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Abstract-Nanostructured materials are a new class of 
materials, having dimensions in the 1~100 nm range, 
which provide one of the greatest potentials for 
improving performance and extended capabilities of 
products in a number of industrial sectors. 
Nanostructures can be divided into zero-dimensional 
(0D when they are uniform), one-dimensional (1D 
when they are elongated), and two-dimensional (2D 
when they are planar) based on their shapes. In recent 
years, the nanostructures for sensor device 
applications have been highly developed in various 
fields, due to their flexibility and light weight for 
daily use. Therefore, the field of sensor device has 
been the subject of reviews. Sensor devices are 
environmentally sustainable, in particular, 
considering the availability of the nanostructured raw 
materials. 

 

Nanomaterials are well known to possess excellent 
electrical, optical, thermal, catalytic properties and 
strong mechanical strength, which offer great 
opportunities to construct nanomaterials-based 
sensors or devices for monitoring environmental 
contaminations in air, water and soil. Various 
nanomaterials, such as carbon nanotubes, gold 
nanoparticles, silicon nanowires and quantum dots, 
have been extensively explored in detecting and 
measuring toxic metal ions, toxic gases, pesticides, 
and hazardous industrial chemicals with high 
sensitivity, selectivity and simplicity. 
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INTRODUCTION :

Nanomaterials are well known to possess excellent 
electrical, optical, thermal, catalytic properties and 
strong mechanical strength, which offer great 
opportunities to construct nanomaterials-based 
sensors or devices for monitoring environmental 
contaminations in air, water and soil. Various 
nanomaterials, such as carbon nanotubes, gold 
nanoparticles, silicon nanowires and quantum dots, 
have been extensively explored in detecting and 
measuring toxic metal ions, toxic gases, pesticides, 
and hazardous industrial chemicals with high 
sensitivity, selectivity and simplicity.This Special 
Issue of Nanomaterials is focused on the continuing 
implementation of nanomaterials and nanostructures 
in the development of more sensitive and more 
specific sensing devices. As a result, these new 
devices employ smaller sensing elements and provide 
more “real time” capability. Often, the inclusion of 
nanomaterials leads to sensing elements for targets 
that were previously inaccessible. The nanostructures 
employed in sensor development include (among 
others): nanowires, semiconductor particles, various 
allotropes of carbon and imprinted polymeric spheres. 
Nanoparticles, in general, exhibit physical properties 
that not only differ from the parent bulk material, but 
also from other nanoparticles that are of different 
dimensions. This uniqueness offers more opportunity 

to fine-tune a sensor in order to discriminately detect 
one component of a complex mixture. The The 
detection of biological and chemical species is central 
to many areas of healthcare and the life sciences, 
ranging from uncovering and diagnosing disease to 
the discovery and screening of new drug molecules. 
Hence, the development of new devices that enable 
direct, sensitive, and rapid analysis of these species 
could impact humankind in significant ways.  

    II.NANOWIRES 

  Devices based on nanowires are emerging as a  
powerful and    general class of ultrasensitive, 
electrical Central to detection is the signal 
transduction associated with selective recognition of a 
biological or chemical species of interest. 
Nanostructures, such as nanowires1-7 and 
nanocrystals8-12, offer new and sometimes unique 
opportunities in this rich and interdisciplinary area of 
science and technologysensors for the direct detection 
of biological and   chemical      species. The 
diameters of these nanostructures are comparable to 
the sizes of biological and chemical species being 
sensed, and thus intuitively represent excellent 
primary transducers for producing signals that 
ultimately interface with macroscopic instruments. 
Inorganic nanowires and nanocrystals exhibit unique 
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electrical[1-16] and optical[6] properties that can be 
exploited for sensing. The size-tunable colors of 
semiconductor nanocrystals, together with their 
highly robust emission properties, are opening up 
opportunities for labeling and optical-based detection 
of biological species that offer advantages compared 
with conventional organic molecular dyes widely 
used today. 

The electronically switchable properties of 
semiconducting nanowires provide a sensing 
modality – direct and label-free electrical readout – 
that is exceptionally attractive for many 

Applications[5-13]. The signals from electrically 
based devices can be directly routed to the outside 
world, electronic nanodevices are readily integrated 
into miniaturized systemsand moreover, direct 
electrical detection dispenses with time-consuming 
labeling chemistry. These characteristics, together 
with ultrahigh sensitivity, suggest that nanowire 
devices could revolutionize many aspects of sensing 
and detection in biology and medicine. 

