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Abstract: 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). In addition, novel methods are emerging that can cut
both cost and time. Such methods can be effective in rural and low-income areas throughout the world.
In this paper, we discuss the structural evolution of the virus followed by a comprehensive review
of current dengue detection strategies and methods that are being developed or commercialized.
We also discuss the state of art biosensing technologies, evaluated their performance and outline
strategies to address challenges posed by the disease. Further, we outline future guidelines for the
improved usage of diagnostic tools during recurrence or future outbreaks of DENV.
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1. Introduction

The DENV is a flavivirus that is primarily spread by the female Aedes aegyptus
mosquito, which lives mostly in an urban environment [1]. The first virologic proved
case of dengue in the USA was in Philadelphia in 1780 [2]. However, the first dengue like
symptoms in the Americas were reported in 1635 [2]. Once a non-infected mosquito bites
an infected human, the incubation period lasts for 4-10 days inside mosquito [3]. After the
incubation period, the vector can transmit the virus for the rest of its life.

An estimated 390 million persons are infected yearly, with 2.5 billion people being in
danger of contagion in most subtropical and tropical areas [4,5]. 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 [6]. Every year, around
100 million people become sick, requiring medical attention and around 22,000 people die
due to the dengue virus infection globally [7]. The DENYV affects more than 100 countries
worldwide, including first-world countries such as the USA [6]. In the next 30 years,
Dengue is estimated to expand more due to change in population density, urbanization
and climatological conditions (Figure 1A) [8]. 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 [3]. Besides, 2,163,354 dengue
cases of infections has been reported in Americas in 2020 with 872 deaths [9].
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Figure 1. (A) Worldwide estimated distribution of dengue in next 30 years due to the climatic and population change [8].

(B) Phylogeny analysis of 922 complete genomes evolution of all DENV serotypes reported from January 2000 to October

2020 based on their origin. (Source: Nextstrain.org (accessed on 15 May 2020)).

DENV can be distinguished into four serotypes which can be related both genetically
and antigenically as follows DENV-1, 2, 3, and 4 [10,11]. All the four DENV distinct
serotypes are evolving over the subtropical areas in Asia, Africa, Europe, North and
South America (Figure 1B). The DENV typically causes a flu-like illness that can affect
all ages, but also more-severe disease manifestations are also common, including plasma
leakage [12,13]. 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 [14]. These symptoms can last up to 7 days, but they appear 4-10 days after the
mosquito bites the person. 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 [14]. Nevertheless, patients
infected with DENV-2 & DENV-4 shows acute illness due to dengue hemorrhagic fever
(DHE), but infection due to DENV-1 & DENV-3 is mild, sometimes inapparent [15]. DHF
can be staged in four grades according to the guidelines of World Health Organization
(WHO): Grade I- only mild bruising, grade II- spontaneous blood loss into the skin and in
another place, grade III- a symptoms of shock, and grade IV- acute shock [3,16]. Currently,
there is no gold standard antiviral treatment for DF/DHF; however the maintenance of a
patient’s body fluids plays a crucial role in the treatment [17]. To date, only one vaccine
(Dengvaxia, Sanofi Pasteur, Marcy—l’Etoﬂe, France) has been licensed for use in several
countries but can only be administered to people with a previous infection [18].

Diagnostic testing varies in type, cost, and time for the DENV. Nucleic acid amplifica-
tion tests (NAATs) and serologic tests are both used to detect the virus [19]. 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 [20]. Alter-
natively, the NS1 protein in the DENV holds clinical significance by allowing individuals
to detect the virus in the early phase (0 to 14 days) [21]. The immune response against the
viral infection starts to develop after a few days of symptom onset. As a result, IgM and
IgG response from the immune system is also considered a possible medium of dengue
virus diagnostic [20]. Besides, the DENYV infection cocirculates with other flaviviruses,
especially with Zika virus; thus, specific detection of DENV plays a vital role in DENV
outbreak management [22]. Conventional diagnosis methods require sophisticated medical
facilities as well as trained personnel. Most of the developed tests are not suitable for
resource limited settings although DENV is distributed mostly in countries with limited
resources. False positive/negative results further restrain the implementation of dengue
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control measures as only one third of the diagnosed cases are confirmed by another test-
ing [23]. As a result, there is an unmet need for the development of highly specific point
of care (POC) diagnosis platforms suitable for resource constrained areas following the
WHO Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free
and Deliverable to end-users (ASSURED) criteria [24]. Various state of the art biosensing
technologies have recently been developed for the low-cost and rapid detection of DENV
utilizing fluorescence, colorimetric or impedimetric principle of detection. The use of these
biosensor-based assays requires lesser amount of sample. High sensitivity and specificity,
and portability makes these biosensors a suitable alternative to conventional lab-based
assays for early stage of detection. There are also reports of multiplexed assays which can
play significant role in detecting and differentiating DENV from other flaviviruses where
DENV is endemic.

In this review, we discuss the current conventional technologies utilized for testing
DENYV at resource available settings. We also discuss, analyze and compare their perfor-
mances with the methods that are being developed or recently commercialized. Moreover,
we also discuss the currently developed state of the art biosensing technologies, evalu-
ated 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. This review is comprehensive covering both laboratory-based
conventional and POC diagnostic methods and bridging the information gaps that were
not discussed in other reviews published recently [25-32]. 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 2A) [33,34]. The DENV is a positive-sense ssRNA virus that can be translated
directly to proteins [1]. 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 2B) [1,35]. E, C, and prM/M are the structural
proteins, while the nonstructural (NS) proteins are named NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5 [35,36]. DENV also contains two untranslated 5 and 3’ terminal regions in
the genome [37,38]. 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 [39].
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Figure 2. 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).
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3. Conventional Methods of Laboratory Diagnostics
3.1. Serological Tests

Serological tests are most widely used to detect dengue infection due to low cost
and operative simplicity compared to molecular or culture-based testing. Serum and
cerebrospinal fluid specimens are most commonly used for testing the presence of IgM and
neutralizing antibodies. However, plasma and whole blood samples are used occasionally
as testing specimens. The presence of the IgG antibody can also work as a detection
biomarker for dengue. IgG 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)).

3.1.1. IgM-Based Tests

Antibodies are proteins generated by the immune system to fight against the attack
of an antigen [40]. 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.
During an infection, IgM antibodies are usually produced five days after the onset of
symptoms, and they persist in the human patient’s body for 2-3 months, sometimes even
longer [1]. For devices that detect Dengue antibodies, the major problem is that samples
are collected before the five-day negative window period (Figure 3). First-time dengue
infections have a higher IgM antibody response, while secondary infections have a higher
IgG antibody response [41]. 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 [42].
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Figure 3. Inmune response by the human body against the first invasion of the Dengue virus.

There are numerous commercially available MAC-ELISA testing kits that are devel-
oped 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. A sandwich-type immunoassay is then developed using
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recombinant dengue-derived antigen and DENV-specific monoclonal antibody [43-45]. In
the United States, the Food and Drug Administration (FDA) has given clearance to the first
such test named DENYV Detecta IgM Capture ELISA by InBios International, Inc. (Seattle,
WA, USA) [46,47]. It provides qualitative detection by capturing the human IgM antibody
to DENV recombinant antigens on a 96 well plate [48]. To verify the positive test a Plaque
Reduction Neutralization Test (PRNT) is done [49]. To clinically prove the effectiveness
of InBios test, the FDA conducted five clinical studies in different sites. 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. However, after 6-7 days, the
percentage went up to 75.9% of a positive result, and after 8-10 days, the percentage went
up to 88.7% [45,50]. Another study tested the cross-reactivity of the assays. The only virus
that was cross-reactive was the WNYV [51]. This assay presented a sensitivity of 96% and a
specificity of 94% [50].

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 IgG based
testing is useful to diagnose dengue infection after a few days of infection.

3.1.2. IgG-Based Tests

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 3), even lifelong [52]. A four-fold spike in IgG antibodies is often attributed to a
recent infection [53]. Standard Diagnostics (Seoul, South Korea) and Panbio Inc (Brisbane,
Australia now Alere Inc., Waltham, WA, USA) have commercialized IgG-based ELISA
tests [54].

The Standard Diagnostics IgG-based ELISA has a sensitivity of 81.2% and specificity
of 39.8%. Panbio, on the other hand, had a sensitivity of 63.5 and specificity of 95.3% [54].
Other IgG ELISA tests from companies such as Inbios (Seattle, WA, USA), Abcam (Cam-
bridge, MA, USA) and Euroimmum (Liibeck, Germany) also exist [55]. 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 [55]. IgG 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 IgG-based assays [56].

3.1.3. IgM/IgG Ratio Tests

An IgM/IgG ratio test is usually differentiating test between first time and later
infections [57]. Optical density (OD) is measured in both IgM and IgG ELISA tests. A ratio
greater than 1.32 is considered as primary infection, while a ratio below 1.32 is considered
secondary [58]. Specific laboratories often regulate the cutoff value of the OD ratio to
determine the outcome of the infection. One laboratory in Northern India determined that
the best cutoff ratio is 1.1 [59]. 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.
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3.1.4. Hemagglutination Inhibition Test

The hemagglutination Inhibition (HI) test is a standard test for distinctive primary
and later DENV infections, but it cannot detect early infection [60,61]. Red blood cells or
tympanized human O red blood cells agglutinates due to the presence of viral antigen [62].
Anti-dengue antibodies can prevent agglutination, and the robustness of the inhibition is
tested by this test [63]. 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 [63]. A study was done where
an IgG ELISA and HI were tested to show if they can differentiate between primary and
secondary infections [64]. IgG ELISA divided sample OD with a mean of calibrator OD.
Any value below 1 was characterized as a primary infection, and any amount over 1 was
a secondary infection [64]. The study found that HI and IgG were able to detect primary
infection ideally with 16/16 samples detected. However, for secondary infections HI was
inferior to the IgG-based test. HI test was only able to detect 23/73 secondary infections,
while the IgG ELISA test was able to identify 72/73 samples [64]. The IgG ELISA test is
much easier to perform than HI testing, and IgG testing is much more reliable. HI also fails
to distinguish between other flaviviruses [62]. However, HI tests are easier to be completed
than plaque reduction neutralization test (PRNT) because the viral culture is not required
for HI [65].

3.1.5. Plaque Reduction Neutralization Test

A PRNT allows an individual to determine exactly the source of infection in IgM
positive individuals by detecting precise neutralizing antibodies. PRNT assay was first
developed in 1967 by Russel and Nisalak [66,67]. PRNT is also considered the gold standard
method to test the WHO's vaccine immunogenicity [68]. The PRNT test is usually used
in a particular instance where serological information is needed or to confirm a case. The
test is generally done in a test tube or a microtiter plate [69]. A specific antibody has the
ability to neutralize the virus. When the virus is neutralized, plaques cannot form, so in
theory, if the antibody inactivates the virus, then plaques do not form [66]. 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. The serum specimen is serially diluted and being mixed with
a standard amount of the virus [46]. In the next few days, plaques will form and can be
counted through dying so plaques can be observed. Then the plaques are compared to
determine the amount decrease entire virus infectivity to the concentration of the virus [70].

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 [70]. Without a set standard, comparing the results with PRNT
can be cumbersome and can alter the interpretations of results [67]. PRNT is also used to
effectively determine asymptomatic DENV infections, although it showed cross-reactivity
with other DENV serotypes [71]. A noteworthy drawback of this test is that it is time-
consuming and labor-intensive.

3.1.6. NS1 Based Tests

Nonstructural 1 (NS1) antigen plays significant part in replicating DENV into the
host cell. 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 [72-74]. NS1 tests are particularly important in clinical settings
because they can detect the acute phase of the DENV, and NS1 persists longer than viremia
in blood [19,75-78]. Usually, lateral flow-based rapid assays are used as rapid detection
schemes, and antigen-capture ELISAs are used in laboratory-based testing [79]. According
to CDC, the NSI1 based tests show similar outcomes as molecular tests in the first week
of infection [67]. There is currently one FDA approved NS1 test in the USA, the DENV
Detect NS1 ELISA (InBios International), and it provides qualitative results [80]. However,
currently, there are seven commercially available tests, with four of them being rapid
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tests [81,82]. 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 (InBios International), Panbio Dengue Early Rapid
(Alere, Waltham, WA, USA), Panbio Dengue Early ELISA (2nd generation (Alere), and SD
Bioline Dengue NS1 Ag Rapid Test (Abbott, Abbott Park, IL, USA) [81,83].

Several studies have been reported to evaluate the sensitivity and specificity perfor-
mance of all these testing devices. 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) [84].
The sensitivity varied by DENV stereotype with DNEV-1 reporting the highest sensitivity.
DENV-4 sensitivity had more variation, but the Detect NS1 ELISA test by InBios Inter-
national had a 100% sensitivity with DENV-4. The Biorad and Panbio tests, on the other
hand, have a sensitivity of 75 and 66.6 percent, respectively. However, different studies
show different specificities and sensitivities, more or less, closer to the studies mentioned
above [23,55,81,83,85-88].

Rapid tests can be done in a resource-limited settings where access to adequate health
care facilities might not be available. All the rapid tests usually take less than 30 min
to perform. 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% [89]. The
InBios and SD Bioline Dengue NS1 Ag rapid test presented 76.5% and 72.4% sensitivity,
respectively [81]. The Inbios rapid test had a lower specificity of 97.3% compared to SD
rapid test, which had a specificity of 100%. Finally, Panbio showed a 71.9% sensitivity and
95% specificity, performing the worst among its peers [47]. For all the tests, the lowest
sensitivity was for DENV-4, while the highest was for DENV-1.

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 [67]. A notable downside of NS1-based tests is that they are not recommended
after seven days [90].

3.2. Molecular Detection

Nucleic acid tests (NATs) are molecular tests done in a centralized lab location and
require expensive equipment and skilled personnel. Most NATs require RNA/DNA
extraction, which in most cases, cannot be performed in POC settings. 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.

3.2.1. Polymerase Chain Reaction (PCR) Based Tests

The most common DENV NAT test is PCR which is also considered as the gold stan-
dard for detecting DENV at an earlier stage of infection due to its higher sensitivity [91].
In RT-PCR, the viral RNA is initially extracted from different samples, including plasma,
blood, urine, and serum. Then viral RNA is transcripted to cDNA, followed by ampli-
fication, and the fluorescence from the amplified RNA is read by devices to determine
positive and negative results [92]. However, most of the recently developed RT-PCR based
platforms usually target all the serotypes and can differentiate each of them. Recently, a
multiplex RT-PCR assay was developed to determine serotypes from the blood sample, and
it can be used during blood transfusion [93]. The developed assay was tested against all
serotypes of DENV and was successful in detecting as low as 100 viral copies/mL. Another
single step RT-PCR based assay was developed where primers were designed such that
they can detect and differentiate DENV from ZIKV, YFV, and Chikungunya virus [94].
This assay is highly sensitive and showed no cross-reactivity. However, the conventional
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PCR requires skilled personnel and lab facilities to perform this manual assay. To automa-
tize the sample extraction to amplification, an insulated isothermal PCR assay has been
developed to detect DENV [95]. 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.

There are currently two NAT assays approved by the FDA: CDC DENV-1-4 Real-Time
RT-PCR Multiplex assay and Trioplex rRT-PCR Assay [96]. The CDC DENV-1-4 Real-Time
RT-PCR Multiplex assay is used in instances when the primary cause of infection would be
the DENV. The assay differentiates DENV sreotypes [96]. The Trioplex rRT-PCR Assays are
used when Dengue, Chikungunya, and Zika are apparent [97]. This allows a laboratory to
test for all three viruses simultaneously. The FDA did a study to show the effectiveness of
the CDC DENV RT-PCR Multiplex Assay [98]. The observed LOD in serum and plasma
was reported as 1 x 10° PFU/mL. The FDA conducted a prospective and retrospective
study. The prospective study showed a 97.2% positive agreement while a 100% negative
agreement. 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 [98]. Furthermore, a study compared
the CDC assay and a laboratory-built assay [99]. This study showed that the lab assay had
a higher sensitivity of 97.4% compared to 87.1% of the CDC assay.

