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Abstract: Early oral squamous cell carcinoma (OSCC) is frequently missed because conventional imaging and biopsy are poorly 
suited to detect subtle, preclinical molecular changes. Emerging salivary exosome nanodiagnostics aims to convert an anatomically 
proximal, information-rich nanoscale biospecimen into quantitative and repeatable readouts for screening and longitudinal monitoring. 
Clinical translation, however, is constrained by four bottlenecks: (i) pre-analytical variability in saliva collection, processing, and 
storage; (ii) yield–purity trade-offs during vesicle enrichment; (iii) low-abundance tumor-derived signals masked by abundant back
ground vesicles; and (iv) biomarker heterogeneity that limits robustness across cohorts. Here, we integrate the landscape of salivary 
exosomal biomarkers (nucleic acids, proteins, and other cargo) and synthesize nanotechnology-enabled solutions that directly address 
these barriers, including microfluidic and affinity-based enrichment, nucleic-acid amplification circuits (eg, RCA, HCR, CHA) for 
signal gain, and optical/electrochemical transduction (eg, SPR, SERS) compatible with microliter-scale samples. Beyond listing 
platforms, we propose a unifying framework: co-design capture and readout to preserve biological specificity, match biomarker 
modality to detection physics, and prioritize multi-marker panels with transparent analytical benchmarks. Finally, we outline 
a translational roadmap spanning standardization, reproducibility, prospective multicenter validation, manufacturability, and regulatory 
readiness to accelerate clinically actionable early OSCC detection. 
Keywords: oral squamous cell carcinoma, salivary exosomes, exosomal biomarkers, liquid biopsy, nanodiagnostics, nanoplatform

Introduction
Oral squamous cell carcinoma (OSCC) is the most common subtype of head and neck squamous cell carcinoma 
(HNSCC), primarily affecting the mucosa of the tongue, buccal cavity, gingiva, palate, and floor of the mouth.1 

According to recent global statistics, approximately 389,485 new cases of lip and oral cavity cancer were diagnosed, 
and188230related deaths occurred in 2022.2 Despite significant advances in therapeutic interventions, the survival rate 
and quality of life for OSCC patients remain suboptimal.3,4 This can largely be attributed to the high rates of recurrence 
and distant metastasis associated with the disease.5,6 Furthermore, the 5-year survival rate for patients with advanced 
OSCC is typically less than 20%, in stark contrast to the 80% survival rate for those diagnosed at an early stage.7 

Consequently, early detection and accurate diagnosis of OSCC are essential for enabling personalized, targeted, and 
timely treatment strategies that can significantly improve patient outcomes.
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The diagnosis of OSCC is commonly based on general clinical examination,8 radiological imaging,9 and surgical 
biopsy,10 owing to the tumor’s typically superficial location. However, these diagnostic methods primarily identify 
clinically apparent symptoms, which often leads to a diagnosis at later stages, thereby resulting in a poorer prognosis. 
Specifically, these techniques struggle to detect subtle biomolecular changes in early-stage tumor tissues, leading to the 
missed opportunity for early diagnosis and intervention.11,12

Liquid biopsy has emerged as a novel, accurate, and minimally invasive strategy for cancer detection, enabling both 
early diagnosis and longitudinal monitoring by analyzing tumor-associated biomolecules in body fluids. These analytes 
include tumor-derived proteins, circulating tumor DNA, circulating tumor cells, and extracellular vesicles (EVs), 
particularly exosomes.13 While blood remains the most widely utilized medium in liquid biopsy studies,14 other 
biofluids—such as urine, cerebrospinal fluid, and saliva—are also gaining attention for their diagnostic potential. 
Saliva, in particular, has been employed in the diagnosis of a range of inflammatory, metabolic, and immune-related 
conditions.15,16 More recently, its relevance in cancer diagnostics—especially for oral malignancies—has come under 
increasing focus.17 Notably, for OSCC, saliva may offer diagnostic performance comparable to, or even superior to, 
blood-based assays.18,19 Due to the close anatomical proximity of OSCC lesions to the oral cavity, tumor-derived 
components—including exfoliated cells, nucleic acids, cytokines, and EVs—can be directly secreted into saliva.20 

Furthermore, saliva collection is entirely non-invasive, painless, and does not induce irritation or damage to tumor 
tissue, making it an ideal sampling method for repeated assessments and population-level screening.21 Compared to 
blood, saliva is easier to collect, more economical to store, and does not require anticoagulants or specialized preserva
tion agents, further enhancing its feasibility in clinical and remote settings. However, the diagnostic performance of 
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whole saliva is often hindered by the presence of enzymatic activity and heterogeneous contaminants, which can degrade 
nucleic acids and proteins, thereby limiting sensitivity and specificity. To circumvent these issues, growing attention has 
been directed toward salivary exosomes—a more stable and biochemically enriched subpopulation of EVs—as 
a promising source of OSCC-specific biomarkers.21

Exosomes are nanosized, membrane-bound vesicles (typically 40–160 nm in diameter) secreted by most cell types.22 

They function as critical mediators of intercellular communication by transporting nucleic acids, proteins, lipids, and 
metabolites that reflect the physiological or pathological state of their cells of origin.23–25 Owing to their stability in 
biological fluids and their capacity to encapsulate disease-relevant cargo, exosomes have emerged as attractive candidates 
for non-invasive diagnostics and real-time disease monitoring. In recent years, saliva-derived exosomes have been 
extensively investigated for their utility in OSCC detection. These vesicles carry tumor-specific molecular signatures, 
and alterations in their concentration or content may serve as early indicators of disease onset and progression.26,27 For 
example, Nakamichi et al reported increased levels of exosomal marker protein Alix in the saliva of OSCC patients 
compared to healthy individuals.28 Winck et al employed label-free liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) proteomics to demonstrate differential expression patterns in salivary EVs associated with immune 
responses in OSCC patients.29 Similarly, Langevin et al identified a diagnostic model based on the salivary exosomal 
miRNAs miR-10b and miR-486-5p, which were significantly altered in OSCC patients.30 Hofmann et al further profiled 
119 overlapping miRNAs in plasma- and saliva-derived exosomes from HNSCC patients, some of which were 
significantly associated with disease-free survival.31 Collectively, these findings underscore the potential of salivary 
exosomes as a minimally invasive liquid biopsy platform for OSCC. Their molecular profiling can provide real-time 
insights into tumor biology, aid in early disease detection, and support personalized therapeutic decision-making.

In this review, we provide a comprehensive overview of the current advancements in the application of salivary 
exosomes for OSCC. We begin by describing the biogenesis and physicochemical properties of exosomes, followed by 
an evaluation of saliva collection protocols and isolation techniques tailored for diagnostic use. We then discuss recent 
progress in exosome detection and characterization technologies, encompassing both conventional analytical methods 
and emerging biosensor-based platforms. Special emphasis is placed on the molecular constituents of salivary exosomes 
—including nucleic acids, proteins, and lipids—and their potential utility as diagnostic and prognostic biomarkers in 
OSCC. Finally, we examine the clinical relevance, practical challenges, and future perspectives of salivary exosome- 
based liquid biopsy for early cancer detection and disease monitoring. We aim to poll and discuss the updated research 
evidence and perspectives on the collection, separation, and detection technologies of salivary exosomes, and to 
introduce several components in salivary exosomes with potential to serve as diagnostic biomarkers for OSCC. This 
work would serve as a timely and comprehensive resource for researchers and clinicians pursuing non-invasive, 
exosome-driven strategies for the early diagnosis and personalized management of OSCC.

Biogenesis and Sources of Salivary Exosomes
Exosomes Biogenesis
Salivary exosomes hold great promise as diagnostic markers for oral squamous cell carcinoma, as they contain a wealth of 
specific biomarkers from the source cells. This characteristic is closely related to their biological formation mechanism. The 
biogenesis of exosomes is a dynamic and highly regulated process that remains difficult to observe directly (Figure 1). 
Exosomes can be formed either through direct outward budding from the plasma membrane (PM) or via a more complex 
endocytic pathway involving inward budding,32 and they can also be released by intracellular plasma membrane-connected 
compartments (IPMC).33 In the endocytosis pathway, the PM undergoes invagination to form early endosomes. These early 
endosomes can either recycle back to the PM—referred to as “recycling endosomes”—or progress through maturation by 
continuous inward budding, giving rise to numerous intraluminal vesicles (ILVs). Endosomes containing numerous ILVs 
are termed multivesicular bodies (MVBs).34 While the majority of MVBs fuse with lysosomes, resulting in degradation of 
their contents, a subset of MVBs enriched with specific molecules—such as the tetraspanin CD63, lysosomal-associated 
membrane proteins Lysosome-associated membrane glycoprotein 1 (LAMP1) and Lysosome-associated membrane 
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glycoprotein 2 (LAMP2), or the major histocompatibility complex II (MHC-II)—can instead fuse with the PM.35 This 
fusion event facilitates the release of ILVs into the extracellular space, at which point they are defined as exosomes.

The biogenesis of exosomes is orchestrated by multiple protein complexes that regulate distinct steps of ILVs 
formation and MVBs maturation. Central to this process is the endosomal-sorting complex required for transport 
(ESCRT), which is involved in sorting cargo into ILVs, membrane remodeling, vesicle budding, and scission.22,36 

Additionally, the Rab family of small GTPases regulates MVBs size, intracellular trafficking, and docking at the PM 
to mediate exosome release.37–40 The syndecan–syntenin–ALIX complex also contributes to ILVs formation by facil
itating membrane curvature and cargo recruitment.41 The ESCRT machinery consists of four core subcomplexes— 
ESCRT-0, -I, -II, and -III—comprising more than 30 proteins, along with several accessory factors such as ALG- 
2-interacting protein X (ALIX), Vacuolar Protein Sorting 4 (VPS4), and vesicle trafficking 1 (VTA1). These complexes 
assemble sequentially on the endosomal membrane to drive vesicle budding.42 ESCRT-0 initiates the process by 
recognizing and clustering ubiquitinated transmembrane proteins; ESCRT-I and -II promote membrane invagination, 
while ESCRT-III mediates final vesicle scission, releasing ILVs into the MVBs lumen.43 Although ESCRT-dependent 
pathways are primarily responsible for sorting ubiquitinated cargo into exosomes,44 protein ubiquitination is not an 

