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Imperative utilization of biosensors has acquired paramount importance in the field of
drug discovery, biomedicine, food safety standards, defense, security, and environmen-
tal monitoring. This has led to the invention of precise and powerful analytical tools using
biological sensing element as biosensor. Glucometers utilizing the strategy of electro-
chemical detection of oxygen or hydrogen peroxide using immobilized glucose oxidase
electrode seeded the discovery of biosensors. Recent advances in biological techniques
and instrumentation involving fluorescence tag to nanomaterials have increased the
sensitive limit of biosensors. Use of aptamers or nucleotides, affibodies, peptide arrays,
and molecule imprinted polymers provide tools to develop innovative biosensors over
classical methods. Integrated approaches provided a better perspective for developing
specific and sensitive biosensors with high regenerative potentials. Various biosensors
ranging from nanomaterials, polymers to microbes have wider potential applications. It is
quite important to integrate multifaceted approaches to design biosensors that have the
potential for diverse usage. In light of this, this review provides an overview of different
types of biosensors being used ranging from electrochemical, fluorescence tagged,
nanomaterials, silica or quartz, and microbes for various biomedical and environmental
applications with future outlook of biosensor technology.

Keywords: biosensors, electrochemical, nanomaterials, fluorescence-tag, bioelectronics, polymer, microbes,
diseases

INTRODUCTION

The term “biosensor” refers to powerful and innovative analytical device involving biological
sensing element with wide range of applications, such as drug discovery, diagnosis, biomedicine,
food safety and processing, environmental monitoring, defense, and security. The first biosensor
invented by Clark and Lyons (1962) to measure glucose in biological samples utilized the strategy
of electrochemical detection of oxygen or hydrogen peroxide (Fracchiolla et al.,, 2013; Turner,
2013) using immobilized glucose oxidase electrode. Since then, incredible progress has been made
(Turner, 2013) both in technology and applications of biosensors with innovative approaches involv-
ing electrochemistry, nanotechnology to bioelectronics. Considering the phenomenal advances in
the field of biosensors, this review is aimed to introduce various technical strategies, adopted for
developing biosensors in order to provide fundamental knowledge and present scientific scenario
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of biosensor technology. With the emphasis on the research tools
that demonstrate how the performance of biosensors evolved
from the classical electrochemical to optical/visual, polymers,
silica, glass, and nanomaterials to improve the detection limit,
sensitivity, and selectivity. Interestingly, microbes and biolumi-
nescence (Du et al., 2007) also contributed largely for label-based
biosensors, while label-free biosensors involved usage of transis-
tor or capacitor-based devices and nanomaterials. Biosensors
provide a basis to understand technological improvement in
the instrumentation involving sophisticated high-throughput
machines for quantitative biologists and portable qualitative or
semi-quantitative devices for non-specialists. Finally, current
research trends, future challenges, and limitations in the field are
highlighted. The present review is divided to various subsections
describing two major technical strategies followed by various
types of biosensor devices ranging from electrochemical, optical/
visual, polymers, silica, glass, and nanomaterials. These devices
were developed for specific purposes and an overview of these
will provide readers a comprehensive data on biosensor devices
and their applications.

TECHNICAL STRATEGIES

The technical strategies (Turner, 2013) used in biosensors are
based on label-based and label-free detection. Label-based detec-
tion is mainly dependent upon the specific properties of label
compounds to target detection. These types of biosensors though
reliable but often require combination of specific sensing element
fabricated with immobilized target protein. On the other hand,
label-free method (Citartan et al., 2013; Sang et al., 2015) allows
detecting the target molecules that are not labeled or difficult to
tag. Recent interdisciplinary approaches of biotechnology with
bioengineering, electrical and electronics engineering paved
way for developing label-free biosensors for various detection
methods with wide range of applications in the fields of medicine
and environmental science.

ELECTROCHEMICAL BIOSENSORS

Classical discovery of glucometer using glucose oxidase-based
biosensors (Clark and Lyons, 1962) is first in the line of discovery
of electrochemical biosensors. Glucose biosensors are widely
popular among hospitals or diagnostic clinics as these are essen-
tial for diabetic patients for periodic monitoring of blood glucose.
However, glucose biosensors are often having drawbacks due to
instable enzyme activity or inhomogeneity (Harris et al., 2013)
for which further calibration is essential. In fact, these potential
drawbackslead to the invention of range of biomolecules (Turner,
2013; Wang et al,, 2013) having differential electrochemical
properties, which paved way to discover more viable glucose
biosensors. In recent times, electrochemical biosensors (Wang
et al, 2014) are typically prepared by modifying the surface of
metal and carbon electrodes using biomaterials, such as enzyme,
antibody, or DNA. Biosensor’s output signal is usually gener-
ated upon specific binding or catalytic reactions of biomaterials
(Wang et al., 2014) on the surface of electrode. The need for

