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The dengue virus (DENV) is a vector-borne flavivirus that infects around 390 million individuals each year with 2.5 billion
being in danger. Having access to testing is paramount in preventing future infections and receiving adequate treatment.
Currently, there are numerous conventional methods for DENV testing, such as NS1 based antigen testing, IgM/IgG
antibody testing, and Polymerase Chain Reaction (PCR).
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| 1. Introduction

The DENV is a flavivirus that is primarily spread by the femaleAedes aegyptusmosquito, which lives mostly in an urban
environment W, The first virologic proved case of dengue in the USA was in Philadelphia in 1780 [&. However, the first
dengue like symptoms in the Americas were reported in 1635 [&. Once a non-infected mosquito bites an infected human,
the incubation period lasts for 4-10 days inside mosquito .

The DENV from 1960 to 2010 has seen a 30-fold upsurge due to an increase in global population, global warming,
ineffective mosquito control, and inadequate medical facilities &l Every year, around 100 million people become sick,
requiring medical attention and around 22,000 people die due to the dengue virus infection globally . However, currently,
70% of the endangered countries are Asian, and a large number of infections are still being recorded in countries like
Bangladesh, Malaysia, Vietnam, and the Philippines Bl Besides, 2,163,354 dengue cases of infections has been reported
in Americas in 2020 with 872 deaths (6],

Some typical infection signs are a high fever running around 104°F, aches behind the eyes, severe headache,
muscle/joint pain, vomiting, enflamed glands, and rash . However, severe dengue fever (DF) can be potentially life-
threatening in part due to plasma leaking, fluid accumulation, ascites, pleural effusions, severe bleeding, low platelets,
and/or organ impairment [Z. Nevertheless, patients infected with DENV-2 & DENV-4 shows acute illness due to dengue
hemorrhagic fever (DHF), but infection due to DENV-1 & DENV-3 is mild, sometimes inapparent [8l. DHF can be staged in
four grades according to the guidelines of World Health Organization (WHO):

The viral load measurement by detecting genomic nucleic acids in infected patients is considered the gold standard for
diagnosing dengue infection at the preliminary stage of infection [&. As a result, IgM and IgG response from the immune
system is also considered a possible medium of dengue virus diagnostic [&. Besides, the DENV infection cocirculates with
other flaviviruses, especially with Zika virus; thus, specific detection of DENV plays a vital role in DENV outbreak
management 19, Most of the developed tests are not suitable for resource limited settings although DENV is distributed
mostly in countries with limited resources.

In this review, we discuss the current conventional technologies utilized for testing DENV at resource available settings.
Moreover, we also discuss the currently developed state of the art biosensing technologies, evaluated their performance
and outline strategies to address challenges posed by disease and provide future guidelines for the improved usage of
diagnostics during recurrence or future outbreaks of DENV. We focus mainly on the most recent advancements in POC
based biosensing assays that were developed since 2015. We also highlight recent advancements in dengue sensing,
including CRISPR-based methods, which were not covered previously.

| 2. Dengue Structure

Electron microscopy imaging demonstrates that DENV has a relatively smooth surface, 40—60 nm size, and contains 25—
30 nm nucleocapsid protein covered with a lipid bilayer (Figure 1A) 2112 The DENV is a positive-sense ssRNA virus that
can be translated directly to proteins . The complete genome is ~11 kb-long, encoding for three structural and seven



nonstructural proteins, and the subtypes of DENV share about 65% of the complete amino acid sequences (Figure 1B) I
3] The virus is structured with Envelope/E protein with 495 amino acids and consists of three domains that mainly
interact with the host cell for invasion 141,
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Figure 1. Structure of the dengue virus and evolution. (A) Dengue virus is spherical and about 40-60 nm in size.
Genomic RNA and nucleocapsid proteins are covered by a membrane called Envelope. (B) The complete dengue virus
genome is ~11 kb long, consisting of three structured and seven non-structured proteins and two untranslated regions
(not drawn to the scale).

| 3. Conventional Methods of Laboratory Diagnostics

Serological tests are most widely used to detect dengue infection due to low cost and operative simplicity compared to
molecular or culture-based testing. However, plasma and whole blood samples are used occasionally as testing
specimens. 1gG level persists in the human body after primary infection. It can exhibit inconclusive results for secondary
infection and false positive in those with infection/immunization against other flaviviruses (West Nile virus (WNV), yellow
fever virus (YFV), or Zika virus (ZIKV)).

