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Abstract: Biosensors are measurement devices that can sense several biomolecules, and are widely
used for the detection of relevant clinical pathogens such as bacteria and viruses, showing outstanding
results. Because of the latent existing risk of facing another pandemic like the one we are living
through due to COVID-19, researchers are constantly looking forward to developing new technologies
for diagnosis and treatment of infections caused by different bacteria and viruses. Regarding that,
nanotechnology has improved biosensors’ design and performance through the development of
materials and nanoparticles that enhance their affinity, selectivity, and efficacy in detecting these
pathogens, such as employing nanoparticles, graphene quantum dots, and electrospun nanofibers.
Therefore, this work aims to present a comprehensive review that exposes how biosensors work in
terms of bacterial and viral detection, and the nanotechnological features that are contributing to
achieving a faster yet still efficient COVID-19 diagnosis at the point-of-care.

Keywords: bacterial detection; biosensors; clinical pathogen; COVID-19; electrospun nanofibers;
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1. Introduction

Biosensor’s concept was firstly addressed by Clark and Lyons around 1962 when they developed
an oxidase enzyme electrode for glucose detection [1]. Since then, nanotechnological development has
promoted biosensors evolution and specialization for different purposes [2]. Currently, nanotechnology
is at the forefront of science, and its combination with biosensoring applications involves different fields
such as medicine, biology, environmental, drug delivery, and food safety [3–7]. However, the detection
of pathogens has become one of the most relevant objectives for these devices since bacterial and viral
diseases currently represent an important thread for human health [8,9].

Virus and bacteria detection commonly involves the use of several molecular techniques such
as the reverse transcription-polymerase chain reaction (RT-PCR), which remains the gold standard
for pathogen detection [10]. The classical detection methods for these pathogens usually require
isolation, culturing and, biochemical tests [11]. Additionally, serological tests like the Enzyme-Linked
Immunosorbent Assay (ELISA) are used for the detection of antibodies and immunoglobulin needed
for identification purposes [12]. However, some of these techniques take a long time to obtain results
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and are usually laborious. Therefore, new approaches based on nanotechnological advances have
emerged as suitable and easier options for detecting pathogens in faster and efficient ways [11,13].

On one hand, nanoparticles (NPs) have demonstrated outstanding properties against different
pathogens used to develop novel devices and technologies that contribute to this public health
issue [14,15]. The interest is not limited to human diseases, but also considers the ones affecting animals
since zoonosis is an existent thread. Stringer et al. developed an optical biosensor using gold NPs
(AuNPs) and quantum dots (QDs) for the detection of porcine reproductive and respiratory syndrome
virus [16].

On the other hand, the international scientific community’s interest in using DNA biosensors or
sequence-specific DNA detectors for clinical studies is increasingly growing. In 2007, Dell’Atti et al.
developed a combined DNA-based piezoelectric biosensor for simultaneous detection and genotyping
of high-risk human papilloma virus (HPV) strains [17]. In addition, these biosensors have been
employed for DNA damage research and specific gene sequences detection [18,19].

Biosensors and nano-biosensors have been extensively used for the detection of viral and
bacterial clinical pathogens. These devices are practical (e.g., enable point-of-care (POC) testing
through smartphone-based nano-biosensor), fast, and are considered as innovative technologies that
provide an alternative solution to the mentioned disadvantages presented by common detection
methods [20–22]. These technologies have been employed for studying viruses affecting human health
such as Ebola virus, human immunodeficiency virus (HIV), and more recently the newly discovered
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as well as bacteria like Escherichia coli and
Salmonella spp. [23–27].

The literature search for this review was conducted in Science Direct, PubMed, Scopus, and Web of
Science databases to identify studies in the fields of nanotechnology, nano-biotechnology, and electronics
that reported the use of biosensor technologies for bacterial and viral pathogen detection in the title
and/or abstract. Here we present a comprehensive and integrative update of the topic based on
the main findings of 223 papers published between 2010 and 2020. Therefore, this review aims to
expose how biosensors work in terms of bacterial and viral detection, describing the nanotechnological
features such as NPs, graphene QDs (GQDs), and electrospun nanofibers, which enhance their affinity,
selectivity, and efficacy in detecting these pathogens, as well as highlighting current advances for the
COVID-19 pandemic assessment at the POC.

2. Biosensors

Biosensors can be defined as a measurement system for analyte detection that combines a biological
component with a physicochemical detector [28]. The analyte detection depends on the biosensor
design and purpose. Some commonly used devices such as smartphones can be employed as a
biosensor with the inclusion of simple accessories as published by Soni et al., where they developed a
non-invasive smartphone-based biosensor for urea using saliva as sample [29,30]. This allows fast and
low-cost preliminary detection [31].

Usually, biosensors detect biomolecules such as nucleic acids, proteins, and cells that are
associated with diseases. This is possible because of their three major components: The biologically
sensitive element, the detector element, and the reader device [32]. Enzymes, microorganisms,
organelles, antibodies, and nucleic acids are used to detect the biomolecules [33]. In addition,
researchers must identify the requirements to obtain a functional device according to the intended use.
Hence, multidisciplinary studies are fundamental to select the proper material, transducing device,
and biological element involved before assembling the biosensor [34].

At a clinical level, biosensors are applied for detecting disease-associated biomolecules [32].
These devices can monitor the biochemical markers of a disease in body fluids, such as saliva, blood,
or urine [35,36]. Zhang et al. developed a non-invasive method for glucose testing based on a
disposable saliva nano-biosensor to improve patient compliance, reduce complications, and costs
derived from diabetes management. In the clinical trials, they obtained outstanding results in terms of
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accuracy compared to the UV spectrophotometer. Thus, the disposable device can be presented as an
alternative for real-time salivary glucose tracking [37].

Biosensors can be applied for many other clinical diagnostic purposes, such as cholesterol, markers
related to cardiovascular diseases, biomarkers of cancer or tumors, allergic responses, disease-causing
bacteria, viruses, and fungi infections [38–41]. Aside from that, biosensors can be employed for bacteria
and virus detection in food and water, which are potential sources of diseases [42,43]. Zhao et al.
fabricated a low-cost, portable microfluidic chemiresistive biosensor based on monolayer graphene,
AuNPs, and streptavidin-antibody system for the rapid in-situ detection of E. coli. In this case,
the bacteria are captured on the biosensor’s surface and detection is performed through electric
readouts [44]. Another approach published by Samanman et al. describes the development of a
glutathione-S-transferase tag for white spot binding protein (GST-WBP) immobilized onto a gold
electrode through a self-assembled monolayer. This biosensor can detect white spot syndrome virus
(WSSV) in shrimp pond water due to binding between WSSV and the immobilized GST-WBP [45].

2.1. Operating Principles

Biosensors are constituted by three components (Figure 1) [38,46]. These devices have sensing
elements, also called bioreceptor that emulates in vivo molecular recognition phenomena [47]. There is
a wide range of sensing elements such as cells, microbes, cell receptors, antibodies, enzymes, or nucleic
acids [48–52]. These biological sensitive elements recognize the analyte and interact with it depending
on the type of biosensor [53]. One of the main biorecognition strategies is based on bacterial or viral
nucleic acid sequences [54,55]. Solanki et al. developed a DNA bioelectrode to detect Vibrio cholerae,
which is stable for at least 15 weeks under 4 ◦C storage. The biosensor consisted of O1 gene-based
24-mer single-stranded DNA probe immobilized onto sol-gel derived nanostructured zirconium oxide
(NanoZrO2) film [56].
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The second element is the transductor or detector, which works by sensing the signal related
to a physicochemical change caused by the interaction between the bioreceptor and the analyte.
It transforms the signal into another one that can be evaluated and quantified [57–61]. The last part of
a biosensor is the reader device. It usually involves a display that depends on software and hardware
to generate the results [62].

Some important attributes define the performance of a biosensor. In the first place, selectivity
is the capacity of a bioreceptor to detect a specific bio-entity when analyzing a sample composed of
other components. This is probably the main feature and determines the needed bioreceptor. Second,
reproducibility is the ability to produce the same response for a certain experimental set-up that
is performed multiple times. Reproducible signals provide high reliability and robustness. Third,
stability is the capacity to endure ambient disturbances around the system that can affect the precision
and accuracy of the device. Fourth, sensitivity also known as the limit of detection (LOD) is the
minimum amount of the analyte that can be detected by a biosensor. For clinical applications, it is
required to detect the analyte in samples of low concentrations (ng/mL or fg/mL). Finally, linearity
examines how accurate are the measurements within the analyte range of concentrations (i.e., linear
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range), and in response to the smallest variation in concentration that can cause a change in the output
(i.e., resolution) [63].

2.2. Types of Biosensors

Biosensors can be classified by the way they transduce signals into optical, electrochemical,
and piezoelectric devices [57–61,64]. Optical biosensors are those that perform their analysis through
the measure of photons, using optic fibers as transduction elements [58,59,65]. Several optic sensing
mechanisms can be employed by this type of biosensor for analyte detection such as absorption,
colorimetry, fluorescence, or luminescence [66]. This kind of biosensor presents a lower noise and
immunity to electromagnetic interference, which gives it an advantage over electrochemical and
piezoelectric biosensors [67].

Vidal et al. developed a chromatic biosensor for quick bacterial detection based on polyvinyl
butyrate-polydiacetylene non-woven fiber composites. The device shows promising potential to
alert about possible infections caused by Staphylococcus aureus, Micrococcus luteus, and E. coli [68].
In another study, Jeong et al. constructed a fluorescent supramolecular biosensor for bacterial
detection. The binding of these pathogens induces conformational changes in the supramolecular state,
which causes a fluorescence emission that can selectively detect E. coli over other microorganisms [69].
Regarding viral analysis, Ahmadi et al. evaluated single virus detection through an optical biosensor,
where viral particles attached to a microsphere optical resonator’s surface caused a shift of resonance
to longer wavelengths [70].

Furthermore, Surface Plasmon Resonance (SPR) is an optical technique that has contributed greatly
to immunoassays development. This type of resonance occur when a methalic thin-film is deposited on
a dielectric waveguide, where the intensity data from the reflection of p-polarized light (i.e., along the
plane of incidence) is used. On the other hand, SPR enhanced ellipsometry, also called Total Internal
Reflection Ellipsometry (TIRE), uses the reflection properties of s-polarization (i.e., perpendicular to
the plane of incidence) [71,72]. SPR-based biosensors can perform simultaneously the detection of
multiple biomolecules and real-time monitoring interactions of chemical and biological analytes such
as RNA, DNA, ligands, and cofactors, with label-based or label-free form [73]. In addition to that,
these biosensors provide many other advantages in quantifying low molecular weight analytes, rapid
detection, low-cost, and high reliability, specificity, and reproducibility that make them suitable for
clinical applications [74].

