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A B S T R A C T

Flaviviruses affect the lives of millions of people in endemic regions and also have the potential to impact non- 
endemic areas. Factors such as climate change, global warming, deforestation, and increased travel and trade are 
linked to the spread of flaviviruses into new habitats and host species. Given the absence of specific treatments 
and the limited availability of vaccines, it is imperative to understand the biology of flaviviruses and develop 
rapid and sensitive diagnostic tests. These measures are essential for preventing the transmission of these 
potentially life-threatening pathogens. Flavivirus infections are mainly diagnosed using conventional methods. 
However, these techniques present several drawbacks, including high expenses, time-consuming procedures, and 
the need for skilled professionals. The search for fast, easy-to-use, and affordable alternative techniques as a 
feasible solution for developing countries is leading to the search for new methods in the diagnosis of flavivi-
ruses, such as biosensors.

This review provides a comprehensive overview of different biosensor detection strategies for flaviviruses and 
describes recent advances in diagnostic technologies. Finally, we explore their future prospects and potential 
applications in pathogen detection. This review serves as a valuable resource to understand advances in ongoing 
research into new biosensor-based diagnostic methods for flaviviruses.

1. Introduction

The genus Flavivirus, recently renamed Orthoflavivirus, is constituted 
by arthropod-borne positive-sense single-stranded RNA viruses 
belonging to the family Flaviviridae [1]. This genus comprises more than 
70 different species, classified into 3 types according to the transmission 
vector: mosquito-borne, tick-borne, and unknown-vector-borne viruses. 
Flaviviruses include some of the most important human pathogens such 
as dengue virus (DENV), yellow fever virus (YFV), Japanese encephalitis 
virus (JEV), Zika virus (ZIKV), West Nile virus (WNV), and tick-borne 
encephalitis virus (TBEV), causing a major global health concern [2]. 
Flavivirus infections display a wide variety of symptoms ranging from 
asymptomatic or mild fever to severe manifestations, which could be 
divided into two different categories: hemorrhagic and neurological 
complications [3]. The main hemorrhagic features of the disease can be 
liver failure, hemorrhagic syndromes, and vascular compromise, and 
may be fatal. Neurotropic flaviviruses can reach the brain and spinal 
cord and cause severe neurological syndromes such as meningitis, en-
cephalitis, and acute flaccid paralysis [4]. On the other hand, ZIKV 
infection during pregnancy can be transmitted to the developing fetus, 

resulting in placental insufficiency, microcephaly, congenital malfor-
mations, and fetal demise. No specific anti-flaviviral treatments are 
currently available, and only a few vaccines have been approved for 
humans against JEV, DENV, YFV, and TBEV, for horses in the case of 
WNV and JEV [5,6] and for pigs in the case of JEV [7]. Therefore, 
knowledge of the biology of flaviviruses and the development of rapid 
and sensitive diagnostic tests is crucial to prevent the spread of these 
potentially life-threatening pathogens [4].

1.1. Virological features of flaviviruses

Flaviviruses are enveloped RNA viruses. Their genome is formed by a 
single-stranded positive RNA of approximately 11 kb in size that en-
codes a polyprotein within a single open reading frame (ORF), flanked 
by untranslated regions (UTRs) at both the 5ʹ and 3ʹ ends. The ORF is 
translated into a single polyprotein, which is processed by viral and 
cellular proteases to produce ten major viral proteins: three structural 
(C, prM/M, and E) and seven non-structural proteins (NS1, NS2A, NS2B, 
NS3, NS4A, NS4B, and NS5) [8] (Fig. 1).

Proteins are implicated in different steps of the replication cycle. The 
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C protein is involved in nucleocapsid formation, an essential step for 
viral assembly and replication [9]. The M protein is a transmembrane 
glycosylated protein resulting from the cleavage of the prM protein by a 
furin-like protease, leading to the formation of mature virions. The E 
protein is also a transmembrane glycosylated protein involved in 
different processes such as receptor binding, viral entry, and membrane 
fusion. This protein is considered the most immunogenic, and its 
glycosylation is crucial for efficient transmission and neuroinvasiveness.

The NS1 is involved in replication, immunomodulation, and patho-
genesis. The NS2A participates in intracellular membrane rearrange-
ments and virion assembly. The NS2B protein is the co-factor of the NS3 
viral serine protease, allowing its activation and the consequent pro-
cessing of the viral polyprotein. In addition, it interacts with the NS2A 
protein, playing a crucial role in viral replication and assembly [10]. The 
NS3 is a multifunctional protein, with a central role in infectivity, 
allowing the maturation of viral proteins through its protease activity, 
but it also presents helicase, nucleoside triphosphatase, and RNA tri-
phosphatase activities involved in virus replication [11]. The NS4A is 
involved in membrane rearrangements, inhibition of IFN signaling, and 
is related to important processes such as autophagy or unfolded protein 
response. The NS4B participates in the formation of the viral replication 
complex. The NS5 is the most conserved protein among the different 
flaviviruses. Its methyl transferase enzymatic activity is necessary for 
the viral RNA capping and its RNA-dependent RNA polymerase (RdRp) 
activity for the replication of the virus genome [12].

Replication starts with viral entry in host cells by receptor-mediated 
endocytosis. Virions bind to receptor host endosomes in an acidic 
environment, allowing the fusion of the viral envelope with the endo-
somal host membrane. Then the viral genome is released into the cytosol 
[13]. Infectious virions emerged when immature viral particles assem-
bled at the endoplasmic reticulum reach the Golgi complex for matu-
ration. After this process, viral particles are released from the infected 
cell to the extracellular space by exocytosis (Fig. 2).

1.2. Geographic distribution and clinical manifestations

The worldwide geographic distribution of flaviviruses is well known. 
Even though these viruses are detected mainly in tropical and subtrop-
ical areas, factors such as climate change and global warming, defor-
estation, uncontrolled urbanization or traveling and trade are associated 
with flaviviruses colonizing new habitats and host species [14] thus 
contributing to the increase of flaviviral infections into previously 
non-endemic areas.

Dengue virus (DENV) causes more than 90 million cases and 
approximately 40000 deaths annually [15], being the most widespread 
arbovirus. According to the World Health Organization (WHO), DENV 
cases have been reported in over 80 territories in Africa, the Americas, 
Southeast Asia, the Western Pacific, and Eastern Mediterranean Regions 
during 2023. Particularly worrying is the fact that almost 80 % of these 
cases occurred in the Americas [16], where cyclic epidemics recurring 
every 3–5 years have been reported. Moreover, autochthonous dengue 
cases have also been described in the European region, since its mos-
quito vectors are increasing their presence northwards and westwards in 

Europe [17]. However, it is suspected that the number of cases is 
underestimated because most of the infections are usually 
asymptomatic.