Antibodies are proteins generated by the immune system to fight against the attack of an antigen 22, Immunoglobulin
proteins, for example Ig(G, M, A, E, and D) are conventional antibodies along with B-cells and T-cells are produced in
response to antigens. For devices that detect Dengue antibodies, the major problem is that samples are collected before
the five-day negative window period (Figure 2). An enzyme-linked immunosorbent assay capturing the IgM antibody
(MAC-ELISA) test, first developed by the Armed Forces Research Institute of Medical Sciences, can be utilized to sense
IgM antibodies in dengue 18!,
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Figure 2. Immune response by the human body against the first invasion of the Dengue virus.

There are numerous commercially available MAC-ELISA testing kits that are developed and marketed for testing dengue
infection globally. To perform the test, usually, the dengue IgM antibody is captured from the patient’s serum specimen by
anti-human IgM antibodies on a solid phase. It provides qualitative detection by capturing the human IgM antibody to
DENV recombinant antigens on a 96 well plate [14. The first clinical study showed that 2-3 days of onset fever and 4-5
days of onset fever showed only a 28.7% (2—-3 days) and 40.3% (4-5) chance of a positive result.

There are several inherent drawbacks to these IgM rapid tests and IgM-based ELISA tests. The low sensitivity of the POC
tests can be a considerable drawback in clinics. In the United States, only one such POC test is approved, and before six
days, the test is unreliable to a certain extent. Due to some cross-reactivity, a PRNT based test is needed to confirm the
results in some cases.



The incubation period for dengue fever is usually five days, and the acute illness can be observed from 0-7 days of
disease infection, and sometime after that period, some patients experience hemorrhagic shock. During the early stage of
infection, viral load measurement can be done using RT-PCR or any other molecular detection method. Simultaneously,
NS1 can also be diagnosed up to 10 days of infection by ELISA method. IgM or 1gG based testing is useful to diagnose
dengue infection after a few days of infection.

IgG-based tests can be used for determining past or present infections. The IgG antibody is produced after IgM, and IgG
antibodies can persist for a more extended period (Figure 2), even lifelong 28, A four-fold spike in IgG antibodies is often
attributed to a recent infection 9. Standard Diagnostics (Seoul, South Korea) and Panbio Inc (Brisbane, Australia now
Alere Inc., Waltham, WA, USA) have commercialized 1gG-based ELISA tests [29],

Panbio, on the other hand, had a sensitivity of 63.5 and specificity of 95.3% [29. A study was done comparing these tests
with their NS1 and IgM/IgG antibodies and observed that the IgG tests had a high rate of false positives and high cross-
reactivity (21, 1gG tests can be useful in certain instances, but IgM and NS1 ELISA are more useful for acute infections.
Due to cross-reactivity with other flavivirus IgG antibodies, it is challenging to determine primary infection just by testing
|gG-based assays [22].

An IgM/IgG ratio test is usually differentiating test between first time and later infections 231, A ratio greater than 1.32 is
considered as primary infection, while a ratio below 1.32 is considered secondary 241, The use of both IgM and IgG can be
useful to determine the type of infection present. Depending on the IgM and IgG test performed, the cutoff ratio will vary.

The hemagglutination Inhibition (HI) test is a standard test for distinctive primary and later DENV infections, but it cannot
detect early infection 22128l Response to a primary infection usually has low levels of antibodies, while secondary
infections have high antibody titers that usually exceed 1:1280. Values below 1:1280 are usually interpreted as a primary
infection 4. Any value below 1 was characterized as a primary infection, and any amount over 1 was a secondary
infection 128!,

A PRNT allows an individual to determine exactly the source of infection in IgM positive individuals by detecting precise
neutralizing antibodies. When the virus is neutralized, plagues cannot form, so in theory, if the antibody inactivates the
virus, then plaques do not form 2. To start the test, cells are coated with semi-solid media on a test tube or plate that
does not allow the spread of the progeny virus. Then the plaques are compared to determine the amount decrease entire
virus infectivity to the concentration of the virus 29,

The PRNT can be done at the Centers for Disease Control and Prevention (CDC, Atlanta, GA, USA) or a lab nominated
by CDC. However, worldwide, there is no set standard for PRNT assay Y. Without a set standard, comparing the results
with PRNT can be cumbersome and can alter the interpretations of results BL. PRNT is also used to effectively determine
asymptomatic DENV infections, although it showed cross-reactivity with other DENV serotypes 221,

