
Chapter 7

Micro/Nano Material-Based Biosensors

Xianxin Qiu, Jie Zhou, and Ping Wang

Abstract Novel nanomaterial for use in bioassay applications represents a rapid

advancing field. Various kinds of nanomaterial have been investigated to determine

their properties and possible applications in biosensor. The nanomaterial’s ultrafine
grain, high-concentration grain boundary and the adjacent condition of interfacial

atoms determine their specific performance which was obviously different from

amorphous, normal polycrystal and monocrystal. The common properties of micro/

nano material contain volume effect, also known as small size effect, surface effect,

quantum size effect, macroscopic quantum tunnel effect, and dielectric confinement

effect. Besides, different nanomaterials also have their unique characteristics.

Because of these extraordinary effects and properties, nanomaterial shows incred-

ible macroscopic physical properties, which lay a broad prospect for its application.

Biosensor is a kind of special sensor which consists of biomolecule recognition

element and all kinds of physical or chemical transduces. They are often applied to

analyze and detect living and chemical matter with high specificity and accuracy

and low cost. Biosensors including electrochemical biosensors, optical biosensor,

piezoelectric sensor, and FET-biosensor have got very great developments

with the use of micro/nano material. The structures, properties, and applications

in biosensors of several main groups, including metal nanomaterial, carbon

nanomaterial, semiconductor material, magnetic nanomaterial, etc., are studied

in this chapter.
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7.1 Introduction

The history of biosensors started in 1967 with the development of enzyme elec-

trodes by scientists Updike and Hicks [1]. Since then, research communities from

various fields such as very large-scale integration (VLSI), physics, chemistry, and

material science have come together to develop more sophisticated, reliable, and

mature biosensing devices. Applications for these devices are in the fields of

medicine, agriculture, biotechnology, as well as the military and bioterrorism

detection and prevention [2].

Biosensors are known as immunosensors, optrodes, chemical canaries, resonant

mirrors, glucometers, biochips, and biocomputers. Two commonly cited definitions

by S.P.J. Higson [3] and D.M. Frazer [4], respectively, are “a biosensor is a

chemical sensing device in which a biologically derived recognition entity is

coupled to a transducer, to allow the quantitative development of some complex

biochemical parameter,” and “a biosensor is an analytical device incorporating a

deliberate and intimate combination of a specific biological element (that creates a

recognition event) and a physical element (that transduces the recognition event).”

Nanotechnology involves the study, manipulation, creation, and use of mate-

rials, devices, and systems typically with dimensions smaller than 100 nm. Nano-

technology is playing an increasingly important role in the development of

biosensors [5, 6]. Sensitivity and other attributes of biosensors can be improved

by using nanomaterials because of effects such as the quantum size effect, mini size

effect, surface effect, and macro-quantum tunnel effect.

Because of their submicron size, nanosensors, nanoprobes, and other

nanosystems are revolutionizing the fields of chemical and biological analysis, to

enable rapid analysis of multiple substances in vivo and in vitro. As shown in

Fig. 7.1, nanoparticles can be modularly assembled from different materials com-

position with different physical and chemical properties and functionalized with a

myriad of ligands for biological targeting [7]. In this chapter, we mainly discuss the

structures and properties of nanomaterial and its application in biosensor design.

Nanoparticles can be modularly assembled from different materials composition

with different physical and chemical properties and functionalized with a myriad of

ligands for biological targeting [7].

7.2 Structures and Properties of Nanomaterial

Novel nanomaterial for use in bioassay applications represents a rapid advancing

field. Various kinds of nanomaterial have been investigated to determine their

properties and possible applications in biosensor. According to different bulk

material, nanomaterial can be classified into several main groups, including metal

nanomaterial, carbon nanomaterial, semiconductor material, magnetic

nanomaterial, etc. The structures and properties of these nanomaterials are

discussed in this section.
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7.2.1 Basic Properties of Nanomaterial

The nanomaterial’s ultrafine grain, high-concentration grain boundary and the

adjacent condition of interfacial atoms determine their specific performance

which was obviously different from amorphous, normal polycrystal and monocrys-

tal. We firstly introduce common properties of nanomaterial:

1. Volume effect, also known as small size effect. When the size of nanoparticles is

close to or even smaller than the wavelength of conduction electrons and the

coherent wavelength of superconducting state, the periodic boundary condition

will be destroyed. And the melting point, magnetic properties, optical absorp-

tion, heat resistance, chemical activity, and catalytic properties would change

significantly.

2. Surface effect. Surface effect refers to the variation of properties induced by the

rapid increased ratio of surface atomic number and the total atom number along

with the decreasing particle size.

Fig. 7.1 Designing nanoparticles for bioapplications (Reproduced with permission from

[7]. Copyright 2010 Royal Society of Chemistry)
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3. Quantum-size effect. When the size of particle decreased to a certain value, the

electronic energy levels near Fermi level changed from quasi-continuous energy

level to discrete energy level, which makes nanomaterial owning a series of

particular properties, such as specific catalysis, strong oxidizability, and

reducibility.

4. Macroscopic quantum tunnel effect. It refers to the ability of microscopic

particles through the barrier. Magnetic nanoparticles have tunnel effect. So

they can pass through the barrier of macroscopic system.

5. Dielectric confinement effect. The dielectric confined effects of nanoparticles

have important impacts on the light absorption, photochemical and optical

nonlinearity properties of nanoparticles.

Besides, nanomaterial also has other characteristics. Because of these extraor-

dinary effects and properties, nanomaterial shows incredible macroscopic physical

properties, which lay a broad prospect for its application.

7.2.2 Metal Nanoparticles

Among all the metal nanomaterials, the precious metal nanomaterial is most widely

used. Next we’ll primarily introduce the properties of precious metal nanomaterial.

Precious metal nanomaterial refers to material containing precious metal (gold,

silver, platinum, palladium, and other expensive elements) and in the size of

0.1–100 nm developed by nanotechnology [8]. Precious metal material itself has

unique physical and chemical properties. When the size of the precious metal

material is in a state of mesoscopic, its macroscopic properties will change greatly.

When the size of precious metal material decreased to nanoscale scope, it not only

has all the properties of bulk precious metal but also presents the novel properties of

nanomaterial [9]. Thus precious metal nanomaterial has broad application prospect

in the field of chemical catalysis, biological medicine, energy and environment, and

electronic technology and attracts more and more attention of researchers [10, 11].

7.2.2.1 The Properties of Precious Metal Nanomaterial

Optical Properties

Precious metal nanoparticles have strong light absorption when the size decreased

to a certain degree. The smaller the size is, the darker the color is. Besides,

compared with bulk material, the light absorption peak of precious metal

nanomaterial showed obvious spectral migration properties. It would shift to

short-wave direction or long-wave direction that is blue shift or red shift

[12]. The quantum confinement effect of precious metal nanoparticles would

cause significant quantum energy-level splitting of nanoparticles and the
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broadening of bandgap between the conduction band and valence band, inducing

the blue shift of spectrum; the interface or surface effect of precious metal

nanoparticles leads to increased surface tension of nanoparticles, which further

prompts the narrowing of bandgap and causes the red shift of spectrum

[13, 14]. The spectral migration characteristics of metal nanomaterial provide

solid theoretical support for designing novel nano-optical sensor and colorimetric

probe [15–17].

Surface Plasmon Resonance Properties

Under the light exposure, free electrons on metal surface are undergoing electro-

magnetic disturbance, resulting in the oscillation of partial charges and the forma-

tion of plasma [18]. When the frequency of applied electromagnetic wave equals

the oscillation frequency of the plasma inside the metal, the surface plasmon

resonance (SPR) occurs [19–21].

