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Immense potentiality of biosensors in medical diagnostics has driven scientists in evolution of biosensor technologies and
innovating newer tools in time. The cornerstone of the popularity of biosensors in sensing wide range of biomolecules in medical
diagnostics is due to their simplicity in operation, higher sensitivity, ability to perform multiplex analysis, and capability to be
integrated with different function by the same chip. There remains a huge challenge to meet the demands of performance and yield
to its simplicity and affordability. Ultimate goal stands for providing point-of-care testing facility to the remote areas worldwide,
particularly the developing countries. It entails continuous development in technology towards multiplexing ability, fabrication,

and miniaturization of biosensor devices so that they can provide lab-on-chip-analysis systems to the community.

1. Introduction

Since the development of the first oxygen biosensor by
Led and Clark in 1962, biosensors have gained enormous
attention in recent years in medicine and nanotechnology.
The biosensor products have shown an immense potential
for applications in medical diagnostics and numerous indus-
tries like pharmaceutical, food, beverages, environmental,
agricultural, and many other biotechnological industries [1].
Because of the high demand in the market, blood glucose
monitoring is the major application of biosensors so far.
The biosensor products have been successful in achieving
very high level of precision in measuring disease specific
biomarkers not only in in vitro environment,but in in vivo
environment as well [2]. The biosensing components used
in biosensors are highly capable of sensing the real time
signals such as production of biomolecules like glucose,
lactate, peroxides, and cytokines and release of proteins or
antibodies in different inflammatory diseases and tumors.
These biosensors can efficiently detect the target molecule in
very low quantities and are considered to be powerful tool
to detect disease at its initial stage and start the treatment
early [3]. The above unique advantage of biosensors has

encouraged researchers to develop more and more newer
technologies and the industry is now worth billions of dollars.

Recently, researchers have come up with various inno-
vative strategies to miniaturize these devices so that they
can be used as an active integral part of tissue engineering
systems and implanted in vivo [4, 5]. These devices have ultra-
sensitive sensing systems to precisely perceive the changes
in biological signals in a cellular microenvironment. Surface
plasmon resonance (SPR) [6], nanotubes, nanowires [7, 8], or
nanocantilevers [9] are used for this purpose to quantify very
low levels of biomolecules including specific DNA moieties.
Quantum dots are another group of innovations which are
highly fluorescent semiconductor nanocrystals and use the
principle of fluorescence resonance energy transfer (FRET)
for signal transduction [10]. Researchers are in progress to
synthesize nanobiosensors that are biocompatible and have
enhanced signaling potential, to be delivered along with ther-
apeutic delivery devices for in vivo screening and treatment.

Lower detection limits, high level precision and accuracy,
high specificity, ultrasensitivity, fast and simple assay tech-
niques, very low reagent consumption, and many biological
sensing elements are reusable and allowable to configure
the device for continuous monitoring or automatic process
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FIGURE 1: Schematic diagram showing the components of a biosensor. Reproduced after editing from Grieshaber [12].

control to optimize the measurement of some crucial param-
eters that are the advantages that could be exploited for
replacing time consuming laboratory analyses in medical
diagnostics towards bedside point-of-care testing.

This paper reviews the recent innovations on biosensors
and their prospective/potential applications in medical diag-
nostics.

2. Innovations of Biosensors

A biosensor is defined as “a self-contained analytical device
that combines a biological element (biosensing components)
with a physicochemical component (biotransducer compo-
nent) to generate a measurable signal for detection of an
analyte of biological importance.” It consists of three basic
components: (i) a detector to detect the biomolecule and
generate stimulus, (ii) a transducer to convert the stimulus
to output signal, and (iii) a signal processing system to
process the output and present it in an appropriate form [11]
(Figure 1).

3. Biosensing Elements

Biosensing elements are a set of biological entity, those
that are capable of carrying out specific group reactions
or can bind with particular group of compounds, to yield
a detectable signal that is read and transformed by the
transducers. Commonly used biosensing elements are of
two types, namely, catalytic type and affinity type. The
catalytic sensors include enzymes, microbes, organelles, cells,
or tissues. The affinity type sensors are antibodies, receptors,
and nucleic acids [15].

3.1. Enzymes. Enzymes like glucose oxidase (GOx),
horseradish peroxidase, and alkaline phosphatase have
been widely used in many biosensor studies. The enzyme
based biosensors utilize the principle of enzyme catalytic
reactions accompanied by consumption or generation of
detectable compounds like O,, CO,, H,0,, NH;, and H*
or by activation or inhibition of the enzyme activity by the
analyte that can be easily detected by the transducers. These
biocatalysts can be directly immobilized on the transducers
by gel entrapment technology, covalent bonding, or physical
adsorption. Enzyme based biosensors have been extensively
studied because of their medical applicability, commercial
availability, and ease of enzyme isolation and purification
from different sources [16]. The major advantage of using
enzymes as biorecognition element is their aptness for
modification of active sites by genetic engineering and
thus modifying their substrate specificity to detect a wide
range of analytes. Besides, the catalytic action of enzymes
remains unaltered till the end of the reaction; the sensors
can be used continuously. The limitations of these enzyme
based biosensors are due to the limited enzyme stability
and dependency of their activities on factors like pH, ionic
strength, chemical inhibition, and temperature. Though de
novo designing modifies the enzyme substrate specificity,
at the same time it jeopardizes its kinetic property and
reaction rate [17]. Recent articles have updated various new
strategies for making use of enzyme stabilization in enzyme
based biosensors. Carbon nanotubes (CNTs) due to their
excellent electroconductivity and tensile strength are very
much suitable to act as a scaffold for enzyme immobilization
and enhance electron transfer to the electrodes [18, 19]. The
tendency of CNTs deposition along the electrode surface
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and forming a jumbled meshwork limits their usefulness in
this technology. However, new approaches of integrating the
CNT surfaces with biopolymers or using dissolved CNTs in
a mixed solution of cyclodextrin and its prepolymers can
maintain the bioactivity of the immobilized enzymes on it
for a longer time. Such chemical modification can be utilized
for fabricating more stable chemically modified electrode
surfaces [20]. Further modifications of CNTs have been
successfully achieved in improved sensitivity by tailoring
the thickness of scaffolds [21], covalent immobilization
of organophosphorus hydrolase (OPH) enzymes [22],
or covalent modification of glucose oxidase (GOx) on
carboxy-functionalized grapheme sheets [23] or grapheme-
chitosan nanocomposite films [24]. Besides CNTs, sol
gels/hydrogels have been extensively used for providing
an excellent conducive base for enzyme immobilization in
constructing the third-generation enzyme based biosensors.
These matrices are fabricated using metal oxide preparations
such as silica-encapsulated OPH [25] and gold nanoparticles
(AuNPs) embedded with horseradish peroxidase (HRP) [26]
or GOx that immensely increase the sensitivity of detection
range of blood glucose by the biosensor in a linear range
of 0.1 to 10mM [27]. The immobilization of enzymes and
their alignment on electrode surfaces can be modified by
constructing apoenzymes that need a specific cofactor to
function. Apoenzymes can be reconstituted and linked
to cofactor functionalized nanostructures on the electron
conducive area. Apo-GOx coupled to AuNPs integrated
with cofactor flavin adenine dinucleotide (FAD) shows an
enhanced electrical conductivity on the electrode surface
[28].