The antigen is produced and discharged into the bloodstream of the infected patients; as a result, it is considered as an
essential biomarker for detecting flavivirus infection at an earlier stage [B3IB4I35] According to CDC, the NS1 based tests
show similar outcomes as molecular tests in the first week of infection B, There is currently one FDA approved NS1 test
in the USA, the DENV The seven tests are Dengue NS1 Ag STRIP (BioRad, Marnes-la-Coquette, France), Platelia
Dengue NS1 Ag ELISA (BioRad), Dengue NS1 Detect Rapid Test (InBios International), DENV Detect NS1 ELISA

However, the Detect NS1 ELISA (InBios International), which is the only FDA approved product in the market, has a
sensitivity of 95.9%, which makes it the superior product among its peers (89.4% by BioRad and 85.6% by Panbio) 28],
The sensitivity varied by DENV stereotype with DNEV-1 reporting the highest sensitivity. However, different studies show
different specificities and sensitivities, more or less, closer to the studies mentioned above [B7I[21I(38][39][40][41][42][43]

Rapid tests can be done in a resource-limited settings where access to adequate health care facilities might not be
available. However, all the rapid tests showed a statistically significant decrease in sensitivity compared to the FDA-
approved Detect NS1 ELISA by InBios International. The highest sensitivity for the rapid tests was for NS1 Ag STRIP by
BioRad, which showed a sensitivity of 81.0 to 84.8 percent for all serotypes and a specificity of 100% 4. The InBios and
SD Bioline Dengue NS1 Ag rapid test presented 76.5% and 72.4% sensitivity, respectively 8],

A positive NS1 confirms a DENV infection, while a negative result does not eliminate infection possibility. If a negative test
result occurs, then an IgM based test should be performed B4, A notable downside of NS1-based tests is that they are not
recommended after seven days 25,



Nucleic acid tests (NATs) are molecular tests done in a centralized lab location and require expensive equipment and
skilled personnel. NATs diagnose and quantify viral RNA/DNA with higher accuracy and sensitivity, allowing detection in
the acute phase. The viral genome can be detected within five days of symptom onset. Several assays have already been
developed that may exhibit quantitative detection or provide semi-quantitative or qualitative detection.

In RT-PCR, the viral RNA is initially extracted from different samples, including plasma, blood, urine, and serum. Recently,
a multiplex RT-PCR assay was developed to determine serotypes from the blood sample, and it can be used during blood
transfusion 48l To automatize the sample extraction to amplification, an insulated isothermal PCR assay has been
developed to detect DENV 2. They developed POCKIT combo central system which accommodates a cartridge where
serum samples are loaded and the cartridge contains all the extraction, amplification reagent and the POCKIT system
automatically provides the qualitative result with a lowest detection points of 1 and 10 PFU/mL for DENV-1,3 and DENV-
2,4 respectively.

The observed LOD in serum and plasma was reported as 1 x 103PFU/ In the retrospective study, the FDA indicated that it
could detect RNA in 98.04% of the samples and 98.5 in negative percent agreement 48], Furthermore, a study compared
the CDC assay and a laboratory-built assay 49, This study showed that the lab assay had a higher sensitivity of 97.4%
compared to 87.1% of the CDC assay.

The Trioplex is only usable for symptomatic patients, not for blood donors. The test can detect Dengue in serum,
cerebrospinal fluid, and blood but not in urine. The test showed no cross-reactivity with other flaviviruses B9, In
comparison, ZIKV differed slightly for both positive and negative percent agreement showing 95% and 99.1 % agreement,
respectively 511,

Another form of molecular diagnostics is isothermal amplification of genomic DENV RNA, where the amplification process
requires only one temperature. In rural areas, for example, access to lab-based PCR tests might not be possible.
Unfortunately, to date, there is no CDC approved isothermal product for the detection of DENV. Although, several
platforms are already being developed that utilized isothermal amplification method, including reverse transcriptase loop-
mediated isothermal application (RT-LAMP), Reverse Transcription Recombinase Polymerase Amplification (RT-RPA) and
nucleic acid sequence-based amplification (NASBA).

