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A B S T R A C T

Dengue is a major global health challenge, yet no commercially validated molecular kits currently provide both 
serotyping and viral load quantification in a single integrated format. To address this gap, we developed and 
internally validated a one-step multiplex real-time RT-PCR assay that simultaneously detects all four dengue 
virus (DENV) serotypes in a single reaction (5-PLEX), together with a complementary monoplex system for 
quantitative viral load measurement. The 5-PLEX assay demonstrated high specificity and reliable serotyping 
performance during acute and early critical phases of dengue infection (day of illness ≤4). Monoplex assays for 
each serotype showed strong linearity, precision, and low analytical limits of detection (3–10 copies/reaction), 
enabling accurate quantification. Based on these findings, we propose a diagnostic framework: 5-PLEX for 
samples collected within the first four days of illness, the previously validated 3-PLEX assay for samples collected 
from day 5 of illness onward, and monoplex assays for serotype-specific viral load measurement. Internal and 
external process controls were incorporated to support accuracy and reproducibility within the validated 
framework and to facilitate future multi-laboratory evaluation. This harmonized is designed to facilitate stan
dardized implementation across laboratories and supports improved inter-laboratory consistency in clinical di
agnostics, genomic surveillance, therapeutic trials, and pathogenesis research.

1. Introduction

Dengue is a mosquito-borne viral infection caused by the dengue 
virus (DENV), a positive-sense single-stranded ribonucleic acid (RNA) 
virus belonging to the Flavivirus genus. There are four antigenically 
distinct serotypes. The clinical spectrum ranges from asymptomatic 
infection to severe disease, and current treatment remains supportive. 
Several vaccines have been developed, but none show complete or 
consistent effectiveness (Cracknell Daniels et al., 2025; da Silveira et al., 
2019; Lee et al., 2025).

Global dengue burden has escalated rapidly. World Health Organi
zation (WHO) reported a rise from ~500,000 cases in 2000–7.6 million 
in 2024 (Dengue - Global situation, 2024; World Health Organization, 
2024). The disease contributes to significant Disability-Adjusted Life 
Years (DALYs) and economic costs, projected to reach $306 billion 

between 2020 and 2050 (Chen et al., 2024; Stanaway et al., 2016; Zhang 
et al., 2025). Factors such as climate change, vector spread, and 
increased mobility contribute to its global expansion (Abbasi, 2025; 
European Centre for Disease Prevention and Control., 2017; Khan et al., 
2025; Kraemer et al., 2019; Messina et al., 2019).

Diagnostic tools for dengue can be classified into two categories: 
detection of host immune responses and direct viral detection. However, 
each of these approaches has its own important limitations. Serological 
assays lack sensitivity in acute phase infection (World Health Organi
zation, 2009) and can cross-react with other flaviviruses (CDC, 2025; 
Hunsperger et al., 2009). Virus isolation, historically considered the 
gold standard for dengue diagnosis, is time consuming and resource 
intensive (Gyawali et al., 2017; Shu and Huang, 2004). NS1 antigen 
assays have high sensitivity during acute phase but lose sensitivity later 
and vary with immune status (Duyen et al., 2011; Tricou et al., 2011; 
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World Health Organization, 2009).
Real-time reverse transcription-polymerase chain reaction (RT-PCR) 

offers distinct advantages: detection of viral RNA during the acute 
phase, serotype differentiation, and quantification (World Health Or
ganization, 2009). These benefits have led to its increasing use, partic
ularly in pathogenesis studies and therapeutic trials (Minh Nguyen et al., 
2025; Nguyen et al., 2013; Tam et al., 2012; Vuong et al., 2024, 2021; 
Whitehorn et al., 2016). Currently, no commercially validated diag
nostic kits offer these detections in a single integrated system, and most 
available protocols rely on in-house assays that lack standardized vali
dation, limiting their broader applicability. In 2011, we developed an 
internally validated 3-PLEX assay that combined serotyping and quan
tification via two separate reactions (Hue et al., 2011). While effective, it 
was less efficient for large-scale applications such as surveillance.