Figure 1 Biogenesis of Exosomes. Exosomes are small extracellular vesicles generated through multiple cellular pathways. They can originate from: (1) direct outward 
budding of the plasma membrane (PM); (2) inward budding of the PM, followed by maturation through the endocytic pathway; and (3) intracellular compartments (IPMCs) 
associated with the PM. In the canonical endocytic route, the plasma membrane invaginates to form early endosomes (EEs), which either recycle back to the PM or mature 
by inward budding to generate numerous intraluminal vesicles (ILVs), resulting in multivesicular bodies (MVBs). While most MVBs fuse with lysosomes for degradation, 
a subset—enriched in proteins such as CD63, lysosome-associated membrane glycoprotein 1/2 (LAMP1/2), and major histocompatibility complex II (MHC II)—fuses with 
the PM to release ILVs into the extracellular milieu as exosomes. Exosome formation is tightly regulated by the endosomal-sorting complex required for transport (ESCRT) 
machinery, although ESCRT-independent mechanisms also exist. For instance, CD63 can mediate protein sorting into ILVs independently of ESCRT, and the melanosome- 
specific protein Pre-melanosomal protein (Pmel17), along with certain lipids, can contribute to ILV biogenesis in an ESCRT-independent manner. The Rab GTPase family 
orchestrates the transport, docking, and fusion of MVBs with the PM. Once secreted, exosomes interact with recipient cells through surface receptor binding, direct 
membrane fusion, or endocytic uptake, thereby modulating downstream intracellular signaling pathways.
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absolute requirement, and alternative mechanisms exist. Exosome biogenesis can also proceed via ESCRT-independent 
pathways involving specific lipids and tetraspanins. For instance, enzymes such as neutral sphingomyelinase and 
phospholipase D2 promote ceramide-dependent inward budding of the MVBs membrane.45,46 Tetraspanins, including 
CD63, facilitate the selective incorporation of proteins—such as melanoma-associated antigens and ceramides—into 
ILVs independent of the ESCRT machinery.47 Other molecules, such as heat shock cognate protein 70 (HSC70), aid in 
cargo recruitment (eg, transferrin receptors),48 while pre-melanosomal protein (Pmel17), a melanosome-specific protein 
with a specialized lumenal domain, can also drive ILVs formation in a lipid-dependent, ESCRT-independent manner.49 

Importantly, ESCRT-dependent and ESCRT-independent pathways are not mutually exclusive; both mechanisms may 
coexist within a single cell or even within distinct MVBs subpopulations.32 Beyond protein-mediated mechanisms, 
exosome biogenesis is also influenced by the cell of origin, intracellular mechanical forces, growth factors, and various 
physicochemical conditions.39 Upon release into the extracellular environment, exosomes travel via the circulatory 
system to distant target tissues, where they interact with recipient cells through surface receptor binding.50 They 
subsequently initiate downstream signaling cascades or transfer their cargo through membrane fusion, endocytosis, 
macropinocytosis, or phagocytosis, thereby modulating recipient cell behavior and function.32

Sources of Salivary Exosomes
Saliva is a readily accessible biofluid, secreted by various salivary glands located throughout the oral cavity. Once 
released into the oral environment, it becomes a complex mixture that includes not only glandular secretions but also 
serum exudates from the gingival sulcus, and secretions from the nasal and pharyngeal mucosa.51 Saliva is composed 
predominantly of water, in addition to a diverse array of proteins, enzymes, food debris, shed cells, and microorganisms. 
It plays a vital role in several physiological processes, including digestion, lubrication, antimicrobial defense, tissue 
repair, pH buffering, and immune modulation.52 There is a dynamic exchange of substances between the blood and 
saliva. Biomolecules from the circulatory system can enter saliva through passive ultrafiltration, exudation, or active 
transport.53 It is estimated that 20–30% of the human salivary proteome overlaps with that of plasma, leading to saliva 
being referred to as a “plasma ultrafiltrate” or the “mirror of the body”.54 In addition to systemic circulation, salivary 
components also originate from gingival crevicular fluid and resident oral microbiota.55

Salivary exosomes originate from multiple cellular sources (Figure 2). Exosomes produced by cells located spatially 
close to the oral cavity can directly enter the saliva. The exosomes produced by the distal cells of the body can transport 
their cargo through the vascular system to the salivary glands, which are then secreted along with the saliva into the oral 
cavity.56 Tumors in superficial locations of the oral cavity, such as the tongue, buccal mucosa, and gingiva, come into 
direct contact with saliva. Exosomes derived from these tumor tissues maintain high and detectable concentrations in 
saliva.28,57 In addition, various exosomes from distal tumors are also present in saliva. Studies in animals have 
demonstrated that exosomes from pancreatic cancer cells or exosome-like microcarriers from lung cancer cells reach 
the oral cavity through circulation, thereby delivering tumor-associated biomarkers into saliva.58,59 Almost all normal 
cells commonly found in the oral cavity, including epithelial cells and keratinocytes, are capable of producing 
exosomes.60,61 Salivary gland cells also produce exosomes and enter the oral cavity with saliva via the salivary gland 
ducts.62 Exosomes may also be produced by the large number of bacteria, and fungi present in the oral cavity.63 While 
this complexity provides a rich reservoir of physiological and pathological information, it also presents significant 
analytical challenges, particularly in distinguishing tumor-derived exosomes from background vesicle populations.

Salivary Exosome Components and Potential OSCC Biomarkers
The components of exosomes are sorted from the contents of the origin cell, partially reflecting the characteristics of the 
origin cell. Exosomes are mainly composed of components such as proteins, nucleic acids, lipids, sugars, and metabolites 
(Figure 3). Exosomes mediate intercellular communication in different physiological and pathological environments by 
delivering these components.64 Salivary exosomes also harbor unique biomarkers derived from OSCC cells. Among the 
most widely used techniques for proteomic analysis of exosomes are Western blotting (WB) and flow cytometry, both of 
which are effective for detecting surface protein markers. When combined with immunocapture strategies, the sensitivity 
and specificity of these methods can be significantly enhanced.65,66 For exosomal nucleic acid analysis, commonly 
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Figure 2 Sources of exosomes in the salivary environment. Exosomes in saliva can be directly released into the oral cavity by oral squamous cell carcinoma (OSCC) cells 
and other epithelial cells of the oral mucosa. Exosomes derived from distal tumor tissues may enter the systemic circulation and be transported to the salivary glands, where 
they are subsequently secreted into saliva via salivary ducts. The gingival crevicular fluid (GCF), a serous exudate originating from the gingival sulcus, is also enriched with 
exosomes. Additionally, saliva contains abundant extracellular vesicles of microbial origin, including those secreted by commensal and pathogenic bacteria and fungi. 
Exosomes are also actively secreted by salivary gland epithelial cells and released into saliva through the glandular ductal system.

Figure 3 Molecular composition of salivary exosomes. The ability of exosomes to modulate the immune response is attributed to the presence of molecules such as 
programmed cell death ligand 1 (PD-L1) and major histocompatibility complex II (MHC-II) on their surface. Proteins associated with the biogenesis of exosomes include 
tumor susceptibility gene 101 (TSG101), ALG-2-interacting protein X (ALIX), CD63, and Rab proteins. Proteins involved in cell signaling pathways, such as β-catenin, are also 
present in exosomes. In addition, exosomes contain heat shock proteins (HSPs) and metabolic enzymes. Notably, aquaporin-5 in salivary exosomes highlights the difference 
between exosomes secreted by salivary glands and those from other sources. Exosomal lipids mainly include cholesterol, sphingomyelin, phosphatidylcholine (PC), 
phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), and phosphatidic acid (PA). The major nucleic acid components 
in salivary exosomes are DNA, RNA, microRNAs (miRNA), circular RNAs (circRNAs), and long non-coding RNAs (lncRNA).
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employed approaches include polymerase chain reaction (PCR), quantitative reverse transcription PCR (qRT-PCR), and 
various next-generation sequencing technologies.67 Through continued research efforts, the molecular composition of 
salivary exosomes has been progressively elucidated, thereby driving the development of novel diagnostic strategies for 
the early detection of OSCC (Table 1).

Table 1 Potential OSCC Biomarkers in Salivary Exosomes

Components Methods Samples Biomarkers Biomarkers Variation Reference

Nucleic acid Hole-genome 
bisulfite 

sequencing

Saliva and plasma samples 
from patients with HNSCC  

(n = 16)

Degree of exoDNA 
methylation

37 hypermethylated and 
95 hypomethylated regions in 
saliva exoDNA compared to 

plasma samples

[68]

miRNA 
sequencing

Normal oral epithelial cell; 4 
discrete HNSCC cell lines; 

patients with incident primary 
HNSCC (n = 5); cancer free 

controls (n = 5)

- Exosomal miRNA species in all 
HNSCC cell lines were 

significantly different from 
normal oral epithelial cells

[30]

qRT-PCR array OSCC patients (n = 16); 
healthy controls (n = 6)

miR-302b-3p, miR- 
517b-3p, miR-512-3p 

and miR-412-3p

miR-512-3p and miR-412-3p up- 
regulated and miR-302b-3p, miR- 
517b-3p expressed individually in 

OSCC patients salivary 
extracellular vesicle

[69]

miRNA 
microarray 

analysis; qRT-PCR

Preoperative OSCC patients 
(n = 45); normal controls  

(n = 10)

miR-24-3p Up-regulated in OSCC patients [57]

qRT-PCR Oral squamous carcinoma 
patients (n = 14); smokers  

(n = 17); non-smoking healthy 
control (n = 6)

miRNA-200a and 
miRNA-134

Higher expression than healthy 
people and smokers

[70]

miRNA 
sequencing

Tumour tissueand 
unstimulated salivary from 

OSCC patients;

miR-30a, miR-140, 
miR-143, and miR-145

Differential expression in salivary 
exosomal samples from controls 

and OSCC patients

[71]

nCounter® 

SPRINT System
HNSCC patients (n = 21); 
healthy donors (n = 12)

miR-1253, miR-378e, 
miR-21-5p, miR-378i, 
miR-133a-5p, miR- 

1283, miR-4516, and 
miR-203a-3p

Down-regulated expression in 
OSCC tumor tissues

[66]

miRNA 
sequencing; qRT- 

PCR

Tumour tissues (n = 12), 
salivary exosomes (n = 8), and 

their non-cancerous 
counterparts from oral cancer 

patients

miR-1307-5p Higher expression compared to 
non-cancerous tissue samples

[72]

qRT-PCR Patients in the malignancy 
sample (n = 25); controls  

(n = 25)

miR-10b-5p and miR- 
486-5p

miR-486-5p was elevated and 
miR-10b-5p was decreased 

compared to healthy donors

[73]

Protein WB Oral cancer patients (n = 36); 
healthy individuals (n = 25)

CD81, CD9, and 
CD63

CD81 and CD9 expression 
downregulated, CD63 

expression upregulated in oral 
cancer patients

[74]

Flow cytometry HNSCC patients (n = 21); 
healthy donors (n = 12)

CD44v3, PDL1, and 
CD39

- [66]

Protein mass 
spectrometry

OSCC patients (n = 10); oral 
potentially malignant disease 
(n = 20); cancer free healthy 

controls (n = 20)

PSB7, AMER3, and 
LOXL2

Protein intensity proportions 
increase in OSCC patients

[75]

Abbreviations: AMER3, APC membrane recruitment protein 3; HNSCC, Head and neck squamous cell carcinoma; LOXL2, lysyl oxidase-like protein 2; OSCC, Oral squamous 
cell carcinoma; PD-L1, Programmed cell death ligand 1; PSB7, protonated schiff base of Ret7; qRT-PCR, Quantitative Real-time polymerase chain reaction; WB, Western blotting.
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Nucleic Acid
Exosomes are rich in nucleic acids, including genomic DNA and various RNAs. RNAs are divided into mRNA and non- 
coding RNA.76,77 Nucleic acids in exosomes reach target cells to enable signaling and ultimately influence their 
behavior.78 Since tumorigenesis and progression are often associated with abnormal changes in genetic material, the 
study of exosomal nucleic acids is a focal point for cancer diagnosis using EVs. EVs secreted by tumor cells are enriched 
with information about these abnormal nucleic acids and can reflect tumor cell status. Researchers can identify potential 
OSCC diagnostic biomarkers by investigating the association between altered salivary exosome gene expression patterns 
and OSCC status.

