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In the aftermath of the COVID-19 pandemic, a sudden surge in dengue cases was observed globally, compounding 
public health challenges. Dengue viruses, already a major public health concern, have seen intensified transmission, 
necessitating improved epidemiological surveillance and targeted interventions. Epidemiological surveys, particularly 
seroepidemiological surveys, are instrumental in elucidating serotype prevalence and informing vaccination programs. 
However, the highly variable dengue viruses often hamper the development of universally effective diagnostic tools. 
To overcome this obstacle in Vietnam, we have designed and developed an effective production system for the global 
consensus nonstructural protein 1 (NS1) antigens for all four serotypes through an Escherichia coli expression system. 
These global consensuses NS1 antigens were purified to near homogeneity and their identities confirmed by mass 
spectrometry. Exhibiting robust reactivity with dengue-infected patient sera in the Western blot assay, the antigens 
revealed serotype-specific reactivity profiles, proving their diagnostic potential. Our production method, characterized 
by a relatively high yield and a straightforward purification protocol, offers a scalable solution for the creation of 
dengue serotype diagnostic assays in the backdrop of evolving dengue global epidemics. 
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1. INTRODUCTION

Dengue fever is recognized as the most significant arthropod-borne 
zoonotic disease [1], with an estimated 10,000 fatalities and roughly 
100 million cases requiring hospitalization annually [2]. The incidence 
of dengue has been on a consistent rise over the years [3]. Concurrently, 
during the COVID-19 pandemic, a notable increase in dengue 
infections was observed in various American countries, including 
Argentina and Bolivia. In 2022, the reported cases reached 2.8 million 
[4]. However, in just the first half of 2023, there were reports of more 
than 3 million cases [5].

Dengue infection is caused by the dengue viruses from the Flaviviridae 
family. The four recognized serotypes of dengue viruses elicit complex 
immune responses in humans, posing significant challenges in the 
development of multivalent vaccines effective against all serotypes 

[6]. Clinical manifestations of dengue infection can range from 
asymptomatic to mild fever; however, severe complications can also 
arise. The most severe forms of the disease, dengue hemorrhagic fever 
(DHF) and dengue shock syndromes, are often the result of a secondary 
infection with a different serotype—for instance, an initial infection by 
dengue serotype 1 followed by a subsequent infection with serotype 2, 
3, or 4 [1]. These complications have been linked to the phenomenon 
of antibody-dependent enhancement, wherein preexisting antibodies to 
an earlier serotype fail to neutralize a new infecting serotype, instead 
facilitating viral entry into host immune cells [7]. There is no specific 
treatment for dengue, and management is primarily supportive and 
symptomatic. While some vaccines, such as CYD-TDV (by Sanofi 
Pasteur), TV003 and TV005 (by NIAID), and TAK-003 (by Takeda), 
have either been licensed or are in phase 3 clinical trials, safety concerns, 
particularly in children, have limited their widespread use [8,9].

The dengue virus genome comprises a positive sense, single-stranded 
RNA that spans approximately 11 kb. It includes a single open-
reading frame that encodes three structural proteins: the capsid (C), 
membrane (M), and envelope (E) glycoproteins, as well as seven 
non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and 
NS5) [1]. Research has intensely focused on the E and NS1 proteins, 
acknowledging their critical functions in vaccine development and 
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diagnostic applications, respectively [10-12]. The E protein is integral 
to the virion’s architecture and facilitates the virus’s entry into host 
cells through receptor-mediated endocytosis [10-12]. On the other 
hand, NS1 is a multifaceted protein associated with the pathogenesis 
of dengue, influencing viral replication and contributing to the vascular 
leakage syndrome, a defining feature of severe dengue infection [12].

In its native state within the cell, NS1 is first synthesized as monomers, 
which subsequently associate into dimers in the rough endoplasmic 
reticulum. Beyond its intracellular role, NS1 is also secreted as 
hexameric lipo-particles into the bloodstream of infected individuals, 
where it can be detected in high concentrations during the acute phase 
of the disease [12,13]. The detection of NS1-specific IgG and IgM 
antibodies serves as an effective diagnostic tool. Notably, the ratio 
of these antibodies has been identified as a reliable biomarker for 
distinguishing between primary and secondary infections, which is 
pivotal for clinical prognosis and management [14].

