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ABSTRACT

Recent discoveries indicate that when the materials are brought down to sizes in the range 1-100 nm, these
exhibit unique electrical, optical, magnetic, chemical, and mechanical properties. Methods have now been
established to obtain the monodisperse nanocrystals of various metallic and semiconducting materials, single-
walled and multi-walled nanotubes of carbon and other metallic and non-metallic materials together with
organic nanomaterials such as supra-molecular nanostructures, dendrimers, hybrid composites with tailored
functionalities. The high surface-to-volume ratio with an added element of porosity makes these highly potential
candidates for chemical and biological sensor applications with higher degree of sensitivity and selectivity as
compared to their bulk counterparts. The paper reviews the recent developments and applications of chemical
and biological sensors based on nanomaterials of various structural forms.
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1. INTRODUCTION based on label-free techniques, viz., surface plasmon resonance
As our civilisation is becoming more technologically (SPR), mass spectrometry, surface acoustic wave (SAW)
advanced, demand for information in every aspect of day- sensors, surface stress sensors (microcantile&ety,
to-day life has grown tremendously. Sensors and sensing The field of nanoscience and nanotechnology has been
technology play a crucial role in the process of information the most identifiable activity in modern era of materials
gathering. The need for high throughput label-free multiplexed science. There are two main attributes of nanomaterials, i.e.,
sensors for chemical and biological sensing has increasedreduced size and high surface area which make these highly
in the last decade in the newer application areas, viz., healthcare-useful for molecular-recognition properties. Further, similarity
genetics, diagnostics, and drug discovery; environmental of size scale between nanomaterials and biomolecules make
and industrial monitoring; quality control, étc nanostructures particularly attractive for intercellular tagging
Chemical sensors are defined as the analytical devicesand ideal for bioconjugation, such as antibody targeting
that convert the chemical potential energy of targeted analyte of a contrast agent. Recently, biologists have begun to use
into a proportionate measurable signal. The general conceptnanotools for a variety of applications, ranging from diagnosis
of a chemical sensor is illustrated fig. 1. Based on the of diseases to gene therapies, through integration of biomaterials
energy transduced in the sensor, these can be divided into(e.g., proteins, peptides or DNA) with semiconducting quantum
four classes as illustrated in Fi@).In most of the chemical dots and metal nanoparticlésin view of these developments,
sensors, although sensitivity has increased significantly in
recent years, however, not much improvement has been
seen in terms of their selectivity. The selectivity of a chemical
sensor is limited by the properties of the sensor materials ANALYTE HANDLING SYSTEM
that are used in a specific technology. The biological sensors
can be considered as a subset of chemical sensors that
employ biologically active molecules in the recognition functions RESPONSE
associated with transduction. Further, biosensing techniques
can be broadly classified into label-free and label-based
techniques. Label-based techniques rely on the specific
properties of labels like fluorescedgcehemiluminescenége
etc. for detecting a particular target and are much more
sensitive compared to label-free technique because of their
ability to select and tune the label for specific sensing
applications. Similarly, there are other biosensors which are
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SENSING LAYER

Figure 1. Concept of chemical sensor-reaction of the analyte
with the sensing layer generate a signal that is
converted by the transducer into a measurable
response.
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volume, very small grain and pore sizes, and shape of
metal/metal oxide patrticles, are important for sensing properties,
which gives better sensitivity and reproducibility due to
activeness of all adsorbed species in producing a surface-
depletion layer. It has been demonstrated that when the
particle radius becomes comparable to the depth of the spact
charge layer, the space charge region can develop throughou
the crystallites, thus leading to drastic resistance changes.
In addition, the high surface-to-bulk ratio of nanoparticles
allows a large density of molecules to get adsorbed on the
surface, thus leading to a big effect on the electrical conductivity.
Further, additives such &gy, Au, Pd, Pt, etc. influence the
microstructure of metal oxides and are beneficially used in
generating specificity and enhancement of sensitivity at
reduced temperature. Similarly, the diameter of nanostructured
materials are comparable to the size of chemical and biological
species, which sense and intuitively represent excellent primary
the nanomaterials have acquired great potential for sensingransducers for producing signals that ultimately interface

Figure 2. Classification of sensor technologies based on their
energy transduction.

of chemical and biological species. with macroscopic instrument. Inorganic nanostructured materials

and nanocrystals exhibit unique electrical and optical properties

2. NANOTECHNOLOGY-BASED CHEMICAL AND that can be exploited for sensing. The size-tunable colours
BIOLOGICAL SENSORS of semiconductor nanocryst&éli®, together with their highly

There is not a single sensing class or technology thatrobust emission properties, are opening up new opportunities
can effectively detect everything of interest in every possible for labeling and optical-based detection of biological species
environment. Rather, selecting the optimum sensing approactthat offer advantages when compared with conventional
from a group of materials or technologies may be the bestorganic molecular dyes widely used these days. These
method to address the sensing needs. Many new sensorgharacteristics of the nanostructured materials and nanocrystal:
are built by microfabrication techniques using advanced suggest that devices based on these could revolutionise
materials including Schottky diodes, metal-oxide semicondiictors many aspects of sensing and detection of biological and
(MOS) in micro- and nano-size forms, conducting polyrthers chemical species. Some of the sensors based on differen
electrochemical cell®, etc. Sensors developed using classes of nanostructured materials are discussed.
microfabrication techniques provide a host of advantages
including low power consumptions, small, lightweight, etc. 2.1 Nanoparticle Sensors
Moreover, such technologies can be used to produce a2.1.1 Chemical Sensors
range of different basic microsensor platforms. Nowadays, Semiconductor metal oxide (SMO) materials such as
the ability to control the particle size and morphology of SnQ, ZnO, TiO,, WQ,, etc. are considered to be better
nanoparticles is of crucial importance from the fundamental materials for chemical sensors as compared to other gas-
and industrial points of view, considering the tremendous sensing materials/techniques such as conducting polymers,
amount of high-tech applications, as promised by nanomaterialsoscillators (QMB, BAW, and SAW), electrochemical cell
of different categories (metal oxide, -chalcogenides, metals,and optical fibres. SMO gas sensors have certain specific
self-assembled structures, carbon nanotubes, etc.)advantages such as higher robustness, up to 10 years o
Characteristically high surface-to-volume ratio of nanostructured life, less sensitive to environmental moisture and temperature,
materials leads to increased reactivity and catalytic propertiessimple interface electronics, faster response and recovery
which are particularly very attractive for their chemical and time, etc.. The sensing properties of SMOs are highly influenced
biosensor applications. Current R&D trends thus suggestby a number of parameters including phase composition,
that nanoscience and nanotechnology is expected to makstructure, type of dopants, morphology, grain size, etc.
tremendous impact on the development of highly sensitive, Further, the reduction in grain size has remarkable effects
small sized, and low-cost chemical and biological sensor on gas-sensing properties of the materials. When particle
devices. size is reduced to nanometers, especially because of the

