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In this review we have highlighted advantages of 1-dimensional nanostructures for field effect transistor
(FET)/chemiresistor based sensors and advantages of conducting polymer as material of construction over
other nanomaterials. Here we have ensembled different techniques used for the fabrication, assembly/
alignment, functionalization and sensing applications of conducting polymer nanowire/tube/junction based
FET sensors for gas and biomolecule detection. The advantages and disadvantages of various fabrication,
functionalization, and assembling techniques are discussed. We evaluate how such devices have enabled the
achievement of improved sensor performance in terms of high sensitivity, selectivity and low detection
limits. Finally, we conclude by highlighting overall merits of different techniques and challenges researchers
face in the field of conducting polymer 1-dimensional nanostructures-based sensors and also predict the
future direction in which research efforts are likely to flourish.
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1. Introduction

Miniaturization of device dimensions and improvement of their
performance have pushed the scientists to develop synthetic routes
to fabricate materials at a scale just above the atomic scale. This new
class of materials called nanomaterials are building blocks of
nanotechnological innovations. Nanoscale materials such as nano-
wires, nanotubes, nanoparticles, nanoribbons, nanosprings, etc.,
have gained tremendous interest because of their interesting
electrical and optical properties and quantum confinement effect.
As the smallest dimension of these nanostructures (b100 nm) is
comparable to the wavelength of visible/UV radiations and also due
to the electrical conduction almost approaching ballistic limits, these
nanostructures exhibit excellent optical and electrical properties,
respectively. As a result, they are being studied for their potential
applications in electronics, optoelectronics, sensors, actuators,
thermoelectrics, etc.

Particularly, one-dimensional nanostructures such as nanowires
and nanotubes are very attractive for their integration as a sensing
or transducing element of a sensor. Due to higher surface area to
volume ratio, these nanostructures are very sensitive to even slight
perturbations in their environment. Upon binding of charged
analyte or change in pH on the surface, these nanostructures
show changes in their electrical, physical or optical properties. Of
particular interest, changes in electrical properties can be measured
by simply measuring the change in the resistance of the
nanostructure by passing the electric current. Such sensors utilize
simple chemiresistive or field-effect transistor (FET) architecture
that offers simple, real-time and label-free detection. Compared to
2-dimensional thin films where charge addition or depletion takes
place upon binding of a charged species on the surface which leads
to current shunting due to larger cross-sectional area of the film,
almost the entire cross-sectional area of the nanowire shows
modulation of space charge region leading to larger changes in the
electrical properties. This simple sensing mechanism combined
with no lateral current shunting due to its small cross-sectional
area, nanowires/nanotubes offers label-free, direct, real-time
detection at very low concentrations, potentially down to a single
molecule [1]. Due to their potential in label-free biosensing and
integration into a high density nanosensor arrays enabling
multiplex sensing for the detection of biomolecules at very low
concentrations, one-dimensional nanostructures are receiving
increasing attention for applications in proteomics, disease diag-
nosis, pharmaceutical drug screening and biowarfare agents
detection. Recently, silicon nanowire (SiNW) [2–5] and carbon
nanotube [6–8] based FET sensing applications have been devel-
oped. Even though these nanostructures have been shown to hold
great promise in development of nanodevices, they suffer through
an inherent disadvantage in terms of harsh conditions required for
their fabrication. Both of these nanostructures are fabricated at
elevated temperatures using techniques such as vapor–liquid–solid
(VLS) processes, chemical vapor deposition (CVD) or laser ablation,
which are very tedious and are expensive [9–12]. On the other
hand, conducting polymers have shown great promise in the form
of nanomaterials.

1) Their fabrication can be carried out using well established
electrochemical [13,14] or chemical [15,16] synthesis routes at
ambient conditions.
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2) They exhibit tunable electrical, magnetic and optical properties
[17–19].

3) Their conductivity can be modulated over 15 orders of magnitude.
4) They have excellent biocompatibility [20], which is a great

advantage over other nanomaterials in fabrication of novel
biosensors.

Recently, a couple of review papers [1,21] has documented utilities
of various nanostructures including silicon nanowires, carbon
nanotubes, conducting polymer nanowires/tubes for biosensing
applications. Also, the conducting polymer nanostructure fabrication
and their various applications have been reported in recently
published reviews [22–25]. However, the focus of this review is on
the applications involving conducting polymer nanowires/nanotubes
as a transducer of a chemiresistive/FET sensor. Starting from their
fabrication to alignment/assembly into functional device, we will
discuss few specific sensing applications for these fascinating
nanostructures.

2. Conducting polymer nanowire/nanotube synthesis

2.1. Template-free synthesis

Template-free synthesis method relies on preferential growth of
conducting polymer nanowires in the presence of a driving force
applied using a probe, self-assembly process or molecular/structural
ordering. Self-assembly, Langmuir–Blodgett (L–B) film, dip-pen
lithography (DPN), mechanical stretching, electrospinning and elec-
trochemical synthesis are the examples of template-free synthesis
methods for conducting polymer nanostructures.

A self-assembly route to synthesize nanoribbons of a polydis-
perse, soluble, end-functionalized poly(para-phenyleneethynylene)
(PPE) derivative was reported by Samori et al. [26]. By simple
solution casting, a drop of solution containing PPE derivative at a very
low concentration was allowed to evaporate on mica to assemble
nanoribbons (Fig. 1 (A)). Lengths of these nanoribbons spanned
several microns whereas the width and height of the ribbons were
dependent upon the solvent composition. Similar self-assembly of
polyaniline nanotubes in a solution of poly(methylvinyl ether-alt-
maleic acid) (PMVEA) by oxidative polymerization using ammonium
persulfate as the oxidant has also been reported [27]. Nanotubeswith
outer diameter of 65 to 160 nm were fabricated depending upon the
reaction solution composition. Another solution phase synthesis of
nanowires using L–B films has been shown for polythiophene
nanowires [28]. L–B films of amphiphilic polythiophenes, which
were substituted by alternating hydrophilic and hydrophobic side
groups, were compressed beyond the collapse point to form micron
long nanowires. Upon doping with iodine vapors these nanowires
showed very high conductivity (40 S/cm). Even though these
methods offer a simple solution phase synthesis of conducting
polymer nanostructures, they need extensive processing or align-
ment and assembly techniques for post-synthesis assembly into a
functional device.

