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Zika virus (ZIKV) is associated with numerous human health-related disorders, including

fetal microcephaly, neurological signs, and autoimmune disorders such as Guillain-Barré

syndrome (GBS). Perceiving the ZIKA associated losses, in 2016, the World Health

Organization (WHO) declared it as a global public health emergency. In consequence,

an upsurge in the research on ZIKV was seen around the globe, with significant

attainments over developing several effective diagnostics, drugs, therapies, and vaccines

countering this life-threatening virus at an early step. State-of-art tools developed led

the researchers to explore virus at the molecular level, and in-depth epidemiological

investigations to understand the reason for increased pathogenicity and different clinical

manifestations. These days, ZIKV infection is diagnosed based on clinical manifestations,

along with serological and molecular detection tools. As, isolation of ZIKV is a

tedious task; molecular assays such as reverse transcription-polymerase chain reaction

(RT-PCR), real-time qRT-PCR, loop-mediated isothermal amplification (LAMP), lateral

flow assays (LFAs), biosensors, nucleic acid sequence-based amplification (NASBA)

tests, strand invasion-based amplification tests and immune assays like enzyme-linked

immunosorbent assay (ELISA) are in-use to ascertain the ZIKV infection or Zika fever.

Herein, this review highlights the recent advances in the diagnosis, surveillance, and

monitoring of ZIKV. These new insights gained from the recent advances can aid in the

rapid and definitive detection of this virus and/or Zika fever. The summarized information

will aid the strategies to design and adopt effective prevention and control strategies to

counter this viral pathogen of great public health concern.
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INTRODUCTION

Zika virus (ZIKV) is the latest emergent virus after the Ebola epidemic. In the past, ZIKV has
only been associated with mild disease; however, after subdue activity for six decades, it recently
emerged as a significant threat to human health, with evident fetal abnormalities, microcephaly,
serious neurological complications, and autoimmune disorders such as Guillain-Barré syndrome
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(GBS) (Al-Qahtani et al., 2016; Cao-Lormeau et al., 2016;
Carteaux et al., 2016; Mlakar et al., 2016; Singh et al., 2016, 2017).
ZIKV is a mosquito-borne virus in the genus Flavivirus of the
Flaviviridae family that is transmitted by Aedes aegypti and Ae.
albopictusmosquitoes, with the potential for rapid spread (Musso
and Gubler, 2016; Weaver et al., 2016). ZIKV is an enveloped,
single-stranded RNA virus that is closely related to dengue virus
(DENV), yellow fever virus (YFV), and West Nile virus (WNV)
(Fajardo et al., 2016; Kruger, 2016). The first isolation of ZIKV
from the blood of a rhesus monkey from the Zika forest in
Uganda was reported in 1947 (Hayes, 2009). There is increasing
evidence of the placental transfer of ZIKV, as well as its ability
to affect neuronal tissue of a growing fetus (Martines et al., 2016;
Mlakar et al., 2016). Autoimmune complications like GBS and
maternal transfer to fetuses resulting inmicrocephaly has become
particularly alarming. A lack of suitable vaccines and drugs has
complicated the response to the recent epidemic. The presently
available treatment options remain supportive in nature. Hence,
regular surveillance is advised, especially for travelers and
pregnant women (Yadav et al., 2016). Furthermore, predisposing
factors like climate change, globalization, an explosive population
rise, and increased urbanization have aided the spread of this
virus, posing pandemic potential (Haug et al., 2016; Troncoso,
2016).

Various platforms are available for ZIKV diagnosis. Isolation
remains a difficult task, as it requires adequate biocontainment
facilities to handle the samples. Hence, other assays like
reverse transcription-polymerase chain reaction (RT-PCR)
and enzyme-linked immunosorbent assay (ELISA) have been
developed for ZIKV diagnosis (Landry and St. George, 2017;
Rather et al., 2017). RT-PCR can be performed using urine,
blood, and cerebrospinal fluid (CSF) from an early stage in
infection. IgM and IgG ELISAs are available for diagnosis of
ZIKV antibodies in serum (Shan et al., 2017a). Conventional
diagnostics have the limitation of cross-reactivity, because
ZIKV is genetically similar to other flaviviruses. Investigators
have proposed several new diagnostic tools for early and
accurate diagnosis of ZIKV infection (Miller et al., 2017; Sharma
and Lal, 2017). Newer and faster techniques like biosensors,
loop-mediated isothermal amplification (LAMP), and lateral
flow assays (LFAs) have been developed recently, and they are
being validated for commercialization (Sakudo et al., 2016). In
addition, to spread awareness about ZIKV, people are sharing
relevant photographs on popular social media platforms such
as Pinterest (San Francisco, CA) and Instagram (Menlo Park,
CA) as adjunct health educational tools (Fung et al., 2017). The
objective of present review is to outline the recent technological
progresses in designing and developing rapid and confirmatory
diagnostic, surveillance, and monitoring approaches to counter
ZIKV. This review brings up-to-date information on new
achievements in the field of ZIKV diagnosis, and opines the
core features of the in-use and forthcoming assays. The modern
assays are speedy as well possess higher competence befitting the
clinical diagnosis. Here, clinical to innovative means for rapid
ZIKV detection and identification, precisely, clinical, gross and
histopathological lesion-based diagnosis, and detection methods
involving isolation of ZIKV, serological assays viz. multiplex

microsphere immunoassay (MIA), Zika IgM antibody capture
enzyme-linked immunosorbent assay (Zika MAC-ELISA),
reporter virus neutralization test (RVNT), plaque reduction
neutralization test and molecular assays like (RT)-PCR, real-
time qRT-PCR, reverse transcription strand invasion based
amplification (RT-SIBA) assay; nucleic acid sequence-based
amplification (NASBA) coupled with CRISPR detection module,
real-time loop-mediated isothermal amplification (RT-LAMP),
transcription-mediated amplification (TMA) technology, reverse
transcription isothermal recombinase polymerase amplification
(RPA), flow cytometry, surface plasmon resonance-based
technology, are reviewed and discussed.

Trends and Advances in Diagnosis,
Surveillance, and Monitoring of ZIKV
The clinical signs of Zika fever are not pathognomic, therefore,
confirmation of ZIKV infection requires isolation and
identification of the virus. Diagnosis of ZIKV infection can be
made based on apparent pathology, presence of the vector in the
area, ZIKV-associated neurological syndromes, epidemiological
evidence, and results of serological and molecular tests (Singh
et al., 2016). ZIKV has been shown to be transmitted through
body fluids during sexual intercourse and vertically, frommother
to fetus (Balm et al., 2012; Gourinat et al., 2015; Leung et al.,
2015; Musso et al., 2015; Tognarelli et al., 2015; de M. Campos
et al., 2016; Jacob, 2016; Moulin et al., 2016; Shinohara et al.,
2016; Staples et al., 2016; Pyzocha et al., 2017). Clinical samples
that can be used for diagnostic purposes comprises of serum,
the umbilical cord of an infant, urine, nasopharyngeal swabs,
saliva, brain tissue, amniotic fluid, CSF, and placenta. In infected
infants, ZIKV can be identified by immunohistochemical
staining of the antigen in the umbilical cord and placenta
(Staples et al., 2016). Diagnosis of ZIKV-infected stillborn fetuses
can be made by histopathological and immunohistochemical
staining (Landry and St. George, 2017). As mentioned earlier,
most in-practice laboratory diagnostic tools include RT-PCR,
multiplex PCR, antibody-capture ELISA, sandwich ELISA, and
indirect immunofluorescent test (IIFT) (Steinhagen et al., 2016;
Miller et al., 2017). Nucleic acid detection methods have been
found most reliable, quick, sensitive, specific, and economical.
Other molecular and serological tests can be used to confirm
ZIKV infection (Staples et al., 2016). Differential diagnosis is
an essential part of successful ZIKV detection as most of the
time they are confused with Dengue virus at the early part
of infection. ZIKV has attracted interest among researchers
only in the recent years hence due to lack of laboratories that
can accurately diagnose ZIKV most of the occasions they are
not diagnosed properly (Hamel et al., 2016; Shankar et al.,
2017).