The Trioplex can differentiate between the DENV, ZIKV and Chikungunya viruses [100].
However, it cannot distinguish between the dengue serotypes. 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 LOD for the DENV in this complex
ranges from 6 to 15 copies/reaction [101]. The test showed no cross-reactivity with other
flaviviruses [102]. It has 100% positive and negative agreement for both DENV and Chikun-
gunya viruses. In comparison, ZIKV differed slightly for both positive and negative percent
agreement showing 95% and 99.1 % agreement, respectively [100].

3.2.2. Isothermal Amplification Based Tests

Another form of molecular diagnostics is isothermal amplification of genomic DENV
RNA, where the amplification process requires only one temperature. In rural areas, for ex-
ample, access to lab-based PCR tests might not be possible. Isothermal amplification-based
tests do not require a thermocycler, so the cost and the complexity compared to PCR can be
reduced [103]. 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).

The RT-LAMP assay, first developed by Notomi in 2000, consists of four to six primers:
two outer primes, two inner primers, and two loop primers recognizing eight distinct
regions on the target [104,105]. 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 [106]. Usually,
the RT-LAMP starts transcripting the target to DNA (Figure 4A), followed by creating a
loop structure that creates copies of the target. The amplified target can be visualized by
the naked eye or sometimes under UV light [107]. A study done by S. hu et al. showed
the effectiveness of RI-LAMP [108]. 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. No false positives were found with the RT-LAMP. Targeting the
C-prM gene of all DENV serotypes, Li et al. have recently reported a single tube reaction
method utilizing the RT-LAMP primers within 30 min [109]. Lau et al. also published a
single tube RT-LAMP method focusing 3'-NCR gene of all DENV serotypes and detected
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the DENV serum by analyzing the change in turbidity, with LOD of 10 RNA copies per
reaction [110]. In a recent report, DENV RNA is amplified using LAMP and then integrated
with a portable MinlON sequencer to perform serotyping [111]. RT-LAMP has many
advantages; such as it is rapid, cost-effective, isothermal, highly sensitive and specific.
However, in the case of multiplexing and viral quantification applications, PCR is superior
to LAMP-based assays [112]. LAMP-based assay usually provides qualitative (Yes/No)
results, without any quantification data.

Another commonly used isothermal amplification method is NASBA. The main ad-
vantage of this assay is that it is a single-step isothermal process targeting the RNA of
the DENV samples [112]. Silica is used to extract the RNA from the clinical serum or
plasma samples, which is then amplified without a thermocycler at 41 °C [113]. The
amplification can be done within 30 min and then could be detected by electrochemilu-
minescence [114]. Several conventional NASBA-based DENV detection assays have been
reported recently [115-118]. Yrad et al. reported the DENV-1 RNA detection platform
using AuNPs [119]. DENV-1 target RNA is amplified by NASBA amplification followed by
generation of sandwich complex by AuNP probe and DENV-1 capture probe. This complex
can be visually detected with a lateral flow biosensor within 20 min in pooled human sera
with a LOD of 1.2 x 10* pfu/mL. Although NASBA is simple, cost-effective, and it in-
creases the detection sensitivity of the biosensor used but it requires sample pre-processing
and cautious handling of the viral targets [120].

RPA assay is another novel isothermal amplification technique that has been devel-
oped for detecting pathogens [121]. RPA is able to detect 1-10 DNA copies of target per
reaction within 20 min at a constant temperature in the range of 3742 °C [122]. Teoh
et al. developed an RPA based DENV detection assay targeting highly conserved 3’-UTR
regions [123]. The LOD of this assay was 10 copies of DENV RNA per reaction and it
provided results within less than 20 min. A point of need based mobile RPA unit (Figure
4B) has been developed and deployed in Thailand and Senegal to ensure sensitive detection
of DENV rapidly [124]. The team developed two assays targeting DENV 1-3, and DENV
4 to cover all the serotypes by targeting the 3'-UTR regions. 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 10° copies/uL for DENV-1 [125]. 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.
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Figure 4. 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 [107]). (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 [124]).
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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 spec-
troscopy (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. The FDA has not
cleared any of these products for clinical use for DENV; however, they have fundamental
features to be considered for POC applications. Here we focus on the state of art sensing
technologies that have been just developed or are currently being developed.

4.1. Surface Plasmon Resonance Based Technologies

Surface plasmon resonance (SPR) a real-time detection method that uses polarized
light to sense the variations in a refractive index (RI) that occur in the vicinity of a sensor
surface [27]. The first known use of SPR was in 1902 to investigate optical properties, and
later it has been used in numerous biosensing applications [126]. SPR detects changes
in the RI when a biomolecular interaction between antigen and antibody occurs [127].
When the reaction occurs, the light hitting the surface has a changed spectrum due to
angular shift (Figure 5A) [128]. SPR has many advantages that include the fact that they
are label-free, high sensitivity, and low sample consumption [129]. In recent times, several
SPR based sensors are developed to detect NS1 antigen, IgM antibody as well as IgG
antibody. One recently developed SPR based sensing device can detect NS1 antigen
of DENV in human plasma samples within 30 min [130]. A silver nanostructure was
created using thermal annealing method, which enabled the blood plasma separation
using a polyethersulfone membrane in a microfluidic device. The DENV NS1 antigen was
immobilized by an anti-NS1 antibody on the chamber of the nanostructure surface to create
a peak wavelength shift based on the antigen-antibody binding (Figure 5B,C). This sensor
relates higher the antigen-antibody binding with higher peak wavelength shift. In another
report, an Au SPR chip fabricated with a self-assembled monolayer developed by the use
of 11-mercaptoundecanoic acid has shown improved detection ability than a conventional
IgM capture antibody ELISA to detect IgM antibodies with 10-100% dilution range [131].
The presence of IgM antibodies in the serum was correlated with an increase in resonance
angle [129]. The technique is called the rapid IgM-based dengue diagnostic test, which has
the potential to use the four DENV serotypes as a ligand [132]. However, the SPR test they
developed was not able to differentiate between the serotypes. This developed assay has
83-93% sensitivity and 100% specificity in human serum samples.

Another group of researchers developed a LSPR-based sensing mechanism using
serotype-specific nanoprobe bound to CdSeTeS quantum dots and Au nanoparticles to de-
tect different serotypes of DENV [133]. The distance dependent fluorescence signal was gen-
erated based on LSPR enhancement and quenching, which also determined the serotypes
for DENV (Figure 5D). Another easier to operate approach for detecting DENV serotypes
using surface modified AuNPs based LSPR sensor was reported recently (Figure 5E) [134].
The 22 £ 5 nm AuNPs surface was modified by 11-mercaptoundecanoid acid, and then
antibody IgG antibody was conjugated covalently to the AuNPs surface to capture DENV
antigen. This method of DENV detection reduced the time of detection of DENV to less
than 5 min. SPR based biosensors were also used to detect the E protein of DENV at a very
low (0.08 pM) concentration [135]. 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. Though, the POC potential is there due to the fact that the test only
requires very low (one microliter) volume of patient serum [132]. So far, no SPR technology
has been approved by the FDA nor CDC. A disadvantage of SPR is that it is susceptible to



Biosensors 2021, 11, 206 11 of 28

nonspecific binding and suitable only for convalesce stage. This can hamper its ability to
detect the DENV in some settings.
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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 [128]). (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. [130].
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 [133]).
(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. [134]. Copyright 2018 Elsevier.).

4.2. Electrochemical Sensing-Based Technologies

Electrochemical sensing (ES) can measure changes in electrical properties (e.g., impedance,
voltage, and current) from the biomolecular interactions on the surface of different biosen-
sors, which has been used for detecting various viral targets [103,136-140]. Electrochemical
impedance spectroscopy (EIS) also has the ability to keep a sample intact with minimal
damage [141]. EIS can measure a vast array of frequencies, which allows it to detect these
electron transfers, chemical reactions, and electrolyte conductance due to biological in-
teractions [142-144]. Recently, advancements have been made to detect the DENV using
EIS [145-147]. EIS possesses applicability in POC settings for early stage DENV detection
due to its cost-effectiveness, high throughput, and high sensitivity. Moreover, EIS offers
label free detection of specific antigen-antibody reactions [145]. Till now, different electro-
chemical based biosensor development approaches have been reported, including carbon
nanotube, screen printing, gold nanoparticles, and peptides [148-151]. EIS technology
based on gold nanoparticles (AuNPs) was developed for DENV 1-4 [145]. In this assay,
a gold electrode was coated with cysteine. Instead of DNA primers, this AuNPs device
monitored the signal response for antibody binding. There is also progress in utilizing EIS
technologies involving graphene for RNA and DNA detection of DENV [141]. Graphene is
an attractive material for electrical applications due to its electrical conduction, chemical
stability, and mechanical strength [152]. This can lead to higher sensitivity, low detection
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limits, and long-term stabilities for biosensors [153]. Navakul et al. created a biosensor
by taking graphene oxide (GO) with polymer matrix composites coated on the gold elec-
trode surface to be used to detect DENV using EIS (Figure 6A) [154]. To measure the
resistance change on the biosensor the impedance signal was measured with DENV and
DENV with 4G2 DENV antibody conjugate. The higher signal reduction was observed
in the case of DENV and 4G2 DENV antibody, confirming the binding of DENV on the
electrode. The lower LOD achieved with this method was 0.12 pfu/m [154]. Carbon
nanotubes (CNTs) have also been incorporated into EIS technology to detect the DENV
through the NS1 antigen and whole virus [155,156]. Palomar et al. immobilized DENV-2
NSlvia polypyrrole-NHS activated amide coupling [157]. The carbon nanotube layer
contains the immobilization reaction of DENV-2 NS1. Their device has a sensitivity of
45.7 + 1.7 (3/order of the magnitude of antibody concentration change in PBS. The LOD
of this CNT based assay was 10-12 g/mL [157].

Another commonly used analytical sensing technique is voltammetric sensing. Voltam-
metric sensing can be either cyclic voltammetry (CV) or differential pulse voltammetry
(DPV). CV is used to analyze the redox potential and the electrochemical rates by measur-
ing the resulting current change with respect to applied varying potential [32]. On the other
hand, DPV measures the before and after application of linear increment of amplitude
potential pulses to analyze the redox process [158]. The advantages of the voltammetric
sensing are cost effectiveness, rapidness, and the low requirement of reagents. 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 [159]. Both CV and DPV-based analysis strategies have been adopted to detect
the DENV 2 NS1 antigen in this assay. DENV virus molecular detection is also possible
with this method. 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 [160]. In this report, DPV technique was applied to detect and quantify
the DENV with the presence of methylene blue (Figure 6B) and a fluorescence tag was
used to determine the serotype of DENV. Another voltammetric electrochemical sensing
assay known as square wave voltammetry (SWV) has also been reported recently to detect

DENV NSI1 antigen [161].
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Figure 6. Electrochemical detection of DENV. (A) Electrochemical impedance sensing technique for
DENV detection using graphene oxide and polymers (Reprinted with permission from ref. [154].
Copyright 2017 Elsevier.). (B) DENV virus detection using differential pulse voltammetric method
utilizing a combination of nano composites (Reprinted with permission from ref. [160]. Copyright
2018 American Chemical Society.
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The development of electrochemical sensing based techniques has become a powerful
tool for DENV detection in POC application for their diverse and multitude advantages. In
general, this method proved to be superior than some other techniques for their label free
and higher antigen antibody affinity characteristics. 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.

4.3. Surface-Enhanced Raman Spectroscopy Based Technologies

Surface-enhanced Raman spectroscopy (SERS) is a sensing mechanism that was dis-
covered in 1974 [162]. SERS is a method that enhances Raman spectroscopy by improving
the electron cloud around metallic nanostructures, which is done through either electro-
magnetic or chemical enhancement [163]. Electromagnetic enhancement is done through
LSPR wavelengths in resonance with the Raman source, while the chemical enhancement
occurs through a molecule bound directly to the metal surface. It was recently showed that
SERS active enhancement factors could achieve 106 to 108 M. Furthermore, a 2D silence on
Ag (111) showed an enhancement factor to 109 [164]. It provides a chemical fingerprint on
an object to ensure higher specificity, requiring a less complex sample preparation mecha-
nism, 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 [165-170].

Recently SERS has been adapted to detect infectious diseases such as Zika and
DENV [170]. The idea to detect DENV is to use the NS1 antigen. The DENV-4 serotype
can be detected using a SERS active Ag-Au bimetallic nanowire chip. The ssDNA is im-
mobilized onto the Au, and the signals were measured without washing the sample. With
SERS, there was no need to use reagents, and there was no need to mark the ssDNA for
the detection of DENV. SERS based detection provided LOD of 7.67 ng/mL [170]. This
low LOD shows the promising use of SERS to detect infectious diseases like DENV. Fur-
thermore, a SERS assay with a cascade amplification strategy was developed by C. Song
et al., and they reported LOD as low as 0.49 fM [171]. ]. This would allow clinicians to
diagnose DENV in the early stages of the disease and improve the prognosis. The testing
for clinical samples using a SERS platform based on Ag nanorod array was carried outin a
study [172]. 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 [164]. However, SERS shows promise
in detecting DENV 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.

4.4. Microfluidics-Based Sensing Technologies

Microfluidic-based sensing encompasses a wide variety of tests such as lab on a chip
(LOC), lab on a disc (LODc), lateral flow assays (LFA), and microfluidic paper-based de-
vices (LPADs) [128,173]. LOC embodies numerous steps into one platform, which allows
real-time detection while only using a small amount of the sample [174]. These steps
include biochemical reactions, transportation, product detection, and sample/analyte con-
centrators [175]. There are several LOC technologies that have been developed to detect
various viral targets, as well as devices that incorporate micro/nanoparticles [135,176-178].
Often microfluidic-based sensing incorporates paper material and nanotechnology together
to enhance detection. LOC can detect a wide variety, such as IgM/IgG antibodies, NS1
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antigens, E protein, and RNA. LOC-based devices can be fabricated using both photolitho-
graphic and non-photolithographic techniques. A photolithographic three-dimensional
microfluidic chip has been developed to detect DENV (Figure 7A) using the dielectrophore-
sis method [179]. 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. Another microfluidic assay has been developed recently to detect DENV RNA
from whole blood with the help of microbeads, where DENV RNA is amplified using the
LAMP method [180]. The full “sample-in and answer-out” process takes less than one hour
to complete, and it can detect as low as 10?> PFU per 200 pL. LOC-based DENV sensing
is faster than conventional PCR and ELISA testing and provides feasibility to be used at
resource-limited settings. LOC can also be fully automated and less expensive than other
traditional tests, which gives it tremendous potential to be used in a POC settings to detect
the DENV [181]. Moreover, LOC-based assays provide manipulation of bioparticle and
reagents based on their dimensions and forms [179].

On the other hand, LODc is another microfluidic device that utilizes centrifugal force
to pump the reagents in different chambers inside a disc [182]. 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 [183]. A lab on a compact disc
(LOCD) based DENV IgG antibody detection platform has been reported [184]. They have
used motor controlled rotation to facilitate specific movement of the disc to ensure the
antigen-antibody reaction. A photodetector measures the color changes in OD in the last
chamber of the disc and sends the OD value to a smartphone via Bluetooth connection [184].
The platform has 95.2% sensitivity and 100% specificity in clinical samples. Moreover, a
multilayer PMMA based LODc has been developed where microspheres and microfluidic
disc formed a hybrid that is used to detect DENV (Figure 7B) [185]. A sandwich ELISA-
based detection technique has been adopted by microballoon mixing mechanism inside
the disc. The system is fully automated and requires 5 min to precisely detect 1.9 pfu/mL
DENYV in serum. The main advantage of this LODc based devices is that they don’t require
expensive material to fabricate and also have the option to automatize the assay [186].

