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1. ABSTRACT

Field-effect transistor (FET)-based biosensors
(BioFETs) have undergone great progress especially in the
last decade, since they were first realized in 1980. Recently,
BioFETs have become one of the most important branches
of biosensors. This paper briefly reviewed the operating
principles of BioFETs and summarized the improvement
and application of BioFETs, finally, the future prospects of
BioFETs were discussed with 126 references.

2. INTRODUCTION

In recent years, research in the field of biosensors
has received great attention because of their extensive
application in agriculture, environment, clinical analysis
and food industry. Biosensors are normally composed of
two main parts: the biological recognition part and the
signal transducing one. As functional hybrid systems, they
benefit from the coupling of the unique recognition and
signal-amplification abilities of biological systems.
Therefore, the integration of biologically active materials
together with different types of transducers offers the
possibility of the generation of highly sensitive, specific,
selective and reliable biosensors. Among various types of
transducers used for biosensors, ion-sensitive field-effect
transistor (ISFET) is one of the most attractive selections.
The ISFET was first developed in the early 1970s and has
been introduced as an alternative to the fragile glass
electrode for the measurement of pH and other ions
concentrations. Despite the inherent problems, such as
temperature sensitivity, light sensitivity and drift, the
ISFET has received increasing attention in the construction
of ISFET-based biosensors (BioFETs). The silicon-based
ISFET has a lot of significant characteristics and benefits:
(a) high input impedance and low output impedance; (b)
small size and weight; (c) anti-breaking ability: the all-
solid-state ISFET is very robust and durable; (d) fast

response and high sensitivity; (e) low-cost mass production.
Therefore, these advantages made ISFET an ideal device
for the construction of biosensors, especially portable micro
biosensors. Since the first report of BioFET by Caras and
Janata in 1980 (1), a great number of publications have
been devoted to this field, and a few useful reviews (2-4)
have partly summarized these works (mainly published in
1995-2001). With the development of science and
technology, some important works and new methods
involving BioFETs have been reported in succession. This
paper gives a brief introduction of the principle of
BioFETs, and mainly focuses on the application and recent
improvement of BioFETs.

3. BASIC STRUCTURE AND PRINCIPLE OF
BIOFET

BioFETs are mainly composed of two parts: the
biological recognition element and the ISFET. The
biological recognition element is the sensing part that
immobilized with biological materials, such as enzyme,
cell, DNA etc., while the ISFET acts as the signal
transducing part. Among the various kinds of ISFETs used
for BioFETs, the most common and useful one is the H+-
sensitive field-effect transistor. The basic structure of an
ISFET is the ordinary metal-oxide-semiconductor field-
effect transistor (MOSFET) with the metal gate replaced by
an ion-sensitive membrane, an electrolyte solution and a
reference electrode. It consists of a silicon substrate with
two doped regions, source and drain, separated by a
channel that under the gate insulator. In the case of a
BioFET, biological recognition material is immobilized on
the gate insulator surface to form the sensing membrane.
The gate insulator is typically a SiO2 layer or a SiO2 layer
covered with another layer of Si3N4, Al2O3 or Ta2O5. The
upper layer of the gate insulator structures serve as
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Figure 1. Equivalent circuit of an ISFET device modified by a membrane on the gate interface.(from Ref. 8 and 10).

sensitive materials for H+-sensitive ISFETs, and the
sensitivity of these materials is in the order of SiO2 < Si3N4
< Al2O3 < Ta2O5 (5).

For operating an ISFET, the gate voltage, VGS, is
applied by a reference electrode through the electrolyte
solution. When a sufficiently positive bias potential is
applied to the gate, an inversion layer is induced in the
channel between source and drain. The magnitude of the
drain current, ID, will be determined by the effective
electrical resistance of the surface inversion layer and the
voltage that is applied between source and drain, VDS (3).
Since the channel resistance in ISFET depends on the
electric field perpendicular to the direction of the current,
charges from solution accumulate on top of the gate
insulating membrane influence the interfacial potential and
then the drain current. The dependence of the interfacial
potential on the charge concentration can be explained by
the so-called site-binding theory (6). Generally, the
operational mechanism of the ISFET can be described by
an expression of the drain current, ID, in the unsaturated
region (3, 5, 7):
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where Cox is the capacitance of the gate oxide; W and L are
respectively the width and the length of the channel; µ is
the average electron mobility in the channel; Eref is the
potential of the reference electrode; VGS and VDS are
respectively the gate source voltage and the drain source
voltage; Ψ0 is the electrostatic potential; χsol is the surface
dipole potential of the solvent; ФSi is the silicon electron
work function; q is the elementary charge; QB is the
depletion charge; Qox and Qss are the charges located in
the oxide, and the charges located in surface states and
interface states respectively; фf is the potential difference
between the Fermi levels of doped and intrinsic silicon. For
a given ISFET, all parameters are constant except Ψ0 and
χsol. In the case of a H+-sensitive ISFET, the surface dipole
potential, χsol, is supposed to be independent of pH and
therefore, changes in the drain current are attributed to
changes in the electrostatic potential, Ψ0, only. According
to the site-binding theory, the electrostatic potential of a
H+-sensitive ISFET can be given as follows (3, 5):