Nanowire field-effect sensors one of the example 

A.  NANOWIRE FIELD-EFFECT SENSORS 

The underlying mechanism for nanowire sensors is a 
field  effect that is transduced using field-effect 
transistors(FETs)29, the switches of the 
microelectronics industry. In a standard FET 
illustrated in Fig. 1A, a semiconductor such as p-type 
silicon (p-Si) is connected to metal source and drain 
electrodes through which a current is injected and 
collected, respectively. The conductance of the 
semiconductor between source and drain is switched 
on and off by a third gate electrode capacitively 
coupled through a thin dielectric layer. In the case of 
p-Si or another p-type semiconductor, applying a 
positive gate voltage depletes carriers and reduces the 
conductance, while applying a negative gate voltage 
leads to an accumulation of carriers and an increase 
in conductance. The dependence of the conductance 
on gate voltage makes FETs natural candidates for 
electrically based sensing since the electric field 
resulting from binding of a charged species to the 
gate dielectric is analogous to applying a voltage 
using a gate electrode. This idea for sensing with 
FETs was introduced several decades ago39-41, 
although the limited sensitivity of these planar 
devices has precluded them from having a large 
impact.  Semiconductor nanowires composed of Si 
and other materials can also function as FET 

devices[1-3],[7-15]. One of the best-studied 
examples, Si nanowires (Fig. 1B), can be prepared as 
single-crystal structures with diameters as small as 2-
3 nm1-4,42,43 and have been shown, for both p-type 
and n-type materials, to exhibit performance 
characteristics comparable to or better than the best 
achieved in the microelectronics industry[20,21,24-
27].These attractive  performance characteristics are 
also achieved with high reproducibility[24]; that is, 
the electronic characteristics of nanowires are well 
controlled during growth in contrast to carbon 
nanotubes. The high-performance switching 
characteristics of Si nanowires are important since it 
is one factor that affects sensitivity. More important 
to overcoming the sensitivity limitations of previous 
planar FET sensors is the one-dimensional 
morphology of these nanoscale structures since 
binding to the surface of a nanowire leads to 
depletion or accumulation of carriers in the ‘bulk’ of 
the nanometer-diameter structure (versus only the 
surface region of a planar device)29 and increases 
sensitivity to the point that single-molecule detection 
might be possible. 

A general sensing device can be configured from the 
high performance, field-effect nanowire transistors, 
as illustrated in Fig. 1C, where specific sensing is 
achieved by linking a recognition group to the surface 
of the nanowire. Si nanowires with their natural oxide 
coating make this receptor linkage straightforward 
since extensive data exists for the chemical 
modification of silicon oxide or glass surfaces from 
planar chemical and biological sensors[29-30]. When 
the sensor device with surface receptor is exposed to 
a solution containing a macromolecule like a protein 
that has a net positive charge in aqueous solution, 
specific binding will lead to an increase in the surface 
positive charge and a decrease in conductance for a p-
type nanowire device. 

Practically, researcher have developed a very reliable 
and flexible integrated nanowire sensor device, as 
shown in Fig. 1D, that incorporates a S nanowire with 
well-defined p- or n-type doping, source drain 
electrodes that are insulated from the environment (so 
that only processes occurring at the Si nanowire 
surface contribute to electrical signals), and a 
microfluidic device for delivery of solutions being 
examined. 