the discovery of electrochemical sensors became indispensible
for clinical diagnosis of diseases (Gruhl et al., 2013) where in
early detection or monitoring seems essential. In this context,
development of non-enzymatic biosensors is often considered
by using synthetic materials in place of proteins. Interestingly,
various types of biomolecules have differential electrode stability
and selectivity, which ultimately contribute to the development
of new types of electrochemical biosensors for various purposes.
Several types of electrochemical biosensors were developed
based on their usage. As explained above, glucose biosensors
(Harris et al., 2013) had undergone rapid evolution from the time
of development. In this perspective, Wang et al. (2014) reviewed
the progress of ferroceneboronic acid (FcBA) and ferrocene
(Fc)-modified boronic acids for biosensor development due to
the presence of binding site (i.e., a boronic acid moiety) and an
electrochemically active part (i.e., an Fc residue). FcBA and its
derivatives possess unique property of binding to 1,2- or 1,3-diol
residues of sugars leading to the formation of cyclic boronate
ester bonds. The redox properties of FcBA-sugar adduct differ
from free FcBA forming a basis for electrochemical detection.
In addition to this, boronic acids have affinity for binding to
Fe™ ions, which gives an additional advantage for the develop-
ment of non-conventional ion-selective electrodes using F~ ion.
Hydrocarbon chains present in the polypeptide chain of HbAlc
can be measured using FcBA based electrochemical detection.
Major limitation in using this method is the requirement of
immobilization of FcBA derivatives (Wang et al., 2014) on the
surface of electrodes as these derivatives are added in sample
solutions as reagents. Use of polymers and/or silver electrodes
with suitable modification of FcBA derivatives may lead to
improvement of FcBA electrochemical sensor for biomedical
fields including diabetes diagnosis wherein glucose measure-
ment will be supplemental.

Electrochemical biosensor to assess the levels of antioxidants
and reactive oxygen species in physiological systems (Mello et al.,
2013) is another modern invention. Major application in this
line is the detection of uric acid as primary end product of body
fluid purine metabolism (Erden and Kilic, 2013), which provide
diagnostic tool for various clinical abnormalities or diseases.
However, it is essential to develop a cost-effective and sensitive
method. Electrochemical-based approach for measurement of
uric acid oxidation likewise for glucose quantification seems
ideal. However, resemblance of uric acid in terms of oxidation
with ascorbic acid poses major experimental hurdle to develop
highly sensitive electrochemical biosensor. To overcome this, sci-
entists have developed amperometric detection-based biosensor
(Erden and Kilic, 2013), which possesses the ability to measure
both reduction and oxidation potentials. Considering the costand
reproducibility for this procedure, it is important to immobilize
or screen print the enzyme on electrodes or else on nanomaterial-
based electrodes, which are ideal for development of disposable,
selective, cost-effective and sensitive uric acid biosensors for
routine analysis. In this regard, recent advances in 3D bioprinting
(Turner, 2013) with an aim to create biosensors with live cells
encapsulated in 3D microenvironments. In the same line, a new
wireless mouth-guard biosensor to detect salivary uric acid level
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in real-time and continuous fashion was developed (Kim et al.,
2015),and thetechnology can be extended to wearable monitoring
tools for diverse health and fitness applications. Electrochemical
biosensors have been successfully used for hormone measure-
ments (Bahadir and Sezginturk, 2015) yet, its perspective needs
to be reviewed in detail. Another potential area of technology
development in biosensors relies on targeting nucleic acids. It is
well known that cellular miRNA expression is an ideal biomarker
for the diagnosis of onset of disease and targeting those improves
efficacy of gene therapy for genetic disorders. Usually, miRNAs
are detected by northern blotting, microarray, and polymerase
chain reaction. Modern technology provides ideal electrochemi-
cal biosensors for miRNA detection based on label-free detection
involving guanine oxidation subsequent to the hybrid formation
involving the miRNA (Hamidi-Asl et al., 2013) and its inosine
substitute capture probe. All these inventions are due to modern
approaches of biofabrification for promoting electrochemical
based biosensor technology in biomedicine.

