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Resumo 
 

Os biossensores são dispositivos analíticos inovadores que combinam um elemento de 

reconhecimento biológico com um transdutor, permitindo a detecção sensível e seletiva de 

diversos analitos. Entre suas aplicações, destaca-se a detecção de patógenos, como o vírus 

Zika, que representa um desafio significativo para a saúde pública. A busca por métodos 

rápidos, precisos e acessíveis impulsiona o desenvolvimento de novas abordagens baseadas 

em biossensores, especialmente os genossensores eletroquímicos. 

Esta tese está estruturada em três capítulos principais. O primeiro capítulo apresenta 

uma revisão bibliográfica sobre os avanços na detecção do vírus Zika, abordando diferentes 

metodologias, com foco especial no uso de biossensores para essa finalidade. O segundo 

capítulo descreve o desenvolvimento de um genossensor eletroquímico para a detecção 

rápida e simplificada do DNA do vírus Zika, utilizando safranina como intercalador 

genômico sobre uma plataforma modificada com uma bicamada de cisteamina e pontos 

quânticos de carbono. Essa abordagem visa melhorar a sensibilidade e a especificidade da 

detecção, proporcionando um método eficiente e acessível. O biossensor demonstrou alta 

sensibilidade detectando 4,2 pg mL-1, seletividade contra outros arbovírus (chikungunya e 

dengue) e boa estabilidade por pelo menos 45 dias. 

 Por fim, o terceiro capítulo apresenta o desenvolvimento de um novo genossensor 

eletroquímico baseado em óxido de grafeno e safranina para a detecção do vírus Zika. Essa 

estratégia busca explorar as propriedades únicas do óxido de grafeno para aprimorar a 

resposta eletroquímica. Este sensor obteve om um limite de detecção de 8,4 ng mL⁻¹. O 

genossensor manteve aproximadamente 80% da resposta após 60 dias, demonstrando boa 

estabilidade. 

 

Palavras-chave: Vírus Zika, Nanomaterial, Safranina, Ninidrina, Biossensor Eletroquímico 
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Abstract 

 

Biosensors are innovative analytical devices that combine a biological recognition 

element with a transducer, allowing the sensitive and selective detection of various analytes. 

Among their applications, the detection of pathogens, such as the Zika virus, which 

represents a significant challenge to public health, stands out. The search for fast, accurate 

and accessible methods drives the development of new approaches based on biosensors, 

especially electrochemical genosensors. 

 

This thesis is structured in three main chapters. The first chapter presents a literature 

review on advances in the detection of the Zika virus, addressing different methodologies, 

with a special focus on the use of biosensors for this purpose. The second chapter describes 

the development of an electrochemical genosensor for the rapid and simplified detection of 

Zika virus DNA, using safranin as a genomic intercalator on a platform modified with a 

cysteamine bilayer and carbon quantum dots. This approach aims to improve the sensitivity 

and specificity of detection, providing an efficient and accessible method. The biosensor 

demonstrated high sensitivity, detecting 4.2 pg mL-1, selectivity against other arboviruses 

(chikungunya and dengue), and good stability for at least 45 days. 

Finally, the third chapter presents the development of a new electrochemical 

genosensor based on graphene oxide and safranin for the detection of the Zika virus. This 

strategy seeks to exploit the unique properties of graphene oxide to improve the 

electrochemical response. This sensor achieved a detection limit of 8.4 ng mL⁻¹. The 

genosensor maintained approximately 80% of the response after 60 days, demonstrating good 

stability. 

 

 

Keywords: Zika virus, Nanomaterial, Safranin, Ninhydrin, Electrochemical biosensor
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Capítulo 1: Electrochemical Biosensors for Zika 
Virus Detection: Bridging Diagnostic Challenges 
with Rapid, Portable Solutions and Future 
Innovation 

 

O capítulo 1 corresponde a um manuscrito de artigo de revisão redigido nas normas do 

periódico Analytical Biochemistry (ISSN: 1096-0309). 
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Electrochemical Biosensors for Zika Virus Detection: Bridging Diagnostic Challenges 
with Rapid, Portable Solutions and Future Innovations 

 

Luiz F. G Luz a, João M. Madurro b, Ana G. Brito-Madurro a 

a Institute of Biotechnology, Federal University of Uberlândia, Uberlândia, Minas Gerais 38405-319, 

Brazil 

b Institute of Chemistry, Federal University of Uberlândia, Minas Gerais 38405-319, Brazil 

Abstract: The ongoing threat posed by the Zika virus underscores the urgent need for rapid, 

sensitive, and accessible diagnostic tools. Traditional methods such as PCR and ELISA, while 

effective, are often impractical in resource-limited settings due to their complexity and cost. 

In contrast, electrochemical biosensors represent a transformative approach to ZIKV 

detection, combining rapid results with high sensitivity and the potential for point-of-care 

applications. The integration of advanced technologies, including CRISPR-based systems and 

nanomaterials, further enhances the capabilities of these biosensors, making them invaluable 

in the fight against ZIKV and similar viral infections. Future research should focus on 

optimizing these technologies for widespread use, ensuring that diagnostics keep pace with 

the evolving landscape of viral threats. This work reviews the development of electrochemical 

biosensors for detection of the Zika Virus, focusing on different biomarkers, electrode 

materials and detection platforms, in addition to discussing challenges and future 

perspectives. 

Keywords: Zika Virus, Electrochemical Biosensors, Point-of-Care Diagnostics 

Overview of Zika Virus 

Zika virus (ZIKV), a member of the Flavivirus genus, was first identified in 1947 in 

Uganda and has since emerged as a significant global health concern, particularly following 

outbreaks in the Americas during 2015-2016[1], [2]. The primary vectors for ZIKV 

transmission are Aedes mosquitoes, specifically Aedes aegypti and Aedes albopictus, which 

facilitate mosquito-borne transmission[3], [4]. In addition to vector-borne transmission, ZIKV 

can also be transmitted vertically from mother to fetus during pregnancy and through sexual 

contact[4], [5]. The incubation period for the Zika virus is 3 to 14 days, and symptoms usually 

last 2 to 7 days[6]. The clinical manifestations of ZIKV infection are often mild, including 

symptoms such as fever, rash, conjunctivitis, and joint pain, with a significant proportion of 

infections being asymptomatic[6], [7]. However, severe outcomes such as Guillain-Barré 
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syndrome can occur during or shortly after acute Zika infection[7], [8] and congenital Zika 

syndrome can occur in babies of mothers infected during pregnancy[9], [10], characterized by 

microcephaly and other neurological defects, have raised alarms about the virus's impact on 

public health[8], [10]. Zika is contagious during the period of viremia, which usually lasts 

about a week after symptoms begin[6]. 

The global health implications of ZIKV are profound, particularly in regions where the 

virus is endemic. Figure 1 shows the list of Countries and territories with current or previous 

Zika virus transmission according to 2024 data available from the WHO. 

 

Figure 1. Countries and territories with current or previous Zika virus transmission according to 2024 data 
available from the WHO. 

 

The World Health Organization declared ZIKV a Public Health Emergency of 

International Concern in 2016 due to its association with severe neurological complications 

and congenital anomalies[11], [12]. The emergence of ZIKV has highlighted the need for 

enhanced surveillance and research to understand its epidemiology and pathogenesis 

better[13], [14]. Approximately 1 million cases were documented in 2015, with a total of 

7,126 deaths. More than 50 territories reported the occurrence of local transmission of the 

disease. However, from 2018 onwards, a reduction in the number of chikungunya cases was 

observed[15]. 

Challenges in Current Diagnostic Methods 

 

Current diagnostic methods for ZIKV, including polymerase chain reaction (PCR) and 

enzyme-linked immunosorbent assays (ELISA), face several challenges. These methods can 
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be time-consuming and costly, often requiring sophisticated laboratory infrastructure that may 

not be available in resource-limited settings[16], [17]. For instance, PCR, while highly 

sensitive, necessitates specialized equipment and trained personnel, which can be a barrier in 

endemic regions[16].  

The diagnosis of ZIKV infections is primarily hindered by the need for effective 

biological markers that can be reliably detected across different bodily fluids. The principal 

biological markers associated with ZIKV include viral RNA[18], [19], [20], [21], Zika-

specific immunoglobulin M (IgM) antibodies[6], [12], [19], [20], [22], [23], and non-

structural protein 1 (NS1)[2], [6], [11], [20], [24]. Detecting these markers can significantly 

inform clinical decision-making and management of the infection. One of the most crucial 

biological markers detectable in ZIKV diagnostics is the viral RNA, which can be identified 

using techniques like polymerase chain reaction (PCR) across various bodily fluids including 

serum, urine, and saliva during the acute phase of infection[25]. PCR offers high specificity 

and sensitivity, particularly effective when performed early in the course of the disease. For 

instance, studies have shown that ZIKV RNA can persist longer in urine compared to serum, 

allowing for late-stage detection of the virus[17]. This persistence makes urine a valuable 

sample type for post-symptomatic diagnosis. 

In addition to viral RNA, antibodies play a pivotal role in ZIKV detection. The 

presence of Zika-specific IgM can be analyzed through serological testing, which provides 

evidence of an immune response to the virus and is predominantly detectable after the first 

week of illness. ELISA tests are standard for this purpose, allowing the detection of IgM 

antibodies in serum samples[26]. Notably, due to cross-reactivity with other flaviviruses, such 

as dengue, care must be taken when interpreting serological results[17]. Furthermore, NS1 has 

gained attention for its utility as a marker in both early diagnosis and monitoring the severity 

of infection, and it can also be detected in serum through specific ELISA[26]. 

Emerging diagnostic technologies leveraging nanomaterials and biosensors also hold 

promise in enhancing the detection of biomarkers related to ZIKV. For instance, carbon 

nanotube-based biosensors can provide sensitive detection of ZIKV-specific proteins and 

nucleic acids, potentially offering rapid point-of-care diagnostics that might bypass traditional 

laboratory protocols[27]. These biosensors can also distinguish viral proteins such as NS1 

with enhanced specificity[24]. 
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Similarly, ELISA tests, although widely used, can suffer from cross-reactivity with 

other flaviviruses, complicating accurate diagnosis[17], [28]. Cross-reactivity among various 

arboviruses, such as Zika vírus, dengue virus, chikungunya virus, yellow fever virus, and 

West Nile virus, presents significant challenges in clinical diagnostics. These viruses share 

similar antigenic properties due to their phylogenetic relationships, which can lead to 

overlapping immune responses in infected individuals. For example, serological tests 

designed to detect ZIKV antibodies may misidentify antibodies generated in response to 

DENV infections, resulting in false-positive results and complicating differential diagnosis[2], 

[29]. The significance of this cross-reactivity is underscored during outbreaks when rapid 

identification of the specific virus is crucial to implement appropriate clinical management 

and public health interventions. Additionally, the continued evolution of these viruses may 

alter existing serological responses, highlighting the need for improved diagnostic assays that 

can differentiate among these closely related pathogens with greater specificity[30], [31]. 

Moreover, the overlapping symptoms of ZIKV with other arboviral infections such as 

dengue and chikungunya further complicate diagnosis[21], [32]. This diagnostic ambiguity 

can lead to underreporting and mismanagement of cases, emphasizing the need for rapid, 

portable, and sensitive detection tools that can be deployed in diverse settings[12], [33]. 

Need for Rapid, Portable, and Sensitive Detection Tools 

 

The necessity for rapid and sensitive diagnostic tools is particularly acute in resource-

limited settings, where traditional laboratory methods may not be feasible. Recent 

advancements in diagnostic technologies, such as loop-mediated isothermal amplification 

(LAMP) and point-of-care (POC) testing devices, offer promising alternatives for ZIKV 

detection[33], [34]. LAMP is a nucleic acid amplification technique that operates at a constant 

temperature, making it a more accessible option compared to traditional polymerase chain 

reaction (PCR), which requires multiple temperature cycles. This method can amplify specific 

DNA sequences with high specificity and sensitivity, thus providing rapid results within an 

hour even in field conditions[33]. It has been particularly useful in areas with limited 

laboratory infrastructure, allowing timely diagnostics and management of infections. 

Similarly, POC testing devices contribute to the immediate identification of viral pathogens, 

empowering healthcare workers to make informed clinical decisions without the delays 

associated with laboratory diagnostics. These portable tests often incorporate techniques such 

as electrochemical detection or molecular assays that enable quick turnaround times for 
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results, such as the detection of ZIKV proteins or antibodies in bodily fluids[19], [35] These 

methods are designed to be user-friendly and require minimal training, making them suitable 

for deployment in rural or underserved areas[36]. 

Furthermore, the integration of immunoassays and molecular techniques could 

enhance the specificity and sensitivity of ZIKV diagnostics, allowing for timely identification 

of infections and better management of outbreaks[28], [36]. The development of portable 

diagnostic devices that provide rapid results could significantly improve public health 

responses to ZIKV, particularly in the context of maternal and neonatal health, where early 

detection is crucial to prevent adverse outcomes[9], [26]. Furthermore, synergistic 

relationships between LAMP, POC devices and biosensors are critical to address the pressing 

need for effective diagnostics in the management of infectious diseases, especially in the face 

of outbreaks and co-circulating pathogens. 

Biosensors - A Revolution in Diagnostics 

Definition and Components of Biosensors 

 

Biosensors are analytical devices that integrate a biological recognition element with a 

transducer to detect specific analytes, converting biological responses into measurable signals. 

The primary components of a biosensor include the bioreceptor, transducer, and signal 

processor. Figure 2 illustrates the components of a biossensor. 

 

Figure 2. General operating diagram of a biosensor system. 

A bioreceptor is a fundamental component of a biosensor, responsible for specifically 

recognizing a target substance (analyte)[37]. The transducer then converts this interaction into 

an electrical signal, which is processed and displayed by the signal processor[38]. This 

integration allows for real-time monitoring and analysis of various biological and chemical 
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substances, making biosensors invaluable in medical diagnostics and environmental 

monitoring[35], [39]. 

Types of Biosensors 

 

Biosensors can be classified both according to the recognition elements, in the case of 

the bioreceptor, and by the transduction method. The bioreceptor can be of biological origin 

such as antibodies[9], [30], aptamers[40], [41], [42], [43], enzymes[24], [37], 

microorganisms[29] or even of synthetic origin such as nanostructured materials[30]. Cells, 

tissues, or entire organisms that can be used as bioreceptors to detect the presence of 

substances that affect their biological functions[37]. Biosensors can be classified into several 

types based on their transduction methods, including electrochemical[44], [45], optical[24], 

[46], thermal[37], electronic[47], and gravimetric transducers[48]. Among these, 

electrochemical biosensors are often regarded as the optimal choice due to their high 

sensitivity, rapid response times, and ease of miniaturization, ease of handling, low production 

cost, large-scale production[44], [49], [50], [51], [52], [53]. Electrochemical biosensors 

operate by measuring the current or voltage changes that occur during the biochemical 

reaction between the analyte and the bioreceptor[53]. Optical biosensor detect changes in 

optical properties (absorption, emission, refractive index) caused by the interaction of the 

analyte with the bioreceptor, while also effective, often require more complex setups and are 

generally less portable than their electrochemical counterparts[46]. Piezoelectric biosensors 

measure the change in the resonant frequency of a piezoelectric crystal when a mass attaches 

to its surface, although promising, are still in developmental stages and face challenges in 

terms of sensitivity and specificity[54]. Thermal Biosensors, these sensors monitor 

temperature changes that occur during chemical reactions. When an analyte interacts with a 

bioreceptor, there may be a variation in local temperature, which is measured and correlated 

to the concentration of the analyte[37]. Electronic biosensors detect changes in electrical 

conductivity or capacitance as an analyte binds to its bioreceptor. For example, graphene-

based biosensors are used to detect electrical variations that occur with the adsorption of 

biomolecules to the transducer surface[37]. 

Advantages of Electrochemical Biosensors 

 

Electrochemical biosensors offer several advantages that make them the ideal choice 

for various analytical applications. One of the main advantages is their high sensitivity, which 

enables the detection of extremely low concentrations of analytes, often in the femtomolar or 
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even attomolar range, depending on the sensor configuration and materials used[53]. 

Additionally, electrochemical biosensors have rapid response times, making them suitable for 

real-time analysis, with applications in infectious disease[44], [45], [50], [51], [52], [53] 

monitoring and food safety[55]. 

