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ABSTRACT

Zika virus (ZIKV) has gained great importance worldwide since the past epidemic that occurred in 2015 in Brazil. Early iden-
tification of ZIKV is critical to minimize transmission and prevents potentially devastating consequences, including micro-
cephaly in neonates of infected women, congenital blindness, or Guillain-Barré Syndrome. However, this is not an easy task,
considering that approximately 80% of ZIKV infection cases are asymptomatic or oligosymptomatic, there are diverse modes
of transmission (vertical transmission is through vectors and horizontal transmission through blood, saliva, semen, and urine
from infected people), and the fact that ZIKV has a high identity percentage with other cocirculating Flaviviruses such as
dengue. Here, we review ZIKV diagnostic methods, with special emphasis on the development of point-of-care diagnostic
assays, since these devices commonly have two important advantages: they provide prompt screening and are affordable.

(REV INVEST CLIN. 2020;72(6):344-52)
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INTRODUCTION

Zika virus (ZIKV) belongs to the Flaviviridae family,
genus Flavivirus. It is transmitted to humans primar-
ily through the bite of infected mosquitoes such as
Aedes aegypti and Aedes albopictus. However, cases
of transmission through body fluids, i.e., blood trans-
fusions and sexual contact, have also been record-
ed!-3. ZIKV infection continues to spread in the Amer-
icas following the most recent outbreak in Brazil,
starting with the first confirmed case in May 2015,
although later evidence showed virus circulation since
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20134 Because of this outbreak, several research
groups have conducted experimental studies to un-
derstand the relationship between ZIKV, and severe
fetal abnormalities such as microcephaly and con-
genital blindness3>. On the other hand, the disease
has been related with the development of Guillain-
Barré Syndrome, capable of affecting individuals of
any age, and leaving the infected population with
long-term sequelae®. Having this in mind, plus the fact
that approximately 80% of ZIKV infection cases are
asymptomatic’ or oligosymptomatic8, it is crucial to
implement timely diagnostic methods associated with
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a decision-making system, depending on the type of
patient and symptomatology. This review is focused
on ZIKV diagnostic methods with a particular empha-
sis on those developed as point-of-care (PoC) sys-
tems, considering their application to opportunely
identify asymptomatic cases in endemic areas (acute
phase of infection) where there is cocirculation of
other flaviviruses, and how their use could reduce the
time and cost of diagnosis.

ZIKA: STRUCTURE AND GENOME

ZIKV is an enveloped virus with an icosahedral capsid
of approximately 50 nm in diameter®1°. Its genome is
comprised a positive single-stranded RNA of about
10,794 bp that encodes a single open reading frame
(ORF) flanked by two non-coding regions (untrans-
lated region [UTRs]) at 5" and 3’ ends. The ORF ex-
presses a polyprotein that post-translationally splits to
generate three structural proteins: capsid (C), mem-
brane precursor (prM), and envelope (E); as well as
seven non-structural proteins: NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS51112 The viral RNA is contained
in the capsid, surrounded by a lipid bilayer where M and
E proteins are anchored through transmembrane do-
mains. These morphological and genomic characteris-
tics are shared with other clinically relevant flavivi-
ruses such as Dengue Virus (DENV), Yellow Fever Virus,
Japanese Encephalitis Virus, and West Nile Virus.

Zika E protein is a glycoprotein of 500 aa that forms
dimers with an anti-parallel organization on the sur-
face of the virus. E protein plays an essential role in
the infection mechanism, as it is involved in receptor-
mediated endocytosis. Likewise, the glycosylation
pattern is related to the differentiation of the virus’
lineages. There are two known ZIKV lineages, African
and Asian, where the latter is more related to the
strains that caused the epidemics in the Americas?3.
E protein represents an important target for diagno-
sis, besides two nonstructural proteins, NS1 and NS5.

INFECTION STAGE AND RECOMMENDED
DIAGNOSTIC METHODS

Acute phase

During the first 5 days of infection, known as the
acute phase, the virus circulates in the fluids of the

patients (viremia). Therefore, direct diagnostic meth-
ods that detect viral components such as RNA or
proteins are used (Fig. 1). These components are de-
tectable in various body fluids such as whole blood,
plasma, serum, urine, saliva, semen, and amniotic
fluid#1> (Fig. 2). Furthermore, during the acute phase,
it is possible to perform virus isolation to determine
its presence in a sample. However, this process takes
more time and requires a biosafety level 2 (BSL2)
laboratory; besides, in some countries, this technique
is performed only for research and public health sur-
veillance purposes?t.