Noble metal nanoparticles are different from precious bulk metal, for the surface

oscillation of electron cannot form electromagnetic wave which oscillated along the

surface, but forms electromagnetic wave which oscillated confined on the surface of

nanoparticles that is localized surface plasmon resonance (LSPR) [18]. The surface

functionalization and modification could be achieved by Au-S bond or electrostatic

adsorption, which is the key to its analytical applications. Figures 7.2 and 7.3 show

the characteristics of precious metal nanomaterial, respectively, including easy

modification and color-gradient characteristics.

Thermal Properties

The melting point of large-sized solid matter is fixed. After it being ultra-

micronized, the melting point was significantly decreased, especially when the

Fig. 7.2 (a) The optical properties of noble metal nanomaterial (Reproduced with permission

from [10]. Copyright 2008, American Chemical Society); (b) NMNMs can be conjugated with a

wide variety of functional moieties, both through the gold-thiolate bond and by passive adsorption

(Reproduced with permission from [22]. Copyright 2010 Royal Society of Chemistry)
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particle size is less than 10 nm magnitude. The conductive material made from

superfine silver powder can be sintered under low temperature, which could not

only save raw material but also produce high-quality membrane with uniform

thickness and large coverage [24].

Catalytic Properties

The catalytic activity and selectivity of precious metal nanomaterial can be con-

trolled by regulating its morphology, element composition, and surface modifica-

tion. The crystal face has important influence on the catalytic activity and

selectivity of nanoparticles [24].

Fig. 7.3 Biomedical applications of gold nanoparticles. (a) Gold nanorods, (b) nanoshells, and (c)
gold nanocages. The intense color arises from the collective excitation of their conduction

electrons, or surface plasmon resonance modes, because of photon absorption at wavelengths

which varies with (a) aspect ratio, (b) shell thickness, and/or (c) galvanic displacement by gold

(Reproduced with permission from [23]. Copyright 2011 Royal Society of Chemistry)
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7.2.3 Carbon Nanomaterial

Carbon nanomaterial refers to carbon material which at least one dimension is

smaller than 100 nm. Novel carbon nanomaterial in different structure and mor-

phology has been successively synthesized, such as zero-dimensional fullerenes,

one-dimensional carbon nanotubes, two-dimensional graphene, etc.

7.2.3.1 Fullerene

Fullerene is a novel type of all-carbon molecule. And it is the third allotrope of

carbon and famous for its unique cage structure, in which one of most prominent

representatives is C60. C60 is spherical in shape. It could be expressed as that each

carbon atom forms two single bonds and one double bond with adjacent three

carbon atoms [25]. Because of the structural characteristics of C60 molecule, it

presents many special physical and chemical properties such as anti-pressure

capacity, the strong intramolecular force, weak molecular pressure, and low surface

energy, which make it act as good solid lubricant in the tribology. All π electrons of
C60 tightly bind together and produce the negative inductive effect. So it has strong

electrophilic ability and can be used as electron acceptor. Some kinds of metal atom

could be embedded in C60 molecule to form the intercalation compound. In 1991,

Hebard first reported the superconducting temperature of potassium-doped C60:

Tc¼ 18 K, exceeding the highest organic superconductivity temperature

(Tc¼ 12.8 K), which aroused great interest of physicists and materials scientists

[26]. Lately the Tc of Rb3C60 was found to be 28 k, the Tc for Rb2CsC60 is 31 k, and

the Tc for RbCs2C60 is 33 k.

Fullerene molecules such as C60 and C70 present a unique performance due to its

unique structure. So far C60, C70, and their derivatives have been found to have a

series of excellent performance in optical, electrical, and magnetic fields. Espe-

cially, the nanotubes prepared by C60 have broad application prospects.

7.2.3.2 Carbon Nanotubes

Carbon nanotube is a one-dimensional quantum material with special structure (the

radial size of CNTs is at nanoscale, the axial size of CNTs is at microscale, and both

ends of nanotubes are sealed). According to the number of layers of carbon

nanotubes, carbon nanotubes can be generally divided into single-walled carbon

nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and multi-

walled carbon nanotubes (MWCNTs).

Carbon nanotubes have good electrical conductivity, mechanical properties, and

biocompatibility. Researches have showed that carbon nanotubes not only have

high strength and toughness but also have excellent electrical and magnetic prop-

erties, making it a recognized super one-dimensional reinforced material.
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Mechanical Property

CNTs have good mechanical properties. The tensile strength of CNTs is up to

50–200 GPa, 100 times higher than that of steel. The tensile strength of SWCNTs

with ideal structure is about 800 GPa. The composite material, which is made by

fabricating carbon nanotubes on other engineering materials as matrix, would have

excellent strength, elasticity, antifatigue, and isotropic properties, which may

greatly improve the performance of composite materials. The hardness of CNTs

is comparative to that of diamond, but it has good flexibility and can be stretched. In

addition, the melting point of CNTs is the highest among known materials.

Conductive Property

CNTs have good electrical performance due to the lamellar structure similar with

graphite. Theories predicted that the conductive properties of CNTs depend on its

diameter and helical angle of CNTs. When the diameter of CNTs is greater than

6 nm, the conductivity of CNTs decreased.

Heat-Transfer Properties

CNTs have good heat transfer properties. CNTs have big L/D ratio; thus the heat

transfer performance along the length direction is high, and the heat transfer

performance along the vertical direction is low. In addition, CNTs have relatively

high thermal conductivity. So the thermal conductivity of the composite material

could be greatly improved as long as trace CNTs are doped in the composite

material.

7.2.3.3 Graphene

For many years it has been used to describe the properties of carbon material, such

as fullerenes, carbon nanotubes, and graphite. Almost all allotropes of carbon

except diamond can be obtained from graphene, as shown in Fig. 7.4 [27]. Graphene

is normally in a thickness of an atomic layer, but can also be collectively called

single-layer graphene, double-layer graphene, and graphene with less than ten

layers. Ten atomic layers are the critical thickness between the 2D and 3D

materials.

Basic Electronic Properties

The most worth exploring physical property of graphene is its electronic properties

[27–29]. Firstly, the mostly discussed aspect is the electronic spectroscopy of
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graphene (dispersion relations). Secondly, the propagation of electronic wave in

graphene is confined in a one-atom thick layer, making them detectable by a variety

of probes. At the same time, it makes them sensitive to other materials close to

graphene, such as dielectric, superconductor, ferromagnetic, etc. Thirdly, electrons

of graphene can transmit in submicron range without scattering; even graphene is

put on rough substrate. Fourthly, the quantum effect of graphene is very strong even

at room temperature.

Electron Transport Properties

Owing to highly symmetric crystal structure of graphene, at room temperature, the

mobility of graphene almost has nothing to do with temperature and is mainly

influenced by impurities and defects [30].

Fig. 7.4 Graphene is a 2D building material. It can be changed into 0D buckyballs, rolled into 1D

nanotubes or stacked into 3D graphite (Reproduced with permission from [27]. Copyright 2007

Nature Publishing Group)
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Nonelectronic Properties

In 2008, C. Lee reported the first measurement on the mechanical and thermal

properties of graphene. The breaking strength of graphene is ~40 N/m and reaches

the theoretic limit [31]. He also reported that the thermal conductivity of graphene

was recorded at room temperature (�5000 Wm�1 K�1) [32] and Young’s modulus

(~1.0 TPa) [31]. Graphene can be elastically stretched up to 20%, which is larger

than most crystals [31, 33]. Similarly, graphene has both high flexibility and high

vulnerability [34]. In addition, graphene is composed of single-atom thick layers,

which make it impermeable to gas, including helium [35].

7.2.4 Semiconductor Nanomaterial

The size of particles is greater than that of atom clusters and less than usual

particles, generally 0.1–100 nm. It includes two parts with similar volume: one is

particles in a diameter of several or dozens of nanometer and the other is the

interface between particles.

