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Abstract

The incidence of infection by the dengue virus (DENV) has grown dramatically, reaching 128 countries in tropical and subtrop-
ical regions worldwide, with a pattern of hyper-endemicity. DENV is a mosquito-borne disease having four serotypes, one or two
circulating in epidemic outbreaks. The diagnosis of DENV is challenging mainly due to the circulation of new viruses with
remarkable similarities, such as Zika (ZIKV) that may cause fetal microcephaly. DENYV affects 390 million people per year, but
these numbers may be higher due to the underreported and misclassified cases. Recently, the NS1 nonstructural protein has been
described in serum and urine of DENV and ZIKV patients, suggesting its use as a biomarker for screening since a negative NS1
sample confirms the absence of these infections. Herein, a label-free immunosensor comprising an assembled nanostructured thin
film of carbon nanotube-ethylenediamine is described. The advantage of in situ electrosynthesis of polymer film is to allow major
control of thickness and conductivity, in addition to designing the reactive groups for functionalization. A quartz crystal
microbalance system was used to estimate the thickness of the polymeric film obtained. The anti-NS1 monoclonal antibodies
were immobilized to carbon nanotubes by covalent linkage, permitting a high stability during measurements. Analytical re-
sponses to NS1 were obtained by differential pulse voltammetry (DPV), showing a linear range from 20 to 800 ng mL™" and
reproducibility of 3.0%, with a limit of detection (LOD) of 6.8 ngmL™ . This immunosensor was capable of detecting ZIKV and
DENYV NSI1 in spiked urine and real serum in a clinical range.
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Introduction

Dengue is one of the oldest arboviruses globally, endemic in
tropical and subtropical regions, transmitted mainly by the
Aedes aegypti mosquitoes and affects more than 125 countries
[1]. Severe forms can lead to hemorrhagic fever or dengue
shock resulting in death [2]. It is estimated 390 million indi-
viduals are infected per year; however, the number of cases
fluctuates according to the seasonality of the disease [3].
There is no specific vaccine or therapy, and prevention by
massive testing of mosquitoes and infected individuals is
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one of the strategies for controlling the disease. The gold-
standard diagnostic test for DENV is the polymerase chain
reaction (PCR) that detects the viral RGNA. However, it is
prohibitively expensive, mainly in epidemic outbreaks, be-
sides requiring complicated procedures in amplification to
avoid contamination and care in sample collection. Cost-
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effective tests based on immunoassay are urgently needed to
detect DENV more quickly and efficiently. The NS1 non-
structural secretory protein has been considered a powerful
marker of DENV, and several immunochromatographic rapid
tests have been developed in the last decade [4]. In the acute
phase of viral replications, there is a significant increase in
NS1 concentrations in the bloodstream [5, 6].

Although some studies have found the NS1 protein only in
individuals infected with DENV, this description is not a con-
sensus. ZIKV is closely related to DENV, and during the acute
phase of disease, the Zika virus might release NS1 protein into
the bloodstream [7, 8]. Besides, ZIKV infection has apparent
symptoms very similar to DENV; it is most severe in pregnant
being associated with severe congenital microcephaly and
malformations in infants [9, 10]. The same mosquitoes of
DENYV transmit ZIKV; however, given the ZIKV ability to
infect the reproductive tract [11], it may also to be transmitted
via sexual intercourse [12, 13]. There is no controversy re-
garding the presence of Zika virus RNA in urine [7]. ZIKV
RNA can be identified in urine and in whole blood for a longer
period; however, a negative result does not rule out infection
even early after symptom onset. In many countries endemic
for DENV, co-infection with DENV and ZIKV occurs, mean-
ing that the NS1 serological tests for differential diagnosis are
not exhaustive, requiring the molecular PCR test. However,
there is a consensus that the absence of NS1 protein precludes
a positive diagnosis for DENV and ZIKV. DENV-NSI1 in
urine has been reported and also in saliva [8]. Urine offers
obvious advantages for sample collection in groups as new-
borns and patients.

Given the great importance of NS1, many immunosensors
for NS1 protein detection have been proposed using different
transducers, including optical detection based on localized
surface plasmon resonance [14], fluorescence [15],
impedimetric [16], amperometric [17] and others.
Nevertheless, among them, label-free electrochemical trans-
ducers are a more attractive alternative, due to the possibility
of easy portability, which can result in a quick point-of-care
diagnosis such as with the use of glucometers [18].