To improve workflow and harmonization, we optimized and vali
dated a one-step multiplex real-time RT-PCR, 5-PLEX assay, that detects 
all four DENV serotypes with an internal control in a single reaction. The 
5-PLEX assay is optimized for acute and early critical phases of dengue 
infection (World Health Organization, 2009), making it potentially 
suitable for large-scale surveillance programs. In parallel, we established 
a monoplex system for precise viral load quantification and retained the 
previously validated 3-PLEX assay as an alternative serotyping option, 
particularly for samples collected beyond the early critical phase. 
Together, this integrated framework enables efficient serotyping during 
clinical and epidemiological phases of infection, while supporting ac
curate viral load measurement for research, and pathogenesis studies.

2. Materials and methods

2.1. Primers and probes

To maximize detection across a broad spectrum of DENV strains, 
primer and probe alignments were performed using an extensive dataset 
of representative sequences. Primer/probe specificity was evaluated 
using Primer-BLAST (Ye et al., 2012), and primers were optimized to 
have similar annealing temperatures to support efficient amplification 
in a single-tube format.

Cross-reactivity among DENV serotypes was assessed by testing the 
5-PLEX assay with 37 dengue virus strains representing all four sero
types, including both virus isolates and clinical samples (Supplementary 
Table S1). Analytical specificity was further evaluated using 23 RNA 
samples, including Plasmodium falciparum (n = 1, crossing point Cp =
26.43) and non-dengue viruses: Chikungunya virus (n = 1, Cp = 26.01), 
Zika virus (n = 1, Cp = 28.23), Japanese encephalitis virus (n = 1, Cp =
26.38), Enterovirus 71 (n = 1, Cp = 25.38), influenza A and B viruses 
(n = 10, mean Cp = 27.18), and SARS-CoV-2 Delta and Omicron variants 
(n = 8, mean Cp = 28.39). The reported Cp values correspond to 
amplification results obtained using the respective pathogen-specific 
assays. Each pathogen was tested in triplicate, and all testing proced
ures were identical to those used for DENV. A sample was considered 
positive when amplification occurred within the Cp < 35 and was 
reproducible in ≥ 2 of 3 replicates; absence of amplification was 
considered negative.

2.2. Virus isolates

DENV viruses from clinical specimens of Vietnamese patients were 
isolated. The strains of DENV-1, DENV-3, and DENV-4 were described in 
Hue et al. (2011). The DENV-2 was DENV2/Viet_Nam/2022–08–09 
(GenBank: PP269906.1). These strains were used for assay optimization, 
validation, and as positive controls.

Equine Arteritis Virus (EAV), an enveloped, positive-sense single- 
stranded RNA virus, was used as an internal control and prepared 
following the protocol described by Hue et al. (2011). The mean Cp 
value for EAV was established during the initial assay setup to define 
quality control thresholds for routine diagnostic use. Stock EAV and 

external DENV positive controls for each serotype were prepared as 
ten-fold serial dilutions (neat to 10⁻³). Twenty microliters of EAV was 
spiked into each dengue dilution prior to extraction, generating a 
two-dimensional dilution matrix. All samples were extracted and tested 
by real-time RT-PCR in triplicate across multiple routine runs over one 
month. Based on the resulting Cp distributions, working dilutions were 
selected to yield EAV Cp values within a target range of approximately 
26–30. The mean Cp and coefficient of variation (CV) for EAV were 
calculated from these runs, and an acceptance range of ±10% of the 
established mean was defined and applied prospectively for routine 
quality control.

2.3. DNA DENV standard

DNA standard of DENV was established by plasmid clones following 
the protocol in Hue et al. (2011). Plasmid DNA standards were used 
exclusively for analytical evaluation of the quantitative monoplex as
says, including assessment of linearity and analytical limits of detection.

2.4. Nucleic acid extraction and real-time one-step multiplex RT-PCR

RNA was extracted from plasma or serum samples of patients with 
suspected dengue infection using the MagNA Pure 96 DNA and Viral NA 
Small Volume Kit (Roche, Cat. No. 06 543 588 001) on the MagNA Pure 
96 instrument. The one-step multiplex real-time RT-PCR assay was 
performed using the Luna® Universal Probe One-Step RT-qPCR Kit 
(NEB, E3006L) with 5 µL RNA in a 20 µL reaction volume, including 
0.2 µM MgCl₂. Thermal cycling conditions consisted of three steps: 
reverse transcription at 57◦C for 20 min, initial denaturation at 95◦C for 
2 min, followed by 40 amplification cycles of 95◦C for 15 s and 60◦C for 
20 s. The PCR system and data analysis platform were the same as 
described in Hue et al. (2011).

