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Abstract: Zika virus (ZIKV) is a mosquito-borne infection, predominant in tropical and subtropical
regions causing international concern due to the ZIKV disease having been associated with con-
genital disabilities, especially microcephaly and other congenital abnormalities in the fetus and
newborns. Development of strategies that minimize the devastating impact by monitoring and
preventing ZIKV transmission through sexual intercourse, especially in pregnant women, since no
vaccine is yet available for the prevention or treatment, is critically important. ZIKV infection is
generally asymptomatic and cross-reactivity with dengue virus (DENV) is a global concern. An
innovative screen-printed electrode (SPE) was developed for amperometric detection of the
non-structural protein (NS2B) of ZIKV by exploring the intrinsic redox catalytic activity of Prussian
blue (PB), incorporated into a carbon nanotube—polypyrrole composite. Thus, this immunosensor
has the advantage of electrochemical detection without adding any redox-probe solution
(probe-less detection), allowing a point-of-care diagnosis. It was responsive to serum samples of
only ZIKV positive patients and non-responsive to negative ZIKV patients, even if the sample was
DENYV positive, indicating a possible differential diagnosis between them by NS2B. All samples
used here were confirmed by CDC protocols, and immunosensor responses were also checked in
the supernatant of C6/36 and in Vero cell cultures infected with ZIKV.
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1. Introduction

In response to the unprecedented ZIKV outbreak, an emerging mosquito-borne fla-
vivirus in the Americas, the World Health Organization (WHO) was prompted to declare
ZIKV a “Public Health Emergency of International Concern” in February 2016 [1]. Brazil
was the most affected country showing a dramatic increase in reports of ZIKV infection
in the Americas, with *95% of all cases of suspected ZIKV-associated congenital disease
[2,3]. ZIKV is associated with fetal microcephaly in at least one in ten pregnancies, in-
trauterine growth retardation, and other congenital malformations [4], and has also been
associated with the Guillain-Barré syndrome in adults [5]. However, long-term costs will
likely be much higher given the additional, as-yet-unknown complications from con-
genital infections.

The molecular diagnosis of ZIKV infection based on reverse transcription quantita-
tive real-time polymerase chain reaction (RT-qPCR) is considered the gold-standard
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detection method for active infections [6,7]. Although some molecular biosensors have
been recently produced for ZIKV [8,9], including point-of-care testing, the efficacy of
RNA detection is limited to the first few weeks after the onset of the virus infection [10].
Regarding ZIKV serological diagnosis, its accuracy for IgM or IgG antibody detections is
limited due to cross-reactivity with other flaviviruses, especially dengue (approximately
55.6% homology) [11,12]. Many researchers have been challenged to develop new diag-
nostic methods and biomarkers in order to avoid the cross-reactivity with dengue, yellow
fever, West Nile, Oropouche, and Mayaro viruses [13]. Recently, Mishra et al. developed
an enzyme-linked immunosorbent assay (ELISA) using the non-structural protein NS2B
as a powerful biomarker for ZIKV, demonstrating a high sensitivity (96%) in ZIKV in the
early convalescent-phase [14]. NS2B (14 KDa) is essential for cleavage of the polyprotein
precursor ZIKV and the generation of fully functional viral proteins [15]. In addition,
NS2B presents a low genomic similarity when compared with others flaviviruses [16].
Given the need for mitigating the effects of ZIKV, rapid and practical point-of-care test-
ing was developed.

Screen-printed electrodes (SPE) using carbon ink have been widely used for
mass-production due to their low cost, diversity of printing on different substrates, in-
cluding flexible plastic and ceramics, and miniaturized size, providing easy integration
with electronic circuits [17]. Carbon nanotubes and other carbon allotrope nanomaterials
have been used to improve the SPE performance due to their high surface areas (sur-
face/volume ratio), high conductivity and easy chemical functionalization [18,19]. Re-
garding electrochemical immunosensor approaches, label-free detection of ZIKV using
voltammetry and impedance spectroscopy techniques have been proposed, and the an-
tigen—antibody interactions are measured at the diffusion barrier by decreasing the
transfer of electroactive species released by adding redox probe solutions [20-22]. This
additional and inconvenient step has been stated as one limitation of this technique in
point-of-care. In this sense, our group has proposed new redox probe platforms within
which electroactive species are supplied [23-25]. Catalytic nanocomposites can act as a
redox inherent effective mediator, allowing the electroactive species to come from their
surface to the electrode, avoiding the conventional addition of redox probe solutions.
Among the electroactive mediators, Prussian blue (PB), as a well-known “artificial pe-
roxidase”, has been studied extensively due to its high catalytic activity and excellent
reversibility in electrochemical applications [21]. Conductive polymers in association
with PB have shown a successful utility, facilitating the interfacial electron transfer and
simultaneously improving the stability of the PB [22,23]. Polypyrrole (PPy) is one of the
most commonly used conductive polymers for electrochemical sensors due to its excel-
lent reducibility, easy synthesis and high conductivity [24]. In order to make use of these
advantages, a novel screen-printed immunosensor making use of CNTs functionalized
with PB integrated in the polymeric matrix was proposed for direct electrochemical de-
tection of the NS2B protein, a potential marker of acute phase ZIKV, which is one of most
severe mosquito-borne infections and a self-limiting disease.