Another favorable characteristic is the ease of miniaturization and handling, which 

allows the development of portable devices. This promotes the use of electrochemical 

biosensors in POC settings, where tests can be performed quickly at the patient's bedside or in 

field environments, without the need for complex laboratories[17], [44], [53], [56], [57]. The 

low production cost can be a significant advantage, especially when using abundant 

nanomaterials such as graphene and carbon nanotubes, which not only enhance detection 

capabilities but also make the devices more accessible[25], [30], [38], [58]. 

Electrochemical biosensors also benefit from the possibility of large-scale production. 

The use of printing techniques and the integration of nanomaterials into electrodes make these 

sensors suitable for mass manufacturing, which can contribute to the availability and 

widespread implementation in the detection of pathogens, as demonstrated in applications 

related to foodborne pathogens[55]. 

Furthermore, electrochemical biosensors can be easily integrated with different 

transducers, such as thermal and gravimetric ones, further diversifying their applications in 

clinical diagnostics and environmental monitoring[59], [60]. This versatility, combined with 

their technical characteristics, makes electrochemical biosensors a powerful tool in various 

fields, from biomedicine to the food industry. Their portability and low cost also make them 

accessible for use in resource-limited settings, enhancing global health outcomes[54], [61]. 

Target Biomarkers for Zika Detection 

 

Electrochemical biosensors designed for Zika virus detection typically focus on 

specific biomarkers such as viral RNA[17], NS1 protein[43], and IgM/IgG antibodies[26]. 

Immunoglobulin M (IgM) and Immunoglobulin G (IgG) antibodies provide significant 

specificity in identifying Zika virus antigens, making them reliable markers for infection 

detection [62]. Furthermore, the detection of IgM and IgG antibodies provides insights into 

the immune response and can indicate past infections[19]. For instance, serological assays 

that detect anti-Zika IgMtherm-class antibodies have received emergency use authorization 

due to their effectiveness in accurately identifying Zika cases, despite potential cross-

reactivity with other flaviviruses like dengue virus[63]. The specificity of these antibodies 
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arises from their ability to bind uniquely to antigens associated with the Zika virus, such as 

the NS1 protein, which is noted for enhancing the sensitivity of assays specifically targeting 

Zika virus infections[64], [65].  

Aptamer-based biosensors are noteworthy due to their inherent stability and ease of 

synthesis. Aptamers, which are short single-stranded DNA or RNA molecules, can be 

engineered to bind specific viral targets with high specificity, similar to antibodies, yet they 

offer notable advantages in terms of thermal stability and shelf-life[25], [66]. Unlike 

traditional antibodies, which may require complex and time-consuming production processes, 

aptamers can be synthesized through chemical means, allowing for rapid development and 

mass production. This flexibility in synthesis can be particularly beneficial in response to 

ongoing outbreaks, enabling quicker access to diagnostic tools, as highlighted by recent 

advancements in biosensor technology that leverage aptamer selection techniques such as 

SELEX (Systematic Evolution of Ligands by Exponential Enrichment)[66], [67]. 

Additionally, aptamers demonstrate lower susceptibility to degradation in challenging 

environmental conditions compared to antibodies, enhancing the utility of these biosensors in 

various settings[25], [66], while aptamers offer advantages such as stability and ease of 

synthesis [68]. 

Furthermore, the use of a system based on CRISPR (Clustered Regularly Interspaced 

Short Palindromic Repeats) which represents an adaptive immune system found in bacteria 

that allows the precise recognition and modification of DNA sequences, thus allowing the 

detection of specific nucleic acids[18], [41], [69]. The use of CRISPR-based systems has 

revolutionized biosensor design, allowing for highly sensitive detection of nucleic acids. For 

instance, CRISPR/Cas12a systems have been successfully integrated into electrochemical 

platforms to enhance sensitivity and specificity for viral RNA detection[70], [71]. This 

increase in sensitivity is due to the CRISPR system's ability to recognize specific nucleotide 

sequences and amplify them, minimizing false-negative results[18]. Additionally, aptamer-

functionalized electrodes, which are sequences of DNA or RNA that bind to specific targets 

with high affinity, have been employed to selectively capture NS1 proteins, leveraging the 

high affinity of aptamers for their targets [62], [72].  

The choice of target biomarkers is critical for the effective detection of the Zika virus. 

Viral RNA is a primary target due to its presence during active infection, while the NS1 

protein, which is released in high quantities shortly after infection, serves as a reliable 

indicator of viral replication and early detection in the blood[62]. IgM antibodies are typically 
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detected during the acute phase of infection, indicating a recent immune response, while IgG 

indicates prior exposure and can be detected weeks after the initial infection[37] The 

integration of these biomarkers into electrochemical biosensors allows a comprehensive 

approach to Zika virus diagnostics, facilitating both early detection and serological studies. 

The combination of these advanced techniques enables the development of biosensors that 

can detect the Zika virus with high accuracy. 

Case Studies of Innovative Biosensor Designs 

 

Recent advancements in biosensor technology have led to innovative designs that 

enhance detection capabilities. For example, CRISPR-based electrochemical sensors have 

been developed for RNA detection, showcasing the potential of these systems for rapid 

diagnostics[18], [70]. Moço et al.[44] developed a groundbreaking electrochemical 

genosensor capable of detecting Zika virus genomic RNA in biological samples from infected 

patients. Their platform utilized graphite electrodes modified with electrochemically reduced 

graphene oxide and polytyramine, achieving exceptional sensitivity with a detection limit as 

low as 0.1 fg/mL of viral RNA. This technology was noted for its stability over a period of 

about 60 days and its rapid analysis time of approximately 20 minutes, making it a promising 

tool for point-of-care diagnostics in clinical settings. Lynch et al.[73] introduced a diagnosis 

platform that employs a universal DNA-hairpin probe for isothermal amplification of Zika 

virus RNA. This biosensor demonstrated a rapid detection capability, yielding results in less 

than an hour, which is essential during outbreaks where timely diagnosis can greatly impact 

public health responses.  

Additionally, nanozyme-assisted amplification strategies have been employed to 

improve the sensitivity of CRISPR-based detection methods, enabling visual and 

electrochemical signal amplification[74]. The analysis of Zika virus detection methods using 

CRISPR technology, particularly Cas13 and Cas12-based methods, reveals several significant 

innovations. One of the main studies is developed by Gootenberg et al.[75], which presents a 

detection platform called SHERLOCK (Specific High Sensitivity Enzymatic Reporter 

UnLOCKing), enabling the specific detection of Zika virus RNA with increased sensitivity. 

This method has shown that detection could be performed in less than 1 hour, with a detection 

limit approaching 0.1 fM, highlighting its efficiency compared to traditional methods that 

often have longer response times and higher detection limits. Another relevant work, 

conducted by Meagher et al.[76], points to the use of paper-based sensors coupled with 
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CRISPR/Cas9 for rapid Zika RNA detection. This technique was developed in response to the 

emerging need for simple and sensitive diagnostic tests, with the total response time also 

around 1 hour, reflecting a significant advancement for resource-limited settings. Aptamer-

functionalized electrodes have also shown promise in enhancing the binding efficiency and 

specificity for protein detection, further advancing the field of electrochemical 

biosensing[72], [77]. One significant advancement in this field is represented by Almeida et 

al.[43] in integrating DNA aptamers with graphene field-effect transistors (FETs) for the 

detection of Zika virus proteins further illustrate the synergy between nanotechnology and 

biochemistry in developing cutting-edge diagnostic tools. These aptamer-based FET devices 

show promise for direct virus detection and hint at the versatility of aptamer applications 

across various types of electrochemical biosensing platforms. Furthermore, the efforts by Jang 

et al.[77], who introduced a rapid biosensor utilizing truncated DNA aptamers to detect Zika 

virus envelope proteins in clinical serum samples. Their work showcases the effectiveness of 

using electrochemical pulse voltammetry for real-time detection, achieving highly sensitive 

measurements within a short turnaround time. This method highlights not only the rapidity of 

detection but also its applicability in clinical diagnostics, which is essential for mitigating 

outbreaks.  

Comparison of Performance Metrics 

 

When comparing the performance metrics of electrochemical biosensors with 

traditional methods, several factors must be considered, including the limit of detection 

(LOD), specificity, and time-to-result. Electrochemical biosensors have showcased 

significantly lower LODs, making them particularly advantageous for the detection of 

pathogens, including the Zika virus, at reduced concentrations[78], [79]. For example, Zika 

virus detection is pivotal for timely and effective public health responses, and studies have 

indicated that electrochemical biosensors can achieve detection limits in the nanomolar range, 

surpassing traditional methods like serum or plasma tests[80], [81]. Moreover, the specificity 

of these biosensors is enhanced through the use of tailored probes, such as DNA/RNA 

aptamers or antibodies, have been extensively used to target specific viral pathogens, greatly 

improving specificity and reducing cross-reactivity with non-target organisms[82], [83], and 

amplification strategies such as nanotechnology integration[84], [85] reduce cross-reactivity 

with other viral pathogens[71], [74]. The rapid response time of electrochemical biosensors, 

often within minutes, stands in stark contrast to the longer processing times associated with 

traditional laboratory methods, making them ideal for point-of-care applications[22]. 
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Importance of Electrode Materials in Enhancing Sensitivity 

 

The choice of electrode materials significantly influences the performance of 

electrochemical biosensors. Recent advancements have demonstrated that nanomaterials such 

as graphene, carbon nanotubes (CNTs), and gold nanoparticles (AuNPs) play pivotal roles in 

enhancing these biosensors due to their remarkably high electrical conductivity, substantial 

surface area, and excellent biocompatibility[58], [86], [87]. Figure 3 exemplifies materials 

that facilitate enhanced probe immobilization and conductive performance in biosensors. For 

example, CNTs and graphene are known for their large surface area and high electrical 

conductivity[88], [89], which are critical for increasing the rate of chemical reactions and 

enhancing signal transduction in electrochemical sensors. For instance, research has 

demonstrated that biosensors utilizing CNTs can achieve detection limits as low as 0.5 pg/mL 

in complex sample matrices, indicating a significant leap in sensitivity compared to traditional 

techniques[90].  

 

Figure 3. Examples of working electrode modifiers for biosensor construction 
Furthermore, the integration of functional nanomaterials has been shown to improve 

LOD considerably in lab-on-chip microfluidic devices, allowing for rapid diagnostics in 
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healthcare settings. However, comprehensive evidence on the exact extent of these 

improvements varies across studies[91]. The strategic combination of nanomaterials with 

biomolecules further amplifies the signal response in biosensing applications. For instance, 

studies utilizing aptamer-functionalized CNTs have showcased rapid and sensitive detection 

of viral pathogens, achieving detection limits significantly lower than conventional 

methods[92]. The response mechanisms involving these materials help in achieving ultra-

sensitive detections in the femtomolar range, attributable to high binding affinity and effective 

electron transfer facilitated by the nanomaterial interfaces[93]. Moreover, graphene-based 

materials excel not only due to their superior electronic properties but also from their 

adaptability in hybrid systems. Recent applications have showcased that graphene oxide 

incorporated with gold nanoparticles can lead to highly sensitive detection systems that 

provide LODs in the low femtomolar range[94]. This notable sensitivity is often tied to the 

plasmonic effects present in these nanomaterials, which enhance photonic interactions that 

amplify the detected signals[95].  Combined with flexible substrate technologies, these 

developments explore new frontiers for biosensing applications, particularly in point-of-care 

diagnostics, where rapid results and sensitivity are paramount[96]. The continual evolution of 

nanotechnology enables biosensors to capitalize on quality improvements, pushing detection 

limits further down. New materials and fabrication strategies have led to biosensing platforms 

capable of detecting biomarkers at attomolar concentrations across complex biological 

matrices[97]. The integration of these nanomaterials into biosensor designs can lead to 

significant improvements in sensitivity and detection limits for Zika virus diagnostics[98], 

[99].  

Recent Advances in Electrochemical Detection of Zika Virus 

 

Recent technological advancements in electrochemical detection methods have 

significantly improved the sensitivity and specificity of Zika virus diagnostics. Innovations 

such as lab-on-a-chip systems, which integrate multiple laboratory functions on a single chip, 

have been developed to facilitate rapid testing and analysis[100].  The detection of the Zika 

virus has become increasingly critical due to its association with severe congenital conditions. 

Various biosensing techniques have been developed to enhance the detection capabilities for 

the Zika virus, each with its unique methodologies, targets, limits of detection, and 

advantages. Table 1 summarizing detection devices for the Zika vírus. Ribeiro demonstrated 

the efficacy of a quantum dot-modified electrochemical immunosensing platform for the 

detection of Zika virus biomarkers, highlighting the benefits of quantum dots (QDs) in 
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enhancing sensitivity and detection limits. They noted that the inclusion of QDs in the 

biosensing assembly increases the electrode's functional area, facilitating the immobilization 

of biomolecules and improving detection performance[101]. Graphene oxide materials are 

frequently employed as enhancing substrates owing to their high surface area and electrical 

conductivity. The reduction of graphene oxide can increase the electroactive surface area, thus 

improving sensitivity. Furthermore, Park emphasized the advantages of using MXenes as 

electrochemical biosensors, which allow high electron conductivity and sensitivity in human 

serum analysis[47]. 

Table 1 - Comparative Analysis of Electrochemical Biosensing Technologies for Zika Virus 

Principle Technique Markers 

detected 

Linear 

Range 

Limit of 

detection 

(LOD) 

Reference 

A platform based on 

graphite electrodes 

modified with 

electrochemically reduced 

graphene oxide and 

polytyramine-conducting 

polymer. 

Differential pulse 

voltammetry 

ZIKV 

gRNA 

1.72–

1.72×1010 

copies mL-

1 

1.72 copies mL-1 

(0.1 fg mL-1) 

Moço, et 

al.[44] 

Rapid Electrical Pulse-

Based Biosensor Consisting 

of Truncated DNA Aptamer 

for Zika Virus Envelope 

Protein 

Pulse voltammetry ZIKV E 

protein 

10 pM-1 

µM 

90.1 pM Jang, et 

al.[77] 

Sensitive Zika biomarker 

detection assisted by 

quantum dot-modified 

electrochemical 

immunosensing platform 

Cyclic voltammetry/ 

Electrochemcal 

impedance 

spectroscopy 

anti-EP 

ZIKV 

N/A 0.1 ng Ribeiro, et 

al.[101] 

Selection of DNA aptamer 

and its application as an 

electrical biosensor for Zika 

virus detection in human 

Electrochemical 

capacitance 

Spectroscopy 

ZIKV E 

protein 

100 pM-

10µM 

38.14 pM, Park, et 

al.[47] 
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serum 

Redox-Probe-Free 

Immunosensor Based on 

Electrocatalytic Prussian 

Blue Nanostructured Film 

One-Step-Prepared for Zika 

Virus Diagnosis 

Cyclic voltammetry ZIKV E 

protein 

0.25-1.75 

µg mL-1 

0.20 µg mL-1 Santos, et 

al.[102] 

Electrochemical 

immunosensor based on 

ZnO nanostructures 

immobilized with ZIKV-

NS1 antibody on Printed 

Circuit Board (PCB) 

Cyclic voltammetry ZIKV NS1 0.1 ng 

mL−1 - 100 

ng mL−1 

1.00 pg mL-1 Faria, et 

al.[103] 

A sensitive label-free 

impedimetric DNA 

biosensor based on 

silsesquioxanefunctionalize

d gold nanoparticles for 

Zika Virus 

Electrochemical 

impedance 

spectroscopy 

ZIKV 

ssDNA 

1.0x10-12 -

1.0x10-6 M 

0.82 pM Steinmetz, et 

al.[104] 

Cyclic voltammetric PBG-

based detection of the target 

DNA of Zika virus 

Cyclic voltammetry ZIKV 

target 

DNA 

0.1-100 

µM 

0.1 µM Bishoyi, et 

al.[105] 

A single chip that 

distinguishes between Zika 

and Dengue infections 

using the non-structural 

protein 1 (NS1) as 

biomarkers 

Electrochemical 

impedance 

spectroscopy 

ZIKV NS1 

protein 

15.62-500 

ng mL-1 

0.54 ng mL-1 Sampaio, et 

al.[106] 

Electrochemical magneto-

immunoassay for detection 

of zika virus antibody in 

human serum 

Electrochemical 

impedance 

spectroscopy 

ZIKV NS1 

protein 

0.01-

9.8x105 pg 

mL-1 

0.48 pg mL-1 Castro, et 

al.[107] 

Development and use of Chronoamperometry Anti-ZIKV 5-300 0.7 pmol L-1 Alzate, et 
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genosensors specifically 

designed for the reliable 

detection of the Zika virus 

pmol L-1 al.[108] 

A Sensitive and Specific 

Genomic RNA Sensor for 

Point-of-Care Screening of 

Zika Virus from Serum 

Electrochemical 

capacitance 

Spectroscopy 

ZIKV 

gRNA 

N/A 78.8 copies µL-1 Cheng, et 

al.[109] 

Impedimetric 

electrochemical DNA 

biosensor for labelfree 

detection of zika virus 

Electrochemical 

impedance 

spectroscopy 

ZIKV 

cDNA 

54-340 

nM 

25 nM Faria, et 

al.[110] 

Development of a new type 

of ZIKV electrochemical 

biosensor based on surface 

imprinted polymers and 

graphene oxide composites 

Cyclic voltammetry ZIKV 

strain 

N/A 1 copy mL-1 Tancharoen, 

et al.[111] 

 

Additionally, electrocatalytic sensors utilizing Prussian Blue nanoparticles have been 

explored for amplifying the electrochemical signal associated with ZIKV detection. Santos et 

al.[102]  work illustrates that the integration of redox-active materials enables the generation 

of a Faradaic current in the presence of ZIKV antibodies, thereby facilitating the measurement 

of specific antibody binding.  