DENV infections provoke a mild disease called dengue fever which 
displays a diverse array of symptoms, such as fever, headache, and 
myalgia, which frequently overlap with those of other febrile illnesses, 
posing a challenge for accurate differentiation without appropriate 
diagnostic methods. However, in some cases, DENV can trigger a more 
severe disease known as dengue hemorrhagic fever (DHF) or dengue 
shock syndrome (DSS), which presents potentially life-threatening 
symptoms like hemorrhage, thrombocytopenia, and vascular leakage 
[18].

Zika virus (ZIKV) was first identified in 1947 in Uganda, and it 
remained in the African continent until its detection in Southeast Asia in 
the 1980s, then in Micronesia and Oceania beginning in 2007, and 
finally, the virus reached the Americas in 2015 where it provoked an 
explosive outbreak, infecting hundreds of thousands of people, mainly 
affecting pregnant women and newborns [19]. Even though ZIKV dis-
ease is usually asymptomatic or presents mild symptoms, severe 
neurological manifestations such as Guillain-Barré syndrome (GBS) and 
microcephaly in newborns have been widely reported in the Americas 
[20].

West Nile virus (WNV) is currently considered one of the most 
important causative agents of human viral encephalitis worldwide [21]. 
The virus was first reported in the West Nile district of Uganda in 1937 
[22]. In the following decades, WNV was considered a neglected 

Fig. 1. Schematic view of the genomic organization of genus Orthoflavivirus. UTR: untranslated region; C: capsid or core protein; prM: pre-membrane protein; E: 
envelope protein; NS: non-structural proteins.

Fig. 2. Schematic view of flaviviruses infectious cycle. The major steps of 
infection, including receptor-mediated endocytosis, genome replication, 
immature virion in the endoplasmic reticulum, particle maturation, and mature 
virion release by exocytosis are schematized.
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pathogen with infections sporadically reported in Africa, Israel, the 
Mediterranean Basin, Russia, and Australia [23]. It was not until 1999 
that a WNV outbreak occurred in New York that spread explosively 
throughout the United States in the following years. Nowadays the virus 
is commonly found in Africa, Europe, the Middle East, North America, 
and West Asia. WNV is classified into several lineages that do not 
consistently correlate with its geographical distribution. Only lineages 1 
and 2 have been involved in human outbreaks of WNV encephalitis, and 
both are now endemic in Europe. Infections are mainly asymptomatic or 
cause mild symptoms, but a small percentage of infected people (less 
than 1 %) develop severe neuroinvasive manifestations such as en-
cephalitis and meningitis that can produce fatal consequences [9].

Japanese encephalitis virus (JEV) is the leading cause of viral en-
cephalitis in Asia, causing around 60000 cases every year, and a 30 % 
mortality rate in those with encephalitis [24]. The disease is mainly 
developed during childhood, being endemic in 24 countries in Southeast 
Asia and Western Pacific regions. Outbreaks are unpredictably and 
spatially and temporally limited. Incidence in Asia has decreased, 
mainly attributed to vaccination [25].

Yellow fever virus (YFV) is found in tropical and subtropical areas of 
Africa and Central and South America. Even though most infected 
people have no symptoms or mild ones, a small percentage of patients 
can suffer severe complications in the liver and kidneys. They can 
develop jaundice and abdominal pain with vomiting or bleeding. There 
is a mortality rate of 50 % in those patients who enter the toxic phase 
[26].

Tick-borne encephalitis virus (TBEV) is the main causative agent of 
arboviral encephalitis in Europe. The virus is endemic in this continent 
and in regions of China and North Japan in Asia [27]. Neurological 
complications of the disease usually present as meningitis, meningoen-
cephalitis, or meningoencephalomyelitis. Between 10,000 and 12,000 
clinical cases of tick-borne encephalitis are reported annually, but the 
total number of clinical cases is believed to be underestimated [28].

1.3. Diagnostic methods for flavivirus identification

As previously mentioned, flaviviruses are globally distributed and 
produce dangerous life-threatening infections in tropical and subtropi-
cal areas. In this context, the search for rapid and efficient diagnostic 
methods represents a milestone in the control of flaviviral diseases.

Diagnosis of flavivirus infections is generally achieved by conven-
tional methods, including molecular and serological assays (Table 1). In 
this sense, the most used molecular methods are reverse transcription 
polymerase chain reaction (RT-PCR) and real-time quantitative RT-PCR. 
The main disadvantage is their high cost, which makes them unafford-
able in low-income countries. On the other hand, the window for virus 
detection using these techniques is relatively narrow, since they must be 
applied during the early stage of the disease [29].

Among serological methods, the most widely used are enzyme-linked 
immunosorbent assays (ELISAs), used either during the acute phase to 
detect early IgM antibodies or in the late phases of infection to detect IgG 
antibodies. However, it is essential to take into account that cross- 
reactivity is very common among flaviviruses, reducing the specificity 
of the diagnosis and producing false positive results [30].

In this sense, the plaque reduction neutralization test (PRNT) is 
considered the gold standard technique for the differential serological 

diagnosis of flavivirus [23]. PRNT is very specific and minimal 
cross-reactivity is observed between different flaviviruses. This method 
is used to detect neutralizing antibodies. However, the main drawback 
when working with infectious viruses is that most of them can only be 
handled within a biosafety level 3 (BSL-3) facility.

Another classical diagnostic method is cell culture for viral isolation. 
However, and as happened with PRNTs, these procedures may be con-
ducted at designated research facilities placed in BSL-3 laboratories.

The main drawbacks of the application of classical diagnostic 
methods are the high economic and qualified personnel requirements, in 
addition to the fact that they are time-consuming methods and require 
expensive technical equipment and laboratory facilities. The search for 
fast, simple, and affordable alternative techniques as a feasible solution 
for developing countries is leading to the exploration of new methods for 
the diagnosis of flaviviruses, such as biosensors.