))](1/()[(3.20 pHpH
q

kT
PZC −+=Ψ ββ         [2]

where pHpzc is the value of the pH for which the oxide
surface is electrically neutral; β is a parameter which
reflects the chemical sensitivity of the gate insulator and is
dependent on the density of surface hydroxyl groups and
the surface reactivity; k is the Boltzmann constant and T is
the absolute temperature. Thus, by measuring changes in
the drain current, the pH value of the test solution can be
determined. In most cases, ISFETs are often operated in the
constant drain current mode, that is, setting the drain
current at a fixed value by a feedback circuit, and
measuring the voltage shift that results from the reaction
near/at the gate (sensing membrane).

Besides these methods involving the
measurement of current and voltage, another technique,
impedance spectroscopy was also introduced to the analysis
of biorecognition processes at the gate surface of the ISFET
by Willner and coworkers (8, 9) recently. The impedance
of the membrane associated with the ISFET can be
represented by the equivalent circuit shown in Figure 1 (8,
10). Where RSi, Rmem, Rct, and Rsol correspond to the
resistances of the Si layer, the chemical sensing interface,
the space charge, and solution, respectively; Csc, Cox, Cmem,
and Cdl correspond to the space charge capacitance and the
capacitances of the oxide insulating layer, the membrane,
and the double layer, respectively; W represents the
Warburg impedance. If a biorecognition process such as the
formation of antigen-antibody or hybridization of DNA
occurs, the correlated changes in the impedance will be
caused. By monitoring the changes in impedance, the
amount of antigen/antibody or complementary DNA (11)
can be determined.

In brief, the ISFET is very sensitive to electrical
interaction at or near the gate insulator/electrolyte interface,
and therefore each biochemical reaction/process leading to
chemical or electrical changes at this interface can be
measured by the BioFET immobilized with different
biological recognition materials.

4. IMMOBILIZATION OF BIOLOGICAL
COMPONENTS

The crucial procedure for the construction of
biosensors, including BioFETs, is the immobilization of
biological component. A number of methods for the



Analytical Aspects of FET-based biosensors

422

biological components immobilization have been
developed.

1.  Physical or chemical adsorption (12-14), which is the
simplest immobilization method.
2.  Cross-linking (15-19). A bi- or multi-functional reagent
is employed to form a network-like structure between
biomolecules, biomolecule and gel/polymer matrix.
3.  Covalent attachment (20, 21). Covalent chemical bonds
are formed between the biological component and the gate
surface of the ISFET.
4.  Entrapment (22-24). The biological material is trapped
in a matrix of a gel or a paste or a polymer.
5.  Other methods such as sol–gel and Langmuir–Blodgett
(LB) film technology (25).

In practical application, several immobilization
methods of biological components are sometimes combined
to obtain satisfactory immobilization results (26, 27).

5. CLASSIFICATION AND APPLICATION OF
BIOFETS

The biorecognition material could be an enzyme,
an antibody, a cell, a tissue slice, a receptor, nucleic acid or
an organ. It is used to recognize and interact specifically
with the analyte in test solution. Two general categories of
BioFETs may be distinguished, depending on the nature of
the biological recognition process: catalytical BioFETs
(utilizing enzymes or tissues as immobilized
biocomponents) and affinity BioFETs (based on antibodies,
membrane receptors or DNA). Since the cell-based BioFET
cannot be fully included in these two catagories, it is
discussed in a separate part.

