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in life science, medicine, chemistry and biotechnology. The series covers exciting

sensor-related aspects of chemistry, biochemistry, thin film and interface techni-

ques, physics, including opto-electronics, measurement sciences and signal proces-
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practitioners and researchers active in this highly interdisciplinary field. The care-
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new research and will point to existing new trends and brand new applications.
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Preface

Nanomaterial is one of the hottest fields in nanotechnology that studies fabrication,

characterization, and analysis of materials with morphological features on the

nanoscale in at least one dimension. Recent progress in synthesis and fundamental

understanding of properties of nanomaterial has led to significant advancement of

nanomaterial-based gas/chemical/biological sensors. The most important aspect of

nanomaterial is their special properties associated with nanoscale geometries. The

most fundamental characteristic of nanomaterial is the high surface area to volume

ratio, which results in a number of unusual physical and chemical properties such as

high molecular adsorption, large surface tension force, enhanced chemical and

biological activities, large catalytic effects, and extreme mechanical strength, but

another unique property of nanomaterial and recently most studied is the quantum

size effect that leads to their discrete electronic band structure like those of

molecules. This quantum property of nanomaterial can lead to an extraordinary

high sensitivity and selectivity of biosensors and can be benefit to the field of

diagnostics.

In this book, we focus on a wide range of nanomaterials including nanoparticles,

quantum dots, carbon nanotubes, molecularly imprinted nanostructures or plasti-

bodies, nanometal, DNA-based structures, smart nanomaterials, nanoprobes, mag-

netic nanomaterials, organic molecules such as phthalocyanines and porphyrins,

and the most amazing novel nanomaterial called graphene, for various gas/chemi-

cal/biological sensing applications. Moreover, perspectives of new sensing techni-

ques such as nanoscaled electrochemical detection, functional nanomaterial-

amplified optical assay, colorimetric fluorescence, and electrochemiluminescence

are reviewed and extensively explained. This book includes recent progress of

selected nanomaterials over a broad range of gas/chemical/biological sensing

applications, and examples of nanomaterials in sensing and diagnostic application

are given.

The use of biofunctional nanomaterials in signal amplification for ultrasensitive

biosensing is extensively discussed. The biofunctional nanomaterials with the

abilities of specific recognition and signal triggering can be employed as not only
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excellent carriers but also electronic and optical signal tags to amplify the detection

signal. Nanomaterial-based electroanalytical biosensors are discussed to give some

ideas and concepts of utilizing nanomaterials for cancer and bone disease diagnos-

tics. Then, new nanomaterial-based electrochemical impedance biosensors applied

in cancer and bone disease studies that can detect in real time without any

pre-labeling specific biomolecules at previously unattainable ultra-low concentra-

tions are specifically discussed. The hottest area of nanomaterial called “carbon

nanomaterial” including carbon nanotube and graphene is up-to-date reviewed.

Carbon nanotube-based chemical and biosensors and its integration to microfluidic

systems are discussed. Carbon nanotube-based electrochemical sensors integrated

into microfluidic systems are extensively surveyed and discussed. Moreover, a

comprehensive review of graphene-based chemical and biosensors will help who

interests to springboard to the new area of carbon nanomaterial-based sensors more

easily. Graphene’s synthesis methods, properties, and different types of chemical

and biosensors including chemoresistive, electrochemical, and other sensing plat-

forms are described. Newly invented organic nanomaterials such as molecularly

imprinted polymers (MIPs) are expansively reviewed and analyzed for sensing and

diagnostics of various biological species. Inorganic nanomaterials such as nanome-

tal structures using in localized surface plasmon resonance (LSPR) biosensor

platform are discussed including their biomedical diagnosis applications. Naturally

derived nanomaterial-based sensors such as DNA sensors (genosensors) employing

nanomaterials are extensively described. As quantum effect of nanomaterial is

amazing, novel nanoprobes for in vivo cell tracking used for evaluating the thera-

peutic efficacy will show the potential of this quantum effect for diagnostics.

Another organic nanomaterials made of metallo-porphyrin (MP) and metallo-

phthalocyanine (MPc) which are optically active are used in optical-based gas

sensors and electronic nose systems. Then, this book concludes with the uses of

nanotechnology to attain highly sensitive detection in electrochemical microde-

vices. Issues relating to miniaturization of electrochemical electrode and system are

discussed. Various techniques applicable to fabrication and integration of nano-

electrodes are included. With the extensive review of newly discovered nanomater-

ials used for sensors and diagnostics, this book will be interesting not only for

scientists working in the field of nanomaterial-based sensor technology but also for

students studying analytical chemistry, biochemistry, electrochemistry, material

science, and micro- and nanotechnology.

Pathumthani, Thailand Adisorn Tuantranont
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Nanomaterials for Sensing Applications:

Introduction and Perspective

Adisorn Tuantranont

Abstract Recent progress in synthesis and fundamental understanding of

properties of nanomaterials has led to significant advancement of nanomaterial-

based gas/chemical/biological sensors. This book includes a wide range of

nanomaterials including nanoparticles, quantum dots, carbon nanotubes, graphene,

molecularly imprinted nanostructures, nanometal structures, DNA-based

structures, smart nanomaterials, nanoprobes, magnetic-based nanomaterials,

phthalocyanines, and porphyrins organic molecules for various gas/chemical/

biological sensing applications. Perspectives of new sensing techniques such as

nanoscaled electrochemical detection, functional nanomaterial-amplified optical

assay, colorimetric, fluorescence, and electrochemiluminescense are explored.
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1 Introduction to Nanomaterials and Their Sensing

Applications

Nanomaterial is one of the major fields in nanotechnology that studies fabrication,

characterization, and analysis of materials with morphological features on the

nanoscale in at least one dimension [1–5]. The nanoscale is usually defined as the

size that is smaller than 100 nm. However, it is sometimes extended to a dimension

smaller than 1 mm. Recently, the European Commission adopted the definition of a

nanomaterial as a natural, incidental, or manufactured material containing particles,

in an unbound state or as an aggregate or as an agglomerate and where, for 50% or

more of the particles in the number size distribution, one or more external

dimensions is in the size range 1–100 nm. In specific cases, the number size

distribution threshold of 50% may be replaced by a threshold between 1% and 50%.

Nanomaterials may be classified based on dimensionality (D) of their features into

0D, 1D, 2D, and 3D nanostructures [6]. 0D nanostructures including nanoparticles,

nanospheres, quantum dots, isolated molecules and atoms are point structures with

nanoscale in all dimensions [7–9]. 1D nanostructures including nanotubes and

nanowires are structures with non-nanoscale only in one dimension [8, 10–12]. 2D

nanostructures such as nanosheet, nanoplates, nanobelts, and nanodisc are structures

with nanoscale in one dimension [13–16]. Lastly, 3D nanostructures such as

nanotetrapods, nanoflowers, and nanocombs are arbitrary structures, which contain

nanoscale features in any of three dimensions [17, 18]. These nanomaterials can be

made of large variety of functional materials, including metals, metal oxides, ionic

compound, ceramics, semiconductors, insulators, organics, polymers, biological

materials, bioorganisms, and so on. Each functional material can be made in many

nanostructure forms. Carbon is one of the most notable examples that all

dimensionalities of 0D fullerene (hollow bucky ball) [19], 1D carbon nanotubes

(CNTs) [20–23], 2D graphene [13], and 3D graphite nanostructures are available.

Apart from carbon, a wide range of nanomaterials with different dimensions of metal

[24, 25], metal oxide [8, 15, 26–28], semiconductor [29–33], organic [11, 34, 35],

polymers [36], biomaterials [37–40], and their composites [39, 41–44] have been

widely reported.

Various forms of nanostructured materials can be synthesized or fabricated by

many different methods. In general, nanomaterials can be made by three main

approaches, including top-down, bottom-up, and the combination [45–47]. In the

first approach, bulk starting materials will be broken down into nanoscale structures

by various methods such as photolithographic patterning, wet etching, plasma

etching, reactive-ion etching, laser processing, electrochemical etching, and grind-

ing [30, 48–51]. The approach can be used for production of nanoparticles,

nanorod, and nanowires of metal oxide, semiconductor, metal, and polymer

materials. The main advantages of these methods include well-controlled

parameters and large-scale manufacturability. However, they suffer from high

material loss, relatively high cost, and slow production rate.

2 A. Tuantranont



For the second scheme, nanostructures are formed by assembly of atoms or

molecules controlled by suitable process parameters of each process [52]. Bottom-up

methods are more widely used because they can be better controlled, faster, and more

cost effective [53]. Bottom-up schemes can be mainly divided into vapor-phase and

solution-route syntheses, in which nanostructures are built up from molecules or atoms

in gas and liquid phases, respectively. Widely used vapor-phase methods include

chemical vapor deposition (CVD) [54, 55], plasma-enhanced CVD [56, 57], atomic

layer deposition [58, 59], thermal/e-beam evaporation [60–62], pulse laser deposition

[63–65], sputtering [66], and flame-based synthesis [67]. These techniques have been

widely applied for syntheses of metal oxide, semiconductor, metal, and composite

nanostructures such as nanoparticles, nanowires, nanotetrapods, nanorods, nanobelts,

nanosheets, and nanotubes made of carbon, SnO2, TiO2, ZnO, Si, GaAs, Ti, W, etc.

They offer several advantages including well-controlled parameters, high-quality and

aligned structure, very low contamination, and large-scale manufacturability. However,

they normally involve expensive instrumentation, vacuum system, and high-

temperature process.

Solution-phase methods including precipitation [68], sol–gel deposition [69],

hydrothermal/solvothermal syntheses [70–72], electrochemical deposition [73],

self-assembled monolayer [16], molecular self-assembly [74, 75], electrospinning

[76, 77], electrospray [78], spray pyrolysis [79], and other chemical routes [80] are

relatively simple, of low temperature, and of low cost. They are more suitable for

syntheses of organic, polymer, and biological nanomaterials such as nanofibers,

nanoparticles, nanosheets of phthalocyanines, porphyrins, polyanilene (PANI),

poly (3,4 ethylenedioxythiophene):poly-styrene-sulfonic acid (PEDOT:PSS),

polypyrol, polyvinlypyrolidone (PVP), polyacrylonitride (PAN), oxidase enzymes,

and deoxyribonucleic acid (DNA) [81–89]. Nevertheless, these methods can also be

used to synthesize some metal oxide, semiconductor, metal nanostructures such as

nanowires of Au, Ni, Fe, and TiO2, which often rely on self-assembly of polymer

and biological materials such as cells and DNAs [90–97].

In the last approach, the bottom-up and top-down methodologies are combined

to realize more sophisticated nanomaterials. First, initial nanomaterials in the form

of film or nanostructures are synthesized by a top-down method. Next, initial

nanomaterials are further broken down by bottom-down techniques such as wet

etching and dry etching. The development of the approach is still in an early stage

and there are not many examples of nanomaterial syntheses based on this concept.

The first example is anodized alumina (AAO) nanoporous thin film fabricated by

the deposition of aluminum thin film and electrochemical anodization in phosphoric

acid. The nanopore structure can be used for subsequent bottom-up growth of

nanowires [98–101]. Similarly, nanoporous silicon thin film can also be made by

sputtering of amorphous silicon layer and electrochemical or plasma etching [102].

Another notable example is the fabrication of graphene sheet from CNTs. CNTs

synthesized by CVD process were etched along their sidewall by photoresist

masking and oxygen plasma etching [103]. Another interesting example is silver

nanowire formed by laser shock on silver thin film [13].

Nanomaterials for Sensing Applications: Introduction and Perspective 3



The most important aspect of nanomaterials is their special properties associated

with nanoscale dimensions. The most fundamental characteristic of nanomaterials

is the high surface-area-to-volume ratio, which results in a number of unusual

physical and chemical properties such as high molecular adsorption, large surface

tension force, enhanced chemical and biological activities, large catalytic effects,

and extreme mechanical strength [104–106]. Another unique property of

nanomaterials is the quantum size effect that leads to their discrete electronic

band structure like those of molecules. Unlike the increased surface-to-volume

ratio that also occurs when going from macro to micro dimensions, quantum effect

is only specific to deep nanoscale dimension of smaller than a few tens of nanome-

ter [107, 108].

The nanomaterials are thus highly useful for a wide range of nanotechnology

fields including nanoelectronics [108–110], optoelectronics [109], nanophotonics

[111–114], nano-electromechanical systems (NEMS) [115], bioelectronics [116],

nanobiotechnology [117, 118], nanochemistry [119], biochemistry [120, 121],

biomedicine [122–124], electrochemistry [125], nanomechanics [126, 127], and

so on. These lead to a large variety of applications such as quantum-effect lasers/

solar cells/transistors [128, 129], photonic band gap devices [113, 114], catalyst

[130, 131], photocatalyst [132, 133], molecular electronic device [8], surface-

enhanced Raman spectroscopy (SERS) [134], nano fuel cells [135, 136], nano

drug delivery systems [41, 137], nanosensors [20, 25, 138, 139], advanced energy

storage devices [140–142], and nanoactuators. Among these, sensors are among the

fastest-growing applications due to their huge demands in many real-world appli-

cation fields such as automobiles, communication, consumer electronics, industrial,

and biomedical. Sensors can be divided into several classes including mechanical,

thermal, optical, magnetic, gas, chemical, and biological.

Among various kinds of sensors, gas/chemical/biological sensors can exploit the

most benefits from high surface-to-volume-ratio property of nanomaterials [143,

144]. Gas/chemical/biological sensors generally comprise sensing material that

responds to changes of gas/chemical/biological analytes and transducer that converts

the changes into electrical signals. Gas sensor may be classified by sensing

mechanisms into chemoresistive, surface acoustic wave (SAW), quartz crystal micro-

balance (QCM), chemiluminescent, optical absorption, and dielectric types

[145–149]. Gas-sensing applications include toxic gases such as NO2, CO, SO2,

NH3, O3, and H2S; flammable gases such as H2, CH4, C2H2, and C3H8; and volatile

organic compounds (VOCs) such as ethanol, acetone, methanol, and propanol

[146–150]. Similarly, chemical sensors can be divided by sensing platforms into

electrochemical, ion-sensitive field effect, chemiluminescent, optical, and mass spec-

troscopic ones [151–153]. Chemical sensing applications are much wider than

gas-sensing ones as they include a large number of liquid-phase chemicals ranging

from acids, bases, solvents, and inorganic substances to organic analytes [154].

Likewise, widely used biosensing platforms include electrochemical, fluorescent,

surface plasmon resonance (SPR), QCM, and microcantilever [20, 155–158].

Biosensing applications also cover a very broad range of biologically relevant

materials including bioanalytes found in living organisms such as glucose, choles-

terol and uric acid, DNAs, RNAs, cells, proteins, organelles, and so on [12, 157–160].
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The main and common requirement of these sensors is high sensitivity and

specificity. The specific surface area of sensing material is one of the most impor-

tant factors that dictate the sensitivity as it directly related to adsorption or reaction

rate with target analytes [161]. Gas/chemical/biological sensors developed based on

well-established microtechnology are now currently used in commercial

applications. They provide good sensitivity and reproducibility along with low

power consumption. However, their performances are still not satisfactory for

many advanced applications that involve detection of very low concentration

analytes. The use of nanomaterials in these sensors will provide substantial

improvement of sensing performances due to several orders of magnitude increase

of specific surface area and smaller size [162–164]. Well-controlled synthesis and

fundamental understanding of properties of nanomaterials are very important for

the advancement of nanomaterial-based gas/chemical/biological sensors.

Recently, there has been significant progress in development of nanomaterial-

based sensors. A wide variety of nanostructured materials and composites have

been devised on different sensing platforms by a number of preparation methods for

various sensing applications. For instance, high-sensitivity chemoresistive gas

sensors based on metal oxide nanostructures such as SnO2 nanowires, ZnO

nanotetrapods, and TiO2 nanorods have been extensively explored [144]. In addi-

tion, highly sensitive electrochemical biosensors based on the combination of

biofunctional materials such as enzymes, antibody and DNAs, and novel electrode

materials such as carbon/metal/conductive polymer/metal-oxide nanostructures,

and nanocomposites such as CNTs, graphene, gold nanoparticles, CNTs/

polyaniline, CNTs/ZnO, CNTs/gold nanoparticles graphene/polythiophene and

alike are of great interest [12, 165, 166]. This book includes recent progress of

selected nanomaterials over a broad range of gas/chemical/biological sensing

applications and it is organized as follows.

In Chap. II the use of biofunctional nanomaterials in signal amplification for

ultrasensitive biosensing has been discussed. The biofunctional nanomaterials with

the abilities of specific recognition and signal triggering can be employed as not

only excellent carriers, but also electronic and optical signal tags to amplify the

detection signal. Two approaches including noncovalent interaction and covalent

route for the functionalization of nanomaterials with biomolecules are described.

The performance in terms of sensitivity and specificity are also digested.

In Chap. III, nanomaterial-based electroanalytical biosensors are reported and

emphasized for cancer and bone disease diagnostics. The existing biosensor

technologies, the mechanisms and applications of two types of electroanalytical

biosensors and advantages of nanomaterials in developing these biosensors are

described. Then, new nanomaterial-based electrochemical impedance biosensors

applied in cancer and bone disease studies that can detect in real time without any

pre-labeling-specific biomolecules at previously unattainable ultra-low concentrations

are specifically discussed.

Chapter IV deals with CNT-based chemical and biosensors and its integration to

microfluidic systems. Different components necessary for the construction of a

microfluidic system including micropump, microvalve, micromixer, and detection

system utilizing CNT-based electrochemical sensors are extensively surveyed and

discussed.
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Chapter V covers a comprehensive review of graphene-based chemical and

biosensors. These include graphene’s synthesis methods, properties, and different

types of chemical and biosensors including chemoresistive, electrochemical, and

other sensing platforms. In addition, concluding remarks for further development of

graphene-based chemical and biosensors are provided.

In Chap. VI, molecularly imprinted polymers (MIPs) for sensing and diagnostics

of various biological species are expansively reviewed and analyzed. The design of

novel artificial MIPs and the limitations of the classical non-covalent imprinting

approach are discussed. Some novel strategies for the molecular imprinting of

macromolecules such as the use of complementary functional monomers and a

new electrochemical approach to the imprinting of peptides and proteins as well as

new concepts for the integration with transducers and sensors are described.

Chapter VII reports design, synthesis, fabrication, properties, and biomedical

diagnosis applications of nanometal structures including Au and Ag nanoparticles

(NPs) based on localized surface plasmon resonance (LSPR) biosensor platform.

The characteristics including enhanced sensitivity, label-free detection capability,

specific changes in their absorbance responses upon binding with various molecules

are demonstrated and discussed.

In Chap. VIII, DNA sensors (genosensors) employing nanomaterials for diagnostic

applications are extensively described. These DNA sensors employ electrochemical

impedance principle to detect hybridization of a target clinical diagnostic-related gene

with the complementary probe genes with no labeling. The use of nanocomponents

to improve sensor performance, mainly CNTs integrated in the sensor platform,

or nanoparticles, for signal amplification and their diagnostic applications will be

reviewed.

Chapter IX describes novel nanoprobes for in vivo cell tracking used for

evaluating the therapeutic efficacy by measuring the changes in tumor volume

and tumor markers after cell-based immunotherapy. Various molecular probes

and imaging modalities including intrinsic or extrinsic therapeutic cells’ modifica-

tion with proper molecular probes and in vitro amplification as well as recent

advances in molecular imaging probes are discussed. Their application in relation

to in vivo tracking of dendritic cells (DCs), natural killer (NK) cells, and T cells are

then addressed.

Chapter X includes optical chemical gas sensor and electronic nose based on

optically active organic nanomaterials made of metallo-porphyrin (MP) and

metallo-phthalocyanine (MPc). The gas-sensing mechanism, preparation methods

of sensors, the optical absorption spectral measurement under ambient conditions,

and application to electronic nose with principal component analysis (PCA) are

described.

In Chap. XI, the uses of nanotechnology to attain highly sensitive detection in

electrochemical microdevices are reviewed. Issues relating to miniaturization of

electrochemical electrode and system are discussed. Various techniques applicable

to fabrication and integration of nanoelectrodes are included.
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2 Perspective of Nanomaterial Development for Sensing

Applications

The development of nanomaterials for sensing applications is still in an early stage

and there remains much more work to be done and some challenging issues to be

overcome before nanomaterials can successfully be commercialized. Novel func-

tional nanomaterials and new synthesis methods are still being further explored to

achieve sensors with ultra-high sensitivity. Among novel nanomaterials, graphene

and its composites are especially promising and their research in sensing applications

has been growing tremendously [167–169]. Moreover, several nanomaterials have

not yet been studied in many gas/chemical/biological applications due to application

diversity, and these explorations are highly needed. Among these, new biological

sensing applications such as virus-causing newly born infectious diseases and dan-

gerous diseases such as cancer are of particular interest [170–172]. In addition,

nanomaterials have not yet been applied in several sensing platforms to optimize

their sensing capability. Thus, the integration of nanomaterials in novel sensing

platforms such as plasmonic-based sensors is another important research direction

[173, 174]. Furthermore, nanomaterial-based sensors should be integrated into

processing systems such as microfluidics or lab-on-a-chip so that sample

preprocessing and analysis can be automated. Presently, only some nanomaterial-

based sensors have been successfully embedded in microfluidic devices [175–177].

Thus, fabrication of microfluidic devices with integrated nanomaterial-based sensors

should be further developed.

One of the most important problems of nanomaterial-based sensors is their poor

reproducibility because it is difficult to control the structure and arrangement of

nanomaterial on sensor. Highly controlled synthesis and manipulation of

nanomaterials are still major technological challenges [178]. Therefore, highly

ordered nanomaterials and their implementation in sensing platforms are among

the most important research topics in nanomaterials [179]. This leads to a new

research field, namely Nanoarchitectonics, which is a conceptual paradigm for

design and synthesis of dimension-controlled functional nanomaterials [180].

Self-assembled processes for various nanomaterials and structures are the most

promising keys to achieve these nanostructures [46, 181–183]. However, effective

methods and supporting instrumentation are still lacking and require significant

technological development such as novel methods for arbitrary guiding assembly

[184–187].

Another potential difficulty is high mass manufacturing cost due to sophisticated

processing and instrumentation. Thus, development of fabrication process for low-

cost and well-controlled large-scale nanostructure in sensing devices is another

important future research topic. Chemical route syntheses [188–190] and printing

techniques [191, 192] such as inkjet, gravure, and screen printing on low-cost,

flexible substrates such as polymers and paper are among potential solutions to

realize low-cost and disposable nanomaterial-based sensors, and research in this

area should earn particular attention. Moreover, the integration of flexible and
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printed nanosensors with organic and printed electronics (OPE) for full functional

sensing devices and systems will be a very active research field due to their

important applications in smart textile, smart clothing, smart paper, and so on [193].
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Signal Amplification Using Nanomaterials

for Biosensing

Jianping Lei and Huangxian Ju

Abstract Signal amplification based on biofunctional nanomaterials has recently

attracted considerable attention due to the need for ultrasensitive bioassays. Espe-

cially, most nanoscaled materials are biocompatible, which permits them to act in

direct contact with the environment as carriers of biological recognition elements

for obtaining lower and lower detection limit. In order to achieve the good perfor-

mance for biosensing, two approaches including noncovalent interaction and cova-

lent route have been introduced for the functionalization of nanomaterials with

biomolecules. The biofunctional nanomaterials with the abilities of specific recog-

nition and signal triggering can be employed as not only excellent carriers, but also

electronic and optical signal tags to amplify the detection signal. These advantages

provide a new avenue to construct a sensitive and specific platform in nanobiosensing.

Keywords Biosensing, Functionalization, Nanomaterials, Signal amplification
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1 Introduction

The need for ultrasensitive bioassays and the trend towards miniaturized assays

make the biofunctionalization of nanomaterials become one of the hottest fields

[1, 2]. These biofunctionalized nanomaterials can be used as carriers or tracers to

obtain the amplified detection signal and the stabilized recognition probes. Based

on the unique properties of nanomaterials, the biofunctional nanoparticles can

produce a synergic effect among catalytic activity, conductivity, and biocompati-

bility to result in significantly signal amplification for designing a new generation of

nanobiosensing device.

A lot of nanomaterials, such as metal nanoparticles, carbon-based nanostructures,

and magnetic nanoparticles have been introduced as carriers for the signal amplifica-

tion. In particularly, carbon-based nanomaterials and metal nanoparticles show to

promote the direct electron transfer between the biomolecules and electrode surface.

For example, based on excellent conductivity, the single-walled carbon nanotubes

(SWNTs) can act as a nanoconnector that electrically contacts the active site of the

enzyme and the electrode with the interfacial electron transfer rate constant of 42 s�1,

which provides a significant potential for constructing an electrochemical biosensor

[3]. Using superparamagnetic particle as carrier for signal amplification, surface

plasmon resonance (SPR) immunoassay has been achieved for the detection of cancer

biomarker prostate specific antigen (PSA) in serum at an ultralow detection limit of

10 fg mL�1 [4].

As a signal trace, the biofunctionalized nanomaterials have the abilities of

specific recognition and signal amplification in optical, electrochemical, and

photoelectrochemical assays [5, 6]. In optical assay, nanoparticle probes such as

fluorescence energy transfer nanobeads and quantum dots (QDs) provide significant

advantages of signal brightness, photostability, wide dynamic range, and

multiplexing capabilities comparison with organic dyes and fluorescent proteins.

Electrochemical assays based on nanoprobes are attractive because of their low

cost, high sensitivity, simplicity, and easy miniaturization. The electrochemilu-

minescent (ECL) and photoelectrochemical assays hold the advantages of both

optical and electrochemical detections are a promising perspective.
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In this chapter, the recent significant advances in signal amplification based on

biofunctional nanomaterials are highlighted including the efficient functionalization

of nanomaterials with biomolecules as recognition elements, and the functions of

nanomaterials as carrier and signal trace in ultrasensitive nanobiosensing.

2 Biofunctionalization Method of Nanomaterials

2.1 Biofunctionalization by Noncovalent Assembly

Nanomaterials hold much promise for biological applications, but they require

appropriate functionalization to provide biocompatibility in biological environments.

Two approaches including noncovalent interaction and covalent interaction are

introduced for the functionalization of nanoparticles (NPs). The noncovalent

approach such as electrostatic interaction and p–p stacking can avoid destruction of

conjugated skeleton and loss of electronic properties of the NPs. A general and

attractive approach via p–p interaction has been designed by Dai and coworkers

for the noncovalent functionalization of SWNTs sidewalls and the subsequent

immobilization of biomolecules onto SWNTs via N-succinimidyl-1-pyrenebutanoate

[7]. A functional nanocomposite of reduced graphene oxide (RGO) with water-

soluble picket-fence iron porphyrin has been prepared by means of p–p interactions.

The resulting nanocomposite has good biocompatibility and excellent electrocatalytic

activity toward the reduction of chlorite [8].

The electrostatic interaction is alternative method to assembly biomolecules on

the surface of NPs, particularly for deposition of macromolecules such as proteins

or enzymes. Typically, the carboxylate group decorated carbon nanotube (CNT)

can be functionalized with antibody molecules at pH values that lie slightly above

the isoelectric point of the citrate ligand. Further, the electrostatic layer-by-layer

(LBL) self-assembly onto CNT carriers maximizes the ratio of enzyme tags per

binding event to offer the great amplification factor, which allows detection of

DNA and proteins down to 80 copies (5.4 aM) and 2,000 protein molecules

(67 aM), respectively [9].

Another noncovalent method for immobilizing biomolecules on NPs is to entrap

them in biocompatible films such as phospholipid, polymer, and DNA. A conjugate

of phospholipid and dextran has been found to not only be as a stable coating for

nanomaterials, but also provide brighter photoluminescence than carbon nanotubes

suspended by poly(ethylene glycol) [10]. Moreover, the coating films can provide

the abundant positions for functionalization with second biomolecules. Figure 1

shows the formation of polymer vesicles by mixing hydroxyl (1) or azide termini

(2) with controlled densities of surface azide groups. Dendrons with focal point

alkynes can subsequently be conjugated to the surface azides providing controlled

densities of dendritic groups on the vesicle surface. The dendritic systems exhibit

one to two orders of magnitude enhancement in binding affinity relative to the
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nondendritic displays, which is attributed to the ability of the dendritic groups to

overcome steric inhibition by polymer chains at the material surface and also to the

presentation of ligands in localized clusters [11]. A new strategy for the synthesis of

metal–nanoparticle/CNT nanohybrids has been developed by ionic-liquid polymer

(PIL)-functionalized CNTs. The PtRu/CNTs-PIL electrocatalyst shows better

performance in the direct electrooxidation of methanol than the PtRu/CNTs

electrocatalyst alone [12].

Affinity interactions, such as antigen–antibody, nucleic acid–DNA,

lectin–glycan, streptavidin–biotin, and aptamer–protein, are highly stable and the

strongest of all noncovalent linkages for bioconjugation of targeting ligands to NPs.

Moreover, various biomolecules contain several binding sites, for example,

streptavidin or concanavalin A, each displays four binding domains. This allows

the multidirectional growth of NPs structures [13, 14]. In addition, barnase–barstar

system is a new generic method for robust self-assembly of multifunctional

particles to macroscopic superstructures [15].

2.2 Covalent Route

Biofunctionalization of nanomaterials employing covalent methods should be

preferable to unspecific physisorption in terms of stability and reproducibility of

the surface functionalization. In general, functional groups at the NP surfaces can

be directly bound to reactive ligands by a linkage reaction facilitated with the aid of

Fig. 1 General approach for functionalization of vesicle surfaces with dendritic groups. Reprinted

with permission from Martin et al. [11]. # 2009, American Chemical Society
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catalysts. Typically, CNTs can be firstly shortened by sonication in 3:1 H2SO4/

HNO3 for several hours refluxing to introduce hydrophilic carboxylic acid groups

for functionalization. Then NPs decorated with carboxylic acid groups can be

covalently bound to biomolecules bearing primary amines through N-hydroxysuc-
cinimide linkers [16]. On the basis of the arginine–glycine–aspartic acid–serine

(RGDS)-functionalized SWNTs, a novel electrochemical cytosensing strategy has

been designed with detection limit down to 620 cells mL�1 and linear calibration

range from 1.0 � 103 to 1.0 � 107 cells mL�1 of BGC-823 human gastric carci-

noma cells [17]. Similarly, arginine–glycine–aspartic acid-labeled QDs have also

been designed for in vivo targeting and imaging of tumor vasculature [18]. The

tumor fluorescence intensity reaches maximum at 6 h postinjection with good

contrast.

As to metal nanoparticles, the primary binding of thiolated molecules, such as

thiolated oligopeptides, to gold nanoparticles (AuNPs) can provide a means for the

covalent tethering of biomolecules to NPs [19]. Figure 2 depicts a functionalized

Au@MnO nanoflower with selective attachment of catechol anchors to the metal

oxide petals and thiol anchors to the gold core. Selective functionalization of the

gold domain can be achieved by incubating an aqueous solution of the fluorescent

Fig. 2 Surface functionalization of Au@MnO nanoflowers with a multidentate copolymer and

subsequent conjugation with NBD. The gold domain was selectively functionalized with a Texas-

Red-tagged thiolated oligonucleotide. Reprinted with permission from Schladt et al. [20].# 2010,

Wiley
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dye 4-chloro-7-nitrobenzofurazan (NBD)-polymer-modified Au@MnO NPs with

thiol-modified 24-mers customized oligonucleotide tagged with Texas red. The

polymer-functionalized Au@MnO NPs are stable against aggregation and precipi-

tation in various aqueous media, including deionized water and PBS buffer solution

for several days. Viability assays of nanocomposite solutions with the renal cell

carcinoma line Caki�1 show negligible toxicity of the nanoparticles even for

concentrations as high as 140 mg mL�1 [20]. A DNA sensor based on a “sandwich”

detection strategy has been designed, which involves capture probe DNA

immobilized on gold electrodes and reporter probe DNA labeled with AuNPs via

Au–S chemistry [21].

Some specific reactions under mild reaction conditions have been extensively

used in the generation of covalent-tethered conjugates of biomolecules with various

NPs. To design a modular and broadly applicable targeting platform, Weissleder

and coworkers described a covalent bioorthogonal reaction between a 1,2,4,5-

tetrazine and a trans-cyclooctene for small-molecule labeling. The [4+2] cycload-

dition was fast, chemoselective, did not require a catalyst, which was adapted to

targeting nanoparticle sensors in different configurations to improve binding effi-

ciency and detection sensitivity [22]. On the other hand, “Click” chemistry, a Cu-

catalyzed azide–alkyne cycloaddition, is a relatively new approach for easy and

almost quantitative functionalization with high specificity, high stability, and

extreme rigidity [23]. Via one-step Click reaction, the drug-loaded polymer

nanoparticles can be functionalized with folate, biotin, and gold nanoparticles for

drug delivery [24]. A general approach has been presented for functionalization of

low-fouling, nanoengineered polymer capsules with antibodies by using click

chemistry. Significantly, antibody-functionalized capsules can specifically bind to

colorectal cancer cells even when the target cells constitute less than 0.1% of the

total cell population [25].

3 Nanomaterials as Carriers for Signal Amplification

3.1 Metal Nanoparticles

Metal NPs have been extensively used in the detection of biologically important or

toxic substances, usually by the change of spectral or SPR signal accompanying NP

aggregation or dispersion in the presence of an analyte. Using AuNPs as carriers, a

homogeneous colorimetric DNA biosensor has been developed by a novel nicking

endonuclease-assisted AuNP amplification, resulting in a 103-fold improvement in

amplification (ca. 10 pm) and the capability of recognizing long single-stranded

oligonucleotides with single-base mismatch selectivity [26]. NP supracrystals and

core–shell supracrystals stabilized by analyte-specific cross-linkers can enhance

dramatically (by over two orders of magnitude compared to noncrystalline NP

aggregates) the sensitivity of NPs-based detection [27].
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A dual element amplification method based on AuNPs and RNA transcription is

designed by using SPR imaging to detect single-stranded DNA (ssDNA) down to a

concentration of 1 fM in a volume of 25 mL (25 zeptomoles) [28]. Surface plasmons

(SP)-induced ECL enhancement has been applied for ultrasensitive detection of

thrombin with the concentration of thrombin in a wide range from 100 aM to

100 fM. This system shows five fold enhancement of ECL intensity as compared

to that without AuNPs, which might be attributed to the long-distance interaction

between the semiconductor nanocrystal and SPR field of noble metal NPs [29].

Due to the unique electrochemical properties, AuNPs can significantly enhance

the sensitivity and the selectivity in the electrochemical detection of DNA. DNA-

functionalized AuNPs (DNA-AuNPs) have been used to enhance the sensitivity of

the aptasensor because DNA-AuNPs-modified interface can load more [Ru(NH3)6]
3+

cations to produce electrochemical signal. The proposed aptasensor has a low

detection limit (0.02 nM for adenosine and 0.01 mg mL�1 for lysozyme) [30].

A highly selective electrochemical biosensor for the ultrasensitive detection of Hg2+

in aqueous solution has been developed based on the strong and specific binding of

Hg2+ by two DNA thymine bases (T–Hg2+–T) and the use of AuNP-functionalized

reporter DNA to achieve signal amplification [31, 32].

3.2 Carbon-Based Nanomaterials

Carbon-based NPs are excellent carriers to enhance the probe due to the good

conductivity and biocompativity. Typically, SWNTs have been used to immobilize

DNA probe for fabrication of DNA biosensor. Based on the direct current response

of guanine, the biosensor can detect target DNA in the range of 40–110 nM with a

detection limit of 20 nM [33]. Ready renewal for more than 3,000 times is the

outstanding merit of this label-free biosensor. Moreover, CNTs play a dual ampli-

fication role in both the recognition and transduction events, namely as carriers for

numerous enzyme tags and for accumulating the product of the enzymatic reaction.

Using alkaline phosphatase (ALP)-CNTs as a tracer, a favorable response of DNA

target indicates a remarkably low detection limit of around 1 fg mL�1 (54 aM), i.e.,

820 copies or 1.3 zmol in the 25 mL sample [34]. Based on the specific recognitions

of target DNA and streptavidin to biotin-labeled molecular beacon and the signal

amplification of streptavidin–horseradish peroxidase (HRP)-functionalized CNTs,

a biosensing strategy has been developed for selective electrochemical detection of

DNA in five orders of magnitude with a detection limit of 2.8 aM [35].

Compared with SWNTs, single-walled carbon nanohorns (SWNHs) as immobi-

lization matrixes show a better sensitizing effect. This material has been used as

carrier to develop an immunosensor for microcystin-LR (MC-LR) ranging from

0.05 to 20 mg L�1 [36]. A nanoscaffold of nanohorns functionalized with RGDS has

also been prepared on an electrode surface for cell capture and enhancing the

electrical connectivity (Fig. 3). Combined with the AuNPs-Con A-HRP nanoprobe
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and peptide-functionalized nanohorns, a highly sensitive electrochemical strategy

is developed for cytosensing, which shows a detection limit down to 15 cells, broad

dynamic range, acceptable rapidity, and low cost [37].

Nitrogen-doped carbon nanotubes (CNx-MWNTs) are suitable for loading

biomolecules to construct biosensors due to lower cytotoxicity and better biocompat-

ibility. An AuNPs/CNx-MWNTs nanocomposite has been used as an immobilization

scaffold of antibodies for preparation of a sensitive immunosensor to detect MC-LR.

The immunosensor exhibits a linear response to MC-LR ranging from 0.005 to

1 mg L�1 with a detection limit of 0.002 mg L�1 at a signal-to-noise of 3 [38].

The functionalized carbon nanospheres (CNSs) are often used for the biosensor

platform to increase the surface area for capturing a large amount of primary

antibodies, thus amplifying the detection response. For example, the AuNPs/

CNSs hybrid material can be conjugated with HRP-labeled antibody (HRP-Ab2)

to fabricate HRP-Ab2–AuNPs/CNSs bioconjugates, which can then be used as a

label for the sensitive detection of human IgG (HIgG). This approach provides a

linear response range between 0.01 and 250 ng mL�1 with a detection limit of

5.6 pg mL�1 [39]. On the basis of the dual signal amplification strategy of graphene

sheets and the multienzyme labeling on CNSs, an immunosensor shows a seven fold

increase in detection signal compared to the immunosensor without graphene

modification and CNSs labeling. The proposed method can respond to 0.02 ng mL�1

a-fetoprotein (AFP) with a linear calibration range from 0.05 to 6 ng mL�1 [40].

Functionalized graphene oxide (GO) sheets coupled with the nanomaterial-

promoted reduction of silver ions have been developed for the sensitive and selective

detection of bacteria. Using an electrochemical technique, a linear relationship

between the stripping response and the logarithm of the bacterial concentration is

obtained for concentrations ranging from 1.8 � 102 to 1.8 � 108 cfu mL�1 [41].

Based on the supramolecular assembly of free-base cationic 5,10,15,20-tetrakis

(1-methyl-4-pyridinio)porphyrin on reduced graphene, the resulting graphene-

porphyrin hybrid as an optical probe has been constructed for rapid and selective

sensing of Cd2+ ions in aqueous media [42].

Fig. 3 Scheme of nanoprobe assembly and electrochemical strategy for in situ detection of

mannose groups on living cells. Reprinted with permission from Ding et al. [37]. # 2010,

American Chemical Society
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3.3 Magnetic Nanoparticles

Magnetic NPs easily achieve concentration and purification of analysts, which is

useful to enhance dramatically the sensitivity in biosensing. Using p19-functionalized

magnetic beads, over 100,000-fold enrichment of the probe:miRNA duplex has been

achieved from total RNA. This approach is validated by detecting picogram levels of

a liver-specific miRNA (miR122a) from rat liver RNA [43]. The antiferromagnetic

NPs have been used to enable magnetic detection of biomolecules at low analyte

concentrations (10 pm) with better detection than conventional superparamagnetic

materials [44].

Magnetic beads are the good candidates as supporters for largely loading signal

trace in ultrasensitive detection. The sensitivity can greatly be amplified by

synthesizing magnetic bioconjugates particles containing 7,500 HRP labels along

with detection antibodies (Ab2) attached to activated carboxyl groups on 1 mm
diametermagnetic beads. The resulting sensor shows a sensitivity of 31.5mAmLng�1

and a detection limit of 0.5 pg mL�1 for PSA in 10 mL of undiluted serum [45].When

coupled to superparamagnetic beads massively loaded with about 500,000 HRP

labels and Ab2, an unprecedented detection limit has been obtained to be 1 fg mL�1

(100 am) for interleukin 8, which is lower than that of any method for direct

biomarker protein detection in serum [46]. The near-single-protein sensor has great

promise for extension to arrays for clinical cancer screening and therapy monitoring.

Iron oxide (Fe3O4) nanoparticles, as the well-known hard magnetic material,

have been extensively applied in the nanoparticle-based assays due to good bio-

compatibility. With the employment of the AuNPs–Prussian blue (PB)–Fe3O4

nanohybrid, a signal amplification strategy has been developed based on bienzyme

(HRP and glucose oxidase) functionalized Au–PB–Fe3O4 NPs for electrochemical

immunosensing. The linear ranges span the concentrations of carcinoembryonic

antigen (CEA) from 0.01 to 80.0 ng mL�1 with detection limit of 4 pg mL�1 and

AFP from 0.014 to 142.0 ng mL�1 with detection limit of 7 pg mL�1, respectively

[47]. A sandwich-type electrochemical immunoassay has been designed for the

detection of carbohydrate antigen 125 (CA125) using anti-CA125-coated magnetic

beads for target capture and HRP-anti-CA125-coated silica beads containing HRP

and thionine for signal enhancement. This immunoassay exhibits a range from 0.1

to 450 U mL�1 with a detection limit of 0.1 U mL�1 for CA125 [48].

A luminol–H2O2–HRP–bromophenol blue chemiluminescence (CL) system has

been applied to a sandwich-type CL immunoassay based on the magnetic separa-

tion and the amplification feature of AuNPs as HRP labels. The linear range for

AFP is from 0.1 to 5.0 ng mL�1 with the detection limit of 0.01 ng mL�1, which is

one order of magnitude lower than that obtained without using AuNPs [49].

A sensitive strategy, which integrates a DNA cycle device onto magnetic

microbeads, amplifying the signal with GO and enhancing ECL intensity, has

successfully been applied to thrombin detection [50].

Magnetic nanotags are a promising alternative as giant magnetoresistive sensors,

such as spin valve sensors in biomolecular detection assays. With the addition of

magnetic nanotag amplification, an inexpensive giant magnetoresistive sensor has
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been constructed for multiplex protein detection of potential cancer markers at

subpicomolar concentration levels and with a dynamic range of more than four

decades [51]. In addition, combining with two-color photo-acoustic flow cytometry,

a platform using targeted magnetic nanoparticles has been developed for in vivo

magnetic enrichment and detection of rare circulating tumor cells from a large pool

of blood with high spatial resolution [52].

3.4 Other Nanomaterials

QDs are most frequently used semiconductor nanoparticles for biological detection

of DNA. By integrating CdTe QDs with different biomolecules, such as molecular

beacon (MB) and aptamer, an effective sensing platform has been designed for

DNA target based on fluorescence resonance energy transfer (FRET) between QDs

and graphene oxide. The change in fluorescent intensity is used for the detection of

the target with a detection limit down to 12 nM [53].

Most recently, Willner and coworkers implemented the DNAzyme-stimulated

chemiluminescence resonance energy transfer (CRET) to CdSe/ZnS QDs for

developing aptamer or DNA sensing platforms [54]. Figure 4 depicts the CRET-

based analysis of adenosine-50-triphosphate (ATP) by the hemin/G-quadruplex

conjugated aptasensor. Glutathione (GSH)-capped CdSe/ZnS QDs (lem ¼ 620 nm)

are covalently tethered to the thiol-functionalized nucleic acid (6) (average loading

Fig. 4 (a) Analysis of ATP through the CRET from luminol, oxidized by the assembled hemin/

G-quadruplex, to the QDs. (b) Luminescence spectrum corresponding to the CRET signal of the

QDs at l ¼ 612 nm in the absence of ATP, curve (1), and in the presence of different

concentrations of ATP: (2) 0.125, (3) 1.25, (4) 5, (5) 12.5, (6) 50, (7) 100 mM. Reprinted with

permission from Freeman et al. [54]. # 2011, American Chemical Society
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ca. 10 units per particle), which consists of the anti-ATP aptamer subunit (V), and

the HRP-mimicking DNAzyme subunit (I). Treatment of the (6)-functionalized

QDs with ATP in the presence of the nucleic acid (4) that includes the complemen-

tary aptamer subunit, region (VI), and the second DNAzyme subunit (II) resulted in

the formation of the ATP hemin/G-quadruplex-QDs complex. Figure 4b shows that,

upon the addition of ATP, the resulting chemiluminescence stimulates a CRET

process, which is intensified by the luminescence of the QDs, lem ¼ 620 nm. Thus

ATP can be detected with a sensitivity corresponding to 100 nM.

Due to the small size, high surface-to-volume ratio and good biocompatibility,

silica NPs have become another normally used carrier for signal amplification. Labels

based on mesoporous silica nanoparticles (MSN) loaded with mediator thionine (TH),

HRP, and Ab2 have been developed in order to improve the sensitivity of an ampero-

metric immunosensor [55]. The sensitivity of the sandwich-type immunosensor using

MSN–TH–HRP-Ab2 as labels for HIgG detection is about 100 times higher than that

using either MSN–TH–Ab2 or MSN–HRP-Ab2 as labels, indicating the high catalytic

efficiency of HRP in the presence of mediator TH toward H2O2.

Based on dual signal amplification of poly-(guanine)-functionalized silica

nanoparticles label and Ru(bpy)3
2+-induced catalytic oxidation of guanine, an elec-

trochemical immunosensor for the detection of tumor necrosis factor-alpha (TNF-a)
is presented. The detection limit for TNF-a is found to be 5.0 � 10�11 g mL�1

(2.0 pM), which corresponds to 60 amol of TNF-a in 30 mL of sample [56]. The ECL

of Ru(bpy)3
2+ doped on silica nanoparticles is more than 1,000-fold increase than that

of a single dye, suggesting that the use of this kind of nanostructures as luminescent

labels represents a very promising system for ultrasensitive bioanalysis [57].

4 Functional Nanomaterial-Amplified Optical Assay

4.1 Colorimetric Detection of Biological Analytes

Colorimetric sensors are particularly important because they minimize or eliminate the

necessity of using expensive and complicated instruments. Among the many colori-

metric sensing strategies, metallic nanoparticle-based detection is desirable because of

the high extinction coefficients and strong distance-dependent optical properties of the

NPs. For example, colorimetric detection of DNA sequences based on electrostatic

interactions with unmodified AuNPs can be completed within 5 min, and <100 fmol

of target produces color change observable without instrumentation [58].

The colorimetric bio-barcode assay is a red-to-blue color change-based protein

detection method with ultrahigh sensitivity. This assay is based on both the bio-

barcode amplification method that allows for detecting miniscule amount of targets

with attomolar sensitivity and AuNPs-based colorimetric DNA detection method

that allows for a simple and straightforward detection of interleukin-2 [59]. Since

AuNPs folded with aptamer are more stable toward salt-induced aggregation than
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those unfolded aptamers, colorimetric biosensors have been developed for the

detection of adenosine, K+, adenosine deaminase, and its inhibitors [60].

Based on detecting CuII released from copper monoxide nanoparticle-labeled

antibodies as Ab2 via click chemistry, a colorimetric immunoassay has been

developed for the detection of human immunodeficiency virus with the naked eye

[61]. This method is highly specific even in the presence of high concentrations of

mixtures of other cations and interfering molecules.

The greater signal enhancement for colorimetric detection can be obtained by

catalytic deposition of gold or silver NPs. For example, a convenient and label-free

scanometric approach for DNA assay has been designed by integrating a metal ion-

mediated conformational MB and silver-signal amplification regulated by AuNPs

aggregation. By using scanometric detection, the concentration of the target DNA

sequence can be conveniently read out within a linear range from 1.0 to 30 nM [62].

A PCR-free colorimetric assay has been developed for telomerase activity that

relies on polyvalent oligonucleotide–nanoparticle conjugates as probes and the

concept of elongated and unmodified oligonucleotides on one particle for amplifi-

cation. The assay can detect telomerase activity with as few as 10 HeLa cells, with

on-chip positive and negative controls [63]. An information transfer strategy has

been developed for the visualization of carbohydrate expression by the competition

of a primary cell-adhered solid surface with a carbohydrate assembled surface as an

artificial secondary surface for one species. The strategy can be effectively utilized

for in situ monitoring of dynamic carbohydrate expression on an adhesive cell

surface [64]. Further, an ultrasensitive glycans array using iron oxide/gold core/

shell nanoparticles conjugated with antibodies or proteins has been developed for

ultrasensitive detection of carbohydrate–protein interactions [65].

Based on the catalytic activity of AuNPs covered with a self-assembled organic

monolayer (Au-MPC) toward 2-hydroxypropyl-4-nitrophenylphosphate (HPNPP), a

catalytic amplification process has been developed for the detection of proteases

(Fig. 5). The strategy relies on a cascade of two catalytic events for signal generation.

In the first event, an enzyme hydrolyzes a peptide substrate, which acts as an inhibitor

for the catalytic monolayer. Upon hydrolysis, the catalytic activity of the monolayer

is restored, and large quantities of a yellow reporter molecule are produced, leading to

a sensitive colorimetric assay for the detection of enzyme activity [66].

In order to achieve an amplification of the optical signal, AuNPs have been used

as carriers of the signaling HRP-anti-CA153 for the immunoassay of CA153

antigen. In the range up to 60 U mL�1, the assay adopting AuNPs as an enhancer

results in higher sensitivity and shorter assay time when compared to classical

enzyme-linked immunosorbent assay [67].

4.2 Fluorescence Detection

Fluorescence detection is currently one of the most widely used methods in the

areas of biotechnology, medical testing, and drug discovery. Based on the fluores-

cence signal recovery after digestion of RNA by RNase H, a strategy of
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fluorescence signal amplification has been developed for highly sensitive and rapid

protease assay at concentrations as low as 10 pM within 4 h [68]. A fluorescence-

quenched peptide-based AuNP probes has been developed to visualize proteolytic

activity in vivo. Optimal AuNP probes targeted to trypsin and urokinasetype

plasminogen activator require the incorporation of a dark quencher to achieve

five- to eight fold signal amplification [69]. In addition, a much simpler and milder

strategy to amplify fluorescence signal has been proposed by the cation-exchange

reaction with ionic nanocrystals. The Cd2+ released from CdSe QDs can trigger the

fluorescence of dyes and lead to a 60-fold enhancement of the fluorescence signal

and a limit of detection in protein detection 100 times lower than that of the organic

fluorophore Alexa 488 [70].

Based on dual-color imaging and automated colocalization of bioconjugated

nanoparticle probes, routine two-color super resolution imaging and single-

molecule detection have been achieved at nanometer precision with standard

Fig. 5 Schematic representation of the catalytic assay. The presence of an enzyme able to

hydrolyze a substrate enables catalysis of the transphosphorylation of HPNPP by Au-MPC

resulting in the release of a yellow reporter molecule. In the absence of the enzyme, the catalytic

activity of Au-MPC is suppressed because the enzyme substrate acts as an inhibitor for Au-MPC.

Reprinted with permission from Bonomi et al. [66]. # 2011, Wiley
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fluorescence microscopes and inexpensive digital color cameras. This approach can

apply in single-molecule studies in cell lysate samples with a detection dynamic

range over three orders of magnitude [71].

FRET is a good opportunity to set up an ultrasensitive and reliable nanotechnology

assay. This approach based on QDs FRET can detect as little as 15 pg of methylated

DNA in the presence of a 10,000-fold excess of unmethylated alleles and allows for

multiplexed analyses [72]. FRET-based probes incorporated with single-molecule

fluorescence detection technologies can allow detection of DNA with low abundance

without additional amplification. Unbound nanosensors produce near-zero back-

ground fluorescence, but binding to even a small amount of target DNA (~50 copies

or less) can generate a very distinct FRET signal. The detection limit is 100-fold

greater than conventional FRET probe-based assays as monitored by confocal fluo-

rescence spectroscopy [13]. A bottom-up strategy has been developed to construct

water-soluble fluorescent single-molecular nanoparticles based on polyhedral oligo-

meric silsesquioxanes (POSS) and cationic oligofluorene for fluorescence amplifica-

tion in cellular imaging. The fluorescence of intercalated ethidium bromide is

substantially amplified by 52-fold upon excitation of cationic oligofluorene

substituted POSS in buffer, allowing naked-eye discrimination of dsDNA from

ssDNA [73]. A plasmonic- and FRET-based DNA sensing scheme has also been

designed based on core–shell multilayer dye-doped acceptor nanoparticles grafted

with ssDNA probes and complexed with a cationic conjugated polymer, resulting in

direct molecular detection of target nucleic acids at femtomolar concentrations [74].

An ECL resonance energy transfer (ECL-RET) system has been developed from

CdS QDs to Ru(bpy)3
2+. By the signal amplification of Ru(bpy)3

2+ and the specific

antibody–cell surface interactions, this ECL-RET system can sensitively respond

down to 12.5 SMMC–7,721 cells mL�1 [75]. In the same group, an ultrasensitive

DNA detection approach, which combines AuNPs enhanced ECL of the CdS

nanocrystal film with isothermal circular amplification reaction of polymerase

and nicking endonuclease, has been developed for the detection of DNA down to

5 aM [76].

4.3 Other Spectroscopic Measurements

Surface-enhanced Raman scattering (SERS)-based signal amplification and detec-

tion methods using plasmonic nanostructures have been widely investigated for

imaging and sensing applications. A bifunctional adenosine-sensitive double-

stranded DNA aptamer can create and control a SERS hot spot between a bulk

Au surface and an AuNP attached to the aptamer via a biotin–avidin linkage.

