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Preface

The modern era makes our life more complex. This emergence of dynamic com-
plexity even in healthcare sectors makes the world to come up with a smart solution.
The evolution of point-of-care testing provides medical diagnosis within and outside
the laboratory. Such bench-to-bedside diagnosis advances patient management to a
great extent. To cater to the needs, a significant amount of focus has been dedicated
to developing an inexpensive, accurate, sensitive point-of-care device at an afford-
able price to reach the common people.

Rapid detection and point-of-care (POC) diagnostics have become very crucial
especially after the life-threatening coronavirus pandemic. The pandemic has proved
that despite tremendous advances in medical sciences and technology, sorely we are
lagging in healthcare research. Detection schemes can be realized with an electro-
chemical platform, thanks to its promising advantages like low-to-moderate cost,
high sensitivity, and selectivity with a lower limit of detection (LOD), rapid
response, and easy integration with microfluidic systems. A variety of signal ampli-
fication methods based on electrochemical-chemical-chemical (ECC) redox cycling
and rolling circle amplification (RCA) have been explored. Integration of these
systems opens a new horizon to fabricate miniaturized devices, disposability, need
for less sample volume, multiplex, and POC sensing ability.

Our motto is to fabricate a label-free, wash-free, and portable electrochemical
biosensor for point-of-care application and early detection of disease. It will be in the
form of a handheld or bench-top instrument which will accept a sample with very
little or no pre-preparation and can provide a comprehensible result in seconds to
hours for easy interpretation. Next-Generation Nanobiosensor Devices for Point-of-
Care Diagnosticswas prepared for beginning and experienced authors to explore the
challenges for the development of next-generation point-of-care test platform using
nanobiotechnology.

In this book, we address these challenges for the development of a point-of-care
test platform. The book also describes printed chip-based assays (Lab-on-a-Chip,
Lab-on-a-PCB) for rapid, inexpensive, biomarkers detection in real samples. The
main challenges of point-of-care testing require implementing complex analytical
methods into low-cost technologies. This is particularly true for countries with less
developed healthcare infrastructure. Wash-free, Lab-on-a-Chip, and Lab-on-a-PCB
techniques are very simple and innovative for point-of-care device development.
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The redox cycling technology can detect several interesting targets at the same time
on a printed chip. The areas are inherently cross-disciplinary, combining expertise in
biosensing, electrochemistry, electronics and electrical engineering, healthcare, and
manufacturing. Other focus audience includes physical and chemical science
scientists who are involved in the development of an analytical device for the easy
and early detection of chronic diseases. Furthermore, other than research purposes,
this book can potentially also be helpful for nanobiotechnology and biomedical
engineering teachers and students. Besides, chapters are organized in such a way that
the reader can easily understand the emphasis of each chapter’s focus to select
appropriate biosensors of interest. The title covers a very vast audience from basic
science to engineering and technology experts and learners. This could eventually
work as a textbook for engineering and biomedical students or science master’s
programs and for researchers. This title also serves the common public interest by
presenting new methods for data evaluation and medical diagnosis to improve the
quality of life in general, with a better integration into society.
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Recent Development in Detection Systems
for Human Viral Pathogens from Clinical
Samples with Special Reference
to Biosensors

Kamal Shokeen, Purvita Chowdhury, and Sachin Kumar

Abstract

Over the last few decades, the emergence and re-emergence of various pathogenic
viruses have significantly impacted human health. The continuous rise in cases
with increasing mortality rates has driven the chase for effective treatment options
and early diagnosis to combat this global health issue. Currently, used laboratory
techniques for virus detection require complex equipment, trained personnel, and,
most importantly, are time-consuming. In times of outbreaks and epidemics like
COVID-19 and Ebola, easy-to-use and point-of-care tests, especially for devel-
oping and underdeveloped countries, are indispensable.

This chapter explicitly discusses the availability of the detection methods for
various human viral pathogens with their shortcomings and recent advancements
in biosensors. With the ongoing improvement in biosensors, these hold important
avenues for rapid, sensitive, and scalable devices for viral diagnostic purposes.
The effectiveness of previously known and current approaches/devices/methods
that utilize different principles for detection has also been reviewed here, with the
listing of all the available tests for various human pathogens.
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1 Preamble

Viral infections are a considerable threat to global health despite numerous efforts
that have been made for their prevention and control. We constantly witness the
emergence of new viruses and sometimes appearances of previously known viral
diseases, which can infect and cause disease with fatal consequences [1]. Presently,
humans are known to be infected with 219 reported virus species, and newer species
are still being found every year [2, 3], and all are adept at causing devastating
diseases. As the more contemporary species will continue to emerge and cause
devastation to the global population, an efficient detection, and prevention system
for early diagnosis and proper treatment is required to control the fatalities
[4, 5]. These viral species are genetically diverse with varying pathogenicity and
genotypes; therefore, the need for detection and differentiation systems with higher
accuracy and sensitivity has increased significantly in the last few years. Proper
attention must be bestowed to detect more efficiently to avoid future epidemics and
outbreaks. There has been a sudden emergence of many viral infections over the last
few decades, including human immunodeficiency virus (HIV) [6], influenza A virus
[7], severe acute respiratory syndrome coronavirus (SARS-CoV), middle east respi-
ratory syndrome coronavirus (MERS-CoV) [8], and most recently, Ebola [9, 10],
Zika [11], and SARS-CoV-2 [12] throughout the world [13]. The ease with which
the viruses can spread worldwide within days apprises that a global-level surveil-
lance system is essential to detect novel viruses rapidly.

To prevent the deaths and rapid spreading of the disease, performing an accurate
screening for early detection is vital. Diagnosis methods for viruses have progressed
rapidly from animal inoculation to computer automation. There has been a continu-
ous development of new detection methods based on molecular and cellular
approaches. Some of the available techniques detect viral genomes or proteins,
while others detect viable virions. Presently, several detection methods are available
associated with PCR, CRISPR/Cas system, immunoassays, cell-based assays, and
next-generation sequencing (NGS) [14]. Each screening test provides complemen-
tary advantages and disadvantages. No one system can provide a rapid and reliable
method for detection in the real world; thus, improved screening systems are
urgently needed. Identifying the viral agents is essential to managing patients
while reducing the risk of spread appropriately. Presently, all the recent technologi-
cal advancements focusing on the technical fallacies of traditional approaches are yet
to be resolved in this field.

2 Direct Cultivation Approach

Cell culture inoculation is the conventional approach for detecting and identifying
many human viral pathogens [15]. Cell cultures have provided a suitable environ-
ment for isolation and culturing the viruses; however, the process is slow,
technologically sophisticated, and needs the expertise to read cytopathic effects
[16]. Generally, several different cell lines are being used for the culture and



detection of viruses with differences in efficiency and specificity. The most exten-
sively used cell lines used for viral detection are Madin-Darby canine kidney
(MDCK) cells, primary rhesus monkey kidney (RhMK) cells, primary rabbit kidney
(RK13) cells, human foreskin fibroblasts (hFFs), human lung fibroblasts (MRC-5),
Vero cells, human epidermoid carcinoma (HEp-2) cells, and human lung carcinoma
(A549) cells [17]. Studying the growth patterns usually require maintaining a variety
of cells, then inoculating the pathogens followed by a minimum of 24 h of incubation
to yield observable outcomes. Culturing the viruses in cell lines helps determine viral
particles and characterize their properties and behavior, which ultimately helps
develop various treatment methods.
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Additionally, the viruses propagated in the cell can further be used to study
morphology by electron microscopy. The approach has more limitations for
non-culturable viruses than advantages [18]. Thus, it was quickly replaced by a
nucleic acid-based amplification approach, mainly polymerase chain reaction (PCR),
which helped rapidly detect unculturable or fastidious pathogens directly from
clinical samples [19, 20].

3 Nucleic Acid-Based Approach

The idea of sequence analysis by PCR offered better identification and characteriza-
tion of the pathogen with more reliable, reproducible, and specific outcomes for a
broader panel of viruses [21]. The assertive approach of PCR helps synthesize
millions of copies of the particular segment in vitro from a modicum amount,
which is undetectable by any other method. Detection of the pathogen by PCR
requires the knowledge of unique nucleotide segments on the DNA to synthesize the
primers complementary to the sequences flanking the distinctive region. Generally,
two primers are used for annealing the sense and antisense strand simultaneously;
further, a thermostable DNA polymerase extends the primers simply by adding
complementary nucleotides [22]. From time to time, advancements in conventional
methodology were made to make them easy to use, precise, and efficient in virus
detection even at the early stages of the disease [23–26]. The cell culture methods are
often coupled with PCR to yield robust results [27]. A better understanding of viral
genomes and their pathogenicity has helped us develop upgraded amplification
systems to detect them [28, 29].

3.1 Real-Time PCR

Real-time Polymerase Chain Reaction (RT-PCR)-based detection system was con-
sidered the gold standard for detecting all types of viruses for a very long time [30–
33]. This approach has been used to successfully diagnose dengue infection, Japa-
nese encephalitis virus, SARS-CoV-2, and many other viruses [34–36]. It produced
the most sensitive quantification by determining the viral load level in symptomatic
and non-symptomatic individuals [37]. It also offered noninvasive sampling and



easy collection methods from patients’ saliva and other bodily fluids. However, the
process requires total RNA isolation from the samples, then the synthesis of com-
plementary first strand DNA followed by RT-PCR amplification, making it time
consuming [38]. Additionally, the outputs were also linked with false negatives, and
they only detect the presence of viral genomes and not the live infectious viral
particle [39–41]. Other significant problems associated are detecting only known
viruses, difficulty in identifying viruses with high genome variability, and the
inability to differentiate between infectious and noninfectious viruses. Despite all
the necessary changes and improvements, they have not been suitable for large-scale
use. They are relatively expensive, labor intensive, and require equipment, making
them incompatible with use in remote locations. All these fallacies accentuated the
need to direct our efforts toward working on low-cost and accessible diagnostic
procedures.
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3.2 Isothermal PCR

The RT-PCR test is usually performed in a thermal cycler, which requires a constant
power supply. A proper temperature is needed for amplification by polymerase
enzyme, making the process impossible to carry out on fields. Recent advancements
have made the process temperature independent by utilizing enzymes to separate the
strand. This powerful diagnostic tool offers nucleic acid amplification at a stable
temperature without the need for expensive instruments or reagents [42]. The fluo-
rescence dye can visualize the outcome surpassing the endpoint detection
limitations. Loop-mediated isothermal amplification-based assay (LAMP) is one
widely used approach to detecting several human viruses [43, 44]. The primers are
responsible for accurate results, as several pairs are required with the optimized
location. Several refinements, the addition of quencher or replacement of fluorescent
dye, have also been made to make the system more efficient but still failed to
produce accurate results for low viral load samples. Due to the complexity of primer
designing and false negatives, this approach could not satisfy the urgent need for an
effective diagnostic method. Still, it has been considered to diagnose the SARS-
CoV-2 virus [45, 46].

3.3 Droplet Digital PCR

The digital droplet PCR (ddPCR) is the new generation absolute quantification assay
for nucleic acids, an improvement of the conventional PCR technique. Due to its
high sensitivity for absolute viral load concentrations, robustness against PCR
inhibitors, and reproducibility, ddPCR is a promising technique for viral identifica-
tion. In this technique, the nucleic acid is quantified through numerous partitioned
reactions where the sample is captured inside an oil and immiscible fluid droplet.
After amplification, the concentration of the sample is determined using Poisson’s



statistics. Several platforms have been commercialized for ddPCR, and tests for
detecting SARS-CoV-2, HIV, and Herpes virus have been reported [47–49].
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3.4 Nucleic Acid Sequencing

Sequencing is the rapidly growing approach that helps pathogen identification and
determines the circulating strain’s pathogenic nature. Sanger sequencing is the
widely used method based on the principle of chain termination during DNA
amplification. This approach involves using fluorophores labeled
dideoxynucleotides (ddNTPs), leading to chain termination during amplification
when incorporated into the newly synthesized strand. Significant limitations of the
classical technique are their speed, read length, and low throughput, due to template
preparation and the enzymatic reactions [50]. The evolution of sequencing
technologies has drastically reduced the rate at which multiple samples can be
simultaneously analyzed [51]. Developing a high-throughput version of the classical
method helped quickly obtain first-hand information about the viral genome and its
pathogenicity.

NGS-based testing provides a comprehensive and feasible approach to determin-
ing the genomic sequence, even more than one million base pairs in a single
experiment [52]. The NGS platform’s key factors are read length, throughput, read
accuracy, read depth, and cost per base. Several NGS-based sequencing platforms,
including pyrosequencing, Ion torrent technology, Illumina/Solexa, and SOLiD
(Sequencing by Oligonucleotide Ligation and Detection) have revolutionized
sequencing [53]. The identification of viruses by the NGS method includes sample
preparation, sequencing, processing raw data using bioinformatics tools, and finally,
analysis and interpretation. It has excellent prominence for identifying unknown
pathogen and differentiating circulating strains by incorporating mutations. Still, the
massive cost of the equipment and reagents required restricts its application in
routine diagnostic laboratories. The prime problem associated with this approach
is generating a large amount of data, which requires an efficient data interpretation
procedure. Recent studies have shown the usage of NGS-based methods for discov-
ering the newly emerging and circulating strains of SARS-CoV-2 [53]. The rapid
screening and accumulation of sequence of all the strains have immensely helped
generate phylogenetic trees revealing all the closely related variants and their origin.
Even the slightest difference in the nucleotide sequence in the spike protein could be
detected rapidly through genome sequencing to identify the variants and for evolu-
tionary analysis [54, 55].

3.5 CRISPR/Cas-Based Systems

The discovery and growing research on clustered regularly interspaced short palin-
dromic repeats (CRISPR) and CRISPR-associated proteins (Cas) have paved the
way for a novel molecular diagnostic platform for viral detection. Their high



programmability and specificity make them ideal molecular sensors for detecting
target DNA in vitro. These sequences are essentially present in bacteria as their
adaptive immune response mechanism [56]. Thus, the RNA-guided nucleases
cleaved the foreign nucleic acid attacking the bacterial cell. Among these systems,
CRISPR/Cas12a and CRISPR/Cas13a have been the most widely explored for
nucleic acid detection [57]. A CRISPR/Cas13a-based point-of-care platform was
proposed, known as SHERLOCK, to detect Zika and dengue virus nucleic acid [58].
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4 Protein-Based Approach

Serological assays were also developed to detect virus-specific antibody responses
offering faster and hassle-free detection [59]. The available tests include virus
neutralization, hemagglutination, single radial hemolysis, complement fixation,
and indirect immunofluorescence. They directly determine viral proteins and indirect
determination of Immunoglobulin G (IgG) and IgM antibodies in the serum samples
without preprocessing. The enzyme-linked immunoassay (ELISA) is the most com-
monly performed immunoassay in most laboratories to detect virus antigen-specific
antibodies. Generally, the antigen is bound to absorbent polypropylene plates for this
technique. When the unknown serum sample is added, it forms an antigen-antibody
complex which is further attached to specific conjugated antibodies. The reaction is
detected with an indicator to evaluate the amount of response [60].

4.1 Hemagglutination Assay

An inexpensive and classical screening technique is commonly used to detect
influenza virus from isolates harvested from embryonated chicken allantoic fluid
or cell culture. The surface hemagglutinin protein of influenza virus binds to the
N-acetyl neuraminic acid of avian erythrocytes, resulting in an agglutination reaction
where the erythrocytes form a lattice and precipitate. A quantitative assay denotes
that one hemagglutinating unit is equivalent to 5–6 logs of the virus [61].

4.2 Hemagglutination Inhibition Assay

It is one of the primary and most reliable assays to quantify the antibodies and
subtype determination for influenza virus. The hemagglutination inhibition assay
(HI) principle depends on the Hemagglutination Assay (HA) activity of the virus,
and serial dilutions of serum with virus and erythrocytes are incubated for the test. If
antibodies against the virus are present in the serum, the binding of erythrocytes to
the influenza hemagglutinin protein, i.e., hemagglutination, is inhibited. The highest
dilution of serum that ultimately shows HI is considered the HI titer [62]. This test is
feasible for influenza viruses, parainfluenza viruses, and arthropod-borne viruses
like West Nile and the Japanese encephalitis virus [63–65].
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4.3 Virus Neutralization Assay

The serological virus neutralization assay is performed to assess the presence and
magnitude of functional antibodies that can prevent virus infectivity in vitro. Con-
ventionally, the antibody titer is determined based on the presence of a cytopathic
effect or immunoreactive test. This method detects antibodies in serum against
several viruses like Influenza, Dengue, and SARS-CoV-2, which are detected by
this method [66–68].

4.4 Lateral Flow Immunoassay

One of the most commonly used technologies for rapidly detecting viral antigens is
the lateral flow immunoassay or immunochromatographic assay. When a clinical
sample is put into the absorbent chromatographic paper, it is drawn toward the
conjugate paper by capillary action. The conjugate paper has immobilized specific
monoclonal antibodies conjugated with a colored particle (colloidal gold) and
primarily reacts with the viral antigen. The antigen–antibody complex, if formed,
is carried by the capillary flow effect to an immobilized specific antibody bound to a
reaction membrane and can be observed as a colored line [69]. Numerous rapid
antigen detection kits have been developed using this technology for diagnosing
diseases like COVID-19, Dengue, Zika, and Influenza [70–72].

The immunological approach not only helps in identifying the viral protein but
also in characterizing the virus properties. However, such serological methods are
limited in their diagnostic value due to cross-reactivity among different viruses
belonging to the same family. There are also some chances of obtaining false results
due to the failure of antibody attachment. The detectable IgM and IgG antibodies are
only produced after a few days of onset of symptoms; therefore, the test sometimes
fails to give a positive outcome in patients with mild infection or who fail to develop
antibodies. These problems pose barriers to early diagnosis as the present situation
demands rapid and point-of-care testing assays.

5 Biosensor-Based Approach

Biosensors are independent consolidated devices with three major components: i) a
bioreceptor, ii) a transducer, and iii) a digital output detector. Biosensors produce
quantitative or semiquantitative-specific analytical information. Primarily, an
immobilized biological element like a DNA probe, enzyme, or antibody acts as a
bioreceptor that recognizes and interacts with a target biological analyte like com-
plementary DNA, enzyme–substrate, or antigen [73]. The changes produced from
the interaction are thus converted to measurable signals by the transducers and then
quantified by the digital detectors.

The essential features for the performance of a biosensor are:
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1. The primary characteristic is the selective recognition of a specific biological
analyte in a sample composed of a mixture of components. Therefore, depending
on the need, a particular bioreceptor is determined [74].

2. Secondly, the reproducibility of signal output for the same experimental set-up is
another crucial criterion for a biosensor.

3. The stability of a biosensor is its endurance capacity against environmental
conditions like pH, temperature, or ions and can affect the precision of the device
[75]. Therefore, biosensors need to be stable.

4. Limit of detection (LOD) or sensitivity is one of the essential criteria for
biosensors, determining the least amount of biological analyte that the biosensor
can analyze.

A biosensor is distinct from the regularly used bioprobe or bioanalytical devices.
As opposed to bioprobes, biosensors are reusable and detect analyte concentration
uninterruptedly. Biosensors are easy to operate, unlike bioanalytical devices, as they
do not require added processing phases or reagents [75]. Biosensors offer a variety of
advantages over traditional methods, providing rapid results with high specificity
and sensitivity. Moreover, a portable and compact device with real-time analysis and
point-of-care testing (POCT) is suitable for biosensors, making it an attractive
alternative to traditional methods [76]. Researchers are now developing strategies
to enhance biosensors’ signal amplification and sensitivity using nanomaterials,
namely, nanoparticles, nanofilm, and quantum dots [77–79]. Based on the trans-
ducing module, biosensors may be categorized as optical, electrochemical, thermal,
piezoelectric, magnetic, and micromechanical to diagnose various viruses (Table 1)
[80, 81].

1. Optical Biosensors: When the biological analyte and recognition element on the
transducer surface react to form optical changes, it is then measured by an optical
biosensor. In the past decade, advances in optical biosensors have picked up the
pace for more sensitive optical platforms like surface plasma resonance (SPR),
ring resonators, fiber optics, interferometers, photonic crystals, and planar optical
wavelength [82] (Fig. 1).
Virus Detection Examples:
(a) Dengue: Researchers have developed optical biosensors to detect anti-

Dengue envelope protein antibodies using tapered optical fiber as a
polyamidoamine (PAMAM) dendrimer sensor. This PAMAM enhances the
adhesion of the biorecognition element, i.e., the Dengue E protein antigen
and LOD of the sensor were found to be 1.0 pM [83]. Another approach for
Dengue diagnostic was developed using the spin coating method where
Dengue monoclonal antibody was immobilized on a thin film of gold/Fe-
MPA-NCC-CTAB/EDC-NHS. This thin film’s interaction with Dengue
protein generated an SPR signal with 39.96° nM-1 sensitivity [84].

(b) Hepatitis: In a study, Hepatitis B surface antigen (HBsAg) with secondary
antibody was used to detect human Hepatitis B virus (HBV) antibody using
the SPR technique, and the LOD was found as 10 nmol [85]. Another group
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(continued)
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Table 1 Biosensor platforms proposed for detection of various human viruses. HAU,
hemagglutinating unit; pfu, plaque forming unit

Type of
biosensor

Detection
limit

Optical Ebola Fluorescence nucleic acid 0.2 pfu/mL [126]

Zika Envelope protein 5 pfu [127]

Influenza Anti-H5N1 aptamer 0.128 HAU [128]

Norovirus Monoclonal antibody 0.01 ng/mL [129]

Adenovirus DNA 101 copies/
reaction

[130]

Electrochemical Ebola DNA probe 4.7 nM [131]

Zika DNA probe 25.0
± 1.7 nM

[132]

Influenza DNA probe 1 pM [133]

Norovirus Recognition peptides 7.8 copies/
mL (clinical
sample

[134]

Adenovirus Anti-adenoviral monoclonal
antibody

30 copies/
mL

[135]

Piezoelectric Ebola Anti-Ebola monoclonal
antibody

1.9 × 104

pfu/mL
[136]

Zika Anti-Zika antibody Not
mentioned

[118]

Influenza Synthetic
sialylglycoconjugates

105 virions/
mL

[118]

Human
papilloma
virus

Synthetic biotinylated
oligonucleotides

50 nM [137]

Human
rhinovirus
virus

Molecular imprinted
“artificial antibody”

100 μg/mL [138]

Magnetic Ebola Biotinylated capture probes 33 cDNA
molecules

[139]

Zika Fluorescent tagged magnetic
beads

13 ng/L [140]

Influenza Erythrocyte membrane
covered magnetic
nanoparticles

Not
mentioned

[141]

Norovirus Au/M nanoparticles-
Graphene conjugated with
anti-Norovirus antibody

1.16 pg/mL [142]

Ebola Biotinylated capture probes 33 cDNA
molecules

[139]

Micromechanical Ebola Anti-Ebola probe 1 ng/mL [143]

Zika QCM biosensor with
aptamers

1 ng [144]

Influenza Au nanoparticles conjugated
with antibodies

1 × 103PFU/
mL

[145]
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Table 1 (continued)

Type of
biosensor

Detection
limit

Norovirus Graphene-Au nanoparticle
with ferrocene tagged
aptasensor

100 pM [146]

Fig. 1 Optical biosensor: Schematic representation of the basic operation of optical biosensor with
detection of angle shift. Created with biorender.com

of researchers used the surface-enhanced Raman scattering method to
develop a biosensor on a gold nanoparticle chip to detect HBV DNA. The
LOD was observed to be 0.44 fm [86].

(c) HIV: For HIV detection, label-free photonic crystal nanostructures have been
used. The researchers reported that intact RNA of HIV from biological
samples, when immobilized on the nanostructured surface, produces a reso-
nant peak wavelength shift. This biosensor could detect 104 to 108 copies/mL
[87]. Another approach for the detection of HIV was reported using multiple
modified layers of poly-l-lysine, gold, and anti-HIV antibody. This technique
detected ~100 copies/mL of the clinical sample across subtypes of HIV
[88]. This nanoplasmonic electrical field-enhanced resonating platform has
been recently developed into a portable device [89].

http://biorender.com
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Fig. 2 Electrochemical Biosensor: Schematic diagram of a screen-printed electrochemical biosen-
sor. (a) Modification and fabrication of the electrochemical biosensor. (b) Immobilization of
antibody. (c) Binding of target antigen with the specific immobilized antibody. (d) Measurement
of the electrochemical detection. Created with biorender.com

(d) SARS-CoV-2: With the recent COVID-19 pandemic caused by the SARS-
CoV-2 virus, research for rapid detection techniques, especially on
biosensors, are ongoing rapidly. A very contemporary approach using a
plastic optical fiber-based probe to detect different variants of SARS-CoV-
2 has been developed. The probe fitted with a laser source can be directly
inserted into the patients’ nasopharyngeal or oropharyngeal tract, which
detects the signal received by the photodetector [90]. Another study proposed
a multilayer of TiO2–Ag–MoSe2 graphene combined with a BK7 prism
where recombinant monoclonal anti-SARS-CoV-2 antibodies were
immobilized in the sensor. The antigen–antibody interaction results in an
angular shift in the SPR and is thus detected by the biosensor [91].

2. Electrochemical Biosensors: The platform for electrochemical biosensors
contains electrochemical transducers that may be either gas, metal, carbon, or
glass electrodes [92]. Principally an electrochemical biosensor has two
components: (i) Biorecognition element, which detects the analyte, and
(ii) Transducer, which converts electrochemical data into a signal proportional
to the concentration of the analyte. Electrochemical biosensors may be classified
as potentiometry, amperometry, conductometric, and ion charge or field-effect
based on the detection mode. The transducing electrodes are modified with virus-
specific probes or antibodies for virus detection (Fig. 2).
Virus Detection Examples:

http://biorender.com
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(a) Dengue: Numerous studies have developed an electrochemical biosensor to
detect the dengue virus [ ]. A recent study developed a gold electrode
biosensor with gold nanoparticles and carbon nanotubes to improve the
electrochemical signal. Dengue NS1 protein-specific antibodies were
immobilized on the nanoparticles, and upon recombinant Dengue antigen–
antibody interaction, the LOD was observed to be 3 × 10-13 g/mL [ ]. Sim-
ilarly, in another study, functionalized gold electrodes were immobilized
with chemically synthesized peptides against Dengue NS1 protein. The
LOD of this biosensor was 1.49 μg/mL [ ].95

94

93

(b) Hepatitis: To detect Hepatitis C, screen-printed electrodes have been used as
an electrochemical biosensor. Linear peptides against the E2 protein of
Hepatitis C were functionalized on the peptides, and the binding of the
analyte was evaluated using differential pulse voltammetry. The LOD for
this device was 2.1 × 10-5 mg/mL in simulated blood plasma [96]. To detect
Hepatitis E, quantum dots of graphene fabricated with gold polyaniline
nanowire were used as an electrochemical biosensor. The results of this
study report an exceptionally low LOD of 0.8 fg/mL [97].

(c) HIV: A glass carbon electrode functionalized with polyaniline and graphene
was used as an electrochemical biosensor to detect HIV. This study used
single-stranded DNA probes immobilized on the electrode, and the sensor
showed a LOD of 1.0 × 10-16 M [98]. Another study described label-free
electrochemical biosensors using gold-sputtered electrodes and screen-
printed electrodes. Specific DNA probes against HIV-1 and HIV-2 were
fabricated on the electrode surface, and analyte interaction was monitored
by square wave voltammetry. The LOD of this device was found to be
0.1 nM [99].

(d) SARS-CoV-2: Several researchers have explored electrochemical biosensors
to detect SARS-CoV-2. An ultrasensitive electrochemical biosensor for
detecting SARS-CoV-2 was reported using screen-printed carbon electrodes.
The probes were immobilized with redox-active labels hybridized and
isothermal rolling circle amplification product in this device. The electro-
chemical biosensor further detected it, and the minimum detection limit was
observed to be one copy/μl [100]. The field-effect transistor-based biosensor
was also developed using anti-spike antibodies to detect SARS-CoV-2,
which showed LOD as low as 1–100 fM from clinical samples [101].

3. Piezoelectric biosensors: When certain natural and artificial materials are
subjected to mechanical strain or stress, they generate an internal oscillating
electric field known as piezoelectric materials [102]. Some of the best-known
and understood piezoelectric materials are quartz, silicon dioxide, and ferroelec-
tric ceramics. Thus, these materials have gained importance as biomaterials can
be functionalized on the surface and used as diagnostic biosensors. In a piezo-
electric biosensor, the piezoelectric material is the transducer; when there is an
interaction between the immobilized probe on the electrode placed on the piezo-
electric material and the analyte, Masson, the electrode changes resulting in
current variation and is detected by crystal microbalance [103] (Fig. 3).
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Fig. 3 Piezoelectric biosensor: Schematic representation of the basic operation of piezoelectric
biosensor. (a) Immobilization of specific antibodies. (b) Binding of a target antigen to the specific
antibody. (c) Detection of time-dependent frequency shift post-antibody–antigen binding. Created
with biorender.com

Virus Detection Examples:
(a) Dengue: Several piezoelectric biosensor devices have been proposed to

detect the Dengue virus. Among the reported studies, an immune chip of
QCM was developed by immobilizing monoclonal antibodies against Den-
gue E and NS1 proteins from clinical samples. The detection limit was
1.7 μg/mL and 0.7 μg/mL for E and NS1 proteins, respectively [ ]. At
the same time, another study proposed bacterial cellulose nanocrystals as a
thin-film coating on QCM to detect dengue. According to the authors, this
coating enhanced the sensitivity and attachment of the specific monoclonal
antibody to detect dengue NS1 protein from clinical serum samples. The
LOD was observed to be 0.1–0.32 g/mL [ ].105

104

(b) Hepatitis: A novel piezoelectric device was proposed by a team of Chinese
scientists to detect the Hepatitis B virus. The apparatus comprises a gold
electrode with polyethyleneimine adhesion on piezoelectric quartz material.
The Hepatitis B DNA probe was immobilized on the electrode using the
glutaraldehyde cross-linking (PEI-Glu) method. The device successfully
detected the concentration range of 0.02–0.14 μg/mL of Hepatitis B virus
[106]. Another study proposed the piezoelectric quartz crystal biosensor
immobilized with oligonucleotide probes to detect the Hepatitis C
virus [107].

http://biorender.com
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(c) HIV: To detect HIV-1 and HIV-2, a prototype piezoelectric biosensor has
been described recently. Silicon dioxide layers and interdigital transducers
were used as biosensor chips. These chips were further functionalized with
monoclonal antibodies against HIV-1 recombinant glycoprotein 24 and
HIV-2 recombinant glycoprotein 39. When reacted with infected human
sera, it was observed that the LOD was 12 and 87 50% tissue culture
infectious dose for HIV-1 and HIV-2, respectively [108]. Determination of
HIV using a specific monoclonal antibody against glycoprotein 120 coated
on a gold electrode was attempted in a separate study where quartz served as
the biosensor. Using clinical samples, it was found that LOD was 6.5 × 104

viruses/mL [109].
(d) SARS-CoV-2: For detecting the SARS-CoV-2 antigen, many researchers

proposed a polyvinylidene fluoride piezoelectric microcantilever-based bio-
sensor. A specific antibody was coated on the microcantilever, and when it
interacted with the SARS-CoV-2 antigen, there was a mass change and
generated floating voltage [110].

4. Magnetic biosensors: Magnetic biosensors that use magnetic fields by certain
magnetic particles after binding to analytes are called magnets.
Superparamagnetic particles and magnetic nanoparticles are extensively used
for biomedical purposes due to their easy functionalization, biocompatibility,
and stability [111]. The principle of magnetic biosensors relies on the changes
observed through resistance and coil inductance. Various magnetic biosensors
have been used to detect viruses, such as magnetometers, ferromagnetic, magne-
toresistive, magneto-optical, and inductive [112] (Fig. 4).
Virus Detection Examples
(a) Dengue: A novel automated magnetic biomarker device has been previously

proposed to detect Dengue NS1 protein in patient serum. In this device,
specific monoclonal antibodies were coated on magnetic nanoparticles, and
the reaction between antigen–antibody resulted in agglutination of the mag-
netic nanoparticle. These magnetic nanoclusters were correlated with the
concentration of target NS1 protein and quantified using the magnetic
method. The LOD of the device was found to be 25 ng/mL [ ].113

(b) Hepatitis: For detecting Hepatitis B surface antigen, carboxylated magnetic
nanoparticles were used as carriers for a magnetic biosensor device. Specific
DNA aptamers were selected to develop a chemiluminescence aptasensor
using magnetic separation. The LOD of the device was observed as 0.1 ng/
mL [114].

(c) HIV: A recent study developed a point-of-care device to detect HIV by
employing the giant magnetoresistive effect. The magnetic nanosensor
chips were functionalized with a probe specific for HIV transmembrane
protein gp41, and the detection was done using a sandwich immunoassay
technique with magnetic nanoparticles. The device achieved an 80% accu-
racy of HIV detection in saliva [115].

(d) SARS-CoV-2: Using a giant magnetoresistance sensing technique and super
magnetic nanoparticles, a device was proposed to detect the presence of
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Fig. 4 Magnetic Biosensor: Schematic diagram of magnetic biosensor with gold fabricated sensor
chip. (a) Immobilization of specific single-stranded DNA on the magnetic sensor. (b) Hybridization
of the complementary target DNA bound to magnetic nanoparticle. (c) Measurement of changes in
the resistance due to generated magnetic field. Created with biorender.com

SARS-CoV-2 antibodies. The study described lateral flow immunoassay for
quantitative detection of anti-SARS-CoV-2 IgM and IgG antibodies, and the
LOD was observed to be 10 ng/mL and 5 ng/mL, respectively [116].

5.1 Micromechanical Biosensors

The sensors that use mechanical structures and cantilevers to generate surface stress
and acoustic waves to detect analytes in air, liquid, or vacuum are called
micromechanical biosensors. Thus, micromechanical biosensors depend on small
transducers to detect resonations resulting from molecular interactions of bioreceptor
and analytes [117]. Therefore, with the development of biosensors, advances have
been made in detecting viruses using micromechanical biosensors (Fig. 5).

Virus Detection Examples:
(a) Dengue: Researchers have recently proposed biosensors using Micro/Nano

Electro-Mechanical systems (MEMS/NEMS) to detect dengue virus-specific
antibodies. The biosensor structure comprised an array of polysilicon cantilevers
coated with functionalized anti-Dengue antibodies. Upon exposure to Dengue
antigen, the cantilever produced a resonance frequency of 0.89 × 106 and an
output voltage of 2.23 × 10-4 [118].

http://biorender.com
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Fig. 5 Micromechanical biosensor: Schematic representation of a microcantilever-based biosensor
(a) Microcantilever chip functionalized with specific antibodies. (b) The resultant deflection in the
microcantilever after binding of a target antigen to the antibody. (c) Variation in drain current upon
antibody–antigen binding and resultant deflection of microcantilever. Created with biorender.com

(b) Hepatitis: Resonant microcantilever arrays have been proposed for label-free
detection of Hepatitis A and C. Anti-Hepatitis A/C were functionalized on
nickel-coated MEMS cantilever. The frequency counter and a control circuit
then monitored the microcantilever’s resonant frequency. For both viruses,
LOD was observed to be 0.1 ng/mL [119].

(c) HIV: In recent times, QCM has emerged as the new label-free and robust
micromechanical biosensor platform [120]. A diagnostic device for HIV-1
was designed by scientists using Quartz crystal microbalance (QCM). In this
study, gold nanoparticles were also used to augment the signals and were coated
with streptavidin. Subsequently, biotinylated anti-HIV-1 polyclonal antibodies
were immobilized on the surface. Clinical serum samples with as low as 1 ng/
mL of antigen were detectable through this device [121].

(d) SARS-CoV-2: A recent study proposed a susceptible and rapid diagnostic
device based on micromechanical technology to detect the SARS-CoV-2 anti-
gen. They used gold-coated microcantilevers grafted with specific antibodies.
To enhance the antigen–antibody interaction, the microcantilever was
functionalized with EDC-NHS chemistry. The group reported high selectivity
and sensitive detection of clinical nasopharyngeal swab samples with the pro-
posed device within 5 min. The LOD was found to be 100 copies/mL [122].

http://biorender.com
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6 Current Challenges and Prospects

The current diagnostic ecosystem has three prime challenges, acting as a hurdle in
simplifying the global scenario [123]. First is the synchronization gap in testing
guidelines, as subtle differences exist in testing requirements, procedures, time of
testing, and method to follow. These discrepancies are a barrier to developing a
universally accepted strategy for worldwide use. Second is the lack of validation of
analytical procedures and comparability with existing methods required to demon-
strate that the system is suitable for its intended use. The unavailability of a curated
and reliable reference database related to the detection limit, specificity, and scope of
detection makes it challenging to introduce a new method for public use. Third is
technical issues related to the procedure, as some approaches come with specific
problems. Detection of infectious adventitious agents in clinical laboratories relies
on animal health, the commencement of symptoms, and animals’ innate or acquired
immunity [124].

The rapid identification methods available for most viruses can only be achieved
if the system is readily available globally, even in resource-limited regions, and
people are well trained to use them. To put an early break on future outbreaks and
endemics, we need to analyze the situation by quickly detecting the etiologic agent
with associated risks and spreading patterns. Certain factors, including viral epide-
miology and molecular mechanisms, need to be carefully studied to link the data to
solve the problem ultimately [125].

7 Conclusion

Considering that testing is only one component of viral safety and risk assessment
combined with quality by design principles and viral clearance, newer or improved
technologies for pathogen detection can significantly improve safety. There are
numerous unmet needs in the biomedical point-of-care diagnostic and patient self-
testing devices. As opposed to traditional diagnostic techniques, biosensors show a
promising platform due to their simplicity, rapidity, sensitivity, and specificity. With
the advent of nanotechnology and biotechnology, biosensors are nowmoving further
from proof of concept and being commercially developed into devices for detecting
biological analytes like blood glucose biosensors. However, while designing and
using biosensors, certain caveats need careful consideration, like (i) Contamination
of the device with previous samples, (ii) Stability of immobilized biomaterial due to
environmental conditions [75].

Nevertheless, these methods offer great scope and opportunities with good
sensitivity and broad specificity provided by a single test. Lastly, to be prepared
for potential viruses in the future, we must develop the best possible diagnostic
option to tackle an outbreak and prevent it from becoming an epidemic, thus saving
humankind.
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Abstract

Coronavirus Disease (COVID-19) is an internationally recognized public health
emergency. The disease, which has an incredibly high propagation rate, was
discovered at the end of December 2019 in Wuhan, Hubei Province, China.
The virus that causes COVID-19 is referred to as severe acute respiratory illness.
Real-time reverse transcriptase (RT)-PCR assay is the primary diagnostic practice
as a reference method for accurate diagnosis of this disease. There is a need for
strong technology to detect and monitor public health. Early notification on signs
and symptoms of the disorder is important and may be managed up to a few
extents. To analyze the early signs and side effects of COVID-19 explicit
techniques were applied. Sensors have been used as one of the methods for
detection. These sensors are cost effective. These sensors will combine with a
systematic device. It is utilized to detect the chemical compound and combined
with a biological component. It is detected through physiochemical detector.
Nanomaterials represent a robust tool against COVID-19 since they will be
designed to act directly toward the infection, increase the effectiveness of stan-
dard antiviral drugs, or maybe to trigger the response of the patient. In this paper,
we investigate how nanotechnology has been used in the improvement of
nanosensor and the latest things of these nanosensors for different infections.
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1 Introduction

By making quick decisions based on speedy diagnoses, smart data analysis, and
informatics analysis, improved health care and higher standards of health care
administration can be achieved [1]. Smart treatments, analytical tools, and diagnostic
systems are needed in order to promote health and well-being [2]. Effective disease
progression management and monitoring evaluation are crucial for epidemic com-
prehension and disease management if treatment optimization is to be achieved. It is
therefore imperative to develop new and improved smart diagnostic technologies for
personalized health care. Rapid and precise detection of analytes at the point of care
for patients is made possible by the use of point-of-care testing [3]. In addition,
because diseases may be detected early on, timely medical decisions can be made,
improving the health of patients by allowing them to begin treatment sooner. In the
last several years, a slew of new point-of-care devices have been developed, laying
the groundwork for the next generation of diagnostic testing. Since they are directly
responsible for the essay’s bioanalytical performance, biosensors, analytical devices
that translate or transduce a biological reaction into a quantifiable signal, are an
essential part of point-of-care devices [4, 5]. Optical, electrochemical, piezoelectric,
or thermal signals can all be used to quantify the process. Due to their high
sensitivity accuracy, low detection limits, and significant potential for real-sample
analysis, electrochemical biosensors have recently received much attention.

Through the discovery of new and diverse materials that combine unique features
like optical, electrical, magnetic, or catalytic qualities, nanotechnology has had a
huge impact on science and technology [6]. It is widely accepted that smart materials
are a family of nanomaterials that respond to stimuli in a certain way (such as color,
form, stiffness, opacity, or porosity) [7]. Using biosensor platforms and smart
materials in combination, it is possible to improve sensitivity while also increasing
specificity and eliminating the need for labels. From a viral diagnostic standpoint,
there has been a range of methodologies utilizing different bio-elements (CRISPR-
Cas9, nucleic acids, aptamers, and materials/transducers, such as microfluidics) and
integrative platforms such as CRISPR-Cas9 [8]. When the pandemic hits, these tools
will be a lifesaver, since they will allow for quick action, dependable results, ease of
use, and portability [9]. As a part of this book chapter, we present a complete
literature review on smart materials (such as graphene, light-sensitive, electrically
sensitive, and wearable intelligent materials) and their biosensor integrations with
examples of virus detection, such as SARS-CoV2 infected individuals.

2 Smart Materials for Sensor Technologies

Smart materials are characterized by their ability to sense and respond to one or more
stimuli [10]. Their previous states are restored once the stimuli are removed
[11]. There are a variety of external and internal stimuli that can be used, such as
environmental, chemical (pH, ionic strength), electrical, and light. In addition to
sensor technologies, smart materials are employed in a wide range of applications,



including actuators and robotics, artificial muscles, controlled drug delivery systems,
and tissue engineering. Materials science, chemistry and physics, engineering, and
nanotechnology all have a role in creating smart materials [12]. These include ionic
and magnetic materials responding to ions and magnets, materials responsive to light
and electricity, enzymes, temperature, pH, and materials sensitive to enzymatic
reactions and all of these variables [13]. The flexibility, lightweight, mass
producibility, and transparency of polymeric substances make them ideal for utiliza-
tion in biological systems. In spite of this, they have a poor level of mechanical
strength and stability. There are advantages to carbon-based nanomaterials that
include mechanical strength and flexibility, electrical and thermal conductivity,
biocompatibility, and antiviral properties [14].
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In terms of electroanalytical performance and recognition element immobiliza-
tion, current biosensor platforms primarily incorporate diverse nanomaterials
derived from carbonaceous materials (e.g., carbon nanotubes, graphene, and carbon
nanoparticles), inorganic materials (e.g., magnetic and metal nanoparticles), organic
nanoparticles (e.g., dendrimers), conductive and insulating polymers (e.g., nano-
sized and nanostructured polymers or mo (e.g., hydrogel). The integration of these
materials with biosensors aims for high selectivity, high sensitivity, rapid reaction
time, ease of use, and cost-effective qualities. Cantilevers, nanotubes, ferromagnetic
particles, conducting films and gels, dendrimers, microspheres, and nanoparticles are
only a few examples [15].

3 Structure of SARS-CoV-2

Spherically encapsulated, the SARSCoV2 virus has a positive-strand RNA [(+)
ssRNA] and measures 60–140 nm in diameter. It belongs to the Coronaviridae
family, which includes both animal and human-infecting viruses. CoV. MERSCoV,
SARSCoV, and SARSCoV2 are the four genera that make up the family. This is why
MERSCoV, SARSCoV, and SARSCoV2 are all examples of human CoV [16]. The
genome of SARSCoV2 showed structural proteins that were comparable to those
reported in other CoVs. Researchers have gained a better knowledge of COVID-19
virus activity and function by identifying the virus spike, envelope, membrane, and
nucleocapsid proteins (Fig. 1). Angiotensin converting enzyme 2 (ACE2) receptors
on host target cells are endogenous membrane components and their binding and
entrance mechanisms are tightly related with S protein binding to it. This protein is
essential for the cleavage of angiotensin I and II in the plasma membrane of human
epithelial cells [17].