It is more sensitive to confined space. Semiconductor nanomaterial doesn’t exist
in nature and it is mainly artificially made by energy-band engineering. The unique

properties of semiconductor nanomaterial make it play an important role in the

development of various functional devices. Except the common properties of

nanoparticles, semiconductor nanoparticles also have special optical effects and

photoelectrochemical properties.

Among many outstanding optical properties, the ultrafast optical nonlinear

response and photoluminescence (room temperature) features have attracted most

attentions. The blue shift of absorption spectrum and fluorescence spectrum forms a

series of discrete energy levels in the band.

7.2.5 Magnetic Nanomaterial

The properties of nanomaterial are different from that of conventional magnetic

material. The reason is that the characteristic physical length associated with

magnetism is exactly at the nanometer level. Magnetic nanomaterial has many

special properties, such as superparamagnetism, quantum size effect, macroscopic

quantum tunneling effect, small size effect, etc. Among them, its magnetic proper-

ties are the most outstanding property distinguishing it from any other

nanomaterial.

When nanoparticles’ size reaches a critical value, it will enter the super para-

magnetic state and coercive force is nearly zero. When there is no additional

magnetic field, the particles (domain) are in disordered arrangement showing

paramagnetism. When magnetic field is applied, the particles are ordered in terms

of magnetic field showing the ferromagnetism (but weaker than block).

160 X. Qiu et al.



There are mainly five kinds of magnetic material, metal alloy (Fe, Co, Ni), ferric

oxide (Fe203, Fe304), iron nitride (FeN), ferrite (CoFe204, BaFe12019), and chrome

oxide (Cr02). Among them, Fe304 is mostly used magnetic nanoparticles. It can be

easily prepared by coprecipitation or oxidative coprecipitation in aqueous solution.

And its size, shape, and composition can be controlled by adjusting the reaction

conditions.

Ferroferric oxide crystal can be expressed as Fe(III)[Fe(II)Fe(III)]O4. The size of

ferromagnetic oxide nanoparticle normally distributed at around 5–100 nm. Owing

to the small size effect and surface effect, when the diameter of ferroferric oxide

nanoparticle is smaller than 16 nm, it presented superparamagnetism [36]. The

unique performance of ferromagnetic oxide nanoparticles affords great potential in

biomedical research and separation process study [37]. The nanoparticles are easily

to be synthesized and functionalized, which provides great commonality for

research. Figure 7.5 shows the properties and modification of ferroferric oxide

nanoparticles [38].

H2N

H2N OH

O

PEI

PEI

Enzymes
Peptides with Fluorescence
Markers

Immunoglobolins

Microorganism cells
(Yeast and Bacteria)

Polyethylenimine
Transfection Agent

Animal Cells

DNA and RNA

Specific Ligand

Triazine Based Ligands

Antibodies
Antagonists

R1

R1

R2

NH

NH

NN

N

R2

NH

NH

NN

N

O

Fig. 7.5 Magnetic nanoparticles decorated with multifunctional receptors and polysaccharides

(Reproduced with permission from [38]. Copyright 2008 Elsevier B.V.)
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7.3 Recent Developments in the Use of Micro/Nano
Material in Biosensors

7.3.1 Electrochemical Biosensors

Nanomaterials mainly have the following functions when it is applied in the field of

electrochemical biosensor: (1) accelerate electron transfer and increase the reaction

reversibility of redox on electrode surface, (2) catalyze reaction, (3) act as the

carrier of biological molecules, (4) label biological molecules, (5) control chemical

reaction, and (6) act as reactants.

7.3.1.1 Accelerating Electron Transfer

Metal nanoparticles (such as gold, silver, etc.) and carbon nanotubes can be used as

a conductor which connects protein (enzyme) and electrodes and promotes the

electron transfer between electrodes and the active center of protein, making it

applicable to prepare biological sensors with special performance. Willner

et al. [39] linked 1.4 nm gold nanoparticles with flavin adenine dinucleotide

(FAD), the cofactor of glucose oxidase (GOx) together, and then recombine

FAD-AuNPs composite and cofactor-deleted GOx into new GOx. The recombinant

enzyme was assembled onto the gold electrode through double thiol molecules.

When detecting glucose with this electrode, the electrons were transferred between

enzyme and electrodes through AuNPs making electron transfer rate seven times

higher than that between a natural enzyme and the natural oxygen. Because the

electron transfer rate of AuNPs is quicker than that of oxygen, the sensor is not

affected by the concentration of dissolved oxygen and the interference of reducing

substances – ascorbic acid when detecting glucose. After that, they fixed one end of

carbon nanotubes on electrodes, while connecting the other end to the FAD, and to

form a new GOx like AuNPs [40]. Carbon nanotubes can also transfer electrons

between recombinant enzyme and electrodes like a wire. And the electron transfer

rate is six times faster than that between a natural enzyme and its oxygen substrate.

What’s more, the electron transfer rate is related to the length of carbon nanotubes.

For example, the electron transfer rate of carbon nanotubes with the length of 25 nm

is 1.5 times than that with a length of 50 nm. Xu et al. introduced 17 nm AuNPs into

assembled composite membrane for fabricating a glucose biosensor [41].

In addition, the direct electrochemical reaction of many biological molecules

such as myoglobin (Mb), hemoglobin (Hb), cytochrome C (Cyt C), and horseradish

peroxidase (HRP) on the electrode can also be conducted through the conduction of

the metal, metal oxide nanoparticles, or carbon nanotubes. Ju et al. fixed a hybrid

composite membrane of zirconium dioxide and Mb on the surface of graphite

electrode [42]. The existence of composite membrane accelerated the electron

transfer between the electrode and Mb, making the sensor catalyze the reduction

of hydrogen peroxide in the absence of any medium. Li et al. [43] assembled gold
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nanoparticles on gold electrode using thiol-DNA and then immobilized Cytc. Gold

nanoparticles transfer electrons between Cytc and electrode, by which we can

observe the direct electrochemistry of Cytc. And in a certain range, with the

increased layer of gold nanoparticle, the electrochemical current of Cytc increased.

In addition to being electronic wire, metal nanoparticles [44] and carbon

nanotubes can also help improve oxidation-reduction reversibility of active sub-

stances in electrochemical sensitive membranes.

7.3.1.2 Acting as Catalyst

Metal nanomaterial could catalyze the oxidation or reduction of various

electroactive substances (e.g., nicotinamide adenine dinucleotide (NADH) and

H2O2) and reduce its overpotential in electrochemical reactions. Raj et al. [45]

found that NADH was oxidized at �0.3 V on electrodes modified with sol-gel film

doped with gold nanoparticles and reached the maximum value at 0 V. Compton

et al. [46] found that the silver nanoparticles can catalyze the reduction of H2O2,

based on which the electrodes have a detection limit of 2.2 μmol/L for H2O2.

Platinum nanoparticles can also catalyze the oxidation of H2O2. Halaoui

et al. [47] prepared a highly sensitive H2O2 sensor by immobilizing platinum

nanoparticles on indium tin oxide (ITO) electrode surface modified with poly

diene propyl dimethylamine (PDDA) by self-assembly method. Since NADH is

coenzyme for more than 300 kinds of dehydrogenase. While H2O2 is the reaction

product of oxidase and the substrate of peroxidase, through the high selective

determination of NADH and H2O2, we can effectively detect the concentration of

many kinds of enzymes or the substrate. Palladium and iridium nanoparticles have

similar functions with platinum, so they are frequently used as material to immo-

bilize oxidase on electrodes.

Because of the small diameter, high surface energy, and the insufficient atom

ligand, carbon nanomaterial such as carbon nanotubes are easily to transfer electron

with other substances, making it suitable for broad applications in electrocatalysis.