The AuNP is decorated with 4-aminobenzenethiol (4-ABT), a Raman reporter

molecule. In the presence of adenosine, the target molecule, the SERS spectrum

of 4-ABT increases in intensity by factors as large as ~4 [77]. In particular, SERS

by molecules starts with an excitation, followed by inelastic coupling to internal

vibrational levels of the molecule and a subsequent radiative decay, and therefore

undergoing signal enhancement factors up to ten orders of magnitude by coupling
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to plasmonic hot spots. Such a tremendous increase in SERS signal allows

zeptomole detection [78]. A SERS-based single-molecule detection has also been

reported by using gap-tailorable gold–silver core–shell nanodumbbells. Using a

stoichiometric control over the number of tethering DNA molecules on the AuNPs

surface and a subsequent magnetic-particle-based separation method, Au nanopar-

ticle heterodimers are successfully synthesized in a relatively high yield by means

of a single-target-DNA hybridization [79].

A shell-isolated nanoparticle-enhanced Raman spectroscopy has been proposed

for inspecting pesticide residues on food and fruit via Raman signal amplification

by AuNPs with an ultrathin silica or alumina shell. Figure 6 shows that normal

Raman spectra recorded on fresh orange with clean pericarps (curve I) or

contaminated by parathion (curve II), which shows only two bands at about 1,155

and 1,525 cm�1, attributed to carotenoid molecules contained in citrus fruits.

By spreading shell-isolated NPs on the same surface, two bands can clearly be

detected at 1,108 and 1,341 cm�1 (curve III) that are the characteristic bands of

parathion residues. The shell-isolated nanoparticle-enhanced Raman spectroscopy

demonstrates tremendous scope as a simple-to-use, field-portable, and cost-

effective analyzer [80].

Fig. 6 In situ inspection of pesticide residues on food/fruit. (a) Normal Raman spectra on fresh

citrus fruits. Curve I, with clean pericarps; curve II, contaminated by parathion. Curve III,

SHINERS spectrum of contaminated orange modified by Au/SiO2 nanoparticles. Curve IV,

Raman spectrum of solid methyl parathion. Laser power on the sample was 0.5 mW, and the

collected times were 30 s. (b) Schematic of the SHINERS experiment. Reprinted with permission

from Li et al. [80]. # 2010, Nature
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Controlled assembly of gold nanorods induced by Na3PO4 leads to a significant

amplification of localized surface plasmon resonance (LSPR) signals. The strong

affinity between Au and Hg alters the coupled LSPR signals due to the amalgam-

ation of Hg and Au. This allows detection of Hg in aqueous solutions with ultrahigh

sensitivity and excellent selectivity, without sample pretreatment [81]. A phase

interrogation SPR system based on gold nanorod has led to a drastic sensitivity

enhancement at a concentration as low as the femtomolar range for detecting

antigen with more than 40-fold increase compared to the traditional SPR biosensing

technique [82]. Two-photon Rayleigh scattering (TPRS) properties of gold

nanorods can be used for rapid, highly sensitive, and selective detection of

Escherichia coli bacteria from aqueous solution, without any amplification or

enrichment in 50 colony forming units (cfu) mL�1 level with excellent discrimina-

tion against any other bacteria. TPRS intensity increases 40 times when anti-E. coli
antibody-conjugated nanorods were mixed with various concentrations of E. coli
O157:H7 bacterium [83].

5 Functional Nanomaterial-Amplified Electrochemical

Detection

5.1 Enhanced Conductivity with Nanoparticles

Carbon-based nanomaterials show excellent conductivity to promote the direct

electron transfer between the biomolecules and electrode surface [84]. Based on

the excellent conductivity of SWNTs, a proof-of-principle of the terminal protec-

tion assay of small-molecule-linked DNA has been designed in quantitative analy-

sis of the interaction of folate with a tumor biomarker folate receptor, and a

detection limit of 3 pM folate receptor is achieved with desirable specificity and

sensitivity [85]. Similarly, an electrochemical immunoassay strategy has been

developed by using phospholipid-coated CNTs as the electrochemical labels. The

quasilinear response is obtained in a logarithmic concentration scale within a four-

order of magnitude concentration range from 5 pg mL�1 to 50 ng mL�1 with a

readily achieved detection limit of 3 pg mL�1 [86].

Using SWNTs forest platforms with multi-label Ab2-nanotube bioconjugates, a

general amplification strategy has been designed for highly sensitive detection of a

cancer biomarker in serum and tissue lysates. This approach provides a detection

limit of 4 pg mL�1 (100 amol mL�1), for PSA in 10 mL of undiluted calf serum, a

mass detection limit of 40 fg [16]. A glucose oxidase-functionalized CNTs

nanocomposite has been designed to label the signal antibodies for ultrasensitive

multiplexed measurement of tumor markers using a disposable immunosensor

array. The simultaneous multiplexed immunoassay method showed linear ranges

of three orders of magnitude with the detection limits down to 1.4 and 2.2 pg mL�1

for CEA and AFP, respectively [87].
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In cytosensing, RGDS-functionalized SWNTs are mainly used in two roles as

nanoscaffolds for immobilization of cells and as nanoprobes to combine the specific

recognition, signal transduction, and signal amplification abilities. The designed

electrochemical cytosensor array has been used for simultaneous analyzing the

dynamic change of the K562 cell-surface glycome during erythroid differentiation

induced by sodium butyrate [88]. The result is consistent with the reference method.

AuNPs with quantum size effects and high electrical conductivity can accelerate

electron transfer between redox enzymes and electrode surface. For example, when

an apo-flavoenzyme, apo-glucose oxidase, is reconstituted on a 1.4-nanometer gold

nanocrystal functionalized with the cofactor flavin adenine dinucleotide, the elec-

tron transfer turnover rate of the reconstituted bioelectrocatalyst (~5,000 s�1) is

much larger than that of the natural cosubstrate of the enzyme (~700 s�1), providing

an attractive route for electrochemical transduction of biorecognition events [89].

5.2 Direct Electrochemistry of Nanoparticle Aggregations

Utilizing the direct electrochemical signal of nanoparticle aggregations, many

electrochemical assays have been developed for ultrasensitive detection. Typically,

silver-enhanced labeling method is frequently employed in immunoassays for

improving the sensitivity of detecting proteins. For example, an ultrasensitive

multiplexed immunoassay has been developed by combining ALP-labeled

antibody-functionalized AuNPs (ALP-Ab/AuNPs) catalyzed deposition of silver

nanoparticles at a disposable immunosensor array. The deposited silver is then

measured by anodic stripping analysis in KCl solution. This multiplexed immuno-

assay method shows wide linear ranges over four orders of magnitude with the

detection limits down to 4.8 and 6.1 pg mL�1 for human and mouse IgG, respec-

tively [90]. Subsequently, a streptavidin-functionalized silver–nanoparticle-

enriched carbon nanotube (CNT/AgNP) is designed as trace tag for ultrasensitive

multiplexed measurements of tumor markers (Fig. 7). The CNT/AgNP nanohybrid

is prepared by one-pot in situ deposition of AgNPs on carboxylated CNTs. The

nanohybrid is functionalized with streptavidin via the inherent interaction between

the protein and AgNPs for further linkage of biotinylated signal antibodies to obtain

tagged antibodies. Through a sandwich-type immunoreaction on the immunosensor

array, numerous AgNPs are captured onto every single immunocomplex and are

further amplified by a subsequent AgNP-promoted deposition of silver from a silver

enhancer solution to obtain the sensitive electrochemical-stripping signal of the

AgNPs. This multiplexed immunoassay method shows acceptable precision and

wide linear ranges over four orders of magnitude with detection limits down to

0.093 and 0.061 pg mL�1 for CEA and AFP, respectively [91].

QDs exhibit sharp and well-resolved stripping voltammetry signals due to

the well-defined oxidation potentials of the metal components. A CdTe QDs

functionalized poly(styrene-co-acrylic acid) microbead as novel nanoparticle

label has been used to amplify the electrochemical signal of DNA hybridization.
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The mean quantum-dot coverage is (9.54 � 1.2) � 103 per polybead. By square-

wave voltammetry of Cd2+ after the dissolution of the CdTe tags with HNO3. The

detection of the DNA hybridization process is achieved with a detection limit of

0.52 fmol L�1 and a dynamic range spanning five orders of magnitude [92]. Since

the signals from multiple metal sulfide nanoparticles can be resolved by anodic

stripping voltammetry, a method can possibly be extended to detect a multitude of

hybridization events with 100 aM sensitivity by detecting the amplified electro-

chemical signal [93].

Further, combining the rolling circle amplification technique with oligonucleotide-

functionalized QDs, a cascade signal amplification strategy has been proposed for

detection of protein target at ultralow concentration. The designed strategy can

quantitatively detect protein down to 16 molecules in a 100 mL sample with a linear

calibration range from 1 aM to 1 pM and is amenable to quantification of protein target

in complex biological matrixes [94].

A sensitive electrochemical aptasensor for the detection of thrombin has been

prepared by the amplification of nanoparticles and the usage of differential pulse

voltammetry for the detection of dissolved Cd2+ in the solution. This assay can

directly detect thrombin with a low detection limit of 0.55 fM [95]. Coupling of

aptamers with the coding and amplification features of multiple metal sulfide

nanoparticles, a highly sensitive and selective panel has been designed for simulta-

neous detection of several protein targets [96]. By measurement of Au3+ ions,

Fig. 7 Schematic representation of preparation of immunosensor array and trace tag, and detec-

tion strategy by linear-sweep stripping voltammetric analysis of AgNPs on the immunosensor

surface. Reprinted with permission from Lai et al. [91]. # 2011, Wiley
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a simple electrochemical DNA probe based on submicrometer-size latex spheres

with AuNPs is developed for detection of DNA hybridization with a detection limit

of 0.5 fM [97].

The ECL emission of QDs is another way to sensitively detect target DNA

concentration and sequence by using QDs as the tags. A sensitive DNA ECL sensor

based on both the quenching and enhancement of ECL from CdS:Mn NCs by

AuNPs in one assay has been constructed. The favorable response of 50 aM target

DNA indicates a remarkably low detection limit. Such energy transfer in ECL

systems opens a new way for transduction of biological recognition events [98].

Recently, photoelectrochemical assays based on the functional NPs have been

quickly developed. These techniques hold the advantages of both optical and

electrochemical detections. A photoelectrochemical biosensing platform has been

constructed for the detection of biomolecules at relatively low applied potentials

using porphyrin-functionalized TiO2 nanoparticles. The proposed photoelectro-

chemical method can detect glutathione ranging from 0.05 to 2.4 mmol L�1 with

a detection limit of 0.03 mmol L�1 at a signal-to-noise ratio of 3 [99]. Similarly, a

photoelectrochemical platform based on free-base-porphyrin-functionalized Zinc

oxide nanoparticles is developed for photoelectrochemical detection of cysteine

with a linear range of 0.6–157 mmol L�1 in physiological media [100].

5.3 Electrocatalysis of Nanoparticles

It is the alternative way to realize the ultrasensitive detection based on electrocatalysis

of nanoparticle. Typically, an ultrasensitive and simple electrochemical method

for signal amplification is achieved by catalytic reduction of p-nitrophenol to

p-aminophenol using gold-nanocatalyst labels. The detection limit of this assay is

1 fg mL�1 for mouse IgG corresponding to ca. 7 aM. This assay also achieves

1 fg mL�1 detection limit for PSA, which is comparable to that of the bio-barcode

assay [101].

A sandwich-type DNA sensor has been proposed by employing PdNPs as

electrocatalytic label. To achieve low level of nonspecific binding of DNA-

conjugated PdNPs, indium–tin oxide (ITO) electrode is firstly modified with a

silane copolymer containing poly(ethylene glycol) and carboxylic acid. Then,

amine-terminated capture probe is covalently attached to a silane copolymer-

modified ITO electrode. After target DNA is hybridized with capture probe on

the electrode, the fast catalytic hydrolysis of NaBH4 on PdNPs generates many

atomic hydrogens, which are rapidly absorbed into Pd NPs, leading to the rapid

enhancement of electrocatalytic activity of Pd NPs. PdNP-based ultrasensitive

DNA sensor shows an ultralow detection limit (10 aM) and a wide detection

range (ten orders of magnitude) [102].

Fe3O4 magnetic NPs are highly effective as a catalyst, with a higher binding

affinity for the substrate 3,3,5,5-tetramethylbenzidine than HRP and a 40-fold

higher level of activity at the same molar concentration of catalyst [103]. A simple
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and sensitive biosensor has been developed for the detection of DNA hybridization

based on flow injection-CL and signal amplification by bio-bar-code functionalized

magnetic nanoparticle labels, in which a large amount of metal ions are released

from the magnetic NPs. Thus, an ultrasensitive detection of DNA hybridization is

achieved by the luminol–H2O2–Fe
3+ CL system with the detection limit as low as

0.32 fM without any preconcentration process [104].

The amplification strategy based on platinum nanoparticles (PtNPs) catalyzing a

hydrogen evolution reaction has been developed for the ultrasensitive electrochem-

ical immunosensing. After a typical immuno-sandwich protocol, the signal readout

is obtained electrochemically via a PtNPs-catalyzed hydrogen evolution reaction in

an acidic aqueous medium containing 10 mM of HCl and 1 M of KCl [105].

A multiple amplification immunoassay has also been proposed to detect AFP,

which is based on ferrocenemonocarboxylic–HRP conjugated on PtNPs as labels

for rolling circle amplification. The enzymatic amplification signal can be produced

by the catalysis of HRP and PtNPs with the addition of H2O2, resulting in high

sensitivity of the immunoassay with the detection limit of 1.7 pg mL�1 [106].

6 Conclusions and Perspectives

Based on the unique properties of nanomaterials, a wide variety of nanoscaled

materials with different sizes, shapes, and compositions have been introduced into

biosensing for signal amplification. The nanoparticles can be functionalized with

biomolecules via noncovalent interaction and covalent route for specific recogni-

tion. The biofunctional nanoparticles can produce a synergic effect among catalytic

activity, conductivity, and biocompatibility. Therefore, the biofunctional NPs have

been used as carriers or tracers for design of a new generation of electronic, optical,

and photoelectrochemical biosensing devices. Many considerations such as the

good biocompatibility, the sufficient binding sites for functionalization, capacity

in the multiple analysis, and so on should be emphasized in the development of

ultrasensitive bioassay based on the biofunctional nanomaterials systems. In addi-

tion, the photoelectrochemical assays, which hold the advantages of both optical

and electrochemical detections, should be a promising direction for constructing a

ultrasensitive tool. Signal amplification strategies based on nanomaterials not only

provide an ultrasensitive assay in detection of trace analytes but also a concept for

basic research in nanobiosensing.
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Nanomaterial-Based Electroanalytical

Biosensors for Cancer and Bone Disease
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Abstract With recent advances in novel nanomaterial development, electroanalyt-

ical biosensors are undergoing a paradigm shift. New nanomaterial-based electro-

chemical biosensors can detect specific biomolecules at previously unattainable

ultra-low concentrations. This chapter lists the existing biosensor technologies,
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describes the mechanisms, and applications of two types of electroanalytical

biosensors, and then identifies the barriers in developing these biosensors and

concludes by illustrating how nanomaterials can help overcome these limitations.

A key feature of the electrochemical impedance sensor is that biomolecules detec-

tion can occur in real time without any pre-labeling. Specifically, this chapter

summarizes the state of knowledge of the impedance sensor as applied in cancer

and bone disease studies, which are clinically relevant.

Keywords Biosensors, Bone disease, Electroanalysis, Electrochemical imped-

ance, Nanomaterial
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1 Introduction

With recent advances in novel nanomaterials and developments in instrument

capability based on these nanomaterials, biosensing is entering a new era. Next-

generation sensors are being developed that can detect ultra-low concentrations of

analytes. From an electroanalytical perspective, new nanomaterials that have high

electrical conductivity, nanoscale size, and high mechanical strength are ideal tools

for the development of electrochemical-based biosensors. This chapter describes

the mechanisms and advances in electroanalytical methods in relation to recent

advances in the development of nanomaterial-driven biosensors.

Significant advances in biosensor technology have occurred in recent years

[1–10]. These advances have occurred as a direct consequence of interdisciplinary

research, in which specialists from disparate traditional disciplines contribute to

advances in specialized systems designed to solve complex problems. Figure 1 is a

schematic diagram of nanomaterial-based biosensors, which consist of three parts:

(1) biomaterials, (2) nano-interface, and (3) transducer. Current approaches to

biosensor technology owe much to the foundation laid by researchers focused

upon these three categories to such an extent that many devices thought futuristic

20 years ago are being realized and even becoming commonplace today. The three

components of modern biosensors are briefly discussed next.

The optimal function of biomaterials is to provide an interface between the

biological activity of interest and an artificial system designed to communicate

with a human-operated device. Ideally, the biomaterial will interact with specificity

with a target molecule that is part of a biological system or process. Specificity in
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solution is possible due to the unique selectivity of our evolved biology. DNA,

antibodies, aptamers, and cells can be used as the recognition layer, since they only

react with a specific DNA sequence or protein and thus can produce a unique trace of

binding event due to a change in conformation, mass, or electronic characteristics.

Synthetic biology and molecular biology have advanced in recent years [6] such that

the recognition layer can include artificial elements such as a single-chain variable

fragment, highly specific to a targeted protein and provide a link to the second part of

the biosensor, the nano-interface.

The nano-interface is a chemical and/or materials interface to measure and

amplify the binding event using a distinguishing property such as a change in the

electrical conductivity or resistance or mass. One great advance in recent years is

the development of novel carbon nanomaterials. Carbon nanotubes, wires, and

other similar forms synthesized on conducting substrates for electroanalytical

purposes during the last decade have dramatically increased the sensitivity and

lowered the detection limits of biosensors. For example, carbon nanomaterials,

including nanotubes and graphene, have high electrical conductivity and high

mechanical strength, providing an ideal interface between biomaterial sensor

materials and circuit-based electronics. Physical and chemical modifications of

these nanomaterials to form membranes, array patterns, porous structures, and

catalytic reaction have been explored for sensor devices [6–12].

The last part of sensor development is to transduce the physical or chemical signal

typically to an electrical signal for quantitative measurement. Again, recent advances

in carbon nanomaterials [10–13] are providing materials that can efficiently perform

as electrical wires and interface between biomaterial and human interaction device

such as a computer chip. Efficient instrument design and signal conditioning,

resulting from perturbations in the nanophase interface with the biomaterial, are

Fig. 1 Schematic diagram of nanomaterial-based biosensors
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required to interpret the signaling events. Robust electronic engineering is required to

interpret signals and to develop a signal transmission system, with regard to sampling

time, signal amplification, and electromagnetic induction (EMI) shielding. In this

chapter, we consider only electroanalytical methods, including potentiometric,

amperometric, impedimetric, and piezoelectric methods.

Modern fabrication practices allow that biosensors can be integrated into one

chip for cost and efficacy considerations. Fabrication techniques using advanced

micro-electro-mechanical-system (MEMS) technologies including microelectron-

ics, microfabrication, injection molding, screen-printed electrodes, and

micromachining are now commonly applied to the biomedical research devices.

Integration of microfluidic systems has several advantages including automatic

small-volume sampling, pre-separation, pre-concentration, multi-analyte detection,

and waste treatment (waste minimization). The microscale design provides the

opportunity for multiple-protein or multiple-DNA detection as immobilizing dif-

ferent recognition proteins or DNA strands on the microarray surface and

multiplexing over the sensor elements are compatible with modern technologies.

Using multiple sensing elements provides more quantitative and accurate results.

For all its promise, challenges do remain. Integration of a sensor device into a

lab-on-a-chip often makes it difficult to obtain repeatable and reliable results. Thus,

calibration of sensors should be carefully investigated. Design of a biosensor for a

clinical purpose requires careful consideration of several factors: sensitivity across

a range of detection limits, linearity range, selectivity to minimize interference

from possible confounding chemicals, the stability of the biomaterials and nano-

interface materials, reproducibility, and the response time of the sensor. Thus, the

sensor data should be clinically meaningful and practical. Based on this biosensor

concept, the following sections will provide a very brief review of electrochemical

analytical methods using unique nanomaterials. Table 1 shows a summary of the

electroanalytical methods currently used for biosensor development.

2 Potentiometric Biosensor

The method of measurement of the potential difference between two electrodes of a

galvanic cell under the condition of zero current is called potentiometry [14–28].

The potential difference between the indicator electrode and reference electrode is

Table 1 Types of electroanalytical biosensors with measurement types and corresponding

analytes

Measurement type Transducer Analytes

Potentiometric method Ion selective electrode

Gas electrode

Metal electrode

Metal ions

K+, Cl�, Ca2+, F�, Na+

Redox species

Voltammetric/amperometric method Enzyme electrode Sugars, alcohols, O2

Conductometric method Interdigitated electrode Charged species

Impedimetric method Metal electrode Antigens, proteins
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measured by a pH or voltmeter (Fig. 2). The potentiometric sensor can provide

accurate information regarding (a) the concentration of a specific chemical and its

activity, and (b) the associated free energy change. Normally, three different types

of detection mechanism are well established [14].

Further, the development of an ion-selective electrode (ISE), by adapting

membranes which are specific for the analyte, has opened a newway in potentiometric

sensor during the last decade. The membrane can be polymer, solid-state, and

biocatalyticin nature. Ions including Pb2+, Cu2+, Cd2+, Ti+, K+, Na+, NH4
+, Fe3+,

Cr4+, Cl�, Ca2+, Mg2+, Ba2+, Ag�, and NO3
� are reliably detected in water-type

solutions [15]. Kulapina et al. [16] reviewed the use of ISE for drug analysis. Their

study shows that potentiometry can determine organic and inorganic ion levels. Cation

drugs are generally detected by the associations between the cations and large ions

such as tetraphenyl borate (TPB), tri(octylhydroxy)benzenesulfonate (TOBS), and

molybdophosphate (MPA). Anion drugs are determined using electroactive

substances with counter ions such as tertiary ammonium bases [17]. In particular,

ISEs can be used for the pharmaceutical analytical investigation of bulk-drug

materials, the intermediates in their synthesis, products of drugs, and biological

samples containing the drugs and their metabolites [17], which eventually helps to

maximize drug therapy efficiency and process optimization.

In vivo monitoring of various analytes using ISEs is important for many

bioanalytical and biomedical applications [20]. The interaction of blood with ISE

surface is undesirable, not only because of the possible interference on the sensor

performance (i.e., biofouling of the sensor surface), but also because of the side

effects on the patients due to the release of chemicals from the sensor. Gavalas et al.

[20] suggested surface modification strategies to make them more blood-compatible.

Anti-coagulant coating such as heparin, biomimetic coatings such as phosphor-

ylcholine, and bioengineering coatings with endothelial cells which deposit an

extracellular matrix of collagen and glycoproteins are suggested (Table 2).

With the advance of nanotechnology, ionophores which provide selectivity in

ISE membranes have been developed, which provide ultra-sensitivity and ultra-low

detection limits [21–24]. Patrycja Ciosek et al. [27] present the application of a

potentiometric detection of urea and creatinine in the post-dialysate fluids. And

also, their group monitored cell-culture media change, detected of the growth of

Ref.
Electrode 

Ind.
Electrode 

pH/mV
meter 

Nano
membrane

Fig. 2 Potentiometry system

consisting of (a) reference

electrode, (b) indicator

electrode, and (c) analytic-

specific membrane
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various species, and performed toxicological studies with the use of cells using the

potentiometric method. Different ions and urea in biological solutions such as

serum, milk, and blood can be detected [24–28].

3 Impedimetric Biosensor

Electrochemical impedance is a method that determines the complex electrical

resistance and capacitance behavior due to the application of small amplitude of

alternating voltage by measuring current amplitude and phase response (Fig. 3).

Because impedance (Z) is derived from scanning different frequencies and hence a

Table 2 Strategies employed to improve the blood compatibility of polymeric materials [20]

Concepts Strategies

Minimization of interactions with blood proteins Hydrophilic surfaces

Heterogenic surfaces

Negatively charged surfaces

Grafting of active agents Heparin immobilization

Albumin immobilization

Biomembranes Phospholipids

Molecular cilia

Cell seeding Fibronectin

Collagen

T (Time)

Phase-shift

E, I Voltage
Current Rs

Cdl

ee Typical equivalent
circuit model 

ElectrodeElectrolyte

Zreal

Zimg

Rs Rct

wmax=1/(RctCdl)

Rct

a b

c d

Fig. 3 Electrochemical impedance spectroscopy: (a) applied alternating-voltage and measured

alternating-current with time, (b) equivalent circuit model with double-layer capacitance and

electron transfer resistance, (c) current flow between two electrodes, and (d) Nyquist plot with

an equivalent circuit model
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range of timescales, impedance spectroscopy can provide characterization of sur-

face behavior of the diffusion process, and charge transfer in membrane layer

reactions. Typically, the measured impedance output is modeled as an equivalent

circuit which consists of virtual resistors and capacitors that model the electronic

response, but ultimately represent different electrokinetic events, such as diffusion,

in the biological system. The change of the components of resistance and capaci-

tance can be a function of solution properties such as concentration of electroactive

species or the electrode’s reaction behavior. Nyquist (Zimaginary vs Zreal) and Bode

plots (Parameter vs Frequency) are well-established methods to present and inter-

pret impedance behavior. Several examples of impedance sensing follow [29–37].

Carbon nanomaterials such as carbon nanotubes and graphenes have been

explored for electroanalytical purpose because of facile electrical conductance,

high mechanical stiffness, high aspect ratio, chemical inertness, and possibility

for functionalizing (chemical modification) to tune their intrinsic properties. Either

as a single nanoelectrode or array electrode, nanoelectrodes with biomaterial

conjugation through functionalization offer a viable pathway to lower detection

limits and further increase sensitivity. Semiconducting processes can be used to

fabricate graphene electrodes for biosensor development.

As an illustration of the utility of impedimetry, the detection of the single-

nucleotide polymorphism of a DNA strand was done on a graphene platform. As

shown in Fig. 4, a hairpin-DNA probe was immobilized on the graphene surface

and achieved high selectivity for the rapid detection of single-nucleotide polymor-

phism correlated to the development of Alzheimer’s disease. Figure 4 shows the

Fig. 4 Schematic of the protocol and Nyquist plots of the graphene surface (gray), hpDNA (blue),
complementary target (red), 1-mismatch target (green), and negative control with a noncomple-

mentary sequence (black) (concentration of the DNA probes, 1 � 10�5 M; concentration of the

DNA target, 3 � 10�8 M). All measurements were performed in 0.1 M PBS buffer solution

containing 10 mM K3[Fe(CN)6]/K4[Fe(CN)6]. Reprinted with permission from [34]
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schematic diagram of impedance change with different hair-pin DNA conjugations.

The impedance method is being actively explored for many areas of biosensor

development, such as protein binding kinetics [34].

Figure 5 shows a schematic representation of an antibody-immobilized carbon

nanotube array electrode and the electrochemical impedance spectra of the

immunosensor response after the addition of different concentrations of antigen.

Carbon nanomaterial-based impedance sensing methods are dramatically increas-

ing over the past years, and analytes such as proteins, antibodies, and nucleic acids

are being successfully measured using a label-free electronic method.

Two applications of impedance sensors are introduced in their use as osteoporo-

sis markers and cancer markers. Bone turnover markers are useful to predict

fracture risk and indicate the need for preventive treatments. Bone turnover markers

can measure the body’s metabolic activity during the modeling and remodeling

phase. Presently, most methods used to detect bone turnover markers are based on

the enzyme-linked immunosorbent assay (ELISA). A point-of-care detection

method, which allows dynamic measurement, has huge potential, since the level

of these biochemical markers are changed with the patient’s condition and

environments such as day and night.

Biochemical markers which reflect bone remodeling include bone formation

markers, for example, alkaline phosphatase and osteocalcin [4, 8]. Also, resorption

markers are associated with collagen cross-links such as cross-linked telopeptides.

Among several bone turnover markers, reported as listed in Table 3, type I collagen

accounts for more than 90% of the organic matrix of bone [4, 38]. During the

remodeling process of bone matrix, type I collagen is degraded into small peptide

fragments that are eventually secreted into the blood stream. In addition to

pyridinium cross-links, cross-linked N-terminal telopeptides of type I collagen

and C-terminal telopeptides of type I collagen are released into urine.

Figure 5 is a schematic representation of a label-free immunosensor for bone

turnover marker detection. The sensor is based on a gold electrode. Electrochemical

Fig. 5 (A) Schematic representation of antibody-immobilized carbon nanotube array electrode and

(B) electrochemical impedance spectra of immunosensor response (Nyquist plot) after the addition

of different concentrations of antigen: (a) without antigen; with (b) 500 ng/mL; (c) 1 mg/mL; (d)
5 mg/mL; (e) 10 mg/mL; and (f) 100 mg/mL of antigen. Reprinted with permission from [37]
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impedence spectra (EIS) response recorded at the biotinylated antihuman

C-terminal telopeptide antibody modified electrode increased with increasing con-

centration of human C-terminal telopeptide antigen concentration (Fig. 6).

Table 3 List of bone markers in either serum or urine that might be used in biosensors

Bone formation Bone resorption

Total alkaline phosphatase Cross-linked telopeptides (NTx, CTx)

Bone alkaline phosphatase Pyridinoline (pyridinoline, deoxypyridinoline)

Osteocalcin Hydroxyproline/hydoxylysine

Procollagen type I propeptides Deoxypyridinoline

Cathepsin K

Bone sialoprotein BSP

0 1 2 3 4 5 6
0

0.5

1

1.5

2

2.5

3

Zreal(KOhms)

Z
i m

a
g

e
 (

K
O

h
m

s)

(a) (b)
(d)

(e)

(c)

(a) (b)

[Fe(CN)6]
3-/4-

[Fe(CN)6]
3-/4-

Antigen
Binding

Biontinylated
Antibody

Biontinylated
Antibody

Streptavidin Streptavidin

Gold ElectrodeGold Electrode

Antigen

EKAHD-β
-G

GR

s-s s-ss-ss-s s-s s-ss-ss-s s-s s-ss-ss-s s-ss-ss-s s-s

A

B

Fig. 6 (A) Schematic representation of a label-free immunosensor for bone turnovermaker detection.

Part A (a) shows a self-assembled monolayer of dithiodipropionic acid deposited on a gold surface

with streptavidin immobilized next as a self-assembledmonolayer. Then the biotinylated antibodywas

bound to the streptavidin. Part A (b) illustrates the antigen-antibody binding event and how it hinders

the interfacial electron transfer reaction of [Fe(CN)6]
3�/4�.(B) Electrochemical impedance spectra

(EIS) response recorded at the biotinylated antihuman C-terminal telopeptide antibody-modified

electrode in the presence of increasing concentration of human C-terminal telopeptide: 0 mg/mL (a),
0.2mg/mL (b), 0.5mg/mL (c), 1 mg/mL (d), and 10mg/mL (e) concentration of antigen. EISwas done at
aDCpotential of 0.2Vat frequencies between0.1Hz and 300 kHz. The sinusoidal potentialmagnitude

was �20 mV in 5.0 mM K3Fe(CN)6 and 5.0 mM of K4Fe(CN)6 in PBS (pH 7.0). Reprinted with

permission from [4, 8]
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The early diagnosis of cancer is the most critical factor for its successful

treatment [4] and patient survival. Biological substances called cancer markers

are synthesized and released or produced by the host in response to the tumor’s

presence. The detection of cancer markers with an ultra-low detection threshold in a

solid tumor, in peripheral blood, in a lymph node, in urine, and in bone marrow is

critical for early diagnosis of cancer. Cancer markers can be detected using a

number of techniques including standard immunoassays using samples from

blood, urine, and tissue biopsy. A label-free detection method using electroanalyti-

cal methods will help to establish diagnosis, monitor treatment, surveillance for

recurrence, and target therapy. Correlation of the sensor-reported data along with

results from other invasive and noninvasive techniques such as MRI (which tells the

tumor status such as the location, grade, and stage of the tumor) will allow the

tumor to be properly identified and treated. Array-type carbon nanomaterial sensors

can be employed for detection of multiple markers and can quantitatively describe

the status of the cancer. Lab-on-chip sensors can thus provide point-of-care service

as a noninvasive technique.

Specific protein markers for prostate, liver, lung, breast, and colon cancers are

established and listed in Table 4. Detection of protein markers or circulating tumor

cells in serum, urine, and saliva are of primary importance for such point-of-care

devices. DNA markers of genetic abnormalities such as germ line RB, p53, BRCA I

& II, APC, and MMR genes are also suggested as markers for early diagnosis of

cancers as well. Detection limits, specificity, cancer heterogeneity, and false

negatives are among the factors that should be carefully considered in the sensor

development process.

4 Electrochemical-Cell Impedimetric Sensor

Another application for the electrochemical impedance method is to measure the

change of cell morphology in real time. An impedance-based sensing system offers

a label-free, noninvasive means to electrochemically monitor cell behavior in real

time, which eventually allows for the time-lapse study of cell morphology, migra-

tion, proliferation, adhesion strength to substrate, cell spreading, cell barrier func-

tion, and cytotoxicity. An impedance sensing system can quantitatively monitor in

real time the cell morphology change in relation to the metallic substrate as well as

Table 4 Known biomarkers

associated with cancer

diagnosis and prognosis

Cancer disease Markers

Prostate cancer PSA, PAP

Breast cancer CA125, BRCA2, CEA, MUC, ING-1

Ovarian CA125

Liver AFP, CEA

Metastasis Circulating tumor cells

Lung CEA, CA125, CYFRA
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neighboring cell interaction. Figure 7 schematically shows how electrochemical

impedance is changing with osteoblast cell adhesion. This method was designed in

an 8-well cell-culture plate for a high-throughput experiment (Fig. 7b).

Interdigitated array electrodes are used to enhance and average signal.

As an example, Fig. 8a shows the electrochemical impedance results with differ-

ent magnesium ion (Mg2+) concentrations for cytotoxicity studies in cell-culture

medium. The impedance gradually decreased with increase in ion concentration.

These results were also confirmed with optical imaging of cells on the electrode

surface. In this case, we only measured the impedance change at a single frequency.

A critical issue in cancer biology is metastasis, in which the cancer cell detaches

and invades other organs or bones. The study of this invasion process requires

knowledge of the cell’s micro-environmental parameters, such as pH, enzyme,

extracellular matrix, and growth factors. The three typical steps of the invasion

250 mm  
(Electrode)

Osteoblast

Lock-In
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Conditioned Medium
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Converter

Counter
Electrode 

Cell incubation
Chamber

Electrode 
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Fig. 7 (a) Schematic representation of the cell-impedance sensing method called electrochemical

impedance spectroscopy to measure cell adhesion on electrode surface in a conditioned medium.

(b) 8-well interdigitated array electrode sensors for high-throughput experimentation
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process, including matrix attachment, matrix degradation, and locomotion, can be

measured using an electrochemical impedance spectroscopy (EIS) in vitro. Figure 9a

shows the schematic representation of an invasion assay and Fig. 9b shows the

invasion process of different prostate cancer cells. Prostate endothelial cells were

first incubated for 24 h and cancer cells were added next. Impedances are dramati-

cally decreased with different slopes, which reflect the invasive ability of each cancer

cell. PC-3 is a human prostate cancer cell line which is androgen receptor negative.

C2 (TRAMP-C2) is a cell line established from a TRAMP tumor. RE3 (full name

TRAMP-C2RE3) is a cell line derived from C2 by recycling thrice in murine prostate

glands. L5 is derived from RE3, recycled five times by injection into the prostate and

the collection of lymph node metastasis.
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Fig. 8 Electrochemical impedance sensing systems for toxicity study; (A) impedance results

under different magnesium ion concentrations of (a) 200 mM, (b)100 mM, (c) 50 mM, (d) 10 mM,

(e) 1 mM, (f) control of MgSO4. (B) optical images of cells on the electrode surface
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5 Future In-Body Electrochemical Nanosensors

Conventional approaches diagnose and treat illness and diseases by making

measurements external to the body or by taking blood or a tissue sample. Nano-

technology can provide new type of sensors that can be implanted into the human

body for real-time human health monitoring [4, 8, 39–41]. For example, these

include carbon nanotube-based electrochemical orthopedic implant sensors,

sensors for monitoring the degradation of biodegradable implants [42], monitoring

bone healing [4, 8, 39–41], smart orthopedic implant sensors, anti-infection sensors,

contact lens sensors for diabetics, diabetic sensors, inflammation and infection

sensors, brain-derived self-adapting sensors, implanted neural sensors, nanoporous

membranes, tissue-healing sensor, brain hemorrhaging sensor, acid reflux sensors,

chemical sensors, protein sensors, and others. The future of electrochemical-based

nanosensors is bright, because monitoring multiple variables simultaneously in the

body can help uncover disease early and provide understanding of biological

processes [43–45].
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The real success of this personalized medicine depends on whether diagnostic

techniques such as biosensors can be used to obtain reliable and repeatable results

in a timely manner. Point-of-care devices should be modified and improved for this

concept [43]. For example, biosensors can be wearable, implantable, provide real-

time monitoring, communicate with drug injection instrumentation, and measure a

drug-release rate [4, 40, 41]. Also, adaptable biosensors can scale their sensitivity

range based on the first measurement. Another challenging topic for biosensing will

be the non-specific binding problem. Sensors should either simultaneously measure

non-specific binding and target proteins or actively remove the non-specific binding

proteins by applying external energy.

6 Conclusions

This chapter has presented some fundamental considerations concerning modern

biosensor fabrication, with specific emphasis given to electrochemical methods,

potentiometry, and impedimetry. Several examples were presented that highlighted

the design considerations for these biosensors, drawing on the knowledge and tools

from many disciplines such as biochemistry, electronic engineering, and clinical

care. The advances in modern micro-scale fabrication, coupled with advances in

electronics and molecular biology, provide a solid foundation upon which current

researchers are expanding the boundaries of what is possible in modern preventive

medicine. It is an exciting time to conduct research.
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Integration of CNT-Based Chemical Sensors and

Biosensors in Microfluidic Systems

Pornpimol Sritongkham, Anurat Wisitsoraat, Adisorn Tuantranont,

and Mithran Somasundrum

Abstract We describe and discuss the different components necessary for the

construction of a microfluidic system including micropump, microvalve,

micromixer and detection system. For the microfluidic detector, we focus on carbon

nanotube (CNTs) based electrochemical sensors. The properties, structure and

nomenclature of CNTs are briefly reviewed. CNT modification and the use of

CNTs in conjunction with electrochemical microfluidic detection are then exten-

sively discussed.

Keywords Biosensors, Carbon nanotubes, Chemical sensors, Electrochemical

sensor, Microfluidic electrochemical system
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1 Introduction

In recent years there has been great interest in miniaturized analysis systems for

chemical and biological sensing applications. These systems and devices, also well

known as lab-on-a-chip (LOC), offer several advantages over conventional scale

analytical methods, including low sample/reagent consumption, fast analysis, high

throughput and automation capability [1–16]. In this chapter, microfluidic systems

and the various microfluidic components are concisely described and discussed.

Finally, we discuss the properties which make carbon nanotubes (CNTs) ideal

modifiers for improving the sensitivity and/or selectivity of electrochemical

detectors, and describe how such detectors can be integrated into microfluidic

systems.

2 Microfluidic System

2.1 Classes of Microfluidic Systems

Microfluidic systems can generally be divided into two main classes, continuous-flow

and droplet-based [17–19]. Continuous-flow is based on the manipulation of a contin-

uous flow of fluid in micron-sized channels, which may be driven by mechanical fluid

pressure [20, 21] or by capillary forces and electrokinetic actuation [22, 23]. In a typical

continuous flow system, fluids including carrier fluid, buffer and analytes from

reservoirs are driven into nanoport inlets by either external pumps or integrated on-

chip micropumps through microchannels at controlled flow rates [24]. Fluid

manipulations such as mixing and focusing are then conducted using microvalves,

micromixers and other microfluid manipulators depending on the application [25]. In

some specific applications such as the polymerase chain reaction, fluid will be confined

in reaction microchambers that include special-purpose components such as a

microheater and microsensors [26]. Processed fluids will be then analyzed by either

on-chip or off-chip detectors [27]. In advanced biochemical applications, fluids may be

separated along a microcolumn by methods including capillary electrophoresis and

liquid chromatography using a specially treated microcolumn and microelectrodes

[28, 29]. Finally, analyzed fluids will exit outlets and be collected at waste sinks.
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Continuous microfluidic operation is a common technique that is easy to imple-

ment, suitable for definite and uncomplicated biochemical applications and is

necessary for particular flow-based functions such as separation. However, it

suffers from several limitations including relatively high sample/analyte consump-

tion, limited flexibility/reconfigurability, poor fault tolerance capability and poor

scalability because of the permanent closed-channel configuration and flow-com-

ponent-system interdependency. Droplet-based microfluidics has recently been

developed to overcome these shortcomings. In these systems, droplets of

samples/reagent are formed instead of a continuous stream, which results in

lower sample/reagent consumption.

There are two main types of droplet-based systems, namely continuous and

discrete [30]. In the continuous type, droplets are generated and transported along

microfluidic channels by flowing sample/reagent into an immiscible carrier fluid

that separates and encapsulates the continuous solution stream into microdroplets.

This system can be considered an extension of the continuous flow scheme and

hence it is essentially the continuous flow systems that include a special mixer

specially designed to generate a stream of micro-droplets. The main benefit of this

method is very high throughput and lower sample/reagent consumption. However,

it also requires additional carrier fluids and it still suffers from similar shortcoming

to a continuous flow system, particularly complicated fluid manipulation, limited

flexibility/reconfigurability, poor fault tolerance capability, and poor scalability.

In the discrete droplet-based approach, samples/reagent are formed, manipulated

and analyzed as isolated microdroplets with no need of carrier and microchannel

[19, 30, 31]. The use of discrete droplets can greatly reduce sample/reagent

consumption when compared to continuous systems. Due to the architectural

similarities with digital microelectronic systems, droplet-based systems are often

referred to as “digital microfluidics”. In typical digital systems, individual droplets

are generated, moved, merged, split and mixed by a system of structures operated

based on various droplet actuation mechanisms including electrowetting-on-dielec-

tric (EWOD), surface acoustic wave (SAW), dielectrophoresis, thermocapillary

forces and magnetic forces. These techniques allow parallel processing ability,

high architectural flexibility, scalability and dynamic reconfigurability because

the force driving the droplets may be controlled by software-driven electronics

and the droplets can be freely manipulated in an open platform. In addition, the

fabrication of the digital systems is relatively simple and lower priced because

complex microchannels and mechanical components are eliminated. Thus, digital

microfluidic systems have increasingly gained interest in various applications.

Nevertheless, droplet-based systems also have some limitations. For instance,

they cannot provide some important functions such as chemical separation, which

is very important for biochemical sensing applications. In addition, integration of

detection components in the system requires further technological development.

Therefore, we will focus here on continuous flow microfluidic systems as they are

still more widely used in biochemical sensing applications.
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2.2 Microfluidic Components

The key microfluidic components for a general integrated microfluidic system are

concisely discussed below.

2.2.1 Micropump

A micropump is a miniaturized pumping device that can be integrated into a

microfluidic system for driving fluid at a desired flow rate. Micropumps can be

divided into two main classes, mechanical or non-mechanical [32].

Mechanical Micropump

Mechanical micropump operation is based on mechanical moving parts such as

membranes or diaphragms and check valves, which are periodically actuated by one

or more physical mechanisms to generate fluid flow. Major types of mechanical

micropumps include reciprocating diaphragm, peristaltic, syringe and rotary

structures [20]. A reciprocating diaphragm micropump typically contains a

pumping chamber, flexible actuating diaphragm, mechanical actuator, inlet valve

and outlet valve as illustrated in Fig. 1a. Fluid flow is generated by the periodic

movement of the diaphragm, which draws in fluid through the inlet valve when the

diaphragm retracts (under pressure state) and drives it out when diaphragm extends

(over pressure state) [33]. The actuators move the diaphragm back and forth

between the two states, causing a volume change called the stroke volume, which

is proportional to the generated pumping pressure and pumping rate. The actuation

must go against the remaining dead volume of fluid in the chamber and thus the

pumping efficiency is proportional to the ratio of stroke to dead volume, called the

compression ratio (e).
Passive inlet and outlet check valves [34], allowing flow only in one direction,

are normally used to dictate the flow direction as shown in Fig. 1a. These check

valves may be replaced by nozzle/diffuser elements to yield valveless micropumps

as illustrated in Fig. 1b. These elements are taper pipes that allow more fluid to enter

via the inlet than to leave at the outlet during the under pressure state and vice versa

during over pressure state [35]. The main advantage of a valveless structure is

simpler fabrication, while the key disadvantage is relatively lower efficiency due to

some backward flow.

A peristaltic micropump [36, 37] is a valveless bi-directional micropump

containing three actuating diaphragms arranged in series as illustrated in Fig. 1c.

Sequential peristaltic movement of diaphragms can be programmed to transfer the

fluid from one port to the other with no valve or diffuser/nozzle element and the

flow direction can be inverted by reversing the order of diaphragm movement

[33, 38]. In contrast, syringe micropumps utilize actuators located in a reservoir
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chamber to drive the fluid into a nozzle as shown in Fig. 1d. The key feature of

syringe micropump is ability to provide accurate, steady and non-turbulent flow

control [39, 40]. Rotary micropumps employ a rotating microgear motor to transfer

fluid from inlet to outlet, which may employ nozzle/diffuser elements, as illustrated

in Fig. 1e. Micromotor is typically driven by either electromagnetic or electrostatic

actuation [41]. A rotary micropump can provide a large pumping rate, however its

fabrication involves a complicated micromachining process.

Inlet Outlet

Diaphragm

Mechanical Actuator

Stroke volume

Check valves

Dead volume

a

Inlet Outlet

Diaphragm

Mechanical Actuator

Stroke volume

Diffuser/Nozzle 
elements

Dead volume

b

c
Diaphragms

Mechanical Actuators

Inlet/outlet Outlet/inlet

Nozzle

Inlet

Micromotor

d

e

Actuators Reservior chamber

Outlet

Fig. 1 Structures of (a) basic reciprocating, (b) valveless reciprocating, (c) peristaltic, (d) syringe

and (e) rotary micropumps
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The mechanical actuator is the most critical part of a mechanical micropump

because it primarily dictates the pumping performance. Important actuation

mechanisms employed in mechanical micropumps include piezoelectric, shape

memory alloy (SMA), bimorph, ionic conductive polymer film (ICPF), electro-

static, electromagnetic, pneumatic, thermopneumatic and phase change [26, 32].

Table 1 summarizes the main structures, advantages and disadvantages of mechan-

ical micropumps. These mechanical actuators can be further divided into two

groups according to application method.

In the first group, comprising piezoelectric, SMA, bimorph and ICPF, the

actuator is employed in the micropump by direct attachment of the whole actuator

body to the diaphragm. A piezoelectric actuator comprises a piezoelectric layer

sandwiched between two metallic films, which are deformed due to strain induced

in the piezoelectric crystals under high applied voltage [42–44]. An SMA actuator

consists of a microheater and a layer of special metal alloy that has shape memory

effect, such as Au/Cu, In/Ti, and Ni/Ti [45, 46]. With this effect, the SMA structure

is deformed and reformed between two states as a result of phase transformation

between the austenite phase at high temperature and martensitic phase at low

temperature. An SMA structure that is mechanically constrained by a diaphragm

will exert a large actuation force and displacement by heating and cooling.

A bimorph actuator contains a microheater and a bilayer of two dissimilar

materials. The bilayer structure will expand or contract upon heating or cooling

due to the difference in the thermal expansion coefficients of the two materials [47].

An ICPF actuator is a polyelectrolyte film with both sides chemically plated with

platinum and can be actuated by a stress gradient due to ionic movement under an

applied electric field [48]. During ionic movement, cations attached to polymer

molecules move and simultaneously take solvent shell water molecules to the

negative electrode (cathode), causing cathode expansion and anode shrinkage.

In the second group of micropumps, the diaphragm of the micropump is a part of

the actuator system. Electrostatic actuators are used in micropumps by making the

diaphragm the movable electrode of an electrostatic capacitor. The movable elec-

trode is separated from a fixed plate by a micron-sized air gap and is deflected by

Coulomb attraction forces under high applied voltage between the two electrodes

[49, 50]. Similarly, electromagnetic actuation can be used for micropumping by

bonding a permanent magnet to the diaphragm. The magnetic diaphragm is then

actuated by an electromagnetic field induced by applying current to coils around

soft magnetic cores [51, 52]. Pneumatic micropump utilizes a compliant diaphragm

that is a wall of actuation chamber and is expanded or contracted by air/vacuum

pressure, which is manipulated by external solenoid-valve-controlled oil-less dia-

phragm vacuum pump/compressors [53, 54]. Typically, PDMS membrane, an

elastomer with low Young’s modulus and high reversible strain, is employed as

diaphragm for pneumatic actuation. PDMS provides large stroke, low leakage

performance in close position and excellent adherence to glass/silicon substrate.

The use of an external air/vacuum system makes the overall system become large.

Thermopneumatic principle that uses thermally-induced volume change of air in

the sealed chamber has been utilized to replace the external air/vacuum part with
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Table 1 Summary of structure, advantages and disadvantages of mechanical micropumps

Type Structure Advantages Disadvantages

Piezoelectric

Diaphragms

Piezoelectric layer

Electrodes Large actuation

force, fast

response

Difficult fabrication, high

actuation voltage and

small actuation stroke

SMA

Diaphragms

SMA 
layer

Heater Large actuation

force/stroke,

simple and

small

High power consumption

and slow response

Bimorph

Diaphragms

Bimorph 
layers

Heater Large actuation

force, simple

and small

High power consumption,

slow response, small

actuation stroke

ICPF

ICPF Diaphragms

Electrodes

WaterIons

Large deflection

and low

voltage/power

consumption

Low actuation force,

complex fabrication

process

Electrostatic

Diaphragms

Electrodes

Air gap

Spacers Low power

consumption

and fast

response

High actuation voltage

and small actuation

stroke

Electromagnetic

Diaphragms 

Driving coil

Permanent magnet

Large actuation

force/stroke,

fast response

High power consumption

and difficult and

expensive fabrication

Pneumatic

Diaphragms 

Air in/out

Air chamber

Large stroke, fast

response

External pump/air flow

system required

(continued)
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integrated microheater/refrigerator [55, 56]. Thermopneumatic system is thus

better in term of system integration. Phase-change actuation is similar to

thermopneumatic actuation except that it uses a liquid-phase fluid and an external

heater (outside actuation chamber). The diaphragm is expanded and contracted by

vaporization and condensation of the working fluid [57, 58].

From Table 1, it can be seen that actuation mechanisms which require heating,

including SMA, bimorph, thermopneumatic and phase change will require high

power and give a slow response but can produce a large actuation stroke. Electro-

magnetic actuation is a special category in that it has high power consumption due

to high current but offers a fast response. In contrary, actuation mechanisms that are

based on electric fields, including electrostatic, piezoelectric and ICPF have low

power consumption and provide a fast response but have a small actuation stroke.

The choice of mechanical micropump depends on flow rate, pumping fluid force,

power consumption, operating frequency and fabrication/cost requirements.

Non-Mechanical Micropump

Non-mechanical micropumps are based on micro-scale phenomena that convert

non-mechanical energy to kinetic fluidic energy. Geometry design and fabrication

techniques for these kinds of pump are simpler due to the absence of moving parts.

Non-mechanical phenomena used in micropumps include magnetohydrodynamic

(MHD), ferrofluidic, electrohydrodynamic (EHD), electroosmotic, electrowetting,

thermo bubble, flexural planar wave (FPW), electrochemical and evaporation

[26, 32]. The structure, advantages and disadvantages of non-mechanical micropumps

are summarized in Table 2.

MHD actuation is based on the Lorentz force acting on electrically conductive

fluids (conductivity>1 s/m) under magnetic and electrical fields [59, 60]. A typical

MHD micropump comprises of a rectangular microchannel with two opposite walls

being electrodes for applying an electric field and the other two walls being

Table 1 (continued)

Type Structure Advantages Disadvantages

Thermo-

pneumatic

Diaphragms

Heater

Air chamber

Large induced

pressure and

large stroke

High power consumption

and slow response

Phase change

Diaphragms

Heater

Liquid chamber

Large actuation

force

High power consumption,

slow response, small

stroke
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permanent magnets of opposite polarity for providing the magnetic field. Ferrofluid

magnetic actuation utilizes the movement of ferrofluid plug, which is a carrier fluid

such as water, hydrocarbons or fluorocarbons with suspended ferromagnetic

nanoparticles. The ferrofluid movement is induced by moving magnetic field

mechanically using motor controlled magnet [61].

EHD actuation, an electrokinetic effect, relies on Coulombic force acting on

electric-field-induced charges in a low conductivity or dielectric fluid [62, 63].

Since charges must be induced, the pumping liquid is directly affected by EHD

actuation. In an EHD micropump, ions in the fluid move between two permeable

electrodes (emitters and collectors directly in contact with fluid), resulting in an

EHD pressure gradient. Electroosmosis is another electrokinetic effect, in which

ionic liquid is moved by viscous force as a result of boundary ion movement

relative to the stationary charged surfaces of a microchannel under an applied

electric field [64, 65]. Stationary negative charges are induced due to interaction

between an ionic solution and a microchannel surface such as fused silica and

PDMS. The induced charged surface attracts the positively charged ions to form

electric double layers, which comprise a fixed-charge Stern layer and cation-rich

Guoy–Chapman boundary layer, in which ions can move under an electric field.

The movement of these ions leads to viscous motion of neutral fluid in the channel

(Table 2). In contrast, electrowetting provides fluid movement through a change in

surface tension under applied electric potential via the dielectric layer. The change

in electrical potential results in a change in interfacial energy between the liquid

and dielectric interface [66, 67]. A continuous electrowetting micropump utilizes

the electrowetting effect to manipulate two immiscible liquids such as liquid-phase

mercury droplet/electrolyte The surface tension difference between left and right

droplet surfaces, due to potential drop across the electric double layer, pushes the

droplet from left and right (Table 2). The droplet movement in electrolyte is then

used to actuate a micropump diaphragm.

Thermo bubble is the generation and expansion of a bubble by heating under a

fluid [68]. The bubble expansion creates a large pressure and actuation force that can

be used to drive fluid in a micropump. It can be used to form a diaphragm less and

valveless micropump when used along with nozzle/diffuser element (see Table 2).