The helical nucleocapsid produced by the interaction of N proteins with (+)
ssRNA (30 kb in length) aids viral replication in the host cell. They are usually
found in the area of the endoplasmic Golgi reticulum. The three transmembrane
domains of the M protein play a key role in the form, size, and assembly of viruses.
Viral replication and pathogenicity of the virus SARSCoV2 are dependent on the
production of protein E, which is synthesized in the infected vesicles’ trafficking
organelles. The S-packet anchor protein is a class I trimeric fusion protein when



viewed under an electron microscope and it displays a peak-like structure. They
regulate viral infection and facilitate viral entry into the host cell through the N and S
proteins. The S protein is made up of two distinct subunits that perform different
functions (S1 and S2). The identification and binding of cellular receptors are carried
out by the globular subunit S1, which has a greater RBD. Virus–cell fusion is made
possible by the S2 subunit. To some extent, the host range of a virus is determined by
the RBD region’s interaction with receptors on host cells. Protease priming at the
S1/S2 site occurs after SARS-CoV-2 interacts with human cells via the ACE2
receptor, resulting in virus entry and pathogenesis in the host cell.
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Fig. 1 Schematic representation of the SARS-CoV-2 structure and spike-receptor binding mecha-
nism (figure created with BioRender.com which is reproduced with permission from Ref. [7])

4 Infection Mechanism of SARS-CoV-2

The infectious agent’s S macromolecule (RBD region) interacts with the ACE2
receptors on the host cell to gain access into the cell. In order to facilitate fusion
membrane and virology through intracellular processes, two amino acids transmem-
brane proteinases (TMPRSS2) chemically cleave S1 at the S1/S2 border, facilitating
S1 dissociation and modifying S2 shape. Finally, a large polyprotein (pp1a and
pp1ab polyprotein) is generated by attaching camouflage (+) ssRNA to the ribosome
in the host cell, resulting in the translation of two smaller fragments. Additionally,
fresh virions are gathered together. PL expert (a papain-like protease), 3CLstar
(3CLstar), and RNA-dependent RNA polymerase (RD-RNA polymerase) are three
of the enzymes involved in protein cleavage, as are replication and the creation of
new virions (RdRp) [18].

SARSCoV2 is able to persist and spread because of these chemicals, which are
currently being studied as potential treatment targets. Different cells can be infected
by new infections that have been formed (cycle of development) and transferred to
the cell surface in vesicles. Figure 2 depicts the SARSCoV2-related systems that
connect, sever, and replicate the virus. Endocytosis allows SARSCoV2’s viral S
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protein to enter target cells after binding to the ACE2 receptor under the direction of
the TMPRSS2 gene (1). A transcript of genome RNA (sense) is then produced
following the fusing of the cell membrane and appearance of virus (+) small
sequence RNA in the cell (2). The viral protein polymerase is then decoded (3),
(4). Interpretation is facilitated by the reconstruction of genomic and auxiliary
transcripts. Exocytosis, the process by which newly formed virions are ejected
from the host cell, is aided by the S, E, and M proteins’ interaction with the
nucleocapsid [18].
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Fig. 2 Infection mechanism and life cycle of SARS-CoV-2 in the host cells (figure created with
BioRender.com which is reproduced with permission from Ref. [7])

5 Nanotechnologies in the Diagnosis of COVID-19

Several nanomaterials have been utilized in POC devices because of their useful
qualities for detection, including chemical stability, excellent electrical conductivity,
and localized surface plasmon resonance (LSPR) [19]. Increased sensitivity and
specificity can be achieved by incorporating nanomaterials into analytical equip-
ment, such as colorimetry, electrochemistry, and plasmonics. It is common practice
to utilize AuNPs to label target molecules in lateral flow assays (LFAs) since they
can be read by the naked eye. The concentration of the target can be determined from
a taken image using qualitative results or smartphone analysis [17]. For the detection
of antibodies and proteins in complex samples like urine, blood, and saliva, LFAs are
frequently utilized in POC analysis. They are cheap, quick (5–30 min) and do not
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alter biomolecule function while stored at room temperature, as demonstrated by
Koczula & Gallotta in 2016. However, a number of studies have shown that AuNPs
boost the biosensor signal and sensitivity, allowing the detection of analytes at lower
concentrations [20]. Hepatitis, influenza, and the Zika virus have all been diagnosed
using this method.
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LFA biosensors for diagnosing COVID-19 have recently been reported by
Udugamaetal et al. and provided to health systems for decentralized testing
[21]. SARSCoV2 protein-specific IgG and IgM antibodies were discovered by
these LFAs, which indicated that the patient had been infected, as demonstrated by
Morales Narváez and Dincer in 2020 [22]. They are useful for population screening,
however, they are not as sensitive as RT-PCR testing. When these nanomaterials are
functionalized with biomolecules, the most frequent detection approach is to change
the color of the AuNPs when they bond to their target molecules. A colorimetric test
for the identification of SARSCoV2 was published based on the following technique
Two distinct sections of the SARSCoV2 N protein gene were the targets of four
antisense oligonucleotides (AOs). A thiol group was added to the 3′ or 5′ end of the
AOs and conjugated with AuNPs. A redshift of around 40 nm in the LSPR band is
caused by the target sequence and the AO-cleaved AuNPs, and the color of the
solution changes from violet to blue when they are combined. MERSCoV sequences
were used to test the detection system’s sensitivity and specificity. Colorimetric
testing based on AuNPs’ optical characteristics can provide a substantial contribu-
tion to COVID-19 care by allowing for a rapid and straightforward diagnosis.
AuNPs can also be employed in electrochemical biosensors to enhance the active
electrode surface and electron and signal transmission rates. Using an AuNPs-
modified carbon electrode, Layqah and Eissa et al. developed an electrochemical
immunosensor for the detection of MERSCoV [23]. Using a competitive technique,
the biosensor immobilizes MERSCoV S proteins in an electrode by mixing a nasal
sample with antibodies against the virus’s S protein. A square wave potential
measurement was done after the electrode had been incubated for a period of time.
The current lower as the antibodies bind to the immobilized proteins on the
electrodes. When antibodies are linked to MERSCoV, the pathogenicity is dimin-
ished. Deposition of AuNPs on the electrodes is responsible for the biosensor’s
superior analytical performance and low detection limit. AuNPs can likewise be used
to detect COVID-19 using this method.

For signal amplification, analyte concentration and magnetic separation, mag-
netic NPs (MNPs) have been employed in biological detection devices [24]. In
complex samples like blood or urine, it is difficult to detect analytes directly because
of signal interference from other biomolecules or low quantities of analytes can
considerably affect the analysis’s accuracy. To circumvent these constraints,
researchers have employed MNPs, functionalized with bioreceptors in numerous
experiments. For H9N2 AIV detection, an electroluminescent biosensor using MNPs
modified with mAbs to capture the virus was reported. Magnetic separation reduces
interference from complex materials and allows for the detection of the virus at a
limit of detection (LOD) of 14 fg/mL, according to the authors [25]. A digital
microfluidic chip for the detection of the H1N1 virus was developed by Lu et al.



using functionalized magnetic NPs. The NPs capture the virus and are electromag-
netically entrained toward the channels, passing through the points where they are
fluorescently labelled and the probes are detected. A possible approach for the
diagnosis of COVID-19 is based on magnetic NP-based biosensors [26].
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6 Nanotechnologies in the Treatment of COVID-19

When it comes to COVID19 therapy, nanotechnology has a wide range of
applications and can be used at various stages of disease. It has been shown to
activate intracellular mechanisms that cause irreversible damage to the virus, as well
as to inhibit virus–cell interactions and membrane fusion [27]. The properties of
nanoparticles (NPs) (both organic and inorganic) have drawn a lot of interest with
some of the characteristics of luminescence, adjustable shape and composition, huge
surface-to-volume ratio, and capacity to represent numerous comparable sites
[28]. Neutral silica NPs, iron oxide NPs, and metallic NPs are the most prevalent
forms of inorganic NPs (gold, silver). Biodegradability, biocompatibility,
non-toxicity, and site-specific medication targeting are all advantages of organic
NPs. Polymeric and lipid NPs, dendrimers, extracellular vesicles (or exosomes), and
liposomes are the most commonly employed organic NPs [29].

7 Inorganic Nanoparticles

The optical features of INPs distinguish them from other types of particles. As
contrast agents and in photothermal therapy, these materials have been employed
in the medical field [30]. Regulated stability, increased permeability, high
functionalization potential, and controlled release activation are some of the key
qualities that will lead to biological applications of INPs. This is based on other
qualities such as luminescence as well as their capacity to be altered in size, shape,
composition, and their high surface area to volume ratio. Several studies have
examined the ability of these INPs to display multiple binding sites on the surface.
It is still unclear whether or not inorganic NPs have any harmful characteristics in
therapeutic settings. NPs can cause reactive oxygen species, genotoxicity, cell
morphology, and abnormalities in osteoblasts when they are in healthy tissue
[31]. Polymer or biological conjugation of NPs may minimize some of these issues,
but intracellular concentration and localization may still have an impact. After iron
surface degradation, the acidic pH of phagolysosomes (pH 4–5), for example,
generates free ions in the cytoplasm. Large particles are deposited in tissues with
low blood flow and are easily caught by macrophages, but nanostructures with a
smaller size can enter cells and bind to decompensated nucleic acid fluxes. The
enzymatic breakdown of NP residues (such as iron and gold) in the blood allows it to
be utilized for physiological metabolism, while in the lung tissue, microparticles and
nanoparticles are maintained in the bronchi and the alveoli are therefore tough to
remove. As revealed by De Matteis, 2017, they exit the body before the



intracellularity of healthy cells. These nanoparticles are examined in this area to see
if they can be used as antiviral medicines, along with other nanoparticles such as
silver (AgNPs), iron oxide (IONPs), and neutral silica Surface functionalization of
NPs offers great potential for the development of novel therapeutic treatments
against COVID-19 [32] because of the interaction between the nanocomposite
with viral capsid structure. The features of AuNP gold nanoparticles (previously
mentioned in the section Nanotechnology in the diagnosis of COVID-19) that allow
them to be employed for diagnosis and treatment have sparked attention in various
scientific fields. The strong binding between gold and thiol ligands makes it easy to
functionalize gold, which is a relevant property to note. Sulfonate ligands, which
replicate the position of heparan sulfate proteoglycans (HSPGs) on the cell surface,
are the most commonly employed functionalization molecules for metal NPs.
Antiviral activity is prevented because the virus is trapped on its surface and cannot
infect cells. In vitro and in vivo experiments with respiratory syncytial virus and
other viruses, AuNPs with lengthy MES and MUS links caused irreversible defor-
mation, according to a recent study. We believe that AuNPs working with MUS
demonstrate multiple-valent binding to the virus, leading to capsid structural disrup-
tion. It is therefore possible that COVID-19 treatment would benefit from this
multivalent binding. AuNPs capable of binding to sugars containing several sulfo-
nate groups, such as glucose and lactose, were found to have low effective
concentrations against dengue virus in another study [33]. Experimental evidence
shows that the optimal molecule length for integration into the OG pocket in
substratemounted tests, which suggests the role of AuNPs. The molecule’s length
is a crucial factor in viral infection. Large surface area of porous AuNPs led to
greater suppression of influenza virus growth compared to nonporous AuNPs and
AgNPs. Because AuNPs are hollow, disulfide bonds in hemagglutinin are prevented,
impeding intracellular uptake [34] (Fig. 3).
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8 Nanobiosensors for the Detection of Human Coronavirus
(2019-nCoV, SARS/MERSCoV) and Influenza Viruses

SARS and other pandemic-causing infections can be detected with nanobiosensors,
which are crucial instruments. When it comes to detecting viruses, nanosensors can
be divided into various categories based on their detection mechanism (electrical,
chemical, or electrochemical), as well as their measurable qualities (heat, magne-
tism, and biology) [35]. Brief summaries of nanobiosensor detection procedures for
epidemic/pandemic respiratory viruses, such as avian influenza virus subtype H5N1
from the 2004 outbreak and H7N9 (the 2013 epidemic), are provided in the
following sections. Accordingly, swine flu (2009 pandemic), seasonal H3N2 influ-
enza, MERS (2012) and COVID 19 (2019-nCoV) and their properties are also
presented [36].
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Fig. 3 Types of nanoparticles to application in COVID-19 therapy (figure created with BioRender.
com which is reproduced with permission from Ref. [7])

9 Electrochemical Nanobiosensors

There are numerous applications for electrochemical nanobiosensors. To generate an
electrical signal, an electrochemical nanobiosensor combines a biorecognition event
with an electrode probe [37]. Electrical nanosensors have electrodes with semicon-
ductor, dielectric, and charge distribution properties that are all essential
considerations. For a given detecting surface, surface modification of nanostructures
or nanomaterials is required in order to alter the functional class [38]. Many
experiments have been done to boost the volume/surface ratio and selectivity of
nanobiosensors by integrating nanomaterials into the surface. Applications for
biodetection benefit greatly from the usage of nanomaterials. A resistance, potential,
or impedance probe is employed in most nanobiosensors for the detection of
infections and viruses. Electrochemical conductivity or resistance changes occur as
the target material adheres to the electrode surface, which is how nanobiosensors
work. An electrochemical signal is generated when electrons are consumed or
produced in a biological reaction on the electrode surface. As a result, selectivity
can be used to assess a single chemical in a large sample in real time with excellent
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sensitivity. Chemisorption of molecules that alter conductivity as a result of chemi-
cal sensitization is the primary detecting mechanism. Any virus in the target sample
must be detected using a probe that has biological receptors [39]. The majority of
researchers employed electrochemical detection methods, such as field-effect
transistors (FETs), bioelectrical identification tests (BERA), EIS, amperometric,
cyclic voltmeter, or conductivity testing, to identify distinct forms of coronavirus.
Enveloped RNA (RNA) viruses, which include Orthomyxoviridae, are the cause of
influenza, an acute infectious disease [40]. Influenza consists of four distinct
subtypes based on the virus’s structure (ion channels, substrates, and membrane
proteins), each of which is distinct from the others. It is possible to distinguish
between influenza virus subtypes based on individual differences. HA and neur-
aminidase, two proteins found on the surface of influenza A viruses, are used to
classify different strains of the virus (NA). A/H1N1, which produced the 2009 grape
flu pandemic and the 1918 influenza pandemic, is one of the most studied influenza
A viral subtypes. Many countries are still concerned about the threat of this disease,
which has claimed the lives of millions [41].
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There has been a great deal of research into the influenza A virus subtypes H5N1,
H7N7, and H7N9, which are all avian influenza viruses (AIVs). With the use of
nanostructures and various nanomaterials, such as magnetic iron oxide
nanoparticles, the bioreactor can be transported directly to the detector. The corona-
virus, which comprises SARSCoV, MERSCoV, and the novel coronavirus
2019nCoV, is the second respiratory virus to produce an epidemic or pandemic.
The respiratory coronavirus that causes the disease COVID-19 has been examined
extensively by researchers using electrochemical methods and biosensors that are
designed to detect COVID-19. Electrochemical detection methods for influenza
viruses, human coronaviruses (including COVID-19), and parameters of these
viruses are summarized in Table 1. For specific proteins or DNA strains, the
impedance biosensor is ideal, while optical or mass-sensitive biosensors are less
sensitive than the impedance biosensor. Electrochemical impedance spectroscopy
(EIS) is less destructive for measuring interactions between biological samples than
other electrochemical methods, such as Differential Voltage (DPV) and Cyclic
Voltage (CV) Measurement).

10 FET-Based Electrochemical Nanobiosensor

In comparison to other biosensors, field-effect transistors (FETs) biosensors have a
number of advantages and features. These biosensors can detect bioanalytes at
extremely low concentrations and offer results in milliseconds. Biosensors based
on FETs can be employed in a variety of settings, including health care, point of
service, and diagnostic applications. Carbon atoms are arranged in a
two-dimensional layer to form graphene, a cutting-edge nanomaterial (Scheme 1).
An active detecting surface may be created using this material’s good conductivity,
high mobility of the carriers, ease of usage, and vast surface area. As a result,
integrating graphene-based materials into FET biosensors may be the best option
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for improving detection sensitivity [22]. Graphene is a two-dimensional
nanomaterial composed of carbon atoms [56]. Because of its strong electrical
conductivity, high carrier mobility, simplified surface function, and vast surface
area, this material can be employed as an active detecting surface. FET biosensors
may benefit from the incorporation of graphene-based materials in order to increase
detection sensitivity [42].
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Scheme 1 (a) Schematic illustration of graphene-based field-effect transistor (FET) biosensor
mechanism and detection, where SARS-CoV-2 (spheres) binds to antibodies (Y-shapes). (b) Real-
time response of COVID-19 FET toward SARS-CoV-2 spike protein. (c) Bionanosensor selectivity
response toward two different proteins: SARS-CoV-2 and MERSCoV (Scheme 1 is reproduced
with the permission from Ref. 55 of the American Chemical Society)

In order to avoid a pandemic of influenza, it is required to identify viruses with
pandemic potential by measuring their affinity for sialoglycan with high accuracy,
speed, and sensitivity. Additionally, the graphene-based field-effect transistor
approach (GFET) was utilized to detect extremely sensitive biological molecules,
such as DNA and proteins (such lectins). The bioFET approach and the H5N1
influenza virus gene offer a promising platform for markerless detection using a
strategy flow comb for quick detection. The bioFET method was employed to
determine limit of detection (LOD) for influenza virus in the picomolar range, 130
pM and 50 pM, respectively, demonstrating high sensitivity [57]. Using a reduced
graphene oxide (rGO) coating on a Si/SiO2 substrate, increased the sensitivity of the
BioFET sensor to detect the H5N1 influenza virus gene in a liquid media for
influenza detection (FET graphene) [58].
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11 Cell-Based Electrochemical Nanobiosensor

In contemporary COVID-19 disease treatment, estimating the number of infected
patients in real time has been a key difficulty. The detection limit of 1 fg/mL of
SARSCoV2 S1 spike protein may be detected using a new biosensor in 3 min and a
supersensitive surface [59]. Electrochemically inserted S1 antibodies were employed
to improve the binding of a protein to cellular components generated via membrane
engineering, a cell assay idea for biomolecule identification. The electrical
measurements of changed cell membranes were affected by biomolecules attached
to the released antibodies, according to the findings. As illustrated in Fig. 4, the
results demonstrate significant variations in electrical behavior characteristics. The
established biosensors have several advantages for clinical testing, monitoring, and
virus management. SARSCoV2 surface antigens can be detected using this
biosensor’s portable, easy-to-handle reader [60].

12 Piezoelectric Nanobiosensors

Because of its straightforward design, direct identification, and real-time output, the
piezoelectric quartz crystal balanced microbial sensor has drawn substantial interest
in biological and chemical applications. Mass wave (BW) and surface acoustic wave
(SAW) are two types of piezoelectric sensors (SAW). An electrical output is
provided by these biosensors, which can detect biological entities and transform
mechanical power into electrical power. The mechanical resonance of a crystal
vibrating at its inherent frequency is produced by piezoelectric materials (Fig. 5).
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External electrical signals can alter this frequency [61]. Eventually, a reaction
happens when the analyte of a person comes into touch with the detecting material,
leading to a shift in frequency resulted also a shift in electrical measurements.
Therefore, micro- or nano-sized sensors can be used for detection [62].
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Fig. 5 Unconventional active
biosensor made of
piezoelectric nanoparticles for
biomolecule detection

The quartz crystal resonator is tuned and the frequency of the probe is plotted to
determine the change in mass and viscosity at the surface [63]. The advantage of this
technique is its ability to detect molecules without labelling. The detecting process is
complicated, and the measurements are not as precise [55]. These biosensors have
been utilized in a wide variety of biological applications, such as determining the
presence of hormones, bacteria, and cells fabricated an optical quartz crystal micro-
balance sensor using a three-dimensional (3D) nanocell on gold (Au) for the
detection of H5N1 bird flu virus. For example, the sensor’s LOD is between 2 and
4 HAU/50 L and the detection time is 10 min, making it faster than previous
approaches (30 min). For mass detection, piezoelectric immunosensors have been
created to detect SARS-associated coronavirus [64].

13 Nucleic Acid Biosensor

Detection of SARSCoV2 nucleic acid has been made possible by the development of
a plasmonic biosensor. Plasmon photothermal effect (PPT) and locally surface
plasmon resonance detection transduction are used in tandem with this biosensor.
Gold nanoisoles (AuNIs) embedded on a two-dimensional chip have been
immobilized by thiol bonds to a cDNA receptor for RdRp, ORF1ab, or the E
gene. The detection of SARSCoV2 nucleic acids using this method uses the princi-
ple of nucleic acid hybridization with a LOD of 0.22 μM. Due to the increased local
capacity of AuNI plasmonic chip PPT heat generation, the hybridization kinetics of



the complementary filaments have improved, increasing the sensitivity of the device.
Clinical trials are still needed to evaluate the effectiveness of this biosensor [50].
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14 Conclusion

In this book chapter, we have shown the pathway of utilizing smart materials in
biosensor systems to detect COVID-19. Worldwide efforts were made throughout
this epidemic to establish the best method of biological detection. Electroactive and
sensitive materials platforms, microfluidic platforms, LFAs, and wearable materials
are only a few examples of instances in this field of study. For example, biosensors
can be used in place of more time-consuming methods, single-use to avoid contami-
nation or infection reducing the need for specialists, and centralized laboratories
equipped with expensive tolls. Biosensors have many advantages and their future
will be able to perform a wide range of tasks having smart materials integration
systems. The ultimate goal is to build new nanosensors for point-of-care diagnostics
of various diseases, despite the fact that this subject is gaining speed and a lot of
researchers have spent time developing new nanosensors. Continuous patient moni-
toring that is reliable for the long haul has yet to be accomplished.
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Abstract

Cancer is a major global health burden and accounts for the second-highest
mortality rate around the world. Despite significant advances in cancer research,
minimal/noninvasive diagnostic strategies for early detection remain elusive,
leading to delays in therapeutic intervention and affecting the overall survival
chances. Most cancers exhibit no specific symptoms in the early stages. However,
upon metastasis to nearby organs, certain symptoms become prominent and
detectable. Conventional tissue biopsy performed in these cancers is not only
invasive but is also limited in its diagnostic efficacy by the presence of tumor
heterogeneity. In this regard, liquid biopsy has brought a revolution in early
cancer diagnosis. Extracellular vesicles are among some of the reliable
biomarkers for liquid biopsy. Recent advancements in technology have laid a
strong foundation in understanding the role of extracellular vesicles in cancer
progression. In this review, we briefly present the multifarious roles of extracel-
lular vesicles toward an accurate cancer diagnosis. Moreover, the recent progress
in extracellular vesicle liquid biopsy biosensors is also discussed, with a focus on
electrochemical biosensors. Lastly, the requisite measures to be taken to improve
the performance of the existing biosensors, with an aim of bringing them to the
commercial point-of-care (POC) market, are concisely summarized.
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1 Introduction

Cancer is the second major cause of death worldwide [1]. Tumor heterogeneity,
chemotherapeutic resistance, and delay in accurate diagnosis are some principal
challenges associated with cancer [2]. Though the conventional tissue biopsy-
based cancer diagnosis has advanced significantly, high turnaround time, the inva-
sive procedure makes it very difficult for routine cancer diagnosis. Due to those
technical and biological complications with tissue scientists are giving more empha-
sis to liquid biopsy for many years. The advancement of liquid biopsy opens an
excellent outlook for future clinical diagnosis. In comparison with tissue biopsy,
liquid biopsies are less risky and can capture the complete tumor heterogeneity of a
patient [3]. In the case of liquid biopsy, the proteogenomic alternation of cancer can
be detected from tumor-shredded components in different human bioliquids such as
blood and urine [3]. Recently, extracellular vesicles (EV) have appeared as an
excellent alternative biomarker for liquid biopsy. Howbeit, earlier EVs were consid-
ered cellular debris, but are currently acknowledged as one of the main factors in
intercellular communication [4]. EV-incorporated biomacromolecules play a key
role in mimicking the pathophysiological microenvironment of the parent cell
[4]. Thusly, EVs can modulate cancer development and offers great promise as a



diagnostic element. Despite the diagnostic advances, the lack of standardization in
EV separation and detection brings a great challenge in actual clinical translation.
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Various conventional techniques such as ELISA, blotting, microarray, and
RT-PCR are generally used to characterize cell-derived EVs [5]. Nevertheless,
such conventional techniques require a substantial amount of sample which is
unsuitable for repeated clinical diagnosis. Moreover, the requirement of complex
instrumentation, high turnaround time, and sample pre-treatment with conventional
techniques limit the utility of EVs in clinical settings. Electrochemical biosensors are
a type of bioanalytical device that can convert biochemical interactions into a
measurable electrical signal. These biosensors contain solid electrode surfaces to
immobilize the biorecognition elements like antibodies, proteins, aptamer, and
enzymes, and upon specific biochemical interactions with a target of interest electri-
cal signals are generated which are measured in terms of the analyte concentration
[6]. These electrochemistry-based biosensing platforms can be immobilized easily
for onsite target detection. Considering the recent progress and difficulties in EV
research with conventional techniques, electrochemical nano biosensor shows
enhanced performance and accurate detection. An accurate point-of-care (POC)
medical device can solve these purposes. An ideal POC device must meet all
world health organization (WHO) recommended ASSURED criteria (affordable,
sensitive, specific, user friendly, rapid and robust, equipment-free, and
deliverable) [7].

Herein, we present the biogenesis and role of EV in cancer progression. We also
discuss the role of EV as a promising biomarker in liquid biopsy. We highlight a
comprehensive review of different electrochemical signal detection platforms and
focus on the advantages of conventional EV sensing techniques. Further, we high-
light the different applications of electrochemical biosensors in cancer-specific EV
detection. Finally, we discuss the direction of future research that promises to ravel a
new horizon in cancer diagnosis with electrochemical liquid biopsy sensors. We
believe that with the progress of science and technology and newborn applications in
different electrochemical biosensors, it is possible to facilitate personalized diagno-
sis in near future.

2 Early Detection Is the Best Answer for Cancer

Early diagnosis of cancer is of paramount importance for enabling successful
treatment. The complex eukaryotic cellular machinery regulates cellular function
in the human body. Aberrations in molecules associated with signal transduction
often underlie the initiation and progression of cancer. If any of these signals get
dysregulated, healthy cells might start to multiply rapidly to form a tumor [8]. Uncon-
trolled division of cancer cells can invade nearby tissues to form a new tumor.
According to reports over 19.3 million cases of cancer are diagnosed in 2020,
worldwide. In line with the Indian cancer registry program reported over
1,392,179 cancer cases in India for the year 2020 [9]. Cancers are often exhibited
no clinical symptoms and hence treatment is overlooked. For that reason, most of the



patients are negligent and ignore proper diagnosis processes. Besides, healthcare
literacy is very low in low-middle income countries like India. Furthermore, com-
plex diagnosis processes and associated costs increase the anxiety level of patients.
Early detection of cancer can decrease morbidity and can increase the survival rate.
The majority of cancer-related deaths comes from metastasizing malignant cell
[8]. Once a malignant cell starts metastasizing, then it is only treatable not curable.
The delay in the specific and timely detection limits the access to treat cancer. Before
becoming symptomatic, if it is detected then the tumor can be surgically removed or
systematic treatment can be prescribed. Reports indicated that in 53% of cases when
lung cancer patients are diagnosed at stage I, patients survive more than 5 years
[10]. The extent of systematic treatment depends upon the metastasized potential and
tumor size at the time of detection [8].
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Although scientists put their effort to recognize early cancer symptoms but most
of the time those symptoms are highly non-specific. Hence, to avoid conventional
tissue biopsy complications, and to capture the whole proteogenomic profile for
particular cancer, it is very important to recognize cancer-associated biological
markers with minimally invasive procedures [3]. Clinical diagnosis of cancer with
a minimally invasive procedure is termed a liquid biopsy [3]. Liquid biopsy studies
mainly focus on circulating DNA (ct DNA), circulating RNA (ct RNA), circulating
tumor cell (CTC), and extracellular vesicles (EV) that are released by tumor cells in
different biological fluids like blood, urine, saliva, and cerebrospinal fluid [11]. The
elevated level of these biomarkers might contribute as a predictive signature for the
early detection of cancer (Fig. 1).

3 EV, a Promising Youngster in Liquid Biopsy

Recent progress in cancer research has immensely advanced early cancer diagnosis
with the development of new and sophisticated approaches. Currently, tissue biopsy
is regarded as the gold standard for cancer diagnosis [4]. During tissue biopsy,
doctors collect a small part of tissue to examine if it is cancerous. Though tissue
biopsy access doctors to determine cancer’s grade and give clues to a specific
treatment strategy, nevertheless this surgical strategy is invasive, and sometimes
tumor organ is inaccessible for biopsy [13]. In addition, a repeat biopsy is not
possible for continuous monitoring. Furthermore, high tumor heterogeneity presents
a serious challenge to understanding the complete molecular profile of particular
cancer by analyzing a small section of cancerous tissue [13]. In addition to that, high
turnaround time, high cost, post-clinical complications, and invasive surgical proce-
dure imposes substantial inadequacy on solid (tissue) biopsy [13]. In view of these
shortcomings, researchers are increasingly shifting their research focus from solid
biopsy to liquid biopsy. Liquid biopsy represents noninvasive diagnostic techniques
from non-solid tumor tissue, mostly from easily isolated bioliquids [3]. As the
primary tumor grows it releases certain biomarkers into the circulation that can be
collected from human bioliquids like blood, urine, saliva, and cerebrospinal fluid.
Liquid biopsy biomarkers generally exhibit dynamic changes associated with



cancer, emerging as a promising diagnosing tool for both early and metastatic cancer
(Fig. 2).
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Fig. 1 Liquid biopsy explores different biological markers present in human bioliquids. Liquid
biopsy could be an excellent alternative tissue biopsy to analyze the metastatic potential of tumors at
a very early stage to predict the diagnosis and prognosis of cancer. Reprinted from [12] Copyright
2021, with permission from Elsevier

In light of that, as the genetic makeup of cancer cells evolves, liquid biopsy is
very significant for repeated monitoring [13]. Based on bioliquid-derived
components, liquid biopsy biomarkers can be divided into circulating tumor DNA
(ctDNA), circulating tumor RNA (ctRNA), circulating tumor cell (CTC), and
extracellular vesicles (EV) [11]. Recent studies indicate that malignant cells secreted
EVs convey oncogenic factors between healthy cells. The intake of cancer cell-
derived EVs may induce a malignant transformation in recipient cells [4]. Among
other EV-incorporated cargoes oncogenic proteins and tumor-suppressive micro
RNAs (miRNA) present superior diagnostic potential in early cancer diagnosis.

EVs extends substantial advantages over the other liquid biopsy biomarkers in
various aspect. Lipid double-layer contained tumor-specific cargoes are free from
enzymatic degradation in the case of EVs. EVs often manifest pathological stages of
particular cancer by expressing certain surface proteins that can be easily used for
isolation of EV subpopulation and disease monitoring. By and large, in terms of the
incorporation of biological information and diagnosis sensitivity, EVs offer higher
accuracy than others [4]. The concept of early cancer detection with EVs is still



young and numerous clinical studies are in process to convene the complete cancer
diagnostic potential of EVs.
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Fig. 2 Verities of biomarkers present in the circulation—circulating tumor cells, circulating tumor
nucleic acids, tumor platelets, and extracellular vesicles are detected in liquid biopsy. Dysregulated
proteogenomic alternations associated with those biomarkers can be used in early cancer diagnosis.
Reprinted from [12] Copyright 2021, with permission from Elsevier

4 Conventional EV Detection Techniques

For diagnosis, the isolated EV has to be pure. EV isolation techniques are generally
categorized based on charge, size, and immunoaffinity. Currently, ultracentrifuga-
tion, immunoaffinity chromatography, and size exclusion chromatography are con-
sidered the gold standard for EV isolation [14] (Fig. 3). However, most of the current
methods are labor and time-intensive process. On top of that, isolated vesicle quality
is far from pure [5]. Scientists generally perform a combination of techniques to
attain high purity. Furthermore, the biomechanical properties of EVs highly depend
on the isolation technique. Thence, pre-analytical variables are considered to select a
suitable technique [14]. Besides, conventional techniques, many new approaches are
emerging. For instance, dielectrophoresis, field flow fractionation, hydrophobic
interaction chromatography, field-free viscoelastic flow, etc. [5]. MISEV has listed
different EV isolation, characterization, and detection techniques to recommend as
per the need of the research. With the advancement of new techniques in this
particular field, MISEV has revised its recommendation over the years. The
standardization of an accurate EV characterization and detection technique is so
compelling to understanding the physicochemical properties of an EV
subpopulation [5].
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S. no. Advantages Disadvantages
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Table 1 Conventional techniques for EV characterization

EV
characterization
techniques

1 Atomic Force
Microscopy
(AFM)

• Highly sensitive
• Works in physiological
condition
• High Resolution

• Background noise
can hamper
reproducibility

[15]

2 Dynamic light
scattering (DLS)

• Independent of sample
turbidity
• Simple experimental
set-up
• Accurate

• Highly sensitive
toward mechanical
noise

[16]

3 Flow cytometry • High throughput absolute
counting
• Accurate
• Low cost

• Expensive
• Difficult to maintain
physiological
environment

[17]

4 Nanoparticle
tracking assay
(NTA)

• Accurate
• Reliable

• Parameter
optimization is very
significant

[18]

5 Surface plasmon
resonance (SPR)

• Sensitive
• Label-free
• No need for statistical
calibration

• Instrument size is
very big
• Low selectivity

[19]

6 Microfluidics • Small sample volume is
required
• Rapid
• Low cost

• Adsorption of air
bubbles in small
channels
• Lack of high
reproducibility

[20]

7 ELISA • Rapid
• Highly specific

• The enzyme might
lose the functional
activity
• Low sensitivity
• High cost

[21–23]

8 Western blot • A widely accepted
standardized protocol is
available
• EVs can be visualized
directly

• Complex
• An experienced
technician is required
• Expensive

[24, 25]

9 RT-PCR • High sensitivity
• The detection range is high
• No post PCR process is
required

• Technically
demanding
• Expensive
• Time consuming

[26–28]

For the quantitative and qualitative validation of EV-associated biomarkers
variety of techniques are generally performed (Table 1). Most common physical
methods such as nanoparticle tracking analysis (NTA), Microscopy (EM, AFM) are
used to characterize the extracellular vesicles, whereas Western Blot, ELISA, and
RT-PCR are used to determine the protein or nucleic acid content of EVs.



EV-incorporated cargoes are a very important and promising tool from a diagnostic
and prognostic point of view [4]. The most regularly used biochemical methods
include immune assay, blotting assay, and PCR analytic methods to determine the
protein or nucleic acid content of EV.
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Fig. 4 Tetraspanin proteins abundantly cover the EV membrane surface. These highly
glycosylated transmembrane proteins are associated with different biological processes like EV
biogenesis, protein sorting inside the vesicle, and immunogenic response. Besides, conserved
residues of tetraspanins signify characteristic features of the EV subpopulation. Reproduced from
open-access article [29] under the terms of Creative Commons CC BY

Currently, various conventional methods are used for the isolation and character-
ization of EVs (Fig. 4). Apart from the above-mentioned methods, different molec-
ular detection strategies such as Raman spectroscopy, FTIR, surface plasmon
resonance, and circular dichroism are regularly used for EV analysis [30–
32]. Despite that fact, there is no standardized method is available now for EV
detection and characterization. The application of EV research is very crucial in early
disease diagnosis. Unfortunately, most of the conventional strategies demand a
benchtop set up for diagnosis. Furthermore, a large amount of bioliquid is required
which is not suitable for repeated analysis. In a situation like this, advancement in



point-of-care diagnosis is preferable. In the following section, we will explore the
insights of the electrochemical biosensor concerning point-of-care EV research.
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5 Electrochemical Detection of EVs

EV membrane-enriched tetraspanins constitute a major class of transmembrane
proteins that enrich the EV membrane surface by forming a cluster of “transmem-
brane enriched microdomains” [29]. Out of the five critical microdomains, a highly
variable extracellular loop is mainly involved in EV-mediated intercellular commu-
nication (Fig. 4).

Due to the capacity of highly specific biochemical interactions, the extracellular
domain is functionally very crucial [33]. Not only, EV surface proteins but the
nucleic acid composition inside EV was found to alter the biological activities of
cells that take them up. A detailed multi-omic study suggested the presence of a high
concentration of different micro RNAs (miRNA) in EV [34]. The double membrane
boundary of EV provides stability to incorporated RNAs from cytoplasmic
nucleases [4]. Not only miRNAs but noncoding (nc) RNA, genomic, and mitochon-
drial DNAs are also transported from one cell to another through EV [4]. The
computational correlation of EV-incorporated nucleic acid cargoes displays the
pathophysiological insights of secreted cells. Boriachek et al. developed a label-
free, amplification-free electrochemical biosensor for the detection of
EV-incorporated miR-21 from breast cancer cell lines [35] (Fig. 5).

With a very simple yet accurate detection platform, they succeed to achieve a
LOD of 1 pM with a dynamic range of 0.2–20 pM [35]. Such nucleic acid base
sequence information in EV exhibited the differential expression pattern between
healthy controls and cancer patients, promising the potential to be used in early
diagnosis.

The large repertoire of antibodies (immunoglobins) with different antigen-
binding specificity makes them an excellent biorecognition molecule. Kilic et al.
designed a label-free electrochemical biosensor to recognize vesicle-expressed
CD81 tetraspanins (Fig. 6). They functionalized biotin-labeled CD81 antibodies
on the gold-screen printed electrode with streptavidin-biotin conjugation chemistry
[36]. Based on the modified sensor surface and vesicle tetraspanin interaction, with
increasing sample concentration, there was a formation of a kinetic barrier for the
redox probe. The measurement of charge transfer resistance exhibited a linear range
with an accurate detection limit of 77 copies/mL [36].

However, a low concentration of EVs in biological fluid limits its use in clinical
early diagnosis. To overcome such difficulties different types of signal amplification
strategies have been advanced. Signal amplification techniques are mainly optimized
to remove the background signal and amplify the lower limit of biomarker detection.
Signal amplification strategies are employed in biosensing to facilitate a proportion-
ate or ratiometric increase in the detection signal generation in response to an analyte
recognition reaction. In electrochemical sensors, ultrasensitive detection of the
analyte is brought forth by coupling the recognition reaction with a chemical,



catalytic or electrocatalytic reaction and rapid electron transfer [37] (Table 2). For
EV detection, surface proteins or nucleic acids (such as miRNAs) may be targeted
for recognition, and the amplification can be carried out with DNA-based, enzyme-
based, or enzyme-free strategies.
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Fig. 5 Schematic representation of steps for the development of an amplification-free electrochem-
ical biosensor to detect EV-incorporated miR-21. Reproduced from [35] with permission from the
Royal Society of Chemistry

5.1 Enzyme-Based Amplification

Enzymes are biological catalysts that enhance the rate of reaction of a substrate to a
product. The product formed can be further utilized in an electrocatalytic reaction to
produce a detectable electrical signal, or the product can give a direct readout (e.g.,
colorimetric product formation) [66]. By maintaining optimal conditions for enzyme
activity, the reaction rate, and subsequently the detectable signal can be greatly
enhanced or amplified. However, the use of enzymes is limited by factors such as
surface stability and optimal pH and temperature requirements [67].

Enzyme-mediated amplification for biosensing is a well-established approach,
and there have been several reports on enzyme-based biosensors for EV detection.
For instance, an enzyme-based multiplexed microfluidic immunosensor was
reported by Vaidyanathan and the group for the specific capture of human epidermal
growth factor receptor 2 (HER2) and prostate-specific antigen (PSA), expressed on
the surface of EVs secreted by breast cancer cell lines [39]. After capturing the
protein biomarkers in a sandwich immunocomplex, the signal was generated by the



signal antibody-conjugated horseradish peroxidase (HRP) enzymes with the cata-
lytic oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB), giving a colorimetric
readout [39].
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Fig. 6 Indicates the experimental steps of breast cancer cell-derived EV detection. EVs were
isolated gold standard ultracentrifugation technique and followed by characterization using NTA.
For the electrochemical detection, screen-printed gold electrodes were fabricated with
11 mercaptoundodecanoic acid and neutravidin to capture biotinylated CD81 antibodies. The
electrochemical signal of the redox probe was decreased in presence of CD81-positive EVs. The
change in the signal was correlated with EV concentration. Reproduced from the open-access article
[36] under the terms of Creative Commons CC BY

5.2 Hybridization-Based Amplification

The complementary base pairing property of nucleic acids to form intricate
DNA/RNA structures, as well as replication-based amplification by polymerases,
form the basis of amplification strategies in hybridization-based detection platforms
[68]. Such structures have found application in many signal amplification strategies
in biosensing devices.

