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  Pref ace   

 Nanobiosensing and nanobioanalysis are the inevitable fruits of the tremendous 
advances made in the disciplines of materials development, technology, and engi-
neering with application areas including medicine, the environment, food, pharma-
ceuticals, energy, and security. It would not be far-fetched to describe nanobiosensing 
and nanobioanalysis as a marriage of convenience across a number of disciplines, 
perfectly underscoring what a successful interdisciplinary exploitation and utiliza-
tion of resources can achieve. 

 Nanomaterials have a number of outstanding physical and chemical properties 
such as enhanced chemical and biological activities, high molecular adsorption, 
catalytic effects, and mechanical strength. These properties of nanomaterials enable 
high sensitivity and selectivity in nanobiosensors and nanobioanalysis. 

 The book (1) introduces nanomaterials and their synthesis, (2) presents applica-
tions of nanomaterials and nanofabrication, (3) demonstrates that nanotechnologies 
can provide solutions to signifi cant technical barriers and potentially revolutionize 
research in emerging areas, and (4) provides a good account of up-and-emerging 
nanobiotechnologies and outstanding challenges in taking these technologies to the 
point-of-care. 

 The book is divided into four parts. The fi rst part consists of a single review in 
Chap.   1    , which provides an overview of principles, analytical main players, and 
detection strategies in the emerging areas of nanobiosensing and nanobioanalysis. 

 The second part contains four chapters on up-and-emerging nanobiosensing 
architectures for increased selectivity, sensitivity, and multiplexing. In Chap.   2    , 
Razeeb et al. describe the catalytic applications of vertically aligned nanowire- 
based sensors. In Chap.   3    , the development of one- and two-dimensional nanostruc-
tures is discussed in detail by Liao et al. with biosensing applications. In Chap.   4    , 
the emerging nanoimprinting technology that creates a wide range of nanostructures 
on surfaces is introduced for biosensors and biochips. Interferometic refl ectance 
imaging is a novel approach with single particle detection capabilities as developed 
and discussed by Ünlü et al. in Chap.   5    . 
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 The third part of the book has seven chapters on nanomaterials commonly used 
in nanobioanalysis, with a focus on functionalization of the nanomaterials and their 
applications in nanobioanalysis using a range of detection platforms. The applica-
tions of gold nanoparticles as electrochemical and optical detection platforms are 
highlighted in Chap.   6    . The nanocarbon fi lm modifi ed electrochemical sensors and 
biosensors are discussed in Chap.   7    . The synthesis of hybrid metallic nanoparticles 
displayed signifi cantly enhanced physical and chemical properties. Daniele et al. 
review the applications of hybrid metallic nanoparticles with carbon nanotubes, gra-
phene, and organic conjugations in Chap.   8    . The novel applications of nanobiosens-
ing using a laser beam are described in Chap.   9    . The principles and applications of 
semiconductor quantum dots are highlighted in Chaps.   10     and   11    , respectively. The 
detection of protein phosphorylation using nanoparticles provided cost-effective 
and multiplexed platforms for drug discovery as reviewed by Martic and Kraatz in 
Chap.   12    . 

 The last part, comprising fi ve chapters, focuses on the applications of nanobio-
sensor technologies including current challenges in bringing them to the point-of- 
care and on the future outlook given the exponential growth in nanotechnology. 
Chapter   13     highlights the modifi cation of screen-printed electrodes using carbon 
nanotubes. The emerging applications of nanoneedles for the detection of intracel-
lular processes are discussed in Chap.   14    . The chemical modifi cation of plasmonic 
sensors enabled the detection of proteins and oncologic drugs in human serum as 
discussed in Chap.   15    . Electrochemical scanning microscopy was utilized for imag-
ing single cells and membrane proteins, as described in Chap.   16    . Current advances 
and challenges in bringing fi eld-effect transistors to the point-of-care are described 
in Chap.   17    . 

 Nanobiosensing and nanobioanalysis already comprise an important area and are 
expected to grow in the next few years. While editing the book, we aimed to put 
together the fundamental and applied aspects of these highly interesting technolo-
gies for a broad audience including those involved in research, teaching, and learn-
ing. The book is also suited to those utilizing nanomaterials for applications 
targeting biomedical, military, industrial, environmental, and clinical work. 

 We are very fortunate to undertake this project. We wish to thank all the authors 
who have contributed high-quality chapters to the book, and we warmly acknowl-
edge the gracious support of our families. Last, we extend our sincere thanks to 
Springer Japan for their excellent work in editing this book.  

  Ishikawa, Japan     Mun’delanji     C.     Vestergaard   
 Toronto, ON, Canada     Kagan     Kerman   
 Kowloon, Hong Kong SAR     I-Ming     Hsing   
 Osaka, Japan     Eiichi     Tamiya    
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    Chapter 1   
 Nanobiosensors and Nanobioanalyses: 
A Review 

             Mun’delanji     C.     Vestergaard      and     Eiichi     Tamiya   

    Abstract     This chapter provides an overview of nanobiosensors and nanobioanalyses. 
Both of these topics are the inevitable fruits of tremendous advances made within the 
disciplines of materials development, technology, engineering and application areas 
including medical, environmental, food, pharmaceutical, energy and security. In 
order to provide a comprehensive picture for readers new to the fi eld, the chapter 
takes the reader back to when it all supposedly began, by providing a brief history 
of the advances and some challenges along the way. The more advanced reader can 
still benefi t from not only recapping the old, but also being introduced to some of the 
new developments: in particular, the applications and challenges of developed nano-
biosensors. The chapter is conveniently split into two main parts: we discuss nano-
biosensors in the fi rst half and the second presents nanobioanalyses. Throughout, we 
use examples of applications from our group and other research groups.  

  Keywords     Nanobioanalyses   •   Nanobiosensors   •   Nanobiotechnology   •   Nanodevices   
•   Nanomaterials  

1.1            Introduction 

 Nanobiosensing and nanobionalyses are the inevitable fruits of the tremendous 
advances made within the disciplines of materials development, technology, engi-
neering and application areas including medical, environmental, food, pharmaceutical, 
energy and security. In fact, it would not be far-fetched to describe nanobiosensing 
and nanobioanalyses as a polygamy-type marriage of a number of disciplines. 
It highlights, at least partly, what a successful inter-disciplinary exploitation and 
utilization of resources can achieve. 

        M.  C.   Vestergaard      (*) 
  School of Materials Science, Japan Advanced Institute of Science and Technology , 
  1-1 Asahidai, Nomi City ,  Ishikawa   923-1292 ,  Japan   
 e-mail: munde@jaist.ac.jp   

    E.   Tamiya    
  Department of Applied Physics ,  Graduate School of Engineering, Osaka University , 
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 Nanobiosensing and nanobioanalysis are about the detection and analysis of 
target molecules, using minuscule, often integrated and multiplexed, nano-sized 
sensing devices to achieve selective, yet extremely sensitive, detection limits. This 
has been made possible with the discovery, synthesis and utilization of materials for 
nanodevice fabrication whose morphological features on a nano-scale confer the 
desired sensitivity for detection. Figure  1.1  provides a good summation of what 
nanobiosensing and nanobioanalysis are, placed within the wider context of 
nanobiotechnology.  

 The incredible progress made in this area is demonstrated, at least to some extent, 
by the increase in the number of articles on nanobiosensors based on nanomaterials 
and nanodevices selected for presentation at the World Congress on Biosensors 
(Fig.  1.2 ).  

1.1.1     The Birth of Nanotechnology 

 Nanotechnology has been described in many but fundamentally similar ways. The 
Oxford English Dictionary defi nes the term as “the branch of technology that deals 
with dimensions and tolerances of less than 100 nm, especially the manipulation of 
individual atoms and molecules”. Whatmore ( 2006 ) described it as “… the design, 
characterization, production and application of structures, devices and systems by 
controlling shape and size at nanometre scale. Simply put, it is the study of manipu-
lating materials/objects at an atomic or molecular level. 
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Bioremediation
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Electronics

Functional food
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  Fig. 1.1    Nanobiotechnology and nanobiodevices       
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 Many scientists trace the roots of nanotechnology to Richard Feynman, a physi-
cist who in his lecture at an American Physical Society meeting in 1959 said “… 
I don’t know how to do this on a small scale in a practical way, but I do know that 
computing machines are very large; they fi ll rooms. Why can’t we make them very 
small, make them of little wires, little elements, and by little, I mean little? …”. 
Feynman’s lecture was entitled “There’s plenty of room at the bottom”, as he 
described the direct manipulation of individual atoms for building novel compounds 
and structures. This talk inspired the conceptual beginnings of the “top-down” and 
“bottom-up” terminologies in the fi eld of nanotechology decades later. For their 
fundamental work in quantum electrodynamics with profound consequences for the 
physics of elementary particles, Feynman, jointly with Julian Schwinger and 
 Sin- Itiro Tomonaga, received the Nobel Prize in Physics in 1965. Then again, in 
1984, Feynman gave a talk which described the advances in technology since his 
famous 1959 lecture (in Whatmore  2006 ). However, the actual term “nanotechnol-
ogy” was fi rst coined by the late Norio Taniguchi in 1974 during his talk in which 
he discussed how the dimensional accuracy with which things are made had 
improved over time (Taniguchi  1996 ). However, it wasn’t until 1981 that individual 
atoms could be visualized by Binnig and Rohrer, using a scanning electron micro-
scope (   Binnig et al.  1982 ). In 1996, the Nobel Prize in Chemistry was awarded 
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jointly to Robert F. Curl Jr., Sir Harold W. Kroto and Richard E. Smalley for their 
discovery of fullerenes, a new form of carbon that was also called buckminster-
fullerene or “buckyballs”. Smalley was a leading advocate of nanotechnology 
throughout his life. On his death at the age of 62, the US Senate passed a resolution 
to honour Smalley, crediting him as the “Father of Nanotechnology”. Since then, 
there have been huge leaps and bounds, with the early 2000s seeing the beginnings 
of commercial applications of nanotechnology. In 2005, a huge project on emerging 
technologies was established through a collaboration between the Woodrow Wilson 
International Center for Scholars and the Pew Charitable Trusts. This ambitious 
project promised to revolutionize all aspects of our lives, from the cars we drive and 
the medical treatment we receive to the clothes we wear (Fiorino  2010 ). Suffi ce to 
say that some of the promises have already been made manifest. However, what is 
most important is the on-going effort to explore, exploit and continue to make huge 
advances in this fi eld and the many disciplines that have benefi ted from nanotech-
nology. In 2010, the Nobel Prize in Physics was awarded jointly to Andre Geim and 
Konstantin Novoselov for their groundbreaking experiments regarding the two- 
dimensional material graphene, the perfect atomic lattice. Since graphene is able to 
conduct electricity whilst being practically transparent, it has initiated a new wave 
of miniaturization in electronics that will possibly lead to the mass production of 
more affordable, thinner and faster mobile phones, solar cells, computers and bio-
sensors in the future.  

1.1.2     Nanomaterials in Nanobiosensors and Nanobioanalyses 

 Nanomaterials are chemical substances or materials that are synthesized at the 
billionth of a meter scale (10 −9  m). They range from 1 to 100 nm in size. Nanomaterials 
for nanobiosensing and nanobioanalyses can perhaps be best classifi ed into four 
main categories: (1) metal-based nanoparticles (NPs) including quantum dots 
(QDs), nanowires, nanorods, oxide nanoparticles and noble metals; (2) carbon- 
based NPs (including carbon nanotubes, graphene, fullerene and carbon dots); (3) 
dendrimers: nanosized polymers built from branched units; and (4) composites/
hybrids: a combination of at least one nanomaterial. We will    discuss the latter in the 
concluding section. 

 Briefl y, noble metal NPs (Au and Ag) have unique thermal, electrical and optical 
properties that can and are being utilized in a range of nanobiosensors. In particular, 
their optical properties have received much attention in biosensor development 
(Hiep et al.  2009 ; Huang et al.  2011 ). Huang and colleagues ( 2011 ), in a recent 
review, discussed the photo-physical properties of matter, in particular gold NPs. 
They described what happens when light hits matter. The light can be (1) absorbed, 
(2) absorbed and re-emitted (fl uorescence), (3) scattered at the same frequency as 
the incoming light (Mie or Rayleigh scattering), and (4) the local electromagnetic 
fi eld of the incoming light can be enhanced. This leads to increase in any spectro-
scopic signals from the molecules at the material surface (surface-enhanced Raman 
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 scattering). These properties are even more enhanced in metal NPs because of 
unique interaction of light with free electrons in NPs (Huang et al.  2007 ). 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 (Lan et al.  2011 ; 
Kerman and Kraatz  2009 ;    Selvaraju et al.  2008 ). Gold and Ag NPs have been 
exploited in the fabrication of localised surface plasmon resonance (LSPR) chips 
for the detection of biomolecules (Endo et al.  2006 ; Vestergaard et al.  2008 ; Haes 
et al.  2004 ). These metal NPs show specifi c changes in their absorbance responses 
in the visible region of the spectrum on 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 
(Kerman et al.  2007 ; Chen et al.  2007 ; Ambrosi et al.  2007 ). Semi-conducting mate-
rials such as QDs are semi-conductor nanocrystals with attractive optical properties 
for nanobiosensing. Upon absorbing light, semi-conductor QDs quickly re-emit the 
light but in a different color with longer wavelength, which is fl uorescent. The 
wavelength of the light can be controlled by changing the shape and size of the 
nanocrystals (Gaponik et al.  2002 ;    Banin and Millo  2003 ;    Bailey and Nie  2003 ). 

 Dendrimers are man-made molecules about the size of an average protein, and 
have a branching shape. This shape gives dendrimers a vast surface area to which 
scientists can attach therapeutic agents or other biologically active molecules 
(Buhleier et al.  1978 ). Because of their highly branched structure, one dendrimer 
can carry a molecule that recognizes targeted cancer cells (for example), a therapeu-
tic agent to kill those cells, and a molecule that recognizes the signals of cell death. 
Researchers hope to manipulate dendrimers to release their contents only in the 
presence of certain trigger molecules associated with cancer. Following drug 
release, the dendrimers may also report back whether they are successfully killing 
the targets. They have also been used for stabilization of other NPs (   Hasanzadeh 
et al.  2014 ). 

 Carbon-based nanomaterials are synthesized from graphite, one of the oldest and 
perhaps most used natural materials. They possess very high mechanical strength, 
thermal and electrical conductivity as well as optical properties. Thus, they have 
been hugely exploited for various applications including nanobiosensing and nano-
bioanalysis (Cha et al.  2013 ). Carbon nanotubes (CNTs) are, so far, the most widely 
used of the carbon-based nanomaterials. They were fi rst discovered by Iijima (    1991 ) 
and have found a wide variety of applications. Graphene is one of the latest carbon 
nanomaterials, having been synthesized from graphite by Nobel Laureates Geim 
and Novoselov in 2004 (Novoselov et al.  2004 ). The oxidative product of graphene, 
graphene oxide (GO), has emerged as an even more attractive carbon nanomaterial 
as it is easily dispersed in the aqueous environment, and has hydrophilic functional 
groups which enable the oxide to be functionalized simply and covalently with bio-
molecules for the development of miniaturized nanobiosensors (Cha et al.  2013 ; 
   Dreyer et al.  2010 ).   
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1.2     Nanobiosensors 

1.2.1     Introduction to Biosensors: Basic Principles 
and Types of Biosensors 

 Biosensors were once defi ned as devices that respond to chemical species in bio-
logical samples or biological components. Now this rather misleading defi nition has 
been changed to “analytical devices composed of a biological recognition element 
directly interfaced to a signal transducer, which together relate the concentration of 
a targeted analyte or analytes to a measurable response”. Some of the different types 
of nanobiosensors will be discussed in detail in the following chapters. To avoid 
repetition, here we simply present an overview (Fig.  1.3 ).  

 Biosensors are often classifi ed according to either the type of recognition mol-
ecule and/or the transducer used. A biosensor would therefore be presented as “an 
optical biosensor for …”; “an immunosensor for …”; “an electrochemical DNA 
sensor for …”, and so on. We will present a brief history of biosensor development, 
drawn from    Palchetti and Mascini ( 2010 ). In 1916, a fi rst account on the immobi-
lization of protein adsorption of invertase on activated charcoal was reported. 
Leland Clark presented the glucose sensor in 1956, and provided the fi rst descrip-
tion of a biosensor, an amperometric enzyme electrode for glucose in 1962. In 
1969, the fi rst potentiometric enzyme-based sensor for detection of urea was 
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reported by Guilbauly and Montalvo. The 1970s and 1980s saw a huge range of 
biosensors: the ion- selective fi eld effect transistor (ISFET) in 1970; the fi rst com-
mercial glucose biosensors by Yellow Springs Instruments (1972/1975); the fi rst 
microbe-based biosensors and the fi rst immunosensor (1975); the fi rst bedside arti-
fi cial pancrease by Miles Laboratories (1976); the fi rst fi beroptic pH sensor for 
in vivo blood gases by Peterson (1980); the fi rst fi beroptical biosensor for glucose 
(1982); the fi rst surface plasmon resonance biosensor (1983); the launch of the 
MediSense ExacTech™ blood glucose biosensor (1987) and many more. In 1990, 
the Pharmacia BIACore SPR-based biosensor system was launched. The 1990s 
saw increased commercialization of hand-held biosensors. Since then, there has 
been an exponential exploitation of nanomaterials in biosensors: quantum dots, 
nanocantilevers, nanowires and carbon nanotubes, graphene, fullerene, carbon 
dots, metal nanoparticles, and many more. 

 It is important to note that the table is far from an exhaustive account of the 
progress made in biosensor development. We have chosen some of what we see as 
the representative landmarks. 

 Briefl y, the majority of biosensors are either affi nity-based or catalytic-based 
biosensors. Affi nity-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 to a product which is then detected. There is also a 
distinction between single-use disposable biosensors (for example, for pregnancy 
testing) and those that incorporate additional processing steps, needing bioanalyti-
cal support systems such as reagents, data processing and handling systems. Most 
of the work discussed in this book falls into the latter category. However, it is the 
less tedious and layman-level nanobiosensors which can be used at point of need 
that are the ultimate application device that we in this fi eld aspire to.  

1.2.2      Surface Modifi cation 

 Surface modifi cation is needed to increase sensitivity and selectivity of the fabri-
cated sensor. It is also used to provide a means of miniaturization in an array format. 
The type of surface modifi cation depends on the surface as well as the target bio-
logical recognition element. Most of these utilize a self-assembled monolayer 
(SAM), which is a single layer of molecules on a solid substrate, stabilized by 
hydrogen bonds, coulombic interactions (electrical forces), van der Waals forces 
(dispersion forces) or hydrophobic effects. SAMs can be formed from a wide vari-
ety of compounds such as fatty acids, organo-silicon or organo-sulphur compounds 
and on a wide range of surface materials such as aluminum oxide, silver, silicon 
oxide, glass and gold (Ulman  1996 ). Indeed, a SAM of Au NPs using alkyl-thiol 
chemistry has been widely exploited (Vestergaard et al.  2008 ; Du et al.  2009 ; Wu 
et al.  2011 ; Bertok et al.  2013 ). The structure of a thiol monolayer-protected Au NP 
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at 1.1 Å resolution was reported by Jadzinsky et al. ( 2007 ). We refer the interested 
reader to excellent reviews on the formation and characterization of SAMs on Au 
surfaces by Love et al. ( 2005 ), Vericat et al. ( 2010 ), Gooding and Ciampi ( 2011 ), 
and Häkkinen ( 2012 ).  

1.2.3     Versatility: Multiplexing and Integration 

 Another attractive feature of biosensors is versatility. The detector surface can be 
fabricated for single or multiple detection of target analytes (Ligler et al.  2003 ; 
Endo et al.  2006 ) (Fig.  1.4 ). The latter can also be done for single as well as simul-
taneous analyses. Being able to perform biomolecular detection requires the inter-
rogation of several targets at a time; thus, high-throughput detection and multiplexing 
are much desired. Xiang and colleagues ( 2013 ) have developed a surface plasmon 
resonance (SPR) biosensor for multiple point detection associated with drug resis-
tance in multidrug- resistant  Mycobacterium tuberculosis  (Xiang et al.  2013 ).  

 We refer the interested reader to a chapter by Ng and Chong ( 2011 ), which pro-
vides a very good account of the multiplexing capabilities of biosensors. Briefl y, the 
authors discuss three types of multiplexing technologies: (1) solution-based, giving 

  Fig. 1.4    A microarray technology for detection of multiple targets. Reprinted with permission 
from Endo et al. ( 2005 ). Copyright 2005, American Chemical Society       
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multiplexed PCR as a typical example of this technology; (2) microarray 2D and 
3D, a technology fi rst driven by the need to process vast amounts of target mole-
cules (typically proteins and genes). Basically, this is a platform on which target 
labeled molecules are precisely immobilized at sub-microlitre volumes at desig-
nated locations on surfaces, where they can be identifi ed and any interrogation can 
be easily detected. The popularity of this technology is exemplifi ed by its successful 
commercialization. By fabricating microstructures onto planar solid surfaces, the 
3D microarray system overcomes some of the drawbacks of the 2D    systems, thus 
improving the signal-to-noise ratio, sensitivity and specifi city; and (3) bead micro-
array systems. Like the 3D microarray, this system also improves the signal-to- 
noise ratio and improves sensitivity and specifi city. It differs from the 3D system in 
that the beads are labeled prior to being introduced onto the microarrays (Ng et al. 
 2008 ; Ng and Chong  2011 ). A biosensor for the detection of beta-thalassemia muta-
tions was successfully developed using this technology (Ng et al.  2010 ). 

 Furthermore, hybrid biosensing architectures involving integration with micro-
fl uidics (   Kumar et al.  2013 ), and at least two different transduction tools for multi- 
and simultaneous analysis (Scognamiglio et al.  2012 ), are gaining ground. A few 
years back, we reported on biosensor development based on electrochemical and 
localized surface plasmon resonance (LSPR) detection platforms for the detection 
of melittin’s interaction with a lipid membrane (Hiep et al.  2008 ). LPSR and elec-
trochemistry measurements connected to core-shell structure nanoparticles were 
successfully exploited in a simultaneous detection scheme. The surface plasmon 
band characterizations of this type of nanostructure were initially examined by con-
trolling the core size of the silica nanoparticles and shell thickness of the deposited 
gold. The results showed that when the shell thickness was increased, keeping the 
core size constant, the peak wavelength of the LSPR spectra shifted to a shorter 
wavelength and the maximum peak intensity was achieved at a particular shell 
thickness. Using this structure and its characteristics, a membrane-based nanobio-
sensor was developed for optically detecting the binding of the peptide toxin melit-
tin to a hybrid bilayer membrane (HBM) and electrochemically assessing its 
membrane-disturbing properties. 

 The versatility of nanobiosensors is not limited to our overview. Although not 
covered here, miniaturization is similarly extreme. Miniaturization can be at a 
global (whole biosensor) or local scale. The latter includes the fabrication of screen- 
printed electrodes.   

1.3     Nanobioanalyses 

 Nanobioanalysis is a broad subject including sample pre-treatment and detection. 
For the latter, it covers the type of instrumentation used and the fabrication or pre- 
treatment of each associated analytical component. In nanobiosensing, this may 
pertain to (1) modifi cation and/or treatment of the substrate surface prior to intro-
duction of the biological recognition element; (2) modifi cation and/or pre-treatment 
of the recognition elements; and (3) the target analyte. 
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1.3.1     Nanomaterials in Sample Pre-treatment: 
Molecular Probes 

 Nanomaterials are utilized in sample preparation and concentration. The most com-
mon analytical procedures are solid-phase extraction, microextraction and fi ltration 
techniques (Pyrzynska  2013 ; Silva et al.  2013 ; Vuckovic et al.  2009 ). We will not 
cover this subject and we refer the interested reader to an excellent recent review on 
the subject (Pyrzynska  2013 ). Nanomaterials are also used as molecular probes for 
target analytes and/or the associated biological recognition elements. In section  1.2.2 , 
we broadly classifi ed nanomaterials as (1) metal-based NPs including quantum dots 
(QDs); nanowires, nanorods, oxide nanoparticles and noble metals, (2) carbon- based 
NPs (including carbon nanotubes, graphene, fullerene and carbon dots); and (3) 
dendrimers. 

 From the metal-based NPs, noble metals, in particular Au, has been used in 
molecular probes in a variety of nanobiosensing architectures because of its unique 
thermal, electrical and optical properties. What has made Au NPs very attractive is 
that they do not disrupt the activity of the biomolecules onto which they are conju-
gated. They have been used to tag a variety of biomolecules including antibodies, 
proteins and nucleotides (Kerman et al.  2004 ; Möller et al.  2005 ; Kerman and 
Kraatz  2009 ; Wen et al.  2013 ). Given the vast amount of research conducted, it 
would be futile to attempt to cover it all. Here, we restrict our discussion to electri-
cal properties of Au NPs in the development of electrochemical nanobiosensors, by 
proving a couple of examples from our group. 

 Gold NPs possess a catalytic activity resulting from their large surface-area-to- 
volume ratio and their interface-dominated properties. They can decrease the over- 
potentials of many electroanalytical reactions and maintain the reversibility of redox 
reactions (Thompson  2007 ; Valden et al.  1998 ; Turner et al.  2008 ; Li et al.  2010 ). 
They have, therefore, been used as probes in electrochemical biosensor architec-
tures. The pioneering work on the use of Au NPs as electrochemical labels for the 
voltammetric detection of proteins were performed by González-Garcia, Dequaire 
and colleagues (González-Garcı́a et al.  2000 ; Dequaire et al.  2000 ). We have 
exploited the ability of Au NPs for detection of protein phosphorylation by labeling 
of a specifi c phosphorylation event with Au NPs, followed by electrochemical 
detection. The phosphorylation reaction is coupled with biotinylation of a kinase 
substrate using a biotin-modifi ed adenosine 5′-triphosphate [γ]-biotinyl-3,6,9- 
trioxaundecanediamine (ATP) as a co-substrate. When the phosphorylated and 
biotinylated kinase substrate is exposed to streptavidin-coated Au NPs, the high 
affi nity between the streptavidin and biotin led to attachment of the metal NPs onto 
the kinase substrate. An electrochemical response obtained from the NPs enabled 
monitoring of the activity of the kinase and its substrate. Tyrosine kinase reactions 
were also performed in the presence of a well-defi ned inhibitor, 4-amino-5-(4- 
chlorophenyl)-7-( t -butyl) pyrazolo[3,4-d]pyrimidine (PP2) (Kerman et al.  2007 ). In 
the same year, we designed a disposable immunosensor protocol with Au NPs, as 
illustrated in Fig.  1.5  (Idegami et al.  2008 ). A high affi nity between streptavidin and 
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biotin was detected using the adsorptive stripping voltammetric signal of Au NPs 
down to the sub-nanometre streptavidin level. The heterogeneous sandwich immu-
noassay based on the stripping voltammetric detection of the NPs involved the bind-
ing of the Au-labeled secondary antibody, followed by acid dissolution and anodic 
stripping electrochemical measurement of the solubilized Au tracer on a bare 
screen-printed carbon strip. First, a primary antibody was immobilized directly on 
the working electrode surface, and a series of sandwich-type immuno-reactions was 
performed. A high potential, 1.2 V, was applied to the electrode in 0.1 M HCl for the 
oxidation of Au NPs, called the pre-oxidation process, and then the voltammetric 
measurement was performed (Idegami et al.  2008 ).  

 The robustness and non-destructive nature of Au NPs have proven very impor-
tant in in vivo analysis. Recently, we studied differentiation of mouse embryonic 
stem (mES) cells, including undifferentiated single cells, embryoid bodies (EBs), 
and terminally differentiated cardiomyocytes using Au NP-based surface-enhanced 
Raman scattering (SERS). Gold NPs were delivered into all three mES cell differ-
entiation stages without affecting cell viability or proliferation. Localization of Au 
NPs inside the following cell organelles, mitochondria, secondary lysosome and 
endoplasmic reticulum, was confi rmed using transmission electron microscopy. 
Using bright- and dark-fi eld imaging, the bright scattering of Au NPs and nanoag-
gregates in all three ES cell differentiation stages could be visualized. EB (an early 
differentiation stage) and terminally differentiated cardiomyocytes both showed 
SERS peaks specifi c to metabolic activity in the mitochondria and to protein trans-
lation (amide I, amide II and amide III peaks). Spatiotemporal changes observed in 
the SERS spectra from terminally differentiated cardiomyocyte tissues revealed 
local and dynamic molecular interactions as well as transformations during ES cell 
differentiation (Fig.  1.6 ; Sathuluri et al.  2011 ).   

  Fig. 1.5    Electrochemical nanobiosensing and bio/electrode interfaces. An illustration of the dis-
posable immunosensor system. The primary antibody was immobilized directly on the screen- 
printed carbon strip (SPCS) surface, and a series of sandwich-type immunoreactions were 
performed on a single strip. A high potential is applied in 0.1 M HCl for the oxidation of Au NPs 
followed by the voltammetric measurement. Part of this fi gure is used in our original work (Idegami 
et al.  2008 )       
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1.3.2     Nanomaterials in Surface Modifi cation 

 In this section, we will limit our discussion to the use of Au NPs in LSPR-based 
biosensors. The principle is similar in Ag NPs. 

 LSPR biosensors exploit the collective oscillations of free electrons in metal NPs 
surrounded by dielectric media (Park et al.  2008 ; Shoute et al.  2009 ). Specifi cally, 
the phenomena involve resonant coupling of surface plasmon resonance and 
photon(s). Briefl y, as the size of a metal structure decreases from the bulk scale (m 
to μm) to the nano-scale (<100 nm), the movement of electrons through the internal 
metal framework becomes restricted. Consequently, metal NPs display extinction 
bands in their UV–Vis 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 incident wavelength, where resonance 
would 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 inten-
sity and position of the SP absorption (Fig.  1.7 ). LSPR is also highly sensitive to 
changes in the surrounding environment (Su et al.  2009 ;    Hutter and Fendler  2004 ; 
Haes et al.  2004 ;    Nath and Chilkoti  2002 ).  

 In our group, among other applications, we have used Au NPs in the fabrication 
of LSPR chips for sensitive and selective detection of Alzheimer’s tau protein 
(Vestergaard et al.  2008 ). From the basic design of an LSPR chip, we further 
advanced our fabrication procedure by immobilizing Au NPs on a silicon dioxide/
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silicon (SiO 2 /Si) substrate. It is known that thin-fi lm multilayers can be formed on a 
SiO 2 /Si substrate. Since the Fabry–Perot fringe pattern undergoes wavelength shifts 
upon molecule binding, such structures have been used for biosensors (Lin et al. 
 1997 ). A two-dimensional assembly of Au NPs, which could be regarded as a thin 
fi lm, still retained the optical characteristics of the original NPs. From a combina-
tion of these principles, we developed a novel interference LSPR (iLSPR) biosensor 
(Hiep et al.  2009 ). First, iLSPR substrates were fabricated by immobilizing Au NPs 
on a SiO 2 /Si substrate: the SiO 2 /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 a 10 % (v/v) solution of 
3-amino propyltrimethoxysilane for 15 min. Afterwards, they were rinsed with 
ethanol and dried at 120 °C for 2 h. Subsequently, Au NPs were dispersed as a 
monolayer on the modifi ed SiO 2 /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  modifi cations. The developed chip was functionalized using alkane-thiol 
molecules and the addition of the molecules resulted in an increase in relative 
refl ectance. The success motivated us to integrate the developed chip with microfl uids 

  Fig. 1.7    Plasmonic nanostructures and performance. Various Au nanostructures for LSPR-based 
biosensor chips. Reprinted with permission from Hiep et al. ( 2009 ). Copyright 2009, American 
Chemical Society       
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(Hiep et al.  2009 ), and also inspired development of another nanobiosensor for 
specifi c biomolecular interactions. The nanobiosensor chip was fabricated by 
immobilizing Au NPs onto a porous aluminum oxide (Al 2 O 3 ) layer formed on an 
aluminum (Al) substrate (Hiep et al.  2010 ).  

1.3.3     Nanospatial Interface Interactions 

 As briefl y discussed and shown in Fig.  1.3 , there are many types of nanobiosensors. 
The key parameters determining the type of nanobiosensor to develop are (1) the 
target analyte; (2) the level of sensitivity needed; and (3) the medium in which the 
target analyte is present. This may pose some challenges if, for example, the analyte 
is a low-abundant molecule in a complex environment such as biological fl uids. 
Some high-abundant proteins such as human serum albumin and immunoglubulins 
have been reported to affect detection sensitivity (Vestergaard and Tamiya  2007 ). 
Other secondary but equally important issues are the type of instrumentation avail-
able, as well as the trained personnel. 

 Let us consider these two related biosensing platforms: surface plasmon reso-
nance (SPR) and localized SPR with spatial interfaces of at least an order of magni-
tude difference. SPR sensing is based on the fact that the refractive index is altered 
by the medium conditions, which consequently changes the requirements for 
 coupling resonance. The binding of an analyte to a recognition layer immobilized 
on the metal surface would, for example, result in a shifted resonance dip/peak in 
the spectrum, which can then be correlated to an analyte concentration. A com-
monly suggested mechanism of improvement in Au NP-based SPR sensing devices 
is that the coupling between the LSPR of Au NPs and the propagating SPR of Au 
fi lms results in a greater SPR incident angle shift. The shape of the peak and size of 
the shift vary with Au NP size (Su et al.  2009 ; Hutter and Fendler  2004 ; Haes et al. 
 2004 ; Nath and Chilkoti  2002 ). Metal nanoparticles exhibit localized surface plasmon 
resonance (LSPR). This can be observed as a strong UV–Vis absorption band that is 
absent from the spectrum of the bulk metal. 

 Some knowledge and understanding of nanospatial interface interactions in the 
different types of biosensors is important since biorecognition occurs at the inter-
face. In Fig.  1.8 , we show four types of nanobiosensors with differing nanospatial 
interfaces. We show that the sensitive regions are different among types of nanode-
vices [for example, carbon nanotube fi eld effect transistor (CNT-FET), LSPR, 
electrochemical devices]. The FET-sensitive region is based on a Debye length of 
less than 10 nm from the CNT surface. The LSPR region is 10–100 nm from 
the gold surface. Electrochemical responses (in the case of enzyme sensors) are 
controlled by substrate diffusion processes, and this is at a micrometre scale. The 
electron transfer process through the electric double layer is at a nanometre scale. 
For CNT- FETs, a small gap is therefore important because the effect is then much 
stronger. This understanding is important in choosing the appropriate technology for 
nanobiosensing.    
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1.4     Concluding Remarks 

 In the introductory review chapter to this book, we have provided an overview of 
nanobiosensing and nanobioanalyses, paving way for the subsequent chapters to 
cover specifi c topics under this general theme. The chapter is conveniently split into 
two main parts: we discussed nanobiosensors in the fi rst half and the second pre-
sented nanobioanalyses. Throughout, we used examples of applications from our 
group and other research groups. Both nanobiosensing and nanobioanalyses are born 
out of the tremendous advances made within the disciplines of materials develop-
ment, technology, engineering and application areas including medical, environmen-
tal, food, pharmaceutical, energy and security. We have provided a brief history of 
the advances made in the fi eld, for the benefi t of the reader new to the fi eld. The more 
advanced reader will still benefi t from being introduced to some of the new develop-
ments, in particular the applications and challenges of developed nanobiosensors.         
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Chapter 2
Vertically Aligned Nanowire Array-Based 
Sensors and Their Catalytic Applications

Kafil M. Razeeb, Mamun Jamal, Maksudul Hasan, and Alan Mathewson

Abstract  This chapter investigates the fabrication of metallic nanowire arrays and 
their application as sensors or biosensors to determine glucose, glutamate and H2O2. 
Nanowire-based material provides a very high electrochemically active surface 
area, thereby leading to very high detection sensitivity. To date, noble metals, such 
as platinum (Pt), gold (Au), silver (Ag) and their alloys, have been extensively 
investigated as anodic materials in the design of non-enzymatic sensor surfaces. 
Vertically aligned structures such as free-standing nanowire arrays are particularly 
useful for sensing and biosensing applications due to their high sensitivity to surface 
interactions. Although nanowires have been fabricated by various methods, a sim-
ple fabrication technique which incurs reasonable costs for practical applications is 
highly desired. In this chapter, a template-based fabrication of nanowire arrays of 
Au, Pt and nickel (Ni) will be described. These materials have been characterized 
using X-ray diffraction, scanning electron microscopy and transmission electron 
microscopy. The catalytic activity and the suitability of these materials as electro-
chemical sensors have been investigated by cyclic voltammetry and amperometry.

Keywords Biosensor • Electrochemistry • Nanowire array • Sensor

2.1  �Introduction

Fabrication of reliable and cost-effective catalysts for the precise monitoring of 
electro-active species is of significant interest in the development of sensing devices 
for point-of-care, environmental control and industrial systems. From the appli-
cation point of view, the final goal of sensor or biosensor technology lies in 
designing high-performance sensors with appropriate characteristics such as sensi-
tivity, selectivity, response time, linearity, stability and reproducibility. In designing 
such high-performance sensor devices, the key factors are the strategic technolo-
gies for on-electrode fabrication and enzyme immobilization. Regarding electrode 
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fabrication, vertically aligned nanowire array or three-dimensional (3D) electrodes 
(Kang et al. 2008; Pang et al. 2009; Wen et al. 2009) are becoming popular due to 
their large active surface area in a small footprint. The term “biosensor” is used 
where biological substances (such as enzymes, antibodies, etc.) are used as bio-
recognition elements. A great amount of work has been done on the immobilization 
of bio-recognition elements on the surface of electrodes to improve biosensor 
performance. However, the distribution of enzymes in random 3D matrices such as 
the sol–gel matrix (Yang et  al. 2006) and the random porous matrix (You et  al. 
2009) are usually not uniform, and they increase steric hindrance for the analytes, 
resulting in relatively low electron transfer efficiency. Moreover, in this situation, a 
smaller percentage of immobilized enzyme is electroactive because of the haphaz-
ard orientation of the enzyme used. Thus, ordered 3D matrices, such as nanotube 
arrays (Cui et al. 2007; Lan et al. 2008), ordered porous materials (Zhu et al. 2009) 
and nanowire (Xu et al. 2010; Jamal et al. 2011), nanorod and nanopillar (Yu et al. 
2003; Anandan et al. 2006; Gu et al. 2009) electrode ensembles have all been used 
for increasing the active surface area for enzyme immobilization. The ordered 3D 
nanowire arrays with high aspect ratios improve the signal-to-noise ratio signifi-
cantly, resulting in significantly higher sensitivity and a lower detection limit (De 
Leo et al. 2007); (Xu et al. 2010) in both sensor and biosensor applications.

Although noble metals are found to be highly sensitive as sensing surfaces, various 
other metals and metal oxides, such as CuO, RuO2 and MnO2, have also been used 
as efficient materials for direct oxidation of glucose, glutamate and H2O2, where 
there is no enzyme even needed (Chen et al. 2008; Umar et al. 2009). Among them, 
Ni-based nanomaterials have received special attention owing to their low cost and 
high catalytic activity towards glucose oxidation. Liu et  al. reported glucose 
biosensors based on Ni nanoparticle (NP) decorated carbon nanofibers (Liu et al. 
2009). He et al. reported glucose sensors based on Ni NP modified TiO2 tube arrays 
(Yu et al. 2012). In this chapter, we describe the fabrication of various types of 
vertically aligned nanowire arrays using simple template-based methods and their 
application in the detection of various analytes such as glutamate, glucose and H2O2.

2.2  �Synthesis of Pt Nanoparticle-Modified Gold  
Nanowire Arrays

Vertically standing gold nanowire arrays (Fig. 2.1a) were fabricated using a tem-
plate electrodeposition technique. A thin layer of Au (300 nm thick) was first sput-
tered onto one side of the anodic alumina oxide (AAO). Electrodeposition of Au
was performed at a constant current density of 1.0 mA cm−2 for 9,000 s in the Au 
bath (PURAMET 402). After deposition, the AAO template was etched away by
submerging the sample in 6.0 M KOH solution for 45 min. The resulting gold NAE
film was rinsed in deionised water and cut into a circular electrode 5 mm in diam-
eter. This was pasted to a 3 M transparent gold sputtered polymer film for the elec-
trical connection. The resulting nanowire-based electrode was dipped into a Pt 
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solution made of 5 mM potassium hexachloroplatinate and 10 mM HCl and electro-
deposition was performed with a current density of 1.0 mA cm−2 from 60 to 900 s to 
fabricate a Pt nanoparticle-modified gold nanowire array electrode (PtNP/NAE)
(Fig. 2.1b, c).

2.2.1  �Enzyme Immobilization for Glutamate Detection

Prior to enzyme immobilisation, the PtNP/NAE was rinsed with acetone and deion-
ised water, followed by running cyclic voltammetry (CV) in 0.5 M H2SO4 with a 
potential range of −0.2 to +1.5 V at a scan rate of 0.1 V s−1 until a stable CV was 
obtained. 20 μL of glutamate oxidase (GlutOx) [25 U in 250 μL of 0.01 M phosphate-
buffered saline (PBS), pH 7.4] was mixed with 2 mg of bovine serum albumin
(BSA), 20 μL of glutaraldehyde (2.5 % w/v) and 10 μL of Nafion (0.5 %). 10 μL of 

Fig. 2.1 SEM images of the (a) AuNAE; (b) 100 s PtNP-deposited AuNAE; (c) 600  s PtNP-
modified AuNAE and (d) GlutOx/PtNP/AuNAE (Jamal et al. 2010)
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this mixture was then dispensed onto the surface of a PtNP/NAE and allowed to dry
for 60 min under ambient conditions. The electrodes were then stored at 4 °C over-
night in 0.01 M PBS buffer prior to use (Fig. 2.1d).

2.2.2  �Morphology of the NAEs and PtNP/NAEs

Figure 2.1 shows SEM images of a gold NAE, PtNP/NAE and enzyme-immobilised
PtNP/NAE. The average length of the nanowires is approximately 6 μm with a 
diameter of ~200 nm. Figure 2.1a shows the fabricated nanowires after removing 
the anodic alumina oxide (AAO) template. Figure 2.1b clearly shows that PtNPs 
were formed on the nanowire surface after 100 s of deposition at a current density 
of 1 mA cm−2. With increasing deposition time, more PtNPs were deposited on the 
nanowire, and they coated the surface area of the nanowires and were concentrated 
at the top of the nanowires like a flower (Fig. 2.1c). Immobilization of GlutOx was 
found to be uniform, where effective cross-linking and protein immobilization 
within the Nafion polymer layer (Fig. 2.1d) can be observed.

2.2.3  �Electrochemical Characterization of PtNP/NAEs

Figure  2.2a illustrates the stepwise fabrication process for the GlutOx/PtNP/
AuNAEs. Figure 2.2b shows the cyclic voltammetry of a flat gold electrode (AuE)
(a circular Au-coated polymer 5 mm in diameter) and a PtNP-modified flat gold 
electrode (PtNP/AuE). Figure 2.2c shows the same for an AuNAE and PtNP-
modifiedAuNAEs (PtNP/AuNAE). All these experiments were performed in 0.5 M
H2SO4 at a scan rate of 0.1 V s−1, where typical voltammogram characteristics of a 
metallic Pt electrode in 0.5 M H2SO4 have been observed. The electrochemically 
active surface area of PtNP was determined from the charge consumed during the 
hydrogen adsorption/desorption voltammogram (Chakraborty and Retna Raj 2009). 
The loading of nanoparticles was optimized on the surface of the NAE, and 600–
800 s was found to be the optimum deposition time at a current density of 5 mA cm−2. 
This created a surface area of deposited PtNPs of 0.067 cm2. A longer deposition 
time of PtNP on NAE has a negative effect on the active surface area, and this may
be attributed to the blocking effect by the nanoparticles, due to the larger amount of 
deposition at the top of the NAEs, as evident from Fig. 2.1c. Moreover, a large 
amount of PtNPs reduces the inter-particle distance, which effectively reduces the 
active surface area (Karam and Halaoui 2008).
The roughness ratio of the flat Au, NAE and PtNP/NAE was calculated by inte-

grating the voltammogram from +0.72 to +1.2 V for flat Au and NAE (Fig. 2.2b), 
and from +0.20 to +0.67V for PtNP/AuE and PtNP/NAE (Fig. 2.2c) electrodes (Xu 
et al. 2010). Roughness was increased by 26.6 times for NAE electrodes compared
to the flat Au electrode and increased by 4.3 times for PtNP/AuNAE compared to
the flat Au/PtNP electrode.
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2.2.4  �Amperometric Behaviour Towards H2O2

Figure 2.3 shows the amperogram of direct electro-oxidation of H2O2 on a PtNP/
NAE electrode at Eapp = 0.65 V vs. Ag/AgCl. To obtain the amperogram, 200 μM of 
H2O2 was added at regular intervals. A reproducible response was obtained upon 
repeated addition of H2O2, with a sensitivity of 194.6 μA mM−1 cm−2 at 20 °C and a 
linear range of up to 20 mM. This confirms that the electrode does not undergo 
deactivation during the experiments. Without using any redox mediator or enzyme, 
PtNP/NAE can detect H2O2 concentrations as low as 1 μM at ambient. Moreover, 
PtNP/NAE-modified electrodes showed 24 times higher sensitivity toward H2O2 
than a AuNAE electrode and 82 times more than a flat Au electrode of similar foot-
print. However, the sensitivity of a PtNP-modified flat Au electrode was found to be 
166.4  μA  mM−1  cm−2, which is closer to that obtained for PtNP/NAE
(194.6 μA mM−1 cm−2); this suggests that nanoparticles play a major role in H2O2 
oxidation. The overall superiority of PtNP/NAE compared to other electrode
platforms prepared in this work is based on sensitivity, detection limit, t90 and r2 
values (Table 2.1).

A comparison of the performance of some efficient sensor platforms using PtNPs 
on nano-array electrodes for H2O2 detection is presented in Table 2.2. It can be seen 

Fig. 2.2  (A) Schematic illustration of stepwise fabrication of the GlutOx/PtNP/AuNAE. (B) Cyclic 
voltammograms of theAuNAE (a) and flat Au electrode (b). (C) Cyclic voltammograms of the PtNP/
AuNAE (a) and PtNP on flat Au electrode (b) in 0.5 M H2SO4 at 0.1 V s−1 (Jamal et al. 2010)
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Fig. 2.3 Amperometric response of PtNP/NAE on successive addition of 0.2 mM H2O2 
(Eapp = 0.65 V vs. Ag/AgCl) and corresponding concentration plot (inset). Background electrolyte 
is 0.01 M PBS (pH 7.4) (Jamal et al. 2010)

Table 2.1 Analytical performance parameters of AuE, PtNP/AuE, NAE and PtNP/NAE using no
enzyme for detection of H2O2

Electrodes r2 t90 (s)
Linearity  
(mM)

Detection  
limit (μM)

Sensitivity  
(μA mM−1 cm−2)

AuE 0.9972 55 2.0–20 47 2.35 ± 0.11
PtNP/AuE 0.9627 18 0.02–18 23 166.4 ± 7.9
NAE 0.9628 16 1.0–16   5 8.0 ± 0.38
PtNP/NAE 0.9847 11 0.02–20   1 194.6 ± 9.2

Table 2.2  A comparison of the performance of some sensor platforms using PtNPs on nano-array 
electrodes for H2O2 detection

Electrodes
Sensitivity  
(μA mM−1 cm−2)

Linear  
range (mM)

Limit of  
detection  
(μM) References

PtNP/NAE 194.6 0.02–20 1.0 This paper
PtNP-CNT  
arrays

140 5 × 10−3 to 25 1.5 Wen et al. (2009)

PtNP-TiO2  
nanotube arrays

1.68 4 × 10−3 to 1.25 4.0 Cui et al. (2008)

PtNP-CNT TiO2 
nanotube arrays

0.134 1 × 10−3 to 2 1.0 Pang et al. 2009)

Pt-AuNP TiO2 
nanotube arrays

2.92 10–80 × 10−3 10 Kang et al. (2008)
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that the proposed PtNP/NAE sensor template shows a good performance in terms of
sensitivity, linear range and limit of detection (LOD). However, the calculated sen-
sitivity for all the electrodes in Table 2.1 was determined by considering a surface 
area of 0.2 cm2.

2.2.5  �Analytical Performance of the Glutamate Biosensor

The analytical performance of the PtNP/NAE platform was examined in the detec-
tion of glutamate. Immobilization of glutamate oxidase (GlutOx) was achieved by 
cross-linking with glutaraldehyde (1 % v/v) and BSA (2 % w/v) onto the surface of
PtNP/NAEs. The optimum enzyme loading was determined by examining the activ-
ity levels over the range of 0.02–0.8 U GlutOx per electrode . An enzyme loading of 
0.58 U GlutOx per electrode was found to be optimal and higher loadings resulted 
in poor substrate response. On the other hand, lower enzyme loadings also resulted 
in poor response sensitivity. To obtain the best cross-linking, the ratio of Nafion, 
glutaraldehyde and BSA was used following the article published by Jamal et al.
(2009). The potential of the GlutOx-immobilized electrode was held at 0.65 V and 
aliquots of glutamate was injected into oxygen-saturated PBS at regular intervals
(Fig. 2.4). This electrode could successfully detect enzymatically generated H2O2. 
The sensitivity of the electrode towards glutamate obtained from the calibration plot 
was 10.76 μA mM−1 cm−2. The limit of detection was found to be 14 μM with a 
linear range of 50 μM to 2 mM and a t90 of 4.6 s.

Fig. 2.4 Amperometric response of GlutOx-modified PtNP/NAE on successive addition of
0.2  mM glutamate (Eapp = 0.65  V vs. Ag/AgCl) and corresponding concentration plot (inset). 
Background electrolyte is 0.01 M PBS (pH 7.4) (Jamal et al. 2010)
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2.3  �Synthesis of Ni Nanowire Arrays

Nickel nanowires were prepared inside the anodic alumina oxide (AAO) template 
having an average pore diameter of 250 nm. One side of the template was evapo-
rated with a 400 nm layer of Ni film (deposited using Temescal FC-2000), which 
served as the working electrode. The ohmic contact to the substrate was made 
using Radionics silver conductive paint, which has a volume resistivity of 0.001 
Ω cm when fully hardened. A low stress nickel sulfamate bath was prepared using 
nickel sulfamate (0.37  mol  dm−3), boric acid (0.64  mol  dm−3), nickel bromide 
(0.18 mol.dm−3) and wetting agent ANKOR® F (10 mL L−1). The pH of the solution 
was adjusted to 3.8 by adding 1  mol  dm−3 sulfamic acid at room temperature. 
Deionized water with resistivity ~18 MΩ was used to prepare the solution. The 
electrolyte temperature was maintained at 50 ± 1 °C, and the solution was stirred 
slowly at a rate of 100  rpm. A two-electrode cell was used with Ni pellets in a 
Ti-basket as an anode and Ni/porous AAO template as a working electrode (cath-
ode). A constant current of 50 mA cm−2 (as the ratio of the total template area) was 
applied to the working electrode and the deposition rate was found to be 
0.6 μm min−1. After deposition, the free-standing nanowires were released by 
dissolving the template in 6.0 M KOH solution for 45 min, washed with plenty of 
de-ionized water and dried in air.

2.3.1  �Synthesis of Shell@Core NiO@Ni Nanowire Array 
Electrode (NAE)

The nickel nanowire arrays were annealed in plasma using a March Plasmod GCM 
200 system to fabricate shell@core NiO@NiNAE. The as-prepared film of NiNAEs
were attached onto a Si substrate by adhesive tape (Kapton tapes, DuPont™, USA)
at the edge, so that the back side was not exposed to the plasma and thereby only the 
surface of the nanowires was converted to oxide. The Ni nanowire arrays were 
annealed for different times at a power input of 50 W with a constant oxygen flow 
in order to achieve different thicknesses of the oxide layer on the nanowires.

2.3.2  �Elemental Characterization of Shell@Core NiO@NiNAE

Figure 2.5a, b shows SEM images of the NiNAE and NiO@NiNAE with an average
diameter of each nanowire of 250 nm. The images were taken after removing the 
AAO template. The average height of the nanowire was found to be around 10 μm. 
The surface morphologies of the as-deposited and plasma-annealed NAEs are dif-
ferent; e.g. the surface roughness of the annealed samples is increased due to oxide 
formation (Fig. 2.5c).A thin oxide layer is formed around the circumference of NiNAEs.
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A high-magnification HR-TEM (STEM-EDS elemental mapping on dark field)
image (Fig. 2.5d) clearly shows the presence of a thin oxide layer at the outer surface 
of the Ni. Elemental mapping by STEM-EDS reveals the presence of Ni in the inner
core (Fig. 2.5e) and O in the outer shell (Fig. 2.5f) of the annealed Ni nanowire. The 
constitution of NiNAE and NiO@NiNAE was further characterized using X-ray dif-
fraction (XRD). The XRD patterns of the as-deposited virgin Ni nanowires and those 
from after they were annealed at 50 W for 300 s in oxygen plasma are shown in 
Fig. 2.6a. The XRD patterns of NiO@NiNAE show three well-resolved characteris-
tic peaks of NiO that can be readily indexed at 37.3°, 43.3° and 63° to (111), (200), 
and (220), respectively. The peaks designated by asterisks are associated with the 
metallic Ni phases and show no diffraction peaks for NiO in the XRD patterns of the 
as-deposited sample. The characteristic peak intensities of NiO are lower than that of 
Ni, because Ni peaks have also been counted from the seed layer and thin film 
(3–4 μm) deposited onto the back side of the seed layer during the electrodeposition 
of NiNAE. Furthermore, the selected area diffraction image of a single nanowire
(Fig. 2.6b) shows crystal orientation for both Ni and NiO phases.

Fig. 2.5  (a) SEM images at 45° perspective view of the NiNAE; (b) NiO@NiNAE obtained
from metallic NiNAE after oxygen plasma annealing at 50 W for 600 s; (c) High-magnification 
TEM image of a NiO@Ni nanowire; (d) STEM-EDS elemental mapping shows the presence of
a thin oxide layer around the Ni circumference annealed at 50 W for 600  s: dark field (DF) 
images of coaxial NiO@Ni nanowire; (e) nickel at the inner core; (f) oxygen at the outer shell 
(Jamal et al. 2013)
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2.3.3  �Electrochemical Characterization of Shell@ 
Core NiO@NiNAE

Prior to the implementation of the as-prepared NiNAE and NiO@NiNAE as non-
enzymatic sensors, their electrochemical behaviours were investigated using cyclic 
voltammograms (CVs). Figure 2.7a, b presents the CVs obtained for the NiNAE
and NiO@NiNAE, respectively, in 1 M NaOH solution at various scan rates. The
CV curve of the as-deposited NiNAE shows an anodic peak at 0.46V and a cathodic
peak at 0.34 V at a scan rate of 20 mV s−1. The anodic and cathodic peaks are attrib-
uted to the formation and reduction of a few monolayers of NiOOH by the surface 
corrosion of metallic Ni (Amjad et al. 1977; Nelson et al. 2002). Similar behaviour
was obtained for shell@core NiO@NiNAEs (5 min annealing), where anodic and
cathodic peaks were obtained at 0.50 and 0.38 V, respectively. In contrast to the 
electrochemical behaviour of metallic Ni nanowires in alkaline solution, plasma-
annealed NiO@NiNAEs show a redox couple resulting from the pseudocapacitive
behaviour of faradaic oxidation and reduction reactions of NiO↔NiOOH. The thin 
oxide shell (NiO) also prevents the metallic core Ni from coming into contact with 
the alkaline electrolyte, and therefore the measured capacitance is completely attrib-
utable to the surface faradaic redox reaction of NiO. The reactions which occur on 
the surface can therefore be described as follows:

For metallic Ni:

	
Ni OH Ni OH e+ → ( ) +− −2 2

2 	
(2.1)

	
Ni OH OH NiOOH H O e( ) + ↔ + +− −

2 2 	
(2.2)

For NiO:

	 NiO OH NiOOH e+ → +− −
	 (2.3)

Fig. 2.6  (a) XRD of NiNAE and NiO@NiNAE; (b) electron diffraction pattern taken from the 
NiO@Ni nanowire showing the presence of both Ni metal and oxide d-spacing (Jamal et al. 2013)
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The capacitive current of NiNAEs in alkaline solution is higher than that of NiO,
due to the fact that Ni is more corrosive in alkaline solution, and this contributes 
significantly to the current response. Conversely, NiO is a semiconductor in nature 
that prevents the corrosion of the metallic Ni core, and the current response is due 
totally to the surface faradaic oxidation and reduction reaction of the NiO shell. In 
addition, the reduced current response of annealed Ni nanowires can also be par-
tially attributed to the slight depletion in interspaces between wires (see Fig. 2.7c) 
through agglomeration of nanowires. In any case, NiNAEs show quasi-reversible
behaviour in NaOH, where peak potential separation increases with the scan rate. 
On the other hand, NiO@NiNAEs show completely reversible characteristics with
insignificant peak separation as a function of the scan rate, which is attributed to 
electrode diffusion-controlled behaviour towards the electrolyte. This phenomenon 
is significant for the application of NiO@NiNAE as an efficient catalyst in the basic
media. The effect of the thickness of the NiO shell (i.e. the effect of annealing) on 
electrochemical activities has been discussed in previous work (Hasan et al. 2012). 
At higher annealing times, more Ni turns into NiO and this thins the conductive core 
of Ni, thereby increasing the electrical resistance of each individual nanowire. 
Therefore, at higher annealing times (>5 min), thick and poorly conductive NiO in 

Fig. 2.7  Cyclic voltammograms of (a) NiNAE and (b) NiO@NiNAE, at different scan rates, (c) 
plot of current density vs. scan rate; inner to outer: 20, 40, 60, 80, 100, 120, 140 and 160 mV s–1; 
electrolyte: 1 M NaOH (Jamal et al. 2013)
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the outer shell of the nanowires becomes practically in electrical isolation from 
the conductive inner Ni core. On the other hand, shell@core coaxial NiO@Ni 
nanowire arrays made with less than 3 min annealing time do not show high catalytic 
response in glucose oxidation due to the absence of an efficient NiO@Ni interface.

2.3.4  �Electrocatalytic Behaviour and Analytical Performance 
of the NiO@NiNAE Sensor

In order to address the analytical applicability of these nanowire electrodes, the 
electrocatalytic activity towards glucose was investigated. Figure 2.8a, b presents 
the CV responses of NiNAEs and NiO@NiNAEs (5 min annealing) in 1 M NaOH
without and with 30 mM glucose. In the absence of glucose, two redox peaks of 
Ni2+/Ni3+ were observed. Upon the addition of glucose, an increase of the anodic 
peak current can be observed for both NiNAE and NiO@NiNAE (Fig. 2.8), indicat-
ing that both electrodes exhibit excellent electrocatalytic activity towards the oxida-
tion of glucose without using any enzyme. It also can be seen that with the addition 
of glucose, the anodic peak shifts to the higher potential in both electrodes, which 
may be attributed to the diffusion limitation of glucose at the electrode surface. 
Similar behaviour was obtained for Ni electrodes in other publications (Lu et al.
2009; Nie et al. 2011). As illustrated in the literature, the catalytic effect of the Ni2+/
Ni3+ redox couple for oxidation of glucose to gluconolactone was according to the 
following reactions:

	
Ni OH OH NiO OH H O e( ) + ↔ ( ) + + −

2 2 	
(2.4)

	
NiO OH glucose Ni OH gluconolactone( ) + → ( ) +

2 	
(2.5)

Fig. 2.8 Electrocatalytic response of (a) NiNAE, (b) NiO@NiNAE (5 min annealing) in the pres-
ence of 0 and 30 mM glucose. Scan rate: 20 mV s–1; electrolyte: 1 M NaOH (Jamal et al. 2013)
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The reaction mechanism is described in more detail in Fig. 2.9. The catalytic behav-
iour of the NiO@NiNAE differs significantly from that of the NiNAE owing to the
presence of the thin NiO shell around the exposed surface of each Ni nanowire. 
Upon the addition of glucose to the electrolyte system, the electro-oxidation current 
increases dramatically for NiO@NiNAEs compared with NiNAEs and therefore
NiO is considered a good electrocatalyst. Moreover, the electro-oxidation current of 
glucose (calculated from CV before and after addition of glucose to the electrolyte 
of Fig. 2.8) for NiNAEs is low (23.8 mA cm−2) compared to NiO@NiNAEs (27.8
and 25.4 mA cm−2 for 5 and 3 min annealing time, respectively). This is an indica-
tion that the current response for NiO@NiNAEs can be interpreted as the oxidation
of glucose in the electrolyte system. In addition to the lower background current, the 
electrocatalytic current of NiO@NiNAEs increases upon the addition of glucose by
15–20 % compared to NiNAEs, but the capacitive behaviour is eliminated. This is
due to the fact that in the case of NiO@NiNAEs, the outer shell (NiO) has converted
into NiOOH in a single step (Eq. 2.3 and Fig. 2.9b) whereas in NiNAEs it occurs in
two steps (Eqs. 2.1 and 2.2 and Fig. 2.9a) during the diffusion of glucose. The for-
mation of the reaction intermediate NiOOH in the case of NiO is one step less 

Fig. 2.9  A schematic diagram of the reaction mechanism on the surface of (a) NiNAE; (b) NiO@
NiNAE (Jamal et al. 2013)
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compared to Ni, which is the rate-determining step for glucose oxidation. This is 
also evident from the sharp rise of the oxidation current for the NiO@NiNAE com-
pared to the NiNAE in Fig. 2.8b, a, respectively. Moreover, NiO is a good catalyst 
and thus the electrocatalytic behaviour completely dominates the capacitive behav-
iour in the presence of glucose and the current response is completely due to the 
electro-oxidation of glucose. A thin oxide-coated Ni nanowire can therefore be seen 
to be an excellent electrocatalytic material for the detection of glucose.
For the chronoamperometric sensing application, NiNAEs and NiO@NiNAEs

are evaluated by measuring the current response for glucose under optimal condi-
tions. Figure 2.10a, b shows the chronoamperometric responses for the NiNAE and
NiO@NiNAE during the successive addition of 1.0 mM glucose in 1 M NaOH at an
applied potential of +0.52 V. These electrodes could successfully detect glucose 
catalytically through electron transition from Ni2+ to Ni3+. The sensitivity to glucose 
obtained from the calibration plot was 80 mC mM−1 cm−2 for the NiNAE and 170.4
mC mM−1 cm−2 for the NiO@NiNAE. Glucose sensitivity for the NiO@Ni nanow-
ire array was found to be significantly higher than the NiNAE (Fig. 2.10c). 
Figure 2.7c shows the plot of current density vs. scan rate for three different elec-
trodes. At higher annealing times, more Ni turned into NiO and that resulted in 

Fig. 2.10  Chronoamperometric responses of (a) NiNAE, (b) NiO@NiNAE, 5 min upon succes-
sive addition of 1 mM glucose. (c) Corresponding concentration plot; conditions: electrolyte 1 M 
NaOH and applied potential Eapp=0.52 V (Jamal et al. 2013)
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thinning of the conductive core of Ni, thereby increasing the electrical resistance of 
the individual nanowire. Therefore, at higher annealing times (>5 min), thick and 
poorly conductive NiO in the outer shell of the nanowires becomes practically in 
electrical isolation from the conductive inner Ni core. On the other hand, shell@
core coaxial NiO@Ni nanowire arrays made with less than 5 min annealing time, 
which is not enough to cover the core Ni wire, do not show the highest catalytic 
response because of the absence of an adequate NiO@Ni interface.
Moreover, glucose sensitivity of the NiO@NiNAE was significantly higher than

the majority of the Ni-based glucose sensors reported in the literature, where the 
sensitivity varies between 0.04 and 0.42 mA mM−1 cm−2 (You et al. 2003; Liu et al. 
2009; Safavi et al. 2009; Wang et al. 2012). This is attributed to the excellent elec-
trocatalytic properties of the NiO@NiNAE in the alkaline medium, as well as its
nanostructured shape and vertical orientation. Figure 2.10c shows that both NiNAEs
and NiO@NiNAEs are linear for glucose detection up to 7 mM, with a limit of
detection of 33 and 14 μM (signal-to-noise ratio = 3), respectively. The stability of 
the NiNAE and NiO@NiNAE was determined over a period of 4 weeks, with an
analysis carried out every 2 days with five assays each day with a 1.0 mM glucose 
addition. In between the testing, the electrodes were stored in air at ambient and 
activity remained at 96 % of its initial activity after 4 weeks for the NiO@NiNAEs.
This was not the case for the NiNAEs, which needed extra cleaning to obtain a
stable current response.

2.3.5  �Interferents Studies

One of the major challenges in non-enzymatic glucose detection can be electro-
chemically active interferents, which generate electrochemical signals at the same 
potential as glucose. In our previous work, we have used the ground subtraction 
method to eliminate signals generated due to ascorbic acid and uric acid, which are 
common electrochemical interferents in physiological fluids (Jamal et al. 2009). 
Therefore, we examined the amperometric responses of the NiNAE and NiO@
NiNAE at an applied potential of 0.52 V in 1 M NaOH solution with continuous
additions of 1 mM glucose, 100 μM uric acid, 100 μM ascorbic acid, 140 μM acet-
aminophen and 1 μM dopamine. From the current response in Fig. 2.11, a signifi-
cant signal was obtained for glucose compared to uric acid, ascorbic acid, dopamine 
and acetaminophen. Compared to glucose, the interfering species (uric and ascorbic 
acids) yielded current responses ranging from 5 to 7 %.