Gorski et al. [48] dissolved carbon nanotubes in chitosan, forming carbon

nanotubes-chitosan composites. The compound had good film-forming property

and showed the good catalytic capability on the oxidation of NADH. The NADH

oxidation potential on the composite membrane was reduced by 300 mV. After

fixing glucose dehydrogenase on the electrode surface, the sensor can quantitatively

detect glucose of 5.0–300 μmol/L. Chen et al. [49] fixed carbon nanotubes-chitosan

composites on glassy carbon electrode surface with one step of electrodeposition

method, which can catalyze the reaction of O2 and H2O2 at the same time. The

prepared biosensor can be used to detect the substrate at different potentials, which

effectively eliminates the interference of electroactive material such as ascorbic

acid. Using electrical catalysis of carbon nanotubes modified electrodes on H2O2 or

NADH, we can indirectly detect substrates and inhibitors of many enzymes, such as

choline, ethanol, organophosphorus pesticide, and so on.
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7.3.1.3 The Immobilization of Biomolecules

With such features as large specific surface area, high surface free energy, good

biocompatibility, and rich in functional groups on surface, nanomaterial makes it

possible to fix a large number of biological molecules on the electrode surface and

keeps its good biological conformation and activity, which plays a vital role in the

construction of biosensor.

Gold nanoparticles were widely applied in immobilizing protein. AuNPs have

been used to immobilize a lot of protein, such as Hb, HRP, tyrosinase, and glucose

oxidase on the electrode surface. Studies have shown that protein (enzyme) can

attach on the surface of AuNPs well through the interaction between groups like

NH2 and SH and gold atom. What’s more, AuNPs have good biocompatibility. So,

fixed biological molecules can maintain their biological activity. Chen et al. [50]

deposited chitosan-AuNPs-GOx composite on electrode surface using electrodepo-

sition method and prepared an amperometric sensor with fast response for the

determination of glucose. Recently, they used AuNPs which was synthesized in

situ on the surface of polydimethylsiloxane (PDMS) to develop polymer-

nanomaterial composite film-modified electrodes with good biocompatibility and

strong protein adsorption ability [51]. Taking advantage of different adsorption

sites of choline oxidase and acetyl cholinesterase on composite membrane, the

selective detection of acetyl cholinesterase in homogenate neural tissue can be

realized. Except for immobilizing protein, gold nanoparticles have also played a

huge role in immobilizing antigen, antibody, DNA, and cells. Zhu et al. [52]

synthesized a three-dimensional nanostructured gold film which provided a bio-

compatible microenvironment for antibodies and then developed a novel unlabeled

immunosensor. Ju et al. [53] built a bionic interface using AuNP-chitosan gel and

cultured K562 leukemia cells on the interface. The number of cells, the prolifera-

tion, and apoptosis of cells can be reflected by the change of impedance value.

Oxide nanomaterial is mainly used for protein immobilization in the field of

electrochemical biosensors. Because of the good hydrophilicity and biological

compatibility of nano-oxides’ surface, nano-oxides are beneficial for maintaining

the biological configuration of proteins and can realize the direct electron transfer

between active center of protein and the electrode surface. Hu et al. [54]

immobilized heme proteins on the graphite electrode through layer-by-layer assem-

bly method by using the interaction between SiO2 nanoparticles and Hb, which

realized direct electrochemistry of HB. In addition, they have discussed the immo-

bile driving force of the protein on oxide nanoparticles based on the model of heme

protein [55]. In 2004, for the first time, by introducing SiO2 nanoparticles and GOx

onto grid surface of FET, Chen et al. [56] prepared enzyme-based FET which

presented increased sensitivity and prolonged service life for glucose determination

compared to enzyme-based FET without SiO2 nanoparticles. Besides the electro-

static interaction, there is chelation between transitional metal nanoparticles and

proteins. Therefore, they are more suitable for immobilizing protein. Nanomaterials

such as TiO2, Fe3O4, ZrO2, and MnO2 also achieved good results for immobilizing

protein on electrochemical biosensors.
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7.3.1.4 Biomolecule Labeling

Among metal nanomaterials, gold and silver nanoparticles can be used as bio-

markers in electrochemical analysis by labeling biomolecules with molecular

recognition ability, such as antigen, antibody, DNA, etc., which play a role in

electrochemical immunoassay and DNA testing. Limoges et al. [57] labeled anti-

body with gold nanoparticles and assembled gold nanoparticles on electrode sur-

face through the immunoreaction between antibody and antigen. Then the

concentration of gold ions was determined by anodic stripping voltammetry, thus

indirectly measuring the concentration of antibody. The method is of high sensi-

tivity and can be used to measure pmol/L level of immunoglobulin. On the basis of

that, the developed AgNP- and CuNP-enhanced stripping method was also applied

to the antigen and antibody detection.

With multiple energy state, semiconductor nanomaterials such as CdS, CdTe,

PbS, and ZnS can glow when they are excited at multiple wavelengths. The

nanoparticle biomarkers used in electrochemical analysis are mainly metal nano-

particle and semiconductor nanoparticles, namely, quantum dots. In the field of

electrochemical biosensors, quantum dots are often applied to label biological

molecules. Biological molecules labeled by quantum dots were assembled to the

sensor interface through specific interaction between antigen and antibody or biotin

and avidin. After that, the concentration of targets can be quantitatively detected

through stripping voltammetric response of the constituent elements of a quantum

dot. Wang et al. [58] labeled CdS quantum dots onto polysaccharides. Due to the

specific interaction between the polysaccharide and lectins fixed on surface of gold

electrode, CdS quantum dots labeled polysaccharide (fixed concentration) and

unlabeled polysaccharide (concentration need to be detected) competitively com-

bined with lectins. So concentration of polysaccharide can be indirectly measured

by measuring the stripping voltammetric response of Cd caught by lectins. In

addition, they developed an electrochemical method which can detect a variety of

kinds of DNA at the same time [59]. Recently, Ju et al. [60] assembled a novel sugar

monolayer film that established a method for in situ detection of sugar on cell

surface by using CdTe quantum dots as the biomarker.

7.3.1.5 Acting as Reactant

It is known that the chemical properties of nanoparticles are different from that of

its body material. Due to high surface energy, the chemical activity of nanomaterial

is usually higher than its ontology. As is known to all, MnO2 can catalyze the

decomposition of H2O2, but MnO2 nanoparticles can directly react with H2O2,

generating Mn2+ and O2, while consuming H+. Obviously, the consumption of H+

will cause the change of pH, which can be monitored by H+-sensitive FET. Based

on this principle, Chen et al. [61, 62] prepared glucose biosensor and lactic acid

biosensor with high sensitivity and good selectivity. In addition, MnO2
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nanoparticles can also react with ascorbic acid. Taking advantage of this property,

Chen et al. [63] deposited a layer of MnO2-chitosan composite film on the surface

of prepared glucose sensor, which can effectively eliminate the influence of

ascorbic acid and improve the precision of the sensor in the determination of

glucose. More recently they developed H2O2 sensor with double catalytic ability

by using the property of changing valence of MnO2 nanoparticles, which were

successfully applied for detection of choline at low potential [64].

7.3.2 Optical Biosensor

7.3.2.1 The Application of Metal Nanoparticles in Optical Biosensor

Photochemical sensing research of precious metal nanoparticles has attracted much

attention in recent years. Applications of precious metal nanomaterial in the field of

optical sensing are mainly concentrated in the following aspects:

1. The optical colorimetric analysis

2. The surface plasmon resonance detection

3. Local surface plasmon resonance (LSPR) and surface-enhanced Raman scatter-

ing (SERS)

4. The fluorescence detection

Chromaticity sensor has attracted many attentions due to its simplicity, high

sensitivity, low cost, easiness to read by naked eyes, no need for complex instru-

ments, etc. Metal nanoparticles, due to its high extinction coefficient in visible light

area, have become one kind of colorimetric probe. The dispersion of AuNP solution

presents a red color, while the aggregation of AnNPs presents a purple or blue color.

