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Abstract

Dengue endemic is a serious healthcare concern in tropical and subtropical countries. Although
well-established laboratory tests can provide early diagnosis of acute dengue infections, access
to these tests is limited in developing countries, presenting an urgent need to develop simple,
rapid, and robust diagnostic tools. Point-of-care (POC) devices, particularly paper-based POC
devices, are typically rapid, cost-effective and user-friendly, and they can be used as diagnostic
tools for the prompt diagnosis of dengue at POC settings. Here, we review the importance of
rapid dengue diagnosis, current dengue diagnostic methods, and the development of paper-
based POC devices for diagnosis of dengue infections at the POC.
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Introduction

Dengue infections are amongst the fastest spreading mos-

quito-borne diseases in the world.[1] Approximately 100

million dengue infections are reported annually, affecting

approximately 2.5 billion of people in tropical or subtropical

countries, especially in Southeast Asia, the Western Pacific,

and South America.[2,3] Generally, there are four serotypes

of dengue viruses (DENVs), which are transmitted via the

bites of Aedes mosquitoes (genus Flavivirus, family

Flaviviridae; amongst which Aedes aegypti is particularly

problematic). These mosquitoes can carry any of the four

serotypes of DENV.[2] During the primary dengue infection,

fever, rashes and musculoskeletal pain may appear within

3–14 days after the mosquito bite. In the secondary dengue

infection, dengue hemorrhagic fever (DHF) and dengue shock

syndrome (DHS) may occur, which significantly increase the

risk of death.[4] Since there is no vaccine to prevent primary

dengue infection, early diagnosis of secondary dengue

infections is a key to the prevention of severe clinical

outcomes.

Various laboratory techniques, such as viral culture,

enzyme-linked immunosorbent assay (ELISA), and real

time-quantitative polymerase chain reaction (RT-qPCR),

have been widely used in developed countries to detect

DENV,[5] antigens (Ag)/antibodies (Ab),[6] and nucleic

acids,[7] respectively. However, these techniques are labor-

intensive, costly, and time-consuming,[8] which are not

suitable for POC testing. With the advances in microfluidics

technologies, lower cost chip-based microfluidic devices have

been introduced to substitute the conventional assays for

dengue detection, but these improvements often compromise

the simplicity of the fabrication process.[9] In contrast, paper-

based devices such as lateral flow assays (LFAs) are rapid

(less than 30 min), affordable (US$0.10–3.00 per test), and

easy-to-use (e.g. visual detection), which are broadly applic-

able to both developed and developing countries.[10] Clearly,

development of paper-based microfluidic assays holds great

promise for developing prompt diagnosis of dengue infection

in resource-limited settings.

In the present review, we focus on the most recent

advances in paper-based diagnostic devices for diagnosis of

dengue infections, which is distinct from previous review

papers where evaluations of commercial dengue rapid diag-

nostic tests (RDTs) are summarized.[9,11,12] We first discuss

the importance of early diagnosis, and then summarize the

currently available diagnostic techniques, and chip-based

devices for dengue diagnosis. Subsequently, we emphasize the
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beneficial use of paper based-POC devices for detecting

dengue infections as compared to other RDTs, in terms of the

detection of target Ag, Ab, and nucleic acids. We also discuss

the existing challenges and future perspectives for developing

paper-based POC for prompt diagnosis of dengue infections.

The importance of early and rapid diagnosis of
dengue infections

Early and prompt diagnosis is crucial to reduce the risk of

severe dengue complications. Recovery from dengue infection

of any serotype can provide life-long immunity against that

particular serotype. However, the protective immunity may

cause severe clinical manifestations in the secondary infection

of other three DENV serotypes.[13,14] For example, severe

dengue infections are usually associated with the primary

infection of DENV-1, followed by secondary infection of

DENV-2 or DENV-3.[3,15,16] Furthermore, other risk factors

such as age, immune status, and underlying disease can

potentially lead to severe DENV infections and even death.

For instance, children, elderly and patients who are immuno-

compromised or diabetic are more prone to developing severe

dengue complications. Therefore, timely supportive treatment

is of great importance to slow down the disease progression

and to prevent death.[4]

Identification of effective diagnostic biomarkers enables

timely and accurate diagnosis of dengue infection.