5.1. Catalytical BioFETs
In catalytical BioFETs, biocatalysts such as

enzymes are used to recognize, bind, and chemically
convert biological molecules to sensitively detectable
formats. Enzyme-based ISFET (ENFET) is the most
extensively studied BioFETs. ENFETs are usually
constructed by immobilizing an enzyme onto the gate
insulator of an ISFET. The general working principle of an
ENFET is based on the specific binding capability and
catalytic activity of enzyme towards its substrate. During
the enzymatic reaction, either products are generated or
reactants are consumed, and their concentration changes
resulting in signal change of the underlying ISFET, which
is correlated with the analyte concentration and can be
recorded. Up to now, a wide range of ENFETs have been
reported for the detection of various analytes, and some of
the recent publications are summarized in Table 1
according to their difference in analyte, enzyme membrane
composition and immobilization method.

The most popular enzymes for ENFETs are
glucose oxidase, urease and penicillinase, because of their
important role for the detection of glucose, urea and
penicillin. To make the ENFETs suitable for practical
application, intensive efforts have been devoted to the
improvement of working characteristics of the ENFETs.
Additional charged polymeric membranes, such as Nafion

and poly(4-vinylpyridine-co-styrene) (28, 29, 39, 40, 43)
have been applied on top of the enzyme layer to control the
diffusion of substrate and product. With this approach, the
dynamic range of glucose ENFET can be extended up to 20
mM (28). An additional Pt electrode is deposited on the
gate region of glucose ENFET to electrolyze hydrogen
peroxide and generate two hydrogen ions (15, 34), and the
sensitivity of the glucose ENFET improved four times.
Moreover, MnO2 powder was applied to catalyze hydrogen
peroxide, and the produced oxygen was recycled for the
glucose oxidation reaction (32). In this way, the dynamic
range of glucose determination was extended up to 20 mM.
Generally, the response time and the recovery time of the
ENFET is more than several minutes, and sometimes
extends to more than ten minutes. To reduce the response
time of ENFETs, a monolayer of enzyme was modified on
the gate surface of the ISFET (20), and the response time of
the resulting ENFET was only about several tens of
seconds. To reduce the recovery time, an additional Pt
electrode was applied to generate hydroxyl ions, which
compensate the hydrogen ions produced in the sensing
membrane (18). As a result, the recovery time was reduced
to less than two minutes.

5.2. Affinity BioFETs
Receptor molecules such as antibodies and DNA, or some
biological organs that contain receptor molecules (i.e.,
insect antenna) are used to bind molecules irreversibly and
non-catalytically in affinity bioFETs. Immunologically
modified ISFETs (ImmunoFETs) are constructed by
immobilizing antibodies (72, 73) or antigens (74, 75) onto
the gate surface of an ISFET. In general, there are two
kinds of ImmunoFETs classified according to whether the
antibodies/antigens are labeled or not: label-free
ImmunoFET and labeled ImmunoFET. The working
principle of the label-free ImmunoFET is based on the
direct antibody-antigen interaction. Since antibodies and
antigens are mostly electrically charged molecules, it is
expected that the formation of an antibody-antigen complex
on the gate surface of an ISFET would lead to detectable
changes in the charge distribution, and thus modulate the
drain current of the ISFET. In practice, however, the direct
detection of immunological reactions by means of an
ImmunoFET was unsatisfactory due to the fundamental
limitations (3, 76). The main disadvantage is to transduce
the antibody-antigen recognition action into a measurable
signal, and obviously the potential (charge) distribution in
the immediate vicinity of the interface plays an important
role. To explain these limitations, Donnan theory (76) is
used in the past as a possible explanation. But nowadays, it
is generally accepted that screening of protein charges by
small counter ions present in the test solution results in
uncharged layers and prevent accurate detection of
immunomolecules (77). In order to overcome these
difficulties, several measurement methods have been
developed. The net charge density in a protein layer
immobilized on the sensing membrane of an ISFET can be
measured by exposing the membrane to a stepwise change
in the electrolyte concentration (78, 79). Alternatively, the
acid-base properties of proteins can be used as transducing
parameters for ImmunoFETs (80, 81). Koch and coworkers
(82) presented another approach, where a novel ISFET-
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Table 1. ENFETs including the enzyme systems used, immobilization methods and the analytes
Analyte Enzyme system Immobilization method Reference
Glucose Glucose oxidase Cross-linking 17-19, 28-30