1.4. Biosensors

1.4.1. General principles
Biosensors are analytical tools that use chemical or biological 

mechanisms to identify particular target substances, principally 
including two primary elements: a receptor and a transducer [31]. The 
bioreceptor attaches to the target analyte, identified through physical or 
chemical interactions. The transducer converts this reaction into a 
measurable signal. Transducers produce a wide variety of signals, usu-
ally electrochemical, optical, acoustic, or calorimetric. This signal ob-
tained from the transducer is usually amplified and analyzed by a 
detector (Fig. 3).

The first device considered a biosensor was developed by Leland C. 
Clark, Jr in 1956 who designed an electrode for oxygen detection [32]. 
In 1962, Clark and Lyons successfully developed an enzymatic electrode 
capable of converting glucose into a detectable signal, marking the 
beginning of biosensors as essential bioanalytical instruments [33].

Biosensors offer great potential such as outstanding performance, 
easy handling, high sensitivity and specificity, and the ability to provide 
a rapid response and perform analysis in real-time, thus allowing rapid 
intervention in case of health emergencies [34]. In addition to these 
features, their compact size and portability make these devices an ideal 
tool for point-of-care testing (POCT) in bioanalytical clinics. Nowadays 
there is a growing need for POCT for the rapid detection of infectious 
diseases, such as those caused by viruses. These devices play an essential 
role in preventing the spread of infectious diseases by enabling real-time 
testing and providing rapid, high-quality diagnosis [35].

The World Health Organization (WHO) has highlighted the rele-
vance of developing POCT that meets the ASSURED criteria: Affordable, 
Sensitive, Specific, User-friendly, Robust and rapid, Equipment-free, and 
Deliverable. These criteria represent the essential attributes for an 
optimal POCT platform [36] (Fig. 4).

1.4.2. Characteristics of biosensors
Biosensors effectiveness is determined by some essential features: 

selectivity, reproducibility, stability, limit of detection, linear detection 
range, and response time [32].

Selectivity refers to the capability of the bioreceptor to identify a 
determined analyte within a sample that may contain a mixture of 
compounds. It is probably the most important characteristic of 
biosensors.

Reproducibility indicates the capacity of the biosensor to produce 
analogue responses when experimental conditions are replicated. This 
feature is mainly determined by the precision and accuracy of the 
transducer and the electronics of the biosensor.

The stability is attributed to the susceptibility of the biosensor system 
to external disturbances present in its surrounding environment, which 
induce fluctuations in the output signals of the biosensor during mea-
surement. In applications involving long incubation periods or contin-
uous monitoring, stability becomes a critical characteristic. Stability can 

Table 1 
Classical methods for the diagnosis of flaviviruses.

Molecular assays Serological assays Viral assays

Reverse transcription 
polymerase chain 
reaction (RT-PCR)

Enzyme-linked 
immunosorbent assay 
(ELISA)

Plaque reduction 
neutralization test 
(PRNT)

Real-time quantitative RT- 
PCR (qRT-PCR)

 Cell culture for viral 
isolation
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also be influenced by bioreceptor degradation over time or when tem-
perature changes occur in transducers or detectors.

The limit of detection (LOD) of a biosensor is considered the mini-
mum amount of analyte detected by the device. This parameter is 
directly related to sensitivity, which is determined by the correlation 
between the variation in the concentration of the analyte and the in-
tensity of the signal monitored by the transducer. Ideally, biosensors 
would be able to produce a signal in response to even slight changes in 
the concentration of the target molecule [37]. Linearity is the charac-
teristic that shows the accuracy of the measured response to follow a 
linear trend when various analyte concentrations are determined. This 
linear detection range is also associated with the sensitivity of the 
biosensor.

Response time is defined as the required time for the biosensor to 
produce a signal or response after interaction between the receptor and 
the target sample. It is generally taken as the time needed to achieve 95 
% of the response [38].

1.4.3. Classification of biosensors
Different criteria are used in the classification of biosensors. The 

most frequent are shown in Table 2, according to the bioreceptor or 
transducer chosen. This choice depends mainly on the characteristics of 
the target analyte and the type of physical or chemical property to be 
measured [39].

1.4.3.1. Biosensors based on bioreceptors. As mentioned above, a bio-
receptor is a biomolecule that uses a biochemical mechanism to identify 

an analyte. Its function is to capture the analyte of interest and attach it 
to the sensor for further study.

Bioreceptors can generally be classified into different categories 
including enzymes, antibodies, nucleic acids, cellular structures/cells, 
and other microorganisms. Enzymes and antibodies are the main types 
of bioreceptors used in biosensor applications (Fig. 5).

1.4.3.1.1. Enzyme-based biosensors. Enzyme-based biosensors stand 
out as one of the most advanced bioanalytical tools, due to the high 
catalytic activity and selectivity of enzymes to detect target analytes 
[38]. Thanks to the extensive development of enzyme-based receptors, a 
wide variety of biosensors can be generated based on enzyme specificity. 
Nevertheless, conventional enzyme-based biosensors often face chal-
lenges related to their sensitivity, selectivity, and stability. Conse-
quently, different strategies are being explored to improve the 
performance of these biosensors, including the integration of nanoscale 
materials that improve physical and chemical properties [40].

1.4.3.1.2. Antibody-based biosensors. Antibody-based biosensors or 
immunosensors are one of the most important classes of affinity bio-
sensors due to their specificity. These devices contain an embedded 
antibody as a ligand. A specific target analyte, the antigen, forms a stable 
immune complex with an antibody that acts as a capture agent based on 
the antibody-antigen interaction [41]. This interaction leads to the 
generation of a measurable signal provided by a transducer. Immuno-
sensors have demonstrated remarkable selectivity and sensitivity due to 
precise antigen-antibody binding, making them highly suitable for 
various clinical applications, including pathogen detection [42].

1.4.3.1.3. Nucleic acid-based biosensors. The most common bio-
sensors that use nucleic acids consist of single-stranded DNA, which 
hybridizes with its complementary strand, exhibiting remarkable effi-
ciency and specificity [43]. DNA sensors, also called genosensors, are an 
interesting tool to provide access to sequence-specific information. This 
capability can be widely used across numerous fields, particularly in 
clinical, environmental, and food analysis [44].

Other commonly used nucleic acid biosensors have been generated 
using aptamers or microRNA [45]. An aptamer is a short single-stranded 
nucleic acid, whether ssDNA or RNA, that binds to a specific target 
molecule [46]. Due to their synthetic and chemical simplicity unlike 
antibodies, aptamer-based biosensors or aptasensors offer improved 
stability and functionality for detecting environmental contaminants 
[47] or for biomedical applications [48] among others.

