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ABSTRACT

In last decade, field effect transistors (FETs) have growing forward application in electrical biosensing technology of
medical diagnosis as well as electronic circuits. In biomedical diagnosis, they can be applied as transducing component of
biosensors.These biosensors are equipped with immobilized bioreceptor probes (e.g., nucleic acids, antibodies, enzyme
substrate) which targeted specific molecule. Owing the fact that nucleic acids have smaller size than the other
bioreceptors, researchers are interested in fabrication and development of FET-based biosensors. Herein we overview
and introduce the various various FETs and FET-based biosensors in terms of building blocks and working procedure.
The following FETs are included in this study: lon-sensitive field effect transistors (ISFET), silicon nanowire field effect
transistors (SINW-FETs), carbon nanotube (CNT)-based field effect transistor, graphenefield effect transistors (GFET),
molybdenum disulfidefield effect transistors (MoSz-FET), and organic field effect transistors (OFET).Finally, we discuss
the recent advances in application and fabrication of FET-based biosensors for nucleic acid-based detection in medical
diagnosis devices.
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INTRODUCTION

Early diagnosis leads to early medical intervention and improves the patient survival rates. In order to
make a medical diagnosis, history, diagnostic techniques and other information are considered. There are
a variety of disease diagnosis techniques from anatomic pathology to noninvasive techniques such as
electrograms(e.g. electrocardiogram and electroencephalogram) and medical imaging (e.g. magnetic
resonance imaging). Among them, molecular diagnostic techniques have experienced a rapid
development during the last years [1]. Molecular diagnostics is used to analyze biomarkers in the
proteome and genome by applying molecular biology to medical testing. It has been used in a variety of
applications such as viral and bacterial pathogens detection [2], cancer detection [3], and
pharmacogenomics [4].

Molecular diagnostics based on nucleic acids have become important tools in disease detection because
nucleic acids are used as genetic material in all living organisms. In addition, nucleic acids are easy to
purify, amplify, label and sequence. Nowadays, nucleic acid extraction, purification, amplification,
hybridization and sequencing have been facilitated by the use of the lab on chip (LOC) technology [5].An
important step in LOC-based medical diagnosis is the detection of hybridization events. This detection is
performed by use of biosensors.

A biosensor is an analytical device incorporating a bioreceptor element and a transducer [6]. The
bioreceptor can be an enzyme, antibody, nucleic acid (DNA, RNA, PNA, aptamer(artificial
oligonucleotides) and etc.), antigen, etc. When the bioreceptors bind to the target analyte, a specific
biological event take places. The transducer converts the recognition event (hybridization detection) into
a measurable signal. Depending on various transducing mechanism such as electrochemical, optical, and
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piezoelectric, several transducing elements have been proposed and fabricated. Among several
transducers, surface plasmon resonance (SPR) [7], quartz crystal microbalance (QCM) [8], and modified
field effect transistors (FET) are in the advent of current science.

For a medical diagnosis LOC platform, a digital microfluidic device is combined with a biosensor part
capable of target material analysis. Because the sensors based on FET have small size and feasibility for
label-free chip-based detection, they are more ideal than other types of biosensors for coupling to
microfluidic devices [9].

This survey paper is organized as follows: The fundamental mechanisms of the nucleic acid sensors based
on FET are described is section 2. Recent advances in the application of nucleic acid FET biosensors to
medical diagnosis are reviewed in section 3.We have chosen to focus mainly upon developments
occurring during the last ten years. Conference proceedings and patents are not included in this survey.
Concluding remarks and future outlooks of FET biosensors are discussed in section 4.

FIELD EFFECT TRANSISTORS (FET)

Basic concepts of FET

A field effect transistor (FET) is a type of transistor which commonly used in electronic circuits for
several applications [10]. It consists of three terminals (electrodes): the source, the gate, and the drain.
The device consists of a channel through which electrons or holes flow from the source to the drain.A
minimum voltage (the threshold voltage) between the gate and source is needed to create the channel. In
the n-channel FETs the carriers are electrons while in the p-channel FETs the carriers are holes.A FET
also consists of a substrate. For example, an n-channel FET consists of two n-type semiconductors as
source and drain, and a p-type substrate.