DNA
Back in 2016, F. A. San Lucas et al attempted to analyze the nucleic acid composition of shed exosomes in biofluid samples 
from patients with pancreaticobiliary cancers. They found that tumor DNA information, including mutations in Notch 
Receptor 1 (NOTCH1) and BRCA2 DNA repair associated gene (BRCA2), were robustly expressed in shed exosomes. The 
results suggest that liquid biopsies of shed exosomes may provide a comprehensive analytical assessment of tumors. This 
approach excludes the necessity of direct tumor sampling for visceral cancers and demonstrates the potential of exosomal 
DNA in the field of cancer diagnostics.79 Wang et al analyzed DNA in circulating exosomes from pheochromocytoma 
(PCC) and paraganglioma (PGL) patients and mice. They found that double-stranded DNA (dsDNA) fragments were 
present in the circulating exosomes of the patients. These fragments were highly consistent with the genomes of the paired 
tumors. Demonstrated that exosomal dsDNA can be used as a noninvasive biomarker for tumor diagnosis.80 We only 
retrieved that Mouadh Barbirou et al directly investigated the diagnostic performance of salivary exosomal DNA. They 
compared their potential as biomarkers for HNSCC by collecting cell-free DNA (cfDNA) and exosomal DNA (exoDNA) 
from blood and saliva samples of HNSCC patients. In their study, they conducted whole-genome bisulfite sequencing of 
paired cfDNA and exoDNA in saliva and plasma. There were more methylation differences in saliva exoDNA compared to 
plasma, demonstrating the potential of salivary exoDNA as a biomarker for HNSCC.68

Overall, current research on salivary exosomal DNA is sparse, and further studies are needed to explore its diagnostic 
potential in OSCC.

mRNA
Several studies have shown that tumor-derived exosomal mRNA is important for intercellular communication. 
Specifically, exosomal mRNAs are closely associated with tumor growth, angiogenesis, cell proliferation, immune 
escape, drug resistance, metastasis, and other behaviors.81 Several studies have investigated the diagnostic potential of 
salivary mRNA. Li et al used microarray analysis to compare the differences in gene expression in saliva supernatants 
from OSCC patients and controls. They found that the expression levels of 1679 genes in the saliva supernatants of 
OSCC patients were significantly different from those of controls. Seven cancer-related mRNA biomarkers (including 
transcripts of IL8, IL1B, DUSP1, HA3, OAZ1, S100P, and SAT) were upregulated at least 3.5-fold in the salivary 
supernatants of OSCC patients. ROC curves and classification modeling showed that the combination of these biomar
kers had high sensitivity and specificity for the differentiation of OSCC patients from controls.82 The study by Gleber- 
Netto et al included a large number of clinical samples to investigate the diagnostic potential of multiple salivary 
transcriptome biomarkers, proteome biomarkers, and risk factor combinations for OSCC. They found that the level of the 
transcriptome marker DUSP1 in the saliva of OSCC patients was significantly lower than that of healthy controls and the 
potentially malignant oral disorders group. A multivariate model combining salivary markers and risk factors associated 
with oral cancer showed good diagnostic efficacy in differentiating OSCC from controls. The results of this study provide 
clues for the early non-invasive diagnosis of OSCC.83

We have not found studies exploring the potential of salivary exosomal mRNA in OSCC diagnosis. Since mRNA can 
be stabilized in salivary exosomes, it is feasible to use salivary exosomal mRNA as an entry point for the study of non- 
invasive methods of disease diagnosis.84
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Non-Coding RNA (ncRNA)
The ncRNAs are a class of RNA molecules that do not code for proteins, which are mainly divided into microRNAs 
(miRNAs), transfer RNAs (tRNAs), small interfering RNAs (siRNAs), piwi-interacting RNA (piRNA), circular RNAs 
(circRNAs), and long non-coding RNAs (lncRNAs).85,86 In OSCC, ncRNAs can be involved in regulating behaviors 
such as cell proliferation, metastasis, and invasion.87 The study of exosomal ncRNAs will contribute to early cancer 
diagnosis and the discovery of new targets for effective cancer therapy.

MiRNAs are undoubtedly the stars of tumor diagnostics compared to other ncRNAs. Several of studies have shown 
that exosomes derived from tumor cells contain a large number of miRNAs, which are considered to be promising 
diagnostic biomarkers for a variety of cancer types.32 Depending on the cell type from which they originate, these 
miRNAs can either promote or inhibit cancer growth.81 MiRNAs are among the most abundant small RNAs in human 
saliva, and this feature is more pronounced in salivary exosomes, attributed to the exosome membrane’s protective effect 
on miRNAs.88,89 Abnormal expression of exosomal miRNAs may be an excellent diagnostic biomarker in OSCC 
diagnostic studies. Scott Langevin et al cultured four HNSCC cell lines and normal oral epithelial cells, collected 
supernatant exosomes, and sequenced miRNAs. All four HNSCC cell lines had highly overlapping exosomal miRNA 
profiles, and all differed significantly from normal oral epithelial cells. In their work, miRNA demonstrated relatively low 
sensitivity but high specificity as a non-invasive salivary biomarker for HNSCC, highlighting its strong potential for 
diagnosis of tumors.30 Chiara Gai et al collected unstimulated saliva from OSCC patients and normal control subjects, 
obtained exosomes by centrifugation, and finally assessed the expression levels of miRNAs by qRT-PCR. They found 
a differential expression of miRNAs in salivary exosomes of OSCC patients compared to normal controls. MiR-302b-3p 
and miR-517b-3p were expressed only in salivary exosomes of OSCC patients, whereas miR-512-3p and miR-412-3p 
were upregulated. They also discussed the potential of saliva as a diagnostic biofluid, noting that saliva collection 
technology offers superior cost-effectiveness and operational feasibility compared to blood samples.69 He et al used 
miRNA microarray technology to obtain differentially expressed miRNAs from salivary exosomes of healthy controls 
and OSCC patients. The qRT-PCR validation revealed a significant increase of miR-24-3p in the salivary exosomes of 
pre-surgical OSCC patients compared to controls. ROC analysis showed miR-24-3p to have extremely high diagnostic 
accuracy for OSCC ([AUC] = 0.738, P = 0.02), suggesting that salivary exosomal miR-24-3p has the potential as a novel 
diagnostic biomarker for OSCC.57 Amina Fouad Farag et al utilised qRT-PCR to analyse the changes in microRNA 
expression in saliva from healthy individuals, smokers, and patients with OSCC. They found that OSCC patients had 
significantly higher expression of miRNA-200a and miRNA-134 than the other two groups.70 Shanaya Patel et al 
constructed a combinatorial miRNA model consisting of salivary exosomes miR-30a, miR-140, miR-143, and miR-145 
for oral cancer diagnosis. ROC analysis showed that these miRNAs had high sensitivity and specificity for OSCC, and 
their diagnostic results were consistent with the characteristics of the tissue samples. Subsequent miRNA-mRNA 
regulatory network analyses also revealed that these miRNAs correlate with oral cancer behaviors such as disease 
progression, recurrence, and chemotherapy resistance. This multiple miRNA signature has higher efficacy in early 
detection and is clinically relevant to the disease progression and overall survival rate of OSCC patients, which is of 
great significance for the research on the early diagnosis of cancer.71 To establish a diagnostic tool for HNSCC in synergy 
with plasma exosomes, Linda Hofmann et al analyzed the characterization of saliva-derived exosomes from patients with 
HNSCC and healthy individuals. In their miRNA profiling results, eight miRNAs had significantly lower expression 
ratios in the HNSCC group compared to the healthy individuals group, with miR-203 a-3p showing the largest fold 
change and miR-133a-5p showing the highest significance.66 Subsequent study performed a comprehensive and 
exploratory comparison of exosomal miRNA profiles from plasma and salivary in HNSCC patients. Their proposed 
two tumor-specific exosomal miRNA panels from plasma and saliva showed great potential in diagnosing HNSCC 
patients, Union for International Cancer Control (UICC) staging, and human papillomavirus (HPV) status. These results 
advance the diagnostic applications of salivary exosomal miRNAs.31 In a study conducted by Aditi Patel et al, saliva, 
tumor tissues, and adjacent non-cancerous tissues were collected from patients with oral cancer and subjected to miRNA 
sequencing analysis. The results revealed that the expression level of miR-1307-5p was significantly elevated in both 
salivary exosome samples and cancerous tissues compared to non-cancerous controls. This enrichment has been 
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hypothesized to serve as a potential indicator of poor prognosis in affected patients.72 Similarly, Cosmin Ioan Faur et al 
employed qRT-PCR to assess the differential expression of salivary exosomal miR-10b-5p and miR-486-5p in patients 
diagnosed with oral cavity and oropharyngeal squamous cell carcinoma (OPC), in comparison to healthy volunteers. 
Their findings demonstrated that miR-486-5p was upregulated in the patient group, whereas miR-10b-5p was down
regulated, suggesting their potential utility as diagnostic biomarkers for oral and oropharyngeal malignancies.73 qPCR- 
based detection kits hold potential for transformation into cost-controlled, high-throughput, and relatively straightforward 
tumor screening or clinical testing programs.

The role of ncRNAs such as lncRNAs, circRNAs, tRNAs, siRNAs, and piRNAs in the progression of OSCC has been 
extensively investigated. The lncRNA TIRY can facilitate oral cancer proliferation, invasion, and metastasis by promoting 
epithelial-mesenchymal transition.90,91 CircRNA induces tumor immune escape in OSCC92. These ncRNAs can be used as 
biomarkers for cancer diagnosis and prognosis, as their expression is associated with various clinical variables in cancer, 
and investigating them will contribute to the discovery of new diagnostic and therapeutic strategies for OSCC.93–95 

However, studies on ncRNAs other than miRNAs in the field of salivary exosome biopsy have not been conducted.