LFA’s are paper-based tests that are comprised of a nitrocellulose membrane where an-
tibodies are immobilized by electrostatic interactions [187]. LFA’s are based on the liquid’s
movement through the capillary force and antibody-antigen binding complex [174]. A sec-
ondary antibody is introduced that, if captured, causes a color change (line formation) that
is seen on test [174]. Currently, there are numerous LFA devices on the market for DENV
detection targeting the NS1 and IgM. A paper microfluidic hybrid chip was developed
that integrates LFA for NS1 detection [188]. Yuzon et al. developed a 2.4 cm X 2.4 cm chip
fabricated using nitrocellulose membrane, polymethyl methacrylate, and cellulose acetate
film. The researchers compared the chip to the gold standard method of a sandwich ELISA.
The sandwich ELISA takes 24 h to complete and provides a sensitivity of 43.932 ng/mL.
However, their chip has a LOD of 84.66 ng/mL having 2 min readout time. The device’s
sensitivity is clinically relevant as DENV infected patient’s plasma can have 0.04-2 ug/mL
of NS1 in the first week of infection [189]. The chip also requires less sample volume
and a more straightforward disposal process [188]. 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 [190]. The simple 2D paper based
stacking device is assembled in such a way that ensures a separate flow path for saliva
and reagents. On the other hand, a 3D vertical and lateral flow lab-on-paper device has
been developed to target multiple viruses, including ZIKV, DENV, and chikungunya virus
(Figure 7C) [191]. 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. The amplification takes place at 65 °C and the whole process
takes less than 60 min to complete. Ortega et al. has developed an ELISA using magnetic
polydopamine-based nanoparticles to detect the IgM antibodies of DENV [192]. This
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device is highly sensitive and can detect as low as 40 ng/mL of DENV IgM. Recently,
another DENV NS1 based detection platform has been developed, which can detect as
low as 5 ng/mL by capture-layer lateral flow immunoassay [193]. Moreover, micro size
paper-based analytical devices commonly known as uPADs have been incorporated with
smartphones to detect the DENV [177,194]. uPADs consist of a paper that is hydrophilic in
nature and various polymers that can have hydrophilic interactions [177]. Cellphones are
often utilized to collect data. The data can then be interpreted at a central lab or at point of
use. Prabowo et al. created a pPAD that utilizes a sandwich immunoassay on paper having
wax pattern to detect the NS1 antigen [195]. The total test time was around 25-30 min. They
found the LOD of the assay by naked eye, a cellphone camera and scanner with values of
200, 74.8 and 46.7 ng/mL, respectively, indicating that smartphones can be incorporated
in a testing setup. Theillet et al. have developed a laser cut uPAD to detect DENV NS1
antigen from the pediatric serum sample [196]. A microfluidic pump was developed to
control the flow inside the chambers of the device. Microfluidic lateral flow based testing
can also be fully automated and less expensive than other traditional tests. However, there
are some shortcomings. The sample preparations of these tests often take a lot of time and
skilled personnel to perform manual step by step sample loading [187]. This can make it
not viable in some rural areas where POC testing is needed.
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Figure 7. Detection of DENV using microfluidic-based sensing technologies. (A) Experimental setup of a microfluidic chip
based DENV detection using dielectrophoresis technique. AC voltage was supplied by a waveform generator and inverted

microscope was used to record the fluorescence of the captured virus (Reprinted with permission from ref. [179]. Copyright
2017 Elsevier.) (B) A multilayered and PMMA made lab on a disc microfluidic device to ensure ultrasensitive detection of
DENYV (Reprinted from [185]). (C) Lab on a paper device to detect multiple pathogen targets accommodating amplification
of RNA using LAMP method (Reprinted with permission from ref. [191]. Copyright 2020 Elsevier.).



Biosensors 2021, 11, 206

16 of 28

4.5. Non-Conventional Microfluidic-Based Sensing Technologgies

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.

Microarrays are sensor-based arrays that can detect multiple target biomarkers si-
multaneously [197]. The microarrays provide thousands of tiny spots that contain a DNA
sequence that acts as a probe to detect gene expression [198]. Usually, mRNA molecules in
sample are first converted into cDNA. The cDNA is labeled with a fluorescent probe with
differing colors, and the samples are mixed together and allowed to bind in the microar-
ray [199]. This allows parallel testing that is very advantageous in a POC setting to detect
the DENV. Bergamaschi et al. developed a synthetic epitope probe based DENV E protein
detection assay that mimicked antigenic determinants to efficiently detect DENV and can
be implemented as a rapid detection assay [200]. They have synthesized three peptides
that have been tested against 20 healthy and 20 DENV patient’s serum to specifically detect
IgG of the infected patients (Figure 8A). The sensitivity for detecting E protein was 95%
and the assay was 75% specific [200]. Moreover, a DNA microarray was developed by
Diaz-Badillo et al. that can distinguish between the dengue serotypes [201]. They showed
a high sensitivity that was equivalent to RT-PCR. Microarray provides a high throughput,
so that it can be advantageous in that regard. Furthermore, a microarray-based assay was
also able to distinguish between dual infections with different stereotypes [201]. Clenton
et al. developed a novel microarray using recombinant NS1 proteins to detect various fla-
viviruses [202]. The multiplex had promising results for DENV, where it can be compared
to current commercial ELISA kits. When looking at antibodies from the E protein of the
virus, the sensitivity was 91%, while antibodies to the NS1 protein were 99% sensitive.
Furthermore, the microarray had a better sensitivity with IgG DENV than with IgM, which
can be attributed to sampling timing and prior infections. The IgG sensitivity was 92%,
while the specificity was 99%, whereas the IgM sensitivity was 86%, and the specificity
was 98%. Recently, a study conducted by Thao et al. has looked into Clenton’s protein
microarray and its ability to detect past DENV infections [203]. The researchers used the
microarray to test DENV after 1 and 6 months of infection. The study tested 368 serum
specimens from 184 infected individuals (16 samples were omitted owing to not having
control). 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 [203]. Microarrays
have many inherent benefits, such as high throughput and high sensitivity. However, they
can be very costly and need a person with experience to conduct the test. In some aspects,
it could not be used in some rural areas due to its high cost and labor. However, there is
potential in the future for its use in POC settings.

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 de-
vices [204]. This emerging technology is based on materials that are readily available, easily
reproducible, affordable, and highly portable [205]. Kosuke et al. has developed a microflu-
idic thread based analytical device which is hydrophobic, intertwisted and sewn inside
two lamination films (Figure 8B) [206]. Bioluminescence 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. This assay can
provide both quantitative and qualitative results within 5 min.
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Figure 8. (A)Detection of DENV using peptide microarrays. Differentiation of healthy and DENV infection patients’ sera by
spotting the fluorescence (reprinted from [200]). (B) Detection of anti-DENV-1 antibody from whole blood using an intertwisted
thread-based analytical device (Reprinted with permission from ref. [206]. Copyright 2020 American Chemical Society).

5. Futuristic CRISPR-Based Assays

The clustered regularly interspaced short palindromic repeats (CRISPR)-based genome
editing technology have become very popular in the past decade due to its flexibility and
robustness in diverse applications, including molecular diagnostics, epigenetic modulation,
and therapeutics [207-210]. The CRISPR-Cas system, a simple and powerful nucleic acid
detection technology, has numerous advantages, including rapidness, higher sensitivity,
and low cost [211]. The CRISPR-Cas system uses “programmable/guided RNA” that
detects the viral genomic RNA/DNA (Cas12a and Cas13, programmed to identify DNA
or RNA, respectively) and guides the Cas to edit the sequence. This technology encom-
passes both hybridization and recognition of the target sequence very efficiently, making
this technology highly specific and sensitive [212]. Gootenberg et al. has developed a
Cas-13 associated specific high-sensitivity enzymatic reporter unlocking (SHERLOCK)
platform for detecting infectious diseases with a capability to detect a single-molecule
of DNA/RNA [213]. In SHERLOCK, the genomic target sequence is amplified by RPA
or RT-RPA method for DNA and RNA sequences, respectively. After T7 transcription
of the amplified sequence, the genomic target is detected by Cas 13. Finally, the detec-
tion of the target can be done using lateral flow reaction or measuring the fluorescence
(Figure 9A) [214,215]. However, in SHERLOCK version 2, a huge advancement has been
made by adding a multiplexing detection option, improved sensitivity, and lateral flow
readout capability (Figure 9B) [216]. This version is more suitable for POC applications
due to the addition of portable lateral flow result readability. This rapid and quantitative
detection assay has a sensitivity of 2 aM of DENV. Moreover, the same team made the
technology to be field deployable by eliminating the viral DNA /RNA extraction step by
Heating Un-extracted Diagnostic Samples to Obligate Nuclease (HUDSON) and then com-
bining with SHERLOCK (Figure 9C,D) [217]. This method can detect DENV directly from
patient samples within less than 2 h with a sensitivity of 1 copy/uL. This assay requires
minimal expensive equipment making it more inexpensive and suitable for fighting a
global crisis.
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Figure 9. Detection of DEN

V using CRISPR-Cas based assays. (A) Graphical representation of SHERLOCK for detecting

nucleic acids (reprinted from [215]). (B) Detection of in-sample four-channel multiplexed targets using SHERLOCK version
2 (Reprinted with permission from ref. [216]. Copyright 2018 The American Association for the Advancement of Science.).
(C,D) The detection principle of clinical viral specimens from serum or saliva combining HUDSON and SHERLOCK

(Reprinted with permission

from ref. [217]. Copyright 2018 The American Association for the Advancement of Science.).

6. Future Direction and Conclusions

DENV infects approximately 400 million people every year, with testing being paramount
to diagnosis and treatment for the disease. Some Asian and Latin American countries still
face severe illness and deaths due to DENV [9]. Managing the DENV spread to these
countries early and rapid diagnostics play an essential role due to the lack of effective
treatments. Roughly 66% of the world’s population uses mobile phones, which can be
used to educate individuals around the world on prevention [218]. Social media-based
platforms can also inform reemergence of outbreaks and get health communication where
medical resources are limited [219]. From the diagnostics point of view, the conventional
technologies currently being used are mainly applicable to laboratory /medical care-based
facilities. All the discussed method of detection for DENV is summarized in Table 1. Mostly
these detection assays are costly, requiring sophisticated equipment as well as skilled tech-
nician. Though, it is very common that serological assays show cross-reactivity with other
flaviviruses. As a result, the development of low-cost, robust, easily deployable, disposable,
and accurate diagnostic assays is the key to fight against DENV outbreaks/reemergence in
the future.

Asymptomatic and mild cases make it harder to mitigate the spread of the virus.
Currently, there are numerous commercial options for individuals, with each having its
pros and cons. IgM tests are usually used after 7 days of exposure. The current rapid tests
do not meet the standards in terms of sensitivity to be used to diagnose Dengue infection
reliably. The NS1 tests allow physicians to test within 1-7 days of infection and can be a
cost-effective compared to NAT’s. There is only one FDA approved NS1 test that achieves
a sensitivity of 91%. NAT’s can be expensive but can test someone for DENV between
1-7 days of exposure. The current CDC trioplex allows someone to test Zika, Chikungunya,
and Dengue. However, further research should be focused on developing new biomarker
panels to determine the severity stage of the infection as well as differencing primary
and non-primary infections. Evaluating the performance of the state of art bio/nano
sensing technologies, including CRISPR, microfluidics, and others, should be established.
Smartphone-based assays can also play crucial contribution in the advancement of POC
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and self-testing assays by excluding the use of expensive laboratory devices. Moreover, a
general limitation of various diagnostic platforms is the requirement of extensive sample
preparation that limit the use of various assay for POC testing. Efforts should be made to
develop innovative solutions that either do not require sample preparation or automate
the sample preparation on a single device [176,220].

Table 1. Summary of conventional and POC detection methods with their advantages and limitations.

Detection Method

Advantages

Limitations

Target

Serological

PCR

Isothermal
SPR
EIS

SERS

LOC

LFA

LODc

uPAD

Microarray

Threads
CRISPR

Comparatively fast, easier to execute,
less expensive

Accurate, early stage detection, muliplexibility,
highly sensitive and specific, selective

Fast, no need of thermocycler, simpler than
PCR, early stage detection
Real time detection, label free, low sample
comsumption, early detection capability.
Inexpensive, label free, high throughput,
sensitive, requires a low volume of samples.
Highly specific, simple sample preparation,
high throughput
Disposable, automation potential, cheaper,
POC applicable, low reagent consumption,
sample-in and answer-out

Easy, fast, no sample processing, cheaper than
conventional methods.

Disposable, automation potential, cheaper,
POC applicable, low reagent consumption

Disposable, automation potential, cheaper,
POC applicable, low reagent consumption,
smartphone integration

Multiplexity, higher sensitivity,
high throughput

Disposable, biocompatible, reproducible,
cheaper, portable, readily available
Rapid, highly sensitive, cheaper, simple

Expensive device required shows
cross-reactivity
Only suitable for high resource available
settings, skilled personnel needed,
prone to contamination, laborious and
time consuming
Less multiplexibility than PCR, prone to
primer dimer due to high no of primers.
Lower sensitivity, susceptible to
nonspecific binding
Cumbersome sample preprocessing,
requires cleanroom access (sometimes),
Lacks robustness and reproducibility,
highly expensive Raman reader
Manual sample loading, requires an
expensive device fabrication process
(sometimes),
Mishandling can be occurred,
cross-reactivity,
qualitative/semi-qualitative result
Labor intensive, requires 3D printing
access, expensive equipment for device
fabrication
Manual sample loading,
lower sensitivity,
qualitative /semi-qualitative result
Expensive, skilled personnel needed,
lengthy time of execution, not
POC applicable
Early stage of development, flow
manipulation
non-specific binding,

NS1,IgA, IgG and IgM

RNA

RNA
NS1, IgG and IgM
RNA, NS1

NS1, DENV Gene

IgM/IgG, NS1, E, and RNA

NS1, IgG, IgM, IgA,

RNA

NS1, IgM

Gene expression of DENV

Anti-DENV antibody
RNA

The future of testing can be paramount in improving rapid tests that are affordable
and sensitive. Variation in serotypes and genomic structures is one of the major concerns
that need to be considered in the diagnostic development process. Although a single confir-
matory test is challenging to develop, it is required for proper patient management. These
research directions should be explored to develop single and rapid confirmatory tests in the
future. These types of tests can make a difference in rural areas where access to traditional
tests cannot be attained. There are also other novel testing technologies under develop-
ment, such as LODc, LOC, LFA, SPR, microarrays, and EIS. These techniques can cut costs
and have the potential to be used in POC settings. On the other hand, hybridization of
different technologies such as paper-hydrogel [221], paper-thread [222] based technologies
can be used for enhancing the diagnostic sensitivity and reduce costs. The FDA has not
cleared any of these emerging products for clinical use yet. Priorities should be given to
commercialize more and more POC-based assays as they can significantly improve the
disease surveillance, testing, and management.



Biosensors 2021, 11, 206 20 of 28

Funding: This research was funded by National Science Foundation (NSF) RAPID grant number
2027890 and NSF CAREER grant number 1942487.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Not Applicable.

Acknowledgments: We thank Andrew Evan Simonson for reviewing and proofreading the article.

Conflicts of Interest: Authors declare no financial conflict of interests.

References

1.  Guzman, M.G.; Halstead, S.B.; Artsob, H.; Buchy, P; Farrar, J.; Gubler, D.J.; Hunsperger, E.; Kroeger, A.; Margolis, H.S.; Martinez,
E. Dengue: A continuing global threat. Nat. Rev. Microbiol. 2010, 8, S7-S16. [CrossRef] [PubMed]

2. Dick, O.B,; San Martin, J.L.; Montoya, R.H.; del Diego, J.; Zambrano, B.; Dayan, G.H. The history of dengue outbreaks in the
Americas. Am. ]. Trop. Med. Hyg. 2012, 87, 584-593. [CrossRef]

3. World Health Organization. Dengue and Severe Dengue; World Health Organization, Regional Office for the Eastern Mediterranean:
Cairo, Egypt, 2014.

4. Bhatt, S.; Gething, PW.,; Brady, O.].; Messina, ].P,; Farlow, A.W.; Moyes, C.L.; Drake, ].M.; Brownstein, ].S.; Hoen, A.G.; Sankoh, O.
The global distribution and burden of dengue. Nature 2013, 496, 504-507. [CrossRef]

5. Brady, O.].; Gething, PW.; Bhatt, S.; Messina, ].P.; Brownstein, J.S.; Hoen, A.G.; Moyes, C.L.; Farlow, A.W.; Scott, TW.; Hay, S.I.
Refining the global spatial limits of dengue virus transmission by evidence-based consensus. PLoS Negl. Trop. Dis. 2012, 6, €1760.
[CrossRef] [PubMed]

6. Hasan, S.; Jamdar, S.F,; Alalowi, M.; Al Beaiji, S.M.A.A. Dengue virus: A global human threat: Review of literature. J. Int. Soc.
Prev. Commun. Dent. 2016, 6, 1. [CrossRef]

7.  CDC. About Dengue: What You Need to Know. 2020. Available online: https://www.cdc.gov/dengue/about/index.html
(accessed on 20 May 2020).