Environmental monitoring (Long et al., 2013; Verma and
Bhardwaj, 2015) is another important aspect wherein biosen-
sor technology is required for rapid identification of pesticidal
residues to prevent health hazards. Traditional methods,
such as high-performance liquid chromatography, capillary
electrophoresis and mass spectrometry, are effective for the
analysis of pesticides in the environment (Verma and Bhardwaj,
2015) yet, there are limitations for instance complexity, time-
consuming procedures, requirement of high-end instruments,
and operational capabilities. Hence, simple biosensors seem to
have tremendous advantages yet, it is cumbersome to develop
unified one for analyzing various classes of pesticides. To this
end, certain enzyme-based biosensors (Pundir and Chauhan,
2012; Verma and Bhardwaj, 2015) were developed to understand
the physiological impact of pesticides in the environment, food
safety, and quality control. For this purpose, acetylcholinesterase
(AChE) inhibition-based biosensors were developed (Pundir and
Chauhan, 2012). Over the last decade or two, for rapid analysis
this technique got improved further with recent developments
in AChE inhibition-based biosensors including immobilization
methods and other different strategies for fabrication. Similarly,
piezoelectric biosensors have been developed (Marrazza, 2014)
for detecting the organophosphate and carbamate pesticidal
impact in the environment. Organochlorine pesticides are
known to affect ecosystem (Senthilkumaran, 2015) where in the
pesticides like endosulfan cause considerable damage. Indeed,
such pesticides alter the reproductive system of male and female
fishes differentially (Senthilkumaran, 2015) and considering
these facts, invention of biosensors to test the aquatic ecosystem
will have greater significance in view of biomagnification. To
cope up with the demand, electrochemical biosensor underwent
revolution (Turner, 2013; Verma and Bhardwaj, 2015) with rapid
advances in fabrication and use of nanomaterials or quartz or
silica. It is important to place special emphasis for selection of
receptors for biosensor development, the use of different trans-
duction techniques and fast screening strategies for applications
of biosensor in food, and environmental safety and monitoring.
To enable this, biosensor fabrication seems to be important

and the advancements in this field were categorically explained
below.

OPTICAL/VISUAL BIOSENSORS

As explained above, environmental or biomedical applications
demand the development of simple, swift, and ultra-sensitive
biosensors. This could be possible with immobilizers (Guo, 2013;
Ogi, 2013; Turner, 2013; Peng et al., 2014; Shen et al., 2014) rang-
ing from gold, carbon-based materials, silica, quartz, or glass.
In fact, the incorporation of gold nanoparticles or quantum
dots with the use of micro-fabrication provides new technol-
ogy (Schneider and Clark, 2013) for the development of highly
sensitive and portable cytochrome P450 enzyme biosensors
for certain purpose. Furthermore, fiber-optic chemical sensors
have lot of relevance in various fields, such as drug discovery,
biosensing, and biomedicine. More recently, hydrogels, used as
DNA-based sensor, are emerging materials for immobilization
usage with fiber-optic chemistry (Dias et al., 2014). Compared to
other materials, immobilization in hydrogels occurs in 3D which
allows high loading capacity of sensing molecules. Hydrogels
(polyacrylamide) are hydrophilic cross-linked polymers (Khimji
et al., 2013) and can be made into different forms for immobili-
zation ranging from thin films to nanoparticles. Hydrogels are
considered as a simple substrate for DNA immobilization with
other advantages, such as entrapment, controlled release, analyte
enhancement, and DNA protection. These features are unique to
hydrogels compared to other materials which offer biomolecular
immobilization (Khimji et al., 2013). Furthermore, good optical
transparency of hydrogels provides convenient strategy for visual
detection. Detailed methods for immobilizing DNA biosensors
(Khimji et al., 2013) in monolithic polyacrylamide gels and gel
microparticles are often considered as technical advancement in
the field of biosensor technology. Single molecule detection has
also been developed using electrochemical oxidation of hydrazine
for DNA detection (Kwon and Bard, 2012).