Mixed methods 31, 32
Covalent binding 20
Entrapment 33-36

Glucose oxidase/Peroxidase Affinity binding 37
Penicillin Penicillinase Cross-linking 38-40

Adsorption 12, 13
Cross-linking/adsorption 14

Penicillin G acylase Cross-linking 16, 41
Nitrate Nitrate reductase Mixed methods 26
Urea Urease Covalent binding 20, 42-44

Mixed methods 31, 45
Entrapment 22, 24, 46, 47
LB film 25
Cross-linking 48, 49

Recombinant urease Entrapment 50
Acetylcholine Acetylcholine esterase Covalent binding 20

Mixed methods 51
N-acetyl-L-tyrosine ethyl ester α-Chymotrypsin Covalent binding 20
Sucrose Invertase/mutarotase/glucose oxidase Entrapment 34

Invertase/glucose dehydrogenase Cross-linking 52
F-containing organophosphates Organophosphorus acid anhydrolase Covalent binding 53
Organophosphorus pesticide Butyrylcholinesterase Mixed methods 27
Organophosphate compound Organophosphate hydrolase Covalent binding 21

Butyrylcholinesterase Entrapment 54
Cyanide Horseradish peroxidase Cross-linking/entrapment 55
EDTA Urease Entrapment 56
NAD+ Lactate dehydrogenase Covalent binding 57
NADP+ Alcohol dehydrogenase Covalent binding 57
Steroidal glycoalkaloids Butyrylcholinesterase Cross-linking 58
Trichlorfon Butyrylcholinesterase Cross-linking/entrapment 59, 60
Hypochlorite species Acetylcholinesterase Cross-linking 61
Ascorbic acid Peroxidase Cross-linking 33, 62
Creatinine Creatinine deiminase Cross-linking 63

Entrapment 23
Formaldehyde Alcohol oxidase Cross-linking 64, 65

Formaldehyde dehydrogenase Covalent binding 66
Lactate Lactate dehydrogenase Mixed methods 67, 68
4-Chlorophenol Tyrosinase Cross-linking 69
Citric acid Urease Entrapment 33
H2O2 Peroxidase Affinity binding 37
Cu2+ Urease Covalent binding 42

Entrapment 70
Ag+ Urease Entrapment 70
Ni2+ Urease Entrapment 70
Hg2+ Urease Covalent binding 42

Cross-linking 48
Alcohol oxidase Cross-linking 65

Amygdalin β-glucosidase/mandelonitrile lyase/peroxidase Cross-linking 71

ased measurement concept is proposed for the detection of
the zeta potential, which is known to be an efficient method
for the detection of protein accumulated onto surfaces. A
further method utilizing the impedance spectroscopy has
been proposed by Willner and coworkers recently (8, 9).
The impedance spectroscopy method has been used to
characterize immobilized protein layers on the gate surface
of an ISFET and to detect the antibody-antigen interaction
(8, 9). For example, for the detection of 2, 4-dinitrophenyl
antibody, the linear response range was in the concentration
range of 1 ng mL-1 to 100 ng mL-1, with the detection limit
of 0.6 ng mL-1 (8). The labeled ImmunoFET is also called
as indirect ImmunoFET, where label molecules such as
enzymes are linked to antibodies or antigens in order to
carry the detectable species to the biosensor (73, 75). In the

operation of the labeled ImmunoFETs, the labeled
antibodies/antigens are specifically bound to the
immobilized antigens/antibodies, and the label molecules
(mainly enzymes) can generate measurable signals, which
provide the information about the tested substances.
Horseradish peroxidase-labelled simazine has been used by
Starodub and coworkers (72) for the competitive immune
assay of simazine, and the limit of simazine detection was
1.25 ng ml-1, the linearity was observed in the range of 5–
175 ng ml-1. In addition, sequential saturation of the
antibodies led to the growth of the assay sensitivity up to
0.65 ng ml-1.