The effective electrical diameter of the channel, which is related to the conductivity of the FET, is varied
by application of a voltage to the gate. That is, the applied voltage imposes an electric field in to the FET.A
positive gate voltage causes free holes to be repelled from the substrate under the gate. It also pulls
electrons from substrate into the channel. Applying a voltage between the drain and source with the
created channel causes current flows through the channel.

In the metal-oxide-semiconductor FET (MOSFET), the gate electrode is a piece of metal whose surface is
oxidized. The oxide layer electrically insulates the gate from the main current carrying channel. This layer
acts as a dielectric. Hence, the MOSFET has extremely high in put impedance. The basic structure of an n-
type MOSFET is shown in Figure 1.

Source Gate Drain
i i) i

metal electrode
metal oxide insulator

N-type Channel

Body
Figure 1.Cross section of an n-type MOSFET.

Ion-Sensitive Field Effect Transistors (ISFET)

The ISFET biosensor was introduced by Bergveld in 1970 [11]. The ISFET is a device that operates in a
way similar to the way the MOSFET works. In the ISFET, the metal gate is replaced by the metal of a
reference electrode. Then, the gate oxide is placed directly in an aqueous electrolyte solution.The basic
structure of an n-type ISFET is shown in Figure 2.
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Figure. 2. The basic structure of an ISFET.

In ISFET, the source-drain current flow is influenced by the interface potential at the oxide/aqueous
solution. The current also influenced by the charge of biomolecules interacting on the ISFET’s dielectric.
The ISFET is capable of detecting biomolecular interactions through a change in conductance [12].
DNA-based ISFET

A DNA-based ISFET (DNA BioFET) can be constructed according to the basic principle of the biosensors.
That is, ISFETSs are applied as signal transducer andthe DNA strands immobilized on to the oxide surface
of ISFET’s act as bioreceptor elements [13]. The block diagram of such biosensors is depicted in Figure. 3.
When the unknown single-stranded DNA (ssDNA) forms a double-stranded DNA (dsDNA) with its
complementary immobilized probe, the hybridization reaction is occurred. This reaction is detectable by
processing the output signal of the applied ISFET (source-drain current or channel conductance variation
signals).

Hybridization
; . ction
Candidate i Bioreceptor b Transducer Qutput
target DNA (Immobilized probe ssDINA) (ISFET) |:'I>signal

Figure 3.The block diagram of a DNA-based ISFET.

There are a variety of strategies for immobilization of the probe ssDNA on the gate oxide. Two major
strategies are electrostatic immobilization and covalent immobilization [14]. In a commonly used
strategy, the gate oxide is cleaned and activated in an acid step. Then the gate oxide is silanized with 3-
aminopropyltriethoxysilane (APTES). The purpose of silanisation is to introduce positive charges to the
gate surface for a more stable and faster immobilization. The immobilization is performed by electrostatic
attraction between the negatively-charged probe DNA backbone (one negative charge per base) and the
positively-charged transducer surface.The efficiency of the resulted hybridization can be improved by
using suitable cross-linker molecules to covalently attach the amino-end functionalized probe ssDNA
molecules to transducer surface [14].

Hom et al, [15] reported a DNA sensor based on an ISFET with protein a modification for characterization
of DNA hybridization. Protein A originally found in the cell wall of the bacterium Staphylococcus aureus.
Protein A was used to modify the ISFET surface instead of a complicated silanization technique. The
antibiotin antibody was immobilized to protein A and a single-strand biotinylated DNA probe was added
to bind to a specific antibiotin antibody. The detection limit of 0.08 uM for the DNA hybridization was
reported.