The second type, electrochemical biosensor, has been extensively applied to pathogen detection.
These devices sense the analyte through electrodes by measuring electrical signals resulting from
catalytic reactions or specific unions. The previous is derived from the capture of electrons as
a result of redox reactions between the analyte and the bio-element [75]. In addition to that,
the analysis of the desired element is determined by different readouts like potentiometry, amperometry,
and conductometry [76]. This type of biosensor has been subjected to improvements due to bio- and
nanomaterials development [76,77].

Recently, Mathelié et al. employed non-cytotoxic silica NPs-assisted electrochemical biosensor for
sensitive and specific detection of E. coli. The electrochemical immune-biosensor detects the bacteria in
five minutes by cyclic voltammetry measurements, and also represents a potential device for targeting
a variety of other microorganisms through little modifications within its features [78]. In another study,
Baek et al. developed an electrochemical biosensor composed of eight novel peptides separately in a
gold electrode for the detection of human norovirus. The peptides exhibited a high binding affinity
towards the viruses, and a decrease in current signals explained by increasing concentration of the
virus [79].

Finally, yet importantly, there are piezoelectric biosensors. Piezoelectricity refers to the ability
of a material to generate a voltage under mechanical stress [80]. These biosensors possess crystals
that vibrate under the influence of an electric field. Besides, certain materials vibrate at characteristic
resonant frequencies in response to interaction with other molecules. The relationship between the
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resonant frequency changes and the mass from the molecules adsorbed or desorbed from the crystal’s
surface is conceived as the working principle of transduction in this type of biosensor. Therefore,
vibration provides information on the phenomenon that is being measured [81,82].

Fu et al. discuss the advances in piezoelectric thin films acoustic wave devices for bacterial and
viral detection of pathogens adsorbed on surfaces through DNA interaction with complementary
strands. The previous allows early detection of clinical pathogens, and thus, prevents the spreading of
the infection [83]. In another approach, Guo et al. worked on sensitive E. coli O157:H7 detection system
using a piezoelectric biosensor-quartz crystal microbalance with antibody-functionalized AuNPs to
enhance changes in detection signals. It was demonstrated that the developed device can be used as a
suitable real-time monitoring method for the mentioned pathogen [84].

3. Biosensors Nanotechnological Features for Bacterial and Viral Detection

Over time, many techniques and methods have been developed for detecting pathogens such as
viruses and bacteria, including colorimetric methods, fluorescence polarization, and electrochemical
analysis [85]. However, those are very expensive and possess limitations related to time-consumption,
low precision of the results, poor stability, and short life span [86].

Bacterial and viral outbreaks have caused many issues in biomedical, food, and environmental
context, making necessary the development of new strategies that allow faster detection of these
pathogens to effectively contain and control their impact on human health [87]. The combination of
nanotechnologies and biosensors’ characteristics is currently being considered as a potential opportunity
for speeding up the development of fast, highly sensitive, and specific devices for genuine bacterial
and viral detection. As a consequence, nano-biosensors make use of chemical, electrical, optical,
and magnetic properties of materials for detecting biomolecules and pathogens [88,89].

In order to satisfy the previous, nanotechnology has greatly contributed to the development of
biosensors due to research in nanomaterials and nanostructures, such as carbon nanotubes, GQDs,
metal oxide NPs, metal nanoclusters, plasmonic nanomaterials, polymer nanocomposites, nanogels,
among others (Figure 2) [90–93]. These have been employed for modifying electrode surfaces to
improve critical features, such as reproducibility, selectivity, and sensitivity, due to their biocompatible
character, structural compatibility, and high adsorption capacity. Therefore, nanomaterials have
demonstrated to be suitable for biosensing applications, enhancing the performance with increased
sensitivities and lower detection limits [94].

Sensors 2020, 20, x FOR PEER REVIEW 5 of 26 

 

of the infection [83]. In another approach, Guo et al. worked on sensitive E. coli O157:H7 detection 
system using a piezoelectric biosensor-quartz crystal microbalance with antibody-functionalized 
AuNPs to enhance changes in detection signals. It was demonstrated that the developed device can 
be used as a suitable real-time monitoring method for the mentioned pathogen [84]. 

3. Biosensors Nanotechnological Features for Bacterial and Viral Detection 

Over time, many techniques and methods have been developed for detecting pathogens such as 
viruses and bacteria, including colorimetric methods, fluorescence polarization, and electrochemical 
analysis [85]. However, those are very expensive and possess limitations related to time-consumption, 
low precision of the results, poor stability, and short life span [86]. 

Bacterial and viral outbreaks have caused many issues in biomedical, food, and environmental 
context, making necessary the development of new strategies that allow faster detection of these 
pathogens to effectively contain and control their impact on human health [87]. The combination of 
nanotechnologies and biosensors’ characteristics is currently being considered as a potential opportunity 
for speeding up the development of fast, highly sensitive, and specific devices for genuine bacterial and 
viral detection. As a consequence, nano-biosensors make use of chemical, electrical, optical, and magnetic 
properties of materials for detecting biomolecules and pathogens [88,89]. 

In order to satisfy the previous, nanotechnology has greatly contributed to the development of 
biosensors due to research in nanomaterials and nanostructures, such as carbon nanotubes, GQDs, 
metal oxide NPs, metal nanoclusters, plasmonic nanomaterials, polymer nanocomposites, nanogels, 
among others (Figure 2) [90–93]. These have been employed for modifying electrode surfaces to 
improve critical features, such as reproducibility, selectivity, and sensitivity, due to their 
biocompatible character, structural compatibility, and high adsorption capacity. Therefore, 
nanomaterials have demonstrated to be suitable for biosensing applications, enhancing the 
performance with increased sensitivities and lower detection limits [94]. 

 
Figure 2. Different nanomaterials and nanostructures used for the development of nano-biosensors. 
Reprinted with permission from Pirzada, M. et al. Nanomaterials for Healthcare Biosensing 
Applications. Sensors 19(23): 5311. Copyright (2019) MDPI [95]. 

Additionally, different nanomaterials have been used to increase the immobilized bioreceptor 
loadings. However, the strategy for immobilizing the bio-specific entity onto the nanomaterial is 
considered the biggest challenge for developing a high quality and reliable nano-biosensor. Non-covalent 
approaches such as electrostatic interactions, polymers entrapment, or van der Waals forces between the 
nanomaterial and the biomolecule do not alter their specific properties. On the other hand, covalent 
binding provides more stability and reproducibility of surface functionalization, as well as reducing 
the risk of unspecific physisorption. Although the previous techniques represent good strategies for 

Figure 2. Different nanomaterials and nanostructures used for the development of nano-biosensors.
Reprinted with permission from Pirzada, M. et al. Nanomaterials for Healthcare Biosensing Applications.
Sensors 19(23): 5311. Copyright (2019) MDPI [95].



Sensors 2020, 20, 6926 6 of 26

Additionally, different nanomaterials have been used to increase the immobilized bioreceptor
loadings. However, the strategy for immobilizing the bio-specific entity onto the nanomaterial
is considered the biggest challenge for developing a high quality and reliable nano-biosensor.
Non-covalent approaches such as electrostatic interactions, polymers entrapment, or van der Waals
forces between the nanomaterial and the biomolecule do not alter their specific properties. On the
other hand, covalent binding provides more stability and reproducibility of surface functionalization,
as well as reducing the risk of unspecific physisorption. Although the previous techniques represent
good strategies for binding biological species to surfaces, supramolecular interactions have recently
been considered as superior since these are reversible, enabling the regeneration of the transducer
element [95,96].

Regarding other uses, nanomaterials can perform as nanocarriers for signaling elements, as well
as signal amplification. Depending on the chemical composition, nanomaterials can be subject to
direct functionalization during synthesis, or functionalized by coating using functional polymers [97].
Nanomaterials functionalization provides three important advantages: reproducible immobilization
of bioreceptor units, increase the biocompatibility, and the development of label-free transduction
techniques [96].

Moreover, nano-biosensor materials’ high surface area is considered a major advantage compared
to conventional devices, and plays an important role in the sensitivity and fast response of the
devices [98,99]. Therefore, these are conceived as excellent tools used for the detection, function,
and interaction of proteins and nucleic acids, which improve the quality and performance of diagnosis
for bacterial and viral diseases [100]. The following sections present an overview of some promising
nanotechnological features in biosensors.

3.1. Nanoparticles

NPs are a wide range of materials with dimensions below 100 nm that have been used in various
areas such as medical, pharmaceutical, manufacturing and materials, environmental, electronics,
and mechanical industries due to their multiple properties [101–104]. Among the mostly employed
are metal NPs such as AuNPs and silver NPs (AgNPs), which can be produced in different sizes and
shapes (e.g., nanospheres, nanocylinders, nanowires, and nanocages). These NPs exhibit low toxicity,
as well as multiple interesting chemical, biological, and physical properties, such as photo-thermal,
optical, electrochemical, and biocompatibility based on their inert nature in biological fluids [105–107].
Additionally, these NPs can be synthesized with ease, fulfilling relevant roles for diagnostic probes,
and functionalized due to the presence of functional groups for achieving ligand-binding functions
with a wide range of molecules, such as antibodies or genetic material [108,109].

An important application of nano-biosensors composed of metal NPs is related to waterborne
diseases. In these cases the infection is usually linked to microbial contamination due to several
pathogens, including bacteria. Nanotechnological detection systems with optical sensing have been
used for these pathogens [110]. Elahi et al. designed a highly sensitive fluorescence nano-biosensor
for the detection of Shigella species. To achieve a satisfactory design, two DNA probes as sensing
elements were immobilized on the surface of AuNPs synthesized for the development, forming a
DNA-probe AuNPs-fluorescence system. The research group also synthesized iron NPs (MNPs) that
were later modified with Sulfosuccinimidyl 4-Nmaleimidomethyl cyclohexane-1- carboxylate (SMCC).
A second system constituted by a third DNA probe immobilized on MNPs was formed for separating
target DNA. The results exhibited an increasing fluorescence intensity with an increase of target DNA
concentration [111].

In another study, carried out by Takemura et al., an ultrasensitive, rapid, and specific localized
SPR-induced immunofluorescence nano-biosensor was developed for detecting influenza virus.
Researchers employed AuNPs-induced QD fluorescence signal conjugated with antineuraminidase
antibody (Anti-NA Ab) and conjugation of anti-hemaglutinin antibody (anti-HA Ab) to the QDs.
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The device successfully detected influenza virus H1N1. However, due to its versatility, it was also
possible to detect clinically isolated influenza virus H3N2 and norovirus-like particles [112].

