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Abstract

Zika virus (ZIKV) has recently become a global hieathallenge due to its rapid
geographical expansion, since it is associated s@atious neurological anomalies such
as Guillain-Barré syndrome and microcephaly. Culyerthe techniques for ZIKV
diagnosis require labor-intensive, expensive anujtley tests using sophisticated
equipment. Moreover, false positive or false-negatesults can occur. In the present
work, a DNA biosensor to detect ZIKV in real humsgrum samples was developed
using an oxidized glassy carbon electrode (ox-G@iegified with silsesquioxane-
functionalized gold nanoparticles (AuNPs-SiPy).sThanohybrid was characterized by
UV-Vis, FTIR and Raman spectroscopies, DLS, and XRBDe conditions for the
immobilization of a ZIKV ssDNA probe on the eledm surface (ox-GCE-[AuNPs-
SiPy]) were optimized by univariate and multivagiainalysis. The optimized biosensor
was characterized by CV, EIS and AFM experimenke ZIKV target recognition was
based on the variation of the charge transfer teesie AR.) of the redox marker
([Fe(CNY]*™) used and the roughnessq|Pf the electrode surface. The proposed
biosensor presented a LOD of 0.82 pmd| With a linear range of 1.0 x16— 1.0 x1&°
mol L. Moreover, the reported device showed a suitatdbilgy and satisfactory
sensitivity and selectivity to quantify ZIKV in hitan serum samples, which suggests its
promising clinical applications for the early diagis of ZIKV-associated pathologies.
Key-words: ZIKV diagnosis, impedimetric biosensor, gold naaigles,

silsesquioxane.
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1. Introduction

ZIKV is a mosquito-borneFlavivirus first identified in the Zika Forest of
Uganda in 1947. Since its discovery, the virus $iaad and undergone mutations
which recently led to significantly outbreaks, bexwog a global health challenge
(Musso and Gubler, 2016). Infections reached Miesi (2007), French Polynesian
(2013) and countries from the Americas and Asidl§2®016). In 2015, the Brazilian
Ministry of Health estimated that up to 1.3 milliGuspected cases had occurred
(Petersen et al., 2016). In 2016, the World He@ltbanization declared ZIKV a public
health emergency of international concern (Dowakle 2017). The long-term effects
of ZIKV include several brain abnormalities in nems, especially microcephaly, and
may trigger Guillain-Barré syndrome, a severe amtoune disease, in adults (Araujo et
al., 2016; Amorim, 2019).

Correct diagnosis of ZIKV-infected individuals ishallenging because its
clinical symptoms are usually non-specific (~80 &bd similar to other flaviviruses
such as Dengue and Chikungunya (Martinez et al9R0 echniques employed for the
detection of ZIKV include quantitative-reverse-tsaription/polymerase-chain-reaction
(QRT-PCR), loop-mediated isothermal amplificatiatAi1P) and Zika IgM antibody
capture enzyme-linked immunosorbent assay (ELISA)ese methods are usually
lengthy, require professional handling, use expensguipment and resources and can
also give false positive or negative diagnosesigdiet al., 2018). Therefore, the
development of more sensitive, accurate, fast dfatdable methods to screen for
ZIKV epidemics is highly desirable. Some biosensapproaches have already been
reported in the literature based on ribonucleid §&INA) (Pardee et al., 2016) and
antigens/antibodies (AG/AB) in electrochemical fdahs constituted by graphene
(Afsahi et al., 2018) and interdigitated electroq&sushik et al., 2018) with LOD
values in the range of 2.8 x 10— 0.4 x 10 mol L? for the detection of ZIKV.
Additionally, Tancharoen et al. (2018) used therentirus structure immobilized on a
gold interdigitated electrode modified with grapbeoxide and a gel polymer (IDE-
GoxPol), with a LOD of 1.0 x I8 mol L™ (Tancharoen et al., 2018). More recently, it
was published the first biosensor based on the ipiimation of synthetic ZIKV DNA
oligonucleotide on a gold-modified polyethyleneeggthalate (PET) electrode, which
reached a LOD of 25 x Tmol L™ (Faria and Zucolotto, 2019).
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DNA electrochemical biosensors based on gold natiolgs (AuNPs) have
been recently developed as alternatives for simigignosis of infectious agents (Huang
et al., 2017). The incorporation of AuNPs in thedainsing platform can provide an
enhancement of the device’s response, due to stiege properties such as high
electrical conductivity and high surface area. ¢Aad Tiwari, 2015; Saha et al., 2012).
Furthermore, AuNPs can assist the immobilizatiorbi@imolecules on the electrodic
surface, enhancing the sensitivity and robustndésthe device towards the analyte
detection (Chao et al., 2016), which is due to ittmeased amount of immobilized
DNA and the highly selective hybridization (Caiagt 2001).

