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ARTICLE INFO ABSTRACT

Arboviruses have been emerging as a significant global health problem due to the recurrent epidemics.
Arboviruses require the development of new diagnostic devices due to the nonspecific clinical manifestations.
Herein, we report a biosensor based on cysteine (Cys), zinc oxide nanoparticles (ZnONp), and Concanavalin A
(ConA) lectin to differentiate between arboviruses infections. ConA is capable of interacting with the saccharide
components of the viral capsid. In this study, we evaluated the reproducibility, sensitivity, and specificity of the
sensor for the virus of Dengue type 2 (DENV2), Zika (ZIKV), Chikungunya (CHIKV), and Yellow fever (YFV).
Atomic force microscopy measurements confirmed the electrode surface modification and revealed a hetero-
geneous topography during the biorecognition process. Cyclic voltammetry (CV) and impedance spectroscopy
(EIS) were used to characterize the biosensor. The blockage of the oxidation-reduction process is related to the
formation of Cys-ZnONp-ConA system on the electroactive area and its subsequent interaction with viral gly-
coproteins. The sensor exhibited a linear response to different concentrations of the studied arboviruses. Our
study demonstrates that ConA lectin recognizes the structural glycoproteins of the DENV2, ZIKV, CHIKV, and
YFV. DENV2 is the most structurally similar to ZIKV. Our results have shown that the impedimetric response
correlates with the structural glycoproteins, as follow: DENV2 (18.6kQ2) > ZIKV (14.6kQ) > CHIKV
(6.86kQ) > YFV (5.98kQ). The homologous structural regions contribute to ConA-arboviruses recognition.
Our results demonstrate the use of the proposed system for the development of biosensors for arboviruses in-
fections.
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1. Introduction

Dengue (DENV), Zika (ZIKV), Chikungunya (CHIKV), and Yellow
Fever (YFV) viruses are arboviruses (arthropod-borne viruses) asso-
ciated to worldwide outbreaks and a significant public health problem
[1-3]. DENV, ZIKV, and YFV are single-stranded RNA viruses of the
Flaviviridae family and genus Flavivirus. These arboviruses contain an
internal matrix protein and a surface glycoprotein to mediate interac-
tions. Also, the virus has structural (E, C, and M) and non-structural
(NS) proteins. CHIKV is an RNA virus belonging to the genus Alphavirus
of the Togaviridae family. CHIKV structural proteins are different from
the other arboviruses due to the presence of two surface glycoproteins
(E1 and E2) [4,5]. DENV2 is the most structurally similar to ZIKV due to
the presence of homologous structural regions [6]. ZIKV presents radial
distances of the lipid bilayer core, and its envelope ectodomains are

similar to those of DENV2 [7].

The arboviruses are structurally composed of glycoproteins and
glycolipids, both with extreme importance for the infection process and
penetration of the virus into the host cell [8]. The glycans are sig-
nificant components of the outermost surface of the virus. The struc-
tural glycoproteins of the DENV, ZIKV, CHIKV, and YFV are composed
of mannose, galactose, and N-acetylglucosamine [7,9,10].

DENV, ZIKV, CHIKV, and YFV are challenging to be diagnosed
clinically due to similarities in the symptoms [11]. The late immune
stimulus and similarity between the arboviruses are associated with
cross-reactions in immunological tests (e.g., MAC-ELISA) [13]. Reverse
transcription-quantitative real-time polymerase chain reaction (RT-
gPCR) is also used to identify arboviruses. RT-qPCR is useful to detect
the virus RNA at the early stage of the infection; after this period, the
number of false negatives increases [14].
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On the other hand, previous studies have demonstrated the ap-
plicability of biosensors as diagnostic methods for arboviruses [15-17].
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) techniques associated with nanostructures have been extensively
used for the development of biosensors [18,19]. Graphene, carbon
nanotubes, carbon dots, and metallic nanoparticles are nanomaterials
with outstanding characteristics such as electron transfer, chemical
stability, and thermal conductivity [20-24]. Nanomaterials are widely
used in electrochemical biosensors due to their high surface area,
electrochemical activity, and the possibility of functionalization
[25,26]. Zinc oxide nanoparticles (ZnONp) can optimize the electro-
chemical responses due to fast electron transfer capability and bio-
compatibility [19,27].