In electrochemical biosensors, the use of conductive
polymer associated with carbon nanomaterials has been
shown as an attractive strategy to obtain nanocomposites
with high chemical stability and conductivity [19, 20].
Polymers derived from pyrrol and thiophene have been
used alone as well in combination with carbon nanotubes
[21, 22]. The way that nanocomposites are synthesized on
the electrode surface is crucial, because it can affect the
electrochemical properties and conductivity by effects on
the electron transfer and charge net. Conventional
methods for synthesis such as drop-casting and dip-
coating have produced films with uncontrolled thickness,
irregularities on the surface and several pinholes [23].
When polymer films are obtained by electrosynthesis, it
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is possible to control the thickness in nanoscale, based on
the electrochemical technique, number of cycles of cyclic
voltammetry (CV), pH and other factors. Amine-rich
conducting polymers seem more advantageous for biosen-
sors than simply conducting polymers, because they are
readily functionalized for linking to biomolecules by car-
boxylic groups, or to the carbon nanostructures [24].

In this study, we designed the development of an
immunosensor for NS1 glycoprotein combining a carboxylat-
ed multi-walled carbon nanotube (CNT-COOH) and thin and
short-branched poly-ethylenediamine (poly-EDA) forming a
high-conductivity film to detect NS1 in serum and urine sam-
ples in a range of clinical levels.

Materials and methods
Reagents and materials

Ethylenediamine (EDA, 98%), ethyldimethylamine-propyl
carbodiimide (EDC), hydroxysuccinimide (NHS), glycine,
potassium ferricyanide (K5[Fe(CN)®]) and potassium ferricy-
anide [K3Fe(CN)®] were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Multi-walled carbon nanotubes function-
alized with carboxylic acid (CNT-COOH, > 8% functional-
ized) were purchased from Dropsens (Oviedo, Spain). Ant-
NSI antibodies and NS1 protein were acquired from Abcam
(Cambridge, UK). Phosphate-buffered saline (PBS)
(0.0l mol L ", pH 7.4) was used in all experiments for dilution
of the samples. Ultrapure water obtained from a Millipore
water purification system (18 M2, Milli-Q, Millipore) was
used in all experiments. All other chemicals used were of
analytical grade.

Pools of spiked sera used in the study were prepared from a
mixture of five sera from healthy individuals collected by
venipuncture. The blood was collected in a dry tube and cen-
trifuged at 15,000 RPM for 10 min. Lipemic serum was
discarded to prepare pools spiked with NS1 at the desired
concentration for analysis. The urine samples used in this
study were collected in a clean dry tube, free of preservatives,
from two healthy volunteers and were also spiked with NS1 in
the desired concentration for the test.

In addition to the spiked samples, samples from ZIKV-
infected individuals confirmed by molecular diagnosis via
RT-PCR and IgM ELISA with assay protocol according to
the Centers for Disease Control and Prevention (CDC) from
the USA were also used in this study. Sera with a positive
diagnosis of DENV was confirmed by protocols already de-
scribed, in addition to the cultivation of the virus. For this
study, sera from positive ZIKV individuals who had also been
previously co-infected with DENV were discarded, which
was very common in the study, because the ZIKV sample
collection zone was endemic for DENV. The positive ZIKV
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individuals were admitted to the Hospital das Clinicas
Universitario in Recife, Pernambuco, the Brazilian state most
affected during the ZIKV outbreak in 2016. All samples used
in this study were from volunteers who signed informed con-
sent forms, and the required protocols were approved by the
Ethics Committee of the CPqAM/FIOCRUZ (protocol num-
ber 28309414.9.0000.5190).

Electrochemical and piezoelectric measurements

Electrochemical measurements were carried out by the Ivium
CompactStat potentiostate (Eindhoven, Netherlands)
interfaced with a computer, and software controlled by
IviumSoft. It was used a conventional three-electrode system,
comprising a gold electrode (EAu) as the working electrode
(area of 0.985 mm?), Ag/AgCl in saturated KCI (Ag/AgCl,
KClg,) as the reference electrode and platinum wire (Pt) as the
counter electrode. The electrodes were immersed in a 5 mL
electrochemical cell with 5 mmol L™! K, [Fe(CN)®]* /K
[Fe(CN)®]*~ in KCl solution at 0.1 mol L ™! measured at room
temperature (approximately 23 °C).

