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Health agencies have declared the recent Zika virus (ZIKV) infection an epidemic
and a public health emergency of global concern due to its association with
microcephaly and serious neurological disorders. The unavailability of effective
drugs, vaccines, and diagnostic tools increases the demand for efficient ana-
lytical devices to detect ZIKV infection. However, high costs, longer diagnostic
times, and stringent expertise requirements limit the utility of reverse transcrip-
tase-PCR methods for rapid diagnostics. Therefore, developing portable, sen-
sitive, selective, and cost-effective sensing systems to detect ZIKV at picomolar
concentrations in biofluids would be a breakthrough in diagnostics and thera-
peutics. This paper highlights the advancements in developing smart sensing
strategies to monitor ZIKV progression, with rapid point-of-care diagnostics as
the ultimate aim.

Public Health Implications of Zika Virus and the Need for Zika Diagnostics
Zika virus (ZIKV, see Glossary) is an infectious disease-causing agent (Box 1) [1,2] that
spreads in humans via the mosquitoes Aedes aegypti and Aedes albopictus. The transmission
mode consists of a mosquito biting an infected host, taking in infected blood containing the
virus, and further injecting the infectious saliva into the healthy host system. This process ends
in a serious infection, resulting in life-threatening pathogenesis and disease progression [1-6].
ZIKV infection has various transmission modes [4,7-9] and mechanisms including from mother
to child; through blood transfusion, bone marrow transplants, or organ transplants; and sexual
transmission [10-12]. Horizontal transmission, that is, from mother to child during pregnancy,
leads to microcephaly in newborns and also other birth defects [8,9,13-20], as described in
Box 2.

The efforts to monitor and control ZIKV infection globally are so far limited and may prove
insufficient due to a lack of accountability; lack of organization; and unavailability of drugs,
vaccines, and diagnostic tools to avert infection [21,22]. The government of the United States
has requested that health agencies should spread awareness and understand and develop
strategies to manage ZIKV infection in the future. These health agencies promote focusing on the
rapid expansion of mosquito control programs, vaccine research, and diagnostic development.
Educating health providers, patients, and women who may become pregnant is also very
important. There is a pressing need to provide health support to low-income pregnant women
and their families in Zika-affected countries. The approach to fighting against Zika should contain
support and technical assistance in risk areas, mosquito monitoring, surveillance, and control of
transmission. Nabel and Zerhouni [22] suggested that committed and sustained public support,
global economic support, well-administrated infrastructure, public—private partnerships, and
funding are urgently required for exploring affordable smart medicines and diagnostics tools.
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severe health disorders, potentially
leading to fatality.

There is an urgent need to develop
smart sensors to detect ZIKV at the
picomolar level to facilitate early dis-
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sensing may be a promising approach
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application.

The POC detection of ZIKV will enable
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timely therapeutic intervention.
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In particular, it has become crucial to study the structure of ZIKV [19], to develop specific animal
models for understanding the symptoms and pathogenesis of the virus, and to design novel
diagnostic kits, vaccine, and drugs to combat ZIKV infection. Recently, a few animal models
were developed to study ZIKV pathogenesis and to facilitate vaccine and therapeutic discovery.
Such information is useful to develop a platform for testing the efficacy of available antivirals and
vaccines [20]. Nevertheless, more animal model studies are needed to demonstrate ZIKV
infection mechanisms and progression pathways. Based on these findings, designing and
developing novel vaccines and drugs may become easier. In addition to controlling and studying
ZIKV infection, its monitoring and early detection have also become important. The next section
of this paper describes various sensing systems for detecting the viral infection.

The State of the Art in Detecting ZIKV Infection

Various aspects of the impact of ZIKV infection on public health have been studied and analyzed
globally [22]. Waggoner et al. [21] described details about the discovery, emergence, and
epidemiology of ZIKV, along with its diagnostics. These authors explained various techniques
including viral culture, antibody detection, and antigen and RNA detection. These techniques are
useful, but they sometimes have shortcomings, including requiring complex instruments or large
sample sizes, or their inability to reach disease-affected areas and detect later stages of
infection. This report reiterated the need for a smart and efficient ZIKV diagnostic tool for rapid
and selective detection of the infection at an early stage. The available ZIKV detection methods,
their limitations and challenges, and possible future approaches are discussed in the following
sections.