Thiol-gold bonds are effective to adhere oligonatitees to nanoparticle
surfaces, yielding biosensors with molecular orgatnon, ultrasensitive performance
and stability (Austin et al., 2014; Rafique et &(018). Mashhadizadeh and Talemi
(2016) have showed the immobilization of a thiol&&A probe on a carbon paste
electrode modified with 3-(trimetilsilsesquioxarfepropanethiol and AuNPs. The Au-
S covalent bonds provided a selective and reprbthugensor for the detection of
Hepatitis B virus in urine and plasma samples, veithOD of 3.1 x 16° mol L™
Similarly, a platform based on the coelectrodepmsiof AUNPs and reduced graphene
oxide (rGO) on a glassy carbon electrode (GCE) wgzsl to immobilize thiolate DNA
probes, presenting a LOD of 3.9 x ¥0g mL™" (Kumarasamy et al., 2018) to the
determination of DNA hybridization with potentigb@ication in cancer diagnostics.

In spite of their interesting features, nanopagtchre usually thermodynamic
unstable. Therefore, it is necessary the use bfligiag agents in order to obtain stable
nanohybrids, with a small tendency to undergo sualece (Mossanha et al., 2017).
Silsesquioxane polyelectrolytes are a class afailipolymers which present positive
charges on their polymeric structures, showing dbdity to support and stabilize
AuNPs (Da Silva et al., 2014). Calaca et al. (20a@)l De Menezes et al. (2012)
reported the use of Bpropylpyridinium silsesquioxane polymer (SiPy) fdine
synthesis of AuNPs. According to the authors, tlodyrmperic chains allowed the
adsorption of AuCI complex precursor, enabling the formation of AuNW#gh
diameters of 11.0 and 6.1 nm, respectively.

To the best of our knowledge, only one sensor @oina DNA for ZIKV have
been previously reported. In this sense, the mhjactive of this work is to develop a

new label-free DNA biosensor for the detection dK\, based on a platform
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constituted by SiPy-stabilized AuNPs (AuNPs-Siegploying an oxidized GCE as

transducer.

2 Experimental section

2.1 Reagents and DNA oligonucleotides

All reagents used in this work were of analyticahde and used without
previous purification. KFe(CN)].3H.O, KsFe(CN)y] and HAuChL3H,O were
purchased from Sigma-Aldrich. SiPy was synthetizsddescribed in the literature
(Alfaya et al., 1998). Phosphate buffered salinetsan (PBS) was prepared at pH 7.4
by using 0.15 mol & NaCl, 7.2 mmol ! NaHPQ,, and 2.8 mmol ' NaH,POs.
HPLC-purified DNA oligonucleotides were synthesizetl purchased from Integrated
DNA TechnologiegIDT, Inc., Coralville, IA). The ssDNA oligonucledes used in this
work were: (i) ZIKV1, a thiolate ZIKV-specific pr@with the following sequence!-5
ThioMC6-D-AGCCATGACCGACACCACACCGT-3(zZhang et al., 2016; Deng et al.,
2017); (i) ZIKV2, a sulfur-free target oligonucléde complementary to ZIKV1; and
(i) No-ZIKV2, a sulfur-free oligonucleotide non-complementary toK¥L (5'-
GAGAGGTACCCGAACTGCAAC-3) used as negative contanhid to demonstrate
that nonthiolate DNA does not interact with the AR8\in this DNA biosensor
approach. All solutions were made with ultra higlrity sterile water (18.2 K2.cm,
Milli-Q). Oligonucleotides solutions were stored-a0 °C. Human serum used as real
matrix were obtained from a healthy subject in adance with institutional ethics
policies. The study was approved hlge Research Ethics Committee (CAAE:
62060616.2.0000.0105).