Modifications that occurred on the electrode surface were
characterized by cyclic voltammetry (CV) with a potential
window from —0.2 to 0.6 V at 50 mV s ' and pretreatment
of 10 s for stabilization of the residual current. Analytical
measurements were performed using differential pulse volt-
ammetry (DPV), applying a modulation amplitude of 25 mV,
modulation time of 50 ms and interval time of 500 ms, with a
step potential of 5 mV s '. The analytical responses of NS1
were obtained from the differential currents of the anodic
peaks discounting the blank (Al), the ready electrode before
the NS1 incubations.

Changes in the sensor surface were also characterized
by a piezoelectric quartz crystal microbalance (QCM) sys-
tem. The QCM system consisted of a 10 MHz quartz crys-
tal electrode (Universal Sensors, USA) coupled to a home-
made oscillator circuit that was developed by our group
[25]. The oscillating circuit was designed to operate with
two crystal electrodes, one reference whose oscillating fre-
quency was adjusted to zero to match the difference be-
tween them. These initial calibrations are essential for re-
storing the equilibrium and make possible the comparisons
among QCM electrodes since their resonance frequency
can be slightly discrepant. Here, only one crystal electrode
was modified. The QCM system was programmed to op-
erate in a continuous flow mode at a rate of 100 uL/min
supplied by a peristaltic pump (Watson-Marlow SCI Q 400
model, UK). During each step of the crystal electrode mod-
ifications, measurements were recorded by a frequency
counter (Agilent - model 011, USA). During measure-
ments, the flow was turned off, avoiding fluctuation on
the baseline.

Chemical and morphological characterization

FTIR in attenuated total reflectance (ATR) spectra provided
information on functional groups near the surface (~1 pm) of
internal reflection elements. To obtain spectra in ATR mode, a
compact Bruker ALPHA IFS 66e  spectrometer (Germany)
was used in the range of 500 to 4000 cm™ ' with 20 scans.

For morphological characterizations, micrographs were ob-
tained by scanning electron microscopy (SEM) using a
TESCAN VEGA3 microscope with LM-type compartment
and tungsten filament with secondary electron and
backscattered electron detectors. To obtain the images, the
gold discs were metalized over a period of 180 s using a
Quorum Technologies Ltd. Q150R modular coating system
(Ashford, UK).

Growth of nanostructured polymer film on the sensor
surface

The polymer film was obtained from EDA monomers using
the CV electrochemical technique. For electropolymerization,
the three electrodes were immersed in an electrochemical cell
with an internal volume of 5 mL containing a mixture of
0.1 mol L™" EDA and 0.1 mol L™" of lithium perchlorate
prepared in acetonitrile. Polymerization was carried out at a
scan rate of 50 mV s ' in a potential window between —1.8
and 1.9 V with a step potential of 10 mV during 25 cycles.

Afterward, the CNT-COOH was covalently linked to the
poly-EDA film. Prior to use, 1 mg of CNT-COOH was dis-
persed in 1 ml of dimethylformamide (DMF) and subjected to
an ultrasound bath at 40 kHz for 1 h. After dispersion, CNT-
COOH was pre-activated by incubating with EDC
(40 mol L™") and NHS (100 mol L") prepared in
0.1 mol L™" of acetate buffer (pH 5.5) and left to stand for
1 h at room temperature (~ 24 °C). Then, an aliquot (5 pL) of
the pre-activated CNT-COOH was pipetted on the electrode
surface and left to react for 1 h, followed by two washes with
PBS.

To perform the piezoelectric measurements, instead of
using the gold electrode as described, the crystal electrode
(Universal Sensors, USA) was employed as the working elec-
trode with both terminals short-circuited, using the mentioned
reference and counter electrodes immersed in a 5-mL cell,
with the same electrochemical parameters for
electropolymerization.

Immobilization of the anti-NS1 antibodies and
immunoassay

Immobilization of the anti-NS1 antibody was performed by
pipetting an aliquot (2 uL) of anti-NS1 (10 ug mL™") on the
electrode surface [26]. The electrode was incubated in a moist
chamber for 1 h at room temperature (~ 24 °C). The remaining
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non-covalently bound antibodies were removed with five
washes with PBS for 2 min each, followed by rinsing with
ultrapure water. The remaining free reactive carboxylic groups
were blocked with 50 mmol L™' glycine prepared in
0.1 mol L™" of citrate phosphate buffer (pH 5.5).