2.4  �Summary

In this chapter, a new cost-effective and sensitive vertically aligned sensor platform 
to detect hydrogen peroxide, glutamate and glucose based on PtNP modified 
AuNAE and coaxial NiO@NiNAE has been reported. Excellent catalytic activity
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has been found for both glutamate and glucose, with a sensitivity of 10.76  μA 
mM−1 cm−2 and 170 mC mM−1 cm−2, respectively and with stability retained up to a 
level of 98 % after 2 weeks of regular use. NiO@Ni nanowires with 300 s annealing 
time shows better catalytic performance for glucose detection in 1 M NaOH solu-
tion compare to NiNAEs or NiO@NiNAEswith various annealing times. Selectivity
for both glutamate and glucose was found to be promising in the presence of physi-
ological interferents.
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Chapter 3
Device Architecture and Biosensing 
Applications for Attractive One- and  
Two-Dimensional Nanostructures

Chun-Da Liao, Tien-Chun Tsai, Yi-Ying Lu, and Yit-Tsong Chen

Abstract  In the past decade, a myriad of novel nanoscale materials have been 
discovered and/or synthesized. New device architectures configured with these 
novel nanomaterials have been fabricated for innovative experiments and practical 
applications in electronics, optoelectronics, biosensors, and more. In this chapter, 
we introduce attractive one-dimensional (1D) and two-dimensional (2D) nanostruc-
tures and their fabricated device architectures for biosensing applications. In par-
ticular, this chapter focuses on 1D silicon nanowires and 2D graphene. We first 
describe the preparation and synthesis methods that have been used to generate 
these nanomaterials. The unique characteristics of these nanostructures and their 
physical, chemical, mechanical, and electrical properties are discussed. Current 
techniques for device fabrication are introduced. Examples of various biological 
and cellular applications are also included. Field-effect transistor devices constructed 
from 1D silicon nanowires and 2D graphene sheets are described, and we discuss 
biosensors for the investigation of protein–protein interactions, neural signal trans-
mission, viral infection diagnosis, biomolecular detection, nucleic acid screening 
and sequencing, and real-time cellular recording.
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3.1  �One-Dimensional Device Architecture and Biosensing 
Applications

3.1.1  �Introduction

Recent developments in fabrication techniques for a variety of nanoscale materials, 
such as nanoparticles, nanowires (NWs), and nanotubes (NTs), have allowed these 
materials to be extensively investigated and used in novel biosensor devices (Rosi 
and Mirkin 2005; Hu et al. 1999). Several desired features, such as specificity, ultra-
sensitivity, high-speed sample delivery, and low cost, have to be considered when 
designing and fabricating nanoscale biosensors. For example, quantum dot-based 
sensing devices have been shown to have high detection sensitivity, high target selec-
tivity, and a short response time. These cost-effective sensing devices are usually 
integrated with optical instruments, which can translate a successful binding event 
into a readable signal (Raymo and Yildiz 2007). In applications of nanomaterials to 
study biological entities, such as nucleic acids, proteins, and viruses, the dimension 
of nanomaterials of ~1–100 nm provides a perfect feature for these studies because 
this feature size (comparable to biological entities) can maximize the interactions 
with biological entities, thus enhancing the sensitivity of detection (Curreli et  al. 
2008). In addition, nanomaterials with high surface-to-volume ratios have a large 
proportion of their constituent atoms located at or adjacent to the surface. Therefore, 
the surface atoms of nanomaterials play an important role in determining their physi-
cal, chemical, and electronic properties. In particular, if nanomaterial surfaces can be 
easily modified, such chemical surface modifications can facilitate the anchoring of 
a specific receptor for highly selective sensing applications.

In recent years, field-effect transistors (FETs) have been developed as powerful 
sensing devices that translate target–receptor interactions on the FET surface 
directly into readable electrical signals (Poghossian et al. 2007). 1D semiconducting 
nanomaterials, such as silicon nanowires (SiNWs) and carbon nanotubes (CNTs),
have attracted great attention for use in FETs because of their high selectivity and 
sensitivity, real-time responsiveness, and label-free detection capabilities (Patolsky 
et al. 2006b; Park et al. 2007; Chen et al. 2004b). A multitude of highly sensitive 
SiNW-FETs have been utilized for biosensors (Cui et al. 2001; Stern et al. 2007; 
Li et al. 2004) and chemical sensors (McAlpine et al. 2007; Talin et al. 2006), and 
recently they have also been used to interface with natural neuronal networks (Qing 
et al. 2010; Kwiat et al. 2012). In this chapter, we first focus on the device fabrica-
tion and biosensing applications of SiNW-FETs and then focus on graphene-based
FETs in the second section.

3.1.2  �Fabrication of SiNW-FETs

“Bottom-up” and “top-down” techniques are the two approaches generally used to 
fabricate SiNW-FETs. “Bottom-up” methods are based on the catalytically assisted
growth of SiNWs (with diameters as small as 5 nm or less) (Shao et al. 2010), which 
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are assembled for device fabrication through photolithography and/or electron beam 
lithography (EBL). “Top-down” approaches mainly rely on lithographic methods, 
such as EBL (Trivedi et al. 2011), nanoimprinting (Morton et al. 2008), and scan-
ning probe lithography (Martínez et al. 2008, 2010), to fabricate SiNW-FETs with
lateral sizes of around ten to several hundred nanometers.

3.1.2.1  �Top-Down Fabrication Methods

• CMOS-Compatible Fabrication Techniques
In a “top-down” fabrication process, SiNWs are built on a silicon-on-insulator
(SOI) wafer. The normal structure of a three-layered SOI wafer contains buried
silicon dioxide (SiO2, ~200–400 nm thick) sandwiched between a bottom Si
substrate and a top Si device layer (~50–100 nm thick). Through the multiple
procedures of photolithography, reactive ion etching (RIE), ion implantation, 
and thermal/e-beam evaporation, the connecting electrodes and the SiNWs that
are pre-defined by EBL can be joined together, forming SiNW-FET devices in
which the width of the SiNWs can reach ~100 nm. Figure 3.1 illustrates a stan-
dard complementary metal-oxide-semiconductor (CMOS)-compatible fabrica-
tion process (Chen et  al. 2011), in which the Si layer is first doped with
low-density boron or phosphorus at a concentration of ∼1015 cm−3 via ion implan-
tation (Fig. 3.1a). The semiconducting properties (n- or p-type) and the doping 
ratio of SiNWs are determined in this step. The highly dense doping area
(~1019 cm−3) is prepared for source and drain leads (Fig. 3.1b). Photolithography 
is a preferred technique to define the pattern of leads, followed by transferring 
the drawn photoresist pattern onto the SOI wafer via RIE (Fig. 3.1c). In the last 
stage (Fig. 3.1d), RIE (or tetramethylammonium hydroxide etching) is executed 
again to transfer the EBL-defined electric-resist pattern onto the SOI wafer,
resulting in nanometer-sized SiNWs. Thermal or e-beam evaporation is subse-
quently used to produce the contact leads and back gate. Finally, an insulator 

Fig. 3.1 Schematic illustration of a typical “top-down” process for fabricating SiNW-FETs
Reprinted with permission from Chen et al. (2011). Copyright Elsevier
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layer, made of Al2O3 (Stern et al. 2007; Knopfmacher et al. 2010), SiO2 (Lin 
et al. 2009), or Si3N4 (Vu et al. 2009), is coated onto the SiNW-FET device.

The conventional “top-down” patterning process relies heavily on high-
resolution lithography, typically requiring the use of deep UV (DUV)-
photolithography, EBL, and focused ion beam (FIB). These advanced 
nanolithography techniques can scale the feature sizes down to a few nanometers 
(Vieu et  al. 2000; Craighead et  al. 1983). Although the “top-down” approach 
may require expensive instrumentation, it has the advantages of using standard 
semiconductor techniques to precisely design a desired device-array pattern 
without the problems associated with positioning SiNWs.

• Improved CMOS-Compatible Fabrication Techniques
In this section, “top-down” approaches without using refined nanolithography 
techniques, such as metallic nanowire pattern transfer and sidewall method, will 
be introduced as alternatives for SiNW-FET fabrication.

	1.	 Metallic Nanowire Pattern Transfer
The fabrication of SiNWs with a “top-down” technique is difficult to
accomplish without employing EBL or high-resolution DUV lithography. To 
overcome this problem, transferring a hard metallic NW mask, built from a 
GaAs/Al0.8Ga0.2As superlattice nanowire pattern (SNAP), was proposed as
shown in Fig. 3.2a (Melosh et al. 2003). A GaAs/Al0.8Ga0.2As superlattice was 
deposited on the (100) surface of a GaAs substrate through molecular beam
epitaxy (MBE). Subsequently, superlattice voids of ~20–30 nm in depth were
formed via selective etching of the AlGaAs layers with a dilute mixture of
buffered hydrofluoric acid (HF). After creating voids, the GaAs/AlGaAs
superlattice was metal-coated by orienting the superlattice at an angle of 36° 
with respect to the evaporative flux (step (iii) of Fig. 3.2a), followed by put-
ting the metal-coated superlattice onto a Si wafer in contact with a heat-
curable epoxy film that serves as an adhesion layer (step (iv) of Fig. 3.2a). The 
superlattice-attached wafer was then suspended upside down in a KI etchant 
(4 g)/I2 (1 g)/H2O (100 mL) to remove the GaAs layer, leading to well-aligned
metallic NWs remaining on the Si wafer (step (v) of Fig. 3.2a). Through an O2 
plasma etching process (step (vi) of Fig. 3.2a), the pattern of metallic NWs 
can be transferred to an underlying semiconductor substrate, such as an SOI
wafer, thereby generalizing both metal (Fig. 3.2b, c) and semiconductor NWs 
(Fig. 3.2d). The SNAP-based FETs integrated with microfluidic channels can
function as highly sensitive biodetectors as shown in Fig. 3.2e, f. Instead of 
employing photolithography or EBL, the SNAP process relies upon MBE to
precisely control the thickness of film, i.e., to define the width of NWs, thus 
resulting in the production of thinner wires with much smaller pitches than 
those fabricated by photolithography or EBL. It is also possible to make such 
metallic NWs without using MBE. A technique named deposition and etching 
under angles (DEA) (Tong et  al. 2009) was further presented as another 
means for fabricating SiNWs, and is based on standard microfabrication
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processes including photolithography, thin film deposition, and ion beam 
etching. The metallic NWs created by DEA can reach ∼30 nm in width and 
up to several millimeters in length. SiNW-FET devices built with the DEA
metallic mask can achieve a lateral dimension down to <100 nm.

2.	 Sidewall Method
To reduce the lateral size of SiNWs, Choi et al. used a lithographically defined
sacrificial sidewall as a nano-pattern to produce submicron-scale SiNWs
(Choi et al. 2003). The fabrication process is illustrated in Fig. 3.3a. The thermal 
oxide, serving as a hard mask for the subsequent Si etching process, was
grown on a (100) Si wafer. The poly-Si layer, functioning as a sacrificial layer,
was then deposited on the top of the thermal oxide shown in step (ii) of 
Fig. 3.3a. Photoresist was spin-coated on the top of the poly-Si prior to applying

Fig. 3.2  (a) The SNAP process for creating small-pitch metallic NWs via a GaAs/AlGaAs super-
lattice. (b) Scanning electron microscopy (SEM) image showing an array of metallic NWs. The
bright line adjacent to the NWs results from residual epoxy. (c) An enlarged section from 
(b) reveals 10-nm-diameter platinum (Pt) NWs with different pitch lengths of 30 and 60 nm. (d) 
SEM image of SiNWs. These wires are straight and continuous for more than 100 μm. (e) and (f) 
show that SiNW-FETs made by the SNAP technique contain three groups of SiNWs within a
microfluidics channel. The wafer is coated with Si3N4, except for an exposed active region contain-
ing SiNWs. Reprinted with permission from Melosh et al. (2003) and Bunimovich et al. (2006). 
Copyright American Association for the Advancement of Science and American Chemical Society
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UV-lithography to define a starting pattern. The poly-Si, without the protec-
tion of the photoresist, was subsequently plasma-etched (step (ii) of Fig. 3.3a). 
A low temperature oxide (LTO), determining the final pattern size of the 
SiNWs, was deposited on the top of the poly-Si (step (iii) of Fig. 3.3a). In 
order to expose the poly-Si and its LTO sidewalls, the top-covered LTO layer
was treated in a CF4 plasma-etching process (step (iii) of Fig. 3.3a) and the 
exposed poly-Si, i.e., the starting pattern, was plasma-etched again. After this
step, the sacrificial poly-Si was entirely removed, leaving LTO narrow wires
that are less than 200 nm in width. CF4 plasma was used again to etch away 
the SiO2 layer (thermal oxide), which was not protected by the LTO wires 
(step (iv) of Fig.  3.3a). The exposed Si wafer was finally etched away by
using RIE until the desired SiNW height was obtained (step (v) of Fig. 3.3a). 
The minimum pattern pitch has to be limited by the photolithographically 
defined pattern. However, the fabricated feature size, i.e., the NWs, is only 
determined by the thickness of the deposited material rather than by photoli-
thography. Because the thickness of the deposited film can be controlled 
down to 10 nm or less with high precision, this method is capable of generat-
ing nano-patterns that are far smaller than those created by optical lithogra-
phy (Fig.  3.3b). In addition to the LTO sidewalls, properly annealing 
amorphous silicon (a-Si) sidewalls deposited by low pressure chemical vapor
deposition (LPCVD) has also been proposed to directly form poly-SiNWs
(Hsiao et al. 2009; Hakim et al. 2012; Demami et al. 2012; Lin et al. 2005).

Fig. 3.3  (a) The size reduction lithography fabrication process. (b) Cross-sectional views: (i) after 
200-nm-thick LTO deposition and (ii) after etching of the top LTO layer and poly-Si layer. (iii) An 
SEM image of the 20-nm SiNW fabricated by size reduction lithography. Reprinted with permis-
sion from Choi et al. (2003). Copyright American Chemical Society
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3.1.2.2  �Bottom-up Fabrication Methods

• SiNWs Synthesis and Their Device Fabrication Process
Figure 3.4 illustrates a “bottom-up” process starting with the growth of SiNWs
and ending with the final stage of device fabrication. Chemical vapor deposition 
(CVD, Fig. 3.4a) plays a vital role in the SiNW synthesis, and it is governed by
a vapor–liquid–solid (VLS) growth mechanism, in which catalytic metal
nanoparticles facilitate the formation of SiNWs (Tian et al. 2009; Wagner and 
Ellis 1964) and control the size of the as-synthesized SiNWs (Wu et al. 2004; Ma 
et al. 2003). In addition, the dopants of the as-grown SiNWs can be precisely
controlled during the CVD reaction (Cui et al. 2000).

Because the as-synthesized SiNWs are well controlled in the CVD reaction,
the “bottom-up” method can exhibit high reproducibility. Compared to the “top-
down” technique, the “bottom-up” method has the advantages of synthesizing 
SiNWs with high single crystallinity, a designated dopant density, thin SiO2 
sheaths, and easily controlled diameters in a cost-effective preparation. However, 
without deliberate alignment of the randomly orientated SiNWs grown on the Si
substrate, the device fabrication would suffer from inefficient yields, which 
could limit industrial applications. Therefore, the practical use of “bottom-up” 
SiNW-FETs will require the development of uniform assembly techniques for
aligning the as-synthesized SiNWs on a support substrate. Several effective
assembly techniques will be discussed in the following section, entitled 
“Nanowire Assembly Techniques”.

After assembling SiNWs (Fig. 3.4b), device fabrication can be carried out by 
photolithography or EBL. In the photolithographic steps, a two-layer photoresist 
consisting of LOR3A and S1805 is deposited onto a Si substrate by spin coating
(Fig. 3.4c). Subsequently, the electrodes are defined with a pre-designed photo-
mask, followed by thermal or e-beam evaporation for the deposition of metal 

Fig. 3.4 Schematic illustration of a typical “bottom-up” process for fabricating SiNW-FETs.
Reprinted with permission from Chen et al. (2011). Copyright Elsevier
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contacts (Fig.  3.4d). Finally, the remaining photoresist layer is lifted off by 
Remover PG to yield the as-fabricated SiNW-FETs (Fig. 3.4e).

• Nanowire Assembly Techniques
Significant efforts have been invested in developing generic methods to align
NWs for the fabrication of NW-FETs. Several techniques for the assembly of
NWs have been developed, including flow-assisted alignment, the Langmuir–
Blodgett technique, the bubble-blown technique, electric-field-directed assem-
bly, the smearing-transfer method, roll-to-roll printing assembly, and the 
polydimethylsiloxane (PDMS) transfer method.

	1.	 Flow-Assisted Alignment
In the flow-assisted alignment method (Huang et al. 2001), the SiO2/Si sub-
strate is pre-modified with 3-aminopropyltriethoxysilane (APTES), of which
one end is anchored to the SiO2 surface and the other end forms an NH2-
terminated surface. When the suspended SiNWs pass through a PDMS micro-
fluidic channel covered onto the SiO2/Si substrate, the NH2-terminated surface 
assists the alignment of SiNWs through electrostatic interactions. The angular
spread of the SiNWs in the flow direction is flow-rate-dependent, but the den-
sity of the SiNWs assembled on the SiO2/Si substrate is time-dependent.
Furthermore, multiple crossed arrays of SiNWs can be produced through a
crossed flow involving multiple consecutive assembly processes.

	2.	 Langmuir–Blodgett Technique
The Langmuir–Blodgett technique can be used for the alignment of NWs/
NTs (Whang et al. 2003; Li et al. 2007). This solution-based method assem-
bles SiNWs in a monolayer of surfactant at the air–water interface and then
compresses the SiNWs on a Langmuir–Blodgett trough to a specified pitch.
The aligned SiNWs are then transferred to the surface of a substrate to make
a uniform parallel array. Crossed SiNW structures can be formed by uniform
transfer of a second layer of aligned parallel SiNWs perpendicular to the first
layer. Compared to other methods, the Langmuir–Blodgett technique is capa-
ble of producing a SiNW alignment with much higher density.

	3.	 Bubble-Blown Technique
The bubble-blown technique uses nitrogen flow to form SiNW blown-bubble
films in a physical assembly method. The SiNWs are suspended in tetrahy-
drofuran solution and then blown into a single bubble. The unique feature of 
this method is that blown-bubble films can be transferred to both rigid and 
flexible substrates during the expansion process. This method can also be 
scaled to large wafers and non-rigid substrates (Yu et al. 2007).

	4.	 Electric-Field-Directed Assembly
The electric-field-directed assembly of SiNWs, developed by Freer et al.
(Freer et al. 2010), is an intriguing and desirable method. Taking advantage of 
the appropriate electrode design and adjustment of the applied gate voltage 
(Vg) vs. source-drain voltage (Vsd), single SiNWs can be assembled at over
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98.5 % of 16,000 pre-patterned electrode sites by controlling the balance of 
surface, hydrodynamic, and dielectrophoretic forces.

	5.	 Smearing-Transfer Method
The smearing-transfer method (or contact-printing method), developed by Ali 
Javey’s group (Fan et al. 2008), is based on a direct contact printing process 
that enables the direct transfer and positioning of SiNWs from a donor sub-
strate to a receiver chip. This simple method can efficiently transfer a variety 
of NWs (such as SiNWs and germanium NWs (GeNW)) to a wide range of
receiver substrates, including Si and flexible plastics. The technique, which
uses a chemical “lawn” and “lubricant” to increase the density and alignment 
quality, is regarded as a rapid, efficient, and economical method.

	6.	 Roll-Printing Assembly
Ali Javey’s group has also developed an approach based on contact printing 
for scalable and large-area printing. Roll-to-roll assembly has made it possi-
ble to produce highly ordered, dense, aligned, and regular arrays of NWs with 
high uniformity and reproducibility. The differential-roll-printing process is 
compatible with the smearing-transfer method and can also be implemented 
on a wide range of rigid and flexible substrates (Yerushalmi et al. 2007).

	7.	 PDMS-Transfer Method
An NW alignment method using a PDMS stamp was proposed by Chang
et al. (Chang and Hong 2009). In their report, a high-speed roller (20–80 cm/
min) was used to assist the transfer of zinc oxide (ZnO) NWs from the growth 
substrate to a PDMS stamp. The NWs were then re-transferred from the
PDMS stamp to another receiver substrate. Taking advantage of this method,
NWs can be aligned with high density, providing a convenient and efficient 
approach for the fabrication of NW-FETs.

3.1.3  �Applications of SiNW-FET Biosensors

SiNW-FET biosensors have been investigated for their potential use in the biologi-
cal sciences and healthcare. Possible applications include examining protein–DNA 
interactions, monitoring neural exocytosis, probing viral infection, and detecting 
small-molecule biomarkers. Although the traditional optical and electrochemical 
biosensors are very sensitive, they have several disadvantages, such as being limited 
to analyzing electro-active analytes and using dyes or fluorescent probes that inter-
fere with the function of the biosystem under study. These traditional biosensors 
also involve time-consuming procedures and restrictive device constraints. In con-
trast, SiNW-FETs have high detection sensitivity and target selectivity and can be
used for label-free assays involving real-time recording. Unlike traditional 2D FET-
based biosensors for detecting analyte binding, 1D SiNW-FETs can deplete or accu-
mulate charge carriers throughout the entire cross-section of the NWs, leading to a 
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greater conductance change and higher detection sensitivity. Additionally, an insulated 
silica layer intrinsically forms on the SiNW surface, which is beneficial because it
allows easy surface modification. Linkers or receptors can be easily attached, and 
electrical leakage is prevented, which is important because biosensing applications 
normally take place in a liquid environment.

3.1.3.1  �Protein–Protein and Protein–Small Molecule Interactions

SiNW-FETs have been used to explore the mechanisms of biomolecular interactions,
such as protein–protein, protein–small molecule, and nucleic acid interactions. The 
simultaneous detections of different biomarkers with a multiplexed platform could 
enable precise diagnosis of single or multiple diseases. Zheng et al. successfully 
conducted label-free multiplexed detection of various cancer biomarkers by using 
an antibody-functionalized SiNW-FET (Zheng et al. 2005). Antibodies for prostate-
specific antigen, carcinoembryonic antigen, and mucin-1 were immobilized sepa-
rately on three different SiNW-FETs and used for clinical diagnosis. These
multiplexed SiNW-FETs have been successfully used for simultaneous detections
of multiple proteins at femtomolar (fM) concentrations with excellent target 
selectivity.

Understanding how proteins recognize other proteins is important for the study 
of physiological regulation in processes such as muscle contraction and neurotrans-
mitter release. Lin et al. have developed a SiNW-FET biosensor for the rapid screen-
ing of protein–protein interactions. In their study to examine the proteins interacting 
with calmodulin (CaM), a reusable CaM-modified SiNW-FET (referred to as CaM/
SiNW-FET) biosensor was fabricated by immobilizing glutathione S-transferase 
(GST)-fused CaM (represented by CaM-GST) on a glutathione (GSH)-modified
SiNW-FET (GSH/SiNW-FET) via the reversible GSH-GST association (Lin et al.
2010). The results of real-time measurement revealed a dramatic decrease in con-
ductance of the CaM/SiNW-FET after the binding of positively charged troponin I
(TnI, pI ~9.3) to the p-type CaM/SiNW-FET in phosphate buffer solution at pH 7.4
containing 100  μM Ca2+. However, with a phosphate buffer solution containing 
dilute Ca2+ ions (10−8–10−7 M), the presence of TnI did not induce significant con-
ductance change in the CaM/SiNW-FET until 10−6 M Ca2+ was added. Therefore, 
this CaM/SiNW-FET was applied to reveal that the minimal concentration of Ca2+ 
ions required to trigger the association between CaM and TnI was at the micromolar 
level. In addition, Lin et al. used the GSH/SiNW-FETs to explore molecular interac-
tions in cell lysates containing expressed GST-CaM or green fluorescent protein
(GFP)-tagged CaMKIIα (Lin et al. 2013). The conductance of a GSH/SiNW-FET
increased by ~3 % after adding a cell lysate expressing GST-CaM, whereas no
significant elevation was observed when control cell lysates were added. Moreover, 
the conductance change in the CaM/SiNW-FET was elevated by ~4 % after the
addition of a cell lysate containing GFP-CaMKIIα in the presence of Ca2+ ions. This 
was substantially different from the addition of lysates without Ca2+ ions or lysates 
containing only GFP. These results are consistent with those of a previous study,
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which demonstrated that GFP-CaMKII can be activated by the Ca2+–CaM complex 
(Soderling et al. 2001).

When a neuron fires, an initial efflux of K+ ions across the cell membrane can 
modulate the membrane potential and subsequently induce the action potential to 
achieve signal propagation. The abnormal permeability of K+ ions was suggested to 
be related to neural degeneration, diabetes mellitus, and epilepsy (MacDonald et al. 
2001; Jentsch 2000; Singh et al. 1998). Thus, a practical platform for real-time 
monitoring of K+ flux is essential for understanding neural excitability. To detect K+ 
ions, a polyvinyl chloride (PVC) membrane, embedded with valinomycin (VAL), 
coated on a SiNW-FET (referred to as VAL-PVC/SiNW-FET) was used to monitor
the efflux of K+ ions from chromaffin cells (Chang et al. 2012). By using the VAL-
PVC/SiNW-FET, Chang et al. were able to determine the apparent association con-
stant (Ka) of VAL for K+ ions. Ka was determined to be 5,974 ± 115 M−1, which is 
significantly higher than the apparent association constants for VAL binding to Li+, 
Na+, and Cs+ ions (Chang et al. 2012). The VAL-PVC/SiNW-FET was further used
to monitor the efflux of K+ ions from chromaffin cells stimulated with nicotine. The 
conductance of a VAL-PVC/SiNW-FET seeded with chromaffin cells was gradually
elevated in response to increasing amounts of nicotine stimulus. The observations 
suggest that nicotinic-type acetylcholine receptors (nAChRs) on the cell membranes 
of chromaffin cells could be activated by nicotine to allow the efflux of K+ ions 
through the conjugated ion channels (Sala et al. 2008). As demonstrated, SiNW-
FETs can be used for real-time, label-free monitoring of ion efflux. SiNW-FETs are
also faster and interfere less with the system being studied compared to other tech-
niques that involve electrophysiological recording or the use of ion-sensitive fluo-
rescent dyes.

3.1.3.2  �Neural Signal Transmission

Nanoelectronic 1D SiNW-FETs (or CNT-FETs) could potentially be used for more
detailed studies in neuroscience. These devices have excellent detection sensitivity, 
a fast signal response, and high spatial resolution for sub-cellular and multi-site 
recordings. An example of extracellular action potential recording from single neu-
rons has been provided by Patolsky et al. using a multiplexed platform of SiNW-
FETs (Patolsky et  al. 2006a). They aligned a cortical neuron across a series of 
SiNW-FET device arrays, with each active junction for the axon/SiNW interface
having an area of approximately 0.01–0.02 μm2. The ultra-small width (~20 nm) of 
the junction area, which is similar to that of a natural synapse, represents a major 
advantage over other electrophysiological techniques. More significantly, SiNW-
FETs could be constructed as multiplexed sensing elements on different regions of 
a dendrite and axon in a single neuron. Under local electrical stimulation, various 
architecture designs of SiNW-FET devices were applied to characterize the propa-
gation of an action potential, including measurements of the back-propagation 
effect, propagation speed, and hyperpolarization. Although 1D SiNW-FET plat-
forms can be used to detect the propagation of extracellular electrical signals, these 
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devices have so far only been constructed on planar substrates, making it difficult to 
record the desired signals from certain target areas. For example, it is impossible to 
maneuver the sensing element to contact a cell at a specific point on its surface or to 
record inside the cell.

Recently developed three-dimensional (3D) FET devices, such as kinked SiNW-
FETs (Tian et al. 2010; Jiang et al. 2012), branched intracellular nanotube FETs 
(BIT-FETs) (Duan et al. 2012), and active Si nanotube transistors (ANTTs) (Gao
et al. 2012), have demonstrated the flexible recording of intracellular electrical sig-
nals (Duan et al. 2013). Kinked SiNWs can be synthesized in a CVD reaction by
adjusting the concentrations of reactant gases and the overall chamber pressure dur-
ing SiNW growth to control the length, growth direction, and doping components.
This type of doping modulation was used to introduce the heavily doped parts as 
source and drain electrodes, and a short, lightly doped FET channel could be defined 
around the probe tip. The SiNW probe, synthesized with a tip angle of 60°, was
finally fabricated in 3D geometry, allowing the tip to insert into a cell for intracel-
lular recording. Another example of a 3D FET design, BIT-FET, was realized by the 
integration of bottom-up synthesis and the top-down technique (Duan et al. 2012). 
The GeNW branches were grown on the top of a SiNW channel, and the surface of
the GeNW was coated with a SiO2 layer. Finally, a hollow SiO2 nanotube was con-
structed on the SiNW-FET device by selectively etching the GeNW core. In another
approach to fabricating an ANTT device (Gao et al. 2012), the insulated source and 
drain electrodes were fabricated at two separate contact points on a semiconductor 
Si nanotube. In measurements by BIT-FET and ANTT devices, after the nanotube
penetrated the cell membrane, the cytosol filled the active channel of the nanotube, 
resulting in highly sensitive recording of intracellular signals. With the BIT-FET 
and ANTT devices, their innovative designs provide unique advantages for cellular 
studies, including the ability to conduct real-time monitoring of sub-cellular 
structure by adjusting the nanotube dimensions. Spatially resolved detection can
also be achieved by constructing high-density arrays.

Neurotransmitters released from vesicles play an important role in signal trans-
duction between neurons, and precise quantification of neurotransmitters is essen-
tial for the diagnosis of neurological diseases. In addition to conventional 
electrochemical techniques, 1D single-walled carbon nanotube (SWCNT)-FETs
have been used to measure exocytotic chromogranin A (Wang et  al. 2007) and 
dopamine (Sudibya et al. 2009), both of which are important biomarkers for neuro-
endocrine cancer and neurodegenerative diseases, such as Alzheimer’s and 
Parkinson’s diseases (Tsai et al. 2013). In our recent study, a SiNW-FET with selec-
tive surface modification (SSM) by boronic acid could be used to sensitively detect
the release of dopamine from PC12 cells under K+ stimulation (Li et al. 2013). 
As illustrated schematically in Fig.  3.5a, the conventional method of modifying 
receptors on a SiNW-FET biosensor covers not only the SiNW surface but also the
surrounding substrate; this is called all-area modification (AAM). In biosensing 
measurements with AAM SiNW-FETs, the ratio of target–receptor binding on the
SiNW surface, relative to the widespread area of the surrounding substrate, is very
small (typically ~10−6). This limits the detection sensitivity because a large proportion 
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of target molecules are likely to be captured by the receptors immobilized on the sur-
rounding substrate before arriving at the sensing surface of the SiNW-FET. Thus, a
bottom-up technique to build SSM SiNW-FETs was used to improve detection sen-
sitivity. The strategy for manufacturing SSM SiNW-FETs involves modifying the
SiNW with a chemical linker of 3-aminopropyltrimethoxysilane (APTMS) prior to
photolithographic fabrication. After the device fabrication of SiNW-FETs, the
receptors (e.g., boronic acid for probing dopamine) can be selectively immobilized 
on the APTMS-modified SiNW surface rather than on the surrounding (SiO2/Si)
substrate (Nakajima and Ikada 1995). As shown in Fig. 3.5b, the linear response 
range of the boronic acid-modified SSM SiNW-FET for dopamine detection
ranged from 1 fM to 1 pM. Figure 3.5c compares measurements made by boronic 

Fig. 3.5  (a) Schematic diagrams of the binding competition involved in biomolecular detection by
AAM or SSM SiNW-FET devices. (b) The plot shows the detection limit and linear working range 
of a boronic acid-modified SSM SiNW-FET for dopamine detection. (c) A comparison of sensing 
performances for boronic acid-modified AAM and SSM SiNW-FET devices applied to the moni-
toring of dopamine released from PC12 cells stimulated with various K+ concentrations. Reprinted 
with permission from Li et al. (2013). Copyright Elsevier
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acid-modified AAM and SSM SiNW-FETs of the amounts of dopamine released
from living PC12 cells stimulated by various K+ concentrations. Under stimulation 
with a concentration of K+ greater than 40 mM, sizable releases of dopamine (>10 
fM) could be detected by the SSM SiNW-FET but not by the AAM SiNW-
FET. These results show that the selective modification of receptors on the SiNW
surface, without contamination of the surrounding substrate, can substantially 
increase the detection sensitivity of molecular biosensors.

3.1.3.3  �Viral Infection Diagnosis

Swine-derived influenza A (H1N1, 2009) represented a major worldwide epidemic
of influenza that spread from Mexico within a short time. Real-time reverse tran-
scription polymerase chain reaction (RT-PCR) was used as a powerful tool for 
identifying H1N1 viruses, and it served as a highly sensitive assay for the qualita-
tive detection of influenza viruses (Zhang and Ning 2012). However, real-time 
RT-PCR requires highly skilled personnel and expensive laboratory instruments, 
which makes it a difficult technique to use for first-line screening. Several commercial
kits are available for the rapid screening of seasonal influenza A (FluA), including 
Binax Now, BD Directigen EZ, and Quidel QuickVue, but the challenges of quanti-
tative screening lie in overcoming the low sensitivity of these tests and their inabil-
ity to distinguish the subtypes of FluA (Hurt et al. 2009). Kao et al. constructed an 
integrated platform of SiNW-FETs for the simultaneous screening of H1N1 and
FluA viruses (Kao et al. 2011). Peptide nucleic acid (PNA) probes have strong bind-
ing affinity for target viral single-stranded DNA (ssDNA). In one application, two 
individual SiNW clusters were immobilized with different PNA probes to achieve
specific recognition of the H1N1 and FluA viruses. Another cluster served as a 
baseline reference to detect environmental disturbances. It would be expected that 
when the PNA/DNA hybridization occurred on the SiNW surface, the negative
charge on the ssDNA surface backbone created a charge depletion layer in the 
n-type SiNW, consequently increasing the resistance of the SiNW. The PNA probe-
modified SiNW-FET could specifically recognize the target virus in a fast screening
application (<20 min). For the H5N2 avian influenza virus (AIV), a SiNW-FET
biosensor with reversible surface functionalization was used for fast screening and 
ultrasensitive detection (Chiang et al. 2012). The reversible surface functionaliza-
tion of a SiNW-FET device was accomplished via the linkage and cleavage of disul-
fide bonds. First, 3-mercaptopropyltrimethoxysilane (MPTMS) was designed to
modify the SiNW-FET surface. A monoclonal antibody against the H5N2 virus
(mAbH5) was then anchored to the MPTMS-modified SiNW-FET through the for-
mation of a disulfide bond. The advantage of choosing a disulfide linker is that the 
immobilization of receptor proteins (e.g., mAbH5 in this study) through the disulfide 
bonds can be carried out in a reaction at room temperature to avoid spoiling the 
normal functions of proteins or damaging the electrical properties of SiNW-FET
device. Finally, after the detection of H5N2 AIVs, the mAbH5–H5N2 complex could 
be removed efficiently by cleaving the disulfide bonds with dithiothreitol (DTT). 
This mAbH5-modified SiNW-FET provides an example of a biosensing platform
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that is reusable and has ultrahigh sensitivity (with a detection limit of 104 AIV mL−1, 
which is equal to 10−17 M). This platform also shows high target specificity and can 
be used for fast screening in the diagnosis of H5N2 AIVs.

3.2  �Two-Dimensional Device Architecture and Biosensing 
Applications

3.2.1  �Graphene Structure

Since the discovery of graphene, the newest member in the family of carbon allo-
tropes, by Novoselov, Geim, and co-workers at Manchester University in 2004, this
one-atom-thick wonder material has drawn the attention of scientists from various 
disciplines (Novoselov et  al. 2004). Graphene has many extraordinary physico-
chemical properties. It displays linear dispersion of Dirac electrons, a room tem-
perature quantum Hall effect, and ballistic transportation up to room temperature. 
These superb characteristics come from the confinement of electron motion to a 
two-dimensional plane. The properties of graphene make it a promising candidate 
for use in a variety of applications, ranging from (opto)electronics to biosensing. 
Here, we will focus on some interesting properties of graphene, its preparation for 
use in FET devices, and biosensing applications.

Graphene is a single layer of carbon atoms packed in a honeycomb structure with
a carbon–carbon distance of 0.142 nm. The crystal structure of graphene can be 
modeled as a triangular Bravais lattice with a two-atom basis (A and B), as depicted 
in Fig. 3.6. The lattice vector can be written as follows:
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The three vectors that connect a site on the A sublattice with its nearest neighbor 
on the B sublattice are given by the following equations:
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The reciprocal lattice vectors are given by the following equations:
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Each carbon atom, with sp2 hybridization to form three sigma bonds, results in 
deep-lying valence bands, leaving the unhybridized 2pz orbital perpendicular to the 
plane of graphene to form π bonds. The planar orbitals formed by the sigma bonds 
are responsible for most of the binding energy and for the excellent mechanical 
properties of the graphene sheet. The remaining unhybridized 2pz orbitals overlap 
each other between neighboring carbon atoms to form π bonds, which play key roles 
in the optical and electronic properties of graphene.
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Graphene has a unique band structure (linear energy dispersion), with its valence
bands and conduction bands meeting at the corners of the Brillouin zone, as shown 
in Fig. 3.6c, d. This structure makes it possible to continuously drive the Fermi level 
from the valence to the conduction band simply by applying an electric field. The 
application of an electric field produces a pronounced ambipolar electric field effect 
(Geim and Novoselov 2007).

3.2.2  �Doping and Characterization

Doping is an effective way of tailoring the electronic properties of graphene. Doping 
of graphene may be broadly categorized into two types: electrical doping (Das et al. 
2008), which is performed by changing gate voltage, and chemical doping (Hwang 
et  al. 2007), which involves using chemicals. Chemical doping can further be 
classified as surface transfer doping or substitutional doping. In this section, we 
concentrate on surface transfer doping and substitutional doping.

Fig. 3.6  (a) The lattice structure of graphene consists of two triangular lattices, A and B (a1 and a2 
are the lattice unit vectors, and δi, i = 1, 2, 3, are the nearest neighbor vectors). (b) The first Brillouin 
zone of a graphene lattice (Castro Neto et al. 2009) (c) The dispersion relation of graphene in the 
first Brillouin zone. The Dirac cones are located at the K and K′ points. (d) Ambipolar electric field 
effect in graphene. The cones represent the low-energy spectrum, indicating the changes in the 
position of the Fermi energy EF with increasing or decreasing gate voltage Vg. Negative Vg induces 
holes; positive Vg induces electrons. Reprinted with permission from Castro Neto et al. (2009) and 
Geim and Novoselov (2007). Copyright American Physical Society and Nature Publishing Group
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3.2.2.1  �Surface Transfer Doping

Surface transfer doping is achieved by electron exchange between a semiconductor
and its dopants, which adsorb on the surface of the semiconductor. Surface transfer
doping generally preserves the unique band structure of graphene without decreasing 
the mobility of the charge carriers. The types of doping of graphene are determined 
by the relative positions of the Fermi level of the dopant and the Fermi level of gra-
phene. If the Fermi level of the dopant is higher (lower) than that of graphene, elec-
trons are transferred from the dopant (graphene) to graphene (the dopant) with the 
dopant acting as a donor (acceptor). Surface transfer doping of graphene can be
accomplished by coating the graphene with dopants or exposing the graphene to 
dopant vapor. In 2007, Geim and co-workers first demonstrated the possibility of
inducing charges in graphene by the adsorption of various gases, including NH3, 
H2O, and NO2 (Schedin et al. 2007). Hall effect measurements proved that NH3 is a 
donor, whereas the latter two types of adsorbates act as acceptors. Doping can also 
be performed on a selected area. Cheng et al. demonstrated the effectiveness of non-
covalent functionalization of graphene by using a completely resist-free approach 
and a spatially selective chemical modification process (Cheng et al. 2011).

3.2.2.2  �Substitutional Doping

Substitutional doping, which has long been used as a strategy to tailor the electronic
properties of semiconductors, is achieved by substituting appropriate foreign atoms 
for atoms in the host lattice. Based on theoretical studies, we know that substitutional 
doping can modulate the band structure of graphene (Chae et al. 2009), because the 
incorporation of foreign atoms would disrupt the sp2 hybridization of carbon atoms. 
Boron and nitrogen atoms are both suitable dopants because their atomic sizes are 
similar to that of a carbon atom. Nitrogen-doped graphene on a copper surface has 
been obtained from a CVD reaction by using NH3 as the nitrogen source and CH4 as 
a carbon source (Wei et al. 2009). The doping concentration can be controlled by 
tuning the ratio of NH3 to CH4 in the reaction. Such nitrogen-doped graphene exhib-
its n-type doping behavior and has a larger on/off current ratio than that of pristine 
graphene. However, it possesses lower conductivity and lower mobility (approxi-
mately 200–450 cm2 V−1 s−1) due to the scattering at defects introduced by dopants.

3.2.2.3  Characterization

The number of graphene layers can be identified by optical microscopy when gra-
phene is on a Si substrate of suitable SiO2 thickness. This is possible because of the 
optical interference effect. The contrast can be maximized by adjusting the SiO2 
thickness or the incident light wavelength. This method, however, is not able to 
provide other structural or electronic information about graphene. In contrast, 
Raman spectroscopy allows us to characterize not only the number of layers but 
also  the amount of defects and impurities, the doping, and the graphene edges. 
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The Raman spectrum of pristine graphene shows three prominent peaks: a G band
at ~1,580 cm−1, a D band at ~1,350 cm−1, and a G′(2D) band at ~2,680 cm−1 (Malard 
et al. 2009). The G band results from the high-frequency E2g phonon at the Brillouin 
zone center Γ. The D band is caused by the breathing mode of six-atom rings. The 
G′(2D) band corresponds to a two-phonon band and is approximately twice the D 
band frequency. The Raman G band is sensitive to chemical doping, and there is an
empirical rule that can be used to determine the doping type for the surface transfer 
doping of graphene. For n-type (p-typed) doped graphene, G band stiffens (softens)
and downshifts (upshifts). In the case of electrically doped graphene, the G band
stiffens and upshifts for both electron and hole dopings (Das et al. 2008).

3.2.3  �Materials Preparation and Device Fabrication

3.2.3.1  Preparation Methods

Graphene was first isolated by Novoselov, Geim, and co-workers in 2004, and since
then many researchers have attempted to produce graphene at a large scale while 
controlling the number of layers. Here, we briefly overview the six primary ways to 
produce single- and few-layered graphene sheets.

• Micromechanical Cleavage
This method, also known as micromechanical exfoliation, is a promising way of 
obtaining high-quality graphene sheets that are suitable for fundamental studies 
of transport physics and other properties. In this procedure, one- to few-layered 
graphene sheets are peeled off from highly ordered pyrolytic graphite (HOPG)
by using adhesive tape. This is possible due to the weak interlayer attraction (van 
der Waals forces) in graphite. Currently, this micromechanical cleavage method 
is still the most reliable way of obtaining high-mobility graphene sheets; how-
ever, it is a time-consuming process and not readily scalable.

• Liquid-Phase Exfoliation of Graphite
This method generally involves three steps: (a) dispersion of graphite in a solvent, 
(b) exfoliation, and (c) purification (Hernandez et al. 2008). The third step is required 
due to the separation of exfoliated and un-exfoliated flakes, and it is usually carried 
out via ultrasonication in water and organic solvents. The types of dispersion sol-
vents and the parameters for sonication are key factors that must be optimized to 
obtain large-scale, defect-free graphene with good electrical performance.

• Reduction of Graphene Oxide
In general, graphene oxide is produced as a precursor for making graphene, and 
it can be prepared by one of three principal methods developed by Brodie, 
Staudenmaier, and Hummers (Marcano et al. 2010). The three methods all involve 
the oxidation of graphite to different levels. Brodie was the first to synthesize 
graphite oxide in 1859, by treating graphite with a solution of potassium chlorate 
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(KClO3) and nitric acid (HNO3). In 1958, Hummers introduced the method that 
is now often used, in which graphite is treated with potassium permanganate 
(KMnO4) and sodium nitrate (NaNO3) in concentrated sulfuric acid (H2SO4) for 
several hours, followed by the addition of water. In this process, the reaction is 
safer and faster, and because of the absence of KClO3, it does not produce explo-
sive by products.

• Epitaxial Growth on SiC
This technique starts with heating the SiC substrate to temperatures between
1,000 and 1,500 °C in ultrahigh vacuum. Graphene is produced by the thermal
desorption of Si (Emtsev et al. 2009). Thermal decomposition is not self-limiting, 
and areas of different thicknesses of graphene may exist on the same SiC crystal.
The carrier mobility of graphene synthesized by this method is approximately 
1,100 cm2 V−1 s−1 (Berger et al. 2004).

• Chemical Vapor Deposition
During the CVD reaction, reactant precursors (e.g., gaseous hydrocarbons) are 
introduced into the reaction chamber. At elevated temperature, hydrocarbon pre-
cursors decompose to form carbon radicals on the catalytic metal substrate sur-
face. They then form single- and/or few-layered graphene sheets. The metal 
substrate not only serves as a catalyst that reduces the energy required for the 
reaction to occur but also determines the growth mechanism of the graphene, 
which ultimately affects the number of layers and the quality of the as-grown 
graphene. Here, we focus on the catalytic metals nickel (Ni) and copper (Cu), 
which are the two commonly used substrates for CVD-grown graphene.

–– Growth on Nickel:
Synthesis of graphene on Ni mainly involves the annealing of Ni film in an
Ar/H2 atmosphere at 900–1,000 °C. This is followed by the decomposition of 
hydrocarbon gas and the dissolution of carbon atoms into the Ni film to form 
a solid solution. Ni has high carbon solubility (>0.1 atomic percentage) 
(Mattevi et al. 2011) which decreases with decreasing temperature. At a rapid 
cooling rate, carbon atoms diffuse out from the Ni–C solid solution and pre-
cipitate on the Ni surface to form graphene layers. Graphene films grown on
Ni substrates are usually continuous, with monolayer and multilayer regions.

One can also obtain CVD-grown graphene from solid carbon sources (e.g., 
polymer films or small molecules) instead of gaseous hydrocarbons (Sun
et al. 2010). Bilayer graphene films can be formed between the catalytic Ni 
layer and SiO2/Si substrate by spin-coating a polymer film, such as poly(methyl
methacrylate) (PMMA), on the top of a Ni layer pre-coated on a Si wafer,
resulting in the diffusion of carbon atoms from the top to the bottom of the Ni 
layer during the CVD reaction (Huang et  al. 2011b). Recently, Liao et  al. 
grew large-area multilayer graphene sheets directly on a Si wafer by sand-
wiching hexamethyldisilazane (HMDS) as a carbon source between Ni/Cu
films and the Si wafer (Liao et al. 2013).
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–– Growth on Copper:
The growth of graphene on Cu is carried out by annealing a Cu film in an Ar/
H2 atmosphere at 900–1,000 °C, followed by the decomposition of gaseous 
hydrocarbons over the Cu substrate at ~1,000 °C. Cu has almost zero carbon 
solubility (<0.001 atomic percentage), even at 1,000 °C (Mattevi et al. 2011); 
therefore, the amount of carbon precipitating just outside the Cu surface is not 
even sufficient to form a single layer graphene. The carbon for graphene for-
mation comes mainly from the hydrocarbons that are catalytically decomposed 
on the Cu surface. Thus, the growth of graphene on a Cu substrate is consid-
ered the more promising way of obtaining single-layered graphene sheets.

3.2.3.2  Device Fabrication

The standard fabrication procedures for graphene-based FETs involve (a) the trans-
fer of graphene to a substrate, (b) the deposition of a gate dielectric on graphene (if 
preparing top-gated FETs), and (c) the deposition of metal electrodes on graphene. 
Accordingly, the performance of graphene-FETs is determined by three interfaces: 
(a) graphene–substrate, (b) graphene–dielectric, and (c) graphene–metal.

• Transfer and Cleaning
Transferring graphene sheets to a substrate, on which some designed device pat-
terns will later be fabricated, is a challenging task in the field of graphene 
electronics. Currently, various transfer methods have been employed for fabri-
cating graphene-FETs, including wet transfer and dry transfer of exfoliated 
graphene flakes.

–– Wet Transfer of Exfoliated Graphene
In wet transfer, graphene is in direct contact with liquid throughout the 
process. A PMMA thin film serving as a sacrificial layer is first spin-coated on 
top of the graphene, which has been prepared via mechanical exfoliation from 
bulk graphite and deposited on a SiO2/Si substrate. The sample substrate con-
taining graphene is then placed in a NaOH solution. The PMMA film that 
adheres to graphene is separated from the SiO2/Si substrate by NaOH etching
and water intercalation. The graphene can be transferred to a desired position 
on a receiver substrate by placing the PMMA film onto the substrate surface. 
Finally, the PMMA is dissolved with acetone, leaving a graphene flake that 
remains on the substrate (Reina et al. 2008).

–– Dry Transfer of Exfoliated Graphene
In dry transfer, the upper graphene surface is kept out of contact with the liquid 
solvent/solution. An exfoliated graphene flake adheres to a combined bilayer 
consisting of a protective polymer layer (PMMA) on the top and a sacrificial 
releasing layer (water-dissolvable) on the bottom. The sacrificial layer is 
located above the substrate. Placing this sample structure into deionized water 
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causes the PMMA film containing the graphene to detach from the substrate. 
The graphene flake is now available for transfer to a target substrate. A manip-
ulator is used to align the graphene flake to the desired position, and the 
PMMA film is stuck to the graphene flake on the substrate. Finally, the PMMA 
film is removed with an acetone rinse. In this way, the graphene flake is trans-
ferred without touching a liquid solvent or aqueous solution (Dean et al. 2010).

–– Cleaning Graphene
Cleaning the graphene surface is an important part of making graphene-FETs, 
because contaminations can severely alter the electronic properties of gra-
phene. The most common method of eliminating the resist residuals from the 
fabrication process and other contaminants from tape glue (if exfoliation is 
used) is thermal annealing. Generally, cleaning involves annealing graphene
at high temperature (400 °C) in an Ar/H2 environment (Ishigami et al. 2007), 
or under ultrahigh vacuum (<1.5 × 10−10  Torr), to remove contamination 
(Stolyarova et al. 2007).

• Electrodes
A high-quality metal–graphene interface is also critical for the performance of a 
graphene-FET. The typical contact metals used as electrodes are Ti/Au, Cr/Au, 
Cr/Pt, Ni, and Co. Normally, metals in contact with the graphene channel are 
fabricated by conventional vacuum deposition and photolithographic pattern 
methods. The contact resistance is generally measured by four-probe or trans-
mission line methods. So far, the best reported contact resistance for lithographi-
cally defined contacts deposited onto exfoliated graphene is in the range of 
200–500 Ω μm (Xia et al. 2011). However, for CVD-grown graphene, the con-
tact resistance can range from 500 to 1,000 Ω μm (Chan et al. 2012).

• Dielectrics
The gate dielectric is an essential component of a transistor, and it significantly 
affects important features of the device such as the transconductance, subthresh-
old swing, and frequency response. A typical graphene-FET is fabricated on a Si
wafer (SiO2/Si substrate). The Si substrate serves as a global back gate, and a
SiO2 layer serves as the gate dielectric. However, such a configuration cannot 
independently drive multiple devices on the same chip. Moreover, the SiO2 layer 
has a small gate capacitance due to its relatively small dielectric constant. It 
therefore requires a large voltage to enable gate control of channel conductivity. 
As an alternative, a top-gate structure can be used to overcome the limitations of 
a back-gate configuration for practical applications of graphene-FETs. Physical 
vapor deposition (PVD) and atomic layer deposition (ALD) are two common 
methods used to deposit top-gate dielectrics on graphene. ALD is the preferred 
technique for producing high-quality, homogeneous, and high-κ dielectric films 
(e.g., ZrO2, TiO2, Al2O3, and HfO2) with precise control of thickness at the 
Ångstrom or monolayer level.
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3.2.4  �Biosensing Applications of Graphene-Based FETs

Graphene, a single-atom-thick sheet of carbon atoms in a 2D honeycomb lattice, has
been used to configure FET devices that exhibit great potential for the electrical 
detection of biological molecules. These graphene-based FETs have unique electrical 
and physical properties (Liu et al. 2012). High-quality graphene can display remark-
ably high electron mobility at room temperature (20,000 cm2 V−1 s−1), high carrier 
density (1013 cm−2), ambipolar field-effect characteristics, and low intrinsic noise 
(Lin and Avouris 2008; Geim and Novoselov 2007; Schedin et al. 2007). Moreover, 
its extraordinary structure provides a large detection area and enables homogenous 
surface functionalization (Huang et  al. 2011b). In biosensing applications, 
graphene-FETs have been used to detect metal ions and various biomolecules, 
including neurotransmitters, glucose, proteins, and nucleic acids.

3.2.4.1  Biomolecular Detection

Graphene-FET biosensors have been used to detect glucose and glutamate with a
detection limit of ~100 and ~5 μM, respectively (He et al. 2010). In these cases, 
detection was mediated by the immobilization of glucose oxidase (GOD) and gluta-
mate dehydrogenase (GluD) on graphene, respectively. Catalytic reactions involv-
ing glucose and glutamate were carried out by the enzymes (GOD and GluD,
respectively) to produce H2O2, which served as a p-dopant to graphene, conse-
quently increasing the conductance of graphene in the p-type regime. The current 
vs. elapsed time (I − t) curves show that an obvious increment in source-drain cur-
rent (Isd) was observed with successive additions of glucose and glutamate to 
phosphate-buffered saline (PBS). The current responses of GOD-immobilized
graphene-FETs tended to saturate at glucose concentrations greater than 
10  mM.  Moreover, two linear detection ranges of glutamate (5–50  μM and 
50 μM–1.2 mM) were displayed when using GluD-functionalized graphene-FET
biosensors.

To ensure the specificity of protein detection, an electronic immunoglobulin E 
(IgE) biosensor was fabricated by functionalizing IgE-specific aptamers onto the 
surface of monolayer graphene via a chemical linker of 1-pyrenebutanoic acid 
succinimidyl ester (Ohno et al. 2010). When the positively charged IgE was intro-
duced, it bound to the negatively charged IgE-specific aptamers, and the conduc-
tance in the graphene-FET decreased dramatically due to the gating effect. A linear 
detection range of IgE was measured from 290 pM to 1.60 nM. More importantly, 
the aptamer-modified graphene-FET could detect IgE specifically. There was no 
interference when bovine serum albumin or streptavidin were introduced. Another 
study was carried out by using an antibody as the recognition element on the graphene-
FET surface to achieve specific immunoglobulin G (IgG) detection (Mao et al.
2010). Prior to the modification of anti-IgG antibody, gold nanoparticles (AuNPs)
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were anchored to the graphene sheet to mediate the immobilization of the 
anti-IgG antibody. During the electrical measurements, the relative resistance of
the graphene-FET increased in a stepwise fashion in response to a series of IgG
additions. This anti-IgG/AuNP-modified graphene-FET could sensitively detect
IgG with a detection limit of ~13 pM and a wide linear sensing range of
2 × 10−9–2 × 10−5 g mL−1. Additionally, this IgG-sensing device based on a graphene-
FET exhibited high target selectivity, avoiding non-specific interactions with other 
proteins, such as immunoglobulin M and horseradish peroxidase.

3.2.4.2  Nucleic Acid Screening and Sequencing

A molecule-scale nanopore (several nanometers in diameter) placed within an insu-
lating membrane can be used as a molecular detector with excellent sensitivity and 
exquisite spatial resolution. When a biomolecule passes through a narrow nanopore 
connecting two separate electrolyte solutions, the ionic current flowing through the 
nanopore will be partially blocked. The ionic current can be modulated significantly 
by the subtle structure of the passing biomolecule (Liu et al. 2012). Compared with 
lipid bilayers (Wendell et al. 2009; Faller et al. 2004) and other artificial solid-state 
membranes (e.g., Si3N4 or SiO2) (Chen et al. 2004a; Dekker 2007), single- or few-
layered graphene sheets are considered ideal candidates for the nanopore-sequencing 
of DNA or RNA due to their superior structural stiffness and atomic thickness. As 
shown in Fig. 3.7, nanopores of 8–22 nm in diameter within the graphene sheets 
have been constructed in several studies (Merchant et  al. 2010; Schneider et al.
2010; Venkatesan et al. 2011). The translocation events of unfolded, partially folded, 
and fully folded double-stranded DNAs (dsDNAs) could be precisely detected as 
the DNA molecules traveled through the nanopore. Additionally, a nanopore in the 
center of a graphene ribbon could be created to sensitively distinguish different 
types of nucleotides by measuring the distinct lateral tunneling currents across the 
nanopore caused by individual nucleobases and the electrostatic interactions of 
those nucleotides with the graphene nanoribbon (Nelson et al. 2010). A nanopore 
device can also be designed using four graphene nanoelectrodes that are thin enough 
to achieve single-base resolution for the passing DNAs (He et al. 2011); however, 
with this design, the intrinsic electrical conductivity of the graphene nanoelectrode 
and the coupling strength between graphene and DNA are small in comparison with 
the gold nanoelectrode, meaning that the signal-to-noise ratio will be negatively 
affected. Nevertheless, the detection sensitivity can be improved by hydrogenation 
of the edges of each graphene nanoelectrode, so that the edges can couple with the 
nucleobases of DNA molecules through hydrogen bonding and slow the transloca-
tion of the DNA. This increases the electron tunneling rate and enhances the average 
transverse conductivity by about three orders of magnitude (Wuttke et al. 1992). In 
the future, this graphene nanopore technique, assisted by a novel pore architecture 
and further functionalization, will make rapid DNA sequencing feasible.
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3.2.4.3  Real-Time Cellular Recording

Unlike the FETs based on 1D nanomaterials (e.g., SiNW, ZnO NW, or CNT),
graphene-FETs have a flat structure and unique electrical and physiochemical prop-
erties that make them better for use in electrical cellular detection applications 
(Nguyen and Berry 2012; Huang et al. 2011a). Because of the tight, homogeneous 
interaction between 2D cell membranes and flat graphene, cellular dynamic activity 
and chemical fluctuations can sensitively modulate the conductance inside the 
graphene-FET to yield optimal detection signals (Huang et al. 2011b; Liu et al. 2012). 
So far, graphene-FETs have been used to record the rapid release of exocytotic cat-
echolamines from living PC12 cells under the stimulation of cell membrane 

Fig. 3.7  (a) (Top graph) TEM images showing a 22-nm nanopore within a graphene monolayer. 
(Middle graph) Real-time electrical detection measures the baseline conductance (left) and detects 
blockade events upon the translocation of a 48 kb double-stranded λ-DNA molecule through the 
nanopore (right). (Bottom graph) Examples of translocation events of nonfolded (black), partially 
folded (red), and fully folded (blue) DNA molecules, recorded at 200 mV in the 22-nm pore (left), 
and a conductance histogram representing 1,222 translocation events, including the open-pore 
conductance before and after the event (right). (b) Time traces of ionic current reveal DNA trans-
locations for a graphene-TiO2 nanopore with 15 kb of dsDNA. Left inset is a TEM image of the 
actual nanopore within the graphene-TiO2 sheet, with a pore diameter of 7.5 nm. Right inset shows 
a concatenated sequence of sample events, with the open pore current excluded. (c) Current traces 
show the translocation of a 48.5 kb λ-DNA molecule through an 11.3-nm graphene-Al2O3 nano-
pore (left). Each downward spike from the baseline current level corresponds to the transport of a 
single λ-DNA molecule. Inset shows a TEM image of the nanopore. Current blockade histogram 
shows two distinct current peaks, corresponding to the transport of unfolded and folded λ-DNA 
(right). The histogram represents n = 562 separate translocation events. Reprinted with permission 
from Schneider et al. (2010), Merchant et  al. (2010), and Venkatesan et  al. (2011). Copyright 
American Chemical Society
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depolarization and voltage-induced Ca2+ influx (He et al. 2010). A series of in vitro 
tests revealed that the conductance of the graphene-FET in the n-type regime was 
sequentially increased in response to increasing catecholamine concentration. This 
was caused by the strong attachment of positively charged, aromatic catecholamines 
on the graphene surface via a π–π interaction. These results from in vitro studies 
could be used to postulate that each observed current spike is likely to be caused by 
the vesicular secretion of catecholamines from PC12 cells exposed to high K+ 
solution. Graphene-FET devices have also been used to characterize the presence
and activities of pathogens. An E. coli bacteria biosensor was fabricated from CVD-
grown graphene, and in this biosensor, anti-E. coli antibodies were immobilized as 
the recognition elements via a chemical linker of 1-pyrenebutanoic acid succinimi-
dyl ester (Huang et al. 2011b). To prevent non-specific binding of E. coli bacteria, 
ethanolamine was used to quench the non-reacted linker molecules, and Tween 20 
was applied to protect the exposed graphene surface. The observed percentage 
change in graphene conductance corresponded to the amount of E. coli present, and 
the biosensor had a low detection limit of 10 cfu mL−1 and excellent specificity for 
the E. coli species. These studies demonstrate that graphene-based FET biosensors 
have great potential for use in temporally resolved monitoring of dynamic cellular 
functions and in rapid detection of pathogenic microbes.

3.3  �Summary

SiNW-FETs and graphene-FETs have been successfully used in biological and cel-
lular studies, such as studies of protein–protein interactions, neural signal transmis-
sion, viral infection diagnosis, biomolecular detection, nucleic acid screening and 
sequencing, and real-time cellular recording. While these SiNW-FETs and
graphene-FETs have important performance advantages in various biosensing 
applications, challenges remain for the future advancement of FET-based biosen-
sors. For example, there is a demand for new designs for device fabrication and 
signal acquisition systems, which could be used for high-throughput multiplexed 
sensing and the mass production of robust nanoscale FET devices for point-of-care 
diagnosis. Notwithstanding these challenges, we believe that the continuing discov-
ery/synthesis of new 1D and 2D nanostructures and the continuing study of their 
novel device architectures will continue to play a significant role in the field of 
(opto)electronics and biosensors.
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    Chapter 4   
 Nanoimprinted Plasmonic Biosensors 
and Biochips 

             Keiichiro     Yamanaka     and     Masato     Saito    

    Abstract     In this chapter   , the novel Au-capped nanopillar localized surface plasmon 
resonance (LSPR) chip is introduced. In the nanobiosensing fi eld, LSPR-based 
 sensors have attracted attention because they make it possible to perform label-free 
detection with high sensitivity. Moreover, a simplifi ed optical system can be 
employed due to the LSPR signal being obtained at long wavelengths. Generally, 
electron beam exposure and etching techniques are used to make the nano- structured 
mold of the LSPR chip. However, these methods are very costly and time- consuming. 
Thus, novel fabrication methods based on the thermal nanoimprinting technique 
and use of porous alumina molds are introduced here. Porous alumina molds which 
have small or large pore size and pitch were successfully fabricated by controlling 
the anodizing conditions. By using thermal nanoimprinting, the nanopillar structure 
was transferred onto the cyclo-olefi n polymer substrate from porous alumina molds. 
To obtain the plasmonic surface, a thin layer of gold was generated on the nanopillar 
structure. After optimization of the size of the alumina pores, the Au cap thickness, 
the diameter of the nanopillars and bovine serum albumin blocking conditions for 
high sensitivity detection, immunoglobulin (Ig) G/anti-IgG reactions were mea-
sured. As result, the sensitivity achieved using the Au-capped LSPR sensor was 6.7 
pM antigen IgG. A noteworthy achievement of our study is the mass production of 
a high-density gold-based plasmon fl exible chip for biosensing applications, paving 
the way to the commercialization of low-cost, high-sensitivity biosensors.  

  Keywords     Biosensor   •   Localized surface plasmon resonance   •   Nanoimprint lithog-
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4.1         Introduction 

4.1.1     Localized Surface Plasmon Resonance (LSPR) 

 Nowadays, LSPR-based sensors are studied for development as highly sensitive 
biosensing platforms. The collective oscillation of free electrons on the surface of 
noble metals is excited using total refl ected light; this is called surface plasmon 
resonance (SPR). When nanometer-sized structures (not thin fi lm) of noble metals 
are used, the polarization occurs by collective oscillation and results in a highly 
enhanced near-fi eld amplitude. This is called local surface plasmon resonance 
(LSPR). LSPR is generated by the interactions between the incident light and sur-
face electrons of conductive nanoparticles without using   , and the adsorption spec-
trum changes immediately in the interfacial refractive index (RI) of the surrounding 
medium. The excitation of LSPR by the incident wavelength, where resonance 
occurs, results in the appearance of intense surface plasmon adsorption bands. This 
phenomena is strongly dependent on the type of nanomaterial, size, composition 
and particle–particle distance of the nanoparticles. 

 The merits of biosensing utilizing LSPR are label-free measurement and the 
highly sensitive signal obtained at long wavelengths (visible light region). Therefore, 
a simplifi ed optical system can be employed for highly sensitive detection of bio-
molecules. Generally, such nanoparticles of noble metal are fabricated by the reduc-
tion of silver or gold ion solutions (Mayer et al.  2008 ; Nath and Chilkoti  2004 ; 
Frederix et al.  2003 ). The reason for using silver or gold is that their absorbance 
response is in the visible region. In our previous work, a LSPR chip for biosensing 
was fabricated by immobilizing gold nanoparticles on the surface of an anodic alu-
mina oxide layer on an aluminum substrate (Hiep et al.  2010 ). However, gold 
nanoparticles could not be uniformly distributed on the substrate by simply deposit-
ing the colloidal Au solution. Therefore, we examined a new fabrication process for 
making uniformly distributed gold nanoparticles on a substrate by utilizing the ther-
mal nanoimprinting technique, and an enhancement of sensitivity can be expected 
because of reducing the nonspecifi c binding area and making a high density of gold 
on the measurement spot.  

4.1.2     Nanoimprint Lithography (NIL) 

 NIL is one method for fabrication of nano- to micrometer-scale patterns (Buyukserin 
et al.  2009 ). By controlling the temperature and pressure, the patterns are translated 
onto the surface via deformation of the thermoplastic substrate (Chou et al.  1995 ). 
The advantages of using NIL for nanoscale patterning are that it is a simple tech-
nique with low cost, high throughput and excellent reproducibility (Chou et al. 
 1997 ). This makes NIL a promising technique for mass production of nanostruc-
tured devices, such as single electron transistors (Guo et al.  1997 ), highly integrated 
magnetic memory disks (Wu et al.  1998 ) and optical devices (wang et al.  1999 ; Li 
et al.  2000 ). Moreover, nanopatterning on polymer fi lm is also possible by NIL 
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techniques, and thus it can be applied in the fl exible electronics fi eld. There are two 
major kind of NIL techniques: thermoplastic nanoimprint lithography (T-NIL) and 
photo nanoimprint lithography (P-NIL) (Fig.  4.1 ). In T-NIL, the mold is pressed 
onto the thermoplastic resin substrate, and heated above its glass transition tempera-
ture. After being cooled below the glass transition temperature, the mold is sepa-
rated from the substrate, and thus the pattern is transferred onto the surface. In a 
P-NIL, the mold is pressed onto the photo-curable liquid resist. During pressing, 
UV light irradiation is used to cure the resist and it becomes solid, and thus the pat-
tern is transferred onto the surface.  

 NIL as mentioned above is a very simple technique; therefore, it has great poten-
tial for high-throughput nanofabrication. However, the common mold fabrication 
method such as using electron beam lithography and dry etching is a time- consuming 
technique; moreover, the cost of mold fabrication using these methods is very high. 
Therefore, the improvement of the mold fabrication process is important to ensure 
a high throughput of devices using NIL techniques. Here, we propose self-ordered 
anodic aluminum oxide (AAO) as a nanostructure array mold for NIL to achieve the 
NIL mold fabrication process. The porous alumina nanostructure with high density 
like a honeycomb is able to form by anodization of aluminum; its diameter is from 
5 to 450 nm and the hole interval is from 10 to 500 nm. We believe that the low cost, 
large area, size tuning capability and ease of the anodizing process may enhance the 
production and marketability of NIL technology. 

 In this chapter, novel fabrication methods of LSPR biosensors based on the ther-
mal nanoimprinting technique and the use of porous alumina molds as described 
above are introduced (Saito et al.  2012 ).   