So far, AuNPs modified by different functional molecules with high recognition

ability have been widely used.

For the first time, Mirkin et al. [65–67] used thiol-DNA-modified AuNP probe,

since DNA can combine with a lot of target molecules, causing the cross-link of

AuNPs. So they can detect different kinds of target materials such as oligonucle-

otides, proteins, small molecules, enzyme activity, metal ion, etc. AuNPs modified

with thiolated aptamer acted as colorimetric probe. Based on the color changes in

the process of gathering and depolymerization, sensitive colorimetric detection of

adenosine can be realized.

Xia group established a universal colorimetric sensor platform by using

unlabeled ssDNA, unmodified AuNPs, and cationic conjugated polymers, which

can be used in the detection of a variety of target materials including DNA,

proteins, small molecules, and inorganic ions [68].

In 2010, Parab et al. reported an optical sensor to detect target DNA by using

gold nanorods as molecular probe. This sensor is based on that the hybridization of

target DNA with two different DNA probes leads to the aggregation of gold

nanorods. This sensor has been successfully applied to detect pathogen gene of
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Chlamydia trachomatis in human urine samples with a detection range of

0.25–20 nM.

Surface plasmon resonance sensor is a new type of biological sensing technol-

ogy which appeared in the 1980s. By utilizing SPR principle, SPR sensor trans-

ferred the interaction of biological molecules into optical signal. SPR sensor owns

the advantage of real-time, online detection and highly sensitive detection.

Localized surface plasmon resonance refers to a physical optic phenomenon

when the incident light radiates on the surface of nanoparticles, in which occasion

the frequency of incident light resonates with the oscillation frequency of metal free

electron aggregation and presents strong absorption spectra in specific wavelength

range.

In addition to the inheritance of SPR sensor’s merits, LSPR sensor also has the

following features:

1. Small test instrument and simple system setup

2. High sensitivity and strong anti-interference ability

3. Rapid and multichannel detection

The biomacromolecular detection based on the technology of LSPR is an

important branch of LSPR sensing research. Gold nanorods are the most commonly

used LSPR sensing substrate which is easy to be prepared. Gold nanorods own

strong local surface plasmon resonance absorption peak and can be assembled into

a one-dimensional (1D), two-dimensional (2D), and three-dimensional

(3D) structure under suitable conditions. The resonance absorption peak of gold

nanorods is relatively sensitive to shape, size, and space between nanorods and the

surrounding medium environment. Using this feature, LSPR sensors based on gold

nanorods has begun to be widely used in biological macromolecules detection,

immunoassay, etc. [69].

In 1996, Mirkin et al. [65] firstly reported gold nanoparticle-based DNA detec-

tion by LSPR method. He added a single-stranded DNA sequence which was

complementary to different DNA fragments modified on the surface of AuNPs to

the AuNPs solution, leading to the red shift of the absorption peak of LSPR. At the

same time, the color of AuNP solution turned from red to blue. Although this

method is sensitive, the surface of AuNPs needs complex modification process and

the operation is complicated. In 2000, by using gold nanoparticles with negative

charge on its surface, Li et al. [70] wrapped single-stranded DNA on the surface of

AuNPs through electrostatic interactions. When target DNA fragments appeared in

the system, the hybridization of target DNA with DNA probe on the surface of

AuNPs would occur, which would induce the aggregation and color change of gold

nanoparticles. Immune analysis based on the technology of LSPR is an important

branch of LSPR sensing research. In 2002, Thanh et al. [71] develop a method

which can detect anti-protein antibody at 1 ug/mL based on the aggregation of

AuNPs.

Huang et al. [72] prepared a photochemical biosensor based on unlabeled and

high-throughput LSPR for the first time. The author prepared five LSPR sensors

with different throughput by using five kinds of gold nanorods with different length
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to diameter ratio. Different receptor-ligand pairs can be detected in the wavelength

range from 530 to 940 nm at the same time. And the sensor can also detect three

pairs of the antigen antibody simultaneously. Wang et al. [73] applied LSPR

sensors based on gold nanorods for the detection of hepatitis B virus (HBV) in

buffer, serum, and plasma. Harshala et al. [74] prepared an optical DNA sensor for

pathogen diagnosis (Fig. 7.6).

With the development of surface modification technology and nanofabrication

technology, by controlling the array distribution, structure, and the surrounding

medium of the precious metal nanoparticles and increasing the breadth and depth of

LSPR technology, LSPR technology will become a forefront research hotspot in

sensing fields.

Gold nanorods
immobilized on
glass slides

Sensor chip

Multi-throughput
LSPR spectrum

Gold nanorods

Sample inlet

Sample outlet

Detector

Fig. 7.6 Multi-throughput localized surface plasmon resonance (MLSPR) (Reproduced with

permission from [72]. Copyright 2008 Elsevier B.V.)
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Compared to other spectral methods, fluorescence analysis is very popular due to

its inherent advantages such as high sensitivity, easiness to operate, and the

diversity of the measurable parameters. Especially in recent years, some progresses

in research of properties of nanomaterial give a new thought for designing chemical

and biological fluorescent sensing scheme.

In 2005, Chen et al. [75] found that there are two fluorescence emission belts at

743 nm and 793 nm with different intensity for gold nanorods whose length to

diameter ratio is greater than 1:13. The larger the length to diameter ratio is, the

higher fluorescent efficiency gold nanorods have. The hybridization between DNA

probe and target molecules can be detected through the changing of fluorescence

intensity of gold nanorods which is labeled by DNA molecule.

In 2010, Gouet et al. [76] detected the human single-stranded DNA, double-

stranded DNA, and G-quadruplex by using the positively charged gold nanorods as

optical labels. The conformation changes of telomere DNA are converted to

multiple optical signals such as fluorescence quenching, near-infrared absorption,

plasma resonance light scattering, and dynamic light scattering. The formation of

double-stranded DNA and G-quadruplex, accompanied by strength decreases, leads

to the fluorescence quenching and blue shift of longitudinal absorption peak of gold

nanorods.

Surface-enhanced Raman scattering (SERS) is an important tool for studying

surface molecules. Raman spectrum analysis method is based on the Raman scatter-

ing effect found by Indian scientists C.V. Raman. By analyzing the scattering

spectrum which is different with incident light, we can get the information of

molecular vibration and rotation. And the information is helpful for us to study the

structure of molecules. While using normal Raman spectrometry to detect the sample

adsorbed on colloidal metal particles such as silver, gold, or copper or on the rough

surface of metal, the Raman spectrum intensity of the sample can be improved by

103–106 times. This phenomenon is called surface-enhanced Raman effect.

SERS overcomes the drawback of low sensitivity of Raman spectrum, so it can

get the structural information which cannot be easily retrieved from the conven-

tional Raman spectrum, resulting its wide use in the study of biological molecular

interface orientation, configuration, structure, etc. Relative information in vivo

about biomacromolecule such as protein, nucleic acid, and phospholipid can be

accurately obtained by stimulating the near-infrared light which has less damage to

organisms. Surface-enhanced Raman scattering can be used in biological research

of complex system.

Due to its nanoscale rough surface and good water solubility of AuNPs, it has

been widely used as SERS-active substrate which can be applied to study soluble

adsorption molecules in solution system in the fields of biochemistry, trace analy-

sis, etc. The study found that the size, shape, and surface topography of gold

nanoparticles will greatly influence the SERS enhancement effect. Also, although

the SERS enhancement factor of a single gold particle is small, the enhancement of

AuNP aggregation is obvious. The aggregation of AuNPs can be obtained by

adding some inorganic salts (KCl, NaCl, NaNO3) and organic amine into the

AuNP solution. Nie et al. [77] designed a new kind of SERS AuNP probe. Through
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the specific hybridization of DNA, the distance between AuNPs was adjusted,

which would change SERS signal and then realize molecular recognition and signal

amplification. Besides being used as SERS substrate in the solution system, AuNPs

can also be used in the preparation of solid base. Porter et al. [78] proved that the

gold substrate assembled by AuNPs can become good solid-phase SERS substrate.