Analytical responses were obtained by incubating the elec-
trode surface with 2 pL of samples for 30 min followed by
placement in a moist chamber at 37 °C. Samples of serum and
urine were diluted with 10 mM PBS (pH 7.4) for further
analyses.

Results and discussion
Electrosynthesis of the poly-EDA/CNT-COOH film

Figure 1 exhibits a typical cyclic voltammogram of the elec-
trochemical growth of polymer film on the electrode surface.
EDA monomers were electrochemically oxidized to a peak of
approximately 0.88 V. The first oxidation peak can be attrib-
uted to oxidation of an amino group that corresponds to the
radical NH," cation. The reduction currents in oxidation peaks
are due to the binding of the EDA monomers on the electrode
surface. Also observed was an increase in the reduction cur-
rent, showing that radical cations were consumed during the
electropolymerization of the poly-EDA, as well as different
amine polymers [24, 27, 28].

The current density supplied for electropolymerization af-
fects the thickness and conductivity of the film. Figure Sla
(see Supplementary Information, ESM) shows the profile of
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Fig. 1 Typical cyclic voltammogram of the electrosynthesis of the poly-
EDA by 25 cycles. Polymerization was carried out at a scan rate of
50 mV s 'in a potential window between —1.8 and 1.9 V with a step
potential of 10 mV
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the cyclic voltammogram obtained after the
electropolymerization of the poly-EDA film, under different
scan rates from 10 to 50 mV s~ in the presence of 5 mmol L™
K4 [Fe(CN)°T* ~ / K5 [Fe(CN)°] *~ in 0.1 mol L' KCL. An
increase in redox current peaks was observed with the increase
of scan rates, indicating that polymerized monomers on the
electrode surface increased with the current density, reaching
a plateau at 30 mV s ' (ESM Fig. S1b). A scan rate of
50 mV s ' was adopted for all subsequent experiments, due
to it requiring less time to obtain film.

Electrochemical characterization of poly-EDA/CNT-
COOH nanostructured film

The stability of the poly-EDA film was evaluated by subject-
ing the electrode to 25 consecutive cycles of CV in a potential
ranging from —0.2 V to 0.6 V ata 50mV s ' scan rate in the
presence of 5 mmol L 'K, [Fe(CN)(,]“* / K3[Fe(CN)6]37 in
0.1 mol L™'KCI. The coefficients of variation of the anodic
and cathodic peaks were 0.01% to 0.1%, respectively, dem-
onstrating that the poly-EDA film achieved excellent electro-
chemical stability, implying a further high reproducibility in
analytical measurements [29]. Electrochemical diffusion pro-
cesses on the poly-EDA film were also analyzed by CV in the
presence of ferri/ferrocyanide as a redox probe (Fig. 2a).
According to the amplitude of redox peaks, a linear increase
of anodic and cathodic current peaks was observed, as a func-
tion of the square root of the scan rate with high correlation
coefficients, found at 0.999 and 0.997, respectively, indicating
a process controlled by diffusion (Fig. 2b). This behavior was
also confirmed by the slope () of the logarithm of anodic and
cathodic peaks of current versus the logarithm of scan rate
(Fig. 2¢). The m values were approximately 0.51 and 0.58,
respectively, which means the system was mostly driven by
diffusion, as opposed to a value close to 1.0 that would de-
scribe adsorptive behavior [30-32].

It is well-established that the binding of CNT-COOH to the
sensor surface in an adsorptive way results in low reproduc-
ibility due to the leaching of nanomaterial during the analyses
[33]. A covalent bond to the poly-EDA film can be achieved
through an amide bond with the amino groups since the CNT
used here was carboxyl-functionalized. Herein, the EDC/NHS
chemistry was used for this purpose with the pre-activation of
the CNT-COOH for subsequent bonding to the amino poly-
EDA film. The CNT-COOH binding was confirmed by
changes in the electrochemical profile with an increase in
the electroactive area at the expense of capacitive and faradaic
current. Previous studies using only the CNTs on electrode
surfaces have shown CV results with a typical double-layer
behavior [34, 35]. However, in this study, synergism between
CNT-COOH and poly-EDA due to the strong linkage be-
tween two structures improved the conductivity with an in-
crease of electron transfer rate, probably attributed to the non-
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branched structure of poly-EDA. Conductive polymers and
CNT-COOH have shown excellent performance in the elec-
tron transfer, in addition to the high surface area of CNT-