Protein
Research on the exosomal proteome facilitates the search for unique disease biomarkers. Until 2024, the Vesiclepedia 
database contains 566 911protein entries. Some of the common proteins are HSP and cytoskeleton proteins. Many 
conserved proteins are shared between different EVs, and many more are different because of the way EVs are 
synthesized and the way proteins are sorted in the cell of origin, reflecting specific characteristics of the cell of 
origin.96 Changes in these proteins can be informative for tumor diagnosis. The ability of exosomes to regulate the 
immune response is due to the presence of molecules such as PD-L1 and MHC-II on the surface. According to electron 
microscopy, salivary exosomes are also abundant in tetraspanins.84 Tetraspanins are widely involved in biological 
functions such as protein transport and signaling. For example, CD63 is involved in ESCRT-independent exosome 
biogenesis.47 The proteins associated with the ESCRT-dependent pathway in salivary exosomes are Hrs, flotillin, tumor 
susceptibility gene 101 (TSG101), and ALIX. Rab proteins, membrane transport proteins, and annexins are responsible 
for the regulation of membrane binding during exosome biogenesis and remain in the exosome after its formation. 
Several proteins that play important roles in cell signaling pathways, such as β-catenin, Wnt5B, or Notch ligand Delta- 
like 4, have also been identified in exosomes.53 In addition, exosomes contain heat shock proteins, cytoskeletal proteins 
(actin and myosin), integrins, and metabolic enzymes. Finally, water channel protein-5 and others in salivary exosomes 
highlight the difference between exosomes secreted by the salivary glands and exosomes from other sources.97 Numerous 
studies have shown that variations in the protein fractions of salivary exosomes are closely associated with OSCC status. 
To investigate the differences in exosomes in the oral fluid of oral cancer patients and healthy individuals, Ayelet 
Zlotogorski-Hurvitz et al conducted a clinical study. They obtained exosomes by ultracentrifugation and then analyzed 
these exosome samples for morphological and molecular differences using AFM, NTA, ELISA, and WB. The results 
showed that exosomes in the oral fluid of oral cancer patients not only had increased particle concentrations and particle 
sizes but also had changes in protein expression levels on their surfaces. CD81 and CD9 expression were reduced, while 
CD63 expression was higher.74 Fatima Qadir et al suggested that exosomes derived from cancer cells can express 
surrogate oncogenic markers such as the membrane protein CEP55. That exosomal CEP55 in saliva or blood can be used 
as a cancer biomarker for the non-invasive diagnosis and prognosis of HNSCC.98 Linda Hofmann et al found that 
exosomes isolated from the saliva of HNSCC patients contained high levels of CD44v3, PD-L1, and CD39. Changes in 
the expression of these proteins partly reflect the immunosuppressive microenvironment induced by HNSCC and are 
expected to be diagnostic biomarkers. Their research not only explores the molecular composition of salivary exosomes 
but also delves into their immunosuppressive functions, integrating both aspects. By combining the most discriminative 
surface protein panel with a streamlined miRNA panel and pairing them with efficient magnetic bead capture technology, 
a “multiparametric liquid biopsy tool” can be developed for head and neck cancer auxiliary diagnosis, prognosis 
assessment, and prediction of immunotherapy efficacy.66 Natalie Bozyk et al also focused on the effect of OSCC on 
salivary exosome protein fractions, quantifying salivary exosome protein content from OSCC patients, oral potentially 
malignant disease (OPMD) patients, and healthy controls using mass spectrometry. They found that a screened panel of 
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three proteins highly expressed in OSCC salivary exosomes, protonated schiff base of Ret7 (PSB7), APC membrane 
recruitment protein 3 (AMER3), and lysyl oxidase-like protein 2 (LOXL2), could serve as highly sensitive biomarkers 
for differentiation between healthy controls and patients with OSCC. This study prospectively enrolled patients with 
OPMD and successfully developed a proteomics detection panel capable of distinguishing healthy individuals from 
OPMD patients. This achievement directly aligns with core clinical needs for early detection and risk stratification, 
demonstrating significant translational medical value.75

Lipids
Similar to the cell membrane, the surface of exosomes is composed of lipid bilayers. Compared to the plasma membrane 
of the origin cell, the membrane of exosomes is more robust and resistant to degradation, which may be attributed to their 
higher cholesterol, desaturated lipids, and sphingomyelin content.99,100 Therefore, researchers often describe lipids on the 
surface of exosomes as “natural barriers” or “transporters” for proteins and nucleic acids. Exosomal lipids mainly include 
cholesterol, sphingomyelin, phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), phos
phatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidic acid (PA), with cholesterol being the most abundant.101 

In exosomes from different sources, the abundance of these lipids varies. We did not retrieve studies on lipid components 
in salivary exosomes and tumor diagnosis. Research in this area would be beneficial to deepen the understanding of 
exosome formation mechanisms and promote early diagnosis of tumors.

Technologies for Saliva Sampling and Salivary Exosome Characterization 
and Detection
Saliva Sample Collection
To obtain sufficient diagnostic information from saliva for OSCC, standardized and appropriate saliva collection methods 
are essential (Figure 4). To minimize contamination and variability, current protocols generally recommend collecting 
saliva samples from fasting individuals in the morning. Participants should avoid alcohol consumption for at least 
24 hours prior to collection to prevent mucosal irritation, and refrain from eating, drinking, smoking, and performing oral 
hygiene procedures for at least 8 hours before sampling.51,102 It is advised that subjects stand during collection, as 
salivary flow rates have been reported to be higher in the standing position compared to sitting or lying down.103 Saliva 

Figure 4 Saliva collection techniques and salivary exosome isolation methods. Whole saliva is collected by four main methods: the spitting method, the draining method, the 
suction method, and the cotton swab method. Salivary gland saliva is collected by a cannula, Lashley cup, or modified Carlson Crittenden device. Saliva sample preservation 
requires the addition of enzyme inhibitors and transfer under frozen conditions. Common exosome isolation methods include centrifugation, ultrafiltration, sedimentation, 
size exclusion chromatography (SEC), and immunoaffinity capture. In addition to these, there are emerging technologies such as microfluidic chips.
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can be either whole saliva or glandular saliva. Additionally, based on whether external stimulation is applied during the 
collection process, samples can be classified as stimulated or unstimulated saliva.104

Whole saliva, also referred to as mixed saliva, is the most commonly collected form. Four principal techniques are 
used for whole saliva collection: Spitting method, which is simple, suitable for all age groups, and associated with 
relatively low inter-individual variability.102 Draining method, which involves allowing saliva to drip passively from the 
lower lip into a container, thereby minimizing irritation and preserving the native state of the sample. Suction method, 
which utilizes pipettes or syringes to aspirate saliva directly from the oral cavity floor.105 Cotton swab method, in which 
a cotton swab is placed in the oral cavity until saturated and then transferred to a collection container.51 In contrast, 
glandular saliva collection requires specialized devices such as cannulas, the Lashley cup, or the modified Carlson– 
Crittenden device to isolate saliva from specific salivary glands.104,106 In recent years, companies such as DNA Genotek, 
QIAGEN, and Malvern Medical Developments have developed customized alternative kits or devices for saliva 
collection. These kits often include preservatives or employ specially designed containers and materials to ensure sample 
stability and prevent contamination. They are widely used in clinical and molecular diagnostic settings, including for the 
detection of viral diseases such as mumps and rubella.107,108 If not for immediate use, saliva samples need to be frozen as 
soon as possible after initial centrifugation. Saliva samples can be stored at either −20 °C or −80 °C, and repeated 
freezing and thawing should be avoided.109,110 In addition, protease inhibitors should be added to minimize degradation 
of protein content during storage and analysis.

Unstimulated whole saliva is generally considered to have greater diagnostic potential than stimulated glandular 
saliva in the context of OSCC diagnosis. Unlike glandular saliva, whole saliva is in direct contact with OSCC lesions and 
is therefore more likely to contain exosomes derived from OSCC. Although stimulated saliva yields a larger volume over 
the same collection period, it is often more dilute, resulting in lower exosome concentrations and reduced sensitivity for 
diagnostic applications.103 Further clinical studies are warranted to validate the diagnostic value of different saliva types 
and collection methodologies in OSCC. Optimizing sampling strategies is crucial, as poor-quality or improperly collected 
samples can compromise the accuracy of diagnostic results. As research advances, the development of more user- 
friendly, cost-effective, and high-sensitivity saliva collection technologies is expected to further enhance the clinical 
utility of salivary diagnostics for OSCC.

Isolation of Salivary Exosomes
Exosome isolation is one of the key steps in exosome research. There are a range of well-developed techniques for 
exosome extraction from saliva and other samples. Common exosome isolation methods include centrifugation, ultra
filtration, precipitation, size exclusion chromatography, and immunoaffinity capture. In addition, innovative technologies 
such as microfluidic chips are also emerging (Figure 4).

The centrifugation method is the most common isolation method and is currently the gold standard for exosome 
isolation.111 By generating centrifugal force through the rotation of rotors, the centrifugation method allows different 
particles in a liquid to settle at various speeds. The centrifugation methods commonly applied to exosomes include 
differential ultracentrifugation and density gradient centrifugation. The former gradually removes cell debris, apoptotic 
vesicles, and other components from the sample by adjusting the centrifugal force.112 The latter utilizes sucrose, 
nycodenz, and iodoexanol media to form density gradients, leading to an orderly distribution of particles with different 
densities in different density compartments of the media.113 The centrifugation method is suitable for large-volume 
samples but also suffers from drawbacks including time-consuming and low purity.114 Moreover, the centrifugation 
process could disrupt the morphology and biological activity of exosomes.115

The ultrafiltration method isolates EVs by forcing the sample through a membrane with specific pore sizes, which can 
be adjusted to screen for different sizes of EVs. The ultrafiltration method is easily operated and does not require 
expensive equipment, but the membrane life and separation efficiency are often significantly reduced due to clogging of 
the membrane pores.116 Moreover, the size consistency and purity of ultrafiltered vesicles are inferior, requiring 
additional processing to separate exosomes from contaminating proteins.117

The precipitation method utilizes materials such as the hydrophilic polymer polyethylene glycol (PEG) to trap water 
molecules in the sample, continually decreasing the solubility of the exosome to facilitate its settling. The precipitation 
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method is convenient to employ, with high exosome yield but low purity and high cost, and there are already many 
mature kits on the market utilizing the precipitation method to achieve exosome isolation.100,118

The size exclusion chromatography (SEC) method separates based on particle size. When the sample flows through SEC 
fillers (such as SEC columns) with specific pores, the fillers adsorb proteins and lipids with smaller sizes. In comparison, 
larger-sized exosomes flow faster and are preferentially eluted into the sample collection tubes at specific stages. The 
advantages of the SEC method are high product purity and minimal influence on exosome characteristics. However, the 
implementation of the SEC method requires special equipment and is hardly applied to large-volume samples.114,119

The immunoaffinity capture method utilizes ligands or indicators with specific immunoaffinity to recognize protein 
markers present on exosomes, such as transmembrane proteins and heat shock proteins (HSP). The immunoaffinity 
capture method allows simultaneous exosome isolation, quantification, and subpopulation identification, which has great 
potential for disease diagnosis, especially liquid biopsy.114,120,121

Microfluidics technology has continued to develop in recent years, leading to the development of microfluidic chips 
capable of rapid, automated isolation of exosomes.122 Microfluidic chips can be equipped with microfilters, nano-arrays, 
and nanowires while utilizing acoustic nanofiltration, dielectrophoretic segregation, or tangential flow filtration to achieve 
efficient and high-purity exosome isolation.123 Microfluidic chips enable high throughput in situ exosome isolation and 
analysis, and as it continues to develop, the cost will decrease.