1.4.3.1.4. Cell- and organelle-based biosensors. Biorecognition in 
cell-based biosensors relies on the whole cell or on a particular cellular 
component or organelle that is competent for specific binding to certain 
species [39]. Cell-based biosensors integrate living cells with sensors or 
transducers to detect cellular physiological parameters, thus acting as a 

Fig. 3. Schematic design of a biosensor. The main elements of a biosensor are included: analyte, receptor, transducer, and detector.

Fig. 4. Representation of the assured criteria highlighted by the World Health 
Organization (WHO).

Table 2 
Classification of biosensors.

Based on bioreceptors Based on transducers

Enzyme-based biosensors Electrochemical biosensors
Antibody-based biosensors Optical biosensors
Nucleic acid-based biosensors Thermal biosensors
Cell- and organelle-based biosensors Gravimetric biosensors
Microbial-based biosensors Magnetic biosensors
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connection between biology and electronics. These biosensors present 
evident advantages, such as prolonged non-invasive recording, fast 
response times, and label-free experimentation [49]. In this sense, they 
are being used in a vast variety of applications that include the detection 
of biologically active signaling molecules, antimicrobial strategies, or 
cancer therapy, among others [50]. However, despite these advantages, 
there are still some obstacles, such as regeneration and storage lifespan, 
cell population heterogeneity, significant interference, and high costs, 
which need to be resolved before larger-scale implementation of 
cell-based biosensors [51].

1.4.3.1.5. Microbial-based biosensors. A microbial-based biosensor is 
an analytical tool produced by combining immobilized viable or non- 
viable microorganisms with a physical transducer to produce a 
measurable signal proportional to the concentration of the analyte [52]. 
The immobilization of microorganisms on transducers plays an essential 
role in microbial biosensors, so there is a huge variety of methods for this 
immobilization such as adsorption, encapsulation, covalent binding, etc. 
[53].

Although metabolites produced by microorganisms are generally 
non-specific, achieving highly selective microbial biosensors is poten-
tially feasible by excluding unwanted metabolic pathways and inducing 
relevant ones. This can be accomplished by adjusting the microorgan-
isms to suitable substrates of interest. Additionally, recent advances in 
molecular biology have introduced a novel approach to creating 
genetically modified microorganisms, offering a new way to improve the 
selectivity and sensitivity of microbial biosensors [54].

1.4.3.2. Biosensors based on transducers. As mentioned above, the 
transducer essentially works as an interpreter, detecting the interaction 
of various biochemical reactions and converting it into another signal 
ready to be analyzed by the detector. Depending on the mechanism by 
which the transducers perform the conversion, the signal generated by 
the interaction between bioreceptor and analyte can be different and, as 
shown in Fig. 6, biosensors can be classified according to the trans-
duction methods they employ.

1.4.3.2.1. Electrochemical biosensors. Transducers depending on 
electrochemical detection mechanisms are the most commonly used in 
the development of biosensors.

Electrochemical biosensors rely on the interactions between the 
biorecognition element that is included on its surface and the binding 
molecule present in the analyte. These interactions induce changes in 
electrochemical properties, which subsequently translate into a detect-
able electrical signal. Electrochemical biosensors can be classified into 

amperometric, potentiometric, impedimetric, conductometric, voltam-
metric, polarographic, capacitive, or piezoelectric, depending on the 
detection principle and application [55]. On the other hand, label-free 
biosensors constitute a category of electrochemical biosensors in 
which the quantification of the target analytes is based on the techniques 
described above but no other signal labels are required. The inclusion of 
a tag can modify the specific binding of the analyte, leading to potential 
systematic errors in the measurement. Direct detection eliminates the 
labeling steps, reducing the time and cost of analysis [56].

Electrochemical methods offer significant advantages, including 
high sensitivity, rapid signal generation and detection, miniaturization, 

Fig. 5. Classification of biosensors according to the type of bioreceptor.

Fig. 6. Classification of biosensors according to the type of transducer.
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and affordability [57]. Another good feature is that these devices have 
the possibility of being coupled with other biosensing techniques for 
enhanced detection.

All these characteristics make electrochemical biosensors a good 
platform to be used in a wide spectrum of applications ranging from 
monitoring water [57], biomedical diagnostics [58], food analysis [59], 
or pathogen detection [60,61].

1.4.3.2.2. Optical biosensors. Optical biosensor detection relies on 
the interaction between optical technologies with a biorecognition 
element. They have received considerable attention in recent decades as 
powerful detection and analysis tools with broad applications, as they 
present important advantages compared to other well-established 
biosensor technologies, such as noise reduction and immunity to elec-
tromagnetic interference [62]. Optical biosensing can be classified into 
two main categories: label-free and label-based. As previously 
mentioned in electrochemical biosensors, in label-free detection the 
signal originates directly from the interaction between the analyzed 
sample and the transducer, while label-based detection employs a tag 
[63].

Based on the detection principle, these devices can be classified as 
those that measure luminescence, fluorescence, color changes, absor-
bance, reflectance, or fluorescence emissions that occur in the ultravi-
olet (UV), visible, or near-infrared (NIR) spectral ranges [64]. Table 3
summarizes the most commonly used optical techniques in terms of their 
detection mechanism.

These biosensors have demonstrated valuable efficacy in the detec-
tion of biological analytes and have shown notable advances in their use 
in biomedicine [65,66], food safety [67,68], pathogen detection [69], 
and the biotechnology industry [70,71].

1.4.3.2.3. Thermometric biosensors. Thermometric biosensors, also 
known as calorimetric, quantify heat changes in a sample and its envi-
ronment. These biosensors are created by immobilizing the bioreceptor 
in a temperature sensor, which detects and measures the energetic al-
terations, such as heat exchange, produced in the analyte [72]. The 
technique is available for the analysis of any reaction that generates a 
measurable amount of heat. In this sense, the wide usefulness of calo-
rimetric biosensors is based on the fact that all biochemical reactions are 
associated with a change in heat, either generating or absorbing heat. 
Consequently, a single calorimetric transducer can serve as a versatile 
platform to quantify multiple biomarkers [73]. Therefore calorimetric 
biosensors are used in a wide range of applications, such as food pro-
cessing and safety [73], pathogen detection [74], clinical monitoring 
[75,76], or environmental determinations [77].