2.2 Synthesis and characterization methods of AUNPs-S Py nanohybrid

The AuNPs were synthetized according to an estaaliprocedure from the
literature (Calaca et al., 2017). The obtained hghod was characterized by UV-Vis
spectroscopy (Cary 50 Varian spectrophotometerja f®tential determination and
dynamic light scattering (DLS) (Malvern NanoZ59Qigmment), FTIR (Shimadzu 8400
spectrometer), Raman spectroscopy (stray RamareB&#nterra spectrometer) and X-
ray diffractometry (XDR) analysis (Rigaku Ultima [¥iffractometer). FTIR spectra
were recorded in the transmittance mode in the eafigm 400 to 4,000 crh
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(resolution: 4 cnrit; number of scans: 64) by using KBr pellets contanSiPy or
lyophilized AuNPs-SiPy. Raman spectra and X-rajraitograms were taken for SiPy
and AuNPs-SiPy lyophilized powders.

2.3 ZIKV DNA biosensor preparation

Glassy carbon electrodes (geometric area = 3.%)mere first polished with
alumina/water slurry (0.3 um) on a flat pad. Thecgbdes were then washed with
ultra-pure water and sonicated in absolute ethBondd min. The fabrication process of
the ZIKV DNA biosensors consisted in the steps samued in Scheme 1 (see
Supplementary Material S1 for a detailed descnptidhe obtained biosensors were
designated as ox-GCE-[AUNPs-SIiPy]/ZIKV1.

00—0/0—0" loo—or"oo.'.
Oxidation Drop-coating
GCE — _

0.5 mol L-! H,80, AuNPs-SiPy

Drop-coating
2h
DNA-ZIKV1

Drop-coating
50 min (37°C

|
DNA-ZIKV2
%
S
ssDNA dsDNA

Scheme 1: Schematic representation of the stages of the @E-GAUNPSs-SiPy)/ZIKV1 biosensor
construction and DNA hybridization.

2.4 ZIKV biosensor optimization

The amount of AuNPs-SiPy (2, 5, 10 and {ib) used for the ox-GCE
modification was optimized by using univariate gsa. Sequentially, the probe
concentration ([ZIKV1]) and probe incubation tinteng,;) were optimized by using a

multivariate approach. For this purpose?dagtorial design was employed. The studied
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levels of the variables were based on preliminasyst [ZIKV1] =1 (-1), 5.5 (0), and 10
umol L (+1); and probe timg = 90 (-1), 120 (0), and 150 min (+1). In all
hybridization assays, the temperature was kepttaohsat 25 °C. The evaluated
response was the percent variation of the chaayesfer resistanceARy) in the EIS
measurements, which was obtained after performeagjrechemical assays with a fixed
concentration of ZIKV2 (1@mol L™Y). For AR calculation, the following equation was
used:

AR.. — <Rct (hib) — Rct (bios)) 100%
= . ()
ct Rct (bios)

where Ry iy and Rx @ios) refer to the R values obtained after and before the
hybridization assay, respectively. The data proogssvas carried out by using
Satistica® 13.0 software.

The hybridization temperature was finally analybsgda univariate experiment,
between 25, 37 and 50 °C. All measurements were@ea by the obtainetiR.;value.
The optimized experimental conditions were then leggal to obtain analytical curves

for the ZIKV2 target detection, in the range frorprhiol L* to 1umol L™

2.5 Electrochemical measurements

All electrochemical experiments were performedaam temperature, using a
conventional three-electrode cell system, consisfesnmodified or modified GCE as
the working electrode, A@gCI as the reference electrode and a platinunakpire as
the auxiliary electrode. CV and EIS measurementsrewearried out in a
Multipotenciostat Autolab MAC90149 connected to a computer wiltova 2.1
software. 0.15 mol £ PBS buffer containing 5.0 mmol*'LK4Fe(CN)}/KsFe(CN) was
used as supporting electrolyte, since the DNA palsed in this study were not redox
labeled. Before all measurements, the electrolyds wurged for 10 min with high-
purity nitrogen flow. Analytical parameters such lasit of detection (LOD) was
determined for the developed biosensor following thuidelines stated by the
International Union of Pure and Applied ChemisttyfAC) (Nic et al., 1997).

2.6 Biosensor characterization

All stages of the biosensor construction were attarzed by CV, EIS and

AFM. AFM images and roughness valueg)(fRere obtained in a Shimadzu SPM 9600
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microscope in the non-contact mode, with a Sili&#M Sensor (Al-coating) (NANO
WORD) with thickness 4um, length 125um, width 30um, frequency 320 Hz, and
constant force of 42.0 N'n

2.7 Real sample analysis and stability studies

Fresh human serum samples were spiked with 15 [maobf ZIKV2. This
mixture was sequentially diluted in order to obttanget concentrations of 1.000, 1.0
and 0.01 nmol LX. The stability of the proposed biosensor was atetli by storing
three modified electrodes containing ZIKV1 (ox-GQEINPs-SIiPy]/ZIKV1) at 4 °C
and performing EIS measurements over a periodneé¢ 0 to 90 days) towards the
specific hybridization with ZIKV2. After each experent at 1, 2, 7, 14, 21, 28, 35, 60
and 90 days, the biosensors were cleaned and arpd#itiorm was constructed at each

test.