Lectins are attractive biorecognition molecules for the development
of biosensors due to their specific interaction properties with free or
conjugated carbohydrate residues. Lectins have demonstrated the po-
tential for use in virus detection in human serological samples [28-30].
Concanavalin A (ConA) is a carbohydrate-binding protein with mono-
saccharide specificity (Gly/Man). ConA is capable of differentiating
glycoproteins presents in serum from arbovirus-infected patients and
normal serum [31]. Lectins have shown potential for the development
of new nanostructured platforms for arboviruses detection [17,32,33].

Herein, we report a new sensitive electrochemical biosensor based
on a self-assembled monolayer of ConA lectin and ZnONp for detection
of mannose-glucose residues present in DENV2, ZIKV, CHIKV, and YFV.
Fig. 1 shows the proposed sensor platform for the diagnosis of arboviral
infections.

2. Methodology
2.1. Materials

ConA lectin, bovine serum albumin (BSA), ZnONp, cysteine (Cys), 1-
[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), and aminopropyltriethoxysilane (APTES)
were purchased from Sigma Chemical (St. Louis, MO, USA). Potassium
ferri- and ferrocyanide were obtained from VETEC (Brazil). All chemi-
cals were of analytical grade and used as received without further
purification. Ultrapure water was obtained from a Millipore Milli-Q
system. Arbovirus strains and serum (from healthy and arbovirus-in-
fected patients) were provided from the Department of Virology of the
Institute Aggeu Magalh3es.
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2.2. Electrode modification

ZnONp were functionalized with APTES according to the method
described by Grasset et al. [34]. The bare gold electrode was polished
with alumina, rinsed with deionized water, and dried at room tem-
perature. Subsequently, 2 pL of Cys (70 mM) was used to obtain a self-
assembled monolayer on the electrode surface. Then, 2 pL of a solution
containing 0.4M EDC and 0.1 M NHS (1:1, v/v) was added to the
electrode surface for 10 min. Subsequently, 2 pL of ZnONp was dropped
on the Cys-EDC/NHS-modified electrode surface. After, the sensor layer
was prepared by dropping 2 uL of ConA (1 mgmL ™) on the electrode
surface and incubated for 10 min. Finally, 2 uL of BSA (10%) was used
in all experiments to avoid non-specific interactions. The performance
of the biosensor was assessed using 2 pL of ZIKV, CHIKV, DENV2, or
YFV in a dilution 1:10 with an incubation time of 10 min.

2.3. Dengue, Zika, Chikungunya, and yellow fever viruses

The Department of Virology of the Institute Aggeu Magalhdes (IAM
— FIOCRUZ) provided the viruses used in this study. DENV2, ZIKV, and
CHIKV were isolated from newly infected patients of the state of
Pernambuco, molecularly identified and characterized, as follows:
DENV2 - BRPE/95-3808; ZIKV - BRPE243/2015; and, CHIKV -
BRPE480/2016. The yellow fever virus was the attenuated YF-17DD
vaccine strain. In this study, we used a strain of attenuated yellow fever
virus (YF-17DD vaccine). Patients with characteristic clinical symptoms
donated blood samples. The specimens were spun down for 10 min at
1500 x g and stored at —80 °C. Serum samples were submitted to mo-
lecular diagnostic assays for the detection of ZIKV, DENV, and chi-
kungunya virus (CHIKV). The viruses strains were propagated in Vero
cells (African green monkey kidney), titrated, and kept stored at
—80 °C. The viruses were inactivated with BPL (Beta propiolactone)
before use. Plaque reduction neutralization test (PRNT) was used to
detect ZIKV at different concentrations (Fig. S1). PRNT50 is defined as
the reciprocal of the highest test serum dilution at which the virus in-
fectivity is reduced by 50% [35].