1.4.3.2.4. Mass-based biosensors. Mass-based biosensors, also called 
gravimetric, react to a small variation in the mass of the binding analyte 
generating a detectable signal [78]. The most commonly used gravi-
metric transducers are thin piezoelectric quartz crystals that resonate at 
a particular frequency in response to both the applied current and the 
mass of the detected material [38]. These piezoelectric biosensors stand 
out as optimal tools, as they facilitate rapid, label-free, real-time 
detection of analytes without requiring specific reagents or complex 
sample manipulations. Acoustic biosensors are a type of piezoelectric 
devices that use the acoustic waves generated by these materials to 
identify the target analyte through induced changes in the features of the 
acoustic wave [79].

Mass-based biosensors are important in the development of minia-
turized, portable devices for pesticide detection [80], virus detection 
[81], food processing technologies [82], or medical diagnosis [83], 
among others.

1.4.3.2.5. Magnetic biosensors. A magnetic biosensor is a device able 
to transform a magnetic field into an electrical signal. In recent years, 
these biosensors have been increasingly used in the development of 
biosensors thanks to the special characteristics of magnetic materials. 
The general procedure for biological detection using a magnetic 
biosensor involves initially immobilizing the probe on the sensor surface 
and subsequently allowing the sample, which contains magnetic labels, 
to flow across the surface of the sensor [84]. Magnetic nanoparticles 
(MNPs) have recently emerged as suitable labels for the development of 
this technology, enabling the detection and identification of a huge 
variety of physical, chemical, and biological agents [85].

Magnetic biosensors are widely applied to monitor biological in-
teractions and rapid detection of analytes as POCT, mainly in drug 
discovery [86], virus detection [87], biomedical applications [88,89], or 
food analysis [90].

1.5. Biosensors for flavivirus detection

As mentioned above, the diagnosis of flavivirus infections is usually 
performed by traditional methods, mainly serology and molecular as-
says. However, these techniques have a series of disadvantages, such as 
the high economic burden that makes diagnostic tests unaffordable in 
low-income countries, where the impact of flaviviruses is usually 
important. Other drawbacks are the need for qualified personnel and the 
fact that they are time-consuming methods. In recent years, these ob-
stacles are being overcome thanks to the development of biosensors as 
new, fast, and sensitive methods in the diagnosis of flaviviruses (Fig. 7).

Biosensors for diagnosing flavivirus offer notable advantages over 
conventional methods, particularly their ability to produce easy 
handling portable devices. Most techniques allow for direct analysis of 
samples without requiring any pre-treatment since the most commonly 
used samples include serum, saliva, and other body fluids from patients. 
These samples facilitate easy handling and rapid results. Sometimes, 
biosensor samples require prior processing, typically following the same 
procedures used in conventional diagnostic methods, such as nucleic 
acid extraction or similar techniques [91]. However, it is essential to 
consider that biosensors also have some drawbacks such as potential 
stability issues with the components or alteration in pathogen detection 
due to mutant viruses (Table 4).

1.5.1. Biosensors for the detection of dengue virus
DENV is a serious global public health concern affecting more than 

90 million cases and approximately 40,000 deaths per year. Currently, 
many researchers have explored biosensors as a novel alternative tech-
nology to detect the virus or the presence of antibodies. This approach 
offers several advantages, including sensitivity, cost-effectiveness, easy 
production, rapid results with quantitative analysis, and the possibility 
of developing POCT devices [100].

A large majority of researchers have developed electrochemical 
biosensors for the diagnosis of DENV, mainly based on the electro-
chemical impedance spectroscopy (EIS) technique [101]. In this sense, a 

Table 3 
Optical biosensors.

Detection mechanism

Fluorescence
Phosphorescence
Reflection
UV/Vis/IR absorbance
Förster Resonant Energy Transfer (FRET)
Interferometry
Surface Plasmon Resonance (SPR)
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huge number of different electrodes have been designed, the most 
common being those made of graphene and gold. Graphene electrodes 
have been used recently due to their characteristics of improved sensi-
tivity, thus achieving low detection limits. A graphite-based DNA 
biosensor was developed specifically to identify the DENV-3 serotype 
[102]. Additionally, another method was introduced to detect the 
dengue virus, capable of discriminating between the different serotypes, 
using an electrochemical method based on graphene polymer [103].

Gold electrodes are also widely used in DENV biosensors. Luna et al. 
[104] immobilized the lectin concanavalin A on the gold electrode. This 
approach was also employed by Oliveira et al. with sera from infected 
patients who developed dengue fever (DF) or dengue hemorrhagic fever 
(DHF) [105]. In this case, variations in charge transfer resistance were 
utilized to differentiate the sensor responses for the sera examined (from 
patients with DF or DHF), thereby aiding in the discrimination of the 
stages or severity of the disease. Researchers have also used other 
different lectins immobilized on gold electrodes, such as Cramoll, 
identified from Cratylia mollis seeds [106,107], or Bauhinia monandra 
lectin (BmoLL) [96] for the detection of DENV-1, DENV-2, and DENV-3 
serotypes.

Most electrochemical biosensors for the detection of DENV have 
been developed targeting the non-structural proteins (NS) of the virus as 

a bioreception element. Different studies indicate that NS1 antigen is 
abundant in the serum of patients during the early stages of DENV 
infection [108,109], making it a potential marker for acute dengue virus 
infection. Immunosensors targeting this protein have been produced 
with different electrodes. In this sense, Parkash et al. developed an 
electrochemical immunosensor modified with the streptavidin/biotin 
system on screen-printed carbon electrodes (SPCEs) for the detection of 
the NS1 antigen. The biosensor was tested in patient serum samples 
[110]. NS1 detection system was also developed by Junior et al. [111], 
using a DNA aptamer, and other immunosensors based on 
screen-printed electrodes were developed by different authors 
[112–114]. Cecchetto et al. also developed different capacitive elec-
trochemical methods for the detection of NS1 in human samples [92,
115]. Similar approaches have been used with anti-DENV2 IgG or other 
antibodies immobilized on nanoporous alumina electrodes [116,117].

The use of DENV DNA probes has also been widely exploited as 
bioreception elements in the development of electrochemical bio-
sensors. In this regard, Shingai et al. created a biosensor where the DNA 
was immobilized on the surface of a ZnO/Pt–Pd nanocomposites elec-
trode [118]. Different DNA probes were also assessed by many other 
authors [119–121].

More recently, CRISPR-based detection approaches have been 

Fig. 7. Advantages and disadvantages of classical methods versus biosensors applied in the detection of flaviviruses.