Amongst the methods employing probes to guide nanowire
synthesis, DPN technique utilizes an AFM tip with polymerized
conducting polymer as the ink for writing on oppositely charged
substrate (Fig. 1 (B)). Doped polyaniline and polypyrrole lines of 310
and 290 nm widths, respectively, were written on silicon substrates
[29]. Similarly, 30 nm wide poly 3,4-ethylenedioxythiophene was
written using DPN technique [30]. This technique can be adopted to
fabricate aligned conducting polymer nanostructures on prefabricated
microelectrodes to form functional devices.

In mechanical stretching method, conducting polymer (polyani-
line) was deposited in the gap (20–100 nm) between a scanning
tunnelling microscope (STM) tip and gold (Au) electrode to form a
nanowire of ~20 nm diameter. STM tip was subsequently moved
away from the electrode to reduce the diameter of the nanowire to
~6 nm. Stretching process resulted in better alignment of the
polymer chains in the nanowire and very high conductivity (~5 S/
cm) (Fig. 1 (C)) [31]. Such method even though useful for
understanding the properties of conducting polymer at very low
dimensions as the in-built electrode and STM tip can be used to probe
the nanowire, has practical limitations in terms of yield/number of
devices fabricated and complex fabrication. Fabrication using
electrospinning technique utilizes microfabricated scanning tip.
The tip is first dipped in a polymer solution, which forms a droplet
of solution around the tip. A voltage is applied on the tip, which
results in formation of a Taylor cone and at sufficiently high voltage a
polymer jet is formed from the droplet. By rotating the substratewith
pre-microfabricated contact electrodes on it, oriented polyaniline
nanofibres integrated in electrical device was fabricated [32].

Electrochemical template-free routes for conducting polymer
nanowires synthesis have been reported. Polypyrrole nanowires
with 50 nm diameter were deposited on a glassy carbon electrode
(GCE) at a constant potential from a solution containing dopant,
monomer and carbonate (Fig. 1 (A)) [14,33]. In another approach,
electrochemical polymerization of conducting polymer on prefabri-
cated platinum microelectrodes was adopted to form conducting
polymer nanowire electrode junctions (CPNEJs) [34–36]. Three
constant current density steps were used to nucleate and grow
nanowires to bridge the gap between microelectrodes. Polyaniline,
polypyrrole and poly(ethelynedioxythiophene)(PEDOT) nanowires
with diameters in the range of 40–80, 60–120, 80–150 nm, respec-
tively, have been fabricated. These template-free electrochemical
nanowire fabrication methods are site-specific, but lack the precise
control on nanowire dimensions and could potentially result in sensor
to sensor variations due to varying number of conducting polymer
nanowires electrically connected between the electrodes and/or
varying dimensions of the nanowires. To achieve single nanowire
connection amodified approach usingmicrofabricated electrodes was
taken. Microfabricated electrodes were fabricated using standard
lithographic technique. The gap between a pair of electrodes was then
reduced to few nanometers either by electrodeposition of metal [37]
or by focused ion beam (FIB) deposition [38]. These gaps were
subsequently filled with conducting polymer such as polyaniline to
fabricate single nanowire connection between the electrodes. Again
these techniques lack precise control on the nanowire diameter and
result in low aspect ratio nanostructures, however these nanogap
deposition techniques are particularly attractive for conducting
polymers with very limited electrical conductivity.

2.2. Templated conducting polymer nanowire synthesis

2.2.1. Soft-templates
The use of liquid crystals and micelles as soft templates for

nanowire synthesis has been studied. Using reverse hexagonal
liquidnanowirescrystalline phase of surfactant sodium bis(2-ethyl-
hexyl) sulfosuccinate (AOT) Huang L. et al. reported the synthesis of
50–70 nm diameter polyaniline nanowires [15]. Yoon et al. recently
reported a technique to synthesize acid functionalized polypyrrole
nanotubes inside cylindrical micelle templates in a water-in-oil
emulsion [16]. The nanotube synthesis involved copolymerization of
acid functionalized pyrrole and pyrrole inside cylindrical micelles.
Nanotubes of 200–250 nm diameter and 30–40 nm wall thickness
were obtained.

2.2.2. Hard template synthesis
This is the most widely used method of synthesizing conducting

polymer nanowires. Substrate with a particular morphology or
structure is utilized for one directional growth of polymer chains.
First reported by Martin [13,39], anodized aluminum oxide (AAO)
and track-etched polycarbonate (PC) membranes were used as



