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Abstract 12 

Zika virus (ZIKV) has recently become a global health challenge due to its rapid 13 

geographical expansion, since it is associated with serious neurological anomalies such 14 

as Guillain-Barré syndrome and microcephaly. Currently, the techniques for ZIKV 15 

diagnosis require labor-intensive, expensive and lengthy tests using sophisticated 16 

equipment. Moreover, false positive or false-negative results can occur. In the present 17 

work, a DNA biosensor to detect ZIKV in real human serum samples was developed 18 

using an oxidized glassy carbon electrode (ox-GCE) modified with silsesquioxane-19 

functionalized gold nanoparticles (AuNPs-SiPy). This nanohybrid was characterized by 20 

UV-Vis, FTIR and Raman spectroscopies, DLS, and XRD. The conditions for the 21 

immobilization of a ZIKV ssDNA probe on the electrode surface (ox-GCE-[AuNPs-22 

SiPy]) were optimized by univariate and multivariate analysis. The optimized biosensor 23 

was characterized by CV, EIS and AFM experiments. The ZIKV target recognition was 24 

based on the variation of the charge transfer resistance (∆Rct) of the redox marker 25 

([Fe(CN)6]
3-/4-) used and the roughness (Rq) of the electrode surface. The proposed 26 

biosensor presented a LOD of 0.82 pmol L-1, with a linear range of 1.0 x10-12 – 1.0 x10-6 
27 

mol L-1. Moreover, the reported device showed a suitable stability and satisfactory 28 

sensitivity and selectivity to quantify ZIKV in human serum samples, which suggests its 29 

promising clinical applications for the early diagnosis of ZIKV-associated pathologies.  30 

Key-words: ZIKV diagnosis, impedimetric biosensor, gold nanoparticles, 31 

silsesquioxane. 32 

  33 
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1. Introduction 34 

ZIKV is a mosquito-borne Flavivirus first identified in the Zika Forest of 35 

Uganda in 1947. Since its discovery, the virus has spread and undergone mutations 36 

which recently led to significantly outbreaks, becoming a global health challenge 37 

(Musso and Gubler, 2016). Infections reached Micronesia (2007), French Polynesian 38 

(2013) and countries from the Americas and Asia (2015/2016). In 2015, the Brazilian 39 

Ministry of Health estimated that up to 1.3 million suspected cases had occurred 40 

(Petersen et al., 2016). In 2016, the World Health Organization declared ZIKV a public 41 

health emergency of international concern (Dowall et al., 2017). The long-term effects 42 

of ZIKV include several brain abnormalities in newborns, especially microcephaly, and 43 

may trigger Guillain-Barré syndrome, a severe autoimmune disease, in adults (Araujo et 44 

al., 2016; Amorim, 2019).  45 

Correct diagnosis of ZIKV-infected individuals is challenging because its 46 

clinical symptoms are usually non-specific (~80 %) and similar to other flaviviruses 47 

such as Dengue and Chikungunya (Martinez et al., 2019). Techniques employed for the 48 

detection of ZIKV include quantitative-reverse-transcription/polymerase-chain-reaction 49 

(qRT-PCR), loop-mediated isothermal amplification (LAMP) and Zika IgM antibody 50 

capture enzyme-linked immunosorbent assay (ELISA). These methods are usually 51 

lengthy, require professional handling, use expensive equipment and resources and can 52 

also give  false positive or negative diagnoses (Singh et al., 2018). Therefore, the 53 

development of more sensitive, accurate, fast and affordable methods to screen for 54 

ZIKV epidemics is highly desirable. Some biosensing approaches have already been 55 

reported in the literature based on ribonucleic acid (RNA) (Pardee et al., 2016) and 56 

antigens/antibodies (AG/AB) in electrochemical platforms constituted by graphene 57 

(Afsahi et al., 2018) and interdigitated electrodes (Kaushik et al., 2018) with LOD 58 

values in the range of 2.8 x 10-15 – 0.4 x 10-9 mol L-1 for the detection of ZIKV. 59 

Additionally, Tancharoen et al. (2018) used the entire virus structure immobilized on a 60 

gold interdigitated electrode modified with graphene oxide and a gel polymer (IDE-61 

GoxPol), with a LOD of 1.0 x 10-20 mol L-1 (Tancharoen et al., 2018). More recently, it 62 

was published the first biosensor based on the immobilization of synthetic ZIKV DNA 63 

oligonucleotide on a gold-modified polyethylene terephthalate (PET) electrode, which 64 

reached a LOD of 25 x 10-9 mol L-1 (Faria and Zucolotto, 2019). 65 

 66 
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DNA electrochemical biosensors based on gold nanoparticles (AuNPs) have 67 

been recently developed as alternatives for simple diagnosis of infectious agents (Huang 68 

et al., 2017). The incorporation of AuNPs in the biosensing platform can provide an 69 

enhancement of the device’s response, due to interesting properties such as high 70 

electrical conductivity and high surface area. (Alex and Tiwari, 2015; Saha et al., 2012). 71 