A net flow is generated from nozzle to diffuser by bubble expansion and extinction

periodically controlled by heating voltage. Electrochemical reactions such as the

electrolysis of water can be used instead to generate gas bubbles to provide the fluid

driving force [40, 69]. In an electrochemical micropump, an electrode containing

water in an actuation chamber is used to generate bubbles that drive the diaphragm to

pump fluid into the main chamber (Table 2).

The FPW micropump utilizes ultrasonically driven acoustic streaming to initiate

fluid flow. FPW produced by an array of piezoelectric or SAW transducers propagate

along a thin wall of microchannel to transfer its momentum to fluid [70, 71]. Lastly,

evaporation-based micropumps exploit controlled liquid evaporation through a mem-

brane into a gas space containing a sorption agent and flow-induced capillary forces,

which are generated as a result of evaporation [72]. The vapor pressure in the gas

chamber is kept below saturation by gas absorber and evaporated liquid is continu-

ously replaced by the flow of liquid through the microfluidic system.
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All non-mechanical micropumps share the common advantages of no moving

parts making design and fabrication relatively simple, while there are different

pros/cons for each type of micropump. From Table 2, it can be seen that

mechanisms involving the application of an electrical potential, including MHD,

ferrofluidic, EHD, electroosmosis, electrowetting and electrochemical, provide fast

responses, low power consumption and are simple to fabricate but are limited to

conducting fluids. Thermo-bubble requires high power consumption and gives a

slow response but can produce a large actuation stroke. FPW is a unique method

that requires low operating power and can work with any fluid but suffers from a

low actuation force and has a complex fabrication process. Evaporation is a simple

and novel method that requires no external energy but is limited to suction opera-

tion. The choice of non-mechanical micropump depends on type of application and

other operational parameters such as flow rate, pumping fluid, power consumption,

operating frequency and cost. For example, an electroosmosis pump is essential for

capillary electrophoresis.

2.2.2 Microvalves

A microvalve is a miniaturized switching device that can be integrated into

microfluidic systems for valving fluid flow direction, and is an important element

of mechanical micropumps as well as fully integrated microfluidic chips.

Microvalves can be divided into two main classes, passive and active microvalves

and each class may be further subdivided into mechanical or non-mechanical types.

They are summarized in Table 3 and discussed below.

Passive Microvalves

Passive microvalves, which are often used in mechanical micropumps, do not

employ any kind of external actuation. Most common passive microvalves are

mechanical flap valves with various structures including cantilever, disc and spher-

ical ball (Table 3) [58, 73]. Disc and ball structures are more preferred for low

leakage during closing operation. In addition, valve seat having a mesa pit structure

may be used in these structures to reduce any pressure-drop during opening opera-

tion by diminishing the structural stiction on the valve anchor. They use a pressure

difference between the inlet and outlet of the valve to overcome spring force and

control the valve opening. In contrast, passive plug (PP) mechanical microvalve,

consisting of snug and airtight stub and stem components, utilizes stub weight and

flow control elevation mechanism inside the access port to control fluid flow [74].

The fluid flow is controlled by relative input/output pressure, height of elevation

and stub weight. In addition, tight seal (fully close) operation may be attained

manually using the snug fit and additional weight above the PP stub.
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In-line polymerized gel microvalve is a mechanical passive valve that utilizes

gel photopolymerization by a thermally induced pressure difference to create local

gel plugs to prevent bulk liquid flow [75, 76]. The microfluidic gel valve is typically

fabricated from a mixture of Tris–HCl, acrylamide/bic and 1-hydroxyl-cyclohex-

ylphenylketone (HCPK) photoinitiator. Polymerization will occur when passing

fluid provides a suitable temperature and pH to the gel. The leakage characteristic

of the gel plug mainly depends on the degree of gel cross-linking, which can be

optimized to yield minimal leakage at high hydrostatic pressure. Hydrophobic

microvalve is a non-mechanical passive valve that utilizes hydrophobic patches

Table 3 Summary of diagram, advantages and disadvantages of various types of microvalves

Type Diagram Advantages Disadvantages

Passive flap Cantilever Disk Ball

Valve seat StopperInlet

Simple operation,

efficient, low

leakage

Complex fabrication

process, slow response

Passive plug Plug

Elevation

Inlet

Simple operation,

efficient, low

leakage,

mechanically

robust

Low degree of automation,

slow response, complex

fabrication process

Passive in-line

polymerized

gel

Polymerized gel

Inlet

Simple structure,

simple operation,

low leakage

Non-reversible operation,

limited to a group of

suitable fluids

Passive

hydrophobic

Hydrophobic patches

Inlet

Hydrophilic channel Simple fabrication,

low cost

High leakage, low fluid

pressure, poor stability,

limited to a group of

suitable fluids

Active

diaphragm

based

mechanical

Diaphragm Actuator

Inlet

Raised channel

Simple and effective,

low leakage

High fabrication cost

Active phase-

change non-

mechanical

Solidified Plug

TE refrigerator/heater

Inlet

Simple and effective,

very low leakage

High power consumption,

low speed
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in otherwise hydrophilic microchannels to confine fluid within hydrophilic regions

by surface tension force [77]. Hydrophobic patches can be formed by coating the

regions selectively with a hydrophobic substance such as Teflon and EGC-1700.

For instance, passive stop valves can be made by coating access ports with a

hydrophobic film. The hydrophobic microvalve is easy to fabricate but it seriously

suffers from poor stability due to possible desorption of the hydrophobic film, or

reaction with the working fluid.

Active Microvalves

Active microvalves are operated by actuating force and offer higher performance

than passive ones but they also require more complexity and fabrication cost. The

majority of active microvalves are mechanical valves that employ a sealing dia-

phragm actuated by various mechanical mechanisms to interpose between the two

ports of microchannel as illustrated in Table 3. When the diaphragm is not actuated,

fluid flows normally under a driving pressure between inlet and outlet ports. Under

actuation, the diaphragm is pressed onto the valve seat and stops fluid flow.

Mechanical actuation mechanisms utilized in micropumps such as electrostatic,

electromagnetic, piezoelectric, SMA and thermopneumatic can all be used in

microvalves [78–82]. Diaphragm based mechanical microvalve offers simple and

effective operation with low leakage in close mode and low resistance in open mode

but they require relatively high fabrication cost. The speed and power consumption

are dependent on actuation mechanisms, which can be selected and optimized

according to application requirements.

Another important group of active microvalves is non-mechanical phase change

type operated based on solid–liquid phase transition effects [83]. The phase-change

microvalves typically consist of a microchannel, a cavity, a phase change plug

material and a thermoelectric (TE) microheater/refrigerator as depicted in Table. 3.

In operation, phase change material including hydrogel, sol–gel, paraffin and ice are

thermally actuated to transform their phase from liquid to solid and vice versa to

stop and pass fluid flow. The advantages of this type of microvalves include very

low leakage, simple fabrication and ease of large-scale integration. However, they

suffer from high power consumption and slow response.

A stimuli-responsive, or smart, hydrogel is an effective phase change material

that can change its volume reversibly and reproducibly by more than one order of

magnitude from a very small change of input parameters such as pH, glucose,

temperature, electric field, light, carbohydrates or antigen [84]. At temperatures

above the hydrogel critical temperature Tc (32
�C), the hydrogel is unexpanded and

the microchannel is open. When the temperature is decreased below Tc by a

thermoelectric (TE) refrigerator, the hydrogel swells and blocks the flow. Hydrogel

plugs offer perfect sealing, relatively high pressure tolerance and self-actuated

open-loop control abilities. Pluronics sol–gel is another promising phase change

material [85]. The pluronic polymer forms a cubic liquid crystalline solid gel plug
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that stop fluid flow at room temperature. When cooled below the pluronics gel

transition point (5�C), the gel is liquefied, allowing fluid flow. The advantages of

pluronics gel include good sealing and simple implementation by one-shot

injection.

Paraffin is another attractive phase change material due to low cost. In paraffin

microvalve, the paraffin plug is liquefied by thermal heating, then moved in the

microchannel to a fluid port by upstream fluid pressure or external pneumatic air/

vacuum actuation and conformally solidified on the port wall, forming a leak-proof

solid seal [86, 87]. Heating can be done globally or locally by isothermal or spatial

gradient actuation, respectively. Local heating allows much shorter actuation time

and lower power consumption than global heating. For reversible close–open

operation, external pneumatic air/vacuum actuation is required to move the molten

paraffin between fluid ports, making the system fairly complicated. Lastly, water

can be used as phase transformation material. Ice plugs can be formed by TE

cooling below water freezing point (0�C) to non-invasively close aqueous solution

flow, and ice melting by heating can restore the flow [88]. Ice valves are advanta-

geous for bio/chemical microfluidic systems due to biocompatibility and

contamination-less property, but require high power consumption and have long

response times. These may be reduced by pre-cooling at the expense of power

consumption.

2.2.3 Micromixer

A micromixer is a miniaturized merging device that can be integrated in

microfluidic systems for mixing two or more fluid flow. Fluid mixing in

microchannels is generally difficult due to the low Reynolds number laminar flow

effects of fluids in micron-sized conduits [23, 89]. Thus, various strategies have

been developed to achieve effective micromixing in fully integrated microfluidic

chips. Micromixers can be divided into two main classes, passive and active [26].

Passive Micromixers

The mixing process of passive micromixers mainly relies on chaotic diffusion and

convection, which may be achieved by a properly designed microchannel’s geom-

etry and surface topography [90]. The Y/T-type flow configurations are the simplest

mixing structures that combine two or more Y and T mixing junctions to induce

chaotic diffusion [91–93]. For instance, four T-type and one Y-type micromixer

combination have been shown to provide high mixing efficiency. However, large

combinations of Y–T junctions are not desirable due to size, complexity and cost.

To avoid using large Y/T-type micromixers, a single Y or T mixing junction may

be used in combination with other passive micromixing strategies including droplet

formation and movement with recirculation flow [94–96]. Droplet formation from

two or more fluids to be mixed increases the fluid interface between them, while
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droplet movement generates an internal flow field inside the turning and elongated

droplet, resulting in internal mixing and enhanced mixing efficiency. For successful

recirculation, multi-phase droplets must move as one with non-slip boundary

conditions. Transient adsorption of droplets to the microchannel walls should be

prevented by the use of a suitable surfactant. Droplets can be generated by pressure-

driven mixing of multiple immiscible phases with large differences in surface

tension, such as an aqueous solution and oil in a microchannel or by fluid mixing

driven by capillary effects including thermocapillary or electrocapillary

(electrowetting) that employ temperature difference or electric field to bring two

or more fluids to mix at a junction. After droplet formation, thermocapillaries or

electrocapillaries will then be used again to move droplets around the microchannel

to induce recirculation mixing. Another effective droplet mixing strategy is to use

the shear force between an additional immiscible carrier liquid and the sample

droplet to accelerate the mixing process.

Active Micromixers

Active micromixers employ some external agitating energy to create turbulent

mixing and are considerably more effective than passive mixers, but high cost

and complexity make them less attractive for practical microfluidic systems. Com-

mon actuation mechanisms employed in an active micromixer include electroki-

netic, acoustic, MHD and mechanical actuation by micropumps/microvalves.

Electrokinetically-driven micromixing provides significant diffusion enhancement

from local circulation zones and stretching/folding buck flow induced by a

fluctuating applied electric potential that results in a variation of zeta potential on

the microchannel walls [97, 98]. The electrokinetic method offers very high mixing

speed but it requires a high operating voltage. Acoustic agitation or ultrasonication

is a well-known and effective fluid mixing technique that utilizes an acoustic field

to induce frictional forces at air/liquid interface of an air bubble in a liquid medium,

resulting in bulk fluid flow called cavitation or acoustic microstreaming [99]. The

bubble-induced streaming will be most effective if bubbles are excited near their

resonance frequency, which depends mainly on bubble size and distribution.

Acoustic fields can be induced by an integrated bulk wave or SAW actuator.

Acoustic microstreaming offers many advantages including fast operation, simple

apparatus, ease of implementation, low power consumption (~2 mW) and low cost.

MHD micromixing use Lorentz force to roll and fold electrolyte solutions in a

mixing chamber [100]. In contrast to a MHD micropump, MHD electrode arrays

are deposited on the microchannel’s surface in the transverse direction, instead of

parallel to the microchannel walls. In addition, complex flow fields such as cellular

motion, which provide enhanced fluid mixing interface, can be induced under

applied AC potential differences across pairs of electrodes with appropriately

designed patterns. Mechanical actuation by integrated microvalves/micropumps

can also provide highly effective micromixing [54]. Various type of actuation

mechanisms have been reported for micromixing. For example, a pneumatic
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peristaltic rotary micropump has been used for fixed volume as well as continuous-

flow on-chip mixing. In fixed volume mixing, fluid injected into the chamber are

circulated and quickly mixed with the rotary pump. In a circular loop, different

fluids are moving at different velocities with the parabolic profile of the Poiseuille

flow and their interfaces will stretch into long and thin streams and finally wrap

around into a complete mix. In continuous-flow mixing, the mixing efficiency

increases as the overall fluid flow rate decreases and the rotary mixer loop increases.

2.2.4 Detection System

Detection system is an analysis apparatus that may be applied to and/or integrated

in microfluidic systems for chemical and biosensing. It is a very important part of

micro total analysis system. Sensors or detectors in microfluidic systems must be

much more sensitive than conventional methods because of small sample volume,

short sampling time and low analyte concentration. The most widely used detection

strategies are electrochemical, optical and mass spectroscopic [101, 102].

Electrochemical detections including potentiometric [103, 104], voltametric

[105–107], amperometric [108–110], coulometric [111] and AC impedance

[112–114] techniques utilize potential, current or charge signals from reducing

and/or oxidizing reaction at electrodes, which can be either two-electrode system

that comprises working and counter electrodes or three-electrode system that

includes an additional reference electrode. Electrochemical detectors are the easiest

to integrate into microfluidic devices, due to the fact that the technology for the

fabrication of microelectrodes and the placement of microelectrodes within or at the

outlets of microchannels is now well established [115–118]. Additionally, electro-

chemical detection can provide relatively low limits of detection without requiring

expensive transduction methods [119]. A number of microfluidic systems have

been integrated with on-chip micro-electrochemical sensors using different work-

ing electrode materials, including gold, platinum, polymer, CNTs and other

nanocomposites. Conventional metal thin film electrodes tend to suffer from insuf-

ficient sensitivity and poor limit of detection. The limit of detection for electro-

chemical measurement can often be improved by modifying the electrode surface

with a catalyst of some kind. The improvement can be due to either increasing the

rate of the electrode reaction, or by lowering the working potential and thus

lowering the background current. The electrode surface can also be modified by a

biological recognition element, which can be used to improve the selectivity of

detection and/or extend detection to electro-inactive analytes when used in con-

junction with an electrochemical label (for DNA or antibody-based detection). As

outlined in the following sections, CNTs are ideally suited both to use as

electrocatalysts and as nano-dimensional supports for the construction of electro-

chemical labels. As will be detailed below, both the CNTmodification of electrodes

and the covalent and non-covalent modification of CNTs by chemical or biological

catalysts, have been successfully reported. Another type of electrochemical sensor,

which is relatively less commonly used, is ion-sensitive field effect transistor
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(ISFET). It is relatively difficult to be integrated in microfluidic system due to

relatively complicated fabrication process. Nevertheless, its integration in

microfluidic systems has been successfully demonstrated [120–122].

Optical detections including fluorescence [123–127], chemiluminescence

[128–131], electrochemiluminescence [132, 133], bioluminescence [134–136],

surface plasmon resonance (SPR) [137–145], surface enhanced Raman scattering

(SERS) [146–150], absorbance [151], transmittance [152] and other microscopic

imaging methods [153, 154] have widely been applied for biochemical sensing in

microfluidic systems [155]. Typical optical detection system consists of laser, lens/

mirror system and photodetectors. In general, optical components are normally

located off-chip but may be assembled or attached to a chip. However, they have

relatively large size and may not be fabricated directly on microfluidic chips. The

integration still has not been widely attainable and optical-based microfluidic

systems remain relatively expensive and bulky. In addition to miniaturization

issue, optical signal amplification for sensitivity and limit of detection improvement

are also challenging for optical microfluidic based systems [123, 156, 157].

Mass spectroscopic (MS) detection is a promising alternative due to its high

detection capability. Typically, MS system comprises ionization chamber, quadruple

mass selector and ion detectors. Similar to optical methods, its integration with

microfluidic systems is difficult because it is challenging to miniaturize and integrate

MS components with microfluidic system. Nevertheless, there have been several

microfluidic systems with MS detection [158–163]. In addition to these common

methods, many other sensors and detection methods have been demonstrated in

microfluidic systems. For instance, Microfluidic chip calorimeter has been developed

based on catalytic enzyme reaction detected by calorimetry [164, 165]. In addition,

nanomechanical resonant sensors has also recently been integrated within

microfluidic channels [166, 167]. Capacitively-coupled contactless conductivity

detection is another new scheme recently developed in microfluidic systems [168,

169]. Nuclear magnetic resonance [170] as well as acoustic [171] based sensors have

also been recently employed and integrated microfluidic platforms. Furthermore,

multiple detection strategies, which combine more than one detection methods

such as optical and electrochemical methods for selective and multiplexed detections,

have also been widely studied [172–175].

2.3 Fabrication of Microfluidic System

Fabrication of microfluidic systems may be mainly divided into traditional pro-

cesses based on microelectromechanical system (MEMS) or other alternative

processes. Traditional MEMS processes include thick/thin deposition by physical

vapor deposition (PVD) such as sputtering and evaporation or chemical vapor

deposition (CVD) such as low-pressure and plasma enhanced CVD, photolitho-

graphic patterning, wet chemical etching, dry etching such as reactive ion etching

(RIE) and bonding [176]. These processes are mainly used for fabrication of
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silicon- and glass-based continuous or digital microfluidic chip. Although silicon-

based microfluidic devices offer full functional capability, their high fabrication/

material cost and poor biocompatibility makes them less attractive for chemical and

biosensing applications. Glass, polymer and paper are much more attractive

materials for microfluidics due to low price, biocompatility and low cost fabrica-

tion. Fabrication of microfluidic chip based on these material involve the combina-

tion of some standard technology such as photolithography and other alternative

processes including solution processing, replication by casting, embossing or injec-

tion molding, oxygen-plasma-assisted bonding, adhesive bonding, tape grafting,

and inkjet or offset printing. The fabrication process for glass/polymer-based [37,

56, 177, 178] and paper-based devices [179–181] has been rapidly developed to

realize cheap, portable and high throughput microfluidic chips. However, most of

these microfluidic systems still cannot be implemented with full functionality due

to low-temperature, low-structural-complexity and other fabrication limitations.

Thus, new fabrication approaches and hybrid technologies are still being developed

to achieve low-cost and fully functional integrated microfluidic devices.

3 Carbon Nanotubes

3.1 Introduction

Since the first report of their synthesis by Iijima [182, 183], CNTs have generated

much interest as electrode surface modifiers in the construction of bio and chemical

sensors. This interest comes from the fact that they have a high tensile strength, a

high value of Young’s modulus (a measure of stiffness), often good electrical

conductivity, exhibit electrocatalytic properties to a number of analytes, can

undergo chemical fictionalization, and can be used as carriers for redox mediators,

metal nanomaterials or biological recognition elements. CNTs can be made by arc

discharge [182], laser ablation [184] or CVD [185]. The later technique provides

lower yields than the two former, but has the advantage of both producing high

quality CNTs and allowing control of CNT position and alignment.

Structurally, the CNTs is a graphene sheet rolled into a cylinder. Hence, the

carbon atoms in the nanotube are all sp2 hybridized. Iijima initially reported the

synthesis of structures consisting of tens of concentric graphitic cylinders [182],

referred to as multi-walled carbon nanotubes (MWNTs). These typically have an

internal cylinder spacing of 0.3–0.4 nm and external diameters of 2–500 nm. Iijima

and Ichihashi [183] and Bethune et al. [186] later synthesized (single-walled carbon

nanotubes (SWNTs), consisting of individual graphitic cylinders. More recently,

structures consisting of two cylinders, double-walled carbon nanotubes (DWNTs),

have been reported [187]. Recent reviews can be found for both the general

properties of CNTs [188–192] and their use in sensors [193–196].
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3.2 Structure of CNTs

As noted above, if a single graphene sheet is rolled into a cylinder the product is a

CNTs. Although this is not physically how CNTs are made, as shown in Fig. 2, the

process can be imagined as a means to understanding the different possible CNT

structures. These are:

1. Zig-zag carbon nanotubes: These are produced by rolling up the graphene sheet

parallel to the horizontal vector a1. The resulting nanotube has a “zig-zag”-

shaped edge.

2. Armchair carbon nanotubes: In this case the graphene sheet is rolled on an axis

30� to a1. The result is that the edge of the nanotube consists of the sides of one
row of six-membered rings.

3. Chiral carbon nanotubes: These are produced by rolling the graphene sheet at an
angle y to a1 such that 0� < y < 30�. A line drawn parallel to a1 would then

spiral upwards around the tube. Hence there are two enantiomeric forms of any

given chiral CNTs.

The easiest and most common way to describe the structure of a given nanotube

is by means of vector notation. As shown in Fig. 2, we can specify a vector C which

will join two equivalent points on the graphene plane, i.e. when the graphene plane

is rolled into the cylinder the two end-points of C will be superimposed. The

structure of the resulting nanotube is then described by the direction and length

of C, expressed as:

C ¼ na1 þ ma2 (1)

where a1 and a2 are the unit vectors shown in Fig. 2. As illustrated in Fig. 3, the

integer pairs (n, m) correspond to points on the graphene lattice, following the

notation of Dresselhaus and co-workers [197]. Hence, in Fig. 2 a vector C drawn to

(n,0) zig-zag

C = na1 + ma2 

(n,n) armchair

q=30

a1

a2

Fig. 2 Use of vector notation to describe CNT structure. The graphene sheet is rolled such that the

two end points of the vector C are superimposed. All angles of C lying between zig-zag and

armchair give rise to chiral CNTs
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any (n, m) coordinate represents a particular nanotube structure. All nanotubes of

the form (n,0) must be zig-zag, while all nanotubes where n ¼ mmust be armchair.

All other (n, m) coordinates will be chiral. Based on the C–C bond lengths in

graphene a1 ¼ a2 ¼ 0.246 nm. From which the dimensions of the nanotube can be

calculated using:

nanotube circumference ðnmÞ ¼ 0:246
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 þ nmþ m2
p

(2)

nanotube diameter (nm) ¼ 0:246 p=ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 þ nmþ m2
p

(3)

chirality angle y ð�Þ ¼ sin�1

ffiffiffiffiffiffiffi

3m
p

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 þ nmþ m2
p

� �

(4)

All armchair SWNTs are metallic conductors, while for zig-zag and chiral

SWNTs, approximately one-third of the possible structures are metallic and the

other two thirds are semi-conducting.

3.3 Properties of Carbon Nanotubes

3.3.1 Inherent Electrode Properties

Due to the fact that CNTs conduct, a CNT film on an electrode will increase the

effective area available to the analyte, and hence the sensitivity of the response can be

expected to increase. For example, comparative cyclic voltammograms with
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(2,1) (3,1) (4,1) (5,1) (7,1) (8,1)

(7,2)
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Fig. 3 Graphene sheet with atoms labeled according to the (n, m) notation of Dresselhaus and co-
workers [197]
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Fe(CN6)
3� showed that modification of a glassy carbon electrode with SWNTs

increased the electrode area by a factor of approximately 1.8 [198]. In addition to

this, CNTs have been shown to have an electrocatalytic effect to the oxidation of

many analytically-important substances, including hydrogen peroxide [199], NADH

[200], dopamine [201], ascorbic acid [201, 202], uric acid [202] and norepinephrine

[203]. Crompton and co-workers have concluded this catalytic effect occurs via

reaction at the ends of the CNTs. This is based on the fact that edge-plane pyrolytic

graphite electrodes (pyrolytic graphite cut so that the graphite layers are perpendicu-

lar to the electrode surface) show similar electrochemistry and catalytic effects to

CNTs, where as basal plane graphite (pyrolytic graphite cut so that the graphite layers

are parallel to the surface) shows quite different properties, but can bemade to behave

like edge-plane electrodes if coated with a CNT film [204].

Another useful inherent property of CNTs is that they can promote direct

electron transfer between a redox protein and an electrode surface. This has been

reported for peroxidases [205], cytochrome c [206], myoglobin [207], catalase

[208] and glucose oxidase [209]. The last case is exceptional as the FAD/FADH2

redox couple is buried deep within the enzyme shell, and therefore direct commu-

nication with an electrode is usually difficult to achieve. The realization of electron

transfer was probably assisted by the fact that the nanotube arrays were vertically

aligned on the electrode surface, as Gooding et al. have shown in the case of

peroxidases that direct electrochemistry came predominantly from the enzyme

immobilized at the ends of the nanotubes, and that the electron transfer rates were

independent of nanotube length [205].

3.3.2 Properties Through Modification

As described below, CNTs can be modified to improve dispersion in a solvent, to

impart redox properties, and to allow binding to a particular biological recognition

element such as an enzyme, antibody or DNA sequence.

Noncovalent Modification

Various ionic and non-ionic polymers can be “wrapped” around CNTs due to a

combination of Van der Waals forces and hydrophobic interactions. Typically the

polymer has a recurring functional group which interacts with the wall of the CNT,

causing the wrapping to occur. Examples of such polymers include poly(p-
phenylenevinylene) [210], poly{(m-phenylenevinylene)-co-[2,5-dioctyloxy-(�p-
phenylenevinylene]} [211] and biopolymers such as amylose [191]. Essentially,

the forces of attraction which occur between the CNTs, causing bundle formation,

are replaced by forces of attraction to the polymer. Hence, the wrapping process

solubilised the nanotubes. This is extremely useful if the nanotubes are to be

deposited on an electrode in an uniform and reproducible manner. If the

solubilisation is performed by surfactant molecules such as sodium dodecyl
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sulphate (SDS) [212] or sodium dodecyl benzene sulphate (SDBS) [213] then the

nanotubes can be dispersed in aqueous solutions. In the case of Nafion-solublisation

of CNTs, it was shown that the presence of the Nafion did not prevent the CNTs

catalytic effect on the redox of hydrogen peroxide [199].

Redox behavior can be imparted to CNTs by the adsorption of aromatic

compounds. Due to consisting of sp2 hybridized carbon atoms, a CNT will possess

an extended system of delocalized p electrons and this can interact with the

p-system of an aromatic molecule. However, the molecule needs to be larger than

a single benzene ring for adsorption to occur. If the molecule possesses redox

properties then these will hence be imparted to the nanotube conjugate. For

example, methylene blue (MB) has been strongly adsorbed onto CNTs purely by

sonication [214], and the resulting structures showed a fast rate of electron transfer

when adsorbed on glassy carbon electrodes [214–216]. Acridine orange (the MB

molecule with the sulphur atom replaced by carbon) has also been adsorbed onto

CNTs by the same method [216].

Covalent Modification

The covalent modification of CNTs is a widely researched field and a detailed

review of all the methods of covalent nanotube attachment is beyond the scope of

this chapter. Some comprehensive reviews are given in refs [217–219]. When

nanotubes are treated with strong acids [220], or strong acids mixed with an

oxidizing agent [221], for purification and opening, the nanotube ends and defects

become functionalized by carboxyl groups. These groups can then undergo further

reaction [222–225].

In contrast to tube-end modification, reaction with the side walls of CNTs

proceeds by fictionalization of “pristine”, i.e. unoxidised, tubes. Highly reactive

reagents are usually necessary. Nanotubes with smaller diameters are likely to be

more amenable to reaction, due to their greater curvature causing a greater distor-

tion of the p-electron cloud, thus presenting a richer p-electron surface. Methods of

fictionalization include fluorination [226], addition reactions with carbenes, such as

dipyridyl imidazolium carbene [227], or with nitrenes [228], reaction with ylides

[229], solution phase ozonolysis [230] or silylation [231]. Electrochemistry can

also be used as a means of fictionalization, either by performing the electrode

reaction of a compound (e.g. a diazonium salt [232]) which then reacts with the

nanotube, or by electrooxidation of the nanotubes themselves. All of these methods

can in principle be used to attach an appropriately modified redox molecule to the

nanotube, and hence there is huge scope for modifying nanotube redox behavior.

Biological Modification

The biological modification of CNTs covers both covalent and noncovalent

methods. The first such modifications were performed in the mid to late 1990s
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[233, 234] and since then a large amount of research has been performed in this

field. Some recent reviews are given in ref [235, 236]. In the case of modification by

enzymes, both covalent and non-covalent attachment are possible, although non-

covalent attachment is thought to cause less change to the enzyme confirmation

[237], and is thus more likely to retain enzyme activity. The simplest form of non-

covalent attachment is direct adsorption to the nanotube. The forces responsible for

the attachment can be a combination of hydrophobic interactions and p–p stacking

between the delocalized p-system of the nanotube and residues on the enzyme

containing aromatic groups (tryptophan, phenylalanine etc.) [237]. Electrostatic

attraction can also promote direct adsorption [238] in cases where a nanotube has

been carboxylated, provided the protons of the carboxylic acids are dissociated and

the pH is below the enzyme isoelectric point, causing it to have a positive charge.

Carboxylation of CNTS can also promote direct adsorption via hydrogen bonding

[239]. Note that although structural changes upon adsorption can be expected to be

less than with covalent attachment, they still occur. For example, horseradish

peroxidase has been shown to lose about 35% of the helical content of its secondary

structure when adsorbed on SWNTs [240].

Alternative to direct adsorption, the CNTs can first be modified by polymers or

surfactants as described in Sect. 3.3.2.1. This has the advantage of imparting good

aqueous dispersibility to the nanotubes and thus allowing them to be well mixed with

the enzymes to be immobilized. The enzymes are taken up mainly through electro-

static attractions [241–243]. In some cases, such as the adsorption of glucose oxidase

onto polyaniline-coated MWNTs, this method has enabled direct electrochemistry

[242]. Surfactants which have been used for this purpose include SDS and Eastman

AQ (for HRP) [242] and Triton X-100 (for biliverdin IXb reductase) [244].

A popular method of modifying surfaces with polymers is the layer-by-layer

(l-b-l) technique first described by Decher and co-workers [245]. This involves the

deposition of alternating layers of oppositely charged polyelectrolytes. The adsorp-

tion of each layer causes a charge over-compensation to occur, making it possible to

then adsorb a layer of the opposite charge [246]. The method can be adapted to the

deposition of enzymes, provided the pH used is not equal to the enzymes’ isoelec-

tric point, i.e. provided the enzyme has an overall charge. Based on this method

sensitive glucose sensors were developed using the immobilization of glucose

oxidase (GOx) on SWNTs [247] as well as sensitive immunoassays using HRP

with chemiluminescence detection [248], and alkaline phosphatase (ALP) with

electrochemical detection [249].

In terms of covalent attachment of enzymes to nanotubes, this can be performed

either by directly attaching the enzyme, usually by forming an amide bond between

enzyme amine groups and carboxyl groups on the CNT sidewalls [250], or by using

a linking molecule. The linking molecule is adsorbed to the CNT through hydro-

phobic and p–p interactions, and can then be bound to the enzyme through amino

groups [251] or reaction with succinimidy ester groups [252], for example.

Since antibodies are also proteins, much of the above discussion for the enzyme

modification of CNTs can also be applied to modification by antibodies. One of the

simplest methods of antibody attachment is direct adsorption [253–255]. This is

thought to proceed by hydrophobic interactions [256]. Probably due to the
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similarity in hydrophobicities, CNTs coated by aromatic redox compounds, such as

methylene blue, can also take up antibodies by direct adsorption. This enables the

modified CNTs to act as immunoassay redox labels. Not all of the CNTs communi-

cate with the electrode in such a configuration, but when a solution phase mediator

is added, to carry charge from CNT to electrode, fg mL�1 concentrations can be

detected [257]. Alternatively, antibodies can be coated onto CNTs by the l-b-l

method [258] or by using a succinimidyl link [259, 260].

A simple demonstration of DNA immobilization on CNTs can be performed by

sonicating bundles of CNTs in water in the presence of single strand DNA

(ssDNA). The result is that the CNTs are dispersed, due to the helical wrapping

of the ssDNA around the nanotubes. The bases are attracted to the nanotube

sidewalls by p–p interactions, and so the ionized sugar-phosphate backbone points

outwards, imparting solubility in aqueous media [261]. This type of immobilization

can be used to form sensors, based on the fact that metal ions induce a structural

change in the DNA, which can be detected as a change in IR spectra [262].

A spectral change is also associated with hybridization, and hence the complemen-

tary DNA strand can be detected [263]. CNTs can also be covalently attached to

DNA. Acid treatment can be used to produce carboxylic acid groups on CNT

sidewalls and these can be reacted with amine-tagged DNA to form amide bonds

[264]. If the CNTs are modified by a redox couple then the DNA hybridization can

be detected, as has been demonstrated using ferrocene carboxaldehyde [265].

Alternatively, streptavidin can be adsorbed onto the CNTs and then attached to

DNA bearing a biotin tag [266]. In this case hybridization detection came from the

fact that the CNT was also functionalized by ALP. Thus, enzyme immobilization on

a nanotube can be combined with either antibody or DNA immobilization, to

produce a highly sensitive electrochemical label.

3.4 Carbon Nanotube Modification of Electrodes

If CNTs are dispersed in solution by one of the coating methods described above, then

they can be cast directly onto the electrode. The advantage of this procedure is its

simplicity, the disadvantage is the lack of uniformity that will occur over the electrode

surface and the degree of variation from one electrode to the next. Casting can also be

used to deposit composites of nanotubes mixed with other electroactive materials.

A thorough review of this is given by Agui et al. [267]. The most commonly used

materials for composite production are conducting polymers and metal nanoparticles.

In the case of conducting polymers, the main purpose if to provide the CNTs with good

electrode adhesion within a conducting matrix. If the conducting polymer is electro-

chemically deposited onto the CNT layer, then the polymer quantity can be fairly

accurately regulated by controlling the charge passed during the deposition. Analyte

reaction can possibly occur at the polymer as well as at the CNTs, depending on the

potential and polymer used. Examples of composites of this kind include polyaniline/

MWNT films on Au for nitrite oxidation [268], polypyrrole/SWNT films on glassy
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carbon for ascorbic acid, dopamine and uric acid [269], and poly3-methylthiophene/

MWNT composites for NADH oxidation [270].

The construction of nanoparticle (NP)/CNTs composites is mainly performed to

increase electrocatalytic activity to a particular analyte. After casting a nanotube

film, metal nanoparticles can be electrochemically deposited onto the film, as has

been demonstrated for Pt-NP/MWNT coatings for estrogen detection [271]. Alter-

natively, the metal nanoparticles can be synthesised in the presence of CNTs, which

results in adsorption onto the nanotube surface. Examples of this include FeCo-NP/

MWNT composites for cathodic hydrogen peroxide detection [272] and Ag/MWNT

composites for thiocyanate detection [273]. Nanotube electrode coatings bearing

multiple species of nanoparticle are also possible [274]. Finally, after a

nanoparticle–CNT composite has been synthesised and deposited on an electrode,

a conducting polymer can be electropolymerised over the film. This has been

demonstrated for the electropolymerisation of polythionine onto a Au-NP/MWNT

coating for an electrode detecting DNA by guanine and adenine oxidation [275].

Another relatively simple electrode modification is to mix the nanotubes with

mineral oil and pack then into a cavity above an electrical contact [276], analogous

to the way carbon paste electrodes are made. This has been done using unmodified

nanotubes for the detection of drugs such as pentoxifylline [277], urapidil [278],

sulfamethoxazole [279], and clinically important analytes such as theophylline

[280] and homocysteine [281]. Nanotubes have also been mixed with ionic liquids

[282] and with a number of different mediators, which act as redox catalysts for an

analyte. These have included hydroquinone [283] and a number of different metal

complexes [284–289]. The combination in the paste of redox mediator, nanotube

and enzyme has also been used to demonstrate biosensors for glucose [290] and

lactate [291]. Nanotube pastes have also been mixed with a metal chelator for

stripping analysis [292] and with Ag nanoparticles for electrocatalytic oxidation

[293]. It has been found that if the metallic impurities on the nanotubes are removed

prior to forming the paste, then the electrodes have better between batch precision

[294]. This is due to the active role of the impurities in many electrochemical

reactions, and the fact that the quantity of impurities can change from batch to

batch. However, variations can still occur regarding the electrode surface, and

similarly to carbon paste electrodes, we can expect a large amount of time will be

required smoothing the electrode over a flat surface before use, to ensure reproduc-

ibility. An easier way to achieve reproducibility from roughly the same nanotube

matrix is to use the CNTs to form an ink which can be screen printed [295].

A greater level of reproducibility can be achieved by modifying the electrodes

with vertically aligned nanotubes. This has the advantage of presenting the highly

catalytic end groups for reaction, and as noted in Sect. 3.3.1, can allow direct

electrochemistry from enzymes. Alignment can be achieved by first generating

carboxylic acid groups at the ends of the CNTs [296] and then reacting these to

form functionalities that can be attached to an electrode surface. Examples of this

include thiol-tagging for alignment on Au [297], metal ions as bridging agents

between end groups and a modified surface [296], alignment to a modified surface

by electrostatic attraction [298], and alignment through complexation [299]. Alter-

natively, aligned nanotubes can be grown onto a surface by photolithography [300].
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3.5 Carbon Nanotube-Modified Electrodes in Microfluidics

CNTs have been used in microfluidic systems for the construction of both chemical

and biosensors. The field has been reviewed relatively recently by Chen [301]. The

simplest method of introducing CNTs to a microfluidic system is to deposit a CNT

dispersion onto a working electrode that can be fitted into a microchip-based

detector. CNT dispersions in Nafion have been deposited onto screen printed

electrodes to form a chemical sensor for the detection, after separation, of hydra-

zine, phenol, purine and some amino acids [302], and deposited onto a glassy

carbon electrode for use as an immunosensor. In the latter case the HRP label on

an antibody specific to prostate specific antigen (PSA) was detected via the oxida-

tion and then re-reduction at the electrode of 4-tert-butylcatechol [303]. Other
electrodes modified by CNT deposition include indium tin oxide (ITO)-coated

glass for dopamine measurement (CNTs dispersed in SDS and then spin coated

onto the electrode) [304], Au electrodes for the oxidation of antibiotics [305],

phenols [306], and catecholamines and their metabolites [307].

The use of CNT-composite electrodes has also been popular with microfluidic

detectors. These have included CNTs mixed with Teflon [200], epoxy (thiols)

[308], copper (carbohydrates) [309], dihydropyran (insulin) [310, 311], polystyrene

(rutin) [311], and the polymer EpoTek H77A (free chlorine) [312]. The CNT

composite can be cast onto a glassy carbon electrode surface [310, 311], but is

more usually fitted into a cavity above an electrical contact. The same packing in a

cavity procedure is used when CNT/carbon paste electrodes, made by mixing CNTs

with mineral oil, are used in microfluidics [313]. Alternatively, covalent immobili-

zation of an enzyme onto CNTs which are then formed into a specific microscale

shape can be used to form a bioreactor which can then be fitted into a microfluidic

device, as shown in Fig. 4 for co-immobilized glucose oxidase and HRP [314].

As noted in Sect. 3.1, CVD production of CNTs can allow control of position

and alignment, and this has been used to grow CNTs directly on the sensing portion

of the microchip [315–317]. Interest in this method stems from the fact that it is

thought to provide a higher CNT density, better alignment and stronger substrate

adhesion than casting CNT dispersions or forming CNT pastes. The technique has

been applied to biosensor construction by immobilizing cholesterol oxidase (ChOx)

onto the aligned nanotubes and measuring the oxidation of the redox mediator Fe

(CN)6
4� [315]. The CNTs were grown on a Au film that had been sputter-coated in

the form of a strip across the microchannel of the device. ChOx was immobilized on

the nanotubes by using the microchannel to deliver a ChOx/Fe(CN)6
4�/poly(vinyl

alcohol) solution to the working electrode. A similar CNT deposition method, onto

a Au strip sputter-coated across a microchannel, was used to construct a

microfluidic device to measure salbutamol by its irreversible oxidation at the

nanotubes [316]. As well as direct growth onto sputtered Au electrodes, CVD can

also be used to form CNTs within the nanopores of a preformed layer of Al oxide.

When used to detect iodide this method was found to have better signal to noise

characteristics that that of aligned CNTs alone [317].
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4 Concluding Remarks

The use of microfluidic-based analytical devices has a number of advantages over

analysis performed on a conventional scale. These include: only a low volume of

samples and reagents are needed, reducing the cost of the analysis and the amount of

waste generated; the large surface-to-volume ratio of the fluids used enhances mass

and heat transfer, thus shortening analysis time; the portability of the device allows

on-site analysis; multiple samples can be analyzed in parallel, allowing a high

throughput. Of the detection systems used with microfluidics, electrochemistry is

attractive due to providing relatively high sensitivities at relatively low cost. Also,

where needed, microelectrode fabrication techniques are now well established. As

described in this chapter, CNTs can be used to modify electrodes and can improve the

response to particular analytes. This can be by: increasing the effective electrode

area; catalyzing the electrode reaction of an analyte; enabling direct electron transfer

from an enzyme that reacts with a particular analyte; acting as a conductive support

for a redox mediator which can react with the analyte; forming the base of an

electrochemical label to provide detection of an antibody-antigen or a DNA target-

probe binding event. The well-characterized methods of chemical and adsorptive

CNT modification mean that there is a wide scope for the further improvement of

microfluidic capabilities by the use of CNTs in electrochemical detectors.
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Graphene-Based Chemical and Biosensors

Anurat Wisitsoraat and Adisorn Tuantranont

Abstract Graphene is a novel and promising material for chemical and biosensing

due to its extraordinary structural, electronic, and physiochemical properties.

Recently, a large number of graphene-based chemical and biosensors with different

structures and fabrication methods have been reported. In this chapter, graphene’s

synthesis methods, properties, and applications in chemical and biosensing are

extensively surveyed. Graphene-based chemical and biosensors may similarly be

classified into three main groups including chemoresistive, electrochemical, and

other sensing platforms. Chemoresistive graphene-based chemical sensors have

been widely developed for ultrasensitive gas-phase chemical sensing with single

molecule detection capability. Graphene-based electrochemical sensors for chemi-

cal and biosensing have shown excellent performances toward various non-bio and

bio-analytes compared to most other carbon-based electrodes due to its very high

electron transfer rate of highly dense edge-plane-like defective active sites, excel-

lent direct electrochemical oxidation of small biomolecules and direct electrochem-

istry of enzyme while graphene FET chemoresistive biosensors for detections of

DNA, protein/DNA mixture, and other antibody-specific biomolecules have been

reported with high sensitivity and specificity. In addition, the graphene’s perfor-

mance considerably depends on synthesis method and surface functionalized

graphene oxides prepared by chemical, thermal, and particularly electrochemical

reductions are demonstrated to be highly promising for both electrochemical and

chemoresistive sensing platforms. However, large-scale economical production of

graphene is still not generally attainable and graphene-based chemical and

biosensors still suffer from poor reproducibility due to difficulty of controlling

graphene sensor structures. Therefore, novel methods for well-controlled synthesis

and processing of graphene must be further developed. Furthermore, effective
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doping methods should be developed and applied to enhance its sensing behaviors.

Lastly, graphene’s chemical and biological interaction and related charge transport

mechanisms are not well understood and should be further studied.

Keywords Chemical and biosensors, Chemoresistive sensor, Electrochemical sen-

sor, FET sensors, Graphene
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1 Introduction

Graphene is a two-dimensional nano-carbon material with a honeycomb lattice

structure that is the basic building block for all carbon allotropes with other

dimensionalities (0D fullerenes, 1D nanotubes, and 3D graphite) [1–3]. Its unique

2D structure leads to exceptional physical, chemical, and electronic properties

including huge specific surface area [3, 4], excellent electrical/thermal conductivity

[5–11], room-temperature quantum Hall effect (QHE) [12–15], great mechanical

strength [16–18], and biochemical compatibility [19–21]. It is thus a promising

candidate for a number of applications including field-effect and single-electron

transistors [22–30], memory devices [31], supercapacitors [32–35], batteries

[36–40], fuel cells [41–43], solar cells [44–47], bioscience/biotechnologies

[19–21, 48, 49], and chemical/biosensors [50–61].

Among these, graphene-based chemical/biosensors have been among the most

successful applications, which can be attributed to advancement in graphene
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synthesis and fabrication processes as well as inherent graphene’s properties.

Graphene-based chemical and biosensors have shown superior performance over

other carbon-based materials including its nearest counterpart, carbon nanotubes

(CNTs) because of its double surface area compared to CNTs, higher chemical

reactivity due to larger number of edge plane per unit mass, higher electron

mobility, and conductivity [53, 62, 63]. In addition, it can be inexpensively pro-

duced from low-cost graphite with no metallic impurity, which would otherwise be

found in most CNTs and can introduce anomalous sensing response [62–65].

Moreover, its ease of processing and low hazardous properties make it more

feasible for commercial applications [19–21].

The graphene’s chemical and biosensing performance considerably depends on

synthesis method. In the next section, main graphene synthesis methods including

micromechanical exfoliation, chemical/electrochemical route syntheses, chemical

vapor deposition (CVD), and other special techniques will concisely discussed to

provide comprehensive understanding of graphene formation processes.More detailed

graphene synthesis processes are available in recent review articles [66–69]. Among

various methods, chemical/electrochemical route syntheses will particularly be

emphasized because they have abundant structural defects [70–72] and functional

groups [66, 73], which are advantageous for chemical and biosensing applications

[61, 74]. In addition, they can produce graphene nanosheets in aqueous solution at low

cost and may easily be scaled up for large-scale production [23, 75]. Moreover, they

are most suitable route for formation of functionalized graphene and graphene/poly-

mer composites [76–82], which can be highly useful for chemical and biosensing.

The properties of graphene applied for chemical and biosensors directly dictate

the device performance. Thus, key graphene properties especially physical, chemi-

cal, and electronic are summarized following the synthesis method. More compre-

hensive graphene properties can be referred to many graphene’s review articles

[53, 66–69]. Next, graphene-based chemical and biosensors are successively

digested. In chemical and biosensor sections, two main chemical/biosensing

platforms, chemoresistive and electrochemical, are extensively covered while

other sensing methods are also introduced. In chemoresistive platforms, graphene

resistor and field-effect transistor (FET) structures for various gas-phase chemicals

and biomolecules are discussed. For electrochemical detections, electrocatalytic

properties of graphene, direct electrochemistry of enzyme, and electrochemical

performances toward various molecules are elaborated. More aspects of particular

chemical or biosensor can be found in technical and review articles devoted for

each topic [53, 66–69]. Lastly, concluding remarks on the present results and the

future research direction for graphene-based chemical and biosensors are provided.

2 Graphene Synthesis

Since its discovery, a number of graphene synthesis methods have been explored.

Important methods are discussed in the following subsections and their graphical

mechanism, advantages, and disadvantages are summarized in Table 1.
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Table 1 Summary of mechanism, advantages, and disadvantages of various graphene synthesis

methods

Method Mechanisms Advantages Disadvantages

Cleavage by

adhesive tape

SubstrateHOPG GP layer

Tape High-quality

monolayer

graphene

sheets with

large size

Require high skill

operator, slow

and difficult to

control,

unsuitable for

mass

production

Mechanical

exfoliation by

ultrasonication in

solution So
ni

ca
ti
on

Organic-moleculeG-particle GP layer

Scalable for mass

production and

medium

graphene

quality

Random number

of graphene

layers, low

production

yield

Mechanical

exfoliation with

intercalation of

small molecules

Ultrasonic Grinding Resuspension

EG small-molecule solvent surfactantsalt

High-quality

monolayer

graphene, high

yield, scalable

for mass

production

Complicated

and time-

consuming

process

Chemical oxidation

of graphite and

subsequent

reduction

Sonication

GO RGO
Oxidized 
graphite

Oxidation

O-functional 
groups

Reduction
Suitable for mass

production,

high yield of

monolayer

graphene, low

cost, and

simple

High defect

density, poor

electronic

properties

Surface

functionalization

of graphene

oxide

H2H-NH2 H2O

Covalent
Functionalization

RGONH-functional
groups

NH2

N

H2HH H-HH NH2HH H2HH O
NH2HH

NNN

Noncovalent 
functionalization

Molecular 
chain

Suitable for mass

production,

monolayer

graphene, low

cost, and

simple process

High defect

density, poor

electronic

properties

Electrolytic

exfoliation
Electrolyte  
molecule

GP layer

Anode (+)Cathode (-)
Single step

process,

scalable for

mass

production,

and high yield

Few-layer

graphene

structure, slow

process

(continued)
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2.1 Exfoliation and Cleavage

Exfoliation and cleavage are the most fundamental methods for graphene produc-

tion. The approach is based on physical extraction of graphene from crystalline

graphite, which can be done in three following means.

2.1.1 Cleavage by Adhesive Tape

Mechanical exfoliation by adhesive tape is the first method that led to the discovery

of monolayer graphene [1, 2]. In its most basic form, common cellophane tape is

Table 1 (continued)

Method Mechanisms Advantages Disadvantages

Thermal CVD

T

Substrate High C-solubility layer

T

C atoms GP layer

Substrate Low C-solubility layer

T

C atoms GP layerCxHy

CxHy
Large-area,

uniform and

high-quality

graphene with

well-controlled

number of

layers and

doping

Require high

temperature,

metal

substrate, layer

transfer

process

PECVD

C atom

Substrate Metallic layer

H+

GP layer
CxHy

+ H+CxHy
+

a-C etching

Relatively low

temperature,

directional

growth, and

ease of doping

Relatively low

quality,

uniformity,

and high cost

Ultrahigh vacuum

annealing of SiC

and other

C-compound

C atom GP layerSi atom

SiC SiC TT

AnnealingEvaporation

UHV

Good quality, no

need of layer

transfer to

other substrate

Require very high

temperature

and ultrahigh

vacuum,

difficult to

control

uniformity and

growth pattern

Total organic

synthesis

Poly-
mer 
chain

GNR

Dehalogenation 
&C-C coupling

B

r

B

r

Cyclodehydro-
genation

B

r

B

r

B

r

B

r

Halo-
monomer

GNR structure

with precise

control of the

composition,

structure, and

properties

Difficult to control

dispersibility

and a planar

geometry for

large GNR

Unzipping CNTs

GNR
Ar plasma

CNT

PMMA 
mask

Scalable for mass

production,

GNR structure

with well-

controlled size

and structure

High cost and

relatively poor

electronic

properties
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used to successively peel off layers from highly oriented pyrolytic graphite (HOPG)

sheet and then pressed down against a clean substrate to deposit a sample. The

graphitic film present on the tape is typically much thicker than one layer. When

tape is lifted away, substrate-layer van der Waals attraction will delaminate the

bottommost layer from others as shown in Table 1, leaving monolayer graphene on

the substrate. The technique can produce high-quality graphene crystallites with

size of more than 100 mm2 that is electrically isolated for fundamental studies of

transport physics and other properties but is not yet scalable to large area. However,

there have been attempts to achieve patterned graphene by micromechanical exfo-

liation from mesa-structure graphite that can be formed by photolithographic

patterning and oxygen plasma etching [83].

2.1.2 Mechanical Exfoliation by Ultrasonication in Solution

Mechanical exfoliation in solutions typically employs high intensity ultrasound to

physically exfoliate layers from graphite powders dispersed in organic solvents. The

quality of graphene in the dispersion prepared by this method is considerably

depending on the solvent. Solvents suitable for graphene exfoliation include

N-methyl-pyrrolidone (NMP) [84], sodium dodecylbenzene sulfonate (SDBS) [85],

and sodium cholate (SC) [86]. NMP is reported to be highly effective for defect-free

monolayer graphene production because NMP has similar surface energy to

graphene but it suffers from high cost and high boiling point while SDBS and SC

are aqueous surfactants that are coated on graphene, making them more stable

dispersion by preventing aggregation via Coulomb repulsion. These methods pro-

duce dispersion that contains graphene with mixed numbers of layer. Separation

techniques such as density gradient ultracentrifugation have thus been employed to

select graphene sheets in the dispersion with controlled thickness. Although this

technique may be implemented in a large scale, its production yield is still consid-

ered relatively low.

2.1.3 Mechanical Exfoliation with Intercalation of Small Molecules

In this approach, small non-covalently attaching molecules or polymers is

incorporated between the layers of graphite by subjecting graphite to shear inten-

sive mechanical stirring with ultrasonic solvent at room temperature or chemical/

electrochemical oxidation in an intercalating acid to prepare graphite intercalation

compounds (GICs). Acetic acid, acetic acid anhydride, concentrated sulfuric acid,

and hydrogen peroxide are common ultrasonic solvents that are intercalated

between graphite layers [87, 88]. The treated graphite is now expandable and it is

then expanded to become expanded graphite (EG) by brief heating (60 s) at high

temperature (900–1,000�C) in forming gas [89]. Next, EG is mechanically

exfoliated to yield graphene sheet by grinding with salt crystals such as NaCl and

reintercalated with organic molecules such as oleum. The exfoliated graphite is
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then dispersed in solvent such as N,N-dimethylformamide (DMF) and treated with

additive such as tetrabutylammonium (TBA) to further isolate graphene in the

solution [90]. The advantages of this method include high-quality monolayer

graphene sheets, high production yield, and stable graphene suspension in organic

solvent with very low agglomeration.

2.2 Chemical Route Synthesis

Chemical synthesis of graphene is mainly based on graphite oxidation and reduc-

tion. It is considered one of the most practical routes for mass production of

graphene at low cost. Graphene can be chemically synthesized with and without

surface functionalization schemes. In addition, the oxidation and reduction of

graphene can also be done electrochemically.

2.2.1 Chemical Oxidation of Graphite and Subsequent Reduction

This method is based on chemical conversion of graphite to graphite oxide (GO)

and subsequent reduction of GO to graphene [4, 91]. Generally, GO is synthesized

by the method of Brodie [92], Staudenmaier [93], or Hummers [94] or their

variation, which involve oxidation of graphite to various levels. A combination of

potassium chlorate (KClO3) with nitric acid (HNO3) and potassium permanganate

(KMnO4) with sulfuric acid (H2SO4) are used to oxidize graphite in Brodie/

Staudenmaier and Hummers methods, respectively. The oxidation is normally

conducted at room temperature under constant stirring for a long time (>72 h).