Fig. 1. Schematic representation of template-free conducting polymer nanowire fabrication. (A) Self-assembly process initiated from nuclei formation on the substrate followed by
preferential 1-D growth. (B) DPN conducting polymer nanowire fabrication using polymer ‘ink’ loaded scanning probe tip on a substrate. (C) Mechanical stretching of conducing
polymer deposit between a scanning tunnelling microscope tip and a substrate followed by stretching of the polymer to form a nanowire with highly aligned polymer chains.
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scaffolds. Electrochemically conducting polymer was deposited in
the pores of these membranes. For electrodeposition, one face of the
template was coated with conductive metal (e.g. gold, silver), which
acts as an anode. The length of the conducting polymer nanowire
deposited inside the pores was determined by current density and
deposition time. Novel multi-layered nanowire structures using such
template electrodeposition with few modifications have been
reported. By simply replacing the electrolyte to deposit different
layers of the nanowire in the template, multisegmented gold–
polypyrrole, gold–polypyrrole–gold, [40] and nickel–gold–polyaniline
multisegmented nanowires [41] have been fabricated. For better
adhesion between the polymer and metal layers an electroless
deposition step followed by normal electrodeposition [20] or use of
self-assembled monolayer has been adopted [41]. Our group has
recently demonstrated an all electrochemical fabrication of gold–
polypyrrole–nickel–gold multisegmented nanowires [42]. As a slight
modification to the multisegmented nanowire synthesis method, core-
shell nanostructure of polyaniline core and gold shell has been
synthesized. The process was started with the deposition of polyaniline
nanotubes inside an alumina template followed by drying and
electrodeposition of gold shell from a pH 10 electrolyte bath. While
the drying shrank the polyaniline nanotubes diameter, the basic pH
made the polyaniline less conducting as well as partially etched the
alumina template leaving an annular space between the polyaniline and
the alumina for the electrodeposition of gold shell [41]. In chemical
synthesis route, the template is immersed in a solution ofmonomer and
oxidizing agent [43]. During chemical synthesis the polymer growth is
initiated on the template walls due to hydrophobic interactions to form
nanotubes and continue to advance towards the center eventually
forming nanowires. Similar phenomenon was also observed with PC
membrane [44,45]. A new melt-assisted template wetting method was
adopted to form polyfluorene (PFO) nanowires wherein PFO was
melted on top of an AAO membrane which facilitated pore filling [46].
Upon subsequent cooling, polymer nanowires were formed inside the
pores of the template. Fig. 2 schematically summarizes different
synthesis approaches and the resultant conducting polymer nanos-
tructures using template approach. After the deposition, the conducting
metal layer used for electrochemical deposition and the template are
etched using appropriate etchant, acid or base for alumina and organic
solvent for PC, to free the nanowires. The diameter of the nanowires/
nanotubes obtained is dictated by the pore size of the template. These
nanostructures have shown improved conductivity than their bulk
counterparts [47]. Other porous materials such as zeolites [48], and
porous silicon have also been used as template. The fabrication of
devices using these approaches faces serious drawbacks in terms of the
following:

1. The use of harsh chemicals (acid/base or organic solvent for
alumina and polycarbonate templates, respectively) to etch the
template.

2. Post-synthesis alignment and assembly into functional device are
necessary.

3. Functionalization of nanostructure can only be performed post-
synthesis.

To overcome these drawbacks our group has demonstrated an
electrochemical deposition technique of in-situ single-step conduct-
ing polymer nanowire fabrication using electron beam lithographi-
cally patterned nanochannels between two photoresist coated metal
electrodes. Single or sequentially deposited array of individually
addressable, dendrite-free and high aspect ratio nanowire/s can be
fabricated in a single electrochemical deposition step [49]. Using this
technique we have also demonstrated that ready to use biosensors
can be fabricated by physically entrapping the biomolecule during
electrochemical synthesis of the nanowire itself [50].
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2.2.3. Nanostructures as templates
Other nanostructures have also been employed as templates for

depositing conducting polymer nanowire structures. Recently, solu-
tion grafted film of polymer has been utilized in synthesizing different
structures of polyaniline on organic polymer surface [51]. By
controlling the conformation of the surface grafted polyacrylic acid
(PAA) brushes as well as ratio of acrylic acid to aniline, the shape of
polyaniline fabricated was varied from spherical particles to nano-
wires and nanoribbons. Nanowire and nanoribbon films thus formed
on polypropylene film showed superhydrophobicity. Other research-
ers have utilized biomolecule templated growth of conducting
polymer nanowire structures. DNA molecules were stretched and
aligned on oxidized silicon substrate using molecular combing
technique. Subsequently, these DNA templates were incubated in
aniline solution to align aniline monomers along the DNA chains.
Polymerization of aniline was achieved using horseradish peroxidase
(HRP) and hydrogen peroxide [52]. In these methods, nanostructures
used as template have to be assembled prior to the conducting
polymer nanowire synthesis, which has not been completely
mastered yet. Also carbon nanotubes have been electrochemically
deposited with conducting polymer to form one-dimensional con-
ducting polymer nanostructures for device applications [53]. Howev-
er, the use of these nanostructures can increase the cost of fabrication
substantially.

2.2.4. High density conducting polymer nanowire fabrication
High density large area conducting polymer nanostructure

fabrication methods have also been developed. Using a silicon
stamp with gratings fabricated by e-beam lithography, polymer
gratings on silicon surface were replicated by technique called
nanoimprint lithography (NIL). Subsequently, conducting polymer
(Ppy) was deposited on the silicon substrate by immersing it in a
monomer solution containing dopant and a substituted monomer
(silanized derivative), which showed improved adhesion with silicon
surface. Subsequent lift off left the conducting polymer nanowire with
the desired diameter and pitch dictated by gratings on the silicon
stamp (Fig. 3 (A)). Using this technique other high density
nanostructures were also synthesized [54]. A modified approach of
this technique employed embossing of silicon stamp into the
conducting polymer thin film itself to produce nanowire pattern
with desired dimensions and pitch as shown in Fig. 3 (B) [55]. Such
Fig. 2. Schematic representation of templated conducting polymer 1-D nanostructure format
nanotube morphology (top). Electrochemical multi-layered deposition for segmented or co
high density nanowire arrays fabrication requires deposition of metal
electrodes for electrical connections to fabricate functional device and
could result in possible thermal damage to the nanostructures during
metal deposition.