A. A MODEL CASE: PH Sensing 
The first example demonstrating the ability of 
nanowire field effect devices to detect species in 
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liquid solutions was demonstrated in 2001 for the 
case of hydrogen ion concentration or pH 
sensing[17]. A basic p-type Si nanowire device was 
converted into such a sensor by modifying the silicon 
oxide surface with 3-aminopropyltriethoxysilane, 
which yields amino groups at the nanowire surface 
along with the naturally occuring silanol (Si-OH) 
groups of the oxide, as shown in Fig. 2A. The amino 
and silanol moieties function as receptors for 
hydrogen ions, which undergo 
protonation/deprotonation reactions, thereby 
changing the  net nanowire surface charge. 
Significantly, as illustrated in Fig. 2B, p-type Si 
nanowire devices modified in this way exhibit 
stepwise increases in conductance as the pH of the 
solution, which is delivered through a microfluidic 
device, is increased stepwise from 2 to 9. The nearly 
linear increase in conductance with pH is attractive 
from the standpoint of a sensor, and results from the 
presence of two distinct receptor groups that undergo 
protonation/deprotonation over different pH ranges. 
From a mechanistic standpoint, the increase in 
conductance with increasing pH is consistent with a 
decrease (increase) of the surface positive (negative) 
charge, which ‘turns on’ the p-type FET via the 
accumulation of carriers. A model case: pH sensing. 
The first example demonstrating the ability of 
nanowire field effect devices to detect species in 
liquid solutions was demonstrated in 2001 for the 
case of hydrogen ion concentration or pH sensing29. 
A basic p-type Si nanowire device was converted into 
such a sensor by modifying the silicon oxide surface 
with 3- amino propyltriethoxysilane, which yields 
amino groups at the nanowire surface along with the 
naturally occuring silanol (Si-OH) groups of the 
oxide, as shown in Fig. 2A. The amino and silanol 
moieties function as receptors for hydrogen ions, 
which undergo protonation/deprotonation reactions, 
thereby changing the net nanowire surface charge. 
Significantly, as illustrated in Fig. 2B, p-type Si 
nanowire devices modified in this way exhibit 
stepwise increases in conductance as the pH of the 
solution, which is delivered through a microfluidic 
device, is increased stepwise.  

The nearly linear increase in conductance with pH is 
attractive from the standpoint of a sensor, and results 
from the presence of two distinct receptor groups that 
undergo protonation/deprotonation over different pH 
ranges. From a mechanistic standpoint, the increase 
in conductance with increasing pH is consistent with 
a decrease (increase) of the surface positive 
(negative) charge, which ‘turns on’ the p-type FET 

via the accumulation of carriers. The key role that the 
surface receptor plays in defining the response of the 
nanowire sensors was further tested by probing the 
pH response without modifying the silicon oxide 
surface layer. As illustrated in Fig. 2C, only the 
silanol group can function as a receptor for hydrogen 
ions in this case. 

Measurements of the conductance as a function of pH 
shown in Fig. 2D exhibit two different response 
regimes, unlike  nanowire surfaces containing both 
amino and silanol receptors, where the conductance 
change is small at low pH (2 to 6) but larger and 
comparable to Fig. 2B for the high pH range (6 to 9). 
Moreover, the pH-dependent changes in conductance 
are in excellent agreement with previous 
measurements of the pH-dependent surface charge 
density derived from silica46. This comparison in 
these early experiments clearly demonstrated that the 
sensing mechanism was indeed the result of a field 
effect analogous to applying a voltage using a 
physical gate electrode. 

 
Fig. 1 Nanowire pH sensors.  

III. OPTICAL NANOSENSORS 

The first reported optical nanosensor was based on 
fluorescein which is trapped within a polyacrylamide 
nanoparticle, and was used for pH measurement [13]. 

In the most basic concept, fluorescent chemosensors 
are molecules composed of at least one substrate 
binding unit(s) and photoactive component(s) 
[14,15]. The luminescence phenomenon is a process 
by which a fluorophore absorbs light of a certain 
wavelength, which is followed by emission of a 
quantum of light with an energy corresponding to the 
energetic difference between the ground and excited 
states [28, 29]. Figure 3 shows a conceptual 
schematics for a typical luminescent sensor, whereby 
the reflected light changes in color when the receptor 
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binds with the analyte. The change in photo-
vibrational properties underlies the sensing concept. 

The most basic type of optical nanosensor is that of a 
molecular dye probe [30] inside a cell, which is 
essentially a direct cell loading of fluorescent dyes. 
An advantage of this basic approach is to minimize 
the physical perturbation of the cell, unlike that of the 
opticalfiber probe. However, a disadvantage of the 
free dye is the inherent dye-cell chemical interference 
as a result of protein binding, cell sequestration and 
toxicity. 