2.4. Electrochemical measurements

Electrochemical measurements were performed using a conven-
tional three-electrode system interfaced with a PGSTAT 128N po-
tentiostat/galvanostat (Metrohm Autolab Inc., Netherlands). The elec-
trical circuit analysis was performed with the NOVA 1.11 software. The
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Fig. 1. Schematic representation of the surface modification.
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working electrode was a bare gold electrode and a platinum wire and
Ag/AgCl electrode saturated with KCl (3 M) were used as counter and
reference electrodes, respectively. The impedance spectra were re-
corded in the 100 mHz and 100 kHz frequency range with an alter-
nating voltage adjusted to an amplitude of 10 mV. The CV analysis was
performed in the —0.2 V and +0.7 V potential range at a scan rate of
50 mV s~ '. The electrolytic solution was 10 mM K,[Fe(CN)¢]*/Ks[Fe
(CN)6I® (1:1, v/v) in 10 mM PBS (pH 7.4). All electrochemical mea-
surements were performed in triplicate (n = 3) using three independent
electrodes to evaluate the reproducibility. The electrochemical experi-
ments were performed at room temperature inside a Faraday cage.

2.5. Atomic force microscopy measurements

Topographic analyses were performed with an SPM9700 atomic
force microscope (Shimadzu Instruments Co. Ltd, Japan) in a non-
contact mode at room temperature (~25 °C). Cantilevers with a silicon
AFM probes (Nanoworld, Japan, resonant frequency = 190 kHz, spring
constant = 42N m ™) were used. The images (512 points per line) were
collected with a scan rate of 1.0Hz in a scan area of 5 X 5um.
Gwyddion software was used for analysis and processing of the images
[36].

3. Results and discussion
3.1. Topographic characterization

AFM technique was used to evaluate the morphology of the Cys-
ZnONp-ConA film and arboviruses recognition. Fig. 2 shows AFM to-
pographic images of the sensor surface.

A different covering of the electrode surface was obtained for Cys-
ZnONp (Fig. 2a) and Cys-ZnONp-ConA (Fig. 2b) systems with a mean
height of 37 = 2.1nm and 47 * 1.5nm, respectively. These results
are following previous studies that determined the height of ~12 nm for
the ConA tetramer [37]. The recognition of viral surface glycoproteins
by ConA is shown in Fig. 2c—f. Cys-ZnONp-ConA system showed the
weakest interaction to YFV (mean height of 63.0 + 3.4nm) as com-
pared to the other studied arboviruses (Fig. 2c). A dense adsorbed layer
on the sensor surface was obtained for DENV2, ZIKV, and CHIKV with
mean heights of 75 = 2.4nm, 260 * 3.9nm, and 72 * 1.2nm,
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respectively (Fig. 2d—f). The difference observed in the height data is
attributed to the specificity of ConA lectin to the viral glycoproteins
[38,39].

3.2. Electrochemical characterization

Fig. 3a shows the cyclic voltammograms of the oxidation/reduction
peaks of the redox pair and assembly process of the sensor. The bare
gold electrode showed quasi-reversible redox behavior. A decrease in
the amperometric current is obtained after addition of Cys molecules on
the gold electrode surface. This behavior is due to the chemical inter-
action between Cys and gold surface through the thiol group (-SH)
[40,41]. The peak currents increased with the aminated ZnONp con-
centration. The ZnONp adsorption occurs through EDC:NHS. The cou-
pling agents activate negative charge terminal carboxyl group of Cys
that is substituted by NHS ester on the electrode surface. Thus, the
accumulation of positive charges on the electrode surface attracts the
redox probe [18,19]. ConA is adsorbed on the Cys-ZnONp surface
through electrostatic interaction. After, a decrease in the amperometric
current is observed associated with the physical adsorption of the lectin
[42,43]. BSA solution was employed to block remaining active sites on
the electrode surface [40]. The redox peak currents decreased after
addition of BSA.