3.2. Microbes. Microbes have been used as biosensing matrix
in fabrication of biosensors. Their major advantages are
that they are present ubiquitously, adapt to undesirable
environment, and are capable of metabolizing new molecules
with time. When compared to enzymes, whole cell microbial
biosensors are more economical and capable of metaboliz-
ing complex compounds either aerobically or anaerobically
releasing various molecules like ammonia, carbon dioxide,
hydrogen ions, and so forth; those can be monitored by dif-
ferent transducers. Unlike enzymes, microbial biosensors do
not require purification step which is again time consuming
and expensive. Because of the unique advantage of microbes
to detect the bioavailable fraction of the contaminant over
the total concentration, these biosensors are used widely
for environmental monitoring like pollutants or pathogens
in air, water, soil, or food and assessing biological oxygen
demand in wastewater. The major disadvantage is the limited
understanding of the biochemistry involved and difficulty to
transpose the information gathered through microbial whole
cell sensors and apply it directly to higher organisms. Other
limitations include their short lifetime, unreliable operation
in complex environment, low signal-to-noise ratio, and lack
of genetic stability, which leads to variability in the response
of different cells. As in enzymes, procedural conditions
like pH, temperature, incubation time, and reagents can
also affect the performance of the biosensors [11, 29, 30].
Microorganisms have been exploited for clinical diagnosis

of hormones, pathogens, toxins, and other analytes. An E.
coli SOS-EGFP based on SOS response was constructed for
detection of DNA damage [31].

3.3. Organelles. Each organelle carries out specific function
inside a cell and hence can be utilized in biosensing the
specific analyte. For example, mitochondria can measure
calcium concentration because of their ability to concentrate
calcium in them. This ability is used to detect the water
pollutants [32].

3.4. Cells and Tissues. Cells have the ability to modify as per
the surrounding environment for which they are subjected to
be used as biosensing component. Adhesiveness to surface is
another characteristic advantage that makes it a suitable can-
didate for immobilization on the matrix surface and attach-
ment of receptors on cell membrane. They are often used
in monitoring treatment effects of drugs, toxin levels, level
of different stress factors, and organic derivatives. Tissues
are advantageous over cells and organelles because of high
content of enzymes, cofactors, higher activity, and stability.
But they lack specificity because of presence of unwanted
enzymes which leads to ambiguous catalytic reactions [15,
33]. Single-cell analysis of neuronal cells during neuronal
regeneration can be achieved by quantitative measurement of
cellular transmitter released by the cells trapped in a closed
microchip close to a band of microelectrodes [34]. Cell based
microfluidic technology is most suitable for cell migration
assay and invasion assay applicable in drug screening. It
can quantify the migrating cells in response to chemotactic
gradient across a physical barrier [35]. Breast cancer cell
detection at single-cell resolution was achieved using high
density electrochemical impedance biosensor array for tumor
cell detection [36].

3.5. Antibodies. The antibody is a critical part of immunosen-
sors. These immunosensors utilize the principle of highly
selective antigen-antibody reaction. The antibodies are
immobilized on the surface of matrix in an array format
and linked to the transducers covalently through amide,
esters, or thiol. The antibodies interact with the analyte,
allowing modification at the functional groups attached to
transducer surface for detection and quantification. They
are more specific and faster as compared to other tradi-
tional immunoassays like ELISA test. These are widely used
for infectious disease diagnosis [37]. There are also some
limitations such that antigen-antibody complex formed is
irreversible and so a single array can be used only once.
Antigen-antibody interaction also depends on the strength
of affinity and the orientation of the antibody when it is
immobilized on the surface.

3.6. Nucleic Acids. DNA is an appropriate candidate for
biosensing because of its specific ability of base pairing
with complementary sequence. Nucleic acid biosensors
(NABs) employ short synthetic single-stranded oligonu-
cleotide probe that is immobilized on the transducer to detect
the DNA/RNA in the sample [38]. These probes can be reused
because the hybridization between probes to the sample can



be denatured to reverse binding and then regenerated. But
the limitation lies in the sample DNA quantity because, for
accuracy of the result, the sample DNA content has to be
multiplied to readable quantity by polymerase chain reaction
(PCR) which is again time consuming. Researchers are
working on developing biosensing elements to identify the
natural DNA/RNA from the organism and in human blood
with a view towards a successful application for point-of-
care testing of metabolic disorders (diabetes, cardiovascular
diseases), infectious diseases (tuberculosis, hepatitis, dengue,
cholera, and salmonellosis), cancer, and genetic diseases [39].
At present, microRNA (miRNA) based biosensors act as an
ultrasensitive tool to detect cancer associated miRNAs in
serum sample [40].

3.7. New Receptors: Aptamers. Aptamers are regarded as a
new frontier. These are artificial single-stranded DNA or
RNA ligands that can be generated against amino acids,
drugs, proteins, and other molecules. The advantage is that
the oligonucleotides attain a stable secondary structure that
can be easily synthesized and functionalized. The aptamers
bind to the target with selective affinity and efficiently
discriminate between closely related targets [41]. For their
appealing features, aptamers are selected as therapeutic
agents and, for the first time, an aptamer has recently been
approved by US Food and Drug Administration for the
clinical treatment of age related ocular vascular disease [42].
The application in diagnostic field is still under investigation
and needs further advanced research.

4. Biotransducer Elements

Transducers are the elements which identify the stimulus
released from the interaction of the analyte with the biosens-
ing component and transform it into a detectable signal.
Of all the developed biosensors, the commonly used are
electrochemical, optical, and piezoelectrical [60].