Another kind of affinity BioFET is the DNA-
modified ISFET (DNAFET or GENFET). The GENFET is
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constructed by immobilizing well-defined sequences of
single-stranded DNA (ssDNA) onto the gate surface of an
ISFET. The specific recognition process of two DNA
single strands through the hybridization event can be
converted into a measurable signal by the ISFET. Although
the miniaturization of ISFET devices and their
compatibility with advanced microfabrication technology
make them attractive for DNA diagnostics, there are only a
few publications for DNA sensing that are related to
ISFETs. ISFETs have been used for the sequence-selective
detection of polymerase chain reaction (PCR) products (83,
84), but the first successful work in the direct detection of a
hybridization event with a GENFET was reported in 1997
(11). Homo-oligomer DNA strands were immobilized on
the previously modified SiO2-gate of an ISFET, and a
certain volume of the complementary DNA solution was
directly added to the buffered electrolyte to detect the
hybridization process in real time. A direct dependence of
the GENFET response on the quantity of the
complementary DNA added was achieved. The maximum
response is reached after 15 h, and 50% of the total
response is obtained within 1 h and 90% after 4 h.
Recently, another publication of GENFET for highly
sensitive detection of DNA sequence has been reported
(85). Gold, was used as the gate metal in order to
immobilize DNA due to its affinity to thiol. The drain
current increased when thiol DNA and target DNA were
injected into the solution, because of the field effect due to the
electrical charge of DNA molecules. The response time of the
GENFET was within several tens of seconds, which was much
faster than the former. The authors concluded that DNA
sequence can be detected by measuring the variation of the
drain current due to the variation of DNA charge, and the
proposed sensor might be useful for the implementation of
DNA chip. Since there are still insufficient experimental
results on successful operation of GENFETs, great effort
should be devoted to new experiments with GENFETs to put
them into practical applications.

Some biological tissues/organs have certain
specific biological functions, such as sense of smell (based
on the olfactory receptor neurons), and their coupling with
ISFETs can result in highly specific and sensitive
biosensors. In this area, Schöning and coworkers have
created a new type of BioFET, a so-called beetle/chip FET
(86-92) by coupling the insect antennas directly to the
ISFETs. In this approach, the voltage generated in the
antenna upon detecting a certain odour is used to modify
the drain current of the ISFET. A beetle/chip FET with
improved signal characteristics can be used for the
determination of Z-3-hexen-1-ol concentrations in air down
to 1 ppb within a few seconds (87). Besides the
immobilization of isolated antenna dissected from the
beetle, the whole beetle has also been immobilized to make
use of its antennas (88, 91), which may prolong the lifetime
of the antenna. The beetle/chip FETs are very sensitive to
some odours and may have potential usage in monitoring
the field’s infestation with insects and the forest fire.

5. Cell-based BioFETs
The Cell-based BioFET is generally obtained by

direct coupling a single cell or cell system to the gate

surface of an ISFET. Cells are the smallest self-sustaining
biological entities, and they process multiple incoming
information signals by means of a parallel activation of
different signaling pathways and respond with an
appropriate reaction pattern according to the input physical
or chemical stimulus. Compared with biosensors based on
other biorecognition elements, the cell-based biosensor is
of great importance in studying the effect of an external
physical or chemical stimulus on a living system (93, 94).
A variety of methods have been used to monitor the state of
a single cell or cell system immobilized on ISFETs, and
these methods can be distinguished into two types. The first
type of the methods is based on the measurement of signal
changes resulted from the energy metabolism of cells. In a
typical metabolic pathway, cells consume metabolites
(carbon sources) to produce energy (ATP), and excrete acid
waste products (e.g. lactic and carbonic acid), which lead to
extracellular acidification (95). Changes in the extracellular
pH, the concentration of ions, oxygen consumption, CO2
production and the redox potential can be measured by
various single sensors or sensor systems (96-102). The
second type of the methods is mostly based on the specific
features of certain types of electrogenic cells such as
neuronal cells, muscle cells or cell networks. Electrogenic
cells generate spontaneous or triggered action potentials
(transient changes of their membrane potentials), which can
be monitored by the ISFETs. Many works have been
devoted to the couple of the neuronal cells (96, 103, 104),
muscle cells (105-107) and even cell networks (108, 109)
with ISFETs in the past years. Among them, some Cell-
based BioFETs based on cardiac muscle cells have been
successfully constructed and used for drug testing. It was
found that the change in the beat frequency of the heart
cells in the presence of norepinephrine and isoproterenol
was depended on the drug concentration between 0.01 and
10 µM (106, 107). These results indicated promising
practical applications of these cell-based biosensors.