The genetic diversity within each dengue virus serotype is profound, with 
further subdivisions such as genotypes, strain variations, and quasi-species 
compounding the complexity [15]. This immense variation presents a 
formidable challenge in the development of effective multivalent vaccines 
and the creation of universal diagnostic kits. The variability confounds the 
immune response and hinders the identification of viral markers necessary 
for consistent vaccine efficacy and diagnostic accuracy.

To address this issue, a common strategy involves the generation 
of consensus sequences for each dengue serotype or even a unified 
consensus across all serotypes. Consensus sequences are derived 
through various methods and analytical approaches, yet the underlying 
goal remains the same: to distill a genetic sequence that captures the 
core attributes shared across the vast diversity of dengue viruses. These 
consensus sequences aim to identify invariant or conserved regions that 
are less susceptible to genetic drift and are present in most viral variants 
[16-22]. By focusing on these conserved elements, researchers hope to 
formulate vaccines capable of eliciting a broad and protective immune 
response and develop widely applicable diagnostic tests that maintain 
their reliability despite the genetic variation among viral strains.

The pursuit of consensus sequences is not without challenges. It 
requires meticulous genetic analysis and the reconciliation of data 
from numerous viral isolates to ascertain the genetic motifs that 
are universally present. Despite these challenges, the creation of 
consensus sequences remains a cornerstone in the quest to mitigate the 
public health threat posed by dengue as it holds the promise of leading 
to vaccines and diagnostic tools that are both robust and broadly 
applicable, a critical need for a disease that affects millions globally. 
In this vein, we have developed a straightforward method to generate 
global consensus sequences for the NS1 protein of all four dengue 
serotypes. We codon optimized, synthesized, and expressed these 
genes in several Escherichia coli strains and identified the most robust 
system for the production of these proteins. We were able to purify 
the proteins to homogeneity. Our subsequent Western blot analysis 
utilizing antisera from outpatient dengue cases alongside those from 
hospitalized, severe acute dengue cases demonstrated the efficacy of 
our antigens in discriminating serotypes across the spectrum of disease 
severity. 

2. MATERIALS AND METHODS

2.1. Strains and Culture Conditions
All cloning work was carried out using the E. coli TOP10 strain. For 
the expression of codon-optimized, dengue global consensus NS1 

proteins, we utilized QIAGEN’s M15 strain, as well as Agilent’s BL21 
CodonPlus-De3-RIPL strain. The latter contains additional copies of 
argU, ileY, proL, and leuW tRNA genes, which aid in the expression 
of heterologous proteins with rare codons. Additionally, Novagen’s 
Rosetta DE3 strain, a derivative of BL21 engineered for improved 
expression of eukaryotic genes, was used to evaluate the solubility of 
the target proteins.

Maintenance of E. coli TOP10 strain was in Luria Broth (LB) and 
on LB agar plates. The BL21-Codonplus-De3-RIPL (hereon termed 
BL21 for convenience) was sustained in LB supplemented with 
chloramphenicol (CAM, 34 μg/ml), streptomycin (strep, 50 μg/ml), 
while the Rosetta De3 was maintained in LB with CAM (34 μg/ml). 
Selection of transformed strains was achieved by adding ampicillin 
(50 μg/ml) to their respective media. Agar plates were incubated at 
37oC. Liquid cultures were grown at 200 rpm and 37oC in shaking 
incubators. Protein expression in the M15 strains was carried out at 37 
and 20oC for 8 h, and in the BL21 strains was carried out at 15oC for  
24 h. For the Rosetta strain, induction was conducted at both 37 and 
20oC for 8 h to determine the optimal conditions for solubility.

2.2. Consensus Sequence Generation and Gene Optimization
The full polyprotein sequences for each dengue serotype were initially 
obtained from the UniProt database. These sequences served as the 
query for a BLASTp (protein BLAST) search to identify homologous 
protein sequences across the database. The retrieved sequences, 
in fasta format, were then screened to exclude any sequences with 
ambiguous amino acids, denoted by “X.” Subsequently, the sequences 
corresponding to each serotype were aligned using MUSCLE 
algorithm [23] from MEGA 11 program [24]. From these alignments, 
the NS1 protein sequences were isolated and preserved in fasta format 
for further analysis.

To visualize the consensus sequences, the alignments of NS1 proteins 
were uploaded to WebLogo (https://weblogo.berkeley.edu/logo.
cgi). Concurrently, consensus sequences were generated using the 
EMBOSSCons tool (https://www.ebi.ac.uk/Tools/msa/emboss_cons/). 
The consensus sequences then served as the basis for additional 
BLAST searches against the NCBI database to confirm the presence 
of identical sequences.