Furthermore, Cheng's research into genomic RNA sensors highlights the potential of 

integrating capacitive measurement techniques to detect ZIKV directly from serum 

samples[109]. This technology, along with portable electrochemical devices, facilitates 

immediate and accessible diagnostic capabilities, aligning with global health efforts to 

monitor and control ZIKV outbreaks effectively. 

Challenges remain, particularly in addressing cross-reactivity among closely related 

viruses, which complicates differential diagnosis. Castro's exploration of electrochemical 

magneto-immunoassays identified that while antibody interactions enhance sensitivity, they 

are prone to interference from structurally similar proteins, requiring careful design and 

validation in new assays[107]. 
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Point-of-Care Applicability 

 

The integration of electrochemical sensors into point-of-care (POC) diagnostics is a 

significant advancement in the rapid detection of the Zika virus. The ability to deliver results 

quickly and accurately at the site of care is crucial in managing outbreaks and ensuring timely 

treatment. Portable electrochemical sensors can be coupled with smartphone-based readouts, 

enabling immediate results even in remote areas. Sharma et al.[112] discuss how the use of 

silver nanoparticle-enhanced biosensors can improve diagnostic efficiency and accessibility in 

outbreak-prone regions, highlighting the importance of such innovations in differentiating 

between co-circulating pathogens like Zika, dengue, and chikungunya, ultimately enhancing 

patient management and public health outcomes. Figure 3 represents a schematic of the 

application of a Point-of-care device. 

Figu
re 4. Schematic of the application of a point-of-care device. 

Recent studies have highlighted the development of paper-based electrochemical 

immunosensors that allow for label-free detection of viral antigens, making them suitable for 

POC applications[113]. Dongen et al.[114] discuss the promising capabilities of CRISPR/Cas 

systems for nucleic acid detection, which are well-suited for on-site or portable testing. These 

technologies can yield rapid diagnostic results, further supporting the trend toward innovative 
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diagnostic tools that cater to real-world application demands. This trend is further supported 

by emerging research on wearable biosensors, such as those developed by Batra et al.[115], 

which demonstrate the versatility of biosensors in detecting viral pathogens across various 

formats, thereby contributing to rapid response capabilities in POC diagnostics. 

Moreover, portable devices that utilize nucleic acid amplification techniques combined 

with electrochemical detection have shown promise in enhancing the accessibility and 

efficiency of Zika virus diagnostics[116].  

Together, these studies highlight the transformative potential of portable diagnostic 

devices in addressing the urgent need for effective Zika virus detection, especially in 

resource-limited settings. 

Multiplexing Capabilities 

 

The simultaneous detection of multiple viruses, such as Zika, dengue, and 

chikungunya, is another critical innovation in electrochemical biosensing. The development 

of multiplexed biosensors allows for the detection of various pathogens in a single assay. 

These tools are of profound importance in regions where ZIKV, DENV, and CHIKV often co-

circulate, complicating diagnosis and treatment[106], [117], [118], which is particularly 

beneficial in regions where these viruses co-circulate. Recent advancements in DNA aptamer-

based sensors have demonstrated the capability to detect ZIKV NS1 protein alongside other 

flaviviruses, achieving high sensitivity and specificity[119]. For instance, research has 

demonstrated that integrated biosensing platforms can differentiate between these viruses with 

high sensitivity and specificity. Notably, a significant advancement was presented by Lee et 

al.[118], who developed a graphene oxide-based molecular diagnostic biosensor capable of 

simultaneously detecting ZIKV and DENV. This dual-target capability is crucial for managing 

outbreaks where co-infections are prevalent, thereby improving patient outcomes and public 

health responses[117], [118].  

Furthermore, the application of DNA-hairpin probe for Zika virus RNA, as elucidated 

by Lynch et al.[120], illustrates another powerful methodology that enhances detection 

precision. Additionally, the use of microfluidic platforms has been explored to enhance the 

multiplexing capabilities of electrochemical sensors, enabling rapid and simultaneous analysis 

of multiple viral targets[116] 
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The integration of microfluidic platforms has further amplified the multiplexing 

capabilities of these electrochemical sensors. Microfluidics enables rapid, efficient handling 

of samples, thus streamlining the diagnostic workflow for multiple viral targets in a single 

assay. Studies indicate that the use of microfluidic systems can enhance diagnostic speed and 

accuracy for co-infected patients, facilitating better clinical decision-making and public health 

measures[117], [121]. Research by Sampaio et al.[106] demonstrates significant progress in 

developing microfluidic sensors for simultaneous detection of ZIKV and DENV directly from 

serum samples, improving the overall diagnostic process and comprehensively addressing co-

infection scenarios 

This approach not only streamlines the diagnostic process but also improves the 

understanding of co-infections, which is vital for effective public health responses. 

Challenges in the electrochemical detection of the Zika virus 

 

One of the primary challenges in the electrochemical detection of the Zika virus is 

cross-reactivity with related flaviviruses, such as dengue and chikungunya. This cross-

reactivity can lead to false-positive results, complicating the diagnosis and management of 

infections. Studies have shown that various electrochemical sensors can exhibit significant 

interference from other viral proteins present in complex biological matrices[19], [105], 

[122]. Furthermore, sample matrix interference is a critical complication in electrochemical 

detection. Biological fluids contain numerous endogenous substances, including proteins, 

salts, and small molecules, which can impact analytical performance[109], [123]. For 

instance, the presence of high concentrations of uric acid can inhibit the electrochemical 

reactions necessary for the successful detection of viral components, leading to reduced 

sensitivity and specificity[56], [124]. Current research suggests that modifying the sensor 

surfaces with nanomaterials may mitigate some matrix effects by improving the selectivity 

and enhancing the interaction between the sensor and the target viral components[125], [126]. 

Nanomaterials such as gold nanoparticles and graphene oxides have been shown to 

significantly enhance the electrochemical signals, thereby compensating for the interference 

caused by complex biological matrices[102], [127]. The presence of these interfering 

compounds in serum or urine samples can lead to reduced sensitivity and specificity, 

necessitating the development of more selective detection methods[128]. Moreover, the 

methodology employed for sample preparation is crucial for minimizing matrix interferences. 

Techniques such as sample dilution, filtration, or enzymatic treatment are often utilized to 
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reduce the concentration of interfering substances before running electrochemical assays[53], 

[129]. However, these methods can introduce additional complexities and potential errors in 

quantifying the viruses[123]. It is therefore essential for researchers to innovate and develop 

electrochemical sensors that can selectively capture and detect ZIKV even in the presence of 

these challenging sample matrices, contributing to more reliable diagnostic capabilities. 

The scalability and manufacturing of electrochemical sensors for Zika virus detection 

also present significant challenges. Issues related to the reproducibility of bioreceptors, cost of 

materials, and shelf-life of the sensors are critical factors that influence the widespread 

adoption of these technologies. For instance, the stability of bioreceptors in complex matrices 

can vary, leading to inconsistent performance across different batches of sensors[130], [131]. 

Furthermore, research directed toward developing cost-effective and reliable manufacturing 

methods is crucial to enhance the accessibility of these diagnostic tools in endemic 

regions[20]. Addressing these challenges is crucial for ensuring that electrochemical sensors 

can be produced at scale while maintaining their performance and affordability. 

Regulatory and Commercialization Barriers 

 

Regulatory hurdles represent another significant barrier to the commercialization of 

electrochemical sensors for Zika virus detection. The validation of these sensors in clinical 

settings is essential for gaining approval from regulatory bodies such as the World Health 

Organization (WHO) and the Centers for Disease Control and Prevention (CDC)[132]. The 

process of obtaining these approvals can be lengthy and complex, often requiring extensive 

clinical trials to demonstrate the efficacy and safety of the sensors[124]. Additionally, the 

need for standardized testing protocols and quality control measures further complicates the 

pathway to market[133]. Overcoming these challenges is vital to the successful integration of 

electrochemical detection methods into public health strategies to manage disease outbreaks 

such as Zika Virus. 

Future Directions in Electrochemical Detection of Zika Virus 

 

Future research should focus on optimizing these biosensing platforms for real-world 

applications, including the integration of machine learning (ML) algorithms to improve 

detection accuracy and speed[134]. Research by Schackart and Yoon further emphasizes the 

role of machine learning in enhancing bioreceptor-free biosensors, which are traditionally 

limited by performance issues such as LOD and specificity[135]. The integration of ML 
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algorithms allows for the analytics of data generated by these biosensors, thus bridging the 

aforementioned gaps. This adaptation of ML is crucial, as it effectively replaces the specificity 

typically offered by bioreceptors through detailed data analysis. Additionally, Flynn and 

Chang discuss the opportunities presented by AI technologies in point-of-care biosensing, 

suggesting that AI can improve the accessibility and accuracy of health assessments 

performed at the patient level[136]. The review explores various computational advancements 

that promise to refine diagnostic methodologies, indicating a significant shift towards 

personalized health monitoring systems.  

The integration of AI-driven technology and hybrid optimization algorithms holds 

significant promise for the future detection of the Zika virus. By employing advanced 

machine learning techniques, such as multilayer perceptron with a probabilistic optimization 

strategy, researchers can enhance the accuracy of predictions related to Zika outbreaks, 

ultimately facilitating better resource allocation for public health [137]. Moreover, this 

technology not only reduces forecast times but also improves the precision of geographical 

surveillance, thereby enabling rapid responses to potential outbreaks[137]. Additionally, the 

use of cloud computing for data processing ensures that collected health metrics are 

efficiently analyzed and securely stored, providing real-time insights into Zika virus 

dynamics[137]. As wearable health technologies become more integrated with AI, the 

potential for real-time monitoring of symptoms and risk factors associated with Zika virus 

infection will continue to expand, further contributing to what could be a more agile and 

responsive healthcare framework for managing outbreaks[138]. 

Conclusions 

 

The ongoing threat posed by the Zika virus underscores the urgent need for rapid, 

sensitive, and accessible diagnostic tools. Traditional methods such as PCR and ELISA, 

while effective, are often impractical in resource-limited settings due to their complexity and 

cost. In contrast, electrochemical biosensors represent a transformative approach to ZIKV 

detection, combining rapid results with high sensitivity and the potential for point-of-care 

applications. The integration of advanced technologies, including CRISPR-based systems 

and nanomaterials, further enhances the capabilities of these biosensors, making them 

invaluable in the fight against ZIKV and similar viral infections. Future research should 

focus on optimizing these technologies for widespread use, ensuring that diagnostics keep 

pace with the evolving landscape of viral threats. Additionally, enhancing devices with the 
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use of AI, wearable technologies and effective data management frameworks is essential to 

promote early detection of viral infections, supporting a proactive approach to managing 

Zika virus outbreaks. 

References 

 

[1] V. Bhandari, A. B. Taksande, and B. Sapkale, ‘Disease Transmission and Diagnosis of 
Zika Virus’, Cureus, Nov. 2023, doi: 10.7759/cureus.49263. 

[2] K. N. Calderon, J. F. Galindo, and C. I. Bermudez-Santana, ‘Evaluation of conserved 
RNA secondary structures within and between geographic lineages of zika virus’, Life, 
vol. 11, no. 4, Apr. 2021, doi: https://doi.org/10.3390/life11040344. 

[3] Tahir MA et al., ‘Zika Virus: An Arboviral Disease’, Zoonosis, Unique Scientific 

Publishers, vol. 3, no. Zoonosis Volume 3, pp. 204–215, Jul. 2023, doi: 
10.47278/book.zoon/2023.97. 

[4] S. Agudelo and M. Ventresca, ‘Modeling the spread of the Zika virus by sexual and 
mosquito transmission’, PLoS One, vol. 17, no. 12 December, Dec. 2022, doi: 
10.1371/journal.pone.0270127. 

[5] G. Duarte, A. E. Miranda, X. P. D. Bermudez, V. Saraceni, and F. E. Martinez-
Espinosa, ‘Brazilian protocol for sexually transmitted infections 2020: Zika virus 
infection’, Rev Soc Bras Med Trop, vol. 54, 2021, doi: 10.1590/0037-8682-609-2020. 

[6] J. Wongsawat, P. Suttha, S. Chanama, S. Srisopa, N. Yonchoho, and P. 
Limpanadusadee, ‘Serological differences after acute zika virus infections between 
children and adults: Implication for use of a serological test’, American Journal of 

Tropical Medicine and Hygiene, vol. 105, no. 4, pp. 931–935, Oct. 2021, doi: 
10.4269/ajtmh.21-0134. 

[7] B. D. Dappa and U. C. Ogbonnaya, ‘Current Issues on Zika Virus Disease: The Nigeria 
Perspective’, Current Research in Health Sciences, pp. 29–36, Apr. 2023, doi: 
10.58613/crhs113. 

[8] R. P. Rodríguez De La Rosa et al., ‘Guillain-Barré syndrome outbreak in Tapachula 
temporally associated with the Zika virus introduction in Southern Mexico’, Epidemiol 

Infect, vol. 150, Oct. 2022, doi: 10.1017/S0950268822001625. 
[9] A. E. Ades et al., ‘Vertical transmission of Zika virus and its outcomes: a Bayesian 

synthesis of prospective studies’, Lancet Infect Dis, vol. 21, no. 4, pp. 537–545, Apr. 
2021, doi: 10.1016/S1473-3099(20)30432-1. 

[10] R. A. de A. Ximenes et al., ‘Zika-related adverse outcomes in a cohort of pregnant 
women with rash in Pernambuco, Brazil’, PLoS Negl Trop Dis, vol. 15, no. 3, Mar. 
2021, doi: 10.1371/journal.pntd.0009216. 

[11] J. F. Lebov et al., ‘Neurological and neuropsychological sequelae of Zika virus 
infection in children in León, Nicaragua’, Revista Panamericana de Salud Publica/Pan 

American Journal of Public Health, vol. 46, 2022, doi: 10.26633/RPSP.2022.90. 
[12] S. Halani et al., ‘Clinical manifestations and health outcomes associated with zika virus 

infections in adults: A systematic review’, PLoS Negl Trop Dis, vol. 15, no. 7, Jul. 
2021, doi: 10.1371/journal.pntd.0009516. 

[13] R. Reddy Kasarla, A. Shrestha, S. Bhandari, S. Koirala, L. Pathak, and O. Id, ‘Zika 
Virus Infection: An Emerging global Public Health Concern’, Janaki Medical College 

Journal of Medical Sciences, vol. 11, no. 3, pp. 72–79, 2023, [Online]. Available: 
https://orcid.org/0000-0001-5422-2328 

[14] S. J. Hung and S. W. Huang, ‘Contributions of Genetic Evolution to Zika Virus 
Emergence’, May 06, 2021, Frontiers Media S.A. doi: 10.3389/fmicb.2021.655065. 