Internal (EAV) and external controls (DENV) were included in each 
run to monitor extraction efficiency, amplification performance, and 
potential contamination.

2.5. Validation of the 5-PLEX assay for serotyping and monoplex assays 
for quantification

Linearity, limit of detection, and precision parameters were evalu
ated using the monoplex format for each serotype, while specificity and 
positive percent agreement (PPA) were assessed using the 5-PLEX 
format. This validation strategy reflects the intended use of each 
assay, with monoplex assays applied for viral load quantification and the 
5-PLEX assay applied as a qualitative serotyping tool. All validation 
analyses were performed using R, version 4.5.0 (R Core Team, 2025).

2.5.1. Linearity
The linearity of each serotype was assessed using eight tenfold serial 

dilutions of plasmid DNA, ranging from 107 to 100 copies/reaction. Each 
dilution was tested in quadruplicate. Linearity was evaluated by linear 
regression analysis, with acceptable linearity defined as R² ≥ 0.98 
(Marchesi et al., 2015; U.S. Food and Drug Administration, 2019).

2.5.2. Limit of detection (LOD)
The plasmid DNA was serially diluted two-fold to obtain a series of 

concentrations based on the linear dynamic range of each DENV sero
type. Each concentration of dilution was replicated 8 times. The LOD 
was estimated using the Probit regression. The criteria to accept the LOD 
value were followed by (Hue et al., 2011). The LOD values were 
expressed as copies per PCR reaction, defined as the number of plasmid 
DNA copies added in 5 µL of standard input directly into the PCR 
reaction.

2.5.3. Precision
Precision was evaluated through repeatability and intermediate 
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precision using DENV RNA at two concentration levels. Repeatability 
was assessed by performing quadruplicate runs twice daily over four 
consecutive days, with at least two hours between runs under consistent 
analytical conditions (European Medicines Agency EMA, 2023). Inter
mediate precision was determined over the same four-day period. 
Repeatability and intermediate precision were analyzed using Levene’s 
test and one-way ANOVA, respectively, following Hue et al. (2011).

2.5.4. Positive percent agreement (PPA)
We evaluated the 5-PLEX assay as a front-end qualitative serotyping 

tool across the course of dengue illness, from the acute phase through 
the recovery phase (World Health Organization, 2009), using PPA (U.S. 
Food and Drug Administration, 2007). Clinical samples collected across 
day 1–8 of illness were analyzed. The previously validated 3-PLEX assay 
served as an internally reference for comparative serotyping. The Cp 
values were derived from the quantitative monoplex. To define the 
operational window for reliable qualitative serotyping, a PPA threshold 
of ≥ 85% was applied to determine the appropriate use of the 5-PLEX 
assay.

To control for viremia, samples were stratified by Cp bands from the 
reference assay, and PPA was calculated within each band. Serotype- 
specific detection at equivalent viremia levels was compared using 
Fisher’s exact test, with Holm–Bonferroni adjustment for multiple 
comparisons. Effect sizes were reported as differences in proportions 
(Δpp) between serotype-specific PPAs.

3. Result

3.1. Specificity of primers and probes

Primers/ probes for DENV-1, DENV-3, and DENV-4 from Hue et al. 
(2011) were updated, while DENV-2 primers and probes were fully 
redesigned to ensure coverage of all genotypes. Primers/ probes were 
designed and aligned against a dataset of over 4000 representative 
DENV sequences to ensure broad strain coverage (1310 DENV-1, 1753 
DENV-2, 805 DENV-3, and 250 DENV-4), including isolates from diverse 
geographic regions, with emphasis on Asia and the Americas. Primer 
and probe sequences are detailed in Table 1.

For the specificity test using the 5-PLEX assay, each serotype-specific 
probe produced a signal only with its corresponding DENV serotype, 
with no cross-reactivity observed in RNA samples from non-dengue 
pathogens.