<« Fig. 2 (a) Cyclic voltammograms of poly-EDA film under different

scanning rates of 10 = 150 mV s! (10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 110, 120, 130, 140 and 150 mV s ') in 5 mmol L™" of the K,
[Fe(CN)6]* / K5[Fe(CN)s]*~ in 0.1 M KCL. (b) Effect of the square root
of the scan rate on the anodic and cathodic peaks. (¢) Curves of the
logarithm of the anodic and cathodic current peaks (Ipa, Ipc) versus the
logarithm of the square root of scan rates

COOH promoting a high capacity to store charge [36, 37].
Based on the Randles—Sevick equation [38], it is possible to
quantify the contribution of nanomaterial by the increase of
electroactive area after CNT-COOH linkage:

FD
i, = 0.4463nFAC | ”RT”

where 7 is the number of electrons, F is the Faraday con-
stant, A is the area of the electrode, C is the concentration, R is
the ideal gas constant, 7 is the temperature and D is the diffu-
sion constant. An increase of approximately 1.8 times in the
electroactive area was observed as compared to the poly-
EDA, confirming that the electrosynthesized film behaved
like the conducting polymer, simultaneously accelerating the
transfer of electrons and increasing the charge storage, as con-
firmed by the increase of area approximately 4.5 times the
bare electrode (ESM Fig. Sla). Here, the results show that
the electrosynthesis of the poly-EDA film showed better
electroactive conductivity compared to the polyethylenimine
film obtained by drop-casting in previous studies [39]. It is
believed that this can be attributed to the structure of the poly-
mer formed, which appears to be linear and short-branched,
which can promote greater electron transfer due to the struc-
ture of ionic bonds.

Given that the CNT-COOH amount bound to poly-EDA
can affect the electroanalytical response by changing the elec-
tron transfer rate, studies were performed in different elec-
trodes of poly-EDA modified by varying the concentration
from 1 to 5 mg mL™" of previously dispersed CNT-COOH
(ESM Fig. S2a). According to redox peaks of the cyclic volt-
ammograms, the amount of CNT-COOH was limited to
4 mg mL™" when a plateau was reached (ESM Fig. S2b).
This amount was limited by the availability of amine groups
of the poly-EDA.

FTIR in the ATR mode is a very useful technique to ana-
lyze chemical surface modifications at nanoscale [40]. As can
be observed in Fig. 3, there were evident differences between
the bare gold electrode after deposition of the poly-EDA and
after linking the CNT-COOH. As expected, the bare Au elec-
trode showed no characteristic bands or peaks. The peaks
around 2362 and 2358 ¢cm ' can be explained by the CO,
interference in the FTIR measurements [41]. There are some
peaks that appear in both poly-EDA and poly-EDA/CNT-
COOH that, obviously, are explained by the structure of the
polymer: peaks around 2944 and 2937 cm™ ' can be attributed
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Fig.3 FTIR-ATR spectra in each ()]
step of the poly-EDA nanostruc-

