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Oral squamous cell carcinoma (OSCC) is a major global health burden, and most cases arise through stepwise malignant
transformation of oral potentially malignant disorders (OPMDs). Conventional tissue biopsy provides only a static snapshot
of disease status and fails to capture the dynamic molecular changes occurring during progression. This study aimed to
develop a saliva-based, time-series biomarker model capable of predicting malignant transformation in OPMD and to translate
these molecular findings into a rapid, point-of-care diagnostic platform. Saliva samples were collected twice weekly from
OPMD patients over 12 weeks, and four key biomarkers—IL-8, TNF-oc, MMP-9, and CYFRA21-1—were quantified by
ELISA. The longitudinal analysis revealed sequential biomarker patterns, with IL-8 and MMP-9 rising in parallel, reflecting
a progression from inflammation to matrix degradation. In vitro validation using TNF-o—treated human oral keratinocytes
(HOKS) confirmed that inflammatory stimulation induces IL-8 secretion, cell migration, and invasion, thereby mimicking the
in vivo transition process. Transcriptomic profiling of clinical samples further identified POSTN (periostin) as a key hub gene
linking inflammatory signaling with extracellular matrix remodeling. ELISA validation demonstrated a stepwise increase in
salivary POSTN concentrations across disease stages, confirming its translational potential as a novel, non-invasive biomarker.
Finally, a lateral flow assay (LFA) prototype targeting POSTN was developed using N- and C-terminal antibody pairs conjugated
to gold nanoparticles, enabling visual detection of POSTN within 10 minutes. Together, this study aimed to determine whether
longitudinal salivary biomarker dynamics could distinguish OPMD lesions with histologically confirmed high-risk features from
clinically stable OPMD.
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Introduction thereby supporting non-invasive risk stratification rather than

prospective prediction of malignant transformation.

Oral squamous cell carcinoma (OSCC) is the sixth most com-
mon cancer worldwide, with a five-year survival rate of only
about 50-60%"1'%. The primary reason for this poor progno-
sis is that most patients are diagnosed at an invasive stage=™.
Oral potentially malignant disorders (OPMDs) represent a
precancerous stage preceding this transformation®, progress-
ing to malignancy through years of inflammatory and stromal
remodeling processes'’.

However, tissue biopsies currently used clinically provide
only a single-point pathological snapshot, lacking the abil-
ity to reflect the disease’s temporal dynamics®1Y, Saliva is
a non-invasive bodily fluid sample!"13 that directly reflects
oral metabolism and immune responses. Therefore, quantita-
tively analyzing the temporal pattern changes of biomarkers in
saliva can capture dynamic signals of disease progression that
are difficult to detect with static tissue biopsies.

In this study, we hypothesized that longitudinal, person-
alized salivary biomarker monitoring can identify molecu-
lar features associated with histologically high-risk OPMD,

1 Seoul National university, South Korea

From this perspective, this study aimed to:

The aims of this study were to predict malignant transfor-
mation in OPMD using longitudinal salivary biomarker data,
elucidate the inflammatory pathways driving matrix remod-
eling and cell infiltration using in vitro cellular models, iden-
tify novel molecular targets through transcriptomic analysis of
clinical samples, and develop a POSTN-based point-of-care
diagnostic lateral flow assay (LFA).

Through this, the study highlights an integrated un-
derstanding of the malignant transformation axis in
OPMD—*"inflammation—stroma—infiltration—-invasion”—and
presents a POSTN-centered predictive platform that can be
extended into a non-invasive, saliva-based diagnosis system.

Materials & Methods

Human saliva sample collection and ethics approval

This study was conducted with approval from the Institutional
Review Board (IRB approval no. P01-202506-02-009), and
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written informed consent was obtained from all participants.
Unstimulated whole saliva samples were collected from pa-
tients diagnosed with OPMDs and healthy volunteers. Par-
ticipants were instructed to refrain from eating, drinking, or
smoking for at least one hour before sample collection.

Group classification

Healthy group (n = 5): adults with no clinical oral lesions.