3.2. Linearity

Linearity was assessed using plasmid DNA standards, with results 
summarized in Table 2. DENV-1 and DENV-3 showed linearity from 10⁷ 
to 100 copies/reaction, while DENV-2 and DENV-4 ranged from 10⁷ to 
10 ¹ copies/reaction (Fig. 1). All assays demonstrated robust linearity 
(R² = 0.992–0.998) with statistically significant regressions (p < 0.001). 
Amplification efficiencies ranged from 89.3% to 104.8%, and slopes 
between –3.220 and –3.600, indicating consistent target amplification 
across serotypes (U.S. Food and Drug Administration, 2019).

3.3. Limit of detection (LOD)-plasmid DNA

Limits of detection (LOD) were determined by Probit regression 
analysis, with LODs for DENV-1, DENV-2, DENV-3, and DENV-4 estab
lished at 10, 3, 7, and 8 copies/reaction, respectively, representing the 
lowest concentrations detected with 95% confidence. To ensure reliable 
quantification, all LODs fell within the assay’s linear dynamic range: 10 
copies/reaction for DENV-1, DENV-2, and DENV-4, and 7 copies/reac
tion for DENV-3.

3.4. Precision

Repeatability was assessed by testing four DENV serotypes at two 
concentrations, twice daily over four days. No significant variation in Cp 

Table 1 
Primers/probes sequences for DENV serotyping and quantification.

Serotype Primer/probe sequences (5’¡3’) Position Final conc. (µM/reaction)

DENV-1-F ATCCATGCCCAYCAYCAATG 9865–9884 1.00
DENV-1-R GRGTTTTRTCCTCCATCCATG 9941–9961 1.00
DENV-1-Probe FAM-TCAGTGTGGAATAGGGTTTGGATAGAGGAA-BHQ1 9907–9936 0.14
DENV-2-F TAYTCYATGTGYACAGGAAAG 1735–1755 1.00
DENV-2-R ARCCRTCYCCTTCRTATTG 1813–1831 1.00
DENV-2-Probe HEX-AAGGAAATAGCAGAAACACAACATGGAAC-BHQ1 1768–1796 0.14
DENV-3-F TTTCTGCTCCCACCACTTTC 9591–9610 1.00
DENV-3-R CCATCCYGCTCCTTGAGA 9691–9708 1.00
DENV-3-Probe ROX-AAGAAAGTTGGTAGTTCCCTGCAGACCCCA-BHQ2 9633–9662 0.14
DENV-4-F GYGTGGTGAAGCCYCTRGAT 9587–9606 1.00
DENV-4-R AGTGARCGGCCATCCTTCAT 9744–9763 1.00
DENV-4-Probe Cyan500-ACTTCCCTCCTCTTYTTGAACGACATGGGA-BHQ1 9490–9519 0.14
EAV-F CATCTCTTGCTTTGCTCCTTAG 1847–1868 0.20
EAV-R AGCCGCACCTTCACATTG 1980–1997 0.20
EAV-Probe Cy5-CGCGCTCGCTGTCAGAACAACATTATTGCCCACAGCGCG-BHQ3 1926–1964 0.08

Primer and probe sequences for the detection of DENV serotypes and EAV, including genomic positions and final concentrations (conc.) optimized for a 20 µL PCR 
reaction. F: forward primer; R: reverse primer; R = A or G (purine); Y = C or T (pyrimidine). Fluorophores and quenchers: FAM (6-carboxyfluorescein), BHQ1 (Black 
Hole Quencher 1), HEX (Hexachlorofluorescein), ROX (carboxy-X-rhodamine), Cyan500 (Cyan 500).

Table 2 
Linear regression parameters for standard curves of DENV-1 to DENV-4.

Estimate Standard error p-value R2 Linear range

DENV–1 ​ 0.998 107– 100

Intercept 38.129 0.118 < 0.001 ​
Slope -3.220 0.028 < 0.001 ​
DENV–2 ​ 0.997 107– 101

Intercept 40.660 0.153 < 0.001 ​
Slope -3.439 0.034 < 0.001 ​
DENV–3 ​ 0.992 107– 100

Intercept 39.064 0.238 < 0.001 ​
Slope -3.465 0.057 < 0.001 ​
DENV–4 ​ 0.992 107– 101

Intercept 41.573 0.280 < 0.001 ​
Slope -3.601 0.063 < 0.001 ​

Standard curves were generated for each DENV serotype using serial tenfold 
dilutions of plasmid DNA (10⁷ to 10⁰ copies/reaction). Reported parameters 
include the intercept, slope, standard error, p-value, coefficient of determination 
(R²), and linear range are reported. A strong linear correlation was observed for 
all DENV serotypes.
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values was observed between runs (p > 0.05; Table 3). Intermediate 
precision over the same period also showed no significant day-to-day 
differences by ANOVA (Table 4), confirming the assay’s high 
reproducibility.