 

 

 

23 

 

[15] L. L. M. Santos, E. C. de Aquino, S. M. Fernandes, Y. M. F. Ternes, and V. C. R. de 
Feres, ‘Dengue, chikungunya, and Zika virus infections in Latin America and the 
Caribbean: a systematic review’, 2023, Pan American Health Organization. doi: 
10.26633/RPSP.2023.34. 

[16] S. Abraham and S. Wood, ‘Development of flow cytometry-based Zika virus detection 
assay’, Acta Virol, vol. 66, no. 3, pp. 275–280, 2022, doi: 10.4149/av_2022_307. 

[17] M. D. P. M. Viedma et al., ‘Evaluation of ELISA-based multiplex peptides for the 
detection of human serum antibodies induced by zika virus infection across various 
countries’, Viruses, vol. 13, no. 7, Jul. 2021, doi: 10.3390/v13071319. 

[18] M. M. Kaminski, O. O. Abudayyeh, J. S. Gootenberg, F. Zhang, and J. J. Collins, 
‘CRISPR-based diagnostics’, Jul. 01, 2021, Nature Research. doi: 10.1038/s41551-
021-00760-7. 

[19] K. Y. Goud et al., ‘Electrochemical diagnostics of infectious viral diseases: Trends and 
challenges’, May 15, 2021, Elsevier Ltd. doi: 10.1016/j.bios.2021.113112. 

[20] ‘Zika Virus: An Arboviral Disease’, International Journal of Agriculture and 

Biosciences, no. Zoonosis Volume 3, pp. 204–215, 2023, doi: 
10.47278/book.zoon/2023.97. 

[21] R. J. Oidtman, G. España, and T. Alex Perkins, ‘Co-circulation and misdiagnosis led to 
underestimation of the 2015–2017 zika epidemic in the americas’, PLoS Negl Trop Dis, 
vol. 15, no. 3, Mar. 2021, doi: 10.1371/journal.pntd.0009208. 

[22] N. Farsaeivahid, C. Grenier, S. Nazarian, and M. L. Wang, ‘A Rapid Label-Free 
Disposable Electrochemical Salivary Point-of-Care Sensor for SARS-CoV-2 Detection 
and Quantification’, Sensors, vol. 23, no. 1, Jan. 2023, doi: 10.3390/s23010433. 

[23] L. M. Reigoto, R. M. De Freitas, G. M. Araujo, and A. A. De Lima, ‘Detection of Zika 
virus infection on mosquitoes using spectroscopy and machine learning’. 

[24] R. Acharya et al., ‘Single-Walled Carbon Nanotube-Based Optical Nano/Biosensors 
for Biomedical Applications: Role in Bioimaging, Disease Diagnosis, and Biomarkers 
Detection’, Oct. 21, 2024, John Wiley and Sons Inc. doi: 10.1002/admt.202400279. 

[25] H. M. Fahmy et al., ‘Recent Progress in Graphene- and Related Carbon-Nanomaterial-
based Electrochemical Biosensors for Early Disease Detection’, Mar. 14, 2022, 
American Chemical Society. doi: 10.1021/acsbiomaterials.1c00710. 

[26] M. Mercado-Reyes et al., ‘Pregnancy, Birth, Infant, and Early Childhood 
Neurodevelopmental Outcomes among a Cohort of Women with Symptoms of Zika 
Virus Disease during Pregnancy in Three Surveillance Sites, Project Vigilancia de 
Embarazadas con Zika (VEZ), Colombia, 2016–2018’, Trop Med Infect Dis, vol. 6, no. 
4, p. 183, Oct. 2021, doi: 10.3390/tropicalmed6040183. 

[27] S. Ma et al., ‘A triple-aptamer tetrahedral DNA nanostructures based carbon-nanotube-
array transistor biosensor for rapid virus detection’, Talanta, vol. 266, Jan. 2024, doi: 
10.1016/j.talanta.2023.124973. 

[28] P. Sittikul, P. Sriburin, J. Rattanamahaphoom, K. Limkittikul, C. Sirivichayakul, and S. 
Chatchen, ‘Combining Immunoassays to Identify Zika Virus Infection in Dengue-
Endemic Areas’, Trop Med Infect Dis, vol. 7, no. 10, Oct. 2022, doi: 
10.3390/tropicalmed7100254. 

[29] A. S. Medvedeva et al., ‘A Two-Mediator System Based on a Nanocomposite of 
Redox-Active Polymer Poly(thionine) and SWCNT as an Effective Electron Carrier for 
Eukaryotic Microorganisms in Biosensor Analyzers’, Polymers (Basel), vol. 15, no. 16, 
Aug. 2023, doi: 10.3390/polym15163335. 

[30] D. C. Ferrier and K. C. Honeychurch, ‘Carbon nanotube (CNT)-based biosensors’, 
Dec. 01, 2021, MDPI. doi: 10.3390/bios11120486. 



 

 

 

24 

 

[31] M. Karlikow et al., ‘Field validation of the performance of paper-based tests for the 
detection of the Zika and chikungunya viruses in serum samples’, Nat Biomed Eng, 
vol. 6, no. 3, pp. 246–256, Mar. 2022, doi: 10.1038/s41551-022-00850-0. 

[32] E. C. Duru, G. C. E. Mbah, M. C. Anyanwu, and N. N. Topman, ‘Modelling the co-
infection of malaria and zika virus disease’, Journal of the Nigerian Society of Physical 

Sciences, vol. 6, no. 2, May 2024, doi: 10.46481/jnsps.2024.1938. 
[33] C. Xu et al., ‘A Portable, Integrated, Sample-In Result-Out Nucleic Acid Diagnostic 

Device for Rapid and Sensitive Chikungunya Virus Detection’, Micromachines 

(Basel), vol. 15, no. 5, May 2024, doi: 10.3390/mi15050663. 
[34] H. Abeygoonawardena et al., ‘Serological evidence of Zika virus circulation with 

dengue and chikungunya infections in Sri Lanka from 2017’, J Glob Infect Dis, vol. 15, 
no. 3, pp. 113–120, Jul. 2023, doi: 10.4103/jgid.jgid_195_22. 

[35] W. Fang et al., ‘Diagnosis of invasive fungal infections: challenges and recent 
developments’, Dec. 01, 2023, BioMed Central Ltd. doi: 10.1186/s12929-023-00926-2. 

[36] C. Xu et al., ‘A Portable, Integrated, Sample-In Result-Out Nucleic Acid Diagnostic 
Device for Rapid and Sensitive Chikungunya Virus Detection’, Micromachines 

(Basel), vol. 15, no. 5, May 2024, doi: 10.3390/mi15050663. 
[37] V. Naresh and N. Lee, ‘A review on biosensors and recent development of 

nanostructured materials-enabled biosensors’, Feb. 02, 2021, MDPI AG. doi: 
10.3390/s21041109. 

[38] J. Jin, J. Guo, J. Guo, and D. Li, ‘Carbon‐Based Biosensor in Point of Care Setting’, 
Advanced Sensor Research, Oct. 2024, doi: 10.1002/adsr.202400037. 

[39] S. da C. Miguéis, A. P. M. Tavares, G. V. Martins, M. F. Frasco, and M. G. F. Sales, 
‘Biosensors for european zoonotic agents: A current portuguese perspective’, Jul. 01, 
2021, MDPI AG. doi: 10.3390/s21134547. 

[40] L. M. de Morais et al., ‘Selection and Characterization of Single-Stranded DNA 
Aptamers of Diagnostic Potential against the Whole Zika Virus’, Viruses, vol. 14, no. 
9, Sep. 2022, doi: 10.3390/v14091867. 

[41] U. S. Kadam, Y. Cho, T. Y. Park, and J. C. Hong, ‘Aptamer-based CRISPR-Cas 
powered diagnostics of diverse biomarkers and small molecule targets’, Dec. 01, 2023, 
Springer Science and Business Media B.V. doi: 10.1186/s13765-023-00771-9. 

[42] S. Kumar De et al., ‘Porous Au-seeded Ag nanorod networks conjugated with DNA 
aptamers for impedimetric sensing of DENV-2’, Sens Actuators B Chem, vol. 348, 
Dec. 2021, doi: 10.1016/j.snb.2021.130709. 

[43] N. B. F. Almeida et al., ‘DNA aptamer selection and construction of an aptasensor 
based on graphene FETs for Zika virus NS1 protein detection’, Beilstein Journal of 

Nanotechnology, vol. 13, pp. 873–881, Sep. 2022, doi: 10.3762/bjnano.13.78. 
[44] A. C. R. Moço et al., ‘Electrochemical Detection of Zika Virus in Biological Samples: 

A Step for Diagnosis Point-of-care’, Electroanalysis, vol. 31, no. 8, pp. 1597–1604, 
Aug. 2019, doi: 10.1002/elan.201900068. 

[45] N. S. Zambry et al., ‘Utilizing Electrochemical‐Based Sensing Approaches for the 
Detection of SARS‐CoV‐2 in Clinical Samples: A Review’, Jul. 01, 2022, MDPI. doi: 
10.3390/bios12070473. 

[46] S. Kumar, A. Iadicicco, S. Kim, D. Tosi, and C. Marques, ‘Introduction to the feature 
issue: Advances in Optical Biosensors for Biomedical Applications’, Biomed Opt 

Express, vol. 15, no. 5, p. 3183, May 2024, doi: 10.1364/boe.527613. 
[47] G. Park, M. Lee, J. Kang, C. Park, J. Min, and T. Lee, ‘Selection of DNA aptamer and 

its application as an electrical biosensor for Zika virus detection in human serum’, 
Nano Converg, vol. 9, no. 1, Dec. 2022, doi: 10.1186/s40580-022-00332-8. 



 

 

 

25 

 

[48] O. I. Guliy et al., ‘Sensor System Based on a Piezoelectric Resonator with a Lateral 
Electric Field for Virus Diagnostics’, Ultrasound Med Biol, vol. 48, no. 5, pp. 901–
911, May 2022, doi: 10.1016/j.ultrasmedbio.2022.01.013. 

[49] S. Saklani et al., ‘Nanomaterials-Integrated Electrochemical Biosensors as Pioneering 
Solutions for Zoonotic Disease Diagnosis’, J Electrochem Soc, vol. 171, no. 8, p. 
087502, Aug. 2024, doi: 10.1149/1945-7111/ad65bb. 

[50] A. C. R. Moço et al., ‘Fentogram electrochemical detection of HIV RNA based on 
graphene quantum dots and gold nanoparticles’, J Pharm Biomed Anal, vol. 242, May 
2024, doi: 10.1016/j.jpba.2024.116025. 

[51] A. C. R. Moço et al., ‘Carbon ink-based electrodes modified with nanocomposite as a 
platform for electrochemical detection of HIV RNA’, Microchemical Journal, vol. 170, 
Nov. 2021, doi: 10.1016/j.microc.2021.106739. 

[52] P. H. G. Guedes et al., ‘Ninhydrin as a novel DNA hybridization indicator applied to a 
highly reusable electrochemical genosensor for Candida auris’, Talanta, vol. 235, Dec. 
2021, doi: 10.1016/j.talanta.2021.122694. 

[53] A. Singh et al., ‘Recent advances in electrochemical biosensors: Applications, 
challenges, and future scope’, Sep. 01, 2021, MDPI. doi: 10.3390/bios11090336. 

[54] Q.-H. Liang, B.-P. Cao, Q. Xiao, and D. Wei, ‘The Application of Graphene Field-
Effect Transistor Biosensors in COVID-19 Detection Technology: A Review’, Sensors, 
vol. 23, no. 21, p. 8764, Oct. 2023, doi: 10.3390/s23218764. 

[55] J. M. R. Flauzino, L. M. Alves, V. R. Rodovalho, J. M. Madurro, and A. G. Brito 
Madurro, ‘Application of biosensors for detection of meat species: A short review’, 
Dec. 01, 2022, Elsevier Ltd. doi: 10.1016/j.foodcont.2022.109214. 

[56] Y. Zhao and X. Song, ‘An Electrochemical-Based Point-of-Care Testing Methodology 
for Uric Acid Measurement’, J Anal Methods Chem, vol. 2022, 2022, doi: 
10.1155/2022/8555842. 

[57] S. Imran, S. Ahmadi, and K. Kerman, ‘Electrochemical biosensors for the detection of 
sars-cov-2 and other viruses’, Feb. 01, 2021, MDPI AG. doi: 10.3390/mi12020174. 

[58] R. Shahazi, S. Majumdar, A. I. Saddam, J. Mondal, M. M. Rahman, and Md. M. Alam, 
‘Carbon nanomaterials for biomedical applications: A comprehensive review’, Nano 

Carbons, vol. 1, no. 1, p. 448, 2023, doi: 10.59400/n-c.v1i1.448. 
[59] M. A. Alam, M. R. Hasan, N. Anzar, S. Suleman, and J. Narang, ‘Diagnostic 

approaches for the rapid detection of Zika virus–A review’, 2021, Elsevier Ltd. doi: 
10.1016/j.procbio.2020.11.009. 

[60] M. A. Abdul Ghani et al., ‘Portable Electrochemical Biosensors Based on 
Microcontrollers for Detection of Viruses: A Review’, Aug. 01, 2022, MDPI. doi: 
10.3390/bios12080666. 

[61] R. Misra, S. Acharya, and N. Sushmitha, ‘Nanobiosensor-based diagnostic tools in 
viral infections: Special emphasis on Covid-19’, Mar. 01, 2022, John Wiley and Sons 

Ltd. doi: 10.1002/rmv.2267. 
[62] M. Jang, M. Lee, H. Sohn, C. Park, and T. Lee, ‘Fabrication of Rapid Electrical Pulse-

Based Biosensor Consisting of Truncated DNA Aptamer for Zika Virus Envelope 
Protein Detection in Clinical Samples’, Materials, vol. 16, no. 6, Mar. 2023, doi: 
10.3390/ma16062355. 

[63] D. Granger and E. S. Theel, ‘Evaluation of a Rapid Immunochromatographic Assay 
and Two Enzyme-Linked Immunosorbent Assays for Detection of IgM-Class 
Antibodies to Zika Virus’, J Clin Microbiol, vol. 57, no. 3, 2019, doi: 
10.1128/jcm.01413-18. 

[64] Y. Lustig et al., ‘Sensitivity and Kinetics of an NS1-Based Zika Virus Enzyme-Linked 
Immunosorbent Assay in Zika Virus-Infected Travelers From Israel, the Czech 



 

 

 

26 

 

Republic, Italy, Belgium, Germany, and Chile’, J Clin Microbiol, vol. 55, no. 6, pp. 
1894–1901, 2017, doi: 10.1128/jcm.00346-17. 

[65] L. Wang, J. E. Filer, M. M. Lorenz, C. S. Henry, D. S. Dandy, and B. J. Geiss, ‘An 
Ultra-Sensitive Capacitive Microwire Sensor for Pathogen-Specific Serum Antibody 
Responses’, Biosens Bioelectron, vol. 131, pp. 46–52, 2019, doi: 
10.1016/j.bios.2019.01.040. 

[66] K. H. Lee and H. Zeng, ‘Aptamer-Based ELISA Assay for Highly Specific and 
Sensitive Detection of Zika NS1 Protein’, Anal Chem, vol. 89, no. 23, pp. 12743–
12748, 2017, doi: 10.1021/acs.analchem.7b02862. 

[67] E. J. M. Nascimento et al., ‘Use of a Blockade-of-Binding ELISA and 
Microneutralization Assay to Evaluate Zika Virus Serostatus in Dengue-Endemic 
Areas’, American Journal of Tropical Medicine and Hygiene, vol. 101, no. 3, pp. 708–
715, 2019, doi: 10.4269/ajtmh.19-0270. 

[68] C. J. Venegas, L. Rodríguez, and P. Sierra-Rosales, ‘Selective Label-Free 
Electrochemical Aptasensor Based on Carbon Nanotubes for Carbendazim Detection’, 
Chemosensors, vol. 11, no. 2, Feb. 2023, doi: 10.3390/chemosensors11020117. 

[69] Q. A. Phan, L. B. Truong, D. Medina-Cruz, C. Dincer, and E. Mostafavi, 
‘CRISPR/Cas-powered nanobiosensors for diagnostics’, Biosens Bioelectron, vol. 197, 
Feb. 2022, doi: 10.1016/j.bios.2021.113732. 