For gene synthesis, the NS1 consensus sequences were subjected to 
codon optimization using the IDT Codon Optimization Tool (https://
sg.idtdna.com/CodonOpt). This process yielded several gene variants 
for each NS1 protein. These variants were then analyzed for Codon 
Adaptation Index (CAI), mRNA secondary structure stability, GC 
content, and GC content at the third codon position utilizing the 
Visual Gene Developer software [25]. The selection criteria favored 
sequences with a high CAI and low mRNA folding energy [26]. 
Ultimately, one codon-optimized sequence for the NS1 gene from 
each serotype was chosen for synthesis. These genes are henceforth 
denoted as Denv1-NS1, Denv2-NS1, Denv3-NS1, and Denv4-NS1, 
respectively, and their corresponding protein products are referred 
to as DENV1-NS1, DENV2-NS1, DENV3-NS1, and DENV4-NS1, 
respectively.

To streamline the directional cloning process, restriction sites for 
BamHI (GGATTC) and SalI (GTCGAC) were engineered into the  
5′ and 3′ ends of the synthetic genes. Gene synthesis, including 
cloning into pUC plasmids, was commissioned from PhusaGenomics 
(https://phusagenomics.com). Verification of the synthetic genes’ 
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integrity was ensured by Sanger sequencing, confirming the absence 
of errors in the sequences.

2.3. Cloning and Expression Analysis
We excised all four synthetic genes from the pUC19 vector using 
BamHI/SalI enzymes (Thermo Fisher Scientific, FastDigest, Cat# 
FD0054 and FD0644) and purified them from the agarose gel with 
the Favorgen Gel/PCR Purification Kit. These genes were then cloned 
into three expression vectors: QIAGEN’s pQE30, Takara’s pColdII, 
and NovoPro Bioscience’s pGEX4-T1. Ligation was performed at 
25°C for 1 h and then at 4°C for another hour using T4 DNA ligase 
(Thermo Fisher Scientific, EL0011). We transformed 10 µl of the 
ligation mixture into E. coli TOP10 cells and plated them on LB agar 
plates with ampicillin. Recombinant colonies were identified using 
one-step miniprep [27] and restriction enzyme digestion, followed by 
Sanger sequencing to confirm the absence of errors. These verified 
plasmids were then transformed into their respective expression hosts: 
pQE30 into M15, pColdII into BL21 and pGEX4-T1 into Rosetta, 
creating three expression systems: pQE30/M15 and pColdII/BL21 
with a 6xHis tag, and pGEX4-T1/Rosetta with a GST tag. The NS1-
His fusion protein has an approximate molecular weight of 40 kDa, 
while the NS1-GST fusion is around 65 kDa.

Protein expression was initiated as per the manufacturer’s protocols. A 
single colony was used to start a 5-ml LB culture with the appropriate 
antibiotics, incubated overnight at 37°C and 200 rpm. The next day, 
we inoculated 0.5 ml of this culture into 10 ml of fresh LB, again with 
antibiotics, and grew it to an OD600 of 0.5–0.7. Induction in pQE30/
M15 and pGEX4-T1/Rosetta cultures was immediate upon reaching 
the desired OD600 at either 37 or 20°C for 8 h. For pColdII/BL21, a 
30-min cold shock at 15°C preceded induction at the same temperature 
and the induction took 24 h. An initial IPTG concentration of 0.5 mM 
was used for induction. Expression of NS1 was verified by SDS-PAGE 
(12%), with the appearance of bands at the expected molecular weights 
indicating successful expression.

To assess the solubility of the recombinant NS1 proteins, we subjected 
the induced cells to freeze–thaw cycles as described by Johnson and 
Hecht [28]. In brief, 3–5 ml of the induced cell culture was harvested, 
washed with distilled water, and resuspended in 80 µl of lysis buffer 
(50 mM NaH2PO4, 300 mM NaCl, pH 8.0). This cell suspension was 
subjected to eight cycles of rapid freezing in –80°C alcohol for 2 
min and subsequent thawing on ice at 0°C for 8 min, with a final 30 
min rest on ice. The lysate was then centrifuged at 13,500 rpm for  
10 min at 4°C to separate insoluble and soluble fractions. The insoluble 
fraction (pellet) was redissolved in denaturing lysis buffer with the 
same composition but with the addition of 8 M urea. Both fractions 
were then analyzed using SDS-PAGE and Western blot. For Western 
blot, we utilized mouse monoclonal antibodies against His Tag and 
GST (BioLegend, Cat# 362602 and 640820, respectively), and a goat 
anti-mouse IgG alkaline phosphatase-conjugated secondary antibody 
(Enzo, Cat# ADI-SAB-101-J).