4.1. Electrochemical Sensors. These transducers measure the
electrochemical changes that occur on the sensing surface
of electrodes on interacting with the analyte (Figure 2).
As per the electrical changes, it can be a potentiometer (a
change in measured voltage), amperometric (a change in
measured current at a certain voltage), and conductometric
(a change in the ability of the sensing material to transport
charge). The advantages of these biosensors are that they are
simple and cost effective because of use of electrodes and
can be easily miniaturized towards fabrication of implantable
biosensor. This technique is used commercially for detection
of DNA/RNA, enzyme based assays like glucose and in field
monitoring (e.g., handheld) [61].

In electrochemical NABs, DNA is embedded onto the
electrode surface and change in electrical conductance
is measured after the hybridization reaction. Label based
indirect assay utilizes the principle of sandwich method
where the analyte is sandwiched between the capture and
detector agents. The capture agents such as heterocyclic
dyes, ferrocene derivatives, and organometallic complexes
are usually immobilized on electrodes, glass chips, and
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FIGURE 2: Diagrammatic representation of an enzyme modified
electrochemical biosensor.

nano- and microparticles. The detector agents are typically
conjugated to signaling tags like fluorophores, enzymes, or
nanoparticles (NPs) [39, 62]. This method is utilized for
detection of proteins, peptides, antibodies, and nucleic acids.
The best commercially available sandwich assays are lateral
flow immunoassays or immunochromatographic test strips,
for example, home pregnancy tests and urinalysis strips.
The signals can be measured qualitatively visually or also
semiquantitatively by photodiode or amperometric detectors
[63]. Label-free biosensors determine the changes when the
target analyte binds to the capturing agent immobilized on
the solid support. The advantages of label-free detection
are that it requires only one recognition element, reduced
analysis time, and low reagent cost. It allows continuous
data monitoring and real time analysis. The analytes are
estimated in their natural form without any chemical alter-
ation [62, 64]. A unique label-free DNA biosensor recently
introduced as metal film on nanosphere (MFON) is based
on Molecular Sentinel (MS) immobilized on a plasmonic
“nanowave” chip. It utilizes the principle of reduced surface-
enhanced Raman scattering (SERS) intensity occurring due
to DNA hybridization. The potential application of this
biosensor is to detect human radical S-adenosyl methionine
domain containing 2 (RSAD2) gene which is a common
inflammation biomarker [65]. Label-free analysis of proteins
includes the aggregate proteins of neurodegenerative diseases
like Parkinson’s disease [66], Alzheimer’s disease [67], and
tumor suppressor protein p53 [68] and analysis of poorly
soluble membrane proteins like sodium potassium ATPase
[69].

4.2. Optical Sensors. The output transduced signal that is
measured in these sensors is light based on its optical
diffraction. Light in an optical device is directed towards the
sensing surface through optical fibers or interferometer or
dielectric waveguides and reflected back again (Figure 3).
The reflected light is screened by a detector such as photo-
diode that calculates the physical changes occurring on the
sensing surfaces. These biosensors are particularly applied for
detection of bacterial pathogen and for studying the kinetics
of antigen-antibody and DNA interactions. These sensors
can perceive the microscopic changes in refractive index or
thickness when cells interact with the immobilized receptors
on the transducer surface. The change in the properties of
light correlates with the changes in mass, concentration, or
number of molecules in the cell. The measured optical signals
often include absorbance, fluorescence, chemiluminescence,
surface plasma resonance, or changes in light reflectivity
[61, 70, 71]. They are preferable biosensors for screening a
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population of samples simultaneously. The drawback of these
systems is that they cannot be miniaturized easily and require
a spectrophotometer to measure the signals.

4.3. Piezoelectric Sensors. Piezoelectric sensors are also called
mass sensors; the working principle of these biosensors is
based on the interaction regarding the amount of analyte
with the sensing element, usually a vibrating piezoelectric
(PZ) quartz crystal. When an analyte of interest binds to
the PZ sensing element, the resonant frequency of the PZ
crystal changes. This creates an oscillating voltage that is
spotted by the acoustic wave sensor. Widest use of these
sensors has been in gas phase analyses. These sensors have
also the same limitations like that of optical sensors that
also require sophisticated instruments and are not easy to be
miniaturized.

4.4. Thermal or Calorimetric Sensors. These types of biosen-
sors take advantage of the fundamental properties of a
reaction, that is, adsorption and heat generation. As a
result of biological reaction, the temperature of the medium
changes; this is measured and compared to a sensor with
no reaction to determine the analyte concentration. These
biosensors are most suitable for enzyme based reactions. They
are commonly used for estimating pesticides and pathogen
bacteria but also used to measure serum cholesterol based on
enzymatically produced heat of oxidation and decomposition
reaction.

There are also many other biosensors that exploit the
principle of acoustics, magnetism, and bioluminescence
which are not very widely accepted for clinical diagnostic
applications.

5. Newer Generation
Biosensors: Nanobiosensors

5.1. Quantum Dots. Sensitivity and specificity of optical
biosensors can be enhanced if coupled to quantum dots
(QDs). QDs are nanometer-scale semiconductor crystals
with unique quantum confinement effects. They have a broad
excitation and narrow size-tunable emission band width,
negligible photobleaching, and ultrastability [1, 72]. They
work on the principle of fluorescence transduction due to

direct or indirect interaction of analyte with the QD sur-
face, either through photoluminescent activation or through
quenching. Surface alterations (carboxy-functionalized) of
the QDs have started the development of multimodal probe
based biosensors that can directly link with the targeted
peptides, nucleic acids, or ligands. These nanocrystals have a
wide variety of applications ranging from detection of pH and
ion to quantification of organic derivatives and biomolecules
(DNA, RNA, enzymes, proteins, amino acids, and drugs).
Applications are hindered because of their known high
toxicity and limited reusability [73]. Further advancement is
required in synthesis process and conjugation methods in
order to overcome the challenges.