[70] M. Qing, S. L. Chen, Z. Sun, Y. Fan, H. Q. Luo, and N. B. Li, ‘Universal and 
Programmable Rolling Circle Amplification-CRISPR/Cas12a-Mediated 
Immobilization-Free Electrochemical Biosensor’, Anal Chem, vol. 93, no. 20, pp. 
7499–7507, May 2021, doi: 10.1021/acs.analchem.1c00805. 

[71] M. M. Kaminski, O. O. Abudayyeh, J. S. Gootenberg, F. Zhang, and J. J. Collins, 
‘CRISPR-based diagnostics’, Jul. 01, 2021, Nature Research. doi: 10.1038/s41551-
021-00760-7. 

[72] U. S. Kadam, Y. Cho, T. Y. Park, and J. C. Hong, ‘Aptamer-based CRISPR-Cas 
powered diagnostics of diverse biomarkers and small molecule targets’, Dec. 01, 2023, 
Springer Science and Business Media B.V. doi: 10.1186/s13765-023-00771-9. 

[73] C. A. Lynch et al., ‘Selective Determination of Isothermally Amplified Zika Virus 
RNA Using a Universal DNA-Hairpin Probe in Less Than 1 Hour’, Anal Chem, vol. 
91, no. 21, pp. 13458–13464, 2019, doi: 10.1021/acs.analchem.9b02455. 

[74] Y. Zhang, W. Yu, M. Wang, L. Zhang, and P. Li, ‘Nanozyme-assisted amplification-
free CRISPR/Cas system realizes visual detection’, 2023, Frontiers Media SA. doi: 
10.3389/fbioe.2023.1327498. 

[75] J. S. Gootenberg, O. O. Abudayyeh, M. J. Kellner, J. Joung, J. J. Collins, and F. Zhang, 
‘Multiplexed and portable nucleic acid detection platform with Cas13, Cas12a and 
Csm6’, Science (1979), vol. 360, no. 6387, pp. 439–444, Apr. 2018, doi: 
10.1126/science.aaq0179. 

[76] R. J. Meagher, O. A. Negrete, and K. K. Van Rompay, ‘Engineering Paper-Based 
Sensors for Zika Virus’, Jul. 01, 2016, Elsevier Ltd. doi: 
10.1016/j.molmed.2016.05.009. 

[77] M. Jang, M. Lee, H. Sohn, C. Park, and T. Lee, ‘Fabrication of Rapid Electrical Pulse-
Based Biosensor Consisting of Truncated DNA Aptamer for Zika Virus Envelope 
Protein Detection in Clinical Samples’, Materials, vol. 16, no. 6, Mar. 2023, doi: 
10.3390/ma16062355. 

[78] Y. Chen, ‘Electrochemical Biosensors and Their Applications in Detection of 
Infectious Disease’, TMBLS, vol. 7, pp. 357–361, 2024, doi: 10.62051/7rzren64. 

[79] H. Shand et al., ‘New Age Detection of Viruses: The Nano-Biosensors’, Frontiers in 

Nanotechnology, vol. 3, 2022, doi: 10.3389/fnano.2021.814550. 



 

 

 

27 

 

[80] R. Zhang, T. Belwal, L. Li, X. Lin, Y. Xu, and Z. Luo, ‘Nanomaterial‐based 
Biosensors for Sensing Key Foodborne Pathogens: Advances From Recent Decades’, 
Compr Rev Food Sci Food Saf, vol. 19, no. 4, pp. 1465–1487, 2020, doi: 
10.1111/1541-4337.12576. 

[81] J. C. Zhou, ‘Advanced Biosensing for Early Detection of HIV’, Highlights in Science 

Engineering and Technology, vol. 129, pp. 103–107, 2025, doi: 10.54097/pvcp7g85. 
[82] Z. Gong, Y. Huang, X. Hu, J. Zhang, Q. Chen, and H. Chen, ‘Recent Progress in 

Electrochemical Nano-Biosensors for Detection of Pesticides and Mycotoxins in 
Foods’, Biosensors (Basel), vol. 13, no. 1, p. 140, 2023, doi: 10.3390/bios13010140. 

[83] W. Zhang et al., ‘Advances in Electrochemical Aptamer Biosensors for the Detection 
of Food‐borne Pathogenic Bacteria’, ChemistrySelect, vol. 7, no. 29, 2022, doi: 
10.1002/slct.202202190. 

[84] B. M. Hryniewicz et al., ‘Development of Polypyrrole (Nano)structures Decorated 
With Gold Nanoparticles Toward Immunosensing for COVID-19 Serological 
Diagnosis’, Mater Today Chem, vol. 24, p. 100817, 2022, doi: 
10.1016/j.mtchem.2022.100817. 

[85] T. Dodevska, Y. Lazarova, and I. G. Shterev, ‘Amperometric Biosensors for Glucose 
and Lactate With Applications in Food Analysis: A Brief Review’, Acta Chim Slov, pp. 
762–776, 2019, doi: 10.17344/acsi.2019.5261. 

[86] A. S. Medvedeva et al., ‘A Two-Mediator System Based on a Nanocomposite of 
Redox-Active Polymer Poly(thionine) and SWCNT as an Effective Electron Carrier for 
Eukaryotic Microorganisms in Biosensor Analyzers’, Polymers (Basel), vol. 15, no. 16, 
Aug. 2023, doi: 10.3390/polym15163335. 

[87] M. G. Burdanova, M. V. Kharlamova, C. Kramberger, and M. P. Nikitin, ‘Applications 
of pristine and functionalized carbon nanotubes, graphene,and graphene nanoribbons in 
biomedicine’, Nov. 01, 2021, MDPI. doi: 10.3390/nano11113020. 

[88] A. Jia, ‘Applications of carbon nanotubes-based electrochemical biosensors’, 2022. 
[89] D. C. Ferrier and K. C. Honeychurch, ‘Carbon nanotube (CNT)-based biosensors’, 

Dec. 01, 2021, MDPI. doi: 10.3390/bios11120486. 
[90] S. Tang, ‘A Study of Novel Electrochemical Sensors and Their Applications: Food 

Analysis and Biomedical Object Detection’, Highlights in Science Engineering and 

Technology, vol. 121, pp. 41–45, 2024, doi: 10.54097/tgwvwa12. 
[91] O. Niwa, S. Ohta, S. Shiba, D. Kato, and R. Kurita, ‘Sputter Deposited Nanocarbon 

Film Electrodes for Electrochemical Analysis of Biomolecules’, Electrochemistry, vol. 
92, no. 2, pp. 022004–022004, 2024, doi: 10.5796/electrochemistry.23-68121. 

[92] K. Theyagarajan and Y. Kim, ‘Recent Developments in the Design and Fabrication of 
Electrochemical Biosensors Using Functional Materials and Molecules’, Biosensors 

(Basel), vol. 13, no. 4, p. 424, 2023, doi: 10.3390/bios13040424. 
[93] I. Cho, D. H. Kim, and S. Park, ‘Electrochemical Biosensors: Perspective on 

Functional Nanomaterials for on-Site Analysis’, Biomater Res, vol. 24, no. 1, 2020, 
doi: 10.1186/s40824-019-0181-y. 

[94] M. A. Roueini and A. Kabalan, ‘Numerical Investigation of a Microfluidic Biosensor 
Based on I-Shaped Micropillar Array Electrodes’, Sensors, vol. 24, no. 24, p. 8049, 
2024, doi: 10.3390/s24248049. 

[95] V. Vaishampayan, A. Kapoor, and S. P. Gumfekar, ‘Enhancement in the Limit of 
Detection of Lab‐on‐chip Microfluidic Devices Using Functional Nanomaterials’, Can 

J Chem Eng, vol. 101, no. 9, pp. 5208–5221, 2023, doi: 10.1002/cjce.24915. 
[96] A. Mohammadpour-Haratbar, S. B. A. Boraei, Y. Zare, K. Y. Rhee, and S. Park, 

‘Graphene-Based Electrochemical Biosensors for Breast Cancer Detection’, Biosensors 

(Basel), vol. 13, no. 1, p. 80, 2023, doi: 10.3390/bios13010080. 



 

 

 

28 

 

[97] A. Sena‐Torralba, R. Álvarez‐Diduk, C. Parolo, A. Piper, and A. Merkoçi, ‘Toward 
Next Generation Lateral Flow Assays: Integration of Nanomaterials’, Chem Rev, vol. 
122, no. 18, pp. 14881–14910, 2022, doi: 10.1021/acs.chemrev.1c01012. 

[98] D. S. Kim, A. Sobhan, J.-H. Oh, and J. Lee, ‘Enhancing the Dispersity and 
Electrochemical Properties of Chitosan-Coated Carbon Nanotubes for Manufacturing 
High-Sensitivity Biosensors with Optimal Electrical Conductivity’, May 08, 2024. doi: 
10.20944/preprints202405.0519.v1. 

[99] R. Acharya et al., ‘Single-Walled Carbon Nanotube-Based Optical Nano/Biosensors 
for Biomedical Applications: Role in Bioimaging, Disease Diagnosis, and Biomarkers 
Detection’, Oct. 21, 2024, John Wiley and Sons Inc. doi: 10.1002/admt.202400279. 

[100] Y. Tian and L. Dong, ‘On-The-Spot Sampling and Detection of Viral Particles on Solid 
Surfaces Using a Sponge Virus Sensor Incorporated with Finger-Press Fluid Release’, 
ACS Sens, vol. 9, no. 4, pp. 1978–1991, Apr. 2024, doi: 10.1021/acssensors.3c02766. 

[101] J. F. F. Ribeiro et al., ‘Sensitive Zika biomarker detection assisted by quantum dot-
modified electrochemical immunosensing platform’, Colloids Surf B Biointerfaces, vol. 
221, Jan. 2023, doi: 10.1016/j.colsurfb.2022.112984. 

[102] L. K. B. Santos et al., ‘A Redox-Probe-Free Immunosensor Based on Electrocatalytic 
Prussian Blue Nanostructured Film One-Step-Prepared for Zika Virus Diagnosis’, 
Biosensors (Basel), vol. 12, no. 8, Aug. 2022, doi: 10.3390/bios12080623. 

[103] A. M. Faria and T. Mazon, ‘Early diagnosis of Zika infection using a ZnO 
nanostructures-based rapid electrochemical biosensor’, Talanta, vol. 203, pp. 153–160, 
Oct. 2019, doi: 10.1016/j.talanta.2019.04.080. 

[104] M. Steinmetz et al., ‘A sensitive label-free impedimetric DNA biosensor based on 
silsesquioxane-functionalized gold nanoparticles for Zika Virus detection’, Biosens 

Bioelectron, vol. 141, Sep. 2019, doi: 10.1016/j.bios.2019.111351. 
[105] A. Bishoyi, M. A. Alam, M. R. Hasan, M. Khanuja, R. Pilloton, and J. Narang, ‘Cyclic 

Voltammetric-Paper-Based Genosensor for Detection of the Target DNA of Zika 
Virus’, Micromachines (Basel), vol. 13, no. 12, Dec. 2022, doi: 10.3390/mi13122037. 

[106] I. Sampaio, F. D. Quatroni, J. N. Yamauti Costa, and V. Zucolotto, ‘Electrochemical 
detection of Zika and Dengue infections using a single chip’, Biosens Bioelectron, vol. 
216, Nov. 2022, doi: 10.1016/j.bios.2022.114630. 

[107] K. R. Castro et al., ‘Electrochemical magneto-immunoassay for detection of zika virus 
antibody in human serum’, Talanta, vol. 256, May 2023, doi: 
10.1016/j.talanta.2023.124277. 

[108] D. Alzate, S. Cajigas, S. Robledo, C. Muskus, and J. Orozco, ‘Genosensors for 
differential detection of Zika virus’, Talanta, vol. 210, Apr. 2020, doi: 
10.1016/j.talanta.2019.120648. 

[109] C. Cheng, J. J. Wu, and J. Chen, ‘A Sensitive and Specific Genomic RNA Sensor for 
Point-of-Care Screening of Zika Virus from Serum’, Anal Chem, vol. 93, no. 33, pp. 
11379–11387, Aug. 2021, doi: 10.1021/acs.analchem.0c05415. 

[110] H. A. M. Faria and V. Zucolotto, ‘Label-free electrochemical DNA biosensor for zika 
virus identification’, Biosens Bioelectron, vol. 131, pp. 149–155, Apr. 2019, doi: 
10.1016/j.bios.2019.02.018. 

[111] C. Tancharoen et al., ‘Electrochemical Biosensor Based on Surface Imprinting for Zika 
Virus Detection in Serum’, ACS Sens, vol. 4, no. 1, pp. 69–75, Jan. 2019, doi: 
10.1021/acssensors.8b00885. 

[112] P. Sharma et al., ‘Next-Generation Point-of-Care Diagnostics: Silver Nanoparticle-
Enhanced 3D-Printed Multiplex Electrochemical Biosensor for Detecting Dengue and 
Chikungunya Viruses’, ACS Appl Bio Mater, 2025, doi: 10.1021/acsabm.4c01530. 



 

 

 

29 

 

[113] S. R. Benjamin, F. de Lima, V. A. do Nascimento, G. M. de Andrade, and R. B. Oriá, 
‘Advancement in Paper-Based Electrochemical Biosensing and Emerging Diagnostic 
Methods’, Jul. 01, 2023, Multidisciplinary Digital Publishing Institute (MDPI). doi: 
10.3390/bios13070689. 

[114] J. E. v. Dongen, J. T. W. Berendsen, R. D. Steenbergen, R. M. Wolthuis, J. C. T. 
Eijkel, and L. I. Segerink, ‘Point-of-Care CRISPR/Cas Nucleic Acid Detection: Recent 
Advances, Challenges and Opportunities’, Biosens Bioelectron, vol. 166, p. 112445, 
2020, doi: 10.1016/j.bios.2020.112445. 

[115] J. S. Batra et al., ‘Wearable Biosensor with Molecularly Imprinted Conductive Polymer 
Structure to Detect Lentivirus in Aerosol’, Biosensors (Basel), vol. 13, no. 9, Sep. 
2023, doi: 10.3390/bios13090861. 

[116] M. Karlikow et al., ‘Field validation of the performance of paper-based tests for the 
detection of the Zika and chikungunya viruses in serum samples’, Nat Biomed Eng, 
vol. 6, no. 3, pp. 246–256, Mar. 2022, doi: 10.1038/s41551-022-00850-0. 

[117] M. O. Ribeiro et al., ‘Analytical and clinical performance of molecular assay used by 
the Brazilian public laboratory network to detect and discriminate Zika, Dengue and 
Chikungunya viruses in blood’, Brazilian Journal of Infectious Diseases, vol. 25, no. 2, 
Mar. 2021, doi: 10.1016/j.bjid.2021.101542. 

[118] J. Lee, J. Kim, H. Shin, and D. Min, ‘Graphene Oxide-Based Molecular Diagnostic 
Biosensor for Simultaneous Detection of Zika and Dengue Viruses’, 2d Mater, vol. 7, 
no. 4, p. 044001, 2020, doi: 10.1088/2053-1583/ab9a64. 

[119] N. B. F. Almeida et al., ‘DNA aptamer selection and construction of an aptasensor 
based on graphene FETs for Zika virus NS1 protein detection’, Beilstein Journal of 

Nanotechnology, vol. 13, pp. 873–881, Sep. 2022, doi: 10.3762/bjnano.13.78. 
[120] C. A. Lynch et al., ‘Rapid and Selective Determination of Zika Virus RNA using a 

Universal DNA-Hairpin probe’, Anal Chem, 2019, doi: 
10.1021/acs.analchem.9b02455. 

[121] Z. Mumtaz et al., ‘Prospects of Microfluidic Technology in Nucleic Acid Detection 
Approaches’, Biosensors (Basel), vol. 13, no. 6, p. 584, 2023, doi: 
10.3390/bios13060584. 

[122] X. Zhang et al., ‘Recent progresses and remaining challenges for the detection of Zika 
virus’, Jul. 01, 2021, John Wiley and Sons Inc. doi: 10.1002/med.21786. 