A slightly different deviation from the free dye 
method is that known as the labelled nanoparticles 
that consist of a reporter molecule attached to the 
outside of the nanoparticles [20,21]. The major 
difference between the labelled nanoparticles as 
compared to the free dye method is the solid state and 
fluid nature of the former and latter, respectively. 
Notwithstanding this difference, the labelled 
nanoparticles are freely flowing and the reporter 
molecules are in contact with the intracellular 
components – just like the free dye. These outer-
labelled particles have been used for intracellular 
sensing, but retain similar drawbacks of using the free 
fluorescent dyes because the signal is derived from 
receptor molecules not insulated from the cellular 
environment. 
2.1. FIBER OPTIC NANOSENSORS 

Conventional methods for intracellular investigation 
need “fixing” of cell samples before performing the 
analysis. This fixing process usually destroys cellular 
viability and may, to a considerable extent, change 
the intracellular structure. Fiber optic nanosensors 
have the potential to analyze important cellular 
processes in vivo. Fundamental monitoring of 
biological processes at the cellular level is important 
to enhance further understanding of dynamic cellular 
functions. The interaction between the target 
molecule (A) and the receptor (R) is designed to 
produce a physicochemical perturbation that can be 
converted into an electrical signal 
or other measurable signal 21-25]: 
R+A→RA+measurable signal.------- (1) 

This measurable signal is then picked up by the 
optical 
probe and transmitted into the database. 
The disadvantage associated with the dye-cell 
chemical interference prevalent in the free dye 
method is overcome by using the optical fiber probe 
due to the physical separation between the 
environment and the sensing tip. Another advantage 
of the optical nanosensor is the minimal invasiveness 
of this technique as compared to conventional wire-
probe devices. 

The first optical fiber submicron nanosensor is 
attributed 

to Tan et al. [26,27]. Fiber optic nanosensors 

have so far been successful with their capability in 
the 

following applications: 

(a) Measurement of benzopyrene tetrol (BPT) and 

benzo[a]pyrene (BaP) inside single cells [21 – 25]. 

These biochemicals are important for cancer studies. 

(b) Monitoring apoptosis. 

 Apoptosis, or programmed 

cell death, is a process in which cells degenerate (i) 
during normal development, (ii) due to aging, or (iii) 
as a result of disease. The fiber optic nanosensor has 
been used for monitoring of caspase-9, an apoptosis 
protein, in human mammary carcinoma cells (MCF-
7) [40].  

III. ELECTROMAGNETIC NANOSENSORS 

Under the category of electromagnetic 
nanosensors,we have two types of sensors based on 
their physical mechanisms: 

A. detection by electrical current measurement; 
B. detection by magnetism measurement. 
A.. ELECTRICAL CURRENT 
MEASUREMENT 

We review the category of electrical current 
measurementfor two cases: detection by current 
inhibition and detection by current enhancement. A 
salient advantage of this approach is the label-free 
methodology over the use of dyes. 

In the category of current inhibition, Geng et al. [31] 
studied the interaction between hydrogen sulphide 
and gold nanoparticles, and found that the adsorption 
of hydrogen sulfide molecules onto the nanoparticles 
change the hopping behavior of the electrons through 
the particles – hence the suppressed hopping 
phenomenon. The hopping of electrons was measured 
by recording the current and voltage across chromium 
and gold electrodes in the presence of an applied 
electrical field (see Fig. 2). 
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Fig :2 

Without exposure to hydrogen sulfide, the current 
increases with the applied voltage, but loss of current 
was observed with the exposure to hydrogen sulfide. 

It is known that the current loss is due to a change in 
surface properties of the gold nanoparticles following 
the adsorption of hydrogen sulfide molecules as a 
result of the strong chemical affinity between gold 
and sulfur atoms. Chemical adsorption of the 
hydrogen sulphide molecules onto the nanoparticles 
brings about partial substitution of the citrate layer, 
producing possible Au-S or Au-SH type species on 
the gold nanoparticle surface. Consequently, a sulfide 
shell is produced, thereby inhibiting the transfer of 
charge from one 

nanoparticle to the next. The byproduct is released 
into 

the gas phase as hydrogen molecules: 

Au+H2S→AuS+H2 ↑,  

2Au+2H2S→2AuSH+H2 ↑ .  

In the category of current enhancement, the critical 

components of the nanosensors are carbon nanotubes 
or conducting molecules. 

B. MAGNETISM MEASUREMENT 

In nuclear magnetic resonance (NMR), the spin-spin 

relaxation time is defined as the time to reduce 

the transverse magnetism by a factor of e, i.e. 

2.718281828. The spin-spin relaxation time is a 
biological 

parameter that is used in magnetic resonance 

imaging (MRIs) to distinguish between tissue types 
and is called T2. 