Table 1 summarizes the merits and shortcomings of different
conducting polymer nanowire/tube fabrication techniques described
in the above section. However, appropriate nanowire fabrication
method can be adopted depending upon the desired nanowire size,
composition, conductivity, final device architecture and/or simplicity
and cost of synthesis.

3. Alignment of conducting polymer nanowires

The most difficult step in realizing a conducting polymer nanowire
based nanodevice is the assembly of pre-synthesized nanostructures
onto a substrate with predefined architecture. In most fabrication
techniques additional post-synthesis processing especially assembly
is essential. Dispensing suspension of pre-synthesized nanowires onto
prefabricated microelectrodes results in random orientation and
number of nanowires connecting pair of contact electrodes making
it an unreliable/inconsistent method for device assembly and could
result in device to device variations [16]. In order to precisely control
the orientation, placement and number of nanowires across pair of
contact electrodes variousmethods have been used. A few of them are
described in this section.

3.1. Magnetic alignment

Ferromagnetic materials such as cobalt or nickel nanowires display
interesting magnetic properties, which are strongly influenced by
their shape anisotropy. Due to their high aspect ratio these materials
show preferential magnetization along the long axis of the nanowire
and orient themselves in the direction of the applied external
magnetic field. To align the conducting polymer nanowires by
harnessing magnetic properties of ferromagnetic materials, multi-
segmented nanowires with nickel–gold–polyaniline layers were
fabricated and magnetically aligned between prefabricated contact
electrodes [41]. Similarly, gold–polypyrrole–nickel–gold multiseg-
mented nanowires were aligned between prefabricated gold–nickel–
gold multi-layered contact electrodes [42]. Multi-layered contact
electrodes helped in concentrating the magnetic field in the electrode
ion. Chemical or electrochemical routes of nanowire fabrication resulting in nanowire or
re-shell 1-D nanostructure formation (bottom).

image of Fig.�2
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gap, whereas the magnetic nickel segment of the nanowire assisted in
aligning and positioning the multisegmented nanowire precisely in
the electrode gap in the direction of applied magnetic field (which
was perpendicular to the electrode gap).

3.2. Electrophoretic alignment

By applying AC electric field using pair of contact electrodes, the
conducting polymer nanowires in the suspension were polarized and
attracted towards the contact electrodes where the electric fieldgra-
dient was highest. Nanowires aligned themselves in the direction of
the applied electric field and were placed in the gap between the
contact electrodes. Using this method striped/multisegmented gold-
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)(PEDOT/
PSS)-gold nanowires were aligned between pair of electrodes with
8 μm gap with single nanowire connection yield of 35–50%. This self-
terminating process showed a reduction in the nanowire alignment
upon contact of first nanowire between the electrodes [56]. As an
alternative, we have demonstrated that upon electrophoretic align-
ment of polypyrrole nanowires, multiple nanowire contact can be
physically modulated using a simple gold microwire probe to obtain
single nanowire contacts between pairs of electrodes in an array
design [57].

3.3. Fluidic alignment

Using the hydrodynamic force applied during fluid motion on a
nanowire suspension, nanowires were aligned in the direction of the
flow on a silanized silicon surface. The authors found that nanowire
alignment was greatly affected by hydrophilicity/hydrophobicity of
the substrate. Hexamethyldisilazane (HMDS) treated surface exhib-
ited more hydrophobicity which assisted in aligning nanowires in the
preferred flow direction compared to untreated surface [58].

4. Sensing applications of conducting polymer nanowires

Conducting polymers due to their semiconducting and redox-
active properties undergo changes in their electrical conductivity
upon changes in the number of charge carriers by means of doping/
dedoping, interactions of ions or charge transfer between molecules.
This enables applying these novel materials for sensing applications as
field effect transistors (FET). In this section we will review the use of
conducting polymer nanowires based FET/chemiresistor sensors.
Fig. 3. Schematic representation of high density conducting polymer nanowire fabrication m
NIL generated polymer gratings for predefined nanowire diameter and pitch. (B) Variatio
employing embossing of conducting polymer film using a silicon stamp with predefined fe
4.1. Gas sensing

Conducting polymers have shown high sensitivity towards polar
gas molecules such as ammonia, NOx, COx and VOCs. Ammonia is the
most studied amongst the gaseous analytes and thus ammonia
sensing can be taken as the basis for comparison between different
sensors. Some of the examples coated here highlight the capability of
conducting polymer in gas sensing arena.
4.1.1. Ammonia sensors
Due to its high toxicity rapid detection of ammonia at low

concentration is desired in the areas of detecting leaks in the air for
environmental analysis, explosives and fertilizer industries and
medical diagnosis. Due to the availability of excess pair of electrons
on nitrogen, ammonia acts as a Lewis base. Upon electronic
interaction with ammonia, predominantly p-type conducting poly-
mer shows loss in number of charge carriers due to dedoping,
resulting in increase in its resistivity. This is a reversible reaction and
sensor can be recovered back to its original conductivity by simply
removing the analyte gas from the sensor. Poor diffusion of ammonia
into the bulk of the polymer matrix forms the basis for investigating
performance enhancement by use of nanostructures. A number of
publications on ammonia sensing using conducting polymer nano-
wire sensors have recently been reported.

Wang et al. [36] reported an ammonia sensor based on network of
high quality nanowires electrochemically fabricated as a CPNEJ
(mentioned in Section 2.1). These sensors based on polypyrrole
CPNEJs showed a very good reproducible response towards 1000 ppm
of ammonia with change in the resistance (ΔR/R0) of about 350%. The
sensor also showed very good recovery.