OPMD-Stable group (n = 5): clinically diagnosed OPMD
(e.g., leukoplakia) without morphological changes for > 6
months.

OPMD-Progressor group (n = 5): histologically confirmed
dysplasia or microinvasive lesions.

Histopathological evaluation of OPMD lesions was per-
formed by board-certified oral pathologists. Epithelial dys-
plasia was graded as mild, moderate, or severe based on
established architectural and cytological criteria. OPMD-
Progressor cases were defined as patients with histologically
confirmed epithelial dysplasia or microinvasive carcinoma
identified at or prior to enrollment, rather than progression ob-
served during the 12-week monitoring period.

The clinical and histopathological characteristics of all en-
rolled participants are summarized in Supplementary Table 1.

Approximately 2 mL of unstimulated saliva was collected
into sterile tubes, stored on ice, and centrifuged at 10,000 x g
for 10 min at 4°C. The supernatant and cell pellet were sep-
arated for protein and RNA analyses, respectively, and stored
at -80°C until use.

Salivary biomarker time-series analysis

Saliva samples from OPMD patients were collected twice
weekly for 12 weeks (24 total samples per patient), yielding up
to 24 time points per participant. For longitudinal visualiza-
tion in the main figures, measurements were summarized into
2-week intervals by averaging values within each bin. This
temporal aggregation was applied to reduce short-term vari-
ability associated with high-frequency sampling and to facili-
tate interpretation of longer-term biomarker trends. Longitu-
dinal biomarker measurements were analyzed descriptively to
characterize within-individual temporal patterns. No formal
hypothesis testing or p-value-based comparisons were per-
formed across repeated time points; therefore, multiple testing
correction was not applied.

Samples were mixed with a protease inhibitor cocktail
(Sigma-Aldrich, P8340) and stored at -80°C. Four key
biomarkers—IL-8, TNF-¢t, MMP-9, and CYFRA21-1—were
quantified using commercial ELISA kits (R&D Systems,
USA) according to the manufacturer’s protocols.

Total protein concentration was determined using the BCA
Protein Assay Kit (Thermo Fisher), and biomarker levels were

normalized to total protein content. Baseline values were de-
fined as the mean of the first two time points for each pa-
tient, and relative deviations were expressed as Z-scores. Val-
ues with Z > 2.0 were considered statistically significant in-
creases.

HOK cell culture and TNF-« stimulation

Human Oral Keratinocytes (HOK; Korea Cell Line Bank)
were cultured in Keratinocyte Serum-Free Medium (Gibco,
USA) supplemented with 0.05 mg/mL bovine pituitary ex-
tract (BPE) and 5 ng/mL epidermal growth factor (EGF). Cells
were maintained at 37°C in a humidified incubator with 5%
CO;.

At 80% confluence, cells were treated with 10 ng/mL TNF-
a (PeproTech, USA) to induce an inflammatory response.
Culture supernatants were collected at 6, 24, and 48 h post-
treatment, and IL-8 levels were measured using the Human
IL-8 Quantikine ELISA Kit (R&D Systems, D8000C). Each
experiment was performed in triplicate, and results were ex-
pressed as mean + SD.

Scratch and invasion assays
Scratch assay

HOK cells were seeded in 6-well plates and grown to ~
90% confluence. A straight scratch was made using a ster-
ile 200 uL pipette tip, and the wells were rinsed with PBS
to remove detached cells. Cells were cultured in serum-free
medium with or without 10 ng/mL TNF-¢ for 24 h. Wound
areas at O h and 24 h were photographed (Leica DMi8) and
analyzed using Image] to calculate wound closure rates.

Invasion assay

Matrigel-coated Transwell chambers (8 um pore, Corning)
were used. HOK cells (1 x 10°) were seeded in the upper
chamber, and medium containing 10% FBS was added to the
lower chamber. After 24 h incubation with or without 10
ng/mL TNF-¢, invaded cells on the lower surface were fixed,
stained with crystal violet, and counted under a microscope.