Furthermore, AuNPs can assist the immobilization of biomolecules on the electrodic 72 

surface, enhancing the sensitivity and robustness of the device towards the analyte 73 

detection (Chao et al., 2016), which is due to the increased amount of immobilized 74 

DNA and the highly selective hybridization (Cai et al., 2001).  75 

Thiol-gold bonds are effective to adhere oligonucleotides to nanoparticle 76 

surfaces, yielding biosensors with molecular organization, ultrasensitive performance 77 

and stability (Austin et al., 2014; Rafique et al., 2018). Mashhadizadeh and Talemi 78 

(2016) have showed the immobilization of a thiolate DNA probe on a carbon paste 79 

electrode modified with 3-(trimetilsilsesquioxane)-1-propanethiol and AuNPs. The Au-80 

S covalent bonds provided a selective and reproducible sensor for the detection of 81 

Hepatitis B virus in urine and plasma samples, with a LOD of 3.1 x 10-13 mol L-1. 82 

Similarly, a platform based on the coelectrodeposition of AuNPs and reduced graphene 83 

oxide (rGO) on a glassy carbon electrode (GCE) was used to immobilize thiolate DNA 84 

probes, presenting a LOD of 3.9 × 10−14 g mL−1 (Kumarasamy et al., 2018) to the 85 

determination of DNA hybridization with potential application in cancer diagnostics. 86 

In spite of their interesting features, nanoparticles are usually thermodynamic 87 

unstable. Therefore, it is necessary the use of stabilizing agents in order to obtain stable 88 

nanohybrids, with a small tendency to undergo coalescence (Mossanha et al., 2017). 89 

Silsesquioxane polyelectrolytes are a class of silicon polymers which present positive 90 

charges on their polymeric structures, showing the ability to support and stabilize 91 

AuNPs (Da Silva et al., 2014). Calaça et al. (2017) and De Menezes et al. (2012) 92 

reported the use of 3-n-propylpyridinium silsesquioxane polymer (SiPy) for the 93 

synthesis of AuNPs. According to the authors, the polymeric chains allowed the 94 

adsorption of AuCl4
- complex precursor, enabling the formation of AuNPs with 95 

diameters of 11.0 and 6.1 nm, respectively. 96 

To the best of our knowledge, only one sensor containing DNA for ZIKV have 97 

been previously reported. In this sense, the main objective of this work is to develop a 98 

new label-free DNA biosensor for the detection of ZIKV, based on a platform 99 
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constituted  by SiPy-stabilized AuNPs (AuNPs-SiPy) employing an oxidized GCE as 100 

transducer.  101 

2 Experimental section  102 

 103 

2.1 Reagents and DNA oligonucleotides  104 

 105 

All reagents used in this work were of analytical grade and used without 106 

previous purification. K4[Fe(CN)6].3H2O, K3[Fe(CN)6] and HAuCl4.3H2O were 107 

purchased from Sigma-Aldrich. SiPy was synthetized as described in the literature 108 

(Alfaya et al., 1998). Phosphate buffered saline solution (PBS) was prepared at pH 7.4 109 

by using 0.15 mol L-1 NaCl, 7.2 mmol L-1 Na2HPO4, and 2.8 mmol L-1 NaH2PO4. 110 

HPLC-purified DNA oligonucleotides were synthesized and purchased from Integrated 111 

DNA Technologies (IDT, Inc., Coralville, IA). The ssDNA oligonucleotides used in this 112 

work were: (i) ZIKV1, a thiolate ZIKV-specific probe with the following sequence: 5′-113 

ThioMC6-D-AGCCATGACCGACACCACACCGT-3′ (Zhang et al., 2016; Deng et al., 114 

2017); (ii) ZIKV2, a sulfur-free target oligonucleotide complementary to ZIKV1; and 115 

(iii) No-ZIKV2, a sulfur-free oligonucleotide non-complementary to ZIKV1 (5’-116 

GAGAGGTACCCGAACTGCAAC-3’) used as negative control and to demonstrate 117 

that nonthiolate DNA does not interact with the AuNPs in this DNA biosensor 118 

approach. All solutions were made with ultra high purity sterile water (18.2 MΩ.cm, 119 