Meanwhile they found that SERS substrate with gold basement and gold

nanoparticles has strong SERS effect and proved that coupled vibration of these

two kinds of surface electron cloud of the basement and gold nanoparticles played

an important role in SERS effect.

7.3.2.2 The Application of Semiconductor Nanoparticles in Optical

Biosensor

Quantum dots, QD for short, also called the semiconductor nanoparticles or semi-

conductor nanocrystals, are a kind of nanoparticles composed of VI and V elements

[79]. With high fluorescence quantum productivity and better fluorescence lifetime,

core-shell type quantum dots have many advantages as fluorescent probes com-

pared with traditional fluorescent dyes and are often used for the detection of

biological macromolecules [80].

QD assay labeling uses QDs for in vitro assay detection of DNA, proteins, and

other biomolecules. DNA-coated QDs have been shown as sensitive and specific

DNA labels for in situ hybridizations, as probes for human metaphase chromo-

somes, and in single-nucleotide polymorphism and multi-allele DNA detection.

Conversely, DNA linked to QD surfaces has been used to code and sort the

nanocrystals. These results demonstrate that DNA-conjugated QDs specifically

bind their complements both in fixed cells and in vitro. For proteins, our group

uses a self-assembled electrostatic protein QD functionalization strategy to create

QD-based fluoro-immunoassay reagents. Using antibodies conjugated to QDs by an

adaptor protein, we have carried out multiple demonstrations of analyte detection in

numerous immunoassays including a four-color multiplex toxin analysis

[81, 82]. For bioassays, the ability to excite QDs at almost any wavelength below

the band edge combined with high photo bleaching resistance and “multiplexing”

capabilities highlights the unique combination of spectral properties that make QD

fluorophores of interest to biologist.

Luminescent quantum dots have many applications in nucleic acid detection.

DNA molecules labeled with QDs can be used as a fluorescent probe of oligonu-

cleotide which could hybrid specifically with its complementary oligonucleotide.

After DNA molecules labeled with QDs match with its complementary DNA, the

fluorescence spectrum of QDs will change. It’s the arrangement change of QDs that

cause changes of their fluorescence [83]. Han et al. [84] assembled QDs which emit

different fluorescence on the surface of polymer microspheres and encode

according to the type of QDs and the ratio of fluorescence intensity through

hybridization reaction, which can provide corresponding fluorescence information
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for each of the DNA sequence with 99.99% accuracy. Patolsky et al. monitored the

dynamics of DNA replication by using resonance energy transfer between CdSe/

ZnS quantum dots and organic fluorescence [85].

7.3.2.3 The Application of Carbon Nanomaterial in Optical Biosensor

Resonance energy transfer, a kind of non-radiation energy transfer process, is when

the donor on excited state transfers energy to receptors on the ground state. When

the donor is a kind of fluorescent substance, whether the receptor is a kind of

fluorescent substance or not, this process is called fluorescence resonance energy

transfer (FRET). The efficiency of FRET is affected by many factors, such as the

degree of spectrum overlapping, the orientation of quadrupole on transition state,

the distance between the donor and receptor molecules, etc. Donor and receptor are

usually two kinds of dye molecules whose charge is limited to the zero dimension in

traditional FRET, in which the energy transfer rate (k) is inversely proportional to

the six powers of molecule distance. The effective distance of energy transfer is

between 1 and 10 nm. When the distance is more than 10 nm, effective FRET

process will not happen. According to the report of Sebastian et al. [86, 87], when

either receptor or donor has off-domain charge, the rate of energy transfer will

deviate from the traditional law of FRET. For example, when the donor is dye

molecule and the receptor is CNTs with one-dimensional structure, the rate of

energy transfer is inversely proportional to five powers of distance. When the

receptor is graphene, the rate of energy transfer is inversely proportional to four

powers of the distance. In these systems, even when effective energy transfer

distance is far greater than 10 nm, the transfer efficiency is much higher than that

of the traditional energy transfer efficiency between dye molecules. Therefore,

donor-recipient type based on nanomaterials such as CNTs and graphene has

broad application prospects in the chemical and biological sensing.

In terms of CNTs, in recent years, research about the interaction between some

biological molecules such as nucleic acids, proteins, and CNTs is very attractive

which can be used for the separation of CNTs, biological sensing, and drug

transmission. Among them, the ssDNA was proved to have the ability to interact

with CNTs non-covalently. ssDNA could wrap around the surface of CNTs to form

stable compounds through the π-π stack between its nucleotide bases and sidewall

of CNTs. However, the affinity of double-stranded DNA (dsDNA) to CNTs is very

small, so it cannot wrap on the surface of CNTs [88, 89]. The differences of affinity

properties to CNTs between single- and double-stranded DNA combine with

specificity of aptamer to interact its target resulting to the CNTs wide use in

chemical biology sensing. For example, Yang et al. built donor-receptor type

nanohybrid through the interaction between CNTs and SWCNTs both labeled by

fluorophore. As shown in Fig. 7.7, after the formation of dsDNA based on hybrid-

ization with the target sequence, fluorescence recovery can be detected. In addition,

the detection range of this sensing strategy to detecting target material molecules

can expand by utilizing aptamer. For example, Yang et al. [90] detected adenosine
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triphosphate by assembling aptamer molecular beacon (MAB) and MWCNTs. Not

only the problem of high fluorescent background signal and low efficiency of

energy transfer between the dye of the traditional molecular beacon can be over-

came; the cost was also reduced greatly by using MWCNTs as energy receptors. In

addition, by using different Aptamer, the detection range of molecules increased

greatly.

Similarly, FRET sensor based on graphene especially graphene oxide (GO) is

widely used. They are usually consisted of three parts:

1. Recognition probe, such as ssDNA or aptamer which can respectively combine

with the corresponding target sequence or specific molecular targets

2. The report fluorophore which usually coupled on the probe

3. GO

First of all, the DNA probes labeled with fluorescent molecules interact with GO

plane through nucleotide bases, forming donor-receptor type GO hybridization and

inducing fluorescence quenching. While target molecules were combined with

DNA probe, the conformation of DNA probe changed, inducing the dissociation

of DNA probe. Finally, the FRET process is terminated, so is the fluorescence

recovery of quenching fluorophore led by. Tang et al. [91] reported such kind of

sensor system based on the recovery of quenching fluorophore to detect specific

ssDNA sequences, whose detection limit can reach nanomole level. The author also

discovered that DNA adsorbed on the surface of GO can protect it from nuclease

degradation, confirmed that specific detection of target sequences in the presence of

nuclease can also be realized. Similarly, the other two DNA sensing methods were

further proved that they can be used to detect the mismatch of single base.

In order to further improve the sensitivity of the method, Li et al. [92] built

double-quenching fluorescence sensing system by combining GO and molecular

beacon (MS), which greatly improves the SNR, and the detection limit can reach

0.1 nM. Dong et al. [93] took CdTe QDs as fluorescent report group and detected

target molecules by building the GO/MB-QDs energy transfer quenching system.

Fig. 7.7 Scheme of the SWCNTs-based fluorescence sensor for DNA detection (Reproduced with

permission from [90]. Copyright 2008 American Chemical Society)
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Similarly, this method can be used to detect proteins and metal ions by using

aptamer as the recognition probe. Lu et al. [94] designed a fluorescent sensor

based on the GO/aptamer for thrombin detection whose performance is obviously

better than that of purely fluorescent sensor based on traditional fluorescent dye [95]

and optical sensing method based on aptamer-CNT hatch. In addition, Chang

et al. [96] also developed fluorescence sensing method by using surfactant

decentralized reduced graphene oxide (RGO) rather than GO, which improve the

detection sensitivity up to picomole. And Wen also developed a FRET method for

sensitive detection of Ag by using specific aptamer of Ag labeled by fluorescence

and GO (Fig. 7.8).