Nanowire-Based Field Effect Transistors

Nanomaterials are comparable in size with nucleic acids [16] making them excellent interfaces for
biosensing applications. Different nanomaterials such as quantum dots, nanowires (NW), nanogaps, and
nanotubes have been used as sensing elements. In FET nanosensors, the semiconductor channel is made
of nanomaterials such as NW and carbon nanotubes (CNT).
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The basic structure of a nanowire FET (NW-FET) is illustrated in Figure. 4. The NW channel is placed
between the source and drain electrodes. The gate electrode modulates the conductivity of the channel. In
the biosensing applications, the bioreceptors are anchored to the surface of the channel.

MNanowire Channel
"-:

Insulator layer
Substrate (Si wafer)

Figure.4. The basic structure of a NW-FET.
The NW is a semiconductor such as Ge, Si or metal oxides such as In;0s and ZnO. The wire size can affect
the sensitivity of the NW-FET. The interior areas of thick wires could be unaffected while approaching
charged particles [17]. The smaller FET device diameter leads to the larger conductance changes.
Immobilization of bioreceptors on the NW surfaces may involve different linker molecules. For example,
3-(trimethoxysilyl) propylaldehyde (APTMS) and APTES can be used for Si NWs [16]. Besides,
aphosphonate derivative like 3-phosphonopropanoic acid is an optimum linker for metal oxide NWs.In
order to homogenize the orientation of the linkers on silica NWs, Chu et al. [18] proposed the use of an
external voltage on a metal plate above the surface while grounding the gate electrode.
Nanotube-Based Field Effect Transistors
Carbon nanotubes may be composed of a single shell (wall) or of several walls. Singled-walled carbon
nanotubes (SWNTs) are one-dimensional nanostructures. All carbon atoms of SWNTsare located on the
surface making them an ideal material for biosensing applications [19]. Fahad and Hussain concluded that
the nanotube architecture is more advantageous than the nanowire architecture for FET [20]. In SWNT-
FET the conducting channel is made of a SWCNT. A schematic cross section of a SWNT-FET is shown in
Figure.5. The SWNT is typically located on the surface of the supporting substrate and bridges the gap
between the gold electrodes.In contrast to SWNTs, nanotube networks (with a random array of
nanotubes between source and drain) are much easier to fabricate but they take up more space than

SWNTs [21].
Source metal Drain metal
coftact {Au) contact {Au)

Silicon Oxide Substrate

SWCNT

Back gate metal contact (Si)

Figure 5.The basic structure of a SWNT-FET.

The SWNT-FETs can be used to detect DNA hybridization. RNA and ssDNA can disperse SWNTs in water.
ssDNA can interacts non-covalently with SWNTSs and forms a hybrid with them by wrapping around them
by means of interactions between SWNT sidewalls and nucleotide bases [19]. DNA sensing has also been
explored by attachment of DNA molecules at different device segments such as gold electrodes, SWNT
sidewalls, and gate surface [21].

Graphene-Based Field Effect Transistors

Graphene is a 2-dimentional carbon material, a natural match to biomolecules. In graphene, layers of
carbon atoms are arranged in six-membraned rings. Carbon nanotube, graphite, and fullerene can be
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formed from grapheme [22].Graphene conductivity is strongly dependent on ionic strength, the type of
ions present and the pH [23].

In graphene-Based FET (GFET), grapheneis used as conducting channel material between source and
drain. In a typical configuration of GFET, SiO; layer is usually selected as substrate, and graphene is
deposited on the substrate surface through chemical vapor deposition method (CVD). There are also top-
gated and back- and top-dual gated GFETs [24].Dontschuk et al. [25] have demonstrated that GFETs are
capable of detecting distinct coverage-dependent conductance signatures upon adsorption of DNA
nucleobases (ie, adenine, thymine, cytosine and guanine).

Molybdenum Disulfide (MoS;)-Based Field Effect Transistors

Molybdenum disulfide (MoS) is a 2-dimensional inorganic compound. A monolayer of this biocompatible
material is only around 0.65 nm thick. In MoS2-FET, MoS:is used as the channel material. The dielectric
layer covering the channel is functionalized with bioreceptors. The source and drain terminals are also
covered with a dielectric layer to protect them from the electrolyte [26].High-quality MoS; films do not
possess T electrons for covalent attachment of probe molecules [27]. However, in order to detect
hybridization between the target and probe DNA, DNA probe molecules can be immobilized on MoS;
surface through vander Waals interactions [28].