Milli-Q). Oligonucleotides solutions were stored at -20 ºC. Human serum used as real 120 

matrix were obtained from a healthy subject in accordance with institutional ethics 121 

policies. The study was approved by the Research Ethics Committee (CAAE: 122 

62060616.2.0000.0105).  123 

 124 

2.2 Synthesis and characterization methods of AuNPs-SiPy nanohybrid  125 

 126 

The AuNPs were synthetized according to an established procedure from the 127 

literature (Calaça et al., 2017). The obtained nanohybrid was characterized by UV-Vis 128 

spectroscopy (Cary 50 Varian spectrophotometer), Zeta potential determination and 129 

dynamic light scattering (DLS) (Malvern NanoZ590 equipment), FTIR (Shimadzu 8400 130 

spectrometer), Raman spectroscopy (stray Raman Bruker Senterra spectrometer) and X-131 

ray diffractometry (XDR) analysis (Rigaku Ultima IV diffractometer). FTIR spectra 132 

were recorded in the transmittance mode in the range from 400 to 4,000 cm-1  133 
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(resolution: 4 cm-1; number of scans: 64) by using KBr pellets containing SiPy or 134 

lyophilized AuNPs-SiPy. Raman spectra and X-ray diffractograms were taken for SiPy 135 

and AuNPs-SiPy lyophilized powders.  136 

 137 

2.3 ZIKV DNA biosensor preparation  138 

 139 

Glassy carbon electrodes (geometric area = 3.1 mm2) were first polished with 140 

alumina/water slurry (0.3 µm) on a flat pad. The electrodes were then washed with 141 

ultra-pure water and sonicated in absolute ethanol for 5 min. The fabrication process of 142 

the ZIKV DNA biosensors consisted in the steps summarized in Scheme 1 (see 143 

Supplementary Material S1 for a detailed description). The obtained biosensors were 144 

designated as ox-GCE-[AuNPs-SiPy]/ZIKV1. 145 

  146 

Scheme 1: Schematic representation of the stages of the ox-GCE-[AuNPs-SiPy]/ZIKV1 biosensor 147 
construction and DNA hybridization.  148 

 149 

2.4 ZIKV biosensor optimization  150 

 151 

The amount of AuNPs-SiPy (2, 5, 10 and 15 µL) used for the ox-GCE 152 

modification was optimized by using univariate analysis. Sequentially, the probe 153 

concentration ([ZIKV1]) and probe incubation time (timeinc) were optimized by using a 154 

multivariate approach. For this purpose, a 32 factorial design was employed. The studied 155 
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levels of the variables were based on preliminary tests: [ZIKV1] = 1 (-1), 5.5 (0), and 10 156 

µmol L-1 (+1); and probe timeinc = 90 (-1), 120 (0), and 150 min (+1). In all 157 

hybridization assays, the temperature was kept constant at 25 °C. The evaluated 158 

response was the percent variation of the charge transfer resistance (∆Rct) in the EIS 159 

measurements, which was obtained after performing electrochemical assays with a fixed 160 

concentration of ZIKV2 (10 µmol L-1). For ∆Rct calculation, the following equation was 161 

used:  162 

∆��� = ����	�	
�� − ���	��
������	��
��� � . 100% 

where Rct (hib) and Rct (bios) refer to the Rct values obtained after and before the 163 

hybridization assay, respectively. The data processing was carried out by using 164 

Statistica® 13.0 software.  165 

The hybridization temperature was finally analyzed by a univariate experiment, 166 

between 25, 37 and 50 °C. All measurements were evaluated by the obtained ∆Rct value. 167 

The optimized experimental conditions were then employed to obtain analytical curves 168 

for the ZIKV2 target detection, in the range from 1 pmol L-1 to 1 µmol L-1.  169 

 170 

2.5 Electrochemical measurements 171 

 172 

All electrochemical experiments were performed at room temperature, using a 173 

conventional three-electrode cell system, consisted of unmodified or modified GCE as 174 

the working electrode, Ag|AgCl as the reference electrode and a platinum spiral wire as 175 

the auxiliary electrode. CV and EIS measurements were carried out in a 176 

Multipotenciostat Autolab® MAC90149 connected to a computer with Nova 2.1 177 

software. 0.15 mol L-1 PBS buffer containing 5.0 mmol L-1 K4Fe(CN)6/K3Fe(CN)6 was 178 

used as supporting electrolyte, since the DNA probes used in this study were not redox 179 

labeled. Before all measurements, the electrolyte was purged for 10 min with high-180 

purity nitrogen flow. Analytical parameters such as limit of detection (LOD) was 181 

determined for the developed biosensor following the guidelines stated by the 182 

International Union of Pure and Applied Chemistry (IUPAC) (Nic et al., 1997). 183 