4.2     LSPR Chip Fabrication 

 First, two types of porous alumina (PA) molds which had small or large pore size 
and pitch were fabricated by controlling the anodizing conditions. The PA was 
formed by a two-step anodizing procedure which we developed (Kim et al.  2007 ). 
The fi rst anodizing step was to generate an aluminum oxide layer; the polished alu-
minum plates were held at 40 V (for small-sized pores) or 80 V (for large-sized 

  Fig. 4.1    Schematic diagram of the fabrication of LSPR substrates by nanoimprinting. ( a ) 
Fabrication of porous alumina nanoimprinting mold. ( b ) Thermal nanoimprinting with pressure 
applied to the COP resin under vacuum. ( c ) Formation of the nanopillar structure by releasing from 
the alumina porous mold. ( d ) Au-capped nanopillar structure for the LSPR substrate       
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pores) in a 0.3 M aqueous oxalic acid solution for 60 min. The aluminum oxide 
layer generated was removed to obtain a concave pattern on the surface by immers-
ing the substrate in an aqueous solution containing phosphoric acid (1.16 % w/v) 
and chromic acid (5 % w/v) at 333–353 K. The second anodizing step was to gener-
ate a PA layer on the concave surface. For small-sized pores, a constant voltage of 
40 V was applied to the aluminum substrate for 4 min, and immersed in a 0.23 M 
H 3 PO 4  etching solution for 7.5 min. For large-sized pore fabrication, a voltage of 
80 V was applied for 60 min and immersed in the etching solution for 12.5 min. 
These molds were denoted PA-mold40 (small-sized) or PA-mold80 (large-sized), 
respectively. To confi rm the size and pitch of the fabricated PA, the surface of the 
molds was observed by using atomic force microscopy    (AFM). The pore pitch of 
PA-mold40 and PA-mold80 was approximately 116.7 and 152 nm, respectively, 
from the AFM line profi les. Thus, it was demonstrated that the size of PA was suc-
cessfully controlled by changing the applied voltage and times. 

 To fabricate the nanopillar structure on the polymer fi lm, T-NIL was carried out. 
In this study, cyclo-olefi n polymer (COP) was selected for the chip material. The 
material features of COP are glass-like optical clarity, low birefringence, high glass- 
transition temperature and low water adsorption; therefore, COP is a suitable mate-
rial for LSPR and T-NIL substrates. At fi rst, the PA molds were immersed in a mold 
release agent (Optool, Daikin Industries Ltd.). The PA mold and COP fi lm were set 
onto the T-NIL machine (X-300H, Scivax Corp.), and a pressure of 0.83 MPa was 
applied immediately at 100 °C. Next, the temperature was increased to 160 °C (the 
glass transition temperature of COP), and when the temperature achieved 160 °C 
the pressure was increased to 2 MPa. After 10 min, the temperature was reduced to 
100 °C and the pressure was released. The fabricated nanopillar structured COP 
fi lms were denoted by NP40 (from PA-mold40) and NP80 (from PA-mold80). 

 For LSPR, Au sputtering on the imprinted COP fi lms was carried out to form the 
Au-capped nanopillar structure. One cycle of Au sputtering was 10 min and the 
thickness of the Au layer deposited was 24 nm. To examine the relationship between 
the absorbance spectra and the thickness of the Au layer, four different thicknesses 
of 24, 48, 72 and 96 nm were formed by increasing the sputtering cycles.  

4.3     Structural Characterization of Au-Capped Nanopillars 

 First, the Au-capped nanopillar structure fabricated on the COP fi lm was observed 
using scanning electron microscopy (SEM) to confi rm the size and density of the 
deposited Au cap. As shown in Fig.  4.2 , the pillar structure was successfully formed 
on the COP fi lms using T-NIL utilizing our PA molds, and the density of Au caps on 
NP80 was higher than those of NP40, because the pore size of NP80 was larger than 
that of NP40; therefore, the density was also higher in the measurement area. 
Additionally, the diameter distribution of Au-capped nanopillars was quantifi ed by 
image analysis based on an ellipsoidal fi tting (Fig.  4.3 ). In the case of NP40, the 
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diameter distribution of Au caps was centered around 30.0–39.9 nm, and the frac-
tion of Au-capped surface area over the whole geometric area was 54.3 %. In the 
case of NP80, the diameter was centered around 60.0–69.9 nm and the fraction was 
67.0 %. The gold nanoparticle density refl ects the adsorption intensity (Fujiwara 
et al.  2009 ), and therefore our fabricated high-density Au-capped structure is 
expected to be suitable for high-sensitivity detection via LSPR. Moreover, the 
 high- density structure is considered to be able to contribute to development of 
 miniaturized plasmonic biosensors.    

  Fig. 4.2    Photo and SEM images of nanopillar chips which were nanoimprinted on COP substrate. 
( a ) Nanoimprinted chip after Au sputtering. ( b ) Nanopillar structure NP40 transformed from the 
PA-mold40. ( c ) Nanopillar structure NP80 transformed from the PA-mold80       

  Fig. 4.3    Diameter distribution of Au-capped nanopillar structures       
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4.4     Optical Characterization of Au-Capped Nanopillars 

 Firstly, the optical properties with various thicknesses of Au cap were examined by 
measuring the absorbance spectra. The absorbance peak position appeared at 
637.7 nm with 24 nm Au caps and shifted to 576.7 nm on increasing the thickness 
of the Au caps to 48 nm. This result corresponds to the computational model of 
Zheng et al. in which they observed the dimension-dependent LSPR characteristics 
of an Au nanodisk (Zheng et al.  2008 ). As mentioned above, the LSPR peak position 
was able to be controlled by tuning the sputtering cycles. 

 Secondly, the effect of nanopillar size for LSPR was analyzed. The peak positions 
of Au-capped NP40 and NP80 with a constant Au cap thickness were observed in air, 
as shown in Fig.  4.4a, b , respectively. There was a signifi cant difference in the peak 
position, that of NP40 being 556.5 nm and NP80 575 nm. This result indicated that the 
nanopillar size is also a key factor for improving the sensitivity of the LSPR sensor. 
Additionally, the sensitivity of LSPR to the RI of surrounding environments was 

  Fig. 4.4    Absorption spectrum of Au-capped nanopillars of ( a ) NP40 and ( b ) NP80, when surrounded 
by air ( n  = 1.0), water ( n  = 1.33), 1 M glucose ( n  = 1.35), ethylene glycol ( n  = 1.43) and glycerol 
( n  = 1.47). ( c ) The RI value dependence of peak shifts for NP40 ( open circle ) and NP80 ( open square )       
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 evaluated using fi ve solutions with different RIs. As shown in Fig.  4.4 , the LSPR peak 
positions of both Au-capped NP40 and NP80 were red-shifted and the peak intensity 
was linearly increased depending on the surrounding RI. The slope of the line using 
NP80 was greater than that using NP40, and therefore the sensitivity of Au-capped 
NP80 is higher due to its larger nanopillar diameter (Sekhon and Verma  2011 ).   

4.5     LSPR Biosensing on Au-Capped Nanopillar Structures 

 An antibody–antigen reaction was measured on the Au-capped NP80 for evaluation 
of the LSPR biosensing applicability of the fabricated Au-capped nanopillar struc-
ture. In this study, the immunoglobulin (Ig) G/anti-IgG reaction was measured as a 
model bioreaction. First, the self-assembled monolayer (SAM) was formed on the 
Au-capped nanopillar by using 10-carboxyl-1-decanethiol. Next, NHS and EDC 
   were introduced onto the formed SAM to activate the carboxyl groups. After washing 
with phosphate-buffered saline (PBS) and drying, anti-IgG in PBS was added to the 
functionalized surface and incubated, followed by washing with PBS containing 
Tween-20 (PBST) and drying. After immobilization, bovine serum albumin (BSA) 
was added to inhibit non-specifi c adsorption (Lahav et al.  2004 ; Huang et al.  2003 ; 
Peterfi  and Kocsis  2000 ; Paulsson et al.  1993 ). Consequently, the IgG solution was 
introduced onto the substrate from which the excess BSA was already washed away 
using PBST and drying. After drying, the absorbance spectrum was measured in air 
using UV-3600 (Shimadzu). For negative control, C-reactive protein (CRP) was used. 

 The blocking treatment is an important step in LSPR detection, because the BSA 
concentration affected the differentiation between positive and negative samples. To 
optimize the blocking condition for our LSPR sensor, various BSA concentrations 
(~0.01–1 %) were examined, as shown in Fig.  4.5 . As a result, the concentration of 
0.1 % BSA most clearly distinguished the positive and negative samples in the 
LSPR peak shift. When the BSA concentration was lower than 0.1 %, the differ-
ences in the peak shift values between the positive and negative sample were 
decreased due to the nonspecifi c adsorption which occurred. In the case of 1 % BSA 
concentration, the error bar became larger in comparison with those of lower con-
centrations. Due to the overloading of BSA, the PBS was not able to wash away the 
excess BSA completely, leading to unstable data for each measurement due to the 
errors resulting from the different RIs of PBS and BSA. Therefore, the  concentration 
of 0.1 % BSA was deemed to be the suitable condition for blocking with our 
Au-capped nanopillar for detection of the IgG/anti-IgG reaction.  

 To evaluate the detection limit of the IgG/anti-IgG reaction using our Au-capped 
nanopillar system, various concentrations (~0–100 μg/mL) of antigen IgG solutions 
were introduced, and a standard curve generated. As shown in Fig.  4.6 , the amount 
of the LSPR peak shift refl ects the concentration of antigen IgG, and its dynamic 
range was wide. Moreover, the minimum detection limit was 1.0 ng/mL, which is 
equal to 6.7 pM. This result indicated that biosensing using our novel Au-capped 
nanopillar structured LSPR chip has a high sensitivity in comparison with the previ-
ous similar report (Mayer et al.  2008 ).   
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4.6     Conclusions 

 In this study, we have demonstrated the novel Au-capped nanopillar LSPR chip for 
detection of anti-antigen reactions. Those results showed the high sensitivity and the 
wide dynamic range detection possible from our LSPR chip which was optimized 
for Au cap thickness, nanopillar size and blocking condition. Label-free detection 

  Fig. 4.5    Optimum BSA blocking concentration for antigen detection       

  Fig. 4.6    Standard curve for 
IgG/anti-IgG measurement 
using Au-capped nanopillar 
LSPR chip.  N  is 1 μg/mL of 
CRP as a negative control       
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has an advantage for point-of-care testing as there is no need for any treatment of 
the sample such as tagging using fl uorescence; therefore, rapid measurement 
becomes possible. Moreover, our sensor fabrication process is simplifi ed and low-
cost as it is based on the combination of thermal nanoimprinting techniques and 
porous alumina molds; therefore, it is suitable for mass production. With these 
advantages, our novel Au-capped nanopillar plasmonic sensor is ready for the tran-
sition from academic interest to a commercialized system for practical use in diag-
nostic applications. Future work will involve combination with a micro-TAS    device 
for development of automated detection systems including sample injection and 
measurement of target biomolecules.    
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Chapter 5
Nanoparticle Biosensing with Interferometric 
Reflectance Imaging

Derin Sevenler, Neşe Lortlar Ünlü, and M. Selim Ünlü

Abstract  Interferometric reflectance imaging is a biosensing modality that performs 
digital detection of individual synthetic and biological nanoparticles in a multiplexed 
microarray format. The size of nanoparticles of known optical properties is measured 
indirectly, by calculating the particle scattering cross-section at specific wavelengths. 
This has enabled the development of label-free, digital detection of whole virions in 
a multiplexed assay with unprecedented sensitivity and specificity. DNA and protein 
microarrays using small metallic nanoparticle labels instead of fluorescence have 
also demonstrated high sensitivity to dilute analytes in biological solutions such as 
serum and unprocessed whole blood. The optical design is based on off-the-shelf 
components and the resulting instrument is inexpensive and compact. Thus the sens-
ing platform has many potential clinical applications in screening, diagnostics and 
monitoring. In this chapter we discuss the principles that have led to the development 
of this technique and its applications in assay development and biophysical analysis, 
and our progress in developing this technology into a rapid and cost-effective 
point-of-care instrument.
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5.1  �Introduction

This chapter discusses two different methods by which optical interference can be 
used to improve the performance of microarray assays. In some respects, the gains 
are afforded by such margins as to allow microarray assays to be used to address 
qualitatively different problems in biological research and medical diagnostics. We 
will discuss briefly how a thin film interference reflectance microarray substrate 
can be used to measure biomolecule accumulation as a change in its spectral reflec-
tance curve, thereby enabling calibration of fluorescence readouts or replacing 
fluorescent labels entirely. As a label-free technique, this has enabled experiments 
measuring the native binding kinetics of DNA and proteins in a massively multi-
plexed fashion. We shall also discuss in detail how such a thin film substrate can be used 
to implement an entirely different physical principle—homodyne interferometry—
to perform detection of individual biological or metallic nanoparticles, enabling the 
detection readout to be limited only by Poisson shot noise. This detector has sensi-
tivity and selectivity limited in principle only by the thermodynamic binding inter-
action between the various molecular species of interest, allowing measurements to 
be performed at the theoretical performance limit of solid-phase, affinity-based 
biosensors. We will discuss how these techniques have been used to measure scarce 
protein or DNA detection for cancer diagnostics, bacterial drug resistance screen-
ing or allergy testing, or detection of deadly contagious virions at presymptomatic 
concentrations. Together, these two optical interference technologies provide a 
comprehensive platform that is based on simple physical principles, and yet is 
capable of a wide variety of microarray assays for diagnostics and  biomedical 
research.

5.2  �Principles

5.2.1  �The Microarray

A microarray consists of a solid surface that is patterned with a microscale array of 
molecular probes. These probes are typically designed to specifically bind to a sin-
gle biomolecule of interest, and are commonly either single-stranded DNA or 
antibody. These probes are deposited in “spots” usually ~100 μm across, so hun-
dreds to thousands of different spots can be placed within a single square-millimeter 
sensor area. Microarrays exist that allow massively multiplexed assays to be per-
formed on small volumes. Traditionally, target molecules bound to the spots are 
measured with fluorescently labeled reporter molecules, which also specifically 
bind to targets of interest. In the case of DNA microarrays, this usually consists of 
a DNA oligonucleotide functionalized to a small fluorescent molecule that is com-
plementary to an adjacent region of a particular captured nucleic acid.
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5.2.2  �Microarray Readout with Thin Film Interference 
Reflectance Imaging

The idea of using thin film interference in a biochemical sensor has been around for 
decades (Brecht et al. 1993). Consider a transparent film thinner than the wave-
length of light with known optical properties that has been deposited on a transpar-
ent surface with a different refractive index, all submerged in a surrounding medium 
of likewise known optical properties. Light rays traversing this layered structure in
the perpendicular direction will reflect off of the two interfaces, at ratios that are 
proportional to the index mismatch at each interface in a manner described by the 
Fresnel equations. The deposition of biomolecules onto the film increases the opti-
cal path length difference between the reference reflection at the substrate–film 
interface and the reflection at the medium–biofilm interface. A given optical path 
length difference has a characteristic spectral curve, as some wavelengths interfere 
constructively and others destructively. Changing the optical path length shifts this 
spectral reflectance curve in a predictable manner. Thin film interference reflectance 
spectroscopy is the technique by which sub-nanometer scale changes in the optical 
path length due to biomolecule accumulation can be measured by inspecting the 
reflectance spectra of the microarray.

The interferometric reflectance imaging sensor (IRIS) layered substrate consists
of a polished silicon wafer with 100  nm of thermally grown silicon dioxide. 
Traditionally, the spectral reflectance of a surface is measured by illuminating with a 
broadband light source and collecting all the reflected light using a spectrometer. 
This method permits monitoring of the entire spectral reflectance simultaneously, but 
excludes any spatial information about the sample. Instead, a tunable laser may be 
used in conjunction with a monochrome CCD, whereby the illumination is limited to 
a narrow band of wavelengths and spectroscopic information is collected serially 
with high spatial resolution. This second method is the working principle behind the 
spectral reflectance imaging biosensor (Özkumur et al. 2009). Imaging laser spectral 
reflectance is challenging, due to spatial artifacts in the laser illumination due to its 
high coherence (speckle) and temporal fluctuations in laser output (necessitating
external monitoring of laser power). Four narrowband LEDs may be used instead to
interrogate the reflectance spectra with similar precision (Fig. 5.1) (Daaboul et al.
2011). Knowledge of the illumination spectra of the LEDs allows the spectrum at
each pixel in the image to be fitted with picometer resolution.

IRIS can perform detection of biomolecules directly, without any molecular tag-
ging. One application of this is in calibrating microarray spots before they are used.
The density of probe molecules at each spot is often inconsistent between spots on 
the same chip, as well as between chips from different batch spotting runs, and this 
source of variability leads to uncertainty in quantifying target concentrations from a 
fluorescence measurement. This uncertainty is not acceptable in applications such as 
gene expression profiling, where quantification is of vital interest. This challenge is 
traditionally addressed by spotting several replicate spots on each chip and including 
on-chip positive controls. Using IRIS, the molecular probe densities of each spot
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may be measured before the chip is used, improving repeatability of fluorescence 
measurements (Reddington et al. 2013a). Another application involves removing 
fluorescence reporting entirely, and quantifying the amount of biomolecule accumu-
lation label-free (Daaboul et al. 2011) in a dynamic context. IRIS has been used to
measure the hybridization and dehybridization kinetics of spotted DNA, for exam-
ple, and the association and dissociation rates of proteins bound to antibody spots, 
by performing measurements in real time. This was used to perform sensitive detec-
tion of single nucleotide polymorphisms in DNA (Özkumur et al. 2010a, b). Such
dynamic experiments cannot be performed with fluorescence-based systems since 
unbound fluorophores in the flow cell will saturate the detector. Finally, only label-
free detection can directly quantify the surface capture rate of a target molecule, 
which depends on not only the affinity but also the diffusion rate of that molecule. 
IRIS can perform all of these measurements in a highly multiplexed format, allow-
ing many different probe–target interactions to be investigated in parallel.

5.2.3  �Metallic and Biological Nanoparticle Detection 
on Microarrays

Fluorescent reporters have the disadvantage of being susceptible to photobleaching 
and therefore are difficult to detect in low numbers. Alternatives for overcoming this 
lower sensitivity limit include using other labels such as radioactive nanoparticles 
(Posner et al. 2007) or gold nanoparticles, which can be enhanced before detection 
with a silver ion solution (Taton et al. 2000). In this technique, dissolved silver ions 
reduce onto the gold nanoparticles, forming nanoparticle-mediated silver deposition 
that can be quantified with a simple colorimetric measurement using a flatbed scan-
ner. In contrast, the Single Particle IRIS (SP-IRIS) instrument is capable of

Fig. 5.1 Label-free microarray measurement with IRIS. (a–b) The spectral response of the  
Si–SiO2 surface is sampled by four LEDs, and the shift in the spectral reflectance curves due to
biomolecule adsorption and increased optical path length difference is measured and converted to 
a “height” of deposited biomolecules. (c–d) An IRIS image, with the calculated surface height
(corresponding to probe immobilization) along the dashed line. Adapted with permission from 
Daaboul et al. (2011)
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detecting individual small gold nanoparticles (of order ~40 nm) without a silver
enhancement step. Additionally, it may also be used to detect biological nanoparti-
cles such as whole virus particles.

Such small nanoparticles are usually only detectable with specialized sensitive
optical microscopy techniques. Nanoparticles much smaller than the microscope 
point spread function can be approximated as point scatterers, and therefore the 
measured intensity of light scattered from the particle back towards the detector is 
proportional to the optical properties and size of the particle, as well as the optical 
properties of the medium surrounding the particle:
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Here, Esca corresponds to the scattered light electric field and σsca corresponds to 
the particle’s scattering cross-section. The scattering cross-section depends strongly 
on the dielectric index of the nanoparticle ϵp and of the medium ϵm and even more 
strongly on the particle size indicated by the radius R. The trouble is that the strong 
size dependence puts a rather hard limit on the size of the smallest particle that can 
be detected due to scattering alone. However, this limit may be overcome by mixing 
the scattered electric field with a stronger reference field before it reaches the detec-
tor. Then, the intensity of the detector depends on both field intensities, which inter-
fere according to their phase difference θrs:
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When the scattering-only term |Esca|2 is small enough for this technique to be 
applicable, it is negligibly small compared to the constant background term |Eref|2 
and the phase term, which is proportional to R3. The phase difference between the 
two channels θrs is a function of the path length difference between the scattered 
light from the nanoparticle and the reference light.

Optical heterodyning has been used to push the sensitivity limits of nanoparticle
detection and characterization with light. For example, Hong and colleagues com-
bined a modified Mach–Zehnder interferometer with cross-polarization optics and 
heterodyne detection, and were able to demonstrate the detection of gold nanopar-
ticles immobilized on a glass substrate with a diameter of just 5 nm (Hong et al.
2011). This impressive measurement exploits the fact that light scattered by small 
nanoparticles has a slightly different polarization than the incident light, which is 
exacerbated by partial polarization axis conversion of the high numerical aperture 
(NA) illumination (Juskaitis et al. 1997). By combining polarization optics to isolate 
polarization-shifted light scattered from the nanoparticles, they achieved a shot 
noise limited optical signal from the 5 nm nanoparticles. This low-intensity signal 
was then detected using a heterodyne interferometry scheme, where the weak opti-
cal signal was interfered with a modulated reference beam, and then monitored with 

5  Nanoparticle Biosensing with Interferometric Reflectance Imaging



86

lock-in amplification. While the sensitivity of heterodyne detection is unsurpassed, 
homodyne detection does not require such complex components as a phase modula-
tor and lock-in amplifier. Homodyne detection of individual dielectric nanoparticles 
using a Michelson interferometer has been demonstrated for detecting particles as 
they flowed through a microchannel, and was capable of measuring their size in real 
time (Mitra and Novotny 2013).

SP-IRIS utilizes the same thin film Si–SiO2 substrate described earlier as a 
common-path interferometer capable of homodyne detection of single nanoparticles 
across a large field of view. The reflection off the Si–SiO2 interface serves as the 
reference arm, which interferes with scattered light from particles on the SiO2 sur-
face (Fig. 5.2). In order to have a higher spatial resolution, a high-NA objective (0.8)
is used. The inclusion of both low-NA and high-NA angles in this system is a poten-
tial pitfall, since the path length difference for those different angles will be different 
and will therefore have different strengths, since the scattered light all has the same 
phase. To minimize this effect, the oxide film thickness was reduced to 100 nm.

Notably, the illumination source does not need to have a long coherence length 
because the optical path length difference is so small. This allows a narrowband 
LED to be used instead of a laser, sidestepping the challenges associated with using
coherent sources discussed earlier. The coherence length of an illumination source 
in the visible band is given by the equation
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Fig. 5.2 Optical response of a nanoparticle on the SP-IRIS substrate. (a) The Si–SiO2 substrate 
behaves as a thin film interfering substrate. (b) Light scattered from a nanoparticle interferes with
the reflection, forming a diffraction-limited response resembling an Airy disk. (c) Simulated
particle contrast (peak intensity divided by the reference intensity) as a function of particle
diameter, for a dielectric nanoparticle on a 100 nm SiO2 film with a 530 nm (green) peak  
wavelength illumination source
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Here, λ is the center wavelength of the illumination (530 nm), Δλ is the full width 
half max (FWHM) bandwidth of the illumination spectrum (about 40 nm), and n is 
the refractive index of the medium (SiO2, about n = 1.5). The coherence length L of 
such an illumination source is approximately 2.0 μm—much greater than the optical 
path length difference. This demonstrates that a narrowband high-power LED with
these properties is suitable for interference reflectance imaging.

5.3  �Applications I: Metallic Nanoparticle Labels 
for Multiplexed Digital Molecular Detection

For biosensing applications which require greater sensitivity than that afforded cur-
rently with fluorescent molecule labels, nanoparticle labels have several advantages—
their optical and chemical stability gives them greater signal-to-noise ratio and 
efficiency in the single-molecule (or single-particle) detection regime (Seydack 2005). 
Digital nanoparticle detectors provide a method for microarray assays to perform 
measurements in the single-molecule regime. Techniques for the effective functio
nalization of nanoparticles with proteins or nucleic acids have been well-studied  
(Hill and Mirkin 2006), so functionalization of nanoparticles with any specific probe 
molecule is now routine.

Metallic nanoparticles have nano-optical properties that are especially advanta-
geous for this application, as compared to dielectric nanoparticles. The spectral 
response of metallic nanoparticles is characterized by strong scattering and absorp-
tion at a particular wavelength (or wavelengths) that has been shown to be depen-
dent on their shape and size and on the dielectric material properties of both the 
nanoparticle and the surrounding medium (Mock et al. 2002; Eustis and El-Sayed
2006; Willets and Van Duyne 2007). This effect is called local surface plasmon 
resonance, or LSPR, and occurs when the oscillating electric field of the incident
light causes coherent oscillations in the free conducting electrons on the surface of 
the material, thereby causing a resonant oscillating electric dipole (Fig. 5.3).

Electric Field

Nanoparticle

Electron Cloud

Time

Fig. 5.3 Schematic of localized surface plasmon resonance (LSPR). Coherent oscillations in the
free electrons of the material may be induced by the oscillating electric field of the incident light. 
This induced oscillating electric dipole has greatly increased scattering and absorption of its reso-
nant wavelength as compared to dielectric nanoparticles of similar size, making it a superior label 
for use with single-nanoparticle detection assays
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Due to LSPR, the non-propagating electromagnetic field amplitude (near-field)
can be orders of magnitude greater than that of the incident illumination. At reso-
nance, the optical scattering cross-section is greatly enhanced:
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The LSPR spectrum of a particular nanoparticle depends strongly on the dielectric
properties of the local surrounding medium, relative to the strength of the non-
propagating electric field strength (which decays exponentially with distance from
the interface). Changes in the dielectric properties within ~150 nm of the surface of 
the particle cause changes in the LSPR spectrum, which may be detected via spec-
troscopy—this is the working principle of surface plasmon resonance (SPR) biosen-
sors. When using metallic nanoparticles as molecular reporters, however, this extra 
information is superfluous—it is sufficient to sensitively detect surface-bound 
nanoparticles without characterizing their near-field optical properties.

For detection to occur, the nanoparticle must be tethered to the sensor surface. 
Therefore, the analyte must have two binding domains: one to specifically bind the 
nanoparticle label to the analyte, and another to tether the analyte to the sensor sur-
face. An analyte-specific probe molecule is required for each binding step. In the 
case where the analyte is a specific single-stranded nucleic acid sequence, primer 
sequences complementary to opposite ends of the target sequence are usually cho-
sen. In the case where the analyte is a protein with multiple independent epitopes, 
two different antibodies are typically used.

In theory, the order in which these binding steps occur would not have an effect 
on the overall sensitivity or selectivity of the assay if the epitopes were sufficiently 
independent and stable and steric effects were negligible. In practice, however, this 
is often not the case, and the order of binding steps is therefore usually optimized. 
When the analyte is first bound to the sensor surface and then labeled, it is said to 
be a heterogeneous detection format. In contrast, homogeneous detection is per-
formed by first mixing the sample solution with the labels and then binding the 
labeled analyte to the sensor surface (Fig. 5.4). The diffusivity of the label, which 
scales inversely with radius, is an important factor that can limit assay performance, 
especially when homogeneous detection is used with a surface-capture modality. 
This puts a lower limit on the optical cross-section of the labels to particles visible 
with conventional methods (Nicewarner-Peña et al. 2001).

Monroe and colleagues detail the development of a multiplexed protein assay 
that incorporates SP-IRIS in order to enable the use of gold nanoparticle labels with
a radius ≤40 nm, of the same order of size as the protein itself (hydrodynamic radius
~5 nm) natively, without silver enhancement (Monroe et al. 2013). The authors dem-
onstrated a limit of detection of allergen-specific immunoglobulin E (IgE) of about
60 attomolar (10−18 M) in human serum samples, and 500 attomolar in human whole 
blood samples (Fig. 5.5). They showed that in principle an even lower limit of detec-
tion is possible by simply increasing the surface area of the analyzed probes. 
Nevertheless, clinically relevant concentrations of most protein biomarkers for a 
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Fig. 5.4  Flow chart of homogeneous and heterogeneous detection of a target single-stranded 
nucleic acid. Homogeneous detection begins with hybridization of the target with the functional-
ized nanoparticle probes, while heterogeneous detection begins with hybridization of the target 
molecule to the microarray surface. The final result is the same in both processes, so detection 
using IRIS is identical. The terms solid phase and liquid phase refer to the regimes of diffusion
under consideration—solid phase diffusion means simply that the molecule or complex must dif-
fuse to a solid surface rather than interact with another solvent (liquid phase). Solid phase diffusion
follows slower kinetics so is generally slower than liquid-phase diffusion, which has implications 
for assay design

Fig. 5.5 (a) The signal above the limit of detection for IgE is shown for detection in both unpro-
cessed whole blood and serum using nanoparticle labels (left vertical axis), and is compared to that 
of label-free overall biomass measurement using IRIS (right vertical axis). The dynamic range of 
SP-IRIS spans from the limit of detection of IRIS to 1 femtomolar, demonstrating that they may be
used easily together, and the two techniques have a very high dynamic range as well as very high 
sensitivity. (b) Signal minus background for two serum and two whole blood experiments correlate
well, demonstrating assay repeatability. Adapted with permission from Monroe et al. (2013)
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range of diseases fall within the range of 0.01–100 picomolar (10−12 M), but com-
monly exist at the femtomolar range (10−15 M) as well (Rusling et al. 2010; Serra
2011). The authors demonstrate assay multiplexing and cross-validation with a cur-
rent gold standard technique by testing fingerprick volumes (50 μL) of whole blood
and serum from four patients across a panel of eight common allergens (the target
molecules are in this case antibodies specific for those allergens) (Fig. 5.6).

5.4  �Applications II: Label-Free, Digital Detection  
of Whole Virus Particles

SP-IRIS may also be used to detect single dielectric (i.e., nonmetallic) nanoparticles
of biological or synthetic origin. One important biological nanoparticle that can be
detected with SP-IRIS is a virus. Demand for rapid and simple virus sensing tech-
nologies for providing effective and specific viral diagnostics has been driven by 
events involving influenza pandemics, development and intentional dissemination of 
highly virulent biowarfare agents, and deadly global outbreaks of viral hemorrhagic 
fevers. In order to be effective, rapid tests that can provide an answer at the point of 
need are required. The gold standard technologies for virus detection and identifica-
tion consist of immunoassay-based protein detection such as ELISA or polymerase
chain reaction-based detection of specific nucleic acids (Amano and Cheng 2005)—
however, sample preparation requirements and protocol complexity are still barriers 
to their application in many areas. Daaboul and colleagues detail label-free detection 

Fig. 5.6 Cross-validation of the SP-IRIS multiplexed allergen immunoassay with Phadia
ImmunoCAP (fluorescence), the current state-of-the-art allergen immunoassay. 50 μL serum and
unprocessed whole blood were tested with SP-IRIS, and found to correlate well with the fluores-
cence ImmunoCap reading of serum samples. Adapted with permission from Monroe et al. (2013)
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of individual whole intact virions with SP-IRIS (Daaboul et al. 2014). Previous 
experiments had demonstrated that measurements of the total biomass accumulation 
on a multiplexed label-free virus immunoassay could be performed using an 
IRIS substrate and low-NA objective (Lopez et al. 2011). The authors demonstrate 
detection of virus from complex solutions of fetal bovine serum containing E. coli, 
without the need for sample preparation.

Biological nanoparticles are difficult to detect optically in comparison to metallic 
nanoparticles because of the two-fold lack of a plasmon resonance and low index 
contrast to the surrounding medium. In quasi-static theory, the interaction of a dielec-
tric nanoparticle with a light wave causes an induced dipole, whose strength is pro-
portional to the particle’s shape, composition and size, as discussed earlier. Using 
SP-IRIS, surface-bound individual virions ~100 nm in diameter are detected by iden-
tifying local maxima that fall within the point spread function of the optical system 
and determining their size from the local maxima peak intensity and a forward model 
(Fig. 5.7). Daaboul and colleagues demonstrate a sensitivity limit of detection of 
about 8 × 104 plaque-forming units/mL, which is similar to or better than the reported
sensitivity of other antibody-based viral diagnostic techniques (Marzi et al. 2011). To 
demonstrate the robustness and specificity of this technique, the authors performed 
experiments in samples contaminated with E. coli, or in samples of virus-spiked 
whole blood or serum. Remarkably, the detection limit remained the same for all of
these conditions at 8 × 104 pfu/mL, despite the presence of large amounts of various
macromolecules and biological nanoparticles generally found in those conditions.

Fig. 5.7 Detection and identification of single virions using a multiplexed microarray format. (a) 
Representative image of anti-VSV, anti-Ebola-VSV, and anti-Marburg-VSV antibody microarray
spots. (b) Pre- and post-incubation SP-IRIS images showing virus accumulation. This assay may
be performed in various complex media. (c) A forward model of peak particle intensity as a func-
tion of particle diameter was verified using polystyrene beads of known size and is used to deter-
mine the size of unknown particles. (d) A histogram of particle sizes, calculated using the forward 
model, allows particles outside the expected range of VSV (green rectangle) to be ignored. Virus 
capture is calculated as the number of particles found within this size window in the post-incubation 
image minus the number of particles of that size observed in the pre-incubation image. Adapted 
with permission from Daaboul et al. (2014)
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The ability to perform sensitive and specific detection of deadly viruses with a 
simple and robust platform has clinical significance today. SP-IRIS can perform
such measurements robustly in complex media by utilizing both affinity-based 
immobilization (providing molecular specificity) and size-based identification and
discrimination of virions (providing structural specificity), to directly measure the
presence of the clinically relevant disease vector.

5.5  �Translation from the Lab to the Clinic

Chief among the advantages afforded by the IRIS substrate is that it allows both
probe quantification and highly sensitive nanoparticle detection on the same sub-
strate, which is readily transferable to clinical use. Furthermore, the ability to cali-
brate IRIS microarray slides before use has important implications for
fluorescence-based assays, since spot morphology and probe density must be taken 
into account to avoid large inter-chip variability (Peterson et al. 2001). Reddington
and colleagues detail recent efforts to develop an automated, label-free virus detec-
tion system utilizing SP-IRIS (Reddington et al. 2013a, b). While significant 
advances have been made for the translation of interferometric biosensing based on 
diffraction gratings or photonic crystals to clinical use (Cunningham 2010), single-
particle modalities are decidedly more difficult, due to increased tolerances required 
by a higher numerical aperture objective. Nevertheless, the authors describe a pro-
totype system that is capable of automated scanning, spot identification, focusing, 
particle detection and analysis (Reddington et al. 2013a, b).

5.5.1  �Image Processing for Single Nanoparticle Detection

When metallic nanoparticles are used as specific labels for sensitive molecular 
assays, nanoparticle detection and classification do not necessitate their exhaustive 
characterization. Since the optical properties of the detection label are known, data
analysis requires only that these particles be identified and counted, while ignoring 
particles whose optical response does not match what is expected. The nanoparticle 
population present in a particular SP-IRIS image is analyzed in the following man-
ner: (1) key points are detected and localized using the scale-invariant feature trans-
form, (2) anomalous regions unlikely to contain nanoparticles of interest are
detected using morphological operations and key points within those regions are 
discarded, (3) an appropriate Gaussian kernel is cross-correlated with image region
of each key point, and key points with a low correlation coefficient (i.e., those which
are not well approximated by a 2D Gaussian) are discarded, (4) the approximate
size of each particle is calculated from its image intensity with a forward model that 
assumes the material properties of the nanoparticles of interest, and (5) nanoparti-
cles whose approximated size is outside of the range of expected particles are dis-
carded (Fig. 5.7). These steps are discussed below.
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Scale-invariant feature transform (SIFT) is a feature detection algorithm used in
applications like object recognition and panorama image stitching, the principle of 
which involves obtaining so-called “key points” in an image from the extrema of an 
assembled difference-of-Gaussians pyramid (Burt and Adelson 1983; Crowley and 
Stern 1984; Lowe 1999). Although not originally developed for this purpose, this 
algorithm performs exceptionally well at rapidly detecting and localizing Gaussian-
like point spread functions in a microscope image with sub-pixel precision.

SIFT inclusively captures not only local maxima but other salient features in the
image as well—for example, the high-contrast edges of the microarray spot. 
Furthermore, poor spot morphology may sometimes preclude nanoparticle detec-
tion yet result in an increased number of key points. Spot morphology may deviate
from optimal during preparation (the probe molecules may distribute into an oblong,
spatially heterogeneous or coffee-ring pattern) or later during the assay (salt pre-
cipitate or other contaminants can deposit onto the spot). Often, these defects
obscure only a small portion of the spot’s useable surface. However, they are often 
feature-rich and therefore contain a disproportionally high density of key points and 
are therefore an undesirable source of noise. This is mitigated in two steps. First, 
morphological operations are used to detect regions of the spot that are unexpect-
edly bright or dark or contain unexpected edges, and key points within those regions 
are discarded. Second, the intensity distribution of the image domains about each
key point are cross-correlated with a two-dimensional Gaussian kernel, in order to
distinguish key points which correspond to point sources and which ones do not. 
The Gaussian kernel size is chosen as an approximation of the point spread function
of the optical system. Key points with a sufficiently high correlation coefficient are 
identified as nanoparticles—those with small correlation coefficients are discarded. 
One limitation of this technique is that two nanoparticles closer than the diffraction
limit of the optical system will provide an optical measurement that has a low 
Gaussian correlation coefficient, and both key points will be discarded. This is the
principal limitation of the dynamic range.

The cross-correlation function is amplitude-invariant. However, a nanoparticle 
of known size and material has a predictable local contrast, i.e., peak intensity with 
respect to the immediate local background. Therefore, nanoparticles are finally fil-
tered based on their size and material properties (or, equivalently, local contrast)
such that nanoparticles smaller or larger than a specified size window are discarded. 
The number of particles within this window is the detected signal from this image.

5.6  �Conclusion

In this chapter, we presented unique properties of the interferometric reflectance 
imaging sensor (IRIS) and its applications in assay development and biophysical
analysis. We also discussed the prototyping efforts in developing the IRIS technol-
ogy into a rapid and cost-effective point-of-care instrument. In high-resolution opti-
cal or single-particle detection modality, IRIS is utilized for multiplexed digital
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molecular detection using metallic nanoparticle labels. We believe that the ability to 
detect and study individual nanoparticles will have a major impact on the advance-
ment of many fields in biosciences and biotechnology. For instance, studying how 
morphology affects binding affinity and specific targeting could further optimize 
nanoparticles being designed for drug delivery. Single nanoparticle techniques can
also serve as very sensitive biosensors for the detection of natural nanoparticles 
such as viruses that are a serious threat to human health. Thus, this chapter empha-
sized label-free, digital detection of whole virus particles. Detection with IRIS was
rapid, repeatable and quantifiable, and demonstrates the potential of this system for 
inexpensive clinical and field-deployable pathogen detection and diagnostics of 
infectious diseases.

As a conclusion, IRIS is a promising platform for diverse clinical purposes. With
the ongoing research efforts, we expect that the performance of the IRIS technique
will further improve and will lead to a robust and widely used platform that will find 
practical use in real-world sensing and diagnostic applications.
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    Chapter 6   
 Nanomaterial-Based Dual Detection Platforms: 
Optics Meets Electrochemistry 

             Nan     Li     and     Kagan     Kerman    

    Abstract     Nanoparticles are becoming popular tools for optical and electrochemical 
biosensors; in this chapter we aim to provide a basic understanding of gold nanopar-
ticles and quantum dots. We begin with the intrinsic properties of gold nanoparticles 
and quantum dots, and then extend into their novel applications in biosensing. The 
fi rst half of the chapter focuses on gold nanoparticles and then shifts to quantum 
dots in the second half. In the fi rst part, a short history of gold nanoparticles is fol-
lowed by different gold nanoparticle synthesis methods. Different modifi cation 
methods have facilitated the application of gold nanoparticles in biosensing; their 
variation in functions, characteristics, and advantages allow gold nanoparticles to 
take different roles in the qualitative and quantitative analysis associated with bio-
sensors. In the second half of the chapter, we start with the current understanding of 
quantum dots, and then introduce the structural model and common modifi cation 
techniques for biosensing applications. Different optical and electrochemical tech-
niques are used in quantum dot-based DNA sensors and immunosensors.  

  Keywords     Biosensors   •   DNA sensors   •   Gold nanoparticles   •   Immunosensors   • 
  Quantum dots  

6.1         Introduction 

 Nanotechnology has been recognized as an emerging and enabling technology for 
the twenty-fi rst century. Nanoparticles are essential in nanotechnology and possess 
advantageous intrinsic properties over bulk materials. There is no international defi -
nition of a nanoparticle, but typical nanoparticles have diameters smaller than 
100 nm in at least one dimension. The advantageous properties of nanoparticles can 
be summarized into four major categories. First, as the nanoparticles get smaller, the 
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interfacial area-to-volume ratio increases to allow information to be observed at the 
particles’ interfaces. Second, the wavelike properties of electrons in nanoparticles 
are affected by the variation in dimensions of nanoparticles. Third, quantum electro-
magnetic interactions and size confi nement effects become signifi cant for organiza-
tional structures under 50 nm, and they manifest even at room temperature if their 
size is less than 10 nm. Fourth, nanoparticles possess size-dependent physical, 
chemical, or biological properties, such as the change in color of suspensions due to 
nanoparticle aggregation. New atomic, molecular, and macromolecular structures 
made of nanoparticles have been generated by various methods in nanofabrication 
and biotechnology. The smaller size of nanoparticles allows a signifi cant increase in 
the degree of complexity and speed of processes in particulate systems. There are 
various types of nanoparticles, and this part of the chapter will focus on the physical 
theories, chemical structures, and biological applications of gold nanoparticles 
(AuNPs) and quantum dots (QDs) in electrochemical sensing.  

6.2     Gold Nanoparticle-Based Biosensors 

 The history of the medical application of gold dates back to 2,500 BC with the 
Egyptians and the Chinese. Later, gold was used by Europeans in the medieval 
period to treat fever, and then the Germans in the 1890s used gold for bacteriostatic 
purposes. In modern studies, the biochemical application of gold has never been 
greater, with gold nanostructures including nanoparticles, nanoshells, nanoclusters, 
nanostars, nanocubes, and nanorods, all having unique structural, electronic, mag-
netic, optical and catalytic properties (Thakor et al.  2011 ). Various sizes and shapes 
of gold nanostructures have been reported to couple with nucleic acids, proteins, 
and cells for transportation, separation, and detection of biomolecules. 

6.2.1     Synthesis of Gold Nanoparticles 

 Of all the reported metal nanostructures, AuNPs have been most intensely applied 
for biochemical analysis. Research and applications have been advancing in recent 
decades and numerous approaches to the preparation of these particles are well 
documented. AuNP suspensions can have an intense red colour for particles in the 
range of less than 100 nm, and most nanoparticles applied in biosensing are less 
than 100 nm in diameter (Cheng et al.  2011 ). Numerous approaches are available 
for the production of AuNPs, starting in the 1850s when Michael Faraday initiated 
the scientifi c investigation of colloidal gold (Gentry  1995 ). 

 The synthesis of AuNPs usually involves the reduction of gold salts in either 
organic, aqueous or two phases. The simplistic approach to AuNP fabrication 
reduces gold salts (HAuCl 4 ) with a reducing agent to initiate nucleation of gold 
ions. The weakness of the synthesis protocol is aggregation caused by the extreme 
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reactivity of AuNPs and high surface energy, which was often a reccurring issue if 
the surfaces of the nanoparticles were not passivated. As a result, stabilizers are 
added to avoid aggregation or precipitation. The stabilizers bind to the AuNP sur-
face to protect the particles and functionalize the AuNPs with the desired charge or 
surface chemistry. Protection can be also obtained with the use of self-assembled 
monolayers (SAM), such as encapsulation in the pools of reverse microemulsions 
and dispersion in polymeric matrixes (Arvizo et al.  2010 ). In citrate reduction, 
HAuCl 4  is fi rst reduced from Au 3+  to Au 0 , and then sodium citrate is added, through 
which the negative citrate ions impose a charge around the nanoparticle surface to 
minimize the aggregation. The size of AuNPs can be monitored by color change, a 
shift from faint yellow to red, and the red color suggests AuNPs with diameters 
ranging from 10 to 20 nm (Blakey et al.  2010 ). Another method requires HAuCl 4  to 
be mixed with a phase transfer agent, such as tetraoctylammonium bromide (TOAB) 
in toluene. Sodium borohydride (NaBH 4 ) is then added to reduce HAuCl 4 , followed 
by thiol ligand capping to prevent AuNP aggregation. The organic phase undergoes 
a color change almost instantaneously upon the addition of NaBH 4 , from orange to 
deep brown, and particles with diameters in the range of 1.5–6 nm are synthesized 
(Dey et al.  2013 ; Hostetler et al.  1999 ). The synthesized AuNPs can be modifi ed 
further to interact with biomolecules for various purposes.  

6.2.2     Biomolecule–Gold Nanoparticle Conjugation 

 AuNPs have been employed in developing novel electrochemical biosensors due to 
their small size and unique chemical, physical, and electronic properties. The metal 
nanoparticles can participate in various tasks in electrochemical biosensors, one 
objective of which was to enhance the sensitivity of the device. Some of the basic 
functions of AuNPs in an electrochemical biosensor include immobilization of bio-
molecules, catalysis of electrochemical processes, enhancement of electron trans-
fer, and labeling of biomolecules (Luo et al.  2006 ). 

 Table  6.1  summarizes a few of the characteristics of AuNPs and their functions. 
Incorporation of biomolecules is mandatory for the creation of biosensors. 

   Table 6.1    Utilization of gold nanoparticles in electrochemical biosensors   

 Function  Relevant characteristics  Sensor advantages 

 Biomolecule immobilization  Biocompatibility and large surface area  Improved stability 
 Catalysis of reactions  High surface energy of AuNP  Enhance sensitivity 

and selectivity 
 Effi cient electron transfer  Conductivity and small dimensions 

of particles 
 Direct electrochemistry 
with redox proteins 

 Labeling of biomolecules  Small dimensions; facile surface 
modifi cation 

 Improve sensitivity 
and indirect detection 

 Increasing surface area  Large surface-to-volume ratio  Improve sensitivity 

6 Nanomaterial-Based Dual Detection Platforms: Optics Meets Electrochemistry



102

As such, much research attention has been directed towards synthesizing AuNPs 
with biomolecular recognition motifs on their surface.

   As shown in Fig.  6.1 , these water-soluble AuNPs can then be modifi ed with pep-
tides, enzymes, DNA, and antibodies for their further use in electrochemical biosen-
sors. Electrochemical sensors allow miniaturization, low cost, high sensitivity, and 
fast response time. Various electrochemical sensors have been demonstrated involv-
ing conjugation of AuNPs as biomolecule labels or immobilization on the electrode 
surface. Common electrochemical methods previously reported to monitor AuNPs 
include electrochemical impedance spectroscopy, amperometry, potentiometry, 
cyclic voltammetry, conductometry, anodic stripping voltammetry, and differential 
pulse voltammetry (Pingarrón et al.  2008 ). These methods are carried out on 
 conventional gold electrodes, miniaturized or inter-digitized micro-gold electrodes 
(   Li et al.  2013 ).   

6.2.3     Immobilization of Biomolecules onto Gold Nanoparticles 

 AuNPs have been reported to overcome the shortcomings of bulk materials to mini-
mize denaturation of molecules and bioactivity loss. During the synthesis process, 
AuNPs are often charged, which allows for electrostatic interaction between their 
surface and the biomolecules. It is possible to attach biomolecules by other means 
such as covalent bonding, as in many studies discussing the attachment of enzymes 
to AuNPs including, but not limited to, horseradish peroxidase (Jia et al.  2002 ), 
microperoxidase-11 (Patolsky et al.  1999 ), tyrosinase (Liu et al.  2004 ), and hemo-
globin (Gu et al.  2001 ). AuNPs can enhance redox processes because the detection 
of enzymatic products is directly proportional to the concentration of the original 
substrate. AuNPs have also been used in electrochemical immunosensors, and the 
mechanism for attaching antibodies is similar to that of enzymes. Yuan et al. was 
able to bind alpha-1-fetoprotein antibody onto AuNPs for an immunosensor (Ansari 
et al.  2010 ). AuNPs have been used to develop immunoassays for immunoglobulin 

  Fig. 6.1    AuNP modifi cation techniques. ( a ) AuNPs are coated with alkanethiols by Au–S interac-
tion, and then ( b ) the carboxylic acid functional groups on alkanethiols are activated with EDC/
NHS to form covalent bonds with primary amine groups on biomolecules such as DNA, enzymes 
or antibodies       
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G (Dequaire et al.  2000 ), interleukin-6 (Liang and Mu  2006 ), carcinoma antigen 
(Tang et al.  2006 ), and many more. A common use of AuNPs was for the immobili-
zation of oligonucleotide probes for the detection of DNA targets. One of the meth-
ods to immobilize DNA molecules on the nanoparticle surface was by modifying 
either end of the DNA with functionalities that can interact with the AuNP surface, 
such as thiolated DNA. Taking this approach one step further, modifying the elec-
trode surface with AuNPs has also been shown to increase the saturation quantities 
of DNA probes immobilized on the electrode by about ten times (   Kerman et al. 
 2007a ,  b ). Although this method can increase the stability and maintain the activity 
of the biomolecule, one of the pitfalls of using AuNPs is the aggregations of AuNPs.  

6.2.4     Catalysis of Electrochemical Reactions 

 The catalytic properties of AuNPs can be used for the purpose of decreasing overpo-
tentials of redox reactions. Ohsaka et al. designed a sensor for the selective detection 
of dopamine in the presence of ascorbic acid. This was done by utilizing the catalytic 
properties AuNPs towards the oxidation of ascorbic acid and reducing its overpoten-
tial. This allowed for the distinction between the oxidation potentials originating 
from ascorbic acid and dopamine (Raj et al.  2003 ). In addition to selective detection 
of analytes, the use of nanoparticles also lowers the detection limit of electrochemi-
cal biosensors. This was demonstrated by the detection of streptavidin in as low as 
2 fM concentrations (Begoña González-Garcı́a and Costa-Garcı́a  2000 ). 

 As shown in Fig.  6.2 ,    Fiorella et al. ( 2011 ) demonstrated the induction of gold 
nanostructures on the surface of disposable electrochemical printed (DEP) gold 
chips using acetylcholinesterase. Growth of the gold nanostructures was confi rmed 
via differential pulse voltammetry (DPV) and colorimetric assay. The formation of 
the gold nanostructures demonstrated the ability to produce high-intensity current 
signals and low reduction potentials. It is a sensitive technique using only 20 μL of 
sample volume. Another interesting function of AuNPs is the enhancement of 
 electron transfer.   

  Fig. 6.2    Detection of Au nanostructures on disposable electrochemical printed (DEP) chips. Au 
nanostructure growth is facilitated by acetylcholinesterase (AChE), and shows physically visible 
growth, build up, and color change ( right diagram ). Adapted from Fiorella et al. ( 2011 )       
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6.2.5     Facilitating Electron Transfer 

 In electrochemical biosensors, redox proteins placed directly on the electrode surface 
require the transfer of electrons from the active center of the enzyme to the electrode 
surface, as shown in Fig.  6.3 , but the active center of the enzyme is often enclosed by 
the protein shell which acts as an insulator. The conductive properties of AuNPs can 
assist in the transfer of electrons from the active center to the electrode surface. This 
has been shown in the work of Willner et al., where the AuNPs were modifi ed with 
N6-(2-aminoethyl)-fl avin adenine dinucleotide and then reconstituted with apo-glucose 
oxidase (Xiao et al.  2003 ). The conjugate was placed on a gold electrode containing 
thiolated monolayer. They also assembled AuNPs directly on the electrode before 
binding the enzyme. This work reported an electron transfer rate of ~5,000/s, which 
is seven times the rate of electron transfer between the enzyme and its oxygen sub-
strate. Cheng et al. ( 2011 ) discussed the novel modifi cation of screen-printed carbon 
electrodes with electrodeposition of gold nanostructures. A signifi cant increase in 
electroactivity suggested that the gold nanoparticles facilitated charge transfer from 
the redox probe. Cyclic voltammetry was used for electrodeposition of gold nano-
structures, and deposition was characterized using electrochemical impedance spec-
troscopy, UV–Vis spectroscopy, and scanning electron microscopy. Both optical and 
electrochemical techniques have been demonstrated to characterize a surface.   

6.2.6     Labeling Biomolecules with Gold Nanoparticles 

 The ability of biomolecules to maintain their activity in the presence of nanoparti-
cles has also shown the way for these particles to be used as labels. They can be used 
for tagging antibodies, antigens, or DNA. Once labeled, it is the AuNP that is 
detected in order to eventually deduce the concentration of the analytes. The AuNPs 
must fi rst be dissolved and their ions detected subsequently. Stripping voltammetry 
technique is ideal as it allows for the detection of trace amount gold ions. This was 
demonstrated by Hepel and Zhong ( 2010 ), using indirect detection platform with 
AuNP labels for the detection of picomolar concentrations of goat immunoglobulin 
G. The antibodies were labeled with AuNPs, and then dissolved later in acidic solu-
tions and the ions detected using anodic stripping voltammetry. The uses of nanopar-
ticles as catalysts, labeling tools, immobilizing platforms, and electrical bridges for 
electron transfer will be discussed further as they are incorporated within various 
types of electrochemical sensors.  

  Fig. 6.3    AuNPs act as redox 
centers to facilitate electron 
transfer to the electrode 
surface       
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6.2.7     Gold Nanoparticle Application in Biosensors 

 Direct amperometry, cathodic linear sweep voltammetry, and anodic stripping 
voltammetry are common electrochemical methods used to quantitatively analyze 
AuNP. Cyclic voltammetry and differential pulse voltammetry of small AuNPs 
shows multiple peaks of reversible or semi-reversible single electron oxidation/
reduction at room temperature, because the AuNPs have an energy gap larger than 
0.74 V and behave like molecules (Jackman et al.  1998 ; Balasubramanian et al. 
 2005 ; Kumar et al.  2011 ). The current peak was determined by molecular-like AuNP 
diffusion rate; the diffusion coeffi cient (~10 −6  cm 2 /s) was small enough that the 
faradic current was proportional to the AuNP population (Bagotsky  2005 ). AuNPs 
with diameters larger than 4 nm show bulk-continuum voltammetric behaviour, 
where the redox currents represent the double layer of the AuNPs (   Miles and Murray 
 2001 ). A common drawback of direct amperometry analysis of AuNPs was caused 
by the small population in biochemical applications, limiting current to nano-ampere 
levels and resulting in low sensitivity of the analysis method (Quinn et al.  2003 ; 
Jimenez et al.  2003 ). Furthermore, the protective monolayer of AuNPs also contrib-
utes to the signal, meaning that the currents are not solely from the core of the 
AuNP. Cathodic linear voltammetry requires AuNP oxidation reaction at 1.25 V vs. 
Ag/AgCl in HCl electrolyte solution, then electro-deposition to the electrode surface 
by linear sweeping voltammetry between 1.2 and 0.00 V (   Pumera et al.  2005a ,  b ). 
The reduction current peak depends on the scan rate, oxidation potential, oxidation 
time, and AuNP size. The peak current was proportional to scan rate between 2 and 
100 mV/s; however, the peak current was proportional to the diameter of AuNPs at 
2.94 × 10 −6  M due to unclear relationships (Garcia and Garcia  1995 ). Cathodic linear 
voltammetry is advantageous in terms detection of biomolecule- conjugated AuNP, 
because conjugation does not affect the redox reaction of AuNPs and various 
dynamic ranges were reported (Oishi et al.  2010 ; Hung and Kerman  2011 ; Li et al. 
 2012 ). Anodic stripping voltammetry does not depend on immobilization of AuNPs, 
but the pre-concentration step is essential for high sensitivity (Fiorella et al.  2011 ; 
Fu et al.  2005 ; Li et al.  2011 ). The AuNPs can be stripped from the electrode by 
potentials from 0 to 1 V versus saturated calomel electrodes. 

 As shown in Fig.  6.4 ,    Hiep et al. ( 2008 ) have used core–shell structure nanopar-
ticles to detect melittin binding to a membrane using electrochemistry and localized 
surface plasmon resonance (LSPR), where the thickness of deposited gold leads to 
a shift in LSPR signal. Hiep et al. ( 2010 ) reported a gold-plated nanostructured 
biochip that was modifi ed for the label-free detection of polymerase chain reaction 
by analyzing the relative refl ected intensity of the nanostructured substrates. The 
5′-thiolated primers were immobilized on the biochip, allowed the label-free detec-
tion and amplifi cation of DNA to be performed at the same time. Based on analysis 
of the relative refl ected intensity peak values, observable signals were detected fi ve 
to six times faster than fl uorescent real-time PCR (3–4 cycles versus 23–25 cycles). 
The results proved gold-coated nanostructured substrates to show promise as a 
rapid, label-free, and real-time DNA detection method.  
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 Kim et al. ( 2008 ) detected aptamer–protein interactions via a method which 
involved LSPR with interferometry using gold-coated porous anodic alumina layer 
chips. Both the LSPR and interferometric characteristics of the chips indicated reli-
able detection of the targeted protein, thrombin. The combination of the two tech-
niques allowed Kim et al. ( 2008 ) to prove their method to be cost-effi cient, simple, 
and effective. 

 As shown in Fig.  6.5 , Kerman et al. ( 2004 ) designed a cost-effective, sensitive 
method for the detection of single nucleotide polymorphisms (SNPs). The SNPs 
were determined by monobase-modifi ed colloidal Au nanoparticles. The change in 
electrochemical signal corresponded to the existence of the SNPs. Label-free detec-
tion of cells from mouse thymus was introduced in this study by Endo et al. ( 2008 ). 
A localized surface plasmon resonance biosensor using nanoparticle layer sub-
strates was the proposed detection method. The detection limit was determined to 
be 10 pg/mL, and the method was also proven to rival the standard detection method, 
enzyme-linked immunosorbent assay. Based on their results, the method was con-
cluded to show great promise as it was cost-effective, highly specifi c, and highly 
sensitive. Vestergaard et al. ( 2008 ) developed a new method for the detection of tau 
protein. The use of Au-capped nanoparticles LSPR chips was the foundation of 
their method. The detection of tau proteins could be observed at 10 pg/mL, which is 
much lower than the 195 pg/mL clinical cut-off. The method’s robustness was also 
validated when it was not affected by bovine serum albumin (BSA). Overall, the 
method showed great promise due to its high-caliber performance and selectivity.    

  Fig. 6.4    Label-free detection of melittin binding to a membrane using electrochemical-localized 
surface plasmon resonance. ( a ) Deposition of 5 nm chromium layer and 30 nm gold layer on sili-
con slides. Silica nanoparticles modifi ed with amino groups are placed on top of previous layers. 
A fi nal gold-cap layer fi nishes the core–shell structure nanoparticle substrate. ( b ) Lipid vesicles are 
prepared by dissolving dimyristoylphosphatidylcholine (DMPC) in pure chloroform. Lipid vesi-
cles are modifi ed for electrochemical, LSPR-based dual detection. 1 mM decanethiol solution on 
substrate surface led to an alkanethiol layer. ( c ) Lipid vesicles are fused onto alkanethiol-modifi ed 
surface. Adapted from Hiep et al. ( 2008 )       
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  Fig. 6.5    Detection of single nucleotide polymorphisms (SNPs) using monobase-modifi ed AuNPs. 
Four different monobase-modifi ed AuNPs were used. Identity of the mismatch could be detected 
from Au redox signal generated by the binding of the appropriate monobase-modifi ed AuNP ( a ,  b ). 
Adapted from Kerman et al. ( 2004 )       
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6.3     Quantum Dot-Based Biosensors 

 In general, quantum dots (QDs) are nano-sized semiconductors that range between 
1 and 10 nm in diameter with their central core made of the same materials as other 
ordinary semiconductors (Kerman et al.  2007a ,  b ). However, strictly speaking, the 
size of QDs depends on the exciton Bohr radius. In bulk semiconductors, electrons 
from a lower energy valence band gain enough energy from heat or light to over-
come the bandgap energy and get excited to a higher energy band, the conduction 
band, leaving behind a positive hole. The positive hole and the excited electron are 
called an exciton, and the distance between the positive hole and the excited elec-
tron in the conduction band is called the exciton Bohr radius (Xie  2001 ). As shown 
in Fig.  6.6 , in bulk semiconductors the dimensions of the metalloid are much larger 
than the exciton Bohr radius, allowing the exciton to extend to its natural limit and 
the electron energy levels to be treated as continuous. If one dimension of the bulk 
material is reduced to a size less than the exciton Bohr radius, then the electrons 
may only possess freedom of movement in the other two dimensions, and such a 
system is called a quantum well (   Pan and Fonstad Jr  2000 ). If another dimension of 
the bulk material is reduced to a size less than the exciton Bohr radius, then the 
electrons only possess freedom of movement in one dimension, and such a system 
is called a quantum wire (Zanardi et al.  2002 ). QDs have such small size that the 
electron is confi ned to a size smaller than exciton Bohr radius in all three spatial 
dimensions. In this case, the electron energy levels can no longer be treated as 

  Fig. 6.6    Representative diagram for the bandgap in QDs and bulk semiconductors. The bulk semi-
conductor has continuous conduction and valence energy bands separated by a “fi xed” energy gap, 
 E  g0  (bulk). QDs are characterized by discrete atomic-like states with energies  E  gQD  that are deter-
mined by the QD radius  R . Adapted from Xie ( 2001 )       
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continuous and must be treated as discrete. Such behavior of discrete energy levels 
is called quantum confi nement, which means that there is a small and fi nite separa-
tion between energy levels (Ciurla et al.  2002 ).  

 Due to the quantized energy levels of QDs, they are often referred to “artifi cial 
atoms”. One important feature of the particle-in-a-box model is “confi nement 
energy”; thus, comparisons can be drawn from QDs to the “particle in a box” exam-
ple from quantum mechanics. The “particle-in-a-box” model cannot be perfectly 
applied to QDs, but it is a good approximation and can be used to gain some insights 
into the behavior of QDs (Wojciechowski and Bogdanow  1998 ). 

6.3.1     Quantum Dot Structure 

 As illustrated in Fig.  6.7 , a QD is composed of an inorganic core, inorganic shell, 
organic capping, and bioconjugates. The chemical nature of the core nanocrystal 
determines the emission wavelength and the fl uorescence color, because the exci-
ton Bohr radius is different for each element. Despite the emergence of other core 
material, the inorganic compound cadmium selenium (CdSe) is most often used as 
the core nanocrystal material (Micic et al.  1994 ; Xie et al.  2009 ). If the QDs only 
have a semiconductor core made of CdSe, then only poor photoluminescence and 
moderate photostability can be obtained, because the surface of the semiconductor 
core can trap electrons and stop being excited (Loukanov et al.  2004 ). This draw-
back can be minimized by growing an inorganic shell over the inorganic core to 
maintain stability. QDs with a CdSe core are often covered with a layer of zinc 
sulfi de (ZnS), as ZnS inorganic shells can enhance quantum yield from the photo-
physical aspect and the physiochemical aspect (Hines and Guyot-Sionnest  1996 ; 
Fu et al.  2008 ; Li et al.  2003 ).  

  Fig. 6.7    Schematic description for the chemical structure of a QD. The  inner black circle  repre-
sents the core nanocrystal of the QD. The next  grey circular band  represents the inorganic shell, 
the  light grey circular band  represents the organic coating, and the  outermost circular band  repre-
sents the conjugated biomolecules       
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 The organic capping surrounding the inorganic shell of QDs prevents uncontrolled 
growth and agglomeration of the nanoparticles. The organic capping also allows the 
QD to be manipulated as a large molecule, with solubility and chemical reactivity 
determined by the identity of the capping organic molecules. Furthermore, the organic 
capping provides “electronic” passivation of QDs, a process which terminates any 
dangling bonds that remain on the semiconductor’s surface. This “electronic” passiv-
ation is absolutely crucial to maintaining emission effi ciency, because any un-termi-
nated dangling bonds can result in the trapping of electrons at the surface of QD before 
they have a chance to emit photons (Kuppayee et al.  2011 ). There are variety types of 
suitable organic coating being studied and used. Most commercially available QDs are 
commonly coated by trioctylphosphine oxide (TOPO) or oleic acid. Although these 
coatings allow QDs to be stored for years with high quantum yield, they can only dis-
solve in organic solvents. While water solubility and high stability against oxidation 
are essential for the application of QDs in biological systems, the essential but water-
insoluble inorganic component of QDs hinder them from being water-soluble.  

6.3.2     Quantum Dot Modifi cation 

 As shown in Fig.  6.8 , ligand exchange and ligand capping are two common strategies 
for modifying QDs to increase solubility. The ligand exchange method normally uti-
lizes the natural affi nity of the inorganic core nanocrystal for sulfur to exchange the 
organic coating with various water-soluble thiol ligands. Such modifi cation may result 
in the aggregation of nanocrystals due to loss of surface shielding, but the QDs remain 
small in dimension (Comparelli et al.  2003 ). On the other hand, the ligand capping 
method surrounds the water-insoluble QDs with amphiphilic polymers and results in 
large polymer-coated particles. Sometimes more than one nanocrystal is contained in 
a coating layer (Mansur et al.  2011 ). Nevertheless, these larger particles obtained by 
the ligand capping strategy have suffi cient chemical stabilization of the surface and a 
reliable protection against aggregation. In addition, either the thiol ligand or the 
amphiphilic ligand can contain other functional groups such as carboxylic acid and 
amine groups to bind with biomolecules for further applications in biology.   

  Fig. 6.8    Quantum dot 
modifi cation techniques. 
( a ) Ligand exchange and 
( b ) ligand capping strategy       
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6.3.3     Measurement Techniques 

 Anodic stripping analysis is widely recognized as a powerful tool for performing 
trace metal analysis. This is a sensitive technique, because the fi rst step is a precon-
centration step through reduction of the metal ions and formation of amalgams, and 
the second step strips off the metal ions through oxidation, which results in a change 
in current that correlates to the number of metal ions on the electrode (Huang et al. 
 2010 ). Linear sweep voltammetry (LSV), pulsed scan voltammetry, differential 
pulse voltammetry (DPV), or square wave voltammetry (SWV) can be used during 
the stripping step to measure current response for various analyte species. However, 
it has been reported that the differential pulse mode of stripping analysis on mercury 
fi lm-coated glassy carbon electrodes (GCEs)  can detect trace amounts of metal 
ions. Using anodic DPV, the detection limit was 3–5 times lower than the detection 
limit measured with LSV (Shiddiky et al.  2012 ). DPV yields base current slopes 
3–5 orders of magnitude lower than LSV (Yin et al.  2010 ). It should be noted that 
noise levesl and current sensitivities are similar in the voltammograms for differen-
tial pulse and linear sweep modes of anodic stripping voltammetry. Although greater 
sensitivities can be achieved by using higher pulse amplitudes in the case of DPV, 
the drawback is the loss in peak resolution after 10 mV amplitude (Zhu et al.  2012 ). 
In additional, DPV would be more susceptible to peak height depression than LSV 
in the presence of surface active agents, e.g. 1-octanol. Moreover, in the case of 
DPV, adsorption and desorption of organic species can yield an unusually higher 
faradaic response from the metal ions due to the faradaic response from organic 
species. However, this problem can be minimized if the organic species is selec-
tively fi ltered or modifi ed (Kim et al.  2012 ).  