Table 4 
Advantages, disadvantages and detected targets presented according to the principal flavivirus diagnostic approaches.

Methods Advantages Disadvantages Detected targets Ref.

Classical methods RT-PCR Sensitivity Expensiveness Time-consuming Flavivirus RNA molecular detection [29]
Only applicable in early stages of 
infection

qRT-PCR Sensitivity Quantitative results Expensiveness Qualified personel 
required

Flavivirus RNA molecular detection [29]

Only for early stages of infection
ELISA Detection in early and late stages of 

infection
Cross-reactivity Flavivirus antibody detection (IgM/ 

IgG)
[30]

Low specificity
PRNT Gold-standard method for flaviviruses BSL-3 facilities Flavivirus neutralizing antibodies 

detection
[23]

Qualified personel required
Only for early stages of infection

Cell culture Viral isolation capability BSL-3 facilities Flavivirus isolation [23]
Qualified personel required
Only for early stages of infection

Biosensors (based on 
bioreceptors)

Enzyme Affordable Stability challenges DENV [56]
Easy handling
Specificity

Antibody High specificity Proper immobilization of antibodies DENV [92]
Sensitivity ZIKV [93]
Portable JEV [94]
 WNV [95]

Nucleic 
acid

Affordable Limitations in detection of mutated 
viruses

DENV [96]

Specificity Nucleic acid extraction required ZIKV [97,
98] Low sensitivity JEV

  WNV [99]

A.-B. Blázquez and N. Jiménez de Oya                                                                                                                                                                                                    Synthetic and Systems Biotechnology 10 (2025) 194–206 

200 



developed as a sensitive method to reveal the presence of DENV in 
different samples, such as blood and saliva [122], or RNA samples [123,
124].

Although electrochemical biosensors are the most commonly used in 
the detection of DENV, there is also a wide variety of approaches that use 
optical biosensors. As happened with electrochemical biosensors, 
different procedures have been developed. In this sense, viral RNA has 
been evaluated by Chen et al. [125] with gold nanoparticles coupled to 
quartz crystals. Other authors have performed different RNA biosensors 
[126–129].

Among optical biosensors, the use of antibodies in the development 
of immunosensors is a technique also exploited for the detection of 
DENV. Different immunosensors based on surface plasmon resonance 
(SPR) have been designed for DENV IgM antibody detection [130–132] 
or the identification of dengue NS1 antigens [133]. Atias et al. devel-
oped a diagnostic tool based on a chemiluminescent optical fiber 
immunosensor (OFIS), for the detection of anti-DENV immunoglobulin 
M (IgM) in human serum samples [134].

Mass-based biosensors have also been described for the detection of 
DENV. In this case, the most commonly used are piezoelectric devices 
such as immunosensors that detect viral E or NS1 proteins [135–137], or 
nucleic acid biosensing [125].

Different approaches have been used by authors to determine and 
compare the sensitivity and recognition capabilities of biosensors, thus 
confirming the detection of this flavivirus. These methods include 
techniques such as ELISA, the use of previously titrated viruses or 
commercially available protein standards, among others.

Despite great efforts to develop DENV biosensors, only a few have 
been commercialized. Commercially available devices are ViroTrack 
Dengue Acute, capable of detecting dengue NS1 antigen, an important 
biomarker of early DENV infection [138], and Bioline™ DENGUE DUO, 
which detect both DENV NS1 and anti-DENV specific IgM/IgG anti-
bodies [139].

As previously mentioned, the main characteristics of DENV bio-
sensors should be portability, low cost, and easy handling to make them 
ideal detection systems for POCT and field applications. Likewise, the 
ability to distinguish between different serotypes and the potential for 
early detection of infection make biosensors for DENV a highly effective 
tool in pathogen diagnosis.

1.5.2. Biosensors for the detection of Zika virus
ZIKV is a relatively recent virus identified in the mid-20th century. 

Hence, studies carried out on the development of biosensors for its 
detection are scarce. The virus can cause serious diseases such as fetal 
microcephaly or Guillain-Barré syndrome. Since most infections occur in 
developing countries, there is an urgent need for affordable and effective 
biosensors capable of rapidly and accurately identifying ZIKV in 
epidemic areas [19]. In the search for electrochemical biosensors, 
different platforms have been used, such as an immunosensor based on 
ZnO nanostructures immobilized with ZIKV-NS1 antibody [140] or the 
immobilization of protein E with the development of quantum dots in 
combination with screen-printed carbon electrodes [141]. Using elec-
trochemical impedance spectroscopy and square wave voltammetry, a 
biosensor capable of discriminating ZIKV antibodies in blood and saliva 
from DENV virus-specific antibodies was also assessed [142]. A 
graphene-enabled biosensor was created to detect ZIKV with a specific 
NS1 monoclonal antibody [97]. Likewise, the electrochemical modifi-
cation of pencil carbon graphite electrodes [143], or the detection of 
genomic RNA using a new platform based on graphite electrodes have 
been used [91]. Other relevant electrochemical techniques are the 
development of impedance electrical sensing assay on paper microchips 
[144] or the immobilization of surface imprinted polymers for sensitive 
and specific detection of ZIKV [145].

Label-free biosensors have also been described, such as an impedi-
metric electrochemical DNA genosensor [146] or an E protein-based 
immunosensor [93].

Among optical biosensors, some authors have used colorimetry for 
the development of different platforms showing high specificity in the 
detection of ZIKV [93]. Another work described the development of 
localized surface plasmon resonance technology to detect the NS1 pro-
tein in an immunofluorescence biosensor [147].

Moreover, a mass-based biosensor has been described for the 
detection of ZIKV using susceptometry measurement techniques [148].

As mentioned in the case of DENV biosensors, various strategies have 
been employed by researchers to assess and compare the sensitivity and 
recognition capabilities of devices, thereby confirming the detection of 
this flavivirus [91,140].

However, further research is needed to achieve rapid and accurate 
identification using biosensing technologies in the case of ZIKV [149].

1.5.3. Biosensors for the detection of West Nile virus
The research currently being carried out in the development of 

biosensors for the detection of WNV is very limited. As happened with 
other flaviviruses, assays are mainly aimed at the development of elec-
trochemical biosensors. In this sense, Park et al. applied an alternating 
current electrothermal flow technology to provide a rapid biosensor 
platform based on WNV DNA aptamers exhibiting high selectivity [150]. 
Other genosensors using DNA have also been described [99].