Recently, nanomaterials in different structured forms fact that the dimension of the crystallite is of the order
such as nanowires, nanorods, nanobelts, nanorings, an®f the thickness of the charge-depletion layer; energy band
nanocrystals, as they provide remarkable high surface aredending is no longer restricted to the surface region but
and interfacial properties compared to their counterpart atextends into the bulk of the grains. In other words, the
macroscopic size scale, are increasingly attractive for differentproperties of the whole grain, not just the surface, may
types of sensing devices. Nanomaterial-based sensors maghange completely due to solid-gas interactions. Accordingly,
be used in the form of thin or thick films or porous pellets. nanostructure is expected to have a dramatic influence on
The microstructure, namely high ratio of surface area-to- sensor performance.
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Amongst the different categories of nanostructures,
viz., nanoparticles, nanowires, nanotubes, nanobelts, etc.,
the nanoparticles are the most studied materials due to
certain specific advantages such as ease of preparation,
high surface-to-volume ratio, scope of developing large
variety of materials with very good control on the particle
size, availability of greater number of active centres. Examples
of some such sensors are discussed below. Among the
large number of nanocrystalline SMCBnQ, in its pure
and doped states, is the most widely studied materials for
gas-sensing applications.

Zhangd?, et al have reported the effects of composition,
microstructure, and defect chemistry on the sensing performance
of gas sensors based©nO-dopedSnQ. It has been reported
that SnQ, (CuQ) is more sensitive to N@s compared to
pure SnQ. When exposed to 1000 ppm ND in Ar, the

Figure 5. Response of th&nO,:Pdthick film to 200 ppm LPG

resistance of SnO(CuO) changed by a factor of 4.3 as with that of napocrystallinépO_z andSng:Pdto LPG: The
compared to a value of 2.9 for pBeQ and showed shorter results showKig. 3) a drastic increase in the sensitivity of
response time at a much lower temperature of ZD@s the sensor fabricated using nanosi@ed) than the conventional
compared to 300C for pureSnQ. The authors have also SnQ DO\{VQEY at an operating temperature of 350 °C. Further,
studied the effect of particle size on the sensitivitgCaf>- the addition of small amount of noble metal Pd (0.1 per
dopedSnQ, and found it to increase with decrease in the cent) resulted not only in the increase of sensitivity but also
particle size. The sensor respons€®@, and oxygen have brought down the operating temperature from 350 °C to

also been reported.

Figure 3. Temperature dependence of the sensitivity &nQO,

Figure 4. Sensitivity as a function of different concentrations
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Sarala DeW, et al. have done comparative studies on
the electrical response of micron-siz&hQ, particles

thick films at different operating temperatures.

of LPG gas at 200 °C.

200 °C. The detectability of LPG by the sensor was observed
at as low as 10 ppm concentration level which has been
attributed to the smaller size (7—10 nm) of particlER(

4). The enhancement of sensitivity due to additioRaias
attributed to the increase in adsorption sites for the sensing
as well as to the change in oxidation stat®afThe sensor
was reported to show a quick response and recovery times
of 50 s and 60 s, respectivelfFig. 5).

Sarla Devi®, et al. have also reported the sensing
properties of nanocrystallinénO-based thick films for
NH,. From the temperature-dependence of sensitivity studies
the authors have reported that the n@m® sensors show
higher sensitivity as compared to the one prepared by
using commercialZznO (C-ZnO) powder Fig. 6). The
transient response characteristics of the sensors obtained
at 300°C (Fig. 7) show thahe nanoZnO sensor exhibits
relatively fast response and recovery time (35 s) whereas
the response and recovery time @&ZnOwas 50 s. The
authors have also reported the studies on the effeletlof
impregnation in nan@nO on gas-sensing properties for
NH,, N,, LPG andH,. At an optimum operating temperature
of 300 °C, the sensor showed high sensitivityNtd, gas
(S=0.68) and was less sensitiveNp (0.1), LPG (0.25)
andH, (0.32), thereby, suggesting that the sensor can be
used for selective detection &fH..

Baruwatts, et al. reported the gas-sensing properties
of highly crystalline nanoparticles &nO prepared by
hydrothermal route. The sensor response versus operating
temperature for, as synthesis€aO nanoparticles towards
reducing gases, viz. LPG ai&dOH is shown inFig. 8. The
nanoparticles show typicattype conductivity behaviour,
as observed by a drop in voltage across the sensor element,
indicating decrease in electrical resistance when exposed
to both the reducing gases. Although the response of the
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Figure 6. Sensitivity as a function of operating temperature
of: (a) nano-ZnO and (b) C-ZnO exposed to 100 ppm
NH, gas at 300 °C.

Figure 7. Transient response characteristics oZnO exposed
to 100 ppmNH, gas at 300 °C for: (a) nan&nO and
(b) C-zZnO.

sensor is slightly better foEtOH at the same operating

Figure 8. (a) Sensor response(S) versus opertaing temperature
plot of ZnO nanoparticles towards 10 per cent LPG and
Et-OH, (b) sensor response(S) versus operating
temperatures plot of theZnO nanoparticles towards
10 per cent LPG and EtOH after 0.1 per centPd
incorporation. (c) sensor response(S) versus
logarithimic gas concentration plot of the Pd-
incorporated ZnO nanoparticles at 170 °C. Error bar
indicates the standard deviation, and (d) response
characteristics of thePd-incorporated ZnO nanoparticles
to 200 ppm LPG and EtOH at 170 °C. (Reproduced
with permission from!.© 2006 Elsevier Science)

Recently, several reports have appeared on the synthesic
of nanocrystallindiO,(NC TiO,) and studies on their gas-
sensing properties. Akbdret al have reported comparative
studies orH, sensing properties @iO, and mixed samples
of SnQ andTiO, wherein it was observed that samples with
higher surface areas were more sensitig,tim the presence
of oxygen. RuiZ®, et al reported the effects of various
metal additives, viz.Au, Ag, Pt, Pd, Cu, Co, Nb, andV,
on the gas-sensing performances Te©, nanocrystals.
Among different additives testedu was found to be the
most attractive promoter for theO sensing properties.
Huo'®, et al. have reported studies on gas-sensing properties
of nanosized titania thin films towards various alcohol gases.