The GO product is then filtered, thoroughly washed, and dried before redispersed

into final solvent. An important variant of these methods is to use graphite salts

made by intercalating graphite with strong acids such as H2SO4, HNO3, or HClO4

as precursors for oxidation to GO. GO is heavily oxygenated bearing hydroxyl and

epoxy groups on sp3 hybridized carbon on the basal plane. Hence, GO is highly

hydrophilic and readily exfoliated under moderate sonication in water and other

solvents such as DMF, tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP), and

ethylene glycol, yielding stable dispersion consisting mostly of single layered

sheets (graphene oxide). The thickness of graphene oxide sheets is typically

1 nm, which is more than 0.34 nm of pristine graphene sheet due to the displace-

ment of sp3 carbon atoms above and below the original graphene plane and the

presence of covalently bound oxygen atoms. Sufficiently diluted colloidal suspen-

sion of graphene oxide prepared by this mean is clear, homogeneous, and stable

indefinitely due to its hydrophilicity and electrostatic repulsion of negative charge

on graphene oxide surface.

Graphene can be obtained from graphene oxide by various reduction means

including chemical, thermal, solvothermal, and electrochemical reduction methods.

Chemical reduction of graphene oxide sheets may be achieved using several
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reducing agents including hydrazine [95, 96], sodium borohydrate (NaBH4) [97,

98], gaseous hydrogen [99], hydroquinone [100], and alkaline solutions [101].

Hydrazine does not react with water and is found to be the best to produce stable

aqueous suspension of reduced graphene oxide (RGO) nanosheets at a suitable pH

without any stabilizer. NaBH4 is a more effective reductant for graphene oxide in

aqueous solution compared to hydrazine because NaBH4 can eliminate most

oxygen-containing groups, resulting in graphene with higher C:O ratio and lower

sheet resistance. Gaseous hydrogen can also produce graphene with relatively high

C:O ratio while hydroquinone and alkaline solutions are not as effective as hydra-

zine and NaBH4. It should be noted that reduced graphene in organic solvent tend to

agglomerate or restack to form graphite through Van der Waals interaction due to

their hydrophobic nature similar to CNTs and other nanomaterials.

Thermal reduction utilizes a short high-temperature (900–1,100�C) heat treatment

to remove the oxide functional groups from graphene oxide surfaces [79, 102, 103].

Moreover, exfoliation of monolayer graphene can take place when the decomposi-

tion rate of the epoxy and hydroxyl sites of graphite oxide exceeds the diffusion rate

of the evolved gases. The thermal reduction/exfoliation can produce 80% single

layer RGO and the removal of the oxide groups causes about 30% mass loss,

indicating large numbers of vacancies and structural defects. A simple one-step

solvothermal reduction is another promising method to produce a stable RGO

dispersion in organic solvent [104, 105]. The deoxygenation of GO in solvothermal

process involves thermal deoxygenation at 200�C when refluxing GO in NMP and a

concomitant reaction of GO with NMP molecules. For electrochemical reduction,

GO is reduced in an electrolyte at a small negative potential vs Ag/AgCl and

oxygen functional groups can be effectively removed from GO [106].

2.2.2 Surface Functionalization of Graphene Oxide

The surface functionalization of graphene oxide plays an important role in

controlling exfoliation behavior of RGO and can also be used to change the surface

properties to anchor various type molecules. There are two main surface functiona-

lization approaches, covalent and non-covalent functionalization. In the first

approach, oxygen functional groups on graphene oxide surfaces, including carbox-

ylic groups at edges and epoxy/hydroxyl groups on the basal plane can be modified

with organic isocyanates to yield various chemically modified GOs. Isocyanates

react with the carboxyl and hydroxyl groups of GO to form amide and carbamate

esters, respectively. These functional groups reduce the hydrophilicity of GO,

resulting in stable dispersion of exfoliated single graphene sheets in polar aprotic

solvents and facilitating intimate mixing of the graphene oxide sheets with polymer

matrix. Moreover, modified graphene oxide can be chemically reduced in presence

of a host polymer to enhance electrical conductivity of graphene-polymer

nanocomposites [77, 78, 80, 82, 107–112].

In order to anchor biological molecules on graphene oxide, the carboxylic

groups can be activated by various molecules including thionyl chloride (SOCl2)

[82, 111, 113], 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) [114], N,

110 A. Wisitsoraat and A. Tuantranont



N-dicyclohexylcarbodiimide (DCC) [80], or 2-(7-aza-1H-benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) [59]. Covalently

attached functional groups such as amides or esters are then formed by subsequent

addition of nucleophilic species such as amines or alcohols [113]. The

dispersability of modified graphene oxide in organic solvents can be improved by

attachment of hydrophobic long, aliphatic amine groups while interesting nonlinear

optical properties is obtained from porphyrin-functionalized primary amines and

fullerene-functionalized secondary amines functional groups [110, 111]. Moreover,

the amine groups and hydroxyl groups on graphene oxide can be used to attach

polymers through either grafting-onto or grafting-from approaches, in which an

atom transfer radical polymerization (ATRP) initiator such as a-bromoiso-butyryl-

bromide is attached to graphene surfaces to initiate the living polymerization

[108, 115]. In addition to carboxylic groups, epoxy groups on graphene oxide can

be used to attach to different functional groups through reactions with various

amine ending chemicals such as octadecylamine [100], an ionic liquid (1-(3-

aminopropyl)-3-methylimidazolium bromide) [113].

In the second approach, graphene oxide is non-covalently functionalized via weak

interactions including p–p, Van der Waals, and electrostatic attraction between

graphene oxide and target molecules. The sp2 network of graphene oxide interacts

with conjugated polymers and aromatic compounds via p–p bonds, resulting

in stabilization of chemically RGO (CR-GO). Poly(sodium 4-styrenesulfonate)

(PSS) [116], sulfonated polyaniline [117], poly(3-hexylthiophene) (P3HT) [118],

7,7,8,8-tetracyanoquinodimethane anion [119], tetrasulfonate salt of copper phthalo-

cyanine (TSCuPc) [120], porphyrin [121], pyrene/perylenediimide decorated with

water-soluble moieties [122], and cellulose derivatives [123] are among conjugated

polymers and aromatic compounds employed in this approach. Aromatic molecules

can stably anchor onto the RGO surface without disturbing its electronic conjugation

by introducing electrostatic charges. Dye-labeled DNA has also been used to

functionalize graphene oxide for proteins and DNA detection [58]. The binding

between the dye-labeled DNA and target molecule will alter the conformation of

dye-labeled DNA and will release the dye-labeled DNA from GO, restoring of dye

fluorescence, which was quenched when dye-labeled DNA attached on GO.

Although chemical synthesis of graphene generally provides large quantity of

monolayer graphene oxide, high-density structural defects revealed by Raman spec-

troscopy are also formed due to the invasive chemical treatment [124]. Even after

subsequent chemical reduction and thermal annealing, a large fraction of structural

defects that significantly degrade graphene electronic properties are found to still

remain by XPS analysis [125]. Therefore, physical exfoliation approaches would be

more desirable when high-quality graphene structure is required.

2.2.3 Electrolytic Exfoliation

In this method, graphite is oxidized by electrochemical oxidation and exfoliated

into graphene sheets. In electrolytic exfoliation process, two graphite rods are
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placed in an electrolysis cell filled with an electrolyte and a constant potential

ranging from 3 to 20 V is applied between electrodes. A group of electrolytes

including polymer solutions such as poly-styrene-sulfonate (PSS) has been reported

[126]. Graphite oxidation gradually occurs on the positive electrode (anode) and

graphene layers are exfoliated as black precipitates in the reactor. The electrolysis is

conducted for several hours to obtain stable dispersion with desired graphene

concentrations. The dispersed product may be centrifuged to separate large

agglomerates from supernatant portion of the dispersion. This method can be

used to produce high-quality graphene with varying geometry, thickness, and size

that can be controlled by applied voltage, time, and properties of electrolyte. In

addition, it can produce stable graphene nanosheets in aqueous solution at low cost

and may easily be scaled up for large-scale production. Moreover, it is the most

suitable route for formation of graphene in conducting polymer matrix, which can

be highly useful for electrochemical transduction and bioreceptor immobilization.

2.3 Chemical Vapor Deposition

CVD is a standard gas-phase synthesis process that has been widely used to grow a

variety of thin film material from reaction and condensation of gas source activated

by some kinds of energy. Recently, it has been applied for graphene growth and it is

now regarded as the most promising technique for large-scale production of mono-

or few-layer graphene films.

2.3.1 Thermal CVD

Thermal CVD is the most basic CVD process that utilizes only thermal energy to

activate chemical decomposition. The first successful synthesis of few-layer

graphene films using thermal CVD was obtained using camphor as the precursor

on Ni foils in 2006 [127]. Since then, many CVD studies have been conducted to

grow graphene layers on several types of substrates using different precursors

[6, 128–138]. The CVD growth mechanisms of graphene can be divided into two

main cases depending on carbon solubility of substrates. For high carbon solubility

(>0.1 at.%) substrates such as Co and Ni, the growth process involves the diffusion

of the carbon into the substrate at the growth temperature and the subsequent

precipitation of carbon out of the bulk metal upon the cooling [133–136]. There-

fore, the thickness and crystalline ordering of the precipitated graphene layers is

controlled by the substrate material, temperature, pressure, time, cooling rate, and

the concentration of carbon dissolved in substrate, which depend on the type and

concentration of the carbonaceous gas and the thickness of substrate. For example,

CVD graphene growth on Ni substrate is typically conducted at a vacuum of

10�2 Torr and temperature of 1,000�C using a diluted methane gas. The average

number of graphene layers grown on a Ni catalyst ranges from three to eight,
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depending on the reaction time and cooling rates. To produce graphene monolayer

on this type of substrate, thinner Ni layers of thickness less than 300 nm were

deposited on SiO2/Si substrates [6].

For low carbon solubility (<0.001 at.%) substrate such as Cu, the graphene

growth entails surface-dominated process [136, 137] beginning with catalytic

decomposition of hydrocarbon species (CxHy) on Cu. Depending on the tempera-

ture, methane pressure, methane flow, and hydrogen partial pressure, the surface is

either under-saturated, saturated, or supersaturated with CxHy species. Carbon

nuclei will then be formed and grown on saturated or supersaturated surface.

Graphene islands would grow until neighboring islands connected and fully cover

the Cu surface under certain temperature, methane flow rate, and methane partial

pressure. Unlike high carbon solubility case, monolayer and bilayer graphene are

predominantly formed on low carbon solubility Cu substrate, which is believed to

induce the self-limiting graphene growth.

The main advantages of CVD process are large area and uniform graphene with

high quality and well-controlled number of layers. In addition, high-quality

graphene layers can be transferred to another substrate over large area by simple

processes that require no complicated mechanical or chemical treatment [7, 139].

CVD-grown graphene film on a foil is transferred to another substrate via adhesive

polymer supports and etching of the copper layers to release the graphene layers.

Moreover, CVD approach allows substitutional doping of graphene by simple

introduction of gases such as NH3 [140–142]. The nitrogen atoms can be substituted

in graphene as pyridinic, graphitic, and pyrrolic forms that lead to interesting

properties. For instance, N-doped graphene electrode enhances oxygen reduction

capacity in fuel cells and increases reversible discharge capacitance in lithium ion

batteries compared to pristine graphene due possibly to surface defects induced by

nitrogen doping [141, 142].

2.3.2 Plasma-Enhanced CVD

Plasma-enhanced CVD (PECVD) employs plasma as an additional energy source to

activate chemical decomposition, allowing graphene synthesis at a lower tempera-

ture compared to thermal CVD. The first reported few and monolayer PECVD

graphene was obtained from a radio frequency (rf) PECVD system using a gas

mixture of 5–100% CH4 in H2 at 12 Pa operating pressure, 900 W rf power and

680�C substrate temperature [143, 144]. More PECVD graphene studies have been

conducted to understand the graphene growth mechanism and optimize experimen-

tal conditions [145–148]. PECVD growth graphene generally requires shorter

deposition time (<5 min) and lower temperature (600–700�C) compared to thermal

CVD growth. The PECVD growth mechanism entails a balance between the

surface diffusion of C-bearing growth species from precursor gas and graphitic

etching by atomic hydrogen. In addition, graphene sheets erected vertically can be

produced through this method and believed to be attributed to the plasma electric

field direction [147, 148].

Graphene-Based Chemical and Biosensors 113



2.3.3 Ultrahigh Vacuum Annealing of SiC and Other Substrates

In this method, graphene layers are obtained by rearrangement of surface carbon

atoms that remain upon sublimation of silicon atoms from SiC surface due to

ultrahigh vacuum (UHV) annealing at around 1,200�C for a few minutes

[149–155]. The thickness of graphene layers depends on the annealing time and

temperature. More recently, annealing in gas at a higher temperature (~400�C
above UHV temperature) has been used instead of UHV to produce graphene on

SiC with improved thickness homogeneity [156, 157]. This method has been

attractive especially for semiconductor industry because graphene on SiC requires

no transfer for further processing [24, 27, 157, 158]. However, it suffers from

relatively high cost, challenging large-area thickness control problem, different

growth patterns on different SiC polar faces (i.e., Si-face or C-face), and the lack

of understanding of the structure and electronic properties of the interface layer

between graphene and substrate [154, 155, 159–161]. This approach can be applied

to other carbon-contained metallic substrates including Ru, Ir, Ni, Co, and Pt

[162–164]. For example, UHV annealing of (0 0 0 1) Ru crystals produces a very

sparse free-standing graphene structure with a linear growth of macroscopic single-

crystalline domains.

2.4 Other Synthesis Approaches

2.4.1 Total Organic Synthesis

This method is based on chemical transformation of organic monomer precursor

into graphene-like polyacyclic hydrocarbons (PAHs) via thermal activation steps

[165]. Firstly, monomers are thermally deposited onto a gold surface such that the

halogen substituents from the precursors is removed, leaving molecular building

blocks for targeted graphene nanoribbons (GNRs) in the form of surface-stabilized

biradical species. The biradical species diffuse across the surface and undergo

radical addition reactions to form linear polymer chains as imprinted by the specific

chemical functionality pattern of the monomers. Next, a second thermal activation

is performed to establish a surface-assisted cyclodehydrogenation, leading to a fully

aromatic extended system. This process can produce graphene products with atomic

precision. For example, N ¼ 7 GNRs and the chevron-type N ¼ 6/N ¼ 9 GNRs

(N ¼ number of fully hydrogen-terminated armchair edges) have been sequentially

synthesized on a Ag (111) surface from 1,4-diiodo-2,3,5,6-tetraphenylbenzene

coupling with 4-bromophenylboronic acid [166] or 10,100-dibromo-9,90-bianthryl
precursor monomers [167]. Thus, the total organic synthesis is a versatile approach

that can make GNR with precise control of the composition, structure, and

properties but problems may arise from poor dispersability of a nonplanar large

PAHs structure.
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2.4.2 Unzipping CNTs

This method is based on the concept of unzipping or breaking CNTs walls to unroll

them into GNRs, which can be done by three different means. Firstly, CNTs can be

unzipped by plasma etching [168–170]. A polymer mask such as polymethyl

methacrylate (PMMA) is used to coat CNTs dispersed on a Si substrate and

PMMA coats MWCNTs everywhere except on MWCNT sidewalls attached to

substrate. The sidewalls are then exposed to Ar or H2 plasma etching after peeling

PMMA-MWCNT film off from the substrate, leading to unzipped CNTs-GNRs.

The PMMA residue can be removed using acetone vapor and calcination at 300�C.
The produced GNRs typically have smooth edges and uniform width of half of the

circumference of starting MWCNTs. The second CNT unzipping approach is

through the oxidization and longitudinal unzipping of MWCNTs [171–174] in

concentrated sulfuric acid, followed by treatment with KMnO4. The oxidative

unzipping generated the oxidized GNRs, which can be effectively reduced and

doped by a high-temperature (700–800�C) annealing treatment. The last method

utilizes longitudinal cutting using metal clusters as nanoscalpels that induce local

oxidation for controlled cutting of CNTs [175]. The main advantage of CNT

unzipping approach is the ease of large-scale production of GNRs with well-

controlled size, structure, and properties. However, GNRs obtained by various

unzipping methods tend to have inferior electronic properties compared to mechan-

ically exfoliated graphene.

3 Graphene Properties

Graphene has recently been demonstrated to have extraordinary structural, elec-

tronic, chemical, optical, mechanical, and thermal properties. The following

includes its important properties for device applications.

3.1 Structure and Morphology

The ideal graphene structure is an infinite planar two-dimensional sheet of honey-

comb sp2 lattice that contributes to a delocalized network of electrons. However,

real graphene structure has finite size and is not perfectly planar. In general, freely

suspended graphene has microscopic corrugations or “intrinsic” ripples with a

lateral periodicity of about 8–10 nm and a height displacement of 0.7–1 nm

[176]. In addition, Graphene can be produced in two main forms including

nanosheet and nanoribbon with dimensions largely varied from a few nanometers

to hundreds of microns depending on synthesis methods. In each graphene struc-

ture, there are always a variety of defects including topological defects (pentagons,
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heptagons, or their combination), vacancies, adatoms, edges/cracks, adsorbed

impurities, and so on [70, 71, 177]. Mechanical exfoliation is the method that

produces minimal defects while CVD produces moderately low defect density

and chemical routes tend to generate highest defect density compared to other

methods. The large numbers of lattice defects of graphene synthesized by CVD

and chemical routes lead to wrinkled structures that are different from the rippled

structure of mechanically exfoliated graphene [134, 178].

3.2 Electronic Properties

For a monolayer graphene, three of the four valence electrons on each carbon form

the s (single) bonds while the fourth electron forms one-third of a p bond with each

of its neighbors producing a carbon–carbon bond order in graphite of one and one-

third. With no chemical bonding in the out-of-plane direction, extremely weak

interactions in this direction lead to nearly free propagation of charge and thermal

carriers, resulting in large out-of-plane electrical and thermal conductivities of

more than three orders of magnitude compared to their in-plane analogues. Thus,

graphene’s charge carriers may be considered as relativistic particles, which are

electrons those have lost their rest mass that can be well described with (2+1)

dimensional Dirac equation. As a result, the electronic band structure of monolayer

graphene exhibits zero-band gap property, in which valence and conduction bands

intersect in the reciprocal space at the same point, which is referred to as Dirac

points. Evidence for the existence of massless Dirac quasiparticles in graphene is

experimentally proven by the cyclotron mass measurement [179]. Due to massless

nature of Dirac electron, graphene has very high electron mobility and electronic

conductivity. The mobility of more than 200,000 cm2/V s at carrier density of

2 � 1011 cm�2 for mechanically exfoliated suspended layer of graphene above a

Si/SiO2 gate has been reported [180, 181].

Nevertheless, zero band gap property of graphene considerably limits its use for

nanoelectronics because charge carriers in graphene cannot be fully depleted for

electronic switching. The band gap of graphene can be induced by reducing the

connectivity of the p electron network based on two main approaches. Firstly,

controlled oxidation of a few layers of graphene can result in a small band gap

graphene [182, 183]. However, this approach is currently impractical because it is

very difficult to control graphene oxidation of the first few layers. Secondly, band

gap of the graphene can be modified by lateral quantum confinement using

graphene nano ribbon (GNR) [171, 172, 184–189] or graphene quantum dot

structure [189] and by biasing bilayer graphene [190, 191]. Doping and edge

functionalization also change the band gap in nanoribbons [192]. The band gap

property of GNRs greatly depends on lateral dimensions determined by preparation

methods. Total organic synthesis and unzipping CNTs are promising for fabrication

of GNR can produce GNR with low defects, high mobility, and well-controlled

dimensions. Nevertheless, the mobility of GNRs is at least an order of magnitude

lower than those of large 2D graphene sheets due to edge scattering [186].
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Another practical problem of graphene is that its massless electronic structure

can be greatly disrupted with the presence of defects that act as scattering sites.

Defects can be introduced from intrinsic and extrinsic sources. Intrinsic defects are

those that have been generated by synthesis process. Thus, mechanical exfoliation

and CVD are normally preferred over chemical methods when electronic properties

are critical. Extrinsic defects [193–195] including surface charge traps, interfacial

phonons, substrate ripples, and absorbed impurity depend largely on interface

between graphene and other materials in the system.

Ambipolar electric field effect at room temperature is another important elec-

tronic property of monolayer graphene. With this effect, charge carriers can be

tuned between electrons and holes by applying a required gate voltage in

concentrations as high as 1013 cm�2 [1, 3, 31]. In positive gate bias the Fermi

level rises above the Dirac point which promotes electrons populating into conduc-

tion band, whereas, in negative gate bias the Fermi level drops below the Dirac

point promoting the holes in valence band.

Anomalous QHE is another spectacular property of graphene. With this effect,

hall conductivity of graphene is discretized at half integer positions according to

sxy ¼ �ðN þ 1
2
Þð4e2=hÞ where N, e, and h are Landau level index, electron charge,

and Plank’s constant, respectively. The effect occurs due to energy quantization of

Dirac fermions in graphene under an applied magnetic field (B), which is given by

EN ¼ �nF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2e�hBN
p

where nF is Fermi energy [12–15]. QHE in monolayer graphene

can occur at room temperature unlike other materials whose QHE happens at

temperatures below the boiling point of Helium.

3.3 Chemical Properties

Graphene has very high chemical activity like other carbon-based materials as it

can participate in reactions as either a reducing agent (electron donor) or an oxidizer

(electron acceptor). This is a direct consequence of its electronic structure, which

results in both an electron affinity and an ionization potential of 4.6 eV [196]. From

the chemistry of CNTs, there are differences in chemical reactivity between the

different crystallographic directions (zigzag or armchair) [197–199] and unrolled or

flattened planar graphene with different basal plane and edge (zigzag or armchair)

of graphene would thus exhibit similarly different chemical activity [200]. How-

ever, graphene would provide double activity because of its twice specific surface

area compared to CNTs. Substitutional doping by the replacement of carbon with

other elements including boron (p-type) and nitrogen (n-type) is another important

method to modify its chemical activity and electronic properties [43, 201].

3.4 Optical Properties

The most important optical property of graphene is its high optical transmittance.

Monolayer graphene has low absorbance of 2.3% over a broad wavelength range
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from 300 to 2,500 nm [202]. The absorption linearly increases as the number of

graphene layers increases with absorption fine structure constant (a) of ~1/37

(pa ¼ 2.3%) [203]. Its UV absorption edge occurs at ~250 nm due to the inter

band electronic transition from the unoccupied p* states. Since Fermi energy and

band gap of graphene can be tuned by applied electric field, the optical transition

should also electrically tunable and this will be highly useful for development of

high performance graphene-based optoelectronics devices [204].

High-quality graphene does not exhibit photoluminescence (PL) due to its zero

band gap. However, PL can be attained from band gap-induced graphene including

GO, GNRs, and graphene quantum dot structures [182, 183]. Broad PL from solid

GO and liquid GO suspension has been observed and the progressive chemical

reduction quenched the PL of GO. In addition, blue PL has been observed from GO

thin films deposited by thoroughly exfoliated suspensions and is believed to origi-

nate from the recombination of electron–hole pairs, localized within small sp2

carbon clusters embedded within the GO sp3 matrix [205].

3.5 Mechanical Properties

Free-standing monolayer graphene is reported to have excellent mechanical

properties with the highest elastic modulus of 1 TPa, intrinsic tensile strength,

and stiffness [206]. In addition, graphene exhibits an interesting electromechanical

behavior. The electronic band structure of graphene can be tuned by the applied

strain due to atomic elongation. The band gap of 0.25 eV is found to provoke under

the highest uniaxial strain (0.78%) applied to a single layer graphene [207].

3.6 Thermal Properties

Free-standing monolayer graphene is also reported to have excellent thermal

properties with the highest thermal conductivity of 5,000 W/mK, almost twice

higher than single-walled CNTs [208]. However, thermal conductivity of the

graphene on various supports is considerably lower due to phonon scattering on

substrate. Thermal conductivity of typical graphene on support is about 600W/mK.

The thermal conductivity is also affected by structural factors including number of

graphene layers, defects edge, and isotopic doping due to phonon scattering

between layers, at defects and at dopants [209, 210].

4 Graphene-Based Chemical Sensors

Graphene-based chemical sensors may be broadly classified into three main groups

including chemoresistive, electrochemical, and other chemical-sensing platforms.

Table 2 provides up-to-date summary of materials, synthesis method, structures,

analytes, and minimum reported concentration for graphene-based chemical sensors.
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4.1 Graphene-Based Chemoresistive Chemical Sensor

Graphene-based chemoresistive chemical sensor exploits the resistance changes of

graphene layer due to molecular adsorption on graphene. As molecules adsorb on

graphene surface, graphene transfers charges to or frommolecules, causing its Fermi

Table 2 Summary of up-to-date reported graphene-based chemical sensors

Active

material

Synthesis

method Analytes Structure Measurement

Minimum

reported

concentration Refs.

RGO CO-CR NH3 FET I vs t N/A [67]

RGO CO-CR NO2, NH3, DNT Resistor R vs t ~ppm [74]

RGO CO-TR/CO-CR H2O (vapor) Resistor R vs t ~1% [211]

RGO CO-TR NO2, NH3 FET I vs t ~ppm, ~0.1% [212, 213]

RGO CO-TR HCN, CEES

DMMP, DNT

FET G vs t ~10 ppb [214]

RGO CO-TR H2O vapor, NO2,

Cl2

Resistor R vs t ~ppm [215]

G ME H2O vapor,

octanoic acid,

TMA

FET I vs t ~ppm [216]

RGO CO-TR NO2 FET I vs t ~ppm [217]

RGO + Pd CO-ER H2 Resistor R vs t N/A [218]

RGO CO-CR NH3 FET I vs t ~ppm [219]

RGO CO-CR Fe(CN)6
3�/4� EC CV, LSV ~mM [61]

RGO CO-CR Ru(NH3)6
3+/2+,

Fe(CN)6
3�/4�

EC CV ~mM [200]

RGO CO-CR Ru(NH3)6
3+/2+,

Fe(CN)6
3�/4�,

Fe3+/2+

EC CV ~mM [220]

RGO CO-TR PC, AA EC CV, SWV ~10 nM,

10 mM
[221]

RGO CO-TR Fe(CN)6
3�/4�,

CPZ

EC CV, DPV ~0.1 mM,

~10 nM

[222]

RGO CO-TR Fe(CN)6
3�/4�, AA EC CV, I vs t ~1 mM,

~0.1 mM
[223]

RGO CO-CR, CO-ER Fe(CN)6
3�/4� EC CV ~mM [224]

N-doped RGO CO-TR Fe(CN)6
3�/4� EC CV ~mM [53]

RGO-Nafion CO-CR Pb2+, Cd2+ EC DPASV ~nM [225, 226]

G ME H+ ISFET I vs t ~0.01 pH [227]

G ME Na+ ISFET I vs t ~nM [228]

RGO-CaM/

MT-II

CO-TR Na+, K+, Ca2+,

Mg2+, Hg2+
ISFET I vs t ~nM [229]

Pt/RGO/SiC CO-TR H2 Diode I vs t ~0.1% [230]

RGO CO-CR H2, CO SAW f vs t ~0.01%,

~10 ppm

[231]

EC electrochemical, CO chemical oxidation, CR chemical reduction, TR thermal reduction, ER electrochemical

reduction, ME mechanical exfoliation, CV cyclic voltammetry, LSV linear sweep voltammetry, SWV square

wave voltammetry, DPSAV differential pulse anodic stripping voltammetry, PC paracetamol, CPZ chlorprom-

azine, AA ascorbic acid, TMA trimethylamine, DNT dinitrotoulene, HCN hydrogen cyanide, CEES chloroethyl

ethyl sulfide, DMMP dimethyl methyl phosphonate, CaM calmodulin, MT-II metallothionein, R resistance,

I current, f resonance frequency
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level, carrier density, and electrical resistance to change. Graphene is a promising

candidate for chemoresistive sensor due to its high carrier mobility, large specific

surface area, and low Johnson noise [3, 15, 179, 232, 233]. The graphene-based

chemoresistive sensors have been mostly employed for detection of gas-phase

chemical or vapor such as H2 NO2, NH3, H2O, CO, dinitrotoluene (DNT), iodine,

and ethanol and hydrazine hydrate [74, 211–219, 234, 235]. The sensitivity to gas or

vapor of graphene-based sensor considerably depends on synthesis process

that determines quality and conductivity of graphene as well as active chemical

functional groups on graphene edges that interact with adsorbedmolecules, resulting

in charge carrier transfer. Among graphene prepared by various methods, RGO

exhibits the most promising performance due to its diverse functionalities formed on

graphene edges [211–213]. It has been demonstrated that unRGO exhibits very low

response to gases such as NO2 and the response become much higher after reduction

due to the recovery of active sp2 bond and enhanced carrier concentration [74].

Additional studies further suggest that gases interact with graphene structural

defects such as vacancies as well as surface functional groups, which are highly

dependent on reduction process [211, 214]. RGO chemical sensors for highly

sensitive NO2 and Cl2 detection by chemical reduction with various agents including

hydrazine and ascorbic acid have recently been demonstrated [215]. Moreover, it is

found that RGO prepared by high-temperature reduction exhibits faster and higher

chemoresistive response to vapor than chemically reduced GO and it is attributed to

the formation of larger number of defects by the high-temperature process [211].

Moreover, RGO has been applied for detection of chemical warfare agents and

explosives, achieving sensitivities at parts per billion levels [214].

The graphene-based chemoresistive sensors generally employ two basic device

structures including graphene thin film resistor and graphene FET. Graphene thin

film resistors comprise a graphene network layer and two metal contacts while

graphene FET has similar structure but with additional underlying back gate

dielectric and gate electrode [67]. The additional gate electrode allows more

effective carrier control in graphene layer by ambipolar electric field effect, in

which gate voltage can tune charge carriers between electrons and holes. In

addition, it allows study of charge-transfer mechanisms between molecules and

graphene by monitoring gate voltage that corresponds to Dirac point position in

graphene. For instance, graphene FET exhibit Dirac point shift from 0 to �30 V

upon exposure to NH3 gas, suggesting that NH3 molecules transfer electrons to

graphene and make graphene surface become n-type [67]. From similar studies, CO

molecules act as electron donors while H2O and NO2 molecules behave like

electron acceptors for graphene [233]. In other reports, p-type RGO FET shows

high response to NO2 with large resistance decrease upon exposure to low concen-

tration NO2 while RGO FET becomes n-type and its conductivity decrease when

reacted to NH3 due to reducing reaction between NH3 and oxygen groups in RGO

[74, 213, 217, 235].
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4.2 Graphene-Based Electrochemical Chemical Sensor

Carbon-based materials have been most widely used in electroanalysis and

electrocatalysis [65, 236, 237] due to their high redox potential and electrochemical

stability. Graphene is a better platform for the electrocatalytic study of carbon

materials than CNTs due to its absence of metallic impurity [53, 238]. From recent

studies, graphene exhibits a wide electrochemical potential window of ~2.5 V for

0.1 M PBS (pH 7.0) similar to other carbon-based electrodes including graphite,

GC, and boron-doped diamond electrodes but the charge-transfer resistance of

graphene measured by AC impedance spectra is much lower [61, 236, 239, 240].

In addition, graphene-based electrodes exhibits reversible redox peaks toward

standard redox couples including [Fe(CN)6]
3�/4� and [Ru(NH3)6]

3+/2+ and Fe3+/2+

with predominantly diffusion limited mechanisms [220]. It should be noted that

these group of analytes are standard systems for electrode comparison because

[Ru(NH3)6]
3+/2+ has nearly ideal outer-sphere redox system that is insensitive to

most surface defects or impurities on electrodes while [Fe(CN)6]
3�/4� is surface-

sensitive but not oxide-sensitive and Fe3+/2+ is both surface-sensitive and oxide-

sensitive [236]. The peak-to-peak potential separations (DEp) in CVs of graphene

are ~65 mV (10 mV/s) for [Fe(CN)6]
3�/4� and 60–65 mV (100 mV/s) for

[Ru(NH3)6]
3+/2+, which are much smaller than those of GC electrode and very

close to the ideal value of 59 mV [220]. The low DEp value infers a fast ET on

graphene electrode for a single-electron electrochemical reaction [241]. The direct

electron transfer rate constants (k0) for [Ru(NH3)6]
3+/2+ of graphene and GC are

0.18 and 0.055 cm/s, respectively. Similarly, k0 for [Fe(CN)6]
3�/4� of graphene and

GC are found to be 0.49 and 0.029 cm/s, respectively while k0 for Fe3+/2+ of

graphene electrode are few orders of magnitude higher than that of GC electrode.

The fast electron transfer of graphene can be attributed to the active surface of

graphene having high density of edge-plane-like defective active sites for electron

transfer and unique electronic structure of graphene, especially the high density of

the electronic states over a wide energy range [220, 236, 242].

The performance of graphene-based electrochemical sensors significantly

depends on synthesis method. From many reports, chemically and thermally

RGOs are highly promising for electrochemical sensing of many electroactive

analytes particularly drugs such as paracetamol (PC), chlorpromazine (CPZ), and

ascorbic acid (AA) [61, 220–223]. For instance, RGO prepared by thermal reduc-

tion exhibits excellent PC detection performance with very high sensitivity and low

detection limit [221]. Similarly, RGO prepared by chemical reduction shows

excellent sensitivity as well as low detection limit for CPZ and AA [222, 223].

Moreover, RGO produced through the electrochemical reduction exhibits relatively

better electrochemical performance for [Fe(CN)6]
3�/4� detection than chemically

and thermally reduced one due possibly to larger density of active edge-plane

defective sites produced by electrochemical reduction [224, 243–245]. Further-

more, nitrogen doping has recently been demonstrated to be a promising mean to
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enhance chemical and biosensing performances of graphene. Nitrogen-doped

graphene prepared by thermal reduction and doping exhibits relatively better

electrochemical performance for [Fe(CN)6]
3�/4� detection than undoped one [53].

Graphene-based electrochemical sensors have also been developed for the

environmental analysis of heavy metal ions (Pb2+ and Cd2+) [225, 226]. Graphene

is incorporated into Nafion layer, which is ion-selective molecule typically used for

these heavy metal detections, to improve the detection sensitivity. It is

demonstrated that Nafion/RGO composite electrode offers considerably enhanced

sensitivity as well as improved selectivity for the metal ion (Pb2+ and Cd2+)

detections. The electrochemical signal is greatly enhanced on graphene electrodes

and Pb2+ and Cd2+ peaks are well distinguished. The linear range and detection

limits for both Cd2+ and Pb2+ are much better than those of Nafion film-modified

bismuth electrode and ordered mesoporous carbon-coated GCE [246, 247] and they

are comparable to Nafion/CNT-coated bismuth film electrode [248]. The improved

sensitivity and selectivity can be credited to high specific surface area and electron

transfer rate of graphene that produce strongly adsorbed target ions, enhancing the

charge transfer and reducing fouling effect of nonconductive Nafion [225, 226].

Graphene ion-sensitive (IS) FET, another electrochemical sensor type that use

G-FET structure with external reference electrode, has also recently been

demonstrated for detection of ions such as H+ (pH sensor) [227], Na+, K+, Ca2+,

Mg2+, and Hg2+ [228, 229]. Reference electrode acts as an external top gate and

electrochemical reaction from ions in electrolytes affect the electrical potential of

graphene channels resulting in drain current modulation. Reported G-ISFET

sensors exhibit high sensitivity and low detection limit.

4.3 Other Graphene-Based Chemical Sensors

Recently, there have also been few reports of graphene chemical sensors based on

other platforms such as multilayer graphene diode and surface acoustic wave

(SAW) device. In the first platform, Pt/RGO/SiC diode has been demonstrated for

hydrogen (H2) sensing [230]. This structure exploits the change of barrier height at

Pt/graphene interface as a result of hydrogen adsorption on Pt and charge carrier

transfer through graphene/SiC junction. The diode current is rapidly increased upon

hydrogen adsorption. In the other platform, thin RGO nanosheets are deposited on

36� YX lithium tantalate (LiTaO3) SAW interdigitated transducers (IDTs) [231].

The SAW structure utilizes the change of acoustic impedance as a result of gas

adsorption on graphene sensing layer that results in the change of resonance

frequency. The graphene-based SAW sensors exhibit promising sensing perfor-

mance towards H2 and CO at low (40�C) and room-operating temperatures.
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5 Graphene-Based Biosensors

Graphene-based biosensors are defined here as sensors that employ graphene/

biological receptors as an active sensing material and/or apply for sensing

biological analytes. They may be similarly classified into three groups including

electrochemical, FET, and other biosensing platforms. Table 3 provides up-to-date

summary of materials, synthesis method, structures, analytes, and minimum

reported concentration for graphene-based chemical sensors.

5.1 Graphene-Based Electrochemical Biosensor

Graphene-based electrochemical biosensor may be divided into two main types

including non-enzyme-based and enzyme-based electrochemical biosensors.

5.1.1 Non-enzyme-Based Electrochemical Biosensor

Non-enzyme-based electrochemical biosensors rely on direct oxidation of

biomolecules by electrode. Detection of various biomolecules including b-nicotin-
amide adenine dinucleotide redox couple (NAD+/NADH), dopamine (DA), and

deoxy-nucleic acid (DNAs) using nonenzymatic graphene-based electrochemical

sensors have been studied. NAD+/NADH are coenzyme transferring electrons in

redox reactions for cell metabolisms of biological substrates such as lactate, alcohol,

or glucose catalyzed by dehydrogenases [65, 263]. CR-GO-modified GC [220] and

edge-plane pyrolytic graphite electrodes (EPPGEs) [249] exhibit high electron trans-

fer rate and low oxidation potentials (0.40 V) toward NAD+/NADH, which are much

better than graphite/GC, bare GC, and bare EPPGEs but comparable to CNTs-based

electrodes [226, 264, 265]. In addition, surface fouling associated with the accumu-

lation of reaction products are effectively suppressed. High-resolution X-ray photo-

electron spectroscopy and ab initio molecular dynamics NAD+/NADH adsorption

studies suggest that oxygen-containing groups such as carboxylic on graphene edges

enhance NAD+ adsorption and hence electrochemical activity [263]. Hence, the

obtained performances should be attributed to high density of active edge-plane-

like defective sites on CR-GO for electron transfer to biological species [266].

Subsequently, non-covalent functionalization of graphene with methylene green

(MG) has been employed to further reduce NADH oxidation potential to 0.14 V

[250]. The superior NADH oxidation behaviors may partly be attributed to much less

graphene agglomeration due to surface functionalization.

Multilayer graphene nanoflake films (MGNFs)-based electrode synthesized by

catalyst-free microwave PECVD is reported for DA detection [241]. DA is a vital

neurotransmitter for central nervous, renal, hormonal, and cardiovascular systems.

The MGNFs electrodes exhibits high sensitivity, low detection limit (0.17 mM), and
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Table 3 Summary of up-to-date reported graphene-based biosensors

Active

material

Synthesis

method Analytes Structure Measurement

Minimum

reported

concentration Ref.

RGO-Chit-

GOx

CO-TR Glucose EC CV ~10 mM [51]

RGO-AuNPs-

Chit

CO-CR H2O2, O2,

glucose

EC CV ~0.1 mM,

~0.1 mM

[52]

RGO, RGO/

Nafion,

fatigued-

RGON

CO-CR OPH EC CV and I vs t ~mM, ~0.1 mM,

~0.1 mM
[55]

SDBS

functionalized

RGO-HRP

CO-CR H2O2 EC I vs t ~10 mM [60]

RGO CO-CR DNA base,

DA, AA,

UA, AP,

H2O2,

EC DPV ~10 mg/mL,

~mM,

~10 mM

[61]

RGO-ADH CO-CR NADH,

ethanol

EC DPV, I vs t ~10 mM,

~0.1 mM

[61]

RGO-GOx CO-CR Glucose EC I vs t ~mM [61]

RGO CO-CR DA EC DPV, I vs t ~mM [198]

RGO CO-CR DA, AA, ST EC CV, DPV ~mM [200]

RGO CO-CR DA EC CV ~mM [220]

G MWPECVD DA, AA, UA EC CV ~mM [241]

RGO CO-TR DA, AA EC CV, SWV ~10 mM [221]

RGO CO-CR,

CO-ER

NADH EC CV ~mM [224]

G ME BSA ISFET I vs t ~10 nM [227]

RGO CO-CR H2O2,

NADH

EC CV ~0.1 mM, ~mM [249]

RGO-MG CO-CR NADH EC CV ~mM [250]

RGO-AuNPs CO-ER DNA EC CV ~mM [251]

IL-RGO CO-CR DNA bases,

DA

EC CV ~50 nm,

~50 nM

[252]

GO-MnO2 CO H2O2 EC CV and I vs t ~mM [253]

G-TPA-HRP ME-SL H2O2 EC CV and I vs t ~0.1 mM [254]

PtNPs-RGO/

Chit-GOx

CO-CR Glucose EC CV and I vs t ~0.1 mM [255]

G/Nafion-

GOx

ME Glucose EC CV, I vs t ~10 mM [256]

RGO-GOx CO-ER Glucose EC CV ~10 mM [257]

RGO-DNA CO-CR DNA,

bacterium

FET I vs t ~ss-DNA,

~single

molecule,

~single

bacterium

[59]

(continued)
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well-separated oxidation peaks for important interfering species including ascorbic

acid (AA) and uric acid (UA). MGNFs provide not only better sensitivity but also

selectivity than traditional solid electrodes whose DA, AA, and UA oxidation peaks

are overlapping. In other reports, graphene-based electrodes have shown high

sensitivity with a linear range of 5–200 mM and high selectivity for dopamine

against AA and serotonin (ST) [198, 200], which are superior to CNTs-based

electrodes. In addition to edge-plane sites/defects, the superior graphene perfor-

mance may be attributed to the higher conductivity, better electron transport to

substrate via nanoconnector formed by graphene [241], more sp2-like plane surface

area and p–p stacking interaction of DA and graphene [198].

Nonenzymatic graphene-based electrochemical DNA sensors have been devel-

oped based on direct oxidation DNA capability of graphene [61]. DNA detection

using CR-GO-modified GC electrode is demonstrated using differential pulse

voltammetry (DPV). DPV signals from CR-GO/GC of the four free DNA bases

including guanine (G), adenine (A), thymine (T), and cytosine (C) exhibit well-

separated peak potentials while those from GC electrode are largely overlapping.

Thus, CR-GO/GC can concurrently detect four free DNA bases. In addition,

CR-GO/GC electrode can separately perceive all four DNA bases in single-stranded

(ss)-DNAs as well as double-stranded (ds)-DNAs at physiological pH (7.3) with no

prehydrolysis step. This allows non-hybridized and unlabeled detection of a single-

nucleotide polymorphism (SNP) site for short oligomers with a specific sequence.

These excellent performances may be attributed to CR-GO’s antifouling properties

and high electron transfer kinetics, resulting from high density of edge-plane defec-

tive sites of monolayer graphene and many active sites of oxygen-containing

functional groups beneficial for electron transfer between the electrode and DNA

Table 3 (continued)

Active

material

Synthesis

method Analytes Structure Measurement

Minimum

reported

concentration Ref.

RGO-AuNPs-

antibody

CO-TR Protein FET I vs t ~ng/ml [258]

G-DNA CVD DNA FET I vs t ~ss-DNA [259]

G-Aptamer ME IgE FET I vs t ~nM [260,

261]

GO-DNA CO DNA,

protein

PL Fluorescence

intensity

~nM [58]

GO-CdTe

(NPs or

QDs)-TCC

CO Glutathione CL Luminescent

intensity

~10 mM [262]

IL Ionic liquid, NPs nanoparticles, EC electrochemical, DPV differential pulse voltammetry,

ME-SL mechanical exfoliation in solution, MWPECVD microwave plasma CVD, TPA
tetrasodium1,3,6,8-pyrenetetrasulfonic acid, Chit chitosan, DA dopamine, AA ascorbic acid, UA
uric acid, AP acetaminophen, OPH organo phosphate, TCC thiole-containing compound, IgE
immunoglobulin E, BSA bovine serum albumin, PL photoluminescence, CL chemiluminescence
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species [266]. Recently, graphene-gold nanoparticle composite prepared by electro-

chemical synthesis is reported to provide even superior DNA detection performance

due to synergistic effect between graphene and gold nanoparticles [251]. In addition,

ionic liquid (IL)-functionalized graphene has been reported very recently to provide

better electrochemical performance for DNA bases as well as DA detections than

unfunctionalized one due to high ionic conductivity of IL and dispersibility of

IL-functionalized graphene [252]. Moreover, graphene ISFET, another electrochem-

ical sensor type that use G-FET structure with external reference electrode, has

also recently been developed for sensing of protein such as bovine serum albumin

(BSA) [227]. The detection of BSA is based on induced positive ions on BSA in

phthalate solution that can be sensed electrochemically with high sensitivity.

5.1.2 Enzyme-Based Electrochemical Biosensor

Enzyme-based biosensors utilize enzyme immobilized on functionalized electrode

surface to react with target biomolecules to generate products that can be electro-

chemically oxidized or reduced, resulting in electrochemical response. Hydrogen

peroxide (H2O2) is a fundamental mediator for electroanalysis of food, medicine,

and other chemical products and is the most common enzymatic product of oxidase

widely used for enzyme-based biosensors. The electrochemical detection perfor-

mance toward H2O2 of graphene (CR-GO)-based electrode has recently been

studied. CR-GO-modified GC electrode exhibits high electron transfer rate, wide

dynamic range, and lower oxidation/reduction potentials (0.20/0.10 V), which are

much better than graphite/GC and GC electrodes [61]. Recently, GO-MnO2

nanocomposite has been shown to have superior H2O2 sensitivity and selectivity

[253]. The excellent H2O2 detection performance of graphene-based electrodes

make them promising for enzyme-based electrochemical sensors.

Although an electrode exhibits the high electrocatalytic activity toward an

enzymatic product, it may not be effective for enzyme-based electrochemical

detection if it cannot provide efficient electron transfer between the active center

of enzyme and electrode. This is often the case for common electrodes because the

active centers of most redox enzymes are located deeply in a hydrophobic cavity of

the molecule [267] and electron mediators are typically required to assist the

electron transfer. Such process is quite slow and undesirable in some systems and

hence the direct electron communication between the electrode and the active

center of the enzyme, referred to as direct electrochemistry of enzyme, is preferred

for biosensor and related systems [268–271]. Direct electrochemistry of redox

enzymes may be realized on advanced electrodes comprising nanostructured

materials that have excellent electron transfer property. CNTs, metal nanoparticles,

and some nanoporous structures are found to have such property and the direct

electron transfers between enzymes and these electrodes are demonstrated to be

highly effective [65, 272–275].

Graphene is expected to exhibit better direct electrochemistry of enzymes due

to its higher electron transfer rate and large specific surface area than CNTs [224].

The direct electrochemistry of horseradish peroxidase (HRP) on graphene prepared
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by mechanical exfoliation in solution has recently been demonstrated to be highly

effective for selective H2O2 detection [254]. While most attention has been paid on

the direct electrochemistry of glucose oxidase (GOD) on graphene prepared by

different methods for development of glucose biosensors [51, 61, 255–257, 276].

From these studies, graphene-GOD-modified carbon electrodes exhibit a pair of

well-defined redox CV peaks corresponding to reversible electron transfer of redox

active center (flavin adenine dinucleotide, FAD) in GOD while carbon electrodes

only modified with GOD do not show the redox peaks. In addition, the formal

potential (the average of cathodic and anodic peak potentials) is close to the

standard electrode potential of FAD/FADH2 of ~0.43 V vs Ag/AgCl [51, 275].

These indicate that graphene significantly enhances a direct electron transfer of

GOD. Moreover, low redox peak-to-peak separation of ~69 mV, high electron

transfer rate constant (ks) of ~2.8 s/1, nearly unity ratio of cathodic to anodic

current intensity and the linear current density relationship with scan rates indicates

that the redox process of GOD on graphene electrode is reversible and surface-

limited [51, 61]. The direct electron transfer of GOD on graphene is also stable with

no changes after tens of CV cycles and good response retention of more than 95%

after 1 week storage. Furthermore, the GOD sensing performances of graphene-

based electrodes are considerably much better than most of reported CNTs-based

electrodes [277–279] due possibly to its high enzyme loading on its large surface

area [51].

The performances of graphene-based biosensor are considerably affected by

graphene preparation, surface functionalization, and enzyme immobilization

methods. Glucose sensor based on polyethylenimine-functionalized ionic liquid/

graphene nanocomposite is reported to exhibit wide glucose dynamic range

(2–14 mM), good repeatability, and high stability [276] while glucose biosensor

based on CR-GO [61] exhibits better performances with wide linear range, high

sensitivity, and low detection limit of 2 mM (S/N ~ 3), which are also better than

those of other carbon materials-based electrodes including CNTs [280–282],

carbon nanofibers [283], exfoliated graphite nanoplatelets [256], and highly ordered

mesoporous carbon [284]. In addition, GOD/CR-GO/GC sensor provides very fast

glucose response (9 s response time) and high stability. In another report, glucose

biosensors based on GOD/chitosan functionalized graphene composite show

excellent sensitivity and long-term stability [51]. The role of chitosan is to improve

graphene dispersion and immobilization of enzyme molecules.

Recently, graphene/metal nanoparticles (NP) systems have been employed for

biosensing. Biosensors based on graphene/AuNPs/chitosan composites [52] show

excellent electrocatalytical activity toward H2O2 and O2 while GOD/graphene/

PtNPs/chitosan glucose biosensor [255] exhibit high sensitivity with a low detec-

tion limit of 0.6 mM. The enhanced performance can be attributed to the synergistic

surface area and conductivity effect of graphene and metal nanoparticles [52, 255].

Dehydrogenase biosensors based on functionalized graphene have also been devel-

oped. For instance, ethanol dehydrogenase biosensor based on graphene-ADH

exhibits relatively fast response, wide linear range, and low detection limit

compared to ADH-graphite/GC and ADH/GC electrodes [61]. This enhanced
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performance can be attributed to excellent catalytic activity of graphene toward

NADH and the effective transport of ethanol and reaction products through enzyme

immobilized graphene matrixes [285].

5.2 Graphene-Based Field-Effect Transistor Biosensor

In graphene FET biosensors, the graphene layer of FET structure is functionalized

and immobilized with biological receptors, which can be at both biocellular and the

biomolecular scale. The binding between target biomolecules and bioreceptor

results in charge transfer to/from graphene layer and change of conductivity.

Graphene FET biosensors have been developed for detection of a wide variety of

biological target including bacteria, DNA, protein/DNA mixture, and other

antibody-specific biomolecules [59, 258, 260, 261]. The graphene-based bacteria

sensor utilizing a p-type graphene FET immobilized with bacteria antibody is

shown to be ultra sensitive with a single bacterium detection capability [59]. For

DNA sensor, single-stranded DNA is tethered on graphene p-type FET. Upon

hybridization with its complementary DNA strand, the surface hole density is

found to significantly increase. Thus, the DNA graphene sensor provides a label-

free, reversible, and highly sensitive DNA detection. In another development, a

polarity-specific polyelectrolyte molecular transistor is employed for protein/DNA

detection. The DNA/protein mixture is immobilized on RGO transistor to simulta-

neously detect DNA as well as protein from the presence and dynamic cellular

secretion of biomolecules with good specificity. The conductivity/mobility of RGO

transistor would be increased upon DNA hybridization due to the electron transfer

from charged amine group to RGO while protein binding causes the change in the

opposite direction [258]. In another report, CVD-grown graphene FETs configured

as solution-gated transistors can label freely and electrically detect DNA

hybridization with single-base specificity [259]. The DNA detection is attributed

to the electronic n-doping from DNA to graphene. The immobilization-specific

antibodies on RGO FETs yield graphene-based immunosensor. For example, a

highly sensitive and selective FET biosensor using Au NP-antibody conjugates

decorated with GO sheets have been reported for detection of a pathogen rotavirus

[258]. As another instance, graphene FET is modified with aptamer for sensitive

and selective detection of immunoglobulin E [260, 261].

5.3 Other Graphene-Based Biosensors

Recently, there have also been few reports of graphene biosensors based on other

platforms such as photoluminescence and electrochemiluminescence. For instance,

GO has been used as binding medium for labeled protein and DNA detection with

photoluminescence, achieving very low minimum detection range on the order of
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nM [58]. CdTe/RGO composite also exhibited the chemical–biological sensing

where graphene worked as an amplified electrogenerated chemiluminescence

(ECL) of QDs platform [262] for glutathione drug detection with graphene-based

electronics glutathione drug sensor.

6 Concluding Remarks

In conclusion, graphene’s extraordinary structural, electronic, and physiochemical

properties make it highly attractive for chemical and biosensing applications.

Graphene-based chemical and biosensors may similarly be classified into three main

groups including chemoresistive, electrochemical, and other sensing platforms.

Chemoresistive graphene-based chemical sensors using resistor and FET structures

have been widely developed for ultrasensitive gas-phase chemical sensing with single

molecule detection capability. Similarly, graphene-based electrochemical sensors

have shown excellent sensitivity and selectivity toward various electroactive analytes

compared to most other carbon-based electrodes due to its very high electron transfer

rate, which can be attributed to high density of edge-plane-like defective active sites

and high density of the electronic states over a wide energy range. For electrochemical

biosensing, graphene has shown superior performance in both non-enzyme- and

enzyme-based electrochemistry due to its excellent direct electrochemical oxidation

of small biomolecules such as NADH, dopamine, and DNA, and direct electro-

chemistry of enzyme such as glucose oxidase and dehydrogenase. Graphene FET

chemoresistive biosensors for detection of awide variety of biological target including

bacteria, DNA, protein/DNAmixture, and other antibody-specific biomolecules have

been reported with high sensitivity and specificity.

