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A perspective on atomically thin 2d inorganic
layered materials for biosensor

Abstract

The 2D inorganic materials have ability to play important role in the designing of novel
biosensor devices for the future. The advantages are originated from their unique electronic
and optical properties along with large area available for the biofunctonalization. We
have attempted to address few challenges and issues for developing biosensors based on
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2D materials for practical applications for enhanced life time, improved durability, and

biocompatibility. Use of 2D nanocomposites materials and doping them using various
noble metals will be very exciting and challenging areas of research for future biosensor
to be explored to achieve selectivity and high sensitivity with very low detection limit.
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In next phase of structural DNA/RNA nanotechnology in combination with 2D inorganic

layered materials, novel interactions can expected between DNA, RNA, 2D inorganic
layered materials and proteins. This has direct relevance to develop new molecular design,
computing facility, programming and assembly of the new functional materials.
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Introduction

Graphene has attracted much attention in recent years due to many
potential proof-of-concept device demonstrations; such as transistors. '
solar cells.” and especially gas sensors.> and biosensors.* For gas
sensors, the ancient experience of conventional semiconducting metal
oxides indicates improved performance with increase in the surface-
to-volume ratio, unique physical and chemical properties, excellent
electrical conductivity, good chemical stability and strong mechanical
strength. This has inspired scientific community to use graphene a
one-atomically thin 2D materials which has exceedingly high surface-
to-volume ratio and is believed to outperform traditional sensors and
biosensor. Indeed, there are reports on graphene which shows good
sensing.’ and biosensing performance.* However, other than surface-
to-volume ratio, other significant factors for a good sensor include the
semiconducting nature of the materials and easy accessibility for the
reactive sites for the redox reactions. Graphene due to its limitation as
band gap material hinders its wide applications. Therefore graphene
analogues of transition metal dichalcogenides (TMDCs) inorganic
layered materials have been widely emerged as alternative materials
due the appropriate band gap. Also, many interesting and exceptional
properties appropriate for sensing applications can be realized by
integrating them into composite and hybrids assemblies. To date
several inorganic 2D TMDCs layered materials such including MoS,.>
$ WS,.>1” MoSe."""> WSe,." and I1I-VI group semiconducting layered
materials GaS and GaSe." etc. reported and identified for possible
nanoelectronic device applications. Further, most of literature reports
do not emphasize on the subtleties of gas and biosensing performance
and its relation to layered structures but instead demonstrate only gas
sensing or biosensing as a proof-of-concept.**!? There are very few
attempts on few of these materials for bio sensor applications.'*!s

The biosensors field has been under progress for the last 45
years and the research in this field has become very popular since
last 25 years. Biosensor is nothing but a device where a biological
recognition element is built in (physically attached or confined)
and is the primary selectivity element. Biosensors are also known
as biochips, immune sensors, glucometers, biocomputers, optrodes,
chemical canaries, resonant mirrors and so on. Many sensors used for
biological purposes are therefore not biosensors, including those for

temperature, pressure, electrocardiograms, pH, Ca*", catecholamine’s
and the like.!"® Compared to other traditional analytical techniques,
biosensors show several advantages such as high specificity, high
sensitivity and low cost. In biosensor devices, recognition elements
play a vital role in the detection of electro active species. Examples of
some of the bio-recognition elements are enzymes, micro-organisms,
nucleic acids, cells and anti-bodies. Among these, enzymes are widely
used in electrochemical biosensors. Much of the biosensors so far
reported employed electrochemical techniques in which the electrical
properties of the bio-system are extracted by using a suitable bio-
recognition element. Various electrochemical techniques such as
amperometry, potentiometry and cyclic voltametry have been widely
used in the development of electrochemical biosensors. Recently,
impedance based electrochemical biosensors are emerging because
of its ability to detect very low concentration of species at ppb level.
Other than electrochemical approaches, some of the techniques like
optical, gravimetric are being employed in biosensing application.
During the past few years, extensive efforts have been taken for
developing biosensors with high sensitivity and low detection limit
using various nanostructured materials.