Although extensive studies have been reported on
gas-sensing properties of nanoparticles of different materials,
there are only few reports on the gas sensors based or
nanocomposite materials. In DL, Jodhpur, Kuffi&r et al
reported a novel method for room temperature synthesis
of nanocomposites of metals and mixed metal oxides in a
copolymer matrix of aniline-formaldehyde. The thin and

temperature (around 250 °C), its response to other interferingthick films of pure and aluminum-doped,0, have been
gases likeH,, NH,, etc was very low as compared LPG and reported to show high sensitivity, at ppm level, towards

EtOH. Further studies oBnO nanoparticles, incorporating

polar toxic gases such &, CO, HCI, HCN, oxides of

0.1 per cenPd, showed a reduction in operating temperature sulphur and nitrogeh?* The current versusO concentration

by > 100 °C.

curve Fig. 9) shows linear response of the sensor material
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multiplexing applications in molecular biotechnology and
bioengineering.

2.2 Nanowire-based Sensors
2.2.1 Chemical Sensors

The unique and fascinating properties of nanostructured
materials have triggered tremendous motivation among
researchers to explore the possibilities of using these in
various shapes and sizes for sensing applications. Amongst
various nanostructures, inorganic quasi one-dimensional
(Q1D) systems show promising sensing capabilities for
gas molecules and biological species. Mostly, semiconducting

Figure 9. Plot of concentration ofCO versus current for the Q1D systems are natural candidates for chemical-sensing
sensor based on nanocomposite of aluminum doped  applications due to their large surface-to-volume ratio and
iron oxide in a copolymer matrix of aniline- finite charge carrier concentration, which can be significantly
formaldehyde. influenced by the chemical surroundings. It has been well

up to concentration level of 140 ppm. The sensors based &ccépted that the electrical property change is the consequence

on these materials have been found to show fast response?f charge transfer between Q1D systems and chemisorbed
and excellent reversibility. Gas-sensing studies on SPecies. Based on the mechanism of detection, various

nanocomposites ofiO, andSnQ, in conducting polymer Q1D systems have been digured as chemical sensors

matrix have been reported by R&net al. Kotsikaw®, et

al. have reported the synthesiF@&0,-SnQ nanocomposites
by sol-gel technology and influence of phase composition,
structural peculiarities and grain size of particles on the
gas-sensing properties towarh©, and C,H.OH.

2.1.2 Biosensors

There has been significant interest in metal nanoparticles
due to their applications as sensor in biological and medical
fields. These particles also have remarkable recognition
capabilities of biomolecules, which lead to miniature biological
electronics and optical devices including probes and sensors.
Such devices may exhibit advantages over existing technology,
not only in size but also in performance. For example, DNA
sequence-specific detection is the most important topic
nowadays because of its application in the diagnosis of
pathogenic and genetic diseases. Mostly, gold metal
nanoparticle-based nanoprobes and sensors have been
employed for detection of DNA-specific sequence, DNA
hybridisation, and polynucleotide detection. Recently2Sun
et al. have reported studies on DNA-based nanomaterials
as biosensors for detection of DNA sequence and hybridisation.
Similarly, FritZ%, et al have demonstrated DNA immobilisation
and hybridization using microcantilever measured by optical
deflection detection. To simplify the detection system, Marie
et al developed cantilever systems using piezistése
detection system instead of optical deflection method for
sensing DNA hybridisation. In addition to metal nanopatrticles,
there are also a large number of studies on semiconducting
quantum dots conjugated with biomolecules as novel probes.
These dots provide important advantages of water solubility Figure 10.(a) ZnO NW -V curves obtained in different NO,

and biocompatibility when compared with organic dyes. concentrations atvg=0V andVg =-5V (b) Inset: N\W
Further, the emission wavelength of quantum dot nanocrystals conductance versuNO, concentration atVds= -5V
changes with different crystal sizes and a single light source (c) NW FET I-Vg curves obtained in pureAr (0 ppm),

5 ppm and 10 ppmNO,. Inset: detection sensitivity as
a function of gate voltage. (Reproduced with
permission from American Institute of Physics, 2005).

can be used for simultaneous excitation of all different-
sized dots. These novel optical properties render quantum
dots ideal flurophores for ultrasensitive, multicolour, and
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for detection of toxic and flammable gases suciN@s, superior sensitivity relative to oxygen sensors based on
CO, NH,, ethanol, etc. For example, Faet al. demonstrated porous undoped titania.
ZnOnanowire field effect chemical sensor for detection of Another class of metal oxide nanofibres also show

NO, and NH at room temperature (Fig. 10). It was observed high sensitivity and selectivity for amines. Ribf|eet al
that the detection sensitivity can be tuned by the backfabricated chemiresistor-type gas sensor by the deposition
gate potential and large negative gating could significantly of V,O, nanofibres from aqueous suspension onto silicon
expedite the desorption process at room temperature. Furthersubstrate. Due to high conductivity of these fibres, sensors
the ammonia-sensing behaviour of nanowires was observectould be operated at room temperature. The researchers
to switch from oxidizing to reducing when temperature was observed that these sensors were extremely sensitive fol
increased from 300K to 500K. 1-butyalamine (limit of detection below 30 ppb) and moderate
Similarly, Rad! et al. preparedZnO nanowires by sensitivity for ammonia. The response transien®/R )
electrochemical deposition in alumina membranes as wellof the V,0O, chemiresistors are shown in Fig.11.
as ZnO nanotubes and their sensing characteristics were Recently, Sawick®, et al. synthesised composite
investigated foH, and ethanol vapour. The sensing properties nanostrucrures consisting of polymer (PVP) and metal-oxide
of these nanostructures were also investigated after impregnatingianofibres/nanowires dfloO,/WQO, using electrospinning
these with 1 per ceret. They observed that nanowires technique. They observed thatO, nanofibres can be used

after impregnation witlPt show excellent sensitivity tid, asNO, gas-sensing elements and the results were superior
and low concentration of ethanol vapour at relatively low in terms of sensitivityKig. 12), faster response and lower
temperatures (=150 °C). gas detection limits compared to sol-gel processed films of

Further, Xiangfen®, et al fabricated gas sensors from the same materials. Recently, Dobrokhéteet al fabricated
In,O, nanowires and investigated their gas-sensing properties chemical sensors of GaN nanowires decorated by gold nanoparticle
Sensors based om,0, nanowires exhibited excellent and their electrical properties as a function of exposure to
performance, characterised by high response, good selectivityAr, N,, and methane gas. It was observed that gold nanoparticle-
very short response time to diluigH,OH and proved to decorated nanowires exhibit chemically selective responses.