 184 

2.6 Biosensor characterization 185 

 186 

All stages of the biosensor construction were characterized by CV, EIS and 187 

AFM. AFM images and roughness values (Rq) were obtained in a Shimadzu SPM 9600 188 
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microscope in the non-contact mode, with a Silicon SPM Sensor (Al-coating) (NANO 189 

WORD) with thickness 4 µm, length 125 µm, width 30 µm, frequency 320 Hz, and 190 

constant force of 42.0 N m-1. 191 

 192 

2.7 Real sample analysis and stability studies 193 

 194 

Fresh human serum samples were spiked with 15 µmol L-1 of ZIKV2. This 195 

mixture was sequentially diluted in order to obtain target concentrations of 1.000, 1.0 196 

and 0.01 nmol L-1. The stability of the proposed biosensor was evaluated by storing 197 

three modified electrodes containing ZIKV1 (ox-GCE-[AuNPs-SiPy]/ZIKV1) at 4 ºC 198 

and performing EIS measurements over a period of time (0 to 90 days) towards the 199 

specific hybridization with ZIKV2. After each experiment at 1, 2, 7, 14, 21, 28, 35, 60 200 

and 90 days, the biosensors were cleaned and another platform was constructed at each 201 

test. 202 

 203 

1. Results and discussion 204 

3.1 Synthesis and characterization of AuNPs-SiPy 205 

The formation of AuNPs was confirmed by the presence of the surface plasmon 206 

resonance band in  the UV-Vis spectra of the obtained suspensions. The interactions 207 

between the AuNPs and SiPy polymer was confirmed by FTIR and Raman 208 

spectroscopies. The crystallinity of both the polymer and the AuNPs-SiPy hybrid was 209 

confirmed by XRD (see Supplementary Material S2 for a detailed description).  210 

 211 

3.2 Electrochemical characterization of GCE, ox-GCE, ox-GCE-[SiPy] and ox-212 

GCE-[AuNPs-SiPy] 213 

The electrochemical behavior of the AuNPs-SiPy immobilized on the ox-GCE 214 

surface was investigated by CV measurements in 0.5 mol L-1 H2SO4. An anodic and a 215 

cathodic peak were observed at 0.41 and 0.95 V (vs. Ag|AgCl), respectively (Figure 216 

S3.1). According to the literature, the typical redox processes for a gold macroelectrode 217 

occur around 0.85 and 1.18 V (vs. Ag|AgCl). Those processes are associated with the 218 

formation of gold oxides (Au=O and O=Au–(H2O)ads) during the anodic scan that 219 

remain absorbed on the electrode surface and are reduced during the reverse scan 220 

(Wang et al., 2013; Burke and Nugent, 1997). The shift to lower potentials observed for 221 

the ox-GCE-[AuNPs-SiPy] suggest that the electron transfer process is easier on this 222 
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surface. (Saha et al., 2012). In comparison, the bare GCE, ox-GCE and ox-GCE-[SiPy] 223 

presented just the background current in the same potential range. 224 

In order to evaluate the stability of the ox-GCE-[AuNPs-SiPy], successive 225 

potential scans between 0.2 and 1.6 V (around 22 cycles) were performed (Figure S3.2). 226 

The obtained voltammograms revealed that the cathodic peak potential (Epc) and 227 

cathodic peak current (Ipc) did not change significantly. Thus, one can affirm that the 228 

AuNPs-SiPy remained stable on the ox-GCE surface. When cyclic voltammograms 229 

were performed with this electrode in 0.5 mol L-1 PBS buffer (Figure S3.3), no 230 

electrochemical response was observed. Hence, all further electrochemical 231 

measurements were carried out in the presence of 5.0 mmol L−1 
232 

K4[Fe(CN)6]/K3[Fe(CN)6] as a redox marker, which is commonly used for the 233 

characterization of biosensors. 234 

The GCE, ox-GCE, ox-GCE-[SiPy] and ox-GCE-[AuNPs-SiPy] platforms were 235 

characterized by CV and EIS measurements. Voltammograms shown in Figure S3.4 (A) 236 

demonstrate a quasi-reversible behavior due to the electrochemical redox marker for all 237 

electrode configurations. The Nyquist diagram (Figure S3.4 (B)) exhibited two regions: 238 

a semicircular part, corresponding to the electron transfer-limited process and a linear 239 

segment representing the diffusional process of [Fe(CN)6]
4-/3- ions (Brett and Brett, 240 

1993; Bard and Faulkner, 2001). All Rct values (Table S3.1) were obtained from Nova 241 