1. Resultsand discussion
3.1 Synthesis and characterization of AUNPs-SPy
The formation of AUNPs was confirmed by the preseoicthe surface plasmon
resonance band in the UV-Vis spectra of the obthisuspensions. The interactions
between the AuNPs and SiRylymer was confirmed by FTIR and Raman
spectroscopies. The crystallinity of both the patyrand the AuNPs-SiPy hybndas
confirmed by XRD (see Supplementary Material S2afoletailed description).

3.2 Electrochemical characterization of GCE, ox-GCE, ox-GCE-[SPy] and ox-

GCE-[ AuNPs-SPy]

The electrochemical behavior of the AuNPs-SiPy irbitiwed on the ox-GCE
surface was investigated by CV measurements im@/5L™* H,SO,. An anodic and a
cathodic peak were observed at 0.41 and 0.9%5sVAQg|AgCl), respectively (Figure
S3.1). According to the literature, the typicalargrocesses for a gold macroelectrode
occur around 0.85 and 1.18 Vs(Ag|AgCl). Those processes are associated with the
formation of gold oxides (Au=O and O=Au—®).s9 during the anodic scan that
remain absorbed on the electrode surface and aweced during the reverse scan
(Wang et al., 2013; Burke and Nugent, 1997). Thi shlower potentials observed for
the ox-GCE-[AuNPs-SiPy] suggest that the electramdfer process is easier on this
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surface. (Saha et al., 2012). In comparison, the G&E, ox-GCE and ox-GCE-[SiPy]
presented just the background current in the sastenpal range.

In order to evaluate the stability of the ox-GCHiMPs-SiPy], successive
potential scans between 0.2 and 1.6 V (around 22gywere performed (Figure S3.2).
The obtained voltammograms revealed that the cathpdak potential By) and
cathodic peak currenty) did not change significantly. Thus, one can affithat the
AuNPs-SiPy remained stable on the ox-GCE surfackem\cyclic voltammograms
were performed with this electrode in 0.5 mof PBS buffer (Figure S3.3), no
electrochemical response was observed. Hence, uaithef electrochemical
measurements were carried out in the presence d ®mol L*

K4 Fe(CN))/Ks[Fe(CN)] as a redox marker, which is commonly used for the
characterization of biosensors.

The GCE, ox-GCE, ox-GCE-[SiPy] and ox-GCE-[AuNP®&iplatforms were
characterized by CV and EIS measurements. Voltamanagyshown in Figure S3.4 (A)
demonstrate a quasi-reversible behavior due teldstrochemical redox marker for all
electrode configurations. The Nyquist diagram (Fég83.4 (B)) exhibited two regions:
a semicircular part, corresponding to the electransfer-limited process and a linear
segment representing the diffusional process ofGRg]*"
1993; Bard and Faulkner, 2001). All;Ralues (Table S3.1) were obtained frNova
2.1 software using equivalent circle analysis.

The CV for unmodified GCE showed higher currentkse,), a lower peak-to-
peak potential separationKy) and a lower R value, due to faster electron transfer

ions (Brett and Brett,

kinetics of this electrode. After the voltammetogidation in HSQO;, a decrease it
and an increase IAE, and R; values was observed, which is associated with the
formation of negatively charged oxidized groupstlo& electrode surface that interfere
with the electron transfer processes of the probena in the electrode/solution
interface (Jarocka et al., 2014; Dekanski et @012. The electrostatic interactions
between the positively charged AuNPs-SiPy nanolydnid ox-GCE led to an increase
in Ipand a decrease infRalues, which evidenced the immobilization of Au\sh the
electrode surface (Saha et al., 2012).

The CV of ox-GCE-[AuNPs-SiPy] resulted in a slightbwer oxidation current
when compared to GCE-[SiPy]. This probably occuecdnse electron transport
through the film is more difficult, due to the irdetion between the redox probe with

the AuNPs present in the nanohybrid. This hypothess confirmed when cationic
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[RU(NH3)e]*"®* complex was used in CV analysis. As observed guréi S3.5, the
higherl, (Table S3.2) was obtained because of lack of ehiartgraction.