In addition, the performance of graphene-based chemical and biosensors consider-

ably depends on synthesis method. From most reports, surface functionalized

graphene oxides prepared by chemical, thermal, and particularly electrochemical

reductions are highly promising for both electrochemical and chemoresistive sensing

platforms. Recently, nitrogen doping has been shown to be a promising mean to

enhance chemical and biosensing performances of graphene. However, there are still

very few chemical or biosensing studies on doped graphene and hence it is a potential

subject to be further explored. Furthermore, large-scale economical production of

graphene is still not generally attainable and graphene-based chemical and biosensors

still suffer from poor reproducibility because the exact structures of graphene-based

sensors are difficult to be controlled. Therefore, novel methods for well-controlled

synthesis and processing of graphene must be further developed. Lastly, physics and

chemistry of interaction between graphene surface and chemicals or biomolecules as

well as charge transport mechanisms are not yet well understood and they should be

further studied for effective application of graphene in chemical and biosensing.
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Molecular Imprinting Technique for Biosensing

and Diagnostics

Nenad Gajovic-Eichelmann, Umporn Athikomrattanakul, Decha Dechtrirat,

and Frieder W. Scheller

Abstract An introduction into the growing field of molecular imprinting is given,

and some principle questions for the design of novel artificial molecular recognition

polymers (MIPs) are raised. The limitations of the classical non-covalent imprint-

ing approach are discussed in a brief form. Some novel strategies for the molecular

imprinting of macromolecules, especially proteins, are reviewed, as well as new

concepts for the integration with transducers and sensors. Two case studies from

our own laboratory highlight the question of improving the performance of MIPs by

the use of complementary functional monomers and demonstrate a new electro-

chemical approach to the imprinting of peptides and proteins.

Keywords Electropolymerisation, Functional monomers, Molecular imprinting,

Polymers, Protein imprinting
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1 General Concept of Molecular Imprinting

Biomimetic, artificial receptor materials with molecular recognition capacity like

molecularly imprinted polymers (MIP) have greatly broadened the scope of

biosensors and bioanalysis. Novel applications comprise the specific recognition

of proteins and peptides [1], nucleotides [2] and catalytically active MIPs [3]

besides the well-established imprinting of low-molecular-weight metabolites and

drugs [4]. The classical, non-covalent bulk imprinting approach, pioneered by

Mosbach [5] as a generalisation of the earlier work by Wulff [6], has turned out

the most versatile strategy to the imprinting of small molecules like pesticides,

metabolites and drugs [4]. The common basic principle is the mixing of the target

molecule (serving as the template) with one or more functional monomers and one

or more cross-linking monomers, allowing for the formation of molecular

complexes or adducts in solution (pre-arrangement step), prior to the

polymerisation step. It is important to realise that the major constituent of nearly

all MIPs is the cross-linking monomer, typically making up for 80–90% of the

polymer weight. In the resulting porous polymers, being highly cross-linked and

rigid, a fraction of the molecular complexes present in the pre-polymerisation mix

will be preserved in a quasi-frozen state. In the classical approach, the polymer

monoliths are crushed, ground to particles and wet-sieved to achieve a size distri-

bution of typically 25–50 mm. The ground particles may typically have a large

surface area of 100–500 m2 g�1. Upon extraction of the template molecules from

the polymer particles, it is believed that specific binding cavities are left behind at

the surface, which allow for the selective rebinding of the target [5] (Fig. 1).

1.1 First Considerations When Designing a New MIP

For obvious reasons, the strategy for MIP synthesis will depend on the target to be

imprinted.

Is it soluble in common solvents used for MIP preparation? Is it chemically

stable? Is it polar or does it bear a charge? Depending on the target, one or few

functional monomers will be selected which can form a complex with it. The

interactions to be exploited may include ionic interaction, hydrogen bonds, van

der Waals forces, hydrophobic interaction, p–p bonds and, as a special case,

reversible covalent bonds. The predominant requirement for a proper functional
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monomer is a high binding constant with the target. It can be determined by

methods like NMR titration, isothermal titration calorimetry (ITC) or titration in

combination with UV–vis or fluorescence spectroscopy. It is very advisable to

determine the binding constant under the same conditions as applied for synthesis,

i.e. using the same solvent and the same temperature. The binding constant will

provide us with a first hint on the expected performance of the MIP. A few hundreds

of monomers are commercially available, with some of them, e.g. methacrylic acid,

being used in many applications [4]. If none of these can fulfil the requirements, a

synthesis of a custom monomer or a monomer library may be justified. Sellergren’s

group, amongst others, has recently introduced novel classes of strong binding

monomers, which may form stoichiometric complexes even in polar solvents and

water [7]. It has become common practice among some MIP researchers to follow a

rational design approach [1]. This is often synonymous with selecting the best

monomer out of a library of commercial or custom monomers based on molecular

modelling results [8]. Several software packages are commercially available for

that purpose. Combinatorial libraries of monomers have been developed in analogy

to the strategies used in pharma-screening [9].

Fig. 1 Schematic of molecular imprinting process, here for the target DL-phenylalanine using

methacrylic acid as the functional monomer and EGDMA as cross-linking monomer (top: bulk
polymer imprinting, intermediate: micro/nanoparticle imprinting). Lower cartoon illustrates our

novel concept for electrochemical surface imprinting of peptides and proteins
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Once the functional monomer(s) has been found, a cross-linking monomer has to

be selected. Although constituting 80–90% of the polymer mass, the cross-linking

monomer seems to be less critical for the MIP performance and the vast majority of

MIPs use one of these: ethylene glycole dimethacrylate (EGDMA, a polar, divalent

cross linker), trimethylolpropane trimethacrylate (TRIM, trivalent cross linker of

intermediate polarity), pentaerythritol triacrylate (PETRA, a polar, trivalent cross

linker) or divinyl benzene (DVB, an apolar, divalent cross linker). The molar ratios

of target:function monomer:cross linker are seldom optimised and most researchers

stick to an established recipe (e.g. 1:1:12 or 1:4:20), which seem to give satisfactory

results in most cases.

The solvent (porogen) used for polymerisation is critical to the imprinting

process: it should be a good solvent for the monomers as well as the target and it

should provide a porous polymer. Toluene, acetonitrile and DMSO have often been

used. Some studies have been conducted to show that polar solvents will enhance

the water compatibility of the MIP [10]. Finally, the cost of the solvent (and its

disposal) may dominate the cost of manufacture of an MIP, especially if

microspheres or nanoparticles are prepared.

Besides the classical formulation as a bulk monolith, MIPs can be prepared as

microspheres [11], nanoparticles or nanogels [12], nanofibres or -filaments [13],

inorganic/organic composites [14, 15], thin films [16] or as imprinted hydrogels

[17, 18]. The chosen formulation will depend on the application: while ground bulk

MIPs lend themselves particularly for solid phase extraction (SPE), thin films or

hydrogels may be more easily integrated with biosensors. Inorganic/organic

composites may show improved performance in water and nanoparticles or

nanofibres may offer higher binding site homogeneity and an improved mass

transport, resulting in faster equilibration times. Furthermore, micro-or

nanoparticles may be the only option for many “plastic antibody” assay formats,

because they will not sediment [19, 20].

Several thousands of MIP-related papers have been published in the last four

decades [4], most of them targeting small molecule drugs and metabolites, e.g.

antibiotics, steroid hormones, glucose [21] or pesticides like 2,4-D [22] in an

organic solvent. The MIP database, run by MJ Whitcombe, is a valuable source

of papers and patents on MIPs and can be screened by the target, author or year of

publication (www.mipdatabase.com).

1.2 Performance Assessment and Characterisation of MIPs

MIPs are meant to be highly selective adsorbents, so their adsorption properties

have to be investigated. All adsorbents are characterised by their adsorption

isotherms (for their target and related compounds), specific surface area, porosity

and pore size distribution, their solvent compatibility, swelling behaviour, regener-

ation ability, etc. Adsorption isotherms are most easily determined in batch binding

assays [23]. A limited amount of the MIP is added to a dilute solution of the target at
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a known starting concentration, and, after the binding equilibrium has been reached,

the equilibrium concentration of the target, i.e. the non-bound fraction, is deter-

mined by UV–vis spectroscopy, radiolabelled ligands, 1H-NMR titration, FTIR,

fluorimetry, ITC or other suitable methods. The adsorbed amount is calculated, and

plotted vs. the equilibrium concentration (not the starting concentration!) giving the

adsorption isotherm. Adsorption isotherms of MIPs are typically non-linear and

complex and will require the use of a scientific software program for quantitative

analysis. By fitting the data to a simple (e.g. Langmuir or Freundlich) or more

complex isotherm (Bi-Langmuir, Langmuir-Freundlich, etc.), the binding constant

and binding capacity can be determined. Batch binding experiments are time and

material consuming, however. Alternative methods for the determination of the

adsorption parameters have been derived from chromatography. These include

zonal analysis (a small amount of the target is loaded on the column and the eluting

peak shape is evaluated) and frontal analysis (the column is slightly overloaded

with sample, and the breakthrough curve is detected) [24]. These methods typically

last less than an hour for one experiment, but it may be expensive to prepare a

sufficient amount of MIP to fill the column, and the homogeneous packing of a

chromatography column with an irregularly shaped material like ground MIP is

very challenging and tedious.

The dominant binding forces in the prepolymer mix and in the polymer were

investigated by O’Mahony et al. using 1H-NMR, FTIR and Raman spectroscopy

[25, 26]. By these methods they could discern the influence of monomers and

solvents on the ionic and hydrophobic interactions, which may eventually lead to

a true rational design of MIPs. With the advent of MIP nanomaterials, analytical

techniques like Raman spectroscopy, AFM and SPR are commonly used to investi-

gate the release of templates and the rebinding [27].

1.3 MIP-Based Nanomaterials

A large variety of alternative formulations for MIPs have been published in recent

years. Protocols for the synthesis of monodisperse microspheres (ca. 1–100 mm in

diameter) have been developed to improve the use of MIPs as chromatography

materials or as analogues for immunological binding assays. Haginaka has recently

reviewed the topic of monodisperse imprinted microparticles as affinity-based

chromatography media [28]. Non-porous microspheres will typically have specific

surface areas in the order of 10–100 m2 g�1, which is less than a porous bulk MIP

(100–500 m2 g�1) and may not be sufficient for an adsorbent. Nanospheres (ca.

1–100 nm) will have a much larger surface area and they may be used in binding

assays similar to immunoassays, because they do not sediment. The recent

developments in the field of micro- and nanosized MIP materials and 2-3D pat-

terned MIP structures have been covered in the review by Tokonami et al. [29]. The

recent developments in nanostructured MIPs and core-shell nanoparticle

approaches are covered in the review by Guan et al. [12]. Imprinted core-shell
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nanoparticles are composed of two types of materials, often a silica nanoparticle

core, coated by a polymer shell, and they can combine material properties that are

difficult to achieve with straight polymer nanoparticles. Nanofibres or

nanofilaments offer a high surface area, can sometimes be prepared directly at

sensor surfaces and may be easier to process and handle than nanoparticles [13].

Novel polymerisation strategies, like living free radical polymerisation, including

reversible addition-fragmentation chain transfer (RAFT), metal-catalysed atom

transfer radical polymerisation (ATRP), nitroxide-mediated polymerisation

(NMP) for the preparation of defined MIP nanomaterials, have been reviewed

by Chen et al. [30]. In a recent study, Oxelbark et al. have compared the perfor-

mance of bupivacaine-imprinted polymers, which were prepared as crushed

monoliths, microspheres, silica-based composites and capillary monolith formats,

by chromatographic methods [14]. Interestingly, the imprinting factors were the

highest and the aqueous compatibility was best with the classical ground monolith

particles (i.e. bulk imprinting) approach. From a commercialisation perspective,

ground monolith particles may be very interesting, because they can be produced at

low cost, with little starting materials and solvents, and inexpensive processing

(grinding, wet-sieving, etc.).

1.4 Classical and Novel Applications of MIPs

Molecularly imprinted solid phase extraction materials (MISPE) have been in the

focus of MIP technology from the beginning and are still the dominating applica-

tion area in the literature. Extraction of drugs from complex mixtures, metal ions

from wastewater, toxins from raw materials, pesticides from soil and water are a

few examples of useful applications for MIP sorbents. In their recent review, Bui

and Haupt offer an introduction into the design of MISPE protocols, discerning the

different strategies of selective loading and selective washing, and cover the most

recent developments in this field [10].

Modern sensor applications using MIP nanomaterials are reviewed elsewhere

[31]. Recently, a number of papers have addressed separation processes with

imprinted membranes [32]. Extraction of toxic heavy metal ions like nickel, lead,

iron or copper has been demonstrated.

Medical applications of MIPs have been the exception, but a recent paper by

Hoshino et al. raised much interest [33]. Melittin, the toxic peptide in bee venom,

was imprinted in hydrogel nanoparticles. These MIP particles, when administered

to living mice, cleared previously injected melittin and scavenged the immunologi-

cal reaction, like a real antibody. This groundbreaking paper may pave the way for

other medical applications of MIPs.

Commercial MIP applications. The first commercial MISPE solutions are

offered by Biotage AB, Sweden, who has recently acquired Lund-based MIP

Technologies AB. Their MIP library is marketed as a screening platform

(ExploraSep™) for the chemical and pharmaceutical industry and for sample
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preparation by solid phase extraction. Group-selective MIPs for acidic, neutral and

basic compounds, diols and aromats, are offered in a 96-well plate format, as

columns or bulk materials for scale-up.

Semorex Inc., a US- and Israel-based start-up company, has announced the

launch of a medical MIP product, a phosphate binding MIP for the treatment of

patients with end-stage renal disease, based on the company’s proprietary

technology.

Polyintell is a French start-up company specialising in MIP-based solid-phase

extraction products for various applications in food & feed safety (e.g. mycotoxins),

environmental analysis, diagnostics and drugs of abuse detection.

1.5 Limitations of the Non-covalent Imprinting Approach

Although being most versatile, the non-covalent imprinting approach has its

limitations: typically only a small fraction of the exposed surface will be imprinted,

while the bulk material, which is mainly constituted of the cross-linking monomers,

will permit the adsorption of various hydrophobic and polar species, leading to a

significant unspecific binding. For a proper assessment of the imprinting effect, it is

necessary to determine the binding affinities and binding capacities of the specific

as well as the unspecific binding sites, e.g. by batch binding experiments and proper

evaluation of the resulting binding isotherms.

The second problem is the heterogeneity of specific binding sites, resulting in a

wide distribution of adsorption energies and, hence, binding affinities among the

population of binding sites. It is a consequence of the template-monomer

complexes in the pre-polymerisation mix being more or less ordered, resulting in

a variation in the number and orientation of weak interactions between them [34].

This inherent heterogeneity leads to complex binding isotherms, and ultimately to a

decreased selectivity in extraction, sensing or chromatography applications. This

characteristic can be improved by the covalent imprinting approach, pioneered by

Wulff [35], which utilises reversible, covalent bonds between templates and func-

tional monomers. Such adducts are generally more stable than their non-covalent

counterparts, with negligible dispersion in bond energies. Utilising this approach

and using a boronic acid derivative as the covalent receptor group, our group was

able to synthesise an MIP with uniform binding sites for D-fructose, a common

monosaccharide [36]. The concept of stoichiometric imprinting tries to combine the

advantages of covalent imprinting with non-covalent synthesis protocol [37].

Another problem, especially with crushed monolith preparations of MIPs, is the

incomplete extraction of the template after polymerisation. A significant portion of

the template molecules (up to 50%) will be deeply entrapped inside the bulk

material, and may eventually leach out, compromising the performance in many

analytical applications like SPE and chromatography. Ellwanger et al. have explored

different extraction methods including Soxhlet and microwave-assisted extraction

(MAE) for the complete removal of the template from a clenbuterol-imprinted
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polymer and foundMAE to be superior to the commonly used Soxhlet extraction for

this particular target [38]. In general, templates can be more easily extracted from

MIPs prepared in the form of nanoparticles or thin films [10].

The most severe limitation, however, is the often poor (and virtually unpredict-

able) water compatibility of most MIPs prepared by the conventional non-covalent

technique. Many, if not most, MIPs are meant to be used in purely aqueous

solutions or mixtures of organic solvents and buffer. But only few conventional

MIPs have been shown to actually work in solvent mixtures with a high water

content [7, 14, 24] or in purely aqueous solutions [39]. The reasons for this are

diverse: although rarely mentioned in the MIP literature, the combined effect of

material hydrophobicity and porosity (i.e. roughness) may result in a

superhydrophobic, non-wettable surface [40]. Addition of a small fraction (10%)

of a polar solvent like methanol reduces the surface energy of water by ca. 30% and

may be sufficient to improve the wetting behaviour [3, 36]. Secondly water may

compete for hydrogen bonds and van der Waals bonds at the imprinted binding

sites, effectively excluding the target molecules from the interaction sites [10].

1.6 Covalent Imprinting Technique for Saccharide Detection

From a historical perspective, covalent molecular imprinting is an even older

technique than non-covalent imprinting. The pioneering work of Wulff [37] has

paved the way for this technology. Conceptually the only difference is the use of

template-functional monomer pairs, which can form one or more reversible cova-

lent bonds. The vast majority of papers have centred around saccharides and other

chiral molecules. Boronic acids are well known for their ability to form cyclic

diesters with diols and saccharides in highly alkaline solutions. Vinylphenylboronic

acid (VBA) and amino-derivatives thereof have been used as functional monomers

for the synthesis of MIPs for saccharides such as D-glucose, D-fructose, D-mannose

and derivatives thereof [41]. Wulff et al. have improved the binding constants by

using a class of amino-derivatives of VBA as functional monomers, because they

have proven to offer higher binding constants at a lower pH than pH 11 [42].

Rajkumar et al. have used this functional monomer for the imprinting of

fructosylvalin, the characteristically modified amino acid in glycated haemoglobin

(HbA1c) [43] and have used this MIP in a thermometric biosensor [44]. HbA1c is

an important biomarker for the assessment of diabetic patients. Using an MIP

thermistor as a label-free biosensor system, they could detect fructosylvaline in

aqueous solutions with 10% MeOH at pH 8. To improve the performance of

boronic acid-based MIPs at a neutral pH, Schumacher and Grüneberger have

introduced a novel functional monomer, which is based on the benzoboroxole

moiety [36]. Benzoboroxole has been shown to offer much higher binding constants

neutral pH with saccharides than VBA [45–47]. In their study with a D-fructose-

polymer, the authors showed that their new MIP outperforms the formerly used

VBA- or amino-VBA-based polymers at a neutral pH both in terms of binding
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capacity and binding affinity [36]. Interestingly, the MIP was highly selective:

saccharose, a disaccharide composed of D-glucose and D-fructose, was only weakly

bound, and the binding capacity for the enantiomer, L-fructose, was reduced by

more than 50%.

1.7 Imprinting of Proteins and Peptides

The previously described techniques of bulk molecular imprinting using non-

covalent and covalent target/monomer interactions (and the modifications resulting

in micro- or nanoparticulate materials) were shown to produce materials able to

selectively recognise a vast number of small target molecules in organic solvents.

Obviously, proteins, and to a minor extent peptides, are an extremely important

target class in life sciences. Synthetic polymer-based molecular receptors for

peptides and proteins would open up a wide range of possibilities for new

applications in biotechnology, diagnostics and chemistry, complementary to and

extending beyond the scope of current antibody technology. Protein purification in

one step, diagnostic tests in aggressive sample matrices and novel biosensors are

some of the novel possibilities. Therapeutic MIPs in analogy to therapeutic

antibodies may eventually have the largest commercial potential of all MIP

applications. Compared to small molecule imprinting, where the first commercial

products have recently entered the market, we have just taken the first steps along

the road towards “plastic antibodies” able to recognise any desired protein. Macro-

molecular targets like proteins pose additional difficulties, and classical imprinting

approaches have mostly failed to deliver satisfactory results. Several reasons for

this have been identified: proteins are in general not compatible with organic

solvents and will quickly denature in prepolymerisation mixtures based on organic

solvents as porogens. Furthermore, mass transport of macromolecules may be

prohibitively slow in a highly cross-linked polymer matrix. As a consequence, the

protein templates may be difficult to remove from the binding pockets, thus

reducing the surface sites available for rebinding [1]. Analogously, rebinding may

be too slow for practical applications. Furthermore, the rigid structure of an MIP,

lacking the segmental motions of conventional linear polymers, may effectively

prevent proteins from entering the specific binding pockets, and unspecific adsorp-

tion at the polymer surface may be the predominant binding mode. Finally, the mere

availability of sufficient amounts of a highly purified protein target is not granted,

and only few proteins are commercially available and low priced.

Several alternative methods have been proposed to address these challenges. An

overview of this quickly expanding new field of research can be found in the

excellent review by Whitcombe et al. [1]. The technological approaches may be

divided into three main strategies: the imprinting of hydrogels as highly flexible,

hydrated substitutes for rigid, cross-linked bulk polymers; secondly, the surface

imprinting approach, which relies on the imprinting of the polymer surface only,

usually applying the polymer as a thin film and the target protein immobilised on a

solid surface; and, thirdly, the epitope imprinting approach, which relies on a linear
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peptide epitope as the target, mimicking the whole protein to be imprinted. The

latter approach does not require the protein as a physical material, but rather the

sequence and tertiary structure of the protein have to be known (the absolute

minimum requirement would be the N- or C-terminal amino acid sequence).

Which of the different strategies works best for a given protein target cannot be

predicted a priori.

By applying the bulk imprinting strategy in an aqueous solution comprising

dissolved horse myoglobin as the protein template together with the water-soluble

neutral functional monomer acrylamide and the cross linker N-N0-methylene

bisacrylamide at a low concentration, Hjerten was able to prepare a protein-

imprinted hydrogel [48]. This highly hydrated, sparingly cross-linked and

macroporous material proved to be highly selective for horse myoglobin in buffered

solutions, as it could discriminate between the target and whale myoglobin, which

is a very similar protein. The mechanical stability of the sparingly cross-linker

material was insufficient, however. Moreover, being a hydrogel, its swelling

properties, and, consequently, its porosity will inevitably depend on the ionic

strength and pH of the buffer. Guo et al. improved this system by using

macroporous chitosan beads as a semi-rigid matrix, and polymerising

haemoglobin-imprinted soft polyacrylamide gel inside the macropores [49]. By

combining these two materials they obtained hydrophilic, chemically and mechani-

cally stable protein-imprinted particles in high yield. The hybrid gel beads were

shown to selectively adsorb haemoglobin in the presence of BSA, illustrating a low

degree of unspecific binding. Because of their hydrogel structure, the equilibrium

adsorption lasts more than 10 h, making these materials unfeasible for sensing

purposes. Bergmann et al. have recently reviewed the literature on protein imprint-

ing in hydrogels [17].

Surface imprinting using immobilised protein templates proved to be a feasible

alternative to bulk imprinting in many cases. Rather than mixing the protein

templates and functional monomers in solution, the proteins are immobilised on a

solid surface as a monolayer, either by adsorption or by covalent attachment [49]. The

pre-polymerisation mix is applied as a thin film to this surface and polymerisation is

initiated. The resulting polymer film, after separation of the templated surface, will

bear imprinted surface sites. Photopolymerisation or electropolymerisation has been

shown to be particularly suited for this method. Lin et al. have successfully imprinted

lysozyme, ribonuclease A and myoglobin by m-contact printing immobilised of the

respective proteins at a glass surface, followed by photopolymerisation of a thin

polymer film on the solid-state template [50].

Surface imprinting of proteins was also demonstrated using silica nanoparticles

as the support for the template, resulting in protein-imprinted nanospheres [51].

In an analogous, electrochemical polymerisation approach, Menaker et al. have

electropolymerised poly-3,4-ethylenedioxythiophene (PEDOT) doped with polysty-

rene sulphonate (PSS) to prepare thin, surface-imprinted polymer microrods (8 mm
diameter) directly on the transducer [52]. The microrod morphology was obtained by

immobilising the template protein, avidin, inside the pores of a sacrificial track-

etched porous polycarbonate membrane. This membrane was pressed onto an
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electrode surface and the electropolymerisation (imprinting) step filled up the pores

with the PEDOT/PSS polymer. The membrane was dissolved, leaving behind

surface-imprinted polypyrrole microrods at the transducer surface. This elegant

strategy eliminates the critical step of (mechanically) separating the surface-

imprinted film and the templated surface and the need to re-immobilise the surface-

imprinted film at the transducer. Rebinding experiments with fluorescence-labelled

avidin and BSA as a competitor were conducted in phosphate buffer, and a high

selectivity and affinity (ca. 100 nM) of the MIP film was demonstrated.

Whole protein imprinting relies on the availability of a sufficient amount of highly

pure protein templates, a precondition that may be difficult to meet. The presence of

native proteins during the polymerisation step poses additional constraints:

polymerisation can only be achieved in aqueous solution, limiting the choices of

functional monomers, cross linkers and initiators to water-soluble species. Thermal

initiation is prohibited in most cases and the protein may form covalent bonds with the

polymer backbone during the free-radical polymerisation step [1]. Because of these

limitations, an alternative imprinting strategy has been proposed that uses a short (4–10

amino acids) peptide epitope, e.g. the C-terminus or N-terminus, as a surrogate for the

protein target. This approach, termed epitope imprinting by its inventors, in order to

emphasise the similarity to the immunological determinant recognised by an antibody,

offers several advantages [53]: the availability of the template protein in a pure form is

not necessary, and only the sequence must be known. Peptides are compatible with a

number of organic solvents and can be used in conventional MIP pre-polymerisation

mixtures. In an evolution of the original concept and combining it with the ideas of

surface imprinting, Nishino et al. have applied peptides, immobilised at a glass surface,

as a template to achieve an oriented presentation of the epitope [54]. The C-terminal

nonapeptide from cytochrome C was imprinted in a 0.5-mm-thick photopolymerised

film. After peeling of the film from the surface, the imprinted sites, borne in the surface

contacting face of the film, became available for rebinding experiments. The authors

demonstrated a stunning selectivity and affinity constant (90 nM) of the binding sites,

proving this concept useful for a number of proteins. In a recent paper, the same group

has demonstrated an antibody-like in vivo effect of surface-imprinted MIP particles

directed against the toxic peptide, melittin [33]. A different approach for the direct

imprinting of a peptide or protein in thin, electropolymerised films is developed and

described in the following.

2 Non-covalent Imprinting with Two Complementary

Functional Monomers: The Case of Nitrofurantoin

2.1 Non-covalent Imprinting of Two Complementary Monomers

The first application of two different functional monomers in the same MIP was

reported by Ramström et al. [55]. They revealed that the MIP prepared from a

methacrylic acid and 2-vinylpyridine binds the target, an amino acid derivative,
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better than the MIP with only one monomer. In similar works, Takeuchi showed that

the selectivity of a triazine-imprinted polymer can be fine-tuned by the relative

amounts of MAA and 2-(trifluoromethyl)acrylic acid (TFMAA) [56]. Batch binding

experiments showed that a higher proportion of MAA in the polymer favoured the

binding of atrazine over ametryn. Several other studies have resorted to commercially

available monomers, with the main property being the ionic interaction between the

monomer and the target. In a detailed study with nitrofurantoin (NFT), an antibiotic

drug, as the model substance, we have explored the potential of combining two

complementary, neutral functional monomers in one MIP, starting with custom-

synthesised functional monomers [57–59]. NFT belongs to the group of nitrofuran

antibiotics and has long been used for the treatment of urinary tract infections in man

and husbandry. Because of health risks, it has been banned by the EC for use in

husbandry, but it is still commonly used in many food-exporting countries. Because

of its quick metabolisation, it was previously not possible to generate antibodies for

NFT and to develop sensitive immunoassays. Therefore, an NFT binding MIP is a

good option to fill the gap. NFT possesses a neutral nitro-group at the furan ring and

a characteristic heteroaromatic hydantoin ring at the opposite site (Fig. 2). Based on a

class of monomers originally synthesised for the detection of aromatic carboxy

groups [7], a set of three related functional monomers was designed to bind effec-

tively to the aromatic nitro group through two hydrogen bonds, as was demonstrated

by 1H-NMR titration of the template-monomer complex [57]. Another monomer was

designed to bind the hydantoin moiety of NFT (Fig. 2). Different MIPs were

synthesised and characterised using each of the functional monomers alone [58, 59].

The results for an MIP comprising a combination of two complementary functional

monomers in one MIP and comparing its performance to the previously reported

single functional monomer materials were presented.

2.2 Material and Template Synthesis

2.2.1 Materials

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich,

Germany. 1-Hydroxycyclohexyl phenyl ketone (Irgacure 127) was from Wako,

Fig. 2 Ternary complex

between nitrofurantoin and

two complementary

functional monomers

(association constants for the

binary complexes are

indicated)
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Japan. Acetonitrile, dimethyl sulphoxide (DMSO) and methanol were obtained from

Carl Roth, Germany. All chemicals and solvents were of analytical or HPLC grade.

Sep-Pack NH2 cartridges (6 mL, 1 g) were purchased from Waters, UK.

2.2.2 Synthesis of an Analogue Template

The analogue template, carboxyphenyl aminohydantoin (CPAH), was synthesised

as follows: 1.091 g (7.6 mmol) of 1-aminohydantoin hydrochloride and 1.185 g

(7.9 mmol) of 3-carboxybenzaldehyde were dissolved in 140 mL of absolute

dioxane. The dioxane was distilled off by using a vigreux column. The end point

was determined by the boiling temperature (88�C azeotrop of dioxane/water; 102�C
pure dioxane). After 3 h of refluxing, the yellow precipitate was obtained after

cooling down. The solvent was evaporated and a yellow precipitate obtained.

Dichloromethane was added for recrystallisation. 1.67 g of the yellow end product

was obtained by filtration (94% yield).

2.2.3 Synthesis of the Functional Monomer 2,6-Bis(Methaacrylamido)

Pyridine (BMP)

2,6-Diaminopyridine was recrystallised in dichloromethane at 70–80�C under an

N2 atmosphere, filtrated and dried before use for synthesis. 5.643 g (50 mmol) of

2,6-diaminopyridine and 10 mL of triethylamine were dissolved in 150 mL tetra-

hydrofuran. 100 mmol of methacryloyl chloride was added drop wise with vigorous

stirring at 0�C over 2 h. The reaction was performed under N2 atmosphere. Then the

mixture was heated up to 40�C and refluxed for 1 h. White Et3NHCl precipitate

occurred in the solution. The reaction was quenched by adding 100 mL chloroform

and 200 mL distilled water into the mixture and the aqueous solution was discarded.

The organic layer was washed with sodium hydrogen carbonate (3 � 20 mL),

sodium chloride (3 � 20 mL) and dried over sodium sulphate. After filtration, the

solvent was evaporated. The concentrated solution was purified by column chro-

matography (silica gel 60 (particle size), dichloromethane, and chloroform) to give

a pale-yellow solid of diaminopyridine derivative (BMP) (2.36 g, 19.3% yield), mp

151–152�C.

2.2.4 Synthesis of the Functional Monomer 1-(4-Vinylphenyl)-3-(3,5-Bis

(Trifluoro-Methyl)Phenyl) Urea (VFU)

VFU was synthesised according to the protocol published earlier by Hall et al. [7].

Briefly, to a stirred solution of 4-vinylaniline (20 mmol) in THF (50 mL), 3,5-bis

(trifluoromethyl)phenyl isocyanate (20 mmol) in THF (10 mL) was added. The

solution was stirred at room temperature overnight. After solvent evaporation the

solid residue was recrystallised from ethanol.
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2.2.5 Preparation of MIP Based on Two Functional Monomers

The MIP was prepared using the BMP as the first monomer and the urea-based

derivative 1-(4-Vinylphenyl)-3-(3,5-bis(trifluoromethyl)phenyl) urea (VFU) as the

second monomer. CPAH was used as the template, PETRA as the cross linker,

DMSO: acetonitrile (67:33) as the porogen,with amolar ratio of template:monomer1:

monomer2: cross linker as 1:1:1:12. According to its composition, the polymer is

called MIP-BMP-VFU. Briefly, 0.5 mmol of CPAH, 0.5 mmol of monomer 1 (BMP)

and 0.5 mmol of monomer 2 (VFU) were mixed together in 6 mL of DMSO:

acetonitrile (67:33) in 10 mL glass vials and incubated for 4 h at 25�C to allow for

self-assembly of the host-guest complexes. Then 6 mmol of PETRA and 0.5 wt% of

the photoinitiator (Irgacure 127) were added. Each vial was purged with argon for

5 min. After 2 h pre-incubation at 4�C, polymerisation was initiated under ultraviolet

light at 366 nm for 6 h.After the polymermonolithwas formed, it was broken to coarse

pieces with a mortar, and finely ground in a ball mill (Retsch, type S 100). After

sieving and washing with hot methanol in a Soxhlet apparatus overnight, most of the

template was removed. The course of template removal was monitoredwith a UV–vis

spectrophotometer at 300 nm. The polymer powder was dried for 24 h at 30�C. The
non-imprinted control polymer NIP-BMP-VFU was prepared in the same manner as

MIP-BMP-VFU but without the template.

The one-functional-monomer MIPs (MIP-BMP, MIP-VFU), meant as reference

materials in this study, were prepared according to the same protocol, with the

exception that only one functional monomer was used. The overall composition of

the polymer changes only little, since the second monomer makes up for only 8% of

the polymer dry weight. The idea to increase the cross linker concentration or to add

a “neutral” functional monomer was dismissed, because this would also change the

polymer composition and cross-linking degree.

2.2.6 Scanning Electron Microscopy and BET Isotherm Porosimetry

Morphologies of the polymers were recorded as scanning electron microscopy

(SEM) images with a Gemini Leo 1550 instrument (Carl Zeiss, Oberkochen,

Germany) at an operating voltage of 3 keV. The pore parameters and surface

areas of the imprinted polymers were measured using a Quantachrome instrument

(Automated Surface Area and Pore Size Analyzer, Quadrasorb SI). 30 mg of dry

imprinted polymers were degassed at 60�C for 24 h under nitrogen flow to remove

adsorbed gases and moisture. The nitrogen adsorption/desorption analysis were

performed at 77 K. The surface areas from multi-point N2 adsorption isotherms

were calculated using the Brunauer, Emmett and Teller (BET) equation.

2.2.7 Characterisation of MIP and NIP by Batch Rebinding Studies

The imprinted and non-imprinted polymers were characterised by batch binding

experiments to elucidate their equilibrium binding isotherms. Briefly, CPAH or
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NFT solutions (0.001─2.5 mM) were prepared in acetonitrile + 2% DMSO. The

DMSO addition was necessary because CPAH and NFT are not soluble in pure

acetonitrile. 5 mL of the CPAH or NFT solution was added to 10 mg of polymer in

each tube and the mixture was incubated for 24 h at 25�C under stirring. The

adsorption isotherms were determined by sedimenting the polymer and measuring

the remaining concentration of NFT and CPAH in the supernatant at 300 nm

(CPAH) or 370 nm (NFT) using a pre-determined calibration curve for each

compound.

2.3 Nitrofurantoin Detection

2.3.1 Morphology and Porosity of MIP and NIP

The surface and porosity of MIP-BMP-VFU and NIP-BMP-VFU were qualitatively

compared by electron microscopy. Even at the largest magnification of 20,000� no

significant difference could be observed (Fig. 3). From these results, comparable

BET surface area data can be expected. Indeed, the surface area for the MIP-BMP-

VFU exceeded the respective value for the NIP-BMP-VFU by only 16% (Table 1).

Interestingly, the polymers with two functional monomers (both MIP and NIP) had

five times increased surface area when compared to the polymers prepared with

either one of the functional monomers. Taking into account that the stoichiometric

ratio of template to monomer was nearly the same in all pre-polymerisation

mixtures, namely 1:1 (with only one functional monomer) and 1:1:1 in the case

of two functional monomers, this difference is striking. It is clear evidence for

an improved pre-arrangement effect caused by the synergistic action of two

Fig. 3 SEM images of the (a) NFT imprinted polymer with two functional monomers (MIP-

BMP-VFU) and the (b) control polymer NIP-BMP-VFU at 20,000� magnification
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complementary functional monomers, which may ultimately increase the density of

binding sites, i.e. the binding capacity of the new polymer.

2.3.2 Kinetics of NFT Binding

The time dependence of NFT binding to all imprinted and non-imprinted polymers

was investigated. Time constants between 0.8 h and 1.2 h were obtained by fitting

the adsorption data to a monoexponential growth function in all cases (i.e. the time

to reach 67% saturation), with no clear differences between MIPs and NIPs and

irrespective of the quite different saturating binding capacities (data not shown).

This result indicates that the adsorption proceeds under diffusion limitation and that

the pore morphology should be similar for all polymers under study.

2.3.3 Binding Capacity and Affinity of the Imprinted Polymers

In order to determine the imprinting effect and the overall binding capacity for NFT

for the two-functional-monomer MIP and the two one-functional-monomer MIPs in

this study, the equilibrium binding isotherms were detected and compared (Fig. 4).

A qualitative analysis shows an increased binding capacity for the two-functional-

monomer MIP (MIP-BMP-VFU) as compared to the other imprinted (MIP-BMP,

MIP-VFU) and non-imprinted polymers (NIP-BMP-VFU, NIP-BMP, NIP-VFU).

This was consistent with the significantly higher BET surface of this polymer.

Table 2 summarises the imprinting factors for all polymer pairs. Obviously the

highest imprinting factor of 3.06 (i.e. the ratio of NFT bound by the MIP divided by

the amount bound by the respective NIP) was obtained with the two-functional-

monomer polymers. The better imprinting effect was also reflected by the highest

figure for the binding site occupancy: 8.1% of the theoretically possible binding

sites (under the assumption that each template molecule creates one binding site)

were actually occupied at a concentration of 1 mM NFT. This is one of the highest

Table 1 BET surface area and porosimetry data for three different MIPS (and control polymer

NIPs)

Polymers Surface areaa (m2 g�1) Total pore volumeb (mL g�1) Average pore radiusc (Å)

MIP-BMP 46.46 0.066 29.42

NIP-BMP 34.03 0.061 26.42

MIP-VFU 36.87 0.047 27.30

NIP-VFU 22.92 0.037 24.72

MIP-BMP-VFU 157.4 0.172 35.94

NIP-BMP-VFU 126.9 0.157 32.40
aDetermined using multi-point BET method
bBJH cumulative desorption pore volume of pores with radius less than 19 Å
cAverage value of pore radius calculated from several models
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values reported for a bulk imprinted polymer so far, which is even more significant

as the actual imprinting has been conducted with the NFT surrogate CPAH, because

NFT will deteriorate under the conditions of imprinting.

A Scatchard plot analysis (using a linearised form of the Langmuir isotherm)

was performed in order to extract quantitative binding affinity and capacity data,

Fig. 4 Binding isotherms for nitrofurantoin at imprinted polymer with two functional monomers

(MIP-BMP-VFU) and two MIPs with either one of the two monomers (MIP-BMP, MIP-VFU) and

the respective NIP control polymers (condition: 10 mg polymer ad 5 mL solvent (acetonitrile + 2%

DMSO))

Table 2 Summary of the imprinting effect for three nitrofurantoin MIPs and control polymers

Polymer

Nitrofurantoin

Bound (mmol g�1 of polymer) Imprinting factor % of binding sites

MIP-BMP

NIP-BMP

4.380

1.775

2.47 5.1

MIP-VFU

NIP-VFU

4.670

1.790

2.61 5.3

MIP-2M

NIP-2M

5.681

1.854

3.06 8.1

Imprinting factor =
Amount of NFT bound by MIP
Amount of NFT bound by NIP

% binding sites =
Amount of NFT bound by MIP�100

Amount of NFT used for imprinting
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under the simplifying assumption of a small population of high-affinity binding

sites and a larger population of low-affinity binding sites. The data for both kinds of

binding sites are summarised in Table 3, confirming the validity of the hypothesis

that the highest-affinity binding sites are present in the two-functional-monomer

MIPs. The lower concentration portion of the binding isotherms (�0.1 mM) was

also fitted to a simple Langmuir isotherm using the LMMPro 1.06 software (by

C.M. Schulthess) and was in good agreement with the Scatchard analysis (data not

shown).

K1 and Bmax1 are the Langmuir equilibrium constant and the apparent maximum

binding capacity for the higher-affinity binding sites (K2 and Bmax2 are the respec-

tive values for the low-affinity binding sites).

In order to improve the affinity of the NFT MIP, a urea-based functional

monomer (VFU), capable of donating two hydrogen bonds to the nitro group, and

a BMP, capable of donating two and accepting one hydrogen bond from the

hydantoin moiety in NFT, was combined in the same polymer. It is thought that

the combined actions of the complementary receptor groups are summed up,

leading to high-affinity, “multi-point interactions” between the target and the

binding pocket inside the MIP. Indeed a synergistic effect was visible as the new

polymer outperformed the two reference MIPs in all benchmark tests. Considering

the moderate improvement in binding affinity, however, the progress is not satis-

factory yet: 15% higher as compared to MIP-VFU, 75% higher as compared to

MIP-BMP. We believe that the impact of the porogen (DMSO:acetonitrile in a

molar ratio of 67:33) and the cross linker (PETRA) is not yet fully understood with

this system and that a rational design approach may help to further improve

performance of this polymer. A pronounced group selectivity of the MIPs towards

aromatic nitro compounds (VFU) and imido compounds (BMP) has previously

been reported by us [59] and a similar selectivity pattern may be expected for the

two-functional-monomer MIP.

3 Surface Imprinting of Peptides and Proteins in Ultrathin,

Electropolymerised Films

Proteins are among the most interesting targets for MIP sensors: next to the specific

extraction of a protein from complex media (e.g. fermentation broth, cell culture

supernatant, blood and other biological samples), many immunoassays and other

Table 3 Scatchard analysis of nitrofurantoin binding isotherms at three MIPs

Polymers

Nitrofurantoin

K1 (M
�1) Bmax1 (mmol g�1) K2 (M

�1) Bmax2 (mmol g�1)

MIP-BMP 79.7 0.82 1.60 5.54

MIP-VFU 121.3 0.92 1.69 5.98

MIP-2M 140.3 1.43 3.16 6.53
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diagnostic methods rely on the specific detection of a protein. Being relatively

unstable macromolecules, conventional MIP protocols cannot be used for the

imprinting of a protein. The aim of this chapter is to demonstrate, for the first

time, a new molecular imprinting workflow which combines the concepts of

epitope imprinting, surface imprinting and electropolymerisation imprinting. The

technique is based on electropolymerisation of a non-conductive hydrophilic film

[60] in the presence of a chemisorbed peptide template at a gold surface. The

template is removed by electrochemical oxidation after the imprinting, leaving

behind binding pockets for the peptide. The principle is illustrated in Fig. 5.

3.1 Electrochemical Imprinting

3.1.1 Materials

Scopoletin, cytochrome C (cyt c) from bovine heart, and all other chemicals were

purchased from Sigma-Aldrich, Germany, and were of analytical grade or higher.

Dy-633-NHS reactive fluorescence dye was from Dyomics GmbH, Germany.

TAMRA-labelled peptide template (TAMRA-AYLKKATNEC) and other peptides

used were synthesised by Centic Biotec, Germany. Dy-633-labelled peptide (C(Dy-

633-M)-AYLKKATNE) was synthesised by Biosyntan (Germany). Ultrapure water

from a water purification system (Sartorius, Germany) was used.

Gold-sputtered glass disks (25 mm diameter) with an Au-film thickness of

200 nm were obtained from SSENS, The Netherlands.

Fig. 5 Electrochemical imprinting of a peptide epitope in an ultrathin electropolymerised poly-

scopoletin film (complete workflow, schematic)

Molecular Imprinting Technique for Biosensing and Diagnostics 161



3.1.2 Instrumentation

An electrochemical workstation Autolab PGStat30 equipped with GPES software

from Eco Chemie, The Netherlands, was used for all electrochemical works.

A three-electrode system with a thin-film gold disk, a Pt wire counter electrode,

and an Ag/AgCl (1M KCl) reference electrode were used.

Fluorescence imaging was conducted with a Tecan LS Reloaded microarray

scanner (Tecan GmbH, Germany) using Array-pro software. Film-thickness deter-

mination was conducted with a Nanofilm EP3 imaging ellipsometer (Accurion,

Germany) or with a multimode ellipsometer (Multiskop, Optrel GmbH, Germany).

AFM images were taken with a Veeco DI CP II multi-mode AFM instrument in

the tapping mode, with standard cantilevers.

3.1.3 Peptide Chemisorption

A peptide, consisting of the C-terminal nonapeptide from bovine heart cytochrome

c (residues 97–104 of Cyt c, AYLKKATNE), extended by an extra cysteine at its

C-end and labelled with the TAMRA fluorescence dye at its N-terminal end, was

synthesised using standard FMOC chemistry and purified by HPLC. The sequence

was verified by its mass spectrum.

The adsorption isotherm at the gold surface of the labelled peptide, diluted in

0.1 M phosphate buffer pH 7, was determined in the concentration range from

0.01 mM to 1 mM by fluorescence imaging using a microarray scanner. All scanner

settings were kept constant between experiments to maintain reproducibility. The

gold surface was purified with a 30-s treatment in hot piranha solution (30% H2SO4,

70% H2O2. Take care! piranha solution is extremely harmful!) and dried under N2

before use. Monolayer coverage was achieved at concentrations above 0.1 mM at a

fixed incubation time of 3 h at room temperature (data not shown).

To be used as the template, the peptide was chemisorbed to a gold surface from a

0.05 mM solution in 0.1 M phosphate buffer containing 5 mM TCEP, resulting in

ca. 60% surface coverage (data not shown). After chemisorption the surface was

incubated in phosphate buffered solution pH 7.4 with 0.1% Tween 20 for 20 min,

rinsed with water, dried with N2 and stored in the dark before fluorescence imaging.

3.1.4 Electropolymerisation Imprinting

An aqueous solution of 0.25 mM scopoletin in 0.1 M NaCl solution with 20 mM

EDTA was freshly prepared. Electropolymerisation was conducted using a single

potential pulse (0.7 V for 5 s, then 0 V for 15 s) without prior deoxygenation of the

solution. The gold disk was rinsed with water, dried with N2 and stored in the dark

before fluorescence measurement.
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Non-imprinted control films were prepared in the same manner on bare gold

surfaces, omitting the template.

3.1.5 Electrochemical Template Stripping

The peptide template was removed by electrochemical oxidation of the thiol (30 s at

1.4 V) in 0.1 M phosphate buffer pH 7. The gold disk with the imprinted film was

rinsed with water and incubated in PBS with 0.1% Tween 20 overnight. It was

rinsed with water, dried with N2 and stored dry until used. The percentage of

template removal was calculated by comparing the fluorescence intensity of the

surface before and after the stripping step.

3.1.6 Batch Rebinding Experiment

The gold disk with the imprinted film was incubated for 18 h in a solution of the

Dy633-labelled peptide or in a solution of Dy633-labelled cytochrome c (labelled

with the Dy633 according to the standard protocol provided by Dyomics). All

solutions were prepared in 0.1 M phosphate buffer, pH 7. A 5-min rinsing step

with PBS containing 0.1% Tween-20 was employed to remove nonspecifically

bound peptide or protein.

3.2 Surface Imprinting of Peptides and Proteins

3.2.1 Peptide Chemisorption

Monolayer coverage was achieved at concentrations above 0.1 mM at a fixed

incubation time of 3 h at room temperature (data not shown). Chemisorption

from a 0.05 mM solution in 0.1 M phosphate buffer containing 5 mM TCEP

resulted in ca. 60% surface coverage with a high reproducibility (data not shown).

3.2.2 Film Characterisation

The thickness of the electropolymerised poly-scopoletin film as estimated from

SPR spectroscopy using the Optrel Multiskope ellipsometer with a 635-nm laser

was 4 � 0.5 nm for the imprinted and 5 � 0.5 nm for non-imprinted films. The

index of refraction was determined as 1.46 and the extinction coefficient as 0.04

(i.e. the film is transparent).

Our attempts to obtain AFM images for the imprinted 4 nm film failed, because

of stickiness and AFM artefacts (data not shown). It was, however, possible to

image imprinted and non-imprinted poly-scopoletin films of ca. 20 nm thickness

Molecular Imprinting Technique for Biosensing and Diagnostics 163



(Fig. 6). Such thick films would not work, because the templates are permanently

entrapped in the bulk, and they were prepared merely for the purpose of AFM

imaging. These films show a pronounced, grainy structure and a high surface

roughness on the same order as the film thickness (ca 16 nm for MIP and NIP).

Previous AFM data obtained with 40-nm-thick poly-scopoletin films, prepared by a

cyclic voltammetry protocol, consistently showed a continuous, defect-free film

with a smooth topography [60]. These preliminary results indicate that the film

morphology may be strongly influenced by the deposition protocol favouring a

grainy, porous structure with the ultra-thin film obtained by pulse potential

deposition.

3.2.3 Template Stripping Efficiency

With the electrochemical oxidation protocol used and based on fluorescence inten-

sity data before and after the template stripping, more than 80% of the chemisorbed

template were consistently removed from the 4-nm-thick film (data not shown).

This is consistent with the hypothesis that the film thickness is approximately that

of the immobilised peptide template.

3.2.4 Peptide Rebinding

The peptide used for the rebinding experiment had the same nonamer sequence as

the peptide used as a template, but the C-terminal cystein was omitted in order to

avoid chemisorption to the gold, which would confuse the adsorption results.

Instead, a cystein was added at the N-terminus. In addition, the peptide was labelled

with the deep-red dye Dy633, which could be detected in the red channel of the

Fig. 6 AFM tapping mode images of a 20-nm-thick (a) imprinted and (b) non-imprinted poly-

scopoletin film
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microarray reader. In this way, the fluorescence signals were clearly discernible

from the signals due to entrapped template peptides (which were labelled with

the green fluorescent dye TAMRA). Figure 7a shows the binding isotherm for the

peptide (C-(Dy633-M)-AYLKKATNE) rebinding to the imprinted film and the

non-imprinted control film. Binding to the imprinted film was characterised by a

10-times higher binding capacity (� imprinting factor: 10) as compared to the non-

imprinted film and an ideal Langmuir isotherm behaviour. The linear Scatchard plot

(Fig. 7b) supports this observation. Most MIPs show a highly non-linear graph in

the Scatchard plot, as a result of the heterogeneity in binding sites. As a conse-

quence, we may assume an almost homogeneous population of binding sites,

characterised by a single affinity constant (Kd ¼ 2.5 mM). This is an interesting

result, as the rather weak interaction between the film and the peptide should be

dominated by weak bonds, like hydrogen bonds and van der Waals forces. The

apparent homogeneity of binding sites may be a consequence of the site-oriented

immobilisation of the template peptide and the homogeneity of the electropo-

lymerised film itself. In contrast to conventional MIPs, electropolymers are

prepared from only one monomer, which may explain the apparent homogeneity

of binding sites.

3.2.5 Cytochrome C Rebinding

Similar to the rebinding of the AYLKKATNE-peptide, rebinding of fluorescence-

labelled cytochrome c holoprotein was conducted in pure phosphate buffer at pH 7.

Again the binding capacity of the imprinted film exceeds the value for the non-

imprinted one by a factor of 6 (� imprinting factor : 6, Fig. 8). These data clearly

show that the epitope imprinting of cytochrome c, as demonstrated by Nishino [54],

could be reproduced with our electrochemical polymerisation strategy.

Fig. 7 Peptide rebinding in 0.1 M phosphate buffer at pH 7 to an imprinted poly-scopoletin film

(a: filled circles, b: filled squares) and a non-imprinted film (a: open squares). (a) Binding

isotherm extracted from fluorescence images in arbitrary units (MFI mean fluorescence intensity).

(b) Scatchard plot linearisation of binding isotherm (only for the MIP)

Molecular Imprinting Technique for Biosensing and Diagnostics 165



Based on the original Nishino and Menaker approaches, we have developed a

workflow for the surface imprinting of thin electropolymerised films with a peptide

epitope. Cytochrome c was imprinted by its nonameric C-terminal peptide epitope.

The imprinted, hydrophilic poly-scopoletin film possesses a moderately high affin-

ity towards the imprinting peptide (Kd ¼ 2.5 mM), and cytochrome c was detected

in buffered solution at the micromolar concentration range in purely aqueous

solution. The new technique combines the advantages of the epitope imprinting

with the excellent film thickness control that is inherent to electropolymerisation.

The imprinted polymer film is grown directly at the electrode surface, including all

processing steps. This facilitates the integration with electrochemical, SPR or QCM

transducers.

4 Outlook

The field of molecularly imprinted materials is growing at a fast pace, as can be

judged from the increasing number of publications and the increasing diversity of

methods. This is in contrast to the still quite limited number of commercially

available MIPs. Only recently MISPE have become commercially available. Sam-

ple preparation by group-selective MISPE for chromatographic analysis seems to

be an interesting market niche and may work as an opener for MIP technologies in

general. The unique versatility of the molecular imprinting concept and the recent

Fig. 8 Cytochrome C rebinding to an imprinted and non-imprinted poly-scopoletin film in 0.1 M

phosphate buffer at pH 7, (fluorescence intensity data given in arbitrary units (MFI mean

fluorescence intensity))
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advances in the rational design of MIP materials, as well as new and unique MIP

nanomaterials, will surely promote new applications in biotechnology, analytical

chemistry, biosensors and diagnostics. Moreover, the trend towards “green” chem-

istry and environmentally friendly processes may give an additional momentum for

MIP applications in industry. The design of tailor-made MIPs for the detection of

proteins in aqueous solutions and complex biological media like blood has become

a realistic option in recent years. Significant progress has been achieved by

modifications of the classical bulk imprinting approach, resulting in imprinted

hydrogel materials with good aqueous compatibility, and by new strategies like

surface imprinting and epitope imprinting using immobilised templates. Protein-

imprinted electropolymerised thin films can be prepared directly on transducer

surfaces with high thickness control using only minute amounts of the protein

template. This technique is particularly suited for the functionalisation of SPR,

QCM and electrochemical biosensors.
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Gold Nanostructure LSPR-Based Biosensors for

Biomedical Diagnosis
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Abstract Progress in nanotechnology has enjoyed exponential growth in the past

couple of decades. We have seen design and synthesis of metal nanoparticles (NPs)

tailored specifically for biomedical diagnosis. In particular, noble metals have

attracted lots of attention. Because of their unique optical and electronic properties,

Au and Ag NPs have been exploited in the fabrication of localized surface plasmon

resonance (LSPR) chips for detection of biomolecules. They impart increased

sensitivity and also allow development of analytical platforms for label-free detec-

tion. These metal NPs show specific changes in their absorbance responses in the

visible region of the spectrum upon binding with various molecules such as nucleic

acids or proteins. In addition, the electronic properties, in particular, of Au and Ag

NPs have been employed as labels for detection of proteins and other target

molecules. In this chapter, we will focus on the use of Au NPs in LSPR-based

biosensor technology. We will discuss the principles and applications of how these

NPs have been and can be exploited for medical diagnostics by providing examples,

mainly to the work we have conducted in our research group.
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1 Introduction

Tremendous progress in nanotechnology in the past few decades has seen the design

and fabrication of metal nanoparticles (NPs) with properties suitably geared for

biomedical diagnosis. Most notable of these NPs are noble metals such as gold and

silver. They have been a subject of immense interest because these metals have

unique optical characteristics that are different from the bulk counterparts. They are

flexible and of wide applicability due to the fact that the size, composition, shape,

assembly, and encapsulation can be easily manipulated [1]. Huang and colleagues

in a recent review discussed the photophysical properties of matter, in particular

gold NPs. They described what happens when light hits matter. The light can be (1)

absorbed, (2) the absorbed light can be reemitted (fluorescence), (3) scattered at the

same frequency as the incoming light (Mie or Rayleigh scattering), and (4) the local

electromagnetic field of the incoming light can be enhanced. This leads to increase

in any spectroscopic signals from the molecules at the material surface (surface-

enhanced Raman scattering). These properties are even more enhanced in metal

NPs because of unique interaction of light with free electrons in NPs (Fig. 1) [1].