be practical detectors for dilute ethanol. These sensors exhibited a nominal responée émd slightly
ForO, gas detection, nanostructured titania pad arrays greater response th, (Fig. 13).
were fabricated by Zuru¥j et al. wherein, anatase titania In addition to metal-oxide nanowires, metal/semimetal

was formed in sponge-like structure consisting of interconnectednanowires are also attractive for sensing applications.The
nanoscale wires and walls. The variation of hundreds of method of fabrication of different metal nanowires on various
oxygen molecules over a 20 um nanostructure titania squaresubstrates and their sensing properties were studied. Fot
pad sensing element were detected at 250 °C. These sensoexample, Atsbéar, et al fabricated arrays oPd nanowire
operate at lower temperature, show fast response time anan to the top step edges of highly oriented pyrolytic graphite

Figure 11.Response transientR(R, ) of the V,O, chemiresistor at 40 per cent Ri to 1-butylamine: (a) between 150 ppb and 9.5 ppm,
(b) at 30 ppb, (c) shows the response amplitudes measured after 300 s analyte exposure as a function of thel-butylamine
concentration, at 5 per cent R4, 20 per cent R4, and 40 per cent B1. (d) shows how the response amplitude to 1.2 ppm
1-butylamine vapour increases linearly by 5.4 per cent with increasing humidity by 1 per cent. All measurements were
performed at room temperature. (Reproduced& with permission from Elsevier Science, 2005).
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Figure 12. (a) Sensing data for the sol-gel-bas&dO, thin film's
response toNO, and (b) Sensing data for the nano-
fibre-basedWOQ, film response toNO,. (Reproduced®
with permission from Elsevier Science, 2005).

Figure 13.V-I curves of bare GaN nanowires sensor (1) (right
hand vertical axis) and a sensor constructed from
material of gold nanoparticle-decorated GaN nanowires
(curves2-5) (left-hand scale) for in vacuum(2), and
atmospheres ofAr(3), N,(4), and methane (5). The
inset is an expanded view of the |-V data in the first
quadrant (¢: vacuum,e: N_,m :methane). (Reproduceé&
with permission from American Institute of Physics,

5, SEPTEMBER 2008

mol ™), good reproducibility and long term stability. Further,
nanowire films ofSimodified withMg are shown to perform

as sensors for detectifyO, in aqueous solution. Recently,
Kamins®, et al. have grown metal-catalysed silicon nanowires

in between silicon electrodes and their sensing properties
were studied by exposing to vapours containHh@l or

NH, at reduced pressure. These nanowires showed increase
in conductance while exposedH&| vapour and decrease

in conductance tdNH, vapour.

2.2.2 Biosensors

Since the nanowire diameter can be comparable with
the size of biomolecules, these materials could be exploited
for detection of biological species. Cliet al. demonstrated
sensitive biochemical sensor using biotin-modifiegt (
doped)Si nanowires to detect streptidin down to pico
molar concentration. They also showed that antigen-functionised

Figure 14 Nanowire sensors for drug discovery (A) ATP
(adenonsine triphosphate) binds to the kinage active

2006). site and than phosphate is transferred to a tyrosine
' N ) ) (Tyr) residue of the substrate protein, (B) detection of
using electrodeposition technique. Later on, these nanowires ATP binding and a small-molecule inhibition using

were transferred on to nonconducting polymer surfaces to

Si nanowire sensor device functionalised with the

study the gas-sensing properties. It has been observed that tyrosine kinase Abl, (C) structures of small molecules

the sensor response th, gas was fast and resembled a
switch with two orders of magnitude change in conductance.
Recently, Sha®, et al reported that th&i nanowire film

modified with can be used as a sensor for glucose detection

in agueous solution. These sensors also show wide linea
range (0-10 mM glucose), high sensitivity (172 nA/m

642

investigated for the inhibition of ATP binding to Abl,
and (D) normalised conductance versus time data
recorded from Abl-modified Si nanowire devices using
solutions containing 100 nMATP and 50 nM small
molecule Gleevec (red), Al (blue), A2 (green), A3 (pink),
and biotin (black). (Reproduced* with permission from
National Academy of Science,USA, 2005).
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@) (b) (c)
Figure 15.Ammonia concentration versus time when urea solutions reacted with (a) 0.2 ml of urease in PBS buffer, (b) 0.2 ml 30
per cent urease in buffer/70 per cent PVP in ethanol solution, and (c) 0.1 ml of urease/PVP nanofibre material. (Reprodudted
with permission from Elsevier Science, 2005).

Si nanowires showed reversible antibody binding and technique and the materials have proved to be good ures
concentration-dependent detection in real time. biosensors. These sensors may find their applications in
Further, Patolsky and Lib&rin their review have  the areas of medical diagnosis, environmental and bio-
described th&inanowire-based FET devices for protein, industrial analysis. (Fig. 15)
DNA, drug molecules and viruses down to single molecule
detection (Fig. 14). Similarly, Currétjet al. demonstrated 2.3 Nanotube-based Sensors
selective functionalisation of an array lof,0, nanowire- 2.3.1 Chemical Sensors
based devices by electrochemically activating their surfaces Nanotubes of carbon and metal oxides have been attractive
and then immobilising single-stand DNA. Recently, Kuthar  since last few years for their sensing properties for different
et alreported that nanoscalemOstructures can be effectively  analytes. Among these nanotubes, carbon nanotubes (CNTs
used for the identification of the biothreat agent Bexillus are mostly used as sensor devices. In 2000, Spéhal
anthracisby successfully discriminating its DNA sequence demonstrated that CNTs exhibit very good adsorption properties
from other genetically related species. The authors havebecause of their high specific surface area and a nano-
explored both covalent and non-covalent linking schemes scale structure that provides a large number of sites where
to couple probe DNA strands to tl&O nanostructures.  the gaseous molecules can react. The adsorption of gaseou
They observed that the use of nanomaterials greatly enhancestholecules on to the surface of a CNT alters its electrical
the fluorescence signal collected after carrying out duplex properties, enabling the CNT to act as a gas sensor. Suct
formation reaction. Further, they found that the presencesensors operate at room temperature, since then, various
of underlyingZnO nanomaterials were critical in achieving sensing devices have been fabricated using different structural
increased fluorescence detection of hybridised DNA and CNTs (single-walled and multi-walled) and their sensing
therefore accomplishing rapid and extremely sensitive identification characteristics have been studied by a number of researcher
of the biothreat agent. In addition, Sawitkat al prepared at room temperature. For example, Kéfngt al. developed
nanocomposite fibres of urease and PVP by the electrospininga gas sensor based on single-walled carbon nanotube (SWCNT)