Appropriate diagnostic biomarkers can be used to determine

the two stages of primary dengue infection. The first stage is

the early febrile stage where the patient is viremic following

the infection. The second stage is the defervescence stage

when the Ab begins to be produced (Figure 1). Following the

mosquito bite, DENV primarily infects the keratinocytes and

replicates inside Langerhans cells while migrating to adjacent

lymph nodes.[17] The virus then spreads via the bloodstream

and replicates inside several types of blood cells, particularly

the platelet, which results in viremia.[18] After 3 days

following the mosquito bite, the virus particle, viral RNA and

dengue nonstructural protein 1 (NS1), an Ag produced by

DENV can be readily detected, which cause the stimulation of

inflammatory cytokines production, resulting in dehydration,

severe fever, headache, joint and muscle pains, and skin

rash.[4] This stage is termed febrile stage. Defervescence

stage starts about 5 days after the mosquito bite. At this stage,

the increase of Ag triggers the immune response, followed by

the stimulation of T cells, which in turn stimulate B cells to

produce immunoglobulin M (IgM) and immunoglobulin G

(IgG). At the febrile stage, if rapid treatment is given to keep

the patient well hydrated, the risk of further disease progres-

sion would be reduced. In contrast, late treatment would result

in an increased risk of severe clinical manifestations.

In the secondary dengue infection, there is a dramatic

increase in numbers of DENV load as compared to primary

infection. Pre-existing IgG Abs in the acute phase are actively

produced by memory B cells with a dramatic increase in the

amount over the next 2 weeks. However, these pre-existing

Abs are unable to neutralize the different serotypes of second

infecting virus (heterologous DENV). Instead, these Abs

mediate the Ab-virus complex to bind to the receptors of

circulating monocytes, FcgR, which increases the severity of

the disease.[19–21] This phenomenon is known as Ab-

dependent enhancement (ADE), which commonly causes fatal

DHF or DSS.[15,22] The preexisting Abs cross-react with

platelets and endothelial cells, causing coagulopathy and an

increase in vascular permeability. Gastrointestinal mucosal

bleeding and bruising may happen which represents the

features of DHF or DSS.[23] In some cases, high viral load

over-stimulates the production of cross-reactive T cells.

T cells produce high levels of inflammatory cytokines,

which also ultimately lead to the plasma leakage and

coagulopathy, and result in severe dehydration. This phe-

nomenon is termed T-cell original antigenic sin.[18,24] Both

phenomena, especially ADE, appear to be the major cause of

fatal DENV infections. DHF or DSS is a more severe

syndrome during secondary infection, which causes increased

vascular permeability, resulting in plasma leakage, shock,

severe bleeding, and organ failure.[25] DHF or DSS has a

mortality rate of 2–5% when treated using fluid replacement

Figure 1. Major diagnostic markers for
dengue infections. Major diagnostic markers
for dengue infections. During the primary
infection, the number of DENV, RNA, and
NS1 increase dramatically at early stage of
infections, followed by an increase in the IgM
level. The IgG level rises dramatically fol-
lowing the secondary infection[2].

2 J. R. Choi et al Crit Rev Biotechnol, Early Online: 1–12
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therapy or other supportive treatment regimens, but can reach

as high as 50% when left untreated. Therefore, the high

mortality rate of DHF or DSS highlights the need for rapid

diagnosis and treatment for severe dengue infections.[26]

Formerly, laboratory-based assays, including viral culture,

ELISA and RT-qPCR have been introduced to diagnose

dengue infections[4] (Table 1). Viral isolation represents the

‘‘gold standard’’ for conventional dengue diagnosis.