6. DEVELOPMENT OF BIOFETS

Although the BioFETs have remarkable
advantages, they still show some inherent drawbacks and
faultinesses. To make the BioFETs more suitable for
practical applications, a lot of efforts have been devoted to
the improvement and development of novel BioFETs.
Here, some successful and important attempts to ameliorate
the BioFETs, mainly focusing on the improvement of
ISFET structure and the application of nanomaterials to
bioFETs, are briefly summaried.

6.1. Improvement on configurations of ISFET-based
biosensor

In order to improve the performance of
conventional ISFETs, the extended-gate field-effect
transistor (EGFET) was first introduced in 1983 (110). The
EGFET was separated into two parts, one was the sensing
structure containing the sensitive membrane, and the other
was MOSFET structure. Compared with the traditional
ISFET, this structure has a lot of advantages, such as light
insensitivity, ease to package, flexibility of shape of the
extended gate area (111, 112). To construct BioFETs,
biological recongnition elements were immobilized onto
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the extended gate (51, 107, 111), and only was this
extended gate immersed into the test solutions during
measurements.

During the operation of BioFETs, a reference
electrode is needed. However, the conventional reference
electrode (e.g., saturated calomel electrode and Ag/AgCl
electrode) is inconvenient because of its big volume,
particularly for the miniature detection systems. To resolve
this problem, many efforts are devoted to the
miniaturization of reference electrode, and two main
approaches are proposed. One approach is the
miniaturization of conventional reference electrode. The
miniature reference electrode was constructed by
encapsulating Ag/AgCl and saturated KCl solution in an
etched hole on the ISFET, and it contacted the test solution
through the porous silicon, glass or polymer membranes.
However, the stable lifetime of such a reference electrode is
limited due to the out-diffusion of KCl and in-diffusion of
ions from the test solution. Recently, a novel design of a
miniature reference electrode has been reported by Huang
et al (113, 114), where the KCl is retained by the agarose
gel, which contacts with the test solution and acts as the
ion-diffusion membrane. The other approach is the use of a
pseudo-reference electrode and a differential measuring
system (38, 40, 64, 72). The pseudo-reference electrode is
only a metal wire or membrane used to ground the test
solution. Since the potential of the metal wire or membrane
in the test solution is relevant to the component of the test
solution and thus it is unstable. Then a reference ISFET
(REFET) (29, 42, 72, 74, 115) that does not include
biological components is often employed along with the
BioFET. The differential measuring system allows an
automatic compensation of uncertain factors caused by
some small disturbances such as pH variation of the bulk
solution, temperature variation and drift of the sensor
output signal with the time (16). It should be pointed out
that a conventional reference electrode can also be used in a
differential measuring system (21). Moreover, the BioFET
and the REFET not only can be arranged with two separate
devices, but also can be integrated on a same silicon wafer
(55, 62, 70, 74).

The integration of separate BioFETs/ISFETs can
bring about the emergence of multi-functional BioFETs.
The excellent property of ISFETs in integration and the
progress of integration technologies make it possible to
fabricate integrated ISFET devices. The detection of
various ions and molecules can be realized by modifying
the ISFETs integrated in a silicon wafer with different
sensing membranes. For example, utilizing the multi-
functional BioFET, Martinoia et al (96) investigated the
metabolism of cells and the activity of neurons; Poghossian
et al (116) simultaneously measured the temperature, pH
value and the penicillin concentration at the same time. A
main problem of the multi-functional BioFETs is the cross
contamination or interference. Since the distance of the
sensing membrane of each ISFET is very close, the change
in pH or ion concentration resulted from one BioFET may
interfere the nearby sensors. To resolve the problem of the
multi-enzyme system, one can choose the optimal pH
suitable for all the enzymes (52), or employ a flow-

injection analysis (FIA) system and control the solution
flow through the sensing membranes in appropriate
sequence (117).