3.2. Graphene Quantum Dots

GQDs are among the most fascinating carbon-based nanomaterials employed for the development
of biosensors, mostly electrochemical. These materials present outstanding properties such as signal
amplifying characteristics, biocompatibility, tunable size, electro-catalytic performance, and capacity to
detect multiple biomolecules. Additionally, their inertness, non-toxicity, long-term chemical stability,
and water stability make them very valuable for biomedical applications [94,97].

GQDs obtained through different synthesis methods have been used for biosensing applications
since their large surface area can be functionalized. This allows them to directly detect DNA, enzymes,
proteins, antigens, antibodies, and other biomolecules by the oxide components formed on their surface
during the synthesis process [113]. Safardoust et al. synthesized GQDs from citric acid and ethylene
diamine to use them as a photoluminescence sensor for detecting S. aureus and E. coli. This biosensor
demonstrated a linear relationship between the fluorescence intensity and the concentrations of the
bacteria up to 9 × 107 CFU/ml [114].

In another approach, Hazani et al. fabricated a highly sensitive electrochemical peptide nucleic
acid (PNA) biosensor based on functionalized graphene oxide composited with cadmium sulfide QDs
(CdS QDs). The device was developed for detecting Mycobacterium tuberculosis and showed a LOD of
8.948 × 10−13 M [115]. Furthermore, GQDs integration into a biosensor can improve its performance in
terms of reproducibility, selectivity, and sensitivity [116].

3.3. Electrospun Nanofibers

Electrospinning is a nanotechnological method in which an electrostatic field force applied to
a polymer solution causes a charged liquid jet to moves downfield towards an oppositely charged
collector, where fine fibers are deposited [117]. Electrospun nanofibers have been the target of different
applications like drug delivery systems or scaffolds for skin tissue engineering due to their structure
and physicochemical properties, such as a large surface area to volume ratio, small particle size,
and high porosity [117–120]. However, a novel application is their use for developing nano-biosensors
focused on detecting viral and bacterial pathogens [121–124].

Nano-biosensors development using these nanostructures can be achieved by two approaches.
On one hand, functional polymers are electrospun to obtain a nanofiber that is used directly as an
inducing element of the corresponding biosensor, which will present fast response time, high sensitivity,
and good biocompatibility. On the other hand, electrospun nanofibers are used as templates to
which a sensitive material is deposited on their surface, and later the system is subjected to chemical
modification to produce a composite film on an electrode, with nanostructures that have the intended
sensing characteristics [125,126].

Although the manufacturing process is simpler, keeping bio-receptor functionality is considered a
great challenge for the production of this type of device. The sensing element can be immobilized
through different strategies according to its physicochemical characteristics, as well as the ones from
the nanofiber scaffolds, and also, based on their interfacial interactions [127].

Moreover, this type of nano-biosensor is based on various sensing principles such as optics,
electric resistance, photoelectricity, vibration frequency, electric current, and others [128–132]. Luo et al.
developed a nitrocellulose electrospun nanofibrous capture membrane for detecting E. coli O157:H7 and
bovine viral diarrhea virus. The device’s design was based on capillary separation, and conductometric
immunoassay using a silver electrode. Nanofiber antibody’s surface functionalization and sensor
assembly process allowed retaining the unique fiber morphology, and displaying a linear response to
both pathogens with a detection time of 8 min [133].

Quiros et al. prepared electrospun membranes composed of polyacrylonitrile (PAN) and
poly(4-vinylphenylboronic acid-co-2-(dimethylamino)ethyl methacrylate-co-n-butyl methacrylate)(pVDB)
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for fast sensing of bacteria. The pVDB@PAN membranes were used as fluorescent bacterial biosensors,
displaying maximum fluorescence intensity after 24 h in contact with S. aureus or E. coli. Meanwhile,
the membranes became non-responsive within 8 h in contact with Pseudomonas putida due to the rapid
formation of bacterial biofilm that blocked the membrane surface, disrupting fluorescence readings.
This development can be useful for the early identification of pathogenic bacteria as an attempt to
prevent their spreading [134].

Some research groups have designed nano-biosensors based on electrospun nanofibers for
viral detection as well. Tripathy et al. worked on an ultrasensitive electrochemical platform
with electrospun semi-conducting Manganese (III) Oxide (Mn2O3) nanofibers for detecting DNA
hybridization. This biosensor makes use of electrochemical transduction techniques for zeptomolar
(i.e., 10−21 M) detection of Dengue primer, resulting in a limit of detection of 120 × 10–21 M [135].

Therefore, nanofiber-based biosensors present advantages over the conventional ones such as
polymer diversity for its manufacture, high specific surface area with high responsiveness, as well as
an outstanding sensibility [136–138].

4. Bacterial and Viral Pathogens Detected through Biosensors and Nano-Biosensors

Conventional clinical analyses including an antibody or nucleic acid-based, biochemical,
and enzymatic methods, are very reliable but take a long time to obtain a result. Health disciplines
demand the acquisition of faster outcomes to speed up the appropriate treatment [139,140]. In this
sense, biosensors and nano-biosensors are useful tools that offer an accurate response in shorter times
due to their ability to provide real-time and faster clinical results [141]. Currently, there is an increasing
interest in their use to detect pathogens in the human body (Table 1) [140].

Table 1. Developed biosensors for detecting bacterial and viral pathogens in the human body.

Device Target Pathogen LOD Response Time Reference

Long-period fiber grating using bacteriophage T4
covalently immobilized on optical fiber surface. E. coli 103 CFU/mL 20 min [142]

Label free polyaniline based impedimetric. E. coli O157:H7 102 CFU/mL - [143]
Electrochemical biosensor using

antibody-modified NPs (polymer-coated magnetic
NPs and carbohydrate-capped AuNPs).

E. coli O157:H7 101 CFU/mL 45 min [144]

Graphene-based potentiometric. S. aureus 1 CFU/mL 10–15 min [145]

Aptamer based biosensor and dual florescence
resonance energy transfer from QDs to carbon NPs.

Vibrio
parahaemolyticus
and Salmonella
typhimurium

25 CFU/mL and
35 CFU/mL,
respectively

80 min [116]

Impedimetric biosensor based on site specifically
attached engineered antimicrobial peptides.

Pseudomona
aeruginosa 102 CFU/mL 30 min [146]

Electrochemical DNA biosensor based on
flower-like ZnO nanostructures.

Neisseria
meningitides 5 ng/µL - [147]

Graphene-enabled biosensor with a highly specific
immobilized monoclonal antibody. Zika virus 0.45 nM 4–8 min [148]

Giant magnetoresistance biosensor. Influenza A virus 1.5 × 102

TCID50/mL
- [149]

Electrochemical biosensor based on DNA
hybridization. Hepatitis A virus 6.94 fg/µL 15 min [150]

Impedimetric electrochemical DNA biosensor for
label free detection. Zika virus 25 nM 1.5 h [151]

Two-dimensional molybdenum disulphide
nanosheets based disposable biosensor. Chikungunya virus 3.4 nM 3 h [152]

Electrochemical DNA biosensor using gold
nanorods. Hepatitis B virus 2.0 × 10−12 mol/L 5 h [153]

Intensity-modulated surface plasmon resonance
(IM-SPR) biosensor

Avian influenza A
H7N9 virus 144 copies/mL 10 min [154]

Silicon nanowire biosensor. Dengue virus 2.0 fM - [155]

AuNPs: gold nanoparticles; E. coli: Escherichia coli; IM-SPR: Intensity-modulated Surface Plasmon Resonance;
LOD: limit of detection; NPs: nanoparticles; QDs: quantum dots; S. aureus: Staphylococcus aureus; SPR: Surface
Plasmon Resonance.
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Molecular determination demands to improve the analytical performance of biosensors,
which have enhanced their unique features to develop POC devices in order to run a rapid and
cost-effective analysis of complex biological matrices [156]. Commercial versions of these devices
are available to detect pathogens such as E. coli, Helicobacter pylori, influenza A and B viruses, HIV,
tuberculosis, and malaria [157]. Advantages such as small samples and low energy required to avoid
complications in terms of transportation and processing, make them suitable for easy and fast use in
the identification of bacterial and viral pathogens [141]. Needless to say, nanomaterials advances have
benefited biosensor performance to achieve the task [158].

4.1. Bacterial Pathogen Detection

Focusing on the human body, bacterial infections caused mainly by Gram-negative microorganisms
represent a particular challenge in human health worldwide. Multidrug resistance variants have been
greatly influenced by their indiscriminate exposure to antibiotics discharged in water, addition to food
or more commonly, due to improper use of these drugs from patients [159].

Since the previously mentioned is considered a major current health concern, different kinds of
nanomaterials and biorecognition elements have been employed to develop biosensors for antibiotic
detection, as well for bacteria [160]. Common pathogenic bacteria include E. coli, Salmonella typhi,
Clostridium perfringens, and Shigella spp., which can cause different kinds of diseases in humans, animals,
and plants [161]. However, S. aureus is recognized as one of the most fatal bacteria that can cause rapid
mortal infections and is often resistant to multiple antibacterial active substances. Thus, it is necessary
to develop new approaches for easier and faster detection since conventional culture methods require
3–5 days to obtain results, and other nucleic acid-based methods are expensive and imply trained
personnel [162,163].

Suaifan et al. developed a biosensor able to detect S. aureus in a few minutes. The sensing tool is
based on the proteolytic activity of the pathogen proteases on a specific peptide substrate placed in
the middle of two magnetic nanobeads. In this case, the dissociation of magnetic nanobeads-peptide
moieties results in color change [164]. In another approach, Ahari et al. constructed a potentiometric
nano-biosensor able to detect the bacteria through the identification of an exotoxin emitted by the
microorganism. Particularly, the method is often used for contaminated food, but it can also be applied
for clinical detection [165].

Starodub et al. designed high-specific biosensors based on SPR and TIRE for Salmonella spp.
detection. These devices employed Ag-Ab reactions and a surface binding layer as the reactive part.
A sensitivity within 101–106 cells/mL was reported for the SPR biosensor, while the TIRE exhibited a
higher sensitivity up to several cells in 10 ml [166]. In another study, Vaisocherová et al. used a SPR
biosensor based on ultra-low fouling and poly(carboxibetaine acrylamide) for the detection of the
same bacteria in food. They reported a LOD of 7.4 × 103 CFU/mL and average response time of 80 min.
Additionally, these biosensor was found to be useful for the simultaneous detection of E. coli. [167].

Another important bacteria, V. cholerae, is a Gram-negative facultative anaerobe that causes Cholera
disease. People would infect by consuming contaminated liquids or food, providing an ideal platform
for the disease, which also spreads quickly due to its secretory nature. Therefore, its diagnosis plays
an important role in the disease assessment because of its mortal rate rounds between 50–60% [168].
Recently, Narmani et al. developed an ultrasensitive and selective fluorescence DNA biosensor based
on AuNPs and magnetic NPs for the determination of the bacteria’s O1 OmpW gene [169].