2. Materials and Methods
2.1. Reagents

Py (98%), multi-walled carbon nanotube functionalized with carboxylic acid
(COOH-CNT) (>8% functionalized), glycine, potassium ferricyanide (Ks[Fe(CN)s]) and
iron (II) chloride hexahydrate (FeCl»6H20) were obtained from Sigma-Aldrich (St. Lou-
is, MO, USA). Polyclonal antibody to Zika virus (ZIKV) against NS2B protein produced
in rabbit was obtained from GeneTex (Irvine, CA, USA). Graphite powder acquired from
Fluka (St. Louis, USA) and carbon ink (Electrodag PF-407C) purchased from Acheson
(Port Huron, MI, USA) were used to manufacture the screen-printed carbon electrode
(SPE). Phosphate buffer saline (PBS) (0.01 mol L, pH 7.4) was used in all experiments for
dilution of the samples. Ultrapure water obtained from a Millipore water purification
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system (18 MQ, Milli-Q, Millipore) was utilized in all assays. All chemicals were of ana-
lytical grade.

2.2. ZIKV Isolates Culture and Serum Samples

The ZIKV isolates were inoculated on Vero cells containing Dulbecco’s Modified
Eagle’s medium (DMEM). The viral suspension shows a titer of 2.2 x 106 PFUmL™ at a
multiplicity of infection of 0.1 for 4-5 days. Viral stocks were then produced in Vero cells
and stored at —80 °C until use. Samples of the culture cells without ZIKV isolates were
used as control study. To obtain the analytical curve, the supernatants of ZIKV isolate
cultures were diluted in PBS.

The serum samples were from patients admitted to a clinical hospital (Pernambuco,
Brazil) with molecular and serological diagnosis confirming ZIKV. The ZIKV positive
serum was defined as a RT-PCR positive titer from ZIKV and positive from IgM ELISA
assay according to CDC protocols. All controls used here (ZIKV negative) were positive
for dengue virus infections in order to study the cross-reactive immunosensor. These
serum controls were defined as RT-PCR titer from negative ZIKV, but positive from
DENYV and IgM and IgG ELISA assay DENV, and negative against ZIKV. NS2B presence
was confirmed by in-house ELISA assay, which was developed by Prof. Ernesto
Marques’s group against antibody anti-NS2B acquired by Genetex (USA). All patients
were admitted to this research according to ethical procedures established by the Aggeu
Magalhes Human Research committee (protocol number 63441516.6.0000.5190).

2.3. Apparatus

Electrochemical studies were performed using an Autolab PGSTAT204 analysis
system with Nova 2.1.1 software from Eco Chemie (Utrecht, NLD). All measurements
were made using a three-electrode system comprised of SPE as the working electrode, a
helical platinum wire as an auxiliary electrode, and an Ag/AgCl (KClsa) electrode as
reference. All potentials given in this work were determined relative to the Ag/AgCl (KClI
sat) reference electrode.

Chemical characterization of the PB@QCNT-PPy nanocomposite was performed by
Fourier transform infrared (FT-IR) spectroscopy analyses. FT-IR spectra were recorded
on a Bruker FT-IR spectrometer, Model IFS-66 (Ettlingen, DEU, Germany), controlled by
OPUS software (version 6.5). The measurements were made in the attenuated total re-
flectance (ATR) mode with a frequency resolution of 25 cm™ at room temperature (24 °C)
and controlled humidity (~10%).

2.4. SPE Manufacture

The electrode composition (w/w) included a carbon ink modified with graphite
powder (10%), which was mixed together for 15 min and then squeezed on a plastic mask
over rectangular polyethylene terephthalate surface to obtain a thin film, according to
Silva et al. (2016). The mask contained a circular working area connected to a rectangular
area (2.0 mm x 10.0 mm) that was used as the electrical contact. The active area of the
working electrode (4.0 mm in diameter) was delimited by galvanoplasty tape (3M). Then,
after printing the carbon ink, the electrode was dried at 60 °C for 20 min. Prior to use, the
surface of the SPE was carefully polished for 2 min and then submitted to an electro-
chemical pre-treatment by recording 40 cyclic voltammograms between 2.0 V and -2.0 V
(vs. Ag/AgCl (KClsat)) at 0.1 Vs in a KClI solution (0.1 mol L) [23].