Fig. 3b shows a typical Nyquist plot of the modification of the
electrode surface. The impedance data were fitted with NOVA 1.8
software by using modified Randles equivalent model (inset of Fig. 3b).
The circuit includes a solution resistance (Rs), charge transfer resistance
(Rct), Warburg impedance element (Zw), and phase constant element
(Q). The diameter of the semicircle represents the values of the Rct.

The bare gold electrode spectrum is characterized by a small semi-
circle at a high-frequency domain and a low R¢y value (Ret = 0.35 kQ)
[17]. An increase of the Rct (4.79 kQ2) was observed after addition of
Cys molecules. Conversely, the immobilization of the ZnONp results in
a decrease of the Rct (0.66 kQ) due to a rapid electron transfer kinetics
[18]. A further increase in the Rct (2.34kQ) was obtained after the
addition of ConA due to an effective immobilization of the lectin to the
developed nanostructured platform. The magnitude of the impedi-
metric response increases to 5.34 kQ after the immobilization of BSA
onto modified electrode. EIS results were in good agreement with those
from CV measurements confirming the surface modification.

47 nm

0nm

0.26 pm
0.00 pm

Fig. 2. AFM images of the stepwise modification process: (a) Cys-ZnONp-ConA-BSA, (b) Cys-ZnONp-ConA-BSA-DENV, (c) Cys-ZnONp-ConA-BSA-CHIKV, (d) Cys-

ZnONp-ConA-BSA-ZIKV, and (e) Cys-ZnONp-ConA-BSA-YFV.
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Fig. 3. Cyclic voltammogram (a) and Nyquist diagram (b) of the stepwise modification process: (+) gold electrode, ((J) Cys, (V) ZnONp, (o) ConA, and (A) BSA. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

The specificity of ConA was evaluated against lactose and glycogen
as negative controls. Lactose is a disaccharide composed of glucose and
galactose. Glycogen is a polysaccharide consisting of glucose residues.
ConA has specificity for non-reducing a-D-mannosyl and a-D-glycosyl
groups. The electrochemical measurements for lactose and glycogen
recognition displayed no significant response (Fig. S2).

The biological activity of the Cys-ZnONp-ConA-BSA platform was
evaluated against glycoproteins (fetuin and ovalbumin) (Fig. S3). The
impedance values increase after the exposition of the sensor to these
glycoconjugates. Thus, ConA was capable of recognizing fetuin and
ovalbumin. Similar results have been previously obtained by other
authors [32]. The lectin-glycoprotein complex can act as the inert
electron and mass transfer-blocking layer. Therefore, this complex
hinders the movement of ferricyanide toward the electrode surface.

3.3. Analytical performance of the biosensor on real samples

Differences in the viral envelope are an essential characteristic of
the differentiation of the immunological response after infection by
arboviruses. The structural components of the viral envelope can be
used to identify and differentiate arboviruses [9]. Thus, ConA lectin was
used in this work for the identification and differentiation of the car-
bohydrates on the viral envelope.

The electrochemical response of the sensor to DENV2, ZIKV, CHIKV,
and YFV is shown in Fig. 4. The degree of affinity of the sensor to the
virus decreased from ZIKV > DENV2 > CHIKV > YFV. The sensor
shows the highest response to ZIKV due to the interaction of ConA with
specific residues of carbohydrates present in structural glycoprotein E
of the ZIKV [8,44]. The DENV2 showed increased interaction with
ConA due to the presence of glycans on its surface. Carbohydrates re-
sidues distributed on ZIKV surface differ in density and conformation as
compared to DENV2 [7].

The binding between ConA and viral glycoproteins reflects the in-
teraction of the biomolecule with residues of carbohydrates present in
the Ans'®* glycan monomer exposed on the surface of the DENV2 and
ZIKV viruses [7]. CHIKV is composed of a glycidic structure containing
mannose sugars, which favors the lectin interaction and results in an
increase of the resistivity [45].