6.3.4     Working Electrodes for Quantum Dot Analysis 

6.3.4.1     Mercury Film Electrodes (MFE) 

 A working electrode (WE) commonly used for anodic stripping voltammetry of 
heavy metals is the hanging mercury drop electrode (HMDE) and mercury fi lm 
electrode deposited onto glassy carbon electrode (GCE) or carbon fi ber electrode 
(Hernandez et al.  1988 ). A major advantage of mercury electrodes is their ability to 
tolerate large negative potentials from high overpotential reduction of water, which 
results in the formation of hydrogen gas (Beilby  1972 ). Another advantage of mer-
cury fi lms on the WE for anodic stripping voltammetric analysis is that mercury can 
form amalgams with heavy metals (lead, cadmium or copper), which upon oxida-
tion results in a sharp peak, hence improving the resolution between different ana-
lyte species (Zhou et al.  2010 ). The amalgamation also helps in containing the target 
metal ions in close proximity to the electrode surface (within the diffusion layer) 
even when the cathodic potential on the GCE is removed. Mercury fi lm can be eas-
ily removed from the GCE by cleaning the electrode surface with a moist piece of 

6 Nanomaterial-Based Dual Detection Platforms: Optics Meets Electrochemistry



112

fi lter paper followed by a polishing step with a dry fi lter paper of the same type. For 
analyte species with oxidation potential higher than mercury, a solid inert metal 
such as gold, silver or platinum can be employed as a WE. Additionally, in case of 
HMDEs, a fresh metallic surface can be easily generated by simply producing a new 
droplet of mercury. This is important considering that in voltammetry the reproduc-
ibility of the current response is very sensitive to contamination and irregularities on 
the electrode surface (Galian and Guardia  2009 ). However, HMDEs have low sen-
sitivity, poor precision, and poor resolution of neighboring peaks (Gherghi et al. 
 2003 ). Although preplated MFEs offer improved sensitivity and excellent resolu-
tion, the reproducibility of their response is worse than HMDEs.  

6.3.4.2     Bismuth Film Electrode 

 An alternative working electrode system that can be used for anodic stripping 
voltammetric analysis of metal ions is the bismuth fi lm electrode (BFE) (Wang et al. 
 2000 ). BFEs can be prepared in situ by adding 400 μg/L of bismuth(III) directly to 
the sample solution and subsequent deposition of bismuth along with other target 
analyte metal ion species on glassy carbon or carbon fi ber electrodes by applying a 
cathodic potential of −1.2 V (−1.4 V for analyte sample solution containing Zn) 
(Wang et al.  2000 ). BFEs possess a wide potential window (−1.2 to −0.2 V), allow-
ing quantifi cation of most metals (except copper, antimony, and bismuth). 
Additionally, the response from BFEs exhibits high precision and bismuth fi lm can 
be easily removed from the WE surface by applying a potential of +0.3 V, allowing 
recycling of the electrode substrate for depositing another layer of bismuth fi lm. 
   Another attractive feature of BFEs is that their performance is less susceptible to 
oxygen interference, and they are environmentally friendly with a  performance that 
similar that of mercury fi lm electrodes.   

6.3.5     Quantum Dot Application in Electrochemical Sensors 

6.3.5.1     DNA Sensors 

 Wang et al. reported on the use of a carbon nanotube (CNT)-based amplifi cation 
platform along with ultrasensitive electrochemical stripping detection using QD 
tags for enhanced electrochemical detection of DNA in a sandwich-based assay 
platform (He et al.  2010 ). CdS QDs were loaded as monolayer onto activated CNT 
by hydrophobic interactions and subsequently modifi ed with streptavidin for the 
immobilization of biotin-labeled reporter DNA sequence, where the reporter 
sequence hybridized with the overhang portion of the target sequence following the 
probe target hybridization event. The detection was based on square-wave anodic 
stripping voltammetry using mercury fi lm GCE as WE (Ag/AgCl as reference elec-
trode and Pt wire as counter electrode) to measure the Cd content after the dissolu-
tion of CdS QDs in 1.0 M nitric acid solution. The loading of multiple (~500) CdS 
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tags on a single CNT provided a limit of detection that was 500-fold lower than a 
conventional assay that used a single CdS tag per reporter sequence (40 pg/mL vs. 
20 ng/mL) (He et al.  2010 ). The assay exhibited excellent selectivity between a fully 
complementary target and a non-complementary target, where even a 250-fold 
excess of non-complementary target sequence provided a signal response which 
was considerably lower than the fully complementary target. Further enhancement 
of the limit of detection was suggested with the use of a bismuth fi lm-coated carbon 
electrode and by the catalytic increase in the size of the CdS particles. QDs have 
also been used for electrochemical coding of single nucleotide polymorphisms 
(SNPs) (Liu et al.  2005 ), in which different nucleobases were conjugated to QDs by 
phosphoramidite chemistry through a cysteamine linker. In particular, adenosine 
nucleotides were linked to ZnS-based QDs (A-ZnS), cytosine nucleotides were 
linked to CdS-based QDs (C-CdS), guanine nucleotides were linked to PbS-based 
QDs (G-PbS), and thymine nucleotides were linked to CuS-based QDs (T-CuS). 
QD-conjugated nucleobases are then sequentially added, in the order A-ZnS, 
C-CdS, G-PbS, and fi nally T-CuS, to the sample solution containing a particular 
mismatch which was immobilized on a bead. The addition of nucleotide-conjugated 
QDs allowed specifi c binding by complementarity of the Watson–Crick base pair-
ing to different mismatched sites as well as to the previously linked conjugates. 
Depending on the identity of the mismatch, the voltammogram originating from 
each of the eight possible mismatch combinations resulted in a different signature, 
thus deciphering the identity of a particular mismatch. In this method, the signal 
amplifi cation for the SNP detection was provided by the accumulation step of the 
stripping voltammetry using a Hg fi lm-coated glassy carbon electrode. In addition, 
the authors also showed that it was possible to electrochemically code two known 
mismatches within a single DNA target using QDs that are modifi ed with two dif-
ferent nucleobases. The unique feature of SNP coding using QDs is that a single 
voltammogram was required to encode a particular mismatch, due to the peak 
potential signal resolution provided by each of the different compositions of the 
QDs. QDs have also been used as tags for multiplex detection of DNA targets in an 
electrochemical-based assay. Different compositions of QDs such as ZnS, CdS, and 
PbS were used for multiplex detection of three different DNA targets using a 
sandwich- based assay platform, where the metal composition of the QDs provided 
a potential-resolved stripping voltammetric signal (Wang et al.  2008 ). For their 
assay platform, different oligonucleotide probes (maximum three) were immobi-
lized onto magnetic beads, followed by hybridization with the sample solution con-
taining unlabeled DNA targets. This was followed by a second hybridization event 
using QD-labeled reporter sequences, where each kind of reporter sequence was 
labeled with a different kind of QD and corresponded to a different probe sequence. 
Dissolution of QDs following the second hybridization event and subsequent strip-
ping voltammetry provided the analytical signal. An important aspect of this kind of 
assay is the selection of QDs, in terms of their composition, that provides a well- 
resolved and non-overlapping oxidation potential signal (Pumera et al.  2005a ,  b ). 
There are many different kinds of QDs that satisfy this criterion (PbS, ZnS, CdS, 
CuS, InAs, and GaAs), thus allowing multiplex detection of up to fi ve or six differ-
ent kinds of targets. All of the previously mentioned metal ions possess well-defi ned 
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sharp stripping peaks with some overlap between Cd-In and Pb-In; however, it 
should be noted that it is possible to resolve the individual contributions of signals 
from each of the metal ions to the overall signal in the overlapping region of the 
voltammogram using deconvolution. Another interesting feature of their assay 
design is the use of a sandwich-based assay platform by employing a reporter 
sequence, hence the direct labeling of DNA targets is not required. The response for 
the assay design described above was found to be linear to increasing concentra-
tions of targets, and the detection limit was reported to be about 270 pM. Additionally, 
lower detection limits were reported (2.7 pM) by incorporating multiple QDs in a 
polystyrene carrier bead (Wang et al.  2008 ). 

 As shown in Fig.  6.9 , Liu et al. ( 2005 ) used different quantum dots with mag-
netic beads to code unknown single nucleotide polymorphisms. The mismatch rec-
ognition events are amplifi ed by the metal accumulation feature of the stripping 
voltammetric transduction mode.   

6.3.5.2     Immunosensors 

 QDs are attractive labels for electrochemical detection of target analytes in a 
competitive- based displacement assay. This is due to the fact that attaching QD 
labels to a protein or DNA alters its binding association constant for its 

  Fig. 6.9    Nanocrystal-based bioelectronic coding of single nucleotide polymorphisms. ( a ) 
Biotinylated single-stranded DNA ( b  in illustration is biotin) was attached on a conjugated strep-
tavidin magnetic bead (MB) to act as probe. ( b ) First hybridization with target DNA. ( c ) 
Biotinylated QDs in the form of ZnS, CdS, and PbS (only one is shown in illustration) perform 
second hybridization. Adapted from Liu et al. ( 2005 )       
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complementary target to a greater degree than other conventional electrochemical 
tags due to the size of the QD tags, which is considerably larger than other electro-
chemical tags. Additionally, with the possibility of attaching multiple QD tags to a 
single protein or DNA molecule, the thermodynamic association constant is low-
ered to an even greater extent, thus facilitating the displacement kinetics (Liao et al. 
 2010 ). The electrochemical interrogation is based on a competitive (displacement) 
assay where thiol-modifi ed aptamers are immobilized on a gold substrate and sub-
sequently bound to their corresponding QD-tagged protein targets. The sensing sur-
face was then incubated with the sample solution containing target proteins, where 
the binding event between an aptamer and its target protein was detected by moni-
toring the electrochemical signal from the remaining QD-tagged proteins (   Bagalkot 
and Gao  2011 ). Hence, a larger signal originating from undisplaced QD-tagged 
proteins could be observed for lower concentrations of target analyte proteins. This 
assay allowed high sensitivity and selectivity (due to the presence of the blocking 
action of mixed fi lm of 6-mercapto-1-hexanol) with a limit of detection approaching 
0.5 pM, which is 3–4 orders of magnitude lower than a typical aptamer-based assay 
(~1–6.4 nM) (Kerman et al.  2004 ). Multiplex detection of thrombin and lysozyme 
proteins has been demonstrated using CdS- and PbS-based QD tags, respectively. It 
was suggested that this assay format could be adapted for multiplex detection of up 
to six different protein targets within the allowed potential window range (Hansen 
et al.  2006 ). Multiplex detection of protein markers [human serum albumin (HAS), 
macroglobulin (MG), and human myoglobin (Mb)] using different inorganic QDs 
(ZnS, CdS, and PbS) was demonstrated by Kim et al. (Takei et al.  2011 ). They uti-
lized a sandwich-based assay platform where each of the secondary antibodies was 
covalently conjugated to a different inorganic nanocrystal by carbonyl diimidazole 
(CDI) activation of the hydroxyl groups present on the surface of the dithiothreitol 
(DDT) functionalized QDs. The biotinylated primary antibodies (anti-HSA, anti-
 MG, and anti-Mb) were immobilized on streptavidin-modifi ed magnetic beads. 
Following the incubation of primary antibodies in the presence of antigens and sub-
sequent incubation in the presence of QD–secondary antibody conjugates, the QDs 
were dissolved using 1 M nitric acid solution, followed by analysis of the dissolved 
metal ions using square-wave anodic stripping voltammetry, where mercury fi lm- 
GCE electrodes served as a working electrode that was prepared in situ (Deng et al. 
 2012 ). The assay provided well-defi ned highly sensitive peaks in the presence of 
each of the individual antigen targets (−1.11 V for ZnS anti-MG conjugates, −0.67 V 
for CdS anti-Mb conjugates, and −0.52 V for PbS anti-HAS conjugates), where the 
response in terms of peak height was proportional to the concentration of target 
proteins. The limits of detection were reported to be 10, 11, and 9.5 ng/mL for MG, 
Mb, and HAS proteins, respectively. The reported limit of detection is well below 
the concentration that is considered as hazardous for a patient; hence this assay is 
able to quantify very low concentrations of protein markers. The assay also exhib-
ited excellent selectivity, where the presence of a tenfold excess of non-specifi c 
antigens (bovine serum albumin and hemoglobins) provided a response which was 
40-fold lower than that in the presence of specifi c antigens (Rauf et al.  2010 ). 
Immunoassays employing potentiometric analysis of trace metal ions using QDs as 
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labels have also been reported in the literature. Potentiometric determination of 
trace metal ions using ion-selective electrodes (ISEs) is attractive due to their ability 
to handle extremely small sample volumes (pL), thus allowing limits of detection 
that can reach 300 amol (Thuer et al.  2007 ). Additionally, there is a direct relation-
ship between the sample activity and electromotive force as governed by the Nernst 
equation, allowing concentration-dependent quantifi cation to be made in a predict-
able manner. Moreover, it is possible to use QDs as labels for potentiometric analy-
sis due to the fact that they can be easily dissolved using hydrogen peroxide, which 
prevents any changes in the pH of the solution that might interfere with the mea-
surement (Palecek and Bartosik  2012 ). 

 QDs are also attractive labels for potentiometric biosensing due to the fact that 
labels are not generated in situ, when compared with silver plating of AuNPs; this 
therefore promotes less non-specifi c labelling (Pfeiffer et al.  2010 ). In the paper by 
Thurer et al., the researchers employed a sandwich-based immunoassay platform 
for the detection of mouse IgG protein using CdSe QDs as labels which were con-
jugated to secondary antibody. The detection of Cd 2+  ions was performed using 
a Cd 2+ -selective micropipet electrode, where a Na + -selective electrode served as a 
pseudo-reference electrode. The limit of detection was reported to be less than 
10 fmol (Numnuam et al.  2008 ).    

6.4     Conclusions 

 Biosensors have become a pivotal research area in the search for novel point-of- care 
systems and diagnostic tools. Since the innovation of the fi rst glucose biosensor, 
signifi cant improvements have been made to biosensor design to increase sensitiv-
ity, reduce signal acquisition time, and allow for simple and portable analysis. 
Current improvements to biosensors include the use of nano-materials and, taking 
advantage of their attractive characteristics, further chemical modifi cations can 
shape these biosensing platforms to expand their detection capabilities. We envision 
that optical and electrochemical dual detection methods would use nanoparticles as 
novel platforms for innovative applications in clinical diagnosis. In the search for 
novel sensing techniques, the applications of biosensors will continue to fl ourish 
and fi nd their place in untapped domains.    
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    Chapter 7   
 Nanocarbon Film-Based Electrochemical 
Detectors and Biosensors 

             Osamu     Niwa      and     Dai     Kato   

    Abstract     For electroanalytical or electrochemical biosensor applications, carbon 
electrodes are more suitable than other electrode materials including gold, platinum 
and various metal oxide-based electrodes. This is because carbon-based electrodes 
have a wide potential window and a relatively low background noise level, which is 
very important as regards the electrochemical detection of certain biomolecules. 
Recently, new carbon materials including carbon nanotubes (CNTs), graphene and 
boron-doped diamond (BDD) have been developed and employed as electrode 
materials. BDD has been applied to electroanalysis because of its extremely wide 
potential window and stability. In contrast, nanocarbon materials such as CNTs and 
graphene have been actively developed as the electrodes of energy devices such as 
batteries and fuel cells. Recently, these materials have been studied as sensing plat-
forms for such biomolecules as DNA and proteins. Compared with these nanocar-
bons, which have a powder-like or fi ber morphology, carbon fi lms are advantageous 
as electrodes for biochemical detection or biosensor platforms. This is because they 
are suffi ciently conductive without needing to be doped with other atoms, and they 
have a relatively low background current, which is effective for obtaining a high 
signal-to-noise ratio or a low detection limit. Film electrodes can be microfabricated 
into sensor electrodes of various sizes and shapes with excellent reproducibility. 
Here, we introduce different kinds of carbon-based fi lm electrodes fabricated with a 
variety of techniques including the pyrolysis of organic fi lms and vacuum processes 
such as sputtering or chemical vapor deposition (CVD), and we describe their appli-
cation for electroanalysis and chemical and biosensors.  
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7.1         Introduction 

 Electrochemical detection techniques are widely employed for chemical, biochemi-
cal and environmental analysis because they offer the advantages of simplicity, a 
short measurement time, low cost, versatility and sensitivity as regards the construc-
tion of sensing devices. Moreover, they can be miniaturized to deal with very small 
volume samples. Various kinds of electrode materials have been used for electro-
analysis. Carbon materials such as glassy carbon (GC) and highly oriented pyrolytic 
graphite (HOPG) have been employed in a number of electroanalytical studies, 
including research on an electrochemical detector for HPLC and on various biosen-
sors, since these electrodes are chemically stable, highly conductive and have low 
permeability with respect to gases and solvents. A recent review article has well 
described the electrochemistry of certain carbon-based electrodes (McCreery  2008 ). 

 In the last 20 years, electrochemical measurements using boron-doped diamond 
(BDD) electrodes (Compton et al.  2003 ; Swain and Ramesham  1993 ) have become 
more widespread. A BDD electrode is extremely chemically stable and BDD exhib-
its a much wider potential window and lower background noise level than other 
electrode materials. These unique electrochemical characteristics of BDD elec-
trodes are advantageous in terms of detecting various species including heavy metal 
ions (Pb 2+ , Cd 2+ ) (Manivannan et al.  2004 ), histamine and serotonin (Sarada et al. 
 2000 ; Singh et al.  2010 ) and even nonmetal proteins (Chiku et al.  2008 ). Although 
BDD electrodes have excellent electroanalytical characteristics, a relatively high 
temperature of 400–700 °C is needed to obtain high-quality fi lms, and expensive 
plasma or thermal chemical vapor deposition (CVD) equipment must be utilized, 
which increases the deposition cost and limits the substrates that can be used for 
deposition. In addition, the doping of other atoms such as boron is needed to obtain 
suffi cient conductivity for electrochemical measurements, because diamond is a 
wide bandgap semi-conductor unlike sp 2  carbons. 

 In the last decade, nanocarbon materials including carbon nanotubes (CNTs) and 
graphene have been more intensively studied with a view to using them as electrode 
materials for both biosensors (Pumera et al.  2010 ; Qureshi et al.  2009 ; Vashist et al. 
 2011 ; Zhou et al.  2009 ) and biofuel cells (Miyake et al.  2011 ). However, the above 
nanocarbon materials have a fi ber or fl ake-like structure and require a substrate 
electrode for biosensor construction. On the other hand, fi lm electrodes are more 
suitable for electroanalytical applications. Although the wide surface area of CNTs 
and graphene can provide a large current, the detection limit cannot be improved 
due to their large background noise current. On the other hand, fi lm electrodes are 
needed to improve the electron transfer rate of analytes in order to retain diffusion- 
limited electrochemical reactions. This is because their smooth surface has fewer 
active sites than the surfaces of nanocarbon materials, which often induces an elec-
tron transfer limited electrochemical reaction with analytes that have relatively low 
electron transfer rates. 

 It is very important to be able to fabricate electrodes of any shape and size with high 
reproducibility for use as platforms for chemical or biochemical sensors (Niwa  2005 ). 
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Conventional photolithography or micromachining fabrication processes can be more 
easily applied to fi lm electrodes than to powder or fi ber-like nanomaterials. These 
processes also allow us to fabricate electrodes with various shapes and excellent 
throughput. Carbon fi lms are particularly useful for such applications since carbon is 
a sustainable material compared with noble metals and also has electrochemical prop-
erties that can be tuned by changing the structure and surface termination group. This 
chapter describes various processes for forming pure carbon fi lm electrodes and 
reports the electrodes’ electrochemical performance. We then describe the application 
of carbon fi lm electrodes for the direct detection of biomolecules.  

7.2     Fabrication, Structure and Basic Electrochemical 
Performance of Pure Carbon Film Electrodes 

 In the early stages, the pyrolysis of organic fi lms including various polymers was 
used to form carbon fi lm electrodes. Table  7.1  shows examples of carbon fi lm prepa-
ration by pyrolysis. Kaplan et al. deposited 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTDA) fi lms on the substrate, pyrolyzed them above 700 °C and obtained 
conducting carbon fi lm (Kaplan et al.  1980 ). The conductivity was 250 S/cm, which 
is similar to that of a GC electrode but lower than that of graphite. Rojo et al. obtained 
carbon fi lm using a similar method to Kaplan et al. and employed it for electrochemi-
cal measurements (   Rojo et al. 1986). They used the fi lm electrode to measure cate-
chol and catecholamines and obtained sharp current responses. Recently, Morton 
et al. fabricated carbon fi lm by pyrolyzing parylene C formed by CVD at 900 °C, and 
reported that the electrochemical properties of their fi lm are similar to those of car-
bon fi lm electrodes fabricated from pyrolyzed photoresist fi lms (Morton et al.  2011 ).

   Table 7.1    Fabrication of carbon fi lm electrodes by pyrolysis process   

 Carbon fi lm  Procedures and properties  References 

 Pyrolysis 
of PTDA a  

 PTDA deposited in quartz tube and pyrolyzed at 850 °C 
at 0.01 Torr 

 Kaplan et al. ( 1980 ), 
Rojo et al. (1986) 

 Conductivity: 250 S/cm 
 Pyrolysis 
of parylene C 

 CVD of parylene C and pyrolyzed at 900 °C  Morton et al. ( 2011 ) 
 Similar properties to pyrolyzed photoresist 

 Pyrolyzed 
photoresist 
fi lms (PPF) 

 Pyrolysis of phenol-formaldehyde resin around 1,000 °C  Lyons et al. ( 1983 ) 
 Pyrolysis of photoresist AZ4330 from 600 to 1,100 °C.     Kim et al. ( 1998 ), 

Ranganathan and 
McCreery ( 2001 ) 

 Near atomic fl atness <0.5 nm 

 Pyrolysis of photoresist AZ4620 at 1,100 °C.     Brooksby and 
Downard ( 2004 )  Conductivity comparable to GC 

 Pyrolysis of photoresist AZ4562 by rapid  Javier del 
Campo et al. ( 2011 )  Thermal process (140 °C/min to 1,000 °C). 

   a 3,4,9,10-Perylenetetracarboxylic dianhydride  
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   A number of groups have fabricated carbon fi lm electrodes by pyrolyzing posi-
tive photoresist polymers, which mainly consist of phenol resin. Most of the groups 
pyrolyzed the fi lm at around 1,100 °C. Lyons et al. spin-coated phenolic resin on 
silicon and Al 2 O 3  substrates and obtained their carbon fi lms by changing the pyroly-
sis temperature (Lyons et al.  1983 ). The resistivity was changed from 2 × 10 −2  to 
2 × 10 −3  Ω cm depending on the pyrolysis temperature. The electrochemical perfor-
mance of pyrolyzed photoresist fi lms (PPF) has been intensively studied by 
McCreery and Madou’s groups (Kim et al.  1998 ; Ranganathan and McCreery 
 2001 ). PPF fi lm has a lower O/C ratio than a GC electrode and relatively larger peak 
separations were observed for Fe 3+/2+  and dopamine measurements. Since the resist 
solution was optimized to form homogeneous thin fi lms, the carbon fi lms formed 
with this method tend to have a relatively smooth surface. Ranganathan et al. 
reported the atomic force microscopy (AFM) measurement of PPF carbon fi lm and 
observed less than 0.5 nm fl atness (Ranganathan and McCreery  2001 ). Brooksby 
et al. reported the surface modifi cation of PPF which they achieved by diazonium 
reduction and observed with AFM (Brooksby and Downard  2004 ), which could be 
important for modifying various molecules for biosensor applications. The fabrica-
tion conditions of PPF-based carbon fi lms including types of resists and heating 
programs, and their properties, such as resistivity and surface roughness, were 
recently well summarized by Compton’s group (Javier del Campo et al.  2011 ). 

 On the other hand, carbon fi lm electrodes including diamond-like carbons (DLC) 
and tetrahedral amorphous carbons have been developed by using various vacuum 
deposition techniques, which include electron beam evaporation, plasma-assisted 
chemical vapor deposition (PACVD), radio-frequency plasma enhanced chemical 
vapor deposition (RF-PECVD) and radio frequency (RF) magnetron sputtering. 
DLC electrodes are chemically inert and have low surface roughness, which results 
in a high signal-to-noise ratio and low capacitance (Schnupp et al.  1998 ). Blackstock 
et al. reported ultrafl at carbon fi lm (~0.1 nm) whose electrochemical response is 
similar to that of GC (Blackstock et al.  2004 ). A number of groups have developed 
a variety of carbon fi lms for biosensor applications, as described later in Sect.  7.3.2 . 
Hirono et al. developed a very hard carbon fi lm using electron cyclotron resonance 
(ECR) sputtering (Hirono et al.  2002 ). The fi lm consists of sp 2  and sp 3  hybrid bonds 
with a nanocrystalline structure. Figure  7.1  shows a transmission electron micro-
scope (TEM) image of ECR carbon fi lms formed by changing the ion acceleration 
voltage during ECR sputtering. Strong ion irradiation on the substrate surface 
changed the nanostructure of the carbon fi lms depending on the ion acceleration 
voltage applied between the target and the substrate. The sp 3  content increased from 
about 15 to 43 % as the ion acceleration voltage increased from 20 to 85 V. In fact, 
a parallel layered structure identifi ed as a nano-order graphite crystalline structure 
can be observed at a low ion acceleration voltage, but a curved and closed nano-
structure is dominant at a high ion acceleration voltage. The surface of the fi lm is 
extremely fl at with an average roughness (Ra) of 0.07 nm measured with AFM 
(Niwa et al.  2006 ). Figure  7.2a  shows the potential window of sputter-deposited 
ECR nanocarbon fi lm. The potential window is much wider than that of GC and 
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almost the same as that of BDD in the positive potential region because the fi lm 
contains more than 40 % of sp 3  bond. The fl at surface of the fi lm also achieves a low 
capacitive current and suppresses electrode fouling. Figure  7.2b  shows a schematic 
representation of the mechanism for suppressing fouling. With a conventional 
 electrode such as a GC electrode, the relatively rougher surface adsorbs the mole-
cules after an electrochemical reaction. In contrast, after the electrochemical reac-
tion the molecules easily desorbed from the ECR nanocarbon fi lm electrode surface 
because of its fl at and chemically stable surface.    

  Fig. 7.1    TEM images of ECR nanocarbon fi lms prepared using ion acceleration voltages of 20 V 
( a ) and 85 V ( b ). Regions I and II indicate “graphite-layered” structure and “curved and fi ne- 
closed” structure, respectively       

GC

ECR nanocarbon
(sp3 =20 %)

(sp3 =40 %)

BDD

500 µA/cm2a b

Ra > 1.0 nm  

Ra < 0.1 nmECR nanocarbon

  Fig. 7.2    ( a ) Voltammograms for GC, ECR nanocarbon and BDD electrodes in 0.05 M H 2 SO 4  
deoxygenated with argon. Scan rate = 0.1 V/s. ( b ) Schematic representation of surface fouling of 
electroactive molecules on GC and ECR nanocarbon fi lm electrode surface       
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7.3     Application of Carbon Film Electrodes 

 This section describes three different applications for carbon fi lm. The fi rst is the 
direct electrochemical measurement of biomolecules. The second is a biosensor 
application realized by modifi cation with various proteins and DNAs. The third 
application is miniaturized carbon fi lm electrodes, which are currently becoming 
very important for combination with microchips and microfl uidic systems. 

7.3.1     Direct Electrochemical Detection of Biomolecules 
Using Nanocarbon Film 

 As an example of direct electrochemical measurement using a carbon fi lm elec-
trode, this section describes the detection of certain biomolecules using an ECR 
sputtered nanocarbon fi lm electrode. ECR nanocarbon fi lm has a wide potential 
window and low surface fouling. These characteristics have been used to study the 
highly sensitive detection of 8-hydroxy 2′-deoxyguanosine (8-OHdG), a damaged 
urinary DNA molecule, at the nM level (Kato et al.  2011 ). Figure  7.3  compares the 
signals obtained when 8-OHdG was continuously injected onto nanocarbon fi lm 
installed in a radial fl ow cell. The 8-OHdG detection limit was 3 nM at the nanocar-
bon fi lm electrode with a high reproducibility (C.V. value = 0.75 % ( n  = 12)) that 

  Fig. 7.3    ( a ) Reproducibility of 1 μM 8-OHdG measurement at the nanocarbon fi lm ( black 
squares ) and the GC ( white squares ) electrode by fl ow injection analysis (FIA) measurement, 
showing the ratios of the obtained FIA responses in each measurement on the carbon electrodes to 
that in the fi rst measurement as a function of time. Conditions: 20 μL injection; run buffer, PB 
(pH 7.5)/MeOH (99/1, v/v); fl ow rate, 200 μL/min; detection potential, 1.0 and 0.8 V vs. Ag/AgCl 
at the nanocarbon fi lm and GC electrode, respectively. ( b ) Calibration curves of 8-OHdG at the 
nanocarbon fi lm ( black squares ) and the GC ( white squares ) electrode obtained by HPLC- 
ECD. Conditions: mobile phase, PB (pH 7.5)/MeOH (95/5, v/v); temperature, 40 °C; the other 
conditions are the same as those in Fig.  7.3a        
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was superior to that of GC electrodes (low detection limit = 7.2 nM, C.V. 
value = 9.28 % ( n  = 12)). This electrode could be successfully used to detect a glial 
transmitter in combination with high-performance liquid chromatography with 
electrochemical detection (HPLC-ECD) and microdialysis (Yamamura et al.  2013 ). 
These fi lm properties can be employed to measure much larger biomolecules such 
as oligonucleotides. We have reported extremely simple electrochemical DNA anal-
ysis techniques such as DNA methylation (Kato et al.  2008a ) and single nucleotide 
polymorphism (SNP) (Kato et al.  2008b ) detection based on the quantitative mea-
surement of all the bases by direct electrochemical oxidation.  

 Figure  7.4  shows background-subtracted square-wave voltammograms (SWVs) 
of 3 μM of CpG oligonucleotides ( 1 : 5′-CGCGCG-3′,  2 : 5′-(mC)GCGCG-3′,  3 : 
5′-(mC)G(mC)GCG-3′,  4 : 5′-(mC)G(mC)G(mC)G-3′) at the nanocarbon fi lm elec-
trode in 50 mM pH 5.0 acetate buffer containing 0.3 M NaNO 3 . The nanocarbon 
fi lm electrode could distinguish both 5-methylcytosine (mC) and cytosine (C) bases 
individually, by measuring the peak potential differences caused by C methylation. 
These clear results allow us to obtain direct quantitative measurements of both the 
C and mC bases of oligonucleotides with much longer actual sequences by employ-
ing nanocarbon fi lm electrodes. For example, we measured an oligonucleotide 
( 13- mer) including a sequence from the tumor suppressor retinoblastoma (RB1) 
gene containing hotspot methylation sites (5′- C GAACACCCAGG C -3′), and three 
kinds of methylated oligonucleotides with different methylation statuses and posi-
tions. We were able to quantitatively differentiate the voltammograms for these oli-
gonucleotides (Goto et al.  2010 ). These results indicate that the infl uence of the 
methylation position of the sequences was almost negligible as regards electro-
chemical DNA methylation detection. Furthermore, we also measured the longer 

  Fig. 7.4    Background- 
subtracted SWVs of 3 μM 
of CpG oligonucleotides 
( 1 – 4 ) at ECR nanocarbon 
fi lm electrode in 50 mM 
pH 5.0 acetate buffer 
containing 0.3 M NaNO 3 . 
Amplitude = 25 mV, 
Δ E  = 5 mV,  f  = 10 Hz       
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oligonucleotides (60-mers) that constitute a non-methylated and a methylated CpG 
dinucleotide with different methylation ratios. The relationship between the meth-
ylation ratio in the oligonucleotides and the current response assigned to the mC of 
the CpG oligonucleotides was linear ( r  = 0.9955) despite the use of the direct DNA 
oxidation method (Goto et al.  2010 ). In general, we must use a bisulfi te or the 
restriction enzyme treatment of the DNA samples to distinguish C and mC in DNA 
since both bases exhibit identical Watson–Crick base-pair behavior. Therefore, this 
is highly advantageous as regards achieving both mC- and C-positive assays solely 
by using the electrochemical oxidation of oligonucleotides without a bisulfi te or a 
labeling process.   

7.3.2      Enzyme and DNA Modifi ed Carbon Film Electrodes 

 Carbon fi lm-based electrochemical sensors have been studied by modifying the 
fi lms with various biomolecules such as DNA and proteins including enzymes and 
antibodies. Table  7.2  shows a selection of recent publications related to carbon fi lm- 
based biosensors. Metal fi lms or carbon paste electrode-based biosensors have been 
used as blood glucose sensors. These electrode materials must be suitable for glu-
cose measurement because of its high concentration in blood. Early studies reported 
glucose sensors that were fabricated by a DLC electrode modifi ed with glucose 
oxidase (Higson and Vadgama  1995 ). However, the detection potential of H 2 O 2  is 
very high at a carbon fi lm surface and the detection limit is even worse than that of 
a GC electrode (Maalouf et al.  2006 ) because of the high overpotential of H 2 O 2  
oxidation on a carbon fi lm electrode. In contrast, Yu et al. functionalized a tetrahe-
dral amorphous carbon thin fi lm surface by covalently attaching peptide nucleic 
acid to detect target DNA. They successfully measured the impedance change 

   Table 7.2    Thin carbon fi lm-based biosensors   

 Carbon fi lm  Procedures and properties  References 

 DLC  DLC electrode was modifi ed with glucose oxidase 
(GOD) and detection limit is 50 μM (not as good as GC) 

 Maalouf et al. 
( 2006 ) 

 GOD was modifi ed by BSA and glutaraldehyde on 
porous polymer membrane and pressed to DLC 

    Higson and 
Vadgama ( 1995 ) 

 DLC electrode was modifi ed with antibody to detect 
C-reactive protein (CRP) 

    Lee et al. ( 2008 ) 

 Boron-doped 
DLC 

 Boron-doped DLC microelectrode was applied for 
electrochemical ELISA of viruses (HIV, HBV, HCV) 

    Kim et al. ( 1998 ) 

 Tetrahedral 
amorphous 
carbon fi lm 

    Covalent attachment of PNA on the carbon fi lm by 
detecting impedance change by target DNA 
hybridization. 

    Yu et al. (2011) 

 ECR-sputtered 
nanocarbon 
fi lm 

 ECR nanocarbon fi lm was modifi ed with GABAse and 
detected γ-aminobutyric acid (GABA) by detecting 
NADPH (coenzyme) 

 Sekioka et al. ( 2008 ) 
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caused by the hybridization of target DNA sequences (He et al.  2011 ). Jo-Il et al. 
( 2009 ) used a boron-doped DLC microelectrode for an electrochemical enzyme-
linked immunoabsorbent assay (ELISA) to detect the human immunodefi ciency 
virus (HIV), human hepatitis B virus (HBV) and human hepatitis C virus (HCV). 
Both DNA and antigen measurements require a low detection limit since the target 
concentrations are usually low. For such applications, a carbon fi lm electrode is 
more suitable because the fi lm can be fabricated reproducibly and has a low noise 
level, which makes it suitable for achieving a low detection limit.

   We used ECR sputtered nanocarbon fi lm to detect γ-aminobutyric acid (GABA), 
which is a well known inhibitory neurotransmitter whose in vivo concentration is in 
the low μM region or below. GABA sensors are designed to use an enzymatic 
GABAse reaction. The electrochemical detection of GABA requires the measure-
ment of β-nicotinamide adenine dinucleotide phosphate (NADPH) as a coenzyme 
for various enzymatic reactions. However, the high overpotential needed for 
NAD(P)H oxidation and the electrode surface fouling caused by the irreversible 
adsorption of NADP +  (oxidized form) make the electrochemical detection of 
NAD(P)H diffi cult (Sekioka et al.  2008 ). We obtained very stable responses for 
NADPH with a very low background noise level because the nanocarbon fi lm has 
an extremely fl at surface, a wide potential window and suppresses surface fouling 
by oxidized NADPH (NADP + ). As a result, we obtained a low detection limit of 10 
nM for NADPH, which was more than one order of magnitude lower than that for a 
GC electrode (250 nM) (Fig.  7.5a ). We then constructed a GABA sensor based on 
highly sensitive and reproducible NADPH detection with the nanocarbon fi lm elec-
trode. The sensor comprised the nanocarbon fi lm electrode modifi ed with GABAse 
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  Fig. 7.5    ( a ) Calibration curves of NADPH at the GC and the ECR nanocarbon fi lm electrode. ( b ) 
Calibration curves of GABA at the BSA-GABAse fi lm- modifi ed GC and the ECR nanocarbon fi lm 
electrode-based sensor. The α-ketoglutarate and NADP +  concentrations were 50 and 100 μM, 
respectively. The electrolyte was used for phosphate buffer (pH 8.2). The potential of each elec-
trode was held at 0.9 V vs. Ag/AgCl at a fl ow rate of 20 μL/min. The current noise of this measure-
ment was determined by the blank response       
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co-immobilized with bovine serum albumin. The proposed electrochemical GABA 
sensor achieved a detection limit of 30 nM GABA, which is lower than that of any 
previously reported GABA sensor (Fig.  7.5b ).  

 Recently, third-generation biosensors have been developed using nanocarbon fi lms 
such as graphenes (Pumera et al.  2010 ). As this type of biosensor is based on direct 
electron transfer (DET) between the electrode surface and the enzymes, an extremely 
wide surface area and nanocarbon materials with nano-order structures are suitable for 
reducing the distance between an enzyme active center and the electrode surface. 
Therefore, the extremely fl at surface of carbon fi lm electrodes such as DLC and sput-
tered nanocarbon fi lm electrodes make it diffi cult to fabricate third- generation biosen-
sors. Recently, we have developed a fi ne nanostructure on a sputtered nanocarbon fi lm 
surface to realize effi cient DET with enzymes. The nanostructure was fabricated using 
a UV/ozone treatment for the nanocarbon fi lm without a mask (Ueda et al.  2011 ). 
After the UV/ozone treatment, a nanothorn-like structure, which is typically 2–3.5 nm 
high, was confi rmed with AFM observation (Fig.  7.6a ). X-ray photoelectron spec-
troscopy and a TEM image revealed that these nanostructures could be formed by 

  Fig. 7.6    ( a ) Nanothorn-like structure fabricated by UV/ozone treatment of a sputtered nanocarbon 
fi lm. ( b ) Schematic of DET-type bioelectrocatalysis of BOD on the thorn-like nanostructured carbon 
fi lm and ( c ) voltammograms of BOD physically adsorbed on original and nanostructured carbon fi lm       
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employing signifi cantly different etching rates depending on nanometer-order 
 differences in the local sp 3  content of the sputtered nanocarbon fi lm. In fact, the etch-
ing rate for the sputtered nanocarbon fi lm was ~7 nm/h, whereas carbon fi lm contain-
ing more sp 2  bonds was etched much faster than that with lower sp 2  content. For 
example, the etching rate for GC is about 10 3  nm/h   , but a BDD surface is largely 
unetched. Therefore, such nanostructures could not be realized using, for example, 
GC, BDD, DLC or other carbon fi lms formed by the pyrolysis of organic polymers 
because those carbons have relatively homogeneous structures or micrometer-order 
crystalline structures. We modifi ed bilirubin oxidase (BOD) on the nanostructured 
carbon by physical adsorption (Fig.  7.6b ). The DET catalytic current amplifi cation 
was 30 times greater than that obtained with the original fl at nanocarbon fi lm, indicat-
ing the very effi cient electron transfer between our thorn-like carbon fi lm and BOD 
(Fig.  7.6c ). We also compared DET using different carbon materials such as GC, DLC 
and BDD, but the DET current values of BOD for these materials were much lower 
than that at our thorn-like carbon fi lm, indicating that the surface nanostructure is very 
important in terms of improving DET.   

7.3.3     Microfabrication of Carbon Film and Applications 

 One very important advantage of carbon thin fi lm electrodes relates to micro- and 
nanofabrication because the widely used photolithography or electron beam lithog-
raphy and etching processes can be easily applied because of the thin and fl at struc-
ture of carbon fi lms. There are two main methods for fabricating carbon fi lm-based 
microstructures. One involves patterning the resist by photolithography and pyrolyz-
ing it at high temperature. The other involves forming an electrode pattern on the 
carbon fi lm by photolithography and then employing an etching process such as 
oxygen plasma etching. We fabricated carbon-based interdigitated array (IDA) elec-
trodes using photolithography and an oxygen plasma dry-etching process. The IDA 
electrode was fi rst fabricated by using a Pt fi lm under-layer to increase the electrical 
conductivity to a level suffi cient for voltammetric measurements (Tabei et al.  1992 ). 
However, it has been proved that a carbon-based IDA electrode can be applied to 
conventional measurement and to generation and collection voltammetric measure-
ment without a Pt layer (Niwa and Tabei  1994 ). When fabricating carbon fi lm by 
oxygen plasma etching, it is diffi cult to fabricate the pattern with a resist mask 
because both carbon fi lm and resist polymer are etched by oxygen plasma. We used 
a silicon-based positive photoresist to mask the carbon fi lm because silicon-based 
resist changes into silicon dioxide in oxygen plasma and thus provides an excellent 
mask. Later, other groups also reported carbon-based IDA electrodes that they fabri-
cated by patterning RF-sputtered carbon fi lm (Fiaccabrino et al.  1996 ) followed by 
the pyrolysis of a patterned photoresist (Kostecki et al.  1999 ). The pyrolysis of elec-
trochemically polymerized fi lm formed on a Pt IDA electrode also provided a carbon-
based IDA electrode (Niwa et al.  1994 ). Since carbon fi lm-based IDA electrodes are 
suitable for detecting trace level analytes as a result of the current enhancement 
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caused by redox cycling and the lower background current compared with that of 
metal fi lm electrodes, they have been employed as detectors for liquid chromatogra-
phy (LC) and capillary electrophoresis (CE). Figure  7.7a  shows an image of a typical 
carbon-based IDA electrode. The band width and gap of the IDA are both 2 μm (250 
pairs). We installed this electrode in a channel fl ow cell used as an amperometric 
detector for microbore LC. Figure  7.7b  shows a typical chromatogram of dopamine 
(DA) and 3,4-dihydroxyphenylacetic acid (DOPAC) measured with a carbon fi lm 
IDA electrode. Clear DA and DOPAC peaks were observed by injecting only 100 fg 
(in 5 μl) of DA and DOPAC, owing to the current enhancement caused by redox 
cycling and the low background noise level (Tabei et al.  1992 ). As a result, low detec-
tion limits of 32 and 57 amol were obtained. Figure  7.7c  shows a split disk array 
electrode for a radial fl ow cell. As the buffer solution is introduced into the center of 
eight channel electrodes, a hydrodynamic-voltammetry-like curve can be obtained 
by applying different potentials to each electrode simply by injecting the sample 
solution (Iwasaki et al.  1996 ). Figure  7.7d  is a ring-shaped IDA electrode for CE (Liu 
et al.  2000 ). Since fused silica capillaries with diameters between 25 and 75 μm are 
used for CE, the total electrode diameter is suppressed to less than 100 μm. A micro-
fabricated carbon fi lm-based electrode has been used for biosensors. Lee et al. ( 2008 ) 
fabricated a gold fi lm-based electrochemical cell consisting of working, reference 
and counter electrodes. Pyrolyzed carbon fi lm was then formed on the working 
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  Fig. 7.7    ( a ) SEM image of carbon-based IDA electrode. The band width and gap of the IDA are 
both 2 μm (250 pairs). ( b ) Typical chromatogram of DA and DOPAC measured with the carbon- 
based IDA electrode. ( c ) An 8-split disk array electrode for a radial fl ow cell. ( d ) A ring-shaped 
IDA electrode for capillary electrophoresis       
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electrode surface and modifi ed with an aptamer. Label- free thrombin detection was 
demonstrated with an electrochemical impedance measurement. Hayashi et al. 
( 2000 ) fabricated a 64-channel (8 × 8) rectangular electrode array that they modifi ed 
with glutamate oxidase and Os-polymer mediator containing horseradish peroxidase 
(Os-polymer-HRP) (Ohara et al.  1993 ). A change in the  L -glutamate concentration 
was clearly imaged by using the enzyme-modifi ed array electrode.  

 Carbon fi lm microelectrodes have been used as detectors in microfl uidic devices. 
A well-known example is chip-based electrophoresis with electrochemical detec-
tion. PPF fi lms were incorporated in the CE chip and used to detect 100 nM level 
DA (Hebert et al.  2003 ). Luntes’ group compared various electrode materials includ-
ing PPF, carbon fi ber, Pd and carbon ink and proved that PPF provides the best 
sensitivity and lowest detection limit (Fischer et al.  2009 ). A carbon fi lm microelec-
trode has also been used as an on-chip detector for the online measurement of cel-
lular release. For example, a PPF electrode was used as an on-chip detector of 
epinephrine released from PC 12 cells (Larsen et al.  2013 ). Another application is 
in vivo measurement. Figure  7.8a  shows an image of a microfl uidic device consist-
ing of two working carbon fi lm microelectrodes, along with reference and counter 
electrodes. One of the working electrodes was modifi ed with Os-polymer-HRP and 
glucose oxidase and the other was modifi ed with Os-polymer-HRP and lactate oxi-
dase. A microdialysis (MD) probe was connected to the upstream port of the chip 
and the MD probe was inserted in a rat brain. Figure  7.8b  shows the variation in the 
glucose and lactate concentrations in the rat cortex simulated by veratridine at a 
fl ow rate of 1.5 μL/min. When veratridine (50 μM) was perfused through the MD 
probe, a rapid and long-lasting glucose reduction and a lactate increase were 
observed in real time (Kurita et al.  2002 ). The effect of  L -ascorbic acid, which is a 
major electroactive interferent in the brain, was removed by  L -ascorbate oxidase 
immobilized upstream of the detection electrodes.    

  Fig. 7.8    ( a ) Image of microfl uidic device consisting of two working carbon fi lm microelectrodes 
( 1 ,  2 ), reference ( 3 ) and counter ( 4 ) electrodes. The working microelectrodes  1  and  2  were modi-
fi ed with GOD/Os-polymer-HRP and LOD/Os-polymer-HRP, respectively. The portion  5  indicates 
 L -ascorbate oxidase immobilized channel. ( b ) Variation in glucose ( lower trace ) and lactate ( upper 
trace ) concentration in rat cortex stimulated by veratridine at a fl ow rate of 1.5 μl/min.  V  indicates 
that the MD probe was perfused with 50 mM veratridine for 10 min       
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7.4     Conclusion and Future Trends 

 This chapter described the fabrication of carbon fi lm electrodes, their electrochemi-
cal performance and electroanalytical applications. The pyrolysis of polymeric 
materials or vacuum deposition processes have been used to form carbon fi lm. The 
electrochemical performance varied depending on such factors as surface rough-
ness, sp 2 /sp 3  ratio and crystallinity. In a direct electrochemical measurement, carbon 
fi lm has been employed for measuring catecholamines such as DA or  L -ascorbic 
acid. A wide potential window and low background noise level were achieved by 
increasing the sp 3  content. Nanocarbon fi lms with a higher sp 3  concentration above 
40 % formed by the ECR sputtering method improve the detection limit and can 
even detect large molecules such as DNA by suppressing surface fouling. Carbon 
fi lms have been applied to enzyme-modifi ed electrochemical sensors and immuno-
sensors. Carbon fi lms have been successfully microfabricated into microarray elec-
trodes of various shapes and applied to LC and CE detectors. On-chip CE devices 
and microfl uidic devices for detecting neurotransmitters and in vivo glucose and 
lactate concentrations have been fabricated by using carbon fi lms as electrochemi-
cal detectors. To improve electrochemical activity, hybrid carbon fi lms have recently 
been developed, and they include nitrogen-doped carbon fi lms (Kamata et al.  2013 ; 
Yang et al.  2012 ; Zeng et al.  2002 ; Lagrini et al.  2004 ) and carbon fi lms doped with 
metal nanoparticles (Pocard et al.  1992 ; You et al.  2003 ). These hybrid-type fi lms 
are promising as regards extending the area of application of carbon fi lm electrodes 
to both the electroanalysis of various molecules and biosensors, and energy devices.    
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    Chapter 8   
 Hybrid Metallic Nanoparticles: Enhanced 
Bioanalysis and Biosensing via Carbon 
Nanotubes, Graphene, and Organic 
Conjugation 
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     Abstract       Composite materials, incorporating noble metal and metal oxide 
 nanoparticles, have attracted much interest as active substrates for biosensor elec-
tronics. These nanoparticles provide a viable microenvironment for biomolecule 
immobilization by retaining their biological activity with desired orientation and 
for facilitating transduction of the biorecognition event. Herein, we discuss various 
methods for fabrication of metal and metal oxide nanoparticle composite materials 
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and their applications in different electrochemical biosensors. The materials are 
organized by the corresponding component with the nanoparticles, i.e. carbon- based 
composites, polymers, and DNA. The performance of hybrids is compared and 
examples of biosensing apparatus are discussed. In all cases, the engineering of 
 morphology, particle size, effective surface area, functionality, adsorption capability, 
and electron-transfer properties directly impact the resultant biosensing capabilities. 
Ultimately, these attractive features of metal and metal-oxide hybrid materials are 
expected to fi nd applications in the next generation of smart biosensors.  

  Keywords     Carbon nanotubes   •   DNA   •   Graphene   •   Metal oxide nanoparticles   • 
  Metallic nanoparticles   •   Polymer  

8.1          Introduction   

  Hybrid metallic nanoparticles   offer unique opportunities for designing powerful 
electrochemical bioassays and biosensors, and add a new dimension to such assays 
and devices. Metal and semiconductor nanomaterials, one-dimensional nanotubes 
and nanowires have rapidly become attractive labels for bioaffi nity assays, offering 
unique signal amplifi cation and multiplexing capabilities. The coupling of different 
metallic nanoparticle-based platforms and amplifi cations processes have dramati-
cally enhanced the intensity of the analytical signal and led to the development of 
ultrasensitive bioassays and biosensors (Wang  2007 ). The orders of magnitude of 
amplifi cation afforded by such metallic nanoparticle-based schemes opens up the 
possibility of detecting a plethora of agents and markers more rapidly and at lower 
detection limits. These highly sensitive biodetection schemes might provide an 
early detection of biomarkers, toxins, pathogens, and diseases in agricultural, food, 
and medical systems by using ultrasensitive bioelectroanalytical protocols unachiev-
able with standard electrochemical methods. 

 Applications of biosensors are developed mainly for environmental and biopro-
cess monitoring, agriculture, bioterrorism, as well as medical and food biosensor 
systems. The presence of unsafe levels of chemical compounds, toxins, and patho-
gens in food constitutes a growing public health problem that necessitates new tech-
nology for the detection of these contaminants along the food continuum from 
production to consumption. The recent attention to food safety and regulatory issues 
towards consumer welfare is of utmost concern. While traditional techniques that 
are highly selective and sensitive exist, there is still a need for simpler, more rapid, 
and cost- effective approaches to food safety evaluation. Biosensors offer advan-
tages over current analytical methods. In addition to their good selectivity, low cost, 
and portability, they have the ability to measure samples with minimal sample prep-
aration required. Microbial metabolism, antibody, and DNA/RNA-based biosensors 
display promise for use as electrochemical biosensors used in food safety applica-
tions (Arora et al.  2011 ).  
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8.2      Carbon–Metal  Hybrids   

 The combination of highly conductive carbon nanomaterials and highly catalytic 
metallic nanoparticles has led to new leaps in electrochemical biosensor perfor-
mance. Carbon–metal hybrid carrier-molecules and carbon nanotube (CNT)– or 
graphene–metallic nanoparticle-based electrodes have all greatly enhanced the 
 sensitivity, linear sensing range, and limit of detection of electrochemical biosen-
sors. These nanomaterials display a high degree of catalytic activity, conductivity, 
and biocompatibility that act in a synergetic manner to improve biosensor perfor-
mance. These unique material properties and the design and fabrication of biosen-
sors that incorporate CNTs, graphene, and metallic nanoparticles will be thoroughly 
discussed. The subsequent functionalization and resultant interaction with bio-
recognition agents (e.g., peptides, proteins, and nucleic acids) for use as biosensors 
will be reviewed including those associated with health care, environmental moni-
toring, security surveillance, food safety, and biodefense. 

8.2.1     Carbon–Metal Hybrids as Carrier Labels in Biosensing 

 Better understanding of synthesis routes for nanostructured materials has opened 
new avenues for developing biosensing platforms. The use of carbon/inorganic 
hybrid nanostructures as carrier labels in bioanalysis offers very elegant ways of 
interfacing biomolecule recognition events with inherent signal amplifi cation. 
Particular attention is given to hybrid nanostructures involving carbon and inorganic 
nanomaterials. Elegant advances for tagging in biosensing based on such hybrids of 
carbon/inorganic-nanomaterial heterostructures are underlined along with future 
prospects and challenges. 

 Ultrasensitive detection of biomolecules is required in a variety of societal areas 
including clinical diagnostics, food safety, and environmental protection. Many 
efforts have been devoted to accomplishing ultrasensitive and even single-molecule 
detection by using signal amplifi cation based on polymerase chain reaction (PCR) 
and mass spectrometric (MS) techniques. Although these methodologies have ade-
quate sensitivity, they are destructive and often suffer from time-consuming 
derivatization, high cost, and the need for professional operation. With the emer-
gence of nanotechnology and nanoscience, nanomaterial-based signal amplifi cation 
holds great promise for achieving high sensitivity and selectivity for in situ or online 
detection of biomolecules, due to the use of rapid analysis procedures and easy 
miniaturization. The applications of nanomaterials in bioanalysis can be classifi ed 
into two categories according to their functions: nanomaterial-modifi ed transducers 
to facilitate bioreceptor immobilization or improvement of transducers’ properties, 
such as low-background signals and high signal-to-noise ratio, and nanomaterial–
biomolecule conjugates as labels for signal amplifi cation. In particular, nanomate-
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rial labels are showing the greatest promise for developing ultrasensitive bioanalysis 
strategies (   Liu and Lin  2007 ). In these approaches, the nanomaterials usually act as 
catalysts to trigger the detectable signal or as carriers for both large loading of signal 
molecules and the accumulation of reaction products (   Lei and Ju  2012 ). 

 Bioconjugates integrating nanomaterials with the catalytic and recognition prop-
erties of biomolecules have led to advanced electrochemical biosensors with ultra-
high sensitivity and multiplexed capability (Wang  2003 ; Pingarrón et al.  2008 ; 
Merkoçi  2010 ; Yáñez-Sedeño et al.  2010 ). These biofunctional nanomaterials 
can not only produce a synergic effect among catalytic activity, conductivity, and 
biocompatibility to accelerate the signal transduction, but also provide amplifi ed 
recognition events by high loading of signal tags, leading to highly sensitive and 
specifi c biosensing (Lei and Ju  2012 ). The range of nanomaterials used in biosen-
sors is wide and depends on the specifi c assay and application. Due to the diverse 
properties of different nanomaterials, in many situations the coupling of two differ-
ent nanoscale materials offsets the insuffi ciency of each individual nanomaterial to 
fulfi ll the growing requirements of emerging sensing devices. Moreover, it also 
endows the resultant nanohybrid material with a greatly enhanced performance, 
superior to that observed when a single nanomaterial is used. 

  Inorganic nanomaterials  , such as metal nanowires, nanoparticles, quantum dots 
(QDs) or inorganic nanocrystals, and carbon nanomaterials, including carbon nano-
tubes (CNTs), fullerenes or graphene, have received considerable interest in the fi eld 
of nanoscience owing to their unique physical and chemical properties (in compari-
son with bulk materials), which offer excellent prospects for enhancing the perfor-
mance of chemical, biological, and electrochemical sensors (   Storhoff and Mirkin 
 1999 ; Caruso  2001 ;    Claussen et al.  2011a ;    Willner and Willner  2002 ; Wang  2003 ; 
Pingarrón et al.  2008 ; Merkoçi  2010 ; Yáñez-Sedeño et al.  2010 ; Pei et al.  2013 ). 
When reduced to the nanoscale, such nanomaterials display new and unique size- and 
shape-dependent properties compared to those they display on a macroscale. A wide 
variety of inorganic nanoscale materials of different sizes, shapes, and compositions 
are now available, leading to tunable electronic and optical properties. Particularly 
attractive are the heteronanostructures of carbon and inorganic nanomaterials 
(CNTs modifi ed with metal nanoparticles, QDs, semiconductor nanocrystals and 
metal oxide nanoparticles and graphene–inorganic nanohybrids), which have shown 
extremely useful integration of the unique properties of these types of nanomateri-
als. Thus, they exhibit some new functions and superior properties to those of their 
individual constituents and impart excellent analytical performance to biosensing 
(Peng et al.  2009 ; Eder  2010 ; Wu et al.  2011 ;    Campuzano and Wang  2011 ) as well 
as molecular logic paradigms that are well suited for multiplexed biosensing 
(Manesh et al.  2011 ; Claussen et al.  2013 ,  2014 ). Often a third component, such as 
ionic liquids or chitosan, plays a key role in the preparation of these carbon–inorganic 
nanohybrids, acting as effective binder systems, inducing the solubilization of the 
corresponding carbon nanomaterial, and facilitating its manipulation and function-
alization (Zhang et al.  2004 ; Shan et al.  2010 ; Zeng et al.  2011 ). 

 The power and scope of these nanoheteromaterials can be greatly enhanced by 
coupling them with immunoreactions and electrical processes (i.e., nanobioelec-
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tronics) (   Liu and Lin  2007 ). Commonly used enzyme immunosensors can greatly 
benefi t from the highly enhanced response of the biocatalytic reaction product at the 
electrode transducers from nanoscale inorganic/carbon amplifi cation platforms car-
rying multiple tags. Such hybrid nanoarchitectures open up the possibility of detect-
ing ultralow levels of biomarkers that cannot be measured by conventional methods 
or in connection to a single nanomaterial. This section summarizes recent signifi -
cant advances and progress in the use of biofunctional carbon/inorganic nanohet-
erostructures as excellent electronic signal tags in ultrasensitive bioanalysis and 
biosensing, particularly using bioelectronic affi nity assays and electrochemical 
detection, highlighting some elegant applications. While the new capabilities 
offered by nanoscale hybrid materials will be illustrated mainly in connection with 
ultrasensitive electrochemical immunosensors and immunoassays, a wide range of 
important biomolecules can benefi t from similar improvements. 

 As an example, Zhong et al. ( 2010 ) developed a new amplifi cation core–shell nano-
label based on a chitosan-protected graphene nanosheet core and multi- nanogold par-
ticles as the shell. Such a nanogold-enwrapped graphene nanocomposite led to 
ultrasensitive measurements down to 100 pg mL −1  of carcinoembryonic antigen (CEA) 
and convenient assays of serum samples. QD-functionalized graphene sheets (GS) 
were prepared and used as labels for the preparation of sandwich- type electrochemical 
immunosensors for the detection of prostate-specifi c antigen (PSA). The  immunosen-
sor   displayed a linear response within a wide concentration range (0.005–10 ng mL −1 ), 
a low detection limit (3 pg mL −1 ), and applicability to detect PSA in patient serum 
samples (Yang et al.  2011 ). A novel enzyme-free sandwich electrochemical immuno-
assay for alpha-fetoprotein (AFP) was developed by Tang et al. ( 2011 ) using gold 
nanoparticle-coated carbon nanotubes (CNTs/AuNPs) as nanolabels/nanocatalysts. 
This highly sensitive approach is based on the catalytic reduction of  p -nitrophenol (NP) 
by the CNT/AuNP labels and the redox cycling of  p -aminophenol (AP) to  p -quinone 
imine (QI) by NaBH 4  to offer an extremely low detection limit of 0.8 fg mL −1 . 

 Lai et al. ( 2011 ) proposed an ultrasensitive multiplexed immunoassay method 
for tumor markers based on the use as a trace tag of a novel functional CNT/AgNP 
nanohybrid functionalized with streptavidin and the corresponding biotinylated sig-
nal antibody. Through a sandwich-type immunoreaction on a disposable immuno-
sensor array, the high-content AgNPs can be captured on the immunosensor surface 
to further induce the silver deposition, which greatly amplifi es the detection signal 
(Fig.  8.1 ). Based on the electrochemical stripping detection of the AgNPs on the 
immunosensor surface, the proposed simultaneous multianalyte immunoassay 
method, using CEA and AFP as model analytes, showed an ultrahigh sensitivity 
with limits of detection (LODs) of 0.093 and 0.061 pg mL −1 , respectively, and wide 
linear ranges over four orders of magnitude.  

 Han et al. ( 2012 ) developed a novel multiple-label method and dual catalysis 
amplifi cation strategy for the simultaneous detection of free and total PSA (fPSA 
and tPSA, respectively). AuNP-modifi ed Prussian blue nanoparticles and AuNP- 
modifi ed nickel hexacyanoferrate nanoparticles decorated onion-like mesoporous 
graphene sheets, denoted as Au@PBNPs/O-GS and Au@NiNPs/O-GS,  respectively, 
functionalized with streptavidin and biotinylated alkaline phosphatase (AP) were 
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utilized as distinguishable signal tags to label different detection antibodies. The 
dual catalysis amplifi cation could be achieved by biocatalysis of AP towards ascor-
bic acid 2-phosphate (AA-P) to in situ production of ascorbic acid (AA) and then 
the chemicatalysis of Au@PBNPs/O-GS and Au@NiNPs/O-GS nanohybrids 
towards AA to generate dehydroascorbic acid (DHA). The linear ranges of the pro-
posed immunosensor were defi ned from 0.02 to 10 ng mL −1  and 0.01 to 50 ng mL −1  
with LODs of 6.7 pg mL −1  and 3.4 pg mL −1  for fPSA and tPSA, respectively. 

 Very recently, an ultrasensitive  immunoassay   for  Shewanella oneidensis  was 
presented by employing a novel conjugate featuring gold nanoparticles (AuNPs) 
and antibodies (Ab) assembled on bovine serum albumin (BSA)-modifi ed GO (Ab/
AuNPs/BSA/GO) as carrier and a silver enhancement detection strategy in the pres-
ence of hydroquinone. This electrochemical immunoassay offers excellent detect-
ability (LOD of 12 cfu mL −1 ) and a wide range of linearity (from 7.0 × 10 1  to 
7.0 × 10 7  cfu mL −1 ) (Wen et al.  2013 ). 

 The need for ultrasensitive bioassays and the trend towards miniaturized assays 
has made the biofunctionalization of nanomaterials one of the more popular fi elds 
of research. Although inorganic/carbon nanohybrids are still in an early stage of 
material science, the use of these nanohybrids as carriers of the signalling molecules 
for amplifi cation transduction of biorecognition events has taken off rapidly and 

  Fig. 8.1    Schematic representation of the multiplexed immunosensor developed based on the use 
of novel functional CNT/AgNP nanohybrids functionalized with streptavidin and biotinylated sig-
nal antibodies as tracer tags, and of the detection strategy by linear-sweep stripping voltammetric 
(LSV) analysis of AgNPs captured on the immunosensor surface (Reproduced from Lai et al. 
( 2011 ) with permission). Copyright 2011 Wiley       
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will surely continue to expand at an accelerated pace. A wide variety of nanoscaled 
materials with different sizes, shapes, and compositions have been introduced into 
biosensing for amplifi cation detection. The judicious coupling of two different 
nanomaterials has been shown to offer greatly enhanced analytical performance, 
superior to that observed when a single nanomaterial is used, which is extremely 
attractive for bioelectronic transduction of biomolecular recognition events. Future 
efforts will certainly aim at guiding and tailoring the synthesis of nanohybrid mate-
rials for meeting specifi c electrochemical biosensing applications and needs. 

 The rapid recent progress in electrochemical biosensors based on the use of these 
bioconjugated nanoscale hybrid materials as tracing bionanotags, characterized by 
enormous signal enhancement and ultralow LODs, suggests the major impact that such 
nanobioelectronic sensing devices will have in the near future on important fi elds, 
including health care, environmental monitoring, security surveillance, food safety, and 
biodefense. Many exciting opportunities and challenges thus remain in the develop-
ment and use of bioconjugated hybrid nanoarchitectures for future bioelectronic sens-
ing applications. For example, a better understanding of their nanofabrication process 
is necessary to improve the properties of these nanohybrid labels. Furthermore, in order 
to increase their biocompatibility, a signifi cant direction to explore is a mild    biofunc-
tional way to fi x the biomolecules on the surface of these bioconjugated hybrid hetero-
nanostructures. Another interesting opportunity for achieving exponential signal 
amplifi cation is the development of hybrid nanomaterials- based autocatalytic systems, 
in which each step produces a product that acts both as a template or a stoichiometric 
trigger and a catalyst (or activates a catalyst) to produce more products. With the 
demand in life sciences and clinical diagnosis, the ultimate goal of this fi eld is the uti-
lization of nanomaterials which not only enhance the biosensing capabilities compared 
with conventional platforms, but also bring out new approaches such as miniaturiza-
tion, reagent-less biosensing, and single-molecule detection.  

8.2.2     Graphene–Metal Hybrid Biosensors 

 There is evidence that  graphene   and its derivatives can exhibit good electrochemical 
performance compared with other electrodes such as glassy carbon (Shang et al. 
 2008 ), graphite (Shan et al.  2009 ), or even carbon nanotubes (Alwarappan et al.  2009 ; 
Wang et al.  2009 ). When focusing on graphene-based biosensors, it is noteworthy that 
few sensors were demonstrated to have actually incorporated pure graphene (Ohno 
et al.  2009 ; Guo et al.  2011 ; Lidong et al.  2012 ; Ruan et al.  2012 ); the remainder have 
employed graphene oxide (and its derivatives) (Alwarappan et al.  2009 ; Shan et al. 
 2009 ; Mohanty and Berry  2008 ; Lu et al.  2009 ) or multilayer graphene and related 
structures (Shang et al.  2008 ; Lu et al.  2007 ,  2008 ; Claussen et al.  2012 ). 

 Conjugation of reduced graphene oxide with metal nanoparticles has been 
recently studied for the development of electrocatalytic platforms in amperometric 
biosensors (see Table  8.1 ). The hybridization of reduced graphene oxide with metal 
nanoparticles helps maintain the interplanar spacing between reduced graphene 
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oxide sheets while connecting the nanomaterial network to the electrode surface. 
Functionalization of electrodes with graphene–nanoparticle composites has shown 
promising potential for improvement in the electrochemical performance of the 
sensing devices (e.g. sensitivity, response time, operating range).