Sarkar et al [26], compared MoS2 with Si nanowire, carbon nanotube, and graphene in terms of
sensitivity, device fabrication and large-scale integrability, device scalability, and flexibility and
transparency for FET-based biosensing. They concluded that MoS2 had the potential to overcome the
shortcomings of these materials.

Organic Field Effect Transistors

An organic field effect transistor (OFET) uses an organic small moleculeor a polymer as its channel
semiconducting material. In contrast to CNT-FETs and Si-based FETs, OFETSs are superior in flexible, light-
weight, and low-cost switching components [24]. In addition, organic materials are biocompatible.Four
different OFET architectures are possible: bottom-gate bottom-contact, bottom-gate top-contact, top-gate
top-contact, and top-gate bottom-contact [29].

Some of the materials used in OFETs are rubrene, tetracene, pentacene, and poly (3-hexiothiophene).
Kergoat et al, proposed an OFET which its gate dielectric was replaced by a simple water droplet [30]. The
water-gated OFET benefits from very low operation voltage and easy fabrication, and appears very
pertinent for DNA detection.

The Application of BioFETs in Genetic Medical Diagnosis

In order to provide biosensors with high sensitivity and selectivity for medical diagnosis, researchers are
continuously developing several nucleic acid-based BioFETsto detect disease agents and biomarkers.In
following we will review the most recent advances in detection of pathogens (viral pathogens in
particular) and cancer biomarkers by utilizing FET Biosensors.

Dastagir et al, have reported an unambiguous detection of a sequence of Hepatitis C Virus (HCV) by using
SWNT-FET [31]. The target sequence was a 12-base RNA oligonucleotide, based on a specific sequence of
HCV RNA. They have observed that the transconductance of the FET was increased only when PNA-
functionalized SWNTs were exposed to complementary RNA. A detection limit down to 0.5 pM was
reported. A back-gated NW-FET with the 60-nm wide NW has been fabricated by Wu et al, for real time
sensing of Hepatitis B Virus (HBC) X gene [32].A 15-mer capture DNA strand with a sequence which was
fully complementary to the target DNA was used for DNA immobilization. The detection range of HBV X
gene was from 1 fM to 1 pM, and the detection limit could be down to 3.2 fM.

Lin et al, [33]have demonstrated poly-crystalline Si NW-FET to achieve detection of high pathogenic
strain virus (H5 and H7 subtypes) DNA of avian influenza (AI). The width of NW channel was 80 nm. They
have observed the electric response of DNA/DNA hybridization as soon as the target DNA was loaded on
the nano device. The sensitivity in the femtomolar (fM) concentration range was obtained. In another
paper, Lin et al, [34] have proposed a DNA recovery system that could easily be adapted to DNA biosensor
for detection of target DNA. The method was based on the re-hybridization of DNA target with a recovery
DNA to free the DNA probe. NW-FET with silicon-on-insulator wafers was demonstrated to monitor such
DNA-DNA interaction using high pathogenic strain virus H1 DNA of Al as target.

Thu et al, [35] have reported a label-free DNA biosensor based on SWCNT-FET for selective DNA
sequence hybridization detection of H5N1 virus. A random network of SWCNTs was used as the
conductor channel. The channel lengths were 20, 50, and 100 pum. The DNA biosensor could detect full-
complementary DNA with detection limit of 1.25 pM. The approximate sensitivity of 0.28 nM/nA was
reported.
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Zhang et al, [36] demonstrated a Si NW-FET for sensitive and rapid detection of reverse-transcription-
polymerase chain reaction (RT-PCR) product of Dengue serotype 2virus. The PNA-DNA hybridization was
verified by measuring the resistance change of Si NW channel before and after binding of the RT-PCR
product to a PNA sequence which covalently attached to NW surface. The detection limit of 10 fMwithin
30 min was reported.