 

Fig :3 

 

Some examples of T2 readings are 40 ms, 90 ms, 180 
ms and 2500 ms for muscle, fat, blood and water, 
respectively. It has been postulated that magnetic 
nanosensors composed of magnetic nanoparticles can 
be used for detecting molecular 

interactions by magnetic resonance techniques. When 
these magnetic nanoparticles bind to their intended 
molecular target, they form stable nanoassemblies, 
thereby leading to a corresponding decrease in T2 of 
the surrounding molecules [9], as schematically 
shown in above Figure 3. 

 

IV. MECHANICAL NANOSENSORS 

The earliest mechanical nanosensor was proposed by 
Binh et al. [1] for measuring the vibrational and 
elastic characteristics of a nanosphere attached to a 
tapered cantilever. This work is important for 
application in nanodevices components and nano-
scale subassemblies in microelectronic devices. 
Instead of measuring the vibrational and elastic 
properties of the subassemblies attached to a surface, 
Binh et al. [1] introduced the concept of producing 
replicas of these objects from heating of fine wires 
terminated with sharp tips. Experimental studies 
verify the possibility of a solid drop formation that is 
connected to the rest of the wire by a narrow neck 
[32-34]. It was shown Table that this technique is 
capable of producing a sphere of 102 nm diameter 
connected to the shank by a slender neck of 101 nm 
diameter and 102 nm length, which results in 
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resonance frequency of 102 }1 MHz and spring 
constants between 10−2 and 101 Nm−1. 

 

Nanosensor 

type 

Sub-
category  

 

Measured 
specimens or 
physical 

properties 

Optical Fiber Optics Benzopyrene 
tetrol, benzo[a]- 

pyrene, caspase-9 
(an apoptosis 

protein), 
cytochrome c (a 
protein 

involved in 
producing 
cellular 

energy), pH, K+, 
Ca2+, NO, 

NO2 

−, Cl−, Na+ 

PEBBLE 

(direct) 

H+, Ca2+, Mg2+, 
Zn2+, glucose 
and and dissolved 
O2 

PEBBLE 

(ion-
correlation) 

K+, Na+, Cl− 

Electromagneti
c 

Current 

measuremen
t 

dehydrogenase, 
peroxidase, 

hydrogen 
peroxide, 
catalase, 

organophosphoru
s pesticides, 

organophosphoru
s substrates of 

organophosphoru

s hydrolase, 
DNA, ATP 

Magnetism 

measuremen
t 

Molecular 
interactions, 
oligonucleotide 

sequences, 
enzymatic 

activity, viral 
particles, 
magnetic 

field, speed, 
position sensing 

Mechanical Vibrational Resonance 
frequency, spring 

constant 

 Inertial Pressure, 
acceleration, yaw 
rate 

Table 1 

that this technique is capable of producing a sphere of 
102 nm diameter connected to the shank by a slender 
neck of 101 nm diameter and 102 nm length, which 
results in resonance frequency of 102-1 MHz and 
spring constants between 10−2 and 101 Nm−1. The 
sensing force is measured as a result of pressure, 
acceleration and yaw rate that displaces the sensing 
electrode against the spring force. The change of 
distance with respect to the counter electrode is then 
measured by a change of the capacitance. Such 
microscale mechanical inertial sensors could be 
scaled down into nanosensors provided that self-
assembly of nanostructures becomes a well controlled 
fabrication technology. 

 

V. CONCLUSIONS : 

A wide range of nanosensors has been surveyed, 
categorized and discussed according to their working 
mechanism, which was then compared to their 
applications. One may note that, in general, optical 
nanosensors are highly useful for detection of 
chemicals inside a single cell, electromagnetic 
nanosensors are found to be applicable for both 
chemical sensing as well as electromagnetic-
mechatronic measurements, while mechanical 
nanosensors are useful for determining the physico-
mechanical properties and motion measurements.  
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Nanowire field-effect sensor devices modified with 
specific surface receptors represent a powerful 
detection platform for a broad range of biological and 
chemical species in solution. With the continuing 
progress in nanotechnology tools and increasing 
insight on the nano-scale phenomena, one may expect 
further advancement in the area of nanosensors 
through enhance performance of existing nanosensors 
and newer nanosensors based on novel mechanisms. 
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