SILICA, QUARTZ/CRYSTAL AND GLASS
BIOSENSORS

Recent methods in the development of biosensors resulted in the
use of silica, quartz or crystal and glass materials due to their
unique properties. Among these, silicon nanomaterials have
greater potential for technological advances in biosensor applica-
tions due to their biocompatibility, abundance, electronic, optical,
and mechanical properties. Furthermore, silicon nanomaterials
have no toxicity which is an important prerequisite of biomedical
and biological applications. Silicon nanomaterials (Peng et al.,
2014; Shen et al., 2014) offer wide range of applications ranging
from bioimaging, biosensing and cancer therapy. Furthermore,
fluorescent silicon nanomaterials have long-term applications in
bioimaging. Interestingly, silicon nanowires in combinations with
gold nanoparticles provide hybrids which are used (Shen et al.,
2014) as novel silicon-based nano-reagents for effective cancer
therapies. Covalent attachment of thiol-modified DNA oligom-
ers on silica or glass provides DNA films for better usage in UV
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spectroscopy and hybridization methods (Khimji et al., 2013).
Despite lot of advantages to use silicon nanoparticles, widespread
challenges such as development of large-scale low-cost produc-
tion methods and biocompatibility after biomolecular contact
needs to be evaluated. Resolving these issues will pave way for
silicon nanomaterials to be modern day biosensor components.
The wire- and electrode-less quartz—crystal-microbalance
biosensors provide another platform for analyzing the interac-
tions between biomolecules with high sensitivity. Pulsations
of quartz oscillators were excited and detected by antennas
through electromagnetic waves without any wire connections.
This non-contacting precise measurement is a key feature for
developing ultrahigh-sensitive detection of proteins in liquids
using quartz—crystal biosensor-based instrumentation (Ogi,
2013). Considering the unique features of silica or quartz or glass
materials, several new biosensors were developed with high-end
technology for improving bioinstrumentation to biomedicine
technology yet cost-effectiveness and biosafety requires attention
(Ogi, 2013; Turner, 2013; Peng et al., 2014; Shen et al., 2014).

NANOMATERIALS-BASED BIOSENSORS

Wide range of nanomaterials ranging from gold, silver, silicon,
and copper nanoparticles, carbon-based materials, such as graph-
ite, grapheme, and carbon nanotubes, are used for developing
biosensor immobilization (Li et al., 2011; Zhou et al., 2012; Guo,
2013; Ko et al., 2013; Senveli and Tigli, 2013; Valentini et al., 2013;
Lamprecht et al., 2014; Shen et al., 2014; Sang et al,, 2015). In
addition, nanoparticle-based materials provide great sensitivity
and specificity for developing electrochemical and other types of
biosensors. Among the metallic nanoparticles, gold nanoparticles
have potential use because of their stability against oxidation
(Hutter and Maysinger, 2013) and almost have no toxicity, while
other nanoparticles like silver which oxidize and have toxic mani-
festation, if used for internally in medicine such as drug delivery.
Largely, usage of nanomaterials for biosensors has potential
challenges, which needs to be addressed if used for biomedicine
(Suetal, 2011). Furthermore, nanoparticle-based signal amplifi-
cation strategies have potential advantages and drawbacks (Ding
et al., 2013). Nevertheless, nanomaterials are considered as criti-
cal components in bio-analytical devices simply for enhancing
the sensitivity and detection limits for single molecule detection
(Turner, 2013). In this context, it is worthwhile to mention the
invention of platinum-based nanoparticles for electrochemical
amplification with single label response for the detection of
low concentration of DNA (Kwon and Bard, 2012). Similarly,
semiconductor quantum dots and iron oxide nanocrystals having
optical as well as magnetic properties can be effectively linked
with tumor targeting ligands, such as monoclonal antibodies,
peptides, or small molecules to target tumor antigens with high
affinity and specificity (Nie et al., 2007). Quantum dots technol-
ogy can be applied to understand the tumor microenvironment
for therapeutics and also for the delivery of nano-medicine (Jain,
2013). Use of cantilever size (milli-, micro-, and nano-cantilevers)
biosensors are even critically analyzed due to their application
potential in various fields.