Clinical, Gross, and Histopathological
Lesion-Based Diagnosis
Viruria has been detected for more than 15 days after the onset of
symptoms (Rozé et al., 2016). The clinical signs of ZIKV infection
like fever, headache, myalgia, arthralgia, and maculopapular
rash are inconsistent, as only one out of 4–5 people exhibit
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them. Hence, diagnosis based on clinical signs may not be
reliable (Eppes et al., 2017). ZIKV replicates in virus-induced
membranous replication factories (RFs). Endoplasmic reticulum
of ZIKV infected human hepatic cells and neural progenitor
cells show invaginations with pore-like openings toward the
cytosol. Upon electron microscopy, it was revealed that the
infection with ZIKV cause drastic change in microtubules and
intermediate filaments organization forming cage like structure.
Also, cytoskeleton-targeting drugs affect ZIKV infection severely
and tight linking of ZIKV RF with host cell cytoskeleton changes
is indicative of infection (Cortese et al., 2017). Leukopenia
and thrombocytopenia are less common, whereas peripheral
edema and conjunctivitis are more commonly encountered
in ZIKV infections (Ioos et al., 2014; Rafiei et al., 2016).
Occipitofrontal circumference can indicate microcephaly. To
detect microcephaly in pregnant women, ultrasound testing
is used (Lazear and Diamond, 2016; Oliveira Melo et al.,
2016; Society for Maternal-Fetal Medicine (SMFM) Publications
Committee, 2016). Epidemiological data is collected from
maternal-fetal obstetrician/gynecologists, pregnant patients, and
Zika-suspected cases to determine the threat of congenital ZIKV
infection. The various kinds of deformities are based on the
time of ZIKV exposure and also on the replication of ZIKV in
the fetal and placental tissues. These data-gatherer techniques
overcome the limitations of ultrasound-based strategies, where
diagnosis depends exclusively on the detection of microcephaly
and offer an alternative to detect malformations (Eppes et al.,
2017).

Neuroimaging Diagnosis
Neuroimaging [computed tomography (CT) and magnetic
resonance imaging (MRI) scans] can reveal congenital
microcephaly (de Fatima Vasco Aragao et al., 2016).
Abnormalities include atrophy of the brain parenchyma with
secondary ventriculomegaly; calcification of the intracranium;
cortical development malformations such as polymicrogyria and
lissencephaly-pachygyria; hypoplasia of the corpus callosum,
cerebellum, and brainstem; and hearing loss (Figure 1). Other
abnormalities associated with ZIKV infection, including ocular
abnormalities and arthrogryposis, can be found in infected
fetuses. Post-natal (acquired) ZIKV infection can result in
either a mild symptomatic or asymptomatic course, whereas
prenatal (congenital) ZIKV infection can be severe, leading to
brain abnormalities known as congenital Zika syndrome (Zare
Mehrjardi et al., 2016, 2017). Intra-uterine ZIKV infection is
characterized by reduced cortical gyration and white-matter
hypomyelination or dysmyelination with cerebellar hypoplasia
in majority of fetuses and newborns (Araujo Júnior et al., 2017).
A marked ZIKV associated feature is abnormal head shape. Skull
gains a collapsed shape with everted and/or cupped sutures with
overriding bones in the occipital region leading to formation of
redundant and folded skin. Calcified skull also needs to be taken
into account for post-natal assessment (de Oliveira-Szejnfeld
et al., 2017). A recent neuroimaging study of 17 fetuses with
confirmed ZIKV showed that microcephaly occur in fetus at a
minimum of 15 weeks time period requirement after a pregnant
woman gets infected with ZIKV (Parra-Saavedra et al., 2017).

Isolation of ZIKV
ZIKV from a mosquito can be isolated in newborn Swiss albino
mice via intraperitoneal, intracerebral, and subcutaneous
inoculation (Marchette et al., 1969; Way et al., 1976).
Hemagglutination inhibition test can be used to confirm
virus in brain-passaged material (Haddow et al., 1964). For in
vitro cultivation of the virus, Vero cells, rhesus monkey kidney
cells (LLC- 192 MK2), and mosquito-origin [A. albopictus
(C6/36), A. psuedoscutellaris (MOS61 or AP-61)] cell lines are
employed (Barzon et al., 2016; Waggoner and Pinsky, 2016).
Virus isolates from urine and saliva samples were recovered in
Vero cell lines in one study, showing that Vero cell lines can be
used to isolate ZIKV (Bonaldo et al., 2016). Another comparative
study revealed that culture of ZIKV in C6/36 and Vero cells
yield higher virus titers (Coelho et al., 2017). BHK21 suspension
cell lines were also studied for the propagation of ZIKV to aid
in ZIKV vaccine production (Nikolay et al., in press). Because
live ZIKV sample handling requires specialized facilities to
prevent its spread to handlers, not all laboratories can isolate
the virus. Low-level viremias can also limit the opportunity
for isolation of the virus (Lanciotti et al., 2008; Zanluca and
Dos Santos, 2016). To test vaccines, several laboratory animal
models of ZIKV infection have been evaluated. Two mouse
models were studied, namely A129 type I interferon receptor
knockout mice and AG129 type I and type II interferon receptor
knockout mice. Three-week-old A129 and AG129 mice showed
neurological signs and the presence of virus in their brains 7
days after challenge, whereas immunocompetent mice did not
produce similar signs when challenged with ZIKV (Brault and
Bowen, 2016). In one study, 15 non-human and 18 human
cell lines were used to determine the replication of ZIKV in
various cells. Results revealed that ZIKV replicated in neuronal
(SF268), retinal (ARPE19), pulmonary (Hep-2 and HFL), hepatic
(Huh-7), placental (JEG-3), muscle (RD), and colonic (Caco-2)
cell lines. Replication in placental cell lines shows the ability of
ZIKV to cross the placental barrier. ZIKV replication was also
found in non-human cell lines, namely pig (PK-15), chicken
(DF-1), non-human primate (Vero and LLC-MK2), rabbit
(RK-13), and hamster (BHK21) cell lines; hence, these animals
have been suggested as animal models for ZIKV (Chan J. F.-W
et al., 2016).