The use of layered inorganic nanomaterials in the development of
biosensors is recently emerging because of its remarkable electrical
and optical properties which are highly dependent on the number of
layers present on the materials.>® The surface to volume ratio of the
layered materials is also dependent on the number of layers. Therefore,
one can tune the sensitivity parameters by changing the number of
layers present in the materials. Among the various transduction
techniques, electrochemical methods are so far widely studied and
employed for the development of biosensors. Various 2D layered
inorganic materials including MoS,, WS, SnS, and CuS have been
used in electrochemical biosensing for the detection of analytes such
as glucose, dopamine, hydrogen peroxide and DNA.'!5 Enzymes
like glucose oxidase, horseradish peroxide have been used as bio
recognition elements. Apart from simple layered materials, recently
their nanocomposites with gold, chitosan and carbon nanotube have
been used in biosensing.!”

Even though, there have been some reports are available on the
use of 2D layered inorganic materials and its nanocomposite in
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biosensing, still there are some challenges remains to be solved."
In most of the reported literature, active materials are chemically
synthesized and drop casted on the surface of electrode for sensing
application. Except one or two reports on one-time preparation of
layered materials on the electrode surface is a challenging, as it avoids
the large consumption of time. The use of hybrid layered materials on
the development of biosensors is another interesting area because of
its synergetic relationship. Other than metal nanoparticles, some of
the materials like conducting polymers, metal oxides and mixed metal
oxides along with layered inorganic materials need to be prepared
and employed in biosensing. The modification of electrode surface
by noble metal nanoparticles will actually fasten the electron transfer
ability in the electrode/electrolyte interface. Thus, the application of
various noble metal particles on the modification of electrode surface
will actually pave the way for the development of electrochemical
biosensors with high sensitivity and selectivity. Figure 1 shows the
typical schematic of a reduced graphene oxide transistor to detect
specific protein anti-IgG through Au nanoparticle and functions as a
specific recognition group for the IgG binding. The electrical signal
detection of the protein binding (IgG to anti-IgG) is consummate by
transistor characteristics.'®

Schematic of a

Figure | reduced graphene oxide transistor.
The specific protein anti-IgG is anchored to the graphene sheet surface
through Au nanoparticle and functions as a specific recognition group for the
IgG binding. The electrical signal detection of the protein binding (IgG to anti-
1gG) is consummate by transistor characteristics. Top figure is Cytochrome
¢ which is highly soluble protein. [Reprinted with permission from ref .'®
Copyright 2010 Wiley-VCH].

The information-rich character of self-assembling DNA / RNA
nanostructures in combination with 2D layered materials can generate
several new frontiers for the application of designer DNA/RNA
nanostructures for various applications including sensors, computers,
molecular scaffolds and robots.?” As 30 years history of this research
field growth, structural DNA/RNA nanotechnology is shifting from
infancy into maturity. The research field now crossing the borders
of materials science, Physics, Chemistry, Biology, Nanotechnology
and engineering and is balanced to produce exceptional ways and
solutions to the real world problems in science and new generation
technology.® Tt is expected that in next phase of structural DNA
/ RNA nanotechnology in combination with these 2D inorganic
layered materials, novel interactions can takes place between DNA,
RNA, 2D materials and proteins, this can be used to make probable
the nanotechnology, which can sustain the major opportunities
and challenges for developing new molecular design, computing,
programming and assembly. '#!
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Conclusion and future outlook

This article summarized the recent progresses of 2D inorganic
layered nano sheets materials for biosensing applications. Among the
advantages of 2D inorganic layered materials over the carbon based
materials is due to its finite band gap and tuning of its physical and
chemical properties depending on our requirements. The 2D inorganic
materials will play important role in designing novel biosensor
devices for the future due to their unique properties and large area
available for biofunctonalization. A major challenge in developing
biosensors for practical applications needs to have enhanced life time,
improved durability, and biocompatibility. Also determination of any
possible toxicity and health risks during long term use needs to be
explored. Application of nanocomposites of 2D materials and effect
of noble metals such as Au, Pt and Pd etc and doping effects need to
be explored to achieve selectivity and high sensitivity with very low
detection limit. It is expected that in next phase of structural DNA/
RNA nanotechnology in combination with these 2D inorganic layered
materials, novel interactions can takes place between DNA, RNA,
2D materials and proteins, this can be used to for developing new
molecular design, computing, programming and assembly. However,
the investigation of 2D inorganic layered materials for biosensing is
still at their premature stage, and several unsolved significant issues
are to be addressed to further make possible the advances of this
emerging and challenging area of research. These layered materials
also have great demand and potentials in other bio related applications
including the gene therapy, tissue engineering and radio sensitization
targeting strategy for high therapeutic/diagnostic performance.
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