6.2. Application of nanomaterials to BioFETs
Nanoparticles display fascinating electronic and

optical properties as a result of their dimensions, offering
excellent prospects for chemical and biological sensing
(118, 119). Very recently, our group has developed several
bioFETs that contain nanomaterials (35, 36). A glucose-
sensitive ENFET was fabricated based on the modification
of the gate surface of ISFET with SiO2 nanoparticles and
glucose oxidase (GOD) (35). In comparison with that
without SiO2 nanoparticles, the proposed sensor shows
obviously enhanced sensitivity and extended lifetime. It
infers that SiO2 nanoparticles can provide a biocompatible
environment and improve the activity of enzyme, and
prevent the immobilized enzymes from leakage as well.
Based on the special reactivity of MnO2 nanoparticles, we
fabricated glucose BioFET with a new operating principle
different from all the traditional glucose BioFETs (36). The
proposed glucose biosensor shows a significant pH increase
at the sensitive membrane with the increase of glucose
concentration. The driving force of the pH change is due to
the special reaction ability of MnO2 nanoparticles with
hydrogen peroxide. The enzymatic reactions can be
expressed as follows:

β-D-glucose +O2+H2O  →GOD
D-gluconate +H2O2 + H+  [3]

2MnO2 + H2O2 →   2MnOOH + O2                                         [4]

The MnOOH can be further reduced as in
reaction [5], or undergo a disproportion reaction, as in
reaction [6].

2MnOOH+4H++H2O2 → 2Mn2++4H2O+O2                         [5]

2MnOOH + 2H+ →  MnO2 + Mn2+ + 2H2O                           [6]

In the above reaction mechanism, MnO2
nanoparticles act as an oxiding agent rather than a catalyst.
In either case, the net reaction is:

-D-glucose+MnO2+H+  →GOD
Mn2++D-gluconate+H2O [7]

Obviously, one hydrogen ion is consumed in
reaction [7], resulting in an increase of pH at the
biomembrane upon the addition of glucose.

A new trend is to develop nanoscale bioFETs for in-
vivo applications (studying cell physiology, medical
screening and diagnosis). FETs fabricated by using
semiconducting single wall carbon nanotubes (nanotube
FETs, NTFETs) have been studied (120, 121). Such
devices have been found to be sensitive to various gases,
such as oxygen and ammonia, and thus it can be used as
sensitive chemical sensors. The response mechanism is
thought to be a charge-transfer reaction between the
analytes and the nanotube (122). NTFET devices (122,
123), together with devices based on nanowires (124), are
also promising candidates for electronic detection of
biological species. Alexander Star et al (125) have used the
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nanoscale field effect transistor devices with carbon
nanotubes as a conducting channel to detect protein
binding. A PEI/PEG polymer coating layer has been
employed to avoid nonspecific binding, with attachment of
biotin to the layer for specific molecular recognition.
Biotin-streptavidin binding has been detected by the
changes of the device characteristics.

With the rapid development in nanomaterials
preparation, surface modification, and assembly, it is
expected that the nano-sized materials will greatly facilitate
the appearance of various types of bioFETs with excellent
performances.

7. SUMMARY AND PERSPECTIVE

As one of the important branches of biosensors,
BioFETs possess the merits of conventional biosensors
such as high specificity and sensitivity, and have also the
advantages of common ISFET devices such as easiness for
integration and miniaturization. BioFETs are expected to
play an important role in the aspects of in vivo, on-line and
real time analysis, but there are still many fundamental and
technological problems to be resolved. With the
development in the field of biotechnology and
bioengineering and the related disciplines, such as solid-
state physics, biochemistry, microtechnology, material
science, genetics etc, foreseeable progress in developing
BioFETs would be made.

In future, the following prospects for BioFET
developments are expected: (a) ISFET-based DNA chips or
GENFET arrays for sensitive gene detection. They combine
the integration ability of the ISFET devices and the
possibility of direct DNA hybridization detection. (b) The
use of nanomaterials in constructing novel BioFETs. Based
on the special properties of nanomaterials, BioFETs with
improved characteristics and special functions may be
constructed. (c) The integration of BioFETs in micro total
analysis system (µ-TAS) or lab-on-a-chip system. BioFETs
with small size and high sensitivity are attractive detection
devices for µ-TAS. (d) The use of organic field-effect
transistor in BioFET construction. Compared with the
conventional ISFETs, organic field-effect transistors have
many advantages such as flexibility and simple
manufacture technology. Organic field-effect transistors
should be useful for the further construction of BioFETs.
(e) Biomolecules based FET. Recently, Giuseppe Maruccio
et al. (126) fabricated a field effect transistor based on a
deoxyguanosine derivative (a DNA base). Their
experiments on transport through the source and drain
electrodes interconnected by self-assembled guanine
ribbons suggest that these devices behave like p-channel
MOSFETs. The devices exhibit a maximum voltage gain of
0.76. This prototype transistor represents a start point
toward the development of biomolecular electronic devices.
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