Serological Tests
Hemagglutination inhibition, serum neutralization, and
complement fixation are the useful tests for the diagnosis of Zika
fever (Fagbami, 1979; Monath et al., 1980). Short viremias make
it difficult to detect ZIKV; hence, serological diagnosis is a better
way out to determine the status of an individual for a longer
period of time (Shan et al., 2017a). Mouse protection test has also
been employed to identify ZIKV antibodies in serum samples
(Kirya and Okia, 1977). Monitoring of IgG and IgM antibodies
in serum by ELISA is highly useful for serological diagnosis
of ZIKV (Staples et al., 2016). Seroconversion is confirmed by
analyzing the antibodies titers in paired serum samples (acute
and convalescent phase) during the course of infection. Recently
neutralization assay was combined with real time PCR platform
to detect the end point so that there was 100% sensitivity and
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FIGURE 1 | Diagnosis of microcephaly caused by Zika virus.

specificity of detection of ZIKV. Authors suggest this assay can
be a confirmatory test for the samples positive by commercial
immunoassays for detection ZIKV antibodies (Wilson et al.,
2017).

Plaque Reduction Neutralization Test
Plaque reduction neutralization test (PRNT) is used to detect
antibodies against ZIKV and shows less cross-reactivity with
antibodies against other Flavivirus members than ELISA
(Petersen et al., 2016; Staples et al., 2016). PRNT is a labor-
intensive technique requiring a week for interpretation of results.
Hence, a reporter virus possessing the luciferase gene from
Renilla was used in a neutralization assay, and it showed similar
specificity as PRNT, but reduced the time of diagnosis to 2 days
(Shan et al., 2017a).

Reporter Virus Neutralization Test (RVNT)
RVNT uses the same principle as that of PRNT but the difference
in this test is the use of luciferase tagged ZIKV thus allowing the
quantification of neutralization within 24 h instead of 7 days in
PRNT. Similarly, this assay can be done on 96 well plates hence
this assay minimizes the testing time and is a high throughput
assay (Shan et al., 2017b).

Detection of Specific IgG and IgM Antibodies
Anti-ZIKV IgM can be detected after 5 days of onset of clinical
symptoms and can last up to 3 months (Calvet et al., 2016). A
recombinant ZIKV non-structural protein 1 (NS1) based-ELISA

has been developed as an additional serological diagnostic which
shows very low cross-reactivity with DENV antibodies, along
with high specificity for ZIKV, and can be applied for serum-
based diagnosis in pregnant women, travelers of ZIKA-endemic
regions and individuals suspected of infection for counseling.
The sensitivity was 58.8, 88.2, and 100% for IgM, IgG, and
IgM/IgG respectively with 99.8% specificity (Steinhagen et al.,
2016). Detection of specific IgG antibodies in maternal serum
by ELISA represents an important approach to diagnose ZIKV
infection and helps in determining the mechanism of neonatal
microcephaly in congenital infection, even in mothers where
ZIKV RNA has cleared (Sumita et al., 2016). A study using
this ELISA was done on 105 serum samples collected from
travelers returning to Israel. The sensitivity of the IgM ELISA
differed among patients of Israeli origin and from European
origin; hence, to minimize false negatives, further diagnostic
tests are needed (Lustig et al., 2017). ZIKV-specific epitope-
based serological assays can prevent the problem of cross-
reactivity with other flavivirus antibodies (Landry and St. George,
2017). The IgM ELISA is a U.S. Food and Drug Administration
(USFDA) approved assay for use with serum and CSF (Murray
et al., 2017). A comparison of the commercially available NS1-
based ELISA and the IgM ELISA showed better specificity with
the IgM ELISA, but sensitivity was suboptimal during the first 5
days of infection (Kadkhoda et al., 2017). The competitive ELISA
developed against NS1 of ZIKV, where out of confirmed RT-
PCR positive 158 sera/plasma samples, 91.8% samples yielded
higher than 50% inhibition (Balmaseda et al., 2017). The
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assay is robust, low cost strategy to surveillance program and
seroprevalence studies and quickly adapted in ZIKV endemic
areas.

Zika IgM Antibody Capture Enzyme-Linked

Immunosorbent Assay (Zika MAC-ELISA)
The FDA has approved the use of CDC Zika IgM Antibody
Capture Enzyme-Linked Immunosorbent Assay (Zika MAC-
ELISA) for antibody testing in case of emergency. The technique
is quantitative detection of ZIKV IgM antibodies in serum or
CSF collected from patients. Result interpretation inMAC ELISA
is based on the positive/Negative ratio (P/N) and the samples
greater than or equal to 3 are considered to be “presumptive Zika
IgM positive.” These samples are sent to approved laboratory for
further confirmation by PRNT (Cordeiro, 2017; Landry and St.
George, 2017). False positive results may be ruled out by checking
with other methods like PRNT against Zika, dengue, and other
flaviviruses (FDA, 2016).

Multiplex Microsphere Immunoassay (MIA)
TheMIA detects antibodies against ZIKV surface protein E, non-
structural NS1 and NS5 proteins in order to increase the accuracy
and speed. It possesses improved serological diagnostic capability
for ZIKV. MIA allows incorporation of more than one antigen
to enhance the diagnostic coverage. The diagnostic width of
MIA may further be improved by adding multiple antigens from
ZIKV, DENV, YFV and other flaviviruses circulating in the same
geographical area (Wong et al., 2017). AMIA has been developed
for detection of 6 flaviviruses, 6 alphaviruses, and 1 bunyavirus of
human importance (Basile et al., 2013). In this multiplex assay,
ZIKV antigens may also be incorporated for developing ZIKV
diagnostics.

Miscellaneous
A recently developed experimental murine model and ZIKV
infection model in cynomolgus macaques may help to elucidate
disease course, as well as would be useful in testing the anti-
ZIKV drugs and vaccines (Koide et al., 2016; Rossi et al.,
2016). In addition, a 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-
2H-tetrazolium bromide-(MTT)-based cell viability assay was
developed to assess cell death in human and monkey cells
caused by ZIKV. This has been claimed to be economic,
simple, and rapid colorimetric assay that could be used for
quantification of neutralizing antibodies against ZIKV (Müller
et al., 2017).

The U.S. Centers for Disease Control and Prevention (CDC)
Zika MAC-ELISA, InBios ZIKV DetectTMMAC-ELISA, and
Euroimmun anti-ZIKV IgM ELISA were compared in a study,
and the CDC and InBios MAC-ELISAs were found to exhibit
comparable sensitivities, whereas the Euroimmun ZIKV IgM
ELISA was less sensitive (Granger et al., 2017). Recently,
Euroimmun IgG/IgM ELISA was compared with PRNT and
MAC-ELISA where it was found that Euroimmun ELISA had
92.5% specificity and 39.5% sensitivity when compared with
MAC ELISA, while specificity ranged from 65 to 81% and
sensitivity 83–92% when compared with PRNT (L’Huillier et al.,
2017a); whereas Pasquier et al. (2018) revealed Diapro ZIKV

IgG or IgM ELISA immunoassays more sensitive than the
Euroimmun immunoassays.