3.3 Optimization steps of ZIKV DNA Biosensor
The obtained ox-GCE-[AUNPs-SiPy] platform was thesed for the

immobilization of thiolate ssDNA-ZIKV1 (Au-S bondofmation), followed by the
hybridization with the target ssDNA - ZIKV2. The aont of AUNPs-SiPy deposited on
0x-GCE, the incubation time of the electrodes iK\Z1 (timey,c), the concentration of
ZIKV1 solution and the temperature of ZIKV2 hybadtion were optimized to favor
the hybridization between probe and target ssDNesE factors were analyzed by
univariate or multivariate optimization processés.all cases, higheAR values
evidenced a higher sensitivity of the proposeddmnssr.

Firstly, the amount of AuUNPs-SiPy was analyzed hynevariate process (n =
3), which showed an increaseAR.; values until 5 uL and sequentially a decrease with
the increase in the quantity of AUNPs-S{Pigure S4.1). This result suggests that 5 puL
Is the most suitable amount of AuNPs-SiPy for bigse construction.

[ZIKV1] and time,. were studied by a multivariate optimization preacebhe
results obtained in the?3ull factorial design are shown in Table S4.1. Ehatistical
processing of the experimental data indicates [fhi#éV1] and time,. had significant
effects on theAR. response (at 95% confidence level). Moreover, sbeond-order
interaction effect between both variables was sta#lly significant for obtaining a
greater sensitivity of the biosensor (Figure S4s@ygesting that the variables influence
the AR response simultaneously. The results obtained fhen® factorial design were
fitted to a quadratic model, in which the respo(sR.) is presented as a function of
[ZIKV1] and time,.. The resulting equation is:

AR, = 287.47 — 32.815 X (time;n,)? — 38.94 x ([ZIKV1])? + 9.44 X time,,,
X [ZIKV1] — 3.42 X time;,. X ([ZIKV1])? + 2.94 x (time;,,.)?
x [ZIKV1] + 13.80 x (time,.)? x ([ZIKV1])?

The statistical validity of the obtained quadratiodel was tested by applying

analysis of variance (ANOVA), and the results amespnted in Table S4.2. The model
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regression was statistically significant at 95% foence level, and the variability
explained by the model was very close to the marinaxplainable variation (R=
0.9971; Adj-R = 0.9927). In addition, no lack of fit (LOF) coutet identified (For =
3.9 < k2959 = 19.00), which means that the proposed quadmatidel had a good
adjustment to the experimental data and was ableredict the behavior of the
dependent variableAR.;) versus the studied independent variables ([ZIKV1] and
timenc) with a reliability of 99.3%.

The three-dimensional response surface plot carrelpg to the quadratic
model is shown in Figure 1. In the experimentalgeastudied for both variables, the
AR passes through a maximum, which corresponds topghmal experimental region
for the preparation of the ZIKV biosensor. The nge curvature represents the strong
interaction between the variables, demonstratireg thoth factors affect thaR:.
Therefore, the optimum conditions for the biosergmrstruction were: [ZIKV1] = 5.0

umol L' and timg,. = 120 min.

Figure 1: Response surface plot faR as a function of [ZIKV1] and timg.

The temperature of hybridization between the ZIKMid ZIKV2 strands was
optimized by a univariate process (n = 3). As #magerature increase provided higher
AR values (Figure S4.3), 37 °C was chosen as tha swtble hybridization
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temperature since it allows maximum specificity hoiit compromising sensitivity
(Benvidi et al., 2015).

3.4  ZIKV DNA Biosensor characterization

The optimized biosensor was characterized by CV &i&l (Figure 2 (A) and
(B)) (Table S5.1).

150 > @ GCE
4 ox-GCE
| @ ox-GCE-[AuNPs-SiPy]
100 446 ox-GCE-[AUNPs-SiPy)ZIKV1
@ ox-GCE-[AUNPs-SiPy/ZIKV1/ZIKV2
504 e ox-GCE-[AuUNPs-SiPy)/ZIKV1/No-ZIKV2
Ly | a - -*r - 1 l—
<:- 0 = Rs {5
= iy 21 Ca
“50" L] T O =
2 e, Y
1 | " ? S [T
1001 230902
e o
(A) (B)
-150 -1 v 1 1 r ¥ 1 5 1 0+ T ¥ T Y T ¥ T Y T T
-04 -0.2 00 02 04 06 08 0 1 2 3 4 5
E (V) vs. Ag|AgCI Z'(kQ)
300
0.8- e\ \o{Wje
o] R ~ 250 -
R, —ss R
0.6- Cy .:;: ?200-‘
— g "9 o~
G ° e, i’;‘aoq 9-11150-
X 0.4 * By 00 ©
= C i’ né 100
N L wg?l‘_ﬁ'a‘l" "
0-2 504
0.0- (C) 01
1 o T . 1 ) 1 1 T 3 T ¥ T b T g T b T ¥ T
0.0 0.2 0.4 0.6 0.8 -3 -2 -1 0 1 2 3
A
Z'(kQ) log [ZIKV2] nmolL