The Gram-negative bacteria, Shigella, belongs to the Enterobacteriaceae family. Infected people
develop diverse symptoms including diarrhea, cramps, fever, and vomit. According to the World Health
Organization (WHO), the annual number of Shigella cases worldwide is approximately 164.7 million
with 1.1 million of those resulting in death, and the majority of them involve young children under
the age of 5 years old [170]. Research performed by Elahi et al. discovered an early detection method
of infectious Shigella. In this study, AuNPs-DNA probes were hybridized with Spa gene sequence
in order to create an optical genosensing system. This biosensor makes the sample solution turns to
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purple in the absence of the complementary target, whereas the solution remains red in the presence
of the specific gene sequence [171]. On the other hand, Xiao et al. covalently immobilized a DNA
probe onto fiber-optic biosensors able to hybridize with a fluorescently labeled complementary DNA.
The obtained results were comparable to the ones obtained by PCR, which suggests considering this
method as an alternative for Shigella detection [170].

The different approaches for biosensoring detection of pathogenic bacteria have been successful
and are currently being considered by many health governments and research institutions, mainly
because of their fast response, high-quality performance, and reliable results [172–174].

4.2. Viral Pathogen Detection

Viral pathogen diagnosis is important for early and effective treatment of patients in order to
prevent outbreaks or pandemics. For that reason, biosensors are being widely employed for making
diagnosis easier, avoiding hard proteins or DNA identification techniques in specific virus [175,176].
One of the most common and dangerous viral pathogens is the influenza virus because of its ability to
spread easily and constantly mutation. Hence, detection at early stages can be difficult [177,178].

Hassanpour et al. developed a novel optical biosensor composed of pDNA bioconjugated citrate
capped AgNPs towards target sequences for ultrasensitive and selective Haemophilus influenza detection
in human biofluids [179]. This pathogen has also been detected through other different biosensors,
including the work reported by Jiang et al. [151,179–181]. The paper describes the development of a
polydiacetylene sensitive biosensor using antibody detection for H5N1 (avian influenza), in which
the polydiacetylenes vesicles show a dramatic change in color from blue to red upon the detection of
the virus [181]. In another approach, Lee et al. also fabricated a label free localized SPR biosensor for
the detection of H5N1 with a LOD of 1 Pm (i.e., 10−12 M). However, the device was constructed with
a multifunctional DNA 3 way-Junction immobilized onto a hollow Au spike-like NP. The bioprobe
demonstrated an adequate target recognition and the capacity to provide signal amplification [182].

Other dangerous viruses that affect the population worldwide include ebolavirus, HIV,
and Hantavirus [183–185]. The first one is a negative strand-RNA virus that belongs to the Filoviridae
family and causes a deadly disease called Ebola. The infected people with this agent develop a series of
symptoms, where hemorrhagic fever is considered as fatal [186–188]. Currently, there is no vaccine or
specific treatment [189]. However, different studies have presented the development of biosensors for
detecting this pathogen [190]. Ilkhani et al. fabricated a novel electrochemical-based-DNA biosensor
through enzyme-amplified detection to improve the sensitivity and selectivity of the device for the
pathogen [191]. In addition to that, Baca et al. developed a biosensor that can detect the virus within
10 min at the POC by using surface acoustic waves, showing potential to detect it before symptoms
onset [192].

On the other hand, HIV is a retrovirus that attacks a patient’s immune system, causing an inability
to resist many diseases, and culminating in death when the person is not under drug control. Clinical
treatments for HIV are crucial for reducing mortality, but early diagnosis saves many lives as well and
can decrease spread rates [193–195]. Shafiee et al. worked on a photonic crystal biosensor to detect
multiple HIV-1 subtypes (A, B, and D) upon binding of the biological analyte with the biosensor [196].
In addition to that, Gong et al. prepared a nanocomposite of polyaniline/graphene (PAN/GN) using
reverse-phase polymerization for the development of an electrical DNA-biosensor that showed great
selectivity, and sensitivity for the detection of HIV-1 gene fragment [197].

Hantavirus is a cluster of viruses that are part of the Bunyaviridae family. The spread begins through
contact with liquids, food, or particles contaminated with rodent excreta. It causes hemorrhagic fever,
respiratory insufficiency, and heart failure within 2–7 days after getting infected [198,199]. Regarding its
detection, Gogola et al. have performed important research for the development of biosensors [200,201].
In a first approach, they prepared an electrochemical immunosensor based on chemical modification
of the gold surface with the virus antigen/protein [200]. In a second study, the research group designed
a quick electrochemical biosensor based on biochar (BC) as a carbonaceous platform for immunoassay
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applications due to its highly functionalized surface for covalent binding with biomolecules [201]. Both
studies developed devices as promising and suitable tools for hantavirus clinical detection [200,201].

Furthermore, several bio-elements can be incorporated into a biosensor for virus detection
including markers, RNA, structural proteins, and enzymes from the viral pathogens [202].

COVID-19 Pandemic

Currently, many viruses are being considered to have the capacity of causing future pandemics.
Different factors such as fast dissemination, a high transmission rate of new variants, difficulties to
develop efficient and sensible diagnostic techniques, as well as the lack of specific vaccines and safe
drugs for treatment, make them one of the major threats for mankind [203,204]. The most recent case is
the COVID-19 announced as a pandemic on March 13th, which is an infectious disease with rapid
human-to-human transmission caused by SARS-CoV-2. This pathogen belongs to the positive-strand
RNA viruses [205,206].

Like any other viral outbreak, an early diagnosis is fundamental for preventing an uncontrollable
spread of the disease. However, this pandemic has the particularity that more than 30% of the confirmed
cases are asymptomatic, thus making it harder to control [206–208]. RT-PCR is the most used suitable
and reliable method for detecting SARS-CoV-2 infections until now. Nevertheless, the technique is
time-consuming, labor-intensive, and unavailable in remote settings [209,210]. Although several other
methods can be employed for that purpose, such as immunological assays, thoracic imaging, portable
X-rays, or amplification techniques, the pandemic spread of COVID-19 demands to develop POC
devices for rapid detection (Figure 3) [211–214].
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Sheridan states that there are two types of rapid POC biosensors for COVID-19 detection. In the
first place, there is a nucleic acid test, which consists of detecting the virus in the patient’s sputum,
saliva, or nasal secretions [215,216]. The other type commonly employed is the antibody test that is
done through the analysis of collected blood samples five days after the initial infection, which is when
the immune response causes the production of IgM and IgG due to the presence of the virus [217–219].

The industrial sector has developed some suitable POC biosensors for the qualitative detection of
SARS-CoV-2 IgM and IgG antibodies using samples as low as 10 µL of human serum, whole blood,
or finger prick, obtaining results within 10–15 min (Table 2) [220]. Many of these rapid serological
tests are paper-based biosensors that perform a colorimetric lateral flow immunoassay. In this method,
SARS-CoV-2 specific antigens are typically labeled with gold, and bind the corresponding host
antibodies, which migrate across an adhesive pad. As can be seen in Figure 4, anti-SARS-CoV-2 IgM
antibodies interact with fixed anti-IgM secondary antibodies on the M line, while IgG antibodies
interact with anti-IgG antibodies on the G line. Therefore, M or G lines only appear if the sample
contains SARS-CoV-2 specific antibodies, otherwise, only the control line (C) will be shown [221].
Although the use of serological tests to detect SARS-CoV-2 is still under debate, these are foreseeing as
crucial tools for the implementation or ceasing of lockdowns established worldwide [222].

Table 2. FDA commercially authorized biosensors for SARS-CoV-2 detection [220].

Manufacturer Device Target
Clinical

Combined
Specificity

Clinical
Combined
Sensitivity

Abbott SARS-CoV-2 IgG chemilumininescent microparticle
immunoassay (CMIA) Nucleocapsid 99.9% 100%

Access Bio, Inc. CareStart COVID-19 IgM/IgG Spike and
Nucleocapsid 98.9% 98.4%

Beijing Wantai Biological
Pharmacy Enterprise Co.

Ltd.
Wantai SARS-CoV-2 Ab rapid test Spike 98.8% 100%

Biohit Healthcare (Hefei) Biohit SARS-CoV-2 IgM/IgG antibody test kit Nucleocapsid 95.0% 96.7%

Cellex Cellex Qsars-CoV-2 IgG/IgM rapid test lateral flow
immunoassay

Spike and
nucleocapsid 96.0% 93.8%

DiaSorin LIAISON SARS-CoV-2 S1/S2 IgG CMIA Spike 99.3% 97.6%
Hangzhou Biotest

Biotech COVID-19 IgG/IgM rapid test cassette Spike 100% 100%

Hangzhou Laihe Biotech LYHER novel coronavirus (2019-nCoV) IgM/IgG
antibody combo test kit (colloidal gold) Spike 98.8% 100%

Healgen COVID-19 IgG/IgM rapid test cassette Spike 97.5% 100%
Megna Health, Inc. Rapid COVID-19 IgM/IgG combo test kit Nucleocapsid 95% 100%

Salofa Oy Siena-Clarity COVIBLOCK COVID-19 IgG/IgM
Rapid test cassette Spike 98.8% 93.3%

Xiamen Biotime
Biotechnology Co., Ltd. BIOTIME SARS-CoV-2 IgG/IgM rapid qualitative test Spike 96.2% 100%

CMIA: chemilumininescent microparticle immunoassay; COVID-19: coronavirus disease 2019.

Other research groups have developed Lab-on-a-Chip-based biosensors for SARS-CoV-2
detection [214,223]. This technology avoids the need for specialized personnel through the integration of
microfluidic components into a biosensor, allowing increasing their production, and reducing the costs
of the assay [224]. POC commercialized instruments based on this microfluidic technology are having
an important role in this pandemic, like ID NOW®, Filmarray®, GeneXpert®, and RTisochip® [225].

Cell-based biosensors have also contributed to COVID-19 diagnosis. Mavrikou et al. developed a
biosensor based on membrane-engineered mammalian cells that possess the human chimeric spike
S1 antibody. The device can detect SARS-CoV-2 S1 spike protein selectively, where the binding of
the protein to the membrane-bound antibodies results in cellular bioelectric properties modification
measured by Bioelectric Recognition Assay. The LOD is 1 fg/mL and the response time is about three
minutes. In addition to that, the biosensor includes a portable read-out device that can be operated by
a smartphone [226].
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Moreover, nano-biosensors have shown an outstanding potential to contribute to the fight against
COVID-19, providing holistic insights for developing ultrasensitive, cost-effective, and rapid detection
devices for mass production [227]. Advanced materials are the basis of nano-enabled or integrated
micro-and nano biosensing system technologies that can detect earlier the virus, and even show good
binding properties allowing them to inactive or destroy the pathogen upon the application of an
external stimulus [228].