These technologies perform differently when applied to different types of samples and combining them may help to 
maximize the benefits and avoid the drawbacks.124 For example, the samples after centrifugation or ultrafiltration 
followed by size exclusion chromatography can provide better exosome samples for proteomics and functional 
studies.125 Conjugation of specific antibodies on microfluidic chips enables efficient exosome isolation.126

In recent years, exosome isolation technologies have been under constant improvement and innovation, with some 
lower-cost, more efficient, and more personalized technologies emerging. For example, Suchi Gupta et al simplified the 
centrifugation step by introducing a sucrose cushion into the centrifugation process. Because of the simplification of the 
centrifugation step, the time and cost spent as well as the destruction of exosomes are reduced.127 Gu et al have 
developed an acoustic fluid centrifugation technology that combines acoustic wave actuation and spin of a fluidic droplet 
to achieve rapid concentration and size-based separation of nanoparticles. Researchers have developed a variety of latex 
and magnetic beads encapsulating specific receptors that target exosomal membrane markers such as CD63 and Alix. The 
beads adsorbed exosomes were then placed in special buffers to release the target exosomes.128 Novel magnetic beads 
coated with polycationic polymers can also utilize the negatively charged phosphatidylserine on the exosome surface to 
isolate exosomes in large quantities from sample.129 Feng et al coated an amphiphile-dendrimer supramolecular probe 
(ADSP) on nitrocellulose membranes for exosome capture. The ADSP is composed of highly branched globular 
dendrimers functionalized with amphotericin B (AMB) molecules. The AMB molecule on ADSP can interact with 
EVs and promote EVs segregation. They also combined ADSP with an automated printing workstation to enable high 
throughput capture and analysis of EVs. In addition, this workstation can also be used for the exploration of glycosyla
tion modification on the surface of EVs, which provides a new tool for the functional research of EVs.130 Recently, 
Zhang et al developed a multivalent cholesterol-modified paranemic crossover DNA construct by DNA nanotechnology. 
As an effective synthetic nano glue, this structure promotes the rapid merging of nanoscale vesicles into micrometer- 
sized clusters, followed by low-speed centrifugation to enable rapid enrichment of EVs within minutes. This method 
effectively avoids the destruction of the structure of EVs by complex ultracentrifugation and provides an efficient and 
reliable tool for EVs research.131 In conclusion, the exosome isolation method continues to be optimized and innovated 
and will certainly provide a more robust foundation for the research and application of exosomes in the future.

The isolation of exosomes from saliva poses unique technical challenges compared to other biological fluids such as 
blood. Saliva collection methods—such as spitting, draining, or suction—typically yield limited sample volumes, 
rendering volume-dependent techniques like differential ultracentrifugation less practical. As a result, isolation protocols 
for salivary exosomes must prioritize high recovery efficiency and purity from minimal input volumes. In this context, 
precipitation-based commercial kits and immunomagnetic bead capture methods have shown favorable compatibility 
with saliva samples, as they require smaller volumes while maintaining effective isolation performance.132,133 However, 
the heterogeneous composition of saliva introduces additional complications. Salivary exosomes are often contaminated 
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with food debris, digestive enzymes, and microbial components, all of which can interfere with downstream analysis and 
compromise diagnostic accuracy. To address this, enzyme inhibitors are commonly added during sample processing, and 
preliminary purification steps—such as low-speed centrifugation or filtration—are employed to remove large particulate 
matter. These pre-treatment steps, however, may also risk compromising the structural integrity or biological activity of 
exosomes. Moreover, the inherently higher viscosity of saliva compared to other biofluids necessitates dilution with 
suitable buffers prior to isolation, which can introduce variability in exosome yield and concentration.113 Currently, there 
is no standardized, universally accepted protocol for the isolation of salivary exosomes. Future efforts should focus on 
the development and validation of reproducible workflows tailored to the physicochemical properties of saliva. 
Importantly, such protocols must also account for their impact on the fidelity of downstream molecular profiling and 
the clinical applicability of exosome-based diagnostic assays.

Salivary Exosomes Characterization and Observation
The characterization of salivary exosomes is essential for assessing sample quality, optimizing diagnostic workflows, and 
enabling the identification of robust and reproducible biomarkers. Accurate characterization provides critical information 
on exosome size distribution, concentration, morphology, and surface marker expression, thereby enhancing the 
reliability of subsequent molecular analyses. A range of analytical techniques—such as nanoparticle tracking analysis 
(NTA), dynamic light scattering (DLS), tunable resistive pulse sensing (TRPS), and various electron microscopy methods 
—have been widely employed in salivary exosome research. These tools not only facilitate quality control of isolated 
exosomes but also support the validation of their diagnostic potential in the context of OSCC and other pathologies.

Saliva Exosome Characterization
Extensive physicochemical heterogeneity exists between exosomes. Characterization of exosomes is essential for quality 
assessment of clinical saliva samples, disease diagnosis and diagnostic markers studies (Table 2).

Table 2 Characterization Technologies for Exosomes

Methods Principle Information 
Acquired

Advantages Disadvantages Ref

NTA Brownian motion; s 
cattered light

Particle number and 
size

Easy to implement; label- 
free

Narrow detection limits [134]

DLS Brownian motion; 
scattered light 

intensity variations

Particle number and 
size

Easy to implement; wide 
detection limits

Large deviation when measuring; 
micrometer-sized particles

[135]

FCS Labeling exosomes 
with fluorescent 

marker

Particle number and 
size

Single-molecule sensitivity; 
real-time dynamic analysis

Fluorescent labeling dependent; 
unable to distinguish impurities 

with same particle size

[136,137]

TRPS Resistance change 
pulse signal

Particle number and 
size

High resolution; Real-time Complicated operation; low 
throughput; background noise

[138,139]

Flow cytometry Scattered light; 
fluorescent signals

Quantitative 
information 

andphenotypic 
information

Multiparameter analysis; 
low throughput; facilitates 

functional research

High equipment costs; unsuitable 
for small-sized exosomes

[140–146]

TEM Electron 
transmission

Microscopic 
structure

High resolution Samples require special handling; 
does not reflect the natural state

[100]

SEM Electron beam 
scanning; secondary 
electron scattering

Microscopic 
structure

3D surface imaging Samples require special handling; 
low resolution

[147]

AFM Force between 
atoms

Microscopic 
structure

Non-destructive to samples Slow imaging speed; small range [147–149]

Cryo-EM Rapid freezing 
samples

Microscopic 
structure

Maintaining natural 
structure

High equipment costs; high sample 
quality requirements

[150]

Abbreviations: NTA, nanoparticle tracking analysis; DLS, dynamic light scattering; FCS, Fluorescence correlation spectroscopy; TRPS, Tunable resistive pulse sensing; TEM, 
transmission electron microscopy; SEM, scanning electron microscopy; AFM, atomic force microscopy; Cryo-EM, cryo-electron microscopy.
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As the preferred technology for characterization of exosomes, NTA utilizes the Brownian motion of exosomes in 
solution. The NTA captures the variation of scattered light from exosomes in the field of view under laser irradiation by 
the camera and then calculates the sample concentration and particle size.151 The principle and operation of NTA are 
simple and suitable for analyzing multiple sets of samples. However, the concentration of vesicles is often under
estimated due to limitations of the instrumental detection of particle size.134

The principle of DLS is similar to the NTA. Particle size and concentration are inferred by using a fast photon 
detector to monitor the temporal intensity changes in the scattered light produced by the laser irradiation of particles.147 

The DLS offers a broader detection range, however, its measurements are susceptible to the physicochemical properties 
of the particles. In samples containing a small number of micrometer-sized exosomes, this sensitivity may lead to 
significant deviations in particle size estimation.135

Fluorescence correlation spectroscopy (FCS) has also been commonly used for exosome characterization. It uses the 
fluctuation of fluorescent signals generated by fluorescently labeled molecules as they move through a small volume of 
sample to analyze the characteristics of the labeled molecules. In addition, it can also be used to characterize proteins on 
the surface of exosomes.136 The primary advantage of FCS over DLS is its ability to detect individual fluorescently 
labeled molecules. This feature makes it possible to have a detection limit below 50 nm while being less prone to 
erroneous results when detecting larger particles.137

TRPS technology is also capable of determining exosome particle concentration and size.138 TRPS measures the 
transient change in electrical resistance produced by individual nanoscale particles as they pass through a tunably sized 
pore embedded in an elastic membrane and determines the number and size of particles passing through the pore by 
monitoring and analyzing the change in electrical current. TRPS features high-resolution, real-time analysis. For 
exosome identification, TRPS suffers from certain important drawbacks, such as the possibility of membrane clogging 
with repeated use, followed by a decrease in assay stability. At the same time, the background noise of the instrument 
system could obscure the signals of tiny vesicles, resulting in a decrease in sensitivity.139

Flow cytometry is also frequently applied to exosome characterization.140,141 However, the scattering intensity of 
exosomes typically drops below the detection limit of most flow cytometers.142 To detect exosomes by normal flow 
cytometry, it is necessary to first increase the surface area of the exosome sample by binding it with fluorescein-conjugated 
antibodies or silica beads.143,144 Another serious obstacle is the clustering of small exosomes, where conventional flow 
cytometers have difficulty in resolving the scattered signals generated by multiple exosomes that are clustered and only 
record them as a single object.145 In recent years, with the development of nanoscale flow cytometry (nFCM), the analysis 
of vesicles has become more precise, which will expand the detection limit of exosomes.146

In addition to the above common exosome characterization technology, microfluidics and single particle interfero
metric reflectance imaging sensor (SP-IRIS) are also rapidly developing, and their application in exosome characteriza
tion is also worth expecting.123,152

Salivary Exosome Observation
Exosomes are nanoscale membrane vesicle structures, for direct observation of their natural morphological structure and 
assessment of the purity of the sample, the primary tool is the microscope. The most common microscopes used for 
observing exosomes include transmission electron microscopy (TEM), scanning electron microscopy (SEM), and atomic 
force microscopy (AFM).100,148 TEM images exosomes on carriers such as carbon film and copper mesh in a vacuum 
environment, and these exosome samples require fixation, dehydration, or staining beforehand. The images obtained by 
TEM could not fully reflect the natural state of exosomes in the vivo but rather appeared as “cup-like” or “teat-like” 
structures. The SEM utilizes an electron beam to scan over the surface of a conductive sample and detects the secondary 
electrons emitted for imaging.147 AFM images exosomes with a scanning probe that interacts with molecules on their 
surface. Compared to electron microscopes, AFM presents the advantage of being able to make measurements directly in 
aqueous solution, and the disadvantage of being prone to deformation or rupture of exosomes.149 The cryo-electron 
microscopy (Cryo-EM) has also been used for exosome structure observation to avoid the shortcomings of the above 
three commonly used microscopes. Imaging of samples on vitreous ice insulated by liquid nitrogen avoids damage to 
exosomes by fixation, dehydration, or electron beam irradiation.150 Overall, microscopes have low throughput and cannot 
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be used for accurate counting of exosomes, but there is no substitute for their role in morphological observation and 
purity assessment.