Similarly, an array of parallel polypyrrole nanowires connected
using gold pads that were deposited with shadow mask method was
used to detect ammonia gas. Very fast and reproducible responses of
these sensors towards ammonia gas were reported [54]. For the same
concentration, response of these sensors scaled inversely with the
nanowire size. Smaller width (300 nm) nanowire showed about twice
the response when compared to 5 μm wide nanowires at 240 ppm
ammonia concentration, emphasizing the advantage of using nanos-
tructures for improved sensor performance.

Kemp et al. [38] reported single polyaniline nanowire deposition
between two platinum nanoelectrodes deposited using FIB technique.
This device showed reversible response to different ammonia
ethods. (A) High density conducting polymer nanowire fabrication method employing
n of method (A) for high density conducting polymer nanowire array fabrication by
atures.

image of Fig.�3


Table 1
Summary of various conducting polymer 1-D nanostructure fabrication techniques.

Category Technique Method/device Nanostructure Pros Cons References

Template-
free

Solution phase
synthesis

Solution casting
and Langmuir–
Blodgett

Nanoribbon or
nanotube

Diameter easily controlled by solution
composition

Extensive post-synthesis nanowire
processing and alignment required

[26–28]

Probe driven
synthesis

DPN and
electrospinning

Nanowire Prepatterned electrodes offer aligned
nanowires

Poor nanowire diameter and alignment
control

[29,30,32]

Mechanical
stretching

Nanowire Diameter of the nanowire can be stretched to
few nm

l. Complex device geometry, 2.
incompatible for high density array
fabrication

[31]

Electrochemical
deposition

CPNEJ, FIB/
electrochemically
fabricated
nanogaps

Nanowire Prefabricated electrodes are built in contacts
for final device

Lack of precise control on nanowire
diameter and no. of nanowires
connected across the electrode gap or
low aspect ratio nanostructures
fabricated

[14,33–38]

Template-
directed

Soft and hard
template

Chemical,
electrochemical
and melt-assisted

Multi-or single-
segmented or
core-shell
nanowire or
nanotube

Diameter precisely controlled and dictated by
template pores. Composition, morphology or
aspect ratio of the nanostructure controlled by
time and conditions of fabrication

1. Post-synthesis processing required,
harsh chemicals used to remove the
template can affect the electrical
properties of the nanostructure, 2.
alignment of the nanostructure is
necessary to realize a functional device

[13,15,16,39–
48]

In‐situ Electrochemical
deposition using
nanochannel

Nanowire One step nanowire fabrication and
functionalization for individually addressable
high density nanowire array based sensing
applications

Nanochannel fabrication using e-beam
lithography makes the process complex
and expensive

[49,50]

Nanostructure
as template

Chemical or
electrochemical
deposition

Nanoparticle,
nanowire or
nanoribbon

Pre-aligned nanostructures allow spacial and
dimensional control

1. Pre-alignment of nanostructures such
as CNTs, DNAs is complex, 2. Use of other
nanostructures add to the cost

[51–53]

High density
nanowire
fabrication

NIL/embossing Nanowire and
other patterned
nanostructures

Diameter and pitch of the nanowires in an
array controlled using a prepatterned stamp

This bottom up approach requires metal
electrode deposition on top of
prepatterned conducting polymer
nanowires which could suffer thermal
damages resulting from high
temperature physical metal deposition
processes

[54,55]

969M.A. Bangar et al. / Thin Solid Films 519 (2010) 964–973
concentration while at higher concentration it showed saturation
with small irreversibility.

Fabrication of single conducting polymer nanowire based sensor
utilizing chemically polymerized polypyrrole in the pores of alumina
template was reported by our group. Highly doped nature of these
polymer nanowires resulted in no response towards NO2 gas as there
were no electrons available for NO2 to withdraw from the polymer. On
the other hand, the sensor showed excellent response towards
ammonia with detection limit of 40 ppm and sensitivity of 0.06%
per ppm of ammonia up to 300 ppm concentration due to its behavior
as a Lewis base [43].

The sensor sensitivity and detection limit are also influenced by the
noise level in themeasurement. One of the reasons for the noise lies in the
inherent flaws of sensor architecture. Specifically contact resistance
introduced due to sensor design plays important role in the sensor
performance. By securing/anchoring polypyrrole nanowires using selec-
tive maskless metal electrodeposition on the contact pads, significant
reduction in the noise level of single polypyrrole nanowire sensor was
observed. A marked improvement in the sensitivity from about 0.14 to
0.63% per ppm of ammonia was observed by our group [59].

The use of carbon nanotubes as templates for electrochemical
fabrication of polyaniline nanowires was demonstrated by Zang et al.
[53] These thin nanowire (98+/−5 nm) based sensors showed
excellent sensitivity of 2.44% R/R0 per ppm of ammonia with
excellent detection limit of 50 ppb. Polyaniline deposited sensors
showed marked improvement (~60 times) over bare carbon
nanotubes sensors. These polyaniline nanowire sensors showed
excellent sensitivity even at higher temperatures.

Comparison between few selective FET/chemiresistive ammonia
sensors has been shown in Table 2, clearly indicating that the lower
detection limit and higher sensitivity are contingent upon lower
nanowire dimension/diameter and better electrical contact with the
metal electrodes.
4.1.2. Detection of other gases
Detection of gases such as VOCs, alcohol vapors and other toxic

gases plays an important role in environment monitoring. Novel
nanowire based sensors can improve the detection capabilities
towards these analyte gases for better response. The following are
the examples of sensors developed by researchers emphasizing
versatility of conducting polymer nanowire sensors.