7.3.3 Piezoelectric Sensor and FET Biosensor

7.3.3.1 The Application of Nanomaterial in Piezoelectric Sensor

The term “piezoelectric” derived from the Greek word piezen meaning “to press.”

The first investigation on the piezoelectricity was performed in 1880 by Jacques and

Pierre Curie [98], who observed that a mechanical stress is applied to the surfaces of

various crystals, caused by a corresponding electrical potential across the crystal,

whose magnitude was proportional to the applied stress. Many types of materials

(quartz, tourmaline, lithium niobate or tantalate, oriented zinc oxide, or aluminum

nitride) exhibit the piezoelectric effect, but the properties of quartz make it the most

common crystal type used in analytical applications. The most used devices in

biosensors are generally bulk acoustic wave-based and surface acoustic wave-based

biosensor.

Surface acoustic wave (SAW) is a kind of acoustic wave that spreads along the

surface of medium, and its amplitude decreases rapidly with depth. As early as

100 years ago, people had known the properties of this wave theoretically, but until

1965 the technology of generating surface wave had been broken through by using

interdigital transducer. Since then, SAW device obtained rapid development. Now

it has been widely used in fields such as radar, satellite, communication, electronic

countermeasure, and sensor technology, becoming a new kind of promising device.

Typical quartz crystal SAW devices mainly include delay lines, resonators,

oscillators, band-pass filter, etc. And the main component of SAW is piezoelectric

substrate and interdigital transducer (IDT). IDT is one kind of ultrasonic transducer

that could directly excite surface acoustic wave. Because of its low dissipation of

electroacoustic conversion, design flexibility, simple fabrication, and certain work-

ing frequency range, it has become one of mostly used technologies for the

excitation and detection of surface acoustic wave. Firstly, a layer of metal film

was fabricated on piezoelectric substrate by vacuum vapor deposition. Then the

interdigital fork electrodes were made by photolithography method.

Nanomaterials have incomparable excellent properties, so they are often used for

signal amplification of piezoelectric biosensor. Wang et al. [99] deposited amino
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Fig. 7.8 (a) Schematic illustration of DNA hybridization using a double-quenching system

consisting of GO and molecular beacon (MB) (Reproduced with permission from [93]. Copyright

2015 2010, American Chemical Society). (b) Schematic illustration of the fluorescence sensor for

Ag(I) ions based on the target-induced conformational change of a silver-specific cytosine-rich

oligonucleotide (SSO) and the interactions between the fluorogenic SSO probe and graphene oxide

(Reproduced with permission from [97]. Copyright 2010 Royal Society of Chemistry)
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plasma polymer film on the gold electrode surface of a piezoelectric crystal and

then assembled nanoparticles on film to develop an immobilization technology

based on the multiplication of gold nanoparticles.

Jin et al. [100] labeled antihuman IgG antibody with nanoscale SiO2 particles

instead of traditional latex and established an improved liquid piezoelectric

immune agglutination technology based on piezoelectric immune agglutination

sensing for direct and rapid detection for human IgG. Meanwhile, they investigate

immune agglutinate phenomenon between nanogold-labeled antibody and lgG and

compared its result with that of antibody labeled with SiO2 nanoparticles. Hua

Wang et al. [101] covalently fixed the predominant antigens of schistosome on the

surface of functional SiO2 particles and rapidly detected the concentration of

schistosome antibody in infectious rabbit serum by sensitive sensing the changes

of non-quality parameters such as density, viscosity induced by agglutination action

events of immune particle using piezoelectric crystal, and then successfully devel-

oped a piezoelectric sensor-based assay for the diagnosis of schistosomiasis. Com-

pared with normal immune sensing method, this kind of non-mass effect

piezoelectric sensor has the advantage of fast and sensitive detection, simple

operation, low cost, portable detection instrument, real-time detection, etc.

7.3.3.2 The Application of Carbon Nanomaterial in Field-Effect

Transistor-Based Biosensors

Among diverse electrical biosensing architectures, devices based on field-effect

transistors (FETs) have attracted great attention because they are an ideal biosensor

that can directly translate the interactions between target biological molecules and

the FET surface into readable electrical signals. There has been an explosion of

interest in using carbon nanomaterials in FET-based biosensors. Owing to their

unique physicochemical properties, SWNTs and graphene are in the forefront of

this explosion. The major advantages of SWNTs and graphenes are their high

conductivity, well biocompatibility, molecule compatibility size, high chemical

stability, and easy availability, which suggest that carbon nanomaterial-based

FETs have promised as paradigms for device architecture, yielding devices that

are capable of converting biological information to easily detectable electrical

signals.

The properties of SWNTs can be leveraged by combining them with other

functional materials, such as small molecules, lipid membrane, or aptamers, to

enhance the biosensing performance and install new functionalities. Kim

et al. coated SWNT surfaces with human olfactory receptor 2AG1 and reported

the real-time detection of specific odorant molecules (such as amyl butyrate, butyl

butyrate, propyl butyrate, and pentyl valerate) [102]. The observed femtomolar

sensitivity resulted from the deformation of the human olfactory receptor 2AG1

protein when the WNT-bound protein and the odorants docked.

Previous reports indicated that single-stranded DNA can form a stable complex

with individual SWNTs by wrapping around them, the interaction being driven by
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the aromatic interactions between nucleotide bases and SWNT sidewalls. Label-

free electrical detection of DNA hybridization utilizing SWNT FET-based bio-

sensors suggests a new generation of DNA chips that can give direct electrical

readouts. This could provide fast and inexpensive analyses of nucleic acid samples.

In 2006, Star et al. [103] used SWNT FETs to study interactions between single-

stranded DNA oligonucleotides and SWNTs and the subsequent DNA hybridiza-

tion processes that occurred on the device surface. They showed that SWNT FETs

could be selectively modified with DNA oligonucleotides and maintain hybridiza-

tion specificity.

Recently, Goldsmith et al. have developed an electrochemical method to create

single-point defects in SWNTs in a controllable manner and then covalently bind

biomolecules at this scattering site [104]. Using these devices, they also demon-

strated continuous, multihour monitoring of the binding of a single molecule with

high sensitivity (a conductance change of >100 nS for binding of a reactive

carbodiimide). Sorgenfrei et al. [105] covalently attached a single-stranded probe

DNA sequence, which was terminated with an amine group, to a carboxylic acid

functionalized point defect in a carbon nanotube using a standard amide-formation

coupling reaction.

Recently, the increasing interest in graphene for biosensing applications seems

to have overtaken the corresponding interest in SWNTs. The first graphene

FET-based electrical biosensors were demonstrated by Mohanty

et al. [106]. They immobilized GO and GA sheets on silica substrates with either

predeposited or postdeposited gold electrodes and used silicon as a back gate for

electrical measurements. They exploited the functional groups on GOs or GAs to

fabricate three CMG-based biosensors:

1. A single-bacterium biodevice

2. A label-free DNA sensor

3. A bacterial DNA/protein and a polyelectrolyte chemical transistor

The bacteria biodevice was highly sensitive; just a single-bacterium attachment

caused a sharp (42%) increase in conductivity of CMG sheets. To improve the

detection sensitivity, Dong et al. [107] used large, CVD-grown graphene films to

fabricate biosensors, thereby achieving DNA sensing with a concentration as low as

0.01 nM. They attribute this marked increase in sensitivity to the electronic

n-doping to the devices. They further found that adding AuNPs on the surface of

graphene devices could extend the upper limit of DNA detection from 10 to 500 nM

due to the increase in loading of probe DNAmolecules onto the AuNPs. This AuNP

strategy is apparently widely applicable.