Figure 2: (A) Cyclic voltammograms at 50.0 mVsand (B) electrochemical impedance spectra of all
steps of ZIKV biosensor construction, in 5 pmdl &f ZIKV1 and ZIKV2/No-ZIKV2. (C) Nyquist plots

of GCE-[AuNPs-SIiPy]/ZIKV1 after hybridization wittifferent ZIKV2 concentrations: (a) 0.0, (b) 1.0 x
102 mol L%, (c) 1.0 x 1¢* mol L, (d) 1.0 x 1d° mol L™, (e) 1.0 x 10 mol L%, (f) 1.0 x 1¢° mol LY,

(9) 1.0 x 10 mol L* and (h) 1.0 x 1® mol L™. (D) Analytical curve (n = 3). Experimental coridits:
0.15 mol L* PBS buffer solution (pH 7.4) with 5.0 mmol*LK,Fe(CN)Y/KsFe(CN); OCP; frequency
range: 10.0 kHz to 0.1 Hz; amplitude: 10 mV.

The ZIKV1 ssDNA probe immobilization on the ox-GQ&4NPs-SiPy] occurs

by covalent Au-S bond formation, resulting in ar@ese ir, and increase of kdue to
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the insulating effect of the biomolecule (Dinckastaal., 2011). Since ZIKV1 contains
disulfide bonds rather than free thiols, it wasessary to confirm that the binding of
the ssDNA probe to the AuNPs-SiPy on the electsutéace could occur without the
use of chemical pre-treatment (Wang et al., 20E@).this purpose, the immobilization
of cystamine (GHi2N,S;) onto an ox-GCE-[AuNPs-SiPy] surface was performed
(Figure S5.1). The observed similarity in the s of R; in this experiment provides
the confirmation that covalent binding of ZIKV1 AuNPs-SiPy occurs according to a
parallel reaction. This new approach avoids thedrteereduce the disulfide bonds of
ZIKV1 ssDNA probe and the subsequent purificatiteps prior to applicationrmaking

the construction of the present DNA biosensor fastepler and cheaper.

The hybridization of ZIKV1, covalently bound to &€E-[AuNPs-SiPy], with
the ZIKV2 ssDNA target induced a decreasé,iand an increase inRconfirming the
formation of dsDNA between probe and target ssDNDM¢kaya et al., 2011). In
contrast, when ZIKV2 was replaced by No-ZIKV2 (revget ssDNA), nd, and R
changes were observed in the last stage. Thesksrasticate the specificity of the
biosensor to ZIKV (Liu et al., 2010) and demongsathat non-thiolate DNA does not
significantly interact with the ox-GCE-[AuNPs-SiPy]

Besides R andAR, other important parameters (Table S5.1) obtame&IS
were also analyzed (Figure 2 (B)). The resistanic¢he electrolyte, electrode and
contacts (R exhibits a slight increase during the stages oftileeensor construction,
due to the insulating effect of the oligonucleoctid€he double-layer capacitance (Cdl)
from the constant-phase element (CPE) decreasedodihe smaller sensor/electrolyte
interface area induced by oligonucleotide immohtian. The Warburg impedance (W)
also decreased, which is related to the chargeaggom the electrode. Due to the
immobilization of the DNA sequences, tlebarge transfeprocess becomes more
hindered and consequently the load of intercalatbdrge within the platform
containing oligonucleotides decreases (Goncalvat,&2017)

3.5 Redox probe effect

In order to confirm that the interaction betweer tledox marker with the
electrode surface does not significantly influetioe electrode response (which could
result in false-positive results), the ox-GCE-[AuNEIPy] was incubated in the
presence of [Fe(Ch)"® instead of the oligonucleotides, with the sameinuiged

timenc (120 min). The Nyquist diagram exhibits no sigrafit increase in fRvalues,
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which indicates that the redox marker does notepriea significant effect in the sensor

response (Figure S6.1).