Wang et al. [36] recently reported crystalline PEDOT and Ppy-
based CPNEJs that were used as a sensor for ethanol detection. Both
the sensors showed very good response towards saturated ethanol
vapors. Ppy-based sensor showed non-selective response towards
both ethanol as well as ammonia whereas PEDOT showed very
selective response towards ethanol only. The mechanism of change in
the resistance of the polymer nanowire is attributed to swelling of the
polymer and reduction in the number of charge carriers on the
polymer backbone.

Based on similar mechanism, dielectrophoretically aligned single
gold-PEDOT/PSS-gold multisegmented nanowire based sensor was
used to detect different gases viz. methanol, ethanol and acetone
[56]. This single nanowire based sensor showed very good response
to all three gases with linear responses towards methanol up to 50%
of its saturation concentration and towards acetone up to about 80%
of its saturation concentration with sensitivity of about 6% and 8%
per % saturation, respectively. At concentrations higher than these,
sensor showed irreversible resistance change. On the other hand
response to ethanol showed saturation at higher concentration.

4.2. Biosensing

Conducting polymer by itself lacks the specificity/selectivity
necessary to function as a biosensor. Biological recognition molecules
such as antibodies, enzymes or oligonucleotides impart the desired
selectivity and specificity to the biosensor based on conducting
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polymer nanowires. Thus the first step in realizing successful
biosensor application is immobilization of bio-recognition molecule
on/in the polymer nanowire. The adaptation of appropriate biofunc-
tionalization technique primarily depends on the fabrication condi-
tions and/or the polymer composition, as discussed below.

4.2.1. Biofunctionalization

4.2.1.1. Covalent functionalization. The introduction of bio-recognition
molecule on the conducting polymer nanostructure using covalent
linking offers a very strong bonding between the two. This surface
functionalization chemistry puts the recognition molecule on the
surface making it completely accessible for sensing, resulting in faster
sensing and higher sensitivity. The techniques used for thin films can
be adopted for nanostructures as well. Functionality needed for
covalent linking of recognition molecule can be introduced in/on the
polymer before, during or after nanostructure synthesis.

4.2.1.1.1. Functional monomer. Synthesis and properties of con-
ducting polymers fabricated from functional monomers have mostly
been studied as thin films but their fabrication at nanoscale can be
realized by adopting template fabrication methods used for nanowire
synthesis. Biotin derivative of pyrrole was electrochemically depos-
ited on metal electrodes using cyclic voltammetry. The electrode was
further functionalized with avidin on the surface which was
subsequently bound to biotinylated enzyme viz. glucose oxidase,
GOx [60]. Another example of functional monomer was demonstrated
by electrodepositing thin films of poly(nitrilotriacetic acid) (NTA)
derivative of pyrrole. Further functionalization of the polymer made
use of metal chelating properties of NTA functional group to
coordinates bivalent metal ions (Cu, Ni, Zn, and Co) leaving free
coordination sites of the chelator–metal complex for the ligation of
histidine-tagged proteins [61]. Using this technique our group has
demonstrated fabrication of poly(pyrrole-NTA) nanotubes in the
alumina template and application of these nanotubes for detection of
histidine-tagged proteins via copper ion coordination [62]. Recently,
carboxylic acid derivative of pyrrole was exploited for nanowire
fabrication and its application for biomolecule conjugation through N-
(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) linking
chemistry [63].

Alternatively, functional monomer has been copolymerized with
its non-functional counterpart. Recently, fabrication of acid functio-
nalized polypyrrole nanotubes was reported inside cylindrical micelle
templates [16]. To express acid functional group on the surface of the
nanotubes pyrrole-3-carboxylic acid (P3CA) as a co-monomer was
polymerized along with pyrrole monomer. The acid functionality
helped in not only attaching bio-recognition molecule on the top
surface of nanotubes but also in assisting in the covalent attachment
of nanotubes on amine terminated silanized silicon substrate from the
bottom surface to form good contact with themetal electrodes. Amine
terminated thrombin aptamerwas selectively and covalently attached
to the nanotube network as a recognition element.

4.2.1.1.2. Functional dopant. Dopants on the other hand can also be
used as the sites for covalent attachment of the recognition molecule.
Table 2
Comparison between selective conducting polymer nanowire/s based ammonia FET/chemi

Sensor configuration Marke

CPNEJ fabricated nanowire network between two metal contact electrodes Highly
NIL and lift off generated array of parallel nanowire connected between shadow
mask deposited metal electrodes

Well c
and pi

Single Ppy nanowire connected between two gold electrodes
Single Ppy nanowire connected between two gold electrodes anchored by
maskless electrodeposition

Improv
noise r

Carbon nanotube templated Ppy nanowire connected between gold electrodes 98+/−
By incorporating dopant with appropriate functional group, surface
functionalization can be achieved. For example, using poly(methyl
vinyl ether-alt-maleic acid) (PMVEA) as a polymeric dopant,
carboxylic acid functional groups were introduced in the PANI
nanotubes. Subsequently, these nanowires were functionalized with
amine terminated recognition molecules using well established
surface functionalization chemistry using water soluble coupling
agent N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-
ride (EDAC) [27].

Fig. 4 (A) depicts different sites on polypyrrole polymer where
functional group/s can be introduced. These functional groups can be
employed further as the immobilization site for bio-recognition
molecules.