On the other hand, different assays based on surface-enhanced 
Raman scattering (SERS) technology have been reported for WNV 
detection. An immunoassay for the detection of DNA of the pathogen 
was described using Au nanoparticles [151]. These techniques enable 
rapid and sensitive detection of WNV, thus contributing to the diagnosis 
and control of the virus.

Label-free biosensors for WNV detection have also been described 
based on capacitive techniques [152] or using a paper-based micro-
fluidic analytical device with integrated microwire Au electrodes [153]. 
These biosensors can detect complementary DNA fragments or viral 
particles in a rapid and low-cost way, making them suitable for POCT 
devices.

In the case of optical biosensing, research was carried out to develop 
a fiber optic immunosensor for the detection of anti-WNV IgG antibodies 
in serum [95].

1.5.4. Biosensors for the detection of Japanese encephalitis virus
JEV outbreaks predominantly affect rural regions. Therefore, it is not 

feasible to establish complex laboratory facilities and deploy trained 
technicians for its diagnosis. Efforts in advances in diagnostic techniques 
aim to create faster, cost-effective, and more sensitive methods to detect 
JEV [154]. These innovations, including nanotechnology, are being in-
tegrated into biosensors to enhance their sensitivity, thereby facilitating 
highly effective detection mechanisms.

Electrochemical biosensors have been reported for the detection of 
JEV. A device consisting of carbon nanoparticles modified SPCEs was 
assessed using cyclic voltammetry (CV) and EIS to detect JEV antigens in 
serum samples [155]. Related procedures were based on gold [98] or 
silver [94] nanoparticles modified SPCE. Other electrochemical strate-
gies have been employed such as gold-coated magnetic beads [156], 
graphene derivatives [157,158], or surface-enhanced Raman 
spectroscopy-based biosensors [159].

Label-free-based techniques have also been described. In this regard, 
two electrochemical immunosensors based on anti-JEV IgG antibodies 
immobilized on different polyaniline microelectrodes have been re-
ported for the detection of JEV antigens [160,161]. Another reported 
label-free biosensor was based on the immobilization of JEV-specific 
serum antibodies on a silanized surface of an interdigitated sensor 
[162].

Regarding optical biosensors, Liang et al. produced a fluorescent 
sensor based on virus-molecular imprinted polymers anchored on the 
surface of silica [163], while He et al. designed a fluorescent sensor 
based on virus-imprinted polymers [164]. The fluorescence intensity 
was enhanced in the first work by the fluorescence resonance energy 
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transfer (FRET) technique. Likewise, other fluorescence molecularly 
imprinted sensors based on different frameworks were described [165,
166], showing remarkable selectivity and sensitivity in detecting JEV.

1.5.5. Biosensors for the detection of yellow fever and tick-borne 
encephalitis viruses

Ongoing research into the development of biosensors for the detec-
tion of YFV and TBEV is rather limited. Only a few works describe the 
development of biosensors used in the diagnosis of YFV in human serum 
or plasma samples [167,168], and no devices have been developed for 
the specific detection of TBEV. However, biosensors have been devel-
oped for the diagnosis of multiple flaviviruses, including these two 
pathogens.

1.5.6. Biosensors for multiple flavivirus detection
As previously mentioned, cross-reactivity between flaviviruses is 

frequent, particularly in regions with viral co-circulation. The wide-
spread distribution of mosquitoes acting as vectors promotes the coex-
istence of flaviviral infections in overlapping regions. Most flaviviruses 
exhibit significant structural similarities, triggering a cross-reactive 
immune response that can result in false positives in conventional 
serological tests, especially in secondary infections. To aid in virus 
recognition, biosensors capable of distinguishing between them have 
been devised.

The most common devices are those designed for the concurrent 
detection of ZIKV and DENV, using different approaches for their 
development, such as the application of DNA-nanotechnology-based 
detection biosensors, the development of electrochemical devices with 
different working electrodes for each virus, or the use of CRISPR tech-
nology, among others [169–171].

The identification of DENV and YF has been conducted with a mul-
tiplexed pathogen detection platform using multi-colored silver nano-
plates [172]. Another complex biosensor has been designed to 
differentiate DENV, ZIKV, and YFV infections. Atomic force microscopy 
analyses validated the electrode surface modification and unveiled 
varied topography throughout the biorecognition process. CV and EIS 
were used for the characterization of the biosensor [173].

For the diagnosis of TBEV, a bi-parametric serological microarray 
was developed to detect TBEV and WNV. The detection system was 
based on the specific sequential detection of antibodies [174]. Detection 
of TBEV, ZIKV, YFV, and JEV, as well as other related arboviruses, has 
been described using a multiplex recombinase polymerase 
amplification-based nucleic acid detection platform. The optimal con-
ditions enable fluorescence detection of nucleic acids with high velocity, 
specificity, and sensitivity. Furthermore, a low-cost, easy-to-handle 
POCT device was engineered for visualization [175].

A commercially available test is the SD Biosensor STANDARD Q Arbo 
Panel I (Z/D/C/Y). The test consists of a chromatographic immunoassay 
for the detection of ZIKV, DENV, and YFV in human serum, plasma, or 
whole blood (https://www.sdbiosensor.com/product/product_view? 
product_no=219).

2. Conclusions

Flaviviruses (genus Orthoflavivirus) are arboviruses (arthropod-borne 
viruses) transmitted mainly by mosquitoes or ticks. This genus includes 
multiple well-known human, animal, and zoonotic pathogens. The 
spectrum of symptoms induced by flavivirus infections ranges from 
asymptomatic or mild fever to severe manifestations, mostly hemor-
rhagic or neurological complications, which can ultimately lead to 
death. Due to various factors, such as the globalization of travel and 
trade, climate change, alterations in land use, and changes in vector 
behavior, several flaviviruses are emerging as significant global health 
concerns, expanding their presence to new habitats not previously 
colonized [176]. There are currently no specific antiviral treatments for 
flaviviruses, and only a limited number of vaccines have been approved 

for human use against some of them. Hence, understanding the biology 
of flaviviruses and developing rapid and sensitive diagnostic tests is 
essential to prevent the spread of these potentially life-threatening 
pathogens.