2.4. Purification and Quantification
Purification of the target proteins was performed under denaturing 
conditions. For each gram of wet cell weight, 5 ml of denaturing 
lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 8 M urea, pH 8.0) was 
used. The cell lysis buffer mixture was stirred at room temperature 
for 1 h to ensure complete lysis, followed by disruption using an 
ultrasonicator (Qsonica, Q125). Post ultrasonication, the samples were 
centrifuged at 13,500 rpm and 4°C for 20 min to pellet cell debris. 

The clear supernatant was collected, and the pellet was discarded. The 
supernatant was then filtered using a 0.2-μm syringe filter (Millipore) 
to remove any remaining particulates.

The filtered supernatant underwent affinity purification on a 1 ml 
Histrap FF column (Cytiva) controlled by a peristaltic pump. The 
column was sequentially treated with denaturing lysis buffer containing 
increasing concentrations of imidazole: 10 mM for binding, 25 mM for 
washing, and 200 mM for elution. The yields of the purified proteins 
were quantified by comparing the band intensities on Western blots of 
the total lysate and the purified fractions using the ImageJ software for 
densitometry [29].

2.5. Protein Identification by Mass Spectrometry
Purified NS1 proteins were resolved on 12% SDS-PAGE and 
visualized with Coomassie Blue staining. Bands corresponding 
to the expected molecular weights were excised for analysis by 
liquid chromatography-mass spectrometry (LC-MS). The proteins 
were digested with trypsin and subjected to MALDI-TOF/TOF 
analysis. Peptide samples were combined with a matrix solution 
of 10 mg/ml R-cyano-4-hydroxycinnamic acid in 0.1% TFA/50% 
ACN and applied to a 384-well stainless steel MALDI target plate 
(Applied Biosystems, Foster City, CA). An ABI 4800 Proteomic 
Analyzer conducted the MS and MS/MS analyses. The resulting 
data were searched against the SwissProt and uniprotkb_organisms_
Dengue_virus_2023_08_14 databases using GPS Explorer (Applied 
Biosystems version 3.6) linked to Mascot server (version 2.0, Matrix 
Science). A protein score above 70 for SwissProt and above 58 for 
uniprotkb_organisms_Dengue_ virus_2023_08_14 was considered 
statistically significant (p < 0.05).

2.6. Immunogenicity Assay
We assessed the specificity of our global consensus NS1 antigens 
in binding antibodies from individuals with dengue virus infections. 
The study utilized two distinct groups of sera: one from individuals 
who developed severe, acute dengue necessitating hospitalization, 
and another from individuals with dengue who exhibited milder 
symptoms. These sera were archived at the Tay Nguyen Institute 
of Hygiene and Epidemiology. The serotypes of the samples were 
determined previously by semi-nested PR-PCR [30]. Owing to the 
retrospective collection of these samples, they were categorized 
as exempt from further bioethics approval by local regulations. A 
total of 10 samples for each group were used. Before conducting 
the Western blot analysis, we utilized the Duo dengue Ag-IgG/
IgM Rapid Test (CTK Biotech) to verify the presence of IgM, 
IgG, and NS1. In the Western blot assays, the human anti-sera 
acted as the primary antibodies against the purified NS1 proteins. 
We experimented with sera dilutions of 1:250, 1:500, and 1:750 to 
determine the ideal primary antibody titer. As secondary antibodies, 
we employed alkaline phosphatase-conjugated rabbit anti-human IgG 
and IgM polyclonal antibodies (Bethyl A80-199AP and A80-101AP, 
respectively) at a dilution of 1:5000. The procedure for Western blot 
was implemented as described in previous research [31].