RNA extraction and sequencing

Total RNA was extracted from the saliva-derived cell pellets
using TRIzol Reagent (Invitrogen). RNA quality was assessed
using a NanoDrop 2000 (Thermo Fisher), and samples with
RIN > 7.0 were used for sequencing.

RNA libraries were prepared using the Illumina TruSeq
RNA Sample Preparation Kit and sequenced on the Illumina
NovaSeq 6000 platform (150 bp paired-end reads). Qual-
ity control was performed with FastQC, and adapters were
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trimmed using Trimmomatic. Reads were aligned to the hu-
man genome (GRCh38) using HISAT?2.

Differentially expressed genes (DEGs) were identified us-
ing DESeq?2 (R package) with thresholds of [log, FC| > 1 and
adjusted p < 0.05. Gene Ontology (GO) pathway enrich-
ment analyses were performed using clusterProfiler, and re-
sults were visualized with pheatmap.

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was performed using
the clusterProfiler package. The GSEA() function was applied
using gene sets derived from the MSigDB Hallmark collec-
tion. Genes were ranked based on log, fold-change values
obtained from differential expression analysis.

ELISA validation for POSTN

POSTN protein concentrations in saliva were quantified us-
ing the Human Periostin ELISA Kit (Cloud-Clone Corp.,
SEA934Hu). Samples were diluted 1:2 and analyzed accord-
ing to the manufacturer’s instructions. Absorbance was mea-
sured at 450 nm using a microplate reader, and POSTN con-
centrations were calculated based on standard curves (0-200
ng/mL). Data were analyzed using one-way ANOVA followed
by Tukey’s post-hoc test (p < 0.05).

3 In Vitro Validation with
TNF-a (ELISA, Scratch
Assay, Invasion Assay)

— fi,q
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Fig. 1 Overview of the experimental workflow.

Lateral flow assay (LFA) fabrication

The LFA strip consisted of a sample pad, conjugate pad, nitro-
cellulose membrane, absorbent pad, and backing card.

Gold conjugate: 40 nm gold nanoparticles (Cytodiagnos-
tics, Canada) were conjugated to anti-POSTN (C-terminal)
antibodies (Abcam, ab14041) via EDC/NHS coupling. Test

line: anti-POSTN (N-terminal) antibodies (Sigma, MKB-
SAB2101847) were immobilized on the nitrocellulose mem-
brane at 1 mg/mL.

Control line: anti-human IgG antibodies (Sigma-Aldrich)
were printed at 0.5 mg/mL. Sample pads (glass fiber,
Ahlstrom) and absorbent pads (Whatman CF5) were assem-
bled on adhesive backing cards and dried at 37°C for 24 h.

During testing, 800 uL of saliva sample was applied to the
sample pad, and visible color development was evaluated after
10 min. 800 uL of whole saliva was applied directly to the
sample pad. Despite the inherent viscosity of saliva, consistent
flow across the nitrocellulose membrane was achieved through
capillary action facilitated by the absorbent pad and device
configuration. No additional dilution or running buffer was
used unless otherwise stated.

Z-score calculation

For each participant, an individual baseline was established
using the mean and standard deviation of biomarker concen-
trations measured during the initial monitoring period. Z-
scores were calculated for subsequent time points as (value
— individual baseline mean) / baseline standard deviation. A
Z-score threshold of > 2.0 was used as an alert criterion to
flag marked deviations from individual baseline levels.

Statistical analysis

All data are presented as mean =+ standard deviation (SD).
Comparisons between groups were performed using Student’s
t-test or one-way ANOVA as appropriate. Statistical analyses
were performed using GraphPad Prism 10.0 and R (v4.2.2),
with p < 0.05 considered statistically significant. Statis-
tical analyses were primarily descriptive in nature, focus-
ing on within-individual longitudinal trends using baseline-
normalized Z-scores. Inferential statistical tests were applied
only to aggregated or summary measures to avoid violation
of independence assumptions inherent to repeated-measures
data. Longitudinal trajectories were visualized and interpreted
descriptively rather than subjected to repeated inferential test-
ing.