(@) (b)
Figure 16. (a) Electrical conductance response of a semiconducting SWNT to 200 pN®, (b) Electrical conductance response of
a semiconducting SWNT to 1 per cenlH . vapour. (Reproduced® with permission from Science Publishing Group, 2000).
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Figure 17. Response curve of hybrid SWCNTSO, sensor toNO, in N, at room temperature. (Reproduce® with permission from
Elsevier Science, 2004).

whose electrical conductance changes quickly on exposure
to gaseous molecules suchN®, andNH, with very high
sensitivity. They found that conductivity of the semiconducting
SWCNT changed rapidly over several orders of magnitude
upon exposure téNO, and NH, gases. In particular, an
increase in the conductivity by up to three orders of magnitude
was observed within 10 s after exposing the SWCNT to
200 ppmNO,, while conductivity decreases by two orders
of magnitude, within 2 min, upon exposure to 1 per cent
NH, vapour (Fig. 16). Recently, Youfiget al. achieved
ultra high sensitivity detection ®O, gas using composite
films of SWCNT mesh doped with alkanethiol monolayer-
protected gold clusters (MPC). They observed that the
detection limit ofNO, gas was improved 9.6-fold to 4.6 ppb
compared with pure SWCNT sensors.

In addition, Wet®, et alhave fabricated new hybrid
SWCNTsENQ, gas sensors by adding SWCNTSs itwQ,
substrate. Later on, these hybrid sensors were utilised for
the detection oNQ, in flowing air orN, and have shown
much higher sensitivity and recovery property than a pure
SnQ sensor. (Fig. 17).

For organic vapour detection at room temperature, Fenza

Figurel8. Impedance response of the MWCNT gas sensor to
ammonia gas (10 ppm). The sensor was obtained after
a 3 h DEP trapping process.The amplitude and

et al fabricated microacoustic sensors, wherein SWCNTSs frequency of the electrode energising potential were
were embedded in cadmium arachida@e &) amphiphilic 8 V (peak-to-peak) and 100 kHz, respectively.
matrix. This microacoustic sensor was based on surface (a) conductance response,bf capacitance response.
acoustic waves (SAWSs) ST, X quartz 315 MHz and 433 MHz (Reproduced* with permission from Institute of
two-port resonator oscillator. The measured acoustic sensing Physics, UK, 2003).

characteristics indicated that the SAW sensitivity of the Suehird®, et al. successfully fabricated MWCNTs-based
composites to polar and non-polar organic molecules (ethanol, gas sensors by positive dielectrophoresis (DEP) on a
ethyalacetate, and toluene) was up to two times higher than microelectrode array. In this sensor, MWCNTSs were trapped
that of unembedde@dA devices. Recently, Consatéset and enriched in an interdigitated microelectrode gap under
al.fabricated multilayers of SWCNTs with different thicknesses the action of DEP force. Finally, microelectrode-retaining
and successfully transferred these directly on to the sensorMWCNTSs was exposed t8H, gas while electrode impedance
surfaces and tested for detection of toluene and xylene atwas monitored. It was found that electrode impedance was
room temperature. The results obtained indicate that SWCNTs- altered on its exposureliH, at ppm level at room temperature.
based sensors showed high sensitivity, very low limit of The impedance response of the MWCNT sensor to ammonia
VOC detection. gas (10 ppm) is shown in Fig. 18 and conductance change
Apart from the SWCNTs, MWCNTs-based gas sensors as a function oNH,gas concentration is shown in Fig. 19.
have been developed by various authors. For example, The metal oxide nanotube-based gas sensors have
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electrocatalytic activity towardsi,O, of the fabricated
PDDA/GO/PDDA/CNT electrode indicated that the
polyelectrolyte —protein multilayer does not affect the
electrocatalytic properties of CNT, enabling sensitive
determination of glucose. The detector has a wide linear
response range of 15 pM to 6 mM and detection limit
of 7 uM. This biosensor has shown excellent properties
for the sensitive determination of glucose with good
reproducibility, remarkable stability, and freedom of
interference from other coexisting electroactive species.
Another amperometric biosensors based on functionalised
MWCNTs grown onPT substrate for detecting glucose
Figure 19.Conductance change of the MWCNTs gas sensor as has been developed by Anthéfet al. The opening and
a function of ammonia. (Reproduced with permission functionalisation by oxidation of the nanotube array allows
from Institute of Physics, UK, 2003). for the efficient immobilisation of the model enzyme, glucose
oxidase. The carboxylated open-ends of nanotubes were
also been reported by many researchers. Recently,*€hen used for the immobilisation of the enzymes, while Bte
et al. synthesisedMCo,0, (M = Ni, Cu, Zn) nanotubes by  substrate provided the direct transduction platform for
a porous alumina-template method. These nanotubes shovsignal monitoring. This sensor showed linear response from
excellent selectivity and high sensitivity to various gases 0.25 to 2.5 mM of glucose and sensitivity of
such as ethanol ai®0, due to their one-dimensional electronic  93.9 + 0.4 pAmNM cm?.
conductivity. Similarly, Hamaguctf et al. fabricatedSnQ Further, CNTs have been used for DNA detection
nanohole arrays by liquid phase deposition method. TheseThe high surface area of SWCNTSs provides additional advantages
nanohole arrays, later on covered by noble metal electrodesn DNA detection.To date, there are several reports on
(Au, Pt, andPd) and their sensing properties were studied electrochemical detection hybridisation using MWCNTs
under exposure td, gas. These sensors exhibited reversible electrodes. Whereas electrochemical methods rely on
response tti,in air and their temperature-dependent gas electrochemical behaviours of labels, measurement of direct
responses were studied by varying the electrode positionselectron transfer between SWNTs and DNA molecules paves
The authors reported th&t, response was much higher the way for label-free DNA detection. SWNT-based field-
in the sensor coated with a pair of electrodes at both theeffect transistors have been developehd explored for
surfaces as compared to sensor equipped with inter-digitatechighly sensitive electronic detection of biomlecules such

electrodes on one side only. as antibodies.
2.3.2 Biosensors 2.4 Nanobelt-based Sensors
Carbon nanotube is an equally attractive material for Nanobelts of semiconducting oxide, with ribbon like