Different research groups have developed carbon-based and graphene-based POC biosensors
[214,223]. Graphene is foreseeing to have a leading role in the attempt of fighting against COVID-19.
This low-cost material can be employed for virus detection since its sensitivity and selectivity can be
enhanced by modifying its hybrid structure (e.g., antibody-conjugated graphene sheets) that allows
tuning of its optical and electrical features. Some graphene-based sensors that can be explored for
SARS-CoV-2 detection are photoluminescence, colorimetric, and SPR biosensors [229,230]. Seo et al.
employed the material for the development of a field-effect transistor (FET)-based biosensor for
detecting SARS-CoV-2 (Figure 5). In this case, graphene sheets from the FET were coated with a
specific antibody against the virus spike protein, which was successfully detected at concentrations of
1 fg/mL in a phosphate-buffered saline medium. In addition, the device was able to detect the virus in
clinical samples, exhibiting a LOD of 2.42 × 102 copies/mL. The fabricated biosensor is considered as a
promising immunological diagnostic alternative for the disease [231].
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Additionally to FET, a review published by Cui et al. considers potential electrochemical biosensor
and surface-enhanced Raman scattering (SERS)-based biosensor as other suitable options for diagnosis
of COVID-19 [232]. Also, Murugan et al. designed two field-deployable/portable plasmonic fiber-optic
absorbance biosensor (P-FAB) device for rapid detection of the virus’ N-protein directly from saliva.
One of them was a labeled immunoassay, and the other one was label-free. Both bioanalytical
approaches using the highly sensitive P-FAB platform can be considered as ideal alternatives for
COVID-19 diagnosis within 15 min [233]. More recently, Zhu et al. reported another diagnosis
approach based on the development of a multiplex reverse transcription loop-mediated isothermal
amplification combined with NP-based lateral flow biosensor. The method allowed the multiplex
detection of the open reading frame 1a/b (ORF1ab) and the N-protein within an hour, ensuring the
sufficient sensitivity for the virus [234].

In another approach, Qiu et al. developed a dual-functional plasmonic biosensor that combines
the plasmonic photothermal (PPT) effect and LSPR sensing transduction. The device is constituted
by a two-dimensional gold nano island functionalized with complementary DNA receptors that can
selectively detect specific sequences from SARS-CoV-2 through nucleic acid hybridization. In addition
to that, PPT can increase the in situ hybridization temperature, which allows differentiating between
two similar gene sequences. This biosensor showed high sensitivity with a lower LOD at 0.22 pM [235].

Although we have discussed several options for COVID-19 diagnosis, researchers are working
on novel diagnostic techniques that combine different approaches based on nanotechnology and
nanoscience, in order to obtain faster, reliable, and more accurate results that allow accelerating
life-saving decisions, and isolation of positive patients in an early stage to down-regulate the virus
spread [236,237].

5. Conclusions

In the last few decades, viral and bacterial pathogens have become a real menace to human
safety. Their rapid identification must be considered as a priority task in order to prevent an outbreak
that represents a high risk of disruption of the healthcare system, and a disastrous socio-economic
impact. Scientists are performing intensive research for developing sensitive diagnostic techniques
and effective therapeutics. There is no vaccine or pharmacological treatment for many viruses and
bacteria and the development of a POC device for the rapid diagnosis of diseases such as COVID-19
allows accelerating life-saving decisions, and isolation of positive patients in an early stage. In this
sense, biosensors and nano-biosensors are powerful measurement devices that can make the detection
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process of important clinical bacteria and virus to be easy, quick, and effective by sensing relevant
parameters that can be related to infectious processes.
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polycaprolactone nanofibers as a potential oromucosal delivery system for poorly water-soluble drugs. Eur. J.
Pharm. Sci. 2015, 75, 101–113. [CrossRef]

121. Zhang, S.; Jia, Z.; Liu, T.; Wei, G.; Su, Z. Electrospinning Nanoparticles-Based Materials Interfaces for Sensor
Applications. Sensors 2019, 19, 3977. [CrossRef]

122. Aliheidari, N.; Aliahmad, N.; Agarwal, M.; Dalir, H. Electrospun Nanofibers for Label-Free Sensor
Applications. Sensors 2019, 19, 3587. [CrossRef]

123. Maslakci, N.N.; Ulusoy, S.; Oksuz, A.U. Investigation of the effects of plasma-treated chitosan electrospun
fibers onto biofilm formation. Sens. Actuators B Chem. 2017, 246, 887–895. [CrossRef]

124. Asmatulu, R.; Khan, W.S. Chapter 9—\ Electrospun nanofibers for nanosensor and biosensor applications.
In Synthesis and Applications of Electrospun Nanofibers; Asmatulu, R., Khan, W.S., Eds.; Elsevier: Amsterdam,
The Netherlands, 2019; pp. 175–196. [CrossRef]

125. Tang, L.; Xie, X.; Zhou, Y.; Zeng, G.; Tang, J.; Wu, Y.; Long, B.; Peng, B.; Zhu, J. A reusable electrochemical
biosensor for highly sensitive detection of mercury ions with an anionic intercalator supported on ordered
mesoporous carbon/self-doped polyaniline nanofibers platform. Biochem. Eng. J. 2017, 117, 7–14. [CrossRef]

http://dx.doi.org/10.1016/j.cogsc.2020.03.001
http://dx.doi.org/10.1016/j.microc.2019.104296
http://dx.doi.org/10.3389/fchem.2017.00006
http://dx.doi.org/10.1016/j.trac.2019.02.019
http://dx.doi.org/10.1016/j.msec.2019.110113
http://dx.doi.org/10.1016/j.bios.2016.10.045
http://dx.doi.org/10.3390/s17102161
http://www.ncbi.nlm.nih.gov/pubmed/28934118
http://dx.doi.org/10.1016/j.molliq.2017.06.106
http://dx.doi.org/10.1016/j.snb.2016.10.045
http://dx.doi.org/10.1007/s00604-014-1406-3
http://dx.doi.org/10.5599/admet.844
http://dx.doi.org/10.4103/1673-5374.194719
http://dx.doi.org/10.1002/adfm.201802852
http://dx.doi.org/10.1016/j.ejps.2015.04.004
http://dx.doi.org/10.3390/s19183977
http://dx.doi.org/10.3390/s19163587
http://dx.doi.org/10.1016/j.snb.2017.02.089
http://dx.doi.org/10.1016/B978-0-12-813914-1.00009-2
http://dx.doi.org/10.1016/j.bej.2016.09.011


Sensors 2020, 20, 6926 21 of 26

126. Kafi, A.K.; Wali, Q.; Jose, R.; Biswas, T.K.; Yusoff, M.M. A glassy carbon electrode modified with SnO2

nanofibers, polyaniline and hemoglobin for improved amperometric sensing of hydrogen peroxide.
Microchim. Acta 2017, 184, 4443–4450. [CrossRef]

127. Sapountzi, E.; Braiek, M.; Chateaux, J.F.; Jaffrezic, N.; Lagarde, F. Recent Advances in Electrospun Nanofiber
Interfaces for Biosensing Devices. Sensors 2017, 17, 1887. [CrossRef] [PubMed]

128. Supraja, P.; Tripathy, S.; Krishna, S.R.; Singh, V.; Singh, S.G. Label free, electrochemical detection of atrazine
using electrospun Mn2O3 nanofibers: Towards ultrasensitive small molecule detection. Sens. Actuators
B Chem. 2019, 285, 317–325. [CrossRef]

129. Sundera, S.; Mohamed, M.S.; Perumal, V.; Mohamed, M.S.; Mohamed, N.M. Electrospun Nanofibers for
Biosensing Applications. In Nanobiosensors for Biomolecular Targeting; Gopinath, S.C., Lakshmipriya, T., Eds.;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 253–267. [CrossRef]

130. Maftoonazad, N.; Ramaswamy, H. Design and testing of an electrospun nanofiber mat as a pH biosensor
and monitor the pH associated quality in fresh date fruit (Rutab). Polym. Test. 2019, 75, 76–84. [CrossRef]

131. Wang, X.; Wang, Y.; Shan, Y.; Jiang, M.; Gong, M.; Jin, X.; Wang, X.; Cheng, J. An electrochemiluminescence
biosensor for detection of CdkN2A/p16 anti-oncogene based on functional electrospun nanofibers and
core-shell luminescent composite nanoparticles. Talanta 2018, 187, 179–187. [CrossRef]

132. Matlock, L.; Coon, B.; Pitner, C.L.; Frey, M.W.; Baeumner, A.J. Functionalized electrospun poly(vinyl alcohol)
nanofibers for on-chip concentration of E. coli cells. Anal. Bioanal. Chem. 2016, 408, 1327–1334. [CrossRef]

133. Luo, Y.; Nartker, S.; Miller, H.; Hochhalter, D.; Wiederoder, M.; Wiederoder, S.; Setterington, E.; Drzal, L.;
Alocilja, E. Surface functionalization of electrospun nanofibers for detecting E. coli O157:H7 and BVDV cells
in a direct-charge transfer biosensor. Biosens. Bioelectron. 2010, 26, 1612–1617. [CrossRef]

134. Quirós, J.; Amaral, A.J.; Pasparakis, G.; Williams, G.R.; Rosal, R. Electrospun boronic acid-containing polymer
membranes as fluorescent sensors for bacteria detection. React. Funct. Polym. 2017, 121, 23–31. [CrossRef]

135. Tripathy, S.; Krishna, S.R.; Singh, V.; Swaminathan, S.; Singh, S.G. Electrospun manganese (III) oxide
nanofiber based electrochemical DNA-nanobiosensor for zeptomolar detection of dengue consensus primer.
Biosens. Bioelectron. 2017, 90, 378–387. [CrossRef] [PubMed]

136. Liu, Y.; Hao, M.; Chen, Z.; Liu, L.; Liu, Y.; Yang, W.; Seeram, R. A review on recent advances in application of
electrospun nanofiber materials as biosensors. Curr. Opin. Biomed. Eng. 2020, 13, 174–189. [CrossRef]

137. Farbod, F.; Mazloum, M. Chapter 5—Typically used nanomaterials-based noncarbon materials in
the fabrication of biosensors. In Electrochemical Biosensors; Ensafi, A.A., Ed.; Elsevier: Amsterdam,
The Netherlands, 2019; pp. 99–133. [CrossRef]

138. Marx, S.; Jose, M.V.; Andersen, J.D.; Russell, A.J. Electrospun gold nanofiber electrodes for biosensors.
Biosens. Bioelectron. 2011, 26, 2981–2986. [CrossRef]