Rolling Circle Amplification
Rolling cycle amplification (RCA) is one such technique. RCA is an isothermal
amplification technique that uses a ligation primer against a linear DNA sequence,
such that the ligation primer terminates on either side in regions complementary to
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the linear DNA [69]. Annealing to the primer leads to the clipping of the two ends,
which are then ligated with a ligase enzyme. This step is followed by the replication
of the obtained circular DNA, yielding a continuous stretch of tandem repeats of a
sequence complementary to the circular DNA [69]. In this process of signal amplifi-
cation, there is an output signal increase of around 100–1000 fold, which is very
important for the ultrasensitive detection of moieties in a complex biological system.
Huang and the group developed a modified branched RCA method to amplify
aptamers specific to gastric cancer cell-derived exosomal glycoprotein Mucin
1 (MUC1) [70]. The aptamers bound to isolated exosomes were separated with
heat treatment and acted as a ligation primer against a linear ‘padlock’ DNA. For
branched amplification, secondary primers were added and annealed to regions of
the primary RCA product, followed by polymerization (Fig. 7) [70].
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Fig. 7 Schematic illustration of branched rolling cycle amplification for gastric cancer exosome
detection. Aptamer-bound exosomes are filtered and separated. Padlock DNA, ligase, polymerase,
and primers are added for ligation and branched amplification steps. Reprinted from [70] with
permission from The Royal Society of Chemistry

Proximity ligation assay (PLA) has improved traditional immunoassay technol-
ogy that involves the simultaneous identification of different antigens (closely
associated) on the same target [71]. The antigen targeting probes are conjugated
with short specific oligonucleotide sequences. If the two probes reside in proximity,
the complementary oligonucleotide strands hybridize and participate in rolling circle
amplification, consequently taking part in target recognition [48]. Zhang et al.
exploited similar technology to electrochemically detect human cervical cancer
cell-derived EVs. They immobilized capture oligonucleotide fragments on the gold



working electrode. In order to capture protein tyrosine kinase (PTK) expressing EVs,
PTK-specific S1 and S2 aptamer sequences were used. In the presence of target EVs,
S1 and S2 form a duplex complex with a capture oligonucleotide sequence, which
increased the electronegativity on the working surface and affected the increased
detection signal [48]. This PLA-based electrochemical aptasensor specifically
detected cancer-derived EVs with a detection limit of 6.607 × 105 [48]. Nevertheless,
in such an amplification process, always there is a high chance of non-specific
interaction between complementary RCA products.
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Strand Displacement Reaction Amplification
Strand displacement reaction (SDR) amplification is another innovative strategy
employing the kinetic characteristics of base complementarity for directing the
displacement of a strand from a double helix, by a third strand with stronger binding
kinetics [72]. One toehold-mediated SDR-based exosomal miRNA sensor was
reported by Miao and Tang. The non-enzymatic strategy employed six DNA oligo-
nucleotide sequences: probes A, B, C, D, E, and F [73]. The longer probe A partially
hybridized with the shorter probe B and C to form a nicked duplex. Upon addition of
miR-21 (target), miR-21 hybridized to the 5′-overhang (toehold) of probe A and
replaced probe C in subsequent entropy-favored steps. The single-stranded region
was then hybridized with probe D, which further displaced miR-21 and probe B
[73]. The thus released miR-21 could further react with new probes A-B-C structures
for many more cycles, so long as probe D was exhausted [73]. The cycles led to the
release of a large number of probe B strands. Probe B then participated in down-
stream SDR by opening a methylene blue-labeled hairpin probe E, on a gold
electrode. In the final step, hairpin probe F hybridized partially to the opened
probe E and displaced probe B [73]. The distance acquired between the electroactive
methylene blue and the electrode because of the hybridization could be monitored by
a reduction in voltammetric signal, due to the decreased oxidation rate of methylene
blue [73]. Liu and the group developed a biosensor with localized toehold-mediated
SDR strategy and DNA nanosheets (DNS) as labels for miR-21 detection [74]. Nine
DNA strands: S1, S2, S3, S4, S5, S6, S7, S8, and S9 were designed to self-assemble
into a nanosheet [74]. The annealing process was based on shared partial sequence
complementarity between multiple strands, forming a DNA network. Double-
stranded DNA redox intercalator methylene blue was loaded onto the DNS in high
concentration [74]. The localized SDR setup also involved the formation of a
polymeric T substrate (Ts) by chain hybridization, with L1, L2, P, and R strands
forming a quadruple-stranded monomeric unit. L1 had two terminal regions: I1 and
I2, and L2 had two terminal regions: I1* and I2* complementary to I1 and I2
respectively [74]). Lateral hybridization led to a bridge-like structure, while an R
strand was bound to the mid-region of L2, and a P strand to that of L1. L1 also had a
mid-region sequence complementarity with the target miR-21, and the latter was
capable of displacing and releasing the P strand in the reaction buffer [74]. Next, an F
strand with a greater number of base pairings with L1 and L2 simultaneously was
added which led to the release of both miR-21 and R strands. The released miR-21
could initiate further rounds of similar annealing and displacement reactions,



releasing a large number of P strands into the buffer [74]. The P strands were
collected and hybridized into the immobilized capture probes on a gold electrode.
In the final step, methylene blue-loaded DNS were hybridized to the single-stranded
sticky end of the P strands, via the protruding end of the S8 strand. Methylene blue
was oxidized to leucomethylene blue to obtain the detection signal (Fig. 8) [74].
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Fig. 8 Schematic illustration of the electrochemical biosensor for ultrasensitive detection of
Exo-miRNA (miR-21); (a) assembly procedure of the methylene blue-loaded DNA nanosheet
(DNS-MB); (b) the operation steps of the localized toehold-mediated strand displacement reaction;
(c) binding of the methylene blue-loaded DNA nanosheets with the capture probes on the electrode
via P strands. Reprinted from [74] with permission from the American Chemical Society

Shi and the group prepared an enzyme-based SDR strategy for miRNA detection.
The target miRNA was 3′-end hybridized with a primer (primer 1) terminating in a
nicking enzyme (Nt. AlwI) recognition site overhang [75]. Next, the Klenow
fragment polymerase extended the 3′-ends of both primer 1 and miRNA. This was
followed by Nt. AlwI nicking at the recognition site, and strand displacement by
another intact primer 1, which could proceed for the next round of polymerization,
nicking, and strand displacement steps [75]. The complementary miRNA strands
released after nicking and strand displacement steps were hybridized with another
primer (primer 2), with a similar nicking site overhang [75]. Subsequent polymeri-
zation, nicking, and strand displacement steps were undergone in a cyclic fashion.
This dual cyclic process led to the exponential synthesis of miRNA target and
complementary target sequences isothermally, from a very small starting amount
of the miRNA [75].
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Catalytic Hairpin Assembly
A modified form of SDR is the catalytic hairpin assembly (CHA), wherein kineti-
cally stable hairpin structures are sequentially unwound via a triggered SDR with an
added linear strand, to form an assembled structure [76]. Zhang and the group
prepared a CHA-based biosensor specific for exosomal miR-181. Three hairpins
(H1, H2, and H3) with partially complementary sequences were designed. Of these,
H1 and H3 were biotin-labeled [61, 62]. SDR was sequentially triggered by
miR-181, wherein it first unwound H1. The mid-section of H1 partially hybridized
and opened H2, and the mid-section of H2 further hybridized with H3. H3 finally
displaced miR-181, and the latter could initiate the next round of CHA. H1, H2, and
H3 formed a T-shaped triple-stranded junction, which could associate with other
similar hairpin junction structures via hybridization between 3’-H3 and 5’-H1
overhangs, to form long concatemers [61, 62]. In the detection step, the concatemers
were captured via the 3’-H2 overhangs annealed to complementary probes on a gold
electrode. Alkaline phosphatase (ALP) conjugated to streptavidin was captured with
biotin labels and utilized for the conversion of α-naphthyl phosphate to the
electroactive product α-naphthol [61, 62].

Compared with other isothermal amplification strategies, this technique comes
out to be a suitable alternative to low concentration target detection. Although
multiple step-based signal amplification increases the sensitivity significantly, it
takes a huge time. In addition to that, stability is a big issue in such a sensor. To
overcome those problems, ye zhang et al. designed DNA tetrahedrons assisted
catalytic hairpin assembly (MDTs-CHA) based electrochemical biosensor for the
specific detection of four breast cancer cell-derived EV-incorporated miRNAs
(miR-1246, miR-221, miR-375, and miR-21) [62] (Fig. 9).

Howbeit, this kind of highly sensitive strategy requires multiple probes and a very
complex signal amplification process, which limits their use in a practical scenario.

Hybridization Chain Reaction
Hybridization chain reaction (HCR) is another modified form of SDR, similar to
CHA, comprising sequential partial hybridization of amplification probes to form
ladder-like multistranded structures (concatemers). The detection signal is greatly
amplified by labeling individual probes with a signaling tag [68]. For instance, Choi,
Beck, and Pierce designed an HCR strategy for the detection of mRNA targets
within whole-mount, intact zebrafish embryos with complementary DNA initiator
probe sets and amplification hairpin pairs [77]. The hairpins coexisted stably until an
initiator strand destabilized and opened the hairpins sequentially via toehold-
mediated displacement [77]. A specific DNA initiator, say I1, contained a
mid-region complementary to a region of the target mRNA and generated a 3′-
and 5′- overhang/sticky end each upon hybridization. The 5′- sticky end was
hybridized with H1 via its toehold, opening it [77]. The sticky end of H1 was further
hybridized with H2, such that the sticky end of H2 was rendered identical to that of
I1[77]. Thus, a chain reaction could be initiated indefinitely, till H1 and H2 were



exhausted. The authors of this study fluorescent-labeled the hairpins to amplify
manifold the fluorescent signal (Fig. 10) [77].
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Fig. 9 Schematic illustration of electrochemical approach for the detection of breast cancer cell-
derived exosome extracted micro RNAs. (a) Strand displacement assembly reaction was performed
to synthesize T1 with S1-S4, H1, H2, and T2 with S5-S8, H3, H4 (b) Catalytic hairpin assembly
based electrochemical biosensing steps on the surface of the gold working electrode. Reprinted
from [62] Copyright (2021), with permission from Elsevier

In comparison with enzyme-based signal amplification, HCR show promises in
terms of simplicity, stability, and efficiency in isothermal amplification. In recent
times, HCR is highly popular in miRNA detection. Guo et al. fabricated miR-122
complementary hairpin DNA on the gold working electrode surface. In presence of
HepG2 and MCF7 cell-derived EV extracted miR-122, the hairpin probe opened up
to form a single straight hybrid [58]. Then helper DNA 1 and helper DNA 2 were
used to initiate the HCR process (Fig. 11). Electroactive intercalation of the signal
molecule [Ru(NH3)6]

3+ (RuHex) in the long-chain hybrid generated signal for
sensitive detection [58].

Though HCR is a potential alternative to enzyme-based signal amplification it is
restricted to dsDNA amplification only [60]. A recent novel isothermal nucleic acid
amplification strategy has captured research attention that can amplify any arbitrary
ssDNA in just one step with the help of a primer exchange reaction. Wang et al.
designed a highly sensitive sensor using the concept of primer exchange DNA
amplification reaction (PEDAR) and target-mediated cyclic strand displacement
reaction (TMCSDR) [60]. As indicated in Fig. 12, the gold working electrode was
modified with a primer probe that initiated the first round of signal amplification in
presence of breast cancer cell-derived EV extracted miR-21 [60]. After a few cycles
of TMCSDR, it generated many single-stranded primers. Then template probe was
hybridized with the generated primer to start the second round of PEDAR signal
amplification. Finally, the redox molecule methylene blue (MB) is bound



electrostatically with the amplified product to generate the electrochemical signal. In
this label-free dual amplification process, they achieved a LOD of 3.04 aM that
accurately discriminated even single-base mismatch. Such highly selective
biosensors exhibited the significant potential to be used in point-of-care diagnosis
[60] (Fig. 12).
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Fig. 10 Schematic illustration of in situ amplification via hybridization chain reaction (HCR). (a)
HCR mechanism. Metastable fluorescent hairpins self-assemble into fluorescent amplification
polymers upon detection of a cognate initiator. Initiator I1 nucleates with hairpin H1 via base-
pairing to single-stranded toehold “a”, mediating a branch migration that opens the hairpin to form
complex I1-H1 containing single-stranded segment “c*-b*”. This complex nucleates with hairpin
H2 by means of base-pairing to toehold “c”, mediating a branch migration that opens the hairpin to
form complex I1-H1-H2 containing single-stranded segment “b*-a*”. Thus, the initiator sequence
is regenerated, providing the basis for a chain reaction of alternating H1 and H2 polymerization
steps. Red stars denote fluorophores. (b) In situ hybridization protocol. Detection stage: probe sets
are hybridized to mRNA targets, and unused probes are washed from the sample. Amplification
stage: initiators trigger self-assembly of tethered fluorescent amplification polymers, and unused
hairpins are washed from the sample. (c) Experimental timeline. The same two-stage protocol is
used independently of the number of target mRNAs. For multiplexed experiments (three-color
example depicted), probe sets for different target mRNAs (five probes depicted per set) carry
orthogonal initiators that trigger orthogonal HCR amplification cascades labeled by spectrally
distinct fluorophores. Reprinted from [77] with permission from the American Chemical Society

DNA Nanomachines
Recently, several DNA nanomachines have been synthesized and designed to
perform triggered motion, signaling, and conformation switching tasks. The
nanomachines are categorized as DNA switches, walkers, motors, etc. [78]. A
sensing platform reported by Zhao and the group utilized a DNA walker for the
ratiometric release of signal probes from a small population of captured target EVs
[54]. The designed DNA walker was composed of exosomal CD63-specific
aptamers, immobilized on magnetic beads (MBs) via biotin-streptavidin linkage
[54]. To discriminate MCF cell-secreted EVs from normal cellular EVs, dual
recognition was conducted with exosomal EpCAM aptamers alongside CD63
aptamers. EpCAM aptamers were captured to the MBs only in the presence of target
EVs, forming a sandwich complex with CD63- and EpCAM- aptamers. The
EpCAM aptamer was extended to a swing arm and an Mg2+-dependent DNAzyme,



flanked by A1 and A2 sequences [54]. The MBs were also functionalized with
DNAzyme substrate sequences comprised of a ribonucleobase (rA) cleavage point
and flanking P1 and P2 sequences. P2 and P1 hybridized to A1 and A2, respectively,
when brought into proximity in the presence of EVs [54]. The DNAzyme then
mediated a cleavage at rA and released P1 strands. This step destabilized and caused
the melting of the hybridized structure. The cleavage and melting events propelled
the free EpCAM aptamer-DNAzyme strands to hybridize into another DNAzyme
substrate [54]. The released P1 strands were then used to unwind methylene blue-
conjugated hairpin DNAs on a gold electrode. The exposed 3′-ends of the unwound
hairpins were digested with a 3′-5′ exonuclease (Exo III), and P1 strands were
further released for initiating multiple steps of hybridization and exonuclease
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Fig. 11 Schematic representation of HCR-based electrochemical biosensor for the detection of
breast cancer EV-derived miR-122. In the absence of target miR-122, H1 had the potential to trigger
HCR reaction with single-stranded hpDNA which resulted in the false-positive signal. So as to
reduce the false-positive signal, exonuclease 1 was used just before the incubation of miR-122.
Exonuclease 1 hydrolyzed the single-stranded hpDNA in order to prevent any background signal
from the sensor. Reprinted with permission from [58] Copyright (2021), American Chemical
Society



activity. In the final signal generation step, several 5′-ferrocene (Fc) labeled DNA
strands were hybridized into the partially digested hairpin DNAs on the gold
electrode [54]. The ratiometric biosensing signal was obtained from the oxidation
currents of both the electroactive labels: methylene blue and ferrocene (Fig. 13) [54].
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Fig. 12 Schematic representation of dual amplification electrochemical biosensor for the detection
of breast cancer EV-derived miR-21. Reprinted from [60] Copyright (2021), with permission from
Elsevier

6 Challenges and Future Directions

The inadequacies of conventional invasive diagnostic techniques coupled with
recent advancements in molecular profiling of biofluids have led to the populariza-
tion of liquid biopsy as a tool for cancer diagnosis. EVs as novel analytes in liquid
biopsies have triggered interest among researchers and exhibit potential as excellent
biomarkers. Electrochemical sensing, associated with good selectivity and high
sensitivity and the added features of low cost, rapid detection, minimum sample
requirement, and simplicity, is an attractive alternative to conventional methods of



EV detection and characterization. However, several bottlenecks could arise and
need attention for facilitating the use of these techniques in the clinical setup.
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Fig. 13 Schematic illustration for the detection of exosomes through (a) 3D DNA walker
amplification and (b) Exo III-assisted electrochemical ratiometric assay. Reprinted from [54] with
permission from the American Chemical Society

Clinical samples are prone to biological variability; variations are often
introduced during the collection and handling of biospecimens. Furthermore, detec-
tion of low abundant biomarkers is often challenging due to the inherent complexity
of biological matrices and requires the use of appropriate sample extraction or



pre-treatment steps. The development of sensors based on a single marker while
clinically appealing due to simplicity and low cost, may not capture the variability of
disease through the population, which again lowers accuracy, sensitivity, and speci-
ficity. It is well accepted that even a small deviation in the sensor fabrication process
including but not limited to electrode surface modification, sample pre-treatment,
etc. may lead to inconsistencies in detection. Another challenge is the low signal-to-
noise ratio and the presence of false positives which pose a serious threat to
achieving high specificity. A number of excellent clinically useful sensors have
been developed so far; however, reports on clinical trials conducted globally for
validation of these fabricated sensing devices are lacking, thereby raising the
question of reproducibility.
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EV research has emerged as an attractive noninvasive diagnostic option for
cancer in the last decade. Not only in diagnosis but these natural stable vesicles
show promise in drug delivery, regenerative, and personalized medicine. Rose
Johnstone first used the word “exosome” in 1983 [79]. Initially, these small vesicles
were reviewed as “garbage bags,” just to remove the waste products from cells. It
took almost four decades to understand the pathological and structural aspects of
EVs in cellular communication. In 2013, Dr. Rothman, Dr. Schekman, and
Dr. Südhof were honored with the Nobel prize for reporting the vesicular
transporting machinery in the human system [80]. Since then there is an unex-
pected growth in EV research. According to journal citation reports published in
2016, a total of 51, 913 times the keyword “exosome research” was used in
correlation with any analytical disorders [81]. The “PLOS ONE,” “JOURNAL OF
BIOLOGICAL CHEMISTRY,” and “SCIENTIFIC REPORTS” were the highest
holding journals for EV research according to the report published in 2016 [81]. Ini-
tiation of a few dedicated societies for EV research such as the Journal of Extracel-
lular Vesicle (JEV), International Society of Extracellular Vesicles (ISEV), and
European Journal of extracellular vesicle (ESEV) appeared to motivate newborn
ideas in this field. There are a large number of databases for instance “Vesiclepedia”
(www.microvesicles.org), ExoCarta (www.exocarta.org), EV-TRACK (www.
evtrack.org), exRNA Atlas (www.exrna-atlas.org), etc. were started to encourage
to store and access the EV related information. According to the UTSPO database in
2016 in total 524 US patents were granted involving EV [81]. Various clinical and
pre-clinical trials are ongoing in this particular field and most of them are associated
with a cancer diagnosis. Many governments and nongovernment agencies have been
involved in granting funding for EV research. Understanding the impact of EV
research numerous companies have started to commit to this area. Companies
include Aethlon Medical, Inc., Exopharm Ltd., Lineage Cell Therapeutics, Exosome
Diagnostics Inc., Clara Biotech, Sphere Fluidics, ThermoFisher Scientific Inc., etc.
The global EV market is expected to reach $2.28 billion at a CAGR of 18.8% by
2030 [82]. Although many new perspectives have emerged related to EVs for
clinical translation, still standardization of qualitative and quantitative EV research
is still a challenging job. According to MISEV, the clinical application of EV
depends on various pre-clinical factors such as coagulation agent, storage time,

http://www.microvesicles.org
http://www.exocarta.org
http://www.evtrack.org
http://www.evtrack.org
http://www.exrna-atlas.org
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https://www.ventureradar.com/organisation/Clara%20Biotech/0bb0865a-c0a9-47fd-9b9e-b3c84fc5763a
https://www.ventureradar.com/organisation/Sphere%20Fluidics/e8ee02e2-815b-4d93-a5de-1db46658d2f3


and isolation steps [5]. Several biochemical and biophysical variables have been
found to alter the pathophysiological profile of EVs.
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Recent progress in the sensitive sensing of EVs by electrochemical biosensors has
promised to bridge the challenges. The real-time accurate point-of-care (POC)
diagnosis of the target analyte is very important especially in highly populated
countries like India to reduce the massive burden on the healthcare sector [83]. Vari-
ous electrochemical biosensors have achieved a very low detection limit by
manipulating sensing parameters. With the recent integration of microfluidics and
nanotechnology, it is envisioned that the issues associated with sample pre-treatment
and signal amplification can be addressed significantly. The extensive use of
nanomaterials has improved the sensitivity of the platforms to a considerable extent.
Multiplexed detection is another prominent feature that can influence the develop-
ment of electrochemical sensors.

7 Conclusion

EVs have amassed an ample amount of research recognition in the recent era due to
their capacity to carry disease-specific biomarkers from one cell to another. An
elevated number of tumor-specific EVs emerged as an excellent circulating liquid
biopsy biomarker for cancer. To explore these aspects, standardized EV analysis
techniques are essential. Many interesting biochemical, and biophysical techniques
are unable to quantify tumor-derived EVs with high sensitivity. Scientists are
constantly trying to advance the science, technology, and innovation (STI) sector
for the development of accurate POC medical devices. With the immense pressure
that has stretched in the healthcare sector after the COVID-19 pandemic, it is
relevant to develop low-cost, rapid, sensitive POC medical devices for high preva-
lence diseases. The performance of an effective biosensor not only relies on the
stability of the biorecognition molecule aptamer or antibody but also on a sensitive
signal detection method to quantify cancer-derived EVs at very low concentrations.
Herein, we presented the advantage of electrochemical biosensors and their potential
implications in EV sensing. Further, the newborn ideas and signal detection
strategies with electrochemical biosensors were discussed in this review. The major-
ity of electrochemical proof-of-concept studies for cancer-derived EV quantification
are listed in Table 2. Despite the considerable advances in these fields, most of the
sensors require traditional strategies like ultracentrifugation and chromatography for
the isolation of EVs from human bioliquids. Moreover, it is well reported that the
biochemical properties of EVs get affected by different isolation strategies. For that
reason, it is very important to standardize the EV isolation method, before detection.
On top of that, the vague knowledge of EV storage conditions, and stability faces
difficulty to translate individual research insights into the clinical market. We believe
that more research and recommendations will enable us to design an electrochemical
‘extracellular vesicle on chip’ POC medical device in near future.
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Nano-biosensors for Diagnosing Infectious
and Lifestyle-Related Disease of Human:
An Update

Somrita Padma, Pritha Chakraborty, and Suprabhat Mukherjee

Abstract

At present time, a variety of infectious and lifestyle diseases are becoming life-
threatening day by day. Development in technology and immergence of
nanoscience helped to provide a better health care system. Based on the working
mechanism nano-biosensors are of majorly two types: electrochemical nano-
biosensor and optical nano-biosensor. Nanomaterials used in the nano-biosensor
increased their efficacy, sensitivity, and selectivity of the device. Different
diseases have different biomarkers to get detected such as, absorption of choles-
terol oxidase detect cholesterol, glaucoma in a diabetes patient is detected by
cytokine Interleukin 12 in tear, C-reactive protein is detected for liver inflamma-
tion, the SARS virus is detected by N-protein and miRNA is a potential bio-
marker of cancers, especially colorectal cancer. Hitherto, identification of a
biomarker for a specific disease is the major work. The accuracy of nano-
biosensor in diagnosing diseases put them in demand in the biomedical field.
But the major drawback comes with the cost-effectiveness and use of
nanomaterial in health sectors focussing on any toxicological impact of the
nano-biosensor on health in long run. In this chapter, we present an overview
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of the working mechanism of different nano-biosensors in diagnosing different
infectious and lifestyle diseases.
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Abbreviations

AD Alzheimer’s Disease
ADP3 Alzheimer’s disease peptoids
AMP Antibody-Mimic Proteins
Apo Apolipoprotein
Aβ Amyloidβ
ChOx Cholesterol oxidase
CMOS Complementary Metal Oxide
CNTs Carbon nanotubes
CRC Colorectal Cancer
CSF Cerebrospinal fluid
Cu-CD Cu-Carbon Dot
SARS Severe Acute Respiratory Syndrome
DP Dopamine
EDC N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride
EIS Impedance Spectroscopy
ELISA Enzyme-Linked Immunoassay
FET Field-Effect Transistor
Fn Fibronectin-based protein
HCFA Hypoxia-activatable and cytoplasmic protein-powered fluorescence

cascade amplifier
HE4 Human Epididymis Protein 4
IBD Irritable Bowel Disease
IBS Irritable Bowel Syndrome
IL-12p70 Cytokine Interleukin 12
MERS Middle East Respiratory Syndrome
MONp Metal oxide nanoparticles
MRI Magnetic Resonance Imaging
MUA 11-Mercaptoundecanoic acid
NFT Neurofibrillary Tangles
NHS N-Hydroxysulfosuccinimide
NIR Near-infrared
NP Nanoparticle
N-protein Nucleocapsid protein
OPD Optical Path Difference
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ORR Optical Ring Resonators
PD Parkinson’s Disease
PfHRP-2 Plasmodium falciparum histidine-rich protein-2
POC Point of Care
QD Quantum Dot
RA Rheumatoid arthritis
RIA Radioimmunoassay
SERS Surface-Enhanced Raman Spectroscopy
SiNW Silicon Nanowire
SN Substantia Nigra
SPR Surface Plasmon Resonance
SPRi Surface Plasmon Resonance Imaging
SPs Surface Plasmons
LRET Luminescence Resonance Energy Transfer
TIRF Total Internal Reflection Fluorescence
UCL Ulcerative Colitis
ZnS Zinc sulfide

1 Introduction

The biological world has dynamic environmental developments and alteration in
homeostasis. However, these changes need to be detected hence, the biotechnologi-
cal industry comes into play. Nanotechnology has opened the horizon for the
development of nano-biosensors consisting of biological recognition molecules to
detect different classes of diseases. But this nanoscience-based technology is not a
newborn, it was developed with the discovery of atom, but the concept of nanotech-
nology was first introduced by Nobel laureate Richard Feynman in 1959. He made a
hypothesis, “Why can’t we write the entire 24 volumes of the Encyclopedia
Britannica on the head of a pin?” and gave an idea to develop smaller machine
work at the molecular level [1]. After the hypothesis got proved, Japanese scientist
Norio Taniguchi, coined the term “Nanotechnology” in 1974. It defines an analytical
instrument combining a suitable physical converter with a bioactive element to
generate a quantifiable signal directly proportional to the number of analytes present
in any kind of biological sample using nanomaterial. Nanoscaled biosensors are
developed with exceptional sensitivity and adaptability [2]. The unique physical,
chemical, mechanical, magnetic, and optical features of nanomaterials increase their
efficacy as compared to biosensors. Biosensors are combined with nanomaterials
including carbon nanotubes (CNTs), gold nanoparticles, quantum dots, and mag-
netic nanoparticles to provide a larger surface area for the analytes to complete a
reaction [3].
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Due to the collective oscillations of metal conduction band electrons in strong
resonance with visible-light wavelength, gold nanoparticles exhibit a significant
absorption band in the visible range, which is known as surface plasmon resonance
[3]. The benign, plentiful, low cost, low toxicity, and strong bioactivity of C-dots are
advantageous for applications in bioimaging, biosensors, and drug administration
due to their outstanding features such as low toxicity and strong bioactivity [4]. Car-
bon Nanotubes can attain excellent electrical conductivity and mechanical
characteristics, opening up the tantalizing prospect of building ultrasensitive, elec-
trochemical biosensors [5, 6]. The special magnetic properties of magnetic
nanoparticles are broadly used in applications like magnetic resonance imaging
(MRI) contrast agent, hyperthermia, tissue repair, immunoassay, cell separation,
and GMR-sensor [7–9]. The overall purpose of nano-biosensors is to identify any
physicochemical and biological signal linked to a specific disorder at the single-cell
or molecular level. These nanostructures of nanomaterial used in nano-biosensor,
have the ability to recognize a wide range of chemicals via biorecognition processes.
It has proved to be a useful tool for the quick and sensitive assessment of infections,
abnormalities, drug screening, genetic disorders, and other in vitro screening
applications [10]. As a result, the utilization of nanomaterials in biosensors with
various compositions, combinations, and nanostructures allowed for rapid diagnosis
with greater accuracy [10].

In recent times, a busy schedule results in an unhealthy life with a high incidence
of various infectious and inflammatory diseases hindering human longevity.
Nanoscience came as a blessing to modern medical science in the form of nano-
biosensor. By employing nanomaterials to develop new signal transduction
technologies, it has opened a wide field to researchers [11, 12]. Nano-biosensors
could be divided into different types as an electrochemical biosensor in which a gold
nanoparticle is employed to detect glucose levels in the blood as well as a graphene-
based biosensor, which is used in different sensing devices [13]. Nano-biosensors
are also specific in detecting diseases based on biomarkers. There is a large variety of
biomarkers present for different diseases. The selection of a proper biomarker for the
diagnosis of diseases is posing a greater challenge to the researchers.

Several applications of nanotechnology include disease diagnosis, monitoring,
treatment, and drug designing [14, 15]. Nano-biosensor is also used in delivering
drugs in the human system, also referred to as “nanomedicine” [16]. Utilization of
nanometer-scaled particles in tissue implant engineering increased the surface area
which helps in better responses and effective tissue-implantation mechanism
[17]. Their uses include microbe identification in diverse samples, metabolite track-
ing in bodily fluids, and diagnosis of tissue diseases such as cancer. Besides the
biomedical application, nano-biosensors are used broadly in the field of food
packaging, tracking, and safety as well as environmental analysis [18]. Nano-
biosensor is tremendously efficient in working with a minimum concentration of
analytes. In this book chapter, we are discussing about the mode of working of
different nano-biosensors and their application in the biomedical field as depicted in
Fig. 1.
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Fig. 1 Different types of Nano-biosensor applied in the biomedical field. Nano-biosensors are used
in the diagnosis of infectious and lifestyle diseases. FET-based Immunosensor is used to detect
virus pathogens as well as bacterial pathogens could be detected by AuNP-based piezoelectric
biosensor. Nano-biosensor is also used in the diagnosis of lifestyle diseases like diabetes, hyperten-
sion, inflammatory diseases, and neurological disorders. CSNFS/AuNP composite network is used
to detect cholesterol levels in blood-related to hypertension and an electrochemical chip sensor is
used to detect glucose levels from a drop of blood. Graphene Quantum Dot is used to identify
C-reactive protein, a biomarker of inflammatory diseases. Different types of specific biomarker are
present for different neurological disorders. They could be diagnosed by biomarker-specific AgNP
labeled antibody electrochemical biosensor

2 Design of Nano-biosensors

Diseases-associated biomolecules including, proteins, pathogens, nucleic acids,
disease-specific metabolites, and circulating tumor antigens need to be detected for
the diagnosis of diseases in the clinical setting as well as for biomedical research
resulting in drug discovery and development. Nanotechnology has powered the
nano-biosensors with high-affinity recognition probes of biological components
and a transducer to rapidly improve the biodiagnostic capacity [19]. Nano-
biosensors are used in the identification of different types of biochemical and
molecular parameters in a biological system by converting the biochemical,



chemical, or biological signal into an electrical or optical signal that could be
displayed easily.
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Human health needs to be monitored for early detection of ailing conditions or
disorders to maintain a healthy life. Hence, different biomolecules within the human
system also known as biomarkers are detected for interventions. Nano-biosensors
provide rapid analysis, active monitoring, data generation, processing, and data
manipulation. A nano-biosensor consists of three parts: a bioreceptor for receiving
a signal; a transducer that converts the signal into optical, electrochemical, piezo-
electric, electronic, or gravitimetric; and an electronic unit that would amplify,
process, and display the converted signals [20]. Depending on different
technologies, nano-biosensors are categorized into different groups: electrochemi-
cal, acoustic wave, nanowire, and nanotube-based sensors [12]. In an acoustic wave
nanosensor, a wave is generated in several anisotropic materials that have the
potential to convert electric signals into mechanical motion [21]. The difference in
the charge density causes variations in the electric field at the nanowire’s external
surface, based on this principle nanowire-based biosensors could sense different
biological parameters [22]. Nanotubes in a biosensor serve as scaffolds for immobi-
lization of biomolecules, and their properties, allow for signal transduction, and
aided in the recognition of disease biomarkers and analytes. The working mecha-
nism of the nano-biosensor divides it into two categories of electrochemical and
optical nano-biosensor [20, 23]. Nanomaterials are also used in developing
nanoelectrode. Graphene, graphene oxide, carbon nanotubes, diamond, carbon
nanofibers, ZnO nanofibers, conductive polymers such as polythiophene nanofibers,
Pt–Au nanoparticle-decorated titania nanotube array, boron-doped diamond
nanorods, and gold nanofiber electrodes are some of the biosensing materials used
in biosensor [21]. Gold nanoparticle-modified electrodes also demonstrated a con-
siderably broader pH adaptable range and bigger reaction currents in detecting H2O2

level, which is a biomarker of oxidative stress in the human body [3].
Nanotechnology is merged with biosensors to lay the foundation for developing

nano-biosensors. Particular kind of nanomaterials used in the development of bio-
sensor depends on biosensing applications. Nano-biosensors can be classified based
on the nature of nanomaterials incorporated in the application of biosensing. How-
ever, the classification can be done either on the basis of signal transduction or on the
basis of the type of material to be analyzed. The fabrication of nano-biosensor is
categorized into two parts depending on speed, quality, and cost which are top-down
approach and bottom-up approach. The breaking of bulk material into nanomaterial
is known as top-down approach. During the production process, precision engineer-
ing technology played a major role and the performance could be improved by the
use of nanosized-based diamond or cubic boron nitrate and sensors for controlling
size, numerical number, etc. [4]. The bottom-up approach is known to build
nanomaterial by assembling atom–atom or molecular–molecular by physical and
chemical methods that are in the nano range (1–100 nm) [4, 24–26].

Biosensor technology advancements have primarily focused on meeting analytic
requirements in the treatment of various diseases, as well as other applications such
as environmental protection. An electrochemical nano-biosensor helps to determine



the degree of a patient’s condition or to monitor the patient’s behavior in post-
therapy and intervention. The first step is based on the interaction of a bioreceptor
and an analyte. Any biological entity, generally live-derived such as proteins as
antibodies, glycans, and nucleic acids coupled to an electrode conjugated with a
nanosized substance or nanomaterial. Whenever the analyte is detected, physiologi-
cal or chemical alterations occurred on the transducer’s sensing surface, which is
processed as a quantifiable signal in a concentration-dependent way [27]. Electro-
chemical biosensors are able to assess changes that occurred in the electrochemical
characteristics of transducers, such as electron transfer and charge deposition. In this
nano-biosensor, nanomaterials such as nanoparticles, graphene, carbon dots, and
carbon nanotube are used in coating the working electrode, where the receptor–
analyte interaction occurs [28, 29]. The electrochemical signal produced from an
enzyme-catalyzed oxidoreductive reaction is displayed as shown in Fig. 2 and based
on this principle the widely used, glucose oxidase-based nano-biosensor is
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Fig. 2 Working mechanism of electrochemical nano-biosensor. (a) Gold NP is conjugated with
glucose oxidase enzyme and an electric chip is coated with the enzyme–NP conjugate. (b)
Exchange of electron occur between the blood, collected from the blood vessel and the enzyme–
NP conjugate coated on the electric chip through a chemical reaction



developed [30]. Later some other enzymes such as polyphenol oxidase is also used
in some nano-biosensor for detecting the enzymatic reaction [31–33].
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Fig. 3 Working mechanism of optical nano-biosensor. A functional group is tagged with the
biomarker molecule and activated it. The activated biomarker is released in the bloodstream and
gets attached to the cancer cell. This attachment causes some conformational change in biomarker
and after absorbing UV light the whole conjugate gets visible

Optical nano-biosensors sense analytes ranging from tiny to big molecules,
including proteins, using both labeled and label-free signal transduction
technologies [34]. Fluorophores, nanoparticles, quantum dots, and carbon nanotubes
are all used and as labeling technology or label-free technology to detect refraction
[35]. Based on the optical and luminescent characteristics of nanomaterials, as well
as surface plasmons (SPs) and luminescence resonance energy transfer (LRET)
effects, optical nano-biosensors are designed as described in Fig. 3 [36]. LRET is
a technique by which energy is transmitted from the donor to the receiver via
resonance interaction, which leads to a decline in the luminescence intensity of the
donor, and the luminescence intensity of the receiver get increased [36]. LRET-
based nano-biosensor detect the analytes by manipulation of spectrum overlap and
proximity between donor and acceptor [37]. The earliest optical sensor was the total



internal reflection fluorescence (TIRF), later some other optical sensors like,
photonic crystals, surface plasmon resonance (SPR), and optical ring resonators
(ORR) are developed. [20]. The detection technique of SPR is associated with the
change in the local refractive index generated by adsorbed analytes, which alters the
resonance conditions of surface plasmon waves [36].
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The modification of the hybrid structure’s optical and electrical properties by
inserting suitable functional groups or equivalents is highly interesting for rapid and
simple disease diagnosis [38]. Some of the nano-biosensors work in both working
principles, as they are capable to use both electrochemical and optical properties,
such as Cu-Carbon Dot (Cu-CD). Thiol is a very important component in a
biological system, depending on that Thiol Nanosensor is developed using the
properties of Cu-CD as both an optical and an electrochemical detection device.
Thiols specifically, systematically, and intensely inhibited the electrochemical peak
of Cu-CDs because of strong electrostatic contact and covalent bonding between the
NH2 functional groups of the Cu-CDs and the -SH groups of thiols [39]. Whereas the
blue photoluminescence emission of Cu-CDs rose significantly due to the separation
of Cu ions from the margins of Cu-CDs in the presence of thiols. The emission could
be visible in a transmission electron microscope, photoluminescence, and X-ray
photoelectron spectroscopy scanning [39].

3 Clinical Application of Nano-biosensors

With the advancement in our research, some limitations also raise concerns regard-
ing good quality of living. Herein prevention of a diseases outbreak, whether
communicable or non-communicable, is the most appropriate means for survival.
Applications of nano-biosensors have been highly versatile, endless, multifactorial,
and involved in managing and monitoring different infectious and inflammatory
diseases.

3.1 Application of Nano-biosensors for the Diagnosis
of Infectious Diseases

Pathogens like bacteria, fungus, parasites, and viruses have been reigning the living
organisms for over a hundred years resulting in the death of both humans and
animals globally. Around, one-third of the infectious deaths are caused by
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria. Viruses
like Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syn-
drome (MERS), and Zika virus have impacted the population severely leading to the
high mortality rate in the past years [40]. Among all the pathogens, viruses are the
intracellular parasites that can create havoc in the population. As we know, SARS-
CoV-2 has created a high surge in infection as well as death waves with an urgent
need for detection methods to control the spreading of the diseases. Traditional
methods of detection are efficient but time consuming and are limited due to the



varying sizes of the pathogen. Thus, the need of the hour is cost-effective, efficient,
and time-saving nano-biosensors for effective management of disease progression,
and evaluation of epidemic or pandemic situations focusing on detection of bacterial,
fungal, parasitic, and viral pathogens to prevent the coercion of epidemic and
pandemics [40].
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Healthcare management solely relies on providing better healthcare which can be
achieved by optimum standards of medical facilities, timely decisions, and rapid
diagnosis with smart and informatics data analysis [41]. To achieve better results,
smart therapeutic tools and diagnosing systems can enhance the wellness of
healthcare. Biosensing technology has become an integral part of detection and
diagnosis in which nanotechnology holds the potential to detect and treat different
infectious diseases rapidly with ease, utmost accuracy, and inexpensively [42].

Detection of Viral Pathogens
Viral pathogens, like SARS-CoV-2, are identified based on their antigenic
determinants, using a FET-based immunosensor. The antigen–antibody interaction
generates a conductance based on the concentration of the viral pathogen by using
antigen nucleocapsid protein (N-protein) [43]. Fibronectin-based protein (Fn) is
engineered in vitro as antibody-mimic proteins (AMP) act as bioreceptors that
capture the antigen of the viral pathogen. FET-based immunosensor is modified
with In2O3 nanowires on a Si/SiO2 substrate which improves the signal transducing
and immobilized the AMP. Higher sensitivity and selectivity are achieved by the
synergic effect of the In2O3 nanowires/Fn protein, which detects the SARS bio-
marker N-protein [44]. Also, another nano-immunosensor detects MERS-CoV
amperometrically. It is based on indirect competition between the free virus and
immobilized MERS-CoV recombinant spike protein S1. AuNPs are added to carbon
electrodes to enhance the electrochemical properties resulting in a faster electron
transfer rate with higher surface area and improved detection capacity. By using the
drop-casting procedure, viral antigens are immobilized onto AuNPs followed by
incubation. Results showed linear responses with high sensitivity as compared to
ELISA. HIV subtypes are captured on the biosensing surface by modifying antibody
layers. Polystyrene surfaces conjugated with AuNP were modified by poly-L-Lysine
to generate amino groups. Coupling was performed by NeutrAvidin,
11-mercaptoundecanoic acid (MUA), biotinylated anti-gp120 polyclonal antibody,
N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and
N-hydroxysulfosuccinimide (NHS). After the HIV capture, spectral analysis was
performed to analyze the point of care (POC) [45].

Detection of Bacterial Pathogens
Low-cost nano-biosensor for the detection of Mycobacterium tuberculosis has been
a challenge so far in the healthcare industry, but still, piezoelectric sensor based on
AuNPs is combined with aptamer technology to detect MTB. Though it has a
limitation in detecting more than 100 CFU/ml [46]. Also, silicon nanowire-based
nano-biosensor (SiNW) with field-effect transistor (FET) is conjugated with antigen
85 (Ag85B) to detect MTB and tuberculosis following antigen–antibody immune



reaction [47]. To enhance the detection of MTB Ag85 protein, noninvasively,
sputum collected containing water and solids from peripheral airways and alveolar
chambers. It is subjected to SiNW-FET combined with traditional complementary
metal oxide (CMOS) to detect MTB in an actual environment.
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Detection of Other Pathogens
Nanoscience and nanotechnology have led to the development of nanomaterials of
which Plasmodium falciparum histidine-rich protein-2 (PfHRP-2) antigen can be
detected with the presence of very low as 0.01 ng/ml using carbon nanofibers
attached to glass microballoons [48]. Metal oxide nanoparticles (MONp) are depos-
ited on the gold electrodes for the detection of β-Hematin biomarker and Salmonella
typhi antiserum VI found in clinical samples of malaria and typhoid. β-Hematin and
antiserum VI is electrocatalyzed on Au-electrode modified with CuONp providing
high electrochemical stability in the analytes and better signal separation during
detection between malaria and typhoid biomarkers [49]. Different nano-biosensors
have been currently in use for the detection of different pathogens as mentioned in
Table 1.

3.2 Nano-biosensors Used in Lifestyle Diseases

Globalization advancements with economic developments are increasing the preva-
lence of lifestyle diseases. It has been a major public health problem affecting a
larger population since it is primarily attributed to a person’s daily life. It increases
the risk of different diseases related to our regular lifestyle such as hypertension,
diabetes, and gut-related inflammatory disorders.

Detection of Diabetes and Hypertension
Diabetes is also known as the “silent killer” which can be a serious health issue of
this century. Our regular busy life is drowning in stress, irregular food habit, and
consumption of packaged food making us a patient suffering from diabetes and
hypertension. Severe consequences are followed by increasing levels of blood sugar
including blindness, heart disease, and neurological disorders that can be life
threatening. Hence, detection, as well as diagnosis, is very important. This can be
achieved using a drop of blood onto an electrochemical biosensor with disposable
screen-printed electrodes [20, 70]. An enzyme namely, Glucose Oxidase converts
glucose into glucuronic acid through an electrochemical reaction. Clark et al. [71]
first developed a biosensor using this catalytic affinity property to detect diabetes.
Recent studies proposed the concept of nanorobots in the bloodstream for monitor-
ing the sugar level in diabetic patients. The nanorobot detects the biochemical
changes in patient blood by using proteomics-based information [72]. However,
noninvasive monitoring techniques such as microcalorimetry, enzyme-fabricated
electrodes, sonophoresis, and near-infrared (NIR) spectroscopy have been known
to be successful in detecting even a little amount of glucose in body fluids [73,
74]. Also, diabetes could be monitored by the presence of glucose in the tear of a
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glaucoma patient [75]. One putative biomarker is the cytokine Interleukin-12
(IL-12p70) since current findings indicated that the average content of IL-12p70 in
tear film was considerably lower in patients with primary open-angle glaucoma than
in a normal person [76]. A soft contact lens-based sensor is used to monitor the
glucose level by detecting the IL-12p70 biomarker in a glaucoma patient. The
optically reflected signal from the nanopore thin-film sensor integrated into the
contact lens is used to measure IL-12p70 [77, 78]. The attachment of the biomarker
to the sensor’s nanoporous surface causes a change in the Optical Path Difference
(OPD) [75]. Diabetes can also affect arteries and causes a condition known as
atherosclerosis, which is one of the prime reasons for hypertension like comorbidity.
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Moreover, diagnosis of cholesterol in serum samples at early stage could prevent
a wide number of clinical disorders including hypertension. An amperometric
cholesterol nano-biosensor could detect cholesterol on basis of the absorption of
cholesterol oxidase (ChOx) onto the chitosan nanofibers–gold nanoparticles,
designated as CSNFs/AuNPs composite network [79]. Hypertension could be
detected by a decrease in the fluidity of plasma membrane of the erythrocyte and a
decrease in mobility of membrane-bound heme. Silver nanoparticle-based biosensor
Surface-Enhanced Raman spectroscopy (SERS) can detect the change in erythrocyte
and act as a biomarker of hypertension in the blood. A study has shown that
hypertension could also lead to dysbiosis in the gut by increasing lactic acid-
producing bacteria and decreasing acetate and butyrate-producing bacteria
[79]. Some environmental, genetic, and dietary factors are common in both hyper-
tension and diabetes that aid dysbiosis in the gut.