5.2. Graphene Based Biosensors. Graphene is a sheet of
densely organized carbon atoms in honeycomb (hexagonal)
pattern. The 2D structure of graphene provides a large surface
area and excellent electrical conductivity to allow it to act as a
conductor of electrons between the redox centers of proteins
or enzymes and the electrode’s surface. Rapid electron trans-
fer enables accurate and selective detection of biomolecules.
They are advantageous over carbon nanotubes in terms of
low cost, large specific surface area, good compatibility,
and better electrocatalytic performance. They possess less of
contaminants like transition metals Fe, Ni, and so forth, thus
considered to be more pure than the carbon nanotubes, and
thus provide better platform to study electrocatalytic activity
of carbon atoms and better understanding of nanostructures
in general which indirectly will be applied in advancement
of nanotechnology. For its high tensile strength and other
characteristics, graphene is now a preferred choice for the
fabrication of various biosensor devices.

Graphene based electrodes are used for detection of
small molecules like H,0,, NADH, glucose, amino acids,
and neurotransmitters. These electrodes employ the prin-
ciple of oxidation-reduction reaction on their surfaces.
The grapheme electrodes are modified (chemically reduced
grapheme oxides or multilayer nanoflake film), in order to
increase the electron transfer rate compared to the other
electrodes, contributing to high biosensing performance [74,
75].

Graphene can also be excellent electrode material for
electrochemical biosensors. Graphene based enzyme biosen-
sor like glucose biosensors can be used in regenerative
medicine for continuous monitoring of metabolic activities.
The enzymes like glucose oxidase are linked covalently and
immobilized to the chemically modified graphene. Graphene
based nanocomposite materials are also used to assess the
biomolecules; for example, graphene decorated with gold
nanoparticles/Nafion nanocomposites biosensors shows a
very fast response in detecting glucose molecule as well as
environmental contaminants like heavy metal ions. These
are nonenzymatic biosensors that have high sensitivity and
long-term stability. Graphene based electrochemical DNA
biosensor offers high sensitivity and selectivity for detection
of specific DNA sequence or mutated genes in a particular
human disease.

Graphene quantum dots (Gdots) based biosensors, such
as 0D Gdots, are photoluminescent materials derived from



graphene or carbon fibres. They too possess the unique
optical properties of quantum confinement and a wide range
of excitation-emission spectra. The Gdots are superior to
other imaging agents like cadmium Qdots due to their higher
photostability against photobleaching, better biocompatibil-
ity, and low toxicity. These features enable the Gdots to
be coupled in electronic sensors and electrochemical and
photoluminescence sensors (Figure 4). The tunable size of
Gdots permits analyses of ssDNA, enzyme immobilization,
and avian leukosis virus. Gdot based electrochemilumines-
cence sensor also allows detection of metal ions and amino
acids. The planar surface of Gdots when modified with gold
nanoparticles enhances the detection limit to very minute
levels [76, 77].

5.3. Carbon Nanotubes. Carbon nanotubes (CNTs) are cylin-
drical fabrication of rolled-up graphene sheet. CNTs based
biosensors are promising candidates for biomedical appli-
cation because of their attractive chemical and physical
properties derived from graphene. Because of the strength
of atomic bonds in carbon nanotubes, they can withstand
very high temperature and act as excellent thermal and
electrical conductor. Antibodies or specific probes coated
on these nanotubes can detect the antigens like viruses,
nucleic acid, enzymes, and biomolecules. The CNT based
biosensors operate on the principle of change in electrical
conductivity correlating with the distance between the target
analyte and the probe which is readable by the electrical
meter. The CNTs can also be paired with electrochemical
biosensors to enhance the sensitivity of the enzyme elec-
trodes, immunosensors, and nucleic acid biosensing. Because
of their amazing tensile strength and elastic behavior, they
can be easily twisted, pliable, and miniaturized. The main
disadvantage is the synthesis of pure form of CNT without
losing much of its properties. Besides three barriers in
terms of functionalization, pharmacology and toxicity of
CNTs limit their extensive application in biomedicine. They
possess limited solubility in aqueous medium and their
pharmacokinetics depends on their shape, size, chemical
composition, and aggregation ability which is not yet cogent.
These nanoparticles being under 100 nm can easily escape
phagocytosis and inflammatory response and can endure
redistribution from its original site. CN'Ts have been widely
investigated for promising application in oligonucleotide and
enzyme based sensors. CNTs are unique in the sense that
both the advantages and limitation can be exploited for
biomedical application. High elasticity and tensile strength
make it possible to act as bone implant or implant substitute
along with calcium chips, into the bone structure, whereas,
because of the ultra-small size and defense escaping property,
it can be employed as implant in artificial joint without
host rejection response. Due to nanosize of CNTs, they can
efficiently enter the cells and organelles to interact with the
proteins overexpressed in cancer cells at the very initial stage
of cancer. The ultrahigh surface area makes it a novel agent
for delivery of drugs, peptides, and nucleic acids [78, 79].

5.4. Microfluidic Biosensors. These are considered as ana-
Iytical devices in which the biologically active component

Biochemistry Research International

Cddcl,
GSH
MYW & @YW
ps-po DNA ps-po DNA-QDs
MWW\
HBV DNA

oV

FIGURE 4: Graphene based biosensing platforms reproduced from
Pineda et al. [14] (http://researchgate.net/). Schematic for the prepa-
ration of DNA-CdTe quantum dots (QDs) for a FRET assay of
DNAs.
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(receptor) is immobilized onto the surface of an electronic
transducer allowing the detection of target analyte in a vis-
cous liquid medium. The sensing technology recognizes the
change of mass on the surface or change of dielectric behavior
in the presence of tumor marker or pathogen. The devices
are characterized by high surface-area-to-volume ratios. In
these fluidic systems, the flow current may be pressure driven,
electrokinetic based, or based on electroosmosis. The system
can be employed with electrochemical, mechanical, and
optical transduction technologies. The microfluidic platform
allows handling of very tiny volumes of expensive reagents,
enables detection of target molecules in increasingly smaller
concentration (down to 0.2fM), and permits integration of
several functions. The multiplexing ability along with lower
detection limit has been lucrative idea for fabrication of these
systems for point-of-care (POC) applications. In regenerative
medicine also, the microfluidic scheme provides excellent
evaluation of biomolecules participating in the functionality
of the engineered tissue. An efficient microfluidic cell culture
system allows precise control of cellular metabolism, cell
adhesion, monitoring of cellular metabolites, and mimic
signals that direct cell fate to create specific organ con-
struct. Pairing POC facility with microfluidic design is a key
challenge for researches in regenerative medicine, as many
biomarkers have to be monitored to evaluate the functionality
of any tissue engineered construct in vitro. There are still
challenges in developing integrated functioning device that
provides real clinical application value. Development of
such integrated devices needs extensive miniaturization of
the pumping system which is extremely complicated and
expensive. It is very difficult to know the actual transport
of molecules through the system and thus there is lack of
sufficient data relating to their testing ability with complex
sample specimens [80-82].