However, this technique is time-consuming, costly, and

requires high-end instrumentations and skilled personnel.[9]

Besides that, ELISA (particularly IgM Ab capture-enzyme-

linked immunosorbent assay (MAC-EIA)) and molecular

techniques (e.g. reverse transcription-PCR (RT-PCR), reverse

transcription loop-mediated isothermal amplification (RT-

LAMP) and RT-qPCR) have also been routinely used in the

diagnosis of dengue infections in endemic areas. MAC-EIA

enables differentiation between primary and secondary

infections, but it is equipment-dependent without capability

for serotype identification. On the other hand, molecular

techniques including the RT-PCR and RT-qPCR allow rapid

serotypes identification. However, highly trained operators

and high-end equipment are required, which is not feasible in

resource-poor settings where dengue is endemic.[30] Taken

together, even though the conventional techniques could

successfully diagnose dengue infections, they fail to accom-

plish the requirement for POCT in terms of rapidity,

portability and affordability. Since then, low-cost chip-based

microfluidic devices have been introduced to improve the

assays. However, most microfluidic devices for dengue

diagnosis are made of glass,[31,32] silicon,[33] or polymer

(e.g. polydimethylsiloxane (PDMS); 34] which require

complicated fabrication processes and additional pumping

mechanisms to drive bioreactions.[35] Considering the

cost and the simplicity of the dengue detection techniques,

the development of a low-cost and uncomplicated device

is vital.

Paper-based POC diagnostics for diagnosis of
dengue infections

Fundamental of paper-based devices

Utilization of paper-based substrates has become an alterna-

tive to the conventional laboratory-based and chip-based

assays. Paper, usually made of natural cellulose fibers, is

abundant, inexpensive, easily used and biodegradable, repre-

senting a promising tool for on-site rapid diagnosis.[36–38]

With simple capillary effect, this device allows the flowing of

biological sample on paper, avoiding the need for external

power sources, and can readily be manufactured on a large

scale via standardized coating or inkjet printing techniques.

Desired biomolecules (e.g. Ag, Ab, or nucleic acid) can be

incorporated to paper substrates and their functions can be

maintained.[39] Additionally, white colored paper is particu-

larly suitable for implementing colorimetric tests with visu-

ally detectable colorimetric changes. The strong correlation

between the color intensity and the concentration of analyte

allows semi-quantitative or even quantitative

measurements.[40]

To date, paper-based devices for diagnosis of various

diseases have gained significant interest.[41–44] A variety of T
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paper-based devices are commercially available for rapid

testing of infectious diseases, such as human immunodefi-

ciency virus (HIV), hepatitis C virus (HCV), dengue,

malaria, and chikungunya.[45–47] The possibility to detect

the target analyte (e.g. Ab or Ag or nucleic acid) in paper-

based devices by the naked eye mainly arises from the use

of labeling substances, typically colloidal gold nanoparti-

cles.[48] Colloidal gold nanoparticles have been commonly

used in paper strips due to their monodispersity properties,

ease of preparation of the desired particle size, and ability

to present a stable optical signal.[49] Stability of gold

nanoparticles can be achieved by tagging them with

biomolecules (e.g. Ab or Ag or nucleic acid), which can

then be specifically bound to the target analyte. These

biomolecules are attached to the gold nanoparticle by non-

covalent interactions, namely hydrophobic interaction and

van der Waals forces.[50] Nanoparticles eventually create a

visually detectable color intensity based on the amount of

analyte.[51] However, the major factors that affect the

outcome of this assay include the type of the paper strip,

different color perceptions, and the environmental factors

such as humidity and lighting.[52] Such a qualitative

measurement is less desirable when the quantitative level

of analyte is critical for proper diagnosis or treatment.

In an effort to move toward the quantitative measure-

ment based on the results of paper-based assay, imaging

devices such as mobile phones, portable scanners, and

electrochemical readers have been introduced.[52,53] The

development of advanced mobile technologies and POC

diagnostics provides great opportunity to produce well-

integrated paper-based diagnostic devices. The production

of a low-cost, handheld universal mobile electrochemical

detector (mMED) that couples a variety of electrochemical

analysis directly to the mobile phone, is particularly useful

in resource-limited settings. For example, a smartphone

with the price as low as US$100 with an electrochemical

reader with the price tag of 5US$80 can be readily

available. The ability of mMED to perform a wide range of

electrochemical techniques (e.g. amperometry, voltammetry,

and potentiometry), high compatibility with a paper-based

device and universal compatibility with any generation of

mobile technology, makes it broadly applicable in the

developing world.[54] This handheld device can be poten-

tially used to detect DENV infections in resource-limited

settings. The data can be transferred from remote areas to

the off-site laboratory, analyzed by trained personnel, and

then returned to the onsite personnel or end-users for

decision-making.