2.1 software using equivalent circle analysis. 242 

The CV for unmodified GCE showed higher current peaks (Ip), a lower peak-to-243 

peak potential separation (∆Ep) and a lower Rct value, due to faster electron transfer 244 

kinetics of this electrode. After the voltammetric oxidation in H2SO4, a decrease in Ip 245 

and an increase in ∆Ep and Rct values was observed, which is associated with the 246 

formation of negatively charged oxidized groups on the electrode surface that interfere 247 

with the electron transfer processes of the probe anions in the electrode/solution 248 

interface (Jarocka et al., 2014; Dekanski et al., 2001). The electrostatic interactions 249 

between the positively charged AuNPs-SiPy nanohybrid and ox-GCE led to an increase 250 

in Ip and a decrease in Rct values, which evidenced the immobilization  of AuNPs on the 251 

electrode surface (Saha et al., 2012).  252 

The CV of ox-GCE-[AuNPs-SiPy] resulted in a slightly lower oxidation current 253 

when compared to GCE-[SiPy]. This probably occurs because electron transport 254 

through the film is more difficult, due to the interaction between the redox probe with 255 

the AuNPs present in the nanohybrid. This hypothesis was confirmed when cationic 256 
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[Ru(NH3)6]

2+/3+ complex was used in CV analysis. As observed in Figure S3.5, the 257 

higher Ip (Table S3.2) was obtained because of lack of charge interaction.  258 

 259 

 260 

 261 

3.3 Optimization steps of ZIKV DNA Biosensor  262 

The obtained ox-GCE-[AuNPs-SiPy] platform was then used for the 263 

immobilization of thiolate ssDNA-ZIKV1 (Au-S bond formation), followed by the 264 

hybridization with the target ssDNA - ZIKV2. The amount of AuNPs-SiPy deposited on 265 

ox-GCE, the incubation time of the electrodes in ZIKV1 (timeinc), the concentration of 266 

ZIKV1 solution and the temperature of ZIKV2 hybridization were optimized to favor 267 

the hybridization between probe and target ssDNA. These factors were analyzed by 268 

univariate or multivariate optimization processes. In all cases, higher ∆Rct values 269 

evidenced a higher sensitivity of the proposed biosensor. 270 

Firstly, the amount of AuNPs-SiPy was analyzed by a univariate process (n = 271 

3), which showed an increase in ∆Rct values until 5 µL and sequentially a decrease with 272 

the increase in the quantity of AuNPs-SiPy (Figure S4.1). This result suggests that 5 µL 273 

is the most suitable amount of AuNPs-SiPy for biosensor construction.   274 

[ZIKV1] and timeinc were studied by a multivariate optimization process. The 275 

results obtained in the 32 full factorial design are shown in Table S4.1. The statistical 276 

processing of the experimental data indicates that [ZIKV1] and timeinc had significant 277 

effects on the ∆Rct response (at 95% confidence level). Moreover, the second-order 278 

interaction effect between both variables was statistically significant for obtaining a 279 

greater sensitivity of the biosensor (Figure S4.2), suggesting that the variables influence 280 

the ∆Rct response simultaneously. The results obtained from the 32 factorial design were 281 

fitted to a quadratic model, in which the response (∆Rct) is presented as a function of 282 

[ZIKV1] and timeinc. The resulting equation is:  283 

 284 

∆��� = 287.47 − 32.815 × �����
 ��! − 38.94	 × �#$%&'1(�! + 9.44 × ����
 �
× #$%&'1( − 3.42	 × ����
 � × �#$%&'1(�! + 2.94 × �����
 ��!
× #$%&'1( + 13.80 × �����
 ��! × �#$%&'1(�! 

 285 

The statistical validity of the obtained quadratic model was tested by applying 286 

analysis of variance (ANOVA), and the results are presented in Table S4.2. The model 287 
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regression was statistically significant at 95% confidence level, and the variability 288 

explained by the model was very close to the maximum explainable variation (R2 = 289 

0.9971; Adj-R2 = 0.9927). In addition, no lack of fit (LOF) could be identified (FLOF = 290 

3.9 < F2,2,95% = 19.00), which means that the proposed quadratic model had a good 291 

adjustment to the experimental data and was able to predict the behavior of the 292 

dependent variable (∆Rct) versus the studied independent variables ([ZIKV1] and 293 

timeinc) with a reliability of 99.3%.  294 

The three-dimensional response surface plot corresponding to the quadratic 295 

model is shown in Figure 1. In the experimental range studied for both variables, the 296 

∆Rct passes through a maximum, which corresponds to the optimal experimental region 297 

for the preparation of the ZIKV biosensor. The intense curvature represents the strong 298 

interaction between the variables, demonstrating that both factors affect the ∆Rct. 299 

Therefore, the optimum conditions for the biosensor construction were: [ZIKV1] = 5.0 300 

µmol L-1 and timeinc = 120 min. 301 

 302 

Figure 1: Response surface plot for ∆Rct as a function of [ZIKV1] and timeinc.  303 