5.5. Lab-on-a-Chip. A miniaturized device of utmost diag-
nostic importance integrates onto a single chip capable of
analyzing one or several parameters including biomolecules,
DNA, or RNA. The main technology that applies to devel-
opment of lab-on-a-chip is microfluidics and molecular
biotechnology. These devices are fabricated with numer-
ous microchannels embedded with antibodies, antigens, or
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oligonucleotides, enabling thousands of biochemical reac-
tions from a single drop of blood. Commonly, polydimethyl-
siloxane (PDMS), thermoplastic polymers, glass, silicon, or
paper based technologies are employed for fabrication of lab-
on-a-chip. However, PDMS and paper based lab-on-a-chip are
more widely used because of their low cost and being easy to
fabricate.

(i) Applications in molecular biology: lab-on-a-chip
allows fastest way of PCR by performing high speed
microscale thermal shifts. It can incorporate an array
of DNA to bring about thousand times faster genome
sequencing.

(ii) Applications in proteomics: the device has a great
potential to integrate all steps of proteomics starting
from extraction, separation, electrophoresis, analysis
using mass spectroscopy, and crystallization of pro-
teins.

(iii) Applications in cell biology: it can deal with large
number of cells in seconds. Nonetheless, it has the
ability to control cells at single-cell level simultane-
ously. It can detect, isolate, and sort out a single
specified cell when programmed.

The advantages of lab-on-a-chip are its low cost, comparable
sensitivity to conventional diagnostic methods, rapid testing
time, ease of use, being handy to carry due to its compactness,
low volume samples, and real time monitoring; moreover it
can be used anywhere without any environmental interfer-
ences.

In Table 1 are given some new innovations and updates
of recently developed biosensor technology for measuring
various analytes.

6. Conclusion

Since the invention of Clark’s electrode in 1950s, enormous
development has been achieved in the field of biosensor
technologies in these sixty-five years. However, the practical
application of biosensors in medical world is still in its
infancy. In order to meet the criterion of a precise diagnostic
tool, these devices need further advancement in terms of sim-
plicity, sensitivity, multiplex analysis of multiple biomarkers,
and integration of different functions by the same chip. The
electrochemical and optic based biosensors are firmly estab-
lished in clinical chemistry laboratories routinely for evalua-
tion of blood parameters like glucose, lactate, urea, and crea-
tinine and also POC testing of glucose. Immunosensors lack
popularity due to their sensitivity issues for many biomarkers
when compared to the conventional immunoassay methods.
However, they depict high sensitivity and faster analysis in
near-patient testing for cardiac and few cancer markers. In
present era, major focus is on cancer related clinical testing
with improved ease of use and faster error-free analysis of
tumor markers. The aim of such research is directed towards
development of biosensing tools for molecular testing at
the community health settings and underserved population.
It necessitates continuous development and validation of
biomarkers, development of ligands for those biomarkers,

sample preparation methods, and multiplexing ability to ana-
lyze many cancer markers simultaneously. Besides biomark-
ers, exploring the genetic signatures of the tumor profile has
opened new opportunities for utilizing biosensors in cancer
testing. Sensitivity of DNA biosensors in targeting a single
molecule in the direct sample is the chief goal to be attained.
POC molecular testing requires ultrasensitive transducer
technology, interchangeable biorecognition elements, minia-
turization, integration, and automation of technology in
order to replace sample preparation and amplification steps,
reduce sample and reagent volume, and complete validation
of the device in clinical testing. Development of a biosensor
with the above-mentioned features is the major limitation
for the rapid growth of these technologies at a competitive
cost. Nanotechnology and lab-on-chip-analysis systems are
the potential technologies that are capable of providing
homogenous sensing format, microfabrication, and real time
monitoring of the biomolecules. However, the cost needs to
be adjusted in such a way that it can be affordable for all
groups of people without compromising the quality control.
It requires a concerted multidisciplinary approach for the
development of clinically useful biosensor in the market at
a reasonable price.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] M. Nurunnabi, K. J. Cho, J. S. Choi, K. M. Huh, and Y.-K. Lee,
“Targeted near-IR QDs-loaded micelles for cancer therapy and
imaging,” Biomaterials, vol. 31, no. 20, pp. 5436-5444, 2010.

[2] A. Malima, S. Siavoshi, T. Musacchio et al., “Highly sensitive
microscale in vivo sensor enabled by electrophoretic assembly
of nanoparticles for multiple biomarker detection,” Lab on a
Chip, vol. 12, no. 22, pp. 4748-4754, 2012.

[3] B. N. G. Giepmans, S. R. Adams, M. H. Ellisman, and R. Y.
Tsien, “The fluorescent toolbox for assessing protein location
and function,” Science, vol. 312, no. 5771, pp. 217-224, 2006.

[4] A.Hasan, A. Memic, N. Annabi et al., “Electrospun scaffolds for
tissue engineering of vascular grafts,” Acta Biomaterialia, vol. 10,
no. 1, pp. 11-25, 2014.

[5] A. Hasan, K. Ragaert, W. Swieszkowski et al., “Biomechanical
properties of native and tissue engineered heart valve con-
structs,” Journal of Biomechanics, vol. 47, no. 9, pp. 1949-1963,
2014.

[6] R. Karlsson and A. Filt, “Experimental design for kinetic
analysis of protein-protein interactions with surface plasmon
resonance biosensors,” Journal of Immunological Methods, vol.
200, no. 1-2, pp. 121-133, 1997.

[7] Y. Cui, Q. Wei, H. Park, and C. M. Lieber, “Nanowire nanosen-
sors for highly sensitive and selective detection of biological
and chemical species,” Science, vol. 293, no. 5533, pp. 1289-1292,
2001.

[8] J. R. Heath, “Label-free nanowire and nanotube biomolecular
sensors for in-vitro diagnosis of cancer and other diseases,” in
Nanobiotechnology II: More Concepts and Applications, chapter
12, John Wiley & Sons, Hoboken, NJ, USA, 2007.



10

[9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(25]

H. P. Lang, M. Hegner, and C. Gerber, “Cantilever array sensors
for bioanalysis and diagnostics,” in Nanobiotechnology II: More
Concepts and Applications, C. A. Mirkin and C. M. Niemeyer,
Eds., chapter 10, pp. 175-195, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany, 2007.