tured film preparation: (I) bare
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to the axial deformation of C—H; the peaks around 1481 and
1500 cm™! can be attributed to the angular deformation of
C—H [27]; the peaks around 1383 and 1392 cm ™' can be
attributed to the angular symmetric deformation of C—H;
and the peaks in the region between 1200 and 1000 cm '
(where the peaks 1158, 1040, 1099 and 1063 cm ! can be
found) can be attributed to the axial vibration of C—C [41];
however, it was specified that the 1063 cm ! peak can also
be attributed to the C—N stretching [27]. Then, there can be
found a few changes from one spectrum to the other that
can be explained by the reaction between the poly-EDA’s
amines and the carboxylic groups in the CNT-COOH
forming amides (as schematized in Fig. 3): it seems that
the band around 3296 cm ' (in poly-EDA) can be attribut-
ed to the axial deformation of N—H. This band is large
because it is a mixture between primary and secondary
amines; then, after reaction (poly-EDA/CNT-COOH), the
peak discretely shifted to the left (3398 cm '), and the
band became narrower because there were more amides
present and less primary amines. In the poly-EDA spec-
trum, there is a small peak (1653 cm™ ') that can be attrib-
uted to the axial deformation of N—H, another peak
(1568 cm ") that can be attributed to the symmetric angular
deformation of N—H, and the 1318 cm ™' peak that can be
attributed to the amine’s axial deformation of C—N [42].
Then, the poly-EDA/CNT-COOH spectrum showed a
sharp peak at 1647 cm ™' that corresponded to the superim-
position of the axial deformation of N-H along with the
more intense axial deformation of the amide’s C=0 [43]. It
is described that the C=0 of the carboxylic acid is evident
in the 1730—1700 cm ™' region, and the amide can appear in
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the 1680-1630 cm ! region; moreover, the small
1434 cm ™' peak can be attributed to the amide’s axial de-
formation of C—N [41]. Finally, a few peaks were observed
that can be attributed to the CNT-COOH, thus only
appearing in the poly-EDA/CNT-COOH spectrum, name-
ly, the 1254 cm ' peak attributed to the scissoring vibra-
tion of the aromatic C—H and the 666 cm™ " attributed to a
mono-substituted aromatic ring [44]. These results confirm
the successful activation of the CNT-COOH anchoring to
the amines in the poly-EDA film forming an amide
linkage.

Morphological characterization

Scanning electron micrographs were obtained to study the
conformational structures of poly-EDA and CNT-COOH. It
is observed that the Au modified with poly-EDA polymer
formed a polymer with a linear structure exhibiting a short-
branched characteristic (Fig. 4a). The interaction of poly-EDA
with CNT-COOH occurred in a really homogeneous way,
with a homogeneous film covering all the CNT-COOH (Fig.
4b1 and b2). According to the CV, a significant improvement
in the conductivity of the composite films was also observed
as previously described in a polyethylenimine/CNT film [45].

Piezoelectric characterization

The QCM system is an excellent tool for studying rigid thin
films [46], and was used to evaluate the stability and thickness
of the poly-EDA film. Poly-EDA film was
electropolymerized on the gold electrode of the quartz crystal,
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Fig. 4 Scanning electron
micrographs of the (a) poly-EDA
and (b1 and b2) CNT-COOH
/poly-EDA in different
magnitudes

and frequency was taken in PBS buffer with pump flow
stopped and compared to the initial time and after 24 h of
sample monitoring. After 24 h of monitoring with a sampling
frequency of 30 Hz, the frequency values were, respectively,
49.651 +£5 Hz and 49.692 + 6 Hz, showing no significant dif-
ference (paired ¢ test, p >>0.05). This stability can be attrib-
uted to the formation of short and healthy chains, probably
with more linear characteristics.

Taking into account that the thickness of the film can affect
the analytical sensitivity due to modifying the electron trans-
fer, thicknesses were studied using five electrodes in the QCM
system described. Based on the frequency changes and densi-
ty of the polymer, the thickness of the poly-EDA film (t_poly-
EDA) could be calculated from the Am, then using the poly-
EDA density (p_poly-EDA) of 1.08 g mL ™"

t_poly — EDA = Am/p_poly — EDA

Thus, it was found that the average film thickness obtained
was 104 £23 nm (n=35), indicating a nanoscale film, as

expected. It was observed that the thickness of the poly-
EDA films obtained by electropolymerization of
triethanolamine increased proportionally to the
electropolymerization time, obtaining an optimal at 13 min
(0.1 M EDA) [47]; here, the film reached an average thickness
of 100 nm in a shorter time, being also very homogeneous, as
confirmed by symmetrical and regular peaks of the cyclic
voltammograms. On the other hand, the EDA film was more
quickly electropolymerized compared to tricthanolamine,
probably attributed to a shorter chain. Another advantage of
electropolymerization compared to chemical synthesis and
further drop-casting deposition is related to the reduction in
the thickness, resulting in improved electron transfer.

Immobilization of anti-NS1 and blocking of the non-
specific bindings

The immobilization of anti-NS1 antibodies was confirmed by
the reduction of redox peaks and electroactive area due to the

@ Springer



4880

Mendonga P.D. et al.