the development of biosensors because of its capabilitymorphology are very promising for sensor applications
to provide strong electrocatalytic activity and to minimize due to further enhancement in the surface-to-volume ratio.
surface fouling of the sensors. A disposable biosensorin the polycrystalline and the thick film devices only a
based on acetyl cholinesterase—functionalised acid purifiedsmall fraction of the species adsorbed near the grain boundarie:
MWCNTs-modified thick filmstrip electrode for isactive in modifying the device, electrical transport properties.
organophosphorus (OP) insecticides has been developed®n the other hand, in the new sensors based on single
by Sotiropoulou and ChaniotakisThe degree of inhibition  crystalline nanobelts, almost all of the adsorbed species
of the enzyme acetylcholinesterase (AChE) by OP compoundsare active in producing a surface depletion layer. Although,
was determined by measuring the electrooxidation currentmany different oxides have been investigated for their gas-
of the thiocholine generated by the AChE catalysed hydrolysissensing properties, the most promising material for gas
of acetylthiocholine (ATCh). This biosensor detected as sensors in the form of thin or thick films or porous pellets
low as 0.5 nM (0.145 ppb) of the model organophosphateis SnQ. Therefore, intense research has been focused for
nerve agent paraoxon with good precision, electrode-to—the fabrication oSnQ nanobelts of different sizes and as
electrode reproducibility and stability. a matter of interest, for their sensing properties. In addition,
Similarly, glucose biosensor has been fabricated basedsince the size of the depletion layer 8Q due to oxygen

on immobilising glucose oxidase (GXn the negatively  ionosorption penetrates 50 nm or more through the bulk,
charged CNT surface by alternatively assembling a cationicthe belts are probably almost depleted of carriers as a
polydiallldimethylammonium chloride (PDDA) layer and a pinched-off FET because belt thickness is typically < 50
GO, layef®. The unique sandwich-like layer structure (PDDA/ nm. The presence of poisoning species will switch the
GO /PDDA/CNT) formed by self-assembling provides a structures from a pinched-off to conducting channel with
favorable microenvironment to keep the bioactivity of GO  strong modification of electrical properties. Further, reduction
and to prevent enzyme molecule leakage. The excellentof belt size could lead to the development of quantum
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@)

(b)

(©

Figure 20.(a) Response of th&nO, nanobelts to ethanol at a
working temperature of 400 °C and 30 % RH. (b)
Response of thesnO, nanobelts toCO at a working
temperature of 400 °C and 30 % RH. (c) Response of
the SnQ, nanobelts toNO, at a working temperature
of 200 °C and 30 % RH. (Reproduced with permission
from American Institute of Physics, 2002).

@)

confined structures and nanodevices. For example, C&mini
et al. fabricated gas sensors using single crystaling
nanobelts. These nanobelt sensors are shown to be very
sensitive to polluting gaseous species [&® and NO,
and are highly suitable for environmental applications.
Further, these sensors also show sensitivity to ethanol
vapours in breath analysers and food-control applications.
Response current of tiBnQ, nanobelts to different gaseous
environment CO, NO, and ethanol) at 30 per cent RH
(relative humidity at 20 °C) are shown in Fig. 20. The
sensor response, defined as the relative variation of conductance
due to the introduction of gas was found 4160 per cent
for 250 ppm of ethanol and —1550 per cent for 0.5 piip
at 400 °C and 200 °C, respectively. Very recently? lat
al. has prepare®,0, nanobelts coated withe,O,, TiO,,
and SnQ nanoparticles by mild hydrothermal reaction.
The gas sensitivity of these coated nanobelts were investigated
and compared to puré,O, nanobelts. The experimental
results show that the nanobelts coated with nanosize metal
oxide offered better sensitivity than uncoated nanobelts.
The comparison of the gas-sensitivity propertie&/ @,
nanobelts with different coating materials was also been
demonstrated.

Apart from nanobelts d8nQ andV,0,, ZnOnanobelts
also show gas-sensing properties. Sa&tlek al. fabricated
SAW gas sensor based anOnanobelts. In these sensors,
36°YX LiTaO, and 64% X LiNbO, substrates were used
as transducing platforms for gas-sensing investigation.
ZnO nanobelts layer was deposited on to the active area
of SAW devices and sensing behaviour was investigated
for H, andNO, gasses at different operating temperatures
between 20 °C to 200 °C. It was observed that, the response
of 64° LiNbO, SAW transducer towards 10 pgd©O, with
3.5 kHz frequency shift at 160 °C and 36TaO, SAW
transducer towards 1 per cef with 3 kHz frequency
shift at 185 °C. The response curves of these sensors
together with frequency shift wNO,andH, concentration
are shown in Figs. 21 and 22. Further, fast response and
recovery time were also observed from these sensors.

(b)

Figure 21.(a) Response of a 36° YKiTaO, SAW-based sensor towards different concentrations 1, gas at 185 °C and (b) Frequency
shifts versusH, concentrations (%). (Reprinted® with permission from IEEE, 2005).
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@)

(b)

Figure 22. (a) Response of a 64° YKINbO, SAW-based sensor towards different concentrations MO, gas at 160 °C. (b) Frequency
shift versus NO, gas concentration (ppm). (Reprinteé with permission from IEEE, 2005).

3.

based on nanomaterials in different structural forms, i.e., 10.

CONCLUSIONS
The foregoing discussions indicate that the sensors

particles, wires/fibres, tubes, and belts are of great potential,
both for detection of chemical and biological species with

greater sensitivity and selectivity of analytes. It is expected 11.

that through expanded R&D on synthesis of new materials
in different structural forms will lead to development of
miniaturised devices and find their application in diverse

areas such as healthcare, pollution control, and defence, etcl2.

REFERENCES

1

Pierce, T. C.; Schiffman, S. S.; Nagle, H. T. & Gardner,

J. W. Hand book of Machine Olfaction. Ed. Wiley- VCH 13.

Verlag GmbH and Co, Weinheim, Germany, 2003.
Orellana, G.; Gomezcarneros, A.M.; Dedios, C.;

Garciamartinez, A.A. & Morenobondi, M.C. Reversible 14.

fiber optic fluorosensing of lower alcoholnalytical
Chemistry 1995, 6713), 2231-238.

Collins, G.E.; Rosepehrsson, S.L. Chmiluminescent chemical15.

sensors for inorganic vaporSensors and Actuators
B, 1996,34(1-3), 317-22.
Brecht, A. & Gauglitz, G. Label free optical immunoprobes

for pesticides detectioNature Anal. Chimi. Acta 16.

1997,347(1-2).
Aebersold, R. & Man, M. Mass spectrometry based
proteomicsNature 2003,422(6928), 198-207.

Thundat, T.; Cote, R. J. & Majumdar, A. Bioarrays of 17.