   The unique properties of graphene–nanoparticle  hybrids   have been widely used 
in the fabrication of biosensor systems for food safety applications, to detect toxins 
(Gan et al.  2013a ; Srivastava et al.  2013 ; Tang et al.  2012 ; Yang et al.  2013b ), pesti-
cides (Oliveira et al.  2013a ), allergens (Eissa et al.  2013 ), ingredients and bioactives 
(Labroo and Cui  2013 ; Zhou et al.  2013 ; Si et al.  2013 ; Wang et al.  2011 ), controlled 
and prohibited substances (Kong et al.  2013 ; Xie et al.  2012 ; Lin et al.  2013 ; Gan 
et al.  2013b ,  c ; Zhao et al.  2011 ; Zhang et al.  2011 ; Cui et al.  2011 ; Huang et al. 
 2012 ; Wei et al.  2012 ; Wang et al.  2012b ; Ma et al.  2013 ; Ye et al.  2013 ), and a 
variety of foodborne pathogens (Hu et al.  2013 ; Singh et al.  2013a ; Chang et al. 
 2013 ;    Liu et al.  2011a ,  b ; Wan et al.  2011 ; Jung et al.  2010 ). 

 Perhaps some of the most promising graphene-based biosensors have been dis-
played from those that combine graphene with noble metal nanoparticles (Taguchi 
et al.  2014 ). For example, Hong et al. self-assembled positively charged gold 
nanoparticles (2–6 nm in diameter) onto the surfaces of 1-pyrene butyric acid func-
tionalized graphene (PFG) sheets via a facile chemical mixing technique (Hong 
et al.  2010 ). When immobilized onto a glassy carbon electrode, the graphene/gold 
nanoparticle composite material showed strong electrocatalytic activity and was 
able to sense uric acid with high sensitivity and a rapid response. Zheng et al. uti-
lized graphene that was covalently functionalized and    decorated with palladium 
nanoparticles immobilized with the enzyme glucose oxidase on a glassy carbon 
electrode to sense glucose (Zeng et al.  2011 ). The biosensor had high glucose sen-
sitivity with a linear range from 1.0 μM to 1.0 mM as well as a low detection limit 
of 0.2 μM ( S / N  = 3). Claussen and coworkers demonstrated the growth of a three- 
dimensional matrix of graphene petals on a silicon wafer via a chemical vapor depo-
sition process (Claussen et al.  2012 ). The petals were decorated with platinum 
nanoparticles of varying size, density, and morphology through a current-pulse 
electrochemical deposition technique (Fig.  8.2 ). Likewise the enzyme glucose oxi-
dase mixed with the conductive polymer PEDOT:PSS was electrodeposited onto the 
biosensor surface for subsequent glucose biosensing. The results demonstrated a 
robust sensor design that demonstrated exceptional performance with regards to 
glucose sensitivity (0.3 μM detection limit, 0.01–50 mM linear sensing range), sta-
bility (shelf life >1 month), and low interference from electroactive species typi-
cally found endogenously in human serum samples.   

8.2.3     Carbon Nanotube–Metal Nanoparticle Biosensors 

 An important property of  carbon nanotubes   (CNT) for electrochemical detection 
is their ability to promote electron transfer in electrochemical reactions (Gooding 
 2005 ; McCreery  2008 ; Katz and Willner  2004 ). CNTs are commonly referred to 
as rolled-up graphene sheets, and both allotropes have a meshwork of 
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sp 2 -hybridized carbon atoms (Yang et al.  2010b ). CNTs have high aspect ratios, 
high mechanical strength, high surface areas, excellent chemical and thermal sta-
bility, and rich electronic and optical properties (Ajayan  1999 ). The properties of 
CNTs can also be capitalized on by combining them with other functional materi-
als, such as conducting polymers or metal nanoparticles, in order to enhance their 
electrochemical sensing performance (Dai  2007 ). Table  8.2  shows some examples 
of carbon nanotube nanoparticle-mediated biosensors for the quantifi cation of 
analytes such as glucose, glutamate, xanthine, t-DNA, ethanol, and  D -amino acid.

   The combination of excellent conductivity, good electrochemical properties, and 
nanometer dimensions has seen CNTs used frequently for the detection of diverse 
biological structures such as DNA, viruses, antigens, disease markers, and whole 
cells. In food systems particularly, there have been many reports of CNT-based elec-
trochemical biosensors for the detection of toxins (Singh et al.  2013b ; Palaniappan 
et al.  2013 ; Temur et al.  2012 ; Yang et al.  2010a ), pesticides (Oliveira et al.  2013b ; 
Cesarino et al.  2012 ; Liu et al.  2012 ), allergens (Liu et al.  2010 ; Cao et al.  2011 ), 
ingredients (Antiochia et al.  2013 ; Monosik et al.  2012a ,  2013 ; Ziyatdinova et al. 
 2013 ; Wang et al.  2012a ), controlled and prohibited substances (Batra et al.  2013 ; 
   Kim et al.  2012a ,  b ; Monosik et al.  2012b ), microbial metabolism markers (Lim et al. 
 2013 ; Park et al.  2012 ), and a variety of foodborne pathogens (Yang et al.  2013a ; Li 
et al.  2012 ; Pandey et al.  2011 ; Garcia-Aljaro et al.  2010 ; Zelada-Guillen et al.  2010 ). 

 The ability to control the position and density of  carbon nanotube arrays   and 
the size, density, and morphology of nanoparticles on a biosensor surface is 

  Fig. 8.2    Field emission scanning electron microscopy micrographs of platinum nanoparticles 
electrodeposited on multilayered graphene petal nanosheets (MPGNs) grown on a silicon wafer. 
Current pulses (500 ms) of ( a ) 312 μA ( orange ), ( b ) 625 μA ( red ), ( c ) 1.25 mA ( green ), ( d ) 2.5 mA 
( blue ), and ( e ) 5.0 mA ( purple ) were used to electrodeposit Pt nanoparticles of distinct size and 
density onto the MGPNs. ( f )  Bar graph  displaying the H 2 O 2  sensitivity of the MGPN electrode 
(before and after the oxygen plasma etch) and the PtNP-MGPN electrodes.  Errors bars  show stan-
dard deviations for three different experiments. The MPGNs with the most needle-like Pt nano-
structures ( d ) had the highest H 2 O 2  sensitivity and highest glucose sensitivity in subsequent 
analysis (Reproduced from Claussen et al. ( 2012 ) with permission). Copyright 2012 Wiley       
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challenging. Pang et al. demonstrated how CNT arrays can be grown from tita-
nia nanotubes with subsequent uniform decoration of Pt nanoparticles (∼3 nm) 
(Pang et al.  2009 ). After immbolization of the enzyme GOx, the biosensor 
sensed glucose with a high sensitivity of 0.24 μA mM −1  cm −2  and a linear sens-
ing range of 0.006–1.5 mM. Zhao et al. developed aligned CNT arrays by chem-
ical vapor deposition on a silicon wafer. A thin fi lm of gold (200 nm) was 
subsequently deposited onto the CNTs and the Au-CNTs were peeled from the 
Si fl oor with the assistance of 10 % hydrofl uoric solution (Zhao et al.  2007 ). 
Platinum nanoparticles were electrodeposited onto the CNTs to improve elec-
trocatalytic performance while GOx and Nafi on were drop- casted onto the Pt 
nanoparticles/CNTs to transform the electrode into a glucose biosensor. The 
biosensor was able to sense glucose within a linear sensing range from 0.010 to 
7 mM and a fast response time within 5 s. Fisher and coworkers demonstrated 
how low-density single-walled CNT arrays can be developed from a porous 
anodic alumina template (Franklin et al.  2008 ; Claussen et al.  2009 ). In particu-
lar, the team demonstrated how the spacing of Pt nanospheres electrodeposited 
concentrically around single-walled CNT arrays and functionalized with the 
enzyme GOx can dramatically change glucose biosensing from 300 μM to 
15 mM with a theoretical glucose detection limit of 74 μM ( S / N  = 3) to a linear 
sensing range of 100 μM to 20 mM and a detection limit of 5.8 μM ( S / N  = 3) 
(Claussen et al.  2011b ).   

8.3     Polymer–Metal  Hybrids   

 As stated, the integration of bio-recognition and signal transduction elements 
has been an important area of biosensor research for several decades. Similar to 
the incorporation of carbon nanostructures, the functional properties (electronic, 
optical, and magnetic) and relative stability when bound to biological molecules 
(peptides, proteins, and nucleic acids) of metallic and metal oxide nanoparti-
cles (MNPs) make them attractive candidates for integrated biosensors. Proteins, 
peptides, and antibodies have been utilized to conjugate MNPs for use in a wide 
array of biosensors to detect and amplify various small-molecule signals. To conjugate 
biomacromolecules with MNPs, residual thiol groups are often reacted with MNPs 
to form metal–sulfi de bonds (Dreaden et al.  2012 ), or electrostatic interactions are 
exploited for physisorption of biomacromolecules to the surface of the MNP. Both 
methods result in the random placement of the biomacromolecule on the surface of 
the MNP and may also result in reduced bioactivity; therefore, MNPs composed 
with tailored, functional polymer coatings have emerged as a popular substrate for 
precision bio-conjugation. Encapsulation of MNPs within polymer matrices avoids 
the deleterious effects of MNP aggregation; moreover, polymers provide a versatile, 
functional platform for attaching organic moieties and biomacromolecules with 
 various signal readout strategies, e.g. electrochemical, enzymatic, colorimetric, fl uo-
rometric, magnetic, and chemiluminescent. Both polymer conjugates of noble metal 
and metal-oxide MNPs are currently being explored as biosensors, and this section 
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will focus on advances in the synthesis of polymer–MNP hybrids and their use in the 
bio-recognition component of electrochemical biosensors. 

8.3.1     Polymer–Metal Hybrid Synthesis 

 Firstly, reproducible sensor materials require controlled MNP growth, particle size 
distribution, and particle–polymer interactions. There are many well accepted ex situ 
and in situ routes for the synthesis of polymer–MNP hybrids that include both stan-
dard engineering polymers and advanced conducting polymers (Sperling and Parak 
 2010 ; Shaidarova and Budnikov  2008 ). The polymer–MNP hybrid can be generated 
by compounding powders of MNPs with common melt-processed polymers such as 
poly(styrene), poly(ethylene) or poly(methyl methacrylate) (ex situ). Alternatively, 
the polymer–MNP hybrid can be formed by precipitation of the MNP from metal or 
metal-oxide precursors dissolved within a swellable polymer or polymer solution, 
such as poly(acrylic acid), poly(vinyl alcohol), polyaniline, polypyrrole or 
poly(vinylpyrrolidone) (in situ) (Ferey  2008 ; Ramesh et al.  2009 ; Njagi and Andreescu 
 2007 ). A schematic for the synthesis of polymer–nanoparticle hybrids is shown in 
Fig.  8.3 .  

 The ex situ approach has two steps: (1) bulk synthesis of MNP powder and (2) disper-
sion of MNP powder throughout a polymer matrix, often by compounding with a polymer 
melt. The bulk synthesis of noble metal and metal-oxide nanoparticle powders are direct 
processes and have been reviewed elsewhere (Shi et al.  2013 ). The more nuanced in situ 
synthesis of polymer–MNP hybrids can take many forms. In this route, MNPs are synthe-
sized inside a polymer matrix by either decomposition or reduction of precursors dissolved 
into the polymer fi lm/monolith or polymer solution. Polymer–MNP hybrids prepared by 
the reduction of metal salts in the presence of stabilizing polymers have tightly controlled 
size and size distribution; thus, the in situ preparation method has been the route of choice 
for biosensor materials (Rao  2012 ; Antonietti et al.  1995 ; Spatz et al.  1996 ). For instance, 
HAuCl 4  · 4H 2 O gives stable gold MNPs upon refl uxing in methanol/water in the presence 
of poly(vinylpyrrolidone) and NaOH. In poly(acrylamide), AuCl 4  can 
be directly reduced by NaBH 4 . Reduction of metal ions in the presence of these polymers 
results in the conjugation of the metal cations with the ligand, and this dramatically limits 
the MNP size and controls size distribution (Daniel and Astruc  2004 ). Synthesis of metal-
oxide nanoparticles in solutions of polymer stabilizers also aids to the control of crystallin-
ity and oxidation. For example, the reduction of Fe 2+  and Fe 3+  can be driven toward either 
Fe 2 O 3  or Fe 3 O 4  by altering poly(acid) concentration and constituents (   Daniele et al.  2013 ; 
Qi et al.  2013 ; Zhang et al.  2012 ). Other common polymers used to stabilize MNPs are 
hydrophilic and biocompatible polymers, such as poly(ethylene glycol), poly(ethylene 
oxide), poly(lactic-co - glycolic acid), poly(vinyl alcohol) and poly(acrylic acid). These in 
situ methods and selected polymers for the synthesis of polymer-MNPs have been exten-
sively studied for both optical and electrochemical biosensor applications; therefore, the 
remainder of this section will concentrate on in situ generated polymer–MNP hybrids with 
attached bio-recognition agents and their utilization as biosensors.  
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8.3.2     Polymer–Noble Metal  Hybrids   

 The unique physicochemical properties of noble metals at the nanoscale have led to 
the development of a wide variety of biosensors, such as (1) nanobiosensors for point-
of-care disease diagnosis, (2) nanoprobes for in vivo sensing/imaging, cell tracking, 
and monitoring disease pathogenesis or therapy monitoring, and (3) other nanotech-
nology-based tools that benefi t scientifi c research on basic biology. Gold MNPs are 
among the most extensively studied nanomaterials and have led to the development of 

  Fig. 8.3    ( a ) Ex situ and ( b ) in situ synthesis of polymer–nanoparticle hybrids. The ex situ system 
relies upon synthesis of metal nanoparticle powders or dispersions that can be subsequently incor-
porated into polymer matrices by either solution-based ligand exchange or compounding into bulk 
polymers. The in situ system most often uses reduction of precursor salts to form metal nanopar-
ticles with a polymer-capped surface or within a bulk gel matrix       
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substrates for the conjugation of bio-recognition agents. The earliest gold–MNP 
hybrid utilized single-strand DNA. In 1996, Mirkin et al. described the fi rst use of 
gold MNPs as biosensors. Functionalized with thiol-modifi ed ssDNA probes, the gold 
MNPs would form a cross-linking network upon detection of a complementary 
ssDNA–MNP hybrid (Mirkin et al.  1996 ). This cross-linking network lead to the 
aggregation of the gold NPs causing a bathochromic shift in the surface plasmon reso-
nance. More recent explorations of DNA–MNP hybrids will be assessed in Sect.  8.3.3 . 

 Although similar surface plasmon resonance methods have shown that direct 
detection of biomolecules and analyte interaction is possible, many have benefi ted 
from the electroactive or catalytic properties of NPs as reporters for electrochemical 
biosensing with unprecedented levels of sensitivity. Noble metal–polymer hybrids 
have been used as biosensors for detection of analytes including, but not limited to, 
glucose (   Wei et al.  2012 ; Crespilho et al.  2006 ), dopamine (Prakash et al.  2013 ), 
hydrogen peroxide (Kim et al.  2010 ; Muraviev et al.  2006 ), cholesterol (Yang et al. 
2006;    Ansari et al.  2009 ), and urea (Kozitsina et al.  2009 ). Several authors have 
described the development of amperometric-based biosensors, which are usually 
more suited for mass production than potentiometric biosensors. In this approach 
the working electrode is usually a noble metal MNP covered by the bio-recognition 
component, which enables the amperometric signal. For example, Kim et al. ( 2000 ) 
developed a disposable immuno-chromatographic sensor for on-line quantitative 
determination of human serum albumin. The polymer–MNP sensor used gold 
MNPs in a polyaniline matrix (a conducting polymer) for signal generation. The 
immunoassay was a membrane strip sensor, where the reaction between the 
 conjugate and analyte took place and was carried up into a membrane that contained 
the immobilized antibody. The secondary antigen–antibody reaction formed a 
“sandwich complex” at the electrode and the gold–polyaniline polymer–MNP 
hybrid generated a conductimetric signal. Yin et al. used gold NPs over a surface of 
poly(styrene-acrylic acid) nanospheres, which served as a matrix to conjugate alka-
line phosphatase, to detect the tumor necrosis factor. Omidfar et al. ( 2012 ) have also 
developed a high-sensitivity electrochemical human serum albumin sensor based on 
human serum albumin MNPs (electrochemical label) within a PVA monolith (poly-
mer matrix) which exhibited high sensitivity and excellent stability. 

 Ranging from surface plasmon, infrared spectroscopy, and fl uorescence to tradi-
tional electrochemical methods, noble metal polymer–MNP hybrids are providing a 
new horizon for biosensing and bioanalyses in clinical diagnostics and biological 
research; furthermore, the new range of biocompatible polymers systems is provid-
ing hybrids and biosensors that can be utilized in complex biosystems.  

8.3.3      Polymer–Metal Oxide  Hybrids   

 In contrast to noble metal polymer–MNP hybrids which are commonly utilized as 
cast fi lms for charge transport purposes, metal-oxide nanoparticles (MONPs) are 
most often employed as colloidal systems and exhibit varying electrochemical 
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properties, ranging from nanocatalysis to semiconduction. Synthesized by the in 
situ precipitation of metallic precursors in the presence of stabilizing ligands, 
MONPs have been prepared with a variety of inorganic chemistries, e.g. Fe 2 O 3 , 
Fe 3 O 4 , TiO 2  (Chen et al.  2001 ; Lee et al.  2007 ), SiO 2 , and ZnO. 

 Of the available MONP chemistries, the magnetic properties of Fe 2 O 3  and Fe 3 O 4  
have been exploited across the gamut of biosensors, which include pollution detec-
tion (Xu et al.  2012 ; Horak et al.  2007 ), disease diagnostics and therapeutics (Sandhu 
et al.  2010 ; Veiseh et al.  2010 ), blood analyses, bioimaging (Lee and Hyeon  2012 ), 
and chemical and biological separation. Similar to noble metal hybrids, controlling 
the particle size and size distribution are important; however, unlike noble metal 
nanoparticles, the shape, crystal structure, and defect distribution in the polymer–
MONP hybrids dramatically affects their electrochemical properties. For example, 
iron-oxide MNPs have magnetic properties directly correlated to their particle size 
and crystal structure. To tailor these properties, numerous synthetic approaches 
have been developed for the generation of Fe 2 O 3  and Fe 3 O 4  polymer–MONP hybrids 
(Kievit and Zhang  2011 ; Netto et al.  2013 ; Sandhu et al.  2010 ). Due to the impor-
tance of the crystal structure/oxidation state to subsequent properties, the choice of 
polymer ligand is critical for the stability and functionality of the polymer–MONP 
hybrids. The methodology used is based on direct precipitation of iron salts inside 
the pores of the porous polystyrene seed and was pioneered by Ugelstad et al. 
( 1973 ), similar to the deposition of noble metal MNPs in polymer monoliths. The 
particles obtained exhibit a narrow particle size distribution with a good magnetic 
separation, which are critical parameters. Hydrophilic magnetic latexes were fi rst 
reported by Kawaguchi et al. using acrylamide as the initial monomer, and more 
recently Lee et al. have modifi ed nanoparticle surfaces with PVA by precipitation of 
iron salts in PVA aqueous solution to form a stable dispersion. They found that the 
crystallinity of the particles decreased with increasing PVA concentration, while the 
morphology and particle size remained almost unchanged. This phenomenon has 
been shown to be a result of metal–organic chelation and in situ ligand exchange, 
and it is a critical factor in controlling polymer–MONP     hybrid   morphology. 

 Various biomacromolecules, such as antibodies, proteins, and DNA, and bioac-
tive small molecules have been covalently incorporated onto the polymer–MNPs, 
and the possibilities of the chemistries to do so have been as wide-ranging as the 
array of ligands. Some interesting ligands with regard to biosensors include 1-ethyl- 
3-(3-dimethylaminopropyl)carbodi-imide hydrochloride (EDC),  N -succinimidyl-3-
(2-pyridyldithio)-propionate (SPDP),  N -hydroxysuccinimide (NHS), and methylene 
bis-acrylamide (MBA). These coupling ligands are readily utilized for the simple 
and effi cient conjugation of proteins as bio-recognition agents. More recently, the 
incorporation of “clickable” moieties into the polymer–MNP matrix has led to a 
broader range of conjugation ligands (Ge et al.  2013 ; Daniele et al.  2013 ; Zhou et al. 
 2008 ; He et al.  2009 ; Liu et al.  2009 ). 

 Enzymes, such as glucose oxidase, hydrolase, horseradish peroxidase, creatinase, 
lactase, and lactate dehydrogenase have been successfully immobilized on the surface 
of Fe 3 O 4  polymer–MNP hybrids via covalent immobilization (Ge et al.  2013 ;    Zou 
et al.  2010 ; Peng et al.  2013 ; Yang et al.  2009 ;    Zhang et al.  2008a ,  b ; Cevik et al.  2012 ; 
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Villalonga et al.  2011 ). An early enzyme biosensor utilizing polymer–MONP hybrids 
was reported by Rossi et al. ( 2004 ), in which GOx was conjugated with Fe 3 O 4  through 
a poly(ethylene glycol) linker. In order to improve the sensitivity of such enzymatic 
biosensors, some electron mediators or electron promoters were introduced into the 
biosensing system. Accordingly, an amperometric glucose biosensor was developed 
by entrapping GOx in chitosan composite doped with ferrocene monocarboxylic acid-
modifi ed Fe 3 O 4  nanoparticles. With the aid of a permanent magnet, these polymer–
MNP hybrids with incorporated GOx were attached to 
the surface of an electrode and acted as mediator to transfer electrons between the 
enzyme and the electrode. The large surface area of Fe 3 O 4  nanoparticles and the porous 
morphology of chitosan lead to a high loading of enzyme and increased sensitivity. 
Zhuo et al. developed a three-layer composite composed of Fe 3 O 4  magnetic core, 
Prussian blue interlayer, and gold shell to fabricate an electrochemical immunosensor 
by functionalization with bi-enzyme of horseradish peroxidase and GOx (Zhuo et al. 
 2009 ). Besides the metal oxides mentioned above, CuO (Li et al.  2011 ), Bi 2 O 3  (Ding 
et al.  2010 ), and CeO 2  (Saha et al.  2009 ) nanoparticles have been reported to be used 
for GOx immobilization and biosensor design. 

 It should be pointed out that, in some MONP-based biosensing systems, the rec-
ognition mechanism is not based on the direct reaction between enzyme and analyte. 
Most biological samples exhibit negligible magnetic susceptibility; therefore, mag-
netic nanoparticle polymer–MNP hybrids can be used for detection of biomolecules 
and cells based on magnetic resonance effects. Diagnostic magnetic resonance 
(DMR) technology encompasses numerous assay confi gurations and sensing prin-
ciples, and diamagnetic nanoparticle biosensors have been designed to detect a wide 
range of targets including DNA/mRNA, proteins, enzymes, drugs, pathogens, and 
tumor cells. The core principle behind DMR is the use of magnetic nanoparticles as 
proximity sensors that modulate the spin–spin relaxation time of neighboring water 
molecules, which can be quantifi ed using clinical MRI scanners or bench-top nuclear 
magnetic resonance (NMR) relaxometers. DMR biosensor technology holds consid-
erable promise to provide a high-throughput, low-cost, and portable platform for 
large-scale molecular and cellular screening in clinical and point-of-care settings. 

 Ultimately, polymer–MNP hybrids display a range of benefi cial electrochemical 
attributes; moreover, the tailored functionality of the polymer matrices provides for 
unique routes for the precision attachment of bio-recognition molecules. In the last 
decade, these benefi ts have been successfully employed for biosensing and bio-
analysis applications, and continued development of polymer–MNP hybrids and 
conjugation chemistries will see gains in both biosensor precision and sensitivity.  

8.3.4     Polymer–Metal Hybrids for DNA Sensing 

 As discussed in Sect.  8.2 , DNA–MNP  hybrids   are a unique class of materials that 
have generated much interest for biosensing applications. Specifi cally, in the arena of 
nucleic acid detection, a DNA ligand provides both possible ligation chemistry and 
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detection elements in one unique package. Detection of nucleic acids, deoxyribonu-
cleic acid (DNA) or ribonucleic acid (RNA), is very important in many life sciences 
for understanding their basic functions and for identifying certain targets (Wang 
 2000 ,  2002 ; Pyun  2012 ). DNA is one of the most important molecules of life which 
encodes the genetic information and instructs the biological synthesis of proteins and 
enzymes through the process of replication and transcription of genetic information 
in all known living organisms and many viruses. Since its backbone is resistant to 
cleavage and, furthermore, the double-stranded structure provides the molecule with 
a built-in duplicate of the encoded information, it becomes indispensable. A sequence 
of nucleotides, guanine (G), adenine (A), thymine (T) and cytosine (C), are respon-
sible for encoding the genetic information for further generations. Hence, under-
standing the structural properties of DNA can lead to understanding the origin of 
many of diseases, the mutation of genes, and the action mechanism of antitumor/
antivirus drugs. To date there have been many scientifi c and commercial attempts to 
design and prepare DNA detection systems based on different techniques. These 
systems have found great interest in medical diagnostics, assessment of gene expres-
sion, drug discovery, identifi cation of genetic mutations or single nucleotide poly-
morphisms, forensic, environmental (pollution, pathogen classifi cation), bioterrorism, 
and food applications. Classical methods for DNA detection are mostly time-con-
suming and expensive. Thus, large-scale DNA testing/detection requires the devel-
opment of small, portable, inexpensive, sensitive, selective, fast, and easy-to-use 
methods. A biosensor which is an analytical device with a biologically active mate-
rial (DNA) can offer great promises for achieving this goal. Among different types of 
biosensors, which are classifi ed according to the transducer that is used, electro-
chemical biosensors are the most commonly used ones because of their sensitivity, 
selectivity, compact size, low cost of construction, real-time analysis, and simplicity 
of use (Gooding  2002 ; Palecek  2002 ). 

 Recent advances in nanotechnology have provided great progress for biosensing 
purposes. Among different technologies, combining nanoparticles and polymer tech-
nology has provided enhanced stability and sensitivity. There has been great interest 
in terms of research on polymer–nanoparticle hybrids for different types of applica-
tions in the sensing area. This sub-section mainly focuses on the use and development 
of polymer–nanoparticle hybrids for electrochemical DNA biosensing. Electrochemical 
DNA hybridization detection has advanced a long way with the use of nanoparticle 
materials and polymer modifi cation was successfully used to stabilize the dispersion 
of nanoparticles on the electrode surface (Muti et al.  2010 ; Yumak et al.  2011 ; Fang 
et al.  2008 ; Chang et al.  2008 ; Zhang et al.  2008a ,  b ,  2009 ; Yang et al.  2007 ; Sun et al. 
 2010 ; Du et al.  2009 ; Radhakrishnan et al.  2013 ; Wang et al.  2003 ). 

 Hybridization probe biosensors are one of the most crucial improvements in the 
fi eld of gene-related biomolecule detection. These kinds of biosensors most com-
monly rely on the immobilization of an oligonucleotide (ODN) probe onto a trans-
ducer surface for hybridization with its complementary target sequence (Fig.  8.3 ).  

 Muti et al. ( 2010 ) fabricated tin oxide (SnO 2 ) nanoparticles (SNPs)–
poly(vinylferrocenium) (PVF + )-modifi ed single-use graphite electrodes for electro-
chemical  DNA hybridization detection  . SnO 2  is a semiconductor and because of its 
conductive properties, these nanoparticles can be used in several applications (Wang 
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et al.  2003 ; Ansari et al.  2009 ). In their work, they combined the nanoparticles with 
a conducting polymer (redox polymer), PVF + . This polymer shows a simple and 
good electrochemistry because of its ferrocene/ferrocenium groups in its structure. 
PVF + -modifi ed electrodes have been used for the same purpose previously (Kuralay 
et al.  2008 ,  2009 ) and in the presence of SnO 2  nanoparticles more sensitive results 
were obtained. Scanning electron microscopy (SEM) was used to differentiate the 
modifi cations on the pencil graphite electrodes (PGEs), as well as electrochemical 
experiments (Fig.  8.4 ). Electrochemical behaviors of the PGEs were investigated by 
differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy 
(EIS). The change in the guanine oxidation signals was used as the indicator of 
DNA hybridization. Different modifi cations in the probe DNA and probe DNA con-
centration were examined in order to obtain optimum working conditions for 
improving sensitivity and selectivity. After optimization studies, DNA hybridiza-
tion was performed in the case of complementary hepatitis B virus (HBV), mis-
match (MM), and noncomplementary (NC) sequences. The SNP—polymer-modifi ed 
PGE showed high selectivity and specifi city to its complementary DNA in the con-
centration range of 20–140 μg mL −1  with a detection limit of 1.82 μg mL −1 . 

 Zinc oxide (ZnO) nanoparticles (ZNPs) enriched with PVF +  hybrids were used 
for electrochemical nucleic acid hybridization related to HBV by Yumak et al. 
( 2011 ) using PGEs as the electrode materials. ZNPs have different applications 
due to their wide band gap and large excitation energy (Na et al.  2008 ; Sun et al. 
 2009 ). ZNPs (approximately 30 nm) were synthesized by the hydrothermal method 

  Fig. 8.4    Scheme of an electrochemical hybridization biosensor       
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and characterized by X-ray diffraction (XRD), Braun–Emmet–Teller (BET) N 2  
adsorption analysis and transmission electron microscopy (TEM). SEM was used 
to identify different modifi cations on the PGEs. Electrochemical experiments 
included DPV and EIS techniques. The change in the guanine signals was evalu-
ated and used as the indicator of DNA hybridization. Various modifi cations in 
DNA  oligonucleotide types and probe concentrations were examined in order to 
optimize the electrochemical signals. After the optimization studies, the sequence-
selective DNA hybridization was investigated for the cases of a complementary 
amino-acid-linked probe (target), NC sequences, or target and MM mixture in the 
ratio of 1:1. The detection limit was calculated as 11.7 μg mL −1 . 

 Besides this work there have been many attempts in this attractive topic. For 
example, Fang et al. investigated label-free electrochemical detection method for 
DNA–peptide nucleic  acid   (PNA) hybridization using ferrocene-functionalized 
polythiophene transducer and ssPNA probes on a nanogold-modifi ed electrode 
(Fang et al.  2008 ). DNA hybridization using gold nanoparticles based on assembly 
of alternating DNA and poly(dimethyldiallylammonium chloride) multilayer fi lms 
by layer-by-layer electrostatic adsorption has been studied by Chang et al. ( 2008 ). 
DNA hybridization detection was performed by Zhang et al. using ZNPs, multi- 
walled carbon nanotubes (MWCNTs), and chitosan hybrids with methylene blue 
(MB) indicator (Zhang et al.  2008a ,  b ). Electrochemical detection of DNA hybrid-
ization based on carbon nanotubes, nano-zirconium dioxide (ZrO 2 ), and chitosan- 
modifi ed electrodes was studied by Yang et al. ( 2007 ) using glassy carbon electrodes 
(GCEs) with DPV. The detection limit ( S / N  =  3 ) was found to be 75 pM. Sun et al. 
( 2010 ) performed DNA hybridization using nano-V 2 O 5 , MWCNTs, and chitosan 
nanocomposite materials modifi ed  N -hexylpyridinium hexafl uorophosphate carbon 
ionic liquid (CILE) as binder with graphite powder. The electrochemical indicator 
MB was used to monitor the hybridization event with DPV. The detection limit 
( S / N  =  3 ) was found to be 1.76 pM (Sun et al.  2010 ). Cationic poly- L -lysine (pLys) 
and Au–CNT hybrid was used as a DNA hybridization biosensor for detection of the 
phosphinothricin acetyltransferase (PAT) gene with MB indicator (Du et al.  2009 ). 
An electrochemical DNA biosensor based on silver nanoparticles/poly( trans - 3 -(3-
pyridyl) acrylic acid) (PPAA)/MWCNTs-COOH-modifi ed GCEs has been prepared 
by Zhang et al. ( 2009 ). The DNA hybridization was monitored using intercalator 
adriamycin by DPV with a detection limit of 3.2 pM ( S / N  =  3 ). Polypyrrole- poly(3,4-
ethylenedioxythiophene)-Ag (PPy-PEDOT-Ag) nanocomposite fi lms for label-free 
electrochemical DNA sensing were prepared by Radhakrishan et al. ( 2013 ). The 
detection limit was found to be 5.4 fM. 

 This sub-section summarizes the importance of polymer–nanoparticle hybrids, 
mainly in electrochemical DNA hybridization biosensors. A general introduction to 
the topic has been given, then the applications of these biosensors were presented. 
The applications have shown that electrochemical DNA detection provided sensi-
tive, selective, reliable, low-cost methods when combined with polymer–nanopar-
ticle technology. These works will defi nitely be useful for future works in different 
areas including medicine, pharmacy, forensic applications, environmental monitor-
ing, bioterrorism and food applications.   
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8.4      Conclusions   

 The integration of bio-recognition and signal transduction elements has been an 
important area of biosensor research for several decades. However, recent advances 
in the fabrication of nanomaterials have greatly improved their performance. Metallic 
and metal oxide nanoparticles (MNPs), carbon–metal hybrid carrier molecules and 
carbon nanotube (CNT)– or graphene–metallic nanoparticle materials have all 
greatly enhanced the sensitivity, linear sensing range, and limit of detection of elec-
trochemical biosensors. These nanomaterials display a high degree of catalytic activ-
ity, conductivity, and biocompatibility that act in a synergetic manner to improve 
biosensor performance. For example, vast improvements in electrical conductivity 
and catalytic performance have been shown by reducing material size from the bulk 
to the nanoscale. Furthermore, the use of these nanomaterials creates a unique micro-
environment that is well suited for biological stability and biological–inorganic 
interaction, while the use of covalent (e.g., thiol binding, cross- linking) and non-
covalent biofunctionalization schemes with biorecognition agents (peptides, pro-
teins, and nucleic acids) transforms these nanomaterials into highly sensitive probes/
electrodes capable of both in vivo and ex vivo biosensing. Such nanostructured bio-
sensors have demonstrated utility in a wide range of fi elds and applications including 
those associated with health care, environmental monitoring, security surveillance, 
food safety, and biodefense. Thus, we envisage that the combination of hybrid metal-
lic nanoparticles with CNTs, graphene, and organic conjugation will continue to 
improve and transform the fi eld of biosensing for years to come.    
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Chapter 9
Novel Nanobiosensing Using a Focused 
Laser Beam

Hiroyuki Yoshikawa

Abstract  Lasers are very useful in nanobiosensing. The laser beam is spatially 
coherent and can be tightly focused by lenses. Interactions of photons with matter 
in the laser focus enable micro- and nanoscale analyses of a small objective in a 
specific area. In addition, focusing a laser beam induces photochemical reactions 
and optical forces in a sub-micron region of molecular solutions and nanoparticle 
dispersions. These effects of a focused laser beam are utilized for developing rapid, 
sensitive, compact, and low-cost biosensors, which are required for applications in 
point-of-care diagnostics, food safety controls, and environmental monitoring. 
In the first part of this chapter, a biosensing technique is introduced which works by 
simply focusing a single laser beam and detecting its reflection intensity. The poly-
mer nanostructure deposited in a laser focus due to self-catalytic oxidative photopo-
lymerization converts the enzyme reactions of horseradish peroxidase into a 
back-reflected intensity of the focused laser beam. A reliable optical quantification 
of glucose can be performed in a short time on a small sample volume. Another 
biosensing technique based on optical trapping of Ag nanoparticles is effective for 
sensitive biomolecular detection in solution. A focused laser beam immobilizes Ag 
nanoparticles with analyte molecules at a local spot on a polymer substrate. Surface-
enhanced Raman scattering of analyte molecules can be measured by irradiation of 
a visible-light excitation laser beam. Adenine molecules are detected quantitatively 
in a concentration range from 0.01 to 1 μM.

Keywords Glucose • Optical trap • Photopolymerization • Silver nanoparticles •
Surface-enhanced Raman scattering (SERS)
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9.1  �Introduction

Laser technologies have made great contributions to various scientific fields, includ-
ing physics, chemistry, biology, and medical science. Confocal laser scanning 
microscopy reveals the three-dimensional structures of cells and tissues. Flow 
cytometry is used for cell sorting by detecting the light scattering of cells crossing 
the laser beam path. Matrix-assisted laser deposition/ionization (MALDI) technique 
is used in the mass spectroscopy of protein and peptides. Optical and photonic bio-
sensing methods benefit from laser technologies. For example, sensitive biosensors 
based on surface plasmon resonance (SPR), microring resonator, and fluorescence
are realized by using laser light sources (Anker et al. 2008; Ramachandran et al. 
2008; Pickup et al. 2005). Small and cheap laser systems like diode laser (LD) and 
DPSS laser are available nowadays. In addition, the energy of a laser beam can be
localized in a submicrometer spot easily just by focusing with a lens. This is advan-
tageous for increasing the laser power (photon density) and reducing the sample 
volume needed, which is important for the development of highly sensitive and 
compact biosensors. We show that a focused visible-light laser beam induces 
characteristic nanostructure formation due to the oxidative polymerization of  
o-phenylenediamine molecules at its focus (Yoshikawa et al. 2012). This phenomenon 
is applied to the detection of horseradish peroxidase enzyme reactions, which has 
conventionally been detected by optical absorption due to chromogenic reactions.

A focused laser beam can exert physical force to trap micro- and nanoparticles in 
the laser focus. This is called optical tweezers or optical trapping. Nanoparticles 
whose diameter is much less than the laser wavelength can be trapped as a group in 
the laser focus and their aggregates formed (Hosokawa et al. 2005; Yoshikawa et al. 
2004; Tanaka et al. 2009). We utilize the aggregation of Ag nanoparticles in an opti-
cal trap to analyze molecules adsorbed on the aggregates based on surface-enhanced 
Raman scattering (SERS) spectroscopy. Raman spectroscopy is one of the dominant 
methods of molecular identification, because the Raman scattering spectrum gives 
structural and conformational information of molecules without any pretreatment. 
Thus, this technique is applicable to label-free biomolecular sensing and analysis in 
a small region of microfluidic chip devices.

9.2  �Single Beam Optical Biosensors with Enzyme Reactions

Most sensitive optical biosensors require spectroscopy to quantitatively analyze 
optical signals such as optical absorption, fluorescence, and Raman scattering. The 
size and cost of optical biosensors can be reduced to only a limited extent owing to 
the fact that the detection of optical signals necessarily requires optical components 
or instruments for spectroscopy such as a spectrometer, multichannel detector, or 
optical filters. On the other hand, detection of reflected light is quite simple. A part
of the light incident on the interface between media with different refractive indices 
reflects back in the incident medium. Normal incident light reflects back in the 
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opposite direction to the incident angle, and so goes back to the light source. 
Detection of this “back-reflection” is used to read pit marks recorded on optical 
discs like CDs and DVDs. We focus on the fact that the optical pickup unit of optical 
storage drives is compact and cheap, because it just detects the back-reflection 
intensity of a laser beam focused on an optical disk (Fig. 9.1), so biosensing in a 
manner similar to the optical pickup unit is ideal for point-of-care testing devices.

Horseradish peroxidase (HRP) catalyzes a reaction in which hydrogen peroxide
oxidizes organic and inorganic compounds (Veitch 2004). Chromogenic substrates 
such as tetramethylbenzidine (TMB), Amplex Red, and o-phenylenediamine are 
converted into colored products by HRP catalytic reactions, yielding a characteristic
color change that is detectable by spectroscopic methods. Such HRP reactions are
used in reagents for enzyme assays and immunoassays. For example, hydrogen per-
oxide produced by a glucose oxidase reaction can be quantified by a HRP chromo-
genic reaction. An antibody conjugated to HRP is used to detect a small amount of a
specific protein in immunoassays like Western blotting and ELISA. The HRP-labeled
antibody or antigen is used to detect the protein of interest, because it produces a 
detectable color change in the presence of a substrate (Voller et al. 1978). HRP is
widely used for biosensing applications because it is small, stable, and inexpensive.

We propose a method of detecting HRP enzyme reactions based on the measure-
ment of the back-reflection intensity of the focused laser beam by using the self-
catalytic oxidative photopolymerization (SCOPP) of o-phenylenediamine (o-PD).
This discussion is based on our recent work (Yoshikawa et al. 2012). The mechanism 
of SCOPP of o-PD is schematically explained in Fig. 9.2. o-PD molecules form
dimers (diaminophenazine) due to oxidative polymerization. When a visible-light 
laser beam is focused in the o-PD solution including a small amount of dimers, o-PD
molecules are oxidatively polymerized by radical oxygen species produced by pho-
toabsorption of dimers. The polymerized products (dimer, oligomer, polymer) also 
absorb the laser beam, so that the oxidative polymerization proceeds in a self-catalytic 
way in the laser focus. As a result, a nanostructure of polymer aggregates is formed 

Fig. 9.1  Schematic illustrate of an optical pickup unit used in CD/DVD recorders and players
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in the laser focus. The size and the formation speed of the nanostructure are strongly 
dependent on the original concentration of dimers. Therefore, the dimer concentra-
tion included in the original solution can be detected quantitatively by measuring the 
change in the nanostructure size.

Generally, such nanostructures are evaluated by atomic force microscopy (AFM) 
or scanning electron microscopy (SEM). However, it is very hard to find the nano-
structure formed in the laser focus on a glass substrate, like finding a sesame seed in 
a tennis court. Fortunately, we do not need to do such laborious work with expensive 
equipment. The back-reflection of the focused laser beam brings information on the 
nanostructure size. Figure  9.3 shows the temporal change in the back-reflection 
intensity of the focused laser beam. The o-PD solution including a small amount of
dimers is placed on the glass substrate and the laser is focused at the glass–solution 
interface. The intensity shows increases and decreases, i.e. clear oscillations. 

Fig. 9.2  Schematic diagram of self-catalytic oxidative photopolymerization of o-phenylenediamine 
(o-PD)

Fig. 9.3  Back-reflected intensity of the focused laser beam and height of the nanostructure plotted 
as a function of the laser irradiation time
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To  investigate the reason for this oscillation, aggregates deposited with different 
laser irradiation times were measured by AFM. It was found that the height of the 
aggregate increases monotonicly with the laser irradiation time, whereas the back-
reflection intensity fluctuates. The back-reflection intensity reaches a maximum 
when the height of the aggregate is ~80 nm and a minimum at a height of ~180 nm. 
The relationship between the back-reflection intensity and the height of the aggre-
gate suggests a mechanism based on the interference.

Figure 9.4 shows the temporal change in the back-reflection intensity at different 
dimer concentrations. A higher concentration of dimer gives a higher rhythm and 

Fig. 9.4  (a) Temporal variations in the back-reflected light at different dimer (diaminophenazyne) 
concentrations. (b) Peak times of temporal variation curves vs. dimer concentrations
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peak of oscillation, demonstrating that the growth speed of the aggregate increases 
with the dimer concentration. It should be noted that the nanoscale growth of the 
aggregate can be measured in real time by such a simple approach based on the opti-
cal interference. This laser-induced reaction realizes single-beam biosensing of the 
HRP reaction as follows.

Glucose oxidase (GOD) is a popular enzyme which oxidizes β-d-glucose to 
d-glucono-δ-lactone. Because hydrogen peroxide is produced as a result of the glu-
cose oxidation, the glucose concentration can be quantified by detecting the concen-
tration of hydrogen peroxide. The oxidative polymerization of o-PD catalyzed by
HRP produces dimers, whose concentration is proportional to that of hydrogen per-
oxidase. Therefore the glucose concentration can be quantified by the amount of 
produced dimer, which is reflected in the temporal change in the back-reflected inten-
sity of a focused laser beam. An o-PD solution (1 mM) including a small amount of
dimers was prepared to have an absorbance of ~0.08 at 450 nm. 20 μL of glucose 
solution (0.001–1 mM) was added to the same amount of the enzyme solution, which 
was prepared by dissolving GOD and HRP in the citrate buffer. After incubation for
1 min, 20 μL of the above o-PD solution was mixed into it. 20 μL of the mixed solu-
tion was placed on a glass plate, and the laser beam was focused at the solution–glass 
interface. As shown in Fig. 9.5, the temporal variations in the back-reflected laser 
intensity obviously depended on the glucose concentration. The peak time of each 
curve was plotted as a function of the glucose concentration in Fig. 9.5b, demonstrat-
ing that the glucose concentrations are quantitatively determined in the range between 
1 mM and 100 nM from the peak times (Yoshikawa et al. 2012). In the conventional 
approach, the light absorption produced by o-PD dimers is used to determine the
substrate concentration. The sensitivity of our method is quite high compared with 
that of other glucose biosensors in previous reports. In addition, the total measure-
ment is carried out in a short time compared with other methods, which require lon-
ger incubation time, background calibration, and baseline measurement.

9.3  �SERS Detection of Biomolecules with Optical  
Trapping of Ag Nanoparticles

Spectroscopy combined with optical trapping is a powerful technique for investigat-
ing micro- and nanomaterials dispersed in solution. Particles trapped at the focal
spot of a laser beam can be analyzed by various spectroscopic methods. In particu-
lar, Raman scattering spectroscopy provides molecular information on optically 
trapped materials (Lankers et al. 1994; Houlne et al. 2002; Xie et al. 2005; Tsuboi 
et al. 2005; Creely et al. 2005). The exceedingly weak Raman signal can be greatly 
enhanced on noble metallic nanostructures. This phenomenon is called surface-
enhanced Raman scattering (SERS) (Fleischm et al. 1974; Kneipp et al. 1996; Nie 
and Emery 1997; Michaels et al. 1999). Recently, SERS spectroscopy with the opti-
cal trapping technique has attracted considerable attention (McNay et  al. 2004; 
Svedberg and Kall 2006; Itoh et al. 2006; Yoshikawa et al. 2007).
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The potential depth U of the optical trap is proportional to the polarizability α:
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where E is the electric field of a laser beam. In the case of a colloidal system, the 
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Fig. 9.5  Demonstration of enzymatic glucose sensing. (a) Temporal variations in the back-
reflected light at different glucose concentrations. (b) Peak times of temporal variation curves vs.
glucose concentrations
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where c is the concentration before laser irradiation (or apart from the focal spot),  
k is the Bolzmann constant, and T is temperature. Colloidal particles gathered in  
the laser focus have many chances to make aggregates due to the high concentration. 
It is known that the electromagnetic field of the irradiated light is strongly enhanced 
at nanometer-scale gaps formed in the aggregate of silver nanoparticles when the 
light wavelength matches the resonance wavelength of surface plasmon. Such a 
localized site where enhancement of the electromagnetic field occurs is called a 
“hot spot”. SERS is attributed to the Raman scattering of molecules adsorbed at hot 
spots. Therefore, we can expect that aggregates of Ag nanoparticles are formed and 
SERS is induced by focusing a laser beam in the silver colloid.

Both the enhancement factor of SERS and the optical trap force depend on the 
size, shape, and aggregate structure of the Ag nanoparticles. Because the trap force 
(gradient force) is proportional to the polarizability of a particle, a large particle 
experiences a strong trap (Bowman and Padgett 2013). However, large Ag particles 
and their aggregates strongly scatter the light, producing an optical radiation pres-
sure toward the propagation direction of the laser beam. Thus there are suitable 
sizes and shapes of Ag nanoparticles for optical trapping. Synthesis methods for 
preparing Ag nanoparticles with controlled size and shape have been developed by 
some researchers (Jana et al. 2001; Potara et al. 2011; Wang et al. 2013).

Polymer or surfactant molecules used in some preparation methods adsorb on the
surface of Ag nanoparticles and prevent the adsorption of analyte molecules. 
Because this situation causes the interference signal due to SERS of surfactant mol-
ecules, the surfactant-free synthesis of nanoparticles is an important issue in SERS 
application (Bao et al. 2013). We prepared Ag nanoparticles suitable for SERS mea-
surement and optical trapping by an original synthesis method without surfactant. 
Figure 9.6 shows SEM images and absorption spectra of Ag colloids prepared by 
conventional chemical reduction and our original methods. A typical Ag colloid 
whose average diameter is ~20 nm has an absorption peak at ~390 nm in water 
(Fig.  9.6b). This peak is attributed to the localized surface plasmon resonance 
(LSPR). On the other hand, our Ag colloid has two distinct peaks (Fig. 9.6d), indi-
cating the anisotropic shape of the particles. Ag particles with triangular shape are 
included in the colloidal solution as shown in a SEM image (Fig. 9.6c).

We evaluate SERS measurement of molecules adsorbed on Ag nanoparticle 
aggregates by using optical trapping. The procedure is illustrated schematically in 
Fig. 9.7. Ag colloid is mixed with the target molecule, adenine. Adenine has been 
used in much research on SERS, because SERS-based analysis is expected to have 
potential in label-free sequencing of DNA/RNA (Feng et al. 2009; Papadopoulou and
Bell 2010). The mixed solution is added to a sample plate with a small chamber fab-
ricated by an acrylic plate, a cover glass, and silicon rubber spacers. The sample plate 
is set on an inverted microscope and an infrared laser beam (wavelength: 1,064 nm) 
is focused in the colloidal solution via an objective lens (100×, N.A. 1.3). The opti-
cally trapped Ag nanoparticles are contacted on an acrylic top plate by approaching 
the focal spot to the plate with a stage control (Fig. 9.7a, b). Figure 9.8a, b shows 
optical and emission images of an acrylic plate surface after the immobilization of Ag 
nanoparticles at five positions. Clear SERS spectra of adenine from immobilized 
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Fig. 9.6  (a, c) SEM images and (b, d) absorption spectra of silver colloidal particles prepared by 
(a, b) citrate and tannic acid reduction and (c, d) our original method

Fig. 9.7  Schematic procedure of the immobilization of SERS-active aggregates of Ag nanoparti-
cles with analyte molecules
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spots were obtained as shown in Fig. 9.8c–e. We plotted the peak intensity of the ring 
breathing mode (735 cm−1) at each adenine concentration in Fig. 9.8f. Ag colloid 
prepared by the original synthesis method gives a good result (high sensitivity and 
reproducibility) as compared to the normal method. Clear concentration dependence 
of the SERS intensity suggests that this method is applicable to the quantitative anal-
ysis of various molecules. The sample volume needed can be less than a nanoliter, 
making this method suitable for biomolecular analysis in the microflow chip. Further 
study to seek applicable target molecules is necessary to enhance generality.

9.4  �Conclusion

In this chapter, novel nanobiosensing methods using focused laser beams are intro-
duced. We found a characteristic modulation of the back-reflected laser intensity 
induced by focusing a laser beam on an o-PD solution, and applied this phenome-
non to enzymatic glucose detection. A reliable optical quantification of glucose can 
be performed in a short time (~2 min including incubation) with a small sample 
volume (<20 μL). Because enzyme reactions using HRP are widely used for bio-
sensing applications, particularly in enzyme-linked immunosorbent assays 
(ELISAs), this technique should also be applicable to various biomolecules. In 
addition, the sensing system can be constructed by using simple components with-
out requiring any complex optics and expensive spectroscopic detectors. Laser 
focusing and back-reflection detection are simple techniques that are even per-
formed by the read/write heads, called optical (or laser) pickups, of optical storage 
drives. We also introduced another sensing method using a focused laser beam to 
quantify and identify biomolecules with high sensitivity based on surface-enhanced 

Fig. 9.8  (a, b) Bright-field and emission images of immobilized aggregates of Ag nanoparticles. 
(c–e) SERS spectra of Ag aggregates immobilized with different concentrations of adenine. (f) 
Concentration dependence of the peak intensity of ring breathing mode
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Raman spectroscopy. A focused laser beam produces a sub-micrometer sensing spot 
of Ag nanoparticles and immobilizes analyte molecules on it due to optical force. 
It is common sense in biosensing research that a sensing spot to convert biomolecu-
lar interactions into detectable signals is fabricated and then the analyte or biorecep-
tor is immobilized on it. The SERS analysis with optical trapping provides an 
innovative way of fabricating the sensing spot and immobilizing molecules at the 
same time. We hope that various biosensing devices based on this new design and 
concept are realized by technologies using focused laser beams.
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Chapter 10
Semiconductor Quantum Dots and Energy 
Transfer for Optical Sensing and Bioanalysis: 
Principles

Miao Wu and W. Russ Algar

Abstract  Semiconductor quantum dots (QDs) are very promising materials for 
optical sensing and bioanalysis. This chapter serves as a primer for Chap. 11, which 
focuses on bioanalysis, by describing QD materials and their unique and highly 
advantageous properties with respect to photoluminescence spectroscopy, imaging, 
and energy transfer. These properties include, among others, broad and strong light 
absorption with spectrally narrow and tunable luminescence—a combination ideal 
for optical multiplexing. The interfacial chemistry and bioconjugation of QDs are 
then described, as these topics are critical considerations for designing sensors and 
bioanalysis methods. Energy transfer mechanisms including Förster resonance 
energy transfer (FRET), bioluminescence and chemiluminescence resonance 
energy transfer (BRET and CRET), nanosurface energy transfer (NSET), and 
charge transfer are reviewed with discussion of the advantages and disadvantages of 
QDs in the role of donor or acceptor. The importance and utility of these concepts 
are then illustrated in the context of specific examples of optical sensing and 
bioanalysis in the next chapter.

Keywords Assays • Biosensing • Charge transfer • Quantum dot • Resonance
energy transfer

10.1  �Introduction

As this book attests, nanomaterials have had a substantial impact on the field of 
biosensing and bioanalysis. Of the many different nanomaterials that have been 
investigated for such applications, brightly luminescent colloidal semiconductor 
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nanocrystals, called quantum dots (QDs), are among the most promising. The inten-
tion of this chapter and Chap. 11 is to provide an introduction to the properties of 
QDs that make them advantageous for biosensing and bioanalysis, and, in particu-
lar, illustrate how QDs can be combined with different mechanisms of energy trans-
fer for a wide variety of bioanalytical applications. There has been widespread 
interest in such approaches and numerous developments have been reported in the 
scientific literature. Here, we first discuss the unique optical properties of QDs, the 
fundamental chemistry needed to render QDs biofunctional, and the essential 
concepts for dipole–dipole energy transfer and charge transfer with QDs.

10.2  �Quantum Dots

10.2.1  �Materials and Optical Properties

QDs are colloidal semiconductor nanocrystals that are typically between 2 and 
10 nm in diameter (Chan et al. 2002; Medintz et al. 2005; Michalet et al. 2005). 
They comprise hundreds to thousands to tens of thousands of atoms arranged in 
a  periodic lattice analogous to the corresponding bulk crystalline material 
(see Fig. 10.1). The size and material of this core nanocrystal are responsible for the 
optical properties of the QD, which arise through quantum confinement (Alivisatos 
1996). When bulk semiconductors absorb light, the photon energy is used to gener-
ate an exciton via promotion of an electron across the band gap, from the valence 
band to the conduction band. The same process occurs in QDs with the distinction 
that, as the particle size becomes comparable to the Bohr exciton radius for the 
material, the band gap energy becomes dependent on the size of the core nanocrys-
tal (Nirmal and Brus 1999). As the nanocrystal size decreases, the band gap energy 
increases. Changes in the band gap energy result in changes in wavelengths of light 
absorbed and emitted by the QD (see Fig. 10.2).

Fig. 10.1  High-resolution TEM images of CdSe/ZnS QDs. Images courtesy of Dr. Eunkeu Oh and 
Dr. Vaibhav Jain, U.S. Naval Research Laboratory. Copyright 2013 Eunkeu Oh and Vaibhav Jain

M. Wu and W.R. Algar

http://dx.doi.org/10.1007/978-4-431-55190-4_11


181

Many highly advantageous optical properties arise from the nanoscale size of 
QDs (Algar et al. 2011b). For example, many QD materials exhibit bright visible 
and near-infrared photoluminescence (PL) that results from radiative recombination 
of the exciton across the quantum confined bandgap. This bright PL is a conse-
quence of strong, broad absorption spectra and quantum yields that are comparable 
to common fluorescent dyes. QDs frequently have molar absorption coefficients in 
the range of 104–107 M−1 cm−1 (cf. 104–105 for organic dyes) with the lowest values 
at the absorption edge (i.e., the band gap energy) and increasing at shorter wave-
lengths of light. The two-photon absorption cross-sections of QDs (103–104 GM; 
1 GM = 10−50 cm4 s photon−1) also tend to be much larger than those of organic dyes 
(101–102 GM). QD PL is spectrally narrow, with full-width-at-half-maxima typi-
cally in the range of 25–35 nm for relatively monodisperse samples, and its spectral 
peak position can be tuned through control of nanocrystal size and composition 
(see Fig. 10.3), shape, and structure. This chapter is mainly concerned with tuning 

Fig. 10.2  (a) Correlation 
between core size and 
emission color (shown as 
both a photograph under  
UV light and PL emission 
spectra) for CdSe QDs.  
(b) Qualitative energy level 
diagram for CdSe QDs of 
different size, illustrating  
the effect of quantum 
confinement on transitions 
for absorption (Abs.) and 
emission (Em.) from 
recombination of the electron 
(e−) and hole (h+) across the 
band gap (Eg). Reprinted with 
permission from Algar et al. 
(2011b). Copyright 2011 
American Chemical Society
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PL through the size and composition of the QD nanocrystal, as these approaches are 
most widely used (and commercially available) for optical sensing and bioanalysis. 
Other interesting optical properties of QDs include their longer excited state life-
times (101–102  ns) than most conventional organic fluorophores (<10  ns), their 
resistance to photobleaching, their potential for photobrightening and photodarken-
ing, and, at the single particle level, their propensity for PL intermittency  
(i.e., blinking) (Lee and Osborne 2009; Algar et al. 2011b).

The most widely utilized QD material for bioanalysis and bioimaging applica-
tions is CdSe/ZnS with a core/shell structure (see Fig. 10.4) (Petryayeva et al. 2013). 
This material provides narrow PL across the visible spectrum as the core nanocrys-
tal size varies between approximately 2 and 6 nm (Medintz et al. 2005). Methods for 
synthesizing high-quality, crystalline, and monodisperse CdSe cores are well 
known, and further growth of a thin (typically ≤1 nm) ZnS shell around the CdSe 
core is able to protect and enhance the optical properties of the latter. ZnS is, in turn, 
the most widely utilized shell material because of its adequate structural compatibil-
ity with common core materials and its relatively large band gap energy (Smith and 
Nie 2010). The structural compatibility helps passivate surface trap states that 
decrease the quantum yield of the core nanocrytal and the larger band gap energy 
helps confine a photogenerated exciton to the core nanocrystal, minimizing leakage 
of the exciton wavefunction into the surrounding environment (Smith and Nie 
2010). In addition to CdSe, other common core materials include semiconductors 
such as CdS, CdTe, PbS, PbSe, InAs, InP, ZnO, and Si, among several others 
(Michalet et al. 2005; Algar et al. 2011b; Medintz et al. 2005). Alloyed core materi-
als such as CdSexS1 − x and CdSexTe1 − x are also utilized (Swafford et al. 2006), as are 
QD materials such as ZnS or ZnSe doped with manganese (albeit that these QDs 
emit via dopant phosphorescence) (Norris et al. 2001). The core nanocrystal com-
position determines the spectral range over which PL can be tuned through changes 
in nanocrystal size, and the PL from alloyed QDs can also be tuned through changes 
in composition.

Shell materials are less diverse than core materials, with CdS and ZnSe being the 
most common alternatives to ZnS.  In addition to core/shell structures where the 
shell material has a larger band gap energy than the core material (a type-I configu-
ration), core/shell structures with different band alignments can be synthesized with 

Fig. 10.3  Approximate size-tunable emission ranges for various QD materials. Reprinted with per-
mission from Macmillan Publishers Ltd: Nature Materials (Medintz et al. 2005). Copyright 2005
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different effects on QD PL (Petryayeva et al. 2013). However, the photophysical 
properties of such varieties of QDs (non-type-I) tend to better suited to photovoltaic 
applications than bioanalysis. Core/shell/shell QDs and core/gradient shell QDs  
(a smooth, rather than abrupt transition between core and shell material) can be syn-
thesized with potentially superior optical properties to core/shell QDs (Talapin et al. 
2004; Chen et al. 2008), but are currently less utilized in bioanalysis applications.

The physical and optical properties of QDs offer several potential advantages for 
optical sensing and bioanalysis. The excellent photostability of high-quality QDs 
permits measurements over extended periods of time, and their high brightness can 
provide a sensitivity advantage, which can be further augmented by a reduction in 
background from the large effective Stokes shift (i.e., the difference between the 
excitation wavelength and emission wavelength, see Fig. 10.5). In addition, the abil-
ity to continuously tune PL emission over a wide range using a common material 
and synthetic procedure (see below) allows optimization with, for example, avail-
able bandpass filters. Synergistically, the broad absorption of QDs permits efficient 
excitation with a wide variety of sources and wavelengths. QDs also provide several 
technical advantages for multiplexed bioanalysis: multiple colors of QD can be 

Fig. 10.4  Illustration of the essential elements of interfacial chemistry for making QD biofunc-
tional. A core/shell QD (e.g., CdSe/ZnS) is either encapsulated in an amphiphilic polymer (i–ii) or 
modified with various hydrophilic, bifunctional ligands (iii–v). Biomolecules of interest (BOI) are 
then conjugated to the QD using affinity interactions (vi–vii) or covalent coupling (viii–xi). 
Representative examples of chemistries are shown, but many others have been utilized. Not drawn 
to scale. Reprinted with permission from Petryayeva et  al. (2013). Copyright 2013 Society for 
Applied Spectroscopy
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excited using a common excitation wavelength, and the narrow, symmetric, and 
tunable emission profiles help maximize resolution and, when necessary, facilitate 
deconvolution of more signals in a given spectral range than is typically possible 
with the broader, red-tailed emission of fluorescent dyes. Another potential advan-
tage of QDs that should not be overlooked is their high surface area-to-volume ratio. 
QDs are small enough to enter cells and tissues while providing an interface that can 
be chemically tailored and biofunctionalized. Whereas the modification of fluores-
cent dyes is frequently restricted to the addition of a reactive group for conjugation 
to a biomolecule of interest, QDs can be modified with diverse functional coatings 
and can be conjugated with multiple copies of a particular biomolecule or even 
multiple copies of different biomolecules.

10.2.2  �Synthesis

Colloidal QDs, synthesized from the bottom up, were first reported in 1983 by Brus 
and coworkers (Rossetti et al. 1983). These QDs were prepared through an aqueous 
method but were of very low quality. Although QDs synthesized through aqueous 
routes have been occasionally utilized for bioanalysis applications, the quality 
of these QD remains relatively poor with low quantum yields and broad size distri-
butions leading to broad PL spectral widths. A possible exception is CdTe QDs 
synthesized in aqueous media, which can have good brightness, but are not as 
monodisperse as QDs synthesized through other methods (Rogach et al. 2007). The 
breakthrough in the synthesis of high-quality, monodisperse QDs with bright PL 
came with the development of methods that relied on the injection of organic metal-
lic precursors into hot coordinating solvents (Steigerwald et al. 1988; Murray et al. 
1993), and the ability to synthesize core/shell QDs using these methods (Hines and 
Guyot-Sionnest 1996; Dabbousi et  al. 1997). Other major advances were the 

Fig. 10.5  Normalized 
absorption (dashed lines) and 
emission spectra (solid lines) 
for various compositions of 
CdSeS/ZnS QD, each 
approximately the same size. 
The spectra for CdSe/ZnS 
QDs of different sizes are 
qualitatively similar
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modification of these methods to use more benign and less volatile precursors than 
the original reports (Li et al. 2003; Peng and Peng 2001; Qu et al. 2001), and the 
elucidation of the important role of impurities in technical grade solvents to achieve 
greater control and reproducibility in synthetic reactions. Consequently, non-
coordinating solvents such as octadecene can now be used for the synthesis of high-
quality QDs (Yu and Peng 2002; Bullen and Mulvaney 2004). The details of the 
above synthetic methods are beyond the scope of this chapter; however, interested 
readers can find more information in several published reviews (Mattoussi et  al. 
2012; Samokhvalov et al. 2013; Sowers et al. 2013). For the purposes of this chap-
ter, the key point is that high-quality, monodisperse, and bright QDs are prepared in 
hydrophobic media and are stabilized with ligands such as alkyl amines, fatty acids, 
and alkyl phosphonic acids, phosphines, or phosphine oxides. As-synthesized QDs 
capped thusly are dispersible in organic solvents such as decane, toluene, and chlo-
roform, but aggregate in aqueous or other polar media, and are therefore not suitable 
for bioanalysis applications without additional functionalization.

10.2.3  �Interfacial Chemistry

Given that high-quality semiconductor QDs are synthesized in organic solvents and 
are not compatible with aqueous solution, the unique properties of QDs did not 
attract widespread interest for biological applications until 1998 when Chan and 
Nie and Bruchez et al. reported methods for rendering high-quality core/shell QDs 
water-soluble and biofunctional through interfacial chemistry (Chan and Nie 1998; 
Bruchez et al. 1998). In the context of developing energy transfer-based probes for 
bioanalysis, the ideal criteria for such QD coatings include: (1) high affinity for the 
QD; (2) the ability to provide long-term colloidal stability under biologically rele-
vant conditions; (3) capacity for bioconjugation; (4) minimal thickness; and (5) 
resistance to the non-specific adsorption of biomolecules (Algar et al. 2011b). Other 
ideal criteria may be important in other applications with QDs, but are generally 
similar to the criteria above.

The two most established methods for coating QDs are encapsulation with 
amphiphilic polymers and ligand exchange with bifunctional molecules (see 
Fig.  10.4) (Petryayeva et  al. 2013; Zhang and Clapp 2011; Resch-Genger et  al. 
2008). The first example of ligand exchange was the replacement of hydrophobic 
phosphine (oxide) ligands on as-synthesized CdSe/ZnS QDs with mercaptoacetic 
acid (MAA) (Chan and Nie 1998). This process was driven by mass action and the 
high affinity of the thiol group for the inorganic surface of the QDs. The carboxylate 
group afforded stable colloidal dispersion in aqueous solution and provided a 
functional group for bioconjugation with protein. Unfortunately, the stability of 
QDs coated with thioalkyl acids is limited to basic pH and low ionic strength. These 
ligands may also gradually desorb from the surface of the QD, although this effect 
can be largely mitigated with bidentate thiol ligands such as dihydrolipoic acid 
(DHLA) (Mattoussi et al. 2000). The limitations of electrostatic stabilization can be 
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overcome by the use of poly(ethylene glycol) (PEG) or zwitterionic derivatives, 
which provide colloidal stability over a much broader range of ionic strength and 
pH, and better resist the non-specific adsorption of biomolecules (Zhang and Clapp 
2011; Algar et al. 2011b). A significant advantage of ligand coatings is their com-
pact size, which permits QDs and fluorescent dyes or other optically active materi-
als to be tethered in close proximity, increasing the efficiency of energy transfer (see 
below). A drawback of this approach is that QDs tend to have a diminished quantum 
yield after ligand exchange and transfer to aqueous media. In contrast, encapsula-
tion of as-synthesized QDs within an amphiphilic polymer coating better retains the 
quantum yield from the initial synthesis, albeit at the expense of a much larger size 
(Smith et al. 2006). Amphiphilic polymers are characterized by a mixture of pen-
dant alkyl chains and pendant hydrophilic groups such as carboxylic acids and PEG 
chains. The alkyl chains interdigitate with the hydrophobic ligands on the surface of 
the QD from synthesis (Mattoussi et  al. 2012; Algar et  al. 2011b). Amphiphilic 
polymer coatings are somewhat less frequently used than ligand coatings for energy 
transfer-based bioanalyses with QDs, but are the underlying layer in commercially 
available streptavidin-coated QDs. Hybrid coatings that comprise a polymer back-
bone with pendant hydrophilic groups and pendant groups that coordinate to the 
inorganic interface of the QDs have also been developed (Liu et al. 2010; Yildiz 
et al. 2010). These coatings are more compact than amphiphilic polymers.