8. Messina, ].P.; Brady, O.].; Golding, N.; Kraemer, M.U.; Wint, G.W,; Ray, S.E.; Pigott, D.M.; Shearer, EM.; Johnson, K.; Earl, L. The
current and future global distribution and population at risk of dengue. Nat. Microbiol. 2019, 4, 1508-1515. [CrossRef]

9.  Pan American Health Organization. Epidemiological Update: Dengue in the context of COVID-19; PAHO/WHO: Washington, DC,
USA, 3 December 2020.

10. Martina, B.E.; Koraka, P; Osterhaus, A.D. Dengue virus pathogenesis: An integrated view. Clinical microbiology reviews. Clin.
Microbiol. Rev. 2009, 22, 564-581. [CrossRef]

11. Kabir, M.A; Soto-Acosta, R.; Sharma, S.; Bradrick, S.S.; Garcia-Blanco, M.A.; Caputi, M.; Asghar, W. An antibody panel for highly
specific detection and differentiation of Zika virus. Sci. Rep. 2020, 10, 1-8. [CrossRef]

12.  Guzman, M.G.; Gubler, D.J.; Izquierdo, A.; Martinez, E.; Halstead, S.B. Dengue infection. Nat. Rev. Dis. Primers 2016, 2, 1-25.
[CrossRef] [PubMed]

13. Tsang, TK.; Ghebremariam, S.L.; Gresh, L.; Gordon, A.; Halloran, M.E.; Katzelnick, L.C.; Rojas, D.P,; Kuan, G.; Balmaseda, A.
Effects of infection history on dengue virus infection and pathogenicity. Nat. Commun. 2019, 10, 1-9. [CrossRef] [PubMed]

14. CDC. Symptoms and Treatment. 2020. Available online: https:/ /www.cdc.gov/dengue/symptoms/index.html (accessed on 27
April 2021).

15. Halstead, S. Recent advances in understanding dengue. F1000Research 2019, 8, 1279. [CrossRef] [PubMed]

16. Guy, B.; Almond, J].W. Towards a dengue vaccine: Progress to date and remaining challenges. Comp. Immunol. Microbiol. Infect.
Dis. 2008, 31, 239-252. [CrossRef]

17. Paranavitane, S.A.; Gomes, L.; Kamaladasa, A.; Adikari, T.N.; Wickramasinghe, N.; Jeewandara, C.; Shyamali, N.L.A.; Ogg, G.S.;
Malavige, G.N. Dengue NS1 antigen as a marker of severe clinical disease. BMC Infect. Dis. 2014, 14, 1-7. [CrossRef] [PubMed]

18.  Ooi, E.E. Challenges in prevaccination screening for previous dengue infection. Lancet Glob. Health 2021, 9, e4—e5. [CrossRef]

19. Teoh, B.-T; Sam, S.-S.; Tan, K.-K; Johari, J.; Abd-Jamil, J.; Hooi, P.-S.; AbuBakar, S. The use of NS1 rapid diagnostic test and
qRT-PCR to complement IgM ELISA for improved dengue diagnosis from single specimen. Sci. Rep. 2016, 6, 1-8. [CrossRef]

20. Simmons, C.P; Farrar, J.J.; van Vinh Chau, N.; Wills, B. Dengue. N. Engl. ]. Med. 2012, 366, 1423-1432. [CrossRef] [PubMed]

21. Hu, D, Di, B; Ding, X.; Wang, Y.; Chen, Y,; Pan, Y.; Wen, K.; Wang, M.; Che, X. Kinetics of non-structural protein 1, IgM and IgG
antibodies in dengue type 1 primary infection. Virol. |. 2011, 8, 1-4. [CrossRef]

22. Herrada, C.A.; Kabir, M.; Altamirano, R.; Asghar, W. Advances in Diagnostic methods for Zika Virus infection. . Med. Devices
2018, 12, 12. [CrossRef]

23. Raafat, N.; Blacksell, S.D.; Maude, R.J. A review of dengue diagnostics and implications for surveillance and control. Trans. R. Soc.
Trop. Med. Hyg. 2019, 113, 653-660. [CrossRef]

24. Kabir, M.A.; Ahmed , R.; Igbal, SM.A.; Chowdhury, R.; Kabir, M.A.; Paulmurugan, R.; Demirci, U.; Asghar, W. Diagnosis For

COVID-19: Current Status and Future Prospects. Expert Rev. Mol. Diagn. 2021, 21, 269-288. [CrossRef]


http://doi.org/10.1038/nrmicro2460
http://www.ncbi.nlm.nih.gov/pubmed/21079655
http://doi.org/10.4269/ajtmh.2012.11-0770
http://doi.org/10.1038/nature12060
http://doi.org/10.1371/journal.pntd.0001760
http://www.ncbi.nlm.nih.gov/pubmed/22880140
http://doi.org/10.4103/2231-0762.175416
https://www.cdc.gov/dengue/about/index.html
http://doi.org/10.1038/s41564-019-0476-8
http://doi.org/10.1128/CMR.00035-09
http://doi.org/10.1038/s41598-020-68635-6
http://doi.org/10.1038/nrdp.2016.55
http://www.ncbi.nlm.nih.gov/pubmed/27534439
http://doi.org/10.1038/s41467-019-09193-y
http://www.ncbi.nlm.nih.gov/pubmed/30886145
https://www.cdc.gov/dengue/symptoms/index.html
http://doi.org/10.12688/f1000research.19197.1
http://www.ncbi.nlm.nih.gov/pubmed/31448083
http://doi.org/10.1016/j.cimid.2007.07.011
http://doi.org/10.1186/s12879-014-0570-8
http://www.ncbi.nlm.nih.gov/pubmed/25366086
http://doi.org/10.1016/S2214-109X(20)30506-4
http://doi.org/10.1038/srep27663
http://doi.org/10.1056/NEJMra1110265
http://www.ncbi.nlm.nih.gov/pubmed/22494122
http://doi.org/10.1186/1743-422X-8-47
http://doi.org/10.1115/1.4041086
http://doi.org/10.1093/trstmh/trz068
http://doi.org/10.1080/14737159.2021.1894930

Biosensors 2021, 11, 206 21 of 28

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Pang, J.; Chia, PY.; Lye, D.C.; Leo, Y.S. Progress and challenges towards point-of-care diagnostic development for dengue. Clin.
Microbiol. 2017, 55, 3339-3349. [CrossRef]

Eivazzadeh-Keihan, R.; Pashazadeh-Panahi, P.; Mahmoudi, T.; Chenab, K.K.; Baradaran, B.; Hashemzaei, M.; Radinekiyan, E.;
Mokhtarzadeh, A.; Maleki, A. Dengue virus: A review on advances in detection and trends—from conventional methods to novel
biosensors. Microchim. Acta 2019, 186, 1-24. [CrossRef]

Darwish, N.T.; Sekaran, S.D.; Khor, S.M. Point-of-care tests: A review of advances in the emerging diagnostic tools for dengue
virus infection. Sens. Actuators B Chem. 2018, 255, 3316-3331. [CrossRef]

Omar, N.A.S.; Fen, Y.W. Recent development of SPR spectroscopy as potential method for diagnosis of dengue virus E-protein.
Sens. Rev. 2018, 38, 106-116. [CrossRef]

Shamala, D.S. Laboratory diagnosis of dengue: A review. IIUM Med. ]. Malays. 2015, 14. [CrossRef]

Zhang, B.; Salieb-Beugelaar, G.B.; Nigo, M.M.; Weidmann, M.; Hunziker, P. Diagnosing dengue virus infection: Rapid tests and
the role of micro/nanotechnologies. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 1745-1761. [CrossRef] [PubMed]

Muller, D.A; Depelsenaire, A.C.; Young, PR. Clinical and laboratory diagnosis of dengue virus infection. J. Infect. Dis. 2017, 215
(Suppl. 2), S89-595. [CrossRef] [PubMed]

Anusha, J.; Kim, B.C.; Yu, K.-H.; Raj, CJ. Electrochemical biosensing of mosquito-borne viral disease, dengue: A review. Biosens.
Bioelectron. 2019, 142, 111511. [CrossRef] [PubMed]

Dimmock, N.J.; Easton, A.].; Leppard, K.N. Introduction to Modern Virology; John Wiley & Sons: Hoboken, NJ, USA, 2016.
Paranjape, S.M.; Harris, E. Control of dengue virus translation and replication. Dengue Virus 2009, 338, 15-34.

Huber, R.G.; Lim, X.N.; Ng, W.C.; Sim, A.Y.; Poh, H.X,; Shen, Y.; Lim, S.Y.; Sundstrom, K.B.; Sun, X.; Aw, ].G. Structure mapping
of dengue and Zika viruses reveals functional long-range interactions. Nat. Commun. 2019, 10, 1-13. [CrossRef]

Lindenbach, B.; Thiel, H.; Rice, C. Flaviviridae: The viruses and their replication. In Fundamental Virology; Knipe, D.M., Howley,
P.M., Griffin, D.E., Lamb, R.A., Martin, M.A., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2007; p. 1101.
Alvarez, D.E.; Lodeiro, M.E; Luduena, S.J.; Pietrasanta, L.I.; Gamarnik, A.V. Long-range RNA-RNA interactions circularize the
dengue virus genome. J. Virol. 2005, 79, 6631-6643. [CrossRef] [PubMed]

Lodeiro, M.E; Filomatori, C.V.; Gamarnik, A.V. Structural and functional studies of the promoter element for dengue virus RNA
replication. J. Virol. 2009, 83, 993-1008. [CrossRef]

Kuhn, RJ.; Zhang, W.; Rossmann, M.G.; Pletnev, S.V,; Corver, J.; Lenches, E.; Jones, C.T.; Mukhopadhyay, S.; Chipman, PR.;
Strauss, E.G. Structure of dengue virus: Implications for flavivirus organization, maturation, and fusion. Cell 2002, 108, 717-725.
[CrossRef]

Dwek, R. Antibodies and antigens: It’s all about the numbers game. Proc. Natl. Acad. Sci. USA 2009, 106, 2087-2088. [CrossRef]
[PubMed]

Hunsperger, E.A.; Yoksan, S.; Buchy, P; Nguyen, V.C.; Sekaran, S.D.; Enria, D.A ; Pelegrino, J.L.; Vazquez, S.; Artsob, H.; Drebot,
M.; et al. Evaluation of commercially available anti-dengue virus immunoglobulin M tests. Emerg. Infect. Dis. 2009, 15, 436—440.
[CrossRef] [PubMed]

Innis, B.L.; Nisalak, A.; Nimmannitya, S.; Kusalerdchariya, S.; Chongswasdi, V.; Suntayakorn, S.; Puttisri, P.; Hoke, C.H. An
enzyme-linked immunosorbent assay to characterize dengue infections where dengue and Japanese encephalitis co-circulate.
Am. |. Trop. Med. Hyg. 1989, 40, 418-427. [CrossRef]

Porter, K.R.; Widjaja, S.; Lohita, H.D.; Hadiwijaya, S.H.; Maroef, C.N.; Suharyono, W.; Tan, R. Evaluation of a commercially
available immunoglobulin M capture enzyme-linked immunosorbent assay kit for diagnosing acute dengue infections. Clin. Diagn.
Lab. Immunol. 1999, 6, 741-744. [CrossRef]

Cardosa, M.J.; Tio, PH.; Nimmannitya, S.; Nisalak, A.; Innis, B. IgM capture ELISA for detection of IgM antibodies to dengue
virus: Comparison of 2 formats using hemagglutinins and cell culture derived antigens. Southeast Asian J. Trop. Med. Public Heal.
1992, 23, 726-729.

Welch, R].; Chang, G.J.; Litwin, C.M. Comparison of a commercial dengue IgM capture ELISA with dengue antigen focus
reduction microneutralization test and the Centers for Disease Control dengue IgM capture-ELISA. ]. Virol. Methods 2014, 195,
247-249. [CrossRef]

Adalja, A.A.; Sell, TK.; Bouri, N.; Franco, C. Lessons learned during dengue outbreaks in the United States, 2001-2011. Emerg.
Infect. Dis. 2012, 18, 608-614. [CrossRef] [PubMed]

Namekar, M; Ellis, EIM.; O’Connell, M.; Elm, ].; Gurary, A.; Park, S.Y.; Imrie, A.; Nerurkar, V.R. Evaluation of a New Commercially
Available Immunoglobulin M Capture Enzyme-Linked Immunosorbent Assay for Diagnosis of Dengue Virus Infection. J. Clin.
Microbiol. 2013, 51, 3102-3106. [CrossRef] [PubMed]

Tsai, J.-J.; Liu, C.-K,; Tsai, W.-Y,; Liu, L.-T.; Tyson, J.; Tsai, C.-Y.; Lin, P-C.; Wang, W.-K. Seroprevalence of dengue virus in two
districts of Kaohsiung City after the largest dengue outbreak in Taiwan since World War II. PLoS neglected tropical diseases 2018, 12,
€0006879. [CrossRef]

CDC. Serologic Tests for Dengue Virus. 2019. Available online: https://www.cdc.gov/dengue/healthcare-providers/testing/
serologic-tests.html (accessed on 20 May 2021).

InBios International. InBios DENV Detect™ IgM Capture ELISA. 2019. Available online: http://i8sit3w4v3z1h990ilgmrx6
1-wpengine.netdna-ssl.com/wp-content/uploads/2019/10/LBL-0028-09-900106-1IVD-DENV-Detect-IgM-Capture-ELISA-
Insert.pdf (accessed on 20 May 2021).


http://doi.org/10.1128/JCM.00707-17
http://doi.org/10.1007/s00604-019-3420-y
http://doi.org/10.1016/j.snb.2017.09.159
http://doi.org/10.1108/SR-07-2017-0130
http://doi.org/10.31436/imjm.v14i1.452
http://doi.org/10.1016/j.nano.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26093055
http://doi.org/10.1093/infdis/jiw649
http://www.ncbi.nlm.nih.gov/pubmed/28403441
http://doi.org/10.1016/j.bios.2019.111511
http://www.ncbi.nlm.nih.gov/pubmed/31319325
http://doi.org/10.1038/s41467-019-09391-8
http://doi.org/10.1128/JVI.79.11.6631-6643.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890901
http://doi.org/10.1128/JVI.01647-08
http://doi.org/10.1016/S0092-8674(02)00660-8
http://doi.org/10.1073/pnas.0900276106
http://www.ncbi.nlm.nih.gov/pubmed/19211799
http://doi.org/10.3201/eid1503.080923
http://www.ncbi.nlm.nih.gov/pubmed/19239758
http://doi.org/10.4269/ajtmh.1989.40.418
http://doi.org/10.1128/CDLI.6.5.741-744.1999
http://doi.org/10.1016/j.jviromet.2013.10.019
http://doi.org/10.3201/eid1804.110968
http://www.ncbi.nlm.nih.gov/pubmed/22469195
http://doi.org/10.1128/JCM.00351-13
http://www.ncbi.nlm.nih.gov/pubmed/23824771
http://doi.org/10.1371/journal.pntd.0006879
https://www.cdc.gov/dengue/healthcare-providers/testing/serologic-tests.html
https://www.cdc.gov/dengue/healthcare-providers/testing/serologic-tests.html
http://i8sit3w4v3z1h99oi1gmrx61-wpengine.netdna-ssl.com/wp-content/uploads/2019/10/LBL-0028-09-900106-IVD-DENV-Detect-IgM-Capture-ELISA-Insert.pdf
http://i8sit3w4v3z1h99oi1gmrx61-wpengine.netdna-ssl.com/wp-content/uploads/2019/10/LBL-0028-09-900106-IVD-DENV-Detect-IgM-Capture-ELISA-Insert.pdf
http://i8sit3w4v3z1h99oi1gmrx61-wpengine.netdna-ssl.com/wp-content/uploads/2019/10/LBL-0028-09-900106-IVD-DENV-Detect-IgM-Capture-ELISA-Insert.pdf

Biosensors 2021, 11, 206 22 of 28

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

FDA. 510(k) Substantial Equivalence Determination. Decision Summary. 2021. Available online: https://www.accessdata.fda.
gov/cdrh_docs/reviews/K100534.pdf (accessed on 20 May 2021).