Metal NPs also have unique electronic properties. Generally, they have excellent

conductivity and catalytic properties, making them suitable for fabrication of

“electronic wires” to enhance the electron transfer between redox centers in proteins

and electrode surfaces, and as catalysts to increase electrochemical reactions [2–4].

Because of these optical properties, metal NPs [5–7] are exploited in detection

platforms for increased analytical sensitivity. Au and Ag NPs have been exploited in

the fabrication of localized surface plasmon resonance (LSPR) chips for detection

of biomolecules [8–10]. These metal NPs show specific changes in their absorbance

responses in the visible region of the spectrum upon binding with various molecules

such as nucleic acids or proteins. The electronic properties, in particular, of Au and

Ag NPs have been employed as labels for detection of proteins and other target

molecules [11–17]. In this chapter, we will focus on the use of Au NPs in LSPR-

based biosensor technology. We will discuss the principles and applications of how

these NPs have been and can be exploited for medical diagnostics by providing

examples, mainly to the work we have conducted in our research group.

172 M.C. Vestergaard et al.



Biosensor technology has emerged as one of the most promising platforms for

studying proteins. Biosensors are devices that combine a biological component (a

recognition layer) and a physicochemical detector component (a transducer). The

transduction unit can be electrochemical, optical, piezoelectric, magnetic, or calo-

rimetric. The recognition layer can be constructed using enzymes, antibodies, cells,

tissues, nucleic acids, peptide nucleic acids, and aptamers [18–21]. Two majority of

biosensors are either affinity-based or catalytic-based biosensors. Affinity-based

biosensors are used to bind molecular species of interest, irreversibly and non-

catalytically. Examples include antibodies, nucleic acids, and hormone receptors.

Catalytic-based sensors such as enzymes and microbiological cells recognize and

bind a molecule of interest, followed by a catalyzed chemical conversion of that

molecule into a product that is then detected. Given the breadth of technologies

available, it would be hypocritical to attempt to cover them all. In this chapter we

will focus mainly on localized surface plasmon resonance (LSPR), which is an

optical transducer biosensor. First, we will discuss the basics in fabrication and/or

surface modification of the recognition layers. Then, we will discuss how LSPR

was exploited in detecting molecular binding events, by providing concrete

examples and data of the different groups of biomolecules that were used as ligands.

These include antibodies, nucleic acids, planar membrane bilayers, and aptamers.

2 LSPR-Based Biosensors

LSPR biosensors exploit the collective oscillations of free electrons in metal NPs

surrounded by a dielectric media [22–24]. Specifically, the phenomena involve reso-

nant coupling of surface plasmon resonance and photon(s). Briefly, as the size of a

metal structure decreases from the bulk scale (m to μm) to the nanoscale (<100 nm),

the movement of electrons through the internal metal framework becomes restricted.

Consequently,metal NPs display extinction bands in their UV-Visual spectra when the

incident light resonates with the conduction band electrons at their surfaces. These

charge density oscillations are called LSPR. The excitation of LSPR by light at an

Fig. 1 Excitation of LSPR and gold nanostructures on the LSPR biochip
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incident wavelength,where resonancewould occur, results in the appearance of intense

surface plasmon (SP) absorption bands. The type, size, and shape of the NPs and their

distribution affect the intensity and position of the SP absorption. LSPR is also highly

sensitive to changes of the surrounding environments [25–28].

The basis of the LSPR detection technique is as follows: upon introducing a

ligand and, after, its target molecule, there are changes in the thickness of the metal

NP layer surface and this is reflected in an increase in refractive index and

absorbance, enabling detection of the molecular species of interest [28]. Because

the detection is label free, it can easily be applied to most molecules once the

surface chemistry of the sensor surface has been modified accordingly. LSPR

biosensors have been used widely to detect biomarkers of several pathologies

including Alzheimer’s, diabetes, and cancer [29–31]. First, we will discuss the

basic design and fabrication procedure for an LSPR chip. The chip is later surface

modified with appropriate linkers, recognition molecule(s) and passivated to avoid

nonspecific adsorption. We will provide examples mainly from our group on how

the fabricated chips have been used for detection of biomedically related molecules.

2.1 LSPR Chip Design and Fabrication

LSPR chips can be designed and fabricated in a few different ways. Here, we

provide the fabrication procedure that we have utilized most in our research group

[32, 33]. Basically, we used the following process (Fig. 2).

Fig. 2 Fabrication procedure of a gold-capped LSPR nanochip
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(a) Glass slides are cleaned thoroughly by ultrasonication in ethanol, soaked in

piranha solution for 30 min, rinsed thoroughly with ultrapure water and finally,

dried under a stream of nitrogen gas.

(b) After, chromium and gold are deposited on the glass slide substrate, using a

thermal evaporator in conjunction with a quartz crystal microbalance (QCM),

suitably adjusted to deposit the metal elements at the desired thickness. We

used ~0.5 Å/s deposition rate, and thickness growth was monitored and manu-

ally stopped at 5 nm for chromium and 40 nm for gold. (Warning: Piranha

solution is hazardous and highly reactive. It may explode on contact with

organic solvents. Extreme care and precaution must be taken at all times).

(c) Silica NPs are surface modified using 1% (v/v) γ-APTES solution in ethanol by

continual stirring at RT. After, the suspension is centrifuged and the supernatant

decanted to waste. Ultrapure water is used to wash the amino-surface-modified

Si NPs, centrifuged and the supernatant discarded as above. This process is

repeated at least twice. The NPs are then dried at 120�C for 15 min and stored in

a desiccator. Just before use, a Si NP colloidal solution is prepared at 1% (w/v)

by dispersing in ultrapure water.

(d) For fabrication of LSPR chip on chromium/gold-deposited glass substrates, first,

a multi-spot (~mm id) silicon sheet is carefully placed on the chip surface. Then,

1 mM 4,4’-Dithiodibutyric acid (DDA) solution is introduced to the gold-

layered surface and left for ~1 h to allow formation of self assembled monolayer

(SAM) of the DDA. A covalent binding agent, 1-Ethyl-3-(3-dimethylamino-

propyl) carbodiimide (EDC, 400 mM) and the previously surface activated Si

NPs (10 mg/ml) are mixed 1:1 and introduced to the activated SAM for ¼ 1 h.

The EDC serves to activate carboxyl groups of the DDA SAM, which in turn

forms esters between the NPs’ amino groups and the SAM’s carboxyl groups.

After addition of each solution, the slides are washed with 50 mM phosphate

buffer solution, pH 7.4 (PBS) to remove excess molecular species and sub-

sequently dried at RT.

(e) Deposition of a gold layer (30 nm) to cap the Si NPs (using QCM procedure as

reported above) completes the fabrication process.

Gold deposition on the surface of Si NPs enables easy fabrication of a uniform

surface with minimum defects. One of the major drawbacks of LSPR chips utilizing

the monolayer of Au NPs is the complicated chemistry required to form a self-

assembled monolayer (SAM) of Au NPs on a solid surface. During mass-

fabrication of numerous chips, small defects in the uniformity of SAMs can cause

significant problems in the reproducibility and reliability of the results. Thus, it is

important to analyze the surface characteristics of the fabricated chip. In Fig. 1, we

show the surface of a fabricated LSPR chip, imaged using atomic force microscopy

(AFM). As shown, our robust and highly reproducible fabrication technique

circumvented these problems that are commonly faced during the preparation of

Au NP monolayers on solid surfaces.
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2.2 Immuno-Chips for Protein Detection

Immuno sensors exploit the interaction between an antibody (Ab), synthesized in

response to the target molecule, an antigen (Ag). Antibodies can be formed when

they are attached to an immunogen carrier such as serum albumin. Antibody-

binding sites are located at the ends of two arms (Fab units) of the Y-shaped

protein. The tail end of the Y (aka Fc unit) contains species-specific structure,

commonly used as an antigen for production of species-specific Abs. The antibody

is used as the recognition layer in biosensor development. There are a number of

immuno sensor formats [32].

2.2.1 Detection of Tau Protein

Using a multi-spot chip fabricated as discussed in Sect. 2.1, we constructed a

biosensor for selective detection of tau protein, at room temperature. The study

we describe here was conducted and reported by Vestergaard and colleagues [9].

First, the LSPR chip was chemically modified using 1 mM DDA, then EDC

(400 mM) and NHS; 100 mM) (1:1 v/v) for SAM formation and functionalization

of SAM, respectively, following the procedure discussed in Sect. 2.1. After, we

immobilized protein G for ~1 h at concentrations between 0 and 200 μg/mL. We

immobilized protein G as our antibody-binding substrate, exploiting the high

affinity between the Fc region of antibodies (in our case, anti-mouse IgG) and

protein G [20] resulting in “upright” orientation of the antibody for better interac-

tion with the antigen. Then, we blocked unreacted ester groups by immobilizing

0.1 M ethanolamine HCl solution, pH 8.5 for 30 min [33]. Tau-mAb was subse-

quently immobilized and optimized accordingly. Each immobilization step was

followed by stringent washing of the chip surface using PBS and drying at RT. At

all stages, we optimized the immobilization of molecules, by carrying out a

concentration dependence study. The detection method exploited changes in the

thickness of the gold-capped Si NPs chip surface upon introduction of molecular

species on the chip surface.

Tau is a 50–65 kDA protein. It is reported that in the brains of AD individuals,

tau proteins become abnormally hyperphosphorylated. It is reported to be

phosphorylated at more than 20 residues. In healthy individuals, 8–10 of these

residues are heterogeneously phosphorylated and lose the capacity to bind to

microtubules. Instead, the phosphorylated tau proteins bind to each other inside

nerve cells, tying themselves in “knots” known as NFTs [34–36]. Levels of tau are

increased in CSF of AD individuals compared to age-matched controls [37, 38],

probably due to neuronal and axonal degeneration or accumulation of NFTs [35].

A cutoff value of 195 pg/mL tau in CSF can accurately differentiate clinically

diagnosed AD cases from controls with 89% specificity [39].

The fabricated Au-capped NP-modified surface gave high performance,

enabling detection of tau protein at 10 pg/mL (Fig. 3). This LoD is much lower

than the cutoff value of 195 pg/mL (for AD) for tau protein in cerebral spinal fluid
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(CSF). We were also able to demonstrate selectivity of the technique using bovine

serum albumin (BSA), perhaps the most-abundant protein component in serum and

CSF. The presence of BSA has been shown to interfere with detection of low-

abundant biomarkers in biological fluids [40]. In this study, BSA did not interfere

with the detection of tau, even at such physiologically low level of concentrations.

Such immuno-chips hold huge potential for biomedical diagnosis.

In a separate study, a multi-array LSRP nanochip for simultaneous detection of

half a dozen proteins was fabricated based on the design and fabrication of previous

chips (Sect. 2.1) [8]. The 300 spot multi-array immuno-sensing platform provided

detection limits down to 100 pg/mL.

2.2.2 RNA Apta-Sensor for Detection of Antibody–Antigen Interaction

Aptamers are synthetic oligonucleotides that can be synthesized to selectively bind

to low-molecular-weight organic and inorganic substrates and to macromolecules

such as proteins, drugs, with high affinity [41–46]. The affinity constants for

aptamers are comparable to the binding constants of antibodies to antigens, i.e., it

is in the micromolar to nanomolar scale [47]. Here we present work by Ha and

colleagues who developed an LSPR-based RNA apta-sensor for detection of

antibody–antigen interaction [48].

In their study, the authors focused on immobilizing a thiolated RNA aptamer

which is able to catch Fc region of antibody. This would aid in orientating the

antibody on the sensor’s surface for better exposure to the target antigen. Several

truncated and modified aptamers were designed and the optimized aptamer which

had the highest affinity to the Fc portion of human IgG1 subclass was selected using

surface plasmon resonance [49]. An optimized 23-nucleotide aptamer (Apt8-2,

GGA GGUGCUCCGAAAGGAACUCC was prepared and was demonstrated to

bind to the Fc domain of human IgG, with high affinity. These aptamers were

synthesized and selected from a library of RNA sequences by modifying SELEX

(Systematic Evolution of Ligands by EX potential enrichment) with 2-

fluoropyrimidines. The affinity of the selected RNA aptamers to Fc portion of

antifibrinogen was studied using SPRBIAcore2000. After, the aptamer was first

immobilized on an LSPR chip surface (refer to Sect. 2.1 for fabrication). After, the

antifibrinogen was immobilized. Using this construct, the authors were able to

detect various antifibrinogen:fibrinogen interaction. Once the recognition surface

was prepared, detections of antigen–antibody interactions were relatively rapid,

taking less than 1.5 h in total [8, 50].

Fig. 3 Detection of tau

protein using Au-capped

LSPR immuno chip
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2.3 DNA Biosensors

DNA is particularly well suited for biosensing applications because there is a robust

and specific interaction of the base pairs between complementary strands. DNA

biosensors convert the Watson–Crick base-pair recognition (hybridization) event

into a readable analytical signal. DNA hybridization has an important impact in

various fields of life sciences, such as food control, environmental monitoring, and

biomedical diagnosis [51]. Here, we discuss a couple of LSPR-based DNA

biosensors.

2.3.1 Peptide Nucleic Acid LSPR Sensor for DNA Hybridization

Peptide nucleic acid (PNA) is a synthetic DNA analog. It was originally developed

as a gene-targeting drug and hybridized with complementary oligonucleotides.

Biosensors based on replacement of the DNA recognition layer with a PNA one

offer greatly improved distinction between closely related sequences, as well as

several other attractive advantages. The backbone of PNA is composed of repeating

N-(2-aminoethyl)glycine units linked by peptide bonds, unlike the DNA or RNA

backbone that is composed of deoxyribose and ribose sugar backbones. Since the

PNA backbone is neutral (has no charged phosphate groups), its interaction with

DNA is stronger than the electrostatic repulsion between DNA duplexes. PNA has

therefore been exploited as a ligand in DNA biosensors for sensitive detection of

DNA hybridization[51, 52] for applications to detecting single nucleotide polymor-

phism (SNP), including alcohol dehydrogenase and a mutation implicated in a

dominant neurodegenerative dementia known as frontotemporal dementia with

parkinsonism linked to chromosome 17 (FTDP-17)[53, 54].

Here we describe detection of DNA hybridization using on a gold-capped NP

layer substrate (fabricated as discussed in Sect. 2.1 with slight modification) [55].

A PNA probe, designed to recognize the target DNA which was related to a

mutation in tumor necrosis factor (TNF-R) [32], was immobilized on the LSPR

chip surface. TNF-R is understood to be the basis of edema in many acute and

chronic disease states, including ischemia and reperfusion injury.

For immobilization of the PNA probe (and DNA for comparison), synthetic

oligonucleotides were used:

PNA or DNA probe: 50-biotin- ACC ACC ACT TC -30

DNA target: 50- GGT TTC GAA GTG GTG GTC TTG -30

single-base mismatch target: 50- GGT TTC GAA GCG GTG GTC TTG -30

The oligonucleotide stock solutions (100 mg/L) were prepared in 10 mM

Tris–HCl, 1 mM EDTA (pH 8.0, TE). Oligonucleotide probe immobilization on

the LSPR biosensor was carried out as discussed in Sect. 2.2.1 with a slight modifi-

cation. DDA solution of 1 mM was introduced to the LSPR-based optical biosensor

surface. After SAM formation and functionalization with EDC and then NHS

solutions, streptavidin solution (100 μg/mL) was introduced to the NP layer
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substrate surface for 1 h. Then, biotinylated PNA or DNA probe (1.0 μM) was

introduced to the streptavidin-modified LSPR-sensor chip surface for 1 h. Last, the

probe-immobilized LSPR-based optical bio sensor surface was rinsed thoroughly

with 20mMphosphate-buffered saline (PBS, pH 7.4) and dried at room temperature.

Mutagenically separated polymerase chain reaction (PCR)-amplified samples of

TNF-R were analyzed using the oligonucleotide-immobilized LSPR-based optical

biosensor. Two mutagenically separated PCR amplified samples: TNF1 allele

(�308G) producing an amplicon of 162 bp in length and TNF2 allele (�308A)

producing a 147-bp amplicon was separated using gel electrophoresis. In case of the

TNF1 allele, two amplicons were generated. The mutation on TNF2 allele was not

detected in any of the donated DNA samples. Thus, the PCR-amplified samples of

the TNF1 allele could be assigned to LSPR-based biosensor analysis. The results

are shown in Fig. 4. As can be seen, the PNA probe, although not significantly

different, gave a slightly higher sensitivity than the DNA probe. This study

demonstrates the applicability of the gold-capped nanoparticle chip for diagnosis

of mutations. The detection limit for mutations in tumor necrosis factor was as low

as 0.677 pM and 0.803 pM for PNA- and DNA-based detection, respectively.

2.3.2 Real-Time Optical Detection of Polymerase Chain Reaction

Real-time monitoring of polymerase chain reaction (PCR) has been established as

the main technique for the specific nucleic acid identification of biological samples

Fig. 4 Absorbance strength

change of a PNA or DNA

probe immobilized LSPR

biosensor for detection of

PCR-amplified TNF-R

samples
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[32, 56, 57]. Conventional real-time PCR technology generally uses fluorescence

released from dye molecules, enabling the measurement of amplified DNA products

after each cycle with a small value of standard deviation [58, 59]. The requirement

for complex optical components and the inhibitory effects from some fluorescent

reagents and probesmake this approach difficult, in particular, if wewant to consider

using them at point-of-care testing (POCT), in a miniaturized portable instrument.

Ha and colleagues investigated real-time monitoring of PCR amplification using

Au-coated nanostructured biochip with functionalized thiolated primers. A standard

soft-lithography was used to design and fabricate a PCR chamber on a silicon wafer

[60]. During its construction, a PCR chamber of 150 μm in thickness was bordered

by SU-8 100 wall (a high contrast, epoxy-based photoresist material). A Au-coated

NP substrate at the bottom of the PCR chamber was fabricated as described in

Sect. 2.1. Figure 5 shows the experimental setup. The sensing capacities of the

nanostructured substrate were characterized using refractive index of a number of

solutions (from ethanol to toluene), and different lengths of alkanethiol molecules

were immobilized on the nanostructured surface. After immobilization of 50-
thiolated primers on the surface, simultaneous DNA amplification and detection

were performed label-less via the relative reflected intensity (RRI) of the Au-coated

nanostructured substrate. When human genomic DNA at several concentrations of

0.2, 0.5, and 1 ng L�1 was included in the initial DNA samples, the increases in the

RRI peak values were clearly observed with the increasing PCR cycle numbers. We

could obtain optical signals, which were divergent from the background in our PCR

biochip, after only ~3–4 cycles. This is much lower than that of the fluorescent real-

time PCR analysis (around 23–25 cycles).

2.4 Interference LSPR Biosensor

In Sect. 2.1, we presented the basic design and fabrication procedure of our Au NP-

based LSPR chips and demonstrated biomedical application in the ensuing sections.

Although LSPR-based detection is sensitive and selective when an appropriate

recognition element is immobilized on the surface, the LSPR signal from these

Fig. 5 Schematic of experimental setup for optical detection of PCR-based DNA amplification on

a solid support modified with Au-coated NPs
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devices is a broad spectral band with weak intensity, and thus they are useful for

only for a limited number of biomolecules. In order to broaden the sensing

applications of individual plasmonic devices, our group further advanced LSPR

chip performance through a novel design and fabrication which we called interfer-

ence LSPR (iLSPR) [61–63].

2.4.1 Development of iLSPR Biosensors

It is known that thin-film multilayers of a silicon dioxide/silicon (SiO2/Si) substrate

or an alumina/aluminum (Al2O3/Al) substrate show well-resolved Fabry–Perot

fringes under light illumination. Since the Fabry–Perot fringe pattern undergoes

wavelength shifts upon molecule binding, such structures have been used for

biosensors [64]. A two-dimensional assembly of Au NPs, which could be regarded

as a thin film, still retained the optical characteristics of the original NPs. From a

combination of these principles and findings, we took a pioneering step to design a

multilayered nanostructure with Au NP surface (Fig. 6a–c). Experimental reflection

spectra of the iLSPR substrate were numerically confirmed by simulations using a

combination of complex Fresnel coefficients and the Maxwell–Garnett effective

medium theory [65, 66]. When the refractive index of the surrounding medium

increased, an obvious spectral band coupled with LSPR appeared in the interference

pattern of the reflection spectrum. What we describe here is development of a

Fig. 6 Schematic (a) and a scanning electron micrograph (b) of an interference LSPR (iLSPR)

biosensor. A schematic of the reflection light at normal incidence (c). An iLSPR biosensor

integrated into a microfluidics chip (d)
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vanguard combination of plasmonic metal NPs and photonic thin-film multilayers

on an interference LSPR (iLSPR) substrate for biomolecular detection [61].

Briefly, iLSPR substrates were fabricated by immobilizing Au NPs on an SiO2/

Si substrate. First, the SiO2/Si substrate was cut into the desired size and soaked in a

neutral pH detergent solution for 12 h. After cleaning the substrates in solutions of

hydrogen peroxide (30%), ammonia (28%), and milliQ water for 30 min at 80�C, the
substrates were immersed in 10% (v/v) solution of 3-aminopropyltrimethoxysilane

for 15 min. After, they were rinsed with ethanol and dried at 120�C for 2 h.

Subsequently, Au NPs were dispersed as a monolayer on the modified SiO2/Si

substrates through adsorption for 24 h, and the monolayer was heated under vacuum

conditions for 2 h. Bonding of the NPs to the surface was strong enough to resist

detachment from the surface because of later chemical modifications.

The developed chip was functionalized using alkane thiol molecules and the

addition of the molecules resulted in increased in relative reflectance. Following

this promising result, the iLSPR chip was integrated into a microfluidics chip

(Fig. 6d). A standard soft-lithography technique was used to fabricate a microfluidic

chip to cover the iLSPR substrate, using PDMS. This chip contained a

microchannel and a chamber. The inlet and outlet of the microfluidic device were

connected to fluorinated ethylene propylene (FEP) and sealed with very small

amounts of PDMS to prevent liquid leaks. The microfluidic iLSPR chip was used

to detect real-time label-free interactions between biotin and avidin molecules.

2.4.2 iLSPR Biosensor for Specific Biomolecular Detection

Following the successful design and fabrication of the iLSPR chip, a three-layer

interference LSPR substrate constructed with plasmonic Au NPs and photonic thin-

film multilayers of porous alumina/aluminum substrate was developed [62, 63].

Briefly, the iLSPR sensor was fabricated by immobilizing Au NPs on the surface of

a porous aluminum oxide (Al2O3) layer formed on an aluminum (Al) substrate.

Coupling the plasmon band with interference bands enhanced changes in the LSPR

band that surrounds media with different refractive indexes, leading to increased

sensor sensitivity. The sensor was verified to be highly sensitive and capable of

detecting substantial change in refractive index that occurs upon the binding of

analyte molecules. The thickness of the porous Al2O3layer could be controlled by

adjusting electrochemical anodization time. This led us to conclude that the reflec-

tion spectra of the iLSPR substrates are dependent upon the thickness of the

Al2O3layer. The results in this work showed that the porous nanostructure partially

trapped two NPs, producing a small number of dimer NPs on the substrate surface.

The spectral bands attributed to the longitudinal plasmon of the dimers were found

at the suitable Al2O3thickness. Using theoretic simulation, we clarified the experi-

mental reflection spectra of our iLSPR substrates.

We confirmed the significant reflectance change of the plasmon band attributed to

dimers of Au NPs by monitoring biotin–avidin-binding events as shown in Fig. 7a–c.

In addition, they also developed an immunosensor system based on the iLSPR
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substrate by examining specific interactions of 5- fluorouracil (5-FU) and anti-5-FU

(Fig. 7d–e). The iLSPR sensors provided a limit of detection of 10 ng/mL, similar to

the sensitivity obtained from recent ELISA results.

2.5 Detection of Melittin Binding to Planar Membrane Bilayer
Using Electrochemical LSPR

We have so far described detection techniques that use physiologically relevant

buffer systems in order to emulate the biological environment. These techniques are

very sensitive and extremely useful for a range of applications including biomedical

diagnosis. However, the physiological environment is more complicated. For

detection of molecular interactions with the aim of understanding patho- and

physiological mechanisms, an environment closer to the biological cell may be

most useful. Model membrane systems serve as a half-way house between cell-

based and buffer-based environments. Model membrane systems possess, as their

main strength, the ability to enable the researcher to manipulate a “biological”

Fig. 7 Diagram of the iLSPR-based biosensor with its functionalized surface (a). The reflection

spectra changes of biotin–avidin (b) and biotin–BSA (c) interactions. Diagram of the anti-5-

fluorouracil detection (d). The dependence of reflectance variations (ΔR) on anti-5-fluorouracil

concentrations (e)
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micro-vesicle under a controlled environment [67]. They have been shown to

effectively capture physicochemical events upon exposure to biological molecules

such as amyloid beta and amylin which are implicated in protein misfolding

pathologies [68, 69]. They are also used to study the effect of oxidative stress on

membrane fluidity, dynamics [70]. A membrane-based electrochemical-LSPR sen-

sor was developed in order to closely mimic the physiological environment. The

nanosensor was used to detect the binding of a peptide protein, melittin, to the

bilayer membrane [71].

Melittin is a pore-forming peptide toxin. Such toxins are cytotoxic, acting on a

plasma membrane for the purpose of invading host cells [72]. Melittin, a noncell-

selective lytic peptide from the venom of the honey bee has a direct effect on human

erythrocytes lysis with the perturbation of the membrane, leading to the hemoglobin

leakage [73, 74]. Thus, Tamiya’s group developed a model membrane-based

nanosensor in order to study the pore-forming effect of melittin on membrane

with the aim of providing a feasible label-free sensitive way to detecting and

studying some desirable properties in the artificial systems [71].

First, core-shell structure NPs substrate was fabricated as described in Sect. 2.1,

with slight modification. The shell thickness was varied and performance of the

chip determined at each thickness. This core-shell structure NPs substrate could be

used simultaneously as a working gold electrode and LSPR-exciting device. All

electrochemical measurements were performed by using a three-electrode system

with a platinum wire as the counter electrode and an Ag/AgCl electrode as the

reference electrode. The optical and electrochemical characteristics of the core-

shell structure NP substrates were evaluated using a simple collinear optical system

and Autolab PGSTAT 100 system. An absorbance peak at ~530 nm and a typical

cyclic voltammogram of this substrate were clearly observed due to the rather

regular NPs surface, confirming the good analytical performance of LSPR and

electrochemistry analyses on the same surface.

Lipid vesicles were prepared by dissolving dimyristoylphosphatidylcholine

(DMPC) in pure chloroform. The organic solvent was then removed with a nitrogen

stream to form a thin lipid layer, and the samples were kept continuously in a

vacuum desiccator for 12 h. The thin film was hydrated using 100 mM phosphate

buffer saline (pH 7.5, containing 0.1 M NaCl) to a final lipid concentration of

0.5 mg/mL. The lipid vesicle solution was then sonicated for 1 h and used within

24 h. Next, a self-assembled alkanethiol layer was achieved by introducing 1 mM

decanethiol solution onto the substrate surface for 1 h. The lipid vesicles were fused

onto the alkanethiol-modified surface for 2 h. The result was a planar membrane

bilayered Au-capped nano-shell biosensor (a hybrid bilayer membrane, HBM).

Melittin was introduced to the biosensor at various concentrations, and the

binding was determined by following the change in absorbance values. Electro-

chemical analysis was used to probe the surface of the membrane. Following the

amperometric response of a redox probe, [Fe(CN)6]3-/4-, enhancement of the

signal was observed, indicating that melittin interacted with the biomimetic mem-

brane, causing the leakage of this layer. Using impedance spectroscopy (IS), the

interfacial electron-transfer properties at the core-shell structure NPs surface were
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altered by the adsorptions of 1-decanethiol, HBM, and melittin. It is routinely used

to probe the electrode surface features because the interfacial electron-transfer at

the electrode surface can be changed by modifying various biomaterial layers on

the surface. The group observed that the electron-transfer resistance at the gold

surface increased upon the formation of alkanethiol and HBM layers due to the

blocking of the redox probe to the electrode surface by densely arranged successive

layers. After interaction with HBM, melittin caused a gradual decrease in the

charge-transfer resistance, as the HBM was being breached.

3 Concluding Remarks

In this chapter, we have attempted to demonstrate the use of gold nanoparticles for

design and fabrication of a label-free Au-capped LSPR sensor chip. The fabricated

Au nanosensor chips were immobilized with recognition ligands including

antibodies, aptamers, and oligonucleotides for selective and sensitive detection of

molecules of biomedical relevance. The flexibility of the fabricated chip allowed us

to (1) modify the chip with at most ease to allow improved performance, (2)

develop a multi-array chip to allow simultaneous detection of different

biomolecules, (3) integrate microfluids, for real-time detection, and (4) design an

interference LSPR biosensor with desirable characteristics that overcame the

intrinsic problems with most LSPR chips. The LSPR signal from these devices is

a broad spectral band with weak intensity.

We concede that we have only merely touched the surface of the range of LSPR

chips and applications to biomedical diagnosis. Further, we have not at all covered

the utilization of Au NPs in electrochemical biosensors in this chapter because it is

another huge area and deserves a separate account.
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DNA Sensors Employing Nanomaterials

for Diagnostic Applications

Manel del Valle and Alessandra Bonanni

Abstract This chapter describes DNA sensors (genosensors) that employ electro-

chemical impedance signal as transduction principle. With this principle, hybridi-

zation of a target gene with the complementary probe is the starting point to detect

clinical diagnostic-related genes or gene variants. Electrochemical impedance

spectroscopy permits, then, a labeless detection, by simple use of a redox probe.

As current topic, it will focus on the use of nanocomponents to improve sensor

performance, mainly carbon nanotubes integrated in the sensor platform, or nano-

particles, for signal amplification. The different formats and variants available for

detecting genes in diagnostic applications will be reviewed.

Keywords Carbon nanotube, DNA biosensor, Electrochemical impedance

spectroscopy, Genosensor, Gold nanoparticles, Quantum dots
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1 Introduction

In this chapter we describe current variants of DNA sensors (genosensors) [1–3]

that employ electrochemical impedance signal for detecting the hybridization event

of a target DNA. In this way, the clinical diagnostic-related sought gene or gene

variant can be detected in a very simple way, with an electrically addressable

device, and, potentially, without the use of any label. The chapter will describe

existing variants for the measure and different formats for the assay. To improve the

performance of these devices, current nanobiotechnology utilizes nanocomponents,

either employed at the transducer level or integrated in the procedure itself,

to improve detection or to amplify its signal. Carbon nanotubes (CNTs) and

nanowires, or even gold nanoparticles, can be used to produce or to modify the

transducing electrodes, fostering their electrical characteristics or helping in the

immobilization of the recognition element. Metal nanoparticles or even quantum

dots may be used in some of the existing formats, if a better signal-to-noise ratio is

required. The chapter ends with a summary of existing applications related to

clinical diagnostic and discussion of late trends.

The determination of nucleic acid sequences from humans, animals, bacteria and

viruses is the departure point to solve different problems: investigation about food

and water contamination caused by microorganisms, detection of genetic disorders,

tissue matching, forensic applications, etc. [2–4]. With a gene assay, either by a

laboratory method or by a genosensor, one can ascertain the presence of a certain

gene in a sample, which in turn may provide highly interesting information such as:

(1) a specific gene is found, e.g. this individual is carrier of a genetically inherited

disease; (2) a certain living species is present, e.g. food contamination, with cases as

Salmonella in egg make out or Listeria in meat; another interesting examples can be

cited as in fight against food fraud, biothreat protection, as the detection of Anthrax,

or environmental protection, e.g. finding the source of an Avian Influenza outbreak;

and (3) the identity of an individual is unravelled, like in crime suspect identifica-

tion, in establishing paternity or degree of kinship, or in animal breeding.

All these interesting applications, which were very difficult to achieve in the

past, or very laborious and time-delayed, for example if they needed micro-

biological culture, now can be approached with genosensor schemes, with goals

of allowing a simpler and wider use.

The standard gene assay in this moment is the hybridization assay with the use of

a fluorescent labelled string [4]. A single-strand DNA probe is placed over a surface

and is used to hybridize with the sought DNA, or DNA target. The use of a labelled

DNA sequence is used to show if the hybridization took place, a functionality that

can be attained in different ways, for example in competition with the analyte gene.

Other labelling strategy commonly used in designing genosensors, apart from the

use of fluorescent markers [5, 6], is the use of redox active enzymes [7, 8], magnetic

particles [9] or nanoparticles of different nature [10, 11]. An indirect labelling

scheme consists of the use of redox couple which intercalates into DNA double

helix, such as metal complexes [12, 13] or organic dyes [14, 15], or the use of redox

indicators in solution which improves impedance performance [2].
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When looking for a label-free approach, that is, when no modification on the

DNA string used for capturing or detecting the sought gene is performed, several

alternatives are also available. A first option is using the electrochemical properties

of DNA by measuring the signal due to the direct oxidation of DNA bases [16, 17].

The other alternatives imply the use of transducing techniques which are sensitive

to surface changes and able to detect the hybridization event. Some of these

techniques are the quartz crystal microbalance (QCM) [18–20], surface plasmon

resonance (SPR) [21, 22] or electrochemical impedance spectroscopy (EIS) [2, 3,

23]. For the latter, several examples of application to the labeless detection of

specific DNA sequences in different fields have been demonstrated [3]. However,

an amplification step is often necessary to achieve a defined response with very low

analyte concentrations. In this case, approaches used to enhance the signal related

to the use of nanocomponents will be also treated in this chapter. Besides, current

research that focus on impedimetric genosensors using nanocomponents, consider-

ing the experimental principle, design of the device or use for its operation, and

including nanotubes, nanoparticles, quantum dots or nanopores will be reviewed.

1.1 EIS Background

Impedance spectroscopy is a powerful method for characterizing the complex

electrical resistance of a system, being capable to detect surface phenomena and

also changes of bulk electrical properties [24]. Then, it is becoming an invaluable

method in electrochemical research, where a constant growth of applications has

been noticed during the last decade.

EIS has been intensively used, for example, for the elucidation of corrosion

mechanisms [25], for studying electrode kinetics [26], the electrochemical double

layer or batteries [27] or in solid-state electrochemistry, for characterizing charge

transport across membranes [28]. In the field of sensors it may be used for

characterization and optimization purposes. When used with biosensors, it is

particularly well suited to the detection of binding events on the transducer surface.

In fact, EIS is irreplaceable for characterizing surface modifications, such as those

that occur during the immobilization of biomolecules on the transducer. We will

present a short introduction to the basic principles of electrochemical impedance

spectroscopy to help better understanding the signals generated in the biosensing

event.

After applying an AC potential (Et) to a system, its impedance Z is generally

determined by relating the observed current crossing it (It), see Fig. 1. Experimen-

tally, this is determined by applying an AC voltage perturbation with small ampli-

tude (5–10 mV) and detecting the generated current intensity response, and the

process is repeated for a number of frequencies.

Et ¼ E0 � sin o � tð Þ (1)
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It ¼ I0 � sin o � tþ fð Þ (2)

From this definition, the impedance Z, also known as AC resistance, is the

quotient of the voltage and current (Ohm’s law for AC current):

Z ¼ Et

It
¼ E0 � sin o � tð Þ

I0 � sin o � tþ fð Þ ¼ Z0 � sin o � tð Þ
sin o � tþ fð Þ (3)

And from this equation, it is evident that final impedance may be derived in

terms of a magnitude Zo and a phase angle f. When these two magnitudes are

plotted versus the scanned frequency, a characteristic representation is obtained,

known as Bode plot (Fig. 2).

More informative for the sensor practitioner than the Bode plot is the Nyquist

plot. This is constructed first by applying the Euler’s equivalence between trigo-

nometry and complex numbers; in this, the impedance is now written as:

Z ¼ Zr þ jZi (4)

being j ¼ ffiffiffiffiffiffiffi�1
p

.

Fig. 1 Representation of the AC excitation signal, and the sinusoidal current response shown by a

generic electrical circuit

Fig. 2 Bode plot of the frequency characteristics of a given electrical circuit
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And the Nyquist plot is derived when plotting for each scanned frequency, the

imaginary part of the impedance (�Zi) versus the real component (Zr). Both Bode and
Nyquist plots are responsible for the terminology “spectroscopy”, given their use of

frequency as the independent variable, thus recalling the situation with an electromag-

netic spectrum. Figure 3 illustrates the typical Nyquist plot observed for a standard

reversible electrochemical reaction taking place at a usual electrode. One of the

valuable properties of the EIS technique is that from the shape and magnitude observed

in the Nyquist plot (or alternatively in the Bode plot) one can derive which kind of

electrical circuit is responsible for the profiles seen, and even calculate the electrical

parameters involved. In fact, the pattern in Fig. 3 is very familiar to any electrochemist

or any impedance practitioner, and it might be obtained with an electrical circuit like

the one in Fig. 4. This electrical circuit, capable of providing an EIS spectrum which is

equivalent to that previously seen (and so-called equivalent circuit), is well known and

receives the name of Randles’ equivalent circuit.

The interesting thing is that the individual elements present in it have physical

meaning, illustrating the power of the EIS technique. In it, R1 is the resistance of the

solution, R2 is the electron transfer resistance, that is, the kinetic impediment for

the electrochemical reaction, C is the capacitance of the double layer, and finally,

the 45� diagonal at the lower frequencies, called Warburg term, is related to the

diffusion of species towards the electrode. The possibility of assigning individual

elements to a circuit and finding values of their parameters is what gives to this

technique the power of discriminating individual phenomena and also measuring its

intrinsic characteristics. One final comment is that in many current situations, the

Fig. 3 Nyquist plot obtained for a typical reversible electrochemical reaction

Fig. 4 Randles’ equivalent circuit of a standard electrochemical reaction
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capacitor term C is replaced by a special term, called constant phase element (CPE),

originated in the lack of ideality of the electrode systems under test.

ZCPE ¼ j � oð Þ�a C= (5)

where o is the radial frequency, C the capacitance and a an empirical coefficient,

related to the ideality of the system. For a CPE situation, the exponent a < 1, since

a ¼ 1 corresponds to the ideal capacitor. Generally the double layer between the

solution and the electrode surface in an electrochemical cell is better fitted by a CPE

than a capacitor.

Now turning into the genosensing application, the goal is not the electrochemical

characterization of a system, but deriving the sensor signal related to hybridization

of a DNA fragment. This means relating the change of one of the impedance

elements, a resistance or a capacitance, depending on the specific format and design

of the sensor, to the presence of the DNA gene sought and/or its concentration.

Measurements can entail scanning the whole spectra range, or, probably, can be

made simpler; once the system is characterized, it may be sufficient to determine

the impedance at one selected frequency or within a certain frequency range.

For the typical genosensing application, a DNA probe, complementary to the one

being sought, is immobilized on a working electrode, and the interaction with the target

DNA (analyte) is monitored. Here the impedance of the working electrode (biosensor

modified with the biological component) must be controlling the overall changes, for

which auxiliary electrodes of sufficiently large area and a high concentration of saline

background are preferred. Measurements with these surface-modified sensing

electrodes are normally accomplished with the help of a redox-active compound,

which is used as a probe. The observed phenomenon is then the electrochemical

reaction of the probe, which is affected by changes of the biologically modified surface.

Hybridization is therefore translated into a change of the electron transfer resistanceRet,

the analytical signal for this impedimetric biosensor. When the redox-active compound

is not used, the alternative is to monitor changes on the capacitive impedance compo-

nent (since Ret will become extremely large). Thus, a binding event at the electrode can

be detected by following the change in Ret in the first case, or the change in the

capacitance in the second case. The first situation, in which the electrochemical reaction

of the redox probe is involved, is also referred to as Faradaic impedance, while the

second situation, not involving directly a redox reaction is referred to as non-Faradaic.

After representation of the impedance over a sufficiently ample frequency range, and/or

altering the surface area of the devices, individual events can be separated, and the

corresponding region where the impedance is dominated by the impedance element

under investigation can be identified.

1.2 EIS Sensing Applications

Nowadays, EIS is a reference technique for characterization and study of any

electrochemical process at the electrode–electrolyte interface [29]. Although the

information that it can provide is also attainable from series of experiments
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employing the cyclic voltammetry technique at different potential scanning speeds,

the powerful deductions that can be derived with the use of equivalent circuits

makes EIS specially interesting to describe any electrochemical process.

Impedance spectroscopy is then mandatory for studies related to corrosion [30]

semi-conducting electrodes [31], coatings [32], batteries and fuel cells [33], elec-

trochemical kinetics and mechanism [34], biomedical and biological systems [35]

and solid-state systems [36].

Due to its ability of directly probing the interfacial properties of a modified

electrode, the technique is rapidly developing as a tool for studying biorecognition

events at the electrode surface [23, 29, 37, 38]. In particular, EIS is becoming an

attractive electrochemical tool for numerous applications either in immune-sensing

[39, 40] or in genosensing field [2, 3, 41], especially in the last decade.

Generally speaking, the analysis of DNA using biosensors consists normally in a

capture format, and can be described by these essential steps: (1) DNA probe

immobilization onto the electrode surface, (2) Hybridization with a complementary

target sequence and (3) Detection. These are schematized in Fig. 5. Normal sizes of

the oligomers employed are ca. 25-mer for the probe, 20–50-mer for the target, and

ca. 25 for additional fragments. The lengths specified are those typically used for

PCR primers or for genetic assays, as the associated permutations assure a suffi-

ciently high specificity. In some cases, additional steps are required in the protocol,

such as sample preparation (i.e. PCR amplification), the use of other specific stages

for signal amplification, or the use of systems for data treatment (i.e. Artificial

Neural Network). Each genosensing step is then open to its monitoring by EIS,

allowing for verification of its completeness. Figure 6 shows a typical evolution of

the Ret observed for the ferrocyanide/ferricyanide redox probe during the steps of a

genosensing experiment. In this case the redox species is considered a marker, not a

label, since it is merely an accessory used for obtaining the signal and is only

indirectly related to the sensing event. Each step in the experiment, associated with

changes in the surface of the electrode, is responsible for altering the kinetics of this

electrochemical reaction. This is due mainly to two chief effects: (1) the steric

hindrance offered by the DNA probe in first instance, and the hybrid with the target,

once formed; and (2) the electrical repulsion between the anionic backbone of the

DNA double string and the anionic redox probe. This is the reason for the choice of

the redox probe, among other options with neutral or cationic markers.

Fig. 5 Steps followed in an EIS genosensing experiment
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In some protocols, in order to enhance the difference in the signal obtained

between the probe immobilization and the hybridization with a complementary

sequence, instead of using DNA, a peptide nucleic acid (PNA) probe may be

employed [42]. PNA is an artificially synthesized polymer which hybridizes

equivalently to DNA, but in which the backbone is composed of repeating

N-(2-aminoethyl)-glycine units linked by peptide bonds, instead of deoxyribose

sugar backbone. With this change PNA results uncharged due to absence of

hydrolysable phosphate groups, and all Ret variation observed in the biosensing

process may be mainly attributable to hybrid formation [43].

In fact, the detailed observation of the evolution of the EIS signal during the

genosensing process gives solution to one important problem with these sensors.

The problem is that different electrodes may show slightly different impedance

values, if their reproducibility of construction is not good enough. Moreover, this

problem becomes worse in many occasions, as different measurements are

performed with different electrode units or with the same unit after renewal of

the sensing surface. This issue, which is in fact originated in the high sensitivity of

the technique, poses difficulties in the representation and/or comparison of results

between replicated experiments, the decision of positive or negative test, or also the

quantitative estimation of target DNA.

The found solution to this problematic resides in normalizing the readings to the

blank measurement, which is the one that may vary with differently produced

electrodes. Hence, a solution is to express the parameter of interest (i.e. charge

transfer resistance or capacitance) relative to the value given by the bare electrode

[44]. Results are represented then as the relative Ret variation between net values

Fig. 6 Signals recorded in a typical EIS genosensing experiment
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obtained after DNA immobilization and hybridization. This relative variation is

represented as a ratio of delta increments versus the bare electrode, as sketched on

Eq. (6):

Dratio ¼ Ds

Dp

(6)

being Ds ¼ Ret(sample) � Ret (blank) and Dp ¼ Ret (probe) � Ret (blank). This

elaboration was required for the comparison of data coming either from different

electrode units or from the same unit after regeneration of surface. Briefly, when

hybridization occurred Ds/Dp value should be >1 for the hybridization experiments

and close to 1 for negative controls with non-complementary targets (that means

Ds ¼ Dp, i.e. no variation of Ret value because no hybridization occurred).

Apart of the generic sensing scheme, which in fact is the simplest concept, two

additional variants should be commented. The first is the use of labelled targets, of

interest when there is the need to increase the detection ability (i.e. decrease the

detection limits); the second variant entails the design of more complex formats, i.e.

a sandwich format with three or more DNA fragments.

For the use of labelled targets, e.g. the use of biotin to which many other

functional groups may be linked is one possibility to amplify, or visualize the

hybridization event by complementary techniques, i.e. fluorescence, amperometry

or electron microscopy. For example, Ma and Madou [45] developed an enzymatic

amplification scheme, employing a biotinylated oligonucleotide bound to a

streptavidin-modified enzyme, in order to increase the sensitivity of the DNA

sensor. Their approach took profit of the enzymatic precipitation of an insoluble

compound on the sensing interface after hybridization, which caused an important

impedance change. In a related protocol, Patolsky and Willner [46] also exploited

the biocatalysed precipitation of an insoluble product on the transducer, to provide a

mean to confirm and amplify the detection of a single-base mutation. The sensitiv-

ity of the method enabled the quantitative analysis of the mutant of Tay–Sachs

genetic disorder without the need of PCR amplification. The same authors employed

tagged, negatively charged, liposomes to amplify DNA sensing performance for

hybridization and base mismatches detection [47]. One objection that may be stated

here is that detection of a biotin-labelled (or any other label) DNA is unpractical, as

the DNA analyte in a sample will not be biotinylated. But one should not forget that

direct detection is not the unique possibility here, and in fact, an indirect, competi-

tive assay may be used. In it, a fixed amount of biotinylated probe may be employed

together with the sample, and any presence of the sought gene in the latter will

produce a decrease in the finally observed signal.

An amplification that may be accomplished from a different strategy is to take

profit of the ability of the double-strand DNA, or of some of its specific base-pairing

points to interact with different species. For example, Bonanni et al. improved the

sensitivity obtained for the detection of SNP correlated with kidney disease by

performing the detection in presence of Ca2+ [48]. In this case, the specific binding
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of the metal ions in the presence of A–C nucleotide mismatch induced a further

impedance change, thus improving the discrimination between the mutated and

healthy gene, as the signal amplification was achieved only for the former.

The second strategy that deserves comment is the use of multi-stage sandwich

protocols, which simultaneously look for avoiding the use of labelled targets, to

employ competitive schemes and to increase sensitivity. In essence, they employ a

capture probe that hybridizes first with the sought gene in a sample, but in this case

being larger than in previous examples, and using only a first half of its sequence for

its capture. The second half is then free for fixing a third DNA string, named in this

case signalling DNA, which may be directly detected by EIS in a labeless approach,

or incorporate further labels to improve the detection. This general sandwich

scheme is schematized in Fig. 7.

2 Use of Nanomaterials for Genosensing

The use of nanostructured materials for sensors and biosensor design and operation

[49] is nowadays a very active field of research, where a wide variety of nanoscale

or nanostructured materials of different sizes, shapes and compositions are now

available [50]. The huge interest in nanomaterials is driven by their many desirable

properties. In particular, the ability to tailor the size and structure and hence the

properties of nanomaterials offers excellent prospects for designing novel sensing

systems [51, 52] and for enhancing the performance of bioanalytical assays

[53–55]. The similarity of dimensions between the involved molecules and the

nanocomponents employed in these nanobiosensors is in part responsible for the

increased efficiency and improved signal-to-noise ratios observed [56]. The use of

these nanomaterials suggests their operation as effective mediators to facilitate the

electron transfer between the active sites of probe DNA and surface of the

electrodes. Moreover, the decrease in dimensions involved may show important

advantages for integration of addressable arrays on a massive scale, which sets

them apart from other sensors technologies available today.

Fig. 7 Steps followed in a sandwich format EIS genosensing experiment, in this case using a

labelled signalling probe
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The most widely utilized nanomaterials in impedance sensors are gold (Au)

nanoparticles and CNTs [3]. Au nanoparticles have been employed in impedance

sensors to form electrodes from nanoparticle ensembles and to amplify impedance

signals by forming nanoparticle–biomolecule conjugates in the solution phase

[57, 58]. CNTs have been employed for impedance sensors within composite

electrodes and as nanoelectrode arrays [59, 60]. The advantages of nanomaterials

in impedance sensors include increased sensor surface area, electrical conductivity

and connectivity, chemical accessibility and electrocatalytic effect.

2.1 Use of AuNPs

One of the major trails of advance in nowadays nanotechnology is the use of

nanoparticles. The unique chemical and physical properties of nanoparticles make

them extremely suitable for designing new and improved sensing devices, espe-

cially electrochemical sensors and biosensors. Many kinds of nanoparticles, such as

metal, oxide and semiconductor nanoparticles have been used for constructing

electrochemical sensors and biosensors [55]. Owing to their small size (normally

in the range of 1–100 nm), nanoparticles exhibit unique chemical, physical and

electronic properties that are different from those of bulk materials and can be used

to improve performance of sensing devices. Some important functions provided by

nanoparticles include the immobilization of biomolecules, the catalysis of electro-

chemical reactions, the enhancement of electron transfer between electrode

surfaces and proteins, the labelling of biomolecules and even their actuation as

reagents. Of the different choices, one of the very relevant roles is the labelling of

biomolecules, as they can retain their bioactivity and interact with their counter-

parts, and nanoparticles may be used for supplying the measurable signal.

Metal nanoparticle labels can be used in both immunosensors and DNA sensors.

The most frequently used nanoparticles are those made of gold (AuNPs), given the

extraordinary properties they present. Main use of AuNPs in genosensing is related

to hybridization tagging, with added advantages of sensitivity enlargement [55].

Different from the amperometric detection [61], multiple tagging with

nanoparticles of different nature is not useful for multiplexed detection of different

genes in the same sample, given their nature may not be discriminated by EIS.

In a typical example of application of this type of nanobiosensor, Moreno-

Hagelsieb et al. used a gold nanoparticle labelled oligonucleotide DNA target in

order to amplify the capacitance signal between interdigitated aluminium electrodes

imprinted over an oxidized silicon wafer [62]. As already commented, one does not

expect to find gold-tagged nanoparticles in a generic sample, but their use can

allow, for example, a competitive assay. In addition, a silver enhancement treat-

ment, also useful for the electron microscopy detection, was performed offering a

further signal amplification strategy. In a similar work Bonanni et al. used

streptavidin-coated gold nanoparticles (strept-AuNPs) to amplify the impedimetric

signal generated in a biosensor for the detection of DNA hybridization [58]. In this

approach, a biotinylated target sequence was employed for the first capture by
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hybridization, followed by the conjugation with strept-AuNPs. The obtained

impedimetric signal resulted 90% amplified in the presence of strept-AuNPs.

Figure 8 schematizes the steps involved in the use of AuNPs for amplifying the

impedimetric signal; the electrode used here was a simple epoxy graphite compos-

ite electrode [63, 64], and the immobilization used a simple adsorption.

Figure 9 is an illustration of the gain in impedimetric signal if the described

protocol using amplification with gold nanoparticles is followed. After immobili-

zation of the DNA probe, with little increase in Ret, the hybridization with the target

Fig. 8 Steps followed in a direct hybridization assay with impedimetric genosensor and amplifi-

cation using strept-AuNPs and silver enhancement
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Fig. 9 Evolution of impedimetric signal after the different stages employed in the amplified

genosening scheme employing strept-AuNPs

DNA Sensors Employing Nanomaterials for Diagnostic Applications 201



DNA, the primary positive signal, represents an increment similar to the fixation of

the probe. The conjugation with the strept-AuNPs, still bringing a large amount of

steric hindrance to the detection, is not translated in a large change in signal. It is

only the amplification of the latter, with the catalytic reduction of silver onto the

gold nanoparticles, which brings the largest gain in Ret. Although not shown in here,

it is obvious that even the use of non-biotinylated target or non-complementary

biotinylated target produced very little signal, even lower in comparison once

amplified.

In addition to labelling, a very interesting alternative of using AuNPs is to use

them to construct three-dimensional networks with the nanoparticles dispersed

throughout the sensing interface, in a nanostructured or molecular imprint approach,

and that can be used to enhance impedance detection for biosensors. This may be

accomplished through repeated use of a bifunctional gold coupling reagent, such as

cysteamine or 4-aminothiophenol, where the amino group can bind to a biomole-

cule and the thiol group can bind to Au nanoparticles, for layer-by-layer formation

of the Au nanoparticle network. Impedance detection of human immunoglobulin

(IgG) using such a three-dimensional Au-nanoparticle network was recently

reported using 6 nm diameter Au nanoparticles and cysteamine as the bifunctional

reagent [65]. Some of the added advantages are the increased surface area for

sensing, the improved electrical connectivity through the AuNPs network, the

chemical accessibility to the analyte through these networks, and also the

electrocatalysis.