Researchers have reported that MIA is more sensitive
than IgM-capture ELISA for serological diagnosis of ZIKV
infection.Moreover, the easy preparation, smaller sample volume
requirement, and short time to get results are significant
advantages of the MIA. Therefore, the proposed MIA is a useful
tool for assessing immune responses in vaccination trials and
in clinical disease (Wong et al., 2017). Recently, a multiplex
diagnostic assay to detect DENV and ZIKV IgG, IgA, and IgM
antibodies on a plasmonic gold platform have been developed
(Zhang et al., 2017). An IgG/IgM based LFA, the DPP Zika
IgM/IgG assay, marketed by Chembio Diagnostic Systems, is also
available in the market (Nicolini et al., 2017). Electro-generated
chemiluminescence was linked with polystyrene beads, which
were also conjugated with monoclonal antibodies (mAbs) against
ZIKV. This conjugated structure was used to capture ZIKV from
fluids and detect up to one plaque-forming unit (PFU) of ZIKV
in 100 µL of fluid (Acharya et al., 2016). A pair of mAbs has
been selected to construct a rapid diagnostic test in form of strip.
The diagnostic strip was able to detect NS1 antigen is serum
samples from various geographic areas in the Americas and
India. The same test is linked with mobile phone camera and the
images taken can be analyzed with ImageJ software, which allow
objective analysis and eliminates user subjectivity in reading test
results (Bosch et al., 2017).

Molecular Diagnosis
RT-PCR
The ZIKV RNA has been reported in various body fluids such
as blood, saliva, urine, and amniotic fluid (Hills et al., 2016;
Rather et al., 2017) and hence it can be detected by RT-PCR.
In a comparison of RT-PCR testing for ZIKV RNA in urine,
serum, and saliva specimens obtained from people traveling in
Florida and Brazil, urine samples were found to be the most
suitable specimen for identifying acute infections with ZIKV
(Bingham et al., 2016; Lamb et al., 2016). The RealStar Zika
RT-PCR Test Kit, marketed by Altona Diagnostics, was found
to be 91% sensitive and 97% specific in detecting ZIKV RNA;
hence, this assay kit was proposed to diagnose early-stage ZIKV
infection (L’Huillier et al., 2017b).

In a study, which tested a real-time RT-PCR based on
the ZIKV envelope and NS2B genes was on urine and
serum specimens from pregnant women, newborns, suspected
symptomatic GBS patients, and travelers to ZIKV epidemic areas
in New York. Due to very short viremia time period during
ZIKV disease, there exists a challenge in selecting the appropriate
sample for diagnosis, as ZIKV RNAmay not be detected in serum
or plasma collected 10 days after the onset of disease. Urine
samples were found to be more reliable than serum samples, as
the viral load was higher, and results of this assay were more
dependable than those of serology (St. George et al., 2017). A
study in Italy examined the whole blood, plasma and urine as
samples for detection of RNA from 3rd day to 28 days post-ZIKV
infection in 10 patients. Results showed that urine samples from
all the individuals were ZIKV positive up to 21st day post-clinical
sign while ZIKV could be detected in the whole blood up to 26

Frontiers in Microbiology | www.frontiersin.org 5 January 2018 | Volume 8 | Article 2677

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Singh et al. Diagnosis, Surveillance, and Monitoring of Zika Virus

days (Rossini et al., 2017). During early disease, viral genomes
could be detected in serum (Haug et al., 2016). ZIKV RNA has
been detected in the breast milk of women, but there has been
no report of transmission of ZIKV through breast milk. Another
report showed that ZIKV persists for 81 days in whole blood, but
73 days in serum. Hence, whole blood can be used for ZIKV RNA
detection in asymptomatic patients (Eppes et al., 2017; Murray
et al., 2017). A dual target RT-PCR assay run on an automated
m2000 system was developed to extract RNA from whole blood,
serum, plasma, and urine and detect ZIKV by PCR. The detection
limit of this assay was shown to be 120 copies/mL with whole
blood, 30 copies/mL with serum, and 40 copies/mL with plasma
and urine samples (Frankel et al., 2017).

Symptomatic pregnant women and affected persons display
low-grade fever, maculopapular rashes, arthralgia, and non-
purulent conjunctivitis for 2–7 days. Recently, in 2016–2017,
asymptomatic pregnant women in American Samoa were tested
under a syndromic surveillance program, with results displayed
in electronic health records (Hancock et al., 2017).

A sensitive and specific one-step RT-PCR assay which includes
GAPDH as internal control, which allows detection of PCR
inhibitors in the sample, and rule out the possibility of false
negatives was developed by Balm et al. (2012). The lower limit of
detection of this assay was 140 RNA copies/PCR, with no cross-
reactivity with closely related flaviviruses including DENV, YFV,
and JEV.

A study was conducted using urine spiked with a
commercially available heat-inactivated ZIKV panel (Exact
Diagnostics R© ZIKV Verification Panel), and several parameters
were investigated, including the stability of ZIKV at different
storage temperatures and the use of stabilizers for ZIKV RNA
detection. The results showed that RNA degraded when stored at
room temperature, whereas stability was better at 4◦C. Storage of
urine samples at −80◦C led to decrease in RNA concentration.
Similarly, the addition of nucleic acid stabilizers increased RNA
recovery (Tan et al., 2017).

Real-Time RT-PCR
Real time PCR offers several advantages over conventional RT-
PCR including rapidity, low false positive, higher sensitivity and
specificity with quantitative analysis. Blood and urine samples
were collected and tested by real-time RT-PCR to confirm ZIKV
infection (Hancock et al., 2017). Real-time RT-PCR can detect
ZIKV RNA at an early stage in infection (Faye et al., 2008, 2013).
ZIKV RNA can easily be detected in urine samples using real-
time RT-PCR, with the added advantage of easy, non-invasive
sample collection. This is especially useful during an epidemic
and for the testing of travelers (Gourinat et al., 2015). Based on
real-time RT-PCR analyses, several researchers have documented
that ZIKV loads are higher in plasma than in urine samples
(Pessôa et al., 2016). The probes developed against NS5 region in
a real-time PCR and the sensitivity was 32 genome-equivalents
and 0.05 plaque forming unit (pfu). The assay was able to detect
at least 37 ZIKV isolates representatives of wide geographic area
in Africa and Asia over the period of last 36 years. Also, it
could differentiate ZIKV among 31 other flaviviruses. A SYBR
Green one-step real-time RT-PCR assay detected ZIKV RNA,

even at a titer of 1 PFU/ml; therefore, it is very useful for
diagnosis and surveillance of ZIKV infection (Xu et al., 2016).
Another study compared nine real-time RT-PCR assays and
found that some assays were not suitable for the specific detection
of ZIKV (Corman et al., 2016). A quantitative RT-PCR targeting
E gene has been very recently developed that could detect all
Asian and African lineages of ZIKV. This assay alleviates the
disadvantage of earlier developed real-time PCR as they could
not detect all strains of ZIKV and, moreover, this assay also
showed a detection limit of 5 RNA transcript copies (Yang
et al., 2017). A list of ZIKV detection assays is presented in
Table 1.

Real-time RT-PCR is a quick, reliable, sensitive and specific
method. A comparison of 7 published real-time RT–PCR assays
to determine the analytical sensitivity revealed presence of up
to 10 potential mismatches in oligos with the Asian lineage.
The two new assays developed by Corman et al. (2016) had
0–4 oligo mismatches. The continuous evolution in the viral
genome and mismatch between oligos and genome may lead to
reduced sensitivity. The study of 174 ZIKV genomes, exhibited
the presence of mutation in diagnostic regions, however these
were present in lower frequencies (Metsky et al., 2017). Hence,
the diagnostic assay should be carefully chosen and need to be
frequently evaluated and updated.