ConA lectin recognizes ZIKV due to positive charges in the central
and negative regions in the distal portion of the non-structural protein 1
(NS1) of the virus. The charge distribution of the DENV2 NS1 protein is
different from ZIKV. Besides, DENV2 NS1 protein is composed of po-
sitive charges throughout the surface, which reflects the lower re-
sistivity as compared to ZIKV response [46]. ConA recognized CHIKV
due to the presence of mannose residues [47]. Finally, YFV did not

show significant electrochemical response due to the smallest amount
of mannose or glucose in the viral structure compared to other flavi-
viruses [48].

YFV genome is capable of coding a polyprotein, which is post- and
co-translationally processed into three structural proteins and seven
non-structural proteins. The envelope (E) protein is an essential YFV
structural protein and a significant component of the virion surface
[49]. A previous study revealed that ConA and other lectins did not
react with virus E protein, confirming the absence of sugar residues at
side chains [48].

Table 1 shows the equivalent circuit parameters for the biosensor
preparation and its subsequent interaction with different arboviruses
(DENV2, ZIKV, CHIKV, or YFV). Our results revealed different re-
sponses for each arbovirus. Of note, our system was not responsive
when negative serum was tested. This behavior demonstrated that the
new biosensor is capable of recognizing virus in contaminated samples.
The highest Rct values were obtained for ZIKV recognition due to the
lectin specificity.

The performance of the sensor for virus detection was evaluated
through the relative variation of Rct (ARct%). ARct% is an analytical
component used to measure a relative impedance of the system before
and after the detection process, as follows: ARct% = (Rt (sensor) - Ret
irus))/Ret (sensor), Where Retgensor and Retyirys correspond to the sensor
layer before and after arbovirus interaction, respectively [43]. PRNT
was used to validate the ZIKV concentrations. Cys-ZnONp-ConA system
and PRNT displayed similar responses to virus detection.

Rct is a component of the Randles circuit (inset of Fig. 3b) used to
evaluate the impedance of the modified electrode. Rs and Zyy are as-
sociated with the evaluation of the electrolytic properties and the dif-
fusion of the redox pair, respectively. Q and Rct vary with the dielectric
capacity of the electrode during the electrode surface modification
phases, where Q is the constant phase element, and Rct is the charge
transfer resistance [33].

The interactions between a virus and lectin can be evaluated by the
degree of coating of the surface (0), represented by 6 = 1-(Ret (sensor)/
Retvirusy)- In Fig. 5a, we observed an increase in Ret with increasing the
virus' concentration. Also, a high degree of coating (6 = 80%) for ZIKV
was obtained (Fig. 5b). Our results indicate a higher affinity of the
sensor for ZIKV. The equation of limit of detection (LOD) can be ex-
pressed as LOD = 3 o/m, where ‘s’ is the standard deviation of the re-
sponse and ‘m’ is the slope of a calibration curve. The LOD was calcu-
lated to be 0.0421pfumL~' for ZIKV, 0.0437pfumL™' for YFV,
0.062 pfumL ™" for CHIKV, and 0.0382 pfumL ™! for DENV.

The proposed biosensor was able to detect arboviruses in serological
samples from infected patients (Fig. 6). The impedimetric response of
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Fig. 4. Nyquist diagram of the sensor system (+) and serial dilutions of arboviruses 1:50 ([7]); 1:40 (V): 1:30 (); 1:20 (A); 1:10 (*) of the virus. ZIKV (a), DENV2 (b),

CHIKV (c) and YFV (d).