GENETICALLY ENCODED OR SYNTHETIC
FLUORESCENT BIOSENSORS

Development of tagged biosensor using genetically encoded
or synthetic fluorescence paved way to understand the bio-
logical process including various molecular pathways inside
the cell (Kunzelmann et al., 2014; Oldach and Zhang, 2014;
Randriamampita and Lellouch, 2014). In fact, the discovery of
fluorescent-tagged antibodies was first developed to image fixed
cells (Oldach and Zhang, 2014). This strategy indeed provided
new ways to develop such sensors using biological proteins,
small molecule binding to analytes and second messengers.
More recently, fluorescent biosensors were developed for analyz-
ing motor proteins using single molecule detection with specific
analyte concentration (Kunzelmann et al., 2014). In spite of these
advantages, the methodology of probe detection and analysis
seems to be difficult. Invention of green fluorescent protein and
other fluorescent proteins gave several advantages in terms of opti-
cal probe design and efficiency (Oldach and Zhang, 2014). Until
last decade, genetically encoded biosensors targeting molecules
related to energy production, reactive oxygen species and cAMP
provided better understanding of mitochondrial physiology (De
etal,, 2014). Likewise, cGMP is an important signaling molecule
and a drug target for cardiovascular system. In view of this,
Forster resonance energy transfer (FRET)-based biosensors have
been developed (Thunemann et al., 2014) for visualizing cGMP,
cAMP, and Ca’* in cells. Several of these sensors work efficiently
in primary culture and live-cell in vivo imaging (Oldach and
Zhang, 2014; Randriamampita and Lellouch, 2014). Quite a few
key aspects have now been figured out for developing sensors for
live-animal imaging. Optimizing such approaches, small-angle
X-ray scattering for developing calcium sensors and fluorescence
resonance energy transfer-probes for kinase sensing are being
cited as best biosensors methods in modern physiology (Oldach
and Zhang, 2014). By this way, several microbial and cell organelle-
based biosensors were developed with specific targets (Su et al.,
2012). As explained earlier, electrochemical, electromechanical,
and optical biosensors are developed for detecting miRNA much
more efficiently than other molecular techniques (Johnson and
Mutharasan, 2014). Considering the advent of in vivo imaging
with small molecule biosensors, a better understanding of cellular
activity and many other molecules ranging from DNA, RNA, and
miRNA have been identified (Khimji et al., 2013; Turner, 2013;
Johnson and Mutharasan, 2014). Now the transformation in this
field requires whole genome approach using better optical based
genetic biosensors. It is also now widely accepted that optical-
based biosensors with a combination of fluorescence and small
molecules/nanomaterials have achieved greater success in terms
of applications and sensitivity.

MICROBIAL BIOSENSORS THROUGH
SYNTHETIC BIOLOGY AND GENETIC/
PROTEIN ENGINEERING

More recent trend in environmental monitoring and biore-
mediation is to utilize state-of-the-art innovative technologies

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2016 | Volume 4 | Article 11


http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org

Vigneshvar et al.

Biosensors for Multifaceted Applications

based on genetic/protein engineering and synthetic biology to
program microorganisms with specific signal outputs, sensitiv-
ity, and selectivity. For example, live cell having enzyme activity
to degrade xenobiotic compounds will have wider applications
in bioremediation (Park et al., 2013). Similarly, microbial fuel-
based biosensors have been developed with aim to monitor
biochemical oxygen demand and toxicity in the environment.
Bacteria have the potential of degrading the organic substrate and
generating electricity for fermentation. Basically, the technology
involves the usage of a bio-electrochemical device that controls
the power of microbial respiration to convert organic substrates
directly into electrical energy. In spite of these possibilities, the
limitations are there in microbial biosensors due to low power
density in terms of production and operating costs. Efforts
are being made to significantly enhance the performance and
cutting down the costs with new systemic approaches, wherein
technologies have provided a platform to develop self-powered
engineered microbial biosensors (Du et al, 2007; Sun et al.,
2015). Another area of microbial biosensors reveal potential
applications in pesticidal and heavy metal detection (Gutierrez
et al., 2015) in which eukaryotic microorganisms have an edge
over prokaryotic cells. This is primarily due to the advantage of
developing whole cell biosensors (Gutierrez et al., 2015) with
selective and sensitive applications related to the detection of
heavy metal and pesticidal toxicity. Furthermore, the higher
eukaryotic microbes can have wider sensitivity to different toxic
molecules and have relevance to higher animals. Interestingly,
the applications of microbial biosensors are diverse ranging from
environmental monitoring to energy production. Innovative
strategies will provide novel biosensors with high sensitivity
than selectivity from microbial origin from eukaryotes to
engineered prokaryotes. In future, these microbial biosensors
(Du et al,, 2007; Sun et al., 2015) will have wider applications
in monitoring environmental metal pollution and sustainable
energy production.

TECHNOLOGICAL COMPARISON OF
BIOSENSORS

In previous sections, we reviewed the different types of biosensors
and their applications. In this part, we compared biosensors in
terms of technology, specificity and detection limit, linear range,
analysis time, cost and portability.