Ohno et al. [108] developed label-free immunosensing based on an aptamer-

modified graphene FETs. The aptamer-modified graphene FETs showed selective

electrical detection of immunoglobulin E protein. From the dependence of the drain

current variation on the immunoglobulin E concentration, the dissociation constant

was estimated to be 47 nM, indicating good affinity. In a similar way, Agarwal

et al. [109] recently demonstrated the biocompatibility of reduced GOs with pro-

teins and further used them after protein functionalization to create biosensors for

detecting various metals in real time with high sensitivity [110] (Fig. 7.9).
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7.3.3.3 The Application of Silicon Nanowire in Field-Effect

Transistor-Based Biosensors

Silicon nanowire field-effect transistors (SiNW-FETs) have recently drawn tremen-

dous attention as a promising tool in biosensor design for their ultrasensitivity,

selectivity, and label-free and real-time detection capabilities [111]. In the fields of

biological research, SiNW-FETs are employed in the detections of proteins, DNA

sequences, small molecules, cancer biomarkers, and viruses.

SiNW-FET has been widely used lately for studying protein interaction mech-

anisms, not only because of its real-time and label-free detection but also due to its

high sensitivity and selectivity. An early measurement made by Cui

et al. demonstrated the real-time detection of streptavidin binding to biotin-

modified SiNWFET [112]. They also explored the ability of biotin-modified

SiNW-FET to detect streptavidin at the concentration of 10 pM, which is much

lower than the nanomolar-range detection level obtained from other techniques,

such as the stochastic sensing of single molecules [113]. Lately, Zheng et al. have

also demonstrated a new methodology based on a frequency (f) domain electrical

measurement utilizing a SiNW-FET for protein detection [114]. In the presence of

the protein (antigen) which can be recognized specifically by the antibody-

functionalized SiNW-FET, the frequency spectrum exhibits a Lorentzian shape

with a characteristic frequency of several kHz. They observed the shape of the

frequency spectrum to monitor the binding events and further to determine the

detection limit.

In addition to the protein-protein interactions mentioned above, SiNW-FETs

were adapted for the detection of DNA or RNA. Due to the large amount of

negative charges in the phosphate backbones of DNA or RNA, SiNW-FETs offer

a good candidate for monitoring DNA or RNA hybridizations, because the

Rubber pool

Source
Drain

SiO2

p−Si substrate

Ag/AgCI

Aptamer-modified graphene

26.0

0 20 40
Time (min)

IgE sensing
0.29

24
20

35
160

260

340 nM

D
ra

in
 c

ur
re

nt
 (
µA

)

60 80

26.5

27.0

27.5

28.0

28.5

a b

Fig. 7.9 (a) Schematic illustration of aptamer-modified electrolyte-gated graphene FETs. (b)
Time course of ID for an aptamer-modified graphene FET. At 10-min intervals, various concen-

trations of IgE were injected (Reproduced with permission from [108]. Copyright 2010 American

Chemical Society)
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hybridizations cause the accumulation or depletion of charge carriers in the SiNW-

FET, leading to a conductance change. Hahm et al. have reported the real-time and

label-free detection of DNA with a PNA (peptide nucleic acid)-modified SiNW-

FET [115]. In that study, PNA was anchored to the SiNW surface by the strong

interaction between avidin and biotin. The successful PNA-DNA duplex formation

was demonstrated by the observation of a sizable increase in conductance in the

p-type PNA-modified SiNW-FET, because of the negatively charged phosphate

backbones of DNA. This ultrasensitive biosensor for sensing DNA is capable of

detecting down to 10 fM.

Specific PNA-modified SiNW-FET sensors have recently been established to

diagnose dengue virus infection [116]. As represented schematically in Fig. 7.10a,

the synthetic PNA receptors were first anchored to the SiNW-FET surface. A

specific fragment (69 bp) derived from dengue serotype2 (DEN-2) virus genome

sequences was selected as the target DNA and amplified by the reverse transcription

polymerase chain reaction (RT-PCR). The detection limit of this biosensor based on

SiNW-FET was claimed to be 10 fM. In addition, this promising method allows the

detection of microRNAs (miRNAs) for early cancer diagnosis [117]. As illustrated

in Fig. 7.10b, a PNA-immobilized SiNW-FET was used to probe miRNA by

detecting PNA-miRNA hybridization via base pairing. This approach exhibits an

excellent detecting specificity capable of discriminating a single-base mismatch in

miRNA.

a

b PNA

SiNW SiNW

Si Si

PNA-miRNA hybridization

miRNA

SiO2 SiO2

Source SourceDrain Drain

RT-PCR product
(ssDNA after denaturation)

Buffer

Silicon nanowire Silicon nanowire

Insulator Insulator InsulatorInsulator

Fig. 7.10 (a) A schematic diagram of the RT-PCR product of DEN-2 hybridized to a

PNA-functionalized SiNW-FET sensor (Reproduced with permission from [116]. Copyright

2008 Elsevier B.V.) (b) Label-free direct hybridization for the ultrasensitive detection of

miRNA (Reproduced with permission from [117]. Copyright 2008 Elsevier B.V.)
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The SiNW-FET system has also been applied to disease screening. Recently,

Zheng et al. utilized a SiNW-FET array for the detection of multiple cancer markers

[117]. This SiNW-FET array, shown in Fig. 7.10, is composed of three independent

SiNW-FET devices on which different antibodies were immobilized. The conduc-

tance vs. time measurements showed the simultaneous recording of the PSA, CEA,

and mucin-1 solutions, which were delivered sequentially to the SiNW-FET arrays.

By virtue of the ultrasensitive SiNW-FET, the detection limit for these three cancer

markers has advanced to the pg/mL scale.

Using nano- and neuro-technologies to couple electrical interfacing with neural

systems has great potential to unveil many details of neuron studies [118]. In the

past few years, SiNW-FETs and CNT-FETs have been applied for electrophysio-

logical measurements by recording signals from neuron cells and tissues, e.g.,

recording the electrical signal from a single neuron and cardiomyocyte cells and

detecting the released neurotransmitter of CgA from living neurons.

7.4 Summary and Outlooks

Nanomaterial, especially the combination of nanomaterial with other materials or

different nanomaterial (such as carbon nanotubes and nanoparticles, quantum dots

and nanoparticles) combinations increasing the immobilization amount of bioactive

substances and surface active sites, provides good reaction microenvironment,

accelerates the electron transfer process, and shortens the response time of signal.

The sensitivity, detection range, and repeatability of biosensor have been dramat-

ically enhanced, which broaden the application fields of biosensors. As more and

more nanomaterials were discovered and used, biosensors have become a new

detection technology. It has broad application prospect in the field of life science

and engineering technology.

In the future, the study of novel biosensor design based on nanomaterial can

focus on the following aspects:

1. The synthesis of nanomaterial with uniform distribution and obvious

physiochemical response, which may play a role in the multi-protein and

multi-gene detection simultaneously.

2. The use of nanomaterial for constructing bionic interface, which can be applied

to the study of artificial simulation of neural activity.

3. The combination of nanomaterial, microfluidic chip, and ultramicroelectrode

technology, which can be applied for real-time monitoring chemical activity of

single cell.

4. The combination of nanomaterial and biosensing technology and MEMS tech-

nology, which can be utilized to develop biosensors for real-time and on-site

detection of complicated real samples. With the deepening of the study, the

nanotechnology-based biosensor will play a more important role on the research

and exploring of life process and will be widely applied in the areas closely

related to people’s daily life such as clinical diagnosis, environmental monitor-

ing, and food safety.
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