K. Boeneman, J. B. Delehanty, K. Susumu, M. H. Stewart, J. R.
Deschamps, and I. L. Medintz, “Quantum dots and fluorescent
protein FRET-based biosensors,” Advances in Experimental
Medicine and Biology, vol. 733, pp. 63-74, 2011.

R. K. Darsanaki, A. Azizzadeh, M. Nourbakhsh, G. Raeisi,
and M. A. Aliabadi, “Biosensors: functions and applications,”
Journal of Biology and Today’s World, vol. 2, no. 1, pp. 53-61, 2013.

D. Grieshaber, “English: biosensor system and components,”
Source, 2008, https://commons.wikimedia.org/wiki/File:Bio-
sensor_System.jpg.

D. Dey and T. Goswami, “Optical biosensors: a revolution
towards quantum nanoscale electronics device fabrication,”
Journal of Biomedicine and Biotechnology, vol. 2011, Article ID
348218, 7 pages, 2011.

S. Pineda, Z. ]. Han, and K. Ostrikov, “Plasma-enabled carbon
nanostructures for early diagnosis of neurodegenerative dis-
eases;,” Materials, vol. 7, no. 7, pp. 4896-4929, 2014.

A. Hasan, M. Nurunnabi, M. Morshed et al., “Recent advances
in application of biosensors in tissue engineering,” BioMed
Research International, vol. 2014, Article ID 307519, 18 pages,
2014.

S. Laschi, M. Franek, and M. Mascini, “Screen-printed electro-
chemical immunosensors for PCB detection,” Electroanalysis,
vol. 12, no. 16, pp- 1293-1298, 2000.

P. D’Orazio, “Biosensors in clinical chemistry,” Clinica Chimica
Acta, vol. 334, no. 1-2, pp. 41-69, 2003.

C. B. Jacobs, M. J. Peairs, and B. J. Venton, “Review: carbon
nanotube based electrochemical sensors for biomolecules,”
Analytica Chimica Acta, vol. 662, no. 2, pp. 105-127, 2010.

Y. Shao, J. Wang, H. Wu, J. Liu, I. A. Aksay, and Y. Lin,
“Graphene based electrochemical sensors and biosensors: a
review;” Electroanalysis, vol. 22, no. 10, pp. 1027-1036, 2010.

Y. Liu, Z. Matharu, M. C. Howland, A. Revzin, and A. L. Simo-
nian, “Affinity and enzyme-based biosensors: recent advances
and emerging applications in cell analysis and point-of-care
testing,” Analytical and Bioanalytical Chemistry, vol. 404, no. 4,
pp. 1181-1196, 2012.

M. R. Nejadnik, F. L. Deepak, and C. D. Garcia, “Adsorption of
glucose oxidase to 3-D scaffolds of carbon nanotubes: analytical
applications,” Electroanalysis, vol. 23, no. 6, pp. 1462-1469, 2011.

V. A. Pedrosa, S. Paliwal, S. Balasubramanian et al., “Enhanced
stability of enzyme organophosphate hydrolase interfaced on
the carbon nanotubes;” Colloids and Surfaces B: Biointerfaces,
vol. 77, no. 1, pp. 69-74, 2010.

Y. Liu, D. Yu, C. Zeng, Z. Miao, and L. Dai, “Biocompatible
graphene oxide-based glucose biosensors,” Langmuir, vol. 26,
no. 9, pp. 6158-6160, 2010.

X. Kang, J. Wang, H. Wu, I. A. Aksay, J. Liu, and Y. Lin,
“Glucose oxidase-graphene-chitosan modified electrode for
direct electrochemistry and glucose sensing,” Biosensors and
Bioelectronics, vol. 25, no. 4, pp. 901-905, 2009.

M. Ramanathan, H. R. Luckarift, A. Sarsenova et al.,
“Lysozyme-mediated formation of protein-silica nano-
composites for biosensing applications,” Colloids and Surfaces
B: Biointerfaces, vol. 73, no. 1, pp. 58-64, 2009.

(26]

(27]

(30

(31]

(37]

(38]

(39

[41]

(42]

Biochemistry Research International

J. Jia, B. Wang, A. Wu, G. Cheng, Z. Li, and S. Dong, “A method
to construct a third-generation horseradish peroxidase biosen-
sor: self-assembling gold nanoparticles to three-dimensional
sol-gel network,” Analytical Chemistry, vol. 74, no. 9, pp. 2217-
2223,2002.

V. A. Pedrosa, J. Yan, A. L. Simonian, and A. Revzin, “Micropat-
terned nanocomposite hydrogels for biosensing applications,”
Electroanalysis, vol. 23, no. 5, pp. 1142-1149, 2011.

Y. Xiao, E Patolsky, E. Katz, . E Hainfeld, and I. Willner,
“Plugging into enzymes: nanowiring of redox enzymes by a
gold nanoparticle,” Science, vol. 299, no. 5614, pp. 1877-1881,
2003.

B. Strehlitz, “Methods in biotechnology, vol. 6. Enzyme and
microbial biosensors. Techniques and protocols. Totowa, New
Jersey: Humana Press, 1998 264 pages, $69.50 ISBN 0-896-
03410-0,” Acta Biotechnologica, vol. 19, no. 1, p. 26, 1999.

S. Dolatabadi and D. Manjulakumari, “Microbial biosensors
and bioelectronics,” Research Journal of Biotechnology, vol. 7, no.
3, pp- 102-108, 2012, https://www.researchgate.net/publication/
230739386_Microbial _Biosensors_and_Bioelectronics.

Z. Chen, M. Lu, D. Zou, and H. Wang, “An E. coli SOS-EGFP
biosensor for fast and sensitive detection of DNA damaging
agents,” Journal of Environmental Sciences, vol. 24, no. 3, pp. 541-
549, 2012.

R. Rizzuto, P. Pinton, M. Brini, A. Chiesa, L. Filippin, and T. Poz-
zan, “Mitochondria as biosensors of calcium microdomains,”
Cell Calcium, vol. 26, no. 5, pp. 193-199, 1999.

M. Campas, R. Carpentier, and R. Rouillon, “Plant tissue-and
photosynthesis-based biosensors,” Biotechnology Advances, vol.
26, no. 4, pp. 370-378, 2008.

K. Kiilerich-Pedersen and N. Rozlosnik, “Cell-based biosen-

sors: electrical sensing in microfluidic devices,” Diagnostics, vol.
2, no. 4, pp. 83-96, 2012.