Narayan, R.; Raja, S.; Kumar, S.; Sambasivam, M.; Jagadeesan, R.; Arunagiri, K.; Krishnasamy, K.; Palani, G. A novel indirect
ELISA for diagnosis of dengue fever. Indian ]. Med. Res. 2016, 144, 128-133.

Andries, A.C.; Duong, V.; Ngan, C.; Ong, S.; Huy, R.; Sroin, KK.; Te, V.; Y, B.; Try, PL.; Buchy, P. Field evaluation and impact
on clinical management of a rapid diagnostic kit that detects dengue NS1, IgM and IgG. PLoS Negl. Trop. Dis. 2012, 6, €1993.
[CrossRef]

Blacksell, S.D.; Jarman, R.G.; Gibbons, R.V.; Tanganuchitcharnchai, A.; Mammen, M.P,, Jr.; Nisalak, A.; Kalayanarooj, S.; Bailey,
M.S.; Premaratna, R.; de Silva, H.J.; et al. Comparison of seven commercial antigen and antibody enzyme-linked immunosorbent
assays for detection of acute dengue infection. Clin. Vaccine Immunol. 2012, 19, 804-810. [CrossRef]

Lee, H.; Ryu, ].H,; Park, H.S.; Park, KH.; Bae, H,; Yun, S.; Choi, A.R.; Cho, S.Y,; Park, C.; Lee, D.G.; et al. Comparison of Six
Commercial Diagnostic Tests for the Detection of Dengue Virus Non-Structural-1 Antigen and IgM/IgG Antibodies. Ann. Lab.
Med. 2019, 39, 566-571. [CrossRef] [PubMed]

Calvert, A.E.; Boroughs, K.L.; Laven, J.; Stovall, J.L.; Luy, B.E.; Kosoy, O.1; Huang, C.Y. Incorporation of IgG Depletion in a
Neutralization Assay Facilitates Differential Diagnosis of Zika and Dengue in Secondary Flavivirus Infection Cases. J. Clin.
Microbiol. 2018, 56, €00234-18. [CrossRef] [PubMed]

Prince, H.E.; Yeh, C.; Lapé-Nixon, M. Utility of IgM/IgG ratio and IgG avidity for distinguishing primary and secondary dengue
virus infections using sera collected more than 30 days after disease onset. Clin. Vaccine Immunol. 2011, 18, 1951-1956. [CrossRef]
Kuno, G.; Gémez, I.; Gubler, D.J. An ELISA procedure for the diagnosis of dengue infections. J. Virol. Methods 1991, 33, 101-113.
[CrossRef]

Hangal, K.H.; Raina, A.H.; Raina, A.; Raina, M.; Bashir, R.; Latief, M.; Mir, T.; Changal, Q.H. Differentiating secondary from
primary dengue using IgG to IgM ratio in early dengue: An observational hospital based clinico-serological study from North
India. BMC Infect. Dis. 2016, 16, 715. [CrossRef] [PubMed]

Nguyen, T.H.T.; Clapham, H.E.; Phung, K.L.; Nguyen, T.K; DInh, T.T.; Nguyen, T.H.Q.; Tran, V.N.; Whitehead, S.; Simmons, C.;
Wolbers, M.; et al. Methods to discriminate primary from secondary dengue during acute symptomatic infection. BMC Infect. Dis.
2018, 18, 375. [CrossRef]

Atchareeya, A.N.; Prakong, S.; Sa-Ngasang, A.; Chanama, S.; Sawanpanyalert, P.; Kurane, I.; Anantapreecha, S. Comparison
between Haemagglutination Inhibition (HI) Test and IgM and IgG-capture ELISA in Determination of Primary and Secondary
Dengue Virus Infections. Dengue Bull. 2006, 30, 141-145.

Sellon, D.C.; Long, M. Equine Infectious Diseases; E-book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2013.

Dengue, W. Guidelines for Diagnosis, Treatment. Prevention and Control; WHO: Geneva, Switzerland, 2009; Volume 1.

Lukman, N.; Salim, G.; Kosasih, H.; Susanto, N.H.; Parwati, L; Fitri, S.; Alisjahbana, B.; Widjaja, S.; Williams, M. Comparison of
the Hemagglutination Inhibition Test and IgG ELISA in Categorizing Primary and Secondary Dengue Infections Based on the
Plaque Reduction Neutralization Test. BioMed Res. Int. 2016, 2016, 5253842. [CrossRef]

Kao, C.L,; King, C.C.; Chao, D.Y.; Wu, H.L.; Chang, G.J. Laboratory diagnosis of dengue virus infection: Current and future
perspectives in clinical diagnosis and public health. J. Microbiol. Immunol. Infect. 2005, 38, 5-16.

Russell, PK.; Nisalak, A.; Sukhavachana, P.; Vivona, S. A plaque reduction test for dengue virus neutralizing antibodies.
J. Immunol. 1967, 99, 285-290.

Thomas, S.J.; Nisalak, A.; Anderson, K.B.; Libraty, D.H.; Kalayanarooj, S.; Vaughn, D.W.; Putnak, R.; Gibbons, R.V.; Jarman,
R.; Endy, T.P. Dengue plaque reduction neutralization test (PRNT) in primary and secondary dengue virus infections: How
alterations in assay conditions impact performance. Am. J. Trop. Med. Hyg. 2009, 81, 825-833. [CrossRef]

Roehrig, ].T.; Hombach, J.; Barrett, A.D. Guidelines for Plaque-Reduction Neutralization Testing of Human Antibodies to Dengue
Viruses. Viral Immunol. 2008, 21, 123-132. [CrossRef] [PubMed]

Morens, D.M.; Halstead, S.B.; Repik, PM.; Putvatana, R.; Raybourne, N. Simplified plaque reduction neutralization assay for
dengue viruses by semimicro methods in BHK-21 cells: Comparison of the BHK suspension test with standard plaque reduction
neutralization. J. Clin. Microbiol. 1985, 22, 250-254. [CrossRef] [PubMed]

World Health Organization. Guidelines for Plaque Reduction Neutralization Testing of Human Antibodies to Dengue Viruses; World
Health Organization: Geneva, Switzerland, 2007.

Chatchen, S.; Sabchareon, A.; Sirivichayakul, C. Serodiagnosis of asymptomatic dengue infection. Asian Pac. |. Trop. Med. 2017,
10, 11-14. [CrossRef] [PubMed]

Chan, H.B.Y.; How, C.H.; Ng, C.W.M. Definitive tests for dengue fever: When and which should I use? Singap. Med. ]. 2017, 58,
632-635. [CrossRef] [PubMed]

Coleman, B.; Coarsey, C.; Kabir, M.A.; Asghar, W. Point-of-care colorimetric analysis through smartphone video. Sens. Actuators B
Chem. 2019, 282, 225-231. [CrossRef]

Kabir, M.A; Zilouchian, H.; Sher, M.; Asghar, W. Development of a flow-free automated colorimetric detection assay integrated
with smartphone for Zika NS1. Diagnostics 2020, 10, 42. [CrossRef] [PubMed]

Young, PR.; Hilditch, P.A.; Bletchly, C.; Halloran, W. An antigen capture enzyme-linked immunosorbent assay reveals high levels
of the dengue virus protein NS1 in the sera of infected patients. J. Clin. Microbiol. 2000, 38, 1053-1057. [CrossRef]


https://www.accessdata.fda.gov/cdrh_docs/reviews/K100534.pdf
https://www.accessdata.fda.gov/cdrh_docs/reviews/K100534.pdf
http://doi.org/10.1371/journal.pntd.0001993
http://doi.org/10.1128/CVI.05717-11
http://doi.org/10.3343/alm.2019.39.6.566
http://www.ncbi.nlm.nih.gov/pubmed/31240885
http://doi.org/10.1128/JCM.00234-18
http://www.ncbi.nlm.nih.gov/pubmed/29618505
http://doi.org/10.1128/CVI.05278-11
http://doi.org/10.1016/0166-0934(91)90011-N
http://doi.org/10.1186/s12879-016-2053-6
http://www.ncbi.nlm.nih.gov/pubmed/27894268
http://doi.org/10.1186/s12879-018-3274-7
http://doi.org/10.1155/2016/5253842
http://doi.org/10.4269/ajtmh.2009.08-0625
http://doi.org/10.1089/vim.2008.0007
http://www.ncbi.nlm.nih.gov/pubmed/18476771
http://doi.org/10.1128/jcm.22.2.250-254.1985
http://www.ncbi.nlm.nih.gov/pubmed/4031038
http://doi.org/10.1016/j.apjtm.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/28107858
http://doi.org/10.11622/smedj.2017100
http://www.ncbi.nlm.nih.gov/pubmed/29167907
http://doi.org/10.1016/j.snb.2018.11.036
http://doi.org/10.3390/diagnostics10010042
http://www.ncbi.nlm.nih.gov/pubmed/31947549
http://doi.org/10.1128/JCM.38.3.1053-1057.2000

Biosensors 2021, 11, 206 23 of 28

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Alcon, S.; Talarmin, A.; Debruyne, M.; Falconar, A.; Deubel, V.; Flamand, M. Enzyme-linked immunosorbent assay specific to
Dengue virus type 1 nonstructural protein NS1 reveals circulation of the antigen in the blood during the acute phase of disease in
patients experiencing primary or secondary infections. J. Clin. Microbiol. 2002, 40, 376-381. [CrossRef] [PubMed]

Casenghi, M.; Kosack, C.; Li, R.; Bastard, M.; Ford, N. NS1 antigen detecting assays for diagnosing acute dengue infection in
people living in or returning from endemic countries. Cochrane Database Syst. Rev. 2018, 2018, CD011155. [CrossRef]

Suzuki, K.; Nakayama, E.E.; Saito, A.; Egawa, A.; Sato, T.; Phadungsombat, J.; Rahim, R.; Hasan, A.; Iwamoto, H.;
Rahman, M.; et al. Evaluation of novel rapid detection kits for dengue virus NS1 antigen in Dhaka, Bangladesh, in 2017. Virol. ].
2019, 16, 102. [CrossRef]

Kumarasamy, V.; Wahab, A.H.A.; Chua, S.K,; Hassan, Z.; Chem, Y.K.; Mohamad, M.; Chua, K.B. Evaluation of a commercial
dengue NS1 antigen-capture ELISA for laboratory diagnosis of acute dengue virus infection. J. Virol. Methods 2007, 140, 75-79.
[CrossRef]

Granger, D.; Leo, Y.S.; Lee, L.K,; Theel, E.S. Serodiagnosis of dengue virus infection using commercially available antibody and
NS1 antigen ELISAs. Diagn. Microbiol. Infect. Dis. 2017, 88, 120-124. [CrossRef] [PubMed]

Pal, S.; Dauner, A.L.; Mitra, I; Forshey, B.M.; Garcia, P.; Morrison, A.C.; Halsey, E.S.; Kochel, T.]J.; Wu, S.-].L. Evaluation of dengue
NS1 antigen rapid tests and ELISA kits using clinical samples. PLoS ONE 2014, 9, e113411. [CrossRef]

Trojanek, M.; Maixner, ].; Sojkova, N.; Rohacova, H.; Stejskal, F. Evaluation of dengue NS1 antigen rapid diagnostic test. Int. J.
Infect. Dis. 2016, 53, 161. [CrossRef]

Blacksell, S.D. Commercial dengue rapid diagnostic tests for point-of-care application: Recent evaluations and future needs? J.
Biomed. Biotechnol. 2012, 2012, 1-12. [CrossRef] [PubMed]

Anderson, N.W.; Jespersen, D.J.; Rollins, L.; Seaton, B.; Prince, H.E.; Theel, E.S. Detection of the dengue virus NS1 antigen using
an enzyme immunoassay. Diagn. Microbiol. Infect. Dis. 2014, 79, 194-197. [CrossRef] [PubMed]

Vivek, R.; Ahamed, S.F; Kotabagi, S.; Chandele, A.; Khanna, I.; Khanna, N.; Nayak, K.; Dias, M.; Kaja, M.K; Shet, A. Evaluation
of a pan-serotype point-of-care rapid diagnostic assay for accurate detection of acute dengue infection. Diagn. Microbiol. Infect.
Dis. 2017, 87, 229-234. [CrossRef]

Kerkhof, K.; Falconi-Agapito, F.; Van Esbroeck, M.; Talledo, M.; Arién, K.K. Reliable Serological Diagnostic Tests for Arboviruses:
Feasible or Utopia? Trends Microbiol. 2020, 28, 276-292. [CrossRef] [PubMed]

Suputtamongkol, Y.; Avirutnan, P.; Wongsawat, E.; Kim, Y.-W. Performance of Two Commercial Dengue NS1 Rapid Tests for the
Diagnosis of Adult Patients with Dengue Infection. Siriraj Medical Journal 2020, 72, 74-78. [CrossRef]

Parkash, O.; Shueb, R.H. Diagnosis of dengue infection using conventional and biosensor based techniques. Viruses 2015, 7,
5410-5427. [CrossRef] [PubMed]

Dussart, P; Petit, L.; Labeau, B.; Bremand, L.; Leduc, A.; Moua, D.; Matheus, S.; Baril, L. Evaluation of two new commercial tests
for the diagnosis of acute dengue virus infection using NS1 antigen detection in human serum. PLoS Negl. Trop. Dis. 2008, 2, e280.
[CrossRef]

Martinez-Cuellar, C.; Lovera, D.; Galeano, F,; Gatti, L.; Arbo, A. Non-structural protein 1 (NS1) of dengue virus detection
correlates with severity in primary but not in secondary dengue infection. J. Clin. Virol. 2020, 124, 104259. [CrossRef]

Warrilow, D.; Northill, J.A.; Pyke, A.; Smith, G.A. Single rapid TagMan fluorogenic probe based PCR assay that detects all four
dengue serotypes. J. Med. Virol. 2002, 66, 524-528. [CrossRef]

Lanciotti, R.S.; Calisher, C.H.; Gubler, D.].; Chang, G.J.; Vorndam, A.V. Rapid detection and typing of dengue viruses from clinical
samples by using reverse transcriptase-polymerase chain reaction. J. Clin. Microbiol. 1992, 30, 545-551. [CrossRef] [PubMed]
Tezuka, K.; Kuramitsu, M.; Okuma, K.; Nojima, K.; Araki, K.; Shinohara, N.; Matsumoto, C.; Satake, M.; Takasaki, T.;
Saijo, M.; et al. Development of a novel dengue virus serotype-specific multiplex real-time reverse transcription-polymerase
chain reaction assay for blood screening. Transfusion 2016, 56, 3094-3100. [CrossRef] [PubMed]

Wu, W.; Wang, J.; Yu, N.; Yan, J.; Zhuo, Z.; Chen, M,; Su, X,; Fang, M.; He, S.; Zhang, S.; et al. Development of multiplex real-time
reverse-transcriptase polymerase chain reaction assay for simultaneous detection of Zika, dengue, yellow fever, and chikungunya
viruses in a single tube. J. Med. Virol. 2018, 90, 1681-1686. [CrossRef]

Tsai, J.-J.; Liu, W.-L.; Lin, P.-C.; Huang, B.-Y.; Tsai, C.-Y.; Lee, P-Y.A; Tsai, Y.-L.; Chou, P-H.; Chung, S.; Liu, L.-T.; et al. A fully
automated sample-to-answer PCR system for easy and sensitive detection of dengue virus in human serum and mosquitos. PLoS
ONE 2019, 14, €0218139. [CrossRef]

Waggoner, ].J.; Abeynayake, J.; Sahoo, M.K.; Gresh, L.; Tellez, Y.; Gonzalez, K.; Ballesteros, G.; Guo, EP.; Balmaseda, A.;
Karunaratne, K.; et al. Comparison of the FDA-approved CDC DENV-1-4 real-time reverse transcription-PCR with a laboratory-
developed assay for dengue virus detection and serotyping. J. Clin. Microbiol. 2013, 51, 3418-3420. [CrossRef] [PubMed]
Villanueva, J.M.; Powers, A.M. Zika Diagnostic Tools, Testing Algorithms, and Interpretation Guidance. Available online:
https:/ /www.cdc.gov/zika/pdfs/zap_webinar_lab_06062016.pdf (accessed on 20 May 2020).