Salivary Exosomes Detection
The primary goal of exosome detection is to selectively identify specific extracellular vesicles or their molecular 
constituents within complex biological samples, thereby facilitating early and accurate tumor diagnosis.147 In recent 
years, a range of advanced detection technologies has been developed, including aptamer-based recognition systems, 
DNA-based biosensors, nanomaterial-assisted capture platforms, and plasmonic sensing strategies. These methodologies 
have demonstrated remarkable sensitivity and specificity, particularly in detecting low-abundance exosomes within 
heterogeneous biological matrices. Their application to salivary exosome analysis is especially promising, given the 
limited sample volumes and the need for high diagnostic precision in OSCC. By selectively targeting tumor-associated 
biomarkers enriched within salivary exosomes, these platforms enable precise isolation and molecular profiling from 
minimal input volumes. The resulting biomolecular recognition events are subsequently converted into quantifiable 
diagnostic signals through thermal, optical, electrical, or chemical transduction mechanisms, thereby supporting the 
development of robust liquid biopsy tools for OSCC detection (Table 3).

Aptamer Binding
The most commonly used of these technologies is aptamer binding. The aptamer is a small synthetic oligonucleotide 
sequence or a short polypeptide that binds to the corresponding ligand with high affinity and specificity.168 As a novel, 
efficient, and rapid identification research platform in biomedicine, it possesses a great deal of research support and huge 
application potential in exosome detection and tumor diagnosis. The aptamer could be chemically synthesized and 
exhibit higher thermal/chemical stability, higher tissue penetration, higher product homogeneity, higher immunogenicity, 
and lower toxicity than traditional antibodies.169 Researchers have developed a variety of fluorescent or electrochemical 
sensors utilizing aptamer binding technologies that exhibit excellent sensitivity and specificity in detecting exosomes. Liu 
et al developed an aptamer and thermophoretic-based method to enrich and detect tumor-derived exosomes. The method 
utilizes seven fluorescent aptamers targeting specific surface protein markers to label tumor-derived exosomes. The 
surface fluorescence intensity of exosomes from different tumors correlates with the expression level of their surface 
proteins. Combined with thermophoretic enrichment and linear discriminant analysis, the method demonstrated excellent 
performance in clinical validation in 102 patients with various types of cancers ranging from stage I to IV.153 Kuang et al 
designed an aptamer sensor for cancer exosomes that express epithelial cell adhesion molecule (EpCAM) proteins 
specifically. The EpCAM aptamer formed a hemin/G-quadruplex DNAzyme with Hemin, which catalyzes the tetra
methylbenzidine-hydrogen peroxide (TMB-H2O2) system to produce a colorimetric signal. When exosomes expressing 
EpCAM proteins are added to this system, the DNAzyme structure is destroyed and stops catalyzing the coloration 
reaction, resulting in a decrease in absorbance. The detection limit of this method is 3.94×105 particles per milliliter, and 
it shows favorable specificity and high sensitivity to the exosomes with abnormal EpCAM protein expression produced 
by some cancer cells.154 Cuong Viet Pham et al developed a method to detect EVs using aptamers and fluorescence 
polarization. This method first immobilizes EVs with a high-specificity antibody and then uses fluorescence polarization 
guided by a tiny aptamer to detect EVs in the sample. The two-pronged approach effectively removes impurities from the 
sample, and the specificity of the exosome assay increases significantly.155 Li et al successfully developed a label-free 
aptamer sensor for discriminating salivary exosomes from OSCC patients and healthy individuals. The sensor utilizes 
silica microspheres as the substrate, loaded carbon dots as the luminophore, and CD63 aptamer as the specific 
identification unit. Exosome binding to the CD63 aptamer will induce the release of carbon dots, allowing an increase 
in the intensity of the fluorescence assay. The difference in fluorescence intensity can be utilized to identify exosomes 
from OSCC patients and healthy individuals.156 Zeng et al designed a spontaneously foldable stem-and-loop structure 
called Antenna-Hairpin-Tb by integrating computer-assisted design. They hybridized this structure with an EpCAM- 
specific aptamer to construct a duplex aptasensor. When this sensor binds to EpCAM, the Antenna-Hairpin-Tb is 
dehybridized from the sensor and folded, triggering an antenna effect that significantly enhances the time-resolved 
luminescence of chelated Tb3+. In subsequent diagnostic experiments, the sensor was able to discriminate epithelial 
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Table 3 Salivary Exosome Detection Technologies

Methods Principle and Key Technology Sample Probe Target Ref

Aptamer 

binding

Aptamer binding, thermophoresis Serum samples from tumor patients (Includes 

patients with lymphoma, breast, liver, lung, 
ovarian or prostate cancers)

7 fluorescent aptamers targeting 

exosome surface proteins

Exosome surface protein markers 

(CD63, PTK7, EpCAM, LZH8, HER2, 
PSA, and CA125)

[153]

Aptamer binding, Cascade response 

signal amplification strategies

Cancer cell culture supernatant (HepG2, MCF-7, 

A549, NHDF, HeLa, and MCF-10A cells)

EpCAM aptamer EpCAM [154]

Dual-targeting strategy with antibody 

fixation, Aptamer detection

Cancer cell culture supernatant (Breast, lung, 

colorectal cancer)

Antibody and Aptamer CD63, CD9, EpCAM, and EGFR [155]

Aptamer competitive binding Salivary exosomes in OSCC patients and healthy 
individuals

CD63 aptamer CD63 [156]

Aptamer binding, Antenna effect 

triggered signal amplification

Epithelial cancer serum samples EpCAM aptamer and Tb3+ chelates EpCAM [157]

DNA-based 

biosensors

MUC1 and PD-L1 dual aptamer triggers 

RCA signal amplification

Cell exosomes and whole blood sample MUC1 and PD-L1 dual aptamer Lung cancer exosome surface targets 

(MUC1, PD-L1)

[158]

CD63 aptamer and MUC1 aptamer 
sandwich structure trigger double RCA 

signal amplification

MCF-7 cell-derived exosomes; normal human 
serum exosomes

CD63 aptamer and MUC1 aptamer 
sandwich structure

CD63 and MUC1 [159]

Nanomaterials 
bonding

Aptamer binding, Quantum dot 
nanosphere assembly

Blood PD-L1 aptamer PD-L1 [160]

Self-Assembled Gold Nano-Islands, 

Localised surface plasmon resonance

Mouse lung cancer cells, neuroblastoma cell 

culture supernatant, serum, and urine

None None [161]

Sandwich fluorescence immunosensing 

mediated by magnetic-plasmonic 

composite nanomaterials

Prostate cancer cell culture supernatant PSA antibody and Dye-labeled CD63 

antibody

PSA and CD63 [162]

Plasmonic 

sensing 

platforms

Transmission SPR; Nanopore array Ascites in patients with ovarian cancer Anti-CD24 and anti-EpCAM 

antibodies and antibodies against 

various intracellular proteins

CD24, EpCAM, and various tumor 

antigens

[163]

Aptamer binding, Cactus-like array 

substrate, SPR

Prostate cancer cell-derived exosomes CD63 and EpCAM aptamer CD63 and EpCAM [164]

Rapid enrichment of exosomes by 
Fe3O4@TiO2 magnetic nanoparticles, 

SERS

Serum sample Anti-PD-L1 antibody PD-L1 [165]

Others Enrichment of exosomes by DEP; ELISA Plasma sample Elisa antibodies for HER2, EpCAM, 
and EGFR

HER2 (Breast Cancer:), EpCAM 
(Colon Cancer:), EGFR (Lung 

Cancer)

[166]

Hollow double-stranded design; DSN 
target loop; dual signal relay 

amplification; ratio quantization

Serum samples from glioblastoma patients and 
healthy individuals

None Exosomal miR-21 or miR-10b [167]

Abbreviations: DEP, dielectrophoresis; EGFR, Epidermal growth factor receptor; ELISA, enzyme-linked immunosorbent assay; EpCAM, epithelial cell adhesion molecule; HER2, Human epidermal growth factor receptor 2; MUC1, 
Mucin 1; PD-L1, Programmed cell death ligand 1; PSA, Prostate-specific antigen; SPR, Surface plasmon resonance.
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cancer serum samples from non-epithelial cancer serum samples in a short time with 100% sensitivity, specificity, 
precision, and accuracy.157 The superior performance of aptamer technology, compared to traditional antibody-based 
detection methods, stems from its exceptional capabilities. An increasing number of studies have recognized the potential 
of aptamers in oral diseases.170 In the detection of clinical saliva samples, aptamers exhibit high resistance to enzymatic 
reactions present. They can also precisely bind to targets via base complementary pairing or spatial conformation 
recognition, thus avoiding non-specific binding to proteins, lipids, and other abundant substances in saliva. Overall, 
the challenge in translating tumor marker aptamers to clinical applications lies in the time-consuming, technically 
demanding, and costly early design process. However, they offer advantages such as the potential for large-scale, low- 
cost production through chemical synthesis, with biological preparation costs significantly lower than those of antibodies. 
Consequently, the final diagnostic kit costs are expected to be kept at a relatively low level.