  304 

The temperature of hybridization between the ZIKV1 and ZIKV2 strands was 305 

optimized by a univariate process (n = 3). As the temperature increase provided higher 306 

∆Rct values (Figure S4.3),  37 ºC was chosen as the most suitable hybridization 307 
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temperature since it allows maximum specificity without compromising sensitivity 308 

(Benvidi et al., 2015).  309 

 310 

3.4 ZIKV DNA Biosensor characterization  311 

The optimized biosensor was characterized by CV and EIS (Figure 2 (A) and 312 

(B)) (Table S5.1). 313 

 314 

Figure 2: (A) Cyclic voltammograms at 50.0 mV s-1 and (B) electrochemical impedance spectra of all 315 
steps of ZIKV biosensor construction, in 5 µmol L-1 of ZIKV1 and ZIKV2/No-ZIKV2. (C) Nyquist plots 316 
of GCE-[AuNPs-SiPy]/ZIKV1 after hybridization with different ZIKV2 concentrations: (a) 0.0, (b) 1.0 x 317 
10-12 mol L-1, (c) 1.0 x 10-11 mol L-1,  (d) 1.0 x 10-10 mol L-1, (e) 1.0 x 10-9 mol L-1, (f) 1.0 x 10-8 mol L-1, 318 
(g) 1.0 x 10-7 mol L-1 and (h) 1.0 x 10-6 mol L-1. (D) Analytical curve (n = 3). Experimental conditions: 319 
0.15 mol L-1 PBS buffer solution (pH 7.4) with 5.0 mmol L-1 K4Fe(CN)6/K3Fe(CN)6; OCP; frequency 320 
range: 10.0 kHz to 0.1 Hz; amplitude: 10 mV. 321 

 322 

The ZIKV1 ssDNA probe immobilization on the ox-GCE-[AuNPs-SiPy] occurs 323 

by covalent Au-S bond formation, resulting in a decrease in Ip and increase of Rct due to 324 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
the insulating effect of the biomolecule (Dinçkaya et al., 2011). Since ZIKV1 contains 325 

disulfide bonds rather than free thiols, it was necessary to confirm that the binding of 326 

the ssDNA probe to the AuNPs-SiPy on the electrode surface could occur without the 327 

use of chemical pre-treatment (Wang et al., 2017). For this purpose, the immobilization 328 

of cystamine (C4H12N2S2) onto an ox-GCE-[AuNPs-SiPy] surface was performed 329 

(Figure S5.1). The observed similarity in the increase of Rct in this experiment provides 330 

the confirmation that covalent binding of ZIKV1 to AuNPs-SiPy occurs according to a 331 

parallel reaction. This new approach avoids the need to reduce the disulfide bonds of 332 

ZIKV1 ssDNA probe and the subsequent purification steps prior to application, making 333 

the construction of the present DNA biosensor faster, simpler and cheaper.  334 

The hybridization of ZIKV1, covalently bound to ox-GCE-[AuNPs-SiPy], with 335 

the ZIKV2 ssDNA target induced a decrease in Ip and an increase in Rct, confirming the 336 

formation of dsDNA between probe and target ssDNA (Dinçkaya et al., 2011). In 337 

contrast, when ZIKV2 was replaced by No-ZIKV2 (no target ssDNA), no Ip and Rct 338 

changes were observed in the last stage. These results indicate the specificity of the 339 

biosensor to ZIKV (Liu et al., 2010) and demonstrates that non-thiolate DNA does not 340 

significantly interact with the ox-GCE-[AuNPs-SiPy]. 341 

Besides Rct and ∆Rct, other important parameters (Table S5.1) obtained by EIS 342 

were also analyzed (Figure 2 (B)). The resistance of the electrolyte, electrode and 343 

contacts (Rs) exhibits a slight increase during the stages of the biosensor construction, 344 

due to the insulating effect of the oligonucleotides. The double-layer capacitance (Cdl) 345 

from the constant-phase element (CPE) decreased, due to the smaller sensor/electrolyte 346 

interface area induced by oligonucleotide immobilization. The Warburg impedance (W) 347 

also decreased, which is related to the charge storage in the electrode. Due to the 348 

immobilization of the DNA sequences, the charge transfer process becomes more 349 

hindered and consequently the load of intercalated charge within the platform 350 

containing oligonucleotides decreases (Gonçalves et al., 2017).  351 

 352 

3.5 Redox probe effect 353 

In order to confirm that the interaction between the redox marker with the 354 

electrode surface does not significantly influence the electrode response (which could 355 

result in false-positive results), the ox-GCE-[AuNPs-SiPy] was incubated in the 356 