Paper-based assays offer a relatively simple and quick

procedure for dengue diagnosis, including the dipstick, the

immune fluorescent Ab assay, the dot plot assay, and so

forth.[55] To further simplify the diagnosis, LFAs have been

recently developed. Today, protein-based and molecular-

based diagnostics have been integrated into paper-based

devices to detect both viral protein (Ag or Ab) and nucleic

acids, respectively. These technologies offer close-to-patient

testing, thus, reduces the number of clinical visits and the cost

of healthcare, allowing more efficient diagnosis and treatment

of patients.[29]

Paper-based POC testing via antigen–antibody
interactions

Protein-based diagnostics (i.e. immunochromatographic tech-

niques based on Ag–Ab interactions) have been widely used

to detect the various target analytes for diagnosis of several

diseases (e.g. acute myocardial infarction [30], and nephro-

pathy).[56] There are two formats of LFAs based on the

principle of Ag–Ab interactions, termed the sandwich format

and competitive format. In the most commonly used sandwich

format, the presence of an analyte (e.g. Ab or Ag) leads to the

formation of analyte–gold conjugate, which migrates along

the paper strip via capillary force and forms a visible red–

purple band at the test line after binding to the corresponding

capturing molecule. The analyte-free gold conjugates will be

captured by different capturing molecules at the control line,

forming another visible red band. The control band must be

appear to confirm the validity of the assay. Thus, the

appearance of red band in both control and test regions

indicates a positive result whereas the appearance of red band

only in the control region shows a negative result. For

example, a rapid immunochromatographic test strip based on

the sandwich format has been developed for detecting dengue

virus Ab.[55] The target Ab reacts with the colloidal gold-

NS1 to form a complex, which diffuses across the nitrocel-

lulose membrane to bind to the highly specific anti-IgG and/

or anti-IgM at their respective test line. The unreacted gold-

NS1 complex further reacts with the IgG or IgM at the control

line to form a visible line. A positive IgM and a negative IgG

indicate a primary infection, whereas a positive IgG with

negative IgM or positive at both lines shows a secondary

infection. A negative result is indicated by no visible line

formation in both test regions.[55]

In the competitive format, the conjugated particles (e.g.

gold-labeled Ab) are able to bind to the capturing molecules

deposited at both test and control lines. The analyte competes

for the binding sites of the capturing molecules deposited on

both test and control lines. In contrast to the outcome of the

sandwich format, a positive result is indicated by a red line

formation in the control region whereas a negative result is

indicated by red line formation in both control and test

regions. In general, sandwich format assays are utilized for an

analyte with multiple Ag epitopes, while competitive format

assay are designed to detect an analyte with a single Ag

epitope.[57]

Paper-based immunoassay kits have become widely avail-

able for diagnosis of dengue infections.[28] The commercial

dengue diagnostic kits are listed in Table 2. Dengue NS1 Ag

Strip (e.g. Panbio Dengue Early Rapid NS1 and SD Bioline

Dengue NS1 Ag (Figure 2A)) have been used for detection of

dengue Ag NS1 at the early stage of dengue infection whereas

One Step Dengue IgG & IgM Rapid Test kits, namely, Panbio

Dengue Duo Cassette and SD Dengue IgG/IgM (Figure 2B),

have been made commercially available for the detection of

anti-dengue IgM and IgG. Recently, the Panbio Early Rapid

NS1 and Duo assay kit, SD Bioline Dengue Duo NS1 and

IgM/IgG Combo Device (Figure 2C) have become available

to detect both NS1 and Ab simultaneously. In the most

commonly used Panbio Dengue Duo Rapid Strip Test,

the proteins from four serotypes of DENV, which represent

4 J. R. Choi et al Crit Rev Biotechnol, Early Online: 1–12
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the N-terminal of the respective envelope glycoprotein, have

been incorporated into the paper matrix. Following a single

application of serum sample, IgM and IgG can be both

detected to distinguish primary and secondary infections.

Cuzzubbo et al.[55] demonstrated a good specificity and

sensitivity of the Panbio Duo Rapid Test comparable to

ELISA. These point-of-care testing (POCT) devices produce

qualitative readouts which enable rapid self-diagnosis by end-

users. The application of such paper-based diagnostic tests

would be attractive in resource-limited settings owing to

economic cost and high assay speed.