The co-circulation of other arboviruses hinders clear
differential diagnosis of ZIKV (Pinto et al., 2015). A novel,
highly sensitive and specific real-time RT-PCR assay that did
not show cross-reactivity with other flaviviruses was developed
by targeting the conserved 5′-untranslated region (5′-UTR),
envelope (E), non-structural protein 2A (NS2A), NS5, and
3′-UTR of the ZIKV genome for improved laboratory diagnosis.
It can detect even 5–10 RNA copies/reaction. Compared to the
ZIKV-E gene targeting real-time PCR, the ZIKV-5’-UTR assay
showed higher sensitivity in detecting ZIKV in most human
tissues and the highest sensitivity in samples obtained from the
testis/epididymis and kidney. This RT-PCR assay was found
highly specific with no cross-reactivity with chikungunya virus,
DENV, YFV, JEV, WNV, and hepatitis C virus (Chan et al.,
2017).

Real-Time PCR Based Neutralization Assay
It is an assay into which the serum neutralization test and
Real-time PCR tests are combined. The neutralization endpoint
is measured by real -time PCR instead of counting plaques.
The test takes 72 h to complete. This test may be employed as
confirmatory test for those serum samples that are positive in
an IgM/IgG ELISA. The sensitivity of this Real-time PCR based
neutralization assay is 100% for both ZIKV and DENV (Wilson
et al., 2017).

Surface Plasmon Resonance
Surface plasmon resonance-based technology for the sensitive
detection of ZIKV RNA has been developed very recently
wherein results revealed that bimetallic nanoparticle quantum
dot-mediated fluorescent signals were stronger than those of
single metal nanoparticles for the detection of ZIKV RNA
(Adegoke et al., 2017). The technique is a reliable detection
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TABLE 1 | List of commercially available methodologies/kits for ZIKV diagnosis.

S. No. Diagnostic

test/Technique

Sample(s) Remarks Demerits References

1 Electron

microscopy

Human hepatic cells and

neural progenitor cells,

- Drastic change in microtubules and

intermediate filaments organization

forming cage like structure around RF

- High purchase and maintenance

cost

- Highly stable voltage requirement

- Sample preparation is

time-consuming, labor-intensive

and skill is required

Cortese et al., 2017

2 Neuroimaging CT scan and MRI of

prenatal fetus

- Polymicrogyria and

lissencephaly-pachygyria

- Expensive to use

- In CT scan X-rays pass through

different areas of brain

- In MRI, the patient need to be still

during imaging

- MRI is incompatible with metallic

devices like pacemakers

Zare Mehrjardi et al.,

2016, 2017

- White-matter hypomyelination or

dysmyelination with cerebellar

hypoplasia

Araujo Júnior et al.,

2017

- Calcified skull de Oliveira-Szejnfeld

et al., 2017

3 Isolation of virus Urine, saliva - Cell lines like Vero cells, rhesus

monkey kidney cells (LLC- 192 MK2),

and mosquito origin [A. albopictus

(C6/36), A. psuedoscutellaris (MOS61

or AP-61)] and lab animals can be

used

- Needs specialized lab.

- Takes several days for isolation

Bonaldo et al., 2016;

Nikolay et al., in press

Neural cells - A129 type I interferon receptor

knockout mice and AG129 type I and

type II interferon receptor knockout

mice

- Time consuming

- Needs specialized facility to

culture

Brault and Bowen,

2016

Neuronal (SF268), retinal

(ARPE19), pulmonary

(Hep-2 and HFL), hepatic

(Huh-7), placental (JEG-3),

muscle (RD), and colonic

(Caco-2) cell lines

- ZIKV replicate successfully - Time consuming

- Needs specialized facility to

culture

Chan J. F.-W et al.,

2016

4 IgM ELISA Serum, CSF - Zika MAC-ELISA- first FDA approved

ZIKV diagnostic assay

- Cross reaction with other

flavivirus.

- Chance of false negative due to

delayed seroconversion

- Can be performed after 4 days of

clinical signs

Staples et al., 2016

- Highly specific - Less sensitive during initial 5 days Kadkhoda et al.,

2017

5 Competitive

ELISA for NS1

Serum, CSF - Robust, low cost - Sensitivity is high but specificity is

low

Balmaseda et al.,

2017

6 IgG ELISA Serum - IgG antibodies develop after IgM

warning and stays life long

- Commercial kits not presently

available

Eppes et al., 2017

- NS1 based-ELISA highly sensitive for

ZIKV and no cross reactivity with

DENV

- Sensitivity only 58.8%, Steinhagen et al.,

2016

7 Plaque reduction

neutralization

test

Serum - Less cross reactivity than ELISA - Labor intensive

- Requires a week time for result

interpretation

Shan et al., 2017a

8 Multiplex

Microsphere

Immunoassay

Serum - More sensitive that IgM ELISA

- Small sample volume required and

rapid completion rate

- Requires specialized equipment

and correct antibody pair

Wong et al., 2017

(Continued)
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TABLE 1 | Continued

S. No. Diagnostic

test/Technique

Sample(s) Remarks Demerits References

9 IgM/IgG Lateral

flow assay

Serum - No cross-reactivity with other

arboviruses

- Costly Nicolini et al., 2017

10 Diagnostic strip

test

Serum, urine, CSF - Result analysis through ImageJ

software installed inmobile phone

camera

- Allow objective analysis

- False positives may be obtained

due to color of test sample

Bosch et al., 2017

11 RT-PCR Serum, Whole blood,

urine Tissues, CSF,

amniotic Fluid, breast milk

- Rapid detection of ZIKV - Requires sophisticated

instruments

L’Huillier et al.,

2017b; Murray et al.,

2017

12 Real-time

RT-PCR

Serum, Whole blood,

urine Tissues, CSF,

amniotic Fluid, breast milk

- Improved specificity and sensitivity - Requires skilled labor and

instruments

Gourinat et al., 2015

13 Real-time

PCR-based

endpoint

assessment

Serum - 100% sensitivity - Takes 72 h for result interpretation Wilson et al., 2017

14 RT- LAMP Serum, Whole blood,

urine Tissues, CSF,

amniotic Fluid, breast milk

- Eliminates the requirement of

sophisticated instruments.

- No post-amplification modification

- Product carries over

contamination. Hence closed

tube techniques are developed

Wang et al., 2016

15 Surface plasmon

resonance

Serum, Whole blood,

urine Tissues, CSF,

amniotic Fluid, breast milk

- Stronger fluorescence signals

- Rapid and ultra-sensitive detection

- Higher cost Adegoke et al., 2017

16 Flow cytometry whole blood samples - Detect as low as 0.5 MOI infection - Higher running cost and

instrument

Lum et al., 2017;

Pardy et al., 2017

17 Paper-Based

Plasmonic

Biosensor

Serum - Better stability at room temperature - Higher running cost and

instrument

Jiang et al., 2017;

Morrissey et al., 2017

18 Sequencing Any sample including

environmental sample

- Amplify as less as 50 copies of viral

genome- Fast analysis of genome

- Lot of repetitive sequence is

generated

Quick et al., 2017

platform for rapid and ultra-sensitive detection of ZIKV
genome. However, the higher cost of the test reduces its
utility in low and middle-income group countries. A list of
commercially available kits for ZIKV diagnosis is shown in
Table 2.