150

100 -

50

current / pA

-50

-100

-150

potential / V vs. Ag|AgCl (KCI_,,)

Fig. 5 Stepwise modifications in the immunosensor: (1) bare Eau, (2)
poly-EDA/EAu, (3) CNT-COOH/poly-EDA/Eau, (4) anti-NS1/CNT-
COOH/poly-EDA/Eau, (5) glycine/anti-NS1/CNT-COOH/poly-EDA/
Eau and (6) NS1/anti-NS1/CNT-COOH/poly-EDA/Eau. In (a): cyclic

insulating nature of proteins, as seen in Fig. 5a, curve 4. In
order to block nonspecific bindings, one aliquot (2 puL) of
50 mmol L' glycine solution was pipetted on the sensor
surface. The decrease in redox peaks (curve 5) confirmed
the blockage due to its similar insulating nature. Glycine is a
very suitable block for biosensors since it has a low molecular
weight with only one amino acid, not resulting in a change in
the background current when compared to blocking with BSA
or casein, commonly used in immunoassays.

Frequency changes in each step were also characterized
by a piezoelectric system. Using the EDC/NHS chemistry,
the effective anchoring of the CNT-COOH to the poly-
EDA was verified by an increase in the shift frequency of
the QCM system. Likewise, an increase in frequency shift
was observed with successive steps, per the anti-NS1 an-
tibody immobilization, as well as glycine blocking, and
after NS1 antigen (100 ng mL™") response. In all these
steps after the film, it is necessary to consider that the
mass variation model does not correspond to a linear var-
iation of mass on the electrode surface. It is mainly ob-
served that when the sensor surface is covered by carbon
nanotubes and followed by structured 3D proteins, defor-
mations and changes in viscoelasticity occurring in the
center of the electrode due to the movement of molecules
on the sensor surface can affect the electric dipole of the
quartz crystal [46]. Thus, although the model does not
obey the Sauerbrey equation (1958) [48], changes in fre-
quency by mass adsorption cannot be compared to the
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voltammograms obtained in the presence of 5 mmol L' K4[Fe(CN)J*
"/ K5[F e(CN)ﬁ]3 ~in 0.1 M KCI; and (b) Barr plot of the frequency chang-
es in the QCM system measured in PBS

electrochemical technique, even though a gradual increase
at each successive step is observed (Fig. 5b).

Analytical curve and interference study

Under optimal conditions, the immunosensor was evalu-
ated in response to the NS1 in PBS, applying DPV as the
electrochemical method. The current response was ob-
tained by the difference of amplitude of the DPV cathod-
ic peaks before and after incubation with NS1 prepared
in the PBS. The calibration curve of the DPV current
peaks was Ai, (tA)=(1.13+0.08) [NS1] (ug mL ")+
(0.23+0.03) for three NS1 standard curves (values of
the slope and intercept expressed as the adjusted data
for the linear equation showed a coefficient of determi-
nation (R?) of 0.9975, p<< 0.01, n=7) with a low rel-
ative error (< 1%) (Fig. 6a and inset).

Analytical responses were also obtained with the re-
combinant NS1 spiked serum diluted 1:10 in PBS after
successive incubations by DPV (ESM Fig. S3a). The
curve obtained resulted in an R* of 0.9725 with a linear
range between 20 and 800 ng mL~' (ESM Fig. S3b).
Based on the relative standard deviation (RSD) of the
blank sample and slope of the analytical curve, the limit
of detection according to the IUPAC was found at
6.2 ng mL™', comparable to that reported previously
for labeled immunosensors [33, 49], however here with
the advantage of practicality and fewer steps required,
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due to the label-free detection. Impedimetric immunosensors
for NS1 were also developed, showing a superior limit of
detection [16, 50, 51] and a combination of impedimetric
and lateral flow in an electrochemical immunosensor [17];
these works are presented in Table S1 (see ESM). Likewise,
here, detection of the NS1 was demonstrated using a simpler
effective electrochemical method. It has been reported that
NSI protein is found in circulation in serum at levels up to
50 g ml ™', higher than that found in this study [52]. Thus, the
designed immunosensor was able to detect the NS1 at the
clinical level in serum, showing ability to distinguish NSI.