WHO; WE.C.0.B. Standardization, Collaborative Study to Establish a World Health Organization International Reference Panel for
Dengue Virus Types 1 to 4 RNA for Nucleic Acid Amplification Technology (NAT)-Based Assays; World Health Organization: Geneva,
Switzerland, 2016.

Santiago, G.A.; Vazquez, ].; Courtney, S.; Matias, K.Y.; Andersen, L.E.; Colén, C.; Butler, A.E.; Roulo, R.; Bowzard, J.; Villanueva,
J.M.; et al. Performance of the Trioplex real-time RT-PCR assay for detection of Zika, dengue, and chikungunya viruses.
Nat. Commun. 2018, 9, 1391. [CrossRef] [PubMed]


http://doi.org/10.1128/JCM.40.02.376-381.2002
http://www.ncbi.nlm.nih.gov/pubmed/11825945
http://doi.org/10.1002/14651858.CD011155.pub2
http://doi.org/10.1186/s12985-019-1204-y
http://doi.org/10.1016/j.jviromet.2006.11.001
http://doi.org/10.1016/j.diagmicrobio.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28389145
http://doi.org/10.1371/journal.pone.0113411
http://doi.org/10.1016/j.ijid.2016.11.394
http://doi.org/10.1155/2012/151967
http://www.ncbi.nlm.nih.gov/pubmed/22654479
http://doi.org/10.1016/j.diagmicrobio.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24657172
http://doi.org/10.1016/j.diagmicrobio.2016.09.020
http://doi.org/10.1016/j.tim.2019.11.005
http://www.ncbi.nlm.nih.gov/pubmed/31864844
http://doi.org/10.33192/Smj.2020.10
http://doi.org/10.3390/v7102877
http://www.ncbi.nlm.nih.gov/pubmed/26492265
http://doi.org/10.1371/journal.pntd.0000280
http://doi.org/10.1016/j.jcv.2020.104259
http://doi.org/10.1002/jmv.2176
http://doi.org/10.1128/jcm.30.3.545-551.1992
http://www.ncbi.nlm.nih.gov/pubmed/1372617
http://doi.org/10.1111/trf.13875
http://www.ncbi.nlm.nih.gov/pubmed/27774649
http://doi.org/10.1002/jmv.25253
http://doi.org/10.1371/journal.pone.0218139
http://doi.org/10.1128/JCM.01359-13
http://www.ncbi.nlm.nih.gov/pubmed/23903549
https://www.cdc.gov/zika/pdfs/zap_webinar_lab_06062016.pdf
http://doi.org/10.1038/s41467-018-03772-1
http://www.ncbi.nlm.nih.gov/pubmed/29643334

Biosensors 2021, 11, 206 24 of 28

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Antiago, G.A.; Vergne, E.; Quiles, Y.; Cosme, ].; Vazquez, J.; Medina, ].E; Medina, E,; Colén, C.; Margolis, H.; Mufioz-Jordan, J.L.
Analytical and clinical performance of the CDC real time RT-PCR assay for detection and typing of dengue virus. PLoS Negl. Trop.
Dis. 2013, 7, €2311.

Pabbaraju, K.; Wong, S.; Gill, K; Fonseca, K.; Tipples, G.A.; Tellier, R. Simultaneous detection of Zika, Chikungunya and Dengue
viruses by a multiplex real-time RT-PCR assay. J. Clin. Virol. 2016, 83, 66-71. [CrossRef] [PubMed]

Colombo, T.E.; Versiani, A.F.; Dutra, K.R.; Rubiato, J.G.D.; Galvao, T.M.; Reis, A.EN.; Nogueira, M.L. Performance of CDC
Trioplex qPCR during a dengue outbreak in Brazil. J. Clin. Virol. 2019, 121, 104208. [CrossRef]

Kabir, M.A; Zilouchian, H.; Caputi, M.; Asghar, W. Advances in HIV diagnosis and monitoring. Crit. Rev. Biotechnol. 2020, 40,
623-638. [CrossRef]

Sahni, A.K.; Grover, N.; Sharma, A.; Khan, I.D.; Kishore, J. Reverse transcription loop-mediated isothermal amplification
(RT-LAMP) for diagnosis of dengue. Med. ]. Armed Forces India 2013, 69, 246-253. [CrossRef]

Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal amplifica-
tion of DNA. Nucleic Acids Res. 2000, 28, E63. [CrossRef] [PubMed]

Teoh, B.T,; Sam, S.S.; Tan, K.K,; Johari, ].; Danlami, M.B.; Hooi, P.S.; Md-Esa, R.; AbuBakar, S. Detection of dengue viruses using
reverse transcription-loop-mediated isothermal amplification. BMC Infect. Dis. 2013, 13, 387. [CrossRef] [PubMed]

Kim, ].G.; Baek, S.H.; Kim, S.; Kim, H.L; Lee, SW.; Phan, L. M.T.; Kailasa, S.K.; Park, T.]. Rapid discriminative detection of dengue
viruses via loop mediated isothermal amplification. Talanta 2018, 190, 391-396. [CrossRef]

Hu, S.-f; Li, M.; Zhong, L.-1; Lu, S.-m.; Liu, Z.-x.; Pu, J.-y.; Wen, J.-s.; Huang, X. Development of reverse-transcription loop-
mediated isothermal amplification assay for rapid detection and differentiation of dengue virus serotypes 1-4. BMC Microbiol.
2015, 15, 265. [CrossRef]

Li, S.; Fang, M.; Zhou, B.; Ni, H.; Shen, Q.; Zhang, H.; Han, Y.; Yin, J.; Chang, W.; Xu, G.; et al. Simultaneous detection and
differentiation of dengue virus serotypes 14, Japanese encephalitis virus, and West Nile virus by a combined reverse-transcription
loop-mediated isothermal amplification assay. Virol. J. 2011, 8, 360. [CrossRef] [PubMed]

Lau, Y.-L.; Lai, M.-Y.; Teoh, B.-T.; Abd-Jamil, ].; Johari, J.; Sam, S.-S.; Tan, K.-K.; AbuBakar, S. Colorimetric Detection of Dengue by
Single Tube Reverse-Transcription-Loop-Mediated Isothermal Amplification. PLoS ONE 2015, 10, e0138694. [CrossRef]
Yamagishi, J.; Runtuwene, L.R.; Hayashida, K.; Mongan, A.E.; Thi, L.A.N.; Thuy, L.N.; Nhat, C.N.; Limkittikul, K,; Sirivichayakul,
C.; Sathirapongsasuti, N.; et al. Serotyping dengue virus with isothermal amplification and a portable sequencer. Sci. Rep. 2017, 7,
3510. [CrossRef] [PubMed]

Wong, Y.P; Othman, S.; Lau, Y.L.; Radu, S.; Chee, H.Y. Loop-mediated isothermal amplification (LAMP): A versatile technique for
detection of micro-organisms. J. Appl. Microbiol. 2018, 124, 626—643. [CrossRef]

Sekaran, S.D.; Soe, H.J. Issues in contemporary and potential future molecular diagnostics for dengue. Expert Rev. Mol. Diagn.
2017, 17, 217-223. [CrossRef]

Wernecke, M.; Mullen, C. Molecular Biology: Molecular Biology in Microbiological Analysis. In Encyclopedia of Food Microbiology,
2nd ed.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 808-814.

Zaytseva, N.V,; Montagna, R.A ; Lee, E.M.; Baeumner, A.]. Multi-analyte single-membrane biosensor for the serotype-specific
detection of Dengue virus. Anal. Bioanal. Chem. 2004, 380, 46-53. [CrossRef] [PubMed]

Wu, S.J.; Lee, EM.; Putvatana, R.; Shurtliff, R.N.; Porter, K.R.; Suharyono, W.; Watts, D.M.; King, C.C.; Murphy, G.S.; Hayes,
C.G,; et al. Detection of dengue viral RNA using a nucleic acid sequence-based amplification assay. J. Clin. Microbiol. 2001, 39,
2794-2798. [CrossRef]

Zaytseva, N.V.; Montagna, R.A.; Baeumner, A.]. Microfluidic biosensor for the serotype-specific detection of dengue virus RNA.
Anal. Chem. 2005, 77,7520-7527. [CrossRef] [PubMed]

Jittmittraphap, A.; Thammapalo, S.; Ratanasetyuth, N.; Wongba, N.; Mammen, M.P.; Jampangern, W. Rapid detection of dengue
viral RNA in mosquitoes by nucleic acid-sequence based amplification (NASBA). Southeast Asian |. Trop. Med. Public Health 2006,
37,1117-1124.

Yrad, EM.; Castafiares, ].M.; Alocilja, E.C. Visual Detection of Dengue-1 RNA Using Gold Nanoparticle-Based Lateral Flow
Biosensor. Diagnostics 2019, 9, 74. [CrossRef] [PubMed]

Darwish, N.T.; Sekaran, S.D.; Alias, Y.; Khor, S.M. Immunofluorescence-based biosensor for the determination of dengue virus
NS1 in clinical samples. . Pharm. Biomed. Anal. 2018, 149, 591-602. [CrossRef]

Piepenburg, O.; Williams, C.H.; Stemple, D.L.; Armes, N.A. DNA Detection Using Recombination Proteins. PLoS Biol. 2006, 4,
€204. [CrossRef] [PubMed]

Lobato, LM.; O’Sullivan, C.K. Recombinase polymerase amplification: Basics, applications and recent advances. Trends Anal.
Chem. TRAC 2018, 98, 19-35. [CrossRef]

Teoh, B.-T.; Sam, S.-S.; Tan, K.-K.; Danlami, M.B.; Shu, M.-H.; Johari, ].; Hooi, P-S.; Brooks, D.; Piepenburg, O.; Nentwich, O.; et al.
Early Detection of Dengue Virus by Use of Reverse Transcription-Recombinase Polymerase Amplification. J. Clin. Microbiol. 2015,
53, 830-837. [CrossRef]

Abd El Wahed, A.; Patel, P; Faye, O.; Thaloengsok, S.; Heidenreich, D.; Matangkasombut, P.; Manopwisedjaroen, K.; Sakuntabhai,
A.; Sall, A.A.; Hufert, ET.; et al. Recombinase Polymerase Amplification Assay for Rapid Diagnostics of Dengue Infection. PLoS
ONE 2015, 10, €0129682. [CrossRef]


http://doi.org/10.1016/j.jcv.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27614319
http://doi.org/10.1016/j.jcv.2019.104208
http://doi.org/10.1080/07388551.2020.1751058
http://doi.org/10.1016/j.mjafi.2012.07.017
http://doi.org/10.1093/nar/28.12.e63
http://www.ncbi.nlm.nih.gov/pubmed/10871386
http://doi.org/10.1186/1471-2334-13-387
http://www.ncbi.nlm.nih.gov/pubmed/23964963
http://doi.org/10.1016/j.talanta.2018.08.019
http://doi.org/10.1186/s12866-015-0595-1
http://doi.org/10.1186/1743-422X-8-360
http://www.ncbi.nlm.nih.gov/pubmed/21777455
http://doi.org/10.1371/journal.pone.0138694
http://doi.org/10.1038/s41598-017-03734-5
http://www.ncbi.nlm.nih.gov/pubmed/28615658
http://doi.org/10.1111/jam.13647
http://doi.org/10.1080/14737159.2017.1275963
http://doi.org/10.1007/s00216-004-2724-9
http://www.ncbi.nlm.nih.gov/pubmed/15365670
http://doi.org/10.1128/JCM.39.8.2794-2798.2001
http://doi.org/10.1021/ac0509206
http://www.ncbi.nlm.nih.gov/pubmed/16316157
http://doi.org/10.3390/diagnostics9030074
http://www.ncbi.nlm.nih.gov/pubmed/31336721
http://doi.org/10.1016/j.jpba.2017.11.064
http://doi.org/10.1371/journal.pbio.0040204
http://www.ncbi.nlm.nih.gov/pubmed/16756388
http://doi.org/10.1016/j.trac.2017.10.015
http://doi.org/10.1128/JCM.02648-14
http://doi.org/10.1371/journal.pone.0129682

Biosensors 2021, 11, 206 25 of 28

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Xi, Y; Xu, C.Z; Xie, Z.Z.; Zhu, D.L.; Dong, ].M. Rapid and visual detection of dengue virus using recombinase polymerase
amplification method combined with lateral flow dipstick. Mol. Cell. Probes 2019, 46, 101413. [CrossRef]

Wijaya, E.; Lenaerts, C.; Maricot, S.; Hastanin, J.; Habraken, S.; Vilcot, ]J.-P.; Boukherroub, R.; Szunerits, S. Surface plasmon
resonance-based biosensors: From the development of different SPR structures to novel surface functionalization strategies.
Curr. Opin. Solid State Mater. Sci. 2011, 15, 208-224. [CrossRef]

Omar, N.A.S.; Fen, Y.W.; Abdullah, J.; Chik, C.E.N.C.E.; Mahdi, M.A. Development of an optical sensor based on surface plasmon
resonance phenomenon for diagnosis of dengue virus E-protein. Sens. Biosens. Res. 2018, 20, 16-21. [CrossRef]

Omar, N.AS; Fen, YW.; Abdullah, J.; Sadrolhosseini, A.R.; Mustapha Kamil, Y.; Fauzi, N.M.; Hashim, H.S.; Mahdi, M.A.
Quantitative and Selective Surface Plasmon Resonance Response Based on a Reduced Graphene Oxide-Polyamidoamine
Nanocomposite for Detection of Dengue Virus E-Proteins. Nanomaterials 2020, 10, 569. [CrossRef]

Singh, P. SPR biosensors: Historical perspectives and current challenges. Sensors and actuators B: Chemical 2016, 229, 110-130.
[CrossRef]

Austin Suthanthiraraj, PP; Sen, A.K. Localized surface plasmon resonance (LSPR) biosensor based on thermally annealed silver
nanostructures with on-chip blood-plasma separation for the detection of dengue non-structural protein NS1 antigen. Biosens.
Bioelectron. 2019, 132, 38-46. [CrossRef]

Kumbhat, S.; Sharma, K.; Gehlot, R.; Solanki, A.; Joshi, V. Surface plasmon resonance based immunosensor for serological
diagnosis of dengue virus infection. J. Pharm. Biomed. Anal. 2010, 52, 255-259. [CrossRef]

Jahanshahi, P.; Zalnezhad, E.; Sekaran, S.D.; Adikan, ER.M. Rapid Immunoglobulin M-Based Dengue Diagnostic Test Using
Surface Plasmon Resonance Biosensor. Sci. Rep. 2014, 4, 3851. [CrossRef] [PubMed]

Chowdhury, A.D.; Takemura, K.; Khorish, I.M.; Nasrin, F.; Ngwe Tun, M.M.; Morita, K.; Park, E.Y. The detection and identification
of dengue virus serotypes with quantum dot and AuNP regulated localized surface plasmon resonance. Nanoscale Adv. 2020, 2,
699-709. [CrossRef]

Basso, C.R.; Tozato, C.C.; Crulhas, B.P.; Castro, G.R.; Junior, ].P.A.; Pedrosa, V.A. An easy way to detect dengue virus using
nanoparticle-antibody conjugates. Virology 2018, 513, 85-90. [CrossRef] [PubMed]

Omar, N.A.S.; Fen, Y.W.; Abdullah, J.; Mustapha Kamil, Y.; Daniyal, W.M.E.M.M.; Sadrolhosseini, A.R.; Mahdi, M.A. Sensitive
Detection of Dengue Virus Type 2 E-Proteins Signals Using Self-Assembled Monolayers/Reduced Graphene Oxide-PAMAM
Dendrimer Thin Film-SPR Optical Sensor. Sci. Rep. 2020, 10, 2374. [CrossRef]

Shafiee, H.; Asghar, W.; Inci, F.,; Yuksekkaya, M.; Jahangir, M.; Zhang, M.H.; Durmus, N.G.; Gurkan, U.A.; Kuritzkes, D.R.;
Demirci, U. Paper and Flexible Substrates as Materials for Biosensing Platforms to Detect Multiple Biotargets. Sci. Rep. 2015, 5,
8719. [CrossRef] [PubMed]

Sher, M.; Asghar, W. Development of a multiplex fully automated assay for rapid quantification of CD4(+) T cells from whole
blood. Biosens. Bioelectron. 2019, 142, 111490. [CrossRef] [PubMed]

Chowdhury, A.D.; Takemura, K.; Li, T.-C.; Suzuki, T.; Park, E.Y. Electrical pulse-induced electrochemical biosensor for hepatitis E
virus detection. Nat. Commun. 2019, 10, 3737. [CrossRef]

Tancharoen, C.; Sukjee, W.; Thepparit, C.; Jaimipuk, T.; Auewarakul, P.; Thitithanyanont, A.; Sangma, C. Electrochemical
Biosensor Based on Surface Imprinting for Zika Virus Detection in Serum. ACS Sens. 2019, 4, 69-75. [CrossRef]

Ilkhani, H.; Farhad, S. A novel electrochemical DNA biosensor for Ebola virus detection. Anal. Biochem. 2018, 557, 151-155.
[CrossRef]

Jin, S.-A.; Marinero, E.E.; Stanciu, L.A.S.; Poudyal, S.; Kuhn, R.J. Impedimetric Zika and dengue biosensor based on functionalized
graphene oxide wrapped silica particles. In Proceedings of the APS March Meeting Abstracts, New Orleans, LA, USA, 13-17
March 2017.