presence of [Fe(CN)6]
4-/3- instead of the oligonucleotides, with the same optimized 357 

timeinc (120 min). The Nyquist diagram exhibits no significant increase in Rct values, 358 
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which indicates that the redox marker does not present a significant effect in the sensor 359 

response (Figure S6.1). 360 

 361 

3.6 AuNPs-SiPy influence 362 

In order to justify the use of the AuNPs-SiPy for the covalent binding (S-Au) of 363 

the thiolate ZIKV1 ssDNA probe and for the biosensor response, a comparative study 364 

was carried out using three different configurations to hybridize the ZIKV2 ssDNA 365 

target: ox-GCE/ZIKV1, ox-GCE-[SiPy]/ZIKV1 and ox-GCE-[AuNPs-SiPy]/ZIKV1. 366 

After hybridization, the ∆Rct values obtained for ox-GCE (8.6%) and ox-GCE-[SiPy] 367 

(47.4 %) were significantly lower than those for ox-GCE-[AuNPs-SiPy] platform 368 

(277.8%) (Figure S7.1). The higher Rct values observed for ox-GCE-[AuNPs-SiPy] 369 

occurs because, in the absence of AuNPs-SiPy, only unstable and weak interactions 370 

such as electrostatic and van der Waals could be established between the modified 371 

electrode and the immobilized ZIKV1 ssDNA probe, resulting in lower and non-372 

reproducible ∆Rct values. On the other hand, the use of AuNPs-SiPy provided a more 373 

effective immobilization of the thiolate ssDNA probe, enabling a more effective 374 

hybridization process with the ssDNA target (Austin et al., 2014).  375 

 376 

3.5 Biosensor microscopy characterization  377 

AFM images were obtained for each step of biosensor construction (Figure 378 

S8.1). Ox-GCE revealed a smooth surface (Figure S8.1(A)), while ox-GCE-[AuNPs-379 

SiPy] presented a globular morphology (Figure S8.1(B)), both being uniform. However, 380 

an increase in the roughness values (Rq) of ox-GCE (9.85 nm) to ox-GCE-[AuNPs-381 

SiPy] (36.4 nm) was observed, proving the incorporation of the AuNPs-SiPy on the ox-382 

GCE surface. After incubation in the presence of ZIKV1 ssDNA, a further increase of 383 

the Rq (54.8 nm) was observed (Figure S8.1(C)), which is associated with the probe 384 

immobilization. The addition of ZIKV2 target to the system significantly increased the 385 

Rq values (95.8 nm), due to the formation of dsDNA (hybridization between ZIKV1 and 386 

ZIKV2 ssDNA), which is more elongated and less flexible than the ZIKV1 ssDNA 387 

probe (Figure S8.1(D)) (de Castro et al., 2018; Oliveira et al., 2018). Finally, the 388 

hybridization with the No-ZIKV2 ssDNA target showed a lower increase of Rq (69.9 389 

nm) (Figure S8.1(E)), which can be attributed to the nonspecific interaction with the 390 

ZIKV1 probe or the AuNPs-SiPy surface. The obtained images corroborate the results 391 

obtained by EIS: both Rq and Rct values increased accordingly.  392 
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 393 

3.6 Analytical curve 394 

Analytical curves for the ZIKV2 hybridization detection were obtained by EIS 395 

under the optimized conditions (Figure 2 (C)), in which the concentration of ZIKV1 396 

remained fixed in 5 µmol L-1 and the concentration of ZIKV2 target was varied  from 397 

1.0 x 10-12 to 1.0 x 10-6 mol L-1. The increase in ZIKV2 concentration resulted in 398 

proportional  increases in ∆Rct, according to the linear regression equation: ∆Rct (%) = 399 

∆Rct (%) = 42.55 CZIKV2 + 127.69, with R = 0.992 (Figure 2 (D)).   400 

The limit of detection (LOD) was determined following the IUPAC guidelines 401 

(Nic et al., 1997): LOD = 3 SD/b, where SD is the standard deviation of blank 402 

measurements (in the absence of any analyte; n = 3) and b is the slope of the analytical 403 

curve. The obtained LOD = 0.82 pmol L-1 suggested that ox-GCE-[AuNPs-SiPy] is a 404 

promising analytical platform for ZIKV detection. The DNA biosensor showed 405 

satisfactory sensitivity and LOD values (Table 1) in comparison to other techniques and 406 

platforms reported in the literature. Besides that, it presents additional advantages in 407 

comparison to other sensitive techniques presented in Table 1: namely, there is no need 408 

to synthesize cDNA or to buy expensive equipment, nor the need of the training time 409 

required by the LAMP method. Furthermore, there are no false-negatives or false-410 

positive results, and the analysis time is shorter compared to the AG/AB serologic test. 411 