3.5. Positive percent agreement (PPA)

The operational window of qualitative serotyping performance of the 
5-PLEX assay was evaluated by assessing PPA with the internally vali
dated 3-PLEX reference assay. Clinical samples positive for DENV-3 and 
DENV-4 were insufficient for inclusion in the PPA analysis. Among 353 
confirmed dengue-positive samples (Figs. 2), 57.5% (203/353) were 
DENV-1 and 42.5% (150/353) were DENV-2, reflecting the predomi
nant circulating serotypes in Vietnam. One hundred and ten samples 
(110/353, 31.2%) were collected on day 4 of illness, providing a 
representative basis for comparison.

Overall agreement between the two assays was first evaluated, fol
lowed by stratified analyses by day of illness (DOI), viral load (as indi
cated by Cp values), and serotype-specific performance (Tables 5–6). 
The 5-PLEX assay achieved an overall PPA of 81.6% (95% CI: 
77.2–85.3). Agreement was highest during early illness, declining with 
disease progression from 100% on DOI 2 and 92.7% on DOI 3, to 76.8% 
on DOI 5 and 57.1% on DOI 6. Samples from DOI 1 (n = 3) and DOI 8 
(n = 1) were excluded from interpretation due to limited numbers.

To assess the influence of viremia on detection performance, samples 
were further stratified by Cp value bands based on the 3-PLEX reference 
assay (Table 5). PPA decreased with increasing Cp: 100% for Cp ≤ 27, 
98.9% for 27 <Cp≤ 30, 70.8% for 30 <Cp≤ 33, and 20.8% for Cp > 33. 

Fig. 1. Linear dynamic range of internal real-time one-step multiplex RT-PCR with eight tenfold serial dilutions of plasmid DNA. (A): DENV-1, (B): DENV-2, (C): 
DENV-3, (D): DENV-4.

Table 3 
Levene’s test for repeatability of four DENV serotypes at medium and low RNA 
concentrations.

Serotype Concentration Cp mean SD p-value CV%

DENV-1 Mid 25.86 0.37 0.43 1.44
Low 26.97 0.17 1.00 0.61

DENV-2 Mid 22.91 0.16 0.33 0.69
Low 23.73 0.14 0.96 0.57

DENV-3 Mid 24.80 0.28 0.77 1.12
Low 25.74 0.27 0.13 1.03

DENV-4 Mid 24.28 0.30 0.72 1.23
Low 25.26 0.11 0.31 0.44

Repeatability was assessed by evaluating the homogeneity of variance for each 
DENV serotype at medium and low RNA concentrations using Levene’s test. 
Mean Crossing point (Cp) values, standard deviations (SD), corresponding p- 
values, and coefficients of variation (CV%) are presented. Non-significant p- 
values (p > 0.05) indicate no significant differences in variance, supporting 
consistent assay performance across replicates.
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This gradient closely paralleled the decline observed across illness days, 
highlighting viremia level as a major determinant of agreement (Tricou 
et al., 2011; Vuong et al., 2024).

We also compared serotype-specific agreement within each Cp range 
(Table 6). Performance for DENV-1 and DENV-2 was comparable at Cp 
≤ 33. However, in samples with Cp > 33, DENV-1 showed significantly 
higher agreement than DENV-2 (42.1% vs. 6.9%; p = 0.03; Δ = 35.2 % 
points).