2.5. Preparation of the PB@CNT-PPy Nanocomposite

For obtaining the nanocomposite film, COOH-CNT was dispersed in a solution of
the FeClsH:0 (0.2 mol L) and prepared in dimethylformamide in an ultrasonic bath for
2 h. The cleaned SPE surface was modified with 3 uL of the COOH-CNT (1 g L) pre-
pared in the FeCls solution. The modified electrode was kept at 50 °C for 15 min in order
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to evaporate the solvent. Afterwards, the modified electrode was immersed in an elec-
trochemical cell containing Py monomer (0.1 mol L) and Ks[Fe(CN)s] (0.01 mol L)
prepared in a KCl solution (0.1 mol L). The nanocomposite film was synthesized by
submitting the SPE to 20 voltammetric cycles in the potential range from 0.8 to —0.8 V (vs.
Ag/AgCl (KClsat)) with a scan rate of 0.02 V s7.. The as-prepared electrode was named
PB@CNT-PPy/SPE.

2.6. Anti-NS2B Immobilization

The residual carboxylic groups of PB@CNT-PPy on the SPE surface were activated
with EDC (0.02 mol L) and NHS (0.05 mol L) solution for covalent immobilization of
the anti-NS2B. Then, an aliquot of the anti-NS2B solution (0.025 g L) was dropped on
the electrode surface and kept for 1 h in a moist chamber at 4 °C. The non-specific bind-
ings and remaining activated carboxylic groups were blocked for 30 min with glycine
solution (0.1 mol L, pH 9.0). All assembling steps of the immunosensor were monitored
using cyclic voltammograms (CVs) in the potential range from -0.8 to 1.0 V (vs. Ag/AgCl
(KCl sat)) at 0.05 V s1in 0.1 mol L KCI.

2.7. Analytical Measurements

The analytical responses of the immunosensor were performed by changing the
current after incubation with ZIKV supernatant from cell-culture samples (after seven
days of cultivation), and serum samples of patients. The analytical responses of antigen—
antibody reactions were obtained by chronoamperometry at a fixed potential of 0.4 V for
10 s, and the current response curve was registered at 2 s after applying the potential.
Before applying potential of 0.4 V, the sensor was established at 0 V for 25 s. Responses of
NS2B binding were obtained through current values after sample incubations subtracting
from the blank (before incubating) using the following equation:

1% = (IsLank — IsampLe)/IsLank) x 100 (1)

where IsLack is the current value of the as-ready immunosensor and Isameie is the current
value after exposure to viral ZIKV culture or serum samples. All preparation steps per-
formed on the ZIKV immunosensor and chronoamperometric measurements are repre-
sented in Figure 1.
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Figure 1. Schematic diagram of ZIKV immunosensor. (a) Preparation steps of the electrode and (b)
analytical measurement principle.

3. Results and Discussion
3.1. Characterization of PB@CNT-PPy Nanocomposite

The electrosynthesis of the PB@CNT-PPy compound employing hexacyanoferrate
was electrochemically characterized using the CV technique, which is a powerful method
to study adsorption processes. The electrocatalytic activities of ferrocene and its deriva-
tives in electrochemistry are well known for producing redox peaks with high reversi-
bility mainly due to the oxidation of PB [26]. The incorporation of PB into the nanocom-
posite (PB @ CNT-PPy) was observed by distinguishing redox pairs of cathodic and an-
odic peaks at -0.38 V and close to 0.6 V, respectively, due to the reversible oxidation of
PB, a shown in curve IV of Figure 2a. The curves of CV were registered in the presence of
KCl at 0.1 V. s scan rate; redox peaks were not observed in the films formed only by PPy
and PPy-CNT, although the polymer pyrrole films can produce Faradaic currents due to
anionic charges on the surface, resulting from their synthesis [27,28].
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Figure 2. (a) Cyclic voltammograms at 0.1 V s7! scan rate: (I) bare SPE; (II) PPy/SPE; (III) PPy-CNT
and (IV) PB@CNT-PPy. (b) Effect of the scan rate on the current response of the PB@QCNT-PPy/SPE
(from 0.01 to 0.12 V s7!) (inset: relationship between Ipa and Ipc vs. scan rate). (c) Plot of log Ipa and
Ipc vs. log of scan rate. All measurements were performed in KCl (0.1 mol L) as support electro-