The standard method for ZIKV diagnosis during the
viremic period is the reverse transcription-polymerase
chain reaction (RT-PCR), which is highly sensitive and
specific; however, the use of this technique has some
problems. For example, symptoms are often mild
and go unnoticed, and virus concentration decreases
rapidly in the different body fluids such as serum
(8.1-30 x 106 copies/mL), saliva (0.02-90 x 10°
copies/mL), and breast milk (0.0004-2.1 x 10° cop-
ies/mL)17:18. Another direct diagnostic method used
during the acute phase is enzyme-linked immuno-
sorbent assay (ELISA), which in most cases, is used
for the detection of proteins NS1 or E (pE). E protein
is present in the virus surface, while NS1 protein
plays a role in viral replication, but it is also secreted
into the extracellular space as a hexameric form,
similar to other flaiviviruses?®.

Convalescence phase

ELISA technique and plaque-reduction neutralization
test are used for the detection of Immunoglobulin M
(IgM) and IgG, respectively. However, in both cases,
cross-reaction with other flaviviruses has been re-
ported. The main disadvantage of using these stan-
dard methods is that they are time-consuming and
require specialized personnel to perform the tests in
BSL2 facilities!é. During the Zika Strategic Response
Plan, the WHO aimed to strengthen the capacity of
the different laboratories around the world to test
for the virus, since most of the affected regions are
mainly developing countries. Keeping this common
goal, they generated a first target product profile
(TPP), focused on the diagnosis of active ZIKV infec-
tion (acute phase), and a second one focused on the
diagnosis of prior infection, better described by Chua
et al.2®
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Figure 1. General diagram of Zika virus infection and the most recommended detection methods during the different infection

stages.
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Therefore, this highlights the need for diagnostic de-
vices at the PoC, with some specific characteristics,
including limit of detection (LOD) of <50-500 copies/
mL, specificity >98%, sensitivity >95-98%, afford-
ability, rapid results, that could be applied in capillary
blood or less invasive samples (urine, saliva, or oth-
ers), and should be ready to use. Table 1 shows diag-
nostic methods authorized for emergency use by the
US Food and Drug Administration (FDA), with the
advantage that these tests do not require prior treat-
ment of the sample, which makes them more attrac-
tive for the development of PoC platforms.

Alternative methods based on genome
detection

Molecular methods are based on ZIKV genome detec-
tion (Fig. 2) and generally target highly conserved
regions, such as UTR 5' and 3' regions, or partial
sequences of E, C, NS1, NS3m or NS5. As already
mentioned, the molecular reference method is the
RT-PCR, but other nucleic acid amplification and de-
tection techniques have been developed, such as
loop-mediated isothermal amplification (LAMP) and
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amplification of recombinase polymerase (RPA). Iso-
thermal and enzymatic methods are more straight-
forward, can generate results in minutes, and sample
pretreatment is not required to extract the viral RNA.
These advantages enable the development of porta-
ble devices for rapid diagnosis (Table 2).

After RT-PCR, one of the most commonly used mo-
lecular methods is RT-LAMP. Several research groups
have used this technique for ZIKV detection, evaluat-
ing the compatibility with different types of samples
such as serum, urine, and saliva. Furthermore, they
have been evaluating this test so that it is specific to
ZIKV and does not present cross-reactivity with other
related viruses, such as DENV or Chikungunya virus
(CHIKV). One example of this technique is the RT-
LAMP assay developed by Kurosaki et al., which can
distinguish between the lineages of the virus with the
advantage that the detection of RNA in the sample
takes an average time of 15 min?!. Song and Mauk
developed a disposable cassette based on RT-LAMP
technology for ZIKV detection. The cassette requires
a temperature control device which is chemically
heated. This system was evaluated using saliva
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Table 1. Diagnostics for the viremia stage of ZIKV with emergency approval by the FDA

