov, L.A. Modlin, C.L. Liu,
J.W. Neal, H.A. Wakelee, R.E. Merritt, J.B. Shrager, B.W. Loo Jr., A.A. Alizadeh,
M. Diehn, An ultrasensitive method for quantitating circulating tumor DNA with
broad patient coverage, Nat. Med. 20 (2014) 548–554.

[112] M.U. Ahmed, M.M. Hossain, E. Tamiya, Electrochemical biosensors for medical
and food applications, Electroanal 20 (2008) 616–626.

[113] F. Ricci, A.J. Bonham, A.C. Mason, N.O. Reich, K.W. Plaxco, Reagentless, elec-
trochemical approach for the specific detection of double- and single-stranded
DNA binding proteins, Anal. Chem. 81 (2009) 1608–1614.

[114] J.S. Swensen, Y. Xiao, B.S. Ferguson, A.A. Lubin, R.Y. Lai, A.J. Heeger,
K.W. Plaxco, H.T. Soh, Continuous, real-time monitoring of cocaine in undiluted
blood serum via a microfluidic, electrochemical aptamer-based sensor, J. Am.
Chem. Soc. 131 (2009) 4262–4266.

[115] F. Wei, P. Patel, W. Liao, K. Chaudhry, L. Zhang, M. Arellano-Garcia, S. Hu,
D. Elashoff, H. Zhou, S. Shukla, F. Shah, C.M. Ho, D.T. Wong, Electrochemical
sensor for multiplex biomarkers detection, Clin. Cancer Res. 15 (2009)
4446–4452.

[116] F. Wei, J. Wang, W. Liao, B.G. Zimmermann, D.T. Wong, C.M. Ho, Electrochemical
detection of low-copy number salivary RNA based on specific signal amplification
with a hairpin probe, Nucleic Acids Res. 36 (2008) e65.

[117] F. Wei, W. Liao, Z. Xu, Y. Yang, D.T. Wong, C.M. Ho, Bio/abiotic interface con-
structed from nanoscale DNA dendrimer and conducting polymer for ultrasensitive
biomolecular diagnosis, Small 5 (2009) 1784–1790.

[118] F. Wei, J. Yang, D.T. Wong, Detection of exosomal biomarker by electric field-
induced release and measurement (EFIRM), Biosens. Bioelectron. 44 (2013)
115–121.

[119] C. Pohlmann, Y. Wang, M. Humenik, B. Heidenreich, M. Gareis, M. Sprinzl, Rapid,
specific and sensitive electrochemical detection of foodborne bacteria, Biosens.
Bioelectron. 24 (2009) 2766–2771.

[120] W. Zhou, D.C. Christiani, East meets west: ethnic differences in epidemiology and
clinical behaviors of lung cancer between east Asians and Caucasians, Chin J
Cancer 30 (2011) 287–292.

[121] B.C. Liao, C.C. Lin, J.C. Yang, Second and third-generation epidermal growth
factor receptor tyrosine kinase inhibitors in advanced nonsmall cell lung cancer,
Curr. Opin. Oncol. 27 (2015) 94–101.

[122] R.M. Johnstone, Exosomes biological significance: A concise review, Blood Cells
Mol. Dis. 36 (2006) 315–321.

[123] T. Pisitkun, R.F. Shen, M.A. Knepper, Identification and proteomic profiling of
exosomes in human urine, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 13368–13373.

[124] R.M. Johnstone, A. Bianchini, K. Teng, Reticulocyte maturation and exosome re-
lease: transferrin receptor containing exosomes shows multiple plasma membrane
functions, Blood 74 (1989) 1844–1851.

[125] C. Admyre, S.M. Johansson, K.R. Qazi, J.J. Filen, R. Lahesmaa, M. Norman,
E.P. Neve, A. Scheynius, S. Gabrielsson, Exosomes with immune modulatory fea-
tures are present in human breast milk, J. Immunol. 179 (2007) 1969–1978.

[126] K.R. Qazi, P. Torregrosa Paredes, B. Dahlberg, J. Grunewald, A. Eklund,
S. Gabrielsson, Proinflammatory exosomes in bronchoalveolar lavage fluid of
patients with sarcoidosis, Thorax 65 (2010) 1016–1024.

[127] L.J. Vella, D.L. Greenwood, R. Cappai, J.P. Scheerlinck, A.F. Hill, Enrichment of
prion protein in exosomes derived from ovine cerebral spinal fluid, Vet. Immunol.
Immunopathol. 124 (2008) 385–393.