lyte.
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Surface-confined PB on the nanocomposite was also studied using CV by varying
the scan rate from 10 to 110 mV. s with a potential window from -0.8 to 1.0 V, in the
presence of the support electrolyte of 0.1 mol L KCI. The increase of redox peaks in-
creased with an increase in scan rates, and linear curves for the current of anodic (Ipa)
and cathodic (Ipc) peaks versus the scan rates were observed. Correlation coefficients
were calculated for Ipa (r =0.993) and Ipc (r = 0.988), proving that the PB was successfully
confined to the electrode surface of the PPy-CNT nanocomposite (Figure 2b and inset).
Additionally, the slope of the curves plotted by the logarithm scan rate versus the loga-
rithm of the cathodic and anodic peaks were 0.538 and 0.588, respectively, indicating that
the PB-confined generated electroactive species, resulting in a diffusion-controlled pro-
cess since the obtained values were very close to the theoretical value of 0.5, which is
expressed by an ideal reaction of the diffusion-controlled electrode process (Figure 2c).
Hence, incorporation of PB in nanocomposites was successfully achieved, probably at-
tributed to the cycling of hexacyanoferrate that was induced by the addition of Fe3* ions
[26].

Electrochemical stability of the PB@QCNT-PPy/SPE redox peaks was investigated by
subjecting the nanocomposite film to 20 successive CVs. The relative standard deviation
(RSD%) for anodic and cathodic peaks (Ipa and Ipc) were 3.4 and 3.1%, respectively, in-
dicating good stability (RSD < 5%). PB is an inorganic complex salt containing two dif-
ferently charged iron ions and negatively charged hexacyanoferrate ions [Fe(CN)e]* [29].

The PB amount deposited on the PPy is dependent on the compound used in the
Prussian white to Prussian blue reaction conversion according to the reaction [30]:

Fe?* + [Fe(CN)s]>— Fes[Fe(CN)s]%(PB) @)

Previous studies have demonstrated integrating monomers derived from conduc-
tive polymers acting as a reducing agent in converting Fe3* to Fe*2[31]. Yang et al. (2017)
[32] stated that monomers of Py contributed to the generation of Fe? ions in the for-
mation of PPy, following this reaction:

Py + Fe**—PPy + Fe? 3)

Fe? jons freely react with the hexacyanoferrate ions and enhance the deposition
rates of PB. Herein, the synthesis of PB@QCNT-PPy resulted in the efficient integration of
the PB into the nanocomposite, improving the electrical proprieties.

3.2. Chemical Characterization of the PB@QCNT-PPy Nanocomposite Film

The FTIR analysis was used for chemical characterization of the PB@CNT-PPy film
and its controls. The spectrum of the bare SPE was observed in the presence of the C=0
stretching vibrations (1727 cm™), C = C from sp? bonds (1550-1450 cm™) and C-O vibra-
tions (1270 cm™) (Figure 3a). The profile obtained was attributed to mercaptan enriched
carbon ink composition revealing the presence of carbonyl, carboxyl and epoxy groups
[33]. FTIR spectrum from the SPE modified with PPy/CNT (Figure 3b) shows a broad
peak at 3070 cm™!, which is characteristic of the O-H stretch of hydroxyl groups. The
peaks appeared at 2896, 1420 and 1200 cm™ corresponds to C-H, C = O and C-O stretch-
ing, respectively, exhibiting typical bands of the carboxylic groups derived from the CNT
[34]. In addition, at peaks 1566 and 1460 cm™, C = C backbone stretching and C-N
stretching vibration present in the PPy ring were observed, respectively [35]. The IR
spectrum of the PB@CNT-PPy film assembled on the SPE (Figure 3c) shows a strong peak
at 2057 cm™!, which was assigned as stretching vibration of the C = N group in potassium
hexaferricyanide [36]. This FTIR spectrum, as compared to spectra controls, confirms the
presence of the PB chemical mediator in the nanocomposite.
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Figure 3. FTIR spectrum of the (a) bare SPE, (b) PPy/CNT/SPE and (c) PB@CNT-PPy/SPE.

3.3. Electrochemical Characterization of the ZIKV Immunosensor

Stepwise modifications on the electrode surface were characterized by cyclic volt-
ammetry (CV) in the presence of the KCI (0.1 mol L) solution (Figure 4). The bare SPE
showed an absence of remarkable redox peaks (curve I). After assembling the
PB@CNT-PPy film on bare SPE, the anodic and cathodic peak current at 0.6 V and -0.1 V
(vs. Ag/AgCl ka sat), respectively, was observed (curve II). A significant increase in the
current signals was observed after electrosynthesis of the PB@CNT-PPy film. This is at-
tributed to the redox activity of the nanocomposite film and the excellent conductivity,
promoting an increase in electron transfer. After anti-NS2B immobilization, a decrease in
the current value was observed, indicating that the electron transfer was reduced due to
the insulating feature of the biomolecules (curve III). The electron transfer on the sensor
surface was measured by changes in the oxidative states of the PB on the interface elec-
trolyte/sensor, which intrinsically originated from the charge transfer between Fe* and
Fe? in the nanocomposite film. A further small decrease in the redox peak values was
observed after the blocking of the remaining active with glycine (curve IV).
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Figure 4. Cyclic voltammograms of the stepwise preparation of the immunosensor: (I) bare SPE, (II)
PB@CNT-PPy/SPE, (III) anti-NS2B/PB@CNT-PPy/SPE and (IV) Gly/anti-NS2B/PB@CNT-PPy/SPE.
Measurements were performed in the presence of KCI (0.1 mol L) at a 0.05 V s scan rate.