These findings confirm that the 5-PLEX assay performs reliably for 
serotyping DENV-1 and DENV-2 up to DOI 4 (PPA= 87.27%) and Cp 
≤ 30 (98.86%). Discrepancies beyond this range occurred in the late 
critical phase (DOI ≥ 5). The decline in PPA observed after DOI 4 reflects 
the natural kinetics of dengue viremia. During the later stage of the 
critical phase, viral loads decrease rapidly as immune-mediated viral 
clearance progresses. Under these low-viremia conditions, qualitative 
detection becomes inherently more challenging, particularly in multi
plex formats where competition among primer-probe sets may reduce 
sensitivity compared to monoplex reactions. Therefore, the reduced PPA 
observed at Cp > 30 does not indicate assay failure but instead reflects 
the biological constraints of declining viremia during the late critical 

phase (DOI ≥5) and the recovery phase of dengue infection.
Based on these results, we determined that the operational window 

of the 5-PLEX assay for DENV-1 and DENV-2 corresponds to samples 
collected at DOI ≤ 4, where PPA remains ≥ 85%. Overall, the 5-PLEX 
assay is well-suited as a front-line serotyping tool for samples 
collected during the acute and early critical phases of dengue infection.

3.6. DENV serotyping and quantification framework

We established a two-step framework for dengue serotyping and 
quantification (Fig. 3). Serotyping is performed using the 5-PLEX assay 
for samples collected within four days of illness (DOI ≤4) and the 3- 
PLEX assay for samples collected beyond DOI 4. This strategy is inten
ded to reduce the risk of false-negative serotyping results by aligning 
assay selection with the expected kinetics of dengue viremia. Quantifi
cation is then conducted using the corresponding monoplex assay with 
serotype-specific primers, probes, and DNA standards. Non-target 
primers were replaced with nuclease-free water.

The reported quantification (copies/mL) is derived from the real- 
time RT-PCR quantification result (copies/reaction), adjusted based on 

Table 4 
Intermediate precision test results for DENV-1 to DENV-4 using one-way ANOVA (F-test).

Serotype Conc. Df* (between/ 
within)

Sum squares Mean squares F value p-value CV%

DENV-1 Mid 3/28 0.17 0.06 0.28 0.84 1.68
Low 3/28 0.10 0.03 0.42 0.74 1.02

DENV-2 Mid 3/28 3.03 1.01 1.55 0.23 3.57
Low 3/28 1.05 0.35 0.69 0.57 2.92

DENV-3 Mid 3/28 0.37 0.12 2.50 0.08 7.22
Low 3/28 0.26 0.09 2.16 0.12 5.90

DENV-4 Mid 3/28 8.26 2.75 2.38 0.09 4.61
Low 3/28 5.47 1.82 1.40 0.26 4.52

Intermediate precision was evaluated for DENV-1 to DENV-4 at medium and low RNA concentrations (Conc.) using one-way ANOVA. The result of one-way ANOVA 
and coefficients of variation (CV%) of Cp value were reported. For all serotypes and concentrations, p-values exceeded 0.05, indicating no statistically significant 
differences between runs, thus confirming consistent performance under intermediate precision conditions.

* Df: Degree of freedom

Fig. 2. Distribution of Day of Illness (DOI) among 353 confirmed dengue-positive samples by reference assay (3-PLEX), stratified by DENV serotype. Bar chart shows 
the number of DENV-1 and DENV-2 positive samples by DOI at time of sampling, based on results from the 3-PLEX assay. The majority of cases were detected 
between DOI-3 and 5.
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assay input and extraction volumes. Copy numbers below the serotype- 
specific LOD are reported as <LOD and are not converted to copies/mL. 
Sample validity was assessed based on EAV/DENV amplification results 
and whether the EAV Cp value fell within ±10% of the established 
mean. Samples with EAV/DENV results of (+/+), (+/–), or (–/+) were 
considered valid, whereas (–/–) samples were considered invalid and 
required repeat testing. EAV internal controls and DENV positive con
trols were acceptable with Cp values within the predefined range 
(26–30), while any amplification in the negative control invalidated the 
run.

4. Discussion

This study presents an internally validated and flexible molecular 
diagnostic framework for DENV serotyping and quantification, inte
grating both multiplex, 5-PLEX and 3-PLEX, and serotype-specific 
monoplex real-time RT-PCR assays. This integrated platform enables 
efficient serotyping within defined phases of infection while supporting 
accurate viral load measurement. With its structured and quality- 
controlled design, it provides a foundation for future harmonized 
implementation across clinical and research settings.