[128] V. Palanisamy, S. Sharma, A. Deshpande, H. Zhou, J. Gimzewski, D.T. Wong,
Nanostructural and transcriptomic analyses of human saliva derived exosomes,
PLoS One 5 (2010) e8577.

[129] C. Lau, Y. Kim, D. Chia, N. Spielmann, G. Eibl, D. Elashoff, F. Wei, Y.L. Lin,
A. Moro, T. Grogan, S. Chiang, E. Feinstein, C. Schafer, J. Farrell, D.T. Wong, Role
of pancreatic cancer-derived exosomes in salivary biomarker development, J. Biol.
Chem. 288 (2013) 26888–26897.

[130] X. Zheng, F. Chen, Q. Zhang, Y. Liu, P. You, S. Sun, J. Lin, N. Chen, Salivary
exosomal PSMA7: a promising biomarker of inflammatory bowel disease, Protein
Cell 8 (2017) 686–695.

[131] Y. Han, L. Jia, Y. Zheng, W. Li, Salivary exosomes: emerging roles in systemic
disease, Int. J. Biol. Sci. 14 (2018) 633–643.

[132] S. Katsiougiannis, D. Chia, Y. Kim, R.P. Singh, D.T. Wong, Saliva exosomes from
pancreatic tumor-bearing mice modulate NK cell phenotype and antitumor cyto-
toxicity, FASEB J. 31 (2017) 998–1010.

K.E. Kaczor-Urbanowicz, et al. BBA - Reviews on Cancer 1872 (2019) 49–59

59

http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0445
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0450
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0450
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0455
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0455
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0455
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0455
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0455
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0460
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0460
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0460
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0460
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0460
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0465
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0465
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0465
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0465
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0465
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0465
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0470
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0470
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0470
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0470
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0470
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0475
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0475
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0475
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0475
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0480
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0480
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0480
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0480
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0485
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0485
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0485
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0485
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0490
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0490
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0490
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0490
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0490
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0495
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0495
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0495
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0495
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0500
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0500
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0505
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0505
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0505
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0505
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0505
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0505
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0510
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0510
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0515
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0515
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0520
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0520
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0520
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0520
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0520
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0525
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0525
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0525
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0525
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0525
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0530
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0530
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0535
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0535
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0540
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0540
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0540
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0540
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0540
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0545
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0545
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0545
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0545
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0545
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0545
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0550
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0550
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0550
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0550
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0555
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0555
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0560
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0560
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0560
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0565
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0565
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0565
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0565
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0570
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0570
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0570
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0570
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0575
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0575
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0575
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0580
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0580
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0580
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0585
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0585
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0585
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0590
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0590
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0590
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0595
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0595
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0595
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0600
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0600
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0600
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0605
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0605
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0610
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0610
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0615
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0615
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0615
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0620
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0620
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0620
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0625
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0625
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0625
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0630
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0630
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0630
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0635
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0635
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0635
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0640
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0640
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0640
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0640
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0645
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0645
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0645
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0650
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0650
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0655
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0655
http://refhub.elsevier.com/S0304-419X(18)30220-8/rf0655

	Clinical validity of saliva and novel technology for cancer detection
	Saliva &#x200B;&&#x200B; macromolecular constituents (Salivaomics)
	Non-small cell lung carcinoma
	Pancreatic cancer
	Breast cancer
	Gastric cancer
	Head and neck squamous cell carcinoma (HNSCC)
	DNA methylation biomarkers
	RNA biomarkers
	Proteomic biomarkers
	Metabolic biomarkers
	Microbial biomarkers

	Liquid biopsy based on somatic DNA mutations in circulating tumor DNA (ctDNA)
	Liquid biopsy for cancer detection
	Saliva liquid biopsy
	Current liquid biopsy platforms: ddPCR &#x200B;&&#x200B; NGS
	Electric Field Induced Release and Measurement (EFIRM) in salivary diagnosis
	EFIRM liquid biopsy for EGFR mutations in saliva from Lung Cancer patients
	Exosomal oncogene for pancreatic cancer research by EFIRM in saliva: EFIRM detection of exosome communication of pancreatic cancer-associated exRNA in saliva


	Concluding remarks and future perspectives
	Acknowledgment
	mk:H1_22
	mk:H1_23
	References