3.4. Immunosensor Response to NS2B Protein

The analytical performance of the immunosensor for detection of antibody—antigen
reaction depends on the amount of immobilized antibodies on the sensor surface.
Therefore, the optimal amount of anti-NS2B immobilized on PB@CNT-PPy/SPE was ob-
tained through successive antibody incubation with one aliquot (5 pL) of anti-NS2B
concentration at 5 mg. L. The optimal anti-NS2B concentration in the range of 0.0005 to
0.004 g L-'was reached at 0.4 mg L', which is associated with the non-free binding group
present in the PB@CNT-PPy film (Figure 5).
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Figure 5. Optimization of anti-NS2B concentrations (0.5; 0.1; 2; 3 and 4 mg L™') immobilized (inset:
CVs of the immunosensor in the different anti-NS2B concentrations). Measurements were per-
formed in KCI (0.1 mol L) solution at a 0.05 V s scan rate.
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The immunosensor was subjected to a successive response to NS2B native protein
expressed by Vero culture supernatant collected on the seventh day of ZIKV inoculation.
In this sense, SPE was incubated for 15 min in a moist chamber at 4 °C with 5 uL of ZIKV
isolates in cell-culture supernatant (7th day) with approximately a titer of 2.2 x 10¢ PFU
mL diluted 1:4 in PBS solution (0.01 mol L1, pH 7.4). As a control, negative cell-culture
supernatant (without ZIKV inoculation) was used. Analytical responses exhibited the
relationship between the current variations (Alpa%) and the number of successive incu-
bations with cell-culture supernatant with inoculated ZIKV (Figure 6a). The current re-
sponses demonstrated that the immunosensor was able to discriminate NS52B native in
complex samples of positive and negative samples of cell-culture supernatants infected
with ZIKV, showing specificity on responses. The linear regression equation of the ana-
lytical response for positive samples showed a good a correlation coefficient of 0.986 (p <
0.0001, n = 6) and a low relative error (<<1%) (inset: Figure 6a). Electrogenerated chem:i-
luminescence [37] and surface-enhanced Raman scattering (SERS) [38] {Formatting
Citation} immunoassays have been described in the literature and have been proposed
for ZIKV detection using antibodies against E and NS1 ZIKV proteins, respectively. More
recently, Mishra et al. described a sensitive ELISA based on the immunoreactivity of
NS2B protein [14]. This study demonstrated an increase in the sensitivity for ZIKV de-
tection of 98% in the early-convalescent phase and also suggests non-cross-reactivity with
the dengue virus. Our results suggest a novel method of serologic testing for ZIKV di-
agnostics based on NS2B detection by using an electrochemical immunosensor compati-
ble with point-of-care sensor technology.
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Figure 6. (A) Chronoamperograms obtained after successive incubations with supernatants of the
infected ZIKV cell-culture and PBS washes before measurements obtained in presence 0.1 mol L™
KCl solution at 0.4 V fixed potential. Inset: linear fit adjusted for successive cell-culture incubations.
(B) Analytical curve of the immunosensor in response to successive incubations with serum sam-
ples 1:100 PBS dilution of the ZIKV (positive)/DENV (negative) and ZIKV (negative)/DENYV (posi-
tive), measured by chronoamperograms at 0.4 V vs. Ag/AgCl. (C) Bar diagram of current (with
error bar of three replicates) as function of incubation number of ZIKV (positive)/DENV (negative)
and ZIKV (negative)/DENV (positive).