3.6 AuUNPs-SPy influence

In order to justify the use of the AUNPs-SiBy the covalent binding (S-Au) of
the thiolate ZIKV1 ssDNA probe and for the biosensgsponse, a comparative study
was carried out using three different configuragidn hybridize the ZIKV2 ssDNA
target: ox-GCE/ZIKV1, ox-GCE-[SiPy]/ZIKV1 and ox-GZ[AuNPs-SiPy]/ZIKV1.
After hybridization, theAR; values obtained for ox-GCE (8.6%) and ox-GCE-[$iPy
(47.4 %) were significantly lower than those for-@G<E-[AuNPs-SiPy] platform
(277.8%) (Figure S7.1). The higher:Ralues observed for ox-GCE-[AuNPs-SiPy]
occurs because, in the absence of AuNPs-SiPy, amyable and weak interactions
such as electrostatic and van der Waals could tableshed between the modified
electrode and the immobilized ZIKV1 ssDNA probesuléing in lower and non-
reproducibleAR.; values. On the other hand, the use of AuUNPs-SiByiged a more
effective immobilization of the thiolate ssDNA pmbenabling a more effective
hybridization process with the ssDNA target (Ausiral., 2014).

3.5 Biosensor microscopy characterization

AFM images were obtained for each step of biosemrsmstruction (Figure
S8.1). Ox-GCE revealed a smooth surface (Figur&(88, while ox-GCE-[AuNPs-
SiPy] presented a globular morphology (Figure S3)1(oth being uniform. However,
an increase in the roughness valueg) @ ox-GCE (9.85 nm) to ox-GCE-[AuNPs-
SiPy] (36.4 nm) was observed, proving the incorponaof the AUNPs-SiPy on the ox-
GCE surface. After incubation in the presence &f\ZI ssDNA, a further increase of
the R, (54.8 nm) was observed (Figure S8.1(C)), whiclagsociated with the probe
immobilization. The addition of ZIKV2 target to tlsystem significantly increased the
Rq values (95.8 nm), due to the formation of dsDN#bfidization between ZIKV1 and
ZIKV2 ssDNA), which is more elongated and less itidx than the ZIKV1 ssDNA
probe (Figure S8.1(D)) (de Castro et al., 2018 yvéida et al., 2018). Finally, the
hybridization with the No-ZIKV2 ssDNA target showedlower increase of X69.9
nm) (Figure S8.1(E)), which can be attributed te tfonspecific interaction with the
ZIKV1 probe or the AuNPs-SIiPy surface. The obtaiimadges corroborate the results
obtained by EIS: both fand R; values increased accordingly.



393
394 3.6 Analytical curve

395 Analytical curves for the ZIKV2 hybridization detean were obtained by EIS
396 under the optimized conditions (Figure 2 (C)), ihieth the concentration of ZIKV1
397 remained fixed in 5 pumoltand the concentration of ZIKV2 target was varif/dm
398 1.0 x 10" to 1.0 x 1 mol L. The increase in ZIKV2 concentration resulted in
399 proportional increases iRy, according to the linear regression equatidRg; (%) =
400 ARct (%) = 42.55 Gyy2 + 127.69, with R = 0.992 (Figure 2 (D)).

401 The limit of detection (LOD) was determined followji the IUPAC guidelines
402  (Nic et al.,, 1997): LOD = 3 SD/b, where SD is thanslard deviation of blank
403 measurements (in the absence of any analyte; nan®8) is the slope of the analytical
404  curve. The obtained LOD = 0.82 pmof Isuggested that ox-GCE-[AuNPs-SiPy] is a
405  promising analytical platform for ZIKV detection.h® DNA biosensor showed
406  satisfactory sensitivity and LOD values (Tablerixomparison to other techniques and
407 platforms reported in the literaturBesides that, it presents additional advantages in
408 comparison to other sensitive techniques presantédble 1. namely, there is no need
409 to synthesize cDNA or to buy expensive equipmeat,the need of the training time
410 required by the LAMP method. Furthermore, there @oefalse-negatives or false-
411  positive results, and the analysis time is shartenpared to the AG/AB serologic test.
412  Although the work reported by Faria and Zucolo019) shows interesting features
413  such as portability and a simpler and disposald&qin, we highlight that our sensor
414  presents a lower assay time for the hybridizatimtgss, a wider linear range, a lower
415 LOD (allowing the detection of ZIKV in biologicaluids, Table S9.1) and no need of a
416  chemical step to break the disulfide bond of theldlte probe DNA oligonucleotides.
417  Thus, it can be affirmed that the proposed DNA éis®r has the potential to efficiently
418  and specifically quantify ZIKV, with a satisfactoayalysis time and a lower cost.