Nascimento, H.P.; Oliveira, M.D.; de Melo, C.P; Silva, G.J.; Cordeiro, M.T.; Andrade, C.A. An impedimetric biosensor for
detection of dengue serotype at picomolar concentration based on gold nanoparticles-polyaniline hybrid composites. Colloids
Surf. B Biointerfaces 2011, 86, 414-419. [CrossRef]

Cecchetto, J.; Fernandes, EC.B.; Lopes, R.; Bueno, P.R. The capacitive sensing of NS1 Flavivirus biomarker. Biosens. Bioelectron.
2017, 87, 949-956. [CrossRef] [PubMed]

Strong, MLE.; Richards, J.R.; Torres, M.; Beck, C.M.; La Belle, ].T. Faradaic electrochemical impedance spectroscopy for enhanced
analyte detection in diagnostics. Biosens. Bioelectron. 2021, 177, 112949. [CrossRef] [PubMed]

Luna, D.M.; Avelino, K.Y.; Cordeiro, M.T.; Andrade, C.A.; Oliveira, M.D. Electrochemical immunosensor for dengue virus
serotypes based on 4-mercaptobenzoic acid modified gold nanoparticles on self-assembled cysteine monolayers. Sens. Actuators
B Chem. 2015, 220, 565-572. [CrossRef]

Siew, Q.Y.; Pang, E.L.; Loh, H.-S.; Tan, M.T. Highly sensitive and specific graphene/TiO, impedimetric immunosensor based on
plant-derived tetravalent envelope glycoprotein domain III (EDIII) probe antigen for dengue diagnosis. Biosens. Bioelectron. 2021,
176,112895. [CrossRef]

Siew, Q.Y.; Tan, S.H.; Pang, E.L.; Loh, H.-S.; Tan, M.T. A graphene-based dengue immunosensor using plant-derived envelope
glycoprotein domain III (EDIII) as the novel probe antigen. Analyst 2021, 146, 2009-2018. [CrossRef]

Arshad, R.; Rhouati, A.; Hayat, A.; Nawaz, M.H.; Yameen, M.A.; Mujahid, A.; Latif, U. MIP-Based Impedimetric Sensor for
Detecting Dengue Fever Biomarker. Appl. Biochem. Biotechnol. 2020, 191, 1384-1394. [CrossRef] [PubMed]


http://doi.org/10.1016/j.mcp.2019.06.003
http://doi.org/10.1016/j.cossms.2011.05.001
http://doi.org/10.1016/j.sbsr.2018.06.001
http://doi.org/10.3390/nano10030569
http://doi.org/10.1016/j.snb.2016.01.118
http://doi.org/10.1016/j.bios.2019.02.036
http://doi.org/10.1016/j.jpba.2010.01.001
http://doi.org/10.1038/srep03851
http://www.ncbi.nlm.nih.gov/pubmed/24458089
http://doi.org/10.1039/C9NA00763F
http://doi.org/10.1016/j.virol.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29035789
http://doi.org/10.1038/s41598-020-59388-3
http://doi.org/10.1038/srep08719
http://www.ncbi.nlm.nih.gov/pubmed/25743880
http://doi.org/10.1016/j.bios.2019.111490
http://www.ncbi.nlm.nih.gov/pubmed/31302394
http://doi.org/10.1038/s41467-019-11644-5
http://doi.org/10.1021/acssensors.8b00885
http://doi.org/10.1016/j.ab.2018.06.010
http://doi.org/10.1016/j.colsurfb.2011.04.028
http://doi.org/10.1016/j.bios.2016.08.097
http://www.ncbi.nlm.nih.gov/pubmed/27665517
http://doi.org/10.1016/j.bios.2020.112949
http://www.ncbi.nlm.nih.gov/pubmed/33429205
http://doi.org/10.1016/j.snb.2015.05.067
http://doi.org/10.1016/j.bios.2020.112895
http://doi.org/10.1039/D0AN02219E
http://doi.org/10.1007/s12010-020-03285-y
http://www.ncbi.nlm.nih.gov/pubmed/32100233

Biosensors 2021, 11, 206 26 of 28

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Lim, J.M,; Kim, J.H.; Ryu, M.Y.; Cho, C.H.; Park, TJ.; Park, ].P. An electrochemical peptide sensor for detection of dengue fever
biomarker NS1. Anal. Chim. Acta 2018, 1026, 109-116. [CrossRef]

Oliveira, M.D.; Correia, M.T.; Diniz, EB. A novel approach to classify serum glycoproteins from patients infected by dengue
using electrochemical impedance spectroscopy analysis. Synth. Met. 2009, 159, 2162-2164. [CrossRef]

Pimenta, T.C.; Santos, C.D.C.; Thomasini, R.L.; Ferreira, L.F. Impedimetric immunosensor for dengue diagnosis using graphite
screen-printed electrodes coated with poly(4-aminophenylacetic acid). Biomed. Microdevices 2018, 20, 78. [CrossRef] [PubMed]
Justino, C.I; Gomes, A.R.; Freitas, A.C.; Duarte, A.C.; Rocha-Santos, T.A. Graphene based sensors and biosensors. TrAC Trends
Anal. Chem. 2017, 91, 53-66. [CrossRef]

Lu, CH,; Yang, H.H.; Zhu, C.L.; Chen, X.; Chen, G.N. A graphene platform for sensing biomolecules. Angew. Chem. 2009, 121,
4879-4881. [CrossRef]

Navakul, K.; Warakulwit, C.; Yenchitsomanus, P-t.; Panya, A.; Lieberzeit, PA.; Sangma, C. A novel method for dengue virus
detection and antibody screening using a graphene-polymer based electrochemical biosensor. Nanomed. Nanotechnol. Biol. Med.
2017, 13, 549-557. [CrossRef]

Wasik, D.; Mulchandani, A.; Yates, M.V. A heparin-functionalized carbon nanotube-based affinity biosensor for dengue virus.
Biosens. Bioelectron. 2017, 91, 811-816. [CrossRef] [PubMed]

Wasik, D.; Mulchandani, A.; Yates, M.V. Salivary detection of dengue virus NS1 protein with a label-free immunosensor for early
dengue diagnosis. Sensors 2018, 18, 2641. [CrossRef]

Palomar, Q.; Gondran, C.; Marks, R.; Cosnier, S.; Holzinger, M. Impedimetric quantification of anti-dengue antibodies using
functional carbon nanotube deposits validated with blood plasma assays. Electrochim. Acta 2018, 274, 84-90. [CrossRef]

De Oliveira, O., Jr.; Ferreira, L.; Marystela, G.; de Lima Leite, F.; Da R6z, A.L. Nanoscience and its Applications; William Andrew:
Norwich, NY, USA, 2016.

Palomar, Q.; Xu, X.; Gondran, C.; Holzinger, M.; Cosnier, S.; Zhang, Z. Voltammetric sensing of recombinant viral dengue virus 2
NS1 based on Au nanoparticle-decorated multiwalled carbon nanotube composites. Microchim. Acta 2020, 187, 1-10. [CrossRef]
[PubMed]

Dutta Chowdhury, A.; Ganganboina, A.B.; Nasrin, F; Takemura, K.; Doong, R.-a.; Utomo, D.LS.; Lee, J.; Khoris, LM.; Park, E.Y.
Femtomolar detection of dengue virus DNA with serotype identification ability. Anal. Chem. 2018, 90, 12464-12474. [CrossRef]
[PubMed]

Kim, J.H.; Cho, C.H.; Ryu, M.Y; Kim, ].-G.; Lee, S.-J.; Park, T.]J.; Park, ].P. Development of peptide biosensor for the detection of
dengue fever biomarker, nonstructural 1. PLoS ONE 2019, 14, e0222144. [CrossRef] [PubMed]

Fleischmann, M.; Hendra, PJ.; McQuillan, A.J. Raman spectra of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 1974,
26, 163-166. [CrossRef]

Marks, H.; Schechinger, M.; Garza, J.; Locke, A.; Coté, G. Surface enhanced Raman spectroscopy (SERS) for in vitro diagnostic
testing at the point of care. Nanophotonics 2017, 6, 681-701. [CrossRef]

Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, ].J.; Bazan, G.C.; Bell, S.E.; Boisen,
A.; Brolo, A.G. Present and future of surface-enhanced Raman scattering. ACS Nano 2019, 14, 28-117. [CrossRef] [PubMed]
Kamirniska, A.; Witkowska, E.; Winkler, K.; Dziecielewski, I.; Weyher, J.L.; Waluk, J. Detection of Hepatitis B virus antigen from
human blood: SERS immunoassay in a microfluidic system. Biosens. Bioelectron. 2015, 66, 461-467. [CrossRef]

Fu, X.; Cheng, Z.; Yu, J.; Choo, P; Chen, L.; Choo, J. A SERS-based lateral flow assay biosensor for highly sensitive detection of
HIV-1 DNA. Biosens. Bioelectron. 2016, 78, 530-537. [CrossRef]

Kukushkin, V.I; Ivanov, N.M.; Novoseltseva, A.A.; Gambaryan, A.S.; Yaminsky, I.V.; Kopylov, A.M.; Zavyalova, E.G. Highly
sensitive detection of influenza virus with SERS aptasensor. PLoS ONE 2019, 14, e0216247. [CrossRef] [PubMed]

Wang, C.; Wang, C.; Wang, X.; Wang, K.; Zhu, Y.; Rong, Z.; Wang, W.; Xiao, R.; Wang, S. Magnetic SERS strip for sensitive and
simultaneous detection of respiratory viruses. ACS Appl. Mater. Interfaces 2019, 11, 19495-19505. [CrossRef]

Chen, H; Park, S.-G.; Choi, N.; Kwon, H.-J.; Kang, T.; Lee, M.-K.; Choo, J. Sensitive Detection of SARS-CoV-2 Using a SERS-Based
Aptasensor. ACS Sens. 2021.

Sanchez-Purra, M.; Carré-Camps, M.; de Puig, H.; Bosch, I.; Gehrke, L.; Hamad-Schifferli, K. Surface-enhanced Raman
spectroscopy-based sandwich immunoassays for multiplexed detection of Zika and Dengue viral biomarkers. ACS Infect.
Dis. 2017, 3, 767-776. [CrossRef] [PubMed]

Song, C.; Zhang, J.; Liu, Y,; Guo, X.; Guo, Y,; Jiang, X.; Wang, L. Highly sensitive SERS assay of DENV gene via a cascade signal
amplification strategy of localized catalytic hairpin assembly and hybridization chain reaction. Sens. Actuators B Chem. 2020, 325,
128970. [CrossRef]

Gahlaut, S.K.; Savargaonkar, D.; Sharan, C.; Yadav, S.; Mishra, P,; Singh, J.P. SERS Platform for Dengue Diagnosis from Clinical
Samples Employing a Hand Held Raman Spectrometer. Anal. Chem. 2020, 92, 2527-2534. [CrossRef]

Sri, S.; Dhand, C.; Rathee, J.; Ramakrishna, S.; Solanki, PR. Microfluidic based biosensors as point of care devices for infectious
diseases management. Sens. Lett. 2019, 17, 4-16. [CrossRef]

Jiang, N.; Ahmed, R.; Damayantharan, M.; Unal, B.; Butt, H.; Yetisen, A.K. Lateral and Vertical Flow Assays for Point-of-Care
Diagnostics. Adv. Healthc. Mater. 2019, 8, 1900244. [CrossRef]

Basha, LH.K.; Ho, E.T.W.,; Yousuff, C.M.; Hamid, N.H.B. Towards multiplex molecular diagnosis—A review of microfluidic
genomics technologies. Micromachines 2017, 8, 266. [CrossRef]


http://doi.org/10.1016/j.aca.2018.04.005
http://doi.org/10.1016/j.synthmet.2009.09.022
http://doi.org/10.1007/s10544-018-0324-2
http://www.ncbi.nlm.nih.gov/pubmed/30182296
http://doi.org/10.1016/j.trac.2017.04.003
http://doi.org/10.1002/ange.200901479
http://doi.org/10.1016/j.nano.2016.08.009
http://doi.org/10.1016/j.bios.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28152487
http://doi.org/10.3390/s18082641
http://doi.org/10.1016/j.electacta.2018.04.099
http://doi.org/10.1007/s00604-020-04339-y
http://www.ncbi.nlm.nih.gov/pubmed/32488309
http://doi.org/10.1021/acs.analchem.8b01802
http://www.ncbi.nlm.nih.gov/pubmed/30264994
http://doi.org/10.1371/journal.pone.0222144
http://www.ncbi.nlm.nih.gov/pubmed/31553730
http://doi.org/10.1016/0009-2614(74)85388-1
http://doi.org/10.1515/nanoph-2016-0180
http://doi.org/10.1021/acsnano.9b04224
http://www.ncbi.nlm.nih.gov/pubmed/31478375
http://doi.org/10.1016/j.bios.2014.10.082
http://doi.org/10.1016/j.bios.2015.11.099
http://doi.org/10.1371/journal.pone.0216247
http://www.ncbi.nlm.nih.gov/pubmed/31022287
http://doi.org/10.1021/acsami.9b03920
http://doi.org/10.1021/acsinfecdis.7b00110
http://www.ncbi.nlm.nih.gov/pubmed/28875696
http://doi.org/10.1016/j.snb.2020.128970
http://doi.org/10.1021/acs.analchem.9b04129
http://doi.org/10.1166/sl.2019.3976
http://doi.org/10.1002/adhm.201900244
http://doi.org/10.3390/mi8090266

Biosensors 2021, 11, 206 27 of 28

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Coarsey, C.; Coleman, B.; Kabir, M.A.; Sher, M.; Asghar, W. Development of a flow-free magnetic actuation platform for an
automated microfluidic ELISA. RSC Adv. 2019, 9, 8159-8168. [CrossRef]

Sher, M.; Zhuang, R.; Demirci, U.; Asghar, W. based analytical devices for clinical diagnosis: Recent advances in the fabrication
techniques and sensing mechanisms. Expert Rev. Mol. Diagn. 2017, 17, 351-366. [CrossRef] [PubMed]

Ilyas, S.; Sher, M.; Du, E.; Asghar, W. Smartphone-based sickle cell disease detection and monitoring for point-of-care settings.
Biosens. Bioelectron. 2020, 165, 112417. [CrossRef] [PubMed]

Iswardy, E.; Tsai, T.-C.; Cheng, I.-F; Ho, T.-C.; Perng, G.C.; Chang, H.-C. A bead-based immunofluorescence-assay on a
microfluidic dielectrophoresis platform for rapid dengue virus detection. Biosens. Bioelectron. 2017, 95, 174-180. [CrossRef]
[PubMed]

Yoo, H.J.; Baek, C.; Lee, M.-H.; Min, ]. Integrated microsystems for the in situ genetic detection of dengue virus in whole blood
using direct sample preparation and isothermal amplification. Analyst 2020, 145, 2405-2411. [CrossRef] [PubMed]

Zhuang, J.; Yin, ].; Lv, S.; Wang, B.; Mu, Y. Advanced “lab-on-a-chip” to detect viruses—Current challenges and future perspectives.
Biosens. Bioelectron. 2020, 163, 112291. [CrossRef]

Park, J.; Sunkara, V.; Kim, T.-H.; Hwang, H.; Cho, Y.-K. Lab-on-a-disc for fully integrated multiplex immunoassays. Anal. Chem.
2012, 84, 2133-2140. [CrossRef]

Henderson, B.; Kinahan, D.J.; Ducrée, J. The Centrifugal Microfluidic: Lab-on-a-Disc Platform. In Microfluidics for Biologists;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 115-144.