The performance of the immunosensor was also evaluated in real samples through
incubations with the serum of the ZIKV patients, diluted at 1:2 in PBS. After incubations,
the surface electrodes were gently washed, and the measurements were performed in
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KCI (0.1 mol L). The analytical curve was obtained by chronoamperometric measure-
ments with current values registered at 2 s after applying 0.4 V for 10 s. Response time
after 2 s was established according to the greatest difference between amperometric re-
sponses. As shown in Figure 6b, this immunosensor exhibited a linear relationship be-
tween the current values and the successive injections of the positive ZIKV serum sam-
ples. The correlation coefficient calculated was 0.997 (p < 0.0001, n = 6) and a low relative
error (<<1%), exhibiting a strong relationship found between the chronoamperometric
measurements and successive injections of the positive ZIKV serum samples. The selec-
tivity of the ZIKV immunosensor was evaluated by incubating different electrodes with
human samples: +ZIKV/-DENV and -ZIKV/+DENYV, both diluted in 1:2; 1:4; 1:8; 1:16,
and 1:32. The overlapping of the relative current obtained for positive and negative
samples is shown in Figure 6c¢. The results showed a proportional decrease of the current
responses with the increase of the dilution factor for the positive serum sample when
compared to the negative. The current response revealed significant differences from
positive and negative below 1:4 PBS diluted. These results show that this ZIKV im-
munosensor has good selectivity and was efficient in differentiating the positive and
negative serum samples in complex matrices of infected patients with ZIKV, considering
negative samples for ZIKV infected of DENV. This approach shows the potential for a
POCT tool, allowing for easier epidemiologic control since the response is obtained by a
practical analytical method.

4. Conclusions

A point-of-care immunosensor based on a low-cost and practical screen-printed
electrodes technology was successful developed for NS2B detection, a potential marker
of ZIKV infection. The synergetic effect of the PB@CNT-PPy nanocomposite enabled
probeless electrochemical detection without added redox probe solutions, simplifying
the detection method. The immunosensor exhibited a good selectivity, distinguishing
between negative from positive ZIKV serum, even if DENV was present. This im-
munosensor represents a potential alternative for the detection of ZIKV infection as a
point-of care diagnostic tool.

Author Contributions: B.V.M.S.: investigation, participation in the design of this work; M.T.C.:
participation in the design of this work, review and validation; M.A.B.R. participation in the design
of this work and review; E.T.A.M.: participation in the design of this work, validation; R.F.D.:
conceptualization, manuscript review, and editing. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This research was supported by the Prevention and Combat to Zika virus Program (N
14/2016) of the National Council of Technological and Scientific Development (CNPq) Grants
number 440605/2016-4 and Coordination for the Improvement of Higher Education Personnel
(CAPES) Brazilian foundations.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of the Aggeu Magalhaes In-
stitute (protocol number 63441516.6.0000.5190).

Informed Consent Statement: Informed consent was obtained from all serum donors involved in
the study.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Gulland, A. Zika virus is a global public health emergency, declares WHO. BM] 2016, 352, 657, d0i:10.1136/bm;.i657.

2. de Oliveira, W.K.; de Franca, G.V.A.; Carmo, E.H.; Duncan, B.B.; de Souza Kuchenbecker, R.; Schmidt, M.I. Infection-related
microcephaly after the 2015 and 2016 Zika virus outbreaks in Brazil: A surveillance-based analysis. Lancet 2017, 390, 861-870,
doi:10.1016/S0140-6736(17)31368-5.



Biosensors 2021, 11, 157 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Noorbakhsh, F.; Abdolmohammadi, K.; Fatahi, Y.; Dalili, H.; Rasoolinejad, M.; Rezaei, F.; Salehi-Vaziri, M.; Shafiei-Jandaghi,
N.Z.; Gooshki, E.S.; Zaim, M.; et al. Zika virus infection, basic and clinical aspects: A review article. Iran. ]. Public Health 2019,
48, 20-31, d0i:10.18502/ijph.v48i1.779.
Adibj, J.J.; Marques, E.T.A.; Cartus, A.; Beigi, R.H. Teratogenic effects of the Zika virus and the role of the placenta. Lancet 2016,
387, 1587-1590, d0i:10.1016/S0140-6736(16)00650-4.

Brasil, P.; Sequeira, P.C.; Freitas, A.D.A.; Zogbi, H.E.; Calvet, G.A.; De Souza, R.V.; Siqueira, A.M.; De Mendonca, M.C.L,;
Nogueira, RM.R; De Filippis, A.M.B.; et al. Guillain-Barré syndrome associated with Zika virus infection. Lancet 2016, 387,
1482, doi:10.1016/S0140-6736(16)30058-7.

Kazmi, S.S.; Ali, W.; Bibi, N.; Nouroz, F. A review on Zika virus outbreak, epidemiology, transmission and infection dynamics.
J. Biol. Res. 2020, 27, 1-11, doi:10.1186/s40709-020-00115-4.

World Health Organization Laboratory. Testing for Zika Virus Infection; Interim Guidance; WHO/ZIKV/LAB/16.1; WHO: Geneva,
Switzerland, 2016.

Cheng, C.; Wu, J,; Fikrig, E.; Wang, P.; Chen, J.; Eda, S.; Terry, P. Unamplified RNA Sensor for On-Site Screening of Zika Virus
Disease in a Limited Resource Setting. ChemElectroChem 2017, 4, 485-489, d0i:10.1002/celc.201600831.