Number Company Assay Biological matrix Sample  Assay FDA Reference
format volume  time authorization
date
Aptima Zika Virus  Hologic, Inc. TMA Serum, plasma, 700 pL 35h June 17, 2016 38
Assay and HPA processed urine,
full blood
Sentosa SA ZIKV Vela Diagnostics RT-PCR Serum, plasma 250 pL 3h September 23, 39
RT-PCR Test USA, Inc. EDTA, urine 2016
Abbott RealTime Abbott Molecular RT-PCR Serum, EDTA 350 uL 6.75 h November 21, 40
Zika Inc. plasma, urine, 2016
full blood
Zika ELITe MGB ELITechGroup Inc.
Kit U.S.
Molecular RT-PCR Serum, 200 pL 2.5h December 9, 41
Diagnostics plasma 2016
EDTA
TagPath Zika Virus  Thermo Fisher RT-PCR Serum, urine 300 pL 3h August 2, 42
Kit Scientific 2017
Cll-ArboViroPlex Columbia RT-PCR  Serum, urine 250 pL 6 h August 11, 43
rRT-PCR assay University 2017

TMA: transcription-mediated amplification, HPA: hybridization protection assay.

samples, and results were generated in < 40 min, with
a detection limit (LOD) between 50 and 100 plaque-
forming units (PFU)/MI?1.22, Sabalza et al. also used
RT-LAMP, but coupled to dot-blot. These two assays
integrated into a microfluidic cartridge, allow the de-
tection of up to 8.57 x 102 copies of RNA/mL in
saliva samples in approximately 15 min23.

Another technique that can be used in PoC is RT-RPA,
where the capacity to detect different ZIKV strains
has been tested, showing a 100% specificity and 83%
sensitivity using clinical samples (serum, whole blood,
urine, and semen). This test could detect 5 x 102
copies of RNA in an average of 10 min, compared to
RT-PCR, which takes almost 60 min to obtain the
same result?4.

Methods based on electrochemical
changes

A detection strategy based on electrochemical im-
munosensors has been developed for the early stage
of the disease. This type of method can be adapted
to PoC devices, as it requires few components. These
biosensors are based on the detection of antigens or
viral particles, using different techniques. Kaushik et
al. developed an immunosensor by immobilizing
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specific antibodies against the envelope protein of
ZIKV on a gold microelectrode. Both the capture and
detection of the virus are determined by electrochem-
ical impedance spectroscopy. This method yielded an
LOD of 10 pM in an average time of 40 min2>.

The electrodes used to identify electrochemical
changes can also be printed on various surfaces. The
creation of such microchips is an approach to the
development of PoC devices. Draz et al. have printed
electrodes on a hybrid surface of paper and plastic
for the detection of viral particles?¢. Impedance mea-
surement detects the presence of ZIKV in urine,
where the virus is extracted from the sample with
magnetic particles coated with antibodies against E
protein. This method can detect 101 viral particles/
plin < 1 h.

Another approach that does not involve the use of
antibodies is surface printing, a technique employed
by Tancharoen et al. for ZIKV detection?’. The bio-
sensor consists of a gold electrode coated with a
mixture of polymers and graphene oxide compounds.
This mixture generates a specific cavity of the virus
shape, where viruses from a sample fit in, which
causes changes in electrical conductivity. An LOD of
up to 2 x 1074 PFU/mL is reported for this biosensor.
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Figure 2. General diagram of detection methods for the different matrix samples.
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Methods based on immunofluorescence
and/or chemiluminescence

Archarya et al.28 reported an immunoassay based on
electro-generated chemiluminescence for the ultra-
sensitive and specific detection of ZIKV in human bio-
logical fluids, reporting an LOD of 1 PFU in 100 pL of
urine or plasma28.

Methods based on surface plasmons

Jiang et al.?° developed a device based on bioplas-
monic paper (BPD), which consists of the use of NS1
protein of ZIKV as a recognition element and gold
nanorods as plasmonic transducers?®. The main advan-
tages are its low cost and the ability to be adaptable
to other biomarkers. In addition, the BPD could be
functional after 20°C and 60°C incubation for 1 month
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using the metal-organic framework technique, facili-
tating its transport to limited access locations. How-
ever, the main disadvantages are that it is based on
the detection of IgG and IgM, which are known to
cross-react with other flaviviruses, and that these
biomarkers are outside the timeframe of the acute
phase of ZIKV infection?®.

Adegoke et al.3° demonstrated that localized sur-
face plasmon resonance (LSPR) signals from plas-
monic nanoparticles (NP) can be used to mediate
the fluorescence signal of quantum dot nanocrys-
tals in a molecular beacon biosensor probe for ZIKV
RNA detection, obtaining an LOD of 1.7 copies/mL,
where ZIKV RNA LOD is proportional to the LSPR-
mediated fluorescence signal3°. Another approach
based on LSPR, developed by Takemura et al., com-
prises an immunofluorescence biosensor for the
detection of ZIKV NS1 protein, by means of LSPR
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of gold NP waves, (AuNPs) demonstrating an LOD
up to 8.2 copies/mL3L.