DNA-Based Biosensors
DNA-based biosensors are a type of sensors that utilize DNA signal amplification technology, and they increase detection 
sensitivity by increasing the strength of the DNA detectable signal. DNA signal amplification technology provides an 
excellent research tool for diagnosis, genetic assays, and biomedical fields. It involves technologies such as catalytic hairpin 
assembly (CHA), hybrid chain reaction (HCR), and rolling-cycle amplification (RCA).171 He et al developed portable 
sensors for analyzing tumor-derived exosomes without isolation and labeling. The sensor targets typical biomarkers on 
exosomes and regulates the amount of parallel RCA reaction product through the affinity of the aptamer to the target, which 
in turn affects the fluorescence intensity of quantum dots (QDs) and methylene blue (MB). Finally, a simple hand-held 
fluorometer can be used to complete the detection. In subsequent experiments, the sensor could analyze clinical samples 
quickly and sensitively, and the results were highly consistent with pathology reports.158 Zhao et al constructed a dual 
aptamer sandwich-type electrochemical aptamer sensor by a four-way-junction (4-WJ) triggered double rolling circle 
amplification (RCA)-assisted MB/G-quadruplex strategy. Exosomes are first captured by the CD63 aptamer on the sensor, 
and then a sandwich structure is formed utilizing a Mucin 1 (MUC1) protein-specific aptamer. Subsequently, the 3’ end of 
the mucin-1 aptamer facilitated 4-WJ formation with the assistance of the probe. Finally, the two DNA templates bound to 
the 4-WJ terminus trigger the RCA reaction, while the products of RCA capture a large number of MB indicators and 
amplify the electrochemical signals.159 These studies have illustrated the potential applications of DNA sensors in blood 
samples. When applied to saliva samples, which may contain lower concentrations of biomarkers, such as miRNA, the 
performance of DNA sensors remains impressive. Their signal amplification function can enhance minute binding signals to 
detectable levels. Specially designed DNA sequences, such as those incorporating stem-loop structures, can also improve 
their resistance to interference from impurities in saliva, preventing the non-specific activation of signals.

Nanomaterials Bonding
Common nanomaterials include quantum dots, gold nanoparticles, graphene, and MnO2 nanosheets.172 These small-sized 
nanomaterials exhibit unique optical, electrical, and electromagnetic properties. Nanomaterials bound to exosomes absorb 
and emit light at specific wavelengths, allowing their detection with spectroscopic technology. To accurately quantify the 
tumor exosome programmed cell death ligand 1 (PD-L1) protein, Zhang et al developed a signal amplification method based 
on aptamer binding and DNA scaffold hybridization-triggered assembly of quantum dot nanospheres for signal amplification. 
The method enables two-color phenotyping of exosomes to accurately screen for cancer and assess PD-L1 expression levels 
through machine learning.160 Thakur et al report a localized surface plasmon resonance (LSPR) biosensor scheme based on 
self-assembled gold nano-islands (SAM-AuNIs). The LSPR interferometer is capable of capturing differences in biophysical 
interactions, distinguishing target exosomes from other background vesicles. Their design provides a convenient way to 
fabricate mass-produced and low-cost biosensor substrates.161 Focusing on the excellent properties of multifunctional carbon 
nanomaterials, Lee et al developed a magneto-fluorescence immunosensor strategy using silver nanoparticles and magnetic 
iron oxide nanoparticles modified graphene. The anti-prostate specific antigen is immobilized on the platform, and when the 
antigen captures exosomes from prostate cancer cells, an applied magnetic field can separate them from the sample. The 
introduction of a Dye-tetraspanin antibody induces the formation of a “magnetic capture-fluorescence detection” sandwich 
structure, and the fluorescence intensity of the dye changes according to the number of exosomes in the sample. The platform 
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can be used for rapid isolation and direct detection of exosomes.162 When handling saliva samples, the high specific surface 
area of nanomaterials can enhance the sensor’s capture efficiency for salivary exosomes. Additionally, their unique 
physicochemical properties, such as plasma effects and electrochemical activity, can amplify the detection signal, thereby 
addressing the issue of low concentrations of salivary exosomes.

Plasmonic Sensing Platforms
In the field of exosome detection, plasma sensors have made significant advances. These sensors stimulate surface- 
plasmon resonance (SPR) through the interaction of light with nanostructures, enabling rapid, label-free, highly sensitive, 
and real-time detection of exosomes.163,173 Common plasmonic sensing platforms can be categorized into SPR sensors, 
surface-enhanced Raman spectroscopy (SERS) sensors, and plasmonic-enhanced fluorescence (PEF) sensors. These 
plasma sensing platforms are also easily translatable. By modifying the sensor chip with aptamers, non-specific binding 
of other components in saliva could be reduced, enabling precise detection in complex saliva samples. Combining their 
features with AI deep learning can obtain diagnostic models enabling rapid diagnosis of multiple cancer types.174 The 
development of plasma sensing platforms is heading towards miniaturization, portability, integration, and intelligence, 
which is more favorable for exosome detection and cancer diagnosis. Hyungsoon Im et al reported a novel portable SPR 
chip based on SPR for simultaneous detection of proteins in intact exosomes and lysates. The chip includes arrays of 
nanopores in a metal membrane, each containing an aptamer for the target exosome. When bound to a target exosomal 
protein, the chip will produce a spectral shift or intensity change proportional to the protein level. In subsequent 
experiments, they successfully detected CD24- and EpCAM-positive exosomes from ovarian cancer cells.163 Jia et al 
designed and fabricated an integrated microfluidic chip equipped with a cactus-like array substrate (CAS) based on SERS 
to enable the detection of prostate lymph node cancer exosomes. The CAS structure was formed by the self-assembly of 
bilayer polystyrene microspheres onto a polyethylene terephthalate film. The CAS, labeled with CD63 aptamer, and the 
SERS nanoprobes, labeled with EpCAM aptamer, were then combined into a “sandwich” structure and applied to the 
microfluidic chip. The results showed that the detection limit of this microarray for exosomes in cancer cells was up to 1 
particle/μL.164 Recently, Pang et al developed an integrated detection method based on Fe3O4@TiO2 magnetic nano
particles with SERS technology to achieve direct capture and quantitative analysis of serum exosomal PD-L1. In the 
method, Fe3O4@TiO2 is first used to enrich exosomes through the binding of TiO2 to the hydrophilic phosphate head of 
the exosome phospholipid. The Au@Ag@MBA SERS label modified by an anti-PD-L1 antibody was then introduced to 
capture exosomes. Quantification of PD-L1 enables individualized exosomal PD-L1 dynamic monitoring and diagnosis 
of non-small cell lung cancer.165 Plasmonic sensing platforms remain far from routine clinical application. It is 
a “platform-based” or “instrument-based” technology, not a “reagent-based” one. Its core value is embedded in specific 
nanomaterials and SERS detection platforms. To achieve broader clinical adoption, its principles must be integrated into 
more mature, low-cost, high-throughput, and portable clinical testing platforms.

Other Exosome Detection Technologies
The recent application of some emerging technologies in the field of exosome detection is also remarkable. For example, Minsu 
Park et al have developed an integrated platform of dielectrophoresis (DEP) and enzyme linked immunosorbent assay (ELISA) 
technologies for the high-purity isolation and ultra-high sensitivity detection of small EVs in plasma. The platform analyzes three 
biomarkers, PD-L1, EpCAM, and epidermal growth factor receptor, with a colorimetric method. In subsequent diagnostic 
experiments, its diagnostic accuracy for a variety of tumors was greater than 90%.166 Niu et al innovatively developed intelligent 
molecular cleavage and dual-signal relay amplification-based ratiometric, which provides a breakthrough solution for early 
diagnosis and dynamic monitoring of glioblastoma. The hollow double-stranded design of this technology effectively blocks non- 
specific cleavage by duplex-specific nuclease (DSN). The cascade reaction will be triggered to achieve double signal amplification 
when the target miRNA is introduced. This technology is capable of tracking dynamic changes in exosomal RNA and accurately 
capturing the pattern of miRNA temporal fluctuations, which has great potential for diagnosis and monitoring of various 
diseases.167
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In summary, these exosome detection technologies are currently undergoing rapid development and are beginning to 
make their appearance in the field of early tumor diagnosis. They can also provide important inspiration for the new type 
liquid biopsy strategies aimed at screening tumors such as OSCC.

Potential and Challenges of Salivary Exosomes in the Early Diagnosis of 
OSCC
Salivary exosomes have emerged as a compelling candidate for non-invasive diagnostics in OSCC, offering 
a combination of anatomical accessibility, biomolecular richness, and compatibility with emerging detection 
technologies.175 Their ability to reflect tumor-specific molecular alterations and their stability in the salivary micro
environment endow them with distinct advantages over conventional diagnostic modalities. Nevertheless, clinical 
translation remains limited due to persistent technical and biological challenges that must be addressed through 
coordinated research efforts (Figure 5).

Figure 5 The promise and obstacles of salivary exosomes in the early diagnosis of OSCC. As carriers of tumor-specific biomarkers, salivary exosomes are in direct 
anatomical proximity to OSCC lesions, making them an ideal medium for the early detection and molecular investigation of oral tumors. Their non-invasive origin confers 
significant clinical advantages—saliva collection is simple, painless, and repeatable, thereby minimizing patient discomfort and enhancing the feasibility of exosome-based 
diagnostics in routine and large-scale screenings. Moreover, exosomes have become a focal point in biomedical research, and the continuous refinement of analytical tools 
and protocols has further strengthened their applicability in cancer diagnostics. However, several obstacles hinder the clinical translation of salivary exosome-based 
diagnostics. The variability in saliva collection techniques, sampling tools, and the lack of standardized analytical workflows limit reproducibility and personalization, while also 
increasing cost and operational complexity. Additionally, the inherent heterogeneity of salivary exosomes—originating from diverse cellular and microbial sources— 
combined with high biological background noise in clinical samples, poses substantial challenges in accurately isolating and characterizing tumor-derived vesicles.
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Diagnostic Potential of Salivary Exosomes
Direct Proximity to Tumor Lesions
Unlike other biofluids, saliva maintains direct physical contact with primary OSCC sites—particularly in the tongue, 
buccal mucosa, and gingiva—facilitating the direct secretion of tumor-derived exosomes into the oral cavity.21 This 
anatomical advantage enhances the concentration and specificity of tumor-related exosomes in saliva, bypassing systemic 
dilution and offering a window into localized tumor biology.

Tumor-Specific Molecular Cargo
Exosomal cargos—including miRNAs, proteins, DNA fragments, and metabolites—are dynamically altered during 
tumorigenesis. Multiple studies have identified promising OSCC-associated markers in salivary exosomes: elevated 
exosomal Alix expression, immune-related proteomic changes, miRNA signatures such as miR-10b, miR-486-5p, and 
overlapping miRNA panels found in both saliva and plasma.31,73 These findings underscore the potential of salivary 
exosomes as molecular fingerprints for OSCC.