Adegoke, O.; Morita, M.; Kato, T.; Ito, M.; Suzuki, T.; Park, E.Y. Localized surface plasmon resonance-mediated fluorescence
signals in plasmonic nanoparticle-quantum dot hybrids for ultrasensitive Zika virus RNA detection via hairpin hybridization
assays. Biosens. Bioelectron. 2017, 94, 513-522, doi:10.1016/j.bios.2017.03.046.

Mansuy, J.M.; Mengelle, C.; Pasquier, C.; Chapuy-Regaud, S.; Delobel, P.; Martin-Blondel, G.; Izopet, J. Zika virus infection
and prolonged viremia in whole-blood specimens. Emerg. Infect. Dis. 2017, 23, 863-865.

Chang, H.-H.; Huber, R.G.; Bond, P.J.; Grad, Y.H.; Camerini, D.; Maurer-Stroh, S.; Lipsitch, M. Systematic analysis of protein
identity between Zika virus and other arthropod-borne viruses. Bull. World Health Organ. 2017, 95, 517-525I,
doi:10.2471/BLT.16.182105.

Felix, A.C.; Souza, N.C.S.; Figueiredo, W.M.; Costa, A.A.; Inenami, M.; da Silva, RM.G; Levi, J.E.; Pannuti, C.S.; Romano, C.M.
Cross reactivity of commercial anti-dengue immunoassays in patients with acute Zika virus infection. J. Med. Virol. 2017, 89,
1477-1479, doi:10.1002/jmv.24789.

Paixao, E.S.; Teixeira, M.G.; Rodrigues, L.C. Zika, chikungunya and dengue: The causes and threats of new and re-emerging
arboviral diseases. BM] Glob. Health 2018, 3, €000530, d0i:10.1136/bmjgh-2017-000530.

Mishra, N.; Caciula, A.; Price, A.; Thakkar, R.; Ng, J.; Chauhan, L.; Jain, K.; Espinosa, D.; Montoya Cruz, M.; Balmaseda, A.; et
al. Diagnosis of Zika virus infection by peptide array and ELISA. MBio 2018, 9, 1-16.

Shiryaev, S.A ; Farhy, C; Pinto, A.; Huang, C.T.; Simonetti, N.; Ngono, A.E.; Dewing, A.; Shresta, S.; Pinkerton, A.B.; Cieplak,
P.; et al. Characterization of the Zika virus two-component NS2B-NS3 protease and structure-assisted identification of
allosteric small-molecule antagonists. Antiviral Res. 2017, 143, 218-229, doi:10.1016/j.antiviral.2017.04.015.

WHO. Investing to Overcome the Global Impact of Neglected Tropical Diseases; WHO: Geneva, Switzerland, 2016.

Ahmed, M.U.; Hossain, M.M.; Safavieh, M.; Wong, Y.L.; Rahman, L. A.; Zourob, M.; Tamiya, E. Toward the development of
smart and low cost point-of-care biosensors based on screen printed electrodes. Crit. Rev. Biotechnol. 2016, 36, 495-505,
doi:10.3109/07388551.2014.992387.

Jacobs, M.; Panneer Selvam, A.; Craven, J.E.; Prasad, S. Antibody-Conjugated Gold Nanoparticle-Based Immunosensor for
Ultra-Sensitive Detection of Troponin-T. J. Lab. Autom. 2014, 19, 546-554, d0i:10.1177/2211068214538971.

Silva, B.V.M.; Rodriguez, B.A.G.; Sales, G.F.; Sotomayor, M.D.P.T.; Dutra, R.F. An ultrasensitive human cardiac troponin T
graphene screen-printed electrode based on electropolymerized-molecularly imprinted conducting polymer. Biosens.
Bioelectron. 2016, 77, 978-985, doi:10.1016/j.bi0s.2015.10.068.

Cecchetto, J.; Fernandes, F.C.B.; Lopes, R.; Bueno, P.R. The capacitive sensing of NS1 Flavivirus biomarker. Biosens. Bioelectron.
2017, 87, 949-956, doi:10.1016/j.bios.2016.08.097.

Faria, A.M.; Mazon, T. Early diagnosis of Zika infection using a ZnO nanostructures-based rapid electrochemical biosensor.
Talanta 2019, 203, 153-160, doi:10.1016/j.talanta.2019.04.080.

Afsahi, S.; Lerner, M.B.; Goldstein, ].M.; Lee, J.; Tang, X.; Bagarozzi, D.A.; Pan, D.; Locascio, L.; Walker, A.; Barron, F.; et al.
Novel graphene-based biosensor for early detection of Zika virus infection. Biosens. Bioelectron. 2018, 100, 85-88,
doi:10.1016/j.bios.2017.08.051.