Sanchez-Purra et al.3? integrated a surface-enhanced
Raman scattering (SERS)-based lateral flow assay
(LFA) immunoassay for simultaneous and differential
detection of ZIKV and DENV. The immunoassay con-
sists of a “sandwich” of polyclonal antibodies immo-
bilized on the test lines, with the ability to recognize
ZIKV and DENV NS1 protein; then, a conjugated set
of antibodies with Nano-Gold Stars (GNS) is used to
develop the reaction. The colorimetric assay interpre-
tation is performed with the naked eye, with an LOD
of 10.92 ng/mL, which is in the range of a typical LFA.
Nevertheless, the main contribution of this work was
the combination of LFA-SERS, using GNS to perform
test line measurements in order to obtain SERS spec-
tra, allowing detection of 0.72 ng/mL of ZIKV NS1
and 7.67 ng/mL of DENV NS1 protein32.

Other strategies

Afsahi et al.>3 developed a portable biosensor also for
the early stage of virus detection. This biosensor uses
monoclonal antibodies targeting NS1 protein, which
are covalently attached to a graphene surface. All
these components together allow quantitative detec-
tion in real-time in < 30 min. For this approach, an
LOD of 0.45 nM was reported33.

On the other hand, agglutination-based strategies
have been developed, demonstrating outstanding re-
sults. Zhang et al.3* reported a Janus emulsion ag-
glutination assay for the detection of interfacial pro-
tein-protein interactions reduced-charged Sso7d and
ZIKV NS1 protein. The rcSso7 replaces the monoclo-
nal antibody use, but keeps the bonding surface. The
agglutination assay yields a LOD of 100 nM for ZIKV
NS1 protein34.

Hsu et al.3> propose a PoC immunosensor test based
on artificial nanozyme platinum/gold core-shell NP
(Pt/AuNPs); this device can specifically detect ZIKV
in whole-blood without cross-reaction with other fla-
viviruses such as DENV. Furthermore, this PoC could
be used by the patient, following a simple procedure
using a drop of whole blood, and the result is quanti-
fied with a smartphone algorithm based on grayscale
values, avoiding instability of colorimetric signals de-
veloped by enzyme reactions3>.
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CHALLENGES AND PERSPECTIVE

Several and crucial challenges need to be solved to
guarantee specific, sensitive, and cost-effective ZIKV
detection and diagnosis. It is necessary to consider
the suggestions of the TPP2 list issued by the WHO,
to simplify sample analysis using whole blood. The
individual patient care might benefit from tests per-
formed in a routine diagnostic laboratory, avoiding
the use of more sophisticated tests, to confirm cases,
such as neutralization assays?3®.

In addition, a functional multiplex assay that allows
simultaneous detection of several flaviviruses (ZIKV,
DENV, and CHIKV) could be advantageous because
of viral cocirculation in low— and middle-income coun-
tries, although validation in a large cohort is essential
to avoid unspecific results. However, because virus
cocirculation varies in different regions of the world,
the fact that multiple diagnostic devices could be
integrated into a single platform that easily adapts
according to the needs of each locality, could be op-
timal for disease control and epidemiological surveil-
lance. Furthermore, the projected manufacturing
costs, storage, transportation, and use requirements
of such a platform should adapt to the public health
facility users.

In addition, the development of multiple diagnostic
tests based on the detection of viremia and circulat-
ing antibodies against the virus could provide a com-
prehensive view of the patient’s health, spanning the
entire course of ZIKV infection. This would be espe-
cially useful for diagnostic algorithms implemented by
the health authorities.

At present, some commercial or in development PoC
tests are focused on the detection of viral RNA copies
(rc/mL) or PFU/mL. However, all of them have limita-
tions since these approaches do not represent virus’
infectivity and require further processing for the de-
termination of infective virions, implying the use of
laboratory facilities with BSL 2, thus increasing time
and cost3’.