D. Kwasny, K. Kiilerich-Pedersen, J. Moresco, M. Dimaki, N.
Rozlosnik, and W. E. Svendsen, “Microfluidic device to study
cell transmigration under physiological shear stress conditions,”
Biomedical Microdevices, vol. 13, no. 5, pp. 899-907, 2011.

S. K. Arya, K. C. Lee, D. Bin Dah&lan, Daniel, and A. R. A.
Rahman, “Breast tumor cell detection at single cell resolution
using an electrochemical impedance technique,” Lab on a Chip,
vol. 12, no. 13, pp. 2362-2368, 2012.

R. Huang, Y. Lin, Q. Shi et al., “Enhanced protein profiling
arrays with ELISA-based amplification for high-throughput
molecular changes of tumor patients’ plasma,” Clinical Cancer
Research, vol. 10, no. 2, pp. 598-609, 2004.

E. Palecek, “Past, present and future of nucleic acids electro-
chemistry,” Talanta, vol. 56, no. 5, pp. 809-819, 2002.

U. Bora, A. Sett, and D. Singh, “Nucleic acid based biosensors
for clinical applications,” Biosensors Journal, vol. 1, p. 104, 2013.
C.-Y. Hong, X. Chen, T. Liu et al., “Ultrasensitive electrochem-
ical detection of cancer-associated circulating microRNA in
serum samples based on DNA concatamers,” Biosensors and
Bioelectronics, vol. 50, pp. 132-136, 2013.

M. Mascini and S. Tombelli, “Biosensors for biomarkers in
medical diagnostics,” Biomarkers, vol. 13, no. 7-8, pp. 637-657,
2008.

J.R. Cole, L. W. Dick Jr., E. J. Morgan, and L. B. McGown, “Affin-
ity capture and detection of immunoglobulin E in human serum
using an aptamer-modified surface in matrix-assisted laser des-
orption/ionization mass spectrometry, Analytical Chemistry,
vol. 79, no. 1, pp. 273-279, 2007.



Biochemistry Research International

[43]

(48]

[51]

(54]

(55]

[56]

(57]

(58]

(59]

C.-W. Yen, H. de Puig, J. O. Tam et al.,, “Multicolored silver
nanoparticles for multiplexed disease diagnostics: distinguish-
ing dengue, yellow fever, and Ebola viruses,” Lab on a Chip, vol.
15, no. 7, pp. 1638-1641, 2015.

D. Duan, K. Fan, D. Zhang et al., “Nanozyme-strip for rapid
local diagnosis of Ebola,” Biosensors and Bioelectronics, vol. 74,
pp. 134-141, 2015.

U.-C. Schroder, E Bokeloh, M. O’Sullivan et al., “Rapid, culture-
independent, optical diagnostics of centrifugally captured bac-
teria from urine samples,” Biomicrofluidics, vol. 9, no. 4, Article
ID 044118, 2015.

M. A. Pfaller, D. M. Wolk, and T. J. Lowery, “T2MR and
T2Candida: novel technology for the rapid diagnosis of can-
didemia and invasive candidiasis,” Future Microbiology, vol. 11,
no. 1, pp. 103-117, 2016.

A. F. Sarioglu, N. Aceto, N. Kojic et al., “A microfluidic device
for label-free, physical capture of circulating tumor cell clusters,”
Nature Methods, vol. 12, no. 7, pp. 685-691, 2015.

J. D. Besant, E. H. Sargent, and S. O. Kelley, “Rapid electrochem-
ical phenotypic profiling of antibiotic-resistant bacteria,” Lab on
a Chip, vol. 15, no. 13, pp. 2799-2807, 2015.

M. D. Perkins and M. Kessel, “What Ebola tells us about
outbreak diagnostic readiness,” Nature Biotechnology, vol. 33,
no. 5, pp. 464-469, 2015.

R. Barson, “Non-invasive device could end daily finger pricking
for people with diabetes,” January 2016, http://www.leeds.ac.uk/
news/article/3723/non-invasive_device_could_end_daily_finger_
pricking_for_people_with_diabetes.

T. R. Shojaei, M. A. Mohd Salleh, M. Tabatabaei et al., “Devel-
opment of sandwich-form biosensor to detect Mycobacterium
tuberculosis complex in clinical sputum specimens,” The Brazil-
ian Journal of Infectious Diseases, vol. 18, no. 6, pp. 600-608,
2014.

C. Sengiz, G. Congur, and A. Erdem, “Development of ionic
liquid modified disposable graphite electrodes for label-free
electrochemical detection of DNA hybridization related to
Microcystis spp.,” Sensors, vol. 15, no. 9, pp. 22737-22749, 2015.
Y. Zhu, P. Chandra, and Y.-B. Shim, “Ultrasensitive and selec-
tive electrochemical diagnosis of breast cancer based on a
hydrazine-Au nanoparticle-aptamer bioconjugate,” Analytical
Chemistry, vol. 85, no. 2, pp. 1058-1064, 2013.

P-H. Huang, L. Ren, N. Nama et al., “An acoustofluidic sputum
liquefier;” Lab on a Chip, vol. 15, no. 15, pp. 3125-3131, 2015.

A. Courbet, D. Endy, E. Renard, E Molina, and J. Bonnet,
“Detection of pathological biomarkers in human clinical sam-
ples via amplifying genetic switches and logic gates,” Science
Translational Medicine, vol. 7, no. 289, Article ID 289ra83, 2015.
K. E. Mach, R. Mohan, S. Patel, P. K. Wong, M. Hsieh, and J.
C. Liao, “Development of a biosensor-based rapid urine test
for detection of urogenital schistosomiasis,” PLoS Neglected
Tropical Diseases, vol. 9, no. 7, Article ID e0003845, 2015.

H. Im, C. M. Castro, H. Shao et al., “Digital diffraction analysis
enables low-cost molecular diagnostics on a smartphone,”
Proceedings of the National Academy of Sciences, vol. 112, no. 18,
pp. 5613-5618, 2015.

T. Zheng, N. Pierre-Pierre, X. Yan et al., “Gold nanoparticle-
enabled blood test for early stage cancer detection and risk
assessment,” ACS Applied Materials & Interfaces, vol. 7, no. 12,
pp. 6819-6827, 2015.