Innovations in electrochemical sensors with high-throughput
methods focusing on detection limit, analysis time and port-
ability provided large-scale consumer markets for inexpensive
biosensors for glucose and pregnancy tests using anti-human
chorionic gonadotropin immobilization strip with lateral-flow
technology (Turner, 2013). Immobilization of analytes using
polymers and nanomaterials are the key to improve the sensitiv-
ity and detection limit. In this viewpoint, lateral-flow technol-
ogy allows direct delivery of samples to desired spot in order
to create specific interactions instead of random. Much of the
aforementioned biosensors have used this technology and, in
fact, it has paved way for bio-fabrication using either contact or
non-contact-based patterning. Use of nanomaterials like gold,

silver, and silicon-based biofabrification yielded new methods.
In addition, coating of polymers on these nanomaterials brought
revolution in contact-based electrochemical sensing. One of
the major advantages on these types of electrochemical sensors
is sensitivity and specificity with real-time analysis. However,
the limitations are the regenerative ability or long-term usage
of polymers/other materials, yet reduction in cost makes such
electrochemical sensors more affordable. Single analyte detec-
tion using contact-based sensing has tremendous advantages, for
example, real-time measurement of molecules with high speci-
ficity. To enable this, FRET, bioluminescent resonance energy
transfer, fluorescent-based, and surface plasmon resonance-
based transducers have been introduced (Dias et al., 2014) to
improve specificity and sensitivity in terms of single molecule
detection. These techniques have limitations in multiple analyte
detection due to signal emission overlap yet resonance energy
transfer methods often demonstrated for multiple analyte detec-
tion, which is highly rewarded in clinical diagnosis due to differ-
ence in biomarkers between patients and related diseases. Use
of micro- or nano-cantilevers as transducers in electrochemical
sensor biofabrification is also having wider prospective in mul-
tiple analytes detection. In addition, non-contact-based sensors
using 3D bioprinting using inkjet or laser direct writing provided
better results. Nevertheless, the cost involved and customizable
ability has high limitations in these methods. Interestingly, most
of these high-throughput biosensors have been combined with
electrochemical sensing for specific applications. Some of the
most-notable sensitive, real-time and portable amperometric
electrochemical biosensors have been developed (Kim et al,
2015) for disease diagnosis using body fluids. In general, electro-
chemical biosensors in combination with biofabrification have
low detection limit for single analyte detection specificity with
real-time analysis and also at an affordable cost considering the
device portability.

Optic-based biosensors are next major technology in biosens-
ing involving fiber-optic chemistry. Single molecule detection,
for example, DNA or peptide, is best done using hydrogel-based
cross-linking due to the advantage of having high loading capac-
ity and hydrophilic nature. Later optical biosensor for DNA
measurement have been developed (Kwon and Bard, 2012),
which had wider applications in biomedicine and forensic sci-
ence. Combination of biological materials, such as enzyme/
substrate, antibody/antigen and nucleic acids, brought revolution
to optical biosensor technology. In addition, it is also possible
to incorporate microorganisms, animal or plant cells and tissue
sections in the biosensing system. Recent advances in the molec-
ular optoelectronics even offered optical biometric recognition
systems. Integrated optics technology allows the incorporation
of both passive and active optical components onto the same
substrate for the development of minimized compact sensing
devices using fabrication of multiple sensors on a single chip.
In this context, high quality polymers provided hybrid systems
for optical biosensors. In fact, optic-based biosensor technology
got improved due to modern innovations in surface morphology
analysis using high-end electron and atomic force microscopy. In
spite of these, the detection limit of optical biosensors never had
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TABLE 1 | List of biosensors with principle, applications, and bibliography.

Sl. No. Type Principle Applications Bibliography (review/original article)

1. Glucose oxidase Electrochemistry using Analysis of glucose in biological Clark and Lyons (1962)
electrode based glucose oxidation sample
biosensor

2. HbA1c biosensor Electrochemistry using Robust analytical method for Wang et al. (2014)

ferroceneboronic acid measuring glycated hemoglobin

3. Uric acid biosensor Electrochemistry For detection of clinical abnormalities  Erden and Kilic (2013) and Kim et al. (2015)

or diseases

4. Acetylcholinesterase  Electrochemistry Understanding pesticidal impact Pundir and Chauhan (2012)
inhibition-based
biosensors

5. Piezoelectric Electrochemistry Detecting organophosphate and Marrazza (2014)
biosensors carbamate

6. Microfabricated Optical/visual biosensor For drug development Schneider and Clark (2013)
biosensor using cytochrome P450

enzyme
7. Hydrogel Optical/visual biosensor Biomolecular immobilization Khimiji et al. (2013)
(polyacrylamide)-
based biosensor