3. RESULTS AND DISCUSSION

3.1. Consensus Sequence Generation and Optimization
Utilizing sequences retrieved from NCBI Genpept on June 26, 2020, 
we successfully created consensus sequences for the NS1 protein of 
all four dengue serotypes. Supplementary Table 1 summarizes the 
information of the consensus NS1s and the encoding genes.
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lowering the induction temperature to 20°C [31,33] (data not shown). 
Likewise, the NS1 proteins remained insoluble in the pColdII/BL21 
system [Figure 1]. This trend persisted with the pGEX4-T1/Rosetta 
constructs, in which the GST Tag was used, as depicted in Figure 2. 
Consequently, we deduced that NS1 proteins could not be expressed 
in a soluble form using these systems. This observation is consistent 
with prior studies using different expression systems, where dengue 
NS1 expression typically resulted in inclusion bodies, necessitating 
refolding [34,35]. Although the precise reasons for insolubility remain 
unclear, the high-level expression of NS1 may partly contribute to this 
outcome [36].

3.3. Purification and Biological Characterization
The four NS1 proteins were purified to near homogeneity, as 
demonstrated in Figure 3. Due to the lack of specific antibodies for 
each NS1 protein, we utilized semi-quantitative Western blot analysis 
to measure their expression, comparing band intensities to standards—
purified NS1 proteins with known concentrations established by 
the Bradford assay. The expression levels of all NS1 proteins were 
estimated to be in the range of 40–45 mg/L, a figure that is likely 
conservative given the low specificity of the anti-His Tag antibody 
employed (data not shown).

The identity of the recombinant NS1 proteins was confirmed using 
mass spectrometry. The molecular weights obtained were consistent 
with the theoretical weights, and peptides identified by MS/MS 
mapped to more than 34% of the NS1 sequences available in the 
database [Table 1], confirming the absence of frameshift mutations or 
translational errors.

In investigating the diagnostic potential of our NS1 proteins 
within Vietnam’s clinical settings, we analyzed their ability to 
bind antibodies present in sera from dengue-infected patients. 
At sera dilutions of 1:250 and 1:500, robust signal detection was 
noted, with the 1:750 dilution yielding reduced reactivity (data not 
shown). The 1:250 dilution was found to be prone to substantial 
background noise, whereas the 1:500 dilution achieved an optimal 
signal-to-noise ratio. Consequently, we adopted the 1:500 dilution 
for further experiments.

We initiated our tests with sera from patients with mild dengue 
symptoms, encompassing a set of 10 samples. Distribution among the 
serotypes was as follows: 6 samples were identified as serotype 1, 3 
as serotype 2, and 1 as serotype 4 [30]. The absence of serotype 3 
in the recent epidemiological data [30,37,38] precluded the inclusion 
of this serotype in our analysis. In the IgG-based Western blot, 
serotype 1 samples demonstrated a strong affinity for the DENV1-NS1 
antigen, with markedly lower cross-reactivity to other NS1 serotypes. 
Serotype 4 samples exhibited specific binding to DENV4-NS1. In 
contrast, serotype 2 samples showed equal reactivity to DENV1-NS1, 
DENV2-NS1, and DENV4-NS1, with no recognition of DENV3-NS1 
[Figure 4].

Sera from severe, acute dengue cases (10 samples), all corresponding 
to serotype 2, which predominated during the sampling period [39], 
exhibited heightened reactivity toward the corresponding antigens. 
The banding patterns observed were consistent with those from 
mild cases infected with the same serotype, namely serotype 2 
[Figure 5]. Previous studies showed that the presence of NS1 is 
correlated with the severity of dengue infection [40] and the NS1 

Further analysis of the consensus NS1 sequences was conducted for 
linear epitopes using the IEDB database (https://www.iedb.org). The 
experimentally verified linear epitopes of NS1 proteins for the four 
dengue serotypes showed high sequence identity to our consensus 
NS1 sequences, as presented in Supplementary Table 2. This finding 
suggests that our consensus NS1 has the potential for broad utility, 
extending beyond specific strains or substrains.

To optimize NS1 expression in E. coli, we undertook codon 
optimization of the genes encoding NS1. Multiple gene variants for 
each serotype were produced, and selections were made favoring those 
with the highest CAI and the lowest mRNA folding energy for gene 
synthesis. Evidence suggests that codon optimization significantly 
enhances expression levels across various expression hosts, with 
a high CAI mitigating rare codon issues and low mRNA folding 
energy promoting ribosomal access and influencing translation speed 
[24,28,29].

A conventional method for producing recombinant antigens involves 
cloning and expressing genes from circulating pathogens specific to 
certain regions. While this approach is convenient, it is susceptible 
to sequence errors and may not account for genetic variation among 
strains, limiting the antigens’ applicability due to possible epitope 
mismatches. With dengue viruses, the substantial variation within 
serotypes discourages this method. Instead, a consensus approach is 
preferred, which has become popular for highly mutable viruses like 
dengue [16-21].