Non-Invasive and Repeatable Sampling
Saliva collection is simple, painless, and well tolerated, allowing repeated sampling for longitudinal monitoring of disease 
progression or therapeutic response. Unlike tissue biopsies, which are invasive and limited in frequency, salivary diagnostics 
are patient-friendly and highly suitable for community-based screening programs and post-treatment surveillance.19,176

Compatibility with Next-Generation Technologies
Recent advances in biosensing, such as microfluidic platforms, digital PCR, nanoparticle-enhanced assays, and machine 
learning-based analysis, have significantly improved the sensitivity, specificity, and scalability of exosome 
detection.177,178 These innovations make it feasible to profile exosomal biomarkers in small saliva volumes with high 
throughput and clinical relevance.

Key Barriers to Clinical Translation
Despite these advantages, several challenges currently impede the widespread adoption of salivary exosomes in routine 
clinical diagnostics:

Biological Heterogeneity and Background Noise
Saliva contains exosomes secreted not only by tumor cells, but also by salivary glands, epithelial cells, immune cells, and 
oral microbiota (including bacteria and fungi) (Figure 2). This diverse origin complicates the identification and isolation 
of tumor-specific exosomes, especially in early-stage OSCC, where the signal-to-noise ratio is low. Establishing 
standardized procedures for the collection and processing of saliva samples will help to overcome this obstacle. 
Furthermore, practical strategies that can improve diagnostic specificity remain to be developed. First, continue 
identifying more ideal multi-omics markers. Ideal targets should be highly expressed on tumor-derived exosomes 
while being lowly or non-expressed on normal cell-derived exosomes. Technologically, multi-antibody or aptamer- 
modified nanoprobes/chips should be developed. Immobilizing 2–3 antibodies or aptamers on capture platforms to 
selectively capture exosomal subsets expressing multiple corresponding targets simultaneously would facilitate enhanced 
specificity. In clinical practice, by utilizing the expression levels, ratios, and combination patterns of multiple biomarkers 
as input features, machine learning can train composite models capable of distinguishing tumors from non-tumors. The 
performance of such models typically far surpasses that of any single indicator. This layered, combinatorial strategy 
holds promise for progressively overcoming the bottleneck of salivary exosome specificity, enabling the differentiation of 
unique exosomes and facilitating the early diagnosis of OSCC.

Lack of Standardized Isolation and Processing Protocols
Existing isolation techniques—such as ultracentrifugation, polymer-based precipitation, and size-exclusion chromato
graphy—often suffer from limitations in specificity, yield, and scalability.124 Inter-laboratory reproducibility remains 
poor, hindering regulatory approval and large-scale clinical implementation.
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Variability in Sample Collection and Handling
Saliva composition is highly susceptible to circadian rhythms, hydration status, dietary intake, and collection protocols 
(eg, stimulated vs unstimulated saliva).52 Although unstimulated whole saliva is generally preferred for OSCC diagnosis 
due to its closer proximity to tumor sites, no universally accepted standard for sampling currently exists.

Incomplete Biomarker Validation
While numerous candidate exosomal biomarkers have been proposed, few have been validated in large-scale, multi
center, or longitudinal cohorts. The lack of external validation limits the robustness, reproducibility, and regulatory 
acceptance of these markers for clinical application.

Future Directions and Strategic Priorities
To realize the clinical promise of salivary exosomes in the early diagnosis of OSCC, a multi-tiered roadmap is essential 
—encompassing technical optimization, biomarker discovery, clinical validation, and translational infrastructure devel
opment. The following areas should be considered high-priority targets for future research and development:

Standardization of Pre-Analytical and Analytical Procedures
Uniformity in saliva collection, storage, and processing is crucial for ensuring reproducibility across studies and clinical 
settings. Future efforts should establish international consensus guidelines that account for variables such as:

Type of saliva (stimulated vs unstimulated; whole vs glandular);
Collection time and subject preparation (eg, fasting, oral hygiene, medication use);
Use of preservatives, enzyme inhibitors, and storage conditions (eg, freeze-thaw cycles).
Moreover, exosome isolation workflows must be standardized in terms of methodology (eg, centrifugation para

meters, filtration cutoff, affinity reagents) to reduce batch effects and enable cross-laboratory comparability. Based on the 
research evidence we have collected, a simple framework for sample selection, collection, storage, and pretreatment for 
OSCC testing can be proposed to ensure sample quality. First, the saliva sample collected for OSCC testing should be as 
close as possible to the body’s baseline state, specifically non-stimulated whole saliva. Before collection, subjects should 
avoid alcohol consumption for 24 hours, refrain from eating, drinking, or smoking for 8 hours, and suspend oral hygiene 
practices. Collection should be performed in the early morning with subjects standing in a fasted state. Saliva samples 
should be properly stored in storage containers and transported at a low temperature (4°C) to the isolation and testing 
platform. Enzyme inhibitors and preservatives should be applied during transport to ensure sample stability. Before 
exosome detection, impurities in saliva (such as cell debris and food residues) must be removed using low-speed 
centrifugation and filtration methods. Commercial kits based on precipitation methods and immunomagnetic bead 
capture are particularly suitable for salivary exosome isolation, as they require minimal sample volume while maintain
ing effective performance. High-quality exosomes ensure diagnostic accuracy for OSCC. As research evidence advances, 
this framework can be progressively refined to accommodate diverse research and clinical scenarios.

Development of High-Throughput, Point-of-Care Detection Platforms
To transition salivary exosome diagnostics from bench to bedside, rapid and scalable detection platforms are indis
pensable. Promising directions include:

Microfluidic-integrated biosensors capable of simultaneously capturing, enriching, and analyzing exosomes within 
minutes;

Electrochemical and plasmonic sensors for label-free, real-time detection of specific exosomal biomarkers;
AI-assisted signal interpretation and diagnostic classification, leveraging machine learning to integrate complex 

biomarker panels into actionable clinical outputs;
Portable diagnostic devices for use in community clinics or remote settings, supporting decentralized screening 

programs.
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Discovery and Validation of Robust Multi-Marker Panels
The clinical utility of salivary exosomes will be contingent on the identification of reproducible and OSCC-specific 
biomarker panels. Future biomarker discovery should:

Integrate multi-omic strategies (miRNA, lncRNA, protein, lipidomic, methylation patterns) to improve sensitivity and 
specificity;

Apply single-vesicle profiling techniques to resolve heterogeneity and identify subpopulations enriched in tumor- 
related cargo;

Include longitudinal sample tracking in patients undergoing treatment to assess temporal biomarker dynamics for 
monitoring recurrence or therapeutic efficacy;

Validate findings in large, multi-center, prospective cohorts that reflect real-world clinical diversity and heterogeneity.

Integration Into Risk Stratification and Clinical Decision-Making Models
To move beyond proof-of-concept, salivary exosome assays must be incorporated into clinical workflows that enhance 
personalized care. This includes:

Combining salivary exosome data with patient risk factors, such as tobacco use, HPV status, or family history, to 
create integrative risk prediction tools;

Evaluating the utility of salivary exosomes as complementary tools to imaging or histopathology, especially in 
indeterminate or early-stage lesions;

Developing predictive algorithms for treatment response (eg, immunotherapy, chemoradiotherapy), using exosomal 
PD-L1, MHC molecules, or immunomodulatory miRNAs as dynamic indicators.

Understanding Functional Roles and Biological Mechanisms
Beyond diagnostics, elucidating how salivary exosomes actively participate in OSCC pathophysiology can provide 
additional clinical insights. Future studies should:

Investigate how tumor-derived exosomes contribute to immune evasion, angiogenesis, epithelial–mesenchymal 
transition (EMT), and local invasion;

Explore interactions between tumor and stromal exosomes, including those from fibroblasts, immune cells, or 
microbiota;

Assess how exosomal content changes over the course of tumor evolution, potentially serving as a window into tumor 
heterogeneity and resistance mechanisms.

Regulatory Pathways and Commercial Translation
To ensure smooth clinical implementation, regulatory and industry-oriented pathways must also be considered. Priorities 
include:

Establishing analytical and clinical performance benchmarks for diagnostic kits;
Promoting industry-academic collaboration for the development of CE-IVD/FDA-cleared exosome-based saliva 

diagnostic tools;
Engaging with regulatory bodies early to define acceptable endpoints and validation frameworks for salivary exosome 

assays.
With sustained interdisciplinary collaboration and technological innovation, salivary exosomes hold the potential to 

revolutionize OSCC screening and early detection, facilitating more timely intervention and ultimately improving patient 
survival.

Conclusion
With nearly 390 000 new cases diagnosed globally each year and persistently low survival rates, OSCC represents 
a significant global health burden.2,7 While advanced-stage OSCC can often be identified through clinical examination 
and confirmed via surgical biopsy, early-stage lesions are typically asymptomatic and subtle in appearance, resulting in 
frequent misdiagnosis or delayed detection.179 This highlights an urgent need for reliable, non-invasive diagnostic 
strategies capable of identifying OSCC at an early stage. Liquid biopsy has emerged as a powerful approach for the 
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early detection of malignancies by capturing molecular alterations that are not readily observable through traditional 
diagnostic methods. Among various liquid biopsy sources, salivary exosomes have recently attracted increasing attention 
due to their anatomical proximity to oral lesions, ease of collection, and potential to harbor tumor-derived molecular 
signatures. In this review, we systematically summarize the current knowledge surrounding the collection, isolation, 
characterization, and detection of salivary exosomes, with particular emphasis on their molecular components relevant to 
OSCC. Furthermore, we critically discuss both the advantages and the challenges associated with using salivary exosomes 
as a diagnostic target in the context of liquid biopsy. Overall, the intrinsic properties of salivary exosomes—combined with 
recent technological advances in exosome enrichment, profiling, and biosensing—position them as promising candidates 
for non-invasive, early OSCC detection. However, further research is warranted to identify robust biomarkers, standardize 
sampling and processing protocols, and validate their clinical utility through large-scale, prospective studies. Salivary 
exosome-based diagnostics may not only enhance early tumor detection but could also transform the broader landscape of 
precision oncology.
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amplification; SAM-AuNIs, Self-assembled gold nano-islands; SEC, Size exclusion chromatography; SEM, Scanning 
electron microscopy; SERS, Surface-enhanced Raman spectroscopy; siRNAs, Small interfering RNAs; SP-IRIS, Single 
particle interferometric reflectance imaging sensor; SPR, Surface plasmon resonance; TEM, Transmission electron 
microscopy; TMB-H2O2, Tetramethylbenzidine-hydrogen peroxide; tRNAs, Transfer RNAs; TRPS, Tunable resistive 
pulse sensing; UICC, Union for International Cancer Control; VPS4, Vacuolar Protein Sorting 4; VTA1, vesicle 
trafficking 1; WB, Western blotting.
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