Now, the optimization for the detection signal of the
virus in serum, saliva, urine, or blood samples, using
technologies such as biosensors, agglutination, micro-
fluidics, and paper-based microfluidics, among others,
appear to be the best strategy. The LOD obtained
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using these techniques has proven that they can de-
tect even one viral particle per milliliter. For these new
technologies, the next step would be their manufac-
turing and validation in a significant cohort and on
different field-test environments. For this reason, the
challenge is to guarantee the researcher the access
to clinical sample banks previously characterized, be-
cause it could represent a significant advantage in the
validation process, decreasing the time spent in sam-
ple collection. This could be an improvement for all
tests in the development phase, consolidating stan-
dardized methods, and avoiding detection mistakes.

The implementation of PoC screening technologies in
low— and middle-income countries and their cost-ef-
fectiveness in epidemic hot spots, such as airports
and endemic areas, could control the dissemination of
ZIKV and allow rapid management of infected pa-
tients. The implementation of these strategies would
represent the first step to change the classic para-
digm for testing ZIKV algorithms (and many others),
where PoC tests could be considered as a valid screen-
ing approach to cut viral spreading during epidemic
outbreaks in the near term.

CONCLUSIONS

Here, we examined several alternatives for ZIKV diag-
nosis reported in the literature. Undoubtedly, sub-
stantial progress has been achieved in detecting the
virus. The current challenge is to integrate these ad-
vances to the development of portable devices for
implementation at the PoC in the acute phase. An-
other considerable challenge is the development of a
differential diagnosis between cocirculating viruses,
mainly in endemic regions where DENV and CHIKV are
present simultaneously. These creative approaches
will definitively improve the cost-effectiveness ratio
of laboratory tests currently implemented by the
health sector in Latin American countries.

ACKNOWLEDGMENTS

Finantially supported by the Fondo de Cooperacién In-
ternacional en Ciencia y Tecnologia CONACYT-BMBF
2016 Grant: FONCICYT-291205. Mirna Burciaga-Flores
and Marissa Reyes-Galeana acknowledge the scholar-
ships from CONACYT (Mexico).

351

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

D’Ortenzio E, Matheron S, Yazdanpanah Y, de Lamballerie X,
Hubert B, Maquart M, et al. Evidence of sexual transmission of
zika virus. N Engl J Med. 2016;374:2195-8.

. Moreira J, Peixoto TM, Siqueira AM, Lamas CC. Sexually acquired

zika virus: a systematic review. Clin Microbiol Infect. 2017;
23:296-305.

. Fiorentino D, Montero F. The zika virus and pregnancy. Curr Obst

Gyn Rep. 2016;5:234-8.

. Faria NR, Azevedo RD, Kraemer MU, Souza R, Cunha MS, Hill SC,

et al. Zika virus in the Americas: early epidemiological and ge-
netic findings. Science. 2016;352:345-9.

. Honein MA, Jamieson DJ. Revealing the effects of zika-detection

of brain abnormalities and other disabilities associated with
congenital infection. JAMA Pediatr. 2019;173:16-8.

. Krauer F, Riesen M, Reveiz L, Oladapo OT, Martinez-Vega R,

Porgo TV. Zika virus infection as a cause of congenital brain
abnormalities and guillain-barré syndrome: systematic review.
PLoS Med. 2017;14:e1002203.

. Haby MM, Pinart M, Elias V, Reveiz L. Prevalence of asymptom-

atic zika virus infection: a systematic review. Bull World Health
Organ. 2018;96:402-13.

. Paixao ES, Leong WY, Rodrigues LC, Wilder-Smith A. Asymptom-

atic prenatal zika virus infection and congenital zika syndrome.
Open Forum Infect Dis. 2018;5:0fy073.

. Sirohi D, Chen Z, Sun L, Klose T, Pierson TC, Rossmann MG, et

al. The 3.8. Resolution cryo-EM structure of zika virus. Science.
2016;352:467-70.

Sevvana M, Long F, Miller AS, Klose T, Buda G, Sun L, et al. Re-
finement and analysis of the mature zika virus cryo-EM struc-
ture at 3.1 a resolution. Structure. 2018;26:1169-77.

Adiga R. Phylogenetic analysis of NS5 gene of zika virus. J Med
Virol. 2016;88:1821-6.

Brown WC, Akey DL, Konwerski JR, Tarrasch JT, Skiniotis G,
Kuhn RJ, et al. Extended surface for membrane association in
zika virus NS1 structure. Nat Struct Mol Biol. 2016;23:865-7.

Carbaugh DL, Baric RS, Lazear HM. Envelope protein glycosylation
mediates zika virus pathogenesis. J Virol. 2019;93:e00113-19.