To minimize the potential for human errors in the sequencing and 
submission of dengue virus sequences, we intentionally selected 
only complete polyprotein sequences for all dengue serotypes when 
generating the consensus NS1 sequences. This stringent selection 
process reduces artifacts that could compromise the quality of 
our consensus NS1 sequences. By ensuring that each amino acid 
in the NS1 sequences is the most frequently occurring variant in 
the database, we infer that our NS1 sequences represent the most 
prevalent in the database at the time of analysis. Although our method 
for generating consensus NS1 sequences is relatively straightforward 
and does not consider the phylogenetic relationships or epitope 
reclassification as described by Sankaradoss et al. [17], it ensures 
that the NS1 sequences correspond to the strains most commonly 
reported worldwide, thereby ensuring the broad applicability of our 
NS1 proteins.

3.2. Cloning and Expression
We engineered all four genes to incorporate BamHI/SalI restriction 
sites at their 5′ and 3′ ends, respectively, to facilitate straightforward 
transfer between different expression plasmids. Initially, we examined 
NS1 expression in pQE30/M15 and pColdII/BL21 constructs. The 
pColdII/BL21 system was of particular interest due to its reported 
efficacy in producing high levels of soluble protein [32]. If soluble 
protein was not achieved, we proceeded to assess expression in the 
pGEX4-T1/Rosetta system. For each NS1 construct, four colonies 
were screened for the presence of a protein band around 40 kDa, the 
estimated molecular weight of NS1. All colonies exhibited protein 
bands at the expected molecular weight (data not shown), with one 
colony from each group being selected for further experiments.

During soluble expression analysis of the four recombinant E. coli 
strains—each expressing NS1 from a different dengue serotype—the 
pQE30/M15 constructs did not yield any soluble protein, even after 
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Figure 1: Evaluation of soluble expression of the global consensus dengue NS1 
proteins in pColdII/BL21: (A) SDS-PAGE analysis. Lane M: pre-stained protein 
ladder (Smobio PM5100); lane 1: pre-induction total protein; lanes 2, 4, 6, and 

8: insoluble fractions of DENV1-NS1 to DENV4-NS1, respectively; lanes 
3, 5, 7, and 9: soluble fractions of DENV1-NS1 to DENV4-NS1, respectively. 

(B) Western blot from a twin gel.

Figure 2: Evaluation of the consensus dengue NS1 protein solubility using pGEX4-T1/Rosetta: Panels (A) and (B) show SDS-PAGE results while (C) and (D) show the 
Western blots from the twin gels. Lane M: pre-stained protein ladder (Smobio PM5100). Panels (A) and (C): lanes 1–3 are pre-induced total protein, insoluble fraction, 

and soluble fractions of induced DENV1-NS1, respectively; lanes 4–6 correspond to pre-induced total protein, insoluble fraction, and soluble fractions of induced 
DENV2-NS1, respectively. Panels (C) and (D) are of DENV3-NS1 and DENV4-NS1 with the exact same arrangement of pre-induced, insoluble, and soluble fraction.

antibody titers are significantly higher in DHF patients [41], thus 
supporting our observation of heightened signals in severe dengue 
samples.

When employing IgM secondary antibodies for the Western blot 
analysis, we observed divergent results. Samples from mild dengue-
infection patients did not produce detectable signals, whereas sera 
from severe cases showed band patterns akin to those seen with IgG, 
albeit with reduced intensity [Figure 6]. This supports the established 
criterion that an IgG/IgM ratio greater than 1.1 is indicative of a 
secondary infection [14,40-42].

While the Western blot analysis is not commonly used for the 
serological examination of dengue-infected sera due to its limited 
scalability, it offers distinct advantages over ELISA [43], such as 
the ability to visually discern specific antigen–antibody interaction. 
Our global consensus NS1 antigens have demonstrated the ability 
to distinguish among serotypes, enhancing the specificity of the 
serological analysis. However, considering the limited number 
of samples, the absence of a comprehensive set of serum samples 
representing all four serotypes, and the specific geographical region 
they were taken from, further work involving a more diverse range 
of samples from different geographical locations is necessary to 
validate the findings.