Flow Cytometry
Flow cytometry technique is also used for the detection of
ZIKV NS3 antigen in the whole blood samples using polyclonal
antibodies. It has been reported recently that most patients
revealed a decrease in ZIKV antigen during later phases of
the disease while some showed higher antigen level. Flow
cytometric study also revealed that CD14+ monocytes are
the targets of ZIKV during acute phase of infection (Lum
et al., 2017). Immature dendritic cells present in human skin
cells are permissive to ZIKV infection and 24 h post-infection
express viral envelope when infected with 0.5 multiplicity of

infection (MOI). The intracellular presence of the viral envelope
protein is detected by using a broadly neutralizing Ab 4G2 by
flow cytometry. Also, the transcription level of RIG-I, MDA5,
IRF7 and TLR3 expression is upregulated as soon as 6 hpi
which lasts for 48 h. The role of these genes as sensor of
infection may also have a role in the detection of ZIKV (Hamel
et al., 2015). In ZIKV-infected mice, CD4+ T cells which have
encountered ZIKV antigens, exhibit a typical Th1 cytokine profile
distinguished with the production of IFN-γ, TNF-α, and IL-2. In
infected mice, a higher proportion of CD11a+CD49d+ CD4+ T
cells express the Th1 transcription factor (T-bet) in comparison
to mock-infected mice (Pardy et al., 2017).

DNA Sequencing
DNA sequencing provides confirmation of ZIKV infection
(Zanluca et al., 2015). Sequencing of the NS5, NS3, and E genes
can indicate the relationship between ZIKV strains (Fonseca
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TABLE 2 | List of commercially available kits for ZIKV diagnosis.

S. No. Name of the kit Marketed by Remark

MOLECULAR ASSAYS

1 RealStar® Zika virus RT–PCR kit 1.0 Altona Diagnostics GmbH, Hamburg, Germany 91% sensitive and 97% specific

2 Genesig® Zika virus Advanced kit Primerdesign Ltd, Birmingham, United Kingdom

of Great Britain and Northern Ireland

Claimed to be highly specific

3 MyBioSource Zika real-time RT–PCR kit MyBioSource Inc., San Diego, United States of

America

ZIKV detection in serum and plasma

4 Zika Virus—Single Check Genekam Biotechnology AG, Duisburg, German Single check for Zika virus with detection limit

6.53 genome equivalent

5 FTD Zika virus RT–PCR kit FastTrack Diagnostics, Esch-sur-Alzette,

Luxembourg

One tube multiplex for detection of Zika virus

and internal control

6 TaqMan Zika Virus Kit (ZIK ThermoFisher Scientific Single plex assay format designed to detect viral

RNA, prepared from urine or serum samples, for

Zika virus with Asian lineage

7 TaqPath Zika Virus Kit (ZIKV)

8 TaqMan Zika Virus Triplex Kit DetectsZIKV, DENV, CHIKV

9 TaqPath Zika Virus Triplex Kit

10 Zika Virus (ZIKV) Real Time RT-PCR Kit Liferiver Bio-Tech (United States) Corp. –

11 TrioplexrRT-PCR CDC Whole blood,

cerebrospinal fluid (CSF), urine, and amniotic

fluid specimens may be used as starting material

Detect ZIKV, DENV and chikungunya virus

12 AccuPower® RT- PCR Diagnostic Kit Bioneer Corporation (South Korea) Detect ZIKV, DENV and chikungunya virus in

serum plasma and urine

13 Abbott RealTime Zika assay Abbott Molecular Inc., (U.S.) Detect ZIKVin serum, EDTA plasma, whole

blood (EDTA), and urine

14 Zika Virus RNA Qualitative Real-Time RT-PCR Quest Diagnostics, Inc., (U.S.) Detect ZIKVin serum

15 Zika Virus Real-time RT-PCR kit Viracor-IBT Laboratories, Inc., (U.S.) Detect ZIKVin serum, plasma, or urine specimen

16 VERSANT® Zika RNA 1.0 Assay (kPCR) Kit Siemens Healthcare Diagnostics Inc., (U.S.) Detect ZIKVin serum, plasma, or urine with

workflow efficiency

17 xMAP® MultiFLEXTM Zika RNA kit Luminex Corporation, (U.S.) Ability to run 1-96 samples in a single run and

can be used with serum, plasma, or urine

18 Sentosa® SA ZIKV RT-PCR Test Vela Diagnostics U.S., Inc., (U.S.) Configured for automated workflow and detect

ZIKVinserum, EDTA plasma or urine

19 Zika Virus Detection by RT-PCR Test ARUP Laboratories, (U.S.) Blood or urine

20 Gene-RADAR® Zika Virus Test Nanobiosym Diagnostics, Inc., (U.S.) Real time assay for ZIKV detection in serum

21 Genesig® Easy Kit PrimerdesignTM Ltd., (UK) Broad dynamic detection range and Positive

copy number standard curve for quantification is

provided

22 RT-RPA SRG (Zaghloul and El-shahat, 2014; Abd El

Wahed et al., 2017)

Quick, no initial heating step, simple primer

designing

23 RT-SIBA SRG (Eboigbodin et al., 2016) No detectable fluorescence in absence of target

genome

Detect as low as 10 copies of RNA

24 RT-LAMP SRG (Chotiwan et al., 2017)

SRG (Yaren et al., 2017)

SRG (Tian et al., 2016)

Differentiation between African and Asian

lineages of ZIKV is possible

Use of thermolabile uracil DNA glycosylase to

prevent carryover contamination

Detection upto 1 attamole

IMMUNOASSAYS

25 Zika virus IgG and IgM detection kits MyBioSourceInc San Diego, USA Double-antigen sandwich ELISA

26 Zika IgG/IgM Antibody Rapid Test BiocanDiagnostics Inc. Coquitlam, Canada Rapid finger-prick assay using NS1 protein and

envelope protein detecting IgM and IgG

antibodies

(Continued)
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TABLE 2 | Continued

S. No. Name of the kit Marketed by Remark

27 EUROIMMUN Anti-Zika Virus ELISA Euroimmun AG, Lübeck, Germany Immunofluorescence assay and ELISA for IgM

and IgG

28 CDC Zika IgM Antibody Capture Enzyme-Linked

Immunosorbent Assay (Zika MAC-ELISA)

U.S. Centers for Disease Control and Prevention First FDA approved ZIKV detection assay.