Bonaldo MC, Ribeiro IP, Lima NS, Dos Santos AA, Menezes LS,
da Cruz SO, et al. Isolation of infective zika virus from urine and
salivaof patientsinBrazil. PLoSNeg| Trop Dis. 2016;10:e0004816.
Calvet G, Aguiar RS, Melo AS, Sampaio SA, de Filippis I, Fabri A.
et al. Detection and sequencing of zika virus from amniotic
fluid of fetuses with microcephaly in Brazil: a case study. Lancet
Infect Dis. 2016;16:653-60.

Centers for Disease Control and Prevention. Biosafety in Micro-
biological and Biomedical Laboratories (BMBL). 5th ed. Chile:
Centers for Disease Control and Prevention; 2009.

Bingham AM, Cone M, Mock V, Heberlein-Larson L, Stanek D,
Blackmore C, Likos A. Comparison of test results for zika virus
RNA in urine, serum, and saliva specimens from persons with
travel-associated zika virus disease-Florida, 2016. Morb Mortal
Wkly Rep. 2016;65:475-8.

Pawley DC, Ricciardi MJ, Dikici E, Deo SK, Daunert S. Highly
sensitive and selective direct detection of zika virus particles in
human bodily fluids for accurate early diagnosis of infection. Am
Chem Soc. 2019;4:6808-18.

Kam YW, Leite JA, Amrun SN, Lum FM, Yee WX, Bakar FA. ZIKV-
specific NS1 epitopes as serological markers of acute zika virus
infection. J Infect Dis. 2019;220:203-12.

Chua A, Prat I, Nuebling CM, Wood D, Moussy M. Update on
zika diagnostic tests and WHO'’s related activities. PLoS Negl
Trop Dis. 2017;11:e0005269.

Song H, Qi J, Haywood J, Shi Y, Gao GF. Zika virus NS1 structure
reveals diversity of electrostatic surfaces among flaviviruses.
Nat Struct Mol Biol. 2016;23:456-8.

Mauk MG, Song J, Bau HH, Liu C. Point-of-care molecular test
for zika infection. Clin Lab Int. 2017;41:25-7.

Sabalza M, Yasmin R, Barber CA, Castro T, Malamud D, Kim BJ,
et al. Detection of zika virus using reverse-transcription LAMP
coupled with reverse dot blot analysis in saliva. PLoS One.
2018;13:e0192398.

Wand NI, Bonney LC, Watson R], Graham V, Hewson R. Point-
of-care diagnostic assay for the detection of zika virus using the
recombinase polymerase amplification method. J Gen Virol.
2018;99:1012-26.

Kaushik A, Tiwari S, Jayant RD, Vashist A, Nikkhah-Moshaie R,
El-Hage N, et al. Electrochemical biosensors for early stage zika
diagnostics. Trends Biotech. 2017;35:308-17.



REV INVEST CLIN. 2020;72(6):344-52

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Draz MS, Lakshminaraasimulu NK, Krishnakumar S, Battalapalli
D, Vasan A, Kanakasabapathy MK, et al. Motion-based immu-
nological detection of zika virus using Pt-nanomotors and a
cellphone. ACS Nano. 2018;12:5709-18.

Tancharoen C, Sukjee W, Thepparit C, Jaimipuk T, Auewarakul
P, Thitithanyanont A, et al. An electrochemical biosensor based
on surface imprinting for zika virus detection in serum. ACS
Sens. 2019;4:69-75.

Acharya D, Bastola P, Le L, Paul AM, Fernandez E, Diamond MS,
et al. An ultrasensitive electrogenerated chemiluminescence-
based immunoassay for specific detection of zika virus. Sci Rep.
2016;24:32227.

Jiang Q, Chandar YJ, Cao S, Kharasch ED, Singamaneni S, Mor-
rissey 1J. Rapid, point-of-care, paper-based plasmonic biosensor
for zika virus diagnosis. Adv Biosyst. 2017;1:1700096.
Adegoke O, Morita M, Kato T, Ito M, Suzuki T, Park EY. Localized
surface plasmon resonance-mediated fluorescence signals in
plasmonic nanoparticle-quantum dot hybrids for ultrasensitive
zika virus RNA detection via hairpin hybridization assays. Bio-
sens Bioelectron. 2017;94:513-22.