The main aim of this study is to ensure that the consensus antigens are 
capable of capturing specific antibodies from patients’ sera. Despite 
the limitations aforementioned, we believe the findings demonstrate a 
proof of concept for the use of the antigens, especially in a resource-
limited setting like Vietnam.
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Interestingly, the Western blot analysis in this study seemed to exhibit 
enhanced sensitivity compared with the onsite rapid diagnostic test kits 
from CTK Biotech. While the rapid tests reliably identified NS1 antigens, 
they fell short in their ability to discern and capture IgG and/or IgM 
antibodies from the patients’ sera [Supplementary Figure 1]. This disparity 
underscores the potential of the Western blot technique to detect subtler 
immune responses, offering a more nuanced assessment of serological 
status compared to the more immediate, but less comprehensive, rapid 
tests. However, a more systematic assessment is necessary to validate the 
observation of banding patterns among different serotypes as well as the 
Western blot sensitivity compared to quick test kits.

Figure 3: Panels (A) and (B) SDS-PAGE and Western blot of purified NS1 
from four dengue serotypes. Lane M: pre-stained protein ladder (Smobio); 

lanes 1–4 contain 200 ng of purified NS1 of DENV1 to DENV4, respectively.

Table 1: Summary of the identification of the dengue NS1 proteins using 
liquid chromatography coupled with tandem mass spectrometry (LC-MS/
MS, MALDI-TOF/TOF).

Name Matching 
Results by 
Mascot Search

Molecular 
Weight by MASS 

Spectrometry (kDa)

Peptide 
Coverage on 

NS1 Protein (%)

DENV1-NS1 Dengue virus 1 40.7 48

DENV2-NS1 Dengue virus 2 40.6 70

DENV3-NS1 Dengue virus 3 43.33 34

DENV4-NS1 Dengue virus 4 40.8 48

Figure 4: Western blot using purified DENV1-NS1 to DENV4-NS1 as the 
target antigens to capture specific IgG antibodies using sera from milder 
dengue infection patients who did not require hospitalization (total of 10 
samples). (A and B) The representative western results of six serotype  

1 serum samples; (C) the representative western result of three serotype  
2 serum samples; and (D) the western result of the serotype 4 serum. Due to 
the lack of DENV3 circulation in recent times in the region, there is no result 

for this serotype. Lane M: pre-stained protein ladder (Smobio); lanes 1–4 
contain 100 ng of purified NS1 from serotype 1 to serotype 4, respectively.

Figure 5: Representative western results using DENV1-NS1 to DENV4-NS1 as 
the capture antigens to detect specific IgG antibodies from 10 severe, acute dengue 
infection patients who required hospitalization. All 10 samples are of serotype 2 as 
determined previously by semi-nested RT-PCR. Panels (A), (B), and (D) are the 

results from dengue-positive patients, while (C) is the result from dengue-negative 
patient. Lane M: pre-stained protein ladder (Smobio); lanes 1–4 contain 100 ng of 

purified NS1 from serotype 1 to serotype 4, respectively.

We are also in the process of exploring more cost-effective and 
scalable methods like dot blot for broader application of the antigens. 
Additionally, as part of our efforts to enhance affordability and 
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accessibility, we are optimizing the refolding of the NS1 proteins to 
assess their suitability for ELISA IgG/IgM capture assay, aiming to 
streamline the diagnostic process without compromising accuracy. 
Furthermore, we recognize the importance of cost-effectiveness in 
ensuring accessibility, particularly in resource-constrained settings. 
Therefore, we are working on optimizing the production process and 
reducing the costs associated with the diagnostic assays further.

In addition to the development of diagnostic tools, it is crucial to integrate 
these tools with existing surveillance systems for effective monitoring 
and control of dengue outbreaks. While molecular tests such as PCR are 
highly sensitive and specific, they may not capture the full extent of disease 
prevalence. By combining molecular testing with serological surveys, 
a broader spectrum of dengue cases can be captured [44,45], ultimately 
contributing to more effective disease management and control efforts.

4. CONCLUSION

In this study, we have successfully designed and developed an effective 
production system of global consensus dengue NS1 antigens for all four 
serotypes. Our evaluations using the Western blot technique have shown 
that these recombinant NS1 proteins are capable of detecting antibodies 
in both nonsevere and severe, acute dengue infection cases with high 
specificity to individual serotypes, highlighting their application in the 
differential diagnosis. The materials offer valuable resources to advance 
seroepidemiological research in Vietnam, ultimately contributing to 
more effective dengue surveillance and control strategies. 
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