Detect Zika virus IgM antibodies in human

serum or cerebrospinal fluid

29 DPP Zika IgM/IgG assay Chembio Diagnostic Systems Lateral flow assay

MISCELLANEOUS STRATEGIES

30 Aptima Zika Virus assay Hologic, Marlborough, MA Detect virus in serum and urine

Rapid and high-throughput method

31 Laser scanning assay BluSense Diagnostics Blue laser scanning of finger prick blood

32 Paper-based point-of-care test Scientific researcher group (SRG) (Bedin et al.,

2017)

Microfluidic paper-based analytical device is

used

Lower detection limit

33 TMA SRG (Ren et al., 2017) Rapid kinetics and high amplitude amplification

within 15–60min

34 RT-LAMP+LFA SRG (Lee et al., 2016) Detect even a single copy of ZIKV RNA in 35min

35 NASBA coupled with CRISPR SRG (Pardee et al., 2016) Able to differentiate different strains of ZIKV

et al., 2014; Grard et al., 2014; Tognarelli et al., 2015). Viral
genomes may be enriched by multiplex PCR from samples
containing as low as 50 copies of viral genome. Oligos were
designed using Primal Scheme software and sequencing was done
with the Oxford Nanopore MinION sequencing device. Clinical
sample itself may be the starting material and within 1–2 days
consensus viral sequence is obtained to do studies regarding
evolution and spread of the virus (Quick et al., 2017). Multiple
sequencing of 110 ZIKV genomes isolated from clinical and
mosquito samples from 10 countries and territories, was done
and compared with other 64 published genomes from NCBI
GenBank which revealed that ZIKV outbreak has started from
Brazil (Metsky et al., 2017). Deep sequencing can be employed
to analyze the ZIKV genome, and a comparison with sequences
available in a data bank can help to identify nucleotide changes
in specific strains of the virus (Buechler et al., 2017). More
recently, by employing next generation sequencing the whole
genome sequence of ZIKV strain AFMC-U has been amplified
from the urine sample of a Korean traveler. This report also
shows the suitability and importance of urine as a sample for
ZIKV diagnosis (Gu et al., 2017).

Other Advanced Diagnostics
Reverse Transcription Isothermal Recombinase

Polymerase Amplification
A reverse transcription (RT) isothermal recombinase polymerase
amplification assay (RT-RPA) that targets the NS2A region with
92% sensitivity and 100% specificity compared to RT-PCR has
been developed (Abd El Wahed et al., 2017). It is a rapid
assay which takes only 3–15min and able to detect 21 RNA
molecules. RPA shows many advantages over both real-time PCR
and other isothermal amplification methods including Nucleic
acid sequence-based amplification (NASBA), LAMP, Strand-
displacement amplification (SDA), Rolling circle amplification
(RCA), and Helicase-dependent amplification (HAD) in power

saving (runs at 37◦C), simple primer designing, quickness, no
initial heating step and robustness for biological substances
(Zaghloul and El-shahat, 2014).

Transcription-Mediated Amplification (TMA)

Technology
The technology uses two enzymes, reverse transcriptase (RT)
and RNA polymerase. It produces RNA amplicons, opposite
to other assays which produce DNA and have rapid kinetics,
which result in higher amplitude amplification within 15–60min.
The TMA technology-based Aptima Zika Virus assay (Hologic,
Marlborough, MA) runs on automated Panther system and has
shown 94.7% sensitivity and 94.8% specificity relative to that of
real-time RT-PCR (Ren et al., 2017). A paper-based point-of-care
test was developed very recently to detect multiple flaviviruses,
and a microfluidic paper-based analytical device (µPAD) has
been used to detect as little as 10 ng/ml of NS1 protein in plasma
and blood. This assay is economic, specific, and provides a result
in less than 8min (Bedin et al., 2017).

Real-Time Loop-Mediated Isothermal Amplification

(RT-LAMP)
Researchers have developed a one-step RT-LAMP technique that
targets the entire ZIKV genome and shows high sensitivity and
specificity. The RT-LAMP assay was compared with conventional
and quantitative real-time RT-PCR, and results revealed excellent
sensitivity and specificity in the detection of ZIKV (Wang et al.,
2016). A LAMP assay to distinguish between African and Asian
lineages of ZIKV has been developed to detect ZIKV RNA
from mosquitoes, virus-spiked samples, human saliva, blood,
plasma, and urine without RNA extraction (Chotiwan et al.,
2017). The LAMP assay has the disadvantage of product carry-
over contamination; hence, closed-tube techniques are usually
preferred (Karthik et al., 2014). Recently, a LAMP assay to
detect ZIKV was developed that utilizes a dTTP-dUTP mix
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with a thermolabile uracil DNA glycosylase that can prevent
carryover contamination (Yaren et al., 2017). An RT-LAMP
without a microfluidic cassette for the detection of ZIKV has
been introduced as a point-of-care diagnostic assay (Song et al.,
2016). An RT-LAMP assay combined with an LFA was developed
to detect even a single copy of ZIKV RNA, with highly specific
results available within 35min (Lee et al., 2016). In addition, a
smartphone-based RT-LAMP assay for easy detection of ZIKV
in human saliva, urine, and blood was created. This assay
used a portable LAMP box powered by a 5V power source
and a smartphone built using a chromaticity algorithm to scan
for fluorescent signals. Use of this technology increased the
sensitivity of this assay 5-folds compared to that of naked eye
detection of colorimetric results (Priye et al., 2017). Finally, a
portable device was developed that can extract nucleic acids using
magnetic particles, then perform real-time RT-RPA or RT-PCR
and interpret results by fluorescence detection. A 3D printer
has also been used to process 8–12 samples for the detection
of ZIKV, with fluorescence detection of amplified products by
smart phone. This assay is cheap and portable (Chan K. et al.,
2016). A higher sensitivity was obtained by Tian et al. (2016); they
achieved a detection limit of one attomole using a synthetic ZIKV
oligonucleotide within 27min in serum.

Nucleic Acid Sequence-Based Amplification (NASBA)
Recently, a novel diagnostic assay has been developed that
employs biomolecular sensors to colorimetrically detect ZIKV
RNA by nucleic acid sequence-based amplification (NASBA). It
also uses CRISPR technology that can differentiate between ZIKV
strains. The coupled NASBA and CRISPR detection module
was able to discriminate viral strains differing by one base and
also able to differentiate the African ZIKV strain with that of
American strains. The programmability of molecular sensors
will help in addressing rapidly changing diagnostic requirements
(Pardee et al., 2016).

Reverse Transcription Strand Invasion Based

Amplification (RT-SIBA) Assay
RT strand invasion-based amplification by a battery-operated
portable device for the diagnosis of ZIKV was reported to
work well, even with incompletely purified RNA. It relies on
a recombinase coated single-stranded invasion oligonucleotide
purposed to separate complementary target duplex. Resulting
single-stranded target template is extended by DNA polymerase
at a relative low and constant temperature. The method is simple
and can run on low cost equipments. The advantage of RT-SIBA
includes no production of detectable fluorescence signal if the
target template is absent, where in real-time RT-PCR a detectable
signal is produced after 30 threshold cycles (Ct). Also, it is able
to reproducibly detect as low as 10 copies of RNA (Eboigbodin
et al., 2016).

Bioplasmonic Paper-Based Device (BPD)
The technique is based on the detection of IgG and IgM
antibodies to NS1 protein of ZIKV. ZIKV-NS1 protein here
acts as capturing element and gold nanorods act as plasmonic
nano-transducers (Jiang et al., 2017). The technique offers

and excellent stability of the BPD at room temperature and
even at higher temperatures using metal–organic framework
dependent biopreservation. The technique eliminates the storage
and transportation of device at low temperature (Morrissey
et al., 2017), thus having field applicability. The same device
may be adapted for diagnosis of other infectious agents
also.