4.2.1.1.3. Surface functionalization using linker molecules. Prefabri-
cated conducting polymer nanostructures or thin films can be
functionalized with linker molecules to introduce certain functional
group on the surface of the polymer which can subsequently be used
for covalent attachment of recognition biomolecules. Fig. 4 (B) depicts
a general route for functionalization of polypyrrole polymer using bi-
functional linker molecule. Glutaraldehyde [64] and EDAC (as
mentioned earlier) [65] are two most commonly used linker
molecules for conducting polymer surface functionalization. Glutar-
aldehyde is a bi-functional linker molecule with aldehyde groups at
both ends. One aldehyde group can be used to attach it to the primary
or secondary amine group of the polymer while the other end can be
attached to the amine group of the recognitionmolecule. EDAC on the
other hand is a zero-length linking molecule used for attaching
carboxylic group on the polymer/recognition molecule to the primary
or secondary amine group on the recognition molecule/polymer,
respectively, by forming an amide linkage. Many a time N-hydroxy-
succinimide (NHS) is used as an activator to improve the yield of EDAC
reaction through formation of stable amine reactive NHS-ester interme-
diate. Using EDC linking chemistry, our group has recently demonstrated
biofunctionalization of single conducting polymer (polypyrrole) nano-
wire devices with antibodies for the fabrication of immunosensor [57].

4.2.1.2. Non-covalent functionalization/physical entrapment. Due to
benign synthesis conditions employed for fabrication of conducting
polymer nanowire/nanotube structures, biomolecules can be physi-
cally deposited/trapped in the polymer matrix during the fabrication
step itself. However, accessibility of these biomolecules for sensing
purposes is a crucial issue in such functionalization schemes.
Hernandez et al. has investigated optimum conditions for entrapping
streptavidin in gold-capped polypyrrole nanowires from phosphate
buffer saline solution [20]. Our group has demonstrated a single-step
electrochemical biomolecule entrapped conducting polymer nano-
wire fabrication technique using e-beam lithographically patterned
channels. This technique allowed us to fabricate ready to use sensors
in a single fabrication step as mentioned earlier, without the need for
any post-synthesis processing. Accessibility of the recognition
molecule becomes a very important factor in case of physical
entrapment as the biomolecule is buried in the polymer matrix. This
could result in reduced sensitivity and longer response time. To
resistive sensors.

d improvement Detection
limit

Sensitivity, ΔR/R0

(at NH3 conc.)
Reference

quality nanowires 10 ppm 350% (1000 ppm) [36]
ontrolled nanowire diameter
tch in an array

–– Up to 50% (240 ppm) for
300 nm dia. nanowire

[54]

40 ppm 0.06%/ppm [43]
ed contact resistance and
eduction

b10 ppm 0.63%/ppm [59]

5 nm nanowire diameter 50 ppb 2.44%/ppm [53]
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address this issue, using atomic force microscopy technique we
demonstrated that the biomolecules entrapped within the polymer
are near the polymer surface and are accessible for analyte binding
[50].

4.2.2. Sensing
Biosensors employing conducting polymer nanowires as the

transducer and biomolecule as bio-recognition site can be configured
as a simple chemiresistor or field-effect transistor (FET) sensor.
Conducting polymer nanowire devices suffer from poor electric
contact between the nanostructure and metal electrodes. Hence
different approaches are taken to ensure good contact between
conducting polymer nanostructures and metal electrodes. For such a
biosensor, nanowire sites that are not functionalized with bio-
recognition molecule can potentially participate in non-specific
binding resulting in undesired noise in the signal. To avoid this
problem a blocking agent is used to screen such interactions. Fig. 5
schematically depicts such a biosensor. Such a sensor upon selective
binding of the target analyte to the receptor on nanowire surface
shows change in the conductivity of the nanowire due to the
following:

1. change in the number of charge carriers in the nanowire brought
about by gating effect of the charged analyte or

2. change in the oxidation/reduction state of the conducting polymer.

Examples illustrating above phenomena are discussed in the
following sections.

4.2.2.1. Protein sensors. The use of functional monomers for biosensing
was demonstrated by using carboxylic acid derivative of pyrrole for
conducting polymer naowire fabrication. These nanowires were
Fig. 4. Covalent biofunctionalization routes for conducting polymer (A) employing either fun
(e.g. PAA), which can further be linked to appropriate recognition molecule. (B) Alternativel
linker molecule which can bind to the conducting polymer at one end and to desired r
functionalization of Ppy).
functionalized with antibodies against human serum albumin (HSA)
and drop deposited on to microfabricated gold electrodes to fabricate
the sensor with multiple nanowires connected between pair of
electrodes. To ensure good electrical contact between the ensemble of
nanowires and the contact electrodes colloidal silver paste was
applied to the ends of the nanowires. Selective detection of HSA at
nanomolar concentration was demonstrated using liquid ion gated
field-effect transistor (FET) sensor design wherein an Ag/AgCl
reference electrode was employed as a gate electrode while the
microfabricated gold electrodes were used as the source and the drain
[63].

Another demonstration of use of functional monomer adopted
copolymerization of acid functionalized pyrrole (P3CA) with pyrrole
monomer to fabricate nanotube structures. By using a network of
nanotubes functionalized with thrombin aptamer as a channel
between a pair of contact electrodes as source and drain, a field-
effect transistor (FET) with liquid-ion gate was constructed. Good
electric contact between nanotube network and the metal electrodes
was ensured by covalently anchoring the nanowires on the silane
modified silicon oxide surface between the metal electrodes. To avoid
non-specific adsorption, sensor surface was blocked by skim milk.
Sensitivity of thrombin detectionwas found to be dependent upon the
ratio of P3CA and pyrrole monomer used for electrodeposition as it
affected density of carboxylic group on the nanotube surface. A
detection limit of 50 nM of thrombin was achieved. This sensor
showed measurable response towards 166 nM of thrombin in human
blood serum exhibiting its importance in clinical diagnostics [16].