[123] F. Nasrin, K. Tsuruga, D. I. S. Utomo, A. D. Chowdhury, and E. Y. Park, ‘Design and 
analysis of a single system of impedimetric biosensors for the detection of mosquito-
borne viruses’, Biosensors (Basel), vol. 11, no. 10, Oct. 2021, doi: 
10.3390/bios11100376. 

[124] Y. Shi, Y. Pei, N. Lamothe, K. Macdonald, S. J. Payne, and Z. She, ‘Electrochemical 
interference study of manganese and iron by multiplex method and the application for 
manganese analysis in drinking water’, Electrochemical Science Advances, vol. 4, no. 
3, Jun. 2024, doi: 10.1002/elsa.202300011. 

[125] I. Irkham, A. U. Ibrahim, P. C. Pwavodi, F. Al‐Turjman, and Y. W. Hartati, ‘Smart 
Graphene-Based Electrochemical Nanobiosensor for Clinical Diagnosis: Review’, 
Sensors, vol. 23, no. 4, p. 2240, 2023, doi: 10.3390/s23042240. 

[126] S. Li et al., ‘Recent Progress on Biomaterials Fighting Against Viruses’, Advanced 

Materials, vol. 33, no. 14, 2021, doi: 10.1002/adma.202005424. 
[127] C. Harito et al., ‘Trends in Nanomaterial-Based Biosensors for Viral Detection’, Nano 

Futures, vol. 6, no. 2, p. 022005, 2022, doi: 10.1088/2399-1984/ac701d. 
[128] J. Kozak, K. Tyszczuk-Rotko, M. Wójciak, I. Sowa, and M. Rotko, ‘First screen-

printed sensor (Electrochemically activated screen-printed boron-doped diamond 



 

 

 

30 

 

electrode) for quantitative determination of rifampicin by adsorptive stripping 
voltammetry’, Materials, vol. 14, no. 15, Aug. 2021, doi: 10.3390/ma14154231. 

[129] D. Sundeep, E. K. Varadharaj, K. Umadevi, and R. Jhansi, ‘Review—Role of 
Nanomaterials in Screenprinted Electrochemical Biosensors for Detection of Covid-19 
and for Post-Covid Syndromes’, ECS Advances, vol. 2, no. 1, p. 016502, Mar. 2023, 
doi: 10.1149/2754-2734/acb832. 

[130] L. R. G. Silva et al., ‘Dual-Target Additively Manufactured Electrochemical Sensor for 
the Multiplexed Detection of Protein A29 and DNA of Human Monkeypox Virus’, 
ACS Omega, 2024, doi: 10.1021/acsomega.4c04460. 

[131] H. Yin, X. Chen, Y. Jin, B. Liu, and R. Jiang, ‘On Chip Detection of Zika Virus Based 
on Loop Mediated Isothermal Amplification’, American Journal of Biomedical and 

Life Sciences, vol. 9, no. 6, p. 302, 2021, doi: 10.11648/j.ajbls.20210906.16. 
[132] A. Bishoyi, M. A. Alam, M. R. Hasan, M. Khanuja, R. Pilloton, and J. Narang, ‘Cyclic 

Voltammetric-Paper-Based Genosensor for Detection of the Target DNA of Zika 
Virus’, Micromachines (Basel), vol. 13, no. 12, Dec. 2022, doi: 10.3390/mi13122037. 

[133] A. Akhlaghi, H. Kaur, B. R. Adhikari, and L. Soleymani, ‘Editors’ Choice—
Challenges and Opportunities for Developing Electrochemical Biosensors With 
Commercialization Potential in the Point-of-Care Diagnostics Market’, Ecs Sensors 

Plus, vol. 3, no. 1, p. 011601, 2024, doi: 10.1149/2754-2726/ad304a. 
[134] S. An, Y. Suh, P. Kelich, D. Lee, L. Vukovic, and S. Jeong, ‘Directed Evolution of 

Near-Infrared Serotonin Nanosensors with Machine Learning-Based Screening’, 
Nanomaterials, vol. 14, no. 3, Feb. 2024, doi: 10.3390/nano14030247. 

[135] K. E. Schackart and J. Y. Yoon, ‘Machine learning enhances the performance of 
bioreceptor-free biosensors’, Aug. 02, 2021, MDPI AG. doi: 10.3390/s21165519. 

[136] C. D. Flynn and D. Chang, ‘Artificial Intelligence in Point-of-Care Biosensing: 
Challenges and Opportunities’, Jun. 01, 2024, Multidisciplinary Digital Publishing 

Institute (MDPI). doi: 10.3390/diagnostics14111100. 
[137] P. Dadheech et al., ‘Zika Virus Prediction Using AI-Driven Technology and Hybrid 

Optimization Algorithm in Healthcare’, J Healthc Eng, vol. 2022, 2022, doi: 
10.1155/2022/2793850. 

[138] I.-A. Secara and D. Hordiiuk, ‘Personalized Health Monitoring Systems: Integrating 
Wearable and AI’, Journal of Intelligent Learning Systems and Applications, vol. 16, 
no. 02, pp. 44–52, 2024, doi: 10.4236/jilsa.2024.162004. 



 

31 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

Capítulo 2: Development of an electrochemical 
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Abstract 
This paper describes a novel electrochemical genosensor designed for rapid and simplified detection of Zika virus DNA, 
using the biological dye safranin as biomolecular intercalator. The genosensor uses a gold-printed circuit board as electrode, 
modified with a bilayer formed by cysteamine and graphene quantum dots to immobilize oligonucleotides probes 
specifically designed for detection of Zika virus. The genosensor construction was monitored by scanning electron 
microscopy (SEM), dynamic force microscope (DFM) and Fourier transform infrared (FTIR). Electrochemical detection 
was carried out based on differential pulse voltammetry, monitoring the peak current of the DNA intercalator (safranin). 
The genosensor demonstrated high sensitivity detecting 4.2 pg mL-1, selectivity against other arboviruses (chikungunya and 
dengue) and good stability for at least 45 days. These parameters indicate potential for use of this genosensor in medical 
diagnostic testing for Zika virus, aiming at early screening of patients, especially in epidemic situations. 

Keywords: Electrode modification, safranin, PCB 

DOI: 10.1002/elan.(will be filled in by the editorial sttaff)

1. Introduction 

According to the World Health Organization (WHO), the 
Zika virus (ZIKV) is considered a threat to global public 
health. This virus contains single-stranded RNA as its 
genetic material and is associated with cases of Guillain-
Barré syndrome and microcephaly[1]. Given the tropical 
prevalence of the infection and the lack of effective 
treatments, it is essential to conduct accurate and timely 
diagnostics for disease control [2-4]. 
 ... Molecular techniques, particularly the current 
diagnostic standard, reverse transcription polymerase 
chain reaction (RT-PCR), have emerged as the most 
sensitive and specific methods for detecting ZIKV, 
outperforming traditional serological assays[5,6]. 
However, this method faces challenges in endemic 
regions, primarily due to high costs, requirement for 
skilled personnel and sophisticated laboratory 
equipment, which can delay results and hinder timely 
access to diagnosis in underserved areas[2, 4, 7]. 

  .. The need for rapid and precise diagnostics is further 
emphasized by the limitations of serological tests, 
which can suffer from cross-reactivity with other 
flaviviruses, complicating the interpretation of results[8, 

9]. 
  .. Biosensors are defined as analytical devices that 
incorporate a biological sensing element directly 
connected to a transducer, which converts a biological 
response into an electrical signal. This integration 
allows quantitative detection of analytes, such as 
biomolecules, pathogens, or toxins, making biosensors 
powerful tools across various fields, including medical 
diagnostics, environmental monitoring, and food safety 
assessment[10]. Biosensors have advantages over 
techniques like RT-PCR and enzyme linked 
immunonosorbent assay (ELISA) in terms of cost, 
accessibility and ease of use, requiring less complex 
equipment and highly trained personnel for operation[11]. 
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Additionally, biosensors have low detection limits, 
allowing the detection of reduced amounts of analytes. 
 ... Among biosensors, electrochemical ones are among 
the most advanced, offering high sensitivity, selectivity, 
and speed, making them a superior option for clinical 
diagnostic applications[12]. 
 ... Furthermore, public awareness and education 
regarding Zika virus transmission and prevention are 
crucial for controlling its spread. Studies have shown 
that informed populations are better equipped to engage 
in preventive measures, which can significantly reduce 
transmission rates[13,14]. The role of public health 
officials in disseminating accurate information and 
combating misinformation is vital, particularly in the 
context of emerging infectious diseases like ZIKV[15,16]. 
 ... The integration of biosensors into public health 
strategies could facilitate community engagement by 
providing accessible testing options, thereby enhancing 
the overall response to Zika virus outbreaks[1, 3]. 
These advancements highlight the critical role of 
biosensors in enhancing the detection capabilities for 
ZIKV, ultimately contributing to better public health 
responses in affected regions. The potential for 
biosensors to provide timely and accurate results could 
significantly improve the management of ZIKV 
outbreaks, especially in areas where healthcare 
resources are limited[13, 16, 17]. 
 ... The use of PCBs (Printed Circuit Boards) has been 
increasingly employed as electrodes in biosensors, 
among the different uses are detection of 
myeloperoxidase in blood plasma[18], monitoring of 
cancer cells[19] and monitoring in cryobiology 
applications[20]. Due to the technical and financial 
advantages offered by their ease of large-scale 
manufacturing, low cost, ability to be miniaturized, and 
high sensitivity, among other properties. Therefore, 
these characteristics would provide the opportunity to 
produce cheap and effective biosensors for a wide range 
of biomedical and environmental pollution 
applications[21]. 
 ... Application of cysteamine for modifying gold 
electrodes in biosensor construction is justified by its 
capacity to form self-assembled monolayers, which 
notably enhance the electrochemical performance of the 
surfaces. When adsorbed onto the gold surface, 
cysteamine creates a layer that not only aids in the 
immobilization of biomolecules but also introduces new 
active sites that boost the sensitivity of the biosensor. 
Research demonstrates that cysteamine modification 
can increase the electrode surface coverage, leading to 
improved electron transfer and greater effectiveness in 
analyte detection[22, 23].  

  .. In addition, cysteamine has chemical properties that 
allow the formation of covalent bonds with functional 
groups in biomolecules, contributing to more specific 
and specific biosensors[24]. 
  .. Graphene quantum dots (GQDs) are increasingly 
recognized for their significant role in the enhancement 
of electrochemical biosensors, mainly due to their 
intrinsic physicochemical properties, particularly their 
strong π interactions. The unique structure of GQDs, 
characterized by their zero-dimensional nanoscale and 
ample surface area, facilitates efficient electron transfer 
and advantageous π-π stacking interactions with 
biomolecules, thus amplifying the sensitivity and 
specificity of biosensing platforms[25,26]. These π 
interactions enhance the adsorption of target analytes, 
which is essential for the high performance of 
biosensors[25, 27]. 
  .. This paper introduces a novel point-of-care 
genosensor for detection of Zika virus, using gold PCBs 
as electrodes, modified with a bilayer formed by 
cysteamine and graphene quantum dots functionalized 
with cysteamine and safranin, a fluorescent azo dye, 
used as biomolecular intercalator.  

2. Material and methods 

2.1. Chemicals and Apparatus 

All the solutions were prepared with deionized and 
ultrapure water (resistivity of 18.2 MΩcm, Gehaka) and 
deoxygenated with ultrapure nitrogen. All the reagents 
were analytical grade and used without further purification. 
Sulfuric Acid (98%), sodium chloride (99%), dibasic 
sodium phosphate (99%) and monobasic sodium 
phosphate (99%) were obtained from Synth. Safranin 
(C20H19N4

+·Cl-, 95%) was obtained from Dinâmica. Citric 
acid and hydrogen peroxide (30%) purchased from Merck. 
Cysteamine and glycine were purchased from Sigma-
Aldrich. Isopropyl alcohol (99%), acetone (99%) and 
ammonium hydroxide (28%) were purchased from 
Cromoline. Ethyl alcohol (95%) was purchased from Neon. 
The probes used (5’-
CACTGAGTCAAAAAACCCCACGCGCTT-3’) and 
complementary target (5’-
AAGCGCGTGGGGTTTTTTGACTCAGTG-3’) were 
obtained from Exxtend. All lyophilized oligonucleotides 
were prepared in buffered saline sodium citrate (0.03 mol 
L-1 sodium citrate, 0.3 mol L-1  NaCl, pH 7.4) to obtain the 
concentration of 100 μg μL-1]. Zika (ZIKV), chikungunya 
(CHIKV), dengue (DENV) gRNAs were extracted using 
the QIAmp Viral RNA kit (Qiagen) and RNA was eluted 
with 75 μL of RNase-free water. Samples of gRNA 
extracted from serum of patients infected by arboviruses 
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were obtained from Adolfo Lutz Institute (Brazil, São 
Paulo, Ethics Commission number: 2.333.595). 
 ... The sensor utilized in this study is a three-electrode 
cell. The model was designed by the authors and 
produced by PCBWay, featuring working electrodes 
and counter electrodes made of gold. For the pseudo-
reference electrode, silver ink was applied using screen 
printing techniques. 

2.2. Instrumentation 

Electrochemical measurements were performed using 
Differential Pulse Voltammetry (DPV) in a potentiostat 
CHI 760C (CH Instruments, USA). The surface 
morphology of the electrodes was assessed by scanning 
probe microscopy (SPM, Model 5100 N, Hitachi, Japan), 
performed in the dynamic force microscope (DFM) mode 
and by scanning electron microscope (SEM) using model 
Vega3 LMU (TESCAN, Czech Republic), operated at 
10.00 kV. Fourier transform infrared (FT-IR) spectrum 
was recorded using a spectrophotometer FT-IR Frontier 
Single Range – MIR (Perkin Elmer, USA), in solid state 
with attenuated total reflectance accessory. The absorption 
spectra were obtained using a UV–Vis spectrophotometer 
(Shimadzu 1800, USA). 

2.3. Board design and cleaning 

Each printed circuit board (PCB) features a total of 27 
electrodes, which were first cleaned with isopropyl alcohol 
and cotton to eliminate surface impurities. Subsequently, 
they were immersed in an ultrasonic bath for 15 minutes 
in solution composed of equal parts acetone, ethanol, and 
water. A second ultrasonic bath of 30 minutes was 
performed using solution composed of water, ammonium 
hydroxide (28%), and hydrogen peroxide (30%) in a 5:1:1 
ratio. After this washing step, the electrodes were rinsed 
with deionized water, dried with nitrogen gas, and then 
placed in an oven at 40 °C for 15 minutes. 

2.4. Quantum dots preparation 

Graphene quantum dots (GQDs) were produced using a 
one-step pyrolysis method. 0.5 g of citric acid and 0.18 g 
of glycine were added to a 20 mL round-bottom flask and 
heated from room temperature to 200 °C. The solution 
changed color from colorless to yellow in about 3 min. The 
temperature was reduced to 150 °C and maintained for 
about 10 minutes, resulting in an orange color, when the 
heating was stopped. The GQDs were obtained by 
dispersing the solution obtained in 40 mL of distilled water. 
This GQD production methodology was described by 
Zhu[28]. 

2.5. Electrode modification 

The pseudo-reference electrode was coated with a silver 
conductive ink using a pneumatic screen-printing machine. 
To make this print, screen printing was used with a mesh 
of 77 threads. 
  .. The surface of the working electrode was modified 
with cysteamine. A study was conducted using various 
concentrations of cysteamine, ranging from a minimum 
of 0.01 mol L-1 to a maximum of 0.5 mol L-1. 
  .. These concentrations were allowed to interact with 
the surface of the working electrode for varying 
durations, with a minimum immobilization time of 1 
hour and a maximum of 24 hours evaluated for each 
concentration. 
  .. The concentration defined for the subsequent 
experiments was 5 μL, 0.5 mol L-¹, maintained for 12 
hours in a hermetically sealed system, in humid 
atmosphere and at room temperature. This time interval 
and this concentration of cysteamine were chosen 
because no significant changes in immobilization were 
observed after this period. 
  .. After this period, each electrode underwent a separate 
washing, being immersed for 10 seconds in deionized 
water in an agitated system. Subsequently, the 
electrodes were dried with ultrapure nitrogen gas and 
placed in a dry oven at a temperature of 40 °C for 15 
minutes. After the formation of the cysteamine layer, 5 
μL of a graphene quantum dots solution were applied 
onto the electrodes. To dry this solution, the electrodes 
were placed in the oven for 15 minutes at 50 °C. This 
process is performed to obtain a bilayer of cysteamine 
and graphene quantum dots (Cys-GQDs), which is used 
for immobilizing the oligonucleotides employed in this 
sensor. 