8. Silicon biosensor Optical/visual/fluorescence Bioimaging, biosensing and cancer Peng et al. (2014) and Shen et al. (2014)

therapy

9. Quartz—crystal Electromagnetic For developing ultrahigh-sensitive Ogi (2013)
biosensor detection of proteins in liquids

10. Nanomaterials-based Electrochemical or optical/ For multifaceted applications Li et al. (2011), Kwon and Bard (2012), Zhou et al. (2012),
biosensors visual/fluorescence including biomedicine, for example Guo (2013), Hutter and Maysinger (2013), Ko et al. (2013),

diagnostic tools Senveli and Tigli (2013), Valentini et al. (2013), Lamprecht
et al. (2014) and Sang et al. (2015)

11. Genetically encoded  Fluorescence For understanding biological process ~ Randriamampita and Lellouch (2014), Oldach and Zhang
or fluorescence- including various molecular systems (2014), Kunzelmann et al. (2014) and Wang et al. (2015)
tagged biosensor inside the cell

12. Microbial fuel cell- Optical To monitor biochemical oxygen Gutierrez et al. (2015) and Sun et al. (2015)

based biosensors

demand and toxicity in the

environment and heavy metal and

pesticidal toxicity

TABLE 2 | Use of biosensors in disease diagnosis.

Sl. No. Biosensor(s) Disease diagnosis or
medical applications
1. Glucose oxidase electrode based Diabetes
biosensor and HbA1c¢ biosensor
2. Uric acid biosensor Cardiovascular and general
disease diagnosis
Microfabricated biosensor Optical corrections
Hydrogel (polyacrylamide)-based Regenerative medicine
biosensor
5. Silicon biosensor Cancer biomarker
development and
applications
6. Nanomaterials-based biosensors For therapeutic applications

been close to femto-level considering the instrumentation cost
and no device portability. To this end, modern optic technology
involving nanomechanical biosensors based on microcantilevers
and surface resonance technology have provided innovative

DNA chips at least for real-time specific and sensitive analysis
(Scheller et al., 2014; Wang et al., 2015; Zhang et al., 2015).
Largely, advantages of optical biosensors include speedy swift
analysis with the resistance of signal to electrical or magnetic
interference and the potential for spectrum of information. But
the main drawback is high cost due to certain instrumentation
requirements. Other technical difficulties include intricacy in
immobilization especially for bio-fabrication and requirement of
sterilized environment need to be critically resolved to take full
advantage of optical biosensors.

Bio-fabrication of mechanical devices provides better results
for mass-based biosensors. Indeed, both electrochemical and
optical biosensors make the most of this technology for inventing
superior biosensors. Major advances in micro- and nanofabrica-
tion technologies (Arlett et al., 2011) enable the development of
mechanical devices with nanosized moving parts. The ability to
fabricate such structures using semiconductor processing proce-
dures bridged biophysics and bioengineering principles toward
the progress of practical micro- and nano-electromechanical
biosensors that can be produced in large quantities (Arlett et al.,
2011). Glass, silicon, and quartz materials have been used either
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TABLE 3 | Type of biosensors with applications and characteristics.

Sl Type of biosensor Applications Characteristics
No.
Analyte detection: single Real-time (***) & Portability Cost ($$$$) &
(S) or multiple (M) sensitivity (***) (ves/no) customization (***)
1. Electrochemical (traditional/old)  Disease diagnosis S No & * No $&*
2. Electrochemical with Disease diagnosis and S&M g Yes $ & ***
biofabrification (modern) environmental monitoring
3. Optical/visual/fluorescence Drug development, S R No P &
bioimaging and biosensing
4, Optical/visual/fluorescence with  Drug development, M R No $EEH & ***
biofabrification bioimaging and biosensing
5. Microbial Energy production and S * & Yes $B & **
environmental sensing
6. Electromagnetic Protein biology S S No $&*

after tagging with fluorescence or gold nanoparticles success-
fully. Though these biosensors have greater accuracy in terms
of single molecule detection, low-cost mass production is less
feasible (Peng et al., 2014; Shen et al., 2014). Many challenges still
remain in mass-based sensors in terms of better capture agents
to fabricate at nanoscale using microelectronic fabrication for
high-throughput analysis. In this regard, it is worth mention-
ing the tremendous application potentials of semiconductor
materials and quantum dot technology. Nonetheless, no existing
technology in biosensors is able to execute simultaneous, real-
time, quantitative assays for large arrays, but use of micro- and
nanoscale cantilevers fabrication might make it possible (Dias
etal., 2014).