2.2 Use of QDs

Quantum dots are nanometric scale semiconductor crystals (mainly sulphides,

selenides or tellurides of heavy metals Cd, In, Zn or Tl) with unique properties

originated in the quantum confinement effect that are advantageous for the devel-

opment of novel bioassays, chemical sensors and biosensors [66]. Although mainly

applied as fluorescent tags for biomolecules, where they bring out their exceptional

properties, they have been also exploited in electrochemical sensors, normally with

amperometric transduction, in which the heavy metal content after their dissolution

can be detected by Anodic Stripping Voltammetry [67].

In our scope of interest, Xu et al. described a novel, sensitive DNA hybridization

detection protocol, based on DNA-quantum dots nanoconjugates coupled with EIS

detection. For this purpose, suitable DNA probes were covalently immobilized onto

a self-assembled mercaptoacetic acid monolayer modified gold electrode; then,

after hybridization with the target ssDNA-CdS nanoconjugate, they observed a

remarkably increase in Ret value only when complementary DNA sequence was

used in comparison with a three-base mismatched or non-completely matched

sequences. The results showed that CdS nanoparticle labels on target DNA

improved the sensitivity by two orders of magnitude when compared with

nonlabelled DNA sequences [68].
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For the case of the impedimetric technique, a very interesting work was reported

by Travas-Sedjic’s laboratory [57]. In this work, hybridization with a complemen-

tary DNA sequence is assayed employing a CdS nanoparticle label, showing a

significant improvement in sensor sensitivity. In this variant, DNA probe was

immobilized through entrapment during electropolymerization of conducting poly-

mer (polypyrrole). Authors stated a limit of detection of the DNA probe of 1 nM.

One important feature of their sensor is that it could be regenerated by removing

hybridized DNA with NaOH, suggesting the possibility of sensor reuse.

In a similar work, Kjallman et al. employed a CdTe nanoparticle for the modifi-

cation of a hairpin DNA probe. The stem–loop structured probes and the blocking

poly(ethylene glycol) (PEG) molecules were self-assembled on the gold electrode

through S–Au bonding, to form a mixed monolayer employed as the sensing

platform. EIS was next used for characterization of the interfacial electrochemical

characteristics of the modified gold electrode before and after hybridization with

the target DNA [69]; this permitted to detect the target DNA with detection limit of

4.7 fm and even discrimination of non-complementary oligomers. Depending on

the probe DNA to PEG ratio, the genosensor showed completely opposite response

trends with regard to the change in charge transfer resistance and in the impedance

at the electrode interface.

2.3 Use of CNTs

CNTs can be considered one of the most commonly used building blocks of

nanotechnology [70]. CNTs are allotropes of carbon from the fullerene structural

family, and can be conceived as sp2 carbon atoms arranged in graphene sheets that

have been rolled up into hollow tubes. Thanks to their extraordinary properties, like

tensile strength, thermal and electrical conductivity or anisotropic conductivity

behaviour, they are attracting much interest among all applied sciences and

technologies. Analytical chemistry is one of the fields taking benefit of several

advantages that CNTs bring for applications like chromatography, sensors, biosensors,

and nanoprobes. There can be distinguished two main types of CNTs. The multi-

walled CNTs (MWCNTs) behave as conductors and show electrical conductivities

greater than metals. These interesting properties suggest that their incorporation

into any electrical transduction scheme may be beneficial. Also, there is a second

type of CNTs, the single-walled CNTs (SWCNTs), that depending on the tube

diameter and chirality may behave electronically as either metals or

semiconductors, complicating their use in sensing schemes. CNT synthesis

methods create a mixture that includes amorphous carbon, graphite particles and

CNTs, so synthesis is typically followed by a difficult and critical separation

process. For electrochemical applications, CNTs are typically activated in strong

acids, which opens the CNT ends and forms oxygenated species, making the ends

hydrophilic and increasing the aqueous solubility of CNTs [52]. The electrochemi-

cal behaviour of CNTs varies considerably with the methods used for preparation

DNA Sensors Employing Nanomaterials for Diagnostic Applications 203



and purification, including oxidation treatment. For analytical applications, and in

part due to difficulties in their handling, CNTs are most often used to modify other

electrode materials, or as part of a composite electrode.

As a first typical application, Xu et al. [71] incorporated multi-walled carbon

nanotubes (MWCNTs) into composite electrodes used for impedance detection

of DNA hybridization with a redox marker. In these studies, MWCNTs were

co-polymerized with polypyrrole atop a glassy carbon electrode and then ssDNA

was covalently immobilized. The complementary oligonucleotide was detected

with the impedance technique by the accompanying change in Ret.

In the work of Caliskan et al. graphite electrodes were surface-modified with

carboxylic acid functionalized SWCNTs; next, amino terminated DNA probes were

covalently linked with the carbodiimide (EDAC)-N-hydroxysuccinimide (NHS)

reaction to form an amide bond with the terminal acid groups. Finally, DNA target

hybridization was monitored employing EIS and/or voltammetry [72]. The sequence

chosen as study case was a specific gene for hepatitis B virus.

In the similar work in our laboratory, we employed a screen-printed, carboxyl

functionalized MWCNT electrode, in which the detected gene was the sequence

identifying the genetically modified organism Bt maize, given the high demand for

analysis of transgenic food products [73]. For this purpose, the capture probe for the

transgenic insect resistant Bt maize was covalently immobilized using the above

carbodiimide chemistry; hybridization with DNA sample was followed, and imped-

ance measurement performed in a solution containing the redox marker ferrocya-

nide/ferricyanide. A signal amplification protocol could also be performed, using a

biotinylated complementary target to capture streptavidin-modified gold nano-

particles, thus increasing the final impedimetric signal (LOD improved from

72 to 22 fmol, maintaining a good reproducibility (RSD < 12.8% in all examined

cases).

An equivalent procedure was followed for an impedimetric genosensor devised

for screening the Influenza A virus outbreak on spring 2009, which created a great

social alarm [74]. Although the pathogenic H1N1 virus is a RNA virus, the

diagnostic tools are normally prepared for its reverse transcripted DNA, given the

higher availability of custom DNA synthesis. Figure 10 shows the preparation and

detection scheme, in this case a sandwich capture format. First, the aminated DNA

probe was immobilized using the carbodiimide chemistry (EDAC/NHS) to the

carboxylated SWCNT-modified electrode. Then, hybridization with a previously

formed duplex between the virus DNA and a biotinylated DNA probe was

followed, to which further amplification employing strept-AuNPs was possible.

Figure 11 illustrates evolution of impedimetric signal along the process, in a very

similar sequence as in Sect. 2.1: small increases for probe immobilization, notice-

able increase for hybridization with the duplex, and possibility of amplification

employing Strept-AuNPs. With these, a different strategy than before was used,

which was a catalytic gold reduction onto the AuNPs instead of the classical silver

reduction, in this case just to show a second amplification alternative.
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In a similar work [75], a genosensor for the impedimetric detection of the triple

base deletion in a cystic fibrosis (CF)-related DNA synthetic sequence was shown.

Screen-printed carbon electrodes containing carboxyl functionalized MWCNTs

were used for the immobilization of an amino-modified oligonucleotide probe,

complementary to the cystic fibrosis mutant gene. The complementary target (the

mutant sequence) was then added and its hybridization allowed, later monitored by

EIS. Results were contrasted against a non-complementary DNA sequence and a

three-mismatch sequence corresponding to the wild DNA gene, present in healthy

people. A further step employing a signalling biotinylated probe was performed for

signal amplification using strept-AuNPs. With the developed protocol, a very

sensitive detection of the triple base deletion in a label-free CF-related DNA

sequence was possible, achieving an LOD around 100 pM.

A timely material very recently used to design biosensors and very much related

to CNTs is graphene. Graphene is a two-dimensional lattice of carbon atoms

arranged following an honeycomb pattern, and has become a star material sparked

with the 2010 Physics Nobel prize, awarded to Novoselov and Geim (Manchester

University) [76]. Graphene is an exceptional material in many regards, from huge

charge mobility to strength and flexibility, offering a spectrum of applications

ranging from flexible electronics to supercapacitors, composite materials and also

biosensors, with amperometric or impedimetric transduction.

Fig. 10 Steps followed in a sandwich format EIS genosensing experiment, in this case using a

labelled signalling probe

Fig. 11 Evolution of impedimetric signal after the different stages employed in the amplified

genosening scheme employing strept-AuNPs
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For example, the work of Muti et al. [77] used graphene oxide integrated on a

graphite electrode for the enhanced monitoring of nucleic acids and for the sensitive

and selective detection of the label-free DNA hybridization related to hepatitis B

virus (HBV) sequences. The electrochemical behaviour of a graphene oxide-

modified graphite electrode was firstly investigated using EIS and differential

pulse voltammetry (DPV). The sequence selective DNA hybridization was deter-

mined voltammetrically in the case of hybridization between amino linked probe

and its complementary (target), being capable of differentiating the noncomple-

mentary target or a target/mismatch mixture (1:1).

In the work of Wang et al. [78] a reduced graphene oxide-modified glassy carbon

electrode is used to detect the methicillin-resistant Staphylococcus aureus DNA, in
this case using EIS detection. DNA probe is successfully anchored on the graphene-

modified surface by simply adsorption. Hybridization with target DNA increased

largely the measured impedance, with a detected amount of 100 fM.

A recent work from Bonanni and Pumera [79] investigated the suitability of

different graphene surfaces for hairpin impedimetric genosensing. Electrodes

modified by graphene nanoribbons were used. The hairpin DNA (hpDNA) probes

were immobilized on the graphene-modified electrode surface by physical adsorp-

tion. The p-stacking interactions between the ring of nucleobases and the hexagonal
cells of graphene made the platform a stable substrate for genosensing. Sensing

mechanism was based on the partial release of the hpDNA probes from the

graphene surface which occurs as a consequence of hybridization with complemen-

tary target, and translated in a significant decrease in Ret. Different DNA sequences

correlated with Alzheimer’s disease were used in this work, for example the

mutated Apolipoprotein E gene. When hybridization was less effective, as in the

case of the mutant target, a lower amount of the hpDNA probes are expected to be

released, thus resulting in a less significant Ret decrease.

2.4 Use of Nanopores

As the last nanotechnology element to comment, the use of nanopores or

nanochannels for detecting flux of ions biomolecules has to be mentioned [80].

Molecular-scale pore structures, called nanopores, can be assembled by protein ion

channels through genetic engineering or be artificially fabricated on solid substrates

using current nanofabrication technologies. When target molecules interact with the

functionalized lumen of a nanopore, they characteristically block the ion pathway.

The resulting conductance changes allow for identification of single molecules and

quantification of target species. Detection can be accomplished through many

different transduction mechanisms, mainly electrochemical.

A model example is the glass nanopore-terminated probe for single-molecule

DNA detection designed by Takmakov et al. [81]. An array of nanopores was first

prepared by anodization of aluminum, generating pores of ca. 10 nm. The inner

pores were modified with biotin molecules via covalent attachment using
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aminosilane/succinimide chemistry. A first model detection was done employing

the biotin-streptavidin pair, detected via impedance spectroscopy of the redox

probe with a gold electrode formed at the bottom of the pore network. The same

principle of pore blockage was also used to detect DNA hybridization onto the

DNA probes immobilized inside the pores of the device.

Nanopores are key elements in the emerging technique of 4th generation DNA

sequencers [82]. In these, a voltage is used to drive molecules through nanopores

separating two solutions. When nucleotide bases, ssDNA or dsDNA, are threaded

through these nanopores, a specific current (ionic current or other signal) can be

monitored, which can be specific for the mononucleotide interacting with the

nanopore. This is in essence the technology behind the sequencers being developed

by companies like Oxford Nanopore Technologies in the UK.

Compared with conventional sequencing technologies, the nanopore single-

molecule approach is simpler and more cost-efficient. It does not need fluorescent

labelling or amplification of the sample DNA, obviating the use of restriction

enzymes or redundancy. A huge potentiality can be foreseen, as it represents a

direct sequencing, just like reading a teletype that further can be parallelized. The

most usable technology at this moment [83] (nothing commercially available up to

now) is the use of exonuclease enzyme to fragment the ssDNA and a-Hemolysin

(aHL), a protein natively used in bacteria wall pores as the nanopore. aHL defines a

2 nm wide channel, with inner peptide fragments able to interact with passing

species; when immobilized in a nanopore of the proper dimension (e.g. a nano-

fabricated silicon structure) and forcing the unidirectional movement of bases

through potential biasing, this protein interacts and permits identification of the

four A,C,T,G bases, in principle through measurement of characteristic pico-

currents [84]. Reasonable mononucleotide base throughputs with acceptable

signal-to-noise ratio are ca. 25 s�1, a translocation velocity not easy to accelerate

because of worsening of sensitivity [85]. Other nanopore protein structures, such as

the porin A from Mycobacterium smegmatis have also been demonstrated to

produce DNA translocation for the sequencing purpose [86].

More stable nanopore systems can be potentially devised on graphene [87, 88].

With the same aim, completely nanofabricated systems have been proposed by IBM

researchers, in this case with FET structures built along the nanopore and using

capacitance detection [89]. Also, a coupled nanopore-hybridization strategy has been

described, in which a library of ca. 10-mer probes align with ssDNA fragments and

pass electrophoretically driven, a technology that has been named hybridization-

assisted nanopore sequencing [90].

3 Application of Impedimetric Genosensors for Medical

Diagnostics

Table 1 displays a summary of employed nanomaterials and applications of above-

mentioned impedimetric genosensors, as summary of the use of these types of

genosensors for diagnostic and other important applications. Among the topics
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covered, several applications are devoted to the detection of transgenic plants and

genetically modified organisms. One of the genes detected in varied applications is

the PAT gene [93, 94], specific for transgenic crops. Some other works are centered

on the simultaneous determination of PAT and NOS genes [96]. The determination

of genetically engineered maize, transgenic Bt corn, was shown to be possible [73].

The equivalent detection of genetically modified beans employing a specifically

devised DNA sensor is also present in the literature [97].

Other important applications, regarding the medical field, include the identifica-

tion of certain gene or nucleotide polymorphism correlated with specific diseases.

One of the first works described from the laboratory of Itamar Willner in Jerusalem

was the sandwich determination of a gene related to the Tay–Sachs mutation that

Table 1 Selection of examples of impedimetric genosensors employing nanomaterials and their

applications from recent literatures

Working

electrode Nanocomponent used Application LOD Reference

Al/Al2O3 AuNPs Cytochrome P450 2p2 gene 2 pM [91]

Graphite epoxy

composite

AuNPs Arbitrary sequence 120 nM [58]

Graphite SWCNTs Hepatitis B virus 50 nM [72]

MWCNTs AuNPs Transgenic maize 2 nM [73]

Gold AuNPs Arbitrary sequence 5 nM [92]

Glassy carbon AuNPs/polyaniline

nanotubes

PAT gene (transgenic crops) 300 fM [93]

Glassy carbon AuNPs PAT gene 24 pM [94]

Gold CdS nanoparticles Arbitrary sequence 1 nM [57]

Al/Al2O3 AuNPs HIV gene 200 pM [62]

Glassy carbon MWCNTs Arbitrary sequence 50 pM [71]

Glassy carbon MWCNTs Arbitrary sequence 5 pM [95]

Carbon paste SWCNTs PAT and NOS genes 300 fM [96]

MWCNTs AuNPs Influenza A virus – H1N1

gene

500 nM [74]

Carbon paste Polyaniline nanofibers,

AuNPs, CNTs

Genetically modified beans 500 fM [97]

Glassy carbon Nano-MnO2/chitosan HIV gene 1 pM [98]

Glassy carbon CeO2 nanoparticles,

SWCNTs

(PEPCase) gene 200 fM [99]

Carbon paste AuNPs/TiO2 Cauliflower mosaic virus

gene

200 fM [100]

MWCNTs AuNPs Cystic fibrosis gene related

sequence

100 pM [75]

Gold CdTe nanoparticles Arbitrary sequence 5 fM [69]

Gold CdS nanoparticles Arbitrary sequence 5 pM [68]

Graphite Graphene Hepatitis B virus 160 nM [77]

Graphite Graphene Alzheimer’s disease-related

Apo-E gene

3 pM [79]

Graphite Graphene Methicillin-resistant

Staphylococcus aureus
100 fM [78]
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would be utilizable as a biosensor device to diagnose this genetically carried

disease [101]. Similar works capable of detecting a gene cause of a inherited disease

were those to detect cystic fibrosis [75]. Very recent efforts have also attempted to

correlate certain gene with Alzheimer’s disease and propose its detection [79]. The

detection of its genetic material can be also the base for the confirmation of certain

virus infections, and in this sense, impedimetric genosensors for detection of human

immunodeficiency virus (HIV) to evaluate people suffering from AIDS [62, 98].

Nanobiosensors capable of detecting the hepatitis B virus [72, 77] have also been

elaborated. After the pandemic Influenza A declaration in 2009, genetic assays

were quickly prepared to diagnose and control the expansion of the disease; with

these information, a nanobiosensor to detect its H1N1 virus genetic material was

also developed [74].

The identification of microbiological species is also the other clear trend when

classifying the nanobiosensors reported in the literature. As already commented in

the diagnosis of illnesses of viral origin, HIV [62, 98], hepatitis B [77], Avian

Influenza [102] or H1N1 Influenza [74] viruses are some of the available DNA

biosensors. Also diseases to other organisms different to humans can be

incorporated in this list, for example the cauliflower mosaic virus [100].

But there are not only viruses that can be detected by examining their genetic

material; the presence of bacteria, or its specific variant may be evaluated also by

examining their genetic material. For example, the work of Wang et al. that

discriminated the strain of S. aureus resistant to antibiotic methicillin [78]. Also

interesting is the work in the literature describing the identification of Salmonella spp
employing capacitive detection [101], after its immunocapture with monoclonal

antibodies grafted to AuNPs, these entrapped in electropolymerized ethylenediamine.

4 Outlook and Perspectives

The impedimetric genosensing topic is nowadays an active research area, where

many formats and designs are reported in order to improve performance of existing

biosensors. Research is still to be done in order to obtain devices with better

reproducibility and stability, although any objection here can be balanced with

the low detection limits achieved. Moreover, researchers should still increase

efforts to get better electrode assemblies for their use in real samples, overcoming

all problems associated with the complexity of matrices in various natural or

commercial samples. Progress on these analytical features will accelerate their

routine use, and even enable the massive production of devices using some of the

principles stated in this chapter. Electrochemical impedance sensors are particu-

larly promising for portable, on-site or point-of-care applications, in combination

with simplified discrete-frequency instruments. However, there are certain

impediments for solving these future applications and for the successful commer-

cialization of useful devices, as minimizing effects of non-specific adsorption or

automating all operation steps. And precisely these areas are the ones that can take

more benefits from the incorporation of nanocomponents into genosensors.
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A first challenge is the fabrication of useful electrochemically addressed geno-

sensor arrays. The electrochemical impedance technique is fully compatible with

multiplexed detections in electrically addressable DNA chips, which is one of the

clear demands in genosensing for the next years [103]. Array sizes on the order of

10 have been described, but to be clinically useful, arrays of ca. 50 sequences are

necessary. For example, a genetic disease like cystic fibrosis involves detection of

around 25 different mutations plus the positive and negative controls. Micro-

fabricated platforms can be of great help here, although issues like the mechanical

reliability of the electrical contact, or reproducibility of construction and operation

are still to be improved.

A second problem is related to sensitivity. DNA analysis is nowadays closely

connected with PCR amplification, which is the step providing the major gain in it.

Thus, two separate stages are needed, PCR, and afterwards, biosensing. Platforms are

needed to integrate the two, allowing for really fast, intervention-less gene analysis.

Microfluidic systems, of the lab-on-a-chip type, can be the solution here [104]. With

such a platform, the goal of detecting a few viable pathogen microorganisms in a

clinical sample in less than one hour might be a reality [4, 105].

The conversion of all the information which is generated with the unravelling

and understanding of the functionalities yielded by the human genome is showing

new achievements every day. Many of the properties found can be translated into

genosensing applications to help in clinical practice and diagnostic, with small,

cheap and decentralized analytical devices. But the challenge is even greater with

the proteome. We are just in the beginning of its deciphering, for which high-

throughput screening methods are in constant demand. Perhaps the principles used

by electrochemical genosensors may be of help in the immense workload still to be

done, to catalogue the human proteome in its biologically active form and to relate

it to disease and cell state. Aptamer sensors, as already described, may be one

starting point here. Most of the formats and strategies that have been described in

this chapter are also extensible to specific detection of proteins, when the

aptamer–protein interaction is exploited [106]. And impedance transduction is

one of the simplest, more directly achievable transduction schemes available for

their operation.

5 Conclusions

This chapter has presented current technology typically employed with genosensors

which employ the EIS as the detection technique. Its operational principles and the

essential protocols employed for impedimetric genosensing have been introduced.

Although impedance is commonly used to investigate a variety of electrochemical

systems, including fundamental redox studies, corrosion, electrodeposition,

batteries and fuel cells, only recently it has been applied in the field of biosensors.

Given its ability to monitor Ret and the double layer C, it is possible to derive

applications for different types of sensing schemes, with numerous recognition
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agents, by direct signal acquisition, or with the use of simple and cheap redox

markers. One chief advantage of impedimetric genosensing is that it can provide

potentially label-free assays, as hybridization with the DNA probe immobilized on

a surface can be directly monitored. In general, impedimetric genosensors are

extremely simple in operation, and capable of achieving low detection limits

even when used without any amplification. If combined with additional signal

amplification strategies, their absolute detection limits may be comparable to

other genosensing strategies. The contribution of nanostructured materials in the

development of genosensors is an active research area of activity, and the use of

nanoparticles, nanotubes, graphene or other nanostructured materials has been

pointed out as some of the significant research with impedimetric nanosensors.
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Nanoprobes for In Vivo Cell Tracking

Juyeon Jung and Bong Hyun Chung

Abstract Cell-based immunotherapy has emerged as a promising therapy for the

treatment of cancer. Measuring the changes in tumor volume and tumor markers

post treatment has been the most common means of evaluating the therapeutic

efficacy. In order to assess the consequences of a given therapy in real time, the

development of efficient molecular probes and imaging modalities are urgently

needed. Efficient molecular probes and imaging modalities will provide qualitative

and quantitative real-time images with long-term stability in physiological

conditions as well as low toxicity and high sensitivity for in vivo monitoring of

the transplanted cells. Therapeutic cells can be intrinsically or extrinsically

modified with proper molecular probes, amplified in vitro, and transferred back

into the host. In this chapter, we will discuss the relative strengths and weaknesses

of multiple molecular imaging modalities as well as recent advances in molecular

imaging probes. We will also address their application in relation to in vivo tracking

of dendritic cells (DCs), natural killer (NK) cells, and T cells. Noninvasive molec-

ular imaging techniques have great potential in the diagnostic and prognostic

assessments of patients.

Keywords Immune cell tracking, Molecular imaging modalities, Nanoprobes
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1 Introduction

In the past decade, major advances in molecular imaging have driven the develop-

ment of noninvasive imaging technologies for biomedical research that allows

in vivo investigation of specific cellular and molecular cascades in living subjects.

Molecular imaging attempts to visualize and characterize complex biological

processes of disease present within the context of physiologically authentic

environments. Such noninvasive in vivo real-time monitoring by molecular imag-

ing techniques allows for continuous tracking of specific cell targeting in the action

site, drug delivery inside the target cells, and the evaluation of treatment in a rapid,

reproducible, and quantitative manner. Therefore, molecular imaging has a great

potential to enhance our understanding of drug delivery and localization of thera-

peutic cells in preclinical and clinical settings. The convergence of imaging

techniques, cell biology, molecular biology, chemistry, medicine, pharmacology,

medical physics, biomathematics, and bioinformatics contributes to the develop-

ment of molecular imaging.

Currently available noninvasive image modalities can be broadly divided into

morphological imaging and molecular imaging modalities. Morphological imaging

modalities include magnetic resonance imaging (MRI), computed tomography (CT),

and ultrasounds which are characterized by high spatial resolution. However, lower

sensitivity than radioactive and optical methods and the requirement of expensive

equipments limit applications of these techniques. Molecular imaging modalities

including optical imaging (i.e., fluorescence and bioluminescence), positron emis-

sion tomography (PET), and single photon emission computed tomography

(SPECT) are highly sensitive and can detect tumors at early stages. Optical imaging

techniques have more potential for real-time imaging as compared to the morpho-

logical imaging modalities but will have limited spatial resolutions (Table 1).

Development and implementation of noninvasive imaging technologies for

biomedical research have successfully advanced. These imaging techniques have

had a significant influence on the way we detect and characterize diseases in both

basic research and clinical applications. In spite of these successes, no single

molecular imaging modality meets and/or provides complete information effec-

tively in either preclinical studies or clinical applications. Therefore a combination

of different imaging modalities, using multimodal molecular probes, can provide
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both the spatial resolution and the adequate sensitivity in living subjects to enable

detection of biochemical events and even minimal clinical changes over time

(e.g., PET-CT and PET-MRI).

Over the past two decades, nanoparticle technology has attracted a great deal of

attention in bioimaging and biosensing research because nanoparticles have unique

sizes in the same range of dimensions as antibodies, membrane receptors, nucleic

acids, and proteins among other biomolecules. Their biomimetic features, broad

optical properties, and high surface to volume ratio make nanoparticles powerful

tools for imaging, diagnosis, and therapy [1].

The ideal nanoparticles as nanoprobes should have the ability to produce an

image and be targetable depending on their particle compositions, sizes, surface

charges, surface functionalities, biocompatibilities, contrast sensitivities, and

stabilities [2]. Several nanoparticles in preclinical studies and clinical trials have

been developed to have controllable sizes and morphology, long-term stability in

physiological conditions, low toxicity in cells, high sensitivity in real time, and

target specificity. Individual nanoparticles participate in multiple applications such

as monitoring with an imaging modality, targeting, and drug delivery.

Considerable attention has been paid to the development of immunotherapy

which uses autologous, allogeneic, or xenogeneic cells to replace or renew dam-

aged tissue and treat diseases. Products for cell therapy involve ex vivo propaga-

tion, expansion, selection, activation, or genetic alteration. Introducing naturally

occurring biological molecules (e.g., immune cells) to boost the immune system

seems to be the most promising therapeutic approach since it is natural and patient

friendly. However, there is very little success in immunotherapy compared to the

over 17,000 clinical trials of cell therapy due to the lack of technologies monitoring

transplanted therapeutic immune cells with qualitative and quantitative images in

real time. Development of novel molecular imaging probes with controllable sizes,

low toxicity, compatible immunogenicity, target specificity, physiological stability,

and longer circulation time in vivo for tracking transplanted immune cells to

determine their location, cell numbers, and functional lifespan in patients has

been urgently needed.

2 Molecular Imaging Modalities

2.1 Optical (Fluorescence and Bioluminescence) Imaging

Optical imaging modalities for in vivo molecular imaging include fluorescence and

bioluminescence which are highly sensitive in the range of 10�15 to 10�17 mol/l but

have low spatial resolutions of 1–5mm.Optical imagingmodalities are suited for drug

development and target validation processes due to the ease of the operation, short

acquisition times (10–60 s), simultaneous measurement, and relatively affordable

cost. However, the limited depth penetration of these imaging techniques halts

applications of optical agents in human.
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Fluorescence imaging uses an external light source to excite fluorochromes such

as green fluorescent protein, red fluorescence protein, and near-infrared (NIR)

fluorescent probes. Light is then reemitted by the fluorochrome at a longer wave-

length of lower energy. Fluorescence imaging is not easily applicable in biological

tissue because the light intensity decays with the depth of the tissue, resulting in low

signal to background ratios and autofluorescence [3].

Bioluminescence imaging uses photons emitted by a metabolic reaction between

an enzyme (e.g., luciferase from firefly Photinus pyralis) and its specific substrate

(e.g., D-luciferin). No background light emission is found due to lack of excitation

light source required for the detection of the photons released, leading to high

sensitivity detecting low levels of gene expression. However it is hard to ensure that

the substrate is transported to all possible bioluminescent cells [4].

Despite the many advantages of optical imaging there is no current optical

method which sufficiently provides the imaging of early stage tumor growth or

metastasis due to the strong absorbance and scattering of the illuminating light by

tissue near the target [5, 6].

2.2 Positron Emission Tomography

In PET imaging, a compound (natural biological molecule/drug) is labeled with

positron-emitting radioisotopes such as 11C, 13N, 15O, 64Cu, 124I, and 18F and

administered to the subject in trace amounts. The emitted positrons collide with

an electron of a neighboring atom and the interaction of both particles is converted

into energy in the form of two g-rays, emitting in opposite directions. An array of

detectors detects these g-rays and converts them into visible light and finally into

electrons. This results in the localization and quantification of the radiolabeled

compound in the living subject.

PET can visualize functional physiological change and biochemical change with

high sensitivity in the range of 10�11 to 10�12 mol/l. It is independent of the depth

of the compound. The spatial resolution of PET, depending on the size of the single

detector component, is ~4–8 mm3 in clinical and ~2 mm3 in small animals [7].

Quantitative kinetic data can be acquired repetitively and it allows for the

drawing of conclusions in many cancer cases solely by means of PET images [8].

However, it is an expensive approach to analyzing mouse models in preclinical

studies because a dedicated mouse PET scanner, a cyclotron, and radiochemistry

facility are required.

2.3 Single Photon Emission Computed Tomography

In SPECT imaging, a compound is labeled with one or more g-rays emitting

isotopes such as 99mTc, 111In, 123I, 131I, 67GA, and 201TI. In contrast to PET
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imaging, this allows two or more compounds with different labeling radioisotopes

(for example, 99mTc and 111In) to be distinguished within the same study.

The advantages of SPECT over PET include lower costs, simultaneous imaging

by different isotopes, and spatial resolution with most mouse imaging systems in

the order of 1–2 mm and the availability of many molecular probes already in

clinical use. However, SPECT is one to two orders of magnitudes less sensitive than

PET [9].

2.4 Magnetic Resonance Imaging

The physical principles of MRI are that certain nuclei, such as hydrogen or

phosphorous, have magnetic dipoles (unpaired nuclear spins) and align themselves

when these nuclei are exposed to a high static magnetic field. The MRI method

converts relaxation time differences to image contrast differences. The two

orientations have slightly different energy levels with respect to the applied field

and one of the two orientations allows and produces a net magnetization (Fig. 1).

Approximately 1 out of 105 of the dipole moments in the field is aligned while

others are in random orientation, resulting in the low signal intensities of MRI.

Since water molecules are abundant in a biological system, MRI derives signals

from the hydrogen nuclei in general. The versatility and uniqueness of MRI is

derived from the fact that the 1H are sensitive to its local physicochemical micro-

environment thus the MRI experiment can be tailored to exploit these properties in

the interrogation pathophysiology.

In general, MRI applications have the advantages of noninvasive, clinically

transferable, high spatial resolution, and inherent soft tissue contrast. On the

downside, MRI is several orders of magnitudes less sensitive than imaging

modalities such as radionuclides and optical molecular probes.

The use of nanoparticles can be engineered to have magnetic characteristics that

can be detected by MRI at low concentrations. For example, superparamagnetic

iron oxide nanoparticles (SPIONS) have been widely researched for use as MRI

contrast agents and have proven effective in increasing contrast in MRI [11].

2.5 Ultrasound Imaging

Ultrasound is the most widely used method both in clinics and for animal studies

because of its low cost, accuracy, real-time administration of drugs, and no use of

ionizing radiation. Ultrasound uses high-frequency (>20 kHz) sounds, which are

emitted from a transducer. The sound waves are propagated through tissues of

different densities and the returning echoes are used to build up images of the plane

in the body scanned.
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Targeted labels have been developed for this technique and contrast agents

(e.g., gas-containing microbubbles) are used for targeted molecular imaging of

specific cell-surface receptors, especially within the vascular compartment to

increases their echogenicity [12, 13].

The real-time properties of ultrasound makes it very effective for the drug

development process and studying disease development, particularly in cardiac,

obstetric, and vascular diseases. However, the drawbacks of this technique are that

the performance of ultrasound imaging, ultrasound-guided diagnostics, or thera-

peutic interventions mostly depend on the experience and skills of the operator. In

addition, targeted imaging is limited to vascular compartments. Innovations

providing automation for better objectivity and three-dimensional imaging

approaches are currently under development and will make the ultrasound a very

powerful molecular imaging technique in the future.

2.6 Computed Tomography

Images in CT are obtained when an object differentially absorbs X-rays as they pass

through the body [14]. Based on the X-ray images, high-resolution tomographic

anatomical 2D and 3D cross-sectional images are reconstructed with a spatial

resolution of up to ~6 mm in small animals. They reveal the characteristics of the

internal structure of an object, dimensions, shape, internal defects as well as

density, which result in generating high-resolution volumetric images. However,

CT lacks sensitivity in detecting soft tissue. The combination of CT with PET

provides images that identify the anatomic context of irregular metabolic activity

within the body and thus, provides more accurate diagnosis. PET-CT imaging has

rapidly emerged as a reference standard for functional and molecular imaging at the

clinical level (Fig. 2).

Fig. 1 MR images of a mouse containing a PC3 tumor in transplanted human bone tissue [10].

Reproduced with permission from Nemeth et al. [10]

Nanoprobes for In Vivo Cell Tracking 223



3 Molecular Imaging in Immunotherapy

3.1 Immune Cells in Immunotherapy

Cancer immunotherapy aims to establish immune-mediated control of tumor

growth using effecter cells such as dendritic cells (DCs), natural killer cells

(NK cells), and T cells. Dendritic cells (DCs) reside in most of the body and

recognize foreign antigens in tissues which participate in proteolytic intracellular

cleavage and increasing antigen expressing molecules [16]. DC activation, traffick-

ing to lymph nodes, and stimulating T cells result in the generation of antigen-

specific cytotoxic T lymphocyte (CTL), migration of CTLs to the tumor site, and

the destruction of the cancer [17–19]. Cytotoxic T cells are involved in the cell-

mediated immune response and destroy virus-infected cells, whereas NK cells

comprising of 5–20% of peripheral lymphocytes in an innate immune system

play a major role in defending the host against malignant cells [20, 21]. In many

studies, cancer patients containing DCs, T cells, and NKs demonstrated much

improved overall survival rates as compared to those without DCs, T cells, and

NKs [22, 23].

In general, immunotherapy uses immune cells from an animal or a patient that

are modified and amplified in vitro. The amplified cell populations are then

transferred back into the host to eliminate the tumor. They, then, should be carefully

monitored noninvasively, instantly, and in real time to determine the success or

failure of the treatment. In addition, to enhance antigen presenting in T cells located

within lymph nodes, DCs need to traffic through the vascular and lymphatic system.

The best administration route (intradermally, subcutaneously, intravenously, or

directly into the lymph node) for DCs-based therapy is not known [24]. In fact,

evaluation of immunotherapy has mostly relied on a reduction of tumor volume and

that of tumor markers after treatment [25–27]. In the context of these concerns,

different molecular probes and modalities should be considered to track the

transplanted cells and induced immune responses for qualitative and quantitative

Fig. 2 High-resolution

computed tomography (CT)

of a mouse showing (vertical
line) metastatic lung tumor

(arrowhead) [15].
Reproduced with permission

from Kennel et al. [15]
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images. Proper molecular probes should have long-term stability in physiological

conditions, low toxicity in cells, high sensitivity in real time, and universal appli-

cation to different cells.

3.2 Nanoparticles for Molecular Imaging

Nanoparticles are promising vehicles for directing the molecular imaging probes

because of their unique physicochemical properties and low toxicity. The high

surface area to volume ratio of nanoparticles provides for both the ease and extent

of modification as molecular probes.

Paramagnetic gadolinium, superparamagnetic iron oxides (SPIOs, 50–200 nm

diameters), ultrasmall superparamagnetic iron oxides (USPIOs, ~35 nm diameter),

and cross-linked iron oxide (CLIO) have been investigated as probes for indirect

methods to detect cells such as in MRI. These nanoparticle-based MRI cell tracking

methods can efficiently address the location of the injected cells and the morpho-

logical and physiological changes of the host tissues due to their strong contrast

effect. Iron oxide particles have been coated with dextran, carboxydextran, poly-

styrene, or other substrates to ensure stability and solubility in biological media and

also to minimize effects on cell function upon cellular uptake.

To date, FDA-approved (U)SPIO, a liver agent (Feridex, Bayer HealthCare), is

the only pharmaceutical-grade MRI contrast agent used in lymph nodes in late-

phase clinical trials (USPIO; Combidex-USA; Sinerem-Europe) [28]. Many studies

have been done in the search for efficient SPIO labeling of cells and their applica-

tion to detect cells after transplantation [29–32] or systemic injection [33–37].

Monocrystalline iron oxide nanoparticles and USPIO with a longer blood half-life

were also developed for imaging in lymph node.

Success in immunotherapy requires an accurate injection of cells into the target

tissue as well as MRI-guided real-time cell injection. Nanoparticle-labeled cells can

offer more precise injection of cells.

This chapter discusses some of the recent advances in the use of nanoprobes for

cell tracking in vivo after transplantation, mainly focusing on three types of cells in

immunotherapy (i.e., DCs, T cells, and NK cells).

3.3 Molecular Imaging Probes for Tracking Immune Cell Fate
In Vivo

3.3.1 Dendritic Cells

Autologous dendritic cells in humans as cancer vaccines were labeled with SPIO

and 111In-labeled oxine by De Vroes et al. [38]. In vitro-produced DCs were then
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administrated into lymph nodes of stage-III melanoma patients under the obser-

vance of an ultrasound and the biodistribution of SPIO-labeled dendritic cells were

monitored in vivo by MR imaging along with scintigraphy and (immune) histopa-

thology. MRI tracking of DCs labeling with iron oxide is clinically safe and

excellent in soft tissue contrast, making this method ideal for monitoring cell

therapies in humans.

DCs were also labeled with SPIO and protamine sulfate for tracking in vivo

migration of DCs into the lymph node by MRI. Significant signal reduction was

observed in the lymph node where SPIO-DC had been injected into footpads of

mice, indicating the migration of T cells into the draining lymph nodes. This study

again showed application of SPIO in noninvasive molecular imaging by MRI

in vivo at high resolution [39].

Labeling cells with 19F offers a high signal sensitivity of 89% in comparison to
1H and high specificity for labeled cells because of its lack of an endogenous

background signal in vivo. 19F-labeled cells can be directly detected by 19F-MRI.

However, labeling cells with 19F requires the need for high concentrations of 19F to

achieve a minimal detection limit, long scanning times, and separate 1H images for

anatomical localization of 19F detected cells. DCs were labeled with cationic

perfluoropolyether (PFPE) agents and the migration of the cells was tracked

through to the regional lymph nodes following their injection into the footpad of

mice by 19F MRI [40].

Fluorescence quantum dots (QDs) and their application as molecular imaging

probes have been extensively investigated because of their nanometer dimensions

and attractive optical characteristics, which includes high resistance to photobleaching.

Due to the relatively reduced absorbance and scattering in biological tissue in the

NIR region of the spectrum (700–1,000 nm),NIR-emittingQDs are currently attracting

considerable attention [9].

Two major limitations in using fluorescence for in vivo imaging are

autofluorescence and low depth penetration. Fluorescence-based imaging of cells

labeled with near-infrared fluorophores (NIRFs) could be an alternative way to

label the cells as NIR imaging allows for the detection of fluorophore-labeled cells

at several centimeters tissue depth without disturbing cellular function.

Conjugation of antibodies, small peptides, and polymers with NIR excitable

fluorescent contrast agents for the detection of tumors have been demonstrated

in vivo [41–44]. An epidermal growth factor (EGF) and NIR fluorophore conjugate,

Cy5.5, was injected into mice bearing epidermal growth factor receptor (EGFR)

positive tumors. EGF-Cy5.5 was monitored in vivo by NIR images demonstrating

that NIR imaging can be used to identify EGFRs in tumors and to monitor

EGFR-directed therapies (Fig. 3).

NIR-emitting fluorescent QDs have been developed and used as fluorescent

contrast agents to monitor DCs migration to lymph nodes, resulting in the increase

of fluorescence intensity [46].

Bimodal imaging probes, with both theMR and optical imagingmodes containing

disulfonated indocyanine green (ICG), FDA-approved cyanine NIR dye as the

optical imaging modality, iron oxide nanoparticles coated with biocompatible
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polymer and poly(lactide-co-glycolide) (PLGA) have been developed to overcome

the low sensitivity of an MRI modality as compared to those of PET and SPECT.

PLGA can be broken down into nontoxic materials and metabolized in the human. In

addition, degradation of PLGA can be controlled by the ratio of PLA (poly[lactic

acid]) to PGA (poly[glycolic acid]) which makes it a good carrier of sold drug

nanoparticles for controlling their release. The migration of DCs labeled with dual-

functional PLGA nanoparticles through lymphatic drainage was detected by real-

time NIR fluorescence imaging and the homing of DCs into lymph nodes was tracked

through noninvasive MRI techniques (from footpad to the lymph node). Both

migrated and non-migrated DCs were detected by NIR fluorescence imaging

2 days after the cell transplantation (1 � 106 cells) [47].

Christian et al. developed near-infrared emissive and fully biocompatible

polymersomes (NIR-OBs) which contain poly(ethylene oxide (1,300)-b-butadiene
(2,500)) (OB) and porphyrin-based NIRF (oligomeric (porphinato) zinc(II) chro-

mophore). In order to optimize the intracellular delivery of NIRFs and HIV-derived

Tat, a highly cationic peptide shown to enhance cellular delivery of nanoparticles

were combined to the polymersomes [48–50]. Labeling DCs with Tat-NIR-emis-

sive polymersomes allows for tracking both intravenously and subcutaneously

injected DCs in the popliteal lymph node (Fig. 4).

DCs labeled with a bimodal imaging nanoprobe containing IRDye800-coated

perfluoroctyl bromide (PFOB) and nanoemulsions were used both in vitro and

in vivo. When the DCs were injected subcutaneously into the mice, 1H-based

Fig. 3 NIR fluorescence images of mice bearing an EGFR positive tumor (MDA-MB-468) and

EGFR negative tumor (MDA-MB-435) after being injected with EGF-Cy5.5 [45]. Reproduced

with permission from Ke et al. [45]
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MRI provided a whole-body image whereas the 19F-based MR imaging technique

showed only signals generated from the injected DCs labeled with IRDye800-

coated PFOB nanoemulsion (Fig. 5).

3.3.2 T Cells Tracking

A HSV1-sr39TK reporter gene was transduced into T cells by retroviral injection

for monitoring T-cell antitumor responses and the labeled cells were administrated

into mice bearing an antigen-positive tumor. The migration of labeled T cells was

visualized with 18F-FHBG under a PET camera [53].

HIV-derived Tat peptides have been attached to highly derivatized CLIO

particles in order to achieve efficient intracellular labeling of CTLs [33, 54–56].

The feasibility of using MRI to monitor T-cell homing in vivo after administration

Fig. 4 Tracking of migrating Tat-NIR-emissive polymersomes-labeled DCs in vivo after admin-

istration [51]. Reproduced with permission from Christian et al. [51]
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was studied by injecting FITC-CLIO-Tat-labeled T cells intravenously. Homing of

T cells into the spleen and the biodistribution of FITC-CLIO-Tat-labeled T cells

in vivo were monitored by MRI [57].

A physiologically inert nanoparticle (highly derivatized CLIO nanoparticle;

CLIO-HD) has been developed for labeling of a variety of cell types that now

allows for in vivo MRI tracking of systemically injected cells at near single-cell

resolution. Kircher et al. have displayed the utility of MRI cell tracking in immu-

notherapy with CD8+ CTLs labeled with CLIO-HD by high-resolution imaging of

T-cell recruitment to intact tumors in vivo for the first time. B16-OVA melanoma

and CLIO-HD-labeled OVA-specific CD8+ T cells were used and it was revealed

that CLIO-HD is uniquely suited for quantitative and repetitive MRI of T cells

following adoptive transfer in vivo (Fig. 6).

T cells are also labeled ex vivo with a PFPE nanoparticle tracer agent, transferred

and detected in vivo using 19F MRI that selectively visualizes only the labeled cells

with no background signals whereas 1H MR images taken simultaneously provide

anatomical information. In vivo 19F MRI data showed transferred T cells homing to

the pancreas and a computational algorithm provided T cell counts in the pancreas.

Both unambiguous detection of labeled cells and quantification have become directly

PFOB

PFOB

19F-MR / NIR Bimodal Imaging Nanoprobe

IRDye800

F F F

F

F F F F F F F F

Br

FFFFF

Pseudo-color image 1H-image 19F-image

e f g

Fig. 5 Bimodal imaging of a mouse injected with DCs labeled with IRDye800-coated PFOB

nanoemulsions and monitored by an NIR image and 19F-based MR image [52]. Reproduced with

permission from Lim et al. [52]
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possible from the in vivo images produced by this technique. The labeling procedure

did not affect the ability of T cell migration in vivo and, therefore, it can potentially

be used for monitoring the trafficking of cellular therapeutics [58].

3.3.3 NK Cell Tracking

NK cells also hold promise for cell-based therapies as they exhibit high cytotoxic

activity on multiple malignancy types, while sparing normal cells. In fact, NK cell-

based therapy by adoptive transfer of ex vivo expanded and activated autologous or

donor-derived cytotoxic NK cells are currently being clinically trialed (e.g., NCI

study NCT00376805) and, therefore, advancement in molecular imaging has

gained tremendous attention.

The initial attempts of NK cell tracking in tumors came from PET studies of the

localization of IL-2A activated NK cells labeled with [11C] methyl iodide in Fall

sarcoma tumor-bearing mice. These showed an accumulation of 4–30% of the

activated NK cells post injection [59].

GFP-luc transfected NK cells in A-20 lymphoma xenografts were monitored by

bioluminescence imaging. The luminescent signal from a genetic modification

remains stable for a long time after administration. After the injection of GFP

positive NK cells (5 � 106) in mice, a decrease in tumor mass was observed at day

12 [60].

NK cells labeled with iron oxide-based contrast agents (Ferumoxides and

Ferucarbotran) were used to monitor the in vivo accumulation of HER2/neu targeted

NK-92 cells to HER2/neu-positive breast sarcomas using MR imaging at clinically

applicable fields of strength. A novel molecular imaging study demonstrated SPIO

linked a genetically modified NK-92 cell line, NK-92-scFv(FRP5)-zeta, targeted

Fig. 6 Monitoring time course of CLIO-HD OT-I CD8+ T cell homing to B16-OVA tumor by

MRI [33]. Reproduced with permission from Kircher et al. [33]
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malignant cells over-expressingHER2/neu.MR imaging of SPIO-labeledNK-92-scFv

(FRP5)-zeta cells offers distinct and long-lasting recognition of HER2/neu-positive

tumors in vivo (Fig. 7). Despite its high cost, MR imaging would be immediately

applicable in clinics and thus deserves special attention.

Lim and colleagues labeled NK92MI cells with anti-CD56 antibody conjugated

quantum dots (QD705) and tracked the labeled cells for 12 days by optical imaging.

The authors observed stable cell labeling of QD705 over a period of months as well

as decreased size of tumors that were treated with NK92MI cells compared with

controls (Fig. 8). Again the characteristics of QDs such as high quantum yield, high

sensitivity, stability, and a very narrow excitation and emission spectrum makes

them ideal for the function of molecular imaging probes.

Fig. 7 MR imaging of ErbB2

directed SPIO-labeled NK

cells [61]. Reproduced with

permission from Daldrup-

Link et al. [61]

Fig. 8 NIR fluorescence imaging for tracking NK cells labeled with antibody-coated QDs in mice

[62]. Reproduced with permission from Lim et al. [62]
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4 Concluding Remarks

The field of molecular imaging includes multiple disciplines such as cell biology,

biomedical engineering, chemistry, mathematics, medicine, pharmacology, and

genetics. It has been rapidly growing due to tremendous advances in imaging

instruments, imaging probes, and quantification methods which have helped eluci-

date molecular mechanisms in biology and medicine over the last decade. Applica-

tion of molecular imaging in immunotherapy has emerged as an active field of

investigation and shown great promise in preclinical models and greater efficacy in

clinical trials.

Rapid developments in imaging contrast agents, NIR fluorophores, isotopes,

novel disease-related biomarkers, and imaging hardware allow for efficient labeling

of therapeutic cells, specifically in vivo. This can provide visual and quantitative

information regarding location, activation status, biodistribution, and therapeutic

efficacy of the transplanted cells by visualizing noninvasively in the living subjects

at the cellular and subcellular level.

Advanced technology for novel, multimodal, biocompatible, and biodegradable

molecular imaging probes in combination with different imaging modalities may

overcome the limitation issues concerning sensitivities and resolutions and thus

could provide powerful tools for diagnostics, prognostics, and the treatment of

disease in patients over multiple time points. This would also mean a greater

potential to expand scientific discoveries from laboratory settings into therapeutic

tools in diverse clinical settings. As it is, much of the technology is still in the proof-

of-concept stages. The field of molecular imaging now faces the challenge of

overcoming the safety issues in regards to adjunct compounds, such as transfection

agents and immunogenicity in patients. These safety issues will need to be resolved

in order to move from animal studies towards human studies. Nevertheless, further

advances in molecular imaging technology will play a major role and shed new

light on the treatment of human diseases for many years to come.
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32. Hoehn M, Küstermann E, Blunk J, Wiedermann D, Trapp T, Wecker S, Föcking M, Arnold H,
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Optical Chemical Sensor and Electronic Nose

Based on Porphyrin and Phthalocyanine

Teerakiat Kerdcharoen and Sumana Kladsomboon

Abstract Recently, electronic nose (e-nose) has emerged as a viable technology to

detect and analyze various kinds of gases based on chemical gas sensor array and

pattern recognition. Researchers worldwide make their efforts to improve the

sensitivity and stability of the chemical gas sensors. Among the sensing and trans-

duction technologies, such as metal oxide, piezoelectric, organic semiconductor,

nano-composite and optical sensing, optical gas sensors present several advantages,

i.e., low energy consumption and high signal-to-error ratio, etc. Specifically, the

optical gas sensors based on optically active organic materials, e.g., metallo-

porphyrin (MP) and metallo-phthalocyanine (MPc) molecules, have recently

become very attractive and practically alternative because MP and MPc present

versatile and tunable optical spectra by changing the central metal atoms such as Zn

and Mg. For this type of gas sensors, an ordinary UV–Vis spectrophotometer can be

easily modified to be the transducing unit for optical e-nose measurement. The gas

sensing films were prepared by spin-coating and working by measuring the absorp-

tion spectral change under ambient conditions. A simple pattern recognition method

such as principal component analysis (PCA) was demonstrated to be very effective

for this e-nose system. The results from the PCA method indicate that both MP and

MPc materials were cost-effective choices for classifying various odors. Based on

the density functional theory (DFT) calculations, sensing mechanism of this type of

chemical sensors can be described in terms of the ion–dipole interactions between

the central metals of the sensing molecules and VOCs molecule.
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1 Introduction

Chemical gas sensor is a device that converts chemical properties of the odorants

into electronic signal. There are many types of chemical gas sensors, for instance,

conductometric, gravimetric (piezoelectricity), chemoresistor, and optical sensor.

Among these transduction techniques, optical measurement has been one of the

most popular choices due to its variety in the measurement of optical modes, for

example, absorbance, fluorescence, polarization, refractive index, and reflectance

[1, 2]. Metallo-porphyrin (MP) and metallo-phthalocyanine (MPc), which are the

organic compounds, have been very attractive sensing materials because their

absorption spectral changes upon exposure to volatiles are active in the visible

region [3]. Consequently, measuring the color changes within the absorption spectra

of these sensing materials can be done conveniently using standard instrument such

as UV–Vis spectrophotometer. Such equipment can be modified to incorporate gas

flow chamber, data acquisition, and processing, which finally leads to an optical

electronic nose system that can effectively discriminate organic compounds

(VOCs) in the aroma of food and beverages [4]. The optical e-nose system devel-

oped from a general UV–Vis spectrophotometer has thus become a promising new

technology for odor classification for food and agricultural industries.

This chapter is divided into six sections as follows: (1) introduction, (2) chemical

gas sensor, (3) a background on porphyrin and phthalocyanine, (4) e-nose system

based on UV–Vis spectrophotometer, (5) development of optical gas sensor, and (6)

odor classification based on principal component analysis (PCA).

2 Chemical Gas Sensor

e-Nose has become a new technology for odor classification by mimicking the

functions of the olfactory system in human. In the olfactory system, there are

millions of odorant receptors in the nasal working for odor detection. Signals
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from the odorant receptors are accumulated and transmitted to the brain by the

olfactory bulb. Then, the brain classifies the odor types using pattern recognition

based on the past memory. In turn, an e-nose system consists of a gas sensor array,

signal processing, and pattern recognition, reflecting the biological odorant

receptors, olfactory bulb, and brain, respectively [4]. The most important area in

the development of e-nose is to improve the sensitivity and stability of the chemical

gas sensors.

In contrast to biological nose that involves very complex biological and neural

process, odor sensing in e-nose is based on much simpler transduction techniques

such as electrochemical, optical, and gravimetric approaches. Electrochemical

transduction, as often implemented in the metal-oxide semiconductor gas sensor,

is the most popular technology due to its established advantages such as low cost,

compactness, and easy integration with integrated circuit technology. The most

used sensing material in the metal-oxide gas sensors is SnO2 thin film, as reported to

detect several industrial gases such as methane, H2, CO, H2S, and methanol [5, 6].

Metal-oxide gas sensors work at high temperature using additional electrical power

to supply the heater. Another electrochemical technology based on polymer/carbon

nanotube nanocomposites was introduced to allow measurement at room tempera-

ture [7]. Gravimetric transduction employs piezoelectric technique, usually known

as the quartz crystal microbalance (QCM), for sensitive mass measurement by

observing the change of oscillating frequency upon adsorption of the odorants on

the crystal surface. For example, Ding et al. reported a QCM-based device coated

with copper(II) tetra-tert-butyl-5,10,15,20-tetraazaporphyrin that is sensitive to

hydrocarbon gases, i.e., hexane, benzene, and toluene [8].