Trindade, E.K.G.; Silva, B.V.M.; Dutra, R.F. A probeless and label-free electrochemical immunosensor for cystatin C detection
based on ferrocene functionalized-graphene platform. Biosens. Bioelectron. 2019, 138, d0i:10.1016/j.bios.2019.05.016.

Trindade, E.K.G.; Dutra, R.F. A label-free and reagentless immunoelectrode for antibodies against hepatitis B core antigen
(anti-HBc) detection. Colloids Surfaces B Biointerfaces 2018, 172, 272-279, doi:10.1016/j.colsurfb.2018.08.050.

Moreira, F.T.C.; Rodriguez, B.A.G.; Dutra, R.A.F.; Sales, M.G.F. Redox probe-free readings of a B-amyloid-42 plastic antibody
sensory material assembled on copper@carbon nanotubes. Sensors Actuators, B Chem. 2018, 264, 1-9,
doi:10.1016/j.snb.2018.02.166.

Yang, T, Gao, Y, Liu, Z; Xu J; Lu L; Yu Y. Three-dimensional gold mnanoparticles/prussian
blue-poly(3,4-ethylenedioxythiophene) nanocomposite as novel redox matrix for label-free electrochemical immunoassay of
carcinoembryonic antigen. Sensors Actuators B Chem. 2017, 239, 76-84, doi:10.1016/j.snb.2016.08.001.

Ramanavicius, A.; Ramanaviciene, A.; Malinauskas, A. Electrochemical sensors based on conducting polymer-polypyrrole.
Electrochim. Acta 2006, 51, 6025-6037.



Biosensors 2021, 11, 157 14 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ansari, R. Polypyrrole Conducting Electroactive Polymers: Synthesis and Stability Studies. . Chem. 2006, 3, 186-201
doi:10.1155/2006/860413.

Ricci, F.; Palleschi, G. Sensor and biosensor preparation, optimisation and applications of Prussian Blue modified electrodes.
Biosens. Bioelectron. 2005, 21, 389-407.

Itaya, K.; Uchida, I. Nature of Intervalence Charge-Transfer Bands in Prussian Blues. Inorg. Chem. 1986, 25, 389-392,
doi:10.1021/ic00223a034.

Ramanavicius, A.; Rekertaité, A.I; Valitinas, R.; Valitiniené, A. Single-step procedure for the modification of graphite
electrode by composite layer based on polypyrrole, Prussian blue and glucose oxidase. Sensors Actuators B Chem. 2017, 240,
220-223, doi:10.1016/j.snb.2016.08.142.

Ye, X; Li, T.; Xu, X.; Du, P.; Zeng, J.; Zhu, W.; Yang, B.; Li, C.; Allain, ].-P. Characterisation and follow-up study of occult
hepatitis B virus infection in anti-HBc-positive qualified blood donors in southern China. Blood Transfus. 2016, 15, 6-12,
do0i:10.2450/2016.0268-15.

Xie, Z.; Yu, Z.; Fan, W.; Peng, G.; Qu, M. Effects of functional groups of graphene oxide on the electrochemical performance of
lithium-ion batteries. RSC Adv. 2015, 5, 90041-90048, d0i:10.1039/c5ral7854a.

Gaffney, J.S; Marley, N.A,; Jones, D.E. Fourier Transform Infrared (FTIR) Spectroscopy. Charact. Mater. 2012,
doi:10.1002/0471266965.com107.pub2.

Song, H.; Li, T.; Han, Y.; Wang, Y.; Zhang, C.; Wang, Q. Optimizing the polymerization conditions of conductive polypyrrole.
J. Photopolym. Sci. Technol. 2016, 29, 803-808, doi:10.2494/photopolymer.29.803.

Ghosh, S.N. Infrared spectra of the Prussian blue analogs. J. Inorg. Nucl. Chem. 1974, 36, 2465-2466,
doi:10.1016/0022-1902(74)80454-9.

Acharya, D.; Bastola, P.; Le, L.; Paul, A.M.; Fernandez, E.; Diamond, M.S.; Miao, W.; Bai, F. An ultrasensitive electrogenerated
chemiluminescence-based immunoassay for specific detection of Zika virus. Sci. Rep. 2016, 6, 32227, doi:10.1038/srep32227.
Camacho, S.A.; Sobral-Filho, R.G.; Aoki, P.H.B.; Constantino, C.J.L.; Brolo, A.G. Zika Immunoassay Based on
Surface-Enhanced Raman Scattering Nanoprobes. ACS Sensors 2018, 3, 587-594, doi:10.1021/acssensors.7b00639.