Using single surface functionalized polypyrrole nanowire-based
immunosensor our group has recently demonstrated sensitive and
selective detection of cancer biomarker. Single polypyrrole nanowire
based devices were fabricated using electrophoretic alignment of
ctional monomer (e.g. either 1 or 3-substituted functional pyrrole) or functional dopant
y non-functional conducting polymer can be surface functionalized with a bi-functional
ecognition molecule on the other end (e.g. glutaraldehyde can be used for surface

image of Fig.�4


Fig. 5. Schematic representation of conducting polymer nanowire-based biosensor. Nanowire connected between the source and the drain electrodes is functionalized with
appropriate bio-recognition molecule either on the surface or in the polymer matrix. Blocking agent is used to block sites which can result in non-specific interaction. When exposed
to charged analyte, upon specific bio-interaction between recognition molecule and the analyte, modulation in the electrical properties (e.g. conductance) of the nanowire takes
place, which is related to the sensing event.
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prefabricated nanowires followed by physical modulation. To ensure
good electric contact between the nanowire and contact electrodes,
selective maskless electrodeposition of gold on the contact electrodes
was carried out to anchor the ends of the nanowire in the metal.
Functionalization of the nanowire surface with antibody against CA
125was achieved using EDC linking chemistry followed by blocking of
unfunctionalized sites using bovine serum albumin (BSA). Detection
limit of single unit per ml of cancer antigen (CA 125) was achieved
using these sensors. The sensor showed no loss of performance when
sensing was carried out in human blood plasma demonstrating ability
of these sensors to detect target analytes in real samples [57].

Using physical entrapment method, single-step electrochemical
fabrication of avidin embedded polypyrrole (200 nm) nanowire
biosensor was demonstrated by our group for detection of biotin
tagged analytes. Built-in metal electrodes used for the electrodepo-
sition of nanowire ensured a good electrical contact with the
nanowire. Using this sensor biotin-single stranded DNA conjugate
was detected at 1 nM concentration. Charge on the analyte molecule,
which is necessary for the electrical detection was provided by the
DNA in the analyte whereas avidin-biotin interaction was responsible
for the binding of the analyte on the nanowire surface [50].

4.2.2.2. Glucose sensor. Forzani et al. fabricated glucose sensor using a
nanojunction device. Glucose oxidase (GOx) was physically trapped in
polyaniline matrix, which oxidized glucose during sensing. On the
other hand reduced GOx underwent oxidation to produce H2O2. H2O2

then oxidized polyaniline resulting in an increase in the current
passing through the device [66].

Table 3 summarizes different biosensors as discussed earlier. From
this table it can be seen that conducting polymer nanostructure based
Table 3
Summary of different conducting polymer 1-D nanostructure based FET/chemiresistive bio

Sensor configuration Monomer Functional

Multiple nanowires connected between gold
electrodes and the ends secured with
colloidal silver

Pyrrolepropylic acid (PPA)
(functional monomer)

EDC cross

Multiple nanowires connected betweeen gold
electrodes while anchored on to silicon
oxide surface

P3CA (functional monomer)
and pyrrole co-monomer

4-(4,6-dim
methylmor

Single nanowire anchored between gold
electrodes using maskless electrodeposition

Pyrrole EDC (surfa
linker mole

In‐situ fabrication and functionalization of
individually addressable nanowire

Pyrrole Physical en
synthesis

Nanojunction electrodeposited with
conducting polymer nanostructure

Aniline (and poly(acrylic
acid))

Physical en
polymer na
biosensors are not only equally competent with other nanostructures
but the sensitivity and the detection limit make them attractive for
real world applications.

5. Conclusions and future perspectives

This review has summarized recent studies on the fabrication,
assembly and sensing applications of conducting polymer 1-
dimensional nanostructures for FET sensors. These novel nanostruc-
tures offer simple, benign fabrication conditions alongwith excellent
and tunable electrical, mechanical and optical properties. Their
simple functionalization routes and biocompatibility make them
attractive alternative over other nanomaterials. However the use of
conducting polymer nanomaterials has been limited due to their
incompatibility with traditional microfabrication techniqes owing to
their possible thermal damages and unstable contact with metal
electrodes in device architecture. However, from the examples
shown in this review, it can be realized that the use of conducting
polymer nanomaterials for FET sensors is on the rise with
development of new fabrication, assembly and functionalization
techniques. Also it can be realized that few techniques mentioned
earlier have shown potential to demonstrate an array of conducting
polymer nanowire with multi-functionality for the detection of
multiple analytes/multi-plexing, which can further prove the utility
of these novel nanomaterials.

However, most of the techniques utilizing conducting polymer
nanomaterials for FET sensor fabrication are in early stage of their
development. More improved methods for conducting polymer
nanomaterial synthesis, assembly and functionalization are needed
for better scalability, ease of operation and precise control on
sensors.

ization route/chemistry/agent Recognition
molecule

Detection limit Reference

linker Anti‐HSA In the (b50) nM range
of HSA concentration

[63]

ethoxy-1,3,5-triazin-2-yl)-4-
pholinium chloride (DMT-MM)

Thrombin
aptamer

50 nM of thrombin [16]

ce functionalization using
cule)

Anti‐CA 125 1 unit/ml of CA 125 [57]

trapment during nanowire Avidin 1 nM of ssDNA–biotin
conjugate

[50]

trapment post conducting
nostructure synthesis

Glucose
oxidase

In the μM range of
glucose concentration

[66]

image of Fig.�5


973M.A. Bangar et al. / Thin Solid Films 519 (2010) 964–973
nanowire dimension and assembly for mass production of these
nanosensors. Also mechanical/thermal stability and durability of
these polymers can limit the utility of nanosensors fabricated using
these materials. However, with the invent of new functional
conducting polymers with better electrical properties and durability,
use of conducting polymer for nanosensor fabrication and application
in real world can be realized.
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