2.6. Fabrication of genosensor and Zika Virus 
detection 

Following the modification of the working electrode 
surface, 5 μL of a probe solution with a concentration of 
8.18 mg mL-1 was applied onto the Cys-GQDs bilayer. 
This DNA sequence (5'-
CACTGAGTCAAAAAACCCCACGCGCTT-3') was 
obtained using bioinformatics software and is specific to 
the Zika virus genome. The sensor with the deposited 
probe was stored in a sealed, humidified chamber for 40 
minutes for immobilization by adsorption on the bilayer 
surface. This procedure was carried out at room 
temperature. Figure 1 shows the construction scheme of 
the genosensor.  
  ..  
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After the immobilization of the probe, a surface 
blocking step was performed using glycine (5 μL, 10 
mmol L-¹). During the blocking procedure, the 
bioelectrodes were stored in a closed and humidified 
system for 60 minutes at room temperature. A wash was 
performed to remove excess glycine, and then the 
electrode was dried. The purpose of the blocking 
procedure was to ensure that the interaction occurred 
only between the probe and the target during the 
hybridization step, avoiding non-specific interactions 
between the target and the working electrode surface. 
To form the double strand, 5 μL of the target was 
dripped onto the working electrode. The target is the 
complementary sequence of the Zika virus genome 
probe (5’-
AAGCGCGTGGGGTTTTTTGACTCAGTG-3’. In the 
hybridization procedure, the genosensor platform used 
was humidified and sealed. In sequence, the platform 
was placed in an oven at 57 °C for 35 minutes. After 
this time, the washing and drying procedure were 
performed. The next step involved dripping the safranin 
solution (5 μL, 0.1 mmol L-1) onto the working 
electrode, aiming at the safranin intercalation process in 
the double strand formed by the probe and target. This 
process was carried out in a closed and humidified 
system at room temperature for 1 hour. After this time, 
the washing and drying procedure was performed.  
 ... The final stage involved detecting the safranin 
intercalated in the double strand. For this, 
measurements by differential pulse voltammetry were 
performed. The scanning parameters were set to a scan 
rate of 50 mV s-1, potential range of 0 to -1 V, 
equilibration time of 5 seconds, and supporting 
electrolyte of phosphate buffer (pH 7.4). In this 
procedure, the safranin reduction peak was monitored. 

3. Results and discussion 

3.1. Characterization of the electrode modified with 
cysteamine using SEM 

Figure 2 shows the morphological analysis by SEM of the 
electrode modified with cysteamine.  

  .. The results obtained reveal a remarkable change in the 
morphology of the electrode surface after treatment 
with cysteamine, compared to the unmodified electrode 
(Fig. 2a). Interconnected circular structures attached to 
the gold surface are observed onto the gold electrode 
modified with cysteamine (0.01 mol L-¹, Fig. 2b). With 
the increase in cysteamine concentration (0.5 mol L-¹), 
these structures are formed in significantly greater 
quantities (Fig. 2c). The images demonstrate significant 
differences between the electrodes, indicating that the 
cysteamine modification may lead to changes in the 
topography and physical properties of the gold electrode 
surface. Modification with cysteamine introduces 
positive sites for biomolecule interaction on the sensor. 
The thiol group (SH) forms a bond with the electrode 
surface, and the resulting exposed amino group (NH2), 
which becomes protonated (NH3

+) in solution, provides 
a positive charge that attracts negatively charged 
biomolecules. 

3.2. Characterization of the genosensor by DFM 

Dynamic force microscope (DFM) images reveal the 
development steps of the genosensor, from the initial 
modification of the electrode surface to the final 
interaction with the target.  Figure 3 presents DFM images 
illustrating the modifications to the electrode surface at 
different stages of genosensor functionalization. Figure 
3(a) shows the surface of the electrode modified with 
cysteamine (0.5 mol L-¹), representing the starting point 
for the functionalization of the device. 
  .. These images reveal a irregular topography, with an 
average roughness of 188.4 nm, indicating a surface that 
is already textured from the outset. In contrast, Figure 
3(b) reveals the formation of the cysteamine and GQDs 
bilayer, a crucial step to anchor the detection probe. 
Notably, the surface at this stage becomes much 

Fig 2. SEM images for the surface of (a) gold electrode without 
modification, (b) gold electrode modified with cysteamine (0.01 
mol L-1), (c) gold electrode modified with cysteamine (0.5 mol 
L-1). 

 

Fig  1. Scheme of the electrochemical genosensor construction. 
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smoother and more uniform, with the average 
roughness decreasing dramatically to 2.6 nm, 
suggesting significant smoothing promoted by the 

cysteamine-GQD bilayer, creating a more controlled 
base. Figure 3(c) highlights the efficiency of probe 
immobilization, an essential component for genosensor 
selectivity. In this image, the surface returns to being 
more irregular and textured, with a significant increase 
in average roughness to 200.8 nm, evidencing the 
morphological impact of incorporating the 
biomolecular probe. The blocking step with glycine in 
Figure 3(d), demonstrates the strategy to avoid non-
specific interactions. Compared to Figure 3(c), the 
surface in Figure 3(d) appears slightly smoother, with a 
reduction in roughness to 128.9 nm, although remaining 
rougher than the bilayer in Figure 3(b). This value 
suggests that glycine blocking partially fills spaces, but 
does not completely revert to the smoothness of the 
bilayer.  
 ... Finally, Figure 3(e) confirms the interaction of the 
target with the probe, demonstrating the genosensor's 
ability to recognize the analyte of interest. Visually, the 
surface of Figure 3(e) resembles that of Figures 3(a) and 
3(c), remaining irregular and textured, with an average 
roughness of 184.6 nm. This value indicates that the 
probe-target interaction, while fundamental to the 
genosensor's function, does not induce drastic 
morphological changes on the surface in terms of 
roughness compared to previous steps, or that the 
change is not as prominent as probe immobilization. 
The comparison between these images offers a visual 
representation of the genosensor's operating principle, 
from the molecular recognition step to the generation of 
the detectable signal. Together, the sequential analysis 
of DFM images validates each step of the genosensor 
development, from the modification of the electrode 
surface to the specific interaction with the target. This 

rigorous methodological approach ensures the 
performance and reliability of the genosensor for 
accurate detection of the analyte of interest. 

3.3. Characterization by FTIR of the modifications on 
the platform 

Fourier Transform Infrared Spectroscopy (FTIR) was 
employed to compare the bilayer formed by cysteamine 
and graphene quantum dots with the individual 
components, cysteamine and GQDs. FTIR analysis 
revealed characteristic peaks in the spectra of the bilayer 
that were also present in the spectra of the separate 
cysteamine and GQDs components. This indicates the 
presence and interaction of both cysteamine and GQDs 
within the bilayer structure. The bands at 3200-3400 cm⁻¹, 
1600-1700 cm-¹, and 1000-1100 cm-¹ are maintained, 
indicating the presence of amino and thiol groups. 
However, a shift of the C-S band to a slightly lower 
frequency is observed, suggesting an interaction between 
the cysteamine and the GQDs. The complete analysis can 
be seen in the supplementary material. 

3.4. Construction of the Calibration Curve 

Different concentrations of the target were used to 
construct the calibration curve, ranging from 42 ng mL-¹ to 
4.2 pg mL-¹. As illustrated in Fig. 4, this curve was derived 
from measuring the electrochemical response of the 
intercalator within the double strand. It effectively 
establishes the relationship between the concentration of 
the target molecule and the electrochemical signal 
produced by the sensor. The lowest concentration detected 
was 4.2 pg mL-¹, demonstrating the high sensitivity of the 
genosensor, This remarkable ability to identify extremely 
low concentrations of the target molecule is a key factor in 
evaluating the genosensor's performance. 
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 Probe
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Fig 3. DFM images with Rq data of a) electrode with cysteamine 
(0.5 mol L-1); b) cysteamine and GQDs bilayer; c) bilayer with 
immobilized probe; d) blocking with glycine of the surface of 
the modified electrode containing the probe; e) surface of the 
modified electrode containing probe and  target. 
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Fig 4. (a) Differential pulse voltammograms of the genosensor 
with potential ranging from 0 V to -1 V, modulation amplitude 
60 mV, interval time 0.2s, scan rate 50 mV s-1; in PBS solution 
(0.1 mol L−1, pH 7.4) at different target concentrations, (b) 
calibration curve obtained from DPV. 

 

3.5. Selectivity and specificity of the genosensor in ZIKV 
detection 

To demonstrate the selectivity of the genosensor, a 
detection approach involving intercalation of safranin into 
double-stranded nucleic acids was used, based on the 
Differential Pulse Voltammetry technique. In this stage, 
human serum samples were quantified by 
spectrophotometry and enriched with genomic RNA from 
chikungunya (CHIKV), dengue (DENV), and Zika 
(ZIKV) viruses in a ratio of 10:1 (v/v), respectively, 
producing complex biological matrices. Detection was 
performed by monitoring the reduction peak of safranin (-
0.6 V vs. Ag0), where the current value observed was 
proportional to the concentration of the intercalator 
adsorbed on the surface following the specific 
hybridization of the probes with the viral targets. 
Selectivity and specificity were evidenced by the absence 
of significant signals in control samples (e.g., non-
complementary gRNAs) and complex matrices, since the 
formation of double strands is essential for the 
intercalation of safranin and the generation of the response. 
The possibility of detecting ZIKV gRNA in physiological 
conditions (pH 7.4) using diluted serum without the need 
for prior sample treatment reinforces the applicability of 
the genosensor. Therefore, this genosensor combines the 
specificity of hybridization with the sensitivity of 
intercalator-mediated electrochemical detection, offering 
a robust platform for the differential diagnosis of 
arboviruses. This experiment can be seen in Fig 5 (a) and 
(b). 
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Fig. 5. a) Differential pulse voltammograms of the genosensor, 
50 mV s-¹, potential range of 0 to -1 V, equilibration time of 5 
seconds, in phosphate buffer (pH 7.4), using human serum 
enriched with genomic RNA of CHIKV, DENV and ZIKV, 10:1 
ratio (human serum:gRNA), b) Histogram for current values for 
chikungunya virus (CHIKV), dengue virus (DENV) and Zika 
virus (ZIKV). 

3.6. Storage stability analysis 

The storage stability of the genosensor was assessed over 
a period of 45 days. For this assay, the bioelectrodes were 
positioned inside a sealed container and stored at room 
temperature and without light. The genosensor response 
retained 84% of its initial value over 45 days, implying a 
good degree of stability and functional integrity for the 
bilayer and immobilized DNA probe. The data from this 
experiment can be seen in Fig 6. 



Full Paper                                                                                                     ELECTROANALYSIS 

38 
 

0

-1

-2

-3

-4

-5

-6

4530157

I/
A

Time/Days

0

 

Fig 6. Genosensor response as a function of storage time. 

4. Conclusions 
 
In summary, an electrochemical genosensor was 
developed for Zika virus DNA detection, using a gold-
printed circuit board electrode modified with a 
cysteamine/graphene quantum dot bilayer, and employing 
safranin as a DNA intercalator. The genosensor exhibited 
a low detection limit, high selectivity against chikungunya 
and dengue, and good stability, demonstrating a significant 
advancement in Zika diagnostics. 
 ... The combination of a three-electrode system, 
nanomaterial modification, and electrochemical 
principles provides a cost-effective, sensitive, and user-
friendly platform for virus detection. This genosensor 
offers several advantages onto traditional diagnostic 
methods, such as PCR and RT-PCR, making it more 
accessible in resource-limited environments. The 
stepwise surface modification procedure ensures the 
proper immobilization of biomolecules, enhancing the 
genosensor's specificity and minimizing the risk of 
false-positive results. 
 ... The choice of safranin as a DNA intercalator, coupled 
with the utilization of differential pulse voltammetry for 
monitoring its electrochemical reduction, allows for 
both qualitative and quantitative analysis of Zika virus 
DNA. The genosensor's ability to operate at low analyte 
concentrations makes it well-suited for early detection, 
providing valuable information for timely therapeutic 
interventions.  
 ... Furthermore, the simplicity of the genosensor design 
and minimal training requirements for result 
interpretation enhance its applicability in various 
settings, including remote and underserved areas. 
Incorporation of GQDs improves sensor performance, 
ensuring high selectivity and sensitivity in target 
recognition. Although the genosensor specifically 

targets the Zika virus, its principles and methodologies 
pave the way for similar advances in the detection of 
other infectious diseases. 
  .. This genosensor overcomes limitations of current 
diagnostics, offering a valuable tool for public health 
initiatives against Zika and emerging infectious 
diseases. 
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***Supplementary materials of the article*** 

 

Comparative Analysis of FTIR Spectra 

Cysteamine 

The spectrum of cysteamine exhibits characteristic bands of amino and thiol groups. 

The region of 3200-3400 cm⁻¹ displays broad and intense bands corresponding to N-H 

and O-H stretching, confirming the presence of amino and hydroxyl groups. At 1600-

1700 cm⁻¹, N-H bending is observed, typical of primary amines. The band at 1000-1100 

cm⁻¹ corresponds to C-S stretching, characteristic of thiols. 
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CQD 

The CQD spectrum also shows bands similar to those of cysteamine, confirming the 

presence of amino, hydroxyl, and thiol groups. However, some differences can be 

observed, such as the lower intensity of the bands at 3200-3400 cm⁻¹ and 1600-1700 

cm⁻¹, suggesting a smaller amount of amino groups. 
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Bilayer Cys-CQD 

The spectrum of the Bilayer Cys-CQD composite combines characteristics of the 

cysteamine and CQD spectra, revealing the presence of both components in the 

structure. The bands at 3200-3400 cm⁻¹, 1600-1700 cm⁻¹, and 1000-1100 cm⁻¹ are 

maintained, indicating the presence of amino and thiol groups. However, a shift of the 

C-S band to a slightly lower frequency is observed, suggesting an interaction between 

cysteamine and CQD. 
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The comparison of the spectra reveals that the Bilayer Cys-CQD composite 

retains the main characteristics of cysteamine and CQD, indicating that both 

components are present in the structure. The shift of the C-S band suggests an 

interaction between the thiol group of cysteamine and CQD, possibly through the 

formation of a covalent bond. This interaction may be responsible for the unique 

properties of the composite, such as its ability to form thin films and its 

biocompatibility.
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Abstract: This study describes the development and characterization of a novel 

electrochemical genosensor for the rapid and sensitive detection of Zika virus (ZIKV). The 

genosensor is based on a nanocomposite film of reduced graphene oxide (rGO) and safranin, 

modified with a specific DNA probe derived from the ZIKV genome. The morphological 

characteristics of the film were investigated by scanning electron microscopy (SEM) and 

atomic force microscopy (AFM). Calibration curves were constructed using different 

concentrations of complementary target DNA, with a limit of detection (LOD) 8.4 ng mL⁻¹. 

The genosensor retained approximately 80% of the response after 60 days, demonstrating 

good stability. Functionalization with the DNA probe allowed for the detection of ZIKV in 

samples, indicating the potential of the device for rapid and effective diagnosis. This 

genosensor represents a promising advance in ZIKV detection, with potential for clinical and 

field applications. 

 

Keywords: Zika Virus, Graphene Oxide, Safranin, Ninhydrin 
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1. Introduction 

 

The emergence of viral diseases, particularly those caused by RNA viruses such as the 

Zika virus, has necessitated the development of innovative diagnostic tools to facilitate rapid 

and accurate detection. Among the most promising advancements in this field are modified 

printed circuit boards (PCBs) integrated with nanomaterials, specifically carbon-based 

materials like graphene oxide and carbon paint, which have shown significant potential in 

biosensing applications. The utilization of these nanomaterials enhances the sensitivity and 

specificity of biosensors, making them ideal candidates for detecting viral RNA, including 

that of the Zika virus, which poses a substantial public health threat in many regions 

worldwide [1], [2], [3]. 