Reverse Transcriptase-PCR

The most commonly available laboratory method to detect ZIKV is reverse transcriptase (RT)-
PCR, which can detect ZIKV in biofluids including serum, saliva, urine, and cerebrospinal fluid
[23]. Faye et al. [24] proposed a one-step RT-PCR methodology to detect ZIKV in serum. This
modified assay targeted ZIKV envelope from ZIKV isolates collected over a 40-year period from
patients from African countries. It exhibited a detection limit of 7.7 plaque-forming units (PFU)/
reaction in serum. The authors of this study claim that the developed system is rapid but requires
validation to be used for clinical diagnosis purposes [24]. The effects of acute ZIKV infection from
October 2013 to March 2014 in French Polynesia were explored by Musso et al. [25] using

Box 1. Zika Virology

Zika virus (ZIKV), first isolated in 1947, belongs to the Flavivirus genus within the Flaviviridae family [1,2]. Recently, ZIKV
infection has caused an epidemic that has severe adverse health effects and has led to fatality in many cases [1,3]. Initially,
ZIKV was observed to circulate in forests between mosquitoes and non-human primates, but later it was identified
among human hosts as well. Since 2007, ZIKV infection has spread across the world, and recently, approximately 1.5
million clinical cases have been documented in Brazil, Latin America, and the USA, especially in Florida [4]. Like other
fever-causing flaviviruses, ZIKV infection causes yellow fever and more symptomatic complications, even leading to life-
threatening cases [9]. The most common pathway of ZIKV infection in humans is through a bite from an infected female
Aedes mosquito.

It is very important to understand ZIKV transmission routes, the possible effects of ZIKV infection, the correlation of ZIKV
infection with pregnancy, and the link between ZIKV infection and microcephaly. Significant efforts have been made to
study the mechanism of ZIKV infection through exploring targets of ZIKV infection along with the effects on cellular
proliferation and differentiation [10], sexual transmission [1,12], the link between infection and pregnancy [13], the effects
of infection on birth defects, and the relationship between ZIKV infection and microcephaly [8,9,14,15]. Garcez et al. [16]
used immunocytochemistry and electron microscopy studies to examine the effects of ZIKV infection in human neural
stem cells. The results of this study confirm that ZIKV targets brain cells and inhibits neurogenesis in the human brain.
Exploring the chemical and crystalline structure of ZIKV is important to determine the similarities and differences between
ZIKV (Figure IA,B) and other flaviviruses. This information is required for developing novel and effective therapeutics
against ZIKV infection. Sirohi et al. [19] obtained a 3.8-A resolution structure of mature ZIKV using cryo-electron
microscopy (Figure IC). This finding defined the ZIKV structure and compared it with other known flaviviruses.
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Glossary

Central nervous system: a part of
the nervous system made of nerve
tissue that controls body activity.
Clustered regularly interspaced
short palindromic repeats-
associated protein-9 nuclease
(CRISPR-Cas9): a genome-editing
tool used to edit DNA at a targeted
sequence.

Diagnostic tools: analytical systems
utilized to detect specific markers
and monitor target diseases.
Disease management:
bioinformatics generated through
monitoring disease progression and
utilized to determine therapeutics for
personalized health care.
Electrochemical biosensor: an
analytical device that converts a
biological response to a measurable
electrical signal.

ELISA: an enzyme-based optical
immunoassay utilized to detect a
target biomarker.

Point-of-care systems: miniaturized
portable analytical tools for
performing on-site diagnostics.
Reverse transcriptase-PCR: a
technique used in molecular biology
to detect RNA expression.

Reverse transcription-loop-
mediated isothermal
amplification: a technique used for
the amplification of RNA.

Zika virus: a mosquito-borne virus
that causes serious fever and leads
to microcephaly and neurological
disorders.
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Figure I. Contributions of the Zika Virus (ZIKV) External Morphology and Genomic Constitution to Its
Pathogenesis. (A) lllustration of the ZIKV virion structure and (B) genome expression of ZIKV, adapted, with
permission, from http://viralzone.expasy.org/all_by_protein/6756.html. (C) The cryo-electron microscopy (cryo-EM)
structure of Zika virus at 3.8 A: (a) cryo-EM image of frozen, hydrated ZIKV; and (b) a cross-section of ZIKV showing the
radial density distribution [19].
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Box 2. Zika Pathogenesis

Zika virus (ZIKV) infects humans by entering the blood stream through a mosquito bite (Figure I). Considering the
seriousness of ZIKV infection in pregnancy and infants, Li et al. [14] investigated how the Asian ZIKV strain SZ01 infects
neural progenitor cells in vivo and affects brain development. The model investigated by this group established a link
between ZIKV infection and microcephaly, with the potential to further explore the underlying mechanisms and manage-
ment of ZIKV-related pathological effects during brain development. Using a Brazilian ZIKV strain, Cugola et al. [9]
described the possible mechanisms of ZIKV infection causing birth defects. This study demonstrated that this specific
strain infected fetuses to restrict growth within the uterus, including signs of microcephaly, in mice. Their study model also
showed the effects of ZIKV infection on human neurodevelopment. Miner et al. [15] performed similar in vivo studies to
explore the effects of ZIKV on pregnancy.