Detection of Inflammatory Disease
Our busy schedule, workload, physical and mental stress, and intake of fast and
processed food, increases the bad or pathogenic microbes in our gut, known as gut
dysbiosis. This type of disturbance in the colony of gut microbes leads to life-
threatening diseases like, irritable bowel syndrome (IBS), irritable bowel disease
(IBD), and Ulcerative Colitis (UC), which may end up in Colorectal cancer (CRC)
[80]. Karban et al. [81] proposed a chemical nano-biosensor based on programmable
molecularly modified gold nanoparticle for the detection and separation of IBS and
IBD. Headspace gas chromatography in conjunction with a chemiresistive metal
oxide gas sensor was used to construct a stool analysis technique [82]. A hypothesis
proposed that 5-aminosalicylic acid-SiO2 NPs had a targeted drug dissolution
strategy that targets the inflammatory colon and UC characteristics, and that they
might considerably increase the efficacy of treatment in UC [83]. Early detection of
inflammatory bowel disease with great sensitivity can prevent CRC progression,
minimizing the risk of metastasis. Gold nanoparticle, silver nanoparticle, quantum
dot, etc. based biosensors are used in detecting miRNA biomarkers of different
cancers, especially CRC [84].

Besides gut inflammation, some other inflammatory diseases are also becoming
life threatening. It is necessary to diagnose those diseases to get time to apply some
therapeutics. C-reactive protein is a biomarker of liver inflammation thus, Lv et al.
[85] have developed a new quantum dot-labeled immunosorbent technique for fast



C-reactive protein detection. Cytokine or chemokines are well-established indicators
for lung inflammation that could be detected by an iron/iron oxide nanoparticles-
based optical biosensor [86].
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Detection of Cancer
Cancer is one of the most recorded causes of death in today’s world, among which
breast, colorectal, ovarian, lung, and prostate cancers are at the top of the list
[87]. Cancer is triggered by genetic factors as well as environmental factors like
pollution, usage of chemical compounds, radiation, and smoking [87]. As suggested
by different reports, gut dysbiosis can be a causative factor in some life-threatening
diseases like CRC and cervical cancer. Therefore, the diagnosis of cancer plays a
crucial role at an early stage to expand the life span. Nanosized (around 1–100 nm)
particles or nanoparticles (NP) that are used as a biomarker in a biosensor have
microlevel sensitivity. Grimm et al. [88] developed a nano-biosensor using magnetic
NP, which could detect elevated telomerase activity which is known to play a crucial
role in tumorigenesis and malignancies. This NP changed the magnetic state of the
telomeric repeats synthesized by telomerase, which could be detected easily by the
magnetic readers. In photodynamic therapy, cytochrome c is used as a biomarker to
detect human breast cancer MCF-7 cell lines. After activation of photodynamic
therapy by He-Ne laser beam, cytochrome c start releasing in the cytoplasm of the
cancer cell line, which could be monitored using an optical nano-biosensor
[89]. Nano-biosensor conjugate with different immunoassay such as RIA (radioim-
munoassay) and ELISA (enzyme-linked immunoassay) to increases the limit of
sensitivity to detect cancer from both inside and outside of the cell because of
enzymatic amplification [89]. Studies on nano-biosensor emphasized several geno-
mic modified technologies that could be utilized in rapid detection, therapeutic, and
monitoring of any kind of cancer in the human body [90, 91]. Williams et al.[92]
addressed the development and testing of a carbon nanotube-based optical sensor for
the ovarian cancer protein biomarker human epididymis protein 4 (HE4). They
observed that the sensor can detect HE4 in patients’ serum samples at meaningful
biomarker quantities in the case of an ovarian cancer patient [92]. Overexpression of
HE2 in a breast cancer cell is detected in a patient by an electrochemical nano-
biosensor directly in blood fluid [93]. The sensor of the nano-biosensor was made by
immobilizing anti-HER2 onto a nanoconducting surface, and the signal was
acquired using a unique bioconjugate of hydrazine-gold nanoparticle aptamer,
where the hydrazine operated as an electrocatalyst and the aptamer as a sensor
molecule [87]. In these methods, even ultrasensitive cancer cells can also be detected
by the nano-biosensor device.

Detection of Neurological Disorders
Protein misfolding disorders or neurological disorders including Parkinson’s disease
(PD), Alzheimer’s disease (AD), brain stroke, epilepsy, and encephalitis can be
detected using nano-biosensors [94]. From the past evidence, apolipoprotein (apo)
plays a critical role in AD. Whereas, apoE4, a polymeric lipid-binding protein
variant act as a biomarker in AD. Amyloidβ (Aβ) is an amphipathic peptide of



42 residues long and is a known biomarker of AD. Insoluble fibrillar Aβ42
accumulated on neurons has the potential to destroy neural circuits. Surface Plasmon
Resonance Imaging (SPRi) is used to quantitatively measure Aβ42 levels in the
blood by gold-coated glass chips created on Alzheimer’s disease peptoids (ADP3)
[95]. ADP3 is able to identify Aβ42 present in a high concentration as well as in a
low concentration [94]. The transmitted signal that is displayed could be increased
by using Quantum Dot (QD) nanomaterial at the place of the gold nanoparticle
[96]. AD could be detected through an electrochemical nano-biosensor also, by a
biomarker, Tau protein, which is the key component of the pathological infection of
AD. Excessive or aberrant phosphorylation of tau in CSF(Cerebrospinal fluid)
converts the healthy neurofilaments into coupled helical filament-tau and neurofi-
brillary tangles (NFT), which are considered toxic to neurons [97, 98]. This Tau
protein has an affinity to a gold nanoparticle. Depending on these characteristics a
nano-biosensor is developed, which monitors the binding reaction of the Tau by
Electrochemical Impedance Spectroscopy (EIS) [99]. PD is a chronic neurodegen-
erative illness defined by the loss of dopaminergic neurons in the Substantia Nigra
(SN) area of the brain, resulting in pathological changes like tremors, stiffness, and
postural instability [100]. Clinical characteristics of PD include 50–70%
neurodegeneration in the SN area, the neuronal aggregates consisting of
α-synuclein protein, which is found in Lewy bodies and neurite, combinedly
known as “Lewyneurites”[101]. Studies revealed that in presence of metallic ions
changes in the morphology of α-synuclein occur, due to defective regulation and
misfolding patterns, which causes neuronal toxicity [102]. A single gene mutation in
the α-synuclein gene, dopamine (DP), Tau gene is the potential cause of pathogene-
sis of PD [103]. The accumulation of the protein α-synuclein may be identified in a
precise, label-free manner by employing MEMS cantilevers [75]. QD is used to
detect DP, which is a potential biomarker of PD. Zinc sulfide (ZnS) coated with QD
participates in a coupling reaction in presence of ascorbic acid, in which QD is
replaced with L-cysteine. DP is detected by the emitted fluorescence by cysteine-
capped ZnS-QD [104].
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Detection of Other Diseases
Odontogenic ameloblast-associated protein is a potential biomarker for periodontitis
disease [20]. Loosing of teeth in periodontitis is associated with oral cancer. Detec-
tion and treatment of periodontitis in early stage, by aptamer-based biosensor, could
inhibit future cancer. Rheumatoid arthritis (RA) patients could be identified by a
graphene-based nano-immunosensor and a zinc oxide nanorod-based sensor with an
immobilized biomarker, anti-cyclic citrullinated peptide [20]. Monitoring of hypoxia
and differentiating its various cellular levels could be possible by hypoxia-
activatable and cytoplasmic protein-powered fluorescence cascade amplifier
(HCFA) fluorescence imaging [20]. All these types of diseases are detected by
different biomarkers listed in Table 2.



Disease Nano-biosensor Biomarker References
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Table 2 List of biomarkers and nano-biosensors to detect lifestyle diseases

Sl.
no.

1. Diabetes and
glaucoma

Disposable screen printed
electrodes, nanorobot,
microcalorimetry, enzyme-
fabricated electrodes,
sonophoresis, and NIR
spectroscopy

Glucose oxidase,
IL-12p70

[20, 70,
73, 74]

2. Hypertension Chitosan nanofibers-gold
nanoparticles composite
network, Silver nanoparticle-
based biosensor Surface-
Enhanced Raman spectroscopy

Cholesterol oxidase,
fluidity of plasma
membrane of the
erythrocyte

[8, 12, 15,
37]

3. Liver
inflammation

quantum dot-labeled
immunosorbent

C-reactive protein [85]

4. Lung
inflammation

Iron/iron oxide nanoparticles-
based optical biosensor

Cytokines and
chemokines

[86]

5. Gut
inflammation

chemical nano-biosensor based
on the programmable
molecularly modified gold
nanoparticle, 5-aminosalicylic
acid-SiO2 NPs

C-reactive protein [81, 83]

6. Cancer Magnetic Np-based biosensor,
optical nano-biosensor, carbon
nanotube-based optical sensor

miRNA, telomerase,
cytochrome C, HE4,
HE2

[88, 89,
92, 93]

7. Alzheimer’s
disease

Gold-coated glass chips on
ADP3, electrochemical nano-
biosensor, electrochemical
impedance spectroscopy

Aβ42, apoE4, Tau
protein

[94, 95,
97, 99]

8. Parkinson’s
disease

Cysteine-capped ZnS-QD
fluorescence

α-Synuclein,
dopamine

[104]

9. Rheumatoid
arthritis

Graphene-based nano-
immunosensor and Zinc oxide
nanorod-based sensor

Anti-cyclic
citrullinated peptide

[20]

10. Periodontitis Aptamer-based biosensor Odontogenic
ameloblast-associated
protein

[20]

4 Advantages and Disadvantages

Better quality of healthcare can be achieved with fast and efficient technologies for
clinical diagnosis hence, the development of nano-biosensors is the need of the hour
for point-of-care diagnostics. In recent years, biosensors conjugated with
nanomaterials have risen different practical issues regarding potential applicability
to solve real problems. Though there have been many nano-biosensors detecting



different infectious and inflammatory diseases but still not all diseases can be
diagnosed. Also, already developed strategies remain complicated due to
non-feasible approaches [105]. However, the application of nano-biosensors to
different outskirts and rural areas has been also a drawback due to cost and
accessibility [106]. Research in nano-biosensors can be considered a thrust area
since there is always a scope for developing more better sensors, to monitor, detect,
and prevent diseases. Several small start-ups are coming up with various disease
detection technologies powered by nano-biosensors but before moving onto a global
platform, it is necessary to maintain uniformity and control synthesis to omit device-
to-device variability [107]. Upcoming years will have the trends in the miniaturiza-
tion of biosensors to the nanoscale range to develop more precise detection tools in
the healthcare industry. With the use of novel nanomaterials, limitations posed by
traditional biosensors can be overcome. Next-generation nano-biosensors have the
potential to use new classes of different nanomaterials for sensing purposes and
revolutionize the ubiquitous healthcare system.
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5 Conclusion and Future Direction

Modern therapeutic tactics necessitate precise diagnosis. With the increasing popu-
lation, it is very much essential to detect the different ailing conditions and prevent
mortality. Several infectious diseases and inflammatory diseases such as diabetes,
IBS, and IBD among others are severely affecting our immune system posing a
serious threat to human survival every day. In this aspect, the use of an effective
nano-biosensor can be an alternative to a healthy life. The utilization of diverse
nanomaterial properties in biosensors is evolving as a strengthening technique for
long-term sustainability. The selection of an appropriate biomarker and the develop-
ment of a perfect strategy is the most important criteria for developing a nano-
biosensing device. Although a lot of nano-biosensor are working efficiently in the
healthcare sector for diagnosing and treatment of many diseases, some lethal
diseases are not detectable at their first stage. It is very much important to detect
disease at its preliminary stage to provide proper treatment. Nano-biosensor not only
aided in diagnosing but also showed their efficacy in therapeutics. Some disease-
specific sensors are in high demand. Transcriptional factor-based sensors are still in
the embryonic stages of development, although they have shown potential in
identifying disease-specific metabolism. In this chapter, a thorough review of the
working principle and many applications of nano-biosensor in the medical field for
human and animal wellbeing is given. Furthermore, the current research on nano-
biosensor can be expanded to produce an effective intervention approach against the
continuing COVID-19 outbreak.
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Design and Analysis of One-Dimensional
Photonic Crystal Biosensor Device
for Identification of Cancerous Cells
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Abstract

The present chapter highlights one-dimensional photonic crystal (1D PhC) and its
vital applications. The remarkable scientific progress in PhC has been able to
draw the attention of researchers to novel bio-sensing applications. With the
advancement in technology, different defect-based PhCs have been successfully
fabricated with extensive analysis of propagation characteristics, and tested for
various sensing applications like blood, gas, salinity, DNA, alcohol, liquid, food,
hormones, enzymes, cells, urine, glucose, and chemicals. The transfer matrix
method is the most suitable method to study the spectral characteristics of 1D PhC
structure. The sensing principle is based on the study of alteration in the resonant
mode wavelength according to the modification in the analyte refractive index.
This chapter deals with the study of a defect-based 1D PhC cancer cells sensor,
where TMM is employed to detect basal, cervical, and breast cancer cells. In
order to enhance the sensitivity, a thin graphene layer is deposited at the side wall
of the defect layer. Complete optimization of geometrical parameters has been
performed to envisage high performance. The 3D colormap plot is studied to
clearly show the variation in the properties of the defect mode with a change in
the incident angle. Moreover, signal-to-noise ratio, Q-factor, resolution, and
figure of merit of the sensor are measured meticulously. The noteworthy sensing
performance can open an avenue to effectively detect cancer cells in the early
stage.

A. Panda (✉) · P. D. Pukhrambam
Department of Electronics and Communication Engineering, National Institute of Technology,
Silchar, India

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2023
G. Dutta (ed.), Next-Generation Nanobiosensor Devices for Point-Of-Care
Diagnostics, https://doi.org/10.1007/978-981-19-7130-3_5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-7130-3_5&domain=pdf
https://doi.org/10.1007/978-981-19-7130-3_5#DOI


106 A. Panda and P. D. Pukhrambam

Keywords

Photonic crystal · Transfer matrix method · Graphene · Transmittance spectrum ·
Sensitivity

1 Introduction

Most technological innovations have been brought up by deeply perceiving nature.
There are numerous examples that validates the existence of periodic nature of
variations in nature. For example, the wings of butterflies, opal of the bracelet,
feathers of birds, and barbules of colorful birds contain systematic periodic
arrangements, which resemble the property of photonic crystals [1–3]. The color
changes with respect to the angle of observation, which is primarily owing to the
interaction between the light and the above-mentioned material’s natural design.
Figure 1 demonstrates some nature-based multilayer effects.

The study on periodic multilayer structures by E. Yablonvitch and S. John in
early 1987 is considered the flagship research on photonics, which ignited the minds
of the researchers to explore different applications using the photonics principle
[4, 5]. In their work, the authors revealed the effect of periodicity in two and three
dimensions. As far as research on photonic crystals is concerned, it can be realized in
1D, 2D, and 3D forms. Among these, 3D PhCs are facing fabrication feasibility
issues, and still research is going on to find an effective fabrication technique to
produce low-loss 3D PhCs [6, 7]. On the other hand, 2D PhCs can be successfully
fabricated by etching technique resulting in triangular, square, and honeycomb

Fig. 1 Natural photonic crystals (a) Morpho butterfly, (b) multi-colored peacock feather, (c) opal
gemstone, (d) wing of Sasakia Charonda with their microscopic images, and (e) 1D/2D/3D PhCs



structures. 2D PhCs can be designed in the form of a slab, which can be organized in
two ways: arrangement of dielectric materials with air as the background, and the
arrangement of holes on a dielectric slab [8–10]. Defect-based PhCs have brought a
revolution in the photonics research community. The defects can be created by
omitting a series of air holes or by altering the properties of air holes along a
particular shape in the PhC, which makes it behaves as a photonic crystal waveguide
(PCW) [11–13]. The light signals that fall within the PBG can be effectively guided
and trapped in PCW, which enables the manipulation of electromagnetic waves in
the nanostructure. Nonetheless, several efforts have been given by scientists and
researchers to mimic 2D and 3D PhCs, but 1D PhCs are the utmost explored
structures and investigated from theoretical to experimental aspects due to their
fabrication feasibility, high compatibility, and broad application domain [14–
16]. 1D PhCs are blessed with an elegant characteristic called photonic band gap
(PBG), which appears owing to the periodical arrangement of different dielectric
materials along the stacking direction [17]. The PBG reflects that wavelength band
which is restricted to propagating along the multilayer structure. The PBG charac-
teristic of the 1D PhC has a significant effect in envision many novel applications
such as laser applications, sensing applications, filters, optical mirrors, polarizers,
communication applications, and biomedical applications [18–20]. PhC must be
structurally altered to produce a resonant mode in the spectral characteristics in
order to be used as a biosensor. The finest technique to create such a resonant mode
is to insert a defect in the design [21]. If the input wavelength and the defect mode
wavelength match each other, a discrete spike is formed in the spectral
characteristics. The light (photons) is strongly localized near the defect layer
[22]. A slight change in the surrounding refractive index leads to a significant
modification in the location of the defect mode. Till now, 1D PhCs are widely
used for a variety of purposes [23–26]. Moreover, 1D PhCs are highly reliable
pertaining to temperature fluctuations, offer fast operation, and possess a higher
lifetime compared to the high dimensional PhCs.
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In the last decade, researchers have explored numerous novel 2D materials, which
be integrated with photonic devices to improve performance. Graphene has come up
as a promising material for the design of various optical devices, and therefore
evolved as a center of attraction for researchers worldwide [27, 28]. Geim and
Novoselov first introduced graphene as a 2D material, for which they received the
prestigious Nobel Prize in the year 2010 [29, 30]. Graphene possesses a unique
lattice configuration and is considered a novel material due to its outstanding
electronic properties. Graphene has a hexagonally arranged lattice structure of sp2
hybridization having noteworthy electronic properties. Most importantly, graphene
has a higher conductivity of 106 s/m and a very low resistivity of 10-6 Ω cm, which
makes it convenient to work in a broad applications domain compared to conven-
tional materials [31]. Moreover, graphene demonstrates zero bandgap properties and
excellent carrier mobility. Even though the approximate thickness of graphene is
only 0.34 nm, but still it shows a remarkable absorption property [32]. It has been
experimentally observed that a monolayer of graphene can absorb 2.3% of light in a
wide wavelength band. Owing to its high absorption property, graphene shows



distinguished reflectance for TE and TMmodes under total internal reflection, which
is very sensitive toward a small deviation in the RI of the contacting surface
[33]. Due to the aforementioned properties, graphene has successfully entered the
photonics industry to realize different electromagnetics applications. The properties
like flexibility, durability, robustness, high conductivity, and excellent mobility
make graphene a right candidate for the design of photonic devices [34–36]. Notably,
the conductivity of graphene can be adjusted by controlling the chemical potential
across the graphene sheet. So, by suitably controlling the chemical potential across
the graphene sheet, the optical properties of the integrated graphene photonic
devices can be varied according to the user’s requirement. From the energy band
transition point of view, two types of interactions are noticed between graphene and
light signal, namely inter-band transition and in-band transition. The inter-band
transition is mainly seen in the visible to NIR wavelength range, whereas the
in-band transition is observed in the far-infrared wavelength regime. In the case of
in-band transition, graphene behaves as a free electron that is capable of exciting the
surface. Nevertheless, a monolayer of graphene bestows high light absorption, but it
shows a poor absorption of only 2.3% as material, which demands more deep
research to boost the interaction between graphene and electromagnetic signal.
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For the last two decades, 1D PhCs are dominating the field of designing
biosensors. A 1D PhC sensor is proposed by Nouman et al. for the detection of
brain lesions within the refractive index range of 1.3333–1.4833, and achieved an
excellent sensitivity of 3080.8 nm.RIU-1 [37]. Zaky et al. reported a Tamm plasmon
structure to detect various gases. Ag plays a vital role in generating the plasmonic
modes at the interface between the metal and 1D PhC [38]. A thorough analysis is
carried out on the characteristics of the defect modes, where it is seen that the cavity
resonance tends to decrease with an escalation in the RI of the targeted gases
[39]. Ahemad explored a Psi-based photonic crystal including a metal layer and
investigated TPP (Tamm plasmon polariton) resonant modes for sensing liquid
analytes. The authors studied the shifting nature of the defect mode by infiltrating
the cavity with liquids of different refractive indices [40]. Aly manipulated TMM to
examine the transmission spectrum in a defect 1D PhC for sensing the creatinine
concentrations in blood [41]. Panda et al. studied the absorption spectrum and
transmission spectrum in both symmetric and asymmetric 1D PhC structures to
detect various viruses present in the drinking water, which find a suitable application
in rural areas [42]. A hemoglobin sensor is realized by M. Abadla and his team to
sense wide concentrations of hemoglobin. After optimizing numerous structure
parameters, they attained a sensitivity of 167 nm per RIU [43]. A glucose sensor is
designed using defect-based 1D PhC through the analysis of reflectance
characteristics [44]. A steady and low-cost sensor is reported by Elsayed et al.
[45], to sense various types of biodiesels. The bandgap properties of a 1D PhC
comprising a single layer of graphene sandwiched between the dielectric materials
are inspected by Fu et al. [46]. A graphene-based 1D PhC is investigated by Fan
et al., where the authors explored the dependence of optical properties of graphene
on its chemical potential [47]. By varying the chemical potential. The authors
measured the change in the defect mode frequency. A novel protein sensor is



investigated on the ground of 1D PhC. Although the authors used the optimized
parameters, they found a sensitivity of only 170 nm per RIU, which is not up to the
mark [48].
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Cancer, the leading reason of fatality worldwide, has evolved into a precarious
disease. As per the information of IARC, around 19.3 million population around the
globe are contrived by cancer, and nearly ten million fatalities have occurred in the
year 2020 [49]. The primary reason behind the growth of cancer cells in the human
body is the interaction between the genetic factors of the body with different external
agents like physical carcinogens, chemical carcinogens (tobacco, aflatoxin), and
biological carcinogens (bacteria, viruses) [50]. Due to this effect, the cells grow in
an uncontrolled manner by absorbing relatively more protein and nutrients from the
body [51]. The main point of concern is that to date there is no fully guaranteed
treatment of cancer in medical science. Probably, the single approach to combat the
situation is the early detection of these diseases. So, a label-free and point-of-care
cancer testing device is indispensable to effectively fight cancer. In the last decade,
researchers have greatly relied on photonics technologies to successfully detect
different cancer cells with high accuracy and less time. A cancer cell sensor is
proposed by Bijalwan et al., which is consisted of alternating layers of SiO2 and
TiO2. The authors used the TMM technique to achieve a sensitivity of 73 nm/RIU
[52]. Aly et al. optimized the geometrical parameters of a 1D PhC, and tested the
spectral characteristics of the structure by filling different cancer cells in the defect
layer. The authors settled with a sensitivity of 2200 nm/RIU [53]. The transmission
spectrum of a defected photonic crystal is analyzed in detail by Ramanujam and his
team, where a very low sensitivity of 43 nm/RIU is achieved, which is very low
[54]. A point defect-based 2D photonic crystal waveguide is studied for the detection
of different types of cancer cells. In their work, the authors rely on the electric field
analysis in the defect region and measured the reflected wavelength, which
differentiated the normal cells from the cancer cells [55]. Ayyanar et al. investigated
a dual-core photonic crystal fiber to detect various cancer cells like cervical and basal
cells [56]. Sani et al. studied the bandgap characteristics in a 2D photonic crystal to
differentiate cancer cells from normal cells [57]. Jabin et al. attempted to integrate a
metal layer in the core of the photonic crystal fiber and studied the plasmonic
behavior of the device. Further, the authors tested their device to distinguish cells
infected with cancer cells in a broad wavelength band visible to NIR regime [58].

2 Theoretical Formulation

This chapter explores a 1D PhC, which is realized as a regular periodic arrangement
of MgF2 and ZnSe. A cavity/defect layer is formed at the center of the arrangement.
A monolayer of graphene sheet is sandwiched between the defect layer and the
dielectric layer. The alignment of the whole structural arrangement is (MgF2/
ZnSe)N/Graphene/Defect/Graphene/(MgF2/ ZnSe)

N, which is represented in Fig. 2.
The thickness of the layer MgF2, ZnSe and Graphene is represented as dA, dB, and
dG, respectively. The cavity is loaded with different cancer cells. A 589-nm light,



#

produced from a laser source, is made to strike the proposed structure normally along
the X-Z plane.
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Fig. 2 Schematic of the proposed sensor

The constituent material RI plays a significant part in finding the spectral response
of the entire configuration. The RI of MgF2 and ZnSe can be measured with the help
of Sellemier equations [59, 60]:

n2ZnSe = 4þ 1:90λ2

λ2 - 0:113
ð1Þ

n2MgF2 = 1þ 0:48755λ2

λ2 - 0:043382
þ 0:39875λ2

λ2 - 0:094612
þ 2:31203λ2

λ2 - 23:79362
ð2Þ

The dielectric permittivity of graphene is stated as [61]:

εG =

εGt 0 0

0 εGt 0

0 0 εG#

2
64

3
75 ð3Þ

The terms εGt and εG# denote the normal and tangential components of permittiv-
ity, respectively. εG = 1, and εGt is expressed as below:

εGt = 1þ i
σ ωð Þ
ε0ωdG

ð4Þ

where, ω signifies the angular frequency, dG denotes the graphene thickness and
ε0 is the permittivity of air. The surface conductivity (σω) regulates the physical
properties of graphene. The transfer matrix representation of the graphene layer
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takes the formMG =
1 0

- σG 1
for TE mode, MG =

1 0

- σω 1
, where σω can

be mathematically expressed by the Kubo formula [62] as written below:
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σω = σω
intra þ σω

inter ð5Þ

σω
intra =

ie2

8πħ

� �
16KBT
ħω

log 2 cosh
μc

2KBT

� �� ��
ð6Þ

σω
inter =

e2

4ħ

� �
H ħω- 2μð Þ- i

2π
× log

ħωþ 2μð Þ2
ħω- 2μ2 2KBT

2

  "
ð7Þ

where H denotes the Heaviside step function, KB represents the Boltzmann constant,
ω be the angular frequency, e is the electron charge, μc represents the chemical
potential, and T is the temperature on Kelvin scale.

The field components can be written as:

Ep

Hp

� �
=

exp - iqpy
� �

exp iqpy
� �

- ns exp - iqpy
� �

ns exp iqpy
� �

 
Ap

Bp

� �
ð8Þ

All the terms in Eq. (8) are defined in Ref. [41]. The field components between the
adjacent layers of p and p+1 are stated as [42]:

Ep

Hp

 !

¼ 1
2

exp iqpαp
� 	

þ exp - iqpαp
� 	h i

-
1
γp

� �
exp iqpαp

� 	
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� 	h

- γp exp iqpαp
� 	

- exp - iqpαp
� 	h i

exp iqpαp
� 	

þ exp - iqpαp
� 	h

0
BB@

1
CCA Epþ1

Hpþ1

 

ð9Þ

where, αp = dp cos θp. Here, dp and θp signify the thickness and incident angle,
respectively. The widely accepted transfer matrix method (TMM) is manipulated for
studying the spectral characteristics of the projected 1D PhC. The TMM describes
the discrete layer p in matrix form, which can be stated as [42]:

Mp =
cos σp -

i
∅p

� �
sin σp

- i∅p sin σp cos σp

2
4

3
5 ð10Þ

For TE mode, σp and ∅p are defined as:
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Þ
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σp =
2π
λ
dpnp cos θp and ∅p = np cos θp ð11Þ

The TMM of the entire structure can be calculated by multiplying the
characteristics matrix of each layer and can be written as [45]:

M= MAMBð ÞNMMXeneMDMMXene MAMBð ÞN =
M 1, 1ð Þ M 1, 2ð Þ
M 2, 1ð Þ M 2, 2ð Þ
�

ð12Þ

The transmission and reflection coefficients are stated as [44]:

t=
2γ0

M 1, 1ð Þ þM 1ð , 2Þγ1ð Þγ0 þ M 2, 1ð Þ þM 2ð , 2Þγsð ð13Þ

r=
M 1, 1ð Þ þM 1ð , 2Þγsð Þγ0 - M 2, 1ð Þ þM 2, 2ð Þγsð
M 1, 1 M 1, 2 γs γ0 M 2, 1 M 2, 2 γs

ð14Þ

where, γ0 = μ0=ε0n0 cos θ0 and γs = μ0=ε0ns cos θs.
Lastly, transmittance (T) and reflectance (R) are numerically expressed as [42]:

T =
γs
γ0

t2
�� �� and R= rj j2 ð15Þ

Absorbance can be computed as [43]:

A= 1- T -R ð16Þ

3 Results Analysis

In this chapter, different cancer cells like breast, basal, and cervical cells are
considered, which are received from different body parts in liquid form. The sensing
principle relies on the contrast in index value of the normal and infected cells. The
experimental refractive index (RI) data collected from references [63, 64] are
enumerated in Table 1.

The geometrical parameters of the designed structure are properly optimized to
accomplish a sharp and high-intensity resonant mode inside the bandgap. We
consider dMgF2 = 150 nm, dB = 150 nm, dG = 0.34 nm, εMgF2 = 1.90, εB = 6.8,
and N=5. TMM is employed to analyze the transmission spectrum by changing the

Table 1 Cell’s refractive
index

Cell type RI

Normal 1.35

Basal 1.38

Cervical 1.392

Breast 1.399



width of the cavity region, angle of incidence, and chemical potential across the
graphene sheet. Initially, an attempt is taken to show the effect of graphene on the
transmission characteristics. As shown in Fig. 3a, by including the graphene layer,
the intensity of the resonance mode increases, which is suitable for sensing purposes.
With the presence of graphene, the overall transfer matrix is updated, which is the
reason behind the red-shifting of defect mode wavelength. Figure 3b demonstrates
the study of the defect mode characteristics with reference to different periods (N) of
the photonic crystal. As, it can be seen at N = 5, the maximum intensity with the
lowest FWHM is obtained, which is considered the most apposite result. For higher
values of N, the FWHM is relatively higher and therefore not suitable from a sensor
design point of view.
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Fig. 3 (a) Effect of graphene layer on the transmittance spectrum (b) variation in the period of the
crystal

By setting D=500 nm, θin = 0o, μc = 0.2eV, we simulated the proposed
multilayer structure in COMSOL Multiphysics software to study the electric field
propagation in the structure, which is represented in Fig. 4. Owing to the presence of
graphene layer, most of the light is confined inside the defect layer thereby increas-
ing the interaction between light and infiltrated cancer cells. An electric field
intensity in the order of 103 V/m is observed inside the cavity layer and gradually
decays to both sides of the defect layer.

For understanding the nature of variation of the defect mode, a colormap plot has
been studied in Fig. 5, which shows the change in the transmission characteristics
with respect to the wavelength and incident angle. In this figure, the high-intensity
defect mode can be clearly seen inside the bandgap.

The transmission spectrum is examined for numerous selected cells at varied
cavity layer thicknesses, which is depicted in Fig. 6. A substantial shift in the
resonant mode is observed from normal to cancer-type cells. In particular, the
resonant wavelength (λres) experiences a red-shift as we infiltrate the cavity layer
from the normal cells to the cancerous cells. This shifting nature closely follows the
standing wave condition [26]. At dD= 500 nm, the λres is moved from 621.6 nm to
633.8 nm as the cell type is changed from normal to breast cancerous cells. At dD=
600 nm, the λres experiences a total shift from 612.3 nm to 625.5 nm, at dD= 700 nm,
the λres undertakes a total shift from 604.8 nm to 618.8 nm. Similarly, at dD=
800 nm, the λres experiences a total shift from 898.8 nm to 613.3 nm.
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Fig. 4 The electric field distribution in the proposed structure

Fig. 5 Study of the colormap plot

Afterward, the incident angle is varied and the changes in the defect mode
properties are studied as demonstrated in Fig. 7. By increasing the incident angle
(θin) from 25° to 50°, the defect mode position experiences a blue shift. This analysis
is carried out at all the considered values of dD. The blue-shifting nature of the defect
mode is in accordance with the Bragg condition [26].

A thorough analysis of transmission spectrum is performed at dD= 500 nm and
θin= 0o, by varying the number of graphene layers (L) from L= 1 to L= 4, which is
illustrated in Fig. 8a. By incrementing the L value, it is perceived that λres is moved to
higher wavelength. On the other hand, with an increase in L, the intensity of the
resonant mode goes on decreasing. As L increases, the effective thickness of the
proposed design increases, which in turn escalates the geometrical path difference.
Due to this reason, the wavelength is red-shifted. Based on this analysis, we chose a



monolayer of graphene (L= 1) as the optimized condition, where the most desirable
characteristics are attained. Further, the effect of chemical potential (μc) across the
graphene sheet can have a noteworthy effect on the device performance, which is
examined in Fig. 8b. Here, it is perceived that at a constant L, the λres is red-shifted
with rise in the chemical potential. With a variation in the chemical potential, the
permittivity of the graphene sheet is changed, hence the red-shifting nature is
observed in the λres.
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Fig. 6 Transmittance spectrum of different cells under normal incidence at (a) dD= 500 nm, (b)
dD= 600 nm, (c) dD= 700 nm, and (d) dD= 800 nm

In Fig. 9, the solid line and the dashed line indicate the transmission
characteristics at μc = 0.3eV and μc = 0.4eV , respectively. From this figure, it is
affirmed that by increasing the μc, the defect mode wavelength is moved to a higher
wavelength value for the normal as well as the cancer cells, so μc can greatly affect
the sensing performance. As the defect modes are formed within the bandgap, there
is a possibility of absorption with different cells, and the same is analyzed in Fig. 10.
As we change the cell type from the normal cells to the high refractive indexed
cancer cells, the defect mode wavelength is red-shifted. Additionally, the absorption
intensity increases for high-indexed cancer cells.

Evaluation of sensitivity is utmost important to judge the performance. It is
explained as the ratio of a shift in the defect mode wavelength with respect to
different cells under consideration. Sensitivity is written as [26]:

S nm=RIUð Þ= Δλres
Δn ð17Þ

The sensitivity analysis at different incident angles is presented in Fig. 11. It is
concluded that the sensitivity shows a declining trend with a rise in the incidence



angle, and the sensitivity rises upon increasing the dD. With the designed parameters
dD= 800 nm, and θin = 0o, the maximum sensitivity of 290 nm/RIU is
accomplished.
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Fig. 7 Shift in the resonant modes for θin = 25o and 50o for (a) dD= 500 nm, (b) dD= 600 nm, (c)
dD= 700 nm, and (d) dD= 800 nm

Finally, other important performance parameters such as SNR, QF, resolution,
and FoM are computed for different values of dD at normal incidence, and
summarized in Table 2.

4 Conclusions

This chapter presents a novel graphene-integrated photonic crystal configuration for
the identification of numerous cancer cells. The layer thickness and incident angle
can greatly control the spectral characteristics. The transmission spectrum is system-
atically scrutinized using TMM. The impact of chemical potential across the
graphene sheet and the number of layers of graphene are studied on the sensing



performance. The sensitivity is evaluated by assessing the defect mode wavelength
shift between the normal cell and infected cancerous cells. A notable sensitivity of
290 nm/RIU, Q-factor of 2270.74, FoM of 1074.07 RIU-1, SNR of 52.96, and
resolution of 0.0668 has been accomplished with the designed structure. So, the
authors are confident that the projected sensor can be a suitable candidate as a cancer
cells sensor.
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Fig. 8 (a) Transmittance as a function of L. (b) Effect of chemical potential on the defect mode
position

Fig. 9 Shifting the defect mode position w.r.t. μc at dD= 500 nm for (a) θin = 0° (b) θin = 25°

(c) θin = 50°
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Fig. 10 Analysis of absorption spectra of different cells

Fig. 11 Sensitivity analysis
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Table 2 Measurement of sensor performance parameters

Cancerous cells dD (nm) FoM (1/RIU) QF SNR R (nm)

Basal 500 649.1 1640.5 19.4 0.121

Cervical 644.7 1646.3 25.7 0.113

Breast 642.1 1652.1 32.1 0.107

Basal 600 784.2 1808.2 23.5 0.103

Cervical 779.4 1815.8 31.1 0.096

Breast 776.4 1823.5 38.8 0.091

Basal 700 903.2 1960.6 27.0 0.090

Cervical 895.1 1969.6 35.8 0.084

Breast 890.3 1978.0 44.5 0.080

Basal 800 1074.0 2238.3 32.2 0.075

Cervical 1064.81 2255.7 42.5 0.070

Breast 1059.2 2270.7 52.9 0.066
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Abstract

Repeated public health menace caused by the pathogenic coronaviruses, includ-
ing the present COVID-19 caused by the Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2), has had devastating aftereffects, and an intense
need for a promising solution has developed. Currently, reverse transcription
polymerase chain reaction (RT-PCR) is being extensively utilized for detecting
the virus from biological samples. However, it has certain limitations and fails to
provide accurate and reliable results. Consequently, simple, portable, and point-
of-care testing enabled biosensors have turned up as the most efficient and
sustainable diagnostic tool. This review provides a brief introduction about the
present global scenario due to the ongoing pandemic and concise information
regarding the morphological details of coronaviruses. Thereafter, a summarized
data is presented regarding the contemporary biosensing platforms fabricated to
specifically identify fatal coronaviruses with particular emphasis towards surface
plasmon resonance (SPR)-based biosensor, field-effect transistor (FET)-based
biosensor, colorimetric sensors, fluorescence-based sensors, and electrochemical
(EC) immunosensors. A comparative analysis of the sensors is also presented
along with a few future perspectives that can aid the development of smart and
futuristic sensors. This review is expected to provide details to researchers about
the ongoing biosensor-related experimentations and encourage them to develop
innovative detection devices to manage the current pandemic.
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1 Introduction

Over the last few decades, viral outbreaks have led to several life-threatening
respiratory diseases, with the latest and most severe one being COVID-19. Severe
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is the causative agent,
and it started spreading from late 2019 following its emergence in Wuhan, a city in
China. Reports show that the virus majorly transmits through respiratory droplets,
aerosols, contact with the abiotic surface, etc. [1, 2]. Moreover, asymptotic
infections and consequent transmission have made situations even worse [3]. A
recent escalation in the frequency of viral diseases has resulted in global pandemics
and severe economic loss. Repeated fatal human health hazards caused by the
actively mutating coronavirus such as the Severe Acute Respiratory Syndrome
(SARS) in 2002 [4], the Middle East Respiratory Syndrome (MERS) [5] in 2012,
and the present COVID-19 has raised concerns regarding the development of proper
and effective treatment strategies.

In order to develop potential vaccines and therapeutic methods, it is crucial to
understand viral pathogenicity, contagiousness, and transmission properties, which
can be possible only after obtaining specific information regarding the viral genome,
associated protein structures, and corresponding host immunologic responses. Pres-
ently the most effective detection method in use is the real-time quantitative poly-
merase chain reaction (RT-qPCR) [6]. However, it has several drawbacks like
prolonged experimentation periods (around 4 hrs.) and delayed report results
(1–3 days) [7]. Moreover, it is prone to higher rates of false-positive and false-
negative results, requires skilled personnel and advanced kits to execute the tests,
making the process less economic. Additionally, some other techniques are also
available like computed tomography (CT) scans of the chest, enzyme-linked immu-
nosorbent assay (ELISA) based antibody detection methods, lateral flow
immunochromatographic strip (LFICS), and automated chemiluminescence assay
[7]. However, each has some drawbacks, like CT scan-based diagnosis is available
only in well-developed city hospitals and not in rural ones. Moreover, expert
radiologists must analyze the results, and the method cannot confirm if the disease
is caused by SARS-CoV-2 or any other pathogen. Meanwhile, the antibody targeting
assays cannot provide reliable results for asymptotic patients and cannot help
efficiently for early diagnosis as it takes some time (approximately 10 days) to
trigger the antibody response. Thus, there is an unprecedented need for a fast, simple,
cost-effective yet sensitive and efficient detection system.

Analytical ready-to-use devices like biosensors with features like easy portability,
simple instrumentation, miniaturization, high specificity, fast and accurate diagnosis
[8] can be a sustainable choice to control the spreading of viral infection and
pathology. Timely detection and following recognition of the pathogens with



reasonable accuracy is essential [9]. Consequently, biosensors capable of generating
fast reproducible results and having properties mostly superior to conventional
assaying techniques have found enormous applications in current medical diagnostic
fields [10].
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In this review, composite information about the recent contributions made to
fabricate various potential biosensing devices is presented, along with background
knowledge regarding the present global scenario owing to the viral pandemic.
Currently, the development of biosensors for efficacious detection of coronavirus
is a work in progress. Hence, the information summarized in this review can help
researchers understand the present situation regarding biosensor-related explorations
and experimentations. Thus, facilitating the formulation of new strategies to con-
struct unique state-of-the-art devices, enabling faster recognition of the pathogens
and accelerating disease diagnosis, control, and establishment of potential therapeu-
tic remedies.

2 Coronavirus

Sudden and rapid global development and excessive anthropogenic influences have
elevated the rates of pathogen transference resulting in viral pandemics. Three
serious viral epidemics in recent decades have created enough fatality and raised
alarms making the world and the scientific community look at the Coronaviridae
family differently. The emergence of the unknown viral type referred to as severe
acute respiratory syndrome coronavirus (SARS-CoV) in 2002 imposed a critical
threat by spreading across nearly about 26 countries with higher than 8000 reported
cases, including 900 plus deaths indicating a mortality rate of 11% [11]. Later again,
in 2012, the middle east respiratory syndrome coronavirus (MERS-CoV) originating
in bats was transmitted to humans via dromedary camel and caused significant
casualties with a much higher mortality rate of about 35% with 2000 plus cases
and deaths beyond 800 [12]. Lastly, the present COVID-19 global pandemic caused
by the novel SARS-CoV-2 rising from Wuhan city in China. As of December 2020,
the virus has spread across 216 countries with 67,780,361 confirmed cases and
1,551,214 deaths [13].

2.1 Structure and Morphology

Coronaviruses belonging to the Coronavirinae subfamily are highly virulent RNA
viruses with single-stranded, enveloped structures and a positive sense genome. The
virus can be grouped into four different genera, namely alphacoronavirus (αCoV),
betacoronavirus (βCoV), gammacoronavirus (γ CoV), and deltacoronavirus (δCoV)
[14]. So far, seven different pathogen strains have been discovered, including
HKU1, 229E, NL63, and OC43—and the three most infectious ones viz., SARS-
CoV MERS-CoV, and SARS-CoV-2. The last three belong to the novel βCoVs and
have proved to be a severe threat for humans and animals alike [15, 16].
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Fig. 1 Schematic illustration of SARS-CoV-2 structure and four structural proteins (Reprinted
with permission from Ref. [21], Copyright 2020, Elsevier)

SARS-CoV-2, a member of the Sarbecovirus subgenus, likewise has a diameter
ranging from 50nm to 200 nm in size and a large genome of approximately 30Kb
encoding around 9860 amino acids [7, 17]. The viral surface is characterized by
club-like spike projections made of structural spike (S) glycoproteins that appear like
a crown under the electron microscope (crown in Latin is “coronam,” hence the
name “coronavirus”) [18]. The S protein interacts with the Angiotensin-Converting
Enzyme 2 (ACE2) receptors on the host cells, helping the virus to adhere. Subse-
quently, the pathogen enters the cellular system, causing the following
complications [19]. Other structural proteins like the nucleocapsid (N) protein
support and hold the viral genome, and the small envelope (E) and matrix
(M) proteins along with the S protein help form the envelope structure. The viruses
have a unique RNA structure comprising of a 5′ cap and a 3′ poly (A) tail; thus, they
can mimic an mRNA facilitating its easy translation within the host cells [20]. Fig-
ure 1 schematically illustrates the SARS-CoV-2 structure along with all the four
structural proteins.