In addition to aqueous compatibility, bioconjugate chemistry is needed to render 
QDs biofunctional through the attachment of antibodies, enzymes, other proteins, 
peptides, oligonucleotides, aptamers, and many other biomolecular probes (Algar 
et al. 2011a). The most common bioconjugate methods can generally be categorized 
as either covalent coupling or self-assembly (see Fig.  10.4). Covalent coupling 
involves the formation of new chemical bonds between the coating on the QD and 
the biomolecule(s) of interest. Such reactions generally target amine, carboxyl, and 
thiol groups on the target biomolecule and the coating of the QD via carbodiimide 
activation, succinimidyl esters, maleimides, and homo- or hetero-bifunctional 
cross-linkers based on these reactive groups. Other reactions, such as chemoselec-
tive ligations (Blanco-Canosa et al. 2010), azide-alkyne “click” chemistry (Bernardin 
et  al. 2010), tetrazine-based cycloadditions (Han et  al. 2010), and other bio-
orthogonal reactions are also gaining popularity (Algar et al. 2011a).

Self-assembly methods rely on non-covalent interactions such as the formation of 
dative bonds or biological complexes. Examples of the former include the ability  
of thiol- and polyhistidine-terminated linkers to coordinate to the inorganic surface 
of QDs (Blanco-Canosa et al. 2013). For this interaction to occur, the linker must be 
able to penetrate the coating of the QD. In practice, peptides and oligonucleotides 
with these modifications can bind to QDs with a wide array of ligand coatings; how-
ever, proteins, while able to bind to DHLA-coated QDs, may not be able to bind to 
QDs coated with bulkier PEG-appended DHLA ligands without a sufficiently long, 
engineered linker (Boeneman et al. 2013). Polymer coatings do not generally support 
self-assembly to the QD surface, but can support the self-assembly of polyhistidine-
appended biomolecules to pendant Ni2+-nitrilotriacetic acid (Ni-NTA) groups. 
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Carboxylated polymer coatings can directly coordinate Ni2+ for the same purpose 
(Yao et al. 2007). Bulky ligands can also be terminated with Ni-NTA to permit self-
assembly (Susumu et al. 2010), although mixed modes of binding to the QD may 
exist (Dennis et al. 2010). Perhaps the most common bioconjugation strategy is the 
spontaneous binding of biotinylated biomolecules with commercial streptavidin-
coated QDs. Biotin–streptavidin is one of the strongest known non-covalent interac-
tions (Green 1990) and biotinylated biomolecules are very widely available.

Important considerations for bioconjugate chemistry include the degree of con-
trol over the number of conjugated biomolecules per QD, the orientation of those 
biomolecules, the retention of their biological activity, the stability of the linkage, 
the mildness of the reaction conditions, the kinetics and yield of the coupling reac-
tion, the propensity for competing reactions (e.g., hydrolysis) and undesirable 
cross-linking, and compatibility with other bioconjugate chemistries (Algar et al. 
2011a). In general, QDs are a polyvalent interface and the final ensemble of conju-
gated QDs will generally exhibit a Poisson distribution in the number of biomole-
cules per QD. The bioconjugate chemistry selected for the preparation of QD probes 
can have a significant impact on the analytical figures ultimately achieved.

10.3  �Energy Transfer Mechanisms

10.3.1  �Förster Resonance Energy Transfer

Förster (or fluorescence) resonance energy transfer (FRET) is a non-radiative, 
through-space energy transfer mechanism that is mediated by dipole–dipole interac-
tions between an excited state donor fluorophore and a ground state acceptor chro-
mophore. FRET is one of the most versatile fluorescence techniques available, and is 
particularly prominent in the study of biochemical and biophysical systems. Several 
excellent books and reviews have been written on the topic of FRET (Valeur 2001; 
Roy et al. 2008; Cheung 1991; Jares-Erijman and Jovin 2003; Sahoo 2011; Van der 
Meer 2013; Lakowicz 2006). Here, we provide only a basic introduction that is suit-
able for understanding the utility of FRET in biosensing and bioanalyses with QDs.

For a donor–acceptor pair separated by a distance, r, the rate of FRET between a 
donor fluorophore and an acceptor chromophore, kFRET, is given by Eq. (10.1), where 
τD = (kr + knr)−1 is the inverse decay rate of the donor, kr is the radiative decay rate, knr 
is the non-radiative decay rate, R0 is the Förster distance (see below), ΦD is the quan-
tum yield of the donor, κ2 is the orientation factor, J(λ) is the spectral overlap 
integral, NA is Avogadro’s number, and n is the refractive index of the medium 
between the donor and the acceptor.
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The spectral overlap integral is defined by Eq. (10.2), where ID(λ) is the wavelength-
dependent emission intensity of the donor, εA(λ) is the wavelength-dependent 
absorption coefficient of the acceptor, and λ is the wavelength.
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The efficiency of energy transfer is given by Eq. (10.3), where it is seen that R0 is 
the distance between donor and acceptor that corresponds to kFRET = τD

−1. By defini-
tion, the FRET efficiency is 50 % when r = R0.
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Since the rate of FRET decreases as the inverse-sixth power of the distance between 
the donor and the acceptor, energy transfer is only appreciable between approxi-
mately r = 0.5R0 and r = 1.5R0. Förster distances for typical donor–acceptor pairs are 
in the range of ca. 3–6 nm, making FRET an excellent tool for studying processes 
on the size scale of biomolecules and many nanoparticles. This scaling, combined 
with the fast, sensitive, and non-invasive nature of fluorescence measurements, 
makes FRET ideal for monitoring dynamic biological processes at the ensemble 
and single-molecule levels (Sahoo 2011).

Experimentally, FRET efficiency E is most commonly measured from quenching 
of the donor emission intensity or lifetime, Eq. (10.4), where I is an emission intensity, 
τ is an emission lifetime, D is a subscript denoting a donor-only reference state, and 
DA is a subscript denoting a donor quantity measured in the presence of acceptor.
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Alternatively, FRET efficiency can be measured from the relative amounts of 
quenched donor emission, IDA, and FRET-induced acceptor emission, IAD, Eq. 
(10.5), where IA is acceptor emission from direct optical excitation, and Φ is a quan-
tum yield. In many studies, the ratio IAD/IDA is used as a semi-quantitative measure 
of the amount of FRET without explicit calculation of the FRET efficiency.
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QDs are highly advantageous as both donors and acceptors in FRET pairs for many 
reasons (Algar et  al. 2010, 2013; Medintz and Mattoussi 2009). As donors, the 
broad absorption spectrum of QDs affords a wide range of possible excitation wave-
lengths, permitting straightforward selection of a wavelength that minimizes direct 
excitation of the acceptor while still efficiently exciting the QD donor and providing 
a large effective Stokes shift. The photostability of QDs is also advantageous for 
monitoring FRET over time. Furthermore, the narrow, tunable PL emission from 
QDs permits maximization of the spectral overlap integral, J(λ), without 
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introducing problematic emission crosstalk. The minimal crosstalk makes ratiomet-
ric detection, which is relatively insensitive to changes in excitation intensity or 
variation in concentration, easier to implement and more sensitive. Finally, since 
QDs have an interface (i.e., surface area) that can be chemically or physically modi-
fied, it is possible to associate multiple acceptors per QD to increase the FRET 
efficiency according to Eq. (10.6), where N is the number of equivalent acceptors 
per QD. Since QDs are, to a first approximation, centrosymmetric, configurations 
with multiple, equivalent acceptors are easily accessed in experiments.
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As acceptors, QDs are advantageous because of their broad absorption spectra and 
large molar absorption coefficients, which afford equally large spectral overlap inte-
grals and commensurately large Förster distances, with potentially large spectral 
separation between the donor emission and QD emission. The caveat is that, because 
the efficient direct excitation of QDs is unavoidable, and because QDs tend to have 
a longer excited state lifetime than most organic fluorescent dyes, the ground state 
of QDs is poorly accessible. Consequently, and despite their a priori advantages, 
QDs are poor acceptors in practice for organic fluorophores. Nonetheless, QDs are 
excellent acceptors for luminescent lanthanide complexes with comparatively long 
excited state lifetimes (microseconds to milliseconds) (Algar et al. 2013). In prac-
tice, FRET is measured in a time-gated mode where a time delay is introduced 
between flash excitation and acquisition of emission signals to permit decay of the 
initially excited QDs to their ground states. The added advantage of such a system 
is time-gated rejection of background scattering or autofluorescence that occurs on 
the nanosecond timescale (Charbonnière and Hildebrandt 2008). QDs are also good 
acceptors when an excited state donor is generated chemically rather than through 
optical excitation (see Sect. 10.3.2).

10.3.2  �Chemiluminescence and Bioluminescence Resonance 
Energy Transfer

Bioluminescence resonance energy transfer (BRET) and chemiluminescence reso-
nance energy transfer (CRET) are both non-radiative, Förster-type resonance energy 
transfer processes that have growing importance in bioanalysis. The distinction 
between BRET/CRET and FRET is that the excited state donor is not generated 
through optical excitation. In BRET, an excited state donor is the product of an 
enzyme-catalyzed biochemical reaction; in CRET, the excited state donor is the 
product of a chemical reaction. Otherwise, the formal mechanism of energy transfer 
is analogous to FRET. CRET and BRET are advantageous in that they offer a near-
zero background, free of interference from scattered excitation light. The trade-off 
is the need to introduce additional reactants to the system under study.
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The most common chemiluminescent systems for CRET are those based on the 
oxidation of luminol to produce emission at ca. 430 nm; for example, oxidation with 
H2O2 catalyzed by horseradish peroxidase (HRP) or transition metals. In the case of 
BRET, Renilla luciferase (Rluc), apoaequorin, and firefly luciferase (Fluc) from 
Hotaria parvula have been widely used as BRET donors (Xia and Rao 2009; Rowe 
et  al. 2009). Rluc functions as a catalyst for the oxidation of coelenterazine to 
excited state coelenteramide with bioluminescent emission at 480 nm (Xia and Rao 
2009). Apoaequorin reacts with coelenterazine and O2, in the presence of Ca2+, with 
emission at 460 nm, and Fluc catalyzes the oxidization of d-luciferin with ATP and 
O2, in the presence of Mg2+, with emission at ca. 560  nm (Roda et  al. 2009). 
Analogous to FRET experiments with QD donors, luciferase enzymes, HRP, or 
luminol can be conjugated to QDs to effectively serve as donors, with an enhance-
ment of QD-sensitization rates as the number of donors per QD increases.

10.3.3  �Nanosurface Energy Transfer

Nanosurface energy transfer (NSET) is a non-radiative mechanism of energy trans-
fer that can occur between a fluorescent molecule and a nanoscale metal surface, 
most commonly that of a gold nanoparticle (Au NP). The interaction is between the 
oscillating dipole of the fluorophore and an induced image dipole associated with 
the Au NP. The quantitative model for NSET has been developed and refined by 
Strouse and coworkers, building from the seminal contributions of others made 
toward understanding energy transfer to bulk metal surfaces (Jennings et al. 2006a, b; 
Singh and Strouse 2010; Yun et al. 2005; Breshike et al. 2013). Depending on the 
size of the Au NP and its extinction coefficient at wavelengths of donor emission, 
the effective range of NSET can extend to 15–20 nm and even up to 40 nm versus 
<10 nm for conventional FRET (Yun et al. 2005; Breshike et al. 2013). This longer 
range arises from the different dimensionality of NSET, which is a dipole–surface 
interaction, whereas FRET is a dipole–dipole interaction. The efficiency of NSET, 
ENSET, scales with distance according to Eqs. (10.7) and (10.8), where d0 is concep-
tually analogous to the Förster distance, and d is the separation distance between the 
donor and the nanosurface. The value of d0 is calculated from Eqs. (10.8) and (10.9), 
where α = [(9/2)1/4]/4π is the orientation of the donor with respect to the metal plas-
mon vector, λ is the peak emission wavelength for the donor, Φ is the quantum yield 
of the donor, A is the absorptivity of the Au NP, nm is the refractive index of the 
medium, nr is the refractive index of the metal, ε1 is the dielectric constant of the 
medium, and ε2 is the complex dielectric function of the Au NP.  The complex 
dielectric function, ε2, includes the bulk, Drude, and interband contributions to the 
full complex dielectric constant of the Au NP. Details of the calculation of complex 
dielectric function are beyond our scope here, but can be found elsewhere (Breshike 
et al. 2013). For the absorptivity, Eq. (10.9), ελ is the extinction coefficient of the Au 
NP at the peak emission wavelength of the donor, r is the radius of the NP (in units 
of cm), NA is Avogadro’s number, V is the volume of the NP (in units of cm3), and 
δskin is the skin depth of the NP.
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Studies have suggested that QDs engage in NSET with Au NPs <3 nm in size. For 
example, Pons et al. measured the quenching of QDs by proximal Au NPs at dis-
tances between 5 and 20 nm by adjusting the length of a rigid polypeptide linker 
(Pons et al. 2007). The quenching efficiency versus distance curve had better agree-
ment with a NSET model than a FRET model. Quenching of QD PL by Au NPs was 
observed at distances beyond ~15 nm whereas quenching by an organic dye, Cy3, 
was only observed out to distances of ~6.5  nm. Using a double-stranded DNA 
(dsDNA) spacer, Li et al. investigated the effect of the Au NP diameter and distance 
on QD PL quenching efficiency (Li et al. 2011). For 3-nm NPs, the data set, albeit 
limited, was consistent with NSET, with an apparent d−4 dependence. In contrast, 
for 80-nm NPs, the data set was consistent with FRET, with an apparent d−6 depen-
dence. The scaling for 15-nm NPs was more ambiguous, although Han et al. found 
that quenching of QD PL by 12-nm Au NPs was consistent with NSET (Han et al. 
2012). The model developed by Strouse and coworkers has not yet been validated 
for large Au NPs (>10 nm diameter).

Regardless of the precise nature of the dipolar coupling and energy transfer, it is 
clear that Au NPs are highly efficient dark quenchers of QD PL and can provide 
non-trivial quenching at distances beyond those possible with organic dyes. In the 
context of bioanalysis, this can be advantageous if large biomolecular probes (e.g., 
long oligonucleotides, antibodies) are necessary but hinder efficient FRET. This 
challenge is especially relevant with QDs since the donor–acceptor distance is mea-
sured from the center of the QD, and the separation distance is determined by the 
radius of the QD, the thickness of its coating, and the length of any intervening 
linker and biomolecular probe between the QD and the dye.

10.3.4  �Charge Transfer

QD luminescence originates from the radiative recombination of an exciton across 
the quantum-confined bandgap after excitation. Photoinduced electron transfer 
(PET) is a process that can compete with radiative recombination and quench 
QD  PL.  Proximal redox-active molecules can transfer an electron into the 
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quantum-confined valence band state (i.e., hole transfer from the QD) or accept an 
electron from the quantum-confined conduction band state when their highest-
occupied molecular orbital (HOMO) or lowest-unoccupied molecular orbital 
(LUMO), respectively, are intermediate in energy to the quantum-confined states of 
the QD (Algar et al. 2010). Alternatively, ground state electron or hole transfer can 
also quench QD PL through enhancement of non-radiative Auger recombination 
pathways (Medintz et al. 2008). The fast rate of Auger recombination in charged 
QDs is attributed to their small size and confinement of carriers, which increases 
Coulomb interactions. Charge transfer (CT) processes are distance-dependent and 
require close association between the QD and redox-active moiety. However, little 
is known about the details of these processes in bioanalytical contexts (Petryayeva 
et al. 2013). There has been much physical study of CT processes with QDs in abiotic 
environments with characterization of the process using Marcus theory. Here, the 
QDs tend to be core-only structures and are studied in organic solvent with non-
polar ligands and large numbers of adsorbed redox-active moieties. In contrast, bio-
analyses based on CT quenching of QD PL utilize aqueous core/shell structures 
with hydrophilic ligands and biomolecular linkers between the QD and the redox-
active moiety. These systems, which are relevant to bioanalysis, are much more 
complex, more diverse, and exhibit wider variation and sometimes inconsistent 
results between studies (Petryayeva et al. 2013). Variations appear to arise, in part, 
from the surface properties of the QD and their putative importance in the CT pro-
cess. Redox active molecules that have been successfully utilized for CT quenching 
in bioanalysis formats have included Ru2+-phenanthroline (Sandros et  al. 2006; 
Medintz et al. 2008), ferrocene (Opperwall et al. 2012), bipyridinium dyes (Yildiz 
et al. 2006), and quinones (Medintz et al. 2010), although many other redox-active 
complexes and molecules have been found to engage in CT with QDs in non-
bioanalytical contexts (Petryayeva et al. 2013).

10.4  �Summary

The brightness, spectrally broad light absorption, and tunable, spectrally narrow PL 
offered by QDs is a unique combination of properties that is further enhanced by the 
ability to chemically and biologically tailor their interface. As a consequence of 
these features, QDs are highly advantageous components for assembling energy 
transfer configurations based on FRET, BRET, CRET, and NSET. QDs provide new 
levels of control over energy transfer efficiencies, optimization of signal-to-
background ratios, and minimization of crosstalk. In addition to dipolar mecha-
nisms of energy transfer, another mechanism, albeit less understood, is CT. Chap. 11 
will describe in detail how all of these energy transfer mechanisms can be exploited 
for biosensing and bioanalysis.
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Chapter 11
Semiconductor Quantum Dots  
and Energy Transfer for Optical Sensing 
and Bioanalysis: Applications

Miao Wu and W. Russ Algar

Abstract  Semiconductor quantum dots (QDs) are very promising materials for 
optical sensing and bioanalysis. This chapter builds on Chap. 10, which reviewed 
the optical properties of QDs and their benefits for energy transfer, by illustrating 
the utility of QDs and energy transfer for optical sensing and bioanalysis. 
Representative examples of different in vitro assays and cellular probes from the 
literature are described. Energy transfer mechanisms including Förster resonance 
energy transfer (FRET), bioluminescence and chemiluminescence resonance energy 
transfer (BRET and CRET), nanosurface energy transfer (NSET), and charge trans-
fer can be used for optical signal generation in homogeneous assays, single-particle 
assays, and heterogeneous assays targeting bioanalytes as diverse as nucleic acids, 
proteins, small molecules, ions, and the activity of enzymes such as proteases, 
kinases, and nucleases. The importance and versatility of QDs in optical sensing 
and bioanalysis has been growing steadily since their introduction and will continue 
to grow in the near future as QD-based assays are optimized and applied to new 
problems, and new capabilities are developed.

Keywords Assays • Biosensing • Charge transfer • Quantum dot • Resonance
energy transfer

11.1  �Introduction

As this book attests, nanomaterials have had a substantial impact on the field of 
biosensing and bioanalysis. Of the many different nanomaterials that have been 
investigated for such applications, brightly luminescent colloidal semiconductor 
nanocrystals, called quantum dots (QDs), are among the most promising. The inten-
tion of Chap. 10 and this chapter is to provide an introduction to the properties of 
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QDs that make them advantageous for biosensing and bioanalysis, and, in particular, 
illustrate how QDs can be combined with different mechanisms of energy transfer 
for a wide variety of bioanalytical applications. There has been widespread interest 
in such approaches and numerous developments have been reported in the scientific 
literature. Here, we illustrate, using representative examples from the literature, 
how the convergence of the concepts in Chap. 10 can be used to create a variety of 
probes for a diverse set of target analytes, across multiple assay formats. In each 
case, the modulation of QD photoluminescence (PL) by energy transfer is coupled 
to biorecognition processes that alter the energy transfer efficiency. QDs are an ideal 
platform material for this purpose because of their nanoscale size, surface area that 
can be chemically and biologically functionalized, and their bright luminescence 
and capacity for sensitive, multiplexed detection (see Chap. 10). Regrettably, there 
are many interesting and useful advances that could not be included in this chapter. 
The interested reader is encouraged to explore these and related topics in many 
published review articles (Kim and Kim 2012; Algar et al. 2010, 2013; Medintz and 
Mattoussi 2009; Clapp et al. 2006; Charbonnière and Hildebrandt 2008; Grigsby 
et al. 2012).

11.2  �FRET-Based Bioanalyses with Quantum Dots

This section describes several representative examples of bioanalyses that utilize 
QDs and Förster resonance energy transfer (FRET) for detection. These examples 
do not comprise a comprehensive review of the field and, indeed, there are many 
other examples published in the literature. Throughout the sections below, QDs are 
denoted by, for example, QD525 or QD605, representing QDs with peak PL at 525 
and 605 nm, respectively. Peak PL values are rounded to the nearest 5 nm. If the QD 
material is not explicitly mentioned, then it should be assumed to be CdSe/ZnS.

11.2.1  �Homogeneous Assays

11.2.1.1  �Hybridization Assays

The innate selectivity of hybridization between two complementary strands of 
nucleic acid to form a double helix provides a means of detecting genes and other 
sequences of interest. In hybridization assays, a probe sequence complementary to 
the target sequence to be assayed is introduced and conditions such as temperature, 
ionic strength, and concentration of denaturant are optimized to provide maximum 
selectivity for hybridization. These oligonucleotide probe sequences can be chemi-
cally modified at one of their termini to facilitate conjugation to QDs. To date, the 
most common methods for conjugating oligonucleotides to QDs have been terminal 
modifications with either a thiol, dithiol, or polyhistidine tag for self-assembly to 
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the ZnS shell of QDs (Gill et al. 2005; Medintz et al. 2007), or biotinylation for 
binding to streptavidin-coated QDs (Zhang et  al. 2005). In FRET-based assays, 
hybridization between probe and target generates the necessary proximity between 
QDs and a suitable donor or acceptor for energy transfer. Several different hybrid-
ization assay formats have been demonstrated with QDs and FRET; examples of 
each are described below and are listed in Table 11.1.

The simplest format for a QD-FRET hybridization assay is for the DNA target to 
be directly labeled with an acceptor dye that can form a FRET pair with the QD. The 
drawback, however, is that target DNA must be pre-labeled with the dye, restricting 
the applicability of this format. An early example of this format was reported by 
Algar et al. and was also one of the first demonstrations of a multiplexed QD-FRET 
assay (Algar and Krull 2007). Mercaptoacetic acid (MAA)-coated CdSe/ZnS 
QD525 and QD605 were each conjugated to different amine-terminated oligonucle-
otide probes through carbodiimide coupling. The target sequence paired with the 
QD525 was labeled with Cy3 and the target sequence paired with QD605 was 
labeled with Alexa Fluor 647 (A647). The amount of FRET-sensitized Cy3 or A647 
emission provided the analytical signal. The QD525-Cy3 FRET pair could detect 
down to 40  nM of its target (4  % of its effective probe concentration) and the 
QD605-A647 FRET pair could detect down to 12 nM of its target (10 % of its effec-
tive probe concentration). Homogeneous, ensemble multiplexing with these two 
FRET pairs using a single excitation wavelength was demonstrated. The study also 
demonstrated that the non-specific adsorption of DNA could be a challenge due to 
interactions between the DNA and the MAA-coated QD.  To address this issue, 
ethidium bromide, an intercalating dye that undergoes a quantum yield enhance-
ment in the presence dsDNA, was used as an acceptor and improved the signal-to-
background ratio by more than fivefold while also avoiding direct labeling of the 
target (Algar and Krull 2007). Subsequent work by other researchers found the 
adsorption could be ameliorated with PEGylated surface ligands on the QD (Zhou 
et al. 2008) or coating with DHLA.

Another strategy that avoids both direct labeling of targets and the use of interca-
lating dyes (which are often less favourable acceptors than conventional dyes) is a 
competitive hybridization assay. For example, Vannoy et al. prepared conjugates of 
streptavidin-coated QD605 and biotinylated probes, pre-hybridizing those probes 
with an A647-labeled reporter sequence prior to assaying the sample (Vannoy et al. 
2013). Target sequences in the sample competed with the reporter sequence, eventu-
ally displacing the reporter from the QD and turning off the FRET signal (see 
Fig.  11.1). Displacement was made energetically favourable by choosing the 
sequence of the reporter to be partially mismatched with the probe, permitting 
detection of nanomolar concentrations of target, although equilibrium displacement 
was not reached for several hours.

Molecular beacons are another strategy that has been adopted for FRET-based 
detection of unlabeled targets with QDs. First developed by Tyagi and Kramer in 
1996 (Tyagi and Kramer 1996), molecular beacons comprise a “stem-loop” or 
“hairpin” DNA probe labeled at opposite termini with a donor and an acceptor, 
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respectively. In the absence of target, hybridization between the terminal stem 
regions provides the proximity for FRET. The loop region is complementary to the 
target and, due to the greater thermodynamic favourability, target hybridization 
opens the hairpin, separating the donor and acceptor to disrupt FRET.  Kim and 
coworkers reported one of the first QD-based MBs, conjugating hairpin probes to 
QDs coated with MAA through carbodiimide coupling (Kim et al. 2004). CdSe/ZnS 
QD490 were paired with DABCYL, a dark quencher, and compared to a more 

Fig. 11.1  (a) Displacement hybridization assay strategy using QDs and FRET. (b) PL spectra 
showing a decrease in A647 PL emission over time after the addition of target DNA. The inset 
shows the corresponding change in the A647/QD PL ratio. Adapted with permission from Vannoy 
et al. (2013). Copyright 2013 Elsevier

M. Wu and W.R. Algar
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conventional carboxyfluorescein (FAM)-DABCYL dye–dye MB. Discrimination of 
a single base-pair mismatch with the QD-MB was possible and the QD-MB had 
greater photostability than the FAM-DABCYL MB. Medintz et al. reported a self-
assembled QD-MB where the hairpin probe was ligated with a polyhistidine tag at 
one terminus and labeled with a fluorescent dye at the opposite terminus (Medintz 
et al. 2007). Here, CdSe/ZnS QD510 and QD590 were paired with TAMRA and 
Cy5 acceptors, respectively (see Fig. 11.2).

An enzyme-amplified hybridization assay strategy with QDs and FRET was 
developed by Freeman and coworkers (Freeman et  al. 2011a). CdSe/ZnS QDs 
coated with glutathione were self-assembled with oligonucleotide probes modified 
at one terminus with a thiol linker and modified at the other terminus with Black 
Hole Quencher 2 (BHQ-2). In the absence of target, BHQ-2 quenched the QD 
PL. Probe–target hybridization provided a double-stranded DNA helix that exonu-
clease III (ExoIII) could digest. ExoIII selectively cleaves from the 3′ terminus of 
one strand in a DNA duplex. In this case, the sequences were designed such that the 
probe was digested and the target, which had a 3′ single-stranded overhang, remained 
intact and could be recycled between different probe molecules (~6–10 per QD), 
leading to signal amplification with multiple turnovers by ExoIII (see Fig. 11.3). 

Fig. 11.2  (a) Design of a QD-based molecular beacon. (b) Representative data showing the 
response of a QD-based molecular beacon with CdSe/ZnS QD590 and Cy5-labeled hairpin probe 
to complementary and non-complementary DNA. Reprinted with permission from Medintz et al. 
(2007). Copyright 2007 American Chemical Society

11  Semiconductor Quantum Dots and Energy Transfer for Optical Sensing…
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As little as 1 pM of target could be detected within 2 h using QD-probe conjugates 
(10  nM) and 20 units of ExoIII.  Multiplexed detection of two different target 
sequences was possible by pairing QD620 and QD540 with BHQ-2 and a second 
quencher, BHQ-1, respectively.

Fig. 11.3  (a) Scheme showing the ExoIII-amplified detection of target DNA (2) using QD-probe 
(1) conjugates and FRET. (b) Plot showing the recovery of QD PL as a function of the concentration 
of target DNA. Adapted with permission from Freeman et al. (2011a). Copyright 2011 American 
Chemical Society

M. Wu and W.R. Algar
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11.2.1.2  �Aptamers for Protein and Small Molecule Detection

Aptamers are a class of oligonucleotides that bind target biomolecules, organic 
molecules, and inorganic molecules with high affinity and specificity (Hermann and 
Patel 2000). A combinatorial process called the systematic evolution of ligands by 
exponential enrichment (SELEX) is used to produce and isolate aptamer sequences 
(Wilson and Szostak 1999). Aptamers are a potential alternative to antibodies in that 
they can provide similar molecular recognition without the need for expression in 
cell lines or animals, are amenable to chemical modification, and are generally more 
robust. A detailed description of the advantages and disadvantages (e.g., lower 
affinity) of aptamers relative to antibodies can be found elsewhere (Keefe et  al. 
2010); however, the benefits of aptamers are such that they have been adopted for a 
wide range of analytical applications (Tombelli et al. 2005). Several applications 
with aptamers, QDs, and FRET are listed in Table 11.2, and some are described in 
more detail below.

Levy and coworkers developed one of the first QD-based bioassays incorporat-
ing an aptamer probe (Levy et al. 2005). Biotinylated thrombin-binding aptamer 
(TBA) was hybridized with a short complementary oligonucleotide that was labeled 
with Eclipse, a commercially available dark quencher dye, and then conjugated to 
streptavidin-coated CdSe/ZnS QD525 to provide the proximity for FRET. Upon the 
introduction of thrombin (a protease important in blood clotting and cancer), the 
TBA bound the thrombin and underwent a conformational change that displaced  
the Eclipse-labeled oligonucleotide. The corresponding loss of FRET resulted in an 
increase in the QD PL intensity, which provided an analytical signal proportional to 
the amount of thrombin introduced (see Fig. 11.4). A similar strategy with the dis-
placement of a dye-labeled, complementary oligonucleotide has been used for the 
detection of ATP with ATP-binding aptamer (Chen et al. 2008).

Another strategy, which has been used for the detection of thrombin (Chi et al. 
2011) and, more recently, Mucin 1 (Muc1, a protein biomarker useful for the early 
detection of cancer), is a QD-based aptamer beacon (Shin et al. 2012). For thrombin 
detection, TBA-probes were designed to fold into a hairpin structure, thereby pro-
viding a short segment of dsDNA for the intercalation of a fluorescent dye, BOBO-3 
(Chi et al. 2011). The quantum yield of BOBO-3 was enhanced when intercalated 
in dsDNA, and its fluorescence was sensitized by FRET from the proximal CdSe/
ZnS QD565. Sensitized emission from the BOBO-3 was used as the analytical sig-
nal and was inversely proportional to the amount of thrombin. The QD-FRET strat-
egy provided significantly enhanced photostability (>80  min) compared to a 
BOBO-3-only aptamer beacon, which quickly decayed to 50 % of its initial inten-
sity (within ~20 min).

A third strategy used for aptamer-based sensing with QDs is target-stabilized 
association of aptamer subunits. Freeman et al. conjugated one subunit of cocaine-
binding aptamer to CdSe/ZnS QD570 and labeled the other subunit with Atto 590 
fluorescent dye as an acceptor for the QD (Freeman et al. 2009b). The subunits were 
designed with limited complementarity at their 3′ and 5′ termini, and could only 
associate with the added stabilization from cocaine binding. The association provided 
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the proximity for FRET and the degree of quenching of the QD PL was used as the 
analytical signal. The response was linear over approximately three orders of mag-
nitude and the LOD of the assay was 1 μM.

11.2.1.3  �Immunoassays

The specific binding between an antibody and its target antigen or hapten is also 
used in the design of FRET-based probes and assays with QDs. However, the num-
ber of reports in the literature of this type is significantly less than would be expected 

Fig. 11.4  (a) Design of a QD-FRET aptamer beacon for the detection of thrombin. (b) 
Chronofluorimetric response of the QD-FRET aptamer beacon to thrombin target and lysozyme 
(negative control). Adapted with permission from Levy et al. (2005). Copyright 2005 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim
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from the ubiquity of antibodies in assays and in  vitro diagnostics, including  
those without FRET (e.g., enzyme-linked immunosorbent assays) and with FRET 
(e.g., time-resolved FRET assays with lanthanides). The advantage of antibodies is 
that they can be selected for a wide range of proteins, toxins, pathogens, and haptens 
(e.g., drugs, food additives, persistent organic pollutants, explosives, mycotoxins, 
metabolites). Table  11.3 lists several examples of immunoassays based on QDs 
and FRET.

Goldman et al. developed one of the first immunoassays with QDs and FRET, 
employing a competitive format to detect aqueous 2,4,6-trinitrotoluene (TNT) 
(Goldman et al. 2005). An anti-TNT single-chain Fv antibody fragment (scFv) was 
engineered with a polyhistidine tag and self-assembled to CdSe/ZnS QD530 as a 
capture probe. The QD-scFv conjugate was mixed with Black Hole Quencher 10 
(BHQ-10)-labeled trinitrobenzene, a TNT analog, which was bound by the scFv, 
resulting in quenching of QD PL via FRET. Upon the addition of sample, any TNT 
present competed with and displaced the analog, thereby disrupting FRET.  The 
recovery of QD PL was proportional to the concentration of TNT.  This general 
immunoassay strategy has also been extended to the detection of aqueous Aspergillus 
amstelodami spores using QDs and FRET. Kattke et al. conjugated aminopegylated 
CdSe/ZnS QD625 with anti-Aspergillus antibodies and A. fumigatus spores were 
labeled with Black Hole Quencher 3 (BHQ-3) to serve as a competitive reporter 
(Kattke et al. 2011). The latter species of spore was selected empirically based on 
its much lower binding affinity with anti-Aspergillus antibodies. A. amstelodami 
spores present in samples displaced BHQ-3-labeled A. fumigatus spores from the 
QD-anti-Aspergillus antibody conjugates, yielding a proportional recovery of QD 
PL with loss of FRET between the QD and BHQ-3 (see Fig. 11.5). The LOD was 
103 A. amstelodami spores/mL. One of the advantages of the QDs in this assay was 
their brightness, which helped overcome the large autofluoresence background 
associated with some mold species.

An alternative strategy for competitive immunoassays is to label the QD  
with antigen or hapten and to label the detection antibody with a FRET acceptor 
dye. In one such example, the analyte was a pesticide, 2,4-dichlorophenoxyacetic 
acid (2,4-D) (Long et al. 2012a). Bovine serum albumin (BSA) was labeled with 
2,4-D (BSA-2,4-D), then conjugated to CdSe/ZnS QD605. The QD–BSA-2,4-D 
conjugates were mixed with samples and Cy5.5-labeled anti-2,4-D monoclonal 
antibodies. The QD–BSA-2,4-D conjugates competed with any 2,4-D in the sample 
to bind with the anti-2,4-D (see Fig. 11.6). The Cy5.5 was a good FRET acceptor 
for the QD605 donors and the system was interrogated at a wavelength that selec-
tively excited the QD605. Increasing amounts of 2,4-D in the sample resulted in a 
decrease in FRET-sensitized Cy5.5 emission. A microfluidic platform was used for 
detection and provided an LOD of 0.5 nM.

Another immunoassay format with QDs and FRET is a sandwich assay. Here, 
two antibodies targeting two different epitopes of the same analyte are used: one 
antibody is conjugated to QDs and serves as a capture probe; the second antibody is 
labeled with an acceptor dye or another moiety suitable for FRET with QDs. With 
the addition of analyte, the two antibodies form a sandwich structure that brings the 
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QDs and dyes sufficiently close to one another for FRET. Wei developed such a 
sandwich immunoassay for the detection of an antigen, estrogen receptor β (ER-β), 
which is a putative biomarker and therapeutic target for cancer (Wei et al. 2006).  
An anti-ER-β monoclonal antibody labeled with CdSe/ZnS QD565 and an anti-
ER-β polyclonal antibody labeled with either Alexa Fluor 568 or Alexa Fluor 633 
formed the FRET pair. The dye/QD PL ratio provided the analytical signal and permit
ted detection of ER-β at concentrations as low as 0.05 nM. One of the main chal-
lenges with the sandwich format is the long donor–acceptor distances imposed by 
the large size of full antibodies, often resulting in low-efficiency FRET. To address 
this challenge, Wegner et al. demonstrated a QD-FRET sandwich immunoassay for 
prostate-specific antigen (PSA) using luminescent terbium complexes (Tb) as FRET 
donors and CdSe/ZnS QD605 and QD650 as FRET acceptors (see Fig.  11.7) 
(Wegner et al. 2013). The millisecond excited state lifetime of the Tb permitted use 
of the QDs as acceptors (see above) with Förster distances of ~10.7 nm (QD650) 
and ~7.7 nm (QD605), and effectively extended the range of FRET to 15–20 nm. 
Furthermore, Fab fragments targeting PSA were used instead of full IgG molecules, 
thereby decreasing the average donor–acceptor distance. One monoclonal Fab 

Fig. 11.5  (a) Competitive immunoassay strategy for the detection of mold (A. amstelodami) 
spores using QDs and FRET. Changes in QD PL intensity as a function of (b) spore concentration 
and (c) time. Adapted under the Creative Commons Attribution license from Kattke et al. (2011). 
Copyright 2011 The Authors
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fragment was conjugated to the QDs (~16 fragments per QD) and a second mono-
clonal Fab fragment was labeled with Tb, resulting in an estimated 62 Tb in close 
proximity to each QD. This configuration provided the sensitivity to detect between 
0.05 and 15 nM of PSA in spiked serum samples (50 μL) by using the ratio of QD 
and Tb PL intensity measured between 0.1 and 0.9 ms after pulsed excitation.

11.2.1.4  Proteolysis Assays

Proteases play critical roles in numerous biochemical and signaling processes 
(López-Otín and Overall 2002). Consequently, these enzymes are important targets 
for disease diagnostics and therapeutics. FRET has been widely used as a method 
for the detection of protease activity with dye-labeled peptides. For example, 
Whitney et al. reported a FRET-based method for detecting thrombin activity in vivo 
using hairpin peptide probes with a Cy7-labeled polyanionic domain and a Cy5-
labeled polycationic domain (Whitney et al. 2013). Thrombin activity cleaved the 

Fig. 11.6  (a) Design of a competitive immunoassay strategy for the detection of 2,4-D using a 
microfluidic platform. (b) Representative data showing the selectivity of the device after injection 
of different reagents: (trace A) QD–BSA-2,4-D conjugate (i.e., immunoprobe); (trace B) immuno-
probe and Cy5.5-labeled rabbit-anti-mouse antibody; (traces C and D) immunoprobe and Cy5.5-
labeled anti-2,4-D antibody (2 and 10 nM). (c) Representative data for a competitive immunoassay 
with different sample concentrations of 2,4-D. Adapted with permission from Long et al. (2012a). 
Copyright 2012 American Chemical Society
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peptide at a recognition site between the two labeled domains, disengaging FRET 
and restoring Cy5 PL. A similar format has been used with QDs, where a peptide 
bridges the QD and a suitable acceptor/donor for FRET (see Fig. 11.8). These sys-
tems are typically multivalent and benefit from the optical properties of the QD.  
It has been suggested that the peptide substrate should include a linker that has 
affinity to the surface or coating of QDs (e.g., a polyhistidine tag or thiol group, both 
of which have affinity for the ZnS shell of a QD, or biotin, which has affinity for 
streptavidin-coated QDs) or is suitable for covalent coupling; a spacer following the 
linker to promote access to the recognition sites (e.g., a helix-forming motif such as 
a polyproline or an alanine/α-aminoisobutyric acid-rich sequence); a recognition 
site for cleavage of the peptide by the target protease; and a terminal modification 
with a dye or quencher (Medintz et al. 2006a; Shi et al. 2006). Chang et al., Medintz 
et al., and Shi et al. reported the first examples of the above designs (Chang et al. 
2005; Medintz et al. 2006a; Shi et al. 2006). In each case, enzyme-induced changes 

Fig. 11.7  (a) Principle of a sandwich immunoassay based on FRET between Tb-cryptate donors 
and QD acceptors using antibodies or antibody fragments. (b) Absorption spectra for two colors of 
QD and the absorption and emission spectra for the Tb-cryptate. (c) Emission spectra for two 
colors of QD and the Tb-cryptate. The shaded regions represent the transmission ranges of optical 
bandpass filters used to define detection channels. (d) Calibration curve plotting time-gated QD/Tb 
PL intensity ratios versus antigen (prostate-specific antigen) concentration. Adapted with permis-
sion from Wegner et al. (2013). Copyright 2013 American Chemical Society
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in QD or dye PL were related to proteolytic activity. For example, in the report by 
Chang et al., collagenase activity was detected through loss of QD PL quenching 
associated with energy transfer from CdSe/CdS QD620 to 1.4-nm AuNPs that were 
distal labels on peptide substrates covalently coupled to the QDs (Chang et  al. 
2005). Shi et al. solubilized QD545  in aqueous solution using short, thiol-termi-
nated and Rhodamine Red-X dye-labeled peptides as ligands (Shi et  al. 2006). 
These QD–peptide conjugates were used for qualitative detection of the activity of 
matrix metalloproteinases (MMPs) secreted into the culture medium of HTB 126 
breast cancer cells. The in vitro assay showed a clear difference in extracellular 
proteolytic activity between cancerous cells and non-cancerous cells. In the work by 
Medintz et al., DHLA-coated QDs were conjugated with a peptide substrate for one 
of four different proteases (Medintz et al. 2006a). The peptides were labeled with 
either Cy3 or QXL, a dark quencher, and paired with QD510, QD520, or QD540 
(see Fig. 11.8). The QD–peptide FRET probes were useful for measuring initial 
proteolytic rates and estimating apparent Michaelis–Menten parameters, and model 
protease inhibitor screening assays. Algar et al. later developed a rigorous method 
for measuring proteolysis kinetics associated with QD–peptide FRET probes in real 
time, including application of an integrated Michaelis–Menten kinetic model (Algar 
et  al. 2012b). These preliminary results suggested that the classical 

Fig. 11.8  (a) Design of a QD-FRET assay for sensing proteolytic activity. (b) Emission spectra 
showing quenching of QD PL and sensitization of Cy3 PL via FRET as the number of Cy3-labeled 
peptide substrates per QD increases. (c) Corresponding plot of FRET efficiency versus the number 
of peptides. With proteolysis, the number of peptides per QD decreases, resulting in a loss of 
FRET. Adapted with permission from Macmillan Publishers Ltd: Nature Materials (Medintz et al. 
2006a). Copyright 2006
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Michaelis–Menten model was not directly applicable with QD–peptide conjugates 
and that the interactions between the protease and the surface of the QD played an 
important role in the rate of proteolytic digestion of the peptides. A “hopping” 
mechanism was proposed where protease molecules would, on average, transiently 
associate with the QD conjugates and successively and rapidly digest all peptide 
substrates conjugated to the QD before dissociating and diffusing to a fresh QD–
peptide conjugate. Overall, some of the proteases targeted for QD-FRET sensing 
have included caspase-1, caspase-3, chymotrypsin, collagenase, matrix metallopro-
teinase-7, thrombin, trypsin, and others (Algar et al. 2010).

Algar et al. have developed multiplexed QD probes for sensing proteolytic activ-
ity using so-called “concentric FRET relays.” Multiple and sequential energy trans-
fer pathways exist within these configurations, which are created by assembling 
different donors and/or acceptors around each QD.  One such configuration 
co-assembled a luminescent Tb complex and A647 around CdSe/ZnS QD625.  
The QD served as a donor for A647 and an acceptor for the Tb (Algar et al. 2012c). 
This FRET relay was interrogated in two modes due to the direct excitation of the 
QDs: (1) a prompt mode (~0 μs delay after flash excitation), where the QD was 
excited and transferred energy to the A647; and (2) a time-gated mode (>50 μs after 
flash excitation), where the QD had relaxed to its ground state, was re-excited  
by energy transfer from the Tb, and re-transferred that energy to the A647 via 
FRET. The time-gated QD/Tb and prompt A647/QD PL ratios provided analytical 
signals proportional to the number of Tb and A647 per QD (see Fig.  11.9).  
In another configuration, Alexa Fluor 555 (A555) and A647 were co-assembled 
around a CdSe/ZnS QD525 (Algar et al. 2012a). The QD and A555 formed a good 
FRET pair, the QD and A647 formed a moderate FRET pair, and the A555  
and A647 formed a good FRET pair. The combined A555/QD and A647/QD PL ratios 
provided a unique set of signals for each unique combination of different numbers 
of A555 and A647 per QD. Multiplexed detection of proteolytic activity was pos-
sible in both configurations by using different peptide bridges between the QDs  
and different donors/acceptors, with each peptide having a sequence recognized and 
cleaved by its target protease. Proof-of-concept was demonstrated using trypsin and 
chymotrypsin as proteases, including assays where the activation of pro-chymotrypsin 
to chymotrypsin by trypsin was quantitatively tracked in real time.

Examples of enzyme assays with QDs and FRET, including those for the activity 
of proteases (above), kinases, and nucleases (see below), are summarized in 
Table 11.4.

11.2.1.5  Kinase Assays

Protein kinase enzymes, like proteases, play critical roles in regulating cellular pro-
cesses and signal transduction; however, rather than hydrolyzing residues in pro-
teins, kinases modulate their activity through phosphorylation (Hunter 1995). 
Freeman et al. reported a method for assaying kinase activity with QDs and FRET 
that involved conjugating a peptide with a serine residue to a CdSe/ZnS QD560 
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using carbodiimide chemistry, followed by mixing with ATP that was labeled with 
ATTO-590 dye at its terminal phosphate group (Freeman et al. 2010). Casein kinase 
activity phosphorylated the serine residue, concomitantly transferring the ATTO-
590 to the peptide, providing the proximity for FRET (see Fig. 11.10). These authors 
also reported a similar configuration where unlabeled ATP was used in combination 
with an ATTO-590 labeled anti-phosphoserine antibody. Both methods could detect 

Fig. 11.9  (a) Principle of a time-gated, concentric FRET relay using a QD intermediary between 
a Tb-cryptate donor and an Alexa Fluor 647 (A647) acceptor. Prompt and time-gated measurement 
domains provide two detection channels with two analytical signals: the prompt A647/QD PL ratio 
and the time-gated QD/Tb PL ratio. (b) Design of a multiplexed probe for trypsin (TRP) activity 
and chymotrypsin (ChT) activity. (c) Representative progress curves showing multiplexed detec-
tion of TRP and ChT activity. Adapted with permission from Algar et al. (2012c). Copyright 2012 
American Chemical Society
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down to ~0.1 units of casein kinase. Lowe and coworkers developed a homoge-
neous, multiplexed assay capable of detecting both protease and kinase activity 
(Lowe et al. 2012). The key to this assay was orthogonality in bioconjugation: a 
biotinylated peptide substrate for urokinase-type plasminogen activator (uPA), a 
protease, was bound to streptavidin-coated QD525, whereas a polyhistidine-
appended peptide substrate for human epidermal growth factor receptor 2 (HER2), 

Fig. 11.10  (a) Design of a QD-FRET assay for kinase activity. (b) Time-dependent spectral 
changes (7-min intervals) after adding 1 unit of casein kinase (b–g). The original PL spectrum is 
(a). Adapted with permission from Freeman et al. (2010). Copyright 2010 American Chemical 
Society
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a tyrosine kinase was assembled to mercaptopropionic acid-coated QD655  
(see Fig. 11.11). The uPA substrate peptide was labeled with a 1.4-nm AuNP to 
quench QD PL via NSET (see below). After mixing substrate with uPA-containing 
samples, then adding QD525, the observed QD525 PL intensity was proportional to 
the uPA activity. In contrast, the HER2 substrate was indirectly labeled after 
phosphorylation though binding with Alexa Fluor 660 (A660)-labeled anti-
phosphotyrosine antibodies. The ratio of FRET-sensitized A660/QD655 PL ratio 
was proportional to the HER2 activity. The limits of detection were 50 ng/mL for 
uPA and 7.5 nM for HER2 kinase.

Fig. 11.11  Design of a multiplexed assay for protease activity and kinase activity using QDs and 
FRET/NSET: (a) no protease activity; (b) protease activity; (c) no kinase activity; (d) kinase activ-
ity. Adapted with permission from Lowe et al. (2012). Copyright 2012 American Chemical Society
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11.2.1.6  Nuclease Assays

Assays for nuclease activity with QDs and FRET are designed analogously to assays 
for proteolytic activity. A QD and a suitable FRET acceptor are held in close prox-
imity by a nucleic acid bridge, which is cleaved by nuclease activity, disrupting 
FRET. One of the first such assays was reported by Gill et al., who self-assembled 
thiol-terminated DNA to CdSe/ZnS QD580 (Gill et  al. 2005). This DNA was 
hybridized with its complement, which was labeled at its proximal terminus with 
Texas Red as a FRET acceptor. With the addition of DNase I, FRET decreased from 
digestion of the duplex DNA and loss of the FRET acceptor. Huang et al. reported 
a similar strategy for sensing micrococcal nuclease (MNase) activity (Huang et al. 
2008). Streptavidin-coated CdSe/ZnS QD550 was assembled with a DNA probe 
that was biotinylated at one terminus and labeled with 6-carboxy-X-rhodamine 
(ROX) at the opposite terminus. Hydrolysis of the DNA by MNase resulted in the 
loss of FRET between the QD and ROX. As little as 0.06 units of MNase activity 
could be detected and the QD-DNA probe was used to monitor MNase activity in 
the culture media of S. aureus.

11.2.1.7  Carbohydrates

The first homogeneous assay using QDs and FRET was reported by Medintz et al. 
and targeted maltose (Medintz et  al. 2003). QDs were self-assembled with 
polyhistidine-terminated maltose binding protein (MBP). Dark quencher (QSY9)-
labeled β-cyclodextrin (β-CD) was bound by the MBP and quenched CdSe/ZnS 
QD560 PL through FRET. The addition of maltose displaced the QSY9-β-CD with 
concomitant recovery of QD PL (see Fig. 11.12). An alternative configuration was 
also developed using a QD530-to-Cy3-to-Cy3.5 two-step FRET relay, where the 
MBP was labeled with Cy3 to provide a relay site for energy transfer to bound 
β-CD-Cy3.5 (Medintz et  al. 2003). This configuration increased energy transfer 
from the QD to >90 % efficiency versus 65 % with an approximately equivalent 
number of QSY9-β-CD. The enhanced efficiency was a product of both the shorter 
distance for initial energy transfer and the stronger net spectral overlap for the 
energy transfer steps between the QD, Cy3, and Cy3.5. Both configurations had 
micromolar dissociation constants for binding maltose.

In addition to receptor proteins, another common molecular recognition approach 
for the detection of sugars is the use of boronic acids, which reversibly bind with the 
cis-diols found in sugars (and other molecules). To this end, Freeman et al. coated 
QD570 with boronic acid ligands and labeled galactose or dopamine with ATTO-
590 dye (Freeman et al. 2009a). Binding between the boronic acid-functionalized 
QD and the ATTO-590-labeled galactose/dopamine resulted in efficient FRET. 
Glucose, galactose, or dopamine in a sample could be measured in a competitive 
binding assay format with increasing loss of FRET with increasing sugar or dopamine 
concentrations in the sample (see Fig. 11.13). The LODs for glucose, galactose, and 
dopamine were 1, 50, and 100 μM, respectively. Table  11.5 summarizes several 
examples of assays for carbohydrates that rely on QDs and FRET.
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11.2.1.8  Ions and Dissolved Gases

Probes for several different ions have been developed using QD-FRET for transduc-
tion and several examples are listed in Table 11.6. The key cog in most of these 
sensing mechanisms is an ion-sensitive dye. In some instances, the ion-sensitive dye 
is a poor acceptor at low ion activity and a good acceptor at high ion activity, or vice 
versa, whereas in other instances, the ion activity does not affect the acceptor-
capability of the dye but rather its emission quantum yield. Both formats offer 
ratiometric detection of ion activity coupled with the advantages of QDs.

QD-FRET probes for pH have been developed and are, for example, promising 
for imaging tumour microenvironments. One mechanism of pH sensing is to attach 
a color-changing, pH-sensitive dye to a QD donor, where the pH-dependent color 
change brings the dye in and out of resonance (i.e., spectral overlap) with the QD 
donor. For example, Snee et al. directly conjugated a squaraine dye (fluorescence 
emission peak at 650 nm) to an amphiphilic polymer coating on CdSe/ZnS QD615 

Fig. 11.12  Schemes for competitive binding assays of maltose using (a) dark quencher-labeled 
β-cyclodextrin with maltose binding protein (MBP) conjugated to CdSe/ZnS QD560, and (b) a 
FRET relay with Cy3-labeled MBP conjugated to CdSe/ZnS QD530 with Cy3.5-labeled 
β-cyclodextrin. (c) Representative data for the configuration in (a). (d) Representative data for the 
configuration in (b). Adapted with permission from Macmillan Publishers Ltd: Nature Materials 
(Medintz et al. 2003). Copyright 2003
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to create a ratiometric pH sensor (Snee et  al. 2006). With increases in pH, the 
squaraine dye exhibited a small hypsochromic shift in its absorption spectrum, a 
decrease in its absorption coefficient, and a decrease in its fluorescence quantum 
yield, whereas the QD PL intensity was largely unaffected by the changes in 
pH. Consequently, the dye/QD PL ratio decreased as the solution pH became more 
basic in the range of pH 6–10. Subsequently, SNARF-5 F dye was used as an accep-
tor for CdSe/CdZnS QD525 and permitted high-resolution sensing of pH within the 
physiologically relevant range of 6.0–8.0 with both one-photon and two-photon 
excitation (see Fig. 11.14) (Somers et al. 2012). The SNARF-5 F dye was conju-
gated to DHLA ligands appended with a first-generation poly(amido amine) 
(PAMAM) dendrimer to permit conjugation of a large number of dyes per QD. In a 
similar example of pH sensing, Dennis et  al. assembled mOrange fluorescent 
proteins to QD520 (Dennis et al. 2012). The absorption spectrum of the mOrange 
was pH-sensitive and had good spectral overlap with the QD donor at basic pH and 

Fig. 11.13  (a) Design of a QD-FRET assay for sugars and dopamine using boronic acid ligands. 
(b) Relative changes in QD PL intensity in response to increasing concentrations of (a) galactose 
and (b) glucose. Adapted with permission from (Freeman et al. 2009a). Copyright 2009 Royal 
Society of Chemistry
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poor spectral overlap with the QD donor at acidic pH. The mOrange/QD PL ratio 
increased 12-fold between pH  6 and 8 and 20-fold between pH  5 and 10. The 
QD-conjugate had better photostability than mOrange alone and, when expressed 
with a C-terminal polyarginine sequence to facilitate endosomal uptake by HeLa 
cells, enabled observation of the acidification of endocytic vesicles as they pro-
gressed over time to early endosomes and then to late endosomes.

Prasuhn et al. developed a QD-FRET probe for calcium (Ca2+) by conjugating a 
Ca2+-sensitive dye, Calcium Ruby (CaRuby), to the C-terminus of a peptide using 
azide-alkyne click chemistry (Prasuhn et al. 2010). The peptide had a polyhistidine 
sequence at its N-terminus for self-assembly to CdSe/ZnS QD580, which served as 
a FRET donor. The CaRuby/QD PL ratio provided an analytical signal that increased 
with increases in the concentration of Ca2+ between approximately 2 and 
100 μM. Ruedas-Rama et  al. developed a probe for zinc (Zn2+) using QD540 or 
QD620 electrostatically assembled with zincon (Ruedas-Rama and Hall 2009). 
Upon the addition of Zn2+, formation of a colored Zn2+–zincon complex (from a 

Fig. 11.14  (a) Absorption spectra of QD–SNARF dye conjugates at pH 6, 7, 8, and 9. The dye 
absorption band shifts out of resonance with the QD PL when the pH decreases. (b) Photograph 
of the net PL of the conjugates in solutions buffered at the indicated pH. (c) One-photon (top) and 
two-photon (bottom) PL emission spectra as a function of physiologically relevant changes in 
pH.  Adapted with permission from Somers et  al. (2012). Copyright 2012 Royal Society of 
Chemistry
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substantial bathochromic shift of its absorption spectrum) resulted in quenching of 
QD PL and detection of as little as 0.6 μM of Zn2+ with good selectivity against 
several other divalent ions and biologically relevant cations. Liu et  al. created a 
probe for mercury (Hg2+) by embedding CdTe QD550 in silica nanoparticles that 
were then surface-modified with a spirolactam rhodamine derivative as an ion rec-
ognition element (Liu et al. 2012). The rhodamine dye undergoes ring opening in 
the presence of Hg2+ ions, altering its optical properties to become a good acceptor 
for the QD. The LOD was 52 ppb of Hg2+ ions. The silica nanoparticle was neces-
sary for “turn-on” sensing because Hg2+ and some other metals (e.g., Cu2+) can 
quench QD PL directly without any built-in selectivity.

McLaurin et al. developed a pO2 sensor by coupling a phosphorescent osmium(II) 
polypyridyl complex (OsPP) to CdxZn1 − xSe/CdyZn1 − yS QD550 (McLaurin et  al. 
2009). The QD functioned to sensitize the OsPP via FRET; however, transduction 
was via the quenching of the OsPP phosphorescence by dissolved oxygen and not 
changes in FRET efficiency. The principal advantage of the QD antenna was that it 
provided a 60-fold larger two-photon absorption cross-section than the OsPP.

11.2.2  �Single-Particle Measurements

QD-based probes and sensors that function at the single-molecule level can resolve 
dynamic processes that occur asynchronously in the ensemble or exist as a distribu-
tion of similar but nonetheless distinct populations. In both cases, measurements are 
not possible in the ensemble because of bulk averaging. Single-particle measure-
ments are made in one of two formats: in homogeneous solutions under dilute con-
ditions, or as a heterogeneous system with particles sparsely immobilized on a solid 
support. Although the heterogeneous format is common for biophysical studies and 
dynamic measurements, the homogeneous format is preferred for assays, avoids 
surface effects, and has higher throughput.

Pons et al. were among the first to physically study solution-phase, single-QD 
FRET (Pons et al. 2006). MBP with a polyhistidine tag was labeled with Rhodamine 
Red and self-assembled to CdSe/ZnS QD540, and the conjugates were measured in 
the ensemble and at the single-particle level using burst analysis. One important 
outcome of this study was confirmation that the MBP self-assembled with the QDs 
according to a Poisson distribution. That is, mixing N equivalents of MBP with QDs 
resulted in conjugates with … N − 2, N − 1, N, N + 1, N + 2, … MBP per QD, accord-
ing to Eq. (11.1), where N is the average stoichiometry and n is the valence of an 
individual conjugate.

	
p N n N N nn,( ) = -( )exp / !

	
(11.1)

A second important result was that FRET-based sensing was comparable between 
ensemble and single-particle measurements. For this experiment, CdSe/ZnS QD520 
were conjugated with MBP that was labeled at an allosteric site with Cy3. Upon 
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binding maltose, changes in the conformation of the MBP induced changes in the 
quantum yield of the Cy3 acceptor, resulting in a change in the Cy3/QD PL ratio. 
From this PL data, approximately the same binding constants for MBP and maltose 
could be derived from single-molecule and ensemble measurements.

Zhang et al. were the first to develop an assay in a single-molecule QD-FRET 
format (Zhang et  al. 2005). The basis of the assay was sandwich hybridization 
between a biotinylated probe oligonucleotide, the target DNA sequence, and a Cy5-
labeled reporter oligonucleotide. The probe and reporter were complementary to 
adjacent regions along the target sequence. The sandwich hybrids were mixed with 
streptavidin-coated CdSe/ZnS QD605 and the resulting QD–DNA complexes were 
passed through a microcapillary that was integrated with a two-colour single-
molecule fluorescence microscope with appropriate filters for the QD605 and Cy5 
emission, with coincident QD and Cy5 emission bursts signaling the presence of 
probe–target hybrids (see Fig. 11.15). The advantage of interrogating each QD-Cy5 
FRET-pair individually was exceptional sensitivity and rejection of signal from 
excess reporter. A target concentration as small as 5 fM could be detected, and this 
value was approximately 100-fold better than a conventional dye-based molecular 
beacon. The QD-FRET strategy was combined with an oligonucleotide ligation 
assay and successfully applied to the detection of Kras point mutations in clinical 
samples taken from ovarian cancer patients. This group has also adopted this format 
for the quantitative detection of methylation-specific PCR products (Bailey et al. 
2009). Zhang et al. also demonstrated multiplexed sensing in a single-particle for-
mat by combining FRET with direct excitation of fluorescence (Zhang and Hu 
2010). The HIV-1 and HIV-2 genes were selected as targets and were recognized by 
two different biotinylated capture probes. Two corresponding reporter oligonucle-
otides were labeled with Alexa 488 and Alexa 647, respectively, and the resulting 
sandwich hybrids were assembled on streptavidin-coated QD605. The samples 
were again passed through a microcapillary with three-color burst coincidence 
detection of Alexa 488, QD605, and Alexa 647 emission. Zhang and Johnson also 
developed a single QD probe to monitor the binding between HIV-1 Rev responsive 
element (RRE) RNA and Rev peptide (Zhang and Johnson 2007). This interaction 
is important for HIV replication, and the QD probe is potentially useful for inhibitor 
screening. The format was largely the same as for DNA detection, with the biotinyl-
ated RRE binding to streptavidin-coated QD605 and interacting with Cy5-labeled 
Rev peptide. Zhang and various coworkers have made several other contributions to 
single-particle assays with QDs and FRET (Zhang and Johnson 2006, 2009; Zhang 
and Zhang 2012).

Turning to a heterogeneous single-particle format, Sugawa et al. monitored indi-
vidual ATP hydrolysis reactions by recombinant human myosin Va (Sugawa et al. 
2010). Peptide-coated QD520s were conjugated with myosin Va using a heterobi-
functional cross-linker and adsorbed on a glass substrate. Cy3-labeled ATP was 
then introduced and the substrate imaged using total internal reflection fluorescence 
(TIRF). Although TIRF largely limits excitation to the interface of the glass sub-
strate, high background can result from high concentrations of freely diffusing dye 
in bulk solution, limiting the concentration of Cy3-ATP that can be utilized and 
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Fig. 11.15  (a) Design of a sandwich DNA hybridization assay using assembly with QDs. (b) 
FRET induced by DNA hybridization. (c) Schematic of the instrument used for single-particle 
detection. (d) Burst coincidence analysis in the presence of DNA target. The top panel is QD emis-
sion; the bottom panel is Cy5 emission. (e) Comparison between the QD-FRET DNA nanosensor 
and a conventional molecular beacon. Adapted with permission from Macmillan Publishers Ltd: 
Nature Materials (Zhang et al. 2005). Copyright 2005
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preventing access to high substrate concentrations (>100 nM). The application of 
FRET with QDs solved this problem as FRET is restricted to <10 nm and, in this 
case, 405 nm excitation did not directly excite the Cy3, thus avoiding high fluores-
cence background. The photostability of the QDs also permitted measurement of 
enzyme–substrate binding over several minutes. The anticorrelation of the QD and 
Cy3 PL trajectories permitted derivation of off-rates that reflected both substrate 
turnover and dissociation from the enzyme without catalysis.

11.2.3  �Heterogeneous Assays

The majority of QD-FRET assays developed to date have been in a homogeneous 
format. There are many reasons for this apparent preference: homogeneous assays 
avoid the need to develop chemistry for the immobilization of QDs in a manner 
suitable for FRET-based transduction; homogenous assays can have benefits in 
terms of speed and simplicity; and solution-phase probes are more amenable to 
intracellular or in vivo applications. Nonetheless, heterogeneous assays also have 
their advantages: immobilized QDs are not prone to aggregation under non-ideal 
conditions, bioconjugate reactions can be done with simple washing steps to remove 
excess reagents (cf. chromatography), washing steps can improve signal-to-
background ratios in the analysis of complex biological samples, reusability is pos-
sible, and near-field optical interrogation techniques (e.g., total internal reflection) 
can be utilized, among other case-by-case advantages.

Sapsford, Medintz, and coworkers were able to adapt QD–MBP conjugates  
to heterogeneous assays for maltose (Medintz et al. 2006b; Sapsford et al. 2004).  
In one configuration, a rod-like β-strand peptide was biotinylated at its C-terminus 
for attachment to a NeutrAvidin-modified surface and had a polyhistidine sequence 
at its N-terminus for binding and immobilizing QDs. Polyhistidine-MBP labeled at 
an allosteric site with Cy3 could be assembled on the immobilized CdSe/ZnS 
QD530 to create a reagentless, solid-phase assay for maltose, although the hetero-
geneous format had lower sensitivity than the corresponding homogeneous format 
(Medintz et al. 2005).

Algar et al. developed a solid-phase nucleic acid hybridization assay using QDs 
and FRET (Algar and Krull 2009). MPA-coated CdSe/ZnS QDs were immobilized 
on the exterior of fused silica optical fibers using multidentate surface ligand 
exchange with a thin film of silane-based thiols. The QDs were coated with a layer 
of NeutrAvidin, conjugated with biotinylated oligonucleotide probes, and the sur-
face blocked with BSA. FRET could be generated by probe–target hybridization 
using DNA targets directly labeled with an acceptor dye or through sandwich 
hybridization assays with labeled reporter oligonucleotides and unlabeled target. 
Multiplexed sensing was possible by co-immobilizing QD530 and QD620 and two 
different probe oligonucleotides, both in direct and sandwich assays, with Cy3 and 
Alexa 647 acceptor dyes (see Fig. 11.16). Alternatively, QD530 could be combined 
with two spectrally distinct acceptors, Cy3 and Rhodamine Red-X (Algar and Krull 
2010c). In both cases, the acceptor/QD PL ratios provided a quantitative analytical 
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signal with LODs as low as 1 nM and the discrimination of single nucleotide 
polymorphisms with contrast ratios of 31:1 between fully complementary and mis-
matched target. Three-plex and four-plex detection were possible by combining 
various donor–acceptor pairs with direct excitation of Pacific Blue, a blue-emitting 
fluorescent dye that was efficiently excited at the same wavelength as the QDs 
(Algar and Krull 2010a, b). Algar et  al. further explored how to optimize the 
solid-phase multiplexing sensing system to obtain a lower LOD, better selectivity, 
regeneration, and signal enhancement through a reduction of the active sensing area 
and through the use of doubly labeled reporter probes for sandwich assays (Algar 
and Krull 2011). This work, and some of the work described below, has been 
reviewed in detail elsewhere (Noor et al. 2013a).