Organic semiconductor materials such as MP and MPc can work as gas sensor

based on the change in electrical or optical properties via charge transfer on their

surface. The possible sites for gas adsorption were found at the central metal atom

and the conjugated p-electron system. It was found that MP and MPc are very

versatile sensing materials for detection of a wide range of gases. For example,

four metallo-octaethyl porphyrins (with the metal atoms of Mn, Fe, Co, and Ru)

thin films were tested with four vapor samples such as 2-propanol, ethanol,

acetone, and cyclohexane by recording the reflected light intensity before and

after being exposed toward volatiles samples [9]. Blending of MP and MPc also

leads to enhancement of the sensor, as reported by Spadavecchia and co-workers

[10]. In their work, Zn(II) tetra-4-(2,4-di-tert-amylphenoxy)-phthalocyanine and

Cu(II) tetrakis (p-tert-butylphenyl) porphyrin blended thin film was used as the

sensing materials for detection of methanol, ethanol, and isopropanol vapors.

Spadavecchia et al. also proposed a very novel technique based on the optical

absorption using MP and MPc as sensing materials, in which it employs only one

sensor film to detect and classify several gases depending on their selectivity on

specific wavelength regions. Many research works have reported that MP and MPc

are very effective sensing materials for optical sensing due to their versatile and

tunable spectra based on variation of central metal and substituent of the

molecules [11, 12].
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3 Background of Porphyrin and Phthalocyanine

Porphyrin and phthalocyanine are organic compounds that present the strong

absorption spectra in the UV–Vis regions. Both porphyrin and phthalocyanine are

therefore used as common coloring compounds in the dye industry.

The structures of porphyrin and phthalocyanine basically consist of four pyrrole

units that produce a macrocycle as shown in Fig. 1a. The electronic structures of

both organic compounds can be varied by substitution of some peripheral positions

with side chains or replacement to the central atom with other metallic atoms (see in

Fig. 1b, c). MP and MPc present different electronic properties because of a little

but significant variation in the core molecular structures. The skeleton of MP has an

extended conjugation system with 24-p electrons leading to a wide range of

wavelengths for light absorption. MP presents the strong absorption spectra in a

region around 400 nm so-called Soret band or B band. The strong absorption band

in UV–Vis region had generally been interpreted in terms of p–p* transition

between bonding and anti-bonding molecular orbital [13, 14]. MPc presents the

absorption in two regions, e.g., around 300 and 700 nm. The first absorption band

(around 300 nm) is described as the transition of p-electron from the highest

occupied energy level to the lowest unoccupied level. The maximum absorption

band (around 700 nm) is produced from the resonating of p-electrons, which is the

free electron gas between two equivalent limiting structures [15].

Computational method based on density functional theory (DFT) at the B3LYP/

6-31G* level of theory was used to describe the interaction energies between

magnesium-tetra-phenyl-porphyrin (MgTPP) and gas molecules such as methanol,

ethanol, isopropanol, acetone, and acetic acid molecules.

Figure 2 plots the interaction energies between gas molecules andMgTPP versus

varying distance between the oxygen atom in gas molecule and the Mg atom in

Fig. 1 The molecular structure of (a) pyrrole, (b) metallo-porphyrin, and (c) metallo-

phthalocyanine
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porphyrin molecule. The interaction energies at the optimized distance indicate that

MgTPP presents the stable structure with gas molecules. The results reveal that

MgTPP has stronger interaction with methanol molecule at the optimized distance

of 2.375 Å than other molecules.

Effect from the substitution on the central metal atom in porphyrin was tested by

DFT calculation. The interaction energies (EInt), changes in energy gap (DEg), and

changes in NBO charges of MTPP (M ¼ Mg, Zn) were investigated as presented in

Table 1. The interactions between porphyrin and VOCmolecules are determined by

the metal atom site via the interactions of the p-electrons and the free electrons of

Fig. 2 Plot of interaction energies versus distance between oxygen atom in gas molecule and Mg

atom in MgTPP molecule
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the metal atom in porphyrin with the electrons of the VOC molecules. Hence,

electron transfer from the metal atom in porphyrin to an oxygen atom of the VOCs

molecule occurs when MgTPP/ZnTPP are in contact with the VOC molecule at the

optimized distance [16].

To useMP andMPc as optical gas sensor, thematerials have been fabricated as the

thin solid film on glass substrate. Measuring changes in the absorption or emission

spectra of the thin film is a convenient technique for the optical gas sensor. Various

derivatives of MP and MPc compounds have been fabricated to use as the gas

sensors. For instance, zinc-5,10,15,20-tetra-phenyl-21H,23H-porphyrin (ZnTPP),

manganese(III)-5,10,15,20-tetraphenyl-21H,23H-porphyrin chloride (MnTPPCl),

and zinc-2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (ZnTTBPc) were

widely used to detect NO2 [17, 18], VOCs, [19] and foods [20]. Figure 3 illustrates

the molecular structure of (a) ZnTPP, (b) MnTPPCl, and (c) ZnTTBPc.

4 e-Nose System Based on UV–Vis Spectrophotometer

An optical e-nose system consists of three basic components: a light source, sensing

materials or gas sensor, and a detector. In this system, a UV–Vis spectrophotometer

was used as the light source and light detector. All measurements were performed at

room temperature and at the normal incidence of the light beam. The gas sensing of

the organic thin films has been measured under the dynamic gas flow through a

home-built stainless steel chamber, equipped with quartz windows for optical

measurements as shown in Fig. 4. The carrier gas (in this case 99.9% nitrogen)

Table 1 The interaction energies; EInt (kcal/mol) at the optimized distance; D (Å), change in

energy gap (MgTPP ¼ 2.82 eV and ZnTPP ¼ 2.91 eV); DEg (eV), and the change in NBO charge:

for MgTPP at magnesium (1.70153 a.u.), nitrogen (�0.73441 a.u.); for ZnTPP at zinc (1.61282 a.

u.), nitrogen (�0.71875 a.u.); for VOCs at oxygen atomic site (methanol; O �0.741 a.u., ethanol;

O �0.759 a.u. and isopropanol; O �0.753 a.u., acetone; O �0.540 a.u. and acetic acid;

O �0.591 a.u.) atomic site [16]

Interaction of D (Å) EInt (kcal/mol) DEg (eV)

Delta NBO charge of

Metal O N

MgTPP with

Methanol 2.375 �9.92 0.105 +0.001 �0.045 +0.024

Ethanol 2.50 �8.37 0.098 +0.002 �0.041 +0.022

Isopropanol 2.25 �7.83 0.102 +0.003 �0.040 +0.023

Acetone 2.375 �7.61 0.117 +0.001 �0.065 +0.028

Acetic acid (Fig. 2f) 2.375 �7.91 0.099 +0.004 �0.060 +0.026

ZnTPP with

Methanol 2.375 �5.79 0.121 +0.036 �0.046 +0.010

Ethanol 2.50 �5.66 0.104 +0.031 �0.035 +0.007

Isopropanol 2.50 �5.97 0.103 +0.031 �0.039 +0.010

Acetone 2.50 �4.08 0.109 +0.034 �0.047 +0.010

Acetic acid (Fig. 2f) 2.50 �3.89 0.114 +0.034 �0.048 +0.011
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was supplied into the sample bottle that was immersed in a heat bath. The sample

vapor was evaporated from the surface of the liquid sample and carried by the

nitrogen gas. The gas flow was controlled by solenoid valve to switch between the

reference gas and the sample gas every 10 min. The rate of gas flow was controlled

by the flow meter. The absorption spectra of the organic thin film were collected by

the UV–Vis spectrometer for every 1 s based on the function of the DAQ card.

Figure 5 shows the architecture of a data processing system of this optical e-nose

system, starting with a flow of different VOC vapor into the gas sensor that

fabricated from MP and MPc compounds. Then the absorption spectra from the

UV–Vis spectrophotometer were collected for different sample vapors, comparison

with the spectra of the unexposed films. The features extracted from the sensing

signal were prepared for further pattern recognition process (in this case, PCA).

Then the new data set was presented in the new orthogonal axes or principal

components (PCs) such as the first PC (PC1) and the second PC (PC2), which are

linear combinations of the original axes. The first PC carries most of the data

variance, hence the most important information about the data [12].

5 Development of Optical Gas Sensor

To fabricate the optical gas sensor, MP and MPc must be deposited in the form of

solid thin film. There are many fabrication techniques for preparing the thin film,

for example, solvent casting, Langmuir–Blodgett, self-assembled monolayer,

Fig. 3 Molecular structures

of (a) ZnTPP, (b) MnTPPCl,

and (c) ZnTTBPc

Optical Chemical Sensor and Electronic Nose Based on Porphyrin and. . . 243



electropolymerization, and spin-coating techniques [21–23]. Among these fabrica-

tion techniques, spin-coating has been the cost-effective technique to produce

regular sensing layers with moderately controllable thickness [24]. Therefore,

spin-coating has been widely applied in the field of sensor technology.

In this work, the optical gas sensor uses standard UV–Vis spectrophotometer to

measure absorption change when the sensing thin film interacts with the sample

vapor. The absorption spectra were divided into several regions based on the

response to VOCs. Thus, each sensing material yields different response at different

spectral regions [3]. For example, the absorption spectra of MgTPP can be divided

into six regions (R) such as R1: 300–370, R2: 370–410, R3: 410–490, R4: 490–555,

R5: 555–610, and R6: 610–800 nm. For ZnTPP, the spectra can be divided into R1:

300–360, R2: 360–425, R3: 425–460, R4: 460–550, R5: 550–615, and R6:

615–800 nm) [16]. The gas sensing responses (S) can be calculated from Eq. (1):

S ¼ DA=ABase (1)

where DA is the difference of the integrated area within a specific range of

absorption spectra between the sample (A) and reference (ABase).

Fig. 4 Schematic diagram of the UV–Vis spectrophotometer setup

244 T. Kerdcharoen and S. Kladsomboon



5.1 The Effect of Thickness in Gas Sensor Thin Film

To prepare an efficient chemical gas sensor, the thickness of the thin film must be

controlled and optimized. The thickness of the film depends on the concentration of

the solution and the spin speed of spin-coating. Hence, the effect of spin speed to

the MgTPP spin-coated thin film was tested by using methanol and ethanol vapors

as the analyte gases [25]. In this experiment, MgTPP was prepared by spin-coating

at the spin speeds of 500, 1,000, and 1,500 rpm and subjected to thermal annealing

process. MgTPP thin films spun at lower speed have higher thickness, as revealed

by atomic force microscopy. For instance, a typical thickness of the film spun at

500 rpm is 600 nm which decreases to 400 and 200 nm when the rotation speed

increases to 1,000 and 1,500 rpm, respectively. Specifically, the spinning speed of

1,000 and 1,500 rpm produces stable thin films that yield almost equivalent sensing

properties as shown in Fig. 6.

Fig. 5 The architecture of a data processing system for the optical electronic nose
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5.2 The Effect of Treatment Process in Gas Sensor Thin Film

There have been many research that report the processes to increase the sensitivity

of gas sensors such as thermal treatments of cobalt–porphyrins–SnO2 thin film [26]

and solvent-vapor treatments of aluminum phthalocyanine chloride and lead phtha-

locyanine thin films [27, 28]. Thus, MgTPP thin films undergoing different

treatments, i.e., thermal and solvent-vapor treatments were compared in the sensing

properties to methanol and ethanol vapors [29]. In Fig. 7, the AFM results indicate

larger grain sizes for both treated films, which result from molecular crystallization.

The average roughness of the spin-coated film was about 2.83 nm. After thermal

and solvent-vapor treatments, the grain size is 41.7 and 41.4 nm, respectively.

Fig. 6 The average gas sensing responses of MgTPP thin films with methanol and ethanol vapors

by varying the speed of spin-coating
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The UV–Vis absorption spectra of these thin films are shown in Fig. 7. The intensity

of the main peak of the as-deposited MgTPP thin film located at 433 nm reduced

after the film treatment.

In Fig. 8, it can be seen that both types of treated MgTPP films present a good

sensing response with methanol for all six ranges, whereas the thermally treated

film is more efficient to detect all types of VOCs, namely, methanol and ethanol.

5.3 The Effect of Central Metal Atom in Porphyrin

The effect of central metal atom in porphyrin has been interested by many research,

e.g., molecular modeling of Mg- and Zn-porphyrins. The calculation results con-

firm that the optimized structures of these porphyrins are dependent on the central

metal atomic size [30].

Fig. 7 UV–Vis absorption spectra and AFM images of the spin-coated thin film (spun at

1,000 rpm and concentration of 10 mg/mL) of (a) as-deposited, (b) methanol-vapor treated, and

(c) thermally annealed MgTPP thin film
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The effect of the central metal atom in porphyrin gas sensor was investigated

experimentally as shown in Fig. 9. In this experiment, it was shown that both

MgTPP and ZnTPP films express more sensing response to methanol than other

alcohols. It can be seen that MgTPP is more selective to methanol comparing to

ZnTPP. Thus, ZnTPP expresses higher response to ethanol and isopropyl alcohol

than MgTPP [16].

5.4 The Hybrid Gas Sensor by Mixed Layer MP and MPc

The spin-coated thin films of MP and MPc are widely used as opto-chemical

sensing materials because of their absorbance in the UV–Vis regions and their

absorption spectral changes upon exposure to various vapor such as alcohols [24],

amines, hexylamine, and octylamine [31]. The strongest response for porphyrin gas

sensors corresponds to the Soret band or main peak of absorption spectra, indicating

the p–p* transition between bonding and anti-bonding molecular orbital in the

porphyrin compounds [32]. Thus, the hybrid gas sensor between MP and MPc has

Fig. 8 The gas sensing responses (S) of MgTPP films under switching sample/reference gases, (a)

thermally treated film, and (b) methanol-vapor treated film (R1: 300–360 nm, R2: 360–425 nm,

R3: 425–510 nm, R4: 510–600 nm, R5: 600–650 nm, R6: 650–800 nm)

248 T. Kerdcharoen and S. Kladsomboon



Fig. 9 The average gas sensing of MgTPP annealed film and ZnTPP spin-coated film
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been investigated because MP and MPc present the main peak of absorption spectra

in the different wavelength regions. To prepare the hybrid gas sensor thin film,

ZnTPP, MnTPPCl, and ZnTTBPc were obtained from Sigma-Aldrich. The mixed

solution of ZnTPP/MnTPPCl/ZnTTBPc was obtained from a 3 mL of chloroform

solution that was composed of 5 mg of ZnTPP, 10 or 15 mg of MnTPPCl, and

12 mg of ZnTTBPc. Then the blended ZnTPP/MnTPPCl/ZnTTBPc spin-coated

thin films were obtained by spinning at 1,000 rpm for 30 s. The optical absorption

spectra of thin films were recorded by the e-nose setup (Fig. 4).

The absorption spectra of the ZnTTBPc/ZnTPP/MnTPPCl spin-coated thin films

are shown in Fig. 10. The hybrid thin films show main peaks at 346, 428, 483, 622,

and 696 nm, in accordance with the main peaks of the MP and the MPc. Then we

divided the absorption spectra into five regions around each of the main peaks:

300–400 (R1), 400–460 (R2), 460–530 (R3), 530–655 (R4), and 655–800 nm (R5).

Figure 11a shows the average gas sensing of ZnTTBPc, ZnTPP, and MnTPPCl

spin-coated thin films to 10 mol% of alcohols vapor in the nitrogen gas. The

concentration of alcohols vapor was controlled by the heat bath and calculated

from the weight loss of the alcohols in the sample bottles. Methanol shows the

highest sensing response amongst the alcohols. ZnTPP and MnTPPCl exhibit no

response to ethanol and isopropanol alcohol in the region R3. The hybrid layer of

ZnTTBPc/ZnTPP/MnTPPCl displays responses to all types of alcohols as shown in

Fig. 11b, c. Overall the results indicate that the hybrid spin-coated thin films

fabricated from 12 mg of ZnTTBPc, 5 mg of ZnTPP, and 15 mg of MnTPPCl in

a 3 mL of chloroform show the good sensing response with alcohol vapor.

Fig. 10 Optical absorption spectra of (a) the ZnTTBPc, ZnTPP, and MnTPPCl spin-coated film

and (b) the mixed layer of ZnTTBPc/ZnTPP/MnTPPCl spin-coated film
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6 Odor Classification Based on PCA

The PCA is a multivariate data analysis method that has been widely used as a

pattern recognition algorithm in most e-nose systems to discriminate different

VOCs, e.g., alcohols, toluene, methylethylketon, soft drinks, and alcoholic

beverages [33–35].

Figure 12 shows PCA plots in the two dimensions as related to the sensing signal

from the hybrid layer of ZnTTBPc/ZnTPP/MnTPPCl spin-coated thin film based on

Fig. 11 The average gas

sensing of (a) ZnTTBPc,

ZnTPP, and MnTPPCl,

(b) hybrid layer of ZnTTBPc:

ZnTPP:MnTPPCl (12:5:10)

and (c) hybrid layer of

ZnTTBPc:ZnTPP:MnTPPCl

(12:5:15) spin-coated thin film
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the optical absorption technique [36]. The results show that these hybrid materials

can classify three types of alcohol, namely, methanol, ethanol, and isopropanol

(Fig. 12a). These optical sensors separate the ethanol vapor from the other VOCs,

methyl benzoate, acetone, and acetic acid (Fig. 12b). Furthermore, the classification

of the different volume of ethanol in water was tested with the hybrid gas sensor.

The ratios between ethanol and water were varied by changing the volume of

ethanol and in water. The PCA calculation can separate the different volume of

ethanol and in water from 0% to 100% (see Fig. 13).

The separation between 0% and 100% ethanol is shown clearly in PC1 axis

direction. The PC1 axis, which is the highest variance value of principal coordinates

Fig. 12 PCA two-dimensional score plot related to the five arrays of hybrid gas sensor

corresponding to (a) three types of alcohol vapor and (b) VOCs vapor
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(81.67%), represents the most important information of the data set [37]. The data

set of 100% ethanol is located at the left-hand side of Fig. 13 while the data set of

0% ethanol (or 100% water) is located at the right-hand side of Fig. 13. It can be

concluded that PCA is an effective statistical method in the electronic nose system

to classify the group of odor. This method presents a high efficiency and a low

demand on computing power in the system. Consequently, these results confirm

that the optical electronic nose system based on the three types of organic

compounds should be highly effective for discriminating VOCs and applicable to

qualitative measurements of foods and beverages.
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Nanotechnology to Improve Detection Sensitivity

for Electrochemical Microdevices

Masatoshi Yokokawa, Daisuke Itoh, and Hiroaki Suzuki

Abstract With the increase in demands and applications, techniques to create

electrochemical microdevices have made a remarkable progress over the last four

decades. Key components of the electrochemical devices are electrodes that are

easily fabricated by microfabrication techniques. Because of this, miniaturization,

batch-fabrication, and integration with other components can easily be realized.

This is a contrast to devices based on other detection principles. Miniaturization of

the devices also brings with it additional advantages such as very small consump-

tion of sample and reagent solutions, rapid mixing, and parallel processing. On the

other hand, however, a challenging issue we often encounter is that it becomes

increasingly difficult to maintain the performance that has been achieved by con-

ventional electrochemical devices used in laboratories. To cope with the problem,

nanotechnology provides good solutions. Numerous papers have been published to

demonstrate the effectiveness of nanotechnology. Therefore, it is impossible to

cover all the contents. However, a convincing conclusion is that nanotechnology

really has surprising effects on sensing performance. With the wealth of knowledge

of nanotechnology, their application to microfabricated devices will be the subject

of the next stage. In this chapter, nanotechnologies applicable to the improvement of

the performance of existing microfabricated electrochemical devices will be

introduced. Although various techniques have been developed for single indepen-

dent electrodes, those that may be difficult to apply to microfabricated devices are

excluded. On the other hand, those that are applicable to nanoelectrodes are

included.
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1 Microelectrodes and Nanoelectrodes

1.1 Properties of Independent Micro-/Nano-electrodes

To realize highly sensitive detection in a solution of a very small volume,

microelectrodes are effective [1, 2]. Typical dimensions of reportedmicroelectrodes

are from tens of mm down to sub-mm. Actually, however, there is no clear-cut

boundary, and a microelectrode should refer to an electrode whose characteristic

dimension is comparable with or smaller than the diffusion layer thickness [3]. The

thickness varies as time elapses, which also affects electrode behavior. Here, let us

suppose that a sufficiently large overpotential is applied to a microdisk electrode to

oxidize or reduce a compound. The diffusion of the molecules to the electrode is

quite different from that observed with electrodes usually used in laboratories. With

a planar electrode of the mm order for example, the analyte molecules are depleted

at the electrode surface and diffuses uniformly from the bulk of the solution to the

electrode surface except for the edges of the electrode. On the other hand, with the

microelectrode, analyte molecules move towards the electrode along the concentra-

tion gradient in the diffusion layer (Fig. 1).

The enhanced diffusion brings with it some advantages. These include a current

increase, increase in the signal-to-noise ratio, fast establishment of the steady-state

signal, and reduction of the influence of solution resistance [3]. As the size of the

electrode decreases, the double-layer capacitance also decreases. This results in

the reduction of charging current, which is beneficial in conducting a voltammetric

analysis by scanning electrode potential.
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In cyclic voltammograms observed with an electrode of the mm order, for

example, redox peaks are observed at scan rates usually used in electrochemical

analyses (Fig. 2a). The peaks appear because the rate of mass transport is smaller

than that of electrolysis at higher overpotentials, and the molecules that are subject

to the electrode reaction continue to decrease in the vicinity of the electrode. On the

other hand, with a microelectrode, a sigmoidal curve is observed under a typical

condition (Fig. 2b). It should be noted that the shape of the voltammogram also

depends on the scan rate of potential. With a very large scan rate, even the

microelectrodes show peak-shaped voltammograms. On the other hand, at a very

low scan rate, or in a long time scale, even larger electrodes show sigmoidal

curves [1].

Fig. 1 Diffusion of analyte molecules to a planar electrode of the mm order (a) and to a

microelectrode (b). (c) Microelectrode array. (d) Interdigitated microelectrodes and redox cycling

Fig. 2 Cyclic voltammograms observed with an electrode of the mm order (a) and with a

microelectrode (b)
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As mentioned, the microelectrodes have fascinating and excellent properties.

However, a problem is its very small current. To solve this problem, microelectrode

arrays have been used. In the following discussions, a group of electrodes with

controlled shape, dimensions, and an ordered spacing is called an array, whereas a

group of electrodes with a random spacing will be called an ensemble. Some

geometrical variations are found for the arrays. One is an array of circular

electrodes. The other is a row of thin strips of electrodes. The diffusion profile of

a microelectrode array shown in Fig. 1c is influenced by the relative interelectrode

spacing d/r, where d is the center to center distance and r is the radius of the

electrode. With large d/r, the diffusion of the electroactive species to each electrode
remains independent of all others. In this case, the limiting current is expressed as

the sum of current generated on all the electrodes in the array. On the other hand,

with the decrease in d/r, the diffusion layers overlap, and the diffusion profile

approaches that of a uniform diffusion observed with a macroscopic electrode

with the same geometric area. Although the diffusion is apparently the same as a

macroscopic planar electrode, it should be noted that there is a significant difference

between the microelectrode array and a macroscopic planar electrode. Because the

background and capacitive currents change in proportional to the active area, they

are reduced significantly with the microelectrodes. Consequently, substantial

improvement in signal-to-noise (SN) ratio and Faradaic-to-capacitive current ratios

is achieved with the microelectrode array.

1.2 Redox Cycling

Although the micro/nanoelectrodes themselves are very effective to improve the

detection performance, a more fascinating feature called redox cycling can be

realized by using two groups of microelectrodes [4]. An orthodox configuration is

an interdigitated electrode array (IDA) that consists of a pair of fingers called a

generator and a collector. They are held at appropriate different potentials (Fig. 1d).

An electroactive analyte undergoes oxidation or reduction on the generator then

diffuses to the collector where the analyte undergoes a reverse reaction. The species

then diffuses back to the generator, and the cycle is repeated. This results in

significant amplification of signal.

The array of micro/nanoelectrodes is not necessarily planar. Figure 3 shows a

circular microcavity containing an addressable recessed microdisk gold electrode

formed at the bottom and a tubular nanoband gold electrode on the vertical

microcavity wall [5]. The microcavity consisted of layers (Fig. 3) consisting of

gold layers with a chromium adhesion layer and polyimide insulating layers. The

electrodes were separated from each other by 4 mm. The electrode structure was

used to cause redox cycling. With this method, electrodes and spacing of the nm

order can easily be realized. On the other hand, increasing the number of electrodes

will be a tough work.
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Another approach that has a potential to achieve significantly higher amplifica-

tion is to use a nanocavity [6–9]. A pair of electrodes is located at the bottom and

ceiling of a cavity with a height of the nm order. In this device, the electrodes can be

simple planar electrodes. Redox cycling occurs between the electrodes facing each

other in the nanocavity (Fig. 4).

Although the device uses a nanocavity, the method of formation of the structures

is based on the conventional photolithography and micromachining [6–9]. First, the

bottom electrode is formed on a substrate (Fig. 4a). Then, a pattern of a sacrificial

Fig. 3 Redox cycling in a microcavity with a recessed microdisk electrode and tubular nanoband

electrodes

Fig. 4 Fabrication of a nanocavity with a pair of electrodes located at the bottom and ceiling

(a–d). (e) Redox cycling caused between the electrodes
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layer such as photoresist, chromium, or amorphous silicon is formed on the

electrode pattern (Fig. 4b). After the top electrode is formed on the sacrificial

layer, an insulator layer is formed on the entire structure. Through-holes are formed

in the insulating layer to remove the sacrificial layer and to inject a solution to be

analyzed (Fig. 4c). Finally, by etching the sacrificial layer away by immersing the

structure in an appropriate etchant, the electrode structure separated by a distance of

the nm order is formed (Fig. 4d, e). When in use, the nanocavity is filled with an

analyte solution and appropriate potentials are applied to the electrodes. Because of

the short distance between the electrodes, nearly 100% of the generated product is

cycled between the electrodes. With this approach, redox cycling was significantly

enhanced, which realized the detection of a few hundred molecules [7].

Redox cycling not only brings with it the amplification of current but also brings

additional advantages. In amperometric detection, the interference by electroactive

compounds such as L-ascorbic acid, uric acid, and dissolved oxygen poses a

problem. However, when the reaction for the analyte is reversible and that for the

interferent is irreversible, redox cycling occurs only for the analyte, which

suppresses the influence of the interferent relatively.

Redox cycling caused on IDAs has been used for the detection of proteins and

DNAs. To couple the molecular recognition of probe molecules to electrochemical

detection, the probe molecules are modified with an appropriate enzyme that

produces electroactive molecules. One of such enzymes is alkaline phosphatase.

This enzyme converts p-aminophenyl phosphate (PAPP) into electroactive

p-aminophenol (PAP). PAP is oxidized into quinoneimine, which is also

electroactive. In some reported cases, IDAs of the sub-mm order have been used

to cause redox cycling for this purpose. The technique has been used for the

detection of bacteriophages [10, 11], DNA [12], and RNA [12, 13]. An advantage

of electrochemical devices is the integration of components. In some of the above-

mentioned cases, simultaneous detection of different target molecules on an array

of detection sites has been demonstrated (Fig. 5a) [14].

Fig. 5 Chip with multiple detection sites. (a) Top view of the chip. (b) Magnified view of an IDA

electrodes. (c) Detection of a target DNA. The DNA binds to a probe DNA linked to the IDA

electrodes. Then, the target DNA is enzyme-labeled. A reaction product of the enzymatic reaction

p-aminophenole (p-AP) is detected by redox cycling. With kind permission from Springer Science

+Business Media: [14]
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2 Activation of Electrodes Using Nanostructures

2.1 Activation of Electrode Reactions

Faradaic currents that originate from kinetically controlled electrochemical

reactions depend on the real surface area of the working electrode rather than the

geometric area. Therefore, by increasing the surface area by some orders of

magnitude, the Faradaic current of a sluggish reaction can be enhanced. To this

end, nanotechnology offers an excellent solution.

Hydrogen peroxide is often detected in biosensors that use enzymes categorized

as oxidases. For biosensing, improvement of sensitivity is often required. To

activate the surface of a platinum electrode and improve detection sensitivity, a

relatively easy and effective method is to use platinum black. The platinum black is

formed by electrodepositing platinum from a solution containing chloroplatinic

acid. The platinum black has been used for the hydrogen electrode used for the

reference electrode. Without the platinum black, the reversible potential of the

hydrogen electrode is not expected. For H2O2, a significant improvement in

the sensitivity has been observed [15]. Another effective structure is mesoporous

platinum [16]. The structure is formed by depositing platinum using the three-

dimensional structure of lyotropic liquid crystal phases. Voltammograms obtained

with an ordinary planar platinum electrode do not exhibit well-defined plateaus for

the oxidation and reduction of H2O2, which suggests that the response is under

mixed kinetic and diffusion control [16]. Furthermore, linearity of the calibration

plot is poor with the ordinary platinum electrode particularly at higher con-

centrations. This problem has also been solved with the mesoporous platinum and

the lower detection limit has also been reduced compared with the conventional

platinum electrode.

Glucose is one of the critical target analytes for biosensors. Although numerous

papers have been published with regard to enzymatic biosensors, an inherent

problem in biosensors in general is long-term stability. To solve this problem,

non-enzymatic glucose sensors with nanostructures have been proposed. As

demonstrated for the detection of hydrogen peroxide, porous structure of platinum

is also effective to enhance direct oxidation of glucose [17]. Ordered porous

platinum structure can be formed by depositing platinum through cdse-cds crystal-

line template (Fig. 6a–c) and dissolving the template in hydrofluoric acid (Fig. 6d).

A significant increase in Faradaic current originating from the oxidation of glucose

has been observed. The response of the electrode showed unique pH dependence

with a maximum around pH 9.

Nanostructures can be formed in a variety of other methods. Ordered array of

cylindrical platinum mesopores can be obtained by electrodepositing platinum

within the aqueous domains of the liquid crystalline phases of oligoethylene

oxide nonionic surfactants and removing the surfactant by rinsing with a large

volume of deionized water [18]. Highly ordered platinum nanotube arrays have also

been used for the direct oxidation of glucose [19]. The platinum nanotube arrays
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were fabricated by electrodeposition of platinum in the pores of porous anodic

alumina template. In these electrodes, the oxidation of glucose was enhanced with

the increase in roughness factor. Furthermore, decrease in the influence of

interferents such as L-ascorbic acid, uric acid, and p-acetamidophenol has been

reported. Also, the electrode showed stable responses in the presence of chloride

ions, which can be a cause of poisoning for noble metal electrodes.

Carbon nanotubes (CNTs) have also been used to improve the sensing perfor-

mance. They are classified into single- and multi-walled tubes. The diameter of the

former is typically 0.4–3 nm, whereas that of the latter ranges between 2 and

100 nm. The single-wall CNTs (SWCNTs) consist of a single cylindrical graphene

sheet capped with hemispherical ends. The multi-wall CNTs (MWCNTs) consist of

several to tens of concentric cylinders. Depending on the chirality of wrapping,

CNTs show metallic or semiconducting properties.

Electrodes with a CNT/Nafion coating showed significant enhancement of

sensitivity towards hydrogen peroxide and catecholamines [20]. Furthermore, the

influence of interferents was suppressed significantly. Hrapovic et al. used

SWCNTs and platinum nanoparticles immobilized with Nafion [21]. When com-

pared with electrodes with only the CNTs or platinum nanoparticles, significantly

larger current was observed. Also, due to the perm-selective nature of Nafion, no

detectable responses were observed with L-ascorbic acid and uric acid of physio-

logical concentrations.

An ensemble of MWCNTs also enhances direct oxidation of glucose in alkaline

media [22]. The influence of poisoning by chloride ions was not observed. However,

the influence of L-ascorbic acid and uric acid could not be eliminated completely.

Enhancement of sensitivity is not limited to glucose.With single- ormulti-wall CNTs,

significant enhancement of sensitivity has also been reported for oxygen [23], dopa-

mine [24, 25], epinephrine [25], L-ascorbic acid [25], and NADH [26].

The electrochemistry of CNTs is a little complicated, and it will not be appro-

priate to regard them as simple long electrodes of the nm order. Experimental facts

accumulated up to now suggest that the open end of the MWCNT has a high

electron transfer rate but the sidewall presents a low electron transfer rate

[27, 28]. According to a recent report [29], however, the electrochemical activity

Fig. 6 Fabrication of the platinum microporous structure. (a–b) Deposition of SiO2 spheres on a

gold surface. (c) Electrodeposition of platinum into the interspace of the SiO2 template.

(d) Microporous platinum structure obtained after removing SiO2 spheres by wet etching
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of the parts of CNTs depends on the species to be analyzed and the existence of

oxygen-containing surface functionalities. The accumulation of evidence is still

necessary to reach the final conclusion.

Other than the CNTs, graphene sheets are beginning to be used for electrochemi-

cal devices, and have a potential to realize performance better than that of the CNT-

based devices [28]. However, because there are technical difficulties to handle them

at present compared with CNTs, the graphene-based devices are not addressed here.

2.2 Promotion of Direct Electron Transfer

Nanostructures have an effect to promote direct electron transfer between

biomolecules and an electrode. In many enzymes, redox centers are located in the

core of proteins. Therefore, direct exchange of electrons is often difficult. To

promote electron transfer, mediators or promoters have been used. However,

enzymes with capability of direct electron exchange facilitate fabrication of

biosensors. To this end, CNTs have been used because of the remarkable

electrocatalytic properties. With CNTs, there is a possibility to place them close

to the redox centers of the proteins. This is actually the case. In many of the reported

cases, a layer of single-wall or multiwall CNTs is formed on a base electrode by

casting a CNT solution and the redox proteins are just placed on it. CNT electrodes

have shown superior performance in promoting direct electron transfer with

glucose oxidase [30], cytochrome c [31, 32], horseradish peroxidase [33, 34],

hemoglobin [35], myoglobin [34], and microperoxidase [36], which was not

observed with only the base electrode.

As for the realization of direct electron transfer, various nanomaterials other than

CNTs have been tried, and numerous papers have been published. When improving

sensing performance using this approach, previous trials should be checked by

focusing on specific cases.

2.3 Activation of Electrochemiluminescence

Electrochemiluminescence (ECL) is generated by converting electrochemical

energy into radiative energy [37, 38]. Advantages of the ECL detection when

compared with fluorometry are excellent sensitivity and selectivity, broad dynamic

range, spatial controllability, low cost, and compatibility with separation

techniques. In particular, the most unique feature of ECL is that it can be initiated

and controlled by applying a potential to an electrode. Several different

mechanisms of ECL have been proposed: (1) annihilation ECL, (2) co-reactant

ECL, and (3) cathodic luminescence. Among them, most of the ECL systems have

been developed based on the co-reactant ECL. The co-reactant refers to a species to

produce reactive intermediates, which react with a luminophore to form excited
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states of the luminophore. As an example, a widely used mechanism of tris(2,20-
bipyridyl)ruthenium (II) (Ru(bpy)3

2+) and tri-n-propylamine (TPrA) system is

described in Fig. 7.

Here, Ru(bpy)3
2+ and TPrA are a luminophore and a co-reactant, respectively.

First, Ru(bpy)3
2+ is oxidized on the electrode. TPrA is also oxidized to produce a

strong reductant TPrA•. Then, TPrA• and Ru(bpy)3
3+ react to generate an excited

state (Ru(bpy)3
2+*) capable of emitting light. When the excited state returns to the

ground state, luminescence whose emission peak is at 620 nm is emitted.

Luminophores return to their initial state and can be used repeatedly, which is a

marked contrast to luminophores used for chemiluminescence. This multiple exci-

tation cycle amplifies the signal. On the other hand, the background signal is

minimal because the stimulation mechanism is decoupled from light. The emitted

light is detected using a commercial photomultiplier tube. The intensity of ECL

depends on the applied potential and on the concentration of Ru(bpy)3
2+ and TPrA.

To analyze nucleic acids, hybridization with DNA probes modified with ECL

luminophores has been used. Zhang et al. reported a unique approach to detect a

target single-strand DNA using a thiolated hairpin DNA tagged with Ru(bpy)3
2+

assembled on a gold electrode (Fig. 8a) [39]. The hairpin DNA and the target DNA

hybridize and form a rigid linear double-strand DNA (dsDNA), separating Ru

(bpy)3
2+ from the electrode. This results in the decrease of the ECL intensity,

which can be used for DNA sensing. The lower detection limit was 90 pM.

Intercalation of luminophore to dsDNA has also been used to enhance ECL.

[Ru(bpy)2dppz]
2+ (bpy¼ 2,20-bipyridine; dppz¼ dipyrido[3,2-a:20,30-c]phenazine)

itself emits negligible ECL. However, when it is intercalated into DNA, the ECL

intensity increases by a factor of ~1,000 [40]. With a DNA aptamer against ATP,

the ECL intensity decreases upon binding of ATP. With this technique, the lower

Fig. 7 Reaction mechanism of the Ru(bpy)3
2+/TPrA ECL system
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detection limit was 100 nM [40]. The idea of using a DNA intercalator as an ECL

fluorophore was further developed by Yin et al. (Fig. 8b) [41]. Their label-free ECL

aptasensor was constructed based on the intercalation of Ru(phen)3
2+ (phen¼ 1,10-

phenanthroline) into dsDNA formed with an aptamer and its complementary DNA.

Fig. 8 ECL-based immunoassay. (a) Detection of DNA hybridization using hairpin-DNA probes.

Reprinted with permission of [39]. Copyright 2008 American Chemical Society. (b) Detection of

thrombin using label-free ECL aptasensors. (A) Attachment of the anti-thrombin thiolated aptamer

to an electrode. (B) Formation of dsDNA with its cDNA. (C) Intercalation of Ru(phen)3
2+ into the

dsDNA. (D) Dissociation of dsDNA and release of Ru(phen)3
2+ accompanying the binding of

thrombin to its aptmer, resulting in the decrease of ECL. Reprinted with permission of [41].

Copyright 2009 American Chemical Society
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After the target molecule hybridized with its aptamer, the dsDNA dissociated and

the intercalated Ru(phen)3
2+ was released. The decrease in the ECL signal before

and after the target molecule binding was used to quantify the concentration of the

target molecule. For thrombin, the lower detection limit of 20 fM has been reported.

Unlike the other ECL methods, most of the quantum dots (QDs) ECL biosensors

are developed based on quenching, inhibition, or enhancement of ECL. Quenching

is caused by energy transfer between the excited QD and the analyte (or by-

products generated from the analyte) when they are in close proximity. Liu et al.

demonstrated an ECL quenching process of CdTe QDs and a new method to

quantify catechol derivatives, which are ECL quenchers, as analytes (Fig. 9a)

[42]. In the method, QD was excited by superoxide anion electrochemically

generated at an electrode surface. In the presence of catechol derivatives, such as

dopamine or L-adrenalin, energy transfer from the excited QDs to the catechol

derivatives occurs, resulting in a significant decrease of ECL emission. The lower

detection limit of dopamine was 50 nM.

Fig. 9 Quantum-dot-based ECL. (a) ECL from QDs (left) and quenching (right). Reprinted with

permission of [42]. Copyright 2007 American Chemical Society. (b) Synthesis of gold/silica/

CdSe-CdS nanostructures (left) and fabrication of the ECL immunosensor (right). [44] – Reproduced
by permission of The Royal Society of Chemistry

268 M. Yokokawa et al.



One of the advantages of QDs is the easiness of functionalization. Yuan et al.

reported signal amplification for ECL immunoassay [43]. In their system, cdse-cds

nanoparticles were used as cores, which were covalently bound with QDs via

polymer chains. The nanoparticles were further modified with antibodies to specifi-

cally bind target molecules. With the probe, the ECL measurement achieved 10

times as high sensitivity as that using unmodified QDs. The lower detection limit

was a few pg mL�1. As the other superstructure, a gold/silica/CdSe-CdS QD

superstructure, formed by coating CdSe-CdS QDs with gold nanoparticles coated

with SiO2, emits ECL that is 17-fold higher than that from pure CdSe-CdS QDs

(Fig. 9b) [44]. The structure was used for the detection of carcinoembryonic

antigen, and a lower detection limit of 64 fg mL�1 has been achieved.

Detection sensitivity of ECL is significantly improved by using a SWCNT forest

electrode. In the detection of a cancer marker, prostate specific antigen, that used

nanoparticle labels containing Ru(bpy)3
2+, 34-fold better sensitivity and 10-fold

lower detection limit have been achieved compared with cases that used a pyrolytic

graphite electrode [45]. CNT is also effective to enhance ECL from QDs. In the

detection of H2O2, significant enhancement of ECL has been observed by using a

CdS/CNT composite compared with the case without CNT [46].

In the detection of ECL using Ru(bpy)3
2+, it is anticipated that the sensitivity is

enhanced if Ru(bpy)3
2+ ions are concentrated in the vicinity of an electrode. To this

end, an effective approach is to use an ion-exchange polymer such as Nafion. With

only this structure, the increase in the intensity of ECL was actually observed.

However, by incorporating CNT further into this membrane, a 60-fold increase in

the ECL intensity has been observed [47], which has been explained by an open

structure realized accompanying the incorporation of CNT. Otherwise, co-reactants

of Ru(bpy)3
2+ can be concentrated on an electrode. In the enzymatic reaction of

acetylcholinesterase, thiocholine is produced from acetylcholine. Thiocholine

forms a monolayer on a gold electrode by gold-thiol bonding, which works as a

concentrated layer of co-reactants for Ru(bpy)3
2+ [48]. With antibodies labeled

with the enzyme, anti tumor necrosis factor-a (TNF-a) of the sub-pM order has

been detected by ELISA [48].

3 Fabrication of Nanoelectrode Arrays and Ensembles

The nanoelectrode structures discussed in previous sections are often similar.

Therefore, it will be beneficial to describe the fabrication in a separate section to

understand how these structures are formed. In this section, representative

techniques to form nanoelectrode arrays and ensembles will be described. These

techniques could be used independently or combined with other techniques to

improve the detection performance.
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3.1 Formation of Nanoelectrode Arrays by Electron-Beam
Lithography or Focused Ion Beam Milling

IDAs can be formed by electron beam lithography [49]. By reducing the dimensions of

the electrodes to the nm order, improvement of performance is expected. To realize it,

techniques that are different from those used for microscale devices are used.

For the fabrication of electrodes of the mm order, photolithography is an appro-

priate choice. However, fabrication of electrodes with smaller dimensions must rely

on other techniques. For electrodes of the sub-mm scale, electron-beam lithography

has been used. Interdigitated electrodes of the sub-mm order have also been

fabricated by deep UV lithography [50].

As a simple method, an array of nanoelectrodes can be formed by forming a

layer of resist on a metal layer and by forming an array of nanoholes by the

electron-beam lithography [51, 52]. Focused ion beam can also be used to form a

nanoband electrode array. A platinum electrode pattern is formed by conventional

photolithography and is passivated with a silicon nitride layer. Nano-scale openings

are formed by milling the silicon nitride insulating layer to the bottom so that the

underlying platinum is exposed (Fig. 10a) [53]. The exposed platinum areas work

as the nanoelectrode array. Nanopore array electrodes have also been fabricated by

this technique (Fig. 10b, c) [55].

By using additional techniques, the electrode size can be reduced further.

Anisotropic etching is a technique often used for silicon bulk micromachining.

This technique uses the difference in etching rates for various crystallographic

orientations. The resulting structure can be used to shrink the patterns formed by

electron-beam lithography (Fig. 11) [54]. After square patterns are formed in a

silicon dioxide protecting layer formed on a very thin (100)-oriented silicon layer,

the exposed areas of the silicon layer are anisotropically etched (Fig. 11a, b). This

results in inverted pyramid through-holes (Fig. 11c, d). The dimensions of the

through-holes formed on the other side of the silicon layer are much smaller than

those formed in the silicon dioxide layer formed by electron-beam lithography.

Nanoelectrodes with lateral dimensions of 15 nm have been obtained (Fig. 11e, f).

Conical microelectrodes have been fabricated by anisotropic etching of silicon

(Fig. 10d) [56]. After the structure was formed, layers of insulators and platinum

were formed. The platinum layer was exposed only at the tips by removing the

outermost insulating layer after applying a photoresist.

Problems in the above-mentioned techniques are that they are high cost and low

throughput. To solve this problem partially, a novel technique called nanoimprint

lithography has been proposed (Fig. 10e) [57, 58]. In this method, a mold with

nanostructures is first formed using the electron-beam lithography. This mold is

then pressed into a thin film of thermoplastic polymer such as poly(methyl methac-

rylate) (PMMA) formed on a substrate that has been heated above its glass

transition temperature. After separating the mold, the polymer residues in the

compressed areas are removed by reactive ion etching. The patterns have been

used to form interdigitated electrodes by a lift-off process [59, 60] or a nanodisc
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electrode array by forming an insulating layer with an array of holes on a gold

layer [52].

3.2 Formation of Nanoelectrode Arrays by Photolithography

In forming planar nanoelectrode arrays of controlled patterns, the electron-beam

lithography is most widely used. Then, can’t we form such nanoelectrode arrays if

we do not have the very expensive instrument? The answer is yes. Some unique

methods have been proposed based on patterning by ordinary photolithography.

An example is illustrated in Fig. 12 [61]. First, a nickel layer is deposited on a

substrate, and photoresist patterns are formed. Then, the nickel layer is removed by

electrochemically dissolving it. A point here is to overetch the nickel layer and form

a horizontal trench under the photoresist layer. By depositing a metal such as gold,

platinum, and palladium, and removing the photoresist and the nickel layer,

nanoelectrode arrays can be obtained. The patterns of the nanoelectrodes can be

designed in a desired manner and a long nanowire of the cm order can easily be

obtained.

As already shown in Fig. 3, nanoelectrodes can also be formed on the cross-

section of a sandwich structure. Single-band electrodes have been fabricated by

depositing a metal electrode layer and an insulating layer and by exposing the

electrode on one side [62–65]. Platinum and gold electrodes with widths of the nm

order have been reported. Contrary to the width, the other dimension can be very

long with this method. The cross section can be straight, circular, or a comb-like

structure. The number of nanoelectrodes can be increased by stacking metal and

insulator layers alternately [66].

In relation to this technique, a technique named “nanoskiving” has been pro-

posed [67]. As in the previous cases, thin-film metal structures are embedded in

epoxy. The epoxy matrix is then sectioned using an ultramicrotome. A section is

placed on a substrate and epoxy is removed by oxygen plasma etching. Nanowires

fabricated by this technique have been used for electroanalysis [68].

Fig. 10 SEM images of nanoelectrodes. (a) Nanoband electrode array fabricated by focused ion

beam milling. Reprinted from [53], Copyright 2007, with permission from Elsevier. (b) Nanopore

electrode array. (c) Magnified image of a nanopore. Adapted with permission from [55]. Copyright

2007 American Chemical Society. (d) Conical microelectrode with the platinum area exposed

only at the tips. Reprinted from [56], Copyright 2000, with permission from Elsevier. (e) Metal

lines (30 nm width and 70 nm pitch) fabricated by imprint lithography. Reprinted with permission

from [58]. Copyright 1996, American Vacuum Society
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Fig. 12 Fabrication of a gold nanowire. (a) Deposition of a sacrificial Ni layer onto a glass

substrate. (b) Formation of a photoresist pattern. (c) Overetching of the Ni layer. (d) Deposition of

a gold layer into the trench between the photoresist and the glass substrate. (e) Photoresist

removed. (f) Ni removed. Adapted by permission from Macmillan Publishers Ltd: [61], copyright

2006

Fig. 11 Cross-sectional and three-dimensional illustrations of the fabrication process of a

nanoelectrode using electron-beam lithography. (a) Si substrate covered with a SiO2 layer and a

Si3N4 layer. (b) Formation of a square pattern in the SiO2 layer and anisotropic etching of the

exposed Si layer. (c) Formation of pyramid-shaped holes through the wafer. (d) Three-dimensional

view of the structure shown in (c). (e) Deposition of gold on one side of the device. (e) Magnified

view of the nanoelectrode. Adapted with permission from [54]. Copyright 2005 American

Chemical Society
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3.3 Formation of a Layer of Randomly Oriented CNTs

CNTs activate electrode reactions. In taking advantage of this, the simplest method

is to form a layer of randomly oriented CNTs by casting a solution containing

CNTs. Here, a problem is unavailability of appropriate solvents [69]. CNTs can be

made water-soluble by adsorbing surfactant molecules on the surface of CNTs

[69–71]. CNTs are first dispersed in a solution of a surfactant whose concentration

is higher than the critical micellar concentration, which is the concentration at

which surfaces are saturated with surfactant and the surfactant molecules start self-

aggregating into micelles. Then, the solution is sonicated. The solution is used to

cast CNTs onto an appropriate substrate and form the layer. A concern with this

method may be the existence of the surfactant, which may influence the physical

properties of CNTs and induce unwanted chemical reactions. However, when the

CNT layer is used for sensing, the surfactant can be removed by washing the layer

with distilled water [69].

Solubility of CNT has also been improved by wrapping CNT in polymeric

chains. Molecules of high molecular weight thread themselves onto or wrap

themselves around the surfaces of CNTs and disrupt van der Waals interactions

that cause CNTs to aggregate into bundles. For this purpose, poly (metaphenylne-

vinylene) [72] or Nafion [20] has been used.

Solubilization of CNTs is a critical theme in many research fields. Therefore,

many other methods have been developed and the effort continues even now [73].

3.4 Formation of CNT Nanoelectrode Ensembles

If CNTs are formed in a more controlled manner, nanoelectrode ensembles with

appropriate interelectrode spacing could be realized by directly growing CNTs on a

substrate. Low-density nanoelectrode arrays of CNTs have been fabricated by

depositing Ni seeding nanoparticles first by electrochemical deposition and grow-

ing CNTs by plasma-enhanced chemical vapor deposition (Fig. 13) [74]. The CNTs

were embedded in an epoxy layer. After polishing the surface, an array of tips of the

CNT was obtained. Ni or NiFe alloy seeding spots can also be patterned by

electron-beam lithography. Vertically aligned fibers with controlled interelectrode

spacing have been fabricated [75–77].

3.5 Formation of Nanoelectrode Ensembles Using a Template

The porous structure of aluminum anodic oxide films has been used as a template to

form various nanostructures [78]. Gold nanoelectrode ensembles were fabricated

using this technique [79]. In forming the ensembles, a microporous oxide layer was

first grown on an aluminum substrate. After the oxide layer was removed from the
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substrate to use it as a template, a gold layer was formed by vacuum-depositing gold

onto the open ends of the pores. The side of the substrate covered with gold was

attached to a glassy carbon electrode, and the other side of the porous oxide film

was etched. As a result, the gold nanoelectrode ensemble was exposed.

Porous polycarbonate membranes have also been used as templates to form disk

electrode ensembles of platinum [80] and gold [81]. The membranes were formed

by an irradiation/chemical etch technique. In forming the ensemble of platinum

electrodes, the membrane was fixed on a platinum electrode and platinum was

deposited in the pores. After the pores were stuffed with platinum and the mem-

brane surface was covered with overgrown platinum, the membrane surface was

exposed again by removing the excess platinum [80]. The gold disk electrode

ensembles were fabricated by depositing gold on the walls of nanopores by elec-

troless deposition and following the same procedure [81]. With this technique,

three-dimensional nanoelectrode ensembles can also be formed by partially or

totally removing carbonate by dissolving it in an appropriate solvent such as

dichloromethane [81] or by oxygen plasma etching [82].

3.6 Other Techniques

Nanoelectrode ensembles can be formed by opening up nanoholes in an insulating

layer formed on an electrode. Defects in a self-assembled monolayer formed on a

gold electrode work as nanoelectrode ensembles [83–85].

Like many other techniques to fabricate nanoelectrode ensembles, a problem is

the control of pore size and distribution over the electrode surface. To solve this

problem, the insulating film was formed with a highly ordered self-assembling

block copolymer film [86]. The film is formed by spin-coating a polystylene (PS)/

PMMA diblock copolymer solution onto a gold electrode. The dried film is then

annealed in the presence of a strong electric field to orient the PMMA perpendicu-

larly to the electrode surface. Exposure to UV radiation simultaneously cross-links

Fig. 13 Fabrication of a nanoelectrode array using vertically grown low-density CNTs.

(a) Electrochemical deposition of Ni nanoparticles. (b) Growth of CNTs by plasma-enhanced

chemical vapor deposition on the Ni particles. (c) Coating the surface with an adhesive.

(d) Polishing of the adhesive layer. Adapted with permission from [74]. Copyright 2003 American

Chemical Society
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the PS and degrades the PMMA. The PMMA is finally dissolved in glacial acetic

acid to form the pores.

Nanoelectrode ensembles can also be formed on a planar electrode even without

an insulating layer. The overpotential to oxidize or reduce an electroactive analyte

depends on the electrode material. Therefore, if nanoscale deposits of a metal that

are active to an analyte are formed on a planar electrode of a different metal that is

inactive to the analyte, the deposits work as a nanoelectrode ensemble. Platinum

black particles were deposited on a gold electrode to form a nanoelectrode ensem-

ble of platinum black. A significant enhancement of sensitivity to H2O2 was

observed compared with the planar gold electrode used as the base electrode [15].

4 Concluding Remarks

In this chapter, techniques to improve the detection sensitivity of electrochemical

microdevices were reviewed. Here, a convincing conclusion is that nanotechnology

really has an effect for this purpose. Reflecting the fact and growing expectations,

various nanomaterials such as nanotubes, nanowires, and nanoparticles have been

used very actively. As a result, numerous papers have been published and the

tendency continues even now [87–90]. At present, the application of nanotechnol-

ogy to electrochemical microdevices is limited. However, with the wealth of

knowledge of nanotechnology, devices whose performance is comparable with or

better than those of macroscopic counterparts used for ordinary electroanalysis will

surely be realized.
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