Results

Predictive Modeling for Malignant Transformation in OP-
MDs using Salivary Time-Series Data

Saliva samples were collected twice weekly from OPMD pa-
tients following the establishment of an individual baseline.
The concentrations of four key biomarkers—IL-8, TNF-q,
MMP-9, and CYFRA21-1—were quantified'#'1% This time-
series data was then used to calculate the rate of change (time-
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series deviation) relative to each patient’s personalized base-
line. Subsequently, the trend in inflammation and cellular
damage-related patterns over time was analyzed (Fig. 1).

These results indicate that the model effectively distin-
guishes dynamic biomarker trajectories associated with ma-
lignant transformation, supporting its potential use as an alert
system for clinical surveillance.

Temporal dynamics of salivary biomarkers

The temporal changes of four salivary biomarkers—IL-8,
TNF-o,, MMP-9, and CYFRA21-1—were analyzed in five pa-
tients with OPMD over a 12-week observation period (Fig. 2).

All concentrations were normalized to total protein and con-
verted to Z-scores relative to each individual’s baseline, al-
lowing direct comparison of relative temporal changes. IL-8
levels remained relatively stable during the initial 4 weeks,
followed by a gradual and consistent increase beginning at
week 6. By weeks 10-12, most patients showed Z-scores ex-
ceeding 2.0, indicating a pronounced time-dependent rise in
IL-8 concentration. TNF-« exhibited a similar upward trajec-
tory but with slightly higher variability during the early phase
(weeks 2—-4); in later weeks, its Z-scores converged between
1.5 and 2.0 across patients. MMP-9 displayed the most dis-
tinct late-phase activation pattern. After week 8, a rapid in-
crease was observed, reaching peak Z-scores around 3.0 by
week 12 in nearly all participants. Although data are visu-
alized as Z-scores to emphasize within-individual changes,
the corresponding absolute concentration ranges indicate that
these deviations reflect biologically measurable differences.

This trend suggests that matrix-degrading enzyme activa-
tion occurs during the latter stages of disease progression. In
contrast, CYFRA21-1 demonstrated a slower, more gradual
elevation, showing modest changes until week 8 and then ris-
ing steadily toward weeks 10-12, implying a delayed cellular
damage response.

Sensitivity analyses using alternative alert thresholds (Z >
1.5 and Z > 2.5) demonstrated similar qualitative separation
between OPMD-Progressor and OPMD-Stable cases, indicat-
ing that the observed patterns were not driven by a single ar-
bitrary cut-off. In particular, IL-8 and MMP-9 showed con-
current increases, suggesting a closely linked temporal rela-
tionship between inflammatory activation and matrix remod-
eling. This finding suggests that the inflammatory environ-
ment in OPMD may progress sequentially—from early cy-
tokine activation (IL-8, TNF-a) to subsequent matrix degra-
dation (MMP-9) and late epithelial damage (CYFRA21-1).

In Vitro Validation of Biomarker Cascade

To confirm whether the concomitant elevation of IL-8, TNF-
a, and MMP-9 observed in the salivary time-series analy-

sis was reproducible at the epithelial cell level, we treated
Human Oral Keratinocyte (HOK) cells with the inflamma-
tory cytokine TNF-o¢ (10 ng/mL) to assess inflammatory re-
sponse and cellular behavioral changes (Fig. 3A). TNF-a was
used to mimic the inflammatory microenvironment observed
in OPMD patients, allowing us to verify whether inflamma-
tory stimulation induces IL-8 secretion and invasive behavior
in oral keratinocytes.

IL-8 ELISA results showed higher IL-8 secretion in the
TNF-o-stimulated group compared to the control at 6, 24, and
48 hours. The increase was time-dependent, escalating ap-
proximately 2.5- to 3.5-fold (Fig. 3B), indicating that TNF-«
induces inflammatory cytokine expression in HOK cells.

The Scratch assay demonstrated a prominent promotion of
cell migration in the TNF-a-treated group. The recovery rate
after 24 hours was 43.2% in the TNF-a group, an approxi-
mately 3.5-fold increase compared to the control rate of 12.5%
(p < 0.01; Fig. 3C).