Petryayeva et al. (2013) extended the above strategy to hybridization assays in 
microtiter plates. Two colors of QD were immobilized in polystyrene microwells 

Fig. 11.16  (a) Design of a solid-phase, multiplexed DNA hybridization assay with two colors of 
immobilized CdSe/ZnS QD (gQD = QD530; rQD = QD620). (b) PL emission spectra showing the 
response to four samples with varying amounts of two target DNA sequences. (c) Calibration data 
showing changes in the Cy3/gQD or A647/rQD PL ratio as a function of target concentration.  
(d) Discrimination between fully complementary target (TGT) and a single base-pair mismatch 
(1BPM) through control of stringency. Adapted with permission from Algar and Krull (2009). 
Copyright 2009 American Chemical Society
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functionalized with multidentate imidazole surface ligands. Here, a green CdSeS/
ZnS QD525–Cy3 pair was used as an internal standard channel and a CdSeS/ZnS 
QD625–A647 pair served as the detection channel. An LOD of 4 nM was possible 
in combination with the high-throughput format of the microtiter plate. Similarly, 
Noor and coworkers (Noor et al. 2013c) adapted the solid-phase QD-FRET nucleic 
acid hybridization assay format to a microfluidic chip format. Streptavidin-coated 
CdSe/ZnS QD525 and QD605 were immobilized on a biotinylated glass surface 
inside a glass-polydimethylsiloxane (PDMS) microfluidic channel. The QDs were 
modified with two oligonucleotide probe sequences complementary to two target 
sequences labeled with either Cy3 or Alexa 647. The QDs were delivered to the 
channel through electro-osmotic flow and immobilized through the biotin–streptavidin 
interaction. Biotinylated oligonucleotide probe was delivered through electropho-
retic injection and immobilized on the QDs. The target was also introduced by elec-
trophoretic injection. In contrast to previous studies where the dye/QD PL ratio was 
used for quantitative detection, the length of a zone of FRET-sensitized emission 
along the channel was used for quantitative measurements (see Fig. 11.17) since it 

Fig. 11.17  (a) Design of a solid-phase, multiplexed DNA hybridization assay within a microfludic 
channel. (b) Images of donor and acceptor PL along the channel length. The length of the zone of 
acceptor emission (Cy3, A647) provides quantitative data. (c) Calibration data plotting the length 
of FRET-sensitized acceptor PL within the channel versus the amount of target injected into the 
channel. Adapted with permission from Noor et al. (2013c). Copyright 2013 Elsevier
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was proportional to the amount of target, which was rapidly pulled from solution by 
hybridization with available probes within the confines of the microfluidic channel. 
It was possible to detect femtomole quantities of target in this format. The integra-
tion of microfluidics and the solid-phase assay format is advantageous due to its 
relatively low cost, small sample volume, and the ability to detect smaller absolute 
quantities of material. Multiplexed sensing was realized in this design with an 8:1 
contrast ratio for discrimination between perfectly matched and three-base-pair 
mismatched sequences.

Independently, Noor et al. and Petryayeva et al. developed QD-FRET assays on 
paper substrates (Noor et al. 2013b; Petryayeva and Algar 2013). Paper has a num-
ber of advantages as a solid support as it is able to transport fluid through capillary 
wicking, it is compatible with many biomolecules, and its fibres can be modified 
with functional groups amenable to bioconjugation (Noor et  al. 2013b). In both 
cases, cellulose chromatography paper was oxidized and derivatized with surface 
ligands to immobilize QDs. Noor et al. used imidazole ligands to immobilize GSH-
coated CdSeS/ZnS QD525 that had been pre-conjugated with oligonucleotide 
probes (Noor et al. 2013b). Hybridization assays with Cy3-labeled target permitted 
detection within minutes with a dynamic range from 300 fmol to 5 pmol (150 nM). 
The paper platform helped minimize interference from non-complementary DNA 
with a contrast ratio of 19:1. In contrast, Petryayeva et al. modified paper with thiol 
ligands to immobilize CdSeS/ZnS QD525 (Petryayeva and Algar 2013). The immo-
bilized QDs were further modified with peptide probes for detecting proteolytic 
activity. Spots of QDs with peptide probes for different proteases of interest were 
arrayed on paper substrates for multiplexed detection of up to three target proteases, 
as well as detection of a two-step enzyme activation cascade. Importantly, the dye/
QD PL ratio, which served as the analytical signal, could be detected using a 
low-cost digital camera or smartphone camera with violet excitation light from a 
low-power light-emitting diode (LED) (see Fig. 11.18). Further work by this group 
demonstrated the utility of the paper-based QD-FRET format for protease inhibition 
assays, and demonstrated that the paper environment enhanced FRET rates by three-
fold and dye/QD PL ratios by seven-fold relative to bulk solution (Kim et al. 2014). 
Overall, the paper substrate combined with QD-FRET is a potentially promising 
platform for point-of-care tests and diagnostics.

11.3  �CRET and BRET-Based Bioanalysis 
with Quantum Dots

CRET and BRET are analogous to FRET except that the excited state donor is not 
created through optical excitation but rather through a chemical or biochemical 
reaction. That is, the donor is chemiluminescent or bioluminescent. QDs are an 
ideal BRET or CRET acceptor owing to their broad absorption spectra, which gen-
erates large spectral overlap. Importantly, the absence of optical excitation in CRET 
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and BRET avoids direct excitation of the QD acceptors. CRET with QD acceptors 
was first investigated by Huang et al. utilizing a luminol–H2O2 system as a CRET 
donor (Huang et al. 2006). Horseradish peroxidase (HRP) was conjugated to CdTe 
QDs coated with MPA using carbodiimide coupling. CRET could be observed with 
several colors of CdTe QD (QD560, QD590, QD620, QD660). Detection of the 
formation of a rudimentary immunocomplex using QD-CRET was demonstrated 
using antigen-coated QDs and an HRP-labeled antibody. Examples of CRET-based 
assays are also listed in Tables 11.1, 11.2, 11.3, 11.4, 11.5, and 11.6.

Fig. 11.18  (a) Design of QD-FRET, array-based assays for proteolytic enzymes on paper sub-
strates. (b) Photographs of immobilized QDs and QD-peptide conjugates (QD–A555) under white 
light and UV illumination. (c) Progress curves, measured as a red/green (A555/QD) emission ratio, 
for the digestion of peptide substrates by trypsin (TRP) and chymotrypsin (ChT), measured using 
a low-cost digital camera, a consumer webcam, and a smartphone camera (iPhone). These mea-
surements were collected through imaging with illumination from a low-cost, low-power violet 
LED.  Adapted with permission from Petryayeva and Algar (2013). Copyright 2013 American 
Chemical Society
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As an alternative to HRP, the catalytic reactions of some DNAzymes generate 
chemiluminescence (Kosman and Juskowiak 2011). Willner’s group has developed 
several assays based on a HRP-mimicking DNAzyme. This DNAzyme comprises a 
Hemin/G-quadruplex unit and catalyzes the chemiluminescent reaction between 
luminol and H2O2. For example, Niazov et al. developed a DNAzyme-based CRET 
probe for sensing glucose (Niazov et al. 2011). Glucose oxidase (GOx) was conju-
gated to GSH-coated CdSe/ZnS QD620 using a homobifunctional cross-linker, and 
the GOx was further conjugated with the DNAzyme using a heterobifunctional 
cross-linker. In the presence of glucose, the GOx produces H2O2, which is con-
sumed in a DNAzyme-catalyzed reaction with luminol, generating chemilumines-
cence in close proximity to the QD with concomitant CRET. The concentration of 
glucose controls the amount of H2O2 produced by GOx and thus the intensity of 
CRET-sensitized QD luminescence. This design does not require an external excitation 
source, provides near-zero background signal, and has a LOD of 5 mM glucose.  
The design can also be modified for other oxidation reactions or biocatalytic processes 
that can directly or indirectly produce H2O2. Additional work done by Willner’s 
group has shown that catalysis of the luminol–H2O2 reaction by the HRP-mimicking 
hemin/G-quadruplex DNAzyme to produce CRET-sensitized QD emission is useful 
for the detection of aptamer substrates such as thrombin and ATP, as well as multi-
ple DNA sequences (Freeman et  al. 2011b; Liu et  al. 2011). For the latter, the 
DNAzyme sequence was hidden within stem–loop oligonucleotides that opened in 
the presence of complementary target DNA to enable self-assembly of the hemin/G-
quadruplex DNAzyme. The analytical signal was evolution of CRET-sensitized QD 
emission. Three different colors of CdSe/ZnS QD (QD490, QD560, QD620) were 
functionalized with stem–loop probes complementary to different target sequences 
for multiplexed detection (see Fig.  11.19). For the detection of ATP, the DNA 
sequences were designed so that ATP induced self-assembly of two subunits of a 
hemin/G-quadruplex to realize DNAzyme function and trigger CRET to proximal 
acceptor QDs. The assembly of the two subunits was driven by the affinity of the 
aptamer sequence for ATP (see Fig. 11.19).

Rao’s group has pioneered much of the work with QD-BRET systems and 
assays. These researchers have used QDs as acceptors in BRET for in vivo imaging, 
sensing protease activity, and the detection of protein–protein interactions. For 
in  vivo imaging, CdSe/ZnS QD655 and CdTe/ZnS QD705 and QD800 were 
conjugated with a Renilla luciferase (RLuc) mutant, Luc8, through carbodiimide 
coupling (So et al. 2006). The BRET-sensitized, long-wavelength luminescence was 
within the biological tissue window and offered a signal-to-noise ratio of >103 for 
imaging 5 pmol of conjugate. The broad absorption spectra and tunable emission of 
QDs permitted pairing of multiple colors of QD with Luc8 for multicolor imaging. 
This group also developed a QD-BRET format for sensing proteolytic activity using 
either polyhistidine self-assembly (Yao et al. 2007) or intein-mediated conjugation 
to attach Luc8 to QDs for efficient BRET (Xia et al. 2008). In the former study, the 
luciferase was expressed with a polyhistidine-terminated peptide linker that 
doubled as a substrate for matrix metalloproteinase-2 (MMP-2) (Yao et al. 2007). 
MMP-2 overexpression is strongly correlated with cancer and the detection of its 
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Fig. 11.19  (a) Scheme and representative data for CRET-based detection of ATP using QD–
aptamer conjugates and a catalytic hemin/G-quadruplex DNAzyme to generate chemilumines-
cence (CL). The lower panel shows changes in emission spectra as the ATP concentration is varied 
between 0.1 and 100 μM. (b) Scheme and representative data for the multiplexed detection of 
target DNA sequences. QD620, QD560, and QD490 (not shown) are conjugated with different 
hairpin probes for three-plex detection. The lower panel shows emission spectra obtained from 
samples with (1) absence of target, (2) target for QD560, (3) target for QD620, (4) target for QD 
490, (5) target for all three QDs. Adapted with permission from Freeman et al. (2011b). Copyright 
2011 American Chemical Society

activity is of clinical value. In the presence of MMP-2, hydrolysis of the substrate 
broke the proximity and changed the BRET ratio as a signal of MMP-2 activity and 
amount (see Fig. 11.20). The LOD of this assay was 2 ng mL−1 with a 24-h incuba-
tion period and showed good selectivity. A similar assay for proteolytic activity was 
developed using site-specific intein-mediated chemical ligation for conjugation to 
QDs (Xia et al. 2008). Signaling was analogous to the previous probe for MMP-2, 
but here MMP-7 detection was possible down to 5 ng mL−1. The BRET ratio was 
log-linear with respect to MMP-7 concentration. Multiplexed detection of MMP-2 
and uPA activity was also possible using QD655 and QD705 conjugates with Luc8 
mutants expressed with a suitable peptide linker. LODs of 1 and 500  ng  mL−1, 
respectively, were achieved.
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Fig. 11.20  (a) Design of a QD-BRET probe for assaying MMP-2 proteolytic activity. (b) Changes 
in emission spectra after addition of QDs to Luc8 fusion proteins after incubation with MMP-2 for 
0, 0.5, 1, 2, and 16 h. Adapted with permission from Yao et al. (2007). Copyright 2007 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim

11.4  �Bioanalyses with Energy Transfer Between Quantum 
Dots and Other Nanomaterials

A variety of energy transfer-based assays involving QDs and other nanomaterials 
such as gold nanoparticles (AuNPs), carbon nanotubes (CNTs), and graphene oxide 
(GO) have been reported in the literature. Of these materials, AuNPs are the most 
widely utilized. An example of the quenching of QDs with AuNPs was noted previ-
ously in Sect. 11.2.1.4 for assaying collagenase activity. Several other examples are 
listed in Tables 11.1, 11.2, 11.3, 11.4, 11.5, and 11.6.

Oh et al. developed one of the first assays based on the quenching of QD PL by 
AuNPs. QD605 were modified with dextran and 3-nm AuNPs were modified with 
concanavalin A (ConA), which has high affinity for mannosyl and glucosyl groups 
(Oh et al. 2006). In the absence of glycosylated protein, the ConA and dextran could 
bind one another without competition, thus bringing the AuNPs and QDs in close 
proximity with PL quenching of the latter. Using this assay format, it was possible 
to measure the degree of chemical glycosylation of BSA (see Fig. 11.21) and dif-
ferentiate between hyperglycosylated and hypoglycosylated recombinant glucose 
oxidase from yeast strains. This assay was converted to a heterogeneous format by 
coupling ConA-modified QD525 or QD605 onto an NHS-activated hydrogel-coated 
glass slide with binding to dextran-modified AuNPs (Kim et al. 2009b). This group 
also developed a heterogeneous protease assay with QD525, QD605, and QD655 
immobilized on an activated glass slide (Kim et al. 2008). Streptavidin-coated QDs 
were immobilized in a multicolor array format and conjugated with peptides that 
were biotinylated at one terminus, labeled at the opposite terminus with 1.4-nm 
AuNP, and contained an amino-acid sequence recognized and cleaved by either 
MMP-7, caspase-3, or thrombin. QD PL was quenched by >80 % in the absence of 
proteolytic activity and the recovery of QD PL could be used to detect as little as 
10 ng/mL MMP-7, 20 ng/mL caspase-3, and 1 U/mL of thrombin.
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Li et al. developed a sensitive assay for the detection of mercury (Hg2+) using 
CdSe/ZnS QD575 modified with a thiol-terminated oligonucleotide probe and a 
reporter oligonucleotide labeled with a 3-nm AuNP (Li et al. 2011). The probe and 
reporter were both 10-mers and were complementary except for a central three-base 

Fig. 11.21  (a) Competitive binding assay for measurement of protein glycosylation using QDs 
and NSET with AuNPs. (b) Changes in normalized PL for glycosylated (avidin, 22-MB) versus 
non-glycosylated proteins (NeutrAvidin, BSA). The normalized PL was calculated as, for exam-
ple, (PL22-MB − PLBSA)/(PL22-MB − PLBSA)max. Adapted with permission from Oh et  al. (2006). 
Copyright 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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repeat of a thymine–thymine mismatch. Only in the presence of Hg2+ could these 
sequences form double-stranded DNA stabilized by thymine–Hg2+–thymine com-
plexes, thus bringing the AuNP and QD in close proximity with quenching of QD 
PL via a putative NSET mechanism (see Fig. 11.22). As little as 1.2 ppb of Hg2+ in 
river water could be detected using this assay. Kikkeri et al. developed a competitive 
binding assay for quantifying specific sialoglycans on proteins and in serum (Kikkeri 
et al. 2013). CdSe/ZnS QD610 were modified with sialic acid binding proteins and 
AuNPs were modified with sialic acids. Sialoglycans in a sample compete for bind-
ing to the sialic acid binding proteins and thus decrease the number QD–AuNP 
conjugates formed and quenched by NSET, leading to a recovery of QD PL propor-
tional to the concentration of sialoglycan. Detection limits were of the order of 
micromolar concentrations. Different binding proteins were able to detect different 
linkages and forms of sialic acids.

Similar to AuNPs, carbon nanomaterials such as GO and CNTs have the ability 
to quench QD PL through dipolar energy transfer mechanisms, although the precise 
mechanism may be surface energy transfer (SET) rather than classical FRET. This 
phenomenon has been used to develop several assays with QDs. For example, Dong 
et al. modified CdTe QD590 with oligonucleotide hairpin probes (Dong et al. 2010). 
These conjugates adsorbed to GO and their PL was quenched. Introduction of com-
plementary target and hybridization to form double-stranded DNA resulted in the 

Fig. 11.22  (a) QD-NSET method for assaying Hg2+ (aq) based on its interaction with thymine 
residues. (b) Quenching of QD PL via NSET in the presence of Hg2+ (aq). (c) Time-dependent 
quenching of QD PL after the addition of Hg2+ to the probes. Adapted with permission from Li 
et al. (2011). Copyright 2011 American Chemical Society
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recovery of QD PL due to a weaker tendency for adsorption and a greater distance 
between the QD and the GO. These authors also adapted this assay format to the 
detection of thrombin using thrombin-binding aptamer. In another study, Liu et al. 
reported a sandwich assay for α-fetoprotein (AFP, a hepatocellular carcinoma 
biomarker) with capture antibodies on GO and reporter antibodies conjugated to 
CdTe QD510 (Liu et al. 2010). In the presence of AFP, and with 2 % BSA to miti-
gate non-specific adsorption, formation of a sandwich immunocomplex brought the 
QD and GO in close proximity, resulting in quenching of QD PL. The LOD was 
0.15 ng/mL of AFP. Multi-walled CNTs have also been used to develop a sandwich 
immunoassay for breast cancer-associated antigen 1 (BRCAA1) and for multi-
plexed sandwich hybridization assays. BRCAA1 could be detected at levels as low 
as 0.4  nM (Cui et  al. 2008). The three-plex hybridization assay used CdSe/ZnS 
QD510, QD555, and QD600 reporters for the detection of target DNA sequences in 
the range of 0.2–200 pM.

11.5  �Charge Transfer-Based Bioanalyses with Quantum Dots

In bioanalysis applications, CT quenching of QD PL is used analogously to FRET. 
Biorecognition events can alter the distance between a QD and redox-active moiety, 
resulting in changes in the efficiency of CT quenching. Potential advantages of CT 
over FRET include greater distance and environmental sensitivity, no requirement 
for spectral overlap (i.e., a potentially universal quencher, see Fig. 11.23), and the 
potential to completely eliminate reliance on organic dyes (e.g., through the use of 
inorganic complexes as quenchers) (Medintz et al. 2009; Aryal and Benson 2006). 
However, as noted earlier, the precise CT mechanism(s) with aqueous QD biocon-
jugates is not well established and bioanalysis with QDs and CT quenching is still 
very much a nascent area of research compared to bioanalysis with QDs and 
FRET. Some examples of this technique are listed in Tables 11.1, 11.2, 11.3, 11.4, 
11.5, and 11.6.

Benson’s group has developed CT quenching-based sensing methods with QDs 
for several different target analytes, including maltose (Sandros et al. 2005, 2006), 
lead (Shete and Benson 2009), thrombin (Swain et al. 2008), and fatty acids (Aryal 
and Benson 2006). In their initial work, maltose was targeted using CdSe and CdSe/
ZnS QD565–MBP conjugates, where the MBP was site-specifically labeled with a 
ruthenium(II) phenanthroline complex, [(tetraamine)(5-maleimido-phenanthroline) 
ruthenium]-(PF6)2 (Ru-phen), as an electron donor. Upon photoexcitation, the 
Ru-phen was able to transfer an electron to the QD and quench its PL. With the 
introduction and subsequent binding of maltose, MBP underwent a conformational 
change, altering the position of the Ru-phen relative to the QD and decreasing the 
CT quenching efficiency (see Fig. 11.24). A 22 % increase in QD PL was observed 
with the addition of maltose and reversible sensing was possible. This format was 
later adapted to single-particle measurements using ferrocene-labeled MBP 
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immobilized on a glass cover slip, with detection of between 100 pM and 10 μM of 
maltose (Opperwall et al. 2012). Re-engineering of phosphate-binding protein to 
bind Pb2+ and labeling of the protein with Ru-phen permitted detection of Pb2+ based 
on similar conformational changes with analyte binding (Shete and Benson 2009). 
A probe for thrombin was developed based on the conformational change of a 
Ru-phen-labeled aptamer upon binding to thrombin. Thiol-terminated double-
stranded DNA with the TBA sequence was self-assembled to QDs and the opposite 
terminus was labeled with Ru-phen. Binding of thrombin induced a conformational 
change with concomitant dehybridization of the distal portion of the dsDNA, chang-
ing the separation between the Ru-phen and the QDs to alter the CT quenching 
efficiency, although the direction of this change depended on the number of dsDNA 
per QD (Swain et al. 2008). While the above examples relied on putative changes in 
the separation between QDs and Ru-phen to provide an analytical signal, changes in 
the solvation of Ru-phen have also been reported alter CT quenching efficiency—
something that has not been demonstrated with FRET. Aryal et al. suggested that 

Fig. 11.23  (a) Scheme showing the application of Ru-phen-labeled peptides as a universal CT 
quencher of QD PL. (b) Representative spectra show selective quenching of different colors of QD 
by pre-assembly with Ru-phen-labeled peptide before mixing. Adapted with permission from 
Medintz et al. (2009). Copyright 2009 American Chemical Society. (c) Spectra showing quenching 
of QD PL by assembly of an increasing amount of Ru-phen-labeled peptide per CdSe/ZnS QD540. 
(d) Assays of chymotrypsin activity and inhibition using recovery of QD PL after proteolytic relief 
of CT quenching. The activity was measured with and without an inhibitor and analyzed using a 
classic Michaelis–Menten model. Adapted with permission from Medintz et al. (2008). Copyright 
2008 American Chemical Society

M. Wu and W.R. Algar



241

changes in solvation were responsible for 32–58 % change in QD PL when palmi-
tate was bound to intestinal fatty acid binding protein labeled with Ru-phen at its 
binding pocket (Aryal and Benson 2006). This configuration could be used for sens-
ing palmitate.

Medintz et  al. have reported CT-based detection of protease activity using 
Ru-phen-labeled peptides (Medintz et al. 2008). QD PL is quenched from transfer 
of an electron from the Ru-phen to the QD. Peptide substrates for thrombin and 
chymotrypsin were appended with a polyhistidine sequence to self-assemble onto 
different colors of QDs. Ru-phen was conjugated to the peptides at the opposite 
terminus and an increasing number of labeled peptides per QD progressively 
quenched QD PL with efficiencies >70  %, where the degree of quenching per 
Ru-phen depended on the QD to which it was conjugated. With the addition of 
thrombin and chymotrypsin, these peptides were cleaved and Ru-phen was released 
from the QD with loss of CT quenching and recovery of QD PL. Protease inhibition 
assays were also possible in this format (see Fig. 11.23). The possibility of multi-
plexed sensing using CT-quenching was also evaluated (Medintz et  al. 2009). 

Fig. 11.24  (a) Scheme for the detection of maltose through conformational changes in MBP 
labeled with Ru-phen. The conformational change upon binding reduces the rate of CT to the QD. 
(b) PL emission spectra for the QD–MBP-Ru-phen conjugate without maltose (solid line) and with 
1 mM maltose (dashed line). (c) QD PL intensity (a.u.) versus concentration of maltose. The asso-
ciation constant derived from the binding isotherm is 1.9 × 106 M−1. Adapted with permission from 
Sandros et al. (2005). Copyright 2005 American Chemical Society
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Multiple colors of QDs emitting across the visible spectrum were quenched 
simultaneously, but with different efficiencies, by Ru-phen. The quenching of up to 
eight different colors of QD PL could be resolved using a Gaussian deconvolu-
tion algorithm.

Medintz et al. developed an in vitro and intracellular pH sensor based on CT 
between QDs and the oxidized form of dopamine, which functioned as an electron 
acceptor (Medintz et al. 2010). A peptide labeled with dopamine at its N-terminus 
and appended with a polyhistidine tag at its C-terminus was self-assembled onto the 
surface of QDs. The relative amount of oxidized dopamine (quinone) and reduced 
dopamine (hydroquinone) per QD was strongly pH-dependent. Since only the qui-
none form, which dominated at basic pH, was a good electron acceptor, the ensem-
ble efficiency of electron transfer quenching varied in proportion to the pH 
(see Fig. 11.25). At acidic pH, dopamine existed mostly as a hydroquinone, and 
there was very little CT quenching. The QD–dopamine conjugates exhibited a 

Fig. 11.25  (a) Design of a CT-based pH sensor using QDs conjugated with dopamine-modified 
peptides. (b) Change in QD PL as a function of pH in a mixture with pH-insensitive FLX fluores-
cent nanospheres. (c) Plot of QD/FLX PL ratio versus pH. The formal redox potential is also plot-
ted as a function of pH. Adapted with permission from Macmillan Publishers Ltd: Nature Materials 
(Medintz et al. 2010). Copyright 2010

M. Wu and W.R. Algar



243

linear change in PL intensity between pH 6.5 and 11.5 when referenced against 
pH-sensitive fluorescent microspheres (FLX) as an internal standard. This design 
was also tested intracellularly where nystatin, an antifungal drug, was used to per-
meablize COS-1 cells and permit changes in the cytosolic pH by exchanging the 
extracellular buffer. The QD–dopamine conjugates and FLX internal standard were 
micro-injected into the cells beforehand and pH changes were detected through the 
change in the relative QD PL intensity as a readout signal for CT. This format pro-
vided real-time tracking of changes in cystosolic pH.

Tomasulo et al. developed a QD-CT-based pH indicator (Tomasulo et al. 2006). 
[1,3]Oxazine ligands incorporating an electron-rich indole group and a 
4-nitrophenylazophenoxy chromophore were able to quench QD PL via either CT 
or energy transfer, with the former being the dominant mechanism. Under basic 
conditions, the [1,3]oxazine ring was opened to generate a 4-nitrophenylazophenolate 
chromophore that (1) had better spectral overlap with the QD PL, improving energy 
transfer efficiency, and (2) had a more negative oxidation potential, improving 
charge transfer efficiency. The result was an overall 85 % decrease in the QD PL 
quantum yield. In contrast, acidic conditions increased the QD PL quantum yield by 
33 %. In another example, Ruedas-Rama et al. conjugated QDs with different azam-
acrocycles (cyclam, cyclen, and 1,4,7-triaza-cyclononane) that could quench QD 
PL by >80 % through electron transfer (Ruedas-Rama and Hall 2008). When zinc 
(Zn2+) was introduced and bound by the azamacrocycles, the QD PL was recovered 
because the electron transfer pathway was blocked by coordination to the Zn2+ ion. 
The LOD was approximately 1–2 μM Zn2+ with a dynamic range of almost two 
orders of magnitude and good selectivity against other physiologically relevant 
cations.

11.6  �Conclusions and Outlook

This chapter has described and illustrated several different bioanalysis formats that 
combine the unique and advantageous optical properties of QDs with the utility of 
energy transfer. The examples discussed have included homogeneous assays, het-
erogeneous assays, and single-molecule assays, both in vitro and in cellular milieu, 
targeting analytes as diverse as small molecules and drugs, ions, carbohydrates, 
antigens, enzymes, and nucleic acids. The most widely used energy transfer mecha-
nism has been FRET, although applications of BRET, CRET, NSET, and CT are 
growing. In each case, the modulation of QD PL by energy transfer is coupled to 
biorecognition processes that alter the energy transfer efficiency. QD energy trans-
fer is an established field but is nonetheless still rapidly growing. Emerging areas of 
research and application include the development of bioanalysis probes that are 
composites of QDs and other nanomaterials with unique properties; the integration 
of QDs into devices suitable for point-of-care diagnostics and supporting personal-
ized medicine; more sophisticated application of QD probes to the analysis and 
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elucidation of biochemical and cellular processes; and, most challengingly, 
developing QD probes suitable for in vivo analyses and, ultimately, theranostics, 
the combination of therapy (e.g., drug delivery) and diagnostics (e.g., biosensing). 
QDs continue to offer many opportunities for future advances in biosensing 
and bioanalysis.
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    Chapter 12   
 Nanoparticle-Based Detection of Protein 
Phosphorylation 

             Sanela     Martic      and     Heinz-Bernhard     Kraatz    

    Abstract     Protein    kinases are critical catalytic proteins in humans and regulate a 
huge number of biological functions and cellular transformations. Understanding 
the role and mechanism of protein kinases is of major interest. Moreover, hyperac-
tive protein kinases have been identifi ed in certain diseases, which has triggered the 
search for protein kinase inhibitors. Since protein kinases are critical and “drugga-
ble” targets, alternative methodologies for monitoring protein kinase activity and 
inhibitor screening are needed. The relatively old techniques for kinome analysis, 
immunoassay and radiography, have been replaced by new optical and electrochem-
ical methods, some of which will be discussed here. In this chapter, the focus is on 
the development of nanoparticle-based strategies for effi cient monitoring of protein 
kinase activity and inhibition.  

  Keywords     ATP   •   Nanoparticles   •   Protein kinase  

12.1         Introduction 

 Protein phosphorylations by protein kinases drive the cellular signaling pathways 
and are involved in all stages of cell life: division, proliferation, etc. (Hunter  2000 ; 
   Manning et al.  2002 ). Protein kinases catalytically transfer a phosphate group from 
adenosine triphosphate to a substrate, typically a protein with Ser, Thr, or Tyr 
groups. The phosphorylation of the substrate may trigger a change in its electro-
static profi le, conformation, or activity. For example, the phosphorylation of STAT3 
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by sarcoma-related kinase induces the formation of the dimer from two pSTAT3 
molecules (Bromberg et al.  1999 ; Cimica et al.  2012 ). Once phosphorylated, 
pSTAT3 dimerizes and becomes activated. The aforementioned activation causes 
the signaling cascade effect downstream in the kinase pathway. In another example, 
the phosphorylation of tau protein substrate, which is related to neurobiological 
disorders, by glycogen synthase kinase causes a change in its conformation and 
promotes its self-association into toxic neurofi brillary tangles and fi laments (Rankin 
et al.  2007 ). The phosphorylation reaction is relatively simple and involves three 
distinct partners, all of which are required for the post-translation to take place: 
protein kinase, substrate, and co-substrate as depicted in Fig.  12.1 .  

 The dephosphorylation is carried out by protein phosphatases and the balance 
between kinases/phosphatases is biologically important and critical for normal 
function. 

 The most commonly used analytical method for monitoring protein kinase activ-
ity is the radiolabeled assay based on  32 P-ATP (Houseman et al.  2002 ). Recent 
advances have been made towards the screening of protein kinases, and involve the 
use of specifi c antiphospho-antibodies (Umezava  2005 ), fl uorescently labeled pep-
tide substrates or kinase (Schultz et al.  2005 ) thiol (Allen et al.  2007 ), or ferrocene 
conjugates (Martic et al.  2013 ). Alternative label-free methods for the detection of 
protein kinase activity and inhibitor screening are of interest because they eliminate 
the need for chemical derivatization of protein kinase, substrate, or co-substrate. In 
this chapter, the label-free approaches are discussed as they pertain to the use of 
nanoparticles (NPs) for kinome studies. This chapter will systematically cover the 
use of NPs for kinome analysis, but will not include the use of NPs for phosphopep-
tide enrichment for mass spectrometry analysis (Grimsrud et al.  2010 ).  

  Fig. 12.1    Illustration of the co-substrate, protein kinase and substrate required for the kinase- 
catalyzed phosphorylation reaction. The overall reaction depicts phosphorylation of Tyr residue by 
a given kinase (reprinted with permission)       
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12.2     Biochemical Role of Protein Kinase Phosphorylations 

 More than 500 protein kinases regulate metabolic and cellular pathways by phos-
phorylation of a substrate and represent almost 2 % of total proteins in our bodies. 
The growth factors which are involved in the signal transduction pathways are 
highly dependent on their receptors, which are composed of extracellular, trans-
membrane, and cytoplasmic tyrosine kinase domains. The growth receptor binding 
to the kinase domain activates that kinase, a process which is strictly regulated in 
normal cells. However, dysregulation and overexpression or overactivation of recep-
tor tyrosine kinases has been linked to wide range of cancers. The overexpression or 
upregulation of certain kinases has been linked to diseases, such as cancer, infl am-
mation, and diabetes (Manning et al.  2002 ). Other tyrosine kinases may not be 
receptors, and they relay intracellular signals. The complexity of the kinase activity 
and relationships which drive normal cellular function is shown in Fig.  12.2 .   

12.3     Protein Kinase Inhibition 

 Since protein kinase activity has been linked to certain diseases, it is not surprising 
that the identifi cation of potential kinase inhibitors is driving kinome therapeutics 
(Davies et al.  2000 ; Takeuchi and Ito  2011 ). For example, cancer targeting of the 
receptor tyrosine kinase is achieved via targeting those kinases which are major regu-
lators of cancer cell survival. Hence, in breast cancer, over-expressed HER2 occurs 
in ~25 % of patients and is a viable target for drug development. In addition, epider-
mal growth factor receptor (EGFR) is widely up-regulated in solid tumors and is 
another viable target. The drug targeting approach towards inhibition of the protein 
kinases is divided into (1) small molecule inhibitors and (2) antibody therapies. The 
latter approach is specifi c to receptor tyrosine kinases, because therapeutic antibody 
binds the specifi c kinase and prevents the growth hormone from activating it (Grant 
 2009 ). The immunotherapies based on trastuzumab   , cetuximab and panitumumab 
work for HER2 and EGFR protein kinases. Small-molecule drug targeting has been 
successful for other protein kinases like Abl and Src, and includes imatinib and nilo-
tinib, among others (Fig.  12.3 ).  

 Currently, a number of ATP-competitive inhibitors are commercially available: 
imatinib, nilotinib, and ruxolitinib (Medves and Demoulin  2012 ). The drug target 
screening for protein kinases is complicated due to the non-specifi c inhibitor bind-
ing domain which is an ATP-binding site. The generic nature of the ATP-binding 
site makes the search for specifi c inhibitors targeting protein kinase challenging. 
The current criticism for ATP-competitive inhibitors is that they may not be able to 
compete with high intracellular ATP concentrations and are not kinase-selective. 
These inhibitors have affi nity for kinases in the 10–300 micromolar range while 
intracellular concentrations of ATP are in the millimolar range (Grant  2009 ). 
To improve kinase selectivity, new inhibitors are being developed which bind 
the ATP site but also extend beyond the ATP pocket to include other points of 
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 interactions which are specifi c to the amino-acid sequences of a given kinase. 
Additional efforts toward druggable kinases include the organometallic analogs of 
the kinase inhibitors, like staurosporin and its derivatives, as shown in Fig.  12.3  
(Pagano et al.  2009 ). Development of new drug targets fuels the need for alternative 
inhibitor screening methodologies, some of which will be described below.  

  Fig. 12.2    Human protein kinase signaling pathways (reprinted with permission from SignalChem 
 2013 )          
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12.4     Nanoparticle-Based Platforms for Kinome Analysis 
and Inhibitor Screening 

 In recent decades, nanomaterials have been exploited for materials, biomedical, and 
analytical applications due to their excellent attributes such as ease of preparation, 
biocompatibility, stability, optical and electrochemical properties, etc. The NP-based 
sensors fall into two categories: (1) unmodifi ed NPs and (2) modifi ed NPs. The 
bioassays based on NPs are carried out in three ways: (1) spectroscopy, (2) micros-
copy, and (3) electrochemistry. In this section inorganic and organic NPs will be 
discussed as they pertain to kinome analysis through a variety of methods based on 
unmodifi ed and modifi ed NPs. 

12.4.1     Gold NPs 

 Gold nanoparticles (AuNPs) have been widely used in bioassays of protein kinases 
in electrochemical or optical platforms. The electrochemical approach may use 
redox labeling or the oxidation/reduction of gold directly for detection of phos-
phorylation. Optical methods for phosphorylation studies have employed the sur-
face plasmon resonance of AuNPs or AuNPs as surface supports for the reagents in 
the reaction. Examples of these strategies will be discussed below. 

12.4.1.1     Electrochemical Detection with AuNPs 

 Label-free electrochemical detection of kinase activity was demonstrated using an 
immobilized peptide substrate on gold electrode and zirconium cation-mediated 
signaling (Xu et al.  2009 ). Upon phosphorylation in the presence of ATP and pro-
tein kinase A (PKA), the phosphates bound the zirconium ions via multi- coordination 
between the metal ion and phosphate groups. This zirconium-rich surface was sub-
sequently exposed to the DNA functionalized-AuNPs containing the 5′-phosphate 

  Fig. 12.3    Structures of the small molecule protein kinase inhibitors       
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ends which cap the surface zirconium ions. The presence of DNA-AuNPs on the 
surface increased the redox charge of the [Ru(NH 3 ) 6 ] 2+/3+  solution probe which was 
detected by chronocoulometry. The lowest detectable kinase activity was at 
5 U mL −1 , and the IC 50  of the H-89 inhibitor was at 33 nM. 

 Due to specifi c binding between sulfur and gold, AuNPs were used for binding 
to thiophosphorylated peptides on carbon electrodes. The electrochemical biosen-
sor was based on adenosine 5′-[γ-thio]triphosphate (S-ATP) for kinase-catalyzed 
phosphorylation in the presence of PKC    kinase (   Kerman and Kraatz  2007 ). The 
target biotin-labeled peptides were immobilized on the streptavidin-coated carbon 
electrode, and subsequently exposed to S-ATP and PKC. The thiophosphate groups 
were attached to the surface which was subsequently exposed to AuNPs. The 
square-wave voltammetry was used to monitor oxidation of Au 0  to [AuCl 4 ] − , and 
subsequent reduction to Au 0 . This method allowed for a detection limit for PKC of 
10 U mL −1  with a linear range up to 50 U mL −1 .  

12.4.1.2     Optical Detection with AuNPs 

 Typically, optical response is monitored by surface plasmon resonance wherein dis-
persed AuNPs appear red and aggregated AuNPs appear purple (or blue) in solu-
tion. The aggregation of AuNPs leads to a red shift of interparticle surface plasmon 
absorbance. The latest development in AuNPs regarding kinase analysis was intro-
duced by a chemoluminescence biosensor using S-ATP as a co-substrate (Xu et al. 
 2010 ). ECL combines electrochemical and luminescence methods and measures the 
light emission process in a redox reaction. The peptide substrate, kemptide, was 
immobilized via a HS-group to the gold electrode prior to kinase activity. In the 
event of the successful thiophosphorylation of keptide, in the presence of PKA and 
S-ATP, AuNPs bind the phosphopeptide surface and mediate the ECL of indicators 
such as luminol. Using the ECL biosensor, the optimal S-ATP and PKA concentra-
tions were determined to be 30 μM and 60 U mL −1 . The inhibition of PKA activity 
was also determined with ellagic acid at an IC 50  of 5 μM. The obvious shortcoming 
of this approach is the required use of S-ATP, which is a non-natural co-substrate 
and precludes cellular studies. 

 In an array format, biotinylated AuNPs were used with immobilized peptides for 
the detection of biotin-phosphorylation of peptide substrates (Sun et al.  2007 ). For 
Resonance Light Scattering (RLS)    detection, silver ions were used for signal 
enhancement and the kinase activity was measured. This methodology, however, 
requires the use of biotin-labeled ATP and introduces another level of complexity. A 
next-generation RLS biosensor for kinases was developed based on this method but 
it utilized ATP rather than biotin- ATP. The immobilized peptide substrate was com-
bined with biotinylated antiphospo- antibody, dye-modifi ed avidin, and biotin-
AuNPs for detection of peptide phosphorylation by PKA and lymphocyte-specifi c 
protein tyrosine kinase (LCK)    in a format depicted in Fig.  12.4  (Li et al.  2010 ).  

 Briefl y, the immobilized phosphorylated kemptide or LCK peptide substrate was 
exposed to biotinylated antibody, specifi c for phosphoserine or phosphotyrosine sites. 
Subsequently, avidin-fl uorescein was introduced to bind immobilized biotin- peptide, 
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on which fl uorescence detection may be carried out. For dual output, the RLS detection 
was achieved by using the avidin-biotin interactions with peptide- stabilized AuNPs 
containing biotin. Due to the relatively low light-scattering ability of AuNPs, the fi nal 
step in the biosensor design was a silver enhancement step. The excellent feature of the 
assay is its high-throughput nature and capability for monitoring hundreds of enzy-
matic reactions per kinase. However, a higher loading of protein kinases is required 
(100 units). In addition, over 80 kinase inhibitors were screened using this assay and 
were mostly in agreement with the literature data, when available. 

 Using fl uorescence imaging, the peptide substrate-coated AuNPs on glass were 
phosphorylated in the usual way and exposed to antiphospho-antibodies and fl uo-
rescently labeled secondary antibodies for imaging (Kim et al.  2008 ). The introduc-
tion of AuNP layers produced higher surface area, higher surface density, and 
improved detection and sensitivity over conventional self-assembled monolayers on 
surfaces. The lowest detectable protein kinase concentration was 0.05 ng mL −1  with 
a linear detection range up to 10 ng mL −1 . No fl uorescence quenching from Au was 
reported in this work. 

 A solution approach based on an AuNP platform may typically use the aggrega-
tion propensity of AuNPs as the detection method in a calorimetric assay. The fi rst 
calorimetric kinase assay of its kind was reported by Brust et al., who utilized 13-nm 
AuNPs decorated with peptide substrate for phosphorylation detection, as shown in 
Fig.  12.5  (Wang et al.  2006 ).  

 For the phosphorylation reactions, γ-biotin-ATP was used with PKA or CaMKII 
kinases in addition to avidin-coated AuNPs. In the event of biotin-phosphorylation 
of the peptide substrate, avidin-AuNPs bind and produce aggregation resulting in a 
color change. The UV–Vis absorption band at 536 nm (red colour) prior to phos-
phorylation was blue-shifted to 520 nm (blue/grey) upon phosphorylation due to 
AuNP aggregation. The kinase inhibition was detected by UV–Vis and transmission 
electron microscopy in the presence of H89, KN62, and SB203580 inhibitors. 

  Fig. 12.4    Schematic representation of one spot on the microarray showing stepwise buildup of bio-
sensors based on AuNPs and RLS detection; plot of RLS intensities for phosphorylation reactions in 
the absence ( red symbols ) and presence ( black symbols ) of staurosporin-based inhibitor (H11). 
Images of microarrays show control reactions free of inhibitors and H11 reactions with inhibitor. 
(Reprinted with permission from Li et al. ( 2010 ). Copyright (2014) American Chemical Society)       
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 In a similar aggregation assay, the coagulating ability of cationic peptide sub-
strates with anionic surfaces of AuNPs was compared to the coagulating property of 
phosphorylated peptide substrates (Oishi et al.  2008 ). For multiplate detection, pep-
tide was phosphorylated in solution and coagulated AuNPs added, which resulted in 
a blue-to-red color shift. This dramatic color change was possible only when the 
peptide substrate concentration was 500 nM, protein kinase was at 50 U mL −1 , and 
specifi c-size coagulated AuNPs were used (20 or 40 nm diameter). Interestingly, 
when coagulated AuNPs were 10 or 60 nm, no change in color was observed after 
phosphorylation.   

12.4.2     Silver NPs 

 Electrochemical detection using silver nanoparticles (AgNPs) was similar to that 
using AuNPs and includes monitoring the silver oxidation/reduction as a function of 
phosphorylation. The optical strategy using AgNPs was identical to that using 
AuNPs. Examples of the electrochemical and optical strategies will be described 
below. 

12.4.2.1     Electrochemical Detection 

 Electrochemical methodology for detection of phosphorylation based on AgNPs 
was fi rst demonstrated by Wieckowska et al. ( 2008 ). The authors used a peptide–
Au-based approach, as shown in Fig.  12.6 , to monitor CK-catalyzed phosphoryla-
tion of a single Ser residue in the presence of ATP.  

 In this format, the phosphate sites bind Ag ions and the chemical reduction of 
bound Ag ions is monitored by square-wave voltammetry. The reduction wave at 
~200 mV was attributed to the reduction of Ag +  to Ag 0  only in the presence of CK 

  Fig. 12.5    Schematic illustration of kinase-catalyzed aggregation of AuNPs modifi ed with target 
peptide during biotin-ATP phosphorylations. Absorption spectra of peptide–AuNPs prior to phos-
phorylation ( dashed line ) and after phosphorylation ( solid line ) with protein kinase A. The  inset  
shows the inhibition with protein kinase inhibitor H89. (Reprinted with permission from Wang 
et al. ( 2006 ). Copyright (2014) American Chemical Society)       
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kinase and ATP. With the exclusion of either partner, no reduction signal was 
observed and the re-oxidation of Ag 0  was possible in the presence of alkaline phos-
phatase. This methodology was limited to the use of peptide substrates, and has not 
been applied to protein substrates. 

 An alternative multi-nanoparticle-based assay was employed in an electrochemi-
cal format as illustrated in Fig.  12.7  (Ji et al.  2008 ). This was a modifi ed Willner 
approach by combining AgNPs with titanium oxide (TiO 2 ) particles, which have 
strong affi nity for phosphopeptides, and are used in phosphopeptide enrichment.  

 The immobilized peptide on Au electrode was phosphorylated and subsequently 
bound to TiO 2 . To elicit an electrochemical signal, the AgNO 3  solution was irradi-
ated with 365-nm light and Ag 0  generated bound to TiO 2.  Differential pulse voltam-
metry was used to visualize and quantify the current at ~650 mV stemming from the 
deposited AgNPs. In this assay, ellagic acid, a model PKA inhibitor, was used and 
the IC 50  value determined to be 5.5 μM. The detection limit with this method was 
0.2 U mL −1  of protein kinase.  

12.4.2.2     Optical Detection 

 While AuNPs have been prevalent in the fi eld of bioassays, AgNPs are also of impor-
tance for biological detection. As shown in Fig.  12.8 , AgNPs were used in a label-
free, sensitive, selective, and simple enzyme colorimetric assay for detection of the 
enzymatic reactions of phosphorylation and dephosphorylation (Wei et al.  2008 ). 

  Fig. 12.6    ( a ) Electrochemical kinase assay based on AgNPs. ( b ) Plot of current as a function of 
potential for phosphorylation reactions at various protein kinase CKII concentrations.  Inset  shows 
a plot of current as a function of CKII concentrations. (Reproduced in part from Wieckowska et al. 
( 2008 ) with permission of The Royal Society of Chemistry)       
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PKA and calf intestine alkaline phosphatase (CIAP) were used as model enzymes 
and the peptide ALRRASLG as a model substrate, in the presence of ATP, as phos-
phate source. The basic principle behind this assay is the reduced propensity of 
AgNPs to aggregate in the presence of ATP, but if the ATP levels are depleted then 
AgNPs aggregation may take place. The depletion of the ATP levels was caused by 
phosphatase production of adenosine, or kinase production of ADP, both of which 
were not AgNPs stabilizers. Different colors were associated with the unaggregated 
and aggregated AgNPs and were monitored by UV–Vis spectroscopy.  

  Fig. 12.7    Electrochemical detection of kinase activity based on TiO 2  and AgNPs. (Reproduced in 
part from Ji et al. ( 2008 ) with permission of The Royal Society of Chemistry)       

  Fig. 12.8    ( a ) Illustration of AgNP methodology for calorimetric detection of kinase activity. 
( b ) Absorbance spectra showing AgNPs prior to phosphorylation (0 unit μL −1  of kinase,  black line ) 
and following phosphorylation (0.1 unit μL −1  of kinase,  red line ). (Reprinted with permission from 
Wei et al. ( 2008 ). Copyright (2014) American Chemical Society)       
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 The unaggregated AgNP solution in the presence of ATP had an absorption band 
at 400 nm (Fig.  12.8 ). Upon phosphorylation by CIAP, the ATP is depleted and ade-
nosine is formed, and the AgNP solution had a second absorption peak at 580 nm, 
which was indicative of AgNPs aggregation. Notably, the sharp peak at 400 nm was 
signifi cantly reduced. The absorption ration (A 550 /A 397 ) was used to compare a vari-
ety of proteins––BSA, trypsin, and thrombin––with CIAP, and negligible changes 
were observed under UV with the control proteins, indicating the specifi city of the 
assay. The phosphorylation by PKA was carried out in a solution of peptide sub-
strate, ATP, PKA, and AgNPs. Notably, before and after  phosphorylation, small 
changes in UV–Vis were observed, as indicated by a shoulder at 520 nm, as seen in 
Fig.  12.8 . This bioassay did not produce two distinct absorption peaks and the ratio-
metric analysis was challenging. However, the authors were able to monitor the 
inhibition of CIAP in the presence of sodium orthovanadate with an IC 50  value of 
5 mM, but monitoring PKA inhibition remains a challenge.   

12.4.3     CdSe NPs 

 Quantum dots (QDs) are a class of nanomaterials that has attracted attention due to 
their exceptional brightness, broad excitation spectra, large effective Stokes’ shift, 
narrow emissions, and tunable emissions. Unlike metallic nanoparticles, QDs are 
exclusively used in optical assays rather than the electrochemical ones. The use of 
QDs for phosphorylation detection was originally demonstrated by Willner and 
coworkers. The CdSe/ZnS QDs conjugated with Arg 3 AlaAspAspSerAsp 5 , a sub-
strate for CK2, showed high fl uorescence (Freeman et al.  2010 ). Phosphorylation in 
the presence of CK2 and γ-ATP-ATTO-590, fl uorescently labeled ATP, resulted in 
the transfer of phosphor-ATP-590 to peptide-QDs, and quenching of the QDs’ fl uo-
rescence via energy transfer. As a result the ATTO fl uorescence at ~640 nm was 
intensifi ed, as shown in Fig.  12.9 .  

  Fig. 12.9    Schematic illustration of QD detection of protein kinase activity based on ( a ) fl uorescently 
labeled ATP ( top ) or ( b ) fl uorescently labeled antiphospho-antibodies ( bottom ). ( c ) Fluorescence 
spectra showing decrease in QD fl uorescence and increase in FRET. (Reprinted with permission from 
Freeman et al. ( 2010 ). Copyright (2014) American Chemical Society)       
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 The second platform used by the same authors was the phosphorylation of the 
substrate peptide-QDs in the presence of CK2 and ATP, followed by immunoreac-
tion with ATTO-590-modifi ed antiphosphoserine antibodies, as shown in Fig.  12.9 . 
Similarly to the ATP-labeled approach, the peptide-QDs’ fl uorescence at ~570 nm 
decreased and the FRET energy band at ~620 nm increased in the presence of 
increasing CK2 concentration (Fig.  12.9 ). The detection limits of the ATTO-ATP 
and ATTO-Ab approaches were 0.25 U mL −1  and 0.1 U mL −1  of CK2, respectively. 
The above QD approach was extended to include nonreceptor protein tyrosine 
kinases Abl and Src (Ghadiali et al.  2010 ). The QDs were conjugated to peptide 
substrates EAIYPFAEEH 6  and IYGEFKKKH 6  for Abl and Src, respectively, fol-
lowed by phosphorylation reaction. The phosphorylation products were detected by 
AlexaFluor 647-labeled phosphotyrosine antibody (as shown in Fig.  12.9 ). The 
antibody dye and QDs underwent energy transfer, which resulted in a measurable 
fl uorescence change. In the absence of phosphorylation, the peptide-QDs were 
characterized by ~610-nm emission, but following the addition of phosphate this 
emission band decreased and a new transition appeared at ~650 nm. The appearance 
of the two peaks allowed for ratiometric detection of protein kinase activity, down 
to 0.3 nM for Abl and 0.1 nM for Src, and determination of the IC 50  of staurosporine 
inhibition at 0.2 μM.  

12.4.4     Silica NPs 

 The hybrid NPs made up of Ru(II)-doped phosphonate-terminated silica were pre-
pared by controlled hydrolysis of tetraethoxysilane and 3-(trihydroxysilyl)-
propylmethyl- phosphonate in the presence of Ru(II) metal ions (Chen et al.  2013 ). 
For kinome analysis, the affi nity of zirconium for phosphate groups and the signal 
amplifi cation of Ru-SiNPs were combined. The ECL detection principle is based on 
immobilized phosphopeptides binding to zirconium ions followed by binding to 
Ru-SiNPs. The ECL of Ru(II) markers encapsulated in the phosphopeptide fi lm was 
measured to determine protein kinase activity. For the optimal ECL signal, a Zr(IV) 
concentration of 0.2 mM, a NP loading above 0.1 mg mL −1 , and PKA of 10 U mL −1  
were required. Relatively high Zr(IV) loading is required, which may be undesir-
able for biochemical studies.  

12.4.5     Metal Oxide NPs: Magnetic NPs 

 Biochemical separation via functionalized magnetic NPs has recently blossomed. 
An example of magnetic separation for kinome analysis was demonstrated recently 
using TiO 2 -coated Fe 3 O 4 /SiO 2  magnetic microspheres (Bai et al.  2013 ). These TiO 2 - 
coated NPs have high binding selectivity for phosphopeptides over nonphosphory-
lated ones, and may be subsequently separated for post-analysis. In this method 
the magnetic NPs bind phosphopeptides and are removed from the supernatant. 
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Next, the phosphopeptide-bound magnetic NPs are eluted and tested by fl uorescence 
and imaged by fl uorescence microscopy. An interesting discovery in this study was 
the nonspecifi c binding of magnetic NPs to both nonphosphopeptides and phospho-
peptides, which was addressed by performing measurements in 100 % organic 
 solvent (such as acetonitrile). While improved selectivity for phosphopeptides was 
observed in organic solvent, this is a largely undesirable medium for biochemical 
measurements. The PKA detection limit was 0.001 U μL −1 , with a linear detection 
range up to 0.1 U μL −1 . The simultaneous detection of PKA and Akt1 was demon-
strated by using FITC-labeled or TAMRA-labeled peptide substrates. 

 An alternative to TiO 2  is zirconium (Zr(IV)), which binds phosphorylated pep-
tides as well. In a similar design to that described above, Zr-coated magnetic NPs 
were used for detection of PKA-catalyzed phosphorylation of FITC-labeled peptide 
substrates (Tan et al.  2013 ). The isolated phosphopeptides were tested using fl uores-
cence spectroscopy by measuring the FITC fl uorescence emission. The detection 
limit was 0.002 U μL −1 , with a linear range up to 0.2 U μL −1 .  

12.4.6     Organic NPs: Polymeric 

 Conjugated polymeric nanoparticles (CPNs) based on pentiptycene-poly(p - phenylene 
ethynylene) polymer were conjugated to iminodiacetic acid (Moon et al.  2007 ). 
The iminodiacetic acid moiety is well known to bind metal ions, so CPNs were exposed 
to GaCl 3  solution for metal binding followed by complexation with the peptide target. 
For analysis, the peptide target had to be labeled with rhodamine for this biosensor to 
work. The CPNs were used for detection of rhodamine-labeled peptides for protein 
kinase detection by mixing    CPNs with rhodamine-labeled kemptide and rhodamine-
labeled phosphokemptide and monitoring fl uorescence emission. In the absence of 
the phosphate group, the substrate peptide does not bind CPNs and leads to negligible 
change in fl uorescence and a major emission band at 450 nm. However, when rhoda-
mine-labeled phosphokemptide was used and mixed with CPNs, the FRET between 
the CPN donor and peptide acceptor decreased the emission at 450 nm and produced a 
new emission band at 600 nm. Ratiometric detection permitted the measurement of 
PKA activity levels as low as 0.03 U mL −1 . 

 Responsive organic NPs composed of a hydrophobic peptide substrate (lipopep-
tide) and a fl uorescein-labeled polyanion (pA-Fs) were formed due to electrostatic 
interactions between the lipopeptides and pA-Fs (Koga et al.  2011 ). The require-
ment for the formation of the NPs was the use of lipopeptides with net charge of +2 
or +5 to promote electrostatic interactions with polyanionic fl uorophore. The organic 
NP formation led to self-quenching and weak fl uorescence overall due to the close 
proximity of fl uorophores to each other. The system of kinase detection was based 
on phosphorylation triggering the dissociation of organic NPs, as demonstrated in 
Fig.  12.10 , and inducing fl uorescence. The exposure to a specifi c kinase, PKA or 
PKC, and ATP introduced the divalent negatively charged phosphate group into the 
organic NPs, leading to reduction of the net cationic charge and NP dissociation. 
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A PKA concentration of 10 U mL −1  was required for fl uorescence amplifi cation, 
which is slightly higher than the electrochemical method.  

 Since the target substrate must be incorporated into NPs, this methodology is 
limited to using cationic peptides and may not work well for neutral or more anionic 
substrates. 

 The second class of polymeric NPs was composed of a peptide substrate, kemp-
tide, conjugated to polyanionic polymer and subsequently mixed with the negatively 
charged polymer to form NPs (   Kim et al.  2007a ,  b ). The negatively charged polymer, 
poly(aspartic acid), included tetramethyl rhodamine isothiocyanate (TRITC) while 
the positively charged polymer, poly(ethyleneimine), contained fl uorescein isothio-
cyanate (FITC). In the folded state these NPs exhibited intermolecular FRET, due to 
the short distances between each FITC and TRITC molecules in NP. However, upon 
PKA phosphorylation of kemptide, dissociation of NPs takes place due to the intro-
duction of negatively charged phosphate groups. The fl uorescence enhancement 

  Fig. 12.10    ( a ) Fluorescence optical image of microplate wells obtained for PKA reaction and 
organic NPs in the presence of increasing inhibitor concentrations: staurosporine or H-89. ( b ) IC 50  
plots for the two inhibitors of PKA activity. (Reprinted with permission from Koga et al. ( 2011 ). 
Copyright (2014) American Chemical Society)       
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upon phosphorylation was monitored by fl uorescence spectroscopy and fl uorescence 
imaging in a 96-well microtiter plates. This methodology requires covalent linking 
of the peptide substrate to a positively charged polymer and fl uorophore conjugation 
to positively and negatively charged polymer, and is synthetically demanding. As an 
alternative, polymeric NPs were developed by using fl uorescently labeled cationic 
polymer decorated with kemptide substrate and combined with poly(aspartic acid) 
to form polymeric NPs (   Kim et al.  2007a ,  2007b ). In the folded state, these poly-
meric NPs exhibit low fl uorescence due to self- quenching between Cy chromo-
phores. The methodology was based on the principle of charge balance, such that 
NPs dissolve upon introduction of phosphate groups into kemptide, which in turn 
triggers near-infrared fl uorescence enhancement. Since polymeric NPs are cell- 
permeable and biocompatible, the cells overexpressing PKA were incubated with 
polymeric NPs and the near-infrared fl uorescence intensities increased within 5 min 
and increased continuously to 60 min.   

12.5     Conclusions 

 In this chapter the use of NPs for detection of protein kinases and their inhibition 
was described. The inorganic and organic NPs are fl exible functional platforms for 
kinome analysis. From Table  12.1 , it is clear that some optical methods are superior 
to electrochemical methods in terms of detection limits; however, they require 
extensive substrate or co-substrate labeling, which are time-consuming, and ample 
amounts of sample.

   Table 12.1    Protein kinase detection limits determined via various optical and electrochemical 
platforms based on NPs   

 Method 

 Kinase activity 

 References  Detection limit (U mL −1 ) 

  Electrochemical detection  
 AgNP/TiO 2   0.2  Ji et al. ( 2008 ) 
 AgNP  1.0  Wieckowska et al. ( 2008 ) 
 AuNP  5.0  Xu et al. ( 2009 ) 
 AuNP/S-ATP  10     Koga et al. ( 2011 ) 
  Optical detection  
 AgNP  0.02 
 QD/Fl-Antibody  11  Freeman et al. ( 2010 ) 
 QD/Fl-ATP  0.25  Freeman et al. ( 2010 ) 
 AuNP  50  Oishi et al. ( 2008 ) 
 Organic NPs  0.03  Moon et al. ( 2007 ) 
 Magnetic NPs  0.001 a   Tan et al. ( 2013 ) 
 Silica NPs  10     Chen et al. ( 2013 ) 

   a U μL −1  units  
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   In contrast, electrochemical assays may be carried out in a label-free environ-
ment, further simplifying the analysis. The fast, simple, and sensitive electrochemi-
cal methods are promising avenues for detection of protein kinase activity and its 
inhibition. In the future, new materials based on NPs will be developed to improve 
selectivity and sensitivity and to extend their use towards in vivo studies of protein 
kinase activity. 

 The use of NPs in bioanalysis is not without a challenge   : (1) tailored functional-
ization of NPs, (2) immunogenicity and cytotoxicity of NPs, and (3) sensitivity to 
low-abundance biomarkers, among others. The application examples described in 
this chapter were mostly based on in vitro systems; however, it would be of interest 
to extend the NP methodology to in vivo measurements and the real-time detection 
of cellular pathways and processes. While NPs are a viable platform for bioanalysis 
in basic scientifi c research, their utility in the practical setting has only started to 
peak, with their use in the point-of-care system for patients and health care provid-
ers still largely unestablished.    
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    Chapter 13   
 Carbon Nanotubes: Advances, Integration 
and Applications to Printable Electrode-Based 
Biosensors 

             Vinci     Wing     Sze     Hung     and     Kagan     Kerman    

    Abstract     The development of novel analytical techniques for biosensor application 
has been an area of intense research efforts in the past decade and, in a fi eld where 
the demand for rapid and cost-effective analyses is high, the use of screen- printed 
electrodes as opposed to conventional macroelectrodes can effectively satisfy these 
demands. With advancements in nanotechnology, the use of nanomaterials in bio-
sensors has also added another level of customizability and sensitivity. In this chap-
ter, we described the use of carbon nanotubes in printable electrode-based biosensors 
for label-free detection approaches for the detection of environmental contaminants 
and biologically relevant substrates. A discussion of past developments and recent 
advancements will highlight the broad range of experimental designs suitable for 
biosensing applications. With continual innovation in this fi eld, it is expected that 
screen-printing technology will come to the fore in biosensing technology and prog-
ress successfully to overcome fundamental challenges in the biosensor fi eld.  

  Keywords     Biosensor   •   Carbon nanotube   •   Electrochemistry   •   Screen-printed 
electrodes  

13.1         Introduction 

 The development of biosensors has advanced signifi cantly in the past few decades, 
with the most successful endeavor being the commercialization of the well-known 
glucose biosensor, now used by many around the world. In 1956, Clark proposed 
the fi rst oxygen sensor, with the ability to determine oxygen content in a sample 
independent of the sample composition. This sensor design integrated an insulated 
platinum cathode positioned next to a thin polyethylene membrane, a silver wire as 
the anode, and saturated potassium chloride as the inner electrolyte, all encased 
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together in a poly(methyl methacrylate) outer tube (Clark  1956 ). This type of sensor 
construction allowed for the determination of oxygen in a sample with neither the 
cathode nor anode in direct contact with the sample environment, which gave rise to 
more accurate measurements. 

 This early innovation in biosensor technology was shortly followed by another 
report from Clark and Lyons in 1962 where they measured oxygen concentration 
relative to glucose concentration via the entrapment of glucose oxidase between 
dialysis membranes inside a Clark oxygen electrode. In this detection scheme, glu-
cose that diffused across the membrane was converted to gluconic acid. Subsequent 
variations in pH were monitored by a pH-sensitive glass, which gave an indication 
of the glucose concentration in solution. The determination of glucose concentra-
tion can be calibrated for a wide range of variations in the system such as rate of 
sample fl ow, temperature and buffering capacity of the sample (Clark and Lyons 
 1962 ). The design was further developed by Updike and Hicks with the addition of 
an enzyme-modifi ed working electrodes for oxygen detection. This design incorpo-
rated a sensing mode in which background variations in oxygen level could be 
accounted for (Updike and Hicks  1967 ). 

 Most biosensors consist of three main components. First is a recognition ele-
ment, which is sensitive to the analyte of choice, which can consist of a variety of 
biological materials, such as enzymes, antibodies, nucleic acids and receptor mol-
ecules. The next component is the transducer, which serves to transform the bio-
chemical signal originating from the recognition element and the target analyte to a 
quantifi able output. Leading transduction methods include electrochemical, piezo-
electrical (Minunni et al.  2003 ; Tombelli et al.  2009 ), optical (Wandemur et al. 
 2014 ; Khan and Park  2014 ) and calorimetric (Bhand et al.  2010 ; Zhang and 
Tadigadapa  2004 ). The last component is an amplifi cation module that allows the 
acquired signal to be visualized on a digital display. A simple schematic of the 
major components in a biosensor is shown in Fig.  13.1 . The analyte being moni-
tored can be customized to the disease that is being studied, and can range from 
small molecules such as proteins (Kerman et al.  2007 ,  2008 ; Kerman and Kraatz. 

  Fig. 13.1    Schematic diagram of a basic biosensor, displaying the biorecognition, interface and 
transducer components       
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 2009 ; Vestergaard et al.  2007 ; Endo et al.  2005 ) and nucleic acids (Park et al.  2006 ; 
Park et al.  2002 ; Mirkin et al.  1996 ; Millan and Mikkelsen  1993 ; Millan et al.  1994 ; 
Kerman et al.  2005 ;    Kerman et al.  2004a ,  b ,  c ; Kerman et al.  2003 ) to whole cells 
(Kim et al.  2013 ; Bohrn et al.  2012 ). Electrochemical biosensors offer numerous 
advantages in the fi eld of bio-detection and analytical chemistry. Their ability to 
combine the sensitivity of analytical techniques with the specifi city of bio- 
recognition elements has allowed for great adaptability in research and modern 
medicine. With the progression of modern science, the invention of nanomaterials 
has added another tier of customizability with their inclusion in biosensors. To facil-
itate this detection platform for larger-scale production in high volumes while keep-
ing manufacturing costs low, methods such as screen-printing have been adapted to 
the biosensor fi eld.  

 Screen-printing has been well known since ancient times; it dates back more than 
a thousand years (Roberts  2006 ). In recent decades, researchers have effectively 
utilized this technique to create reproducible electrodes, which satisfi ed the growing 
demand for cost-effi cient, stable, disposable and portable diagnostic and analytical 
instruments. Against the ever-increasing demands in clinical and industrial applica-
tions, cost-effi ciency and portability was crucial. One of the most successful and 
profi table biosensors to date is the glucose detection meter, which utilizes dispos-
able electrodes to measure glucose level in a small volume of blood taken from the 
user. Furthermore, the growing number of cases of drug overdose in hospitals, the 
need for personal disease monitors, and pollutants and toxins in the environment, all 
defi ned the requirement for economical and portable innovations (   Li et al.  2012a ,  b ). 

 Being able to satisfy all demands and more, screen-printed electrodes (SPEs) 
quickly became a well-established part of electrochemistry and biosensing. Its 
innate design of easily modifi able ink, and reference, working and counter elec-
trodes gave SPEs an unrivaled power of adaptability and excellent accuracy. 
Fabrication of SPEs often follows a similar concept in which the functional elec-
trodes are made using hard and heat-resistive substrates such as certain plastics and 
ceramics and the electrode components are created by printing different inks in 
successive layers to create the fi nished product. A fi nal curing process is often nec-
essary to anneal the layers of ink together with the underlying substrate for better 
stability of the electrode (Washe et al.  2013 ). 

 Commonly used materials for the previously mentioned inks are silver, gold and 
carbon for the conductive components of the electrode and other insulating poly-
mers used for electrical shielding, protection and to increase shelf life. Although 
carbon inks have remained a top choice in terms of cost, other metals such as gold 
have their own advantages. For example, the affi nity between thiol moieties and 
gold allows SPEs with gold working electrodes to be easily modifi ed with the for-
mation of self-assembled monolayers (SAM) (Mizutani et al.  1999 ; Retna and 
Ohsaka  2002 ). This signifi cantly increases the applicability of gold SPEs in 
 electrochemistry and biosensor research. 

 Pretreatment of SPEs can also be done to remove contaminants from the ink. This 
pretreatment process is performed in order to enhance the SPE’s abilities. Pretreatments 
can be separated into electrochemical treatments (a two-step chemical), a potential 
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cycling method, and an electrochemical pre-anodization method (Metters et al. 2011). 
To further demonstrate the SPE’s adaptability, printing pastes were used in order to 
reduce electron transfer resistance. Increase in electron transfer resistance was a prob-
lem stemmed from insulating polymer found within the inks. This issue was easily 
nullifi ed by printing pastes, with the added composition of noble gases, which acted 
as excellent electrocatalysts. However, the increased cost requirement for noble gases 
was a disadvantage and alternatives such as MnO  x   and bismuth oxide were chosen 
instead (Dominguez Renedo et al.  2007 ). 