Prostated-Specific Antigen (PSA) using microcantilevers.
Nature Biotechnology2001,16(9), 856-60.

Thaxton, C.S.; Thaniel, N.; Rosi, L. & Mirkin, C.A. 18.

Optically and chemically encoded nanoparticle materials
for DNA and protein detectiorMRS Bulletin 2005,

30, 376-80

Aslam, K.; Gryczynski, |.; Maricka, J.; Matveeva, E.;

Lakowicz, J.R. & Geddes, C.D. Metal-enhanced fluroscence 19.

an emerging tool in biotechnologZurrent Opinion
in Biotechnology 2005,16, 55-62.
Janata, J. & Josowicz, M. Conducting polymers in electronic

chemical sensordNature Materials,2003,2(1), 19-

24,

Suzuki, H. Advances in the microfibraction of the
electrochemical sensors and systeRiectroanalysis
2000,12(9), 703-15.

Manzoor, K.; Vadera S.R.; Kumar, N. & Kutty T.R. N.
Synthesis and photoluminescence properties of ZnS
nanocrystals doped with copper and halogdater.
Chem. Phys2003,82, 718-25.

Murray, C.; Norris, D.J. & Bawendi, M.G. Synthesis
and characterisations of monodisperse CdE (E = sulfur,
selenium, Tellurium) semiconductor nanocrystallites.
J. Am. Chem. S0c1993,115(19), 8706-715.

Zhang, G. & Liu M. Effect of particle size and dopant
on properties oBnQ based gas sensd@ensors and
Actuators B 2000, 69 144-52.

Sarala Devi, G.; Venkanna G.T. & Bala Subrahmanyam,
V. NanosizedSnQ, powder and its application as LPG
gas sensorsAsian J. Phys 2005,14(1&2), 41-47.
Sarala Devi, G.; BalaSubrahmanyam, V.; Gadkari, S.C.
& Gupta, S.KNH, gas sensing properties of nanocrystaline
ZnObased thick filmsAna. Chim. Acta2006,568 41-

46.

Baruwati, B.; Kishore Kumar, D. & Manorama, S.V.
Hydrothermal synthesis of highly crystallinenO
nanoparticles: A competitive sensor for LPG and EtOH.
Sensors and Actuators, B006,119(2) 676-82.

Akbar, S.A.; Camey, C.M. & Yoo, S. Ti&nQ,
nanostructures are theit, sensing behavioSensors
and Actuators B2005,108(1-2), 29 -33.

Ruiz, A.M.; Cornet, A.; Shimanoe, K.; Morante, J.R.
& Yamazoe, N. Effect of various metal additives on the
sensing performance &fO, nanocrystal obtained from
hydrothermal treatmen&ensors and Actuators B005,
10§1-2), 34-40.

Huo, L.; Sun, L.; Zhao, H.; Gao, S. & Zhao, J. Preparation
and gas sensing property of nanosized titania thin
films towards alcohol gasSens. Actuators ,B2006,
114(1), 387-91.

647



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

648

DEF SCI J, VOL. 58, NO. 5, SEPTEMBER 2008

Vadera, S.R.; Tuli, A.; Kumar, N.; Sharma, B.B.; Gupta,
S.R.; Chandra, P. & Kishan, P. Preparation and study
of finely dispersed magnetic oxide in polmer materix.
J. Phys. 1V 1997,7C, 1549-550.

Mathur, R.; Sharma, D.R.; Vadera, S.R.; Gupta, S.R.;
Sharma, B.B. & Kumar, N. Room temperature synthesis
of nanocomposites dfin-Znferrites in polymer materix.
Nanostructural Materials1999,11(5), 677-86.

Mathur, R.; Sharma, D.R.; Vadera, S.R. & Kumar, N.
Magnetic properties of nanocomposites of mixed oxides
of iron and Chromium synthesised under defferent
oxidatative environmentBull. Mater. Sci, 1999,22(6),
991-97.

Kumar, N.; Vadera, S.R.; Negi, S.C. & Senwer, K.R.
Process for producing a polymeric gas sensor compound
for toxic gases. Indian Patent N0.186788. 1993.
Misra, S.C.K.; Chandra, S.; Paihar, M.; Vadera, S. R.
& Kumar, N. Enviromental sensing by polymer sensor.
MAPAN J. Metrology Soc. Indjd997,12(2-4), 257-

60.

Ram, M.K.; Yavuz, O.; Lahsangah, V. & Aldissi, ®O

gas sensing from ultra thin nano-composites conducting
polymer film.Sensors and Actuators B005,106(2),
750-57.

Kotsiaku, D.; Ivanovskaya, M.; Orlik, D. & Falasconi,
Gas sensitive properties of thin and thick films sensor
based onFe,0,~SnQ, nanocompositesSensors and
Actuators B2004, 1011-2), 199-206.

Sun, Y. & Kiang, C.-H. DNA based artificial nanostructures:
Fabrications, properties and applications. Edited by
Nalwa, 20052, 224-46.

Feritz, J.; Baller, M. K.; Lang, H. P.; Rothuizen, H.;
Vettiger, P.; Meyer, E.; Guntherodt, H. J.; Gerber, C.
& Gimzewski, J. K. Translating biomolecular
recognition into nanomechanicsScience 2000,
288(5464), 316-18.

Marie, R.; Jensenius, H.; Thaysen, J.; Christensen, C.B.
& Boisen, A. Adsorption kinetics and mechanical properties
of thiol-modified DNA-oligos on gold investigated by
microcantilever sensorglltramicroscopy 2002 91(1-

4), 29-36

Fan, Z. & Lu, J.G. Gate —refreshable nanowire chemical
sensorsAppl. Phys. Lett 2005,86, 123510-03.

Rao, C.N.R.; Rout, C.S.; Krishna, S.H.; Vivekchand,
S.R.C. & Govindaraj, A. Hydrogen and ethanol sensors
on ZnO nanorods, nanowires and nanotub@kem.
Phys. Lett 2006,418(4-6), 586-90.

Xiangfeng, C.; Caihong, W.; Dongli, J. & Chenmou,
Z. Ethanol sensor based on indium oxide nanowires
prepared by carbothermal reduction reactiGhem.
Phys. Lett, 2004,3994), 461-64.

Zuruzi, A. S.; Kolmakov, A.; MacDonald N. C. & Moskovits,
M. Highly sensitive gas sensor based on intergarted
titania nanosponge arraysppl. Phys. Lett 2006,88(10),
102904-1-3.