The Invasion assay showed a similar trend, with the number
of invading cells passing through the Matrigel membrane more
than doubling in the TNF-o group relative to the control (Fig.
3D).

These findings suggest that TNF-¢ stimulation not only in-
duces inflammation but also enhances the cells’ capacity for
matrix degradation and invasion, potentially accelerating the
malignant transformation process.

Transcriptomic characterization of molecular alterations
in OPMD

Transcriptomic profiling of exfoliated oral epithelial cells re-
vealed distinct molecular differences between healthy individ-
uals and patients with OPMDs.

Gene set enrichment analysis (GSEA) demonstrated sig-
nificant upregulation of NF-xB signaling, cytokine—cytokine
receptor interaction, IL-6/JAK/STAT3, ECM-receptor in-
teraction, epithelial-mesenchymal transition (EMT), and
PI3K-AKT pathways in the OPMD group (Fig. 4A). These
enriched pathways are closely associated with chronic inflam-
mation, enhanced cell motility, and matrix remodeling, con-
sistent with the observed elevation of salivary IL-8, TNF-a,
and MMP-9.

Notably, POSTN (periostin) expression was markedly in-
creased in the OPMD-Progressor subgroup, clustering with
other extracellular matrix-related genes such as COLIAI,
FN1, and VIM (Fig. 4B). This upregulation suggests early
activation of tissue remodeling and invasion processes during
malignant transformation.

To validate these transcriptomic findings at the protein level,
POSTN concentrations in saliva were measured using ELISA
(Fig. 4C).
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changes in IL-8, TNF-o,, MMP-9, and CYFRA21-1 levels were monitored in five OPMD patients over 12 weeks.
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(A) Schematic diagram showing TNF-a (10 ng/mL) stimulation in human oral keratinocytes (HOKSs).
(B) ELISA assay showing time-dependent increases in IL-8 secretion after TNF-o treatment. Data represent mean + SD fromn =3

independent biological replicates. (***p < 0.001).

(C) Scratch assay demonstrating enhanced cell migration in TNF-a—treated HOKs compared with control. Data represent mean + SD from n

= 3 independent biological replicates. Scale bar =100 um. (**p < 0.01).

(D) Invasion assay showing increased numbers of invading cells following TNF-a stimulation. Scale bar =50 pum.

Consistent with the sequencing data, salivary POSTN lev-
els showed a stepwise increase—approximately 19.4 ng/mL
in the Healthy group, 38.6 ng/mL in OPMD-Stable, and 74.0
ng/mL in OPMD-Progressor samples (p < 0.001).

These results confirm that POSTN is upregulated both tran-
scriptionally and translationally during OPMD progression,
supporting its potential as a novel, non-invasive biomarker for
malignant transformation.

Development of a lateral flow assay (LFA) prototype for
salivary POSTN detection

Following the confirmation of POSTN elevation in OPMD pa-
tient saliva, a rapid and field-deployable detection system was
developed to translate these findings into practical clinical use.

A lateral flow assay (LFA) prototype was designed using the
same immuno-sandwich principle as the ELISA but adapted
for rapid visual detection. In the assay design, gold nanopar-
ticles conjugated with anti-POSTN (C-terminal) antibodies
served as the detection probes.

When saliva containing POSTN was applied to the sample
pad, the protein bound to these gold—antibody complexes and

migrated along the nitrocellulose membrane. The complexes
were then captured by immobilized anti-POSTN (N-terminal)
antibodies at the test line, producing a distinct red band pro-
portional to POSTN concentration. A separate control line,
coated with anti-IgG antibodies, confirmed proper flow and
reagent activity.

This indicates that the LFA system may provides a reliable
and rapid method for POSTN quantification without the need
for laboratory instrumentation. Collectively, the development
of this POSTN LFA prototype represents the final translational
step of the study—from dynamic salivary biomarker discovery
to a non-invasive, point-of-care diagnostic platform for early
detection of malignant transformation in OPMD.