Multiplex assays often face challenges such as reduced sensitivity or 

specificity due to competition between primers and probes in a single 
reaction. Despite these potential limitations, the newly developed 5- 
PLEX assay demonstrated high specificity, no cross-reactivity with 
other pathogens, and reliable serotyping performance, particularly in 
acute and early critical phases of dengue infection. Meanwhile, the 
monoplex assays serve as dedicated components of the framework for 
precise viral load quantification. Together, they may support a wide 
range of downstream applications, including pathogenesis research, 
therapeutic evaluations, and public health efforts such as surveillance.

Real-time RT-PCR has become increasingly prevalent in DENV 
research; however, many existing protocols still lack standardized 
validation. Our recent large-scale patient study reinforced the clinical 
relevance of viremia as a prognostic marker for dengue severity (Vuong 
et al., 2024, 2021). Patients with high early viremia and slower clear
ance rates were at significantly greater risk of developing severe disease. 
These findings highlight the potential value of standardized viremia 
measurement for clinical risk stratification. Moreover, as viremia rep
resents a key virological endpoint in both pathogenesis and therapeutic 
studies, the need for standardized molecular methods is particularly 
critical (Simmons et al., 2012), especially in multi-center trials where 
methodological consistency is essential. Harmonized protocols help 
minimize inter-site variability, ensuring that multi-site studies and 
treatment assessments reflect true biological differences rather than 
methodological inconsistencies. Therefore, validated and reproducible 
quantification tools are indispensable for generating reliable, compa
rable, and clinically meaningful findings across studies. Today, there is 
growing momentum toward developing predictive models of dengue 
severity that integrate variables such as viremia, age, gender, immune 
status, hematological indices, and host biomarkers (Madewell et al., 
2024; Pang et al., 2016; Vuong et al., 2021). The predictive accuracy of 
these models critically depends on the quality and consistency of input 
data, particularly for quantitative parameters like viremia. This becomes 
even more important in geographically diverse or multi-center studies, 
where methodological variability can introduce inconsistencies that 
undermine model reliability. In this context, the internally validated 
monoplex quantitative assays described in this study provide a stan
dardized analytical framework for viral load measurement. With high 
analytical precision, low plasmid-based limits of detection, and strong 
intra-laboratory reproducibility, supported by internal and external 
quality controls, this platform establishes a foundation for future 
multi-site implementation and harmonization efforts.

Beyond quantification, DENV serotyping is gaining recognition as an 
essential component of national dengue control programs, as it enables 
monitoring of circulating serotype patterns (Anh et al., 2025; Iqbal et al., 
2024; Phan et al., 2022; Tariq et al., 2025). Notably, several studies have 
shown that shifts in serotype and genotype often coincide with large 
outbreaks and increased disease severity (Adams et al., 2006; Hang 
et al., 2010; Tran et al., 2023; Zhang et al., 2005). As genomic surveil
lance initiatives expand, a key challenge lies in the need for harmonized 
molecular methods to ensure consistent, high-quality datasets across 
regions and institutions. In this context, the 5-PLEX assay demonstrates 

Table 5 
Positive percent agreement (PPA) of the 5-PLEX assay against the 3-PLEX assay 
by day of illness (DOI), serotype, and Cp band.

n/N Mean of Cp value 
(min; max)

PPA 
(%)

Wilson 95% CI

Overall PPA 288/ 
353

​ 81.59 77.21¡85.28

By DOI ​ ​ ​ ​
1 3/3 16.89 

(13.86;18.42)
100.00 43.85¡100.00

2 21/21 21.66 
(16.42;30.99)

100.00 84.54¡100.00

3 63/68 25.83 
(16.77;34.82)

92.65 83.91¡96.82

4 96/110 28.2 (18.87;34.57) 87.27 79.76¡92.27
5 63/82 29.94 

(20.11;34.44)
76.83 66.62¡84.63

6 32/56 31.31 
(24.73;34.35)

57.14 44.14¡69.23

7 10/12 30.14 
(26.65;35.43)

83.33 55.20¡95.30

8 0/1 32.99 
(32.99;35.99)

0.00 0.00¡79.35

By 3PLEX Cp 
band

n/N PPA (%) Wilson 95% CI

≤ 27 128/ 
128

100.00 97.09¡100.00

27 <Cp≤ 30 87/88 98.86 93.84¡99.80
30 <Cp ≤ 33 63/89 70.79 60.64¡79.22
> 33 10/48 20.83 11.73¡34.26

n = number of 5-PLEX–positive samples among 3-PLEX–positive specimens;
N = total number of 3-PLEX–positive specimens.