Other Technologies
Other recent technologies for ZIKV diagnosis include paper
disk tools, which work on the principle of a color change from
yellow to purple in the presence of ZIKV antigen (Shukla et al.,
2016). Recent techniques like “toehold switches” that can bind
to any sense RNA sequences can also be applied for ZIKV
diagnosis (Pardee et al., 2016). To concentrate ZIKV in samples
with low viral loads, ultracentrifugation and polyethylene glycol
precipitation can be performed, but these methods have their
own limitations and can interfere with PCR assays (Novotny
et al., 1992). Therefore, recently, magnetic nanoparticle-based
concentration has been preferred. Nanoparticles like such as
iron, nickel, and cobalt can be used, but their stability is poor;
hence, they are encapsulated with silica, graphite, or a polymer
(Saraswati et al., 2012). This method has been used for DENV
detection using a PCR assay that can also be employed to
detect ZIKV (Sakudo et al., 2016). A liposome-based biosensor
that is cheap, portable, specific, and sensitive has already been
developed for DENV (Zaytseva et al., 2004). These platforms
can also be utilized for the detection of ZIKV. Very recently
surface-enhanced Raman spectroscopy (SERS) was utilized to
detect ZIKV and DENV in a multiplexed assay platform. To
improve the sensitivity of LFA, SERS has been combined so as
to increase the ZIKV diagnosis along with differentiation from
DENV (Sánchez-Purrà et al., 2017).

Different diagnostic platforms available for Zika virus
detection are presented in Figure 2.

ZIKV Surveillance Strategies
Extensive ZIKV epidemiological studies should be carried
out to support advanced disease surveillance and monitoring
approaches, and geographical information system (GIS) and
appropriate networking programs should be employed to track
the spread of the virus (Dhama et al., 2013; Shukla et al.,
2016; Sharma and Lal, 2017). Based on the surveillance data
of the Zika epidemics in the Tolima department, Colombia,
epidemiological mapping has been developed employing GIS.
Kosmo Desktop 3.0RC1 R© was used as the GIS software in this
study and it was found that eastern area of this department
was highly affected with ZIKV (Rodriguez-Morales et al., 2016).
Similarly other reports also show that GIS was employed to
develop epidemiological mapping in Valle del Cauca and Pereira
department of Colombia. It was found that North part of Valle
del Cauca and South-West part of Pereira department had most
of the ZIKV burden (Rodriguez-Morales et al., 2017a,b). A
mobile App (ZIKATracker, zikatracker.net) has recently been
developed to report the occurrence of cases, which can be helpful
for effective and timely control of the disease (Kelvin et al.,
2016). Early reporting of ZIKV cases can allow the pattern of
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FIGURE 2 | An overview on different diagnostic platforms available for Zika virus detection.

disease spread to be determined, as well as limit its further
spread (Nishiura et al., 2016). Efficient serological and molecular
detection techniques are warranted for improved surveillance to
prevent the spread of disease by adopting timely and appropriate
control measures (Waggoner and Pinsky, 2016; Sharma and
Lal, 2017). In North America, the GeoSentinel Surveillance
Network data platform has been used to track Canadian travelers
displaying signs of acute ZIKV infection and fetal neurologic
anomalies between October 2015 and September 2016 on the
CanTravNet site (Boggild et al., 2017).

When the recent ZIKV outbreak occurred in South and
Central American states, several national and international
organizations expressed their concern for the safety of athletes,
players, coaches, and viewers during the Rio Olympic and
Paralympic games. Even blood and urine samples from
asymptomatic persons were tested by real-time RT-PCR
(Shadgan et al., 2016). Epidemiological studies confirmed that,
after 2015, approximately 1.5 million people in Brazil alone were
infected with ZIKV, with almost 80% of cases asymptomatic but
positive for viral RNA. Since 2007, more than 55 countries in the
Americas, Asia, Africa, the Caribbean, and the Pacific region have

reported cases with GBS syndrome, retinal/eye lesions, and/or
increased incidence of microcephaly that were confirmed by RT-
PCR, IgM ELISA, or neutralizing antibody-based serological tests
(Carod-Artal, 2016; Pyzocha et al., 2017).

Past vaccination against another flavivirus or a recent
infection with a flavivirus may interfere with serological
testing, increasing the probability of false positive results. In
addition, these tests are time-consuming, laborious, and cross-
reactivity with antibodies against other flaviviruses may lead
to a misinterpretation of results. Hence, molecular tests are
preferred over serological approaches. A number of nucleic acid
amplification-based tests have been used to detect even acute
infections by specifically replicating ZIKV RNA. However, in the
case of asymptomatic patients or convalescent-phase samples,
nucleic acid based techniques have limitations; therefore, specific
and sensitive antibody-based tests that can detect ZIKV-specific
epitopes or anti-ZIKV antibody are needed for diagnosis (Landry
and St. George, 2017).

Advanced detection techniques include multiplex PCR,
LAMP, recombinant diagnostics, biosensors/biochips,
microarrays, and nanodiagnostics (Ratcliff et al., 2007; Bergquist,

Frontiers in Microbiology | www.frontiersin.org 12 January 2018 | Volume 8 | Article 2677

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Singh et al. Diagnosis, Surveillance, and Monitoring of Zika Virus

2011; Kawadkar et al., 2011; Dhama et al., 2014; Van den Hurk
and Evoy, 2015; Lambe et al., 2016). WHO declared the Zika
epidemic a public health emergency of international concern,
which emphasized need for rapid, accurate, cost-effective, and
sensitive point-of-care diagnostics to prevent infection and
its health effects of GBS and microencephaly in developing
fetuses (Calvet et al., 2016; Shukla et al., 2016). Along with
developing rapid and confirmatory diagnostics, discovering
drugs, medicines, therapeutics, and vaccines, as well as effective
prevention and control interventions, is necessary to safeguard
the health of humans from this important pathogen of global
importance (Koff et al., 2013; Singh et al., 2015; Khandia et al.,
2017; Munjal et al., 2017a,b).

CONCLUSIONS AND FUTURE
PERSPECTIVES

ZIKV existence is known since 1947, but, until recently, it
has only been associated with mild disease. Nonetheless, its
recent emergence has presented a pandemic threat world
over with the appearance of increased cases of neurological
anomalies like GBS and microcephaly. Hence, researchers across
the world emphasized targeted to develop rapid confirmatory
diagnostics and efficient drugs and medicines, as well as design
appropriate prevention and control strategies to curtail ZIKV
spread and associated ill effects. Understanding the factors
responsible for the apparent greater pathogenicity of ZIKV
infection by in-depth molecular exploration on the virus and
host-pathogen interactions would help in designing effective
diagnostics, drugs, and control strategies to counter ZIKV. Pre-
existing antibodies to DENV may cross-react with ZIKV and,
through the phenomenon of antibody-dependent enhancement,
and result in an increase in the virus titer and enhanced ZIKV
infection. Exploiting recent knowledge gained in immunology,

biotechnology, and molecular biology, there is need to develop
accurate and rapid detection assays for ZIKV/Zika fever, so as
detailed disease informatics could be ascertained with an early
and timely implementation of disease prevention and control
measures. A better understanding of ZIKV pathogenesis and
genetics would allow novel targets to be identified for the
design and development of effective and safer drugs, medicines,
pharmaceuticals, and vaccines to counter ZIKV effectively.
Stronger and more extensive ZIKV surveillance, monitoring,
and networking programs need to be implemented to prevent
additional ZIKV emergencies in the future.
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