Brasil et al. [17] described the effects of acute ZIKV infection in 88 pregnant patients in Rio de Janeiro to explore the
clinical manifestations in mothers and its consequences. Based on ultrasonography data and reverse transcriptase-PCR
analysis, 72 women were found to be positive for acute ZIKV infection within 5-30 weeks of gestation. Based on a
detailed clinical analysis, the authors concluded that despite mild clinical symptoms, ZIKV infection progression during
pregnancy results in serious effects such as fetal death, placental insufficiency, fetal growth restriction, and central
nervous system injury [17]. Culjat et al. [18] first explored and imaged the clinical progression of an infant with ZIKV
embryopathy. The results of this study showed that ZIKV infection reaches the human fetal brain tissue, and with the help
of serological studies, the study confirmed that ZIKV follows a route of vertical transmission, therefore classifying it as a
congenital infection [18]. Various reports involving serum samples collected from mothers and newborns with ZIKV
infection showed that the infants may become infected either by a transplacental transmission route or during delivery
[18,17]. ZIKV seems to have modified itself to suit human hosts and is maintained in a large population via a mosquito—
human-mosquito transmission cycle, where non-human reservoirs are not mandatory for transmission.

Rossi et al. [20] designed an immunocompetent mouse model to explore the effects of time-dependent ZIKV infection.
ZIKV infection in the brain was monitored every day until Day 7 postinfection to evaluate the advancement of neurological
disease. The authors of this study explained that the progression of ZIKV disease morbidity and mortality is age
dependent.
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Figure |. Zika Virus (ZIKV) Infection, Symptoms, and Health Effects. An illustration of how ZIKV infection
progresses through a mosquito bite.

RT-PCR. This group selected saliva as a biofluid, which was collected from 1067 samples (855
patients) collected over a period of 6 months, to detect ZIKV RNA. The authors of this study
preferred using saliva to blood, especially in young children, due to the difficulties in blood
collection. The study found that saliva is a suitable fluid to increase the chances of ZIKV detection
(by around 20%) as compared with blood samples at the early onset of symptoms [25]. In
another study, Liuzzi et al. [26] used RT-PCR to detect ZIKV in saliva cultured from patients. The
patients were diagnosed with acute infections and had their saliva collected between Day 6 and
Day 29 after the onset of symptoms. These authors concluded that saliva is a suitable sample to
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explore acute infection but that effort must be taken toward validating and developing novel
diagnostics tools for disease management for large-scale epidemiological studies.

Gourinat et al. [27] employed RT-PCR to evaluate the kinetics of ZIKV detection. This study was
performed with serum and urine samples collected from six ZIKV-positive patients, 10 days after
the onset of disease. The authors claimed that urine is a useful fluid to confirm ZIKV infection,
especially in the case of a high ZIKV level for a long time. Campos et al. [28] further supported this
finding through prolonged detection of ZIKV RNA from urine samples during the ongoing 2016
epidemic in Brazil. The authors used a standard RT-PCR protocol to detect ZIKV RNA from sera
and urine samples collected from patients 2 and 4 days after the onset of symptoms. Their
results showed that ZIKV was detected in urine at Day 4, but not at Day 2. The ZIKV RNA
concentration in urine was found to be higher than that detected in serum. This finding was in
agreement with previous reports, suggesting that urine can be used as an alternative to serum or
plasma to detect ZIKV RNA noninvasively [28].

A single-reaction multiplex real-time RT-PCR assay was developed to detect Zika, chikungunya,
and dengue viruses, referred to as the “ZCD assay’ [29]. The ZCD assay was performed with
serum samples from patients, and the results confirmed that only semen tested positive at Days
27 and 62 after the onset of febrile illness. This signal was stronger than that observed in serum
and urine. This finding is useful to access the prolonged sexual transmission of Flavivirus and
also for disease monitoring during therapy [29]. The possibility of cerebrospinal fluid as a target
biofluid was explored in two cases of encephalopathy, including seizures and electroencepha-
logram changes in ZIKV-infected patients [30].