2.2 Origin, Natural Reservoirs, and Intermediate Hosts
of SARS-CoV-2

Initially, on discovering that the infected people had exposure to a live seafood
market, it was suspected that the virus might have a zoonotic origin. Subsequently,
the sequential analysis of the viral genome revealed an identity of about 88%
between SARS-CoV-2 and two SARS-like CoVs in bats, namely bat-SL-



CoVZC45 and bat-SL-CoVZXC21. Moreover, 79% identity with SARS-CoV and
50% with MERS-CoV were also observed [22]. Ideas regarding the ancestral
similarity between the human SARS-CoV-2 and bat CoV can also be supported by
the fact that a 96.2% overall identity in genomic sequence exists between SARS-
CoV-2 and Bat CoV RaTG13 [19]. Several reports prove that the virus has been
transmitted to humans through animals like bats, camels, etc., considered as a natural
reservoir for the virus and acting as intermediate hosts [11]. Additionally, sequential
identities detected between the CoVs in pangolins and SARS-CoV-2, along with
studies reporting similar ACE2 receptor residues in snakes and turtles, indicate to
them as the probable alternative intermediate hosts [23].
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2.3 Transmission of Novel SARS-CoV-2

The virus exhaled by the infected person remains active and airborne for an extended
time and once inhaled, causes infection. Other possible modes of transference can be
through contact with any infected surface and then passing it via the nasal or oral
routes [4], skin to skin transmissions, improper or partial sanitizations after handling
patients, etc. The pathogen remaining viable on metal surfaces can also infect
individuals contacting frequently. The fecal route can also potentially transmit the
disease, as the stool samples from patients, when detected, contain live and active
viruses [24]. As a result of various investigations, it is observed that the virus can
remain stable in stool samples for approximately 4 days [25] and in sewage water for
about 3 days to 3 weeks [26], retaining its pathogenicity. So, virus-laden aerosols
generated during sewage water treatment containing stool samples from infected
patients can effectively spread the disease. Hence, proper monitoring and implemen-
tation of safer treatment strategies have become a need of the hour. Viral cells can
also be efficiently transferred by airborne particulate matter. Fine particulate matters
ladened with viral cells when inhaled can cause severe infections as it may help the
cells get direct access to the deep alveolar tissue and tracheobronchial regions,
mediating acute cellular damage [4]. Further investigations can help adequately
understand the role of particulate matter in viral transmission, which might help
develop proper techniques to control further spreading.

2.4 Viral Pathogenesis and Cellular Replication

The pathogenesis of SARS-CoV-2 is initiated by recognition and binding to specific
receptors on host cells, followed by entry through membrane fusion [27]. Studies
have shown that the ACE2 acts as the major cell receptor for the virus [28], and
higher expression of the particular receptor protein on the alveolar epithelial cells of
lungs and the enterocytes of the small intestine explains the reason for them being
the primary target sites. The spike glycoprotein covering the viral surface attaches to
the ACE2 receptors through the Receptor Binding Domain (RBD) and establishes
the contact [18, 29, 30]. Following the binding, the cell surface-associated



transmembrane protease serine 2 (TMPRSS2) protein mediates the cleavage of the
cell membrane. Then, the virion entering the host cell releases the genomic RNA into
the cytoplasm and protein is generated via its translation, which helps produce new
RNAs. While cellular development, a strand of the virion enters the Golgi body and
helps evolve several new virions that are then released from the cell. Thus, a
particular virion gives rise to several new virions which further infect new host
cells. Various theories suggest that the mucosal epithelium of the upper respiratory
tract, including the pharynx and the nasal cavity, serves as the primary replication
site for the virus [31].
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2.5 Specific Biomarkers for Diagnosing COVID-19

Laboratory-based detection of COVID-19 is majorly based on the selection of
appropriate biomarkers. The biomarkers generally preferred for the identification
of positive individuals are all summarized below.

Viral Genomic RNA
Conserved genes or genes with higher expression rates encoding various structural
proteins of SARS-CoV-2 virus, like the genes for the spike glycoprotein (S gene),
envelop protein (E genes) and nucleocapsid protein (N genes) along with the genes
of the non-structural proteins like RNA-dependent RNA polymerase (RdRp) and
replicase open reading frame 1a/b (ORF1a/b) genes are considered to be the favor-
able targets for detection involving RT-qPCR assays [6, 32]. Experimental results
have confirmed that specific primers designed for these particular gene targets show
high sensitivity for the novel SARS-CoV-2 and cross-reaction with similar corona
viruses (MERS, OC43, and 229E) are completely prevented [33]. The sequential
similarity of at least 79% between SARS-CoV-2 and SARS-CoV [22, 36] makes it
mandatory to develop specific and unique primers and guide RNAs (gRNAs) to
interact specifically with the novel pathogen. Out of several works already made, it is
worth mentioning the work of Park et al. [34], who have designed two sets of primers
targeting a specific region present exclusively within the genome of SARS-CoV-2,
excluding the chances of reaction with other viruses. Moreover, Broughton and his
team developed a novel gRNA specifically targeting the N protein gene of SARS-
CoV-2 having no cross-reactivity for SARS-CoV [35]. Furthermore, extensive
experimental analysis conducted by Kim et al. [36] pointed out that assays targeting
the N gene have about 7–43 folds higher sensitivity than those targeting the RdRp
gene. Thus, it is evident that at present various studies and associated research are in
progress to identify more potential genome-related biomarkers and corresponding
detection methodologies that can ease up the diagnosis process so that timely
treatment can be initiated.

Viral Antigens
The SARS-CoV-2 virus is assumed to have approximately 28 proteins [37]. Most of
them, including all the structural proteins and the entire virus itself, are considered



potential antigenic biomarkers that can help effectively diagnose COVID-19. The S
and N proteins are essential biomarkers for disease diagnosis and are primarily
targeted for developing various detection methods [38, 39]. Jiang and his co-
workers [40], in order to examine the antibody responses of convalescent-phase
patients designed a proteome microarray consisting of about 18 out of the
28 assumed viral proteins and on monitoring the assay results it revealed that a
100% response was recorded mainly for the protein N, S1, ORF9b, and NSP5.
Several investigations and developmental research are already being carried on for
detecting more responsive antigens, which can be rapidly detected and help acceler-
ate the overall diagnosis process.
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Host Antibodies
The onset of the COVID-19 disease triggers a substantial immunogenic response in
the host system. Antibodies generated against the virus can be desirable biomarkers
for efficient diagnosis. Basic concepts of immunology suggest that primarily the
immunoglobulin M (IgM) defends the host cells from the pathogen, but later on the
immunoglobulin G (IgG) is produced to develop a prolonged, specific and adaptive
immune response with a definite memory enabling the system to fight against the
virus [41]. Time series based statistical analysis carried out for positive cases by Pan
and his team [42] revealed that a colloidal gold-based immunochromatographic
assay had different levels of sensitivity for detecting combinations of IgM and IgG
at different time phases after the onset of the disease ranging from 11.1% during the
early phase (1–7 days), to 92.9% in the intermediate phase (8–14 days), and 96.8% at
the late phase (after 15 days). However, it is mostly observed that the antibodies IgM
and IgG are detected only after 3–6 days and 8 days from the onset [46, 47], so they
cannot be considered suitable targets for examining the diseased individuals at early
stages.

Predictive Algorithms for Discovering Potential Biomarkers
Discovery of novel and potential biomarkers becomes essential when the lab-based
assays fail to confirm if the patients with symptoms are positive. So, to avoid slowing
down the clinical diagnosis process, several Artificial Intelligence (AI) based pre-
dictive algorithms are developed that can effectively handle a considerable number
of samples and provide accurate information related to specific characteristics that
help assess the health conditions of the individuals. Peng et al. [43] had thoroughly
monitored 174 clinical characteristics of COVID positive patients using four
advanced AI algorithms and discovered 18 crucial diagnostic factors distinctly
associated with COVID-19 affected cases. Some significant ones were the overall
white blood cell count (WBC), eosinophil count, eosinophil ratio, 2019 new Coro-
navirus RNA (2019n-CoV), and serum amyloid A (SAA). An abnormal rise in the
count of cytokines like interleukin-6 (IL-6), IL-10, IL-2, and interferons-γ (IFN-γ) in
patients with severe conditions indicated that proinflammatory cytokine storm is
related to the disease acuteness [44, 45] and confirmed cytokines to be an essential
biomarker for determining coronavirus disease prognosis. Table 1 illustrates various



Sample/instrument Comments

diagnostic biomarkers and indicators available for the recognition and identification
of COVID-19.
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Table 1 Diagnostic biomarkers and indicators available for identification of COVID-19

Mechanism/
mode of
action

Diagnostic
biomarkers

Lung Observation
of clinical
symptoms

CT scanning of the chest Availability limited
to modern urban
hospitals

RNA Viral genome Throat/Pharyngeal/Oropharyngeal
swab/Nasal swab, Deep Sputum,
BALF, Feces/Rectal swab, Urine,
Aerosols

High rates of false-
negative results

Whole
virus and
antigen

Virulent viral
proteins

Throat/Pharyngeal/Oropharyngeal
swab/Nasal swab, Deep Sputum,
BALF, Feces/Rectal swab, Urine,
Aerosols

Requirement of
ultrasensitive
detection
approaches

Host
antibody

Host
immunogenic
responses

Human blood Susceptible to
higher false-positive
results

Cytokines A severe rise
in cytokine
levels

Blood samples Helps predicting
severity of COVID-
19

2.6 Clinical Specimens for COVID-19

Efficient collection of suitable specimens is also a critical step in determining the
success of the diagnosis process. To date, specimens from the upper and lower
respiratory tract including the respiratory secretions have been diagnosed
[46]. Exhaustive investigations have led to the detection of the fatal virus from
nasopharyngeal [47, 48], oropharyngeal [48, 49], throat [50], rectal [51, 52] and
conjunctival swabs [53, 54] and also in sputum [55], and bronchoalveolar lavage
fluid (BALF) [56–58]. Identification of the pathogen in stool [49, 59, 60], urine
[51, 61], and saliva samples [41, 62] have helped researchers investigate other
probable routes of transmission and strategize better remedial options.

For critical patients with developing clinical conditions, diagnosis of lower
respiratory tract samples has been essential despite having negative results for
specimens from the upper respiratory tract [63]. The reason being the primary
distribution of ACE2 receptors on alveolar type II epithelial cells [23], indicating
that these sites in the lower respiratory tract including sputum, tracheal aspirates, and
BALF will have higher viral loads. Furthermore, collecting nasopharyngeal or throat
swab specimens from the upper respiratory tract can create a sense of discomfort and
induce sneezing or coughing. Consequently, the medical personnel get exposed to
the aerosols, which can have serious aftereffects. Simple and safe methods like



sputum induction proven to be beneficial for diagnosing respiratory diseases can also
be utilized by healthcare workers [64].
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Frequent detection of SARS-CoV-2 virus in stool, urine, saliva, and conjunctival
swabs has led to extensive investigation of these non-respiratory specimens.
RT-PCR and associated assays confirmed the presence of SARS-CoV-2 in saliva
samples of 11 out of 12 COVID-19 patients. After initiating treatment, a downward
trend was observed onmonitoring the viral load in saliva samples serially [41]. More-
over, studies were also carried out to detect the viral RNA in posterior oropharyngeal
saliva samples. Positive results were obtained from about 87% of the patients, and it
was observed that the load of the virus was at its peak in the first few days from the
initiation of the disease and reduced gradually with time [62]. Hence these investi-
gative analyses and experiments confirmed that even saliva samples are a preferable,
reliable and non-invasive source for diagnosis, tracking, and regulation of
COVID-19. Furthermore, reports on RT-PCR based assays have put forward certain
information showing that about 2 out of 60 COVID-19 patients have SARS-CoV-
2 cells present in their tear and conjunctival swab samples [54]. But, with the ratio of
positive cases being very less further evaluations are still in progress.

3 Contemporary Biosensing Devices for Detection
of Coronaviruses

Biosensors are portable analytical devices that transform biological reactions into
quantifiable signals. Enzymes, antibodies, functional DNA/RNA probes, cellular
receptors, or biomimetic compounds, etc. [65] immobilized over a transducer surface
are used as the biorecognition component that recognizes and selectively interacts
with the specific analyte present in the sample solution. As a result, a biochemical
response is generated and converted by the transducer into an electrical signal and
transmitted to a suitable signal processor. Finally, the processed, amplified, and
noise filtered signal is passed onto a digital detection module, and appropriate
information about the analyte concentration is retrieved [66–68].

One of the advantageous features of biosensors increasing its applicability in
medical diagnostics is point-of-care testing. The device enables the execution of
diagnostic tests anywhere near the patients producing rapid and accurate results.
Following this quick diagnosis, infected individuals can be identified early, and the
medical attention provided after that can help prohibit the aggressively progressing
infection [69]. Contemporary sensing devices having advanced specificity and
selectivity properties can appropriately examine the rapid variations in biological
samples and accomplish a precise and real-time approximation of the analyte
concentrations. Moreover, the incorporation of nanomaterials with better surface
characteristics, higher conductivity, finer magnetic and catalytic properties has
helped enhance biocompatibility, sensitivity, and various analytical properties like
the limit of detection (LOD), reaction accuracy, fidelity, precision of immobilization,
etc. [26, 27]. A simple schematic illustration of a biosensing device is presented in
Fig. 2.
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Fig. 2 Schematic illustration of a biosensor (Reprinted with permission from ref. [70], Copyright
2020, Elsevier)

Biosensors can be classified depending on the transduction system into three
major types: electrochemical, optical, and piezoelectric sensors. In electrochemical
biosensors, variations in transducer surface charge distribution is studied following
the principles of amperometry [71, 72], potentiometry [73, 74], or impedimetry
[75, 76]. For optical biosensors, a multifold detection and analysis of various optical
features of the transducer surface are accomplished at a time as the analyte and the
recognition component interact [77, 78]. Lastly, the piezoelectric or the acoustic
biosensors mainly focus on measuring the alterations in the resonance frequency of
the piezoelectric crystals due to changes in their mass caused by the adsorption of the
biological material. This mass difference can be further evaluated by obtaining a
corresponding change in the signal following a specific contact with the analyte
[79]. In modern-day biosensors, suitable receptors are utilized, reacting distinctively
with the target analyte of interest and producing signals simplifying the overall
detection process. Thus, depending on these bioreception components used, the
sensors can also be categorized as:

Immunosensors: These are the basic biological sensors monitoring the antigen-
antibody reactions. Antibodies having high and specific binding affinity can
separate the desired analyte from a sample matrix. So far, numerous studies
have shown that antibodies have superior binding constants compared to most
of the recognition elements, making it a reliable identification element for various
conventional assaying techniques and for developing novel detection approaches
[80]. The devices with convenient features like point-of-care sensing, portability,
cost-effectiveness, easy operation, and high fidelity has led to its extensive



Smart Nanobiosensing for COVID-19 Diagnosis 133

employment for detecting food contaminants [80], biomarkers [81], mycotoxin
[82], pathogens [83, 84], fatal viruses [85, 86], etc.

Genosensors: Functional nucleic acid strand (probe) based biosensors with
prolonged shelf life, high stability, and flexible modifications are immensely
used for recognizing different infectious microorganisms. DNA or RNA strands
with definite sequences can help differentiate between various pathogens and
express any gene-related anomaly as a possible cause for a disease. Specific
biorecognition depends on the principle of hybridization and duplex formation
between the immobilized probe and its complementary target sequence. Success-
ful binding can be determined using appropriate indicators or via tracking post-
attachment alterations. With the advancement of research, quite a few potent
genosensors have been exploited for sensing many pathogenic disease-causing
agents [87–89].

Enzymatic sensors: Enzymes catalyzing varied chemical reactions and expressing
high selectivity are used as target-specific biorecognition elements for accurately
detecting distinctive substrates. Appropriate enzyme-substrate interactions gen-
erate suitable signals corresponding to relevant information regarding the sample
analyte levels [90, 91]. Steady tracking on enzyme activities can also help reveal
several inhibitory molecules interrupting the reactions [80]. For many such
favorable applications, the particular sensors are widely used for medical diagno-
sis and the identification and analysis of a diverse array of analytes [92–94].

After successfully producing the first biosensor to detect the blood glucose level,
investigations and explorations have exploded in this field. Along with the extensive
use in healthcare facilities for routine clinical diagnosis, several devices are also
being made to detect the various coronaviruses. The probability of being driven with
smartphones [95] is among the several noteworthy attributes of biosensing devices
that has helped it be the ideal alternative tool for diagnosis. A general schematic
diagram illustrating the recent trends in diagnostic techniques and the potential
biosensing platforms utilized for explicitly detecting the novel SARS-CoV-2 is
represented in Fig. 3.

Presently some contemporary devices are being used for the diagnosis of
COVID-19 like fluorescence-based biosensors, colorimetric sensors, plasmonic
sensors, Quartz Crystal Microbalance (QCM), Field-Effect Transistor (FET)-
based, and electrochemical immunosensors [97–99]. Table 2 contains summarized
data regarding most of the recent sensors developed for detecting coronaviruses.

3.1 Plasmonic Biosensor

Surface plasmonic resonance (SPR) sensors have become a crucial device in modern
clinical and scientific research based on their properties of accurate characterization
and quantification of bioanalytical targets [116]. The surface plasmon resonance
generated in the sensors via optical illumination of the metal surface enables label-
free and real-time monitoring of binding events between specific target and



biorecognition molecules [117]. Advantages like high-throughput capabilities, sen-
sitivity, economical, easy-to-use, simple instrumentation, etc. have led to the
immense utilization of the sensor for diagnostic purposes [118].
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Fig. 3 Schematic illustration of the recent trends in diagnostic tools and potential biosensing
platforms utilized for specific detection of the novel SARS-CoV-2 (Reprinted in a modified form
with permission from ref. [96], Copyright 2020, Elsevier)

Huang et al. [100] constructed a localized surface plasmon coupled fluorescence
(LSPCF) fiber-optic biosensor coupling together the LSP technique with the princi-
ple of sandwich ELISA for sensitive detection of nucleocapsid protein (N protein) of
SARS-CoV in the serum samples of positive patients. A LOD of 1 pg/mL was
recorded for recombinant SARS-CoV N (GST-N) protein. The fluorescence signal
was also found to have a linear correlation with the amount of GST-N protein within
the working range of 0.1 pg/mL to 1 ng/mL. The system could successfully achieve a
104-times increase in detection limit compared to a commercial ELISA kit for
antigen capture. Thereafter, Park et al. [103] designed a SPR biosensor for rapidly
detecting SARS-CoV. The group created a fusion protein by genetical fusion of gold
binding polypeptides (GBPs) to SARS-CoV membrane-envelope (SCVme) protein
antigen. The GBPs acting as anchors helped in the assembly of fusion proteins onto
the SPR gold chip. Consequently, a biosensing platform was developed, enabling the
specific recognition of the target anti-SCVme antibodies. The SPR sensor chip
revealed a low detection limit of 200 ng/mL and a quick response time of 10 min.
Selectivity studies conducted using mouse IgG as negative controls showed very low
SPR responses, proving that the proposed SPR immunosensor had no significant
cross-reactivity. An illustration of the work is presented in Fig. 4. A dual-functional
plasmonic biosensor coupling together the plasmonic photothermal (PPT) effect and
localized surface plasmon resonance (LSPR) is fabricated by Qiu and his co-workers
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[109] which has led to the introduction of a potential alternative to faulty clinical
assays for the diagnosis of COVID-19. Functionalization of the two-dimensional
gold nano islands (AuNIs) using complementary DNA receptors was done to help
perform a real-time and label-free detection of the selected sequences, including
RNA-dependent RNA polymerase (RdRp), open reading frame 1 ab (ORF1ab), and
E genes from severe SARS-CoV-2. To enhance the stability and sensitivity of the
sensing platform, plasmonic resonances of PPT and LSPR transducer were com-
bined at two different incident angles followed by excitation at two different
wavelengths. The locally generated thermoplasmonic heat on the AuNIs chips
helps elevate the in situ hybridization temperature due to illumination at their
respective plasmonic resonance frequency. As a result, it helps ameliorate the
kinetics of hybridization and genomic detection specificity. Excellent detection
abilities have been exhibited by the sensor with LOD concentrations as low as
0.22 pM for the specific target sequence. Moreover, it also revealed accurate
recognition of target gene in a multigene mixture and turning up as a simple and
easy-to-implement analytical device providing rapid and POC diagnosis mitigating
the pressure on PCR-based assays. A surface plasmon resonance (SPR) biosensor
was also introduced by Djaileb et al. [114] for detection of specific antibodies against
the novel coronavirus 2019 (SARS-CoV-2) in undiluted human serum samples.
Antibodies are generated due to a natural immunogenic response against the virus
and if the levels can be monitored then it might help gather useful information
regarding the particular patient population who have become immunized against
SARD-CoV-2. Furthermore, it can facilitate the process of a successful vaccine
development. Thus, this device like all other POC testing and diagnostic tools is
believed to have a significant clinical value. The sensor is decorated with a peptide
monolayer which in turn is functionalized with SARS-CoV-2 nucleocapsid recom-
binant protein. Swift detection of specific anti-SARS-CoV-2 antibodies even with
minimal concentrations of 1 μg/mL and displaying of accurate results was exhibited
by the device within just 15 min. Therefore, the sensor is considered to be a potential
platform paving the way to rapid antibody testing.
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3.2 Field-effect Transistor Based Biosensor (BioFRT)

Smart and up-to-date sensing devices based on conventional FET systems have
become potential tools for point-of-care testing and on-site diagnostics [119]. High
sensitivity and instantaneous detection of target analytes in minimal volumes are
some of the promising features of the sensor. A three-electrode structure comprising
the drain, source, and gate is the significant component of the FET system and can
precisely diagnose viral diseases and detect small molecules [117]. The binding of
the target analyte to the recognition component immobilized on the highly conduc-
tive chip surface results in a minute change in the surface potential that is tracked by
the sensor [120]. Rapid detection of even the slightest amounts of target analyte
bound to the immobilized probe is facilitated by the use of different semiconductor
materials such as graphene, molybdenum disulfide, titanium oxide, etc.



[121]. Hexagonal carbon atoms exposed on the surface of graphene account for its
high carrier mobility, high electronic conductivity, and specific surface area and
enhances its sensitivity which leads to its excessive utilization in sensing systems.
Hence, graphene-based FET biosensors sense the minute changes in the sensor
surface and offer ideal sensing conditions, allowing ultrasensitive detection with
low noise [122]. Consequently, these sensing platforms are considered very signifi-
cant for executing sensitive immunological diagnoses [123].
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Fig. 5 Schematic illustration of the interactions in an In2O3 nanowire FET modified with fibronec-
tin for the detection of SARS-CoV N protein (Reprinted with permission from Ref. [102],
Copyright 2009, American Chemical Society)

Ishikawa and his group [102] developed an In2O3 nanowire field-effect transistor
(FET) for label-free detection of SARS-CoV (N) protein. Firstly, the Si/SiO2

substrate of the sensor was functionalized with In2O3 nanowires. The nanowire
surface was then modified with fibronectin (Fn) based antibody mimic proteins
(AMP) to detect SARS-CoV N protein selectively. Viral protein with minimal
concentrations of 0.6 nM was detected in bovine serum albumin. A schematic
illustration of the device is presented here in Fig. 5. Precise detection of SARS-
CoV-2 antigenic spike protein in clinical samples was enabled by a graphene-based
FET biosensor fabricated by Seo [108] and his group. Spike protein of the virus was
utilized as the biomarker due to its diversity in sequence among different
coronaviruses. The graphene sheets of the sensing platform were successfully
modified with a coating of a specific antibody against the SARS-CoV-2 spike
protein. Recognition sensitivity of the sensor was assessed using antigen protein,
self-cultured virus, and nasopharyngeal swab samples were taken from COVID-19
infected patients. The device showed a LOD of 1 fg/mL and 100 fg/mL for the spike
protein in phosphate-buffered saline and clinical transport medium. Moreover, it
could also detect SARS-CoV-2 in cultured medium and swab samples even if
present at minimal concentrations of 1.6 × 101 (plaque-forming units) pfu/mL and
2.42 × 102 copies/mL. Furthermore, the device had no cross-reactivity for other
coronaviruses like MERS-CoV, proving to be a highly selective and specific immu-
nological diagnostic tool providing effective results without requirements for sample
pretreatment or labeling.
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3.3 Quartz Crystal Microbalance Biosensors

The quartz crystal microbalance (QCM) based biosensors permit a label-free detec-
tion of biomolecules and have thus gained ample significance in studies associated
with pathogen detection [124]. The device operates based on surface sensitive and
real-time monitoring QCM technologies facilitating detection of any mass changes
on the sensor surface [125]. Features like swift detection and enhanced sensitivity
have drawn attraction towards developing novel QCM systems to diagnose various
infectious diseases [126]. In a true sense, these instruments work as very small mass
balances and detect the molecule-surface interactions as changes in mass. The major
component of this oscillating system is a thin quartz crystal disk, with electrodes on
each side serving as the sensing surfaces. Being a piezoelectric material, the crystal
experiences some mechanical stress due to the application of an external electric
field, and due to the imposition of an alternating voltage, the crystal is excited and
oscillates in the direction perpendicular to the plate surface [127] with a resonance
frequency relating to the disk thickness. So, with changes in the thickness,
corresponding changes in the resonance frequency will occur simultaneously.
Hence, tracking these resonance frequency changes can help detect small changes
in the crystal thickness (mass).

Presently, in order to study the dissipative losses (energy loss) in crystal oscilla-
tion in addition to the changes in resonant frequency, QCM with dissipation moni-
toring (QCM-D) has been introduced. As biomolecules bind to the sensor surface,
viscoelastic and soft films are formed, which dampen the oscillations [128]. It is seen
that simultaneous monitoring of the changes in the energy loss helps the analysis and
quantification of layer properties. Furthermore, it also provides additional informa-
tion regarding structural changes at the crystal surface [129, 130]. A piezoelectric
aptamer-PQC biosensor based on paramagnetic nanoparticle technology was first
developed by Albano and his group [104] to selectively detect SCV helicase protein
biomarkers at pg/mL level in high protein sera sample. Rapid and sensitive detection
to a limit of 3.5 ng/mL was achieved as a result of a quick 1-min assay. Moreover, a
linear correlation between a frequency shift of the aptamer-coated crystals and the
amounts of SARS helicase was observed within the concentration range of
0.05–1 μg/mL. Samples spiked with SARS helicase at concentrations of 10 ng/mL
and 1.0 ng/mL when analyzed with the sensor resulted in 102% and 119%
recoveries, making the sensor a particular and precise diagnostic tool. Such results
prove the device to be functional and dependable for recognizing various viral
pathogens.

3.4 Colorimetric Biosensors

Colorimetric sensors can detect harmful pathogens via reactions mediating color
changes easily visible to naked eyes [131]. Moreover, accurate quantification using
portable optical detectors is also possible. Efficient calorimetric assays like loop-
mediated isothermal amplification (LAMP) with rapid detection time, high efficacy,



cost-effectivity, and higher reliability [132] are being coupled with the nanoparticle-
based colorimetric biosensors to develop sophisticated lab-on-a-chip devices
[131]. Zhu et al. [115] introduced a potential biosensing platform based on multiplex
reverse transcription loop-mediated isothermal amplification (mRT-LAMP)
integrated with a nanoparticle-based lateral flow biosensor (LFB) assay
(mRT-LAMP-LFB) for detecting SARS-CoV-2 ORF1ab and N genes. Fluorescein
isothiocyanate (FITC)-/digoxin- and biotin-labeled primers used mRT-LAMP for
simultaneous amplification of the viral genes producing several FITC-/digoxin- and
biotin-attached duplex amplicons, which was then detected by the LFB through
immunoreactions (via observation of the FITC/digoxin bound on the duplex and the
anti-FITC/digoxin complex visible on the test line of the sensor) and biotin/
streptavidin interaction (via observation of the biotin attached to the duplex and
streptavidin bounded to the polymerase nanoparticle). Formation of a crimson band
due to the accumulation of nanoparticles enabled a multiplex analysis of the ORF1ab
and N genes. The rapid diagnostic test taking only about 1 h to complete, achieved a
LOD of 12 copies (for each detection target) per reaction. Furthermore, experiments
conducted using clinical samples to evaluate the analytical performance of the
device revealed 100% specificity (96/96 oropharynx swab samples from
non-COVID-19 patients) and 100% sensitivity (33/33 oropharynx swab samples
from COVID-19 patients) properties. Hence, the COVID-19 mRT-LAMP-LFB
assay can be considered to be a promising diagnostic tool for detecting SARS-
CoV-2 infections. The overall working principle is illustrated in Fig. 6a.
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Calorimetric sensors based on lateral flow immunoassay (LFIA) are widely used
for testing the presence of antibodies in the patient’s blood. These cellulose-based
devices simply employ a lateral chromatographic flow for the qualitative detection of
a target analyte (SARS-CoV-2 specific antibodies) in blood, serum, or plasma
samples. It consists of four essential parts: a sample pad, a conjugate pad, a
nitrocellulose membrane, and an absorbent pad. Minimal volumes of the sample
(a mixture of blood cells, vesicles, cell debris, antibodies, small molecules, etc.) is
added to the sample pad, which works like a filter and enables lateral flow. The
sample flowing to the conjugate pad helps rehydrate the pre-immobilized gold-
conjugated recombinant antigen (i.e., spike protein or its receptor binding domain
(RBD)). The specific immunogenic interactions lead to the binding of the antibodies
with their matching antigens. The sample flows under the action of the capillary
force and along the nitrocellulose membrane and reaches the test line and the control
line. The absorbent pad thereafter absorbs the excess sample fluid. Colorimetric
visualization is usually permitted by colloidal gold nanoparticles, colored latex
nanoparticles, fluorophores, etc. Li and his fellow scientists [111] utilized this
strategy to construct a portable and rapid lateral flow immunosensor aiming to
simultaneously recognize the IgM and IgG antibodies against the SARS-CoV-
2 virus in blood samples from COVID positive individuals within 15 min. Clinical
tests performed with blood samples from 397 PCR confirmed COVID-19 patients
and 128 negative patients at eight different clinical sites validated the clinical
efficiency of the device, and overall sensitivity of 88.66% and specificity of
90.63% was noticed. Furthermore, results from experimental investigations carried
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out using various venous and fingerstick blood samples reflected appreciable detec-
tion consistency of the device for different samples. The group also concluded that
IgM-IgG combined assays had shown better results compared to a single IgM or IgG
test. Figure 6c elaborates the assaying strategy.
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Multiplex paper-based colorimetric (MPBC) sensors are sensitive point-of-care
devices extensively used to investigate clinical and environmental specimens to
detect nucleic acids. The devices are based on the principles of hybridization to a
complementary detection strand which is integrated with a highly sensitive reporter
molecule, and the devices produce semiquantitative results even with limited
resources [133, 134]. Moreover, the detection sensitivities of the sensor surface is
enhanced by incorporating gold (AuNPs) and silver (AgNPs) nanoparticles helping
elevate the optical signals. Teengam et al. [105] fabricated a colorimetric sensor
based on pyrrolidinyl peptide nucleic acid (acpcPNA) probe-induced aggregation of
silver nanoparticles allowing real-time and multiplexed detection of viral and DNA
including MERS-CoV, human papillomavirus (HPV), and Mycobacterium tubercu-
losis (Mtb). The positive acpcPNA probes in the absence of complementary DNA
sequence mediate aggregation of citrate anion-stabilized silver nanoparticles
(AgNPs). Whereas, in the presence of target DNA, the formation of the anionic
DNA-acpcPNA duplex results in the dispersion of the AgNPs which leads to a color
change that can be easily detected. Detection limits of 1.53, 1.03, and 1.27 nM for
MERS-CoV, HPV, and Mtb was observed, and the device was also found to
have higher selectivity for complementary oligonucleotides in comparison to single
or dual-base mismatch, and noncomplementary DNA targets

3.5 Fluorescence-Based Biosensor

In fluorescent sensors, information relating to spectral change is often used to
transduce the presence of a particular biomarker [135–137]. Fluorescent components
integrated with various viral molecular assays are employed to diagnose the samples
and produce precise results. Quantum dots (QDs), semiconductor nanoparticles
acting as fluorescent labels, give photons of a particular wavelength upon excitation
and produce readable optical signals [138, 139]. Sensors fabricated using modified
and functionalized fluorescent molecules help detect infectious viral agents [140–
144].

Roh et al. [101] developed an optical sensor having the lowest LOD for
coronaviruses detecting SARS-CoV (N) protein at low concentrations of 0.1 pg/
mL. Molecular interactions were based on the specific hybridization of
QD-conjugated RNA aptamers with antigenic SARS-CoV N protein immobilized
on the surface of a glass chip. Finally, the fluorescence intensity of the QDs was
analyzed via confocal laser scanning microscopy. A novel and multiplex antibody
immunoassay testing platform comprising electrospun polystyrene (ESPS) microfi-
ber arrays was designed by Hoy et al. [107] for multifold capturing of specific
antibodies. The microfibers acting as three-dimensional membrane filters were
patterned via localized oxygen plasma which helped create hydrophilic zones to



enhance fluid flows and immobilizations of antigens. HSA (human serum albumin)
and MERS-CoV specific antigens were immobilized onto O2-plasma treated spots
on the microfibers and treated with FITC-conjugated anti-HSA and FITC-
conjugated anti-MERS antibody solutions. Fluorescence-linked immunosorbent
assay (FLISA) results revealed simultaneous detection of both the antibodies with
high sensitivity and specificity for MERS-CoV specific antibodies down to 200 μg/
mL. An overview of the various steps involved in the diagnosis is presented in
Fig. 6b. A fluorescence biosensor based on a DNA nanoscaffold hybrid chain
reaction (DNHCR) was prepared by Jiao and his group [113] to rapidly detect the
SARS-CoV-2 RNA sequence (Fig. 6d). Firstly, the DNA nanoscaffolds structure
was designed through self-assembly of long DNA strands with repetitive sequences
attached to self-quenching probes (H1) working as the sensing component. In the
presence of target RNA sequences, the free H2 DNA probes hybridized to the H1
probes along the nanoscaffold resulting in the illumination of the complete DNA
nanostring and reflecting the viral concentration. The said assay working under mild
conditions (15–35 °C) takes only about 10 min for target detection. Moreover,
specificity studies revealed the ability of the system to discriminate between
mismatched target sequences and recovery values ranging from 89% to 108.7%
obtained on analyzing the performance of the system with saliva and serum samples
demonstrated good repeatability and stability of the DNHCR method, indicating the
remarkable propensity of the device for clinical application.
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3.6 Other Prospective Electrical or Electrochemical
Immunosensors for Detecting Coronaviruses

As already discussed, immunosensors are analytical devices presenting a sensitive
detection platform depending on the specific affinity-based reactions between
antigens and their corresponding antibodies. Two significant components of these
systems are a bioreceptor and a transducer [145]. The bioreceptor molecules (either
antigen or antibody) on selectively recognizing and interacting with their target
analyte produce a biological signal that is converted into a desired signal by the
transducers. In an electrochemical immunosensor suitable electrical signal
(voltametric, potentiometric, conductometric, or impedimetric [146]) is produced
on the formation of strong antigen-antibody complexes, which is then transduced via
special electrochemical transducers and thereafter reliable readout systems measure
the signals and display results accurately [147]. Such devices exhibiting favorable
attributes like simple instrumentation, portability, sensitive and specific interaction
capabilities, easily disposable and enabling in situ or automated detection have been
extensively employed for detecting pathogenic viruses [148–151]. Both labeled and
non-labeled detection strategies can be implemented using these devices depending
upon the transduction mechanisms. Non-labeled electrochemical immunosensors
rely on simple and economic techniques associated with easy sample preparation,
swift detection procedures without the requirements of any secondary antibodies,
unlike labeled techniques [152]. Currently, various approaches for label-free



detection of antibody-antigen complex via electrochemical immunosensors have
been reported. Among them, some noteworthy works are stated in this review.
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Layqah et al. [106] constructed an electrochemical immunosensor for detecting
MERS-CoV spike protein S1 through electrodeposition of gold nanoparticles
(AuNPs) on an array of carbon disposable electrodes (DEP). The analyzing strategy
depends mainly on how the MERS-CoV spike protein immobilized on the electrode
surface and unbound MERS-CoV virus spiked in the sample compete for a fixed
concentration of specific antibody mixed to the sample mixture. MERS-CoV antigen
was added in varying concentrations, and square wave voltammetry (SWV) was
used to measure the alterations in the reduction peak currents of the ferro/ferricya-
nide redox couple. Antibodies attaching to the immobilized protein reduced the
electron transfer efficiency of the ferro/ferricyanide probe and hence, correspond-
ingly lowered the reduction peak. Selectivity studies were also performed by
incubating the sensor with mixtures of anti-HCoV antibody or MERS-CoV antibody
along with free target analytes (MERS-CoV or HCoV) used in varying
concentrations revealing a low cross-reactivity. Low detection limits of 0.4 pg/mL
and 1.0 pg/mL for HCoV and MERS-CoV were achieved within an assay time of
20 min, proving the device to be a reliable sensing platform. In order to estimate the
exact number of asymptomatic patients, a novel electrochemical sensor was
fabricated by Mavrikou et al. [110]. The sensor depends on a specific cell-based
bioassay. For detecting the spike protein antigen S1 of SARS-CoV-2 virus, mam-
malian cell membranes were engineered to bear electro-inserted chimeric spike S1
antibody on their surface, which when interacted with antigenic S1 protein, a change
in the membrane potential of the cells occurred. As a result, a potentiometric signal
was generated on the eight-channel gold screen-printed electrode, proportional to the
S1 antibody concentrations. Ultra-rapid detections within 3 min with low limits of
1 fg/mL were recorded within a semi-linear range of response between 10 fg and
1 μg/mL. Furthermore, no cross-reactivity was observed on performing specificity
studies with SARS-CoV-2 nucleocapsid protein. The researchers also proposed
integrating a smart and sensitive and potable readout device with the ready-to-use
sensor that can be operated via smartphone/tablet. Hence a potential device was
introduced that could help screen SARS-CoV-2 surface antigens and offer a
promising solution for timely monitoring of the infected. Recently, a comparative
analysis was made by Mahari et al. [112] between an in-house built biosensor device
(eCovSens) and a commercial potentiostat for the sensitive diagnosis of COVID-19
spike antigen protein (COVID-19 Ag) in spiked saliva samples. The potentiostatic
biosensor consisted of a fluorine-doped tin oxide electrode (FTO) whose surface was
modified with gold nanoparticles (AuNPs) functionalized with COVID-19 mono-
clonal antibody (COVID-19 Ab) for enhancing the electrical conductivity and
amplification of the electrochemical signal. Contrastingly, the eCovSens device
was based on a screen-printed carbon electrode with immobilized antibodies.
Variances in conductivity were recorded in both the devices upon specific antigen-
antibody interactions. Both the devices displayed superb recognition efficiency
within the analyte concentrations ranging from 1 fM to 1 μM. After that, LODs of
90 fM and 120 fM were showed by the eCovSens and potentiostatic device in



clinical samples. Furthermore, the in-house built biosensor showed ultrasensitive
and rapid detection within 10–30 s using very less voltage of 1.3–3 V, which can
even be operated with battery. Such attributes validate the fact that the said device
can be a substantial point-of-care diagnostic apparatus.
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4 Comparative Analysis of Biosensors on a Few Technical
Parameters

In this section, a detailed comparison between different biosensors is made based on
few technological parameters, including sensor selectivity, LOD, linear working
range, instrumentation, portability, and processing time period.

The introduction of novel and innovative operating strategies for electrochemical
sensors generating high-throughput results and focusing on detection limit, analysis
time, and portability has helped enhance the large-scale market demands for eco-
nomic biosensors such as the ones required for glucose and pregnancy tests based on
lateral flow immune assaying technologies [153]. Detection sensitivities of these
devices are enhanced using layers of polymers and nanomaterials over the transducer
surface, allowing better immobilization of the biomolecules. From this perspective,
it is noticed that lateral flow techniques help in the precise delivery of biosamples
onto particular sites on the sensing platform leading to specific interactions and
preventing the possibilities of random binding events. Modern and advanced
methodologies utilizing gold or silver nanoparticles with a coating of polymers
have revolutionized contact-based electrochemical sensing. These smart and up-to-
date electrochemical devices, despite having superior selectivity and sensitivity
attributes have certain drawbacks in terms of durability factors as the polymers,
and other associated compounds get used up due to repeated operations and require
timely replacements. Nevertheless, economical price values, real-time monitoring
capabilities, and rapid result generation abilities make the sensors attractive and
affordable yet efficient choice for the users. New and sophisticated transducers like
FRET, bioluminescent resonance energy transfer, fluorescent-based, and surface
plasmon resonance-based transducers have been proposed [154] for use in the
sensors, which would help in multifold improvement in the single analyte detection.
Features of the electrochemical sensors for multiple analyte detection are also being
ameliorated by using suitable micro- or nano-cantilevers as transducers. Further-
more, successful employment of 3D bioprinting for fabricating non-contact-based
sensors has produced considerable results yet, drawbacks persist in regard to the
development cost and desired customizations. Presently a remarkable integration of
several productive sensors with electrochemical sensing approaches and their
corresponding implementation for sensitive and real-time analysis of body fluids
for disease diagnosis is being observed [155].

Next in line are the optical biosensors based on fiber-optic chemistry principles
and exhibiting substantial technological advancement. Hydrogel-based cross-linking
technologies with capacity for high loading and appreciable hydrophilic properties
allow sensitive detection of single molecules like target peptides or DNA sequences.