Croce Jr et al, [37] have reported a successful electrochemical detection of the protein thrombin utilizing a
thrombin aptamer functionalized SWCNT-FET. A 15-mer aptamer which binds to the blood clotting factor
thrombin was employed as bioreceptor in the fabricated device. The drain current of the FET was linearly
related to thrombin concentration with sensitivity of 33 pA/(uM mm?2). Hammock et al, [38] presented a
thorough study of various parameters (spacing between receptors, buffer pH, buffer ionic strength)
affecting biosensing using OFET decorated with gold nanoparticle binding sites. They employed the
thrombin protein and its DNA aptamer. The aptamers were preferred over antibodies because of small
size of the thrombin aptamer. The detection limit of 100 pM was reported.

Kim et al, [39] fabricated a pentacene OFET for label-free detection of DNA from pathogenic organisms.
The bacteriophage lambda virus (A-phage) genomic DNA was chosen as a model organism and its
presence was successfully detected by probe DNA hybridization on the pentacene layer. The sensitivity of
0.28 pA/pM was reported.The feasibility of the device as a disposable sensor for DNA hybridization was
demonstrated.

Farid et al, [40] have developed a DNA aptamer-based GFET for detection of Interferon-gamma (IFN-y).
IFN-y is an inflammatory cytokine associated with the tuberculosis susceptibility. Aptamer
immobilization was verified by using unique structural approach by Atomic Force Microscopy. Change in
drain current appeared to be highly sensitive to the IFN-y concentrations ranging from nM to uM range.
The detection limit of 83 pM was reported.

So et al, [41] used a RNA-based aptamer-functionalized SWCNT-FET for detection and titer estimation of
Escherichiacoli in water. The device showed a conductance decrease of more than 50% after binding with
E.coli. Moreover, the device did not show a noticeable conductance change when exposed to high-density
Salmonella solution. The required time for detection was less than 20 min.

Wu et al [42] have developed a Si NW-FET (with line width of 60 nm) that allows DNA biosensing. As the
target DNA sequence, they have employed the BRAFV59%E mutation gene, which correlates to the
occurrence of several cancers such as lung cancers, breast cancers, liver cancers, melanomas, gliomas,
sacromas, ovarian carcinomas, papillary thyroid carcinomas, and colorectal cancers. The threshold
voltage of the device increased when the mutation gene was hybridized with the 30-mer ssDNA capture
probes on the NW and decreased to the original level after de-hybridization of the gene. Detection limit in
sub-femtomolar level was reported.Chen et al, [43] usedfunctionalized Si NW-FET for detection of the
breast cancer serum biomarker protein CA15.3. CA15.3 is a mucin-associated antigen, specific for the
protein core of the MUC1 gene product. The detection limit of around 20 pM was reported.

Mutation of the p53 gene is one of the frequent alterations in human cancer. Han et al, [44] by using a
MOSFET biosensor have assessed the abilities of wild p53 and mutant p53 proteins to interact with the
consensus DNA-binding sequence. The cognate DNA was immobilized onto the gate electrode. The
sequence-specific-DNA-protein interactions were successfully monitored by drain current measurement.
Cai et al [45] have reported a gold nanoparticle-decorated GFET biosensor for label-free detection of
MicroRNAs. MicroRNAs (miRNAs) are a family of short endogenous non-coding RNA molecules that as
ideal biomarkers can identify cancer in the early stage. After PNA probe immobilization, the detection was
carried out via PNA-miRNA hybridization. The detection limit of 10 fM was reported.

CONCLUDING REMARKS AND FUTURE OUTLOOKS

In this survey report we have discussed constructions and working principle of various field effect
transistors and DNA-based FET biosensors. In addition, recent developments in nucleic acid BioFETs for
disease detection have been reviewed.The small size of nucleic acids in contrast to other bioreceptors
makes them ideal for applying with microfluidic devices. Since nanoBioFETs and GFETs offer a sensitive
tool for disease detection, there are growing researches for fabrication and optimization of such devices.
Further advances in medical diagnosis can be obtained by utilizing the BioFETSs in lab on chip systems. In
future, the application of sensor fusion methods to FET devices could improve the sensitivity and
selectivity of biosensors.
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