In fact, the use of protein-based LFAs has been limited by

their poor specificity, which might be due to the cross-

reactivity toward Ab against other flaviviruses (yellow fever

or Japanese encephalitis). This normally occurs in flaviviruses

infected patients or in flaviviruses vaccinated patients due to

the production of cross-reactive Ab.[2] Even though there are

a number of commercially available test strips for dengue

detection, several studies have been performed not only to

improve the specificity, but also the sensitivity and multi-

plexing capabilities of paper-based devices based on the

principle of Ag–Ab interaction. For instance, in specificity

improvement, a 2D paper network has been suggested to

produce specific multiplexed immuoassays for dengue detec-

tion.[58] A specific protein removal module has been

developed to enhance the specificity of the IgM detection

assay. Given that both IgM and IgG are able to bind to the

same Ag, to avoid the potential interference of specific Ab

detection, protein G-coated membrane was used to remove

IgG and to specifically detect IgM (Figure 2D).

Nowadays, most dengue diagnostic assays have used the

whole virus Ag for Ab detection, which manifest cross-

reactivity toward Ab against other flaviviruses as mentioned,

resulting in false positive result. Customized recombinant Ags

consisting of selected epitopes, which specifically recognize

dengue IgG Ab, have been used to replace the whole virus

Ags to address these concerns.[62–64] This technique can be

implemented into LFA to specifically detect IgG for rapid and

accurate dengue diagnosis.

In addition to specificity improvement, the multiplex

capability of the device has been improved by developing a

rapid mixing and dilution module on the device to achieve a

wide range of dilution which is fundamental to sample

processing (Figure 2E).[59] Osborn et al.[59] further sug-

gested the technique of sensitivity improvement by timing of

reagent flow via chemical and physical flow control tech-

nique. Chemical technique can be applied by drying the

dissolvable sugar on paper to allow fluidic time delays for

dengue detection (Figure 2F). For instance, following the Ag–

Ab reaction, the test region was rinsed by phosphate-buffered

saline (PBS), followed by the addition of gold enhancement

solution to enhance the optical signal. The automated timing-

controlled device is created by the application of dissolvable

sugar barrier which enhanced the sensitivity of the assay. The

physical technique which involves the development of origami

card (i.e. NS1 Ag card) with multiple inlet legs has also been

suggested for fluidic control. The card consists of three

reagent pads, NS1–Ab complex, PBS, and gold enhancement

solution, connected to the wicking pad. This technique

controls the flow sequence of each reagent toward the testT
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region coated with polyclonal Abs, based on their distance

from the test region. Similar to the chemical technique, the

signal enhancement solution is allowed to flow across the

capture zone following the Ab–Ag reaction, thus enhancing

the sensitivity of the assay (Figure 2G). In addition to the LFA

assay, Wang et al.[60] have successfully developed a paper-

based ELISA with filter paper via the technique of wax

printing and wax melting to form complete hydrophobic

barriers (Figure 2H). The study has successfully detected the

envelope protein and NS1 at as low as 100 pg/mL.

To date, the existing dengue Ag or Ab detection techniques

require the collection of patient’s blood sample. A current

study has reported the development of a stacking flow

immunoassay to detect dengue-specific IgG directly from

salivary fluid, instead of blood sample [61] (Figure 2I). This

technique involves the guiding of the samples and reagents to

the test strip through two different paths, enabling the removal

of the salivary substances (i.e. mucin and other proteinaceous

substances) from the sample before reacting with the reagents.

These substances would cause particle aggregation and

nonspecific adsorption when directly applied to the commer-

cially available lateral flow device. Unlike blood samples,

saliva could be collected more easily without causing pain.

Therefore, the special design of stacking flow device enables

the regulation of fluid flow, which addressed the challenges

encountered while using the conventional test strips.