Raible, I.; Burghard, M.; Schlecht, U.; Yasuda, A. &

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Vossmeyer, T.V,0O, nanofibres: Novel gas sensors
with extremely high sensitivity and selectivity to amines.
Sensors and Actuators, 2005, 106, 730-35.
Sawicka, K.M.; Prasad, A. K.& Gouma, P. |I. metal
oxide nanowires for use in chemical sensing applications.
Sens. Lett 2005,3(1), 1-5.

Dobrokhotov, V.; N.Mellory, D.; Norton, M.G.; Abuzir,
A.; Yeh, W.H.; Stevenson, |.; Pouy, R.; Bochenek, J.;
Cartwright, M.; Wang, L.; Dawson, J.; Beaux, M. &
Berven, C. Principles and mechanisms of gas sensing
by GaN nanowires functionalized by gold particlés.
Appl. Phys, 2006,99(10), 104302-04306.

Atashbar, M.Z. and Singamaneni, S. Room temperature
gas sensor based metallic nanowsensors and Actuators

B, 2005,111-112 13-21.

Saho, M. -W.; Shan, Y. -Y.; Wong, N. —-B. & Lee, S.
—T. silicon nanowires sensors for bioanalytical applications:
Glucose and Hydrogen peroxide detectiaddy. Funct.
Mater., 2005,15(9), 1478-82.

Kamins, T.I.; Sharma, S.; Yasseri, A.A.; Li, Z. & Straznicky,
J. metal catalized ,brdging nanowires as vapour sensors
and concept d = for their use in a sensor system.
Nanotechnology2006,17(11), S291-7.

Cui, Y. ;. Wei, Q.Q.; Park, H.K. & Lieber, C. M. Nanowire
Nanosensors for highly sensitive and selectivity detection
of biological speciesScience2001,293(5533), 1289-

92.

Patolosky, F. & Lieber, C.M. Nanowire nanosensors.
Materials TodayApril 2005,8(4), 20-28.

Curreli, M.; Li, C.; Sun, Y.; Lei, B.; Gunderson, M. A.;
Thomson, M. E. & Zhou, C. Selective functionalisation
of In,O, nanowire Mat Devices for biosensing applications.
J. Amer. Chem. S0c2005,127, 6922 -923.

Kumar, N.; Dorfman, A. & Hahm, J. —in. Ultra sensitive
DNA sequence detection using nanoscal®© sensor
arrays.Nanotechnology2006,17, 2875-881.

Sawicka, K.; Gouma, P. & Simon, S. Electrospun
biocomposite nanofibres for urea biosensi@gnsors
and Actuators B2005,108, 585-88.

Collins, P. G.; Bradley, K.; Ishigami, M. & Zettal, A.
Extreme oxygen sensitivity of electronoic properties
of carbon nanotube&cience 2000,287, 1801-804.
Kong, J.; Franklinn, N. R.; Zhou, C.; Chapline, M.G.;
Peng, S.; Cho, K. & Dai, H. Nanotube molecular wires
as chemical sensorScience 2000,287, 622-25.
Young, P.; Lu, Y.; Terriu, R. & Li, J. High sensitivity
NO, detection with carbon nanotube-gold nanoparticles
composite filmsJ. Nanosci. Nanotechgl2005,5(9),
1509-513.

Wei, B. -Y.; Hsu, M.-C.; Su, P. -J.; Lin, H. —=M.; Wu,
R. -J. & Lai, H. =J. a nove®nQ, gas sesors doped
with carbon nanotubes operating at room temperature.
Sens. and Actuators, 2004,101, 81-89.

Peneza, M.; Tagliente, M. A.; Aversa, P. & Cassano,
J. Organic- Vapor detection using carbon-nanotubes
nanocomposite microacoustic senso@hem. Phys.



50.

51.

52.

53.

54.

PATRA, et al.: NANOTECHNOLOGY APPLICATIONS FOR CHEMICAL AND BIOLOGICAL SENSORS

Lett, 2005,409(4), 349-54.
Consales, M.; Campopiano, S.; Cutolo, A.; Penza, M.;
Aversa, P.; Cassano, G.; Giordano, M. & Cussano, A.

Sesing properties of buffered and not buffered carbon 56.

nanotubes by fibre optic and acoustic sensbhisas.
Sci. Technol2006,17(5), 1220-228.

Suehiro, J.; Zhou, G. & Hara, M. Fabrication of a carbon 57.

nanotube-based gas sensor using dielectrophoreisis
and its application for ammonia detection by impedance
spectroscopyl. Phys. D: Appl. Phys., 20036, L109-

13.

Chen, J.; Zhang, G. -Y. & Guo, BCo,0,(M =Ni, Cu,

Zn) nanotubes: template synthesis and application in
gas sensor§ens. and Actuators B, Cher006,114(1),
402-09.

Hamaguchi, T.; Yabuki, N.; Uno, M.; Yamanaka, S.;
Egashira, M.; Shimizu, Y. & Hyodo, T. Synthesis and

hydrogen gas sensing properties of tin oxide nanohole 60.

arrays with various electrodeSensors and Actuatures
B, 2006,113(2), 852-56.

Sotiropoulou, S. & Chaniotakis, N.A. Carbon nanotube
array-based biosensofnal. Bioanal. Chem 2003,
375(1), 103-08.

55.

58.

59.

Sinha, N.S. & Yeow, J.T.W. Carbon nanotube for biomedical
applicationsIEEE Trans. Nanobioscienc2005,4(2),
180-95.

Anthony, G.E.; Lee, C. & Baughman, R.H. Direct electron
transfer of glucose oxidase on carbon nanotubes.
Nanotechnology2002,13(5), 559-54.

Dwyer, C.; Guthold, M.; Falvo, M.; Washburn, S.; Superfine,
R. & Erie, D. DNA-functionalized single-walled carbon
nanotubesNanotechnology2002,13(5), 601-04.
Comini, E.; Faglia, G.; Sberveglieri, G.; Pan, Z. & Wang,
Z.L. Stable and highly sensitive gas sensors based on
semiconducting oxide nanobelfgpl. Phys. Lett 2002,
80(10), 1869-871.

Li, Y.; Liu, J.; Wang, X. & Peng Q. Preparation and gas
sensing properties of vanadium oxide nanobelts coated
with semiconductor oxides§ensors and Actuators B
2006,115(1), 481-87.

Sadek, A. Z.; Wlordarski, W.; Kalandar-zadeh, K.; Powell,
D. A.; Hughes, W.L.; Buchine, B. A. & Wang, Z.H.,,
andNO, gas sensors witdnO nanobelt layer on 36
LiTiO,and 64LiNbO, SAW TransducerdEEE Sensors
2005, 4.

649