419

420  Table 1: Comparison of the developed DNA biosensor with reggbsensors for ZIKV detection reported
421 in the literature.

Assay
Assay Detection ) ) Detection limit )
Platform i Target Linearity (mol L% Time Ref
technique strategy (pmol L) .
(min)
. Electrochemical )
0ox-GCE-[AuNPs-SiPy] VC, EIS DNA 1.0 x10*-1.0 x1¢° 0.82 50 This work
Label-free
EIS, CV, Electrochemical RNA 5 (Faria and
Gold-PET 54 x10° — 340 x1@ 25000 90
DPV Label-free (NS5) Zucolotto, 2019)

*FMR LAMP Colorimetry DNA 7.8 x10?- 250 x10+ 1.0 40 (Tian et al., 2018)



Electrochemical AB

Graphene chips EIS - 450 5 (Afsahi et al., 2018)
Label-free (NS1)
3D Cu-based MOF *F Colorimetry RNA 50 x102- 70 x10° 192 36 (Xie et al., 2018)
[Cu(Dcbcp)(bpel
Electrochemical AB 1 (Kaushik et al.,
*|DE- DTSP EIS 10 x10"- 1.0 x10° 10 30
Label-free (NS1) 2018)
Electrochemical ) o 5 5 (Tancharoen et al.,
IDE-GoxPol VC, EIS Virus 5.2 x107°- 5.2 x10" 1x10 -
Label-free 2018)

422
423

424
425

426
427
428
429
430

431

432
433
434

435
436
437
438
439
440
441
442
443
444
445
446
447
448

*FMR = ferromagnetic resonance / *IDE-DTSP = goldterdigited electrode modified with

dithiobis(succinimidyl propionate) (DTSP) / *F =ufirescence

3.7 Detection of ZIKV in serum and stability

The analytical performance of the presented DNAénsor was also evaluated
by the detection of ZIKV in human serum sampleg&egpiwith different concentrations
of ZIKV2 target. Despite the complex fluid compasit, ZIKV2 was successfully
detected from 16to 10*® mol L™ (Table 2). Therefore, the biosensor is demonstrate

to be an efficient and selective device for theediébn of ZIKV in real clinical samples.

Table 2: Results for the detection of ZIKV in human seruamsples using the ox-GCE-[AuNPs-
SiPy]/ZIKV1 biosensor.

Serum samples fxv2 (nmol LY added AR (%) Czikv2 (nmol L) detected
A 0.001 2.9 0.0011
1.0 128.0 1.02
C 1000.0 254.1 933.7

The stability of the proposed biosensor was alsdistl. The ox-GCE-[AUNPs-
SiPy)/ZIKV1 were prepared, stored at 4 °C, and eatdd by EIS until hybridization
detection. After each test, the biosensor was elkkaand another platform was
constructed. This study showed that the sensora&m®epind 98.0% of its initial response
after 90 days, as displayed in Figure S10.1.

4  Conclusions

In this paper, a promising and sensitive impedim@&NA biosensor based on a
oxidized glassy carbon electrode modified with AgN$Py for detection of ZIKV is
reported. Due to the high surface area and higtiredal conductivity of the AuNPs, the
loading amount of DNA probes was enhanced, reguitina significantly improved
electrochemical response of the developed biosengbis proposed biosensing

platform showed to be quite simple and appropriatea suitable immobilization of
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ZIKV ssDNA probes (through the formation of Au-Svatent bonds), and was able to
efficiently detect ZIKV in real human serum sangpldhe device demonstrated a
suitable LOD of 0.82 pmol Lt by EIS and exhibited stability for 90 days. Theganted
biosensor strategy can be further applied to thdification of disposable electrodes in
order to make it commercially viable as a promisioegl for ZIKV diagnosis in

biological fluids.
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Highlights

DNA biosensor based on silsesgquioxane-functionalized gold nanoparticles was
prepared.

Positive charged polyelectrolyte was immobilized on oxidized-GCE for
interaction of thiolated DNA probe.

Zika Virus (ZIKV) was detected using a sensitive label-free impedimetric DNA
biosensor.

DNA biosensor presents suitable stability and selectivity to quantify ZIKV in
serum samples.
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