Flavivirus infections are usually diagnosed by conventional methods, 
predominantly serology and molecular assays. However, these tech-
niques have several drawbacks, including high costs, making diagnostic 
tests unaffordable in low-income countries where the impact of flavi-
virus is significant. Moreover, these methods require qualified personnel 
and are time-consuming. It is worth mentioning that cross-reactivity 
between flaviviruses is frequent, especially in areas where multiple vi-
ruses circulate simultaneously. The wide distribution of mosquitoes, 
which act as vectors, facilitates the co-occurrence of flaviviral infections 
in overlapping geographical areas. Many flaviviruses share notable 
antigenic similarities, leading to a cross-reactive immune response that 
can produce false positives in serological tests. To address this challenge, 
the development of biosensors has been overcoming these obstacles in 
recent years, showing new, rapid, and sensitive approaches for the 
diagnosis of flaviviruses. In this sense, biosensors offer a wide range of 
advantages such as exceptional sensitivity and specificity easy handling, 
low cost, and the ability to provide rapid responses and perform real- 
time analyses [101]. All these features facilitate rapid intervention in 
the event of health emergencies such as pandemic situations.

As previously mentioned, most techniques enable the direct analysis 
of samples without the need for pre-treatment, as the commonly utilized 
samples—such as serum, saliva, and other bodily fluids—allow for 
straightforward handling and quick results. However, in some cases, 
biosensor samples may require prior processing, usually employing 
methods similar to those used in conventional diagnostics, such as 
nucleic acid extraction and other related techniques.

Furthermore, the possibility of designing compact-sized portable 
devices renders biosensors ideal for point-of-care testing (POCT) in 
bioanalytical clinics [154]. Currently, there is a growing demand for 
POCT to swiftly detect infectious diseases, including those caused by 
viruses. These devices are crucial to slowing the spread of infectious 
diseases by enabling real-time testing and providing rapid, high-quality 
diagnoses, as flavivirus outbreaks occur mainly in rural areas, making it 
unfeasible to have specialized laboratories and skilled workers to carry 
out diagnoses. Hence, biosensors are the most notable advance in the 
detection of these life-threatening pathogens. In this sense, many re-
searchers have developed several types of equipment classified accord-
ing to the technology used by their design. In the case of flaviviruses, 
most of the devices developed use electrochemical transducer technol-
ogy, combined with a huge variety of bioreceptors, thus achieving a 
significant number of devices with different specificity and sensitivity 
for the rapid and efficient diagnosis of the aforementioned virus.

Since DENV is the most significant life-threatening flavivirus, 
causing approximately 40,000 deaths each year, biosensing technolo-
gies are primarily focused on the early detection of this pathogen. Some 
studies have shown that the dengue virus nonstructural 1 (NS1) antigen 
is present in the serum of patients during the early stages of infection, 
indicating that NS1 may serve as an effective marker for acute dengue 
virus infection. In this context, biosensors designed to detect DENV NS1 
could provide a reliable means of identifying early acute dengue in-
fections, thereby potentially improving disease, as no specific treat-
ments are available for dengue or any other flavivirus. The existing 
treatment options are only supportive and focused on mitigating com-
plications and reducing the severity of symptoms.

On the other hand, biosensors in flavivirus research are enabling 
effective discrimination between related strains, or even, in the case of 
DENV, between serotypes. Of particular importance is to highlight that 
reinfections with various serotypes of this virus can exacerbate the 
disease, potentially leading to fatal outcomes due to antibody-dependent 
enhancement (ADE) [177]. In this context, recent advancements in 
biosensor technology for flavivirus are focused on achieving accurate 
infection diagnosis. Notably, new devices are being developed that 
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enable multiplex analysis of various flaviviruses, including those 
designed for the simultaneous diagnosis of DENV and YF [172], as well 
as DENV, ZIKV, and YFV [173].

3. Future perspectives

Since there are no specific treatments and only a few available vac-
cines for human life-threatening flaviviruses, swift and early diagnosis is 
crucial to implement timely health interventions, minimizing the risk of 
health complications and preventing further virus transmission. In this 
review, a comprehensive overview of the advances in the field of bio-
sensors for the detection of these pathogens has been described. These 
innovative technologies offer simplicity, user-friendliness, and cost- 
effectiveness, and have substantial potential to replace conventional, 
lengthy, and time-consuming diagnostic methods.

The main advantage of biosensors is that they can be used in POCT. 
As previously mentioned, the ideal POCT device should meet the 
ASSURED criteria proposed by the WHO. However, significant draw-
backs still need to be resolved. In this sense, there are currently just a few 
biosensors available for flavivirus detection and the majority of them are 
still non-portable devices. Therefore, there is a need to develop inno-
vative biosensors with appropriate technology for cost-effective pro-
duction to be used as POCT platforms. On the other hand, the production 
of biosensors that can specifically differentiate between flaviviruses 
without exhibiting cross-reactivity between viruses sharing similar ge-
nomes and antigenic structures must be crucial. This issue could restrict 
the applicability of biosensors, making it essential to carry out important 
ongoing research in this field. This represents one of the most significant 
challenges currently faced in the field of biosensors for flavivirus. As 
previously mentioned, DENV is the most widely spread arbovirus and 
poses a considerable threat to human health, particularly in low-income 
regions with greater healthcare needs. Furthermore, reinfections with 
this virus can lead to an exacerbation of the disease due to the phe-
nomenon of antibody-dependent enhancement (ADE). Thus, it is crucial 
to develop rapid, cost-effective, and portable diagnostic methods for 
prompt detection and response in health emergencies. Likewise, other 
highly important flaviviruses, such as WNV, are re-emerging due to 
circumstances such as climate change and global warming. This path-
ogen, regarded as one of the leading causes of encephalitis globally, is 
spreading to regions where it was previously undetected, thereby pre-
senting substantial risks to human health.

The development of biosensors for flaviviruses is increasingly 
centered on multiplexed platforms that can detect multiple viruses from 
the same family simultaneously, which is essential in areas where 
several flaviviruses co-circulate. These multiplexed systems often utilize 
microfluidics and advanced nanomaterials to enhance sensitivity and 
specificity while ensuring portability and user-friendliness. Research is 
also investigating wearable biosensors and smartphone-integrated de-
vices for real-time monitoring and surveillance of flavivirus infections in 
endemic regions. The aim is to develop cost-effective, user-friendly de-
vices that can be implemented in remote or resource-limited settings, 
offering vital tools for public health monitoring and outbreak 
management.

Therefore, further research is necessary in the future to ensure 
consistent production and performance of biosensors, and the adoption 
of rapid readout methods, such as this smartphone technology, which 
would advance the biosensor industry and transform POCT for the 
diagnosis of flavivirus.
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