In addition to the need for improvement in sensitivity,

specificity and multiplex capability, the accuracy of quanti-

fication represents another challenge. Multiple-line or ‘‘bar-

code’’ LFA have been developed to achieve a quantitative

readout, where appropriate clinical treatment can be given

based on the severity of the diseases. For example, the level of

C-reactive protein (CRP) biomarker indicates the severity of

inflammation, predicted by the number of visible lines at the

test zone, which is critical for diagnosis of bacterial infection

and heart disease.[65] This technique can be potentially

applied to semi-quantify the DENV to determine the sever-

ity of dengue infection. Apart from the conventional

Figure 2. The paper-based detection of
Ag–Ab interactions for diagnosis of dengue
virus infections. The commercially available
(A) SD Bioline Dengue NS1 Antigen, (B) SD
Dengue IgG/IgM, and (C) SD Bioline
Dengue Duo NS1 and IgM/IgG Combo
Device.[11] A 2D paper network for (D) IgG
removal,[58] (E) rapid mixing and dilu-
tion,[59] (F) fluidic delayed created by dried
sugar,[58] and (G) multiple inlet legs-origami
card,[58] for assay enhancement. The idea of
(H) creating paper-based ELISA to detect
viral envelope protein and NS1 detection[60]
and (I) stacking flow immunoassay to detect
IgG from salivary fluid[61].
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colorimetric-labeled Ag–Ab detection, enzyme-based bar-

code LFAs have also been demonstrated, which quantify the

hydrogen peroxide (H2O2) produced from enzymatic reac-

tions that control the conversion rate of 3,30,5,50-tetramethyl-

benzidine (TMB) to blue color complex, allowing accurate

POC diagnosis.[66] This technique can also be used to

quantitatively measure the amount of DENV Ag correspond-

ing to the severity of the infections for appropriate treatment.

In short, rapid onsite diagnosis of dengue infections

currently relies on commercially available paper-based

immunoassay kits which detect DENV Ag or Ab in human

plasma and serum.[67] To date, there are no relevant

commercially available POC devices, which have been

specifically designed for the detection of dengue viral nucleic

acid. Although the currently available paper-based immuno-

assay kits have been introduced, they are less sensitive as

compared to nucleic acid amplification technique (NAAT).

Therefore, researchers have made efforts to integrate highly

sensitive and specific molecular diagnostic approaches in

paper-based devices for better diagnosis of dengue infections.

Paper-based POC testing via nucleic acid
hybridization

In fact, the aforementioned protein-based diagnostic tech-

niques are normally used at the late stage of infection. Instead,

molecular diagnostic techniques directly detect the presence

of nucleic acids at the early stage of infection, displaying a

higher sensitivity and specificity for the diagnosis of infec-

tious diseases compared to Ag–Ab interactions.[68,69]

NAAT, as a widely used molecular diagnostic technique

consists of three main steps: target nucleic acid extraction,

amplification, and detection. The processes are labor-inten-

sive and time-consuming and require complicated equipment

for the detection of fluorescence and chemiluminescence

signals. The paper-based nucleic acid lateral flow (NALF)

assay involves the use of detector probes and capture probes

which are complementary to the target nucleic acid sequence.

The production of a red band on the test line enables the

visual detection of target DNA without instrumentation. The

results can be quantitatively analyzed based on the intensity of

the red bands.[43] High sensitivity of NALF assay (i.e. lower

detection limit) is important to allow detection of low

concentration of DENV in early cycles of nucleic acid

amplification.

To date, there is no any NALF available on the market,

including those for dengue diagnosis. This may be due to the

lack of sample pretreatment and amplification technologies in

the device, which represent the critical steps of NAAT prior to

the detection stage. In fact, there are several commercially

available cards such as the fast technology analysis (FTA)

card [70] and the IsoCode card,[71] which play an important

role in all sample pretreatment processes, such as sample

collection and storage, target separation, and extraction.

These cards provide an acceptable matrix for the whole

blood sample collection, stable storage of the original genetic

sequences or Ag for future target amplification (for nucleic

acid) and detection. However, the paper-based devices for

target amplification have not yet become commercially

available. With the advances in fabrication technologies of

paper, several studies have also demonstrated the fabrication

of paper-based microfluidic devices for sample pretreatment

and DNA amplification by wax printing,[72,73] craft-cutting,

or paper folding [74] with simple and readily available paper

materials such as standard Whatman No. 1 chromatography

papers,[75] filter papers,[76,77] and glass fibers.[78] These

technologies have to be further simplified and improved

before being brought into the market in order to detect serious

dengue infections.