139. Xu, S. Electromechanical biosensors for pathogen detection. Microchim. Acta 2012, 178, 245–260. [CrossRef]
140. Chen, S.H.; Wu, V.C.; Chuang, Y.C.; Lin, C.S. Using oligonucleotide-functionalized Au nanoparticles to

rapidly detect foodborne pathogens on a piezoelectric biosensor. J. Microbiol. Methods 2008, 73, 7–17.
[CrossRef]

141. Singh, R.; Mukherjee, M.D.; Sumana, G.; Gupta, R.K.; Sood, S.; Malhotra, B.D. Biosensors for pathogen
detection: A smart approach towards clinical diagnosis. Sens. Actuators B Chem. 2014, 197, 385–404.
[CrossRef]

142. Tripathi, S.M.; Bock, W.J.; Mikulic, P.; Chinnappan, R.; Ng, A.; Tolba, M.; Zourob, M. Long period grating
based biosensor for the detection of Escherichia coli bacteria. Biosens. Bioelectron. 2012, 35, 308–312. [CrossRef]

143. Chowdhury, A.D.; De, A.; Chaudhuri, C.R.; Bandyopadhyay, K.; Sen, P. Label free polyaniline based
impedimetric biosensor for detection of E. coli O157:H7 Bacteria. Sens. Actuators B Chem. 2012, 171–172,
916–923. [CrossRef]

144. Wang, Y.; Alocilja, E.C. Gold nanoparticle-labeled biosensor for rapid and sensitive detection of bacterial
pathogens. J. Biol. Eng. 2015, 9, 16. [CrossRef]

145. Hernandez, R.; Valles, C.; Benito, A.; Maser, W.; Rius, F.X.; Riu, J. Graphene-based potentiometric biosensor
for the immediate detection of living bacteria. Biosens. Bioelectron. 2014, 54, 553–557. [CrossRef]

146. Liu, X.; Marrakchi, M.; Xu, D.; Dong, H.; Andreescu, S. Biosensors based on modularly designed synthetic
peptides for recognition, detection and live/dead differentiation of pathogenic bacteria. Biosens. Bioelectron.
2016, 80, 9–16. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00604-017-2479-6
http://dx.doi.org/10.3390/s17081887
http://www.ncbi.nlm.nih.gov/pubmed/28813013
http://dx.doi.org/10.1016/j.snb.2019.01.060
http://dx.doi.org/10.1016/B978-0-12-813900-4.00011-7
http://dx.doi.org/10.1016/j.polymertesting.2019.01.011
http://dx.doi.org/10.1016/j.talanta.2018.05.033
http://dx.doi.org/10.1007/s00216-015-9112-5
http://dx.doi.org/10.1016/j.bios.2010.08.028
http://dx.doi.org/10.1016/j.reactfunctpolym.2017.10.007
http://dx.doi.org/10.1016/j.bios.2016.12.008
http://www.ncbi.nlm.nih.gov/pubmed/27940241
http://dx.doi.org/10.1016/j.cobme.2020.02.001
http://dx.doi.org/10.1016/B978-0-12-816491-4.00005-X
http://dx.doi.org/10.1016/j.bios.2010.11.050
http://dx.doi.org/10.1007/s00604-012-0831-4
http://dx.doi.org/10.1016/j.mimet.2008.01.004
http://dx.doi.org/10.1016/j.snb.2014.03.005
http://dx.doi.org/10.1016/j.bios.2012.03.006
http://dx.doi.org/10.1016/j.snb.2012.06.004
http://dx.doi.org/10.1186/s13036-015-0014-z
http://dx.doi.org/10.1016/j.bios.2013.11.053
http://dx.doi.org/10.1016/j.bios.2016.01.041
http://www.ncbi.nlm.nih.gov/pubmed/26802747


Sensors 2020, 20, 6926 22 of 26

147. Tak, M.; Gupta, V.; Tomar, M. Flower-like ZnO nanostructure based electrochemical DNA biosensor for
bacterial meningitis detection. Biosens. Bioelectron. 2014, 59, 200–207. [CrossRef] [PubMed]

148. Afsahi, S.; Lerner, M.B.; Goldstein, J.M.; Lee, J.; Tang, X.; Bagarozzi, D.A.; Pan, D.; Locascio, L.; Walker, A.;
Barron, F.; et al. Novel graphene-based biosensor for early detection of Zika virus infection. Biosens.
Bioelectron. 2018, 100, 85–88. [CrossRef] [PubMed]

149. Krishna, V.D.; Wu, K.; Perez, A.M.; Wang, J.P. Giant Magnetoresistance-based Biosensor for Detection of
Influenza A Virus. Front. Microbiol. 2016, 7. [CrossRef] [PubMed]

150. Manzano, M.; Viezzi, S.; Mazerat, S.; Marks, R.S.; Vidic, J. Rapid and label-free electrochemical DNA biosensor
for detecting hepatitis A virus. Biosens. Bioelectron. 2018, 100, 89–95. [CrossRef]

151. Faria, H.A.M.; Zucolotto, V. Label-free electrochemical DNA biosensor for zika virus identification.
Biosens. Bioelectron. 2019, 131, 149–155. [CrossRef] [PubMed]

152. Singhal, C.; Khanuja, M.; Chaudhary, N.; Pundir, C.S.; Narang, J. Detection of chikungunya virus DNA using
two-dimensional MoS 2 nanosheets based disposable biosensor. Sci. Rep. 2018, 8, 7734. [CrossRef]

153. Shakoori, Z.; Salimian, S.; Kharrazi, S.; Adabi, M.; Saber, R. Electrochemical DNA biosensor based on gold
nanorods for detecting hepatitis B virus. Anal. Bioanal. Chem. 2015, 407, 455–461. [CrossRef]

154. Chang, Y.F.; Wang, W.H.; Hong, Y.W.; Yuan, R.Y.; Chen, K.H.; Huang, Y.W.; Lu, P.; Chen, Y.; Arthur, Y.;
Su, L.; et al. Simple Strategy for Rapid and Sensitive Detection of Avian Influenza a H7N9 Virus Based
on Intensity-Modulated SPR Biosensor and New Generated Antibody. Anal Chem. 2018, 90, 1861–1869.
[CrossRef]

155. Nuzaihan, M.; Hashim, U.; Arshad, M.K.; Kasjoo, S.R.; Rahman, S.F.; Ruslinda, A.R.; Fathil, M.; Adzhri, R.;
Shahimin, M. Electrical detection of dengue virus (DENV) DNA oligomer using silicon nanowire biosensor
with novel molecular gate control. Biosens. Bioelectron. 2016, 83, 106–114. [CrossRef]

156. Mahato, K.; Maurya, P.K.; Chandra, P. Fundamentals and commercial aspects of nanobiosensors in
point-of-care clinical diagnostics. 3 Biotech 2018, 8, 149. [CrossRef] [PubMed]

157. Bahadır, E.B.; Sezgintürk, M.K. Applications of commercial biosensors in clinical, food, environmental,
and biothreat/biowarfare analyses. Anal. Biochem. 2015, 478, 107–120. [CrossRef] [PubMed]

158. Wang, J.; Chen, G.; Jiang, H.; Li, Z.; Wang, X. Advances in nano-scaled biosensors for biomedical applications.
Analyst 2013, 138, 4427–4435. [CrossRef] [PubMed]

159. Ferreira, D.; Seca, A.M.; Pinto, D.C.G.A.; Silva, A.M. Targeting human pathogenic bacteria by siderophores:
A proteomics review. J. Proteom. 2016, 145, 153–166. [CrossRef] [PubMed]

160. Majdinasab, M.; Mishra, R.K.; Tang, X.; Marty, J.L. Detection of antibiotics in food: New achievements in the
development of biosensors. TrAC Trends Anal. Chem. 2020, 127, 115883. [CrossRef]

161. Wang, Y.X.; Ye, Z.Z.; Si, C.Y.; Ying, Y.B. Application of Aptamer Based Biosensors for Detection of Pathogenic
Microorganisms. Chin. J. Anal. Chem. 2012, 40, 634–642. [CrossRef]

162. Gopal, J.; Lakshmaiah, J.; Wu, H.F. TiO2 nanoparticle assisted mass spectrometry as biosensor of
Staphylococcus aureus, key pathogen in nosocomial infections from air, skin surface and human nasal
passage. Biosens. Bioelectron. 2011, 27, 201–206. [CrossRef]

163. Rubab, M.; Shahbaz, H.M.; Olaimat, A.N.; Oh, D.H. Biosensors for rapid and sensitive detection of
Staphylococcus aureus in food. Biosens. Bioelectron. 2018, 105, 49–57. [CrossRef]

164. Suaifan, G.; Alhogail, S.; Zourob, M. Rapid and low-cost biosensor for the detection of Staphylococcus aureus.
Biosens. Bioelectron. 2017, 90, 230–237. [CrossRef]

165. Ahari, H.; Hedayati, M.; Akbari, B.; Kakoolaki, S.; Hosseini, H.; Anvar, A. Staphylococcus aureus exotoxin
detection using potentiometric nanobiosensor for microbial electrode approach with the effects of pH and
temperature. Int. J. Food Prop. 2017, 20, 1578–1587. [CrossRef]

166. Starodub, N.F.; Ogorodniichuk, J.; Lebedeva, T.; Shpylovyy, P. Immune biosensors based on the SPR and
TIRE: Efficiency of their application for bacteria determination. In Proceedings of the Biophotonics—Riga 2013;
International Society for Optics and Photonics: Washington, DC, USA, 2013; Volume 9032, p. 90320X.