Table 1

Values of the equivalent circuit elements from fitted impedance results. The analyses were performed at 1:10 dilution.
Electrode Modification Ret (kQ) Rs (2) Q w n
Au 0.35 = 0.15 565 = 0.28 3.73 = 0.53 481 + 0.22 0.79 = 0.14
Au-Cys 4.79 = 0.11 494 + 0.26 1.69 = 0.21 464 + 0.38 0.87 = 0.26
Au-Cys-ZnONp 0.66 = 0.72 487 + 0.33 2.68 = 0.42 528 + 0.32 0.77 = 0.22
Au-Cys-ZnONp-ConA 2.34 = 0.25 558 = 0.18 1.84 + 0.30 474 + 0.43 0.83 = 0.17
Au-Cys-ZnONp-ConA-BSA 5.34 = 0.75 575 = 0.49 1.53 £ 0.33 452 + 0.52 0.85 = 0.10
Sensor system-ovalbumin 14.5 + 1.04 506 + 0.82 8.00 = 0.95 162 = 0.76 0.89 + 0.12
Sensor system-fetuin 58.7 = 2.04 551 = 0.94 1.38 £ 0.77 432 + 0.31 0.86 = 0.19
Sensor system-lactose 5.59 = 0.70 551 = 0.15 217 = 0.32 511 + 0.41 8.82 = 0.17
Sensor system-glycogen 6.12 = 0.59 511 = 0.21 1.29 + 0.24 433 + 0.51 0.83 = 0.14
ZIKV 18.6 + 1.01 529 = 0.71 1.26 = 0.33 517 + 0.44 0.87 = 0.11
CHIKV 6.86 = 0.23 510 = 0.25 8.80 = 0.93 302 + 0.31 0.89 = 0.23
YFV 5.98 = 0.11 543 = 0.23 3.75 = 0.52 524 + 0.12 0.74 = 0.10
DENV2 14.6 = 1.04 480 + 0.37 1.15 = 0.30 285 + 0.51 0.86 = 0.16
Negative serum 4.03 = 0.23 501 = 0.12 1.60 = 0.22 462 + 0.42 0.78 = 0.20

the sensor for real samples was similar to that obtained for purified
virus samples. In the case of the comparison of the ARct%, ZIKV ex-
hibits the highest ARct% value, followed by DENV > CHIKV > YFV
(Fig. 6a).

An evaluation of the n, Ret, and Q circuit elements revealed distinct
viral profile to lectin recognition as observed in the 3D plot (Fig. 6b).
YFV data are in the region of lower n, Ret, and Q values. Thus, YFV
response is involved in a smaller blocking effect associated with smaller
capacitive dispersion. CHIKV results are distributed at intermediate Rct
values related to the blocking of the biosensor surface. DENV2 and ZIKV
presented higher Rct values. This behavior is associated with a more
significant blocking effect and smaller capacitive dispersion. The bio-
sensor was able to differentiate arboviruses (according to saccharide
structure of the viral glycoproteins) in serum from arbovirus-infected
patients.

The proposed biosensor was able to identify and distinguish be-
tween arboviruses. The arboviruses produce similar proteins and
therefore, can generate false-positive and false-negative results. On the
other hand, the developed biosensor allows a rapid diagnosis to prop-
erly treat symptoms and identify infectious outbreaks to prevent ar-
bovirus spreading. Our results demonstrate that ConA lectin is an active
biomolecule for differentiation and identification of arboviruses due to
an excellent electrochemical response for different viral glycoproteins.

4. Conclusion

In this work, a simple and sensitive electrochemical biosensor for
detection and discrimination of arboviruses have been developed em-
ploying Concanavalin A lectin (as molecular recognition element). We
demonstrated the feasibility and sensitivity of the proposed platform by
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using ovalbumin and fetuin as model analytes. The biosensor showed
excellent analytical performance for tested arboviruses with sensitivity
and wide linear range. The ConA identification of arboviruses was
through interactions between carbohydrates side chains present in viral
glycoproteins. The biosensor was responsive to detect arboviruses in
serological samples from infected patients, even in the presence of in-
terfering molecules. The developed biosensor was capable of differ-
ential diagnosis of arboviruses.
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