Thiha, A.; Ibrahim, F. A colorimetric enzyme-linked immunosorbent assay (ELISA) detection platform for a point-of-care dengue
detection system on a lab-on-compact-disc. Sensors 2015, 15, 11431-11441. [CrossRef]

Hosseini, S.; Aeinehvand, M.M.; Uddin, S.M.; Benzina, A.; Rothan, H.A.; Yusof, R.; Koole, L.H.; Madou, M.].; Djordjevic, I.;
Ibrahim, F. Microsphere integrated microfluidic disk: Synergy of two techniques for rapid and ultrasensitive dengue detection.
Sci. Rep. 2015, 5, 1-14.

Gorkin, R.; Park, J.; Siegrist, ].; Amasia, M.; Lee, B.S.; Park, ].-M.; Kim, J.; Kim, H.; Madou, M.; Cho, Y.-K. Centrifugal microfluidics
for biomedical applications. Lab Chip 2010, 10, 1758-1773. [CrossRef]

Choi, J.R.; Hu, J.; Wang, S.; Yang, H.; Wan Abas, W.A.B.; Pingguan-Murphy, B.; Xu, F. Based point-of-care testing for diagnosis of
dengue infections. Crit. Rev. Biotechnol. 2017, 37, 100-111. [CrossRef]

Yuzon, M.K,; Kim, J.-H.; Kim, S. A novel paper-plastic microfluidic hybrid chip integrated with a lateral flow immunoassay for
dengue nonstructural protein 1 antigen detection. Biochip J. 2019, 13, 277-287. [CrossRef]

Dussart, P; Labeau, B.; Lagathu, G.; Louis, P.; Nunes, M.R.; Rodrigues, S.G.; Storck-Herrmann, C.; Cesaire, R.; Morvan, J.;
Flamand, M. Evaluation of an enzyme immunoassay for detection of dengue virus NS1 antigen in human serum. Clin. Vaccine
Immunol. 2006, 13, 1185-1189. [CrossRef]

Zhang, Y.; Bai, J.; Ying, J.Y. A stacking flow immunoassay for the detection of dengue-specific immunoglobulins in salivary fluid.
Lab Chip 2015, 15, 1465-1471. [CrossRef] [PubMed]

Seok, Y.; Batule, B.S.; Kim, M.-G. Lab-on-paper for all-in-one molecular diagnostics (LAMDA) of zika, dengue, and chikungunya
virus from human serum. Biosens. Bioelectron. 2020, 165, 112400. [CrossRef] [PubMed]

Ortega, G.; Pérez-Rodriguez, S.; Reguera, E. Magnetic paper-based ELISA for IgM-dengue detection. RSC Adv. 2017, 7, 4921-4932.
[CrossRef]

Axelrod, T.; Eltzov, E.; Marks, R.S. Capture-Layer Lateral Flow Immunoassay: A New Platform Validated in the Detection and
Quantification of Dengue NS1. ACS Omega 2020, 5, 10433-10440. [CrossRef]

Priye, A.; Bird, SW.; Light, Y.K,; Ball, C.S.; Negrete, O.A.; Meagher, R.J. A smartphone-based diagnostic platform for rapid
detection of Zika, chikungunya, and dengue viruses. Sci. Rep. 2017, 7, 1-11. [CrossRef]

Prabowo, M.H.; Chatchen, S.; Rijiravanich, P.; Limkittikul, K.; Surareungchai, W. Dengue NS1 detection in pediatric serum using
microfluidic paper-based analytical devices. Anal. Bioanal. Chem. 2020, 412, 2915-2925. [CrossRef] [PubMed]

Theillet, G.; Rubens, A.; Foucault, F.; Dalbon, P.; Rozand, C.; Leparc-Goffart, I.; Bedin, F. Laser-cut paper-based device for the
detection of dengue non-structural NS1 protein and specific IgM in human samples. Arch. Virol. 2018, 163, 1757-1767. [CrossRef]
Brazma, A.; Hingamp, P.; Quackenbush, J.; Sherlock, G.; Spellman, P; Stoeckert, C.; Aach, J.; Ansorge, W.; Ball, C.A.; Causton,
H.C. Minimum information about a microarray experiment (MIAME)—Toward standards for microarray data. Nat. Genet. 2001,
29, 365-371. [CrossRef]

Templin, M.E; Stoll, D.; Schrenk, M.; Traub, P.C.; Vohringer, C.E; Joos, T.O. Protein microarray technology. Drug Discov. Today
2002, 7, 815-822. [CrossRef]

Nordstrom, H.; Falk, K.I.; Lindegren, G.; Mouzavi-Jazi, M.; Waldén, A.; Elgh, F.; Nilsson, P.; Lundkvist, A. DNA microarray
technique for detection and identification of seven flaviviruses pathogenic for man. J. Med. Virol. 2005, 77, 528-540. [CrossRef]
Bergamaschi, G.; Fassi, E.; Romanato, A.; D’Annessa, I.; Odinolfi, M.T.; Brambilla, D.; Damin, F,; Chiari, M.; Gori, A.; Colombo, G.
Computational analysis of dengue virus envelope protein (e) reveals an epitope with flavivirus immunodiagnostic potential in
peptide microarrays. Int. J. Mol. Sci. 2019, 20, 1921. [CrossRef]

Diaz-Badillo, A.; de Lourdes Mufoz, M.; Perez-Ramirez, G.; Altuzar, V.; Burgueio, J.; Mendoza-Alvarez, ].G.; Martinez-Mufioz,
J.P; Cisneros, A.; Navarrete-Espinosa, J.; Sanchez-Sinencio, F. A A DNA microarray-based assay to detect dual infection with two
dengue virus serotypes. Sensors 2014, 14, 7580-7601. [CrossRef]


http://doi.org/10.1039/C8RA07607C
http://doi.org/10.1080/14737159.2017.1285228
http://www.ncbi.nlm.nih.gov/pubmed/28103450
http://doi.org/10.1016/j.bios.2020.112417
http://www.ncbi.nlm.nih.gov/pubmed/32729535
http://doi.org/10.1016/j.bios.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28453962
http://doi.org/10.1039/C9AN02435B
http://www.ncbi.nlm.nih.gov/pubmed/32053125
http://doi.org/10.1016/j.bios.2020.112291
http://doi.org/10.1021/ac203163u
http://doi.org/10.3390/s150511431
http://doi.org/10.1039/b924109d
http://doi.org/10.3109/07388551.2016.1139541
http://doi.org/10.1007/s13206-019-3305-5
http://doi.org/10.1128/CVI.00229-06
http://doi.org/10.1039/C4LC01127A
http://www.ncbi.nlm.nih.gov/pubmed/25608951
http://doi.org/10.1016/j.bios.2020.112400
http://www.ncbi.nlm.nih.gov/pubmed/32729520
http://doi.org/10.1039/C6RA25992H
http://doi.org/10.1021/acsomega.0c00367
http://doi.org/10.1038/srep44778
http://doi.org/10.1007/s00216-020-02527-6
http://www.ncbi.nlm.nih.gov/pubmed/32166444
http://doi.org/10.1007/s00705-018-3776-z
http://doi.org/10.1038/ng1201-365
http://doi.org/10.1016/S1359-6446(00)01910-2
http://doi.org/10.1002/jmv.20489
http://doi.org/10.3390/ijms20081921
http://doi.org/10.3390/s140507580

Biosensors 2021, 11, 206 28 of 28

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.
213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Cleton, N.B.; Godeke, G.-].; Reimerink, J.; Beersma, M.E,; van Doorn, H.R.; Franco, L.; Goeijenbier, M.; Jimenez-Clavero, M.A.;
Johnson, B.W.; Niedrig, M. Spot the difference—Development of a syndrome based protein microarray for specific serological
detection of multiple Flavivirus infections in travelers. PLoS Negl. Trop. Dis. 2015, 9, e0003580. [CrossRef] [PubMed]

Thao, T.T.N.; de Bruin, E.; Phuong, H.T.; Thao Vy, N.H.; van den Ham, H.-J.; Wills, B.A ; Tien, N.T.H.; Le Duyen, H.T.; Whitehead,
S.S.; Boni, M.E. Using NS1 flavivirus protein microarray to infer past infecting dengue virus serotype and number of past dengue
virus infections in Vietnamese individuals. J. Infect. Dis. 2020. [CrossRef] [PubMed]

Li, X;; Tian, J.; Shen, W. Thread as a versatile material for low-cost microfluidic diagnostics. ACS Appl. Mater. Interfaces 2010, 2,
1-6. [CrossRef] [PubMed]

Choi, J.R.; Nilghaz, A.; Chen, L.; Chou, K.C.; Lu, X. Modification of thread-based microfluidic device with polysiloxanes for the
development of a sensitive and selective immunoassay. Sens. Actuators B Chem. 2018, 260, 1043-1051. [CrossRef]

Tomimuro, K.; Tenda, K.; Ni, Y.; Hiruta, Y.; Merkx, M.; Citterio, D. Thread-Based bioluminescent sensor for detecting multiple
antibodies in a single drop of whole blood. ACS Sens. 2020, 5, 1786—1794. [CrossRef]

Modell, . W.; Jiang, W.; Marraffini, L.A. CRISPR-Cas systems exploit viral DNA injection to establish and maintain adaptive
immunity. Nature 2017, 544, 101-104. [CrossRef]

Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR provides
acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709-1712. [CrossRef] [PubMed]

Lino, C.A.; Harper, J.C.; Carney, J.P.; Timlin, J.A. Delivering CRISPR: A review of the challenges and approaches. Drug Deliv.
2018, 25, 1234-1257. [CrossRef]

Khadempar, S.; Familghadakchi, S.; Motlagh, R.A.; Farahani, N.; Dashtiahangar, M.; Rezaei, H.; Gheibi Hayat, S.M. CRISPR-Cas9
in genome editing: Its function and medical applications. J. Cell. Physiol. 2019, 234, 5751-5761. [CrossRef] [PubMed]

Lau, A.; Ren, C.L.; Lee, L.P. Critical review on where CRISPR meets molecular diagnostics. Prog. Biomed. Eng. 2020, 3, 012001.
[CrossRef]

Zuo, X.; Fan, C.; Chen, H.-Y. Biosensing: CRISPR-powered diagnostics. Nat. Biomed. Eng. 2017, 1, 1-2. [CrossRef]

Gootenberg, ].S.; Abudayyeh, O.O.; Lee, ].W.; Essletzbichler, P.; Dy, A.].; Joung, ].; Verdine, V.; Donghia, N.; Daringer, N.M.; Freije,
C.A. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438—442. [CrossRef] [PubMed]

Kellner, M.].; Koob, ].G.; Gootenberg, ].S.; Abudayyeh, O.0.; Zhang, F. SHERLOCK: Nucleic acid detection with CRISPR nucleases.
Nat. Protoc. 2019, 14, 2986-3012. [CrossRef]

Khambhati, K.; Bhattacharjee, G.; Singh, V. Current progress in CRISPR-based diagnostic platforms. J. Cell. Biochem. 2019, 120,
2721-2725. [CrossRef]

Gootenberg, ].S.; Abudayyeh, O.O.; Kellner, M.].; Joung, J.; Collins, ].J.; Zhang, F. Multiplexed and portable nucleic acid detection
platform with Cas13, Cas12a, and Csmé. Science 2018, 360, 439-444. [CrossRef]

Myhrvold, C.; Freije, C.A.; Gootenberg, ].S.; Abudayyeh, O.O.; Metsky, H.C.; Durbin, A.F,; Kellner, M.].; Tan, A.L.; Paul, L.M,;
Parham, L.A.; et al. Field-deployable viral diagnostics using CRISPR-Cas13. Science 2018, 360, 444-448. [CrossRef]

Babu, A.; Niehaus, E.; Shah, S.; Unnithan, C.; Ramkumar, P; Shah, J.; Binoy, V.; Soman, B.; Arunan, M.; Jose, C. Smartphone
geospatial apps for dengue control, prevention, prediction, and education: MOSapp, DISapp, and the mosquito perception index
(MPT). Environ. Monit. Assess. 2019, 191, 1-17. [CrossRef]

Lwin, M.O,; Vijaykumar, S.; Fernando, O.N.N.; Cheong, S.A.; Rathnayake, V.S.; Lim, G.; Theng, Y.-L.; Chaudhuri, S.; Foo, S. A
21st century approach to tackling dengue: Crowdsourced surveillance, predictive mapping and tailored communication. Acta
Trop. 2014, 130, 100-107. [CrossRef] [PubMed]

Sharma, S.; Kabir, M.A.; Asghar, W. Lab-on-a-Chip Zika Detection with Reverse Transcription Loop-Mediated Isothermal
Amplification-Based Assay for Point-of-Care Settings. Arch. Pathol. Lab. Med. 2020, 144, 1335-1343. [CrossRef]

Choi, J.R.; Yong, K.W,; Tang, R.; Gong, Y.; Wen, T,; Yang, H.; Li, A.; Chia, Y.C.; Pingguan-Murphy, B.; Xu, F. Lateral flow assay
based on paper-hydrogel hybrid material for sensitive point-of-care detection of dengue virus. Adv. Healthc. Mater. 2017, 6,
1600920. [CrossRef] [PubMed]

Zhang, S.-F; Liu, L.-N.; Tang, R.-H.; Liu, Z.; He, X.-C.; Qu, Z.-G.; Li, E. Sensitivity enhancement of lateral flow assay by embedding
cotton threads in paper. Cellulose 2019, 26, 8087-8099. [CrossRef]


http://doi.org/10.1371/journal.pntd.0003580
http://www.ncbi.nlm.nih.gov/pubmed/25767876
http://doi.org/10.1093/infdis/jiaa018
http://www.ncbi.nlm.nih.gov/pubmed/31967302
http://doi.org/10.1021/am9006148
http://www.ncbi.nlm.nih.gov/pubmed/20356211
http://doi.org/10.1016/j.snb.2018.01.102
http://doi.org/10.1021/acssensors.0c00564
http://doi.org/10.1038/nature21719
http://doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808
http://doi.org/10.1080/10717544.2018.1474964
http://doi.org/10.1002/jcp.27476
http://www.ncbi.nlm.nih.gov/pubmed/30362544
http://doi.org/10.1088/2516-1091/abbf5e
http://doi.org/10.1038/s41551-017-0091
http://doi.org/10.1126/science.aam9321
http://www.ncbi.nlm.nih.gov/pubmed/28408723
http://doi.org/10.1038/s41596-019-0210-2
http://doi.org/10.1002/jcb.27690
http://doi.org/10.1126/science.aaq0179
http://doi.org/10.1126/science.aas8836
http://doi.org/10.1007/s10661-019-7425-0
http://doi.org/10.1016/j.actatropica.2013.09.021
http://www.ncbi.nlm.nih.gov/pubmed/24161879
http://doi.org/10.5858/arpa.2019-0667-OA
http://doi.org/10.1002/adhm.201600920
http://www.ncbi.nlm.nih.gov/pubmed/27860384
http://doi.org/10.1007/s10570-019-02677-6

	Introduction 
	Dengue Structure 
	Conventional Methods of Laboratory Diagnostics 
	Serological Tests 
	IgM-Based Tests 
	IgG-Based Tests 
	IgM/IgG Ratio Tests 
	Hemagglutination Inhibition Test 
	Plaque Reduction Neutralization Test 
	NS1 Based Tests 

	Molecular Detection 
	Polymerase Chain Reaction (PCR) Based Tests 
	Isothermal Amplification Based Tests 


	Recently Emerged State-of-the-Art Sensing Technologies for POC DENV Detection 
	Surface Plasmon Resonance Based Technologies 
	Electrochemical Sensing-Based Technologies 
	Surface-Enhanced Raman Spectroscopy Based Technologies 
	Microfluidics-Based Sensing Technologies 
	Non-Conventional Microfluidic-Based Sensing Technologgies 

	Futuristic CRISPR-Based Assays 
	Future Direction and Conclusions 
	References