Effective fusion of enzyme/substrate, antibody/antigen, and nucleic acids to the
sensor platform has paved the way for the development of smart and innovative
optical sensing devices. Moreover, the combination of microorganisms, animal or
plant cells, and tissue sections has also been made possible. With the advancement of
molecular optoelectronics and optical integrative technologies, it has been made
possible to integrate passive as well as active optical components on a single
substrate for devising miniaturized compact sensing devices allowing a multivariate
diagnosis. Furthermore, utilization of sophisticated electron and atomic force
microscopy principles for analysis of alterations in surface morphology has helped
improve the overall operations of the optic-based biosensors. However, devices with
detection limits down to femto-levels have still not been developed due to the
instrumentation-associated costs. Presently, to achieve real-time monitoring and
selective analysis of target analytes, contemporary DNA chips have been fabricated
using nanomechanical devices based on microcantilevers and surface resonance
technology [156–158]. Briefly, it can be said that optical sensing systems provide
several benefits like swift sample analysis, display of accurate results, simple and
easily observable changes caused due to specific interactions, etc. However, some
instrumentational difficulties prevail, like the intricacy requirements regarding
immobilization of recognition compounds and need for a sterilized environment to
achieve results with best accuracy.
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Advancements in micro-and nano fabrication technologies lead to the develop-
ment of nano-sized mechanical devices which help produce better analytical results
for mass-based biosensors [159]. These structures are mainly developed using
semiconductor processing procedures merging the principles of biophysics and
bioengineering. Silicon and quartz materials tagged with fluorescence or gold
nanoparticles are effectively used in these devices to procure best results. In spite
of performing precise single molecular detection, large-scale affordable productions
are not achievable [160, 161]. A great challenge for mass-based sensors is the
construction of capturing agents at nanoscale and their employment for high-
throughput analysis. In this context, potential applicability and appreciable
contributions of semiconductor materials and quantum dot technology have to be
mentioned. It is also worth mentioning the wide application of synthetic fluorescent
biosensors for rigorous analysis of molecular mechanisms of biological processes
[162, 163]. These devices possess tremendous sensitivity for single molecule detec-
tion and precise measurement of specific analytes, but the overall processes of
functional probe preparation are difficult and require expensive instrumentation.
Lastly, it can be concluded that different biosensors utilizing the electrochemical
or bioelectric and optical detection principles incorporating appropriate
biomolecules, polymers, and nanomaterials offer an effective sensing platform
which can be efficaciously employed for highly sensitive and specific biochemical
assays.
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5 Future Perspectives

The current COVID-19 pandemic caused by the novel SARS-CoV-2 is the most
alarming public health crisis requiring an immediate and effective solution. To
control further spreading and eventually prevent occurrence of the infectious disease,
early detection and following initiation of favorable treatment strategies is crucial. In
order to cope up with such circumstances, a huge shift has taken place in the
healthcare and disease diagnosis sector, from utilizing laboratory-based conven-
tional detection assays to the extensive employment of smart and selective
biosensing tools. Biosensors prove to be a functional diagnostic platform providing
reliable, sensitive and precise results rapidly. Moreover, the easy portability options
help meet the demands for a point of care testing facility. Nevertheless, in spite of
such advantageous features, the development of sensors faces several challenges in
current times concerning its large-scale fabrication and easy commercial availability.
Both the research community and industry personnel should consider a few factors
for constructing the sensors to develop a stable device producing uniform results.
Firstly proper devising methodologies should be implemented to achieve appropriate
surface modifications facilitating better immobilizations leading to enhanced detec-
tion sensitivities and ensuring specific interactions. Efforts from the developers have
already been made to improve the sensitivity levels of the sensors by applying
coatings of semiconductors or other metallic oxides on the transducers, helping
enhance the conductance and associated properties. With the advancement in
research and development in fabrication strategies, several portable, smart and
wireless biosensors are already developed by research institutions and commercial
sectors that have profound applications in the biomedical field and are also adopted
for environmental monitoring processes. But similar implementations for frontline
diagnosis are yet to be made. Moreover, the sensing platforms suffer from biofouling
issues which limit their extensive usage for routine clinical purposes. The longevity
attributes are highly diminished, leaving them non-functional just after few
operations. Accumulation of biomolecules obstructs the flow of analytes to the
detector modules preventing the overall detection process. After that, the use of
certain biosensors for rapid disease diagnosis can be narrowed down due to some
associated factors such as critical immobilization and surface assembly conditions,
lowered yield rates, prolonged incubation time and strict temperature constraints,
sample preparation and loading, variety of biological fluids to be used, etc. Intro-
duction of multi-tasking enabled biosensors via all-encompassing and comprehen-
sive knowledge research can be the only way to deal with the future disease detection
stipulations. Hence, generic devices with intricate designs incorporating multiple
sensors on a single chip are being synthesized, which would be capable of detecting
multiple molecules (specific disease biomarkers) simultaneously and providing more
desirable results along with proper data management. Inclusion of microfluidic
systems can help solve the purpose of analyzing small volume samples and escalate
the overall diagnosis procedure. In addition to this, existent research should be
pushed in a way to transfer the overall disease detection processes from benchtop
to the point-of-care with the aim to come up with lab-independent, hospital



decentralized, personalized diagnostic approaches with cheap, fast, high-throughput
and portable screening. In support of this, potent biosensors should be assembled
which can be conveniently used by individuals at homes to determine their health
conditions. This can help them avoid visiting the hospitals reducing the risk of
getting exposed to the pathogen. Smart and futuristic biosensors can also be made
available which would easily connect to smartphones and tablets and once the
analysis is done, proper results can be sent to servers of the healthcare center to
monitor the extent of disease transmission. Various artificial intelligence and
machine learning-based processes should be applied for signal processing in the
sensors to procure safe and correct results. Lastly, proper investments should be
made to develop a universal big data server for healthcare systems that will be
extracting maximum information regarding the results generated by the sensors and
thereafter forward them to the concerned authorities to help them develop epidemi-
ological models to combat the current global pandemic. It can be concluded that the
combined efforts of the worldwide scientific communities will help develop highly
sensitive diagnosis platforms that will gradually help mitigate the problems
associated with the viral outbreak and ensure safety from future attacks.
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Machine Learning-Enabled Biosensors
in Clinical Decision Making

Srishti Verma, Rajendra P. Shukla, and Gorachand Dutta

Abstract

Healthcare digitization offers a variety of chances for minimizing human error
rates, enhancing clinical results, monitoring data over time, etc. Machine learning
and deep learning AI techniques play a key role in enhancing new healthcare
systems, patient information and records, and the treatment of various ailments,
among other health-related topics. The utilization of conventional sensor systems
to decipher the environment is changing as another time for “smart” sensor
frameworks arises. To create refined “brilliant” models that are custom fitted
explicitly for detecting applications and melding different detecting modalities to
acquire a more comprehensive understanding of the framework being observed,
savvy sensor frameworks enjoy taken benefit of conventional and state-of-the-art
machine learning calculations as well as contemporary PC equipment. Here is a
chapter of current developments in biosensors used in healthcare that are
reinforced by machine learning. First, several biosensor types are classified and
a summary of the physiological data they have collected is provided. The
introduction of machine learning techniques used in subsequent data processing
is followed by a discussion of their usefulness in biosensors. And last, the
possibilities for machine learning-enhanced biosensors in real-time monitoring,
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outside-the-clinic diagnostics, and on-site food safety detection are suggested.
These problems include data privacy and adaptive learning capabilities.
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1 Introduction

The application of biosensors in clinical exercise, health monitoring, and food safety
has grown in relevance in recent years due to its mobility, variety, and simplicity
compared to conventional approaches, which rely on expensive, heavy, and sophis-
ticated devices. An essential subset of sensors called biosensors is created to record
biological signals and be used in the field of medicine. One description of a
biosensor is “a compact analytical device incorporating a biological or biologically
derived sensing element either integrated within or intimately associated with a
physicochemical transducer [1].” The academic community has been more inter-
ested in biosensors in recent years. However, the google search popularity rankings
for biomarkers are still low (20), demonstrating that the general public still has
limited knowledge of issues pertaining to biosensors [2]. This stark discrepancy may
be caused in part by the knowledge gap that must be bridged between the vast
amounts of data acquired by sensors and the important information deduced from
those data. Therefore, many biosensors do not meet the criteria to be considered
“analytical devices” [1]. Any sensor’s primary job is to identify and deliver accurate
data about the object it is intended to measure.

Because of its portability, it may be able to meet growing testing demands, which
might have a transformative influence on healthcare [3]. There are two types of
portable biosensors included in this study, each with a different technology. The first
one is paper-based biosensor known as a lateral flow test biosensor. It deals with a
strip that incorporates sample application cushion, a nitrocellulose film, a conjugate
cushion, and an adsorption cushion. The preimmobilized reagents at better places of
the strip become dynamic and show particular highlights when the designated fluid
example runs over the strip. It has a number of advantages, including improved
portability, cost effectiveness [4], and rapid detection, and as a result, it is frequently
used to identify diseases [5] and evaluate food safety [6]. In the food safety field, Li
and Liu’s team used a Raman scattering-based lateral flow assay to sensitively detect
Escherichia coli. Establishing regression models based on machine learning methods
allows for accurate and quantitative analysis of Escherichia coli [7].

Microfluidic-based biosensors are another type of portable biosensor. Biosensors
are integrated to lab-on-a-chip structures using microfluidics to create this type of
portable biosensor [8]. The development of microfluidic systems enables the analy-
sis of small-volume samples while also reducing reagent use and sample processing
time. The amalgamation of microfluidics with machine learning forms, dubbed



“intelligent microfluidics [8],” maximizes the potential of the microfluidic-based
biosensor. Smartphone and smart electronics are improving, and new apps are being
developed, making them increasingly appropriate for use as compact biosensors and
logical instruments in medical services and food safety [9].
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Another example of portable biosensors are wearable biosensors which could be
divided into three classes in light of sensor arrangement and epitome comparative
with the human body: on-body, garments and material based, and frill [10]. Tattoo
sensors, contact focal points, and skin patches are examples of on-body biosensors
that interact closely with the human body. Biomarkers present in sweat and ISF, like
lactate, glucose, and electrolyte ions, are oftentimes identified with tattoo sensors. To
aid in the diagnosis of dehydration, a fluorescent technique based tattoo biosensor
was designed for screening of dermal interstitial fluids electrolytes [11]. Interest-
ingly, Wiorek et al. present an epidermal fix for glucose examination in sweat that
consolidates pH and temperature change [12]. Sensors that are coordinated with
material wearables are known as clothing and material based biosensors [10]. These
are oftentimes used to recognize wound liquid, sweat, and surrounding air. One of
the most well-known models is the brilliant bandage. For real-time health monitor-
ing, fiber-based biosensors may be a good option. They can be easily woven into
textiles, perhaps allowing for improved biosensor wear experiences. Zhao et al.
demonstrated wearable electrochemical biosensors based on gold fibers for sweat
glucose monitoring [13]. Wearable biosensors that are loosely attached to the body
or clothing are referred to as accessories [14]. The eyeglasses can all the while screen
sweat electrolytes and metabolites progressively by joining metabolite-electrolyte
sensors onto nose-span cement cushions. By picking the proper receptor and chang-
ing the cement cushions, different biomarkers can likewise be focused on
accomplishing multianalyte detection on the eyewear stage [15].

Customary detecting frameworks frequently screen a solitary sensor yield, a
gadget that screens the adjustment of the result obstruction as an element of
temperature is known as thermistor. Higher data throughput will naturally result
from the addition of more sensors to devices, which presents a significant difficulty
in collecting and processing the vast amount of sensory input. Additionally, the
exorbitant amount of information cannot be consistently labelled, processed, or
analyzed using ordinary sensing devices and conventional processing methods
[16]. Machine learning (ML) algorithms and theories [17] have recently made
strides, opening up new possibilities and providing new perspectives on how to
effectively tackle these problems of large data sets. These ML algorithms are already
being used in real-world settings for things like business [18], healthcare analytics
[19], and economics [20].

The capacity of ML calculations to gain and naturally separate examples and
qualities from a given assortment of information, which typically needs a space
master to uncover, is its critical upper hand. In light of their flexibility and toughness,
ML calculations might be utilized in essentially any application that meets the
central state of an erratic dataset. The developing information amounts and
inadequately comprehended framework models of customary detecting advances
might make these calculations viable substitutions. Top of the line “brilliant”models



made utilizing ML calculations supplant as far as possible in a conventional
detecting framework. The calculations are utilized to assess, investigate, and extri-
cate significant information from gigantic, confounded data sets. They depend on
numerical and measurable procedures. The majority of “smart” systems are devel-
oping to benefit from the trend toward parallel computation that became more
accessible with the development of contemporary graphics processing units
(GPUs). The expense of estimation time in information examination and model
preparation is enormously diminished due to the excellent equal handling limit that
permits algorithmic models to dissect hundreds or even millions of data of interest
without a moment’s delay [21]. Before passing on the sensory measures to a trained
smart ML-based model, the system preprocesses them. The smart model then
processes and analyzes the sensory data according to the application’s requirements.
The necessities of the application and the sensor innovation conclude which of the
two sorts of shrewd models are laid out for savvy sensor frameworks. The keen
models might be partitioned into two gatherings in view of whether they are prepared
to address classification-based issues or regression-based issues. To associate the
connections between tactile information and future qualities (e.g., future blood
glucose level forecast in light of past estimations) [22], a regression model employs
predictive ML algorithms, though a classification-based savvy model utilizes sorting
ML calculations to distinguish and isolate sensory information with discrete class
marks (e.g., recognizing malignant growth and non-malignant patients from gas
sensor estimations) [23]. To reveal patterns of sickness states inside that expanse of
large information, ML would empower AI preparing by combining various sources
from verifiable datasets of millions of patients, like clinical records, clinical imaging,
omics, and wearable diagnostics [24–27]. As an outcome, enough amounts and sorts
of preparing tests would be incorporated, and general access constraints to nearby
datasets would be taken out as an obstruction to the improvement of solid AI-driven
redid clinical decision support systems (CDSSs). The got CDSS-empowered AI
calculation could then be upgraded with new information from different existing and
novel devices to empower exact pre-screening and analysis as well as giving inside
and out information on sickness highlights like subtype, grade, stage, and hereditary
transformation to help altered therapy.
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In this chapter, we have first come up with an overview of the well-known ML
methods that are applied to build intelligent models in a smart sensor system with
ML support for real-world sensing applications along with ability to take clinical
decisions. The ML techniques are separated into two groups under this section:
traditional non-neural network (non-NN) algorithms (e.g., Principal Component
Analysis [PCA], linear discriminant analysis [LDA], Support Vector Machine
[SVM], Hierarchical Cluster Analysis [HCA], Random Forest [RF], and Decision
Trees [DT]) together with modern neural network (NN) methods (e.g., Feed Forward
Artificial Neural Network [FFA-NN], Recurrent Neural Network [RNN], Convolu-
tion Neural Network [CNN]). Subsequently, we have given an overview of the
novelties of smart ML-reinforced biosensor in real-world sensing benefits (Fig. 1).

The assessment closes by outlining the main paths and difficulties encountered by
current research initiatives and suggesting future research possibilities where holes



exist in present endeavors. Non-NN algorithms, as a general rule, are often hard to
set up and call for more physical work to calibrate ML boundaries to achieve
application goals. This is because of the necessity for space skill about the qualities
of a particular sensor dataset to exactly make an application-explicit non-NN
brilliant model. Moreover, the elements can be “automatically” recovered by other
ML algorithms or physically picked by a space expert [29].
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Fig. 1 Advantages ML brings to biosensors. Reproduced with permission from ref. [28] Copyright
2020 American Chemical Society. All rights reserved

1.1 AI-ML in Medical Sensors

Other benefits of ML in biosensors is the capacity to get great logical outcomes from
boisterous and low-goal detecting information that might vigorously cover. ML can
move maneuver information from biosensor in different ways: (1) Categorization:
The algorithms can categorize the sensing signals into multiple groups depending on
the analyte of interest. (2) Anomaly detection: The sample matrix and operating
circumstances will always have an impact on biosensors. When biosensors are
employed on-site, contamination can be considerably hampered. ML could inspect
the signal and respond to request “does the signal appear to be correct?” It also
“corrects” sensor performance discrepancies in real samples caused by biofouling
and interferences. (3) Noise reduction: The sensor signals are constantly
accompanied by noise. Signal obstruction, like electrical clamor, can happen on
the subsecond course of events, while biosensor signals develop over seconds or
minutes. (4) Pattern recognition and Object identification: Sensing data may be
simply and successfully processed by utilizing ML algorithms to uncover latent
objects and patterns [30, 31]. ML can automatically, directly, precisely, and quickly
support biosensor readout, which is basic for on location discovery or analysis.
Researchers can create optimum sensing devices faster by clustering of
metamaterials, which eliminates the need for significant experimentation.
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Medical sensors have simplified the operations of medical instruments while
making them safer and more effective [32]. They have been developed to analyze
biomarkers present in body fluids (sweat, breath, tears, urine, saliva, etc.) flowing in
or out of the body for diagnosing and monitoring diseases. Inside the most recent
40 years, significant headway has been made, and a few significant upheavals have
happened from lab-based cathodes to versatile biosensors and presently to wearable
biosensors. Long-term monitoring of multivariate groups is now possible due to the
proliferation of noninvasive portable and wearable sensors, hence largely
overcoming the challenges when it comes to biosensor data collection. This could
bring another revolution—AI/ML Biosensors [33]. In the first place, multitudous
signal, regularly electrical and optical signs are gathered from biosensors followed
by its contribution to different ML algorithms, with a few unique structures. Each
signal has an alternate property that in this way prompted various information
handling using ML. ML calculations play essential part in design acknowledgment
and arrangement to brace biosensors in expanding applications, further developing
selectivity and selectivity, and helping navigation.

Shin et al. depicted a profound learning model for beginning phase cellular
breakdown in the lungs determination that was prepared using surface-improved
Raman spectroscopy (SERS) signs of exosomes delivered from sound and cellular
breakdown in the lung’s cells, with a separation exactness of 95%. The profound
learning model showed that 90.7% of the 43 patients with stage I and II malignant
growth would have higher likeness to cellular breakdown in the lungs cell exosomes
than the normal of the solid controls, exhibiting the expected utility of profound
learning name free SERS strategies for clinical interpretation. These advances, then
again, extricate wellbeing markers in an obtrusive way and don’t consider constant
checking or estimation of natural liquid structure. AI based intelligence empowered
electrochemical biosensors coordinated with versatile and wearable dissecting elec-
tronic stages, which can give logical data utilizing an organic acknowledgment
component, stand out enough to be noticed for the in situ discovery of clinical
markers in different body liquids, attributable for their exceptional potential benefits
of scaling down, high sensitivity, and name free estimation [34]. Kim et al. reported
that utilizing ML algorithms, they were able to identify and discriminate prostate
cancer with 99% accuracy using a urinary multimarker biosensor [35]. A solitary
biomarker study had a typical exactness of just 62.9%, missing almost 50% of the
patients. The specialists found that rising the quantity of biomarkers further devel-
oped screening viability while using random forest (RF) and neural network
(NN) algorithms. ML can recognize prostate cancer growth patients with more
than 99% accuracy utilizing 76 urine examples. ANN model-helped Si nanowire
field effect transistors (SiNW FETs) for particular VOC identification in single-part
and multicomponent circumstances were exhibited by Wang et al. [36]. Eleven
VOCs, as well as their twofold and ternary blends, could be precisely identified
using just a single SiNW FET sensor (as opposed to a variety of various sensors as in
exemplary electronic nose techniques). Indeed, even in multicomponent
combinations containing balancing atoms with physical/substance properties indis-
tinguishable from those of the designated VOC, this technique showed great



selectivity toward explicit VOC(s). Concentration of VOC could likewise be
anticipated with low blunders utilizing ANNs and a solitary SiNW FET.
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2 Different Biosensors with Machine Learning

2.1 Electrochemical Biosensors

The electrochemical biosensors (EC) are one of the most common biosensors used in
medical diagnosis [37–42]. The use of novel ML procedures in current EC
biosensors, notwithstanding, is still in its outset. EC biosensors are not truly repeat-
able or stable in real sample discovery, despite the relatively extensive theoretical
foundations of electrochemistry allowing description of a vast range of signals. The
electrode utilized in EC biosensors fouls over the long haul, which is another
element. Therefore, sensitive signals that are significantly linked with the type and
quantity of analytes cannot be acquired using one-dimensional data analysis. The
potential for coordinating ML with electrochemical biosensors to research how ML
might be utilized to increment sensor accuracy and reliability in real sample
estimations is featured by this [43–45]. Massah and coworkers employed an SVM
regression model to enhance the functionality of a portable EC biosensor based on
cyclic voltammetry [46]. The SVM regression model was used to extend the useful
life of the EC biosensor, allowing it to continue functioning for 10 days after the
enzyme has been immobilized. Different part types, including linear, polynomial,
and Gaussian with various boundaries, were utilized to figure the concentration of
nitrate. Their presentation was assessed utilizing the correlation coefficient (R2) and
mean squared error (MSE). The polynomial portion with the kernel boundary at
y = 0.20 was ideal, with a MSE of 0.0016 and a R2 of 0.93, according to the results.
The SVM regression model was used to extend the useful life of the EC biosensor,
allowing it to continue functioning for 10 days after the enzyme has been
immobilized. Four hundred nitrates and, surprisingly, more can be found even
without changing the enzyme.

By utilizing techniques like electrochemical impedance spectroscopy (EIS),
equivalent circuit models can be used to derive an important characteristic from
EIS data with χ2 testing. The retrieved parameters are used to provide information
about the events occurring on the working electrodes. The troublesome aspect of
adjusting the EIS information from electrode arrangements or solution is picking or
making a similar to circuit model [49]. The equivalent circuit model examination
was inadequately portrayed, especially for the small molecule-protein collaboration
based EIS biosensors. Rong et al. created an SVM prototype without equivalent
circuit fitting to assess the EIS data [50]. To identify the most effective machine
learning model, SVM prototype with four distinct kernels—sigmoidal, polynomial,
radial basis, and linear function—were contrasted. Eighty percent of 54 EIS data
were arbitrarily chosen as training data, while the residual 20% were assigned to the
testing information set. The training information set was classified with an accurate-
ness of 98% using the radial base function kernel, which performed at its best. The



performance was improved by adjusting the penalty parameter (C) and nonlinear
kernel coefficient (γ) to their optimum values of 10 and 0.01, respectively. There
hasn’t yet been any information about an EC biosensor that uses deep learning.
The small number of accessible data sets may be one factor. This open doors for the
utilization of deep learning in electrochemical biosensors will emerge from the
improvement of arrays or multiplexed EC biosensors to assess countless real
samples.
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The accurateness and precision of single-molecule (SM) identification can be
increased by combining it with ML. Additionally, the combination can optimize the
design constraints of the electrical biosensor and quantitatively assess the capability
of molecule recognition [51]. SM electrical detecting techniques can be categorized
into two groups: nanopore and nanogap. They are frequently used for viral detection
[52], peptide sequencing, DNA, carbohydrate, and RNA, [53–55]. However, maxi-
mum current (Ip) and current duration (td) signals for analytes with similar molecule
volumes and border orbital energies are similar. The detection and identification of
several analytes cannot be accomplished via the overlap of current signals. By
applying ML techniques like SVM, RF, and CNN to analyze the current-time
waveform, this problem is solved [56]. The Rotation Forest model was shown by
Kawai and colleagues [48] to be able to distinguish between electrical signs and
comparable microbiological forms. Other barely noticeable highlights can be
recuperated for distinguishing the bacterial species (E. coli and Bacillus subtilis)
notwithstanding the width td and height Ip of the ongoing waveform (Fig. 2). By
fusing the time vector with the present vector, 60 features were obtained. To
anticipate the leftover 18 resistive waveforms as the test, the whole collected
qualities of 161 waveforms from B. subtilis and E. coli (a sum of 322 spikes) were
utilized as training information. The discoveries showed that a solitary bacterium has
a separation exactness of more noteworthy than 90%.

2.2 SERS and Other Spectra-Based Biosensors

A complex matrix can even be used to get intrinsic fingerprint information about an
analyte by means of surface enhanced Raman spectroscopy (SERS). One of the most
encouraging insightful strategies for fast, label-free, point-of-care, and nondestruc-
tive diagnosis is SERS sensing [57, 58]. However, the spectra of many analytes and
the material in the matrix are comparable or overlap. Manually differentiating them
is difficult or impossible. Hopefully, the use of ML will considerably increase
SERS’s efficacy. Since huge informational index variety brings the fluctuation up
in predictions, that confines the ways to deal with semiquantitative analysis, the
consistency of the enhancement element of the SERS substrate is vital for ML
techniques [59]. With intermediate or big information sets, CNN consistently
displays a higher prediction accuracy than other ML techniques [60]. CNN is
presently the most often used for spectral analysis as a result [61, 62]. Ying’s team
published a useful manual for CNN used in the spectrum analysis [63]. To distin-
guish between normal and malignant cells by detecting the medium used for cell



Machine Learning-Enabled Biosensors in Clinical Decision Making 171

Fi
g
.2

E
xt
ra
ct
ed

m
ul
tid

im
en
si
on

al
ch
ar
ac
te
ri
st
ic
s
fr
om

th
e
cu
rr
en
t-
tim

e
w
av
ef
or
m
,w

hi
ch

is
re
pr
od

uc
ed

w
ith

pe
rm

is
si
on

fr
om

R
ef
.[
47

,4
8]
,A

ll
ri
gh

ts
R
es
er
ve
d

20
17

S
pr
in
ge
r
N
at
ur
e
L
im

ite
d
an
d
T
he

A
m
er
ic
an

C
he
m
ic
al
S
oc
ie
ty
.P

ul
se

he
ig
ht

I p
an
d
w
id
th

t d
(a
),
bl
un

tn
es
s
of

re
si
st
iv
e
pu

ls
e
ap
ex

βa
pe
x
(b
),
on

se
ta
ng

le
θ

(c
),
ar
ea

A
(d
),
ra
tio

r m
of

ar
ea

be
fo
re

cu
rr
en
tp

ea
k
to

th
at
of

be
hi
nd

th
e
cu
rr
en
tp

ea
k
(e
),
in
er
tia

I m
(f
),
an
d
I w

(g
).
T
he

m
ul
tip

hy
si
cs

si
m
ul
at
io
n
of

th
e
w
av
ef
or
m

du
ri
ng

th
e
ba
ct
er
ia
’s
pa
ss
ag
e
th
ro
ug

h
th
e
na
no

po
re

bi
os
en
so
r
w
as

us
ed

to
pr
ec
is
el
y
an
al
yz
e
th
e
di
ff
er
en
t
ch
ar
ac
te
ri
st
ic
s
fo
r
di
ff
er
en
tia
tin

g
be
tw
ee
n
Δ
fl
iC

an
d

w
ild

-t
yp

e
E
.c
ol
i



growth, Erzina et al. developed an enhanced SERS-CNN approach [64]. The
biomarkers were captured and the Raman signals were improved using gold multi-
branched nanoparticles (AuMs) decorated with various chemical groups. In order to
acquire greater resolution SERS spectra, a plasmonic coupling was also formed on
the gold strident surface. The problem, though, is that the target analyte caused the
interference signal to grow, which in turn reduced the detection’s accuracy (Fig. 3).
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Fig. 3 Machine learning reinforced surface enhanced Raman spectroscopy nanoprobe, Reprint
with permission from [59]. Copyright 2019 American Chemical Society. All Rights Reserved

To solve this obstacle, the SERS and CNN approaches were combined. The
findings indicated the estimated accurateness was 100% for data justification using a
comparable but modified CNN method. For single-molecule and single-cell investi-
gation, combining SERS biosensors and ML techniques is extremely desired. It is
quite intriguing that the CNN prototype, that has significantly improved the recog-
nition accurateness, can readily distinguish between non-analyte and signal clatter. A
spectral signal could also be transformed into a concentration value using the CNN
model and the Langmuir isotherm deviations. Microorganisms can also be
recognized by Raman spectroscopy down to the single-cell or single-particle level.
More precise identification outcomes may be obtained by using ML in conjunction
with a sizable microbe-related Raman data collection. A CNN model and laser
tweezer Raman spectroscopy have both been used to detect different microbe class
or subtypes at the solitary-cell level [65].

2.3 Colorimetric and Fluorometric Biosensor

Here we focus on biosensors that employ pictures as detecting signals, such as
fluorometric and colorimetric ones. Significant attention has been generated by the
automatic classification of colors and its intensity through the photos captured using
biosensing. One kind of fluorometric biosensor is the digital polymerase chain
reaction (dPCR). Colorimetric biosensors include the lateral flow assay,



paper-based vertical flow assay, and various colorimetric strips. For the dPCR to be
used in the real application, it must be possible to recognize the positive reaction
chamber in the fluorescent picture accurately and quickly. The analysis of the photos
has made use of conventional techniques such as threshold segmentation, numerical
clustering, and grid placement [66]. Threshold segmentation is the most popular
image processing technique [67]. In each study, the threshold segmentation’s
settings must be adjusted. Additionally, it is restricted to the examination of photos
with irregular illumination brought either by subpar camera imaging or irregular
lighting. In the actual testing environment, the distribution of light intensity is never
even. A low accurateness of the affirmative response chamber identification may
result from this circumstance. Mask R-CNN has recently been used to accurately and
automatically evaluate the photos [66]. An actual image (Fig. 4Aa) revealed that the
micro-reaction compartments, including the positive one, have lesser illumination in
this location on the left than in other places. The findings based on threshold
separation and the suggested Mask R-CNN prototype, respectively, were displayed
in Figs. 4Ab and Ac. With two misclassified spots, the threshold separation approach
read out 56 illuminated spots out of 82 affirmative response compartments. The
percentage of true positives was 68.29%. The created CNN prototype has potential
applications in digital ELISA [69], location surface plasmon resonance imaging
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Fig. 4 (A) Mask R-CNN prototype and threshold separation analysis of photos with varying
lighting conditions. Reproduced from reference with permission from ref. [66] Copyright 2019.
The Royal Society of Chemistry. All rights reserved. (a) A real-world experiment’s image with
asymmetrical lighting. (b) The outcomes of segmentation by threshold. (c) The Mask R-CNN
prototype’s findings. (B) CNN prototype for mixed AA analysis developed. Reproduced with
permission from Ref. [68] Copyright 2020. The Royal Society of Chemistry



[70], and fluorescent microarrays [71, 72] technologies for biological detection, in
addition to the dPCR.
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Colorimetric detection (quantitative) with improved accurateness and repeatabil-
ity is made possible by smartphone apps and cloud-based ML prototypes [73, 74]. A
colorimetric biosensor based on a smartphone was recently created to track bacterial
water pollution [75]. Based on the color intensity of the biosensor pictures, CNN was
used to categorize the presence or absence of bacteria. The reported strategy
enhanced the accuracy of E. coli presence prediction to 99.99%. The detection of
saliva alcohol concentrations was investigated utilizing a smartphone-based colori-
metric biosensor and three distinct machine learning techniques (ANN, SVM, and
LDA). Images in 4 color domain (HSV, RGB, Lab, and YUV) were assessed using
MLmethods. The RGB color space’s green channel had the best differentiability and
sensitivity, whereas the blue channel saw a significant color change. With LAB color
domain as element, the ANN model performed at its best. The total categorization
rate for increased concentrations was 80%, whereas it was 100% for standard
concentrations [76]. The colorimetric sensor with CNN assistance can interpret the
result quickly without using bulky equipment. For the measurement of mixed amino
acids (AAs), a color spectral image-based approach was published in addition to the
colorimetric and fluorometric image-based recognition methods [68]. LeNet, Vanilla
CNN, Inception v1, SqueezeNet, and Residual Network (RestNet), six popular
CNNs, were investigated. The generated Inception v1 model demonstrated advanced
accuracy and better mordancy among these six CNNs algorithms. The RMSE was
10.22% and the R2 for five AAs was 0.999 (Fig. 4B).

2.4 Cytometry Based Biosensors

There were reported many ML-based microfluidic cytometers [77, 78]. To inspect
the presentation of a focal point free blood cell counting gadget that incorporates a
microfluidic station and a complementary metal oxide semiconductor (CMOS)
picture sensor, outrageous learning machine-based super-resolution (ELMSR) and
CNN-based super-resolution (CNNSR) were utilized [77].

Four times the cell resolution was increased, and CNNSR demonstrated 9.5%
higher quality than ELMSR in terms of resolution augmentation. A blood brain
barrier (BBB) organ-on-a-chip was created by Oliver and colleagues to study the
brain metastasis of breast cancer. A blood brain barrier (BBB) organ-on-a-chip was
created by Oliver and colleagues [79] to study the brain metastasis of breast cancer.
Confocal tomography was used to find cellular dynamic phenotypes and
characteristics. Eight machine learning techniques were used to evaluate the
pictures, including NB, neural networks, RF and NN, DT, stochastic gradient
descent (SGD), and logistic regression to forecast the likelihood of brain metastasis.
These ML calculations were reviewed utilizing the region under the weighted
average of accuracy and review (F1), exactness (CA), and bend (AUC) (Fig. 5).
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Fig. 5 ML-assisted ex vivo organ-on-a-chip model to study the metastatic spread of cancer to the
brain. Reproduced with permission from Ref. [79] Copyright 2019

Fig. 6 (a) The basic methodology for ML-based data analysis. Reproduced from ref. [80] with
permission. Copyright 2020. American Chemical Society. All rights reserved. (b) The loss curve
during training. When the test set loss rises, overfitting will happen. Reproduced from ref. [81] with
permission. Copyright 2019 Elsevier B.V. All rights reserved. (c) A representation of a confusion
matrix, the formulae for the first level metrics that may be derived from it, and the second level
metrics that are more effective. Reproduced from ref. [82] with permission. Copyright 2020
Elsevier B.V. A ROC curve in (d) Reproduced from ref. [83] with permission. Springer Nature
Limited. Copyright 2019. The Authors

3 Machine Learning for Biomedical Processing

When used in the biomedical field, data processing is crucial for maximizing the
amount of information that can be extracted from biosensors and converting it into
messages that users can interpret (Fig. 6).
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An essential move toward working on the presentation of biosensors is to lay out
an acceptable relationship between the crude information and the concentration of
the objective analyte as numerous biosensors base their detecting on the location of
explicit analytes. The mathematical models were created manually in the conven-
tional data analysis paradigm. Only straightforward models, like the linear prototype
and the polynomial prototype, were utilized to analyze the data, and the studied data
were only of low dimensions (2D and 3D). Consequently, it is crucial to create a new
paradigm for data processing. We review the data processing techniques applied to
biosensors during the past 6 years in this part, covering preprocessing and machine
learning (ML) algorithms for biological signals [84].

3.1 Data Preprocessing

In many biosensors, processing of signal acquired is necessary to effectively carry
out following processing steps. Preprocessing encompasses a variety of data modifi-
cation processes, such as image analysis, data metric creation, and transformation.
One or more preprocessing actions are required, depending on the properties of the
raw data that was obtained. Three main preprocessing techniques are
introduced here.

Baseline Correction
The goal of baseline correction is to account for drifts and so improve the
responsiveness of sensors [85]. An example would be a CV. The choice and
placement of baselines heavily influence the mathematical relationships that are
frequently created between the concentration of the analyte of interest and the
peak current. The performance of the biosensor can be enhanced with baseline
correction because it makes it easier to measure the peak current. Fractional, relative,
and difference baseline correction methods are available [86].

Data Standardization
Data normalization is a process that corrects for measurement disparities among
arrays as well as variations in sensor scale [87], making it easier to compare results
across multiple experiments.

Data Compression
One of significant parts of its goal is to likely diminish the information aspects and
extraction of the most helpful elements. Principal component analysis (PCA), a solo
ML approach, is much of the time utilized for information pressure. Since the early
2000s, PCA has been used to decrease the dimensions of information [88]. By
computing the principal components (PCs), it achieves dimensionality reduction
and decreases the information dimension to only the first few PCs. Here, PCA makes
it possible to clearly visualize the data structure and makes the subsequent model
creation easier [89]. The quality of the regression is impacted by the number of
selected PCs. The ideal number of PCs can be found and all that results can be



acquired by sweeping the quantity of components to incorporate [90]. Another
technique for reducing dimensionality is linear discriminant analysis (LDA) which
is supervised, opposed to PCA, and generates vectors that optimize mean differences
between the target classes [91].

Machine Learning-Enabled Biosensors in Clinical Decision Making 177

4 Non-neural Algorithm

Non-NN algorithms, by and large, are harder to set up and expect for more manual
work to tweak ML parameters to achieve application targets. This is because of the
prerequisite for space skill about the qualities of a particular sensor dataset to
definitively make an application-explicit non-NN smart model. Additionally, the
element can be “automatically” extracted by other ML algorithms or manually
chosen by a domain expert [92]. Non-neural ML techniques employed in biosensors
to interpret biological signals, including abovementioned random forests, PCA, and
LDA. Figure 7 displays the graphic representations of various algorithms. Table 1
provides a quick overview of the biosensors strengthened with non-neural methods.
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4.1 PCA and LDA

The techniques are capable of accomplishing the arrangement function of many
types of signals in addition to data preparation similar to e-nose signals. Using an
e-nose information, PCA was used to separate four vigor conditions with two
elements: diabetes, high creatinine in vigor people, and low creatinine in vigor
subjects. The e-nose identify whether the milk is tempered by formalin by working
out and looking at the initial two PCs’ scores, of which the concentration can be even
little than 0.01% [86]. LDA was employed in the same study to differentiate between
various levels of adulteration [86]. By using LDA, Ali et al. were able to clearly
discriminate between three dissimilar bacterial sets in scatter plots [108].

4.2 Support Vector Machine (SVM)

The most popular clustering approach in signal processing is SVM, a supervised
machine learning algorithm. In order to divide data into potential classes, SVM
creates a hyperplane or collection of hyperplanes in high-dimensional space. The
hyperplane has the greatest remoteness from the closest training information point of
class to reduce the generalization error of the classification. For both linear and
nonlinear datasets, there exist multivariate functions to determine the hyperplanes,
including linear, radial basis (RBF), polynomial, and sigmoid functions. Binary
classification issues can be resolved using the SVM algorithm. One input to several
classification outputs can be mapped using SVMs to resolve “multiclassification”
challenges [109] or to address one-to-one predictive problems [110]. The SVM
technique determines the biggest divergence between the input information, those
are represented as nD support vectors, and divides them into two groups as (n–1)D
plane called the hyperplane. With the aid of a clever mathematical “kernel trick”
[110], the hyperplane splits the input vectors into groups either linearly or
nonlinearly. This gap between the input vectors and the hyperplane divider is
known as the margin. The more correctly the datasets can be categorized, the higher
the margin gap between the groups. In order to identify various wine qualities, Liu
et al. used numerous ML techniques to analyze the information gathered from metal
oxide semiconductor sensors and create pinpointing models. SVM performed the
best at recognizing vintages and fermentation procedures among the tested
algorithms [102].

4.3 Random Forests (RFs) and Decision Trees (DTs)

Each node represents a characteristic of an instance that needs to be “tested” in the
DT method, each branch represents a value that the node can expect, and each leaf
represents a value distribution. DT was chosen as one of the most accurate and
sensitive algorithms to assess data from a wrist-worn biosensor and demonstrated its
capability to identify opioid use in real time [111]. The creation of a DT model,



however, takes a lot of work. Working with high-dimensional data is challenging. As
the tree gets deeper, an individual DT frequently runs into the overfitting issue. It
will obtain an excellent training outcome but may cause unacceptably high test error
[102]. In numerous ML applications, ensemble approaches have demonstrated great
performance. RF, boosting, and bagging are the often utilized ensemble algorithms.
RF operates by creating a variety of DTs for regression and classification [112].
Overfitting, especially when the tree is deep, is one of the drawbacks of DTs.
Overfitting occurs when a model tries to find a general prediction rule rather than
trying to adjust the noise in the training information to boost accurateness [113]. One
approach to addressing this issue is RFs. In order to prevent overfitting and restrict
error growth, RFs are constructed using numerous single decision trees and aggre-
gate their findings into a single outcome. High sensitivity was achieved by utilizing
RFs to look at huge-scale simulated response information from a biosensor array for
the recognizable proof of minuscule molecules [106]. The classification along with
prognosis of lung cancer relies on gene expression data, and Qingyong et al. present
a self-paced learning bootstrap with random forest [114].
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Numerous more non-neural algorithms, like multiple linear regression [99],
k-means clustering [98], and k-nearest neighbor algorithm [99] (kNN) contribute
to signal process in addition to the ML methods, of biosensors.

4.4 Hierarchical Cluster Analysis (HCA)

HCA is an unsupervised technique (cluster analysis). The techniques like Euclidean
distance, squared Euclidean distance, Manhattan distance, maximum distance, and
Mahalanobis distance are used to perform the clustering analysis. The clustering
performance depends on the use of the proper metrics. HCA creates a cluster
hierarchy that is frequently seen as a dendrogram. By comparing the similarities in
tyrosol content across 15 various types of beers, for instance, HCA demonstrated a
strong capacity to classify the brews [115]. In order to categorize the VOC patterns
of asthma patients into three groupings, HCA was also used to evaluate the data from
an e-nose equipped with 32 sensors [116] (Fig. 7c). Additionally using an HCA
dendrogram, Saidi et al. demonstrated that the breath profiles could be effectively
grouped in accordance with the patients’ states of health [23].

5 Artificial Neural Network Algorithms

The parallel computational capability of GPUs used to train NN has significantly
increased over the past 10 years, which has led to a rise in curiosity in deep learning
techniques [17] and its real-life applications. The idea behind an artificial neural
network is to create a network of inter-woven logical computation nodes that are
each independently set off by numerical capabilities and weights that are established
by information input into the ANN.
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5.1 Feed Forward Artificial Neural Network

Three layers make up a typical feedforward neural network (FNN) configuration: an
input layer, a hidden layer, and an output layer. It is built up of interconnected
neurons and is intended to resemble the human brain. Data goes in a solitary
direction—from the information input layer to the hidden layer and to the output
layer—in light of the fact that the structure is non-cyclic and doesn’t cycle or loop
(Fig. 8).

It is divided into shallow networks and deep networks depending on how many
hidden layers are there. Utilizing an activation function, for example, the sigmoid
function or hyperbolic tangent function, real-valued number is computed for every
neuron in hidden layers from the neurons associated in the previous layer.

After the value calculated exceeds a predetermined threshold, the node will
become active. Both classification and regression problems can be solved with
FNN. Rens et al. used readings from five e-nose devices on 52 lung cancer patients
or healthy controls to train a FNN. The generated model was then applied to score
the blinded patient sets and distinguish lung cancer patients from that of vigor
controls [118]. FNN was also used as a potent machine learning model to analyze
data gathered from electrochemical sensors and volumetric sensors. Similar to this,
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modest concentrations of very hazardous binary organophosphate combinations in
milk were analyzed using FNN [119].
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5.2 Recurrent Neural Network

RNN has caught researchers’ interest among the various deep learning techniques in
studies involving sequential data [120]. The internal recurrent n-neuron nodes of
each m-recurrent hidden layer, however, function as memory elements [120]. Recur-
rent neuron nodes in a sequential chain can store activation data from earlier hidden
states, mix it with current input state. The technique performs amazingly well with
fleeting or sequential information, like prescient texts or speech recognition
applications, because the link between previous items and the present input is
preserved [121]. Because of their predominant presentation in model preparation,
the cutting-edge RNN variations long short term memory (LSTM) and gated recur-
rent units (GRUs) have been widely adopted in numerous smart applications
[122, 123]. Because the network topology of RNN is especially created to address
past information in each repetitive round [124, 125], it is best suited for sequential
data. RNN is frequently used for time-series mapping issues such as handwriting
recognition (Doetsch et al., n.d.), speech recognition (Takeuchi et al.), and reinforce-
ment learning [126, 127] because of the property of spreading previous information
along time through repeating connections. To find DNA alterations, bidirectional
RNN with LSTM was created [128]. Additionally, RNN-based algorithms have
increased read accuracy for nanopore sequencing [129, 130].

5.3 Convolutional Neural Network

CNN is a sub-part of deep learning that excels at analyzing images, together with
computed tomography (CT) [131], magnetic resonance (MR) images [132], and
X-ray [133]. Typically, the CNNmodel has three level: (1) Convolutional level: This
layer contains filters that move over preprocessed signals. Stride determines how the
filter rotates the source image. After the convolution stage, the feature map can be
obtained. (2) The down-sampling level, also known as the pooling layer.
Convolutional layer output has to have its dimension reduced by a pooling procedure
in order to avoid overfitting and reduce computational load. (3) A fully connected
level: To incorporate nonlinearity into the output, Tanh, Relu, and Softmax (Costa)
are typically utilized. The last decade have witnessed a number of significant
developments in image processing applications, and CNN has created a number of
specialized high-performance frameworks, including YOLO9000, AlexNet [134],
GoogLeNet [135], U-net [136], and VGG [110]. The decomposition and conversion
of the picture input propagated into the NN to a multidimensional array, from where
important abstract structures are short-listed, is how a CNN outshines at processing
along with analyzing images.
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The abstract characteristics are then flattened and proliferated to neural network
to get trained for applications based on regression or classification. To assess
chemical spectra for multiplexing SERS sensing, Lussier et al. created
one-dimension CNN prototype with two level convolutional, pooling, and densely
linked neuron’s figure for each [59]. The final output was transferred and
transformed into probabilistic values using the SoftMax function. One thousand
SERS spectra were obtained and were arbitrarily divided into (60%) training infor-
mation, (20%) validation information, and test information. The greatest likelihood
was given a positive integer value 1, while the others were given a negative integer
value of 0. Preprocessing and labelling were done on the SERS spectra. Completely
programmed approach for distinguishing lung cancer in the lung tissue sample
through its complete slide pictures, was proposed by Matko et al. CNN is used for
classification at the image patch level [137]. The execution of two CNN
architectures, VGG and ResNet, is compared. Results acquired show that the
CNN-based method can possibly help pathologists in the early diagnosis of lung
cancer (Table 2).

6 Conclusion and Outlook

The benefits and drawbacks of the aforementioned machine learning algorithms are
briefly discussed below after evaluating various machine learning techniques. SVM
performs better when the dimension and sample size are bigger, but it takes longer to
handle a large dataset and is not appropriate for classes that overlap. RFs make up for
the overfitting flaw in single decision trees. In spite of the fact that it needs unobtru-
sive connections between predictions given by individual trees, it is compelling at
dealing with missing information and decreasing both individual and absolute total
errors. The advantages of neural networks are their high classification accuracy,
great noise tolerance, and ability to approximate complex nonlinear relationships. To
be more specific, it frequently needs a huge dataset, and when used in biosensors,
thousands of specimens are required to achieve accurateness on par with non-neural
methods. Furthermore, since we are not able to watch how problems are solved, it is
challenging to explain the outcome, which undermines the validity and acceptance
of the findings.