Another major technical revolution in biosensors is the
discovery of genetically encoded or synthetic fluorescent
biosensors to analyze molecular mechanisms of biological
processes (Kunzelmann et al., 2014; Oldach and Zhang, 2014;
Randriamampita and Lellouch, 2014). Though these sensors
have tremendous prospect for single molecule detection with
specific analyte measurement, the methodology and probe
preparation and detection are difficult and also require high-end
instrumentation. In view of biomaterials, microbial fuel-based
biosensors also have distinction due to high sensitivity and
selectivity, yet mass production and genetic engineering meth-
ods to develop a microbial strain require complex procedures
and high cost. However, one another advantage on microbial
biosensors is the ability to use them as a tool for bioremedia-
tion, which have greater significance in terms of environmental
monitoring. However, development and release of such geneti-
cally modified strain should be analyzed strictly with suitable
governing laws and ethical clearance in addition to production
cost management.

Taken together with the view of Scheller et al. (2014),
development of different micro- and nano-biosensor platforms
involving integrated technologies utilizing electrochemical or
optic bio-electronic principles with a combination of biomol-
ecules or biological materials, polymers, and nanomaterials are
required in order to achieve highly sensitive and miniaturized
devices.

CURRENT RESEARCH TRENDS, FUTURE
CHALLENGES AND LIMITATIONS OF
BIOSENSOR TECHNOLOGY

Integrated strategies using multiple technologies ranging
from electrochemical, electromechanical, and fluorescence-
cum-optical-based biosensors and genetically engineered
microbes are modern methods for biosensor discoveries
(Table 1). Some of these biosensors have tremendous applica-
tion prospects in disease diagnosis and medicine (Table 2). As
the demand and need for using biosensor for rapid analysis
with cost-effectiveness require bio-fabrication that will
pave way to identify cellular to whole animal activity with a
detection limit of high accuracy for single molecules. Next,
the biosensors should be targeted to work under multiplex
conditions. In that situation, both 2D and 3D detection are
required with sophisticated transducers for targeting and
quantifying small analytes of interest (Dias et al., 2014). In
this, several milestone discoveries were made with contact or
non-contact-based patterning at different levels. Next level of
development should aim for discovering more robust regen-
erative biosensors for long-term use. If this happens, new
diagnostic biosensors can be developed for therapeutics, which
will help both clinicians and patients in a long run for more
integrative understanding of diseases and therapy. In view of
this, fluorescence resonance energy transfer-based biosensor
provided excellent diagnostic procedure for assessing the
efficacy of imatinib treatment in chronic myeloid leukemia
(Fracchiolla et al., 2013). Current use of aptamers, affibod-
ies, peptide arrays, and molecularly imprinted polymers are
classical examples for prospective research approaches in
this field (Citartan et al., 2013; Abe et al., 2014; Verma and
Bhardwaj, 2015). Little success is also achieved with few
potential molecules for novel therapeutic, antimicrobial, and
drug delivery. Invention on this line leads to discovery of
electrochemical biosensors as reliable analytical devices for
pathogen detection of avian influenza virus in the complex
matrices (Grabowska et al., 2014). More recent report revealed
potential applications of affinity-based biosensors in sport
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medicine and doping control analysis (Mazzei et al., 2014).
More recently, variety of wearable electrochemical biosensors
were reviewed in detail for real-time non-invasive screening
of electrolytes and metabolites in body fluid as indicators of a
wearer’s health status (Bandodkar and Wang, 2014). Another
interesting application is assessing the meat and fish quality
by using hypoxanthine biosensors by fabrication (Lawal and
Adeloju, 2012). Development in biosensors for the detection
of biological warfare agents ranging from bacteria, virus, and
toxins is often attempted using various devices of biosensors
ranging from electrochemical, nucleic acid, optical and piezo-
electric, which will have immense applications in military and
health as well as defense and security (Kumar and Rani, 2013).
Taken together, combination of nanomaterials and polymers
with various types of biosensors will provide hybrid devices
for better usage in the aforementioned applications (Citartan
etal., 2013; Turner, 2013). In addition, scientific advancement
in developing microbial biosensors with synthetic biology
approach will largely contribute for environmental monitor-
ing and energy demand (Sun et al., 2015). The authors of this
report further signified the importance of using microbial fuel
cells for developing a method of water treatment and as power
sources for environmental sensors. On a broader perspective,
we highlighted the type of biosensors, potential application
and characteristics like analyte detection ability, analysis time,
portability, cost and customization (Table 3).

In conclusion, the development of biosensors mostly
relies on sensitivity, specificity, non-toxicity, small molecule
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