In fact, there have been several attempts to improve NALF

for dengue infection, mainly in terms of assay sensitivity and

multiplex capability.[79] To improve the multiplex capability

of NALF, Baeumner et al.[80] have developed a paper-based

DNA–RNA hybridization system with amplification of dye-

encapsulating liposome for rapid detection of DENV (Figure

3A). By applying an isothermal nucleic acid sequence-based

amplification (NASBA) technique, the amplification of low

level of viral RNA was performed using a simple water bath.

A generic DNA probe is coupled to the liposome, and the

amount of liposome-target sequence complexes present in the

test line is directly proportional to the amount of target

analyte. With the conserved capture probe, a single generic

biosensor is capable to detect all four serotype of DENV.

However, serotype-specific biosensor would yield false

positive result due to the cross-reactivity among the serotypes.

To date, the accurate identification of DENV serotype with a

device still remains challenging. A multiple analyte detection

device can be potentially developed for simultaneous detec-

tion of DENV 1–4, which offers an attractive alternative to

expensive, complex, and instrument-dependent conventional

RT-qPCR. For example, with the design of fluorogenic

oligonucleotide probes, a paper-based device has been

developed to detect multiple target nucleic acids, hepatitis B

virus, HCV, and HIV 1.[42]

Erwin [81] have demonstrated the application of competi-

tive assay to detect the nucleic acid of DENV (Figure 3B). In

contrast to the noncompetitive assay, the absence of red line

indicates the positive result whereas the presence of a red line

indicates the negative result. However, the device possesses

some limitations such as low sensitivity and lack of assay

validity. The lack of control line in the design failed to show

the validity of the assay. To reach the clinically relevant

values (10�15–10�11 M), the sensitivity of the assay could be

improved by the methods such as metal ion-based (i.e. gold or

silver)[78] or enzyme-based signal enhancement

techniques.[84,85]

One of the metal ion-based signal enhancement techniques

is the use of oligonucleotide-linked gold nanoparticles

(AuNP) aggregates.[27] Amplification probe (AP) and com-

plementary probe (CP) could hybridize with each other,

assembling both AuNP-AP and complementary probe-gold

nanoparticle-detector probe (CP-AuNP-DP) to form AuNP

aggregates, resulting in a 2.5-fold signal enhancement.

Another group has also enhanced the sensitivity of the

nucleic acid biosensor with the introduction of molecular

beacons (MBs), oligonucleotide probes that report the pres-

ence of specific nucleic acid.[86] The introduction of MBs is

particularly attractive due to their high selectivity in oligo-

nucleotide recognition, which produced a higher sensitivity of

the dry-reagent strip-type nucleic acid biosensor (DSNAB) as
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compared to conventional dye-labeled MBs and DNA-AuNP-

based DSNABs. Besides, the specificity and sensitivity of

visual detection of single nucleotide polymorphism (SNP)

have been enhanced by using a hairpin oligonucleotide (HO)-

gold nanoparticle. The unique recognition characteristic of

HO to specific DNA and single-base mismatched DNA, offers

a higher assay sensitivity with 500 times lower detection time

and shorter preparation time of HO-AuNP conjugates (8 h) as

compared to MB-AuNP conjugates (50 h) in their previous

work.[87] In another study, this group has further developed

an ultrasensitive nucleic acid detection device using an

enzyme-based signal enhancement technique, HRP-AuNP

dual labels, and is able to detect 0.01 pM of target DNA

without using instrumentation, showing a great promise for

POC diagnosis.[84] The techniques can be used to fabricate

highly sensitive paper-based devices for diagnosis of dengue

infection.