The advent and advancement of portable and wearable biosensors pave the way
for in-person food safety testing, out-of-clinic diagnosis, and real-time monitoring.
Using the right machine learning techniques, it is possible to efficiently analyze vast
amounts of sensing information and convert it to understandable vigor information.
Biosensors can identify illnesses outside of a clinic thanks to machine learning (ML).
A deep neural network, for instance, has taught to categorize patients’ actions and
measure neurologic illness. But ML-enhanced biosensors still face a lot of
difficulties, including those related to biosensor dependability and mass
manufacturing, data privacy, and machine learning’s capacity for adaptive learning.
First, sensing performances are crucial to the machine learning-enhanced biosensor,
and as machine learning is a technique to support sensor signal processing, a higher
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efficacy could only be attained by enhancing biosensor’s dependability. Establishing
smart sensor system that depends upon enormous information and algorithms is a
significant barrier in terms of the tenet for data processing and storage. In neoteric
years, cloud computing has been used to interpret sensor inputs since it offers
superior computational power and data storage. Cloud and biosensor integration
is nothing new, especially for surveil applications where the volume of information
is continually growing over time. The direct connection of many sensors to the cloud
is sometimes too expensive and too sluggish due to the exponential rise in the
number of sensors. Edge computing has so been introduced in recent years. Instead
of a single data center, edge computing enables data processing at scattered edge
devices. It benefits from great computational effectiveness, rapid network
processing, low cost, and more. Therefore, there is a good chance that biosensors
will use this cutting-edge technology. Anytime something is connected to the
internet, data privacy is always a possible concern. The healthcare sector has seen
personal information leaks in recent years, raising concerns about data privacy.
Together, sensor end-users, information owners, and service providers should
address this problem [145]. Establishing a benign information sharing platform
through advanced technologies and moral rules is of major relevance to data owners
like doctors and sensor suppliers. A thorough process must be designed for product
and service providers, or businesses across the board, to guarantee data protection.
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The majority of ML-enhanced biosensors currently lack adaptive learning
capabilities; therefore, this presents another problem. Biosensors will be able to
learn from their surroundings using adaptive learning rather of only depending on
manually input training sets. An adaptable model continually improves and
optimizes itself by learning from the environment, in contrast to a nonadaptive
system. Inaccurate results and catastrophic mistakes, that could be caused by a
single-fixed model, might be less likely as a result [89]. On the other hand, adaptive
learning is a solution to resolve the conflict between them since the quest of
generalizability for nonadaptive ML models may result in the compromise of good
local performance, especially in clinical practice [146]. With the use of machine
learning (ML), these large-scale, high-dimensional datasets must be integrated and
analyzed so that physical states may be classed and biomarker trajectories can be
linked to clinically important outcomes [147]. Additionally, the potent skills in
obtaining, analyzing, and translating enormous amounts of data will aid in
addressing present problems in health sector, like grave diagnostic errors, and
inefficient workflows, and set the groundwork for precision medicine [148].

As technology advances naturally, we will ultimately witness advancements in
approaches, improved frameworks, and future breakthroughs in AI. There will be a
snowballing need for highly effective, intelligent, precise, and sovereign smart
sensor systems which process real-time risk and make decisions that could have
life-or-death consequences as contemporary society plans for the inescapable
advances into industrial revolution 4.0 [149]. This is clearly apparent in the realm
of independent vehicles and might be applied to the assembling sectors where NN
savvy machines and robots that are associated with the cloud are currently
supplanting regular systems.
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Abstract

Chemosensors are the chemical structures which convert chemical stimuli into
responsive form that can be easily detected, such as change of colour, fluores-
cence, and other electronic signal. Recently, chemosensors development for
detection and monitoring of gases has been growing interest due to the significant
importance in environmental and biological systems. Subsequently, the develop-
ment of chemosensors for detection of various gases is considered to be a
significant goal in science and among the all gases, carbon dioxide (CO2) is a
major public concern due to its role in global greenhouse warming with environ-
mental pollution. Moreover, quite critical level of CO2 in the modern agricultural,
food, environmental, oil and chemical industries is dangerous for living beings to
survive such high concentration levels of CO2. Therefore, rapid and selective
detection and monitoring of CO2 in the gaseous as well as in the liquid phases
provides an incentive for development of new methods. The coverage of this
book chapter is divided into different sections according to the use of different
types of molecular backbones and the detection pathways.

Keywords

Chemosensors · Detection · Gases · Fluorescence · CO2

T. Das · S. Jain · A. K. Das (✉)
Department of Chemistry, CHRIST (Deemed to be University), Hosur Road, Bengaluru,
Karnataka, India
e-mail: avijitkumar.das@christuniversity.in

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2023
G. Dutta (ed.), Next-Generation Nanobiosensor Devices for Point-Of-Care
Diagnostics, https://doi.org/10.1007/978-981-19-7130-3_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-7130-3_8&domain=pdf
mailto:avijitkumar.das@christuniversity.in
https://doi.org/10.1007/978-981-19-7130-3_8#DOI


196 T. Das et al.

1 Introduction

The progression of designing chemosensors has gained traction among academic
chemists and biologists in fields involving supramolecular analytical chemistry
[1]. Chemosensors are typically defined as chemical complexes programmed to
detect chemical stimulations through the process of transforming them into a reac-
tion that can be promptly and readily detected [2]. A wide range of chemosensors is
often utilised in sensing volatile organic compounds, managing fossil fuel combus-
tion products produced by automobile engines and industrial sources, surveilling air
quality, sensing toxic gases, etc. Traditionally, these gases are detected by time-
consuming and expensive chromatographic techniques such as HPLC and gas
chromatography [1]. However, the need of the hour is to develop cost-effective
chemosensors as they can be tremendously useful in today’s world. There are a lot of
volatile gases for which chemosensors are being developed throughout the world.
These sensors utilise different properties of the analyte to signal its presence. In this
chapter, we talk about chemosensors that are being used for the detection of carbon
dioxide (CO2).

Carbon dioxide (CO2) is an omnipresent constituent of gas mixtures from a
variety of abiotic environmental systems, including the burning of fossil fuels for
electricity production, transportation, natural gas generation, and the majority of
chemical processing [3]. These mechanisms have significant negative effects on the
climate of the entire planet and human wellbeing, including the greenhouse effect,
the rise in sea levels, and the potential diversification of subtropical deserts [4]. It has
been widely acknowledged that limiting CO2 emissions is a vital action to be
undertaken globally since CO2 is a primary greenhouse gas. Hence, the Kyoto
Protocol has legally compelled several nations to control their greenhouse gas
emissions [5].

As a result, one of the primary steps to lowering greenhouse gas emissions is the
monitoring of CO2. Regulating bioreactors, greenhouse agriculture, and food pack-
aging are just a few of the many uses for CO2 sensing. Due to the pressing need for
CO2 monitoring, several sensing techniques have been developed, including infrared
spectroscopy, gas chromatography, pH, and optical chemosensors
[1]. Chemosensor-based CO2 sensing is more widely appealing to other approaches
since it is quick, easy, inexpensive, and very accurate. The most common method for
creating CO2 chemosensors combines pH indicators with CO2 capturing substances
[6]. This strategy uses the dissociation of carbonic acid to protonate a signalling
molecule (usually fluorescent molecules) that undergo some change which we can
detect. Similarly, other strategies of detecting CO2 utilise different properties of the
gas to trigger a change in a signalling molecule which we can detect through various
means [1, 7].
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2 Pyrene-Based Chemosensor for Detection of CO2

Pyrene-based Schiff base named (E)-N′-((5-(pyren-1-yl)thiophen-2-yl)methylene)
nicotinohydrazide (1) which on interaction with fluoride anion acts as a colorimetric
chemosensor for carbon dioxide as a result of the generation of anionic nitrogen,
which is a strong nucleophile and hence well suited for CO2 gas sensing [8].

Compound 1 is widely utilised in anion sensing studies as it has a free NH group
and has been observed to be highly selective towards fluoride anion due to its high
electronegative nature and hence is utilised for colorimetric detection for the same.
While conducting quantitative analysis through UV-Visible absorbance studies, it
was observed that there was a significant decrease in the peak of the deprotonated
1 from 425 nm while an increase was seen in the case of the characteristic peak of
375 nm of free 1 with a spontaneous colour change of yellow to transparent as a
result of this regain. The fluctuation in fluorescence spectra revealed a marked
increase with a corresponding wavelength of 390 nm upon exposure to carbon
dioxide gas. The CO2 sensing mechanism follows the interaction of CO2 with the
deprotonated anime moiety which results in the formation of compound 1 -CO2

adduct, which has a characteristic spectral profile capable of detection as a result of
formation of N-C bond. This system on interaction fluoride anion has a carbon
dioxide sensing detection limit of 0.4 ml.

(E)-N′-(pyren-1-ylmethylene) nicotinohydrazide (2) is highly sensitive and selec-
tive colorimetric type chemosensor which deals with both anion and CO2 gas
detection and consists of pyrene with the role of chromophore and nicotinic acid
hydrazide as receptor [9].
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Fig. 1 Pathway of CO2 detection by 2 (Reprinted from Ref. [9] with permission from Elsevier)

Compound 2 is considered crucial for anion detections due to the presence of free
NH group and a colour change of colourless to yellow was observed in the presence
of fluoride ions. Quantitative analysis through spectral studies revealed the presence
of 450 nm peak as a result of the interaction between 2 and TBAF (fluoride ions). On
addition of CO2 gas, this peak is observed to decrease with pure 2 experiencing a
peak of 1647 cm-1, while the deprotonated 2 in presence of CO2 gas shows a
characteristic peak at 1669 cm-1. The occurrence of this peak can be reasoned with
the vibrations of asymmetric nature present in the NCO2 moiety. On addition of CO2

to 2 solution, the dark yellow colour is seen to change to transparent as the amount of
CO2 is increased.

The mechanism accepted for this system is that firstly on addition of TBAF,
deprotonation of the proton in the free NH group of 2 takes place, which results in
ease of interaction with fluoride ion. This, when exposed to CO2 gas through the
action of potassium carbonate on dilute HCl, it produces change in colour and the
anionic form of 2 is utilised for sensing CO2 gas with a detection limit down to
0.1 ml (Fig. 1).

3 Intra-molecular Hydrogen Bonding Stabilisation Based
Fluorescent Chemosensor for Detection of CO2

Sodium (anthracen-9-ylmethyl) glycinate (3) which is an amino acid based
chemosensor was used as a fluorescent chemosensor with turn-on mechanism for
CO2 sensing [6]. This system further helps in differentiating fluorescent CO2 sensors
into categories of strong, intermediate, and weak through assay procedures.

On studying fluorescence spectral changes, it was observed that there was a
pronounced increase in the fluorescence level after subjected to CO2 exposure in
the solution of 3 and it was linearly increasing compared to the amount of CO2

bubbled in the solution and results in a saturated level at 0.06 ml of CO2. The
mechanism of sensing of CO2 by chemosensor 3 is made to react with CO2 resulting
in the formation of a carbamic acid adduct or chemosensor 3-CO2 adduct (3′)
(Fig. 2). This adduct is extensively sustained due to the presence of strong intra-
molecular hydrogen bonds which prevents the photoinduced electron transfer (PET)
process which would otherwise quench the fluorescence by converting it to anthra-
cene, and helps in enhanced fluorescence permitting highly accurate and sensitive



CO2 detection. The detection limit for chemosensor 3 for CO2 was found to be
approximately 2 ppm.
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Fig. 2 Top: Structure of sodium (anthracen-9-ylmethyl) glycinate (3). Bottom: Pathway for CO2

detection sodium (anthracen-9-ylmethyl) glycinate (Reprinted from Ref. [6] with permission from
Elsevier)

4 Squaraine-Based System for Detection of CO2

An unsymmetrical 1,3-substituted squaraine SQ-NH2 (4) was developed in accor-
dance with the literature procedure provided by You and Gao for the purpose of
fluorescent and colorimetric based CO2 sensing by first removal of the alkenyl
proton (deprotonation) by tetra-n-butylammonium fluoride (TBF) and then
substituting a fluoride ion in its position [10].

The original UV-Vis absorbance spectra according to 4 in presence of
dimethylsulfoxide (DMSO) were noted and they showed a distinct absorbance
band corresponding to 539 nm. Upon addition of tetrabutylammonium salt
(TBAF), the absorbance was observed to be reduced considerably and gives rise to
a band corresponding to 405 nm. These fluctuations in the spectra are considered to



be due to the deprotonation of the amino moiety by F¯. This decrease in absorbance
of SQ-NH2 (4) and increase in absorbance of SQ-NH¯ are visible to the bare eyes due
to the change in colour of the solution from red to yellow in daylight (Fig. 3a). We
see a subsequent reversion of colour from yellow to red when increasing volumes of
CO2 were added to the original solution treated with TBAF. There was a similar drop
in the intensity of the emission band on the addition of TBAF to SQ-NH2 (4)
corresponding to 611 nm and then a marked increase in new emission peak was
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Fig. 3 (a) Structure of 1,3 substituted squaraine-NH2 (SQ-NH2, 4) and the colour and fluorescence
changes in presence of F- and CO2. (b) Pathways A and B of CO2 detection system (Reprinted from
Ref. [10] with permission from Elsevier)



observed at 485 nm ultimately resulting in an isosbestic point at 575 nm. As
increasing volumes of CO2 were added, the intensity of the emission peak at
611 nm was regained, while that corresponding to 485 nm was lost. The fluorescence
colour of the solution has been observed to change from red to orange-yellow
through an intermediate of green-yellow on illumination with UV. There were no
changes observed in emission as CO2 volumes reached a level of saturation.
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A deprotonated equilibrium reaction takes place by adding TBAF to the solution
of SQ-NH2 (4) and DMSO and further addition of CO2 can lead to the revival of
SQ-NH2 (4) and HCO3

- through two paths—A and B (Fig. 3b). Path A is based on
the assumption of the formation of an unstable intermediate SQ-NH-COO-, due to
the strong nucleophilic attack on CO2 by SQ-NH- and the ultimate regain of
SQ-NH2 (4) and bicarbonate ion on reaction with moisture. Path B utilises the
basic property of SQ-NH- which generates the nucleophilic attack of H2O resulting
in the same product formation. It was observed through DFT calculations that Path B
was a more feasible mechanism of CO2 sensing through the SQ-NH2 (4) sensor.
Both the detection limits of pure CO2 gas in the fluorescent and colorimetric systems
were calculated to be 39 ppm and 38 ppm, respectively.

5 a-Cyanostilbene-Based Fluorescent Chemosensor
for Detection of CO2

(Z)-3-(4-(3-Aminopropoxy)phenyl)-2-(4-nitrophenyl)acrylonitrile (5) having a pri-
mary amine exhibited enhanced fluorescence due to aggregation-induced emission
(AIE) for CO2 detection in a solution [11].

The fluorescence intensity of 5 was measured by dynamic light scattering (DLS)
and the average particle diameter was observed to be 86.99 nm and 774.1 nm of the
aggregates before and after exposure to CO2. Further fluorescence spectral studies
showed a fluctuation of 365 nm to 565 nm after CO2 bubbling into the ligand
5 solution. Both the studies point to an enhanced fluorescence as a result of
magnified aggregation due to CO2 exposure. The mechanism for the sensing of
CO2 by chemosensor 5 is that carbamic acid is formed as a result of reaction of CO2

with the primary amine present in 5 resulting in generation of salt bridges due to the
consequent reaction between carbamic acid and other amine molecules (Fig. 4).

Fig. 4 Structure of 5 and pathway of detection of CO2 (Reprinted from Ref. [11] with permission
from Elsevier)



Henceforth, we notice an amplified fluorescence due to congregation instigated by
electrostatic reaction between carbamate and ammonium salts due to the increase in
size of the aggregates of 5. This system 5 is reversible in nature as if we bubble N2

and CO2, there is a decrease in fluorescence due to moderation of fluorescence. The
detection limit of chemosensor 5 for CO2 was observed to be approximately 26 ppm.
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6 pH Indicator-Based Sensors for CO2

CO2 readily undergoes hydration to form carbonic acid from its gaseous form. The
carbonic acid form dissociates partially to hydrogen carbonate and releases a proton.
As the first ionisation is partial and the dissociation constant is low (Ka= 2.5 × 10–4),
it forms a weak acid. The reaction is given in Fig. 5.

Most pH indicator-based sensors for CO2 rely on the weak acidity to detect it as
the sensor molecule reacts with the proton to cause a change. Most commonly used
is the 1-hydroxypyrene-3,6,8-trisulfonate (6) molecule that is fluorescent, but it gets
protonated which turns its fluorescence off (Fig. 6). Hence the usual fluorescent
intensity lessens. This sensor is sensitive for amounts less than that present in the
atmosphere (387 ppm) with a detection limit of 80 ppm [7].

Another common molecule Diketopyrrolo-pyrrole (7) is extensively used as a
chemosensor for CO2 [12]. The molecule acts as the core for various sensors that get
protonated and deprotonated in the presence of H+ conferred by dissociation of
carbonic acid (Fig. 7). The deprotonated form gives a blue colour while in presence
of CO2 and they give fluorescence of deep red to orange.

Fig. 5 Reaction of CO2 with H2O

Fig. 6 Structures of pH indicator (6) as a CO2 sensor (Reprinted from Ref. [7] with permission
from American Chemical Society)
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Fig. 7 Protonation and deprotonation of 7 sensor (Reprinted from Ref. [12] with permission from
American Chemical Society)

Fig. 8 Reaction of chiral dopants with CO2 (Left) and colour change from green to orange on
exposure to CO2 (Right) (Reprinted from Ref. P13] with permission from American Chemical
Society)

7 Amine-Based Sensors for CO2

CO2 is a weak electrophile which reacts with a basic amine group to form a
carbamate salt. Using this reaction, various sensors were developed by introducing
an amine group to fluorescent molecules. The presence of amine group would reduce
fluorescence because of PET (photoinduced electron transfer) which was again
liberated when CO2 would react with it forming the salt turning the fluorescence
on. A sensor (8) was developed by using optically pure chiral diamines which would
react with CO2 forming carbamate [13]. The sensor showed a strong colour change
from orange to green on exposure to CO2 (Fig. 8).

Another strategy involved photophysical effect in which the fluorescence varies
as the physical properties of the solution containing the sensor change. CO2 in amine
solutions like dipropylamine (DPA) (10) forms carbamate ionic liquid (CIL) causing
a net increase in viscosity and polarity (Fig. 9b).

Molecules like hexaphenylsilole (9) emit low fluorescence initially but release
high fluorescence in aggregate forms. This effect is called aggregation-induced
emission (AIE) (Fig. 9a). As CO2 increases the viscosity of the solution, there’s a
logarithmic increase in the fluorescence values which can help in quantitative
estimation of the gas across the entire range (0–100%) with an Πmax at 480 nm [14].

In a similar fashion, another sensor 11 was developed that used a sulphonate
derivative of Tetraphenylethylene (TPE) as the probe [15]. A polymer with amine
functional group present (such as chitosan) was developed for the same.
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Fig. 9 (a) Structure of Hexaphenylsilole (9). (b) Formation of CIL from DPA (10) and CO2

(Reprinted from Ref. [14] with permission from Wiley)

This probe 11 is non fluorescent at 6% THF-Water. As CO2 releases H
+ ions, the

free -NH2 groups of the polymer become positively charged, attracting the nega-
tively charged probe. Through AIE, the fluorescence is activated as the rotation of
the molecules remain locked. The characteristic fluorescence wavelength is at
460 nm which shows linear increase from 5 uM to 50 uM of analyte with detection
limit 0.00127 hPa.

8 Deprotonation-Assisted Sensors for CO2

In this strategy, a fluoride ion induces deprotonation of the amine moiety which
would then react with CO2. The basic principle behind the reaction is that a strong
anion can cause an active proton in the sensor’s amine to be lost, making it a
nucleophile. This allows CO2 to bind with it to form a complex that can decompose
to give our original sensor molecule back. This reaction is accompanied by a change
in fluorescence. Yoon et al. developed a sensor by combining tetrapropyl
benzobisimidazolium salts to a precursor molecule of N-heterocyclic carbene
(NHC) constructing tetrapropylbenzo-bis(imidazolium) hexafluorophosphate (12)
[16] (Fig. 10). The molecule showed the highest absorption at the wavelength of
290 nm. But on addition of fluoride ions, the absorption band shifted to 344 nm. On
subsequent addition of CO2, the magnitude of absorption at 290 nm as well as the



corresponding fluorescence emission started increasing in a linear fashion with the
concentration of CO2.
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Fig. 10 Reaction of 12 with CO2 (Reprinted from Ref. [16] with permission from American
Chemical Society)

Fig. 11 Proposed reactions of 13 with F- and then either CO2 or CS2 (Reprinted from Ref. [17]
with permission from Elsevier)

Using similar strategies, Yoon et al. developed a sensor 13 using pyrrole and
indole as starting points with N conjugated to them [17]. They could create a sensor
that would show distinct shift in absorption and emission band as well as intensity of
emission upon reacting with F- which are then subsequently restored as CO2 is
made to react with it (Fig. 11). The upper detection limit of the sensor 13 for CO2 is
0.41 μM.
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Fig. 12 Structure of Naphthalimide derivative (Left) and colour change displayed by sensor 14 by
interacting with F¯ and CO2 (Right) (adapted from references 18)

Another sensor N-[2-(2-hydroxyethoxy)ethyl]-4,5-di{[(2-methylthio)ethyl]
amino}-1,8-naphthalimide (14) using the same principle was developed by Yoon
et al. based on naphthalimide derivative [18]. The sensor 14 itself showed absorption
at 445 nm which would undergo red shift on addition of anions such as CN- and F-.
This red shift was then reversed by the addition of CO2 with the detection limit being
2.04 × 10-7 M (Fig. 12).

9 Chemosensors Based on Functional Material for Detection
of CO2

A multitude of chemical sensors 15 based on nanomaterial such as polymers and
porous silica materials have been developed based on PDA (polydiacetylene)
wherein the sensing mechanism would be driven by the reaction between CO2 and
the primary amines present forming carbamate anions [19]. (Fig. 13). These would
then interact with the imidazolium cations of PDA in the presence of TEA
characterised by the development of a new absorption peak near 540 nm
accompanied by decreased intensity of original absorption maxima of PDA at
623 nm. Hence the colour changes from blue to red as complementary wavelengths
are emitted.

Another strategy involved using a porous polymer and a reporting molecule
distyrylbenzene (DBZ) which was introduced in the nano channels of the polymer
[20]. The polymer-DBZ conjugate showed selective adsorption for CO2. After which
the polymer and DBZ undergo a coupled transformation reported by DBZ through a
shift from a weak-green fluorescence to blue fluorescence. The polymer-DBZ



complex could also differentiate between CO2 and acetylene which show similar
chemical properties.
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Fig. 13 CO2 detection through sensor 15 in presence of TEA as base (Reprinted from Ref. [19]
with permission from American Chemical Society)

10 Chemosensors Based on Metal-Oxide Semiconductors
for Detection of CO2

Semiconductors have seen an explosion in their use for detection of various gases.
Their response times, detection limits as well as recovery time are better compared to
other sensors. For CO2, various semiconductors have been developed such as
LaOCl-SnO2 nanowire. Since LaOCl is a p-type semiconductor and SnO2 is a
n-type, there is a junction formation which extended the electron depletion. LaOCl
also catalyses the reaction between CO2 and adsorbed entities forming polydentate
carbonates and hydroxyl carbonates further reducing the resistance of the wire. This
was used as the response to the presence of CO2. This sensor could detect CO2

between the limits of 250–4000 ppm with a response time between 3 and 20 s.
Operating temperature for the detection is a bit high at 500 °C. Another study



involving ultra-thin nanofilm of La2O3 could detect CO2 with levels as low as
100 ppm with an upper limit of 250 ppm at room temperature [21].
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Like nanowires, thin films made of BaTiO3-CuO semiconductor were also
developed to detect CO2. The response is a change in resistance and capacitance
which could be detected in 10 min at 300 °C. However, since the reaction happens
on the surface, it is theorised that thicker films will give results faster. The detection
limit of a thin film of 400 nm width is 500–10,000 ppm [22].

Another strategy involved construction of microspheres of Gd2O3 of diameter
between 0.7 and 2.5 μm. These microspheres could detect the presence of 1% CO2

repeatedly at 470 °C. Using a similar strategy, microspheres of Nd2O3 were
constructed which could detect CO2 between the limits of 100–250 ppm at an
operating temperature of 400 °C with a response time of 3.6 s [23].

11 Conclusions and Outlook

Methods for the detection and quantification of CO2 gases using various specific
fluorescent chemosensors are necessary based on the studies by understanding and
monitoring a variety of environmental and biological phenomena. In this book
chapter we have highlighted various studies for detection of CO2 along with a
detailed discussion of the design strategies, sensing performances, mechanisms,
and applications. The discussion of this topic was divided into sections which
focus on fluorescent organic molecules, metal-oxide semiconductors, functional
materials, pH indicator-based sensors, etc. However, although numerous
chemosensors for CO2 have been developed and applied in biological studies, still
a high demand to construct the chemosensors displaying high selectivities,
sensitivities, and biocompatibilities and that can be utilised for real-time imaging
and nondestructive detection of CO2.
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Medical Device and Equipment Sector in
India: Towards Sophisticated Digital
Healthcare Systems—An Overview

P. K. Paul

Abstract

Healthcare Sector in India is changing rapidly with different types of advance-
ment including introducing latest systems and technologies. Latest Information
Technology and Computing Systems have changed entire arena of traditional
medical and healthcare operations. Subsystems of IT such as Networking,
Website Systems, Database Systems, and Software Systems radically change
the scenario. Medical and healthcare segment tremendously changed in last
decade and as a result huge gap is noted in current demand and supply systems
of medical and allied devices in India. At the same time this gap gives a
wonderful opportunity in developing and manufacturing medical devices. Very
recently many medical device manufacturers from domestic and international
market are engaged in developing and marketing devices in India. The medical
devices are growing and there are tremendous growths in the sector by individual
efforts, joint initiatives, multinational companies, etc. Government policies and
financial changes are also important to note for the significant growth in medical
device sector in India. Due to different reasons India is the top 20 markets in the
world as far as medical devices are concerned. This chapter is focused on medical
devices especially on Indian market. Growth, various changes, market scenario,
and policies are also depicted in this work.
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1 Introduction

Medical and healthcare sector as growing therefore outsourcings in medical devices
are also noticeable. This sector has significant growth in recent past especially in last
decade and present growth indicates that it will gain in coming decade with greater
speed. Recently several changes are made in the areas of joint initiative, agreements,
loan, licensing, and so on [1, 2]. Government of India recently changes the norms
and policies for betterment, India based manufacturing, transparency, investment
from outside India, and so on. In the year 2022, the market in this sector was 10.6
Billion USD and expected to reach 37% CAGR at 50 Billion USD in the year 2025.
Comprising with Indian and foreign companies including small and medium sector,
India is moving towards a best destination in Medical Device sector and Industry.
Among some significant changes important are focusing Research and Develop-
ment, Training and Skill Development, hundred percent FDI for medical devices to
boost the market [3–5]. According to the report, the medical and surgical appliances
sector stood at 2.23 US Dollar in between April, 2000 and June, 2021. Furthermore it
is expected that within 2025 the diagnostics and allied sector may grow at a CAGR
of 13.5%. Some of the important and promising areas of the healthcare and medical
equipment sector are as follows:

• Medical, Healthcare and allied Infrastructure
• Designing and Developing Surgical Instruments
• Medical Systems and Imaging Systems
• Electromedical Equipment
• Orthopedic Appliances
• Prosthetic Appliances
• Cancer Diagnostics including Clinical Informatics practice
• In developing Ophthalmic Instruments as well as Appliances
• Advancing Orthodontic Equipment as well as Dental Implants
• Point of Care Testing and Diagnostic Devices
• Digital Healthcare System including telemedicine
• Medical Records and Healthcare Data Management [6–8]

2 Objectives

The present paper entitled “Medical Device and Equipment Sector in India: Towards
Sophisticated Digital Healthcare Systems—An Overview” is a conceptual one and it
deals with following aim and objective:

• To learn about the basic of the Digital Healthcare Systems especially in India.
• To know about the Scenario of Medical Device Sector in India with focused

areas.
• To learn about the growing opportunities in healthcare and medical sector.
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• To know about the policies, challenges, and issues in Medical Device sector in
India including probable solutions.

• To get an idea of market size, growth, and export industry of medical devices in
India.

• Medical devices investments and their details are also important in this context.

3 Methods

Present work is a conceptual in nature and prepared based on review of literature.
Medical device and industry is an interdisciplinary topic therefore review of the
documents done in the areas of medical devices, healthcare informatics and therefore
Health and Medical related journals, thesis are analyzed and reported. In addition to
these, Health and Medical related journals Business, Commerce, and Management
related journals have been analyzed and reported in preparation of this work.

4 Scenario of Medical Device Sectors in India

Medical Device Industry in India is booming even there are huge challenges in
global market. Due to some of the advantages and opportunities, Medical Devices
industry is rising in India viz. limited HR and labor cost, advanced technical
expertise, funding from different government bodies, finance from the associations,
easiness in accessories in product development, etc. And as a result of new product
development, outsourcing of the manufactured medical devices becomes easy. Day
by day different multinational companies and firms are looking to suit their
requirements and it is further to grow in the coming years. The Drugs and Cosmetics
Amendment Bill, 2013 is important and this norms and bill play important role in
growing medical devices, equipments, and products related to the diagnostics [9–
11]. This bill also plays an important role in detaching medical devices and drug
development too. This bill also helps the local manufacturers to compete on a global
scale. The changes in medical and healthcare development sector are rapidly notice-
able in last few decades and as a whole it helps in revenue and employment. The
elderly population in India about 100 billion with the growing rate of the population
is 1.6% per year. The economic growths, awareness, and market penetration of the
health insurance are changing entire industry (Table 1).

According to the study of India Brand Equity Foundation (IBEF), the Indian
healthcare Industry already reached 190 billion in 2020 and it may reach up to
370 billion USD within 2024–2025. The increasing demand regarding specialized
healthcare needs leads growth in medical devices, clinical trials, telemedicine
services and as a result medical equipment market has also been increased. The
expansion of the medical and healthcare sector has catched more and large invest-
ment and here furthermore new entrants backed by private equity investors.
According to the Global Burden of Disease Study (GBD) shown by the Lancet
Journal, India has ranked 145th (out of 195 countries) regarding healthcare index.
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India’s healthcare access and quality (HAQ) index score has improved in recent
years, increasing from 44.8 (out of 100) in 2015 to 67.3 in 2020. The COVID-19 has
also changed the entire investing scenario of healthcare sector not only in India but
also in entire world [12, 13]. India spends only 1.2% of total GDP in healthcare and
medical sector and it is expected to reach 2.5% by 2025 and as a whole overall
healthcare and medical device sector is therefore likely to change more [14, 15].
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Table 1 Some of the popular medical devices and instruments

List of medical devices

Orthopedic
implants

Catheters Contraceptives Dialysis machine PET Equipments

Disposal hypodermic
needles

Heart valves Blood pressure
monitor

X ray machine

Drug eluting stents IV cannula Glucometer Digital
thermometer

CT scanners Surgical
dressing

Cardiac stents Scalp vein set

5 Growing Opportunities in Medical Device in India

The advancement of technologies specially Computing has changed entire arena of
healthcare and medical systems. The matching delivery mechanism has changed
system and there are different changes noticeable in healthcare sector such as
construction, equipments, financing and all these directly and indirectly touch with
medical device sector in India. Supplying equipments as well as medical consumable
is offering tremendous opportunities for the United States and some countries to
offer healthcare related companies to offer healthcare equipments. India is growing
market and becoming leading destination in high-tech diagnostic services. Several
investments in healthcare segment are eye-catching in recent past. Health insurance
companies are also involving much and as a result indirectly also help in healthcare
and medical device industry. In healthcare sector, some of the other growth includes
kits related to the testing and diagnostics, hand-made equipments, operating room
simulations, etc. In healthcare market about 50% belongs to importing. On other
hand, portable and handheld devices and equipments such as testing devices of
blood pressure, blood sugar, oxygen level, etc. are also rising and fastest in India
[16, 17]. Around 45 million diabetics is active in India and the number is also
increasing and study reveals it may touch 70 million by 2025. And as a result the
health-related issues are increasing and rising medical device related market also
growing. Some of the healthcare device and allied aspects are described as under.
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5.1 Medical Devices Sector and Growth

Medical device and instruments market is expected to reach 10 billion USD and
India imports about 80% of the medical and healthcare devices. For the equipments
such as cancer related diagnostics, medical imaging, ultrasonic scans, and also
Polymerase chain reaction (PCR) systems and technologies etc. this import related
aspects could be considered as worthy. And India depends on abroad for importing
many medical devices and instruments. Healthcare and modern hospitals chains are
also importantly growing in India such as Apollo, Fortis, Manipal, Hinduja, Max,
etc. as a result medical tourism industry is also growing and altogether results in
more medical devices and its utilizations. As far as medical tourism is concerned it is
now contributed USD 2 billion in the medical and healthcare market. Compared to
other sector in medical and healthcare sector barriers to the entry are low, and
non-tariff barriers and the expansion of the price controls to the medical devices
have forced market projection. During last 25 years the economy of the country is
noticeable and therefore India tends to be a price competitive market. The production
Linked Incentive scheme initiated by the Government of India (GoI) considered as
important regarding developing medical device manufacturing in India rather
importing [18, 19].

5.2 Health Insurance

In recent past, medical and healthcare sector is booming rapidly and in India health
insurance is also increasing with very limited payment. As per scenario 2% covered
by private health insurance organization and 15% covered by Government
organizations/bodies. Several private insurance companies entered the market with
opportunities in cashless treatment too. Thus the treatments in the healthcare are
increasing and indirectly it is increasing the medical device uses [20, 21].

5.3 Hospital and Medical Infrastructure

Healthcare services are offered by the primary, secondary as well as tertiary care
centers in India. Previously it is considered that only two categories serve the
healthcare sector viz. government bodies and ministries, and private bodies and
organization. The medical infrastructure market is rapidly increasing each year
(about 15%) and private sector planning more on new age, modern and super
specialty hospitals and medical centers. It is important to note that India is facing
chronic shortage of healthcare related systems and infrastructure specially in the
second and third tier towns and also in rural and sub-urban areas. According to the
experts, India needs about 1.75 million more hospital beds within 2025 and this is
creating an opportunity for foreign companies for the establishment of the sector due
to FDI (Foreign direct investment). It is worthy to mention that Indian healthcare
growth is expected to touch 130 USD billion with 2022–2023.
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5.4 Biotech and Digital Healthcare Sector

Medical Device market is also growing in India and fastest due to emergence of
Biotech sector. It represents a diverse opportunity for the international organizations
and firms. As per latest study it has been noted that about 800 companies comprise
market size of 5–7 billion USD, and internationally India shares 2% of the biotech
Industry. As far as clinical trials, contract research and manufacturing is concerned
India has significance. It is worthy to mention that digital healthcare segment is
growing and during COVID 19 period the significant growth can be noted. During
the period the aspects of telemedicine have significantly changed and people are
adapting new health technologies and intelligent solutions to reduce barriers of
hospitals and patients. Telemedicine nowadays consists with modern technologies
such as Artificial Intelligence, Machine Learning, Cloud Computing, and Big Data
Technologies. Leading hospitals and Healthcare sector such as Apollo, Fortis,
Manipal, Hinduja, and Max have adopted different telemedicine services and mod-
ern technologies in this regard. NITI Aayog in association with the Ministry of
Health and Family Welfare has developed different models, guidelines, and frame-
work regarding ICT practice in healthcare and needful for the registered medical
practitioners [22, 23]. Physician can now be able in remote and virtual consultancy
under the guidance of National Medical Commission (NMC). India is heavily
suffering with availability of medical infrastructure and a rural Indian has to travel
62 miles for getting affordable healthcare services. In COVID period use of digital
healthcare technologies initiative by the GOI is considered as worthy and valuable
[24, 25].

5.5 Refurbished Medical Equipment

As far as Indian capital cost is concerned, Indian manufacturers as well as investors
engaged in reducing the capital costs. And also refurbished medical laboratory
related devices and instruments for preparing Indian markets. Most of such machines
are being used in top-of-the-line hospitals, corporation, multispecialty and super
specialty hospital and diagnostics centers. Many international companies and
organizations are doing their business and also selling medical laboratory systems
and devices for the Indian market. Increasingly Indian hospitals and similar
organizations are demanding continuous service and spare parts refurbishments,
equipments maintenance in India. India gives restrictions on already used medical
and healthcare devices and equipments. In India there is a provision of importing
medical devices prepared and used in other countries provided there should be
minimum 5 years of lifespan with a licensing and declaration. Furthermore without
permission of the Director of Foreign Trade (DGET) it is not possible to sale,
transfer, and dispose medical and healthcare equipments. It is important to note
that parts, accessories, and tools can be given for the import, maintenance as well as
operation up to 15%.
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5.6 Policies and Regulations Governing Healthcare Instruments
and Devices

The policies and regulations regarding healthcare devices are also being governed by
the Government of India and this is being pursued by the Drugs and Cosmetics Act
of 1940. Furthermore several categories of implantable devices are being control
under the provision of Medical Device Rules, 2017. In India, medical devices are
being categorized into following [18, 26]:

• Class A: In this category device with low risk basically considered such as
surgical dressings, alcohol swabs.

• Class B: This category belongs to medical devices having moderate risks such as
needle kits, cervical drains, etc.

• Class C: There are certain devices having moderate high risk, and among such
devices important are bone cement, catheters, etc.

• Class D: Such devices are considered and required in high risk such as coronary
stents, Bioresorbable Vascular Scaffold (BVS) System, angiographic guide wire,
embolic filter system, etc.

All these devices are being finally categorized by the Government of India in
January, 2020. Here devices include instruments, implants, software, etc. There are
certain norms and regulations already adopted by the Government in regard to
regulations, and laws. Government of India in the year 2017 introduced price
controls on cardiac stents, reducing market price of 70% lower than that of prevalent
market rate.

Medical Devices are also being listed by the National List of Essential Medicines
(NLEM), and as of now 37 medical devices are listed within Drugs and Cosmetics
Act. Later Government of India levied 5% ad-valorem health cess regarding
importing of different devices such as medical devices, dental devices, surgical
devices, and veterinary devices. In addition to these, devices like orthopedic knee
implants which were previously exempted from customs duties and later the same
have been withdrawn from the duty exemption.

It is also important to note that regarding price control of Oxygen concentrators
(OCs) the National Pharmaceutical Pricing Authority (NPPA) issued an order with
Trade Margin Rationalization (TMR). Last Year (2021) Indian Certification for
Medical Devices (ICMED) scheme was added by the joint initiative of the Quality
Council of India (QCI) and Association of Indian Medical Device. This initiative is
fruitful in the verification of the quality, safety as well as benefit of the medical and
healthcare devices. Furthermore new rules are to be introduced in re-approval of the
manufacturing and importing licenses, etc.
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6 Medical Devices, India and Future Growth

Medical Device market is moving gradually and it was in the year 2015 valued at
USD 3.5 billion and increasing day by day. As per the development of the economic,
healthcare, and social systems, the medical devices market is also growing rapidly
and considered as important parameters in foreign manufactures. Medical Device as
well as sophisticated medical technology is supported by the foreign experts.
Medical tourism including luxury healthcare market is increasing and this results
specialized, high-tech medical equipment. Surgical instruments including cancer
diagnostics systems and equipments are in demand. Some of the equipments viz.
orthopedic and prosthetic are also in need. Devices are belongs to the imaging,
orthodontic as well as dental implants which are rising in different areas in addition
to the traditional electro medical equipment [5, 20]. In India some of the areas are
being considered as medical cluster and among them important are as follows
(as depicted in Fig. 1 with highlighted color):

Fig. 1 Popular States in Medical Device cluster in India
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• Gujarat
• Maharastra
• Karnataka
• Haryana
• Andhra Pradesh
• Tamil Nadu

6.1 Market Size and Export Scenario

As far as market share is concerned India considered within 20 markets for the
medical devices and instruments. The devices market is increasing 37% CAGR and
expected to reach 50 billion US Dollar in 2025 from Rs. 75,611 crore in the year
2025. With the initiation of Government of India Medical Device sector is getting
strengthening and here in research and development areas too investment considered
as worthy. Furthermore 100% FDI is allowed for medical devices including medical
and surgical appliances. In between 2020 and 2025 it is estimated that diagnostic
imaging may be expand at a CAGR of 13.5% and wearable market will grow 93.8%.

India has a 75–80% import dependency on medical devices, with exports at
Rs. 14,802 crore (US$2.1 billion) in 2019 and is expected to increase at a CAGR
of 29.7% to reach Rs. 70,490 crore (US$10 billion) in 2025. It is worthy to note that
to increase export of medical devices in the country some of the initiatives are noted
from the part of Indian Ministry of Health and Family Welfare (MOHFW), and
CDSCO, i.e., Central Drugs Standard Control Organization. Among the projects and
initiatives few important include:

• Re-evaluating schedule MIII (which is a draft on medical goods manufacturing
practices).

• Implementation of the facility requirements including system for the export
labeling.

• Assessing clinical evaluation including adverse reporting clarifications.

The scenario is changing rapidly in changing the norms, regulations, and gover-
nance for the proper growth and development.

6.2 Growth and Challenges in Medical Device Sector in India

In India not all the Medical Devices are governed by the regulations, only certain
product categories are having such regulations. It is to worthy to note that India has
some of the obstacles for the manufacturers from India and that need to overcome
using different strategies. Indian manufacturers are also suffering with the competi-
tion of low cost Chinese products, and there is a need of changes in norms and
regulations. Furthermore for the foreign manufacturers like American, European,
and Japanese companies proper and balanced regulations need to adopt. Globally



Medical Device market is predicted to reach about US Dollar 400 within next year.
Medical device market in India in the year 2013 was 6.3 billion USD and it was
about 7% to 8% of overall healthcare budget/spending in India, whereas pharma-
ceutical share 18%. Since the per capita spending is limited even of US Dollar
3, Government of India feels FDI is the best solutions for the domestic development.
Medical Device sector is growing and within 2025 the industry is projected to have
value of US Dollar 50 billion. As healthcare systems, hospitals are rising therefore
sophisticated medical instruments are in demand. The outlook of the medical device
industry will change significantly due to allowing 100% FDI in the medical devices
outsourcing. Since in the past there was no regulatory framework and incentives for
the development of the devices in India therefore the changed norms and new
regulatory frameworks and 100% FDI has an impact in the market. As previously
there was high tax rates imposed therefore it was difficult to implement medical
device marketing and manufacturing units in India but the scenario has changed
significantly. Due to internal high tax it was difficult to establish physical setups in
India therefore indirect business was only solutions. Internationally many countries
now list India become a favorite destination. United States of America (USA) is
representing largest market for the outsourcing. Due to HR and adorable technical
solutions Asian countries considered as most perfect destination for medical and
allied devices production. Asian countries mainly India and China considered as cost
effective and quality medical device manufacturers in OEMs. According to the
market research firm GlobalData medical device Industry is projected to reach
with a growth rate of 7% in between 2021 and 2025, and the same can be success-
fully reached by different projects and initiatives such as Atmanirbhar Bharat
Abhiyaan, promotion of medical devices parks scheme [5, 27]. Therefore the
medical device sector can be enriched into a desirable sector only by adopting the
following:
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• Establishing better and healthy eco-system, with increasing export systems,
developing medical informatics strategies.

• Planning and establishing medical device licensing, regulations, suitable
frameworks, etc.

• More and more medical tourism sector will also be beneficial for the local product
development and manufacturing competencies.

• Tax relief, development of the special economic zone also considered as worthy
and beneficial in boosting of the medical device sector.

• In addition to these, boosting local developer should be supported by the accessi-
bility and affordability of the medical devices [10, 22].

Medical Devices and healthcare market in India compared with other countries is
different but tremendously developing than the neighbor countries and most of the
Asian countries. India’s total spending of healthcare is 93 billion USD, whereas total
healthcare spending in the USA is 3 trillion USD and even China spends 574 billion
USD. Therefore in contrast with the sharing of per capita investment India shares
4.7% of the GDP, whereas the USA and China share 17.1% and 5.5%, respectively.