Antibody Methods

Despite the aforementioned diagnostic significance, the RT-PCR technique cannot be recom-
mended to detect ZIKV infection due to its associated complicated procedure, required
expensive materials, and long diagnosis time. Alternatively, ELISA [23] has been used to detect
immunoglobulin M (IgM) antibodies against ZIKV. Because of the lack of an advanced ZIKV
detection system, only a few laboratories have used these methods due to its poor sensitivity
and specificity for ZIKV infection. The major challenges in developing a ZIKV detection system
include nonspecific binding, low viral loads, and cross-reactivity of ZIKV antibodies with anti-
bodies against other highly homologous flaviviruses like dengue virus [23]. Therefore, developing
a smart diagnostics system is essential for sensitive and selective detection of ZIKV at very low
concentrations to identify infection at an early stage.

Toward Point-of-Care Sensing of ZIKV

The currently available ZIKV sensors are multicomponent sensors that require sophisticated
components. As of now, no effective facility for ZIKV detection and monitoring is available.
Therefore, there is considerable interest in developing a rapid, portable, selective, and sensitive
ZIKV detection for point-of-care (POC) applications, which should result in faster diagnostics
needed to determine a timely and effective therapeutic intervention.

An engineered cell-free paper-based biosensor (Figure 1) for ZIKV detection was recently
reported by Pardee et al. [31]. This paper-based optical geno-biosensor is coupled with
clustered regularly interspaced short palindromic repeats-associated protein-9
nuclease (CRISPR-Cas9) to detect the ZIKV RNA genome. The developed sensing protocol
is highly selective due to hybridization between a specifically designed CRISPR-Cas9 system
and ZIKV RNA. The authors of this study observed a ZIKV detection limit at femtomolar (fM)
concentrations. The selectivity of this developed biosensor was validated using dengue virus
sequences as a negative control. The use of CRISPR-Cas9 made the sensor highly specific, with
the ability to differentiate viral strains with single-base resolution. The authors claimed that the
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RNA-based method that they developed for ZIKV detection is comparatively rapid and can be
used in the field for rapid diagnostics of ZIKV infectious disease [31]. This research was reviewed
by Meagher et al., [32] who agreed that engineered paper-based sensors might represent the
next generation of sensors for ZIKV detection, but they require considerable optimization for
clinical POC application.

APOC ZIKV sensing system (Figure 2) based on a highly sensitive reverse transcription-loop-
mediated isothermal amplification (RT-LAMP) assay was first developed and described by
Song et al. [33]. This sensor is composed of a disposable cassette that carries out all of its
operations. It contains a chemically heated cup to control the temperature of the system without
requiring electrical power. The ZIKV sensing principle is based on detecting a color variation
produced in leucocrystal violet dye. The authors of this study examined the color variation by
eye, so the developed sensor is an instrument-free POC detection device. This device was
sensitive enough to detect 5 PFU in less than 40 min in samples including blood, saliva, urine,
and semen. This sensor has the potential to be used as an efficient ZIKV diagnostic tool,
facilitating detection remotely in places where medical facilities and clinical instruments are very
limited [33].

CRISPR-Cas9-based paper sensing and the instrument-free RT-LAMP assay can be used as a
platform to develop miniaturized POC systems for ZIKV detection and estimation. However,
these methods are multicomponent colorimetric methods and need to be validated for clinical
application. Therefore, there remains an opportunity to develop smart sensing systems capable
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Figure 2. Instrument-Free Detection of ZIKV. A microfluidic chip was developed and integrated into a miniaturized
system to detect ZIKV based on the reverse transcription-loop-mediated isothermal ampilification method. Figure reprinted,
with permission, from [33]. PFU, plaque-forming units, ZIKV, Zika virus.

of performing under the affordable, sensitive, specific, user-friendly, rapid, robust, equipment-
free, and deliverable (ASSURED) paradigm [34-36].