Besides that, Lo et al.[83] have also demonstrated the

development of a paper-based diagnostic device for early

diagnosis of dengue infections at the molecular level. The

device is composed of Whatman No. 1 chromatography

paper, which was fabricated by using the wax printing

technique. The amplification of nucleic acid (i.e. DENV 2

RNA) was performed via RT-LAMP, followed by the

Figure 3. The paper-based detection of nucleic acid hybridization for diagnosis of dengue infections. Nucleic-acid detection in LFA using (A) dye-
encapsulating liposome noncompetitive format[80] and (B) competitive format.[81] Paper-based well plates was used to detect the nucleic acids via
(Ci) colorimetric[82] and (Cii) fluorescence[83] detection techniques.
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detection of amplified products (DNA) with the device using

a colorimetric method[82] (Figure 3Ci). This technique

enables the amplification process to be performed at a

constant temperature (i.e. isothermal condition) with a shorter

assay time (1 h) without the need for thermal cycling as

required in PCR. However, it was relatively unstable due to

the low binding affinity of biotin–DNA complex to the

streptavidin–HRP complex in the paper-based system, and

low sensitivity of the device. To this end, this group has

further developed a stable approach using DNA ladders and

fluorescent probes in the same paper-based platform[83]

(Figure 3Cii). This device requires a relatively small amount

of sample for accurate DNA detection based on the fluores-

cence signal. The study provides great insight into the

functional development of a combination of a small-scale

heating device and a simple paper-based device, which is

suitable for POC diagnostics.

Conclusion and future perspectives

Since there are no specific vaccines or treatments available

for dengue infections, rapid and accurate diagnosis is critical

in providing appropriate health measures to improve health-

care. Early diagnosis is important to identify the patients with

secondary infection and to initiate immediate treatment for

improved clinical outcomes. In general, the time-consuming

serological tests (i.e. ELISA) and complex laboratory assay

(i.e. RT-qPCR) are unsuitable for rapid diagnosis in resource-

limited dengue endemic areas. The most recent commercially

available rapid diagnosis assays, Dengue NS1 Ag strip and

One Step Dengue IgG & IgM Rapid Test kits have helped

shortening the turnaround time for rapid diagnosis, but their

performance is yet to be improved to fully rule out other

diseases with similar conditions. Therefore, as an alternative

to the existing technologies, the trend of using paper-based

diagnostic devices has become a new approach for early

diagnosis of dengue infections. The device is simple, portable,

and has high potential to achieve the objective for rapid and

accurate diagnosis with high availability in the areas with

poor infrastructure.

In this review, the advantages of using rapid paper-based

diagnostic devices for dengue diagnosis have been discussed

as compared to the existing techniques, but further improve-

ments are required to bring the technology to the next level.

For example, the multiplexing capability of the device is

useful for rapid dengue diagnosis. Given that dengue infection

involves a broad range of clinical symptoms, and the levels of

virus, Ag, IgG, and IgM are greatly dependent on the timing

of sample collection, simultaneous detection of two analytes

representing two different stages of the infections are

significant for accurate diagnosis. For instance, the concurrent

detection of nucleic acid or NS1 at the febrile stage and IgG

or IgM at the defervescence stage, enables specific detection

of dengue infections. In conjunction with the mobile phone

technology, the rapid and accurate target quantification allows

better clinical follow-up and timely treatment.

Furthermore, current NAAT, which involves three main

steps: nucleic acid extraction, amplification, and detection,

plays an important role in disease diagnosis for prompt

medical decision. The nucleic acid-based LFA is inapplicable

in resource-limited settings without the integration of simple

nucleic acid extraction and amplification technologies.

Several studies have demonstrated the extraction technique

using the FTA card,[70,88] nucleic acid amplification by

plastic- and tape-covered glass fiber, and nucleic acid

detection by the most commonly used LFA or paper-based

microfluidic devices.[87,27] However, the integration of the

three main steps into one single paper-based device for

dengue diagnosis has not yet been reported. This sample-to-

answer molecular diagnostic device is highly required in

resource-limited settings. Additionally, another challenge in

the development of paper-based device would be the stability

of the device, which is particularly related to the reagent

storage. The capability of reagent storage makes the device

user-friendly, circumventing the need for laboratory supplies

such as pipettes or tubes in low resource settings.

Given the fact that suitable therapeutic management can be

provided following a definite diagnosis of infections, the

development of such a portable and simple device is crucial

for diagnosis at the very early stage of infection to save lives.

Indeed, for the real-life use in dengue endemic areas, the

performance of such a cost-effective device should be

validated against the conventional and well-established

methods. Specific international control and validation of the

device should be considered to avoid the possibility of false

positive results arousing from sample preparation, reverse

transcription, DNA amplification, and detection.[89,90] The

newly established assay should be standardized internationally

to achieve a high quality assay performance.
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