As far as Healthcare expenditure per capita is concerned India holds 75 billion USD,
whereas the USA is 9403 billion USD and China 420 Billion USD. Here Fig. 2 is
depicted the aspects of the healthcare in detail.
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Fig. 2 Depicted healthcare expenditure and related facts of India, USA, and China

According to the study it is also important to note that the market size for the
medical device is US Dollar 3.5 billion in India, whereas market share of the USA is
147.7 billion USD and in China the share is 8.7 billion USD. Medical Device market
is changing due to incentives too, in the month of May, 2020 Government of India
declared detailed investment plans about 4.9 billion USD over the period of 5 years,
and these funds may be utilized over a period of 5 years. Furthermore said invest-
ment is only acceptable if investment is offered in manufacturing in medical devices.
Some of the notable achievements and initiatives of the Medical Devices market in
India by the private sector in recent past are as follows [2, 23]:

• Cipla, a leading pharmaceutical company has launched pneumotach system
based, portable wireless spiromete called “Spirofy” in the year 2021. Same year
2021 witness of launching of portable hydrogen generating machine called
“udazH” for private utilizations by the Serene Envirotech Pvt. Ltd. With this
machine two users can utilize the device at a time.

• Leading electronic appliance company Microtek in the year 2021 also jumped
into the medical device manufacturing with projected devices as oxygen
concentrators, monitors for the purpose of blood pressure, oximeters, digital
and infrared thermometers, etc. Same year Innovation Imaging Technologies
Pvt. Ltd. established a state of the art facility center in India (Bangalore) for the
development of the 240 laboratories (catheterization) within 1 year and therefore
it is treated as important initiative for the development of the cardiology-related
diseases in India.

• Last year another achievement gained by the HDM where they had supplied
500 million 0.5 ml AD syringes for healthy, smooth vaccination drive.
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• DRHP in association with the SEBI has projected to invest Rs. 1500 crore for the
medical and healthcare sector. Similarly Medtronic India in same year (2021) has
collaborated with Stasis Health for Medical Infrastructure development.

• Siemens Healthnieers, a leading healthcare technology organization initiated to
start development unit in Gujarat including collaboration with Synthetic MR,
with a new license agreement [2, 5].

• India got Australia-India Council grant for conducting pre-clinical testing
required for the purpose of neurosurgery. Additionally to have first medical
tools manufacturing unit at Noida, it is projected to prepare by the investment
of Rs. 5000 crore.

• Government of Punjab is also recently planned to have Medical Device
Manufacturing plant with proposed cost Rs. 180 crore. Government of Tamil
Nadu is also planning to establish Medical device park with estimated cost of
Rs. 430 crore.

• In Maharastra too proposed investment of Rs. 150 crore to be received by the
healthcare company in-vitro diagnostic. Additionally, advanced technology
solutions for the testing of COVID-19, TB, HIV, Dengue are being planned.

• Japanese Healthcare Organization Omran Healthcare is planning to extend
healthcare manufacturing units in existing locations of their operations and also
enhanced services at Warangal with an expected turnover of Rs. 220 crore.

These are basic and recently planned initiative regarding the development of the
medical device manufacturing units in India. The Indian Council of Medical
Research (ICMR) in collaboration with IITs planned to establish Centres of Excel-
lence (CoE) with the aim of developing products as per Make-in-India product
development. In 2021 some of the activities also considered as notable viz.
government’s plans on new drugs, cosmetics, manufacturing on medical devices,
under PLI scheme 13 companies also granted development of the medical devices
for enhancing country’s own medical devices. Government’s initiative (in the year
2014) on “Make in India” campaign regarding the development of the medical
devices is treated as valuable. Indian Government had also took initiative for the
medical device park in India of Rs. 5000 crore. Furthermore, medical park has also
been proposed with investment of Rs. 500 crore in Uttar Pradesh; and this initiative
is taken very recently in the month of July, 2021. Public Procurement Order (PPO)
was also an important step by the Department of Pharmaceuticals (DoP) for improv-
ing medical devices manufacturing of country’s own. Under the Legal Metrology
Act, the import of the devices such as nebulizers and oxygen concentrators becomes
easy and smooth. As a whole the medical informatics companies such as Siemens,
Allengers, Wipro-GE Healthcare, Nipro, Sahajanand, Involution Healthcare, and
Integrits Health are going to invest Rs. 729 crore and going to generate about 2000
jobs according to the market research organization. National Medical Devices
Promotion Council establishment also considered as valuable in regard to develop-
ing local manufacturing of the medical devices. In addition to different state
government’s move Government of Andhra Pradesh has also taken an important
move of establishing Andhra Pradesh MedTech Zone (APMTZ) [19, 28]. This is



specially planned for the developing scientific facilities, laboratories, and also
manufacturing units in Vishakhapatnam. According to the financial organization
and market research venture IBEF the medical device export market in India is
expected to increase at US Dollar 2.1 billion and CAGR of 31.84% as depicted in
Fig. 3.
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Fig. 3 Possible medical device growth by 2025 (Source: IBEF)

7 Conclusion

Medical Device is growing significantly during last decade and there is an important
gap in India for the current demand and requirement of the medical devices in India
and as a result different initiatives have been taken by various stakeholders. Today
many healthcare organizations are getting opportunities for developing medical
devices in India itself and even import also become easy. India is considered within
20 markets in developing and sale of the medical devices and instruments and it is
expected to grow at 37% CAGR. The composition of medical device organizations
in India is small, mid, and large; all. Government of India is engaged with different
industrial, research, and academic activities of medical devices so that market can be
boosted up more and more. 100% FDI in Medical devices no doubt would be worthy
in developing the concerned market. It is also expected that the diagnostic market
will reach of 13.5% in India.
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Application of Radiopharmaceuticals
in Diagnostics and Therapy
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Biswajit Das, and Gorachand Dutta

Abstract

Radiopharmaceuticals are biologically active molecules with a radioisotope
attached to them. Radiopharmaceuticals have both diagnostic and therapeutic
applications. The radioisotope present within the radiopharmaceuticals emits
radiations which are detected by the radiation detectors and are used to produce
an image to diagnose a particular disease, the process of production of images of
organs or tissues of interest by using radiopharmaceuticals is called scintigraphy.
99mTc is most widely used radioactive tracer for most of the nuclear medicine
procedures, often referred as workhorse of nuclear medicine. Radioactive tracers,
mostly 99mTc may be used in diagnosis and prognosis of coronary artery diseases.
Myocardial perfusion imaging may be considered for patients with defective
stress test as it’s non-invasive technique before angiography. In order to under-
stand the metastatic potential of cancer growth, metabolic studies along with
detection staging is extremely helpful. Radioactive tracers are used for tumour
imaging and 67Ga is the most sensitive. Radiopharmaceuticals may now be a
good alternative which have been used to study the liver, which are giving
impactful results, 99mTc-labelled IDAs may be considered as new hepatobiliary
agents, which offer better clinical information than any other diagnostic
modalities available. For several other diagnostic purpose, radioactive tracers
are used as Fe tracers that are useful for several haematopoiesis studies, results
may give us brief understanding about the exact cause of Fe-deficiency anaemia.
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It is found that Cobalt tracers have more sensitivity in diagnosing pernicious
anaemia. For therapeutic purpose, most common radioisotope is 131I, used to treat
thyroid cancer and hypothyroidism. Radiotherapy, which generally regarded as a
treatment of cancer, uses high dosages of radiation to kill cancerous cells, also
pain in bone metastasis can be treated non-invasively by radiotherapy. Among
therapeutic application, radioimmunotherapy is also used which involves the use
of radiolabelled antibody with radionuclide in the treatment.
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1 Introduction

Biologically active compounds with a radioisotope attached to it are known as
radiopharmaceuticals. They can bind with specific targets like organs, tissues, or
cells within the human body. Their uses in clinical practice are increasing
day by day. Radiopharmaceuticals application lies in providing functional informa-
tion at the molecular and cellular level non-invasively which helps in the identifica-
tion of health conditions and therapy of diseases [1]. Radiopharmaceuticals are
radioactive compounds that are used to diagnose and treat the various diseases.
Radiopharmaceuticals have two components—a radionuclide and a pharmaceutical.
Schematic view of the two major components of radiopharmaceuticals is
shown in Fig. 1. The biologically active molecule can be thought of as a vehicle
that drives the radioisotope inside our body to a specific tissue or organ of
our interest. The process of production of images of organs or tissues of interest
by using radiopharmaceuticals is called scintigraphy. In the preparation of

Fig. 1 Radiopharmaceutical consists of a radionuclide (radioactive element), that uses for external
scan, linked to a non-radioactive element with the help of a linker, that acts as a carrier molecule
which directs the radionuclide to the target tissue or organ



radiopharmaceuticals, first a pharmaceutical is chosen according to favoured locali-
zation in the given organ as its purpose is to direct the radionuclide to the location
that need to be diagnosed or treated and to obtain images. Then a radionuclide is
tagged with that chosen pharmaceutical so that after administration of the
radiopharmaceuticals to the patient, radiations are emitted from it which can be
detected or used to provide image by a radiation detector [2]. Tissue blood flow
and metabolism, protein–protein interactions, expression of cell receptors in normal
and abnormal cells, cell–cell interactions, neurotransmitter activity, cell trafficking
and homing, tissue invasion, and programmed cell death are some of the functional
information for investigations that can be obtained from these imaging techniques.
These details are important for examining both healthy and disease-related states,
and they also assist clinicians in determining how well a particular treatment is
working [1].
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There are several ways to administer radiopharmaceuticals to a patient, including
through injection, oral administration (in the form of pills), or insertion into the
cavity in the body [3, 4]. The radiopharmaceuticals drugs which are used for
diagnostic purposes are short-lived radiotracers. Radiopharmaceuticals that are
used for diagnostic purposes accommodate small amount of radiation as compared
to those that are used in treatment. Diagnostic radiopharmaceuticals enable the
doctors and researchers to non-invasively see the biochemical activities inside the
human body, to diagnose the disease and which treatment is best suited for the
patient and also help them to monitor patient’s response to treatment [5]. An imaging
modality such as Positron Emission Tomography (PET) or Single Photon Emission
Computed Tomography (SPECT) is used to study the activity inside the organ after
the patient receives a radioactive dosage for the diagnostic process
[6]. Radiopharmaceuticals emit radiation and based on this can be used for diagnosis
and therapy, depending on what type of radiation it emits. Generally, if gamma-ray
particles are emitted then it is used for diagnosis, whereas if beta or alpha particles
are emitted then it will use for therapeutic purposes [7]. There are some
characteristics that have to be considered while selecting radiopharmaceuticals for
clinical purposes:

• For diagnostic purposes, radiopharmaceuticals should have short half-life so that
it decays quickly to safely diagnose the disease of the patient and also limit the
radiation doses. The list of radionuclides with their corresponding half-lives are
given in Table 1.
Due to high penetration power as compared to the alpha and beta decay, gamma
rays have a less destructive effect on the human body, and therefore, the majority
of radionuclides that generate gamma radiation are employed in imaging with a
gamma camera for diagnosis. The different types of radiation and their
corresponding radiation power is shown in Fig. 2.

• Beta emission increases the radiation dose due its low penetration power, there-
fore mostly those radionuclides have been used for diagnosing that generate
gamma rays with enough energy to easily leave the body and need to have a
short half-life to reduce the radiation dose.



Table 1 Different types of
radionuclide with their half-
life
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Radionuclide Half-life References

Fluorine-18 109.8 min. [8]

Technetium-99 m 6 h [9]

Lead-212 10.6 h [10]

Copper-67 15 h [11]

Samarium-153 1.93 days [12]

Holmium-166 26.8 h [13]

Thallium-201 73.1 h [14, 15]

Gallium-67 78.3 h [16]

Xenon-133 5.27 days [17]

Iodine-131 8 days [18]

Chromium-51 27.7 days [19]

Strontium-89 50.6 days [20]

Phosphorus-32 14.26 days [21]

Yttrium-90 64.2 h [22]

Fig. 2 Different radiation types and their penetrating power

• For radiopharmaceuticals, there should be high specific activity to properly
localize to the target site.

• To protect healthy tissue and organ from being exposed to damaging radiation,
radiopharmaceuticals should reach to the intended target tissue or organ swiftly
and precisely.
The stability of radiopharmaceuticals is also very important to consider in diag-
nostic applications as the stability of radioisotopes can be effected by pH,
temperature, and light. If these factors are not taken under consideration during
the diagnostic imaging it can result into undesirable results, such as decreased
quality of image, and undesirable distribution of radiation [2, 7, 23].
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2 Monitoring of Tissues and Organs by
Radiopharmaceuticals

The main advantage of radiopharmaceuticals is their radioactivity that allows
non-invasive external monitoring of the target tissue or organ with very small
effect on the biological activities in the body [2, 24]. For diagnosis, when the
radiopharmaceuticals are given to the patient, it is continuously monitored by an
imaging device such as gamma camera. These imaging systems include SPECT and
PET imaging, computed tomography-PET, micro-PET, and micro-computerized
axial tomography [2]. When a single gamma ray is directly emitted, SPECT cameras
are used to identify nuclides; however, when a pair of gamma rays are emitted, PET
cameras are utilized [2, 5].

2.1 Single Photon Emission Computed Tomography (SPECT)

The SPECT scan technique creates three-dimensional images by utilizing
radionuclides that display the blood flow path to tissues and organs. By using a
scintillation camera different image of varying orientations around the patient are
collected which are developed through tomographic reconstruction approach. The
major clinical applications of SPECT are in brain scanning, cardiac perfusion
imaging, and liver scanning. A radioactive tracer is injected into the bloodstream
before the SPECT scan which eventually emits gamma ray and gets detected by the
computed tomography (CT) scanner. The collected information from the emitted
radiations of the gamma rays is evaluated by the computer and displayed on CT
cross-sections which are organized to create a three-dimensional representation of
the human brain. The radionuclides used as a tracer in SPECT are Xenon-133,
Technetium-99m, Flourine-18, and Thallium-201. As SPECT imaging technology
exhibits excellent sensitivity but falls short of computed tomography’s high ana-
tomic resolution, dual integrated systems have been developed by merging CT and
SPECT which will carry out both functional and anatomical image respectively in a
given scan. SPECT is different from PET scan as the radionuclide tracer used in this
technique stays in the bloodstream unlike being absorbed to the neighbouring
tissues, hence it helps to limit and narrow down the images to that zone where
blood flows [25, 26].

2.2 Positron Emission Tomography (PET)

Positron emission tomography (PET) is a method used to measure the metabolic
process of cells of body tissues and visualize the biochemical changes associated
with it. It uses small amount of radionuclide and gamma camera system. Conse-
quently, it combines biochemical analysis and nuclear medicine. In this method, a
particle accelerator called a cyclotron is employed to create unstable atoms with an
excess of protons that decay back to neutral neutrons by producing positrons (the



antiparticle of the electron). Within a short range, the emitted positron collides with
electron generating high energy and momentum and that gets converted to two
oppositely directed gamma rays with 511 keV of energy. The detector detects
these two gamma rays that forms the image. The advantage of this technique is
that it emits gamma rays at 511 keV of fixed energy and as a result it will eventually
help for the instrument in optimization process by fixing the value for detection at
this energy. Though a major challenge for PET technique lies due to very short half-
lives of cyclotron produced, positron emitter like 15O has 2.07 min half-life [26].
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3 Diagnostic Applications of Radiopharmaceuticals

Departments of nuclear medicine are crucial in the administration of
radiopharmaceuticals used in patient diagnosis. The main objective of nuclear
medicine is to provide valuable details about the activities or functioning of the
human body and that help the doctors to diagnose the disease state of the patient
[27]. Diagnostic radiopharmaceuticals are used to examine the functioning of vari-
ous organs of the body such as brain, liver, kidneys, lungs, stomach, heart, in tumour
imaging, in diagnosis and studying of cancer, estimate bone growth, and to adapt
other diagnostic procedures that are required for the treatment of the patient. It may
help in early identification of the disease or disease state of a patient so that proper
treatment is given to the patient [6]. The list of radiopharmaceuticals with various
diagnostic applications is given in Table 2.

3.1 Uses of Technetium-99m

Technetium-99m is the radionuclide that is most frequently employed in diagnostic
radiopharmaceuticals, because of its following ideal characteristics required in
diagnostic applications of radiopharmaceuticals:

• 99mTc has a 6-h half-life, which is brief enough to analyse the target tissue or
organ while simultaneously minimizing the radiation dosage to the patient.

• There is emission of gamma rays in 99mTc decay process and low-energy
electrons are emitted, therefore again reduce the radiation dose and also the
energy of gamma rays is low, therefore it easily escapes the human body.

99mTc commonly used in a number of diagnostic imaging scans that are used to
diagnose various disease states such as infections, injuries, tumours, heart diseases,
thyroid and kidney abnormalities, and also used in guiding some cancer procedures
such as in tumour detection in lung cancer [6, 24, 34]. The major organ systems
imaged by Technetium-99m are shown in Fig. 3.
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Table 2 List of diagnostic applications of radiopharmaceuticals

Radionuclide The diagnostic use References

Technetium-
99m

Used in diagnosis of amyloid heart disease and in PET scans in
myocardial perfusion imaging

[28, 29]

Flourine-18 Used in PET to assess alterations in glucose metabolism in bone
tumour

[30]

Holmium-
166

Used in diagnosis of liver cancer [13]

Iodine-131 Used in studying the function of thyroid gland in treatment of
thyroid cancer or in hyperthyroidism

[18]

Gallium-68 Used in PET scans to diagnose cardiac, respiratory pathologies
and in Alzheimer’s disease

[16, 31]

Chromium-
51

Used for labelling red blood cells and for diagnosis of
gastrointestinal bleeding

[19]

Potassium-
42

Used in tumour localization and studies of renal blood flow [32]

Xenon-133 Used in imaging of lungs and evaluate pulmonary function [17]

Thallium-
201

Used in the diagnosis of coronary artery disease and parathyroid
hyperactivity

[15]

Selenium-75 Used for scanning pancreas to study the production of digestive
enzymes

[33]

3.2 Radiopharmaceuticals Used for Diagnosis of Cardiovascular
Diseases

In the entire world, cardiovascular disease (CVD) is one of the leading causes of
death [35]. The cardiologists of the early twenty-first century have access to a wide
range of imaging modalities, but situations not so few years ago. The only effective
heart imaging technology available at the start of the 1970s was an intrusive
procedure called cardiac catheterization. Since the development of nuclear cardiol-
ogy investigations, it led the way to the non-invasive assessment of cardiac disease.
Radionuclide ventriculography (RNV) was the first non-invasive method in
assessing left ventricular (LV) function and it established nuclear cardiology as a
clinical discipline [36].

Myocardial Perfusion Imaging (MPI) or Myocardial Perfusion
Scintigraphy (MPS)
Inorganic compounds such as13N-ammonia (13N-NH3) and

15O-water (15O-H2O)
may be used for cardiac perfusion imaging [37]. It is an important diagnostic
technique which can be used for detection and prognosis of coronary artery disease.
Thallium-201 Chloride or 99mTc radioisotope as tracers may use for the process. Test
is performed in order to understand the blood flow at rest and during stress, thereby
defining flow-limiting epicardial coronary stenoses and sometimes microvascular
disease. Three radiopharmaceuticals are used routinely in clinical procedures for
myocardial perfusion scintigraphy: Thallium-201 (201Tl) as Thallous chloride,
Technetium-99m (99mTc) Sestamibi, and (99mTc) Tetrofosmin, these tracers are



also available for SPECT myocardial perfusion imaging (MPI). Several PET tracers
can be used to assess myocardial perfusion, these include 82Rb, 13N-NH3, and
15O-water [36], and the advantages of MPI is shown in Fig. 4.
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Fig. 3 Imaging done by 99mTc that is used in diagnostic applications

3.3 Radiopharmaceuticals Used for Study of Liver and Diagnosis
of Diseased Condition

Tests to analyse liver functions have been mostly done by clinical laboratory
diagnostic procedures, mostly invasive for a significant number of years. Apart
from these, radiographic imaging procedures are also utilized which involve oral
cholecystography and intravenous cholangiography are few to mention, although it
serves the purpose, but most of them are invasive techniques involving a certain
amount of risk and discomfort to the patient, also as these techniques use contrast
media, which may cause other problems in patients as well. Radiopharmaceuticals
now have been used to study the liver, which are giving interesting results
[38]. Radiopharmaceuticals which can localize within the hepatobiliary



(HB) system are used for non-invasive diagnostic imaging modality, that can help in
evaluation of several difficult clinical problems related to HB disorders [39]. In
jaundice, 99mTc-para-butyIIDA concentrated more in the liver than 99mTc-HIDA, on
comparing between two agents in the same patient [40]. Comparing among two
99mTc-HIDA and 99mTc-p-butyl-IDA Liver radioactivity decreased significantly
after 10 min with HIDA compared to 35 min with p-butyl-IDA [41].
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Fig. 4 Advantage of myocardial perfusion imaging as it is non-invasive

3.4 Radiopharmaceuticals Used in the Diagnosis of Cancer

To Detect Cancerous Growth in the Body: Metabolic Study Using FDG
Cancer is a condition where when cells division goes out of control. More amount of
glucose is consumed by cancerous cells than any normal cell, this is also considered
as one of the hallmarks of cancer cells. The Warburg effect is the main reason behind
the shift in energy production. Fluorine-18-fluorodeoxyglucose (FDG)-PET utilizes
this feature to distinguish between normal and cancerous cells, based on consump-
tion of glucose. FDG build-up in cancer cells can notify us about aberrant mitochon-
drial function, which is seen in a variety of cancer cells. Different rates of glucose use
can help us identify the presence and spread of tumours, as well as distinguish
between malignant and benign tumours. Metastases give us information about the
severity of the disease, which helps physicians for TNM(Tumour,node,metastasis)
staging of tumour and determining therapeutic strategies.

Tumour Imaging
Gallium-67 is the radioactive tracer that is most frequently utilized. Hodgkin’s
disease staging can be done using Gallium-67, which has an 87% sensitivity. But
lower sensitivity is achieved in the case of detection of non-Hodgkin’s lymphomas.
Galium-67 has the highest positive rate in detecting bronchogenic carcinomas. Its
sensitivity rate for detecting lung cancer is 67%. There is proof that 67Ga is at least
complimentary to lymphangiography, if not more sensitive, in the staging of



lymphoma. But 67Ga cannot reliably identify adenocarcinomas that originate in the
gastrointestinal system as its sensitivity is very low at only about 40%, so in this
case, adenocarcinoma of the gastrointestinal tract is detectable with significantly
increased sensitivity using various chelates of bleomycin, such as 111In-Bleo, 99mTc-
Bleo, and 57Co-Bleo. According to certain research, 111In-Bleo is less sensitive than
57Co-Bleo and 99mTc-Bleo at detecting tumours [42].
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3.5 Radiopharmaceuticals Used for Diagnosis in Kidney Diseases

The evaluation of renal function has a significant deal of potential for nuclear
medicine. Quick, dependable, and accurate answers to physicians’ questions are
now possible because of the numerous straightforward techniques that have been
suggested as well as recent advancements in renal radiopharmaceuticals and com-
puter software. Functional metrics like the Effective Renal Plasma Flow (ERPF) and
Glomerular Filtration Rate (GFR) can be measured using radiopharmaceuticals. Of
the several agents approved by GFR, Technitium-99 m-DTPA, as well as Chro-
mium-51-EDTA, is primarily utilized in clinics. Due to its radiochemical and
biological characteristics, the first agent is quite reliable, but only the latter can be
utilized when imaging is needed. There are two substances that the renal tubules
actively secrete that can be used to estimate ERPF [43, 44].

3.6 Radiopharmaceuticals for Diagnosis of Haematopoietic
Disorders

Isotopes of iron are the most common tracer which are used in haematopoiesis
studies. Other most common tracers are 111In (linked to transferrin) and 99mTc-
colloids, which are also used in haematopoiesis studies. 52Fe is found to provide
better results as tracer in recognition of erythropoiesis. 99mTc-labelled leukocytes or
99mTc-labelled antibodies may be used in study of circulating and progenitor white
cells. Iron-deficiency anaemias may be caused because of several reasons which may
be malnutrition or malabsorption, abnormal or extreme blood loss, so exact cause
can be found out with radioactive 59Fe, 55Fe as tracer and stable 54Fe, 57Fe iron
isotopes. The results may be interpreted to give a guidance for dietary supplementa-
tion [45]. Red cell survival, blood volumes, and other factors of iron metabolism
have been investigated with 51Cr, 125I, and 59Fe radioisotopes and the data obtained
has been reported to provide clarification of the nature of the anaemia and also
demonstrated the haemolytic and erythropoietic role of the spleen in others with
splenomegaly. It was reported that results helped in further evaluation of various
blood disorders [46]. With the development of the cyanocobalamin (57Co, 58Co)
tracer, tests for vitamin B-12 deficiency in cases of pernicious anaemia or malab-
sorption have improved sensitivity and so it has upgraded scope [45].
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3.7 Radiopharmaceuticals for Diagnosis of Lung Disorders

Lung scintigraphy is a popular non-invasive technique for measuring the air and
blood supply to the lungs, and it helps to rule out pulmonary embolism (blood clots
in lungs). In this technique radionuclide, 99mTc is mainly used. Lung scintigraphy
also called VQ (Ventilation-perfusion) lung scan can be divided into two parts which
include firstly the use of intravenous injection to inject radionuclide 99mTc along
with protein aggregates for imaging which helps in further evaluation of blood flow
(perfusion), and secondly, small 99mTc-labelled aerosol particles are breathed in to
measure the airflow in the lungs (Ventilation) and then compared with blood flow
(perfusion), [47]. The standard radioactive labels used in VQ lung scan are Xenon-
133 and 99mTc-diethylene-triamine-pentaacetate (DTPA) although aerosolized form
of Technetium 99 m hydroxy methylene diphosphonate (99mTc-HDP) is proven to be
used as an alternative radiopharmaceutical substitute for Xenon-133 and 99mTc-
diethylene-triamine-pentaacetate (DTPA). Also, 99mTc-HDP usage is much cost-
effective compared to the use of 99mTc-DTPA, though the perfusion images obtained
for different orientations were found to be same for both 99mTc-HDP and 99mTc-
DTPA [48].

4 Therapeutic Applications of Radiopharmaceuticals

Radiopharmaceuticals that involve alpha and beta decays are used in
therapeutic applications. The therapeutic radiopharmaceutical dose is administered
to the patient and kept in the targeted tissue or organ and in this way,
therapeutic radiopharmaceuticals destroy the affected tissues [49] Therapeutic
radiopharmaceuticals are radiolabelled molecules that are designed to deliver the
dose to specific diseased location. Certain radionuclides involve alpha and
beta decays which undergo emission of radiations that can destroy the diseased
tissues [24]. With this application, therapeutic radiopharmaceuticals are used
in therapy of many cancers and tumours and other diseases. Therapeutic
radiopharmaceuticals provide either palliative or curative treatment [24]. Therapeutic
radiopharmaceuticals are designed in such a way that bind selectively to specific
biochemical protein receptor at the diseased site. They are designed to specifically
target and destroy the cancerous cells without affecting normal healthy tissues and
cells [5]. Some of the radionuclides with their therapeutic applications are
summarized in the following Table 3.

4.1 Delivery of Radionuclides by Nanocarriers

Radionuclides play a vital role in nuclear imaging of cells and internal radiotherapy,
so it is necessary for the targeted delivery of radionuclide on the site of interest.
Though targeted radionuclide therapy has been used for a long time with the help of
peptides and monoclonal antibodies, it has showed low therapeutic index and toxic



side effects. It becomes extremely important to deliver the radionuclides at the target
location at ideal concentration with the lowest possible toxicity and highest possible
therapeutic index. Here comes the role of nanocarriers especially in cancer
diagnostics and therapeutics which ensures high drug bioavailability, good biocom-
patibility, and targeted delivery of the radiopharmaceutical to the tumour cells. Due
to very less size of nanocarriers ranging from 1 to 100 nm, it has a number of
benefits, including improved permeability and retention of radionuclides and
medications by passive targeting to the leaky tumour tissues [58]. Radionuclides
can be loaded to nanocarriers by broadly two methods: (1) By using bifunctional
chelating agent which chelates radionuclide and gets chemically conjugated to the
nanocarrier, or (2) by using physical encapsulation of the radionuclide inside the
nucleus or cavity of the nanocarrier [26]. There are several number and classification
of nanocarriers that act as radiopharmaceutical delivery systems such as iron oxide
nanoparticles, polymeric nanoparticles, dendrimers, carbon nanotubes, and quantum
dots [58]. There are essentially four distinct ways to radiolabel nanomaterials with
radionuclides: adsorption, trapping, chelation (which is frequently used for
radionuclides with a metallic character), and covalent bond formation (which is
frequently used for radionuclides without a metallic character) [59].
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Table 3 Therapeutic applications of radiopharmaceuticals

Radionuclide Therapeutic applications Reference

Iodine-131 Used for treatment of Graves’ disease (hyperthyroidism
and thyroid cancer)

[50]

Holmium-166 Used for treatment of liver tumour [13]

Yttrium-90 Used for treatment of hepatocellular carcinoma,
non-Hodgkin’s lymphoma

[51, 52]

Phosphorus-32 Used for treatment of polycythemia vera [22]

Lutetium-177 Used for treatment of neuroendocrine therapy [53]

Radium-223 Used for treatment of bone metastases [54]

Rhenium-186 Used for pain relief in bone metastases [55]

Strontium-89 Used for pain relief in prostate cancer [56]

Erbium-169 Used in relief of arthritis pain [20]

Samarium-153,
Phosphorus-32

Used for pain relief in bone metastasis [57]

Polymeric Nanoparticles
Polymers are class of natural or synthetic macromolecules which forms by the
covalent union of monomers to form linear or branched chain. Choosing of right
type of monomer is very crucial for the synthesis of polymer because each of them
will show different physical and chemical properties. As polymers have great
synthetic versatility, they provide a lot of options for the researchers to customize
them according to the need. Hence the usage of polymeric nanoparticles for drug
delivery systems is very relevant. The radionuclide either may be anchored to the
surface of the polymeric nanoparticle via chelating ligands which are decorated on



the surface of the polymeric nanoparticle or inside its core via encapsulation process.
Among several number of clinically and pre-clinically tested nanoparticles, poly-
meric nanoparticles carrying radionuclides possess great advantages. Because they
provide high payloads of radionuclides, help to form proper image, and show
non-invasive therapy. Lots of radionuclides have been used for the synthesis of
radioactive polymeric nanoparticles. It has been reported that 111In-labelled poly-
meric nanoparticles possess wide use for understanding the biodistribution of nano-
particle [60]. There are several types of polymeric nanoparticles for carrying
radionuclides that comprise of liposomes, micelles, nano emulsions, etc. For ocular
therapy implementation of intravitreal implants is one of the options for sustained
drug delivery in the posterior zone of ocular globe, but it requires painful methods
like numerous injection and surgeries. So, to overcome these hurdles biodegradable
polymers are used for targeted delivery of drug which provides effective dosage at
the site of action and shows high solubility along with high bioavailability and
sustained release of drug [61]. Radionuclides like 99mTc, 111In, 186Re, and 188Re are
used for tumour, blood pool, and lymph node imaging where micelle (type of
polymeric nanoparticle) is used as the carrier. Micelle nanocarrier is very advanta-
geous because of its ease of preparation and having hydrophilic polymer shell that
reduces RES (reticuloendothelial system) uptake [26].
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Inorganic Nanoparticles
Inorganic nanoparticles consist of metals and metal oxides having high-density
electronic states that can be modified by changing the size and form of the inorganic
nanoparticles. Biodegradable magnetic iron oxide microparticles made of poly
(lactic acid), magnetite (Fe3O4), and

90Y were one of the first agents used for targeted
radiotherapy. Along with that 186Re and 188Re were used by encapsulating with
magnetic microspheres for tumour radiotherapy [26]. Platinum-derived compounds
like carboplatin and cisplatin have high chemotherapeutic activity. Though use of
these compounds increases the chances of DNA damage because Pt derived
compounds initially disrupts DNA repairing mechanism and along with that apply-
ing of radiation leads to further damage of DNA [62]. A bidentate metal chelating
ligand known as 8-hydroxyquinoline has vast medicinal applications like anticancer
properties and antimicrobial activities. It is used in the FDA-approved neutral-charge
complex [111In][In(oxine)3] that radiolabels leukocytes to image infection and
inflammation. [111In]In3+ is a common SPECT isotope having a half-life of
2.8 days which decays to release two low-energy gamma rays by electron conversion
and also emits Auger–Meitner electrons of interest in theranostics [63]. Also carbon-
based nanomaterials (CNMs) are well known for their excellent physicochemical
properties. They function as a suitable carrier to deliver optimum amounts of
radionuclides and also targeted by anchoring of molecular recognition
ligands. There are variety of CNMs including nanodiamonds, fullerenes, and
graphene which are explored for the improvement of targeted delivery of
radionuclides [59].
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Dendrimers
Nanocarriers which contain homogenous and monodisperse structure having radi-
ally symmetrical inner core and outer shell structure are termed as dendrimers. Due
to their many biological traits, incuding their capacity for self-assembly, chemicals
stability, polyvalency, low cytoxicity, and solubility. Its centre core atom or collec-
tion of atoms serves as the first node in its chemical structure. And from that core
branches of other atoms called dendron formation occurs through a variety of
chemical reactions [64]. The advantages of using dendrimers include incorporation
of multivalent radionuclides and low PDI value which improves biodistribution.
Various radionuclides are labelled along with dendrimers due to their unique
structural features. Bifunctional chelators chemically conjugated on the surface of
the dendrimers are used to label with radionuclides via chelation property. 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) is one of the popular che-
lating substances that is covalently bonded to the dendrimer’s surface to load 67Gd
(III), a non-radioactive metal, for MR imaging. Along with that some radionuclides
like 125I, 76Br, and 131I can be labelled via the chloramine T method with the addition
of tyrosine into dendrimers [65]. Criscione et al. showed that conjugation of
triiodinated moieties and 99mTc on the surface of G4 PAMAM dendrimers can be
made for the application of SPECT/CT [66]. Still some radionuclides like 18F cannot
be carried through dendrimers because of its complicacy, low radiochemical yield,
and harsh chemical reaction conditions [26, 67, 68]. Hence new strategies should be
employed for radiolabelling of 18F also to dendrimers. Along with that positive
charge of dendrimers may cause toxicity, as surface charge of cell membrane is
negative which will be eventually ruptured by dendrimers due to formation of
nanopores on the cell surface. So due to these challenges for usage of dendrimer,
scientists started modifying several chemical modifications on the outer periphery of
the nano molecule to decrease the cytotoxicity side effect. It is reported that
dendrimers anchored with PEGylated groups, acetyl groups, and carbohydrates
decrease the cell cytotoxicity effect into much lower amount [69].

5 Role of Electrochemical Sensors for Detection
of Radiopharmaceuticals

An electrochemical sensor is a device that can detect a particular chemical/biological
analyte quantitively via three different techniques which includes potentiometry,
voltammetry, and amperometry. It has several advantages over other sensors because
of its high selectivity, specificity, short response time, cost-effective, point of care
application, and most importantly simple measurement procedure. Since most of the
radiopharmaceuticals reported contain electroactive redox centres, electrochemical
sensors play a major role for continuous, direct in vivo monitoring of
radiopharmaceuticals inside the body of test animals. Sensors are developed for
radiopharmaceuticals for the determination of chemical form of the species that
targets a particular region of organ [70]. Theresa Lee et al. developed a chemical



electrochemical sensor for in vivo measurement of radiopharmaceutical analogue for
the first time. They have developed a microelectrode carbon-fibre based electro-
chemical sensor which has outer coating of polymeric Nafion gel that helps in
monitoring of a specific chemical species [Re(DMPE)3]

+ where DMPE is 1,2-bis
(dimethylphosphino)ethane, a non-radioactive analogue of the prototype cationic
lipophilic 99mTc imaging agent [99mTc(DMPE)3]

+ in the heart of a live rat. [Re
(DMPE)3]

+ is detected by the following oxidation when the potential of the sensor is
scanned from -200 to 400 mV:

Application of Radiopharmaceuticals in Diagnostics and Therapy 241

[Re(DMPE)3]
+ [Re(DMPE)3]

2+ + 1e- [71].

On comparison of voltametric oxidation peak currents of the Re complex at
Nafion modified electrode and bare electrode, the former one showed an increment
of current up to 100 times than the latter one. Other than electrochemical sensor, fibre
optic absorbance sensors are also reported. As some radiopharmaceuticals do not
show fluorescence property eventually for them, an absorbance sensor is used to
monitor the concentration and oxidation states of radiopharmaceuticals. An example
of heart imaging agent analogue is trans-[Re(p-SC6H4CH3)2(DMPE)2]PF6 which is
detected by the usage of fibre optical sensor [70].

6 Radiotherapy

Radiotherapy is a treatment of cancer such as breast cancer, liver cancer, thyroid
cancer, lung cancer, and ovarian cancer, in which high dosages of radiation are used
to kill cancerous cells. Radiotherapy kills cancerous cells or slows down their growth
by damaging the DNA of those cells, so that they stop dividing or die and then, these
died cells are broken down and body will remove them [72–74]. Radiotherapy does
not kill cancerous cells immediately, but it takes time of some days or weeks of
treatment [72]. Currently, intensity modulated radiotherapy (IMRT) along with
image-guided radiotherapy (IGRT) are the two radiotherapy techniques most fre-
quently used to treat cancer. The major benefit of IMRT is the reduction of late side
effect. IGRT provides information about the size, shape, and location of malignant
cells as well as the cells and tissues that surround them [74].

6.1 Treatment of Thyroid Diseases

Iodine-131(131I) is used for the treatment of thyroid diseases (for both benign and
malignant). It mainly used for the treatment of hyperthyroidism or Graves’ disease
(cause of hyperthyroidism) and thyroid cancer. Radioactive Iodine (RAI) therapy is
used for the treatment of hyperthyroidism and thyroid cancer [6, 49]. In treatment of
hyperthyroidism, 131I radionuclide destroys the follicle cells by the emission of beta
particles and thus controls or stops the growth as well as activities of the thyroid
cells. In this way, overactive thyroid returns to its normal function [49]. In thyroid



cancer, radiolabelled Iodine-131 selectively targets the tissue of thyroid gland with
the emission of alpha particle that destroys the tumour tissues [23]. Radiolabelled
131I-131 can be given to the patient either orally or by injection [23].
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Fig. 5 Thyroid scintigraphy before and after RAI therapy. (a) 123I scintigraphy before RAI,
showing focally increased uptake in the toxic adenoma. (b) 99mTc scintigraphy after RAI, showing
diffusely increased uptake, except in the area of the previously treated toxic adenoma. Reprinted
with permission from ref. [75], published by frontiers under the guidelines of the Creative
Commons Attribution License (CC BY). All rights reserved, Copyright 2022

Thyroid scintigraphy images prior to and following RAI treatment are shown in
Fig. 5.

6.2 Treatment of Metastatic Bone Pain

Various cancers like prostate, lung, breast, thyroid, and kidney, most often
prostate and breast cancer are associated with bone pain [49]. Bone metastasis can
lead to pain, hypercalcemia, and fractures [23, 49]. Treatment of bone metastasis
includes radiotherapy, chemotherapy, using drugs and surgery [23, 49]. The meta-
static bone pain can be treated non-invasively by radiotherapy. The radiotherapy is
highly effective for bone pain relief and also results in reduction of tumour cells [23,
49]. Samarium-153, Phosphorus-32, Radium-223, rhenium-186, and Strontium-89
are the most widely used radionuclides in radiotherapy for palliative treatment of
bone metastasis [23, 49, 76]. Samarium-153, Phosphorus-32, and Strontium-89 are
used in treatment of bone metastasis due to the emission of beta-particle. After the
administration intravenously, Strontium-89 chloride behaves as calcium and is
concentrated in bone [23, 24]. The part of Strontium-89 that is not concentrated in
the bone, excreted through kidney and gastrointestinal system (National Cancer
Institute).
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6.3 Treatment of Non-Hodgkin’s Lymphoma

Radioimmunotherapy is used in the treatment of non-Hodgkin’s lymphoma which
involves the use of radiolabelled antibody with radionuclide [24, 51, 77, 78]. Sche-
matic of radioimmunotherapy is shown in Fig. 6.

Radiopharmaceuticals Iodine-131 radiolabelled tositumomab (Bexxar) and
B-cell non-Hodgkin lymphoma is treated with Yttrium-90 ibritumomab tiuxetan
(Zevalin) [24, 49, 51, 77, 78]. I-131 tositumomab radiolabelled by the oxidation of
radioactive iodine with iodogen and its solution contained additives that limit
radiolysis [29]. Tositumomab is a monoclonal antibody that has high affinity for
the CD20 antigen on the surface of B-lymphocytes which inhibit the tumour growth
[49, 51].

6.4 Treatment of Hepatocellular Carcinoma

Hepatocellular carcinoma is the most common type of primary liver tumour
[49]. Radioembolization is used in the treatment of hepatocellular carcinoma
which involves the injection of microspheres particles that are loaded with radionu-
clide with the help of transarterial method [49, 52, 79, 80]. This treatment is based on
the principle that liver tumour cells derive blood supply from hepatic artery while the
cells of healthy liver from the portal vein [49, 79]. Yttrium-90 microspheres are
specifically directed to tumour cells by arterial route, so that these tumour cells are
exposed to high radiation dose with a very little effect of radiation on healthy liver
[49, 81]. Currently there are two forms of microspheres available for 90Y which
includes TheraSphere (glass microspheres) and SIR-Spheres (resin microspheres)
[49, 79, 80].

Fig. 6 Radioimmunotherapy involves the use of radio-immuno conjugate monoclonal antibody to
target cancerous cell
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6.5 Treatment of Neuroendocrine Tumours

Neuroendocrine tumours can develop in both gastrointestinal system and lungs but
most commonly it occurs in gastrointenstinal system [49, 82]. Generally, neuroen-
docrine tumours can be developing in intestine, pancreas, stomach, and lungs
[49]. Currently, 177Lu-dotatate and both 131I–metaiodobenzylguanidine (MIBG)
and 123I-MIBG are used in the treatment of neuroendocrine tumours [6, 49,
82]. 177Lu-dotatate is used in the treatment of gastroenteropancreatic neuroendocrine
tumours. With the beta-rays emission, 177Lu-dotatate treats the tumour. The 177Lu-
dotatate treatment is applied for a series of 4 or 5, for about 2 months period [6, 49,
82].

With some neuroendocrine tumours, such as pheochromocytoma, neuroblastoma,
and carcinoid tumour, MIBG selectively targets the neuroendocrine cells because of
its structural similarity to the neurotransmitter norepinephrine. 131I or 123I-MIBG is
more effective in the treatment of pheochromocytoma and neuroblastoma but less
effective in paraganglioma (when pheochromocytoma found outside of adrenal
glands is called paraganglioma) and carcinoid tumour. By the beta-rays emission,
131I-MIBG targets the neuroendocrine tumours [49, 82, 83].

7 Conclusion

Radiopharmaceuticals may be efficiently used for the diagnosis as well as therapeu-
tic purpose to diagnose several diseases. The best part of using radioisotopes for
imaging is that they are non-invasive, specific and body is exposed to considerably
low dose of radiation. The future target is used to find radiopharmaceutical with
improved sensitivity to detect disease at very early stage. Out of all the major
challenges, one encounter regarding expanding nuclear medicine for diagnostics is
to handle these radioisotopes safely by following strict radiation safety protocols to
safeguard from any hazards. And most of these isotopes are short lived so another
challenge lies in transporting them quickly from the production site to the health
centres in rural region where connectivity is not as good and most of these
procedures are costly with respect to use for patients in developing countries as
their production, quality control, transportation, and storage of these isotopes require
special attention, so these diagnostic tests are comparatively less popular. In both
diagnosis and treatment, nanocarriers function as a medication delivery mechanism
by employing radiopharmaceuticals, and they are essential for the precise transport
of radiopharmaceuticals to the site of action. Though there are several challenges for
each type of nanocarriers like limited control over size, number and site of radiolabel
chelation which may hamper the reproducibility of results and controlling of cyto-
toxicity and polydispersity of nanocarriers are a matter of concern.
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