167. Vaisocherová, H.; Víšová, I.; Ermini, M.L.; Špringer, T.; Song, X.C.; Mrázek, J.; Lamacová, J.; Lynn, S.;
Sedivak, P.; Homola, J. Low-fouling surface plasmon resonance biosensor for multi-step detection of
foodborne bacterial pathogens in complex food samples. Biosens. Bioelectron. 2016, 80, 84–90. [CrossRef]
[PubMed]

168. Cecchini, F.; Fajs, L.; Cosnier, S.; Marks, R.S. Vibrio cholerae detection: Traditional assays, novel diagnostic
techniques and biosensors. TrAC Trends Anal. Chem. 2016, 79, 199–209. [CrossRef]

http://dx.doi.org/10.1016/j.bios.2014.03.036
http://www.ncbi.nlm.nih.gov/pubmed/24727606
http://dx.doi.org/10.1016/j.bios.2017.08.051
http://www.ncbi.nlm.nih.gov/pubmed/28865242
http://dx.doi.org/10.3389/fmicb.2016.00400
http://www.ncbi.nlm.nih.gov/pubmed/27065967
http://dx.doi.org/10.1016/j.bios.2017.08.043
http://dx.doi.org/10.1016/j.bios.2019.02.018
http://www.ncbi.nlm.nih.gov/pubmed/30831416
http://dx.doi.org/10.1038/s41598-018-25824-8
http://dx.doi.org/10.1007/s00216-014-8303-9
http://dx.doi.org/10.1021/acs.analchem.7b03934
http://dx.doi.org/10.1016/j.bios.2016.04.033
http://dx.doi.org/10.1007/s13205-018-1148-8
http://www.ncbi.nlm.nih.gov/pubmed/29487778
http://dx.doi.org/10.1016/j.ab.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25790902
http://dx.doi.org/10.1039/c3an00438d
http://www.ncbi.nlm.nih.gov/pubmed/23748648
http://dx.doi.org/10.1016/j.jprot.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27109355
http://dx.doi.org/10.1016/j.trac.2020.115883
http://dx.doi.org/10.1016/S1872-2040(11)60542-2
http://dx.doi.org/10.1016/j.bios.2011.06.035
http://dx.doi.org/10.1016/j.bios.2018.01.023
http://dx.doi.org/10.1016/j.bios.2016.11.047
http://dx.doi.org/10.1080/10942912.2017.1347944
http://dx.doi.org/10.1016/j.bios.2016.01.040
http://www.ncbi.nlm.nih.gov/pubmed/26807521
http://dx.doi.org/10.1016/j.trac.2016.01.017


Sensors 2020, 20, 6926 23 of 26

169. Narmani, A.; Kamali, M.; Amini, B.; Kooshki, H.; Amini, A.; Hasani, L. Highly sensitive and accurate
detection of Vibrio cholera O1 OmpW gene by fluorescence DNA biosensor based on gold and magnetic
nanoparticles. Process. Biochem. 2018, 65, 46–54. [CrossRef]

170. Xiao, R.; Rong, Z.; Long, F.; Liu, Q. Portable evanescent wave fiber biosensor for highly sensitive detection of
Shigella. Spectrochim. Acta A 2014, 132, 1–5. [CrossRef]

171. Elahi, N.; Baghersad, M.H.; Kamali, M. Precise, direct, and rapid detection of Shigella Spa gene by a novel
unmodified AuNPs-based optical genosensing system. J. Microbiol. Methods 2019, 162, 42–49. [CrossRef]

172. Dao, T.N.; Yoon, J.; Jin, C.E.; Koo, B.; Han, K.; Shin, Y.; Lee, T. Rapid and sensitive detection of Salmonella
based on microfluidic enrichment with a label-free nanobiosensing platform. Sens. Actuators B Chem. 2018,
262, 588–594. [CrossRef]

173. Zhang, X.; Wu, D.; Zhou, X.; Yu, Y.; Liu, J.; Hu, N.; Wang, H.; Li, G.; Wu, Y. Recent progress in the construction
of nanozyme-based biosensors and their applications to food safety assay. TrAC Trends Anal. Chem. 2019,
121, 115668. [CrossRef]

174. Barroso, T.G.; Martins, R.C.; Fernandes, E.; Cardoso, S.; Rivas, J.; Freitas, P.P. Detection of BCG bacteria
using a magnetoresistive biosensor: A step towards a fully electronic platform for tuberculosis point-of-care
detection. Biosens. Bioelectron. 2018, 100, 259–265. [CrossRef]

175. Mandal, H.S.; Su, Z.; Ward, A.; Tang, X. Carbon Nanotube Thin Film Biosensors for Sensitive and Reproducible
Whole Virus Detection. Theranostics 2012, 2, 251–257. [CrossRef]

176. Banga, I.; Tyagi, R.; Shahdeo, D.; Gandhi, S. Chapter 1—Biosensors and Their Application for the Detection
of Avian Influenza Virus. In Nanotechnology in Modern Animal Biotechnology; Maurya, P.K., Singh, S., Eds.;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 1–16. [CrossRef]

177. Nidzworski, D.; Pranszke, P.; Grudniewska, M.; Król, E.; Gromadzka, B. Universal biosensor for detection of
influenza virus. Biosens. Bioelectron. 2014, 59, 239–242. [CrossRef]

178. Tepeli, Y.; Ülkü, A. Electrochemical biosensors for influenza virus a detection: The potential of adaptation of
these devices to POC systems. Sens. Actuators B Chem. 2018, 254, 377–384. [CrossRef]

179. Hassanpour, S.; Baradaran, B.; Hejazi, M.; Hasanzadeh, M.; Mokhtarzadeh, A.; de la Guardia, M. Recent
trends in rapid detection of influenza infections by bio and nanobiosensor. TrAC Trends Anal. Chem. 2018, 98,
201–215. [CrossRef]

180. Kaushik, A.; Tiwari, S.; Jayant, R.D.; Vashist, A.; Nikkhah, R.; El-Hage, N.; Nair, M. Electrochemical Biosensors
for Early Stage Zika Diagnostics. Trends Biotechnol. 2017, 35, 308–317. [CrossRef] [PubMed]

181. Jiang, L.; Luo, J.; Dong, W.; Wang, C.; Jin, W.; Xia, Y.; Wang, H.; Ding, H.; Jiang, L.; He, H. Development and
evaluation of a polydiacetylene based biosensor for the detection of H5 influenza virus. J. Virol. Methods
2015, 219, 38–45. [CrossRef] [PubMed]

182. Lee, T.; Kim, G.H.; Kim, S.M.; Hong, K.; Kim, Y.; Park, C.; Sohn, H.; Min, J. Label-free localized surface
plasmon resonance biosensor composed of multi-functional DNA 3 way junction on hollow Au spike-like
nanoparticles (HAuSN) for avian influenza virus detection. Colloids Surf. B 2019, 182, 110341. [CrossRef]

183. Rojas, M.; Monsalve, D.M.; Pacheco, Y.; Acosta, Y.; Ramírez, C.; Ansari, A.A.; Gershwin, M.; Anaya, J. Ebola
virus disease: An emerging and re-emerging viral threat. J. Autoimmun. 2020, 106, 102375. [CrossRef]

184. Kharsany, A.B.; McKinnon, L.R.; Lewis, L.; Cawood, C.; Khanyile, D.; Maseko, D.V.; Goodman, T.; Beckett, S.;
Govender, K.; George, G.; et al. Population prevalence of sexually transmitted infections in a high HIV
burden district in KwaZulu-Natal, South Africa: Implications for HIV epidemic control. Int. J. Infect. Dis.
2020, 98, 130–137. [CrossRef]

185. Mittler, E.; Dieterle, M.E.; Kleinfelter, L.M.; Slough, M.M.; Chandran, K.; Jangra, R.K. Chapter Six—Hantavirus
entry: Perspectives and recent advances. In Advances in Virus Research; Kielian, M., Mettenleiter, T.C.,
Roossinck, M.J., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 185–224. [CrossRef]

186. Nicastri, E.; Kobinger, G.; Vairo, F.; Montaldo, C.; Mboera, L.E.; Ansunama, R.; Zumla, A.; Ippolito, G. Ebola
Virus Disease: Epidemiology, Clinical Features, Management, and Prevention. Infect. Dis. Clin. N. Am. 2019,
33, 953–976. [CrossRef]

187. Mérens, A.; Bigaillon, C.; Delaune, D. Ebola virus disease: Biological and diagnostic evolution from 2014 to
2017. Méd. Mal. Infect. 2018, 48, 83–94. [CrossRef]

188. Murphy, C.N. Recent Advances in the Diagnosis and Management of Ebola Virus Disease.
Clin. Microbiol. Newsl. 2019, 41, 185–189. [CrossRef]

http://dx.doi.org/10.1016/j.procbio.2017.10.009
http://dx.doi.org/10.1016/j.saa.2014.04.090
http://dx.doi.org/10.1016/j.mimet.2019.05.007
http://dx.doi.org/10.1016/j.snb.2017.12.190
http://dx.doi.org/10.1016/j.trac.2019.115668
http://dx.doi.org/10.1016/j.bios.2017.09.004
http://dx.doi.org/10.7150/thno.3726
http://dx.doi.org/10.1016/B978-0-12-818823-1.00001-6
http://dx.doi.org/10.1016/j.bios.2014.03.050
http://dx.doi.org/10.1016/j.snb.2017.07.126
http://dx.doi.org/10.1016/j.trac.2017.11.012
http://dx.doi.org/10.1016/j.tibtech.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/28277248
http://dx.doi.org/10.1016/j.jviromet.2015.03.013
http://www.ncbi.nlm.nih.gov/pubmed/25819686
http://dx.doi.org/10.1016/j.colsurfb.2019.06.070
http://dx.doi.org/10.1016/j.jaut.2019.102375
http://dx.doi.org/10.1016/j.ijid.2020.06.046
http://dx.doi.org/10.1016/bs.aivir.2019.07.002
http://dx.doi.org/10.1016/j.idc.2019.08.005
http://dx.doi.org/10.1016/j.medmal.2017.11.002
http://dx.doi.org/10.1016/j.clinmicnews.2019.10.002


Sensors 2020, 20, 6926 24 of 26

189. Walldorf, J.A.; Cloessner, E.A.; Hyde, T.B.; MacNeil, A.; Bennett, S.D.; Carter, R.J.; Redd, J.; Marston, B.
Considerations for use of Ebola vaccine during an emergency response. Vaccine 2019, 37, 7190–7200.
[CrossRef] [PubMed]

190. Kaushik, A.; Tiwari, S.; Dev Jayant, R.; Marty, A.; Nair, M. Towards detection and diagnosis of Ebola virus
disease at point-of-care. Biosens. Bioelectron. 2016, 75, 254–272. [CrossRef] [PubMed]

191. Ilkhani, H.; Farhad, S. A novel electrochemical DNA biosensor for Ebola virus detection. Anal. Biochem.
2018, 557, 151–155. [CrossRef] [PubMed]

192. Baca, J.T.; Severns, V.; Lovato, D.; Branch, D.W.; Larson, R.S. Rapid Detection of Ebola Virus with a
Reagent-Free, Point-of-Care Biosensor. Sensors 2015, 15, 8605–8614. [CrossRef] [PubMed]

193. Iordache, L.; Launay, O.; Bouchaud, O.; Jeantils, V.; Goujard, C.; Boue, F.; Cacoub, P.; Hanslik, T.; Mahr, A.;
Lambotte, O.; et al. Autoimmune diseases in HIV-infected patients: 52 cases and literature review.
Autoimmun. Rev. 2014, 13, 850–857. [CrossRef]

194. Nandi, S.; Mondal, A.; Roberts, A.; Gandhi, S. Chapter One—Biosensor platforms for rapid HIV detection.
In Advances in Clinical Chemistry; Makowski, G.S., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 1–34.
[CrossRef]