Table 6 
Positive percent agreement (PPA) of the 5-PLEX versus 3-PLEX by Cp band and serotype (DENV-1, DENV-2).

Cp band DENV-1 PPA 
(n/N, 95%CI)

DENV-2 PPA 
(n/N, 95%CI)

Δ pp p (Fisher) p (Holm)

≤ 27 100.00 
(73/73, 95.00 − 100.00)

100.00 
(55/55, 93.47 − 100.00)

0.00 1.00 1.00

27 <Cp≤ 30 100.00 
(52/52, 93.12 − 100.00)

97.22 
(35/36, 85.83 − 99.51)

+ 2.78 0.41 0.82

30 <Cp≤ 33 76.27 
(45/59, 64.03 − 85.31)

60.00 
(18/30, 42.32 − 75.41)

+ 16.27 0.14 0.42

> 33 42.11 
(8/19, 23.14 − 63.72)

6.90 
(2/29, 1.91 − 21.96)

+ 35.21 0.01 0.03

n = number of 5-PLEX–positive samples among 3-PLEX–positive specimens;
N = total number of 3-PLEX–positive specimens.
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potential for use in genomic surveillance and regional disease moni
toring. Developed and internally validated within a structured 
quality-controlled framework, the platform is designed to support future 
harmonized implementation across multi-site studies. First, it enables 
reliable detection and serotyping of DENV-1 and DENV-2 during the 
acute and early critical phases of infection (DOI ≤4), when viral loads 
are sufficiently high to support reliable molecular detection. This is 
particularly relevant for surveillance activities, where variability in 
sample timing may influence diagnostic performance. Second, the 
design of primers and probes based on globally representative DENV 
sequence datasets, together with demonstrated analytical specificity 
using virus strains originating from multiple geographic regions, sup
ports the potential regional applicability of this protocol. Third, it offers 
major gains in workflow efficiency and cost-effectiveness over previous 
assay, the 3-PLEX assay, which required separate reactions for full 
serotyping.

Despite these advantages, several limitations should be acknowl
edged. First, the PPA evaluation of the 5-PLEX was limited to DENV-1 
and DENV-2; therefore, an evidence-based operational window could 
not be established for DENV-3 and DENV-4, restricting applicability in 
regions where these serotypes predominate. Second, PPA assessment 
was constrained during the late critical phase (DOI ≥5), when viral loads 
decline substantially. Consequently, samples collected predominantly 
after DOI 4 may be associated with reduced detection sensitivity of the 
5-PLEX assay, which could affect serotype distribution estimates in 
surveillance settings. Third, although primers were designed using 
globally representative datasets, further laboratory validation across 
more diverse genotypes and geographic regions is warranted. Fourth, 
independent multi-site evaluations and participation in external quality 
assessment programs to strengthen international benchmarking of the 5- 
PLEX assay. Finally, implementation of these assays requires molecular 
infrastructure and trained personnel, which may limit uptake in 
resource-limited settings.

In summary, this study introduces an internally validated and scal
able diagnostic platform for DENV serotyping and quantification. The 5- 
PLEX assay enables streamlined serotyping in a single reaction, while 
the monoplex assays provide quantitative viral load measurement 
within an integrated framework. Together, these components establish a 

structured and reproducible workflow that may be implemented in other 
laboratories and could support multi-site studies by promoting meth
odological consistency across research settings.
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Fig. 3. Diagnostic framework for dengue serotyping and quantification using 5-PLEX, 3-PLEX, and monoplex real-time RT-PCR assays. Suspected dengue cases are 
tested using plasma or serum samples. Based on the day of illness (DOI), samples are directed to either the 5-PLEX assay (for DOI ≤ 4 or ≤ 96 h) or the 3-PLEX assay 
(for DOI >4 or >96 h) to determine the DENV serotype. Serotype-specific quantification is subsequently performed using the corresponding monoplex assay. Quality 
controls, including positive, internal, and negative controls, are implemented throughout all steps from RNA extraction to amplification.
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