To create an ASSURED environment for detecting ZIKV infection, we propose nano-enabled
electrochemical immunosensing systems. The electrochemical biosensing methodology has
been developed to detect target analytes in physiological ranges in patients [37-39]. Such
developed methodologies can easily be modified with fast, selective, and ultrasensitive detection
capabilities to detect different target analytes. To develop an electrochemical biosensor with
a desired performance for a targeted disease, state-of-the-art technologies include molecular
recognition (including enzymes [40], DNA [41], aptamers [42], antibody [43], and others),
nanostructured immobilizing materials (1D, 2D, and 3D nanostructure of organic, inorganic,
and composites) [44], transduction techniques (miniaturized electronics) [45], fluidic systems to
develop BioMEMS [46], novel sensing arrays [47], and advanced flexible substrates [48]. Various
nano-enabled biosensors have been developed to detect metabolites, nucleic acids, antigens,
pathogens, and targeted biomarkers for diseases diagnostics [49-51]. Over the last few
decades, significant advancements have been made in electrochemical biosensing technology
for measuring virus concentrations to diagnose infectious diseases [52-54].

We suggest that significant efforts should be made toward (a) genetic and functional modifica-
tion of biorecognition molecules such as DNA, aptamers, CRISPR-Cas9, for sequence-specific
detection; (b) exploring novel antibodies and enzymes for selectively determining virus concen-
trations; (c) developing sensing arrays of electro-active materials to develop highly sensitive
sensing systems; (d) designing fluidic structures for automated sampling for precise real-time
detection; (e) wireless communication for data storage to benefit bioinformatics for disease
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Figure 3. An interdigitated microelectrode can be modified with various nanostructures for high loading of ZIKV-specific
antibodies to detect ZIKV proteins at picomolar concentrations using an appropriate electrochemical transduction
technique. ZIKV, Zika virus.

management; and (f) integrating advanced sensing components to develop a miniaturized
system for clinical application. These approaches are required to develop a diagnostic tool
for ZIKV detection in physiologically relevant ranges.

In our proposed sensing system, ZIKV proteins, including the ZIKV envelope protein and
nonstructural proteins, could be detected at fM/picomolar (pM) concentrations using their
respective specific antibodies (Figure 3, Key Figure). Using nano-/micro-electrodes [55], nano-
structured sensing materials [56], microelectronics, and miniaturized sensing transducers
[57,58] to fabricate an electrochemical ZIKV sensor may improve selective screening, monitor-
ing, and detection of ZIKV infection. Current studies in the field of sensing systems available for
ZIKV detection remain in an embryonic stage. Therefore, we encourage the development of
nano-enabled electrochemical immunosensing technology that can detect ZIKV in infected
biofluids in patients, mainly pregnant women and infants. POC ZIKV detection using miniaturized
electrochemical nano-sensing systems will facilitate fast personalized health-care delivery to
patients for better disease management and therapeutics.

Concluding Remarks and Future Prospects

Most of the research conducted in the area of ZIKV diagnostics and therapeutics has claimed
that the adverse effects of ZIKV infection are worse than expected [59]. Health agencies have
issued global alerts and request accelerating research for developing novel vaccines, drugs, and
diagnostics tools. It has been also observed that ZIKV infection at early stages does not
necessarily exhibit symptoms but progresses to a severe disease by the time that a patient
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Outstanding Questions

What is the best strategy to motivate
the application of electrochemical Zika
virus (ZIKV) biosensors in clinics?

How can reasonably priced, dispos-
able electrochemical ZIKV sensing sys-
tems be developed?

Which engineering strategies are
needed to design sensing components
to achieve selective picomolar/femto-
molar detection along with the best
approach to integrate nano-enabled
sensing components for developing a
point-of-care system to detect ZIKV?

How can we use any information gath-
ered from these sensors to evaluate
ZIKV infection progression?

How could health agencies establish
better methods to analyze sensing
data for ZIKV disease management
to discover novel drugs and timely
therapeutics?
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is diagnosed at a clinic. Therefore, developing a smart sensing system for ZIKV detection at early
stages would be useful for better diagnostics.

In spite of significant achievements in exploring a gene-based CRISPR assay and a paper-based
colorimetric detection system, the need remains to develop novel portable sensing systems to
selectively detect ZIKV at very low levels. These systems are essential to fill the gap between
estimating the level of infection and making rapid therapeutic decisions. Efforts must be
continuously made toward investigating novel antibodies, edited genes, and assays for detect-
ing ZIKV. Affordable, portable, and reliable sensing systems are already in demand to control
ZIKV infection. We propose that a specific antibody-based nano-enabled electrochemical
immunosensing system could be a plausible solution for detecting the ZIKV (at pM/fM con-
centrations) at early stages, even at the point of care. Such a system would certainly be useful to
assess drug or vaccine efficacy and to monitor ZIKV infection during therapy. Furthermore, the
information obtained using this next-generation ZIKV sensor would be useful for disease
management pertaining to personalized health care (see Outstanding Questions).
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