This method has been developed as a promising pathogen detection technique that uses only water bath or a simple
heating block to amplify the viral target at a constant temperature, usually in the range of 60-65 °C 52, The RT-LAMP
assay they designed showed a 100% and 98.9% success rate for diagnosing clinical strains of DENV and infected
patients, respectively. In their study, the RT-PCR had a sensitivity of 93% for clinical strains and 84.2% for infected

patients. However, in the case of multiplexing and viral quantification applications, PCR is superior to LAMP-based assays
s3]

Another commonly used isothermal amplification method is NASBA. Silica is used to extract the RNA from the clinical
serum or plasma samples, which is then amplified without a thermocycler at 41°C 4. DENV-1 target RNA is amplified by
NASBA amplification followed by generation of sandwich complex by AuNP probe and DENV-1 capture probe. mL.
Although NASBA is simple, cost-effective, and it increases the detection sensitivity of the biosensor used but it requires
sample pre-processing and cautious handling of the viral targets (51,

A point of need based mobile RPA unit (Figure 3B) has been developed and deployed in Thailand and Senegal to ensure
sensitive detection of DENV rapidly 58], The mobile unit facilitates necessary equipment and reagents for RNA extraction
to fluorescent detection. Moreover, another RT-RPA based assay was developed where the detection was done by lateral
flow dipsticks with a detection capability of 1 to 106copies Considering all the abovementioned RPA based assays it is
clear that this platform requires minimally expensive equipment and can be employed in resource constraint settings for
high and accurate detection of DENV.

Figure 3. Detection of DENV RNA using isothermal amplification based platforms. (A) Detection of DENV RNA using
LAMP method, initially RNA is transcripted to dsDNA and then amplified by the primers creating a loop structure (Modified
from 2y, (B) A mobile laboratory to be used at point of care to detect DENV using RPA method utilizing minimal reagents
as well as equipment (reprinted from 581,



4. Recently Emerged State-of-the-Art Sensing Technologies for POC
DENV Detection

Currently, there is a need for POC technologies that can be cheaper and reliable in various health care settings. This
emerging market has many technologies that have the potential to be used in these settings. Technologies such as
electrochemical impedance spectroscopy (EIS) based sensing, surface plasmon resonance (SPR), microarray-based
sensing, paper-based lateral flow assays, and lab-on-chip (LOC) are currently being researched to become POC
technologies so they can be clinically used in these settings. Nanoparticles are often combined with these technologies to
enhance performance.

SPR detects changes in the Rl when a biomolecular interaction between antigen and antibody occurs 28, One recently
developed SPR based sensing device can detect NS1 antigen of DENV in human plasma samples within 30 min B2, A
silver nanostructure was created using thermal annealing method, which enabled the blood plasma separation using a
polyethersulfone membrane in a microfluidic device. The presence of IgM antibodies in the serum was correlated with an
increase in resonance angle 9.

Another group of researchers developed a LSPR-based sensing mechanism using serotype-specific nhanoprobe bound to
CdSeTeS quantum dots and Au nanoparticles to detect different serotypes of DENV 1. Another easier to operate
approach for detecting DENV serotypes using surface modified AUNPs based LSPR sensor was reported recently (Figure
4E) 182 SPR possesses features to be used in POC settings due to its high sensitivity, real time response and low sample
consumption. However, the lower sensitivity of SPR based assays compared to some IgM tests could pose some issues
for health care providers.
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Figure 4. Detection of DENV viral biomarkers using surface plasmon resonance technologies. (A) An Au thin film based
graphene oxide-polyamidoamine dendrimer based SPR sensor mechanism represents to measure the change in the SPR
angle in present of DENV viral proteins (Reprinted from [€31). (B,C) Silver nanostructured SPR biosensor experimental
setup to detect different concentration of NS1 antigen by measuring the peak wavelength shift on the chamber of a
nanostructured device. NS1 antigen (green solid line), and anti-NS1 antibody (red dashed line) (Reprinted with permission
from ref. 29 Copyright 2019 Elsevier.). (D) Detection of different DENV serotypes based on altered distance based
fluorescence signal (LSPR Enhancement and quenching) generated by primer—probe conjugated quantum dots and
AUNPs (Reprinted from [1l), (E) AuNPs surface was modified by a self-assembled monolayer of MUA which facilitated
covalent bonding of the DENV specific antibody with the AUNPs. (Reprinted with permission from ref. 62, Copyright 2018
Elsevier.).

e.g., impedance, voltage, and current) from the biomolecular interactions on the surface of different biosensors, which has
been used for detecting various viral targets BAIBSIGEISTIGEIGI]  Tj|| now, different electrochemical based biosensor
development approaches have been reported, including carbon nanotube, screen printing, gold nanoparticles, and
peptides LAAZ2IZS] This can lead to higher sensitivity, low detection limits, and long-term stabilities for biosensors [Z4],
Their device has a sensitivity of 45.7 + 1.7 Q/order of the magnitude of antibody concentration change in PBS.