Further interference studies encompass typical agents that
cause cross-reaction results, such as ascorbic acid present in
the human blood, bovine serum albumin used as blocking
agent, and human immunoglobulin G. According to the re-
covery factor (%), the average error found was less than 8%
(ESM Table S2). It is noteworthy that the concentrations of
studied interferents were higher than or similar to those found
in human samples. These satisfactory results can be attributed
to the effective glycine blockage that was carried out at a
slightly acidic pH (5.5), below the isoelectric point of the
glycine, making its amino groups available to block the
CNT-COOH free remaining carboxyl moieties.

Real sample analysis

Regarding the selectivity to the NS1, this immunosensor
was further investigated by subjecting it to real conditions
with human serum samples of ZIKV and DENV from
mono-infected patients and using a negative serum against
both arboviruses as control. All the samples were previ-
ously checked according to the CDC’s protocols, and

04 02 03 04 05
Potential / V vs. Ag/AgClI

hemolyzed and hypercholesteremic samples were
discarded since they can interfere with the analytical sig-
nal. DPV response curves of different electrodes after in-
cubating with the ZIKV, DENV and control diluted in
PBS are shown in Fig. 7a, b and c, respectively.
According to Fig. 7d, serum samples diluted with PBS
up to 1:50 showed significant differences between control
and both infected individuals; however, NS1 was detected
in ZIKV and DENV sera, as expected. Due to the high
structural similarities between the viruses belonging to the
Flaviviridae family, cross-reactivity is a key concern, pri-
marily in the endemic regions where DENV and ZIKV are
present, and the symptoms are also similar [53].
Additionally, there are many asymptomatic
individuals. On the other hand, DENV/ZIKV co-
infections may also occur [10].

Although RNA of the flavivirus is observed only in the
urine of ZIKV-infected patients [10], recent studies have
reported that the NS1 nonstructural protein occurs in
ZIKV and DENV urine samples [8]. One advantage of
urine for a rapid test the noninvasive sample collection
and higher sample volume. Here, a proof of concept was
performed measuring NS1 in a spiked urine sample
(Fig. 8a). The analytical performance of the
immunosensor according to the DPV curves showed sig-
nificant discrimination between control and NS1-spiked
urine for NSI concentrations up to 20 ng mL ™', which
was established as the cutoff (Fig. 8b). These results con-
firm the possibility of developing an immunosensor for
ZIKV and DENV trials by detection of NS1, although
more samples need to be tested.

@ Springer
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Fig. 7 DPV responses to real serum samples of (a) ZIKV-infected individuals, (b) DENV-infected individuals and (¢) healthy individuals. (d)
Calibration curves of anodic peaks of the ZIKV-infected, DENV-infected and healthy individuals

Repeatability and reproducibility

Repeatability and reproducibility are important analytical
parameters in immunosensor performance. Herein, re-
peatability was obtained by analyzing ten successive
measurements after incubating the electrode with sample
serum spiked with 50 ng mL™"' of NS1, running an inter-
val of 10 min for each one. The coefficient of variation
for measurements of DPV, anodic and cathodic peaks of
cyclic voltammograms and square-wave voltammograms
are shown in bar plots in ESM Fig. S4a. The RSD values
for Ipa and Ipc were highly similar, with good perfor-
mance (RSD < 5%). Reproducibility was assessed using
the same techniques as repeatability on eight different
electrodes (ESM Fig. S4b). For all the techniques, the
RSD was about 5%, indicating the good selectivity of
the designed immunosensor.
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Conclusions

An immunosensor for NS1 protein detection was suc-
cessfully developed for analyses in real samples of se-
rum and showed possible used for urine samples. The
electropolymerization method was used to synthesize a
polymer film using cyclic voltammetry. Electrosynthesis
compared with drop-casting enables the growth of films
with more controlled thickness, chain lengths and elec-
trochemical stability to result in better conductivity. In
this study, poly-EDA film was obtained with nanoscale
thickness, as confirmed by the QCM system. SEM im-
ages showed a short-branched polymer, implying an ef-
fective conductivity, and amine-rich moieties yielded
profitable synergism between the CNT-COOH and
poly-EDA by amide bonds, promoting a high electron
transfer rate and good electrochemical stability. In
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Fig. 8 (a) DPV curves in response to the NS1-spiked urine in different
PBS dilutions, and (b) calibration curves of anodic peaks of the NS1-
spiked and non-spiked urine samples

optimized conditions, this immunosensor was able to de-
tect the NS1 with discrimination in serum and urine in
complex medium, showing this proposed immunosensor
has further potential for clinical analysis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03449-7.
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