Takemura K, Adegoke O, Suzuki T, Park EY. A localized surface
plasmon resonance-amplified immunofluorescence biosensor
for ultrasensitive and rapid detection of nonstructural protein 1
of zika virus. PLoS One. 2019;14:e0211517.

Sanchez PM, Carré CM, de Puig H, Bosch |, Gehrke L, Hamad SK.
Surface-enhanced Raman spectroscopy-based sandwich immu-
noassays for multiplexed detection of zika and dengue viral
biomarkers. ACS Infect Dis. 2017;3:767-76.

Afsahi S, Lerner MB, Goldstein JM, Lee J, Tang X, Bagarozzi DA,
et al. Novel graphene-based biosensor for early detection of
zika virus infection. Biosens Bioelectron. 2018;100:85-8.
Zhang Q, Zeininger L, Sung KJ, Miller EA, Yoshinaga K, Sikes
HD, et al. Emulsion agglutination assay for the detection of
protein-protein interactions: an optical sensor. ACS Sens.
2019;4:180-4.

Hsu YP, Li NS, Chen YT, Pang HH, Wei KC, Yang HW. A sero-
logical point-of-care test for zika virus detection and infection
surveillance using an enzyme-free vial immunosensor with a
smartphone. Biosens Bioelectron. 2020;151:111960.
Voermans JJ, Pas SD, van der Linden A, Kessel CG, Koopmans
M, van der Eijk A. Whole-blood testing for diagnosis of acute
zika virus infections in routine diagnostic setting. Emerg Infect
Dis. 2019;25:1394-6.

Peters R, Stevenson M. Zika virus diagnosis: challenges and so-
lutions. Clin Microbiol Infect. 2019;25:142-6.

352

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Food and Drug Administration Hologic, Inc.; 2018. Available
from: https://www.fda.gov/media/120120/download. [Last
accessed on 2020 May 11].

Sentosa® SA ZIKV RT-PCR Test (4x24); 2016. Available from:
https://www.fda.gov/media/100103/download. [Last accessed
on 2020 May 11].

Abbott Molecular Inc.; 2016. Available from: https://www.
fda.gov/media/120013/download. [Last accessed on 2020
Mar 30].

ELITech Group Inc. Molecular Diagnotics. Zika ELITe MGB Kit.
U.S. Food and Drug Administration; 2016. Available from:
https://www.fda.gov/media/119921/download. [Last accessed
on 2020 May 111.

ThermoFisherScientific; 2017. Available from: https://www.
fda.gov/media/119909/download. Last accessed on 2020
May 111.

Columbia University; 2017. Available from: https://www.fda.gov/
media/107100/download. [Last accessed on 2020 May 11].
Kaarj K, Akarapipad P, Yoon JY. Simpler, faster, and sensitive zika
virus assay using smartphone detection of loop-mediated iso-
thermal amplification on paper microfluidic chips. Sci Rep.
2018;8:12438.

Pardee K, Green AA, Takahashi MK, Braff D, Lambert G, Lee JW,
et al. Rapid, low-cost detection of zika virus using program-
mable biomolecular components. Cell. 2016;165:1255-66.
Calvert AE, Biggerstaff BJ, Tanner NA, Lauterbach M, Lan-
ciotti RS. Rapid colorimetric detection of zika virus from serum
and urine specimens by reverse transcription loop-mediated
isothermal amplification (RT-LAMP). PLoS One. 2017;12:
e0185340.

Eboigbodin KE, Brummer M, Ojalehto T, Hoser M. Rapid molecu-
lar diagnostic test for zika virus with low demands on sample
preparation and instrumentation. Diag Microbiol Infect Dis.
2016;86:369-71.

Yaren O, Alto BW, Bradley KM, Moussatche P, Glushakova L,
Benner SA. Multiplexed isothermal amplification based diagnos-
tic platform to detect zika, Chikungunya, and dengue 1. ] Vi-
sual Exp. 2018;133:57051.

Ganguli A, Ornob A, Yu H, Damhorst GL, Chen W, Sun F, et al.
Hands-free smartphone-based diagnostics for simultaneous de-
tection of zika, Chikungunya, and dengue at point-of-care. Med
Microdev. 2017;19:73.

Lee D, Shin Y, Chung S, Hwang KS, Yoon DS, Lee JH. Simple and
highly sensitive molecular diagnosis of zika virus by lateral flow
assays. Anal Chem. 2016;88;12272-8.