Another commonly used analytical sensing technique is voltammetric sensing. On the other hand, DPV measures the
before and after application of linear increment of amplitude potential pulses to analyze the redox process 2. Recently,
various voltammetric sensing assays have been reported for detecting DENV; for example, Palomar et al. developed an



electrochemical sensor with Au and carbon nanotube based composites 8. A composite of Au and nitrogen, sulfur co-
doped graphene quantum dots has been used to detect DENV DNA using four dye-combined probes with a LOD of 9.4
femto molar (2,

The development of electrochemical sensing based techniques has become a powerful tool for DENV detection in POC
application for their diverse and multitude advantages. Besides, the detection sensitivity can be improved by using
different types of nanostructures. However, some chemical sensor development requires use of clean room facilities
which increases the cost of the sensor. Further, significant sample pre-processing is required before electrochemical
methods can be used.

SERS is a method that enhances Raman spectroscopy by improving the electron cloud around metallic nanostructures,
which is done through either electromagnetic or chemical enhancement 8. |t was recently showed that SERS active
enhancement factors could achieve 106 to 108 M. It provides a chemical fingerprint on an object to ensure higher
specificity, requiring a less complex sample preparation mechanism, free from interference of signals capability, high
reproductivity and potential to be implemented in POC settings. SERS can be used for various areas such as various viral
pathogen diagnostics, including HIV, Influenza virus, Respiratory viruses, SARS-CoV-2 and flaviviruses [Z[EAB1][82](83][84]

Recently SERS has been adapted to detect infectious diseases such as Zika and DENV B4, This low LOD shows the
promising use of SERS to detect infectious diseases like DENV. The testing for clinical samples using a SERS platform
based on Ag nanorod array was carried out in a study 3. The team of investigators was successfully able to differentiate
infected and non-infected patients based on the recorded SERS spectra.

SERS currently holds promise as a POC in the future, but it still inherently lacks robustness and repeatability compared to
the current gold standard assays for DENV. A considerable limitation of SERS is the high initial cost of portable Raman
readers that might not be available in many rural and developing areas 8. However, SERS shows promise in detecting
DENYV at early onset as it provides low LOD. SERS can also lower the cost of testing over the long term due to the fact
that it does not require a washing step where reagents are used.

There are several LOC technologies that have been developed to detect various viral targets, as well as devices that
incorporate micro/nanoparticles [BZB8IEABA  Often microfluidic-based sensing incorporates paper material and
nanotechnology together to enhance detection. To ensure rapid detection, 4G2-coated beads were used and coupled with
a fluorescent probe to ensure fluorescence detection. The developed chip is highly reusable and requires a very small
sample volume, which reduced the cost of detection per assay.

On the other hand, LODc is another microfluidic device that utilizes centrifugal force to pump the reagents in different
chambers inside a disc 4. It also requires a minimal amount of reagent and is cost-effective due to non-photolithographic
fabrication techniques. It also facilitates different types of detection capabilities 22, Moreover, a multilayer PMMA based
LODc has been developed where microspheres and microfluidic disc formed a hybrid that is used to detect DENV.

Zhang et al. developed a lateral flow based assay to detect DENV target antibody (IgM and IgA) from a large volume of
saliva samples using a simple stacking flow based 2D platform 23], This device accommodates the whole LAMP-based
NAT process from the dried reagents by completing serum treatment, automated flow control, and finally, the RNA
amplification. Moreover, micro size paper-based analytical devices commonly known as uPADs have been incorporated
with smartphones to detect the DENV B94] A microfluidic pump was developed to control the flow inside the chambers
of the device.

There are some other microfluidic-based technologies that are being used for DENV detection with a potentiality to be
used at POC. In this section, we discuss microarray and thread based assays for their application in DENV detection.

Furthermore, the microarray had a better sensitivity with IgG DENV than with IgM, which can be attributed to sampling
timing and prior infections. The researchers used the microarray to test DENV after 1 and 6 months of infection. Using
their binomial model, they were able to have a 92% accuracy on primary past infections but only a 45% accuracy on past
secondary infections [23. Microarrays have many inherent benefits, such as high throughput and high sensitivity.

Threads can be an alternate mode of liquid transport using capillary wicking principle needing no microchannel fabrication
and can be a cheaper alternative to paper-based devices 28, Kosuke et al. has developed a microfluidic thread based
analytical device which is hydrophobic, intertwisted and sewn inside two lamination films 2. Bjoluminescence resonance
energy transfer-based technology with the integration of cellphone was utilized to detect multiple antibodies including anti-
HIV-1, anti-hemagglutinin or anti-DENV-1 from the spike antibodies in whole blood. The lower limit of detection for anti-
DENV-1 was 14.9 nM.
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