Although the work reported by Faria and Zucolotto (2019) shows interesting features 412 

such as portability and a simpler and disposable platform, we highlight that our sensor 413 

presents a lower assay time for the hybridization process, a wider linear range, a lower 414 

LOD (allowing the detection of ZIKV in biological fluids, Table S9.1) and no need of a 415 

chemical step to break the disulfide bond of the thiolate probe DNA oligonucleotides. 416 

Thus, it can be affirmed that the proposed DNA biosensor has the potential to efficiently 417 

and specifically quantify ZIKV, with a satisfactory analysis time and a lower cost.  418 

 419 

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

Platform 
Assay 

technique 

Detection 

strategy 
Target Linearity (mol L-1) 

Detection limit 

(pmol L-1) 

Assay 

Time 

(min) 

Ref 

ox-GCE-[AuNPs-SiPy] VC, EIS 
Electrochemical 

Label-free 
DNA 1.0 x10-12 –1.0 x10-6 0.82 50 This work 

Gold-PET 
EIS, CV, 

DPV 

Electrochemical 

Label-free 

RNA 

(NS5) 
54 x10-9 – 340 x10-9 25000 90 

(Faria and 

Zucolotto, 2019) 

*FMR LAMP Colorimetry DNA 7.8 x10-12 – 250 x10-12 1.0 40 (Tian et al., 2018) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Graphene chips EIS 
Electrochemical 

Label-free 

AB 

(NS1) 
– 450 5 (Afsahi et al., 2018) 

3D Cu-based MOF 
[Cu(Dcbcp)(bpe)]n 

*F Colorimetry RNA 50 x10-12 – 70 x10-9 192 36 (Xie et al., 2018) 

*IDE- DTSP EIS 
Electrochemical 

Label-free 

AB 

(NS1) 
10 x10-12 – 1.0 x10-9 10 30 

(Kaushik et al., 

2018) 

IDE-GoxPol VC, EIS 
Electrochemical 

Label-free 
Virus 5.2 x10-20 – 5.2 x10-15 1 x 10-8 – 

(Tancharoen et al., 

2018) 

*FMR = ferromagnetic resonance / *IDE-DTSP = gold interdigited electrode modified with 422 

dithiobis(succinimidyl propionate) (DTSP) / *F = fluorescence  423 

 424 

3.7 Detection of ZIKV in serum and stability 425 

The analytical performance of the presented DNA biosensor was also evaluated 426 

by the detection of ZIKV in human serum samples spiked with different concentrations 427 

of ZIKV2 target. Despite the complex fluid composition, ZIKV2 was successfully 428 

detected from 10-6 to 10-12 mol L-1 (Table 2). Therefore, the biosensor is demonstrated 429 

to be an efficient and selective device for the detection of ZIKV in real clinical samples.  430 

 431 

Table 2: Results for the detection of ZIKV in human serum samples using the ox-GCE-[AuNPs-432 
SiPy]/ZIKV1 biosensor.   433 
 434 

Serum samples CZIKV2 (nmol L-1) added ∆Rct (%) CZIKV2 (nmol L-1) detected 

A 0.001 2.9 0.0011 

B 1.0 128.0 1.02 

C 1000.0 254.1 933.7 

 435 

The stability of the proposed biosensor was also studied. The ox-GCE-[AuNPs-436 

SiPy]/ZIKV1 were prepared, stored at 4 °C, and evaluated by EIS until hybridization 437 

detection. After each test, the biosensor was cleaned and another platform was 438 

constructed. This study showed that the sensor kept around 98.0% of its initial response 439 

after 90 days, as displayed in Figure S10.1.  440 

 441 

4 Conclusions 442 

In this paper, a promising and sensitive impedimetric DNA biosensor based on a 443 

oxidized glassy carbon electrode modified with AuNPs-SiPy for detection of ZIKV is 444 

reported. Due to the high surface area and high electrical conductivity of the AuNPs, the 445 

loading amount of DNA probes was enhanced, resulting in a significantly improved 446 

electrochemical response of the developed biosensor. This proposed biosensing 447 

platform showed to be quite simple and appropriate for a suitable immobilization of 448 
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ZIKV ssDNA probes (through the formation of Au-S covalent bonds), and was able to 449 

efficiently detect  ZIKV in real human serum samples. The device demonstrated a 450 

suitable LOD of 0.82 pmol L-1 by EIS and exhibited stability for 90 days. The presented 451 

biosensor strategy can be further applied to the modification of disposable electrodes in 452 

order to make it commercially viable as a promising tool for ZIKV diagnosis in 453 

biological fluids. 454 

 455 
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Highlights 

 

• DNA biosensor based on silsesquioxane-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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