Graphene oxide, a derivative of graphene, is particularly noteworthy due to its unique 

physicochemical properties, including a high surface area, excellent electrical conductivity, 

and biocompatibility. These characteristics enable the effective immobilization of 

biomolecules, thereby facilitating the detection of viral genetic material through various 

biosensing techniques[1], [4]. Recent studies have demonstrated that graphene oxide can be 

functionalized to improve its interaction with target RNA sequences, which is crucial for the 

development of sensitive and selective biosensors[4], [5]. Furthermore, the incorporation of 

carbon paint into the design of PCBs allows for the creation of flexible and cost-effective 

biosensing platforms that can be easily integrated into diagnostic devices[6], [7]. 

The application of safranin, a fluorescent dye, in conjunction with graphene oxide and 

carbon paint, provides an additional layer of sensitivity in detecting Zika virus RNA. The 

properties of safranin can be used to amplify the signal generated during hybridization of the 

target RNA with its complementary strand, thus increasing the detection limit of the biosensor 

[8], [9]. This combination of materials not only improves the analytical performance of the 

biosensor but also allows for real-time monitoring of viral infections, which is essential for 

timely public health interventions [10], [11], [12].  

Moreover, the integration of microfluidic technologies with these modified PCBs can 

further enhance the performance of the biosensing devices. Microfluidics allows for the 

precise control of fluid flow at the microscale, enabling the efficient mixing of reagents and 

samples, which is critical for achieving high sensitivity in viral detection [13], [14]. The 

combination of microfluidics with nanomaterials has been shown to facilitate rapid and 
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reliable diagnostics, making it a valuable approach in the fight against emerging viral threats 

such as Zika [15], [16]. 

 In summary, the innovative use of modified printed circuit boards, carbon paint, and 

film using safranin and graphene oxide represents a significant advancement in the field of 

viral diagnostics. These technologies not only promise enhanced sensitivity and specificity in 

detecting Zika virus RNA but also pave the way for the development of portable, cost-

effective, and user-friendly diagnostic tools. As research continues to evolve in this domain, 

the potential for these biosensing platforms to contribute to global health initiatives becomes 

increasingly evident [2], [3], [4], [5], [17]. 

2. Material and methods  

2.1 Chemicals and Apparatus 

 

All the solutions were prepared with deionized and ultrapure water (resistivity of 23.1 

MΩcm, Gehaka) and deoxygenated with ultrapure nitrogen. All the reagents were analytical 

grade and used without further purification. Sodium chloride (99%), dibasic sodium 

phosphate (99%) and monobasic sodium phosphate (99%) were obtained from Synth. 

Safranin (C20H19N4
+·Cl-, 95%) was obtained from Dinâmica. The probes used (5’-

CACTGAGTCAAAAAACCCCACGCGCTT-3’) and complementary target (5’-

AAGCGCGTGGGGTTTTTTGACTCAGTG-3’) were obtained from Exxtend. All 

lyophilized oligonucleotides were prepared in buffered saline sodium citrate (0.03 mol L-1 

sodium citrate, 0.3 mol L-1 NaCl, pH 7.4) to obtain the concentration of 100 μg μL-1. 

Ninhydrin (ACS reagent) was purchased from Sigma Aldrich. 

The sensor used in this study was developed as a three-electrode printed sensor from 

the company PCBWay. The working and counter electrodes were covered with a conductive 

carbon paint produced in the laboratory, and a conductive silver paint also developed in the 

laboratory was used for the reference electrode. 

 

2.2 Instrumentation 

 

Electrochemical measurements were performed using Differential Pulse Voltammetry 

(DPV) in a potentiostat CHI 760C (CH Instruments, USA). The surface morphology of the 

electrodes was assessed by scanning probe microscopy (Model 5100 N, Hitachi), performed 
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in the dynamic force microscope (DFM) mode, and by scanning electron microscopy (SEM) 

on an EVO MA10 Zeiss microscope. 

 

2.3 SPCE construction and modification with Safranin and graphene acid 

 

Each PCB board has a total of 27 electrodes that were cleaned with cotton soaked in 

isopropyl alcohol. These electrodes were then placed in a DEK 248 screen printing printer. 

The surface of the reference electrode was coated with a conductive silver ink made in the 

laboratory and with conductive carbon ink, both the working electrode and the auxiliary 

electrode were coated. After printing these electrodes, they were cured at 65 degrees Celsius 

for 40 minutes. Before use, the SPCEs were preconditioned by cyclic voltammetry in sulfuric 

acid solution (0.1 mol L−1) between −1.5 and 1.8 V, 40 cycles, 100 mV s−1, to ensure a 

surface free of impurities and to obtain a common voltammetric profile. They were then 

rinsed with deionized water and dried with N2 gas. A solution was prepared in phosphate 

buffer (pH 6.4) containing 2.0 x 10-3 mol L-1 of safranin. In this solution, 1 mg of OG was 

added for each 1 mL of solution used. And simultaneously to the poly safranin film, the 

reduction of graphene oxide was performed. In the cyclic voltammetry, increases in each 

cycle can be observed in the anodic peaks observed at potentials -0.26 V and 0.35 V. This 

modification is shown in Figure 1.   
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Figure 1. Cyclic voltammogram of the rGO-safranin nanocomposite film on a screen-printed 
carbon electrode (SPCE), demonstrating the electrochemical behavior of the modified 
electrode. Scan rate: 50 mV s⁻¹. Potential range: -1.5 V to +1.8 V vs. Ag⁰ 

2.4 Genosensor construction 

 

 Figure 2 shows the construction scheme of the genosensor. 

 

Figure 2. Schematic illustration of the electrochemical genosensor construction. 

 

Oligonucleotide probe immobilization was performed after modification of the 

electrode containing reduced graphene oxide/polysafranin. The ZIKV-specific probe 

oligonucleotide was added to the modified electrode and kept sealed at room temperature for 

35 minutes. After that, the electrodes were washed for 7 seconds in PBS and dried using N2 

gas. 

After probe immobilization, a 3% BSA solution was added to block the surface. 

During this blocking procedure, the bioelectrodes were stored in a closed and humidified 

system for a period of 60 minutes at room temperature. The electrodes were washed for 7 

seconds in PBS to remove excess BSA and dried using N2 gas. To complete the 

immobilization, 5 μL of the target was added. During the hybridization process, the electrodes 

were placed in a humid chamber that was placed in an oven at 57 degrees Celsius for 35 

minutes. After this time, the electrodes were washed in PBS and dried in N2 gas. 

After complete hybridization, a 5 μL ninhydrin solution was added to the 

SPCE/OGr:Poly safranine/dsZIKV, which was used as an intercalant in this study. After 20 

minutes, washing in PBS and drying in N2 were performed. DPV was recorded with potential 

ranging from − 0.7 V to +0.2 V, modulation amplitude 60 mV, interval time 0.2 s, scan rate 

30 mV s-1; interval time 0.2 s using an electrolyte PBS solution (0.1 mol L−1, pH 7.4). The 
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final stage involved detecting the safranin that is present in the intercalated form in the double 

strand. For this, measurements by differential pulse voltammetry were performed. In this 

procedure, the safranin reduction peak was monitored.  

The calibration curve was constructed by varying the concentration of the 

complementary ZIKAV target between 8,4 ng mL-1 to 420 µg mL-1. Differential pulse 

voltammograms were recorded as analytical signal by indirect detection using ninhydrin as 

indicator in PBS solution (0.1 mol L−1, pH 7.4). 

 

3. Results and discussion 

3.1 Morphological Characterization 

 

The morphology of the rGO-safranin nanocomposite film deposited on the electrode 

surface was investigated using a combination of Scanning Electron Microscopy (SEM) and 

Atomic Force Microscopy (AFM) as seen in Figure 3. SEM analysis provided insights into 

the overall microstructure and surface texture of the film, revealing the distribution of rGO 

and the formation of the safranin polymer. Figure 3 (a) - SPCE, the SEM image clearly 

displays an irregular and porous texture. Agglomerated particles are evident, forming a 

complex morphology that resembles flakes or aggregates of material, distributed in a 

heterogeneous manner. Moving to Figure 3 (b) - rGO-safranin nanocomposite film, a notable 

alteration in the surface texture is observed in the SEM image. Although the surface does not 

achieve complete smoothness, it exhibits a more continuous and coated appearance. This 

suggests that the nanocomposite film is deposited onto the electrode structure, resulting in a 

surface that appears less porous than the initial SPCE, with aggregates appearing flattened or 

integrated. Finally, Figure 3 (c) presents a morphology in the SEM image that appears to have 

reduced irregularity and porosity when compared to both Figures 3 (a) and (b). The texture 

observed still contains aggregates, but these appear to be smaller, more uniformly distributed, 

and less prominent, leading to a less porous surface overall. The images demonstrated a 

porous and rough surface, indicative of the successful deposition of the nanocomposite.  

AFM, on the other hand, allowed for a higher resolution examination of the surface 

topography, quantifying the roughness and revealing details of the nanoscale features. Figure 

(d) supports the SEM findings by quantifying a root mean square roughness (Rq) of 127.2 

nm. The representation of the surface topography in AFM reinforces the perception of a 

surface characterized by significant height variations, confirming the roughness and porosity 
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initially observed in SEM. Figure 3 (e) and the Rq value of 125.4 nm reflect the surface 

modification seen in SEM. This indicates a slight reduction in roughness compared to pure 

SPCE, although the roughness remains substantial. Visual analysis of the AFM image 

suggests a somewhat smoother surface, however the quantitative change in roughness is not 

drastic. Finally, Figure 3 (f) and an Rq value of 108 nm reveal the lowest roughness among 

the three samples analyzed. Despite this being the lowest Rq value, the roughness is still 

considerable. This indicates that the surface, although slightly flatter than Figures 3 (a) and 

(b), still exhibits significant height variations. This analysis confirmed the presence of 

nanostructures and provided information about the film's thickness and uniformity, crucial 

parameters for sensor performance.  

 

 

 

Figure 3. SEM images for the surface of (a) SPCE, (b) rGO-safranin nanocomposite film, (c) 

ZIKV target. (d), (e) and (f) AFM images to respective SEM images. 

 

The infrared spectrum of the Safranin + rGO compound reveals the combination of the 

compounds through the presence and interaction of specific bands. The N-H band of Safranin 

at 3398 cm-1, characteristic of amines, is observed in the compound, indicating the availability 

of amines on the surface. Simultaneously, the C=O band of rGO at 1724 cm-1, typical of 
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carboxylic acids, also appears in the compound, suggesting a positively charged surface due 

to protonation at acidic pH. The shift or change in intensity of these bands in the Safranin + 

rGO compound compared to the individual spectra indicates the interaction between the 

amines of Safranin and the carboxylic groups of rGO, corroborating the combination of the 

compounds and the formation of a surface with available amines. 

 

3.2 Functionalization, Detection of ZIKV and Selectivity 

 

The genosensor was functionalized by immobilizing a specific DNA probe, designed 

from the ZIKV genome, onto the rGO-safranin film. The electrochemical signal was 

measured after addition of a sample containing the ZIKV target sequence. The interaction 

between the ZIKV target and the immobilized probe resulted in a detectable change in the 

electrochemical signal, confirming the successful detection of the virus. The utilization of a 

DNA probe specific to the ZIKV is critical for enhancing diagnostic accuracy and minimizing 

the risk of false positives associated with other related viruses, particularly within the 

flavivirus family. The specificity of DNA probes allows for the precise detection of ZIKV 

RNA, which is essential given the high cross-reactivity observed between ZIKV and other 

flaviviruses, such as DENV [18], [19]. 

Genomic RNA samples of CHIKV, DENV, and ZIKV were quantified using a 

Biodrop spectrophotometer and subsequently spiked into human serum at a 10:1 ratio 

(serum:RNA) to mimic complex biological matrices. Voltammograms with human serum 

revealed distinct electrochemical responses for each viral RNA target, with well-resolved 

oxidation peaks observed between −0.7 V and +0.2 V. The specificity of the genosensor was 

evident from absence of significant cross-reactivity signals, even when challenged with 

structurally related. This experiment can be seen in Figure 4 (a) and (b). 
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Figure 4. Figures of merit (a) Differential pulse voltammograms of the genosensor with 

potential ranging from − 0.7 V to +0.2 V, modulation amplitude 60 mV, interval time 0.2 s, 

scan rate 30 mV s−1; using an electrolyte PBS solution (0.1 mol L−1, pH 7.4) in human serum 

enriched with genomic RNA of CHIKV, DENV and ZIKV, 10:1 ratio (serum:RNA), (b) 

Histogram for current values for the CHIKV, DENV and ZIKV. 

Figure 4 (a) presents the differential pulse voltammograms of the genosensor in 

human serum enriched with genomic RNA of CHIKV, DENV, and ZIKV. The 

voltammograms show distinct electrochemical responses for each viral RNA target, with 

well-resolved oxidation peaks observed between -0.7 V and +0.2 V. Figure 4 (b) displays a 

histogram summarizing the current values for each virus. The histogram highlights the clear 

differences in electrochemical signals between the three viruses, indicating the genosensor's 

ability to differentiate between them.    

The absence of significant cross-reactivity signals, even when challenged with 

structurally related viruses, demonstrates the high selectivity of the genosensor. This 

selectivity is crucial for accurate ZIKV detection and minimizing false positives.  The 

experimental results provide a robust proof of concept for the selectivity of the genosensor, 

demonstrated through differential pulse voltammetry (DPV) analysis under physiologically 

relevant conditions. 

 

3.3 Calibration Curves and Genosensor Stability 

 

To assess the quantitative performance of the genosensor, a calibration curve was 

constructed by measuring the electrochemical response by differential pulse voltammetry. 

Figure 5 (a) shows the differential pulse voltammograms of the genosensor at different target 

DNA concentrations.  Figure 5 (b) presents the calibration curve constructed from these 

measurements, demonstrating a linear relationship between the electrochemical signal and the 

target DNA concentration.  The genosensor exhibited a limit of detection (LOD) of 8.4 ng/mL 

and an upper limit of detection of 420 µg mL-1, indicating high sensitivity and a broad 

dynamic range suitable for detecting ZIKV across various viral loads.     

  The stability of the genosensor was evaluated over a period of 60 days, as seen in the 

Figure 5 (c). The results showed that the sensor maintained about 80% of its initial response 

after this period, maintaining the functional integrity of the rGO/safranin nanocomposite, as 
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well as the immobilized DNA probe for a reasonable period. This indicates good stability and 

suggests the potential for practical application of the genosensor. 
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Figure 5. Figures of merit (a) Differential pulse voltammograms of the genosensor with 
potential ranging from -0.7 V to +0.2 V, modulation amplitude 60 mV, interval time 0.2s, 
scan rate 30 mV s-1, using an electrolyte PBS solution (0.1 mol L−1, pH 7.4) at different target 
concentrations, (b) Calibration curve. 

Overall, the figures presented demonstrate the successful development of a highly 

selective, sensitive, and stable genosensor for ZIKV detection.  The genosensor's ability to 

accurately detect ZIKV in complex biological matrices, such as human serum, highlights its 

potential for clinical application. 

4. Storage Stability Analysis 

 

As mentioned above, the storage stability of the genosensor was assessed over 60 days, 

showing an 80% retention of its initial response. For this assay, the bioelectrodes were 

positioned inside a sealed container and stored at room temperature and without light. This 

suggests that the rGO-safranin nanocomposite and the immobilized DNA probe maintain their 

functional integrity over a reasonable period. Further investigations into optimal storage 

conditions (e.g., temperature, humidity) could further enhance the shelf-life of the genosensor. 

The data from this experiment can be seen in Fig 6. 
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Figure 6. Relation between ip and storage time of the genosensor. 

5. Conclusions 

 

This study successfully demonstrated the development of a novel electrochemical 

genosensor for ZIKV detection based on a rGO-safranin nanocomposite modified with a 

specific DNA probe. The genosensor exhibited high sensitivity, a wide dynamic range, and 

good stability. The combination of rGO and safranin provides a biocompatible and conductive 

platform for DNA immobilization and enhanced electrochemical signal transduction. This 

genosensor holds great promise for rapid, cost-effective, and point-of-care diagnostics of 

ZIKV. Future work should focus on optimizing the sensor's performance, validating its use 

with clinical samples, and developing a portable device for field applications. 
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