195. Tavakoli, A.; Karbalaie, M.H.; Keshavarz, M.; Ghaffari, H.; Asoodeh, A.; Monavari, S.H.; Keyvani, H. Current
diagnostic methods for HIV. Future Virol. 2017, 12, 141–155. [CrossRef]

196. Shafiee, H.; Lidstone, E.A.; Jahangir, M.; Inci, F.; Hanhauser, E.; Henrich, T.J.; Kuritzkes, D.; Cunningham, B.;
Demirci, U. Nanostructured Optical Photonic Crystal Biosensor for HIV Viral Load Measurement. Sci. Rep.
2014, 4, 4116. [CrossRef]

197. Gong, Q.; Han, H.; Yang, H.; Zhang, M.; Sun, X.; Liang, Y.; Liu, Z.; Zhang, W.; Qiao, J. Sensitive electrochemical
DNA sensor for the detection of HIV based on a polyaniline/graphene nanocomposite. J. Mater. 2019, 5,
313–319. [CrossRef]

198. Vetcha, S.; Wilkins, E.; Yates, T.; Hjelle, B. Rapid and sensitive handheld biosensor for detection of hantavirus
antibodies in wild mouse blood samples under field conditions. Talanta 2002, 58, 517–528. [CrossRef]

199. Jiang, H.; Zheng, X.; Wang, L.; Du, H.; Wang, P.; Bai, X. Hantavirus infection: A global zoonotic challenge.
Virol. Sin. 2017, 32, 32–43. [CrossRef]

200. Gogola, J.L.; Martins, G.; Caetano, F.R.; Ricciardi, T.; Duarte, C.N.; Marcolino, L.H.; Bergamini, M. Label-free
electrochemical immunosensor for quick detection of anti-hantavirus antibody. J. Electroanal. Chem. 2019,
842, 140–145. [CrossRef]

201. Martins, G.; Gogola, J.L.; Caetano, F.R.; Kalinke, C.; Jorge, T.R.; Duarte, C.N.; Bergamini, F.; Marcolino, L.
Quick electrochemical immunoassay for hantavirus detection based on biochar platform. Talanta 2019, 204,
163–171. [CrossRef] [PubMed]

202. Farzin, L.; Shamsipur, M.; Samandari, L.; Sheibani, S. HIV biosensors for early diagnosis of infection:
The intertwine of nanotechnology with sensing strategies. Talanta 2020, 206, 120201. [CrossRef] [PubMed]

203. Panghal, A.; Flora, S.J. Chapter 4—Viral agents including threat from emerging viral infections. In Handbook
on Biological Warfare Preparedness; Flora, S.J., Pachauri, V., Eds.; Academic Press: Cambridge, MA, USA, 2020;
pp. 65–81. [CrossRef]

204. Al-Rohaimi, A.H.; Al-Otaibi, F. Novel SARS-CoV-2 outbreak and COVID19 disease; A systemic review on
the global pandemic. Genes Dis. 2020. [CrossRef]

205. Khan, M.Z.; Hasan, M.R.; Hossain, S.I.; Ahommed, M.S.; Daizy, M. Ultrasensitive detection of pathogenic
viruses with electrochemical biosensor: State of the art. Biosens. Bioelectron. 2020, 2020, 112431. [CrossRef]

206. Ji, T.; Liu, Z.; Wang, G.; Guo, X.; Akbar khan, S.; Lai, C.; Chen, H.; Huang, S.; Xia, S.; Chen, B.; et al. Detection
of COVID-19: A review of the current literature and future perspectives. Biosens. Bioelectron. 2020, 2020,
112455. [CrossRef]

207. Sheikhzadeh, E.; Eissa, S.; Ismail, A.; Zourob, M. Diagnostic techniques for COVID-19 and new developments.
Talanta 2020, 220, 121392. [CrossRef]

208. Yuan, X.; Yang, C.; He, Q.; Chen, J.; Yu, D.; Li, J.; Zhai, S.; Qin, Z.; Du, K.; Chu, Z.; et al. Current and
Perspective Diagnostic Techniques for COVID-19. ACS Infect. Dis. 2020, 6, 1998–2006. [CrossRef]

209. Jalandra, R.; Yadav, A.K.; Verma, D.; Dalal, N.; Sharma, M.; Singh, R.; Kumar, A.; Solanki, P. Strategies and
perspectives to develop SARS-CoV-2 detection methods and diagnostics. Biomed. Pharmacother. 2020, 129,
110446. [CrossRef]

http://dx.doi.org/10.1016/j.vaccine.2017.08.058
http://www.ncbi.nlm.nih.gov/pubmed/28890191
http://dx.doi.org/10.1016/j.bios.2015.08.040
http://www.ncbi.nlm.nih.gov/pubmed/26319169
http://dx.doi.org/10.1016/j.ab.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/29908157
http://dx.doi.org/10.3390/s150408605
http://www.ncbi.nlm.nih.gov/pubmed/25875186
http://dx.doi.org/10.1016/j.autrev.2014.04.005
http://dx.doi.org/10.1016/bs.acc.2020.02.001
http://dx.doi.org/10.2217/fvl-2016-0096
http://dx.doi.org/10.1038/srep04116
http://dx.doi.org/10.1016/j.jmat.2019.03.004
http://dx.doi.org/10.1016/S0039-9140(02)00307-7
http://dx.doi.org/10.1007/s12250-016-3899-x
http://dx.doi.org/10.1016/j.jelechem.2019.04.066
http://dx.doi.org/10.1016/j.talanta.2019.05.101
http://www.ncbi.nlm.nih.gov/pubmed/31357278
http://dx.doi.org/10.1016/j.talanta.2019.120201
http://www.ncbi.nlm.nih.gov/pubmed/31514868
http://dx.doi.org/10.1016/B978-0-12-812026-2.00004-9
http://dx.doi.org/10.1016/j.gendis.2020.06.004
http://dx.doi.org/10.1016/j.bios.2020.112431
http://dx.doi.org/10.1016/j.bios.2020.112455
http://dx.doi.org/10.1016/j.talanta.2020.121392
http://dx.doi.org/10.1021/acsinfecdis.0c00365
http://dx.doi.org/10.1016/j.biopha.2020.110446


Sensors 2020, 20, 6926 25 of 26

210. Ward, S.; Lindsley, A.; Courter, J.; Assa’ad, A. Clinical testing for COVID-19. J. Allergy Clin. Immunol. 2020,
146, 23–34. [CrossRef]

211. Kumar, R.; Nagpal, S.; Kaushik, S.; Mendiratta, S. COVID-19 diagnostic approaches: Different roads to the
same destination. Virus Dis. 2020, 31, 97–105. [CrossRef] [PubMed]

212. Santiago, I. Trends and Innovations in Biosensors for COVID-19 Mass Testing. ChemBioChem 2020, 21, 1–11.
[CrossRef] [PubMed]

213. Kaur, M.; Tiwari, S.; Jain, R. Protein based biomarkers for non-invasive Covid-19 detection. Sens. Bio-Sens. Res.
2020, 29, 100362. [CrossRef] [PubMed]

214. Choi, J.R. Development of Point-of-Care Biosensors for COVID-19. Front. Chem. 2020, 8, 517. [CrossRef]
215. Sheridan, C. Fast, portable tests come online to curb coronavirus pandemic. Nat. Biotechnol. 2020, 38, 515–518.

[CrossRef]
216. Jiang, Z.; Feng, A.; Li, T. Consistency analysis of COVID-19 nucleic acid tests and the changes of lung CT.

J. Clin. Virol. 2020, 127, 104359. [CrossRef]
217. Li, Z.; Yi, Y.; Luo, X.; Xiong, N.; Liu, Y.; Li, S.; Sun, R.; Wang, Y.; Hu, B.; Chen, W.; et al. Development

and clinical application of a rapid IgM-IgG combined antibody test for SARS-CoV-2 infection diagnosis.
J. Med. Virol. 2020, 2, 1518–1524. [CrossRef]

218. Thevarajan, I.; Nguyen, T.; Koutsakos, M.; Druce, J.; Caly, L.; van de Sandt, C.; Jia, X.; Nicholson, S.; Catton, M.;
Cowie, B.; et al. Breadth of concomitant immune responses prior to patient recovery: A case report of
non-severe COVID-19. Nat. Med. 2020, 26, 453–455. [CrossRef]

219. Du, Z.; Zhu, F.; Guo, F.; Yang, B.; Wang, T. Detection of antibodies against SARS-CoV-2 in patients with
COVID-19. J. Med. Virol. 2020. [CrossRef]

220. FDA. Health C for D and R. EUA Authorized Serology Test Performance. 2020. Available online:
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-
medical-devices/eua-authorized-serology-test-performance (accessed on 15 August 2020).

221. Ghaffari, A.; Meurant, R.; Ardakani, A. COVID-19 Serological Tests: How Well Do They Actually Perform?
Diagnostics 2020, 10, 453. [CrossRef]

222. Morales, E.; Dincer, C. The impact of biosensing in a pandemic outbreak: COVID-19. Biosens. Bioelectron.
2020, 163, 112274. [CrossRef] [PubMed]

223. Yin, J.; Zou, Z.; Hu, Z.; Zhang, S.; Zhang, F.; Wang, B.; Lv, S.; Mu, Y. A “sample-in-multiplex-digital-answer-out”
chip for fast detection of pathogens. Lab. Chip 2020, 20, 979–986. [CrossRef] [PubMed]

224. Cady, N.C.; Fusco, V.; Maruccio, G.; Primiceri, E.; Batt, C.A. Micro- and nanotechnology-based approaches to
detect pathogenic agents in food. In Nanobiosensors; Grumezescu, A.M., Ed.; Academic Press: Cambridge,
MA, USA, 2017; pp. 475–510. [CrossRef]

225. Zhuang, J.; Yin, J.; Lv, S.; Wang, B.; Mu, Y. Advanced “lab-on-a-chip” to detect viruses—Current challenges
and future perspectives. Biosens. Bioelectron. 2020, 163, 112291. [CrossRef] [PubMed]

226. Mavrikou, S.; Moschopoulou, G.; Tsekouras, V.; Kintzios, S. Development of a Portable, Ultra-Rapid and
Ultra-Sensitive Cell-Based Biosensor for the Direct Detection of the SARS-CoV-2 S1 Spike Protein Antigen.
Sensors 2020, 20, 3121. [CrossRef]

227. Bhalla, N.; Pan, Y.; Yang, Z.; Farokh, A. Opportunities and Challenges for Biosensors and Nanoscale
Analytical Tools for Pandemics: COVID-19. ACS Nano 2020, 14, 7783–7807. [CrossRef] [PubMed]

228. Palestino, G.; Garcia, I.; Gonzalez, O.; Rosales, S. Can nanotechnology help in the fight against COVID-19?
Exp. Rev. Anti-Innefect Ther. 2020. [CrossRef]
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