Discussion

This study introduces a dynamic, saliva-based approach for
monitoring the malignant transformation of OPMDs and iden-
tifies POSTN (periostin) as a clinically actionable molecular
target.

Unlike conventional biopsies, which provide only static
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(A) Gene Ontology (GO) pathway enrichment analysis showing significant activation of inflammation and extracellular matrix—related

pathways in OPMD samples.
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OPMD-Progressor group compared with Healthy and OPMD-Stable samples.
(C) ELISA validation confirming a stage-dependent increase in salivary POSTN concentrations across Healthy, OPMD-Stable, and

OPMD-Progressor groups (***p < 0.001).

histopathologic information, our longitudinal framework cap-
tures temporal molecular fluctuations that occur during early
disease progression.

By integrating time-series biomarker analysis, in vitro val-
idation, transcriptomic profiling, and diagnostic translation,
this study demonstrates a complete research continuum from
biological mechanism to clinical application.

The salivary time-series analysis revealed a sequen-
tial progression of inflammatory and matrix-remodeling
events—beginning with IL-8 and TNF-o activation?, fol-
lowed by MMP-9 upregulation and epithelial damage mark-
ers such as CYFRA21-11920,

In transcriptome, while several previously known markers
such as MMP9, FN1, and VIM were also elevated in the
OPMD-Progressor group, these molecules have been exten-
sively studied in various cancers and therefore offer limited
novelty for clinical translation. In contrast, POSTN (periostin)

emerged as a relatively underexplored yet biologically rele-
vant target, showing strong co-expression with ECM remod-
eling and EMT-related genes. Unlike classical inflammatory
markers that reflect transient cytokine activation, POSTN rep-
resents a structural and secreted mediator that bridges chronic
inflammation to tissue remodeling.

Clinically, this research provides three major advances.

First, it establishes a saliva-based dynamic monitoring sys-
tem that could complement or reduce the need for repeated
biopsies in high-risk OPMD patients. Second, it identifies
POSTN as a predictive and measurable biomarker that bridges
molecular discovery with clinical application. Third, the de-
velopment of a lateral flow assay (LFA) prototype translates
these findings into a rapid, cost-effective diagnostic tool suit-
able for community or chairside screening.

This represents a direct step toward real-time, point-of-care
precision surveillance in oral oncology.
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Nevertheless, some limitations should be acknowledged.

A key limitation of this study is that progressor status
was defined by histopathology at enrollment rather than by
prospective malignant transformation during follow-up. As
such, the findings should be interpreted as identifying salivary
molecular features associated with high-risk OPMD, not as a
validated predictive model of future cancer development. The
sample size was also relatively small (n = 3 per group for tran-
scriptomic validation), and the follow-up period was limited
to 12 weeks. Longer longitudinal cohorts and larger clinical
datasets are required to confirm predictive performance. Ad-
ditionally, the in vitro model was restricted to TNF-a stim-
ulation; future studies should incorporate other microenvi-
ronmental factors such as fibroblast-derived cytokines, hy-
poxia, and immune interactions. Although the antibody pairs
used were commercially validated for sandwich ELISA, in-
dependent epitope competition assays were not performed
in this study, representing a methodological limitation that
should be addressed in future validation studies. Moreover,
POSTN knockout or inhibition experiments were not per-
formed, which limits the mechanistic validation of its potential
role.

Despite these limitations, the strong consistency observed
across clinical, molecular, and prototype data supports the ro-
bustness and reproducibility of our findings.

Conclusion

In conclusion, this study proposes a saliva-based molecu-
lar surveillance pipeline that integrates time-series biomarker
tracking, mechanistic validation, and diagnostic translation.
By identifying POSTN as a mediator of inflammation-driven
malignant transformation and adapting it into a rapid LFA de-
tection format, this work bridges the gap between biomarker
discovery and clinical implementation. Such a translational

framework could ultimately enable detection, personalized
monitoring, and improved clinical outcomes for patients with
OPMD and early-stage oral cancer.
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