A. Tashtoush, “Multi-labs-on-a chip based optical detection for
atto-molar cancer markers concentration,” in Proceedings of the

(60]

(67]

(68

(72]

(73]

(74]

(75]

1

5th National Symposium on Information Technology: Towards
New Smart World (NSITNSW ’15), pp. 1-7, Riyadh, Saudi Arabia,
Feburary 2015.

Y. Jain, C. Rana, A. Goyal, N. Sharma, M. L. Verma, and A.
K. Jana, “Biosensors, types and applications,” in Proceedings
of the International Conference on Biomedical Engineering and
Assistive Technologies (BEATS ’10), pp. 1-6, Jalandhar, India,
January 2010.

C. Gouvea, “Biosensors for health applications,” July 2011, http://
www.intechopen.com/books/biosensors-for-health-environ-
ment-and-biosecurity/biosensors-for-health-applications.

M. L. Sin, K. E. Mach, P. K. Wong, and J. C. Liao, “Advances and
challenges in biosensor-based diagnosis of infectious diseases,”
Expert Review of Molecular Diagnostics, vol. 14, no. 2, pp. 225-
244, 2014.

C. D. Chin, V. Linder, and S. K. Sia, “Commercialization of
microfluidic point-of-care diagnostic devices,” Lab on a Chip,
vol. 12, no. 12, pp. 2118-2134, 2012.

E. Palecek, J. Tkd¢, M. Bartosik, T. Bertok, V. Ostatna, and
J. Palecek, “Electrochemistry of nonconjugated proteins and
glycoproteins. Toward sensors for biomedicine and glycomics,”
Chemical Reviews, vol. 115, no. 5, pp. 2045-2108, 2015.

H. T.Ngo, H.-N. Wang, A. M. Fales, and T. Vo-Dinh, “Label-free
DNA biosensor based on SERS molecular sentinel on nanowave
chip,” Analytical Chemistry, vol. 85, no. 13, pp. 6378-6383, 2013.
L. Breydo, J. W. Wu, and V. N. Uversky, “a-Synuclein misfolding
and Parkinson’s disease,” Biochimica et Biophysica Acta (BBA)—
Molecular Basis of Disease, vol. 1822, no. 2, pp. 261-285, 2012.
A. Veloso and K. Kerman, “Advances in electrochemical detec-
tion for study of neurodegenerative disorders,” Analytical and
Bioanalytical Chemistry, vol. 405, no. 17, pp. 5725-5741, 2013.

E. Paletek, V. Ostatnd, H. Cernockd, A. C. Joerger, and A.
R. Fersht, “Electrocatalytic monitoring of metal binding and
mutation-induced conformational changes in p53 at picomole
level,” Journal of the American Chemical Society, vol. 133, no. 18,
pp. 7190-7196, 2011.

M. Zatloukalovd, E. Orolinov4d, M. Kubala, J. Hrba¢, and
J. Vacek, “Electrochemical determination of transmembrane
protein Na"/K"-ATPase and its cytoplasmic loop C45,” Electro-
analysis, vol. 24, no. 8, pp. 1758-1765, 2012.

H. J. Watts, C. R. Lowe, and D. V. Pollard-Knight, “Optical
biosensor for monitoring microbial cells,” Analytical Chemistry,
vol. 66, no. 15, pp. 2465-2468, 1994.

R. Syam, K. Davis, M. Pratheesh, R. Anoopraj, and B. Joseph,
“Biosensors: a novel approach for pathogen detection,” VetScan,
vol. 7, no. 1, pp. 14-18, 2012.

M. E. Frasco and N. Chaniotakis, “Semiconductor quantum dots
in chemical sensors and biosensors,” Sensors, vol. 9, no. 9, pp.
7266-7286, 2009.

Y. Wang, R. Hu, G. Lin, I. Roy, and K.-T. Yong, “Functionalized
quantum dots for biosensing and bioimaging and concerns on
toxicity, ACS Applied Materials & Interfaces, vol. 5, no. 8, pp.
2786-2799, 2013.

T. Kuila, S. Bose, P. Khanra, A. K. Mishra, N. H. Kim, and
J. H. Lee, “Recent advances in graphene-based biosensors;”
Biosensors and Bioelectronics, vol. 26, no. 12, pp. 4637-4648,
2011.

C. Ruan, W. Shi, H. Jiang et al., “One-pot preparation of glucose
biosensor based on polydopamine-graphene composite film
modified enzyme electrode,” Sensors and Actuators B: Chemical,
vol. 177, pp. 826-832, 2013.



12

(76]

(77]

H. Sun, L. Wu, W. Wei, and X. Qu, “Recent advances in graphene
quantum dots for sensing,” Materials Today, vol. 16, no. 11, pp.
433-442, 2013.

J. Peng, W. Gao, B. K. Gupta et al., “Graphene quantum dots
derived from carbon fibers,” Nano Letters, vol. 12, no. 2, pp. 844~
849, 2012.

M. Ra, A. Gade, S. Gaikwad, P. D. Marcato, and N. Durdn,
“Biomedical applications of nanobiosensors: the state-of-the-
art,” Journal of the Brazilian Chemical Society, vol. 23, no. 1, pp.
14-24, 2012.

P. Chandra, “Electrochemical nanobiosensors for cancer diag-
nosis,” Journal of Analytical & Bioanalytical Techniques, vol. 6,
no. 2, article ell9, 2015.

H. Chen and R. E. Nordon, “Application of microfluidics to
study stem cell dynamics,” in Emerging Trends in Cell and Gene
Therapy, chapter 19, pp. 435-470, Springer, New York, NY, USA,
2013, http://espace.library.uq.edu.au/view/UQ:309652.

S. Kumar, S. Kumar, M. A. Ali et al., “Microfluidic-integrated
biosensors: prospects for point-of-care diagnostics,” Biotechnol-
ogy Journal, vol. 8, no. 11, pp. 1267-1279, 2013.

C. Zhao, M. M. Thuo, and X. Liu, “Corrigendum: a microfluidic
paper-based electrochemical biosensor array for multiplexed
detection of metabolic biomarkers (2013 Sci. Technol. Adv.
Mater. 14 054402), Science and Technology of Advanced
Materials, vol. 16, no. 4, 2015, https://www.researchgate.net/
publication/281488411_Corrigendum _A_microfluidic _paper-
based_electrochemical_biosensor_array_for_multiplexed_detec-
tion_of metabolic_biomarkers 2013_Sci_Technol_Adv_Mater_14_
054402.

Biochemistry Research International