 The unrivaled versatility of SPEs remained one of their greatest assets. 
Modifi cations involving the deposition of substances such as metal fi lms, polymers 
and enzymes on the surface of the electrodes were often utilized due to the increased 
functionality they gave. For example, metal-based electrodes, such as those printed 
with the previously mentioned gold and silver inks, were used by Laschi et al. 
( 2006 ) to detect Pb and other hazardous chemicals. Initially, Wang and Tian ( 1992 ) 
pioneered the use of Hg fi lm-modifi ed electrodes in their work to determine Pb at 
ppb levels. This resulted in Hg fi lm-modifi ed electrodes being a much-used modifi -
cation for SPEs. However, Hg remains highly toxic to the environment, and thus 
posed a serious problem for the SPE’s disposability. 

 Alternatively, in the fi eld of biosensors, modifi cation of SPEs with enzymes 
remains a popular choice. Despite the cost of purifi cation, isolation and extraction, 
enzyme electrodes are still popular in the study of clinically relevant biological 
processes and the determination of environmental chemical contaminants, pesti-
cides and herbicides (Dock and Ruzgas  2003 ;    Albareda-Servent et al.  2000 ). Due to 
their fast response and specifi city towards biorecognition of their substrates, enzyme 
modifi cation continues to play a role in biosensor design. A method utilizing dif-
ferential pulse voltammetry on gold disposable SPEs was developed by Dounin 
et al. ( 2010 ) for the detection of paraoxon and carbonfuran by monitoring their 
inhibition of acetylcholine esterase activity. It was observed that their enzyme-mod-
ifi ed electrode was able to produce results that rivaled those obtained from far more 
expensive technologies. Detection limits for paraoxon and carbonfuran reached as 
low as 10 ppt and 8 ppb, respectively. It was concluded that with small revisions of 
the method, it could prove to be an inexpensive and effi cient way of detecting 
pesticides in real samples. For medical applications, SPEs have been widely used 
for glucose analysis to monitor diabetes (Luong et al.  2008 ; Hu  2009 ; Scognamiglio 
 2013 ). Deposition of the enzyme glucose oxidase (GOx) leads to a redox reaction 
which relays electric currents proportional to the level of glucose in the sample. 
Later developments have produced glucose dehydrogenase (GDH) disposable 
sensors as an alternative. 

 Immunoassay based on SPEs was another breakthrough for SPE technology and 
still today plays a major role in medicine, genetics, medical biology etc. The incor-
poration of SPEs revolutionized immunoassays to give rise to compact, hand-held 
devices which were inexpensive, yet highly sensitive and reliable. Such devices 
were mostly used for hormone analysis; however, recent research has discussed 
their usage for the detection of pathogenic bacteria such as salmonella. Current 
developments have progressed to the incorporation of new printed materials and 
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carbon nanomaterials. Carbon nanomaterials, with the common example of carbon 
nanotubes (CNTs), have attracted interest in biosensor design. Two common types 
of CNTs are single-walled carbon nanotubes (SWCNTs) prepared from one sheet of 
graphite rolled into a tube, and multiwalled carbon nanotubes (MWCNTs) that con-
tain multiple sheets of graphene (with sp 2  hybridized carbon) rolled into concentric 
tubules similar to that found in tree trunks (Baughman et al.  2002 ) . A wide range of 
modifi cations can be applied to carbon nanotubes, which make them ideal candi-
dates for use in biochemical sensing systems (   Chikae et al.  2008a ,  b ;    Katz and 
Willner  2004a ,  b ; Kagan et al.  2011 ; Rivas et al.  2007 ). 

 In terms of clinical diagnostics, electrochemical devices have been used most 
frequently as they provide the clinician with a simple yet sensitive tool for disease 
analysis. Ease of miniaturization is another advantage offered by electrochemical 
biosensors, which can allow for development of at-home and bedside sensor types. 
In this chapter, the analytical applications of carbon nanomaterials will be discussed 
with respect to their involvement in electrochemical biosensing technology.  

13.2     Application of Carbon Nanotubes in Biosensors 
and Integration into Screen-Printed Electrodes 

 The addition of carbon nanotubes (CNTs) to biosensors has been shown to improve 
analyte detection via an increased sensitivity to surface perturbations and modifi ca-
tions (Yao and Shiu  2007 ) and their fast electron transfer rates (Hu et al.  1999 ). The 
two most common types of CNTs are multi-walled nanotubes (MWCNT) and 
single- walled nanotubes (SWCNT). Promotion of electron transfer is possible due 
in part to their structurally dependent metallic character, addition of functional 
groups or the presence of metal ions at their surface. 

 Researchers have experimented and pushed carbon nanomaterials to realize 
their full capability since they were discovered by Iijima in 1991 (Iijima  1991 ; 
Iijima and Ichihashi  1993 ). This on-going research is exemplifi ed by the large 
numbers of publications in this fi eld (Sassolas et al.  2012 ; Valentini et al.  2013 ; 
Bhaskar et al.  2013 ; Heister et al.  2013 ). Furthermore, CNT-modifi ed surfaces have 
been shown to be able to accumulate nucleic acids as well as alleviate surface foul-
ing effects without compromising their remarkable sensitivity as nanoscale sensors 
(Wang and Kawde  2002 ). Further functionalization can be done on acid-treated 
CNTs with carboxylic moities on the surface. Such modifi cations include the 
attachment of enzymes or the use of CNTs as molecular wires to mediate electron 
transfer from the active site of an enzyme to the electrode, bypassing the use 
of mediator molecules. Although advances have been made, application of CNTs 
is still diffi cult due to multiple steps in the purifi cation process and a lack of con-
trol of the CNTs’ physical properties (Lahiff et al.  2010 ). Furthermore, it is diffi cult 
to limit the formation of double-walled or multi-walled CNTs during the produc-
tion of SWCNT, thus adding another variable awaiting optimization during the 
production of CNTs. 

13 Carbon Nanotubes: Advances, Integration and Applications to Printable…



276

13.2.1     CNT-Paste Electrodes 

 Compared to other methods of integrating CNTs into the fabrication of biosensors, 
CNT-paste electrodes (CNTPEs) are the simplest of them all. This type of electrode 
was fi rst prepared by Norman Adams in 1958 while investigating the properties of 
dropping carbon electrodes as an alternative to dropping mercury electrodes for the 
analysis of anodic oxidation of organic molecules (Adams  1958 ). This paste elec-
trode was prepared by mixing carbon and bromoform (serving as the binder) into a 
thick consistency, and then an electrode surface was formed by forcing the paste 
into a chosen capillary-like reservoir. The surface of the electrode was smoothed 
and inserted into the sample solution in an inverted manner, ensuring that the only 
electrical contact with the solution was through the carbon paste surface. Excellent 
performance was displayed by the CPEs prepared by Adams in his report and was 
comparable to previously developed carbon rod electrodes. The ease of preparation 
and renewal of the electrode surface makes this type of electrode superior to its 
predecessors (Adams  1958 ). 

 Although many types of new carbon materials have been developed, the popular-
ity of CPEs has allowed them to remain useful for investigations of new sensors and 
detectors. In addition, the basic components of CPE––carbon (in the form of graphite 
powder) combined with a non-electroactive binder (popular choices include mineral/
paraffi n oil and nujol)––have not changed signifi cantly over the years and the design, 
as shown in Fig.  13.2 , still remains in the CPEs used today. Carbon is a common 
choice for electroanalysis as it is chemically inert, allows for a large potential window 
for analysis (as the oxidation of carbon is slow relative to the analyte under consider-
ation), is relatively low-cost, has low background profi le, has an easily regenerable 
surface and is a compatible material for sensing various types of samples. By adding 
CNTs into the CPE mixture, the new CNTPE still retains the electrochemical proper-
ties of its former CPE nature, with the added advantage of faster electron transfer of 
reactions occurring on the electrode surface through the aid of CNTs.  

  Fig. 13.2    Cross-sectional 
illustration of two commonly 
used carbon paste electrodes 
(CPE). On the  left , the CNT/
carbon paste mixture is 
forced into a small opening at 
the tip of a Tefl on electrode 
body. On the  right , the CNT/
carbon paste mixture is 
packed into a glass capillary 
and a copper wire is inserted 
to allow for electrical 
conductance       
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 Many reports have described the use of CNTs as an electrode material which 
allowed for the immobilization of enzymes to create enzyme biosensors. The fi rst 
successful CNT-modifi ed electrode was described by Britto and coworkers ( 1996 ) 
for the detection of dopamine. In their experiment, MWCNTs were thoroughly 
mixed with bromoform and packed into a glass tube with either a platinum or cop-
per wire attachment. They were able to achieve a smooth and reproducible response 
to the oxidation of dopamine to dopaminequinone and found that CNT-modifi ed 
electrodes out-performed other forms of carbon electrodes. The enhancement in 
detection is due to the added aspect ratio with the addition of CNTs (i.e. the inherent 
dimensions of the tubes and pores created by packing the CNTs into the paste elec-
trode), which behaved as a steric regulator for more effi cient oxidation reactions. 

 Similar to the electrodes described by Britto and coworkers ( 1996 ), CNTs have 
been commonly applied in the fabrication of enzyme biosensors in the form of a 
carbon paste electrode (CPE). Other early reports of protein incorporation into CNT 
electrodes were given by Davis, Coles and Hill in 1997, where horse heart cyto-
chrome  c  and a copper-containing protein, azurin, were immobilized onto or within 
CNTs by fi rst agitating a concentrated solution of protein with a suspension of 
CNTs in a phosphate buffer. The mixture was later packed into a glass capillary and 
it was shown that after such CNT modifi cation, the proteins still retained their activ-
ity, thus leading the way for novel applications of CNTs for biosensing devices 
(Davis et al.  1997 ). In addition, work done by Davis and coworkers (Davis et al. 
 1997 ,  1998 ) showed that not only can CNTs be adapted as a useful electrode mate-
rial, but also the surface and inside of CNTs can be modifi ed with cytochrome  c  and 
azurin without denaturation. 

 A few years later in 2003, Rubianes and Rivas reported that enzymes can retain 
their catalytic activity as well and demonstrated the use of a CNT-CPE for the detec-
tion of hydrogen peroxide (Rubianes and Rivas  2003 ,  2004 ). In the development of 
oxidase-based biosensors, the accurate measurement of hydrogen peroxide is very 
important. In glucose biosensors, the immobilized glucose oxidase catalyzes the 
oxidation of glucose to gluconolactone, in which hydrogen peroxide is subsequently 
released. In previous generations of glucose biosensors, interference of easily oxi-
dizable species, such as ascorbic and uric acid, was evident, but with the use of 
CNTs, this problem was alleviated and negligible interference was observed even 
though the catalytic activity of CNTs for these compounds was not diminished. 
Furthermore, a 50-fold enhancement in sensitivity was achieved with the prepared 
CNT-CPE as compared to CPE. Furthermore, the addition of CNTs produced a 
large electrocatalytic effect for the reduction of hydrogen peroxide, comparable to 
that of metallized carbon electrodes (Rubianes and Rivas  2003 ; Miscoria et al. 
 2005 ). A later report by the same authors showed that CNT-CPEs are also compat-
ible with other enzymes such as lactate oxidase, polyphenol oxidase and alcohol 
dehydrogenase. The increase reactivity of the added CNTs permitted a higher detec-
tion sensitivity of lactate, phenols, catechols and alcohols (Rivas et al.  2007 ; 
Rubianes and Rivas  2004 ). 

 The enhancing ability of MWCNTs was tested in a study by    Hung and Kerman 
( 2011 ) for the detection of homocysteine (HCys). MWCNT carbon paste electrodes 
(CNT-CPEs) were optimized with the addition of gold nanostructures at the electrode 
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surface. The combination of CNT-CPEs and gold nanostructures greatly increased 
signal intensity (more than 500-fold). As expected, the addition of gold greatly 
increased electron transduction from redox processes. Detection of protein aggrega-
tion in neurodegenerative diseases is another research area in which CNT- modifi ed 
electrodes have been useful. Aggregation of amyloid-β (Aβ) in the presence of metals 
in vitro was directly monitored in a study by Hung et al. ( 2012 ). Electrochemical 
results were compared with the Thiofl avin-T fl uorescence assay and shown to be a 
capable alternative. Furthermore, Hung et al. ( 2012 ) emphasized that this assay plat-
form was fast, sensitive and applicable to observing the aggregation kinetics of other 
clinically relevant peptides. Chikae et al. in 2008 designed a three-step electrochemi-
cal sensor for the detection of saccharide–protein interactions between sialic acid 
derivatives and Aβ. Specifi c interaction of sialic acid was shown to capture Aβ and, 
with differential pulse voltammetry, they were observed the oxidation signal of Tyr 
found intrinsically in Aβ peptides, in which the signal intensity can be indirectly used 
to infer the state of Aβ aggregation  Chikae et al. (2008) . 

 Nucleic acids are another category of biomolecules that can be accurately mea-
sured with a CNT-CPE. This type of electrode, combined with a suitable electro-
chemical pretreatment procedure, allowed for excellent adsorptive stripping 
measurements of trace levels of samples. It is thought that the pretreatment created 
a hydrophobic layer at the electrode surface which enhanced adsorption of guanine 
bases to the electrode surface. In addition, the adsorbed nucleic acid layer displayed 
substantial stability even after being transferred to a blank solution (Pedano and 
Rivas  2005 ). These properties allow CNT-CPEs to have excellent applications in 
trace detection of nucleic acids by providing a large signal enhancement of the oxi-
dation signal in guanine bases in oligonucleotides and polynucleotides. Given their 
well-established advantages in biosensors using CPEs, the same procedure can eas-
ily be adapted to increase the performance of SPEs. 

 Carbon composite electrodes as described above offer a simple methodology for 
creating bulk modifi cations in biosensor development. Such experimental designs 
offer several advantages including the ease of surface renewal combined with a 
continual source of chosen bio-catalytic material, and a reduction in the required 
supporting material.  

13.2.2     CNT-Coated Electrodes (Adsorption Method) 

 Another simple method of integrating CNTs into the working electrode of an elec-
trochemical biosensor is by physical adsorption of the nanotubes onto the electrode 
surface. A logical process for this methodology would be to create a solution or 
suspension of CNTs which is used to coat the surface of an electrode (later the sol-
vent would be allowed to evaporate), thus leaving an evenly coated layer of CNTs 
on the electrode surface. Due to the long lengths of unprocessed CNTs, the cumula-
tive van der Waals forces become very strong, which causes them to have a propen-
sity to orient themselves in a parallel manner and eventually form crystalline ropes 
(Girifalco et al.  2006 ). 
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 Successful dissolution of CNTs in common organic solvents has been previously 
achieved after covalent functionalization of the nanotubes. Chen et al. ( 2003 ) 
showed that post-functionalized SWCNTs are soluble in tetrahydrofuran and 
1,2-dichlorobenzene, and partially soluble in dichloromethane and chlorobenzene. 
The stability of a SWCNT coating produced from dimethylformamide dissolution 
was evaluated by cyclic voltammetry of the fi lm-modifi ed glassy carbon electrode 
after a water and ethanol rinse, followed by a 24-h air exposure. The voltammogram 
of a pH 6.9 Britton–Robinson buffer solution before and after rinsing and air expo-
sure showed minute variations in the peak potentials and peak currents, proving that 
SWCNT fi lms were fairly stable. Prior to the use of organic solvents, previous experi-
mentation that used CNT-modifi ed electrodes required the CNTs to be casted as sul-
phuric acid mixtures (Zen et al.  2003 ; Ho and Mikami  2011 ;    Wang et al.  2003a ,  b ). 

 Although this technique was able to accomplish the task of dispersing CNTs onto 
an electrode surface, the harsh conditions were not appropriate for further modifi ca-
tions with biomolecules as many organic solvents lead to their denaturation. To over-
come this problem, aqueous dispersion of CNTs with the aid of surfactants was 
investigated. Incorporation of CNTs using Triton X-100 or sodium dodecyl sulfate 
(SDS), two commonly used surfactants (Fig.  13.3b, c , respectively), was able to 
achieve stable colloidal nanotube suspensions in water (Liu et al.  1998 ). This tech-
nique is now widely used for electrochemical studies due to its simplicity and suc-
cess. Sensitive detection of the neurotransmitters dopamine, epinephrine and 
norepinephrine was achieved with a carbon-fi ber nanoelectrode modifi ed by a CNT-
SDS solution, and good reproducibility was achieved at these electrodes after 0, 50, 
500 and 1,000 cyclic voltammograms and after a 15-day hiatus (Chen et al.  2003 ). 
The choice of surfactant also affects the solubility of CNTs within water, as discussed 
by Islam et al. ( 2003 ); it is suspected that SDS may have a weaker interaction with the 
nanotube surface as compared to other surfactants such as sodium dodecylbenzene 
sulfonate (NaDDBS, Fig.  13.3a ) and Triton X-100 due to the lack of a benzene func-
tional group (an important functional group for participation in π-like stacking).  

 Stable polymers such as Nafi on and Tefl on and the biopolymer chitosan (Fig.  13.4 ) 
are also able to form well-dispersed suspensions of CNTs. As reported by Wang and 
coworkers, redox activity of hydrogen peroxide at a Nafi on-CNT fi lm- modifi ed 
glassy carbon electrode was dramatically increased and was suitable for the prepara-
tion of an oxidase-modifi ed amperiometric biosensor (Wang et al.  2003a ,  b ). 
Previous reports on the use of SWCNTs reported signifi cant improvement in signal 

  Fig. 13.3    Common surfactants used to increase the solubility of CNTs in aqueous environments. 
( a ) Sodium dodecylbenzene sulfonate (NaDDBS), ( b ) Triton X-100, ( c ) sodium dodecyl sulfate (SDS)       
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detection over bare electrodes. This was exemplifi ed by Kerman et al. ( 2005 ) when 
they monitored single-stranded binding protein (SSB) DNA interactions with the use 
of intrinsic nucleic acid and protein oxidation signals. The experiment aimed to take 
advantage of a unique binding between  Escherichia coli  SSB and single- stranded 
DNA (ssDNA) where the binding of SSB to single-stranded oligonucleotides (probe) 
decreased the voltammetric signal from guanine oxidation. These probes were 
attached to a SWCNT-modifi ed SPE. With signal detection enhanced by numerous 
folds after the addition of SWCNTs, observations concluded that the CNTs provided 
a large active-electrode surface and also direct electron transfer. The redox signal of 
K 3 FE(CN) 6  achieved near-linear improvement with respect to the amount of added 
SWCNTs.   

13.2.3     Vertically Aligned CNT Sensors 

 Characteristics of CNTs such as good electrical conductivity and promotion of elec-
tron transfer in reactions can be used to describe bulk clusters of CNTs as well as 
individual moieties. For CNTs to be successfully used as a nanosensing array, they 
fi rst must be aligned properly such that the spacing is substantially larger than the 
diameter (Fig.  13.5 ). This condition must be satisfi ed in order to avoid overlap of the 
diffusion layer between neighboring nanotubes (Morf and De Rooij  1997 ).  

 The advantages offered by vertically aligned CNTs can only be obtained by 
proper fabrication. Methods of synthesis include guided growth (with the assistance 
of a seeded surface, shown in Fig.  13.6 ), self-assembly, gas-fl ow-induced and high-
temperature- induced assembly. Successful large-scale and high-density fabrication 
of aligned SWCNTs via guided chemical-vapor deposition (CVD) growth onto a 
single-crystal quartz substrate has been demonstrated by Kocabas and co-workers 
( 2005 ). Traditional methods of CNT synthesis via CVD or arc discharge were able 
to create long CNTs but in a highly tangled fashion. Gao et al. was able to achieve 
various alignments of CNTs on an electrode surface by the application of electrical 
biases at different polarities during laser-assisted CVD CNT growth (Gao et al. 
 2009 ). Vertically-aligned CNTs produced on the cathode from this method were 
observed to have a neat and clean edge.  

 Chemical assembly of vertically aligned CNTs that involves the addition of 
 functional groups to the tip end of CNTs is another popular method of synthesis. 

  Fig. 13.4    Preparation of CNT/chitosan-coated electrodes involves the drop-casting of a CNT/
chitosan mixture on an electrode surface, followed by solvent evaporation to allow for the forma-
tion of a CNT/chitosan fi lm       
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This scheme of synthesis (Fig.  13.5 ) allowed for the use of shortened CNTs, which 
gave researchers the opportunity to create a tailored sensing surface. Liu et al. 
( 2000 ) demonstrated that the affi nity between gold- and sulphur-containing func-
tional groups can be used to create self-assembled monolayers (SAM) similar to 
those obtained by alkanethiols when exposed to a gold surface. Other types of 
chemical assembly techniques include surface condensation that relies on the for-
mation of amide bonds or ester bonds (Diao et al.  2002 ). The overall surface con-
densation process remains largely the same for various substrates. For glass and 
silicone substrates, a silanization step with a compound that contains a terminal 
amino group was performed to create the required SAM. Ester bond formation 
can also achieve the same condensation process used to attach CNTs to a surface. 

  Fig. 13.5    Fabrication of vertically aligned CNTs via surface assembly of functionalized CNTs to 
a modifi ed substrate surface. Chemical assembly methods can include surface condensation of 
amides and esters, gold-to-sulfur bond formation and electrostatic interaction (which does not 
require a linkage molecule)       

  Fig. 13.6    Schematic of guided growth of CNTs on a “seeded” substrate surface through chemical- 
vapor deposition (CVD)       
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This coupling reaction occurs between a surface hydroxyl group and a carboxylic 
acid functional group at the tip end of the CNTs. Chemical assembly of vertically 
aligned CNT using the above described reactions gives well-aligned CNTs perpen-
dicular to the plane of the substrate (Diao et al.  2002 ). 

 Similar orientation of CNTs can be achieved by electrostatic interaction. In this 
preparation, the carboxylic acid moieties at the tip end of CNTs were ionized to 
acquire a negative charge. As such, the substrate surface would require a positive 
charge for the interaction to take place. This attraction formed the basis of how the 
nanotubes were orientated on the surface. Furthermore, the surface of a substrate can 
be modifi ed with a layer of metal oxide that is able to chelate with the ionized carbox-
ylic acid group on the nanotubes and immobilize them onto the substrate. 
Chattopadhyay and coworkers reported the use of this technique for a metal-assisted 
monolayer formation of shortened CNTs and multilayer forest assemblies 
(Chattopadhyay et al.  2001 ). In their report, the surface was fi rst modifi ed by dipping 
the substrate in an aqueous acidic FeCl 3  solution for 15 min followed by immersion in 
a basic solution containing SWCNT for 30 min. This basic environment reacted with 
the surface-immobilized Fe 3+  layer to form a Fe 3+  hydroxide layer, which then set the 
platform for metal-assisted chelation between the substrate and the CNTs and allowed 
the production of SWCNT monolayers or high-density SWCNT forests. An advantage 
of this mode of synthesis is that the production of Fe(OH) 3  is relatively simple and 
therefore can be employed on a variety of substrates such as silicon and graphite. 

 As mentioned previously, the orientation of vertically aligned CNTs (v-CNTs) is 
spatially important for them to come into close proximity with the redox centers of 
enzymes. Many redox proteins do not have ideal charge transfer properties with an 
electrode surface even if there is direct contact. Therefore, the use of v-CNTs offers 
the chance for the production of biosensors using redox proteins that normally do 
not    have suffi cient electron transfer rates. Electrochemical properties of v-CNTs 
were studied by (Diao and Liu in  2002 ) in an effort to better design electrochemical 
sensors (Diao et al.  2002 ). They demonstrated that SWCNTs immobilized via amide 
bond formation on an insulated-gold substrate displayed similar electrochemical 
properties to many closely packed microelectrodes. Later reports showed that 
immobilized SWCNTs retained acceptable conductivity and were able to function 
as nanowires. However, sidewall additions induced local damage to the innate 
p-conjugation system of the CNTs and lowered electron transfer rates. Redox spe-
cies that are directly attached to the tip end allow for better electron fl ow that is 
advantageous for proteins and other biomolecules with slow electron transfer rates. 
This methodology was used in the modifi cation of electrode surfaces with enzymes, 
redox active macromolecules and ferrocene, for the development of cutting-edge 
electrochemical biosensors (   Katz and Willner  2004a ,  b ; Willner et al.  1996 ; 
Zayats et al.  2002 ; Patolsky et al.  2004 ). Glucose oxidase is a popular enzyme and 
has been investigated frequently in various methods of electroanalysis and novel 
biosensors. Liu et al. in 2005 studied the electrochemistry of glucose oxidase (GOx) 
immobilized on an aligned nanotube array using the self-assembly method (Liu 
et al.  2005 ). They found that by simply attaching GOx to the nanotube array, very 
few molecules were actually attached and direct electron transfer was not effi cient. 
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Improvements were made to the design (as shown in Fig.  13.7 ) by directly attaching 
the redox center of GOx, then later reconstituting the apo-GOx over the bound 
redox co- factor, FAD, similar to the approach fi rst described by Willner and co-
workers and used in many of their sensor designs (Willner et al.  1996 ; Baravik et al. 
 2009 ; Yan et al.  2007 ,  2008 ). Their experiments showed that direct electron transfer 
was improved by the use of the apo-enzyme, but it is unknown whether the folded 
enzyme was electrochemically assessable.  

 Using aligned SWCNT-modifi ed SPEs,    Okuno et al. ( 2007a ,  b ) successfully 
detected total prostate-specifi c antigen (T-PSA, a prostate cancer marker) using a 
label-free technique (Fig.  13.8 ). Detection was carried out using differential pulse 
voltammetry by monitoring the intrinsic oxidation signals of tyrosine and trypto-
phan in T-PSA. The detection limit was observed to be 0.25 ng/mL. The sensitivity 
of this assay was also tested by exposure to non-specifi c antigen BSA. Very slight 
deviations were detected from the BSA interference, thus highlighting the resilience 

  Fig. 13.7    Schematic example of a vertical arrangement of CNTs modifi ed with redox-active com-
ponents. Shown here, the co-factor fl avin adenine dinucleotide (FAD) is coupled to the free end of 
the CNTs. Reconstitution of apo-glucose oxidase completes the assembly of an enzyme-modifi ed 
CNT biosensor       

  Fig. 13.8    Setup for 
single- walled carbon 
nanotube (SWCNT)-modifi ed 
platinum microelectrode 
functioning as the working 
electrode, a platinum wire 
serving as the counter 
electrode and a Ag/AgCl 
reference electrode (the latter 
two electrodes are above in 
solution and not displayed in 
the illustration). Adapted 
from Okuno et al. ( 2007a ,  b )       
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of the method to non-specifi c absorption. The results of the experiment showed 
promise for aligned-SWCNT microelectrodes. Additionally, Okuno et al. ( 2007a ,  b ) 
created a SWCNT-array microelectrode chip with a Pt surface. Detection of 
 L - cysteine ,  L -tryptophan and  L -tyrosine was performed using differential pulse 
voltammetry and indicated a 100-fold increase in comparison to bare Pt-array 
microelectrodes.  

 Applications of v-CNTs, as discussed above, are only a few examples from the 
literature. Current fabrication techniques for v-CNTs are not easily combinable 
with screen-printing machinery as it is diffi cult to align them in the correct orienta-
tion required. However, this is not to say that such technology will not be available 
in the future, and will fulfi ll such requirements. Innovative SPEs offer a low-cost 
mass-production possibility, and combined with the advantages of v-CNTs, they 
open possibilities for the creation of novel biosensors. As technology for the cre-
ation of v-CNTs onto SPEs becomes more easily accessible, its utilization in bio-
sensing is undoubtedly expected to increase.   

13.3     Conclusions 

 As discussed in this chapter, various reports have demonstrated the possibility of 
merging CNT-composite materials with screen-printing fabrication techniques to 
create electrodes having improved sensitivity and stability (Wang and Musameh 
 2004 ). Furthermore, screen-printing allows for reproducible electrode surfaces to be 
made en-masse, which would normally require prior modifi cation of the electrode 
surface—as in the case of drop-casting techniques. Customization of the working 
electrode is another advantage offered by screen-printing. As the inks can be varied 
to fi t the need of the user, the percent composition of CNTs in the inks is just one of 
the parameters that can easily be manipulated. As shown by Li et al. (2002), different 
mass proportions of MWCNTs gave rise to higher responses to the target analyte. 
Biological moieties can also be incorporated into CNT mixtures for added function-
ality of the SPEs. As demonstrated by Sanchez et al. ( 2007 ), horseradish peroxidase 
enzyme was added to the working electrodes via a phase inversion technique. 

 Aside from carbon nanomaterials, metal nanoparticles also present a novel mate-
rial that can be successfully incorporated into the sensing element of biosensors 
(Rusling  2012 ;    Chikkaveeraiah et al.  2009 ,  2012 ; Malhotra et al.  2012 ; 
Venkatanarayanan et al.  2012 ; Sardesai et al.  2011 ). In conjunction with CNTs, the 
addition of metal nanoparticles (Fig.  13.9 ) has been shown to increase detection 
sensitivity by 100-fold, as reported by Hung and Kerman ( 2011 ). Numerous transi-
tion metals have been used in conjunction with CNTs to increase the surface area of 
the sensor and to optimize electron transfer between biomolecules and the electrode 
surface. Similar to CNTs, other forms of nanomaterials have also been successfully 
incorporated into screen- printed electrodes. It is expected that with the discovery of 
new nanomaterials, researchers will quickly harvest their potential and incorporate 
them into novel biosensors.     
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    Chapter 14   
 Specialized Nanoneedles for Intracellular 
Analysis 

             Ryuzo     Kawamura    ,     Yaron     R.     Silberberg    , and     Chikashi     Nakamura    

    Abstract     Here, we introduce a novel approach to the detection of intracellular 
molecules by measuring direct interactions with an ultrathin probe, i.e. nanoneedle, 
which is mounted on an atomic force microscope (AFM). Standard AFM probes 
were sharpened, using a focused ion beam (FIB), to form high-aspect-ratio nanon-
eedles, which were then specifi cally functionalized and inserted into live cells. The 
insertion could be precisely detected using the resulted force–distance AFM curves, 
and no effect on cell viability was observed, even after repeated insertions. In addi-
tion, thanks to the high sensitivity of the AFM, distinct intermolecular unbinding 
events could be analyzed, which provided real-time information on the cytoskeleton 
state of the live cell. Following specifi c coatings and functionalization of the nanon-
eedles, various intracellular molecules    could be detected and even inserted into live 
cells. The results presented here demonstrate the delivery of DNA vectors and the 
detection of mRNA and cytoskeletal proteins in live cells. Further advances in this 
technology, such as new developments in molecular functionalization options and 
improvements in the scale and accuracy of force measurements, will open possible 
new fi elds and applications for this diverse and powerful tool.  

  Keywords     Atomic force microscopy   •   Force spectroscopy   •   Gene delivery   • 
  Intracellular measurements   •   Intracellular protein   •   Live cell analysis   •   Nanoneedle  

14.1         Introduction 

 In the near future, stem cells with pluripotent differentiation capabilities are believed 
to become a major contributor to the advancement of regenerative medicine. 
Applications will include, among others, auto-transplantation therapies that over-
come the problem of immune rejection and the use of model tissues for drug testing. 
Since the discovery of induced pluripotent stem (iPS) cells in 2006 (Takahashi and 
Yamanaka  2006 ), new technologies have been developed to allow cultivation, 
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differentiation induction, imaging, and separation, with the aim of establishing 
practical applications for pluripotent stem cells. Currently, one of the major chal-
lenges in the fi eld is the identifi cation and separation of potent tumorigenic undif-
ferentiated cells from differentiated cultures, and much effort is directed towards 
establishing effi cient and reliable cell separation techniques. 

 Atomic force microscope (AFM) is a versatile tool for analysis of living cells. 
AFM allows for the investigation of the mechanical properties of a cell surface with 
high sensitivity and spatial resolution under physiological cell culture conditions 
(Costa  2006 ). By indenting the cell surface with an AFM probe, and fi tting the 
acquired force–distance curves with the Hertz model (Hertz  1881 ), cell elasticity, or 
Young’s modulus, can be obtained. Such measurements have been performed since 
the 1990s (Radmacher et al.  1996 ) using a variety of cell lines. Studies showed that 
some cancer cells show relatively lower elasticity (Haghparast et al.  2013 ), and so 
do undifferentiated mouse ES cells in comparison to differentiated cells (Pillarisetti 
et al.  2011 ). Such differences in elasticity may be used as a way of distinguishing 
differentiated pluripotent stem cells from undifferentiated ones. Due to its high sen-
sitivity, AFM can also be used for the detection of single molecules. A variety of 
molecules have been previously investigated in live cells, but these were mainly 
limited to extracellular membrane proteins, due to the nature of AFM measure-
ments. However, most of the important molecules that can be used as markers for 
distinguishing between cell states are intracellular. Therefore, for identifying the 
differentiation state of a cell, the cell interior needs to be investigated. The diameter 
of a suspended cell is approximately 10–15 μm, and it is separated from the extra-
cellular space by a lipid bilayer membrane. The intracellular space is fi lled with a 
large number of complex organelles and biomolecules. Thus, molecular handling 
techniques with high spatial and temporal precision are required in order to allow 
manipulation of the intracellular components of a cell. In this chapter, we demon-
strate techniques for the detection of intracellular markers using an AFM and a 
nanoneedle that can be inserted into the live cell and used as an intracellular probe.  

14.2     Insertion of the Nanoneedle into Live Cells 

 Recent research has led to the development of nanoneedle technologies for use in 
the examination of living cells. Ultra-thin needle-shaped materials, including fabri-
cated carbon nanotubes, have been developed for direct delivery of substances into 
mammalian cells with extremely minimal cellular damage associated with needle 
insertion (Chen et al.  2007 ; Yum et al.  2009 ). Single or multi-functional needle- 
shaped nanoprobes have also been developed for investigating the intracellular con-
tent of the cell (Sun et al.  2008 ; Singhal et al.  2011 ; Yan et al.  2012 ). 

 When using such needle-shaped probes, the most important factor for living 
cell analysis is effi ciency of insertion. Needless to say, no information can be 
obtained when a probe does not reach the cytosol beyond the plasma membrane. 
The nanoneedle developed by our group is made of a silicon AFM tip etched to a 
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high-aspect- ratio (over 50) cylindrical shape with a diameter of only 200 nm 
(Fig.  14.1a ), and has a high mechanical stiffness, which enables repeated inser-
tions through the cell membrane with minimal cell damage (Han et al.  2005a ,  b ; 
Obataya et al.  2005a ,  b ; Nakamura et al.  2008 ; Mieda et al.  2012 ; Ryu et al.  2013 ). 
Evidently, over 50 repeated insertions of the nanoneedle into a live cell did not 
affect the cell doubling time (Mieda et al.  2012 ). In addition, by employing a per-
pendicular approach with our AFM nanoneedle, extremely high insertion effi cien-
cies were achieved. Figure  14.1b  shows a typical force–distance curve obtained 
during insertion and retraction of the nanoneedle. During approach, the repulsive 
force gradually increases as the nanoneedle indents up to about 1 μm into the cell, 
before penetrating through the plasma membrane, leading to a sharp peak in the 
force curve. One of the advantages of using an AFM is that success or failure in 
nanoneedle insertion can be estimated from the force curve in each trial. Nanoneedle 
insertion effi ciency varies depending on the diameter and end shape of the nanon-
eedle, as shown in Fig.  14.1c  (Obataya et al.  2005a ,  b ). The insertion effi ciency of 
200-nm diameter nanoneedles (left) into human epidermal melanocytes was the 
highest (92 %). 800- nm nanoneedles with an acute pyramidal tip end (right) 
showed a much lower effi ciency (21 %) than nanoneedles with a cylindrical end 
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  Fig. 14.1    ( a ) SEM images of AFM cantilever and nanoneedle. ( b ) Force–distance curve of nanon-
eedle insertion into a living cell. ( c )  Left : nanoneedle of diameter 200 nm;  Centre : nanoneedle of 
diameter 800 nm;  Right : nanoneedle of diameter 800 nm with conical tip end       
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and the same diameter (56 %, center). These results suggested that a sharp-edged 
nanoneedle is not advantageous for penetration through the cell membrane. The 
shear stress on the cell membrane using a cone-shaped or pyramidal tip might be 
smaller than that using a cylindrical tip at the same indentation depth.  

 Insertion effi ciencies of nanoneedles vary with cell species (Kagiwada et al. 
 2010 ). In addition, observations showed that the actin cytoskeleton, including both 
stress fi bers and the meshwork structure of the plasmalemmal actin undercoat, is very 
important in facilitating insertion of the nanoneedle into cells, although the mechani-
cal properties of cells do not correlate obviously with the success rate of nanoneedle 
insertion. Some cell lines have showed low insertion effi ciency; for example, inser-
tion effi ciency to mouse embryonic fi broblast Balb3T3 was about 40 %. Neural cells 
also showed relatively low effi ciency. Improvement in the insertion effi ciency of a 
nanoneedle into such cells is a signifi cant challenge for nanoneedle- based cell 
manipulation and analysis. We have recently found that the formation of nanofi lms 
improved insertion effi ciency of the nanoneedle into fi broblast and neural cells and it 
was suggested that nanofi lms, together with the mesh structure, directly contribute to 
the improved insertion effi ciency (Amemiya et al.  2012 ). 

 Nanoneedle insertion can be applied to high-effi ciency molecular delivery. 
A plasmid containing the GFP gene was adsorbed on a poly-lysine-modifi ed nanon-
eedle surface, which was then inserted into primary cultured single human mesen-
chymal stem cell (MSCs) (Han et al.  2005a ,  b ,  2008 ). A highly effi cient gene 
delivery of over 70 % was achieved, which compared favorably with other major 
nonviral gene delivery methods (lipofection ~50 %, microinjection ~10 %). 

 High-effi ciency DNA delivery can be applied for single cell diagnostics. We ana-
lyzed hormonal response in single breast cancer cells by reporter gene assay using 
the nanoneedle technology (Han et al.  2009 ). The proliferation of breast cancer cells 
is promoted by estrogen stimulation and antagonists, which bind to the estrogen 
receptor (ER) competitively and are utilized to reduce the growth of breast cancer 
cells. Some patients experience no therapeutic effect from such hormonal drugs and 
even suffer from serious side effects. This is often attributed to incorrect diagnosis, 
in which only the expression of ER is analyzed from a patient’s cells. The effects of 
hormonal drugs on each patient should be tested before medication is given; how-
ever, the number of isolated cells is in short supply for further tests. Single-cell 
manipulation techniques using a nanoneedle are suitable for this type of test. An 
estrogen–ER complex interacts directly with an estrogen response element (ERE) 
resulting in enhancement of gene expression. We have attempted to evaluate estro-
genic response activity in a human breast cancer cell line (MCF-7) from the expres-
sion level of estrogen-responsive GFP reporter vector delivered using a nanoneedle. 
Constructed estrogen-responsive GFP reporter vectors were fi rst transferred into 
single MCF-7 cells. The fl uorescent intensity of GFP was decreased to 46 % within 
24 h by antagonist treatment, demonstrating the antagonistic activity in the operated 
cell. We were able to successfully determine the hormonal drug effect in a single 
MCF-7 cell within 48 h after gene delivery using this technique.  
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14.3     Use of Nanoneedles for mRNA Detection 

 The state of a cell, such as cell cycle, cell differentiation, or cell transformation, is 
generally controlled via gene regulation. Monitoring of intrinsic mRNAs in living 
cells is crucial for understanding these processes. However, investigative tools for 
monitoring of intrinsic mRNAs are usually limited to visualization in living cells 
with the help of fl uorescent probes (e.g., molecular beacons, fl uorescent oligo-DNA 
probes and fl uorescent proteins) (Abe and Kool  2006 ; Bratu et al.  2003 ; Mhlanga 
et al.  2005 ; Nitin et al.  2004 ; Ozawa et al.  2007 ; Tsuji et al.  2000 ). Although these 
probes are very powerful tools for investigating the localization of mRNAs in living 
cells, they need to be expressed in or introduced into the cells by chemical or physi-
cal methods. However, these methods can only be used with certain cell types and 
growth conditions, and may affect cell viability due to invasive damage to cells. 
Moreover, the introduced or expressed probes cannot be removed from the cells. 
Using probes immobilized on a nanoneedle, we can ensure removal of the probes 
upon evacuation of the nanoneedle from the cell. 

 We have developed a molecular-beacon-modifi ed nanoneedle for the detection of 
intrinsic mRNA in a living cell (Fig.  14.2a ). A molecular beacon is an oligonucle-
otide with complementary sequences on either end of the probe; this enables the 
molecular beacon to fold into a hairpin confi guration, in which a fl uorophore and a 
quencher can be held in close proximity (Bratu et al.  2003 ; Tyagi and Kramer  1996 ). 
The formation of a probe–target hybrid abolishes the hairpin confi guration, shifts 
the fl uorophore away from the vicinity of the quencher, and restores the probe’s 
fl uorescence. The nanoprobe can be inserted into living cells and safely evacuated 
from the cells, leaving no probe residues in the cell. This method thus enables real- 
time investigation of target mRNAs in the living cell with minimal cell damage.  

 The GAPDH gene is a housekeeping gene that is highly expressed in various cell 
types. We have developed a method of detecting GAPDH mRNA in a single living 
cell as a proof-of-concept for quantifying the amounts of various mRNA species in 
a single living cell. A molecular beacon targeting the human GAPDH mRNA was 
designed as follows: 

 5 ′-(Alexa488)- ACGACG GAGTCCTTCCACGATACCA CGTCG-bT -
(BHQ-1)-3′, where underlined sequences indicate bases in the self-hybridizing 
stem, and bT indicates the biotinylated thymine base, GAPDH complementary 
sequence was designed by referring to a previous report (Tsourkas et al.  2003 ). 
A nanoneedle was chemically modifi ed with 3-aminopropyl triethoxysilane and 
EZ-Link Sulfo-NHS-LC-LC-Biotin. The avidin-biotin bridging was utilized for 
immobilization of the molecular beacon. A molecular-beacon-functionalized 
nanoneedle was inserted into a HeLa cell using AFM and was kept inside for 2 min. 
A fl uorescence image of the nanoneedle was then obtained using confocal laser 
scanning microscope. The nanoneedle was then evacuated from the cell and a sec-
ond fl uorescence image was obtained after 1 min. 
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 We confi rmed insertion of a molecular-beacon-modifi ed nanoneedle by real-time 
monitoring of the force–distance curves, as previously described. In the extracellu-
lar environment, the fl uorescence intensity of the nanoneedle slightly varied in each 
experiment; however, it increased by a factor of 1.88 ± 0.80 following insertion into 
the HeLa cell. The variation in the fl uorescence intensity of the nanoneedle for each 
measurement was assumed to be due to a variation in the surface modifi cation with 
the molecular beacons. The results demonstrate that human GAPDH mRNA in a 
single HeLa cell could be successfully detected using the nanoneedle. 

 Successive insertions were carried out with multiple cells. The increment of fl uo-
rescent intensity on the nanoneedle was observed in fi ve of six tested cells, as shown 
in Fig.  14.2b . The reproducible response showed that the nanoneedle method allowed 
the detection of mRNA in multiple cells using the same nanoneedle. Thus, we estab-
lished that the immobilized molecular beacon could reversibly react with mRNAs. 
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Although GAPDH mRNA is about 1,300 bases long, the hybridized sequence is 
only 19 bases long. When extracting the nanoneedle from the cell, the mechanical 
friction between the mRNA and plasma membrane prevents extraction of mRNA 
from the cell. Therefore, most mRNAs hybridized with the molecular beacon 
remained in the cell. One more point of interest is the specifi city of this detection 
method: there is a difference of three bases between mouse and human in the tar-
geted sequences GAPDH sequences. A molecular-beacon-modifi ed nanoneedle was 
also inserted into a mouse mesenchymal stem cell, C3H10T1/2, resulting in no sig-
nifi cant response. Thus, the molecular beacon immobilized on the nanoneedle main-
tained high specifi city, allowing discrimination between cell species.  

14.4     Mechanical Detection of Intracellular Proteins 

 Beside optically-based techniques, alternative methods may be useful for the inves-
tigation of changes in the mechanical properties of cells, since many cell functions 
related to cytoskeletal dynamics have been demonstrated. One example is the use of 
optical tweezers (Guck et al.  2001 ), which has been employed for the diagnosis of 
cancer cells (Remmerbach et al.  2009 ). The main disadvantage of this technique is 
the inability to directly detect intracellular proteins. Concerning this issue, the 
nanoneedle probe combined with AFM has the advantage of allowing direct access 
to intracellular molecules. Detection of intracellular molecules is not limited to visu-
alization using optical microscopy, but, in addition, force-based detection is possible 
using this layout. AFM has been extensively employed for the investigation of 
molecular interactions, using tips that are functionalized with various molecules, 
with the main advantage being the ability to measure forces at pico-newton preci-
sion. Using standard AFM cantilevers, force detection is limited to extracellular 
membrane-bound proteins. However, using the nanoneedle-shaped probe, after 
appropriate surface modifi cations and antibody immobilization, allows for the force-
based detection of intracellular proteins. Unbinding forces between the antibody-
immobilized nanoneedle and intracellular cytoskeletal proteins can be measured 
during nanoneedle retraction from the cell (Fig.  14.3a ) (Obataya et al.  2005a ,  b ; 

Intermediate filament

Antibody

Antibody-immobilized
a b

nanoneedle

Fishing
force

2 nN

2 µm  Fig. 14.3    ( a ) Schematic 
illustration of force-based 
detection of intracellular 
proteins using antibody- 
immobilized nanoneedle. 
( b ) Fishing force obtained 
by detection of intracellular 
proteins       

 

14 Specialized Nanoneedles for Intracellular Analysis



298

Mieda et al.  2012 ). An example of a force curve is shown in Fig.  14.3b . The peaks 
appearing during retraction of the nanoneedle from the cell represent unbinding 
events between the antigens and antibodies. This method allows direct analysis of 
intracellular proteins in the live cell without the need to introduce potentially harm-
ful marker molecules and with only a transient penetration which does not affect cell 
viability (Mieda et al.  2012 ). Since AFM allows accurate manipulation of the probe, 
local measurement of cells adhering to the substrate is possible. Hence, the use of 
antibody-immobilized nanoneedles has an obvious advantage for diagnosis and 
research applications. Appropriate targets for this type of measurement are cytoskel-
etal proteins, which play an important role in fundamental functions of the cell such 
as motility, deformation, differentiation and intracellular transportation. The main 
components of the cytoskeleton are actin, intermediate fi lament and microtubules. 
Actin and microtubules are commonly expressed in all type of eukaryotic cells, 
while intermediate fi laments are cell-type-specifi c. In the following section, mechan-
ical detection of each of the three cytoskeletal components will be introduced.  

 Based on the sequence homology, intermediate fi laments can be categorized into 
fi ve different types. In humans, they are coded by over 70 different genes and their 
expression is often regulated by alternative splicing (Zehner  1991 ; Hol et al.  2003 ; 
Herrmann et al.  2009 ). Various types of intermediate fi laments are differently 
expressed in a tissue-specifi c manner or under developmental regulations, although 
they have a common domain of coiled-coil at the centre of the sequences. Thus, 
intermediate fi laments are often employed as cell-type-specifi c markers. Nestin, a 
type IV intermediate fi lament protein, was reported to show a transient increase in its 
expression in neural stem cells during the developmental process (Michalczyk and 
Ziman  2005 ). Discrimination of neural stem cells is an important step in their clini-
cal use, such as the treatment of neurogenic diseases and healing of spinal cord and 
brain injuries (Iwanami et al.  2005 ; Ogawa et al.  2002 ; Okada et al.  2008 ). In a previ-
ous report, we successfully performed mechanical detection of nestin in nestin- 
positive P19 mouse embryonic carcinoma cells (Mieda et al.  2012 ). Antibodies 
were covalently immobilized onto a nanoneedle using 2-methacryloyloxyethyl- 
phosphorylcholine (MPC) polymer, which helps in reducing nonspecifi c adsorption 
of cellular substances. The peak pulling force during nanoneedle retraction from the 
cell following its insertion, termed the “fi shing force”, was measured for adherent 
P19 cells. Fishing forces of over 4 nN were measured for the nestin-positive P19 
cells. Meanwhile, the fi shing forces for mouse NIH3T3 fi broblast cells, which are 
nestin-negative, were limited to below 1 nN (Fig.  14.4 ). A threshold of fi shing force 
was set as the average value plus four standard deviations (Av + 4SD) of the nestin- 
negative results and applied to NIH3T3 for discriminating nestin-positive cells. All 
of the measured P19 cells were judged as nestin-positive and NIH3T3 as nestin- 
negative. Furthermore, the antibody-immobilized nanoneedle underwent antibody- 
blocking testing in order to confi rm that the fi shing force was indeed caused by 
specifi c antibody–antigen binding. Blocking of the needle with recombinant Nes256 
protein showed successful suppression of fi shing forces to the level of nestin- negative 
cells. The performance of nestin detection by the antibody-immobilized nanoneedle 
can be also confi rmed using P19 cells that have been differentiated to neurons by 
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retinoic acid treatment. The differentiated cells are known to have decreased nestin 
expression. For those cells, the fi shing forces were signifi cantly decreased down to 
the level of nestin-negative cells. In addition, similar strong fi shing forces for nestin-
immobilized nanoneedles were also obtained on a series of mouse breast cancer 
cells. Since it is reported that nestin is often over-expressed in cancer cells such as 
breast, prostate and pancreatic cancers, which is thought to be related to the migra-
tion of cancer cells, such a quantitative analysis of nestin may be benefi cial for 
unraveling the mechanisms of cancer metastasis and tumor progression.  

 Actin is known to form dynamic network structures, which depend on cell state 
and cell cycle. Traditionally, the state of the intracellular cytoskeleton is investigated 
using various imaging techniques, including the commonly used method of fl ow 
cytometry, which measures the intensity of pre-labeled cells for the analysis of vari-
ous conditions such as hemolytic anemia (King et al.  2000 ). Mechanical analyses of 
cell deformability, such as the use of optical stretchers, are also used in the investiga-
tion of various diseases, including the identifi cation of cancer, by live cell mechanical 
phenotyping (Guck et al.  2001 ; Remmerbach et al.  2009 ). These techniques, how-
ever, do not allow for the direct detection of intracellular proteins in a living cell. 
A method of analytically diagnosing the condition of the actin cytoskeleton in the 
live cell would therefore be desirable. The antibody-immobilized nanoneedle has 
great advantage for this purpose, since its high aspect ratio and mechanical stiffness 
allow repeated penetration through the membrane of the live cell with minimal cell 
damage (Obataya et al.  2005a ,  b ; Han et al.  2005a ,  b ). With the use of the anti-actin 
antibody-immobilized nanoneedle, which was prepared in the same way as in the 
case of nestin detection, actin fi laments were successfully detected in the NIH3T3 cell 
line (Silberberg et al.  2013 ). The fi shing force detected during nanoneedle evacuation 
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reached a maximum of over 3 nN, while remaining usually around 0.5 nN when a 
bare, un-immobilized nanoneedle was used. As an additional control experiment, the 
antibody-immobilized nanoneedle was blocked with free globular actin (G-actin) 
in vitro prior to its insertion into the cell, showing decreased fi shing forces down to 
the same level as the bare nanoneedle, pointing to the specifi city of actin detection 
using this method. As the assembly and disassembly of fi lamentous actin can be 
controlled by drug treatments, the high sensitivity of this method was also shown 
through the measurement of the fi shing force during actin disruption treatment. 
NIH3T3 cells were treated with 0.25 μM cytochalasin D, a drug that specifi cally 
disrupts actin fi laments, and the time-dependent change in the fi shing forces was suc-
cessfully detected. With this relatively low dose of cytochalasin D, most of the actin 
stress fi bers were retained yet some decrease in fi shing forces could be detected, 
pointing to the high sensitivity of this method. A similar effect of another drug, 
Y-27632, a rho-kinase (ROCK) inhibitor known to disrupt actin stress fi bers, could 
be also detected at low doses using this method (Narumiya et al.  2000 ). The mechani-
cal detection of actin with the antibody-immobilized nanoneedle was found to be 
sensitive enough to distinguish minute changes in the cytoskeleton condition, which 
were otherwise diffi cult to detect by conventional fl uorescence microscopy tech-
niques. The availability of a high-sensitivity, real-time measurement in living cells, 
without the need for labeling or transfection procedures, has clear benefi ts for the 
research and diagnosis of cytoskeleton-related diseases. 

 Microtubules are the thickest of the cytoskeleton components, with a diameter of 
approximately 25 nm. They are hollow, cylindrical tubes which are composed of a 
unit of α- and β-tubulin heterodimers. Microtubules in cells are radially arranged to 
the periphery from the centrosome that is near the nucleus, spanning the entire cell. 
They play important roles in organelle transport and organization, in cell division 
and chromosome distribution, and in mechanical stabilization of the cell (Ingber 
 1993 ; Wang et al.  1993 ). Microtubules have been shown to be implicated in several 
neurodegenerative diseases such as Alzheimer’s disease, the most common cause of 
dementia among elderly people, in which microtubule disintegration plays a major 
role (Salinas et al.  2007 ; Matsuyama and Jarvik  1989 ; Iqbal et al.  1986 ; Cash et al. 
 2003 ). Thus, the precise analysis of microtubule dynamics and their mechanical 
properties in the live cell has clear benefi ts in health and disease. By immobilizing 
anti-tubulin antibodies onto nanoneedles, microtubules could be successfully 
detected in a similar way as was done for actin (Silberberg et al.  2014 ). When 
nocodazole, a microtubule-disrupting agent, was added to the NIH3T3 culture, a 
clear time-dependent decrease in the measured microtubule fi shing forces was 
observed, in a similar fashion to that observed for cytochalasin-treated cells in the 
case of actin detection. The high specifi city and high sensitivity of microtubule 
targeting analysis again showed the ability of this technique to detect real-time 
changes in the cytoskeleton of live cells. 

 Antibody-immobilized nanoneedles were successfully inserted into living cells 
without causing disturbance to the membrane nor infl uencing cell viability (Mieda 
et al.  2012 ). Specifi c fi shing force were successfully detected for three different types 
of cytoskeletal components, nestin, actin and microtubules. To enhance the versatility 
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of this technique, improvements in the effi ciency of immobilized antibody will be 
benefi cial for facilitating large numbers of antigen–antibody interactions. Indeed, 
fi shing forces of over 10 nano-newtons against intermediate fi laments were detected 
in our recent research (data not shown) by optimizing the conditions for immobiliz-
ing antibodies to the nanoneedle. With such improvements, a wider variety of pro-
teins including various types of intermediate fi laments, actin-/microtubule- associated 
proteins and proteins related to cell adhesion, could be targeted in the near future.  

14.5     Summary 

 The nanoneedle technology presented here is a novel and versatile tool, and can be 
applied for the detection of a wide variety of intracellular molecules. One of the 
main challenges left to tackle is the low throughput of the technique, which is cur-
rently limited to the analysis of one cell at a time. Some success in multiple cell 
analysis was reported previously using nanopillar or nanowire arrays (Berthing 
et al.  2012 ; Xie et al.  2012 ). However, these do not allow for actual force measure-
ment, a clear benefi t of the nanoneedle–AFM combination described here. 
The future development of nanoneedle arrays with high aspect ratio may provide 
an attractive tool with various applications, such as the selective high-throughput 
sorting of stem cells for medical transplantation.     
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    Chapter 15   
 Plasmonic Sensors for Analysis of Proteins 
and an Oncologic Drug in Human Serum 

             Jean-Francois     Masson      and     Sandy     Shuo     Zhao   

    Abstract     Nanobiosensors exploiting the optical phenomenon of surface plasmon 
resonance (SPR) are ideal candidates for the design of optical sensors for clinical 
diagnostics. The label-free nature and sensitivity of SPR biosensors to binding 
events makes them generally applicable to the detection of a broad class of biomol-
ecules. Recent advances in instrument design, surface chemistry, nanomaterials and 
biosensing strategies have enabled numerous applications of SPR biosensors. This 
chapter will explore in greater detail the challenges and solutions developed recently 
for the analysis of proteins and drugs in crude biofl uids. Specifi cally, surface chem-
istry has been investigated thoroughly to minimize the interference of nonspecifi c 
adsorption from biofl uids, while nanomaterials have been exploited to increase the 
sensitivity of SPR biosensors, with biosensing strategies involving nanoparticles 
allowing for the analysis of small molecules. Additionally, miniaturization and opti-
mization of instrumental design have paved the way towards point-of-care diagnos-
tics. The successful detection of biologically relevant molecules directly in biofl uids 
relies on all of these recent advances. In this chapter, they will be contextualized for 
the analysis of proteins and an oncologic drug, methotrexate, in crude serum sam-
ples using SPR sensing.  

  Keywords     Biosensing   •   Instrumentation   •   Nanomaterials   •   Surface chemistry   • 
  Surface plasmon resonance  

15.1         Introduction 

 Medicine is pushing strongly towards personalization of treatment and decentraliza-
tion of patient care. This paradigm shift brings new sets of challenges for clinical 
biochemistry laboratories, as high throughput and large laboratory equipment may 
not be the ideal solution for these situations. Rapid and on-site analytical measure-
ments may provide an accurate and suffi ciently fast response to allow patients at 
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home or at proximity healthcare facilities to monitor their susceptibility to develop 
common diseases or to monitor the progression or treatment of a disease. Novel ana-
lytical techniques are thus needed to combine portability, sensitivity, selectivity and 
quantifi cation of a single or small set of markers or drugs administered to patients. 

 Biosensing relies on simple principles of signal transduction of molecular recog-
nition events induced from the capture, hybridization or reaction of an analyte (such 
as proteins, DNA, enzymes and metabolites) by a host receptor. Transducers can 
rely on electrochemistry, optics, mass detection, magnetism or radioactivity to 
detect molecular events occurring on the surface of the sensor. Several biosensing 
architectures were discussed in Part II of this book and have advantages in terms of 
sensitivity, selectivity, simplicity, cost, accuracy and many other factors. 
Nanomaterials and nanotechnologies are increasingly exploited in biosensing archi-
tectures to improve the sensitivity, selectivity and simplicity of an analysis. Part III 
of this book reviews some strategies related to nanomaterials and their functional-
ization, and each sensing strategy, nanomaterial and surface modifi cation have 
niche applications for which they are advantageous. 

 While biosensors can be applied to a variety of analytes, this chapter will con-
centrate on two important classes of molecules: proteins and oncologic drugs. 
Proteins are often biomarkers indicative of the state and progression of a disease. 
Monitoring the presence or concentration of specifi c proteins is important in estab-
lishing clinical diagnoses (Polanski and Anderson  2006 ). ELISA, a workhorse of 
clinical diagnostic laboratories, currently performs most protein analyses. While 
ELISA has high throughput, sensitivity and reliability, it is time- and labor- 
consuming and must be performed in centralized laboratories. In the case of critical 
emergencies, faster response times can be life-saving. Analysis at the sample point-
of- collection (bedside, general practitioner’s offi ce, ambulance or patient’s home) 
by a rapid technology can address these issues with current practices. Biosensors 
address these challenges by providing a simple and rapid methodology for measur-
ing biomarkers. 

 Chemotherapy treatments use a cocktail of drugs administered at high enough 
concentrations to ensure effi cacy of treatment, while minimizing the side effects. 
The metabolism of individual patients varies according to a set of factors (such as 
genetic variations, gender, age, among others (Dasgupta  2012 )), and it has been dem-
onstrated that regular monitoring of the serum level of oncologic drugs is benefi cial 
to the patients, to avoid under- or overdosing, and for maximum treatment effi cacy 
(Dasgupta  2012 ). While benefi cial, long-term monitoring of a patient is diffi cult due 
to the lack of point-of-care analytical techniques to monitor this important class of 
drugs. Current analytical techniques for monitoring drug levels in patients require 
centralized clinical facilities. Liquid chromatography coupled to mass spectrometry 
(LC-MS) or dedicated analyzers (such as fl uorescence polarization immunoassays) 
are the current state-of-the-art methodologies used to analyze oncologic drugs. These 
techniques are costly, require trained staff to operate and thus are only found in large, 
central clinical laboratories of major hospitals. The need is thus well established for 
the development of an analytical technique for the successful analysis of oncologic 
drugs. This is a great challenge for biosensing technologies.  
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15.2     Challenges of Biosensing in Human Biofl uids 

 Biofl uids often constitute the analytical samples for clinical diagnostics. In the case 
of sensing in crude biofl uids, the transducer must be insensitive to the optical, physi-
cal and chemical properties of serum, urine, cell lysate or saliva. As the most com-
mon and often the most representative biofl uid for clinical purposes, serum consists 
of a complex mixture of a high concentration of protein, metabolites and salts, in 
addition to being a scattering and absorptive optical media. The transducer must be 
insensitive to (or allow compensation for) these potential interferences. 

 Electrochemical sensors are very selective and perform relatively well in serum 
samples, such that the glucometer represents the success story of the fi eld to date. 
However, they also represent a challenging solution for protein or drug detection due 
to the lack of electrochemical activity of these classes of molecules. Classical optical 
techniques are of limited scope in serum due to the scattering and absorption properties 
of this biofl uid, but evanescent wave techniques are minimally perturbed in these con-
ditions. While fl uorescence and infrared (IR) spectroscopies are adapted for evanescent 
wave interrogation, fl uorescence requires extrinsic labeling of the analyte and IR is 
poorly selective for proteins and suffers from a large background response from water. 

 Surface plasmon resonance (SPR) is an evanescent wave technique relying on 
the optical properties of thin metallic fi lms deposited on a prism. Surface plasmons 
(SP) are generated by the interaction of light undergoing total internal refl ection 
with free electrons in noble metals deposited as a thin fi lm (generally Au) on the 
optical waveguide (Zayats et al.  2005 ). The frequency and wavevector of light inter-
acting with SP depends on the optical density (or refractive index) in the vicinity of 
the thin Au fi lm. This sensitive nature of SP to the immediate physical environment 
of the thin Au fi lm makes it an ideal technique for the label-free and sensitive detec-
tion of analytes. SPR biosensors are based on the specifi c interaction or capture of 
an analyte with a selective molecular receptor immobilized to the Au fi lm (Fig.  15.1 ). 

Plasmonic material

Chemically selective layer

Selective
molecular receptor

Solution of
molecules Detection of biomolecules

SPR measurement

  Fig. 15.1    Composition of SPR biosensors. The plasmonic material is modifi ed with a chemically 
selective layer, capable of minimizing nonspecifi c adsorption and immobilizing highly active 
molecular receptors. The molecular receptor can be chemically bound to the layer, chelated or 
physisorbed. It then captures the analyte from a solution, which is converted into a change in the 
SPR signal that is observed in the sensorgram. Reproduced from Couture et al. ( 2013b ) with per-
mission from the PCCP Owner Societies       
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Binding events are accompanied by a refractive index change, which is transduced 
in a change of the SPR coupling conditions. Thus, the resonance angle or wave-
length shifts and serves to quantify analytes. Several literature articles review the 
principles and applications of SPR sensing (Homola et al.  2005 ; Hoa et al.  2007 ; 
Sharma et al.  2007 ; Homola  2008 ; Abbas et al.  2011 ; Bolduc and Masson  2011 ; 
Couture et al.  2013b ).   

15.3     Minimizing Nonspecifi c Adsorption 
with Surface Chemistry 

 The molecular receptors immobilized on the SPR sensors impart most of the selec-
tivity to the device. However, SPR surfaces are not fully covered by molecular 
receptors and the Au fi lm is partly exposed to biofl uids. These regions are prone to 
nonspecifi c interactions with the matrix of the biofl uid, which depend on the nature 
of the specifi c biofl uid being analysed. Generally, nonspecifi c adsorption is trig-
gered by protein adsorption driven by hydrophobic interactions. Biofl uids are often 
protein-rich environments and so nonspecifi c adsorption is particularly problematic 
in this media. SPR sensors are quasi-universal refractive index detectors, such that 
any proteins or biomolecules binding to the surface lead to a measurable change in 
the SPR signal. This nonspecifi c response is of the same order of magnitude as the 
specifi c response of the SPR sensors, limiting their use in biofl uids. Nonspecifi c 
adsorption has thus been one of the major barriers for the use of SPR sensors in 
clinical analyses (Blaszykowski et al.  2012 ). 

 Understanding the fundamental processes driving nonspecifi c adsorption has 
been instrumental in mitigating this limiting factor of biosensors. Surface chemistry 
has been utilized in the past decade to explore the physical processes driving non-
specifi c adsorption and to attempt to minimize this problem (Mrksich and Whitesides 
 1996 ). The chemical group exposed at the surface of a sensor plays an important 
role in nonspecifi c adsorption. The Whitesides group has performed numerous stud-
ies on the nonspecifi c adsorption of two proteins, fi brinogen and lyzosyme (Ostuni 
et al.  2001a ,  b ). These studies concluded that surfaces with more hydrophilic groups, 
such as ethylene glycols, are very effi cient at preventing nonspecifi c adsorption, but 
other chemical groups can also minimize the effect. These include amine, amides 
and amino acids (Table  15.1 ). More hydrophobic groups performed signifi cantly 

    Table 15.1    Average nonspecifi c adsorption from various chemical groups of monolayers a    

 Hydro- 
phobic   Ether  EG b   Amine  Amide 

 Amide/
amino acid 

 Crown 
ether  Sugar  Nitrile 

    % ML c   100  31  0.8  13  16  8.8  24  30  48 

   a Data collected from Ostuni et al. ( 2001a ) 
  b EG: ethylene glycol 
  c % ML is the percentage of a monolayer created in 3 min by 1 mg/mL fi brinogen  
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worse in minimizing the nonspecifi c adsorption of these proteins. They also discov-
ered that adsorption does not differ signifi cantly between the two proteins tested on 
the various surfaces. The investigation of the underlying principles of nonspecifi c 
adsorption revealed that hydrogen bond acceptors, neutral and polar molecules 
impart protein-resistant properties to surfaces. It was also noted that zwitterionic 
surfaces fulfi ll these criteria (Ostuni et al.  2001b ). The surfaces promoting a hydra-
tion layer and exclusion of proteins in this hydration layer were found to be protein- 
resistant (Kane et al.  2003 ).

   Serum is a complex mixture of proteins composed essentially of hemoglobin, 
albumin, complements and factors, immunoglobulins, transferrin and fi brinogen 
(Polanski and Anderson  2006 ). While the groundbreaking work of Whitesides elu-
cidated the underlying principles of protein adsorption, the complexity of serum 
may hide the interplay between proteins adsorbing to surfaces. Thus, studies were 
undertaken to comprehend the sequence of reactions ongoing in plasma (Green 
et al.  1999 ). It was revealed that albumin was the fi rst protein to bind to the surface, 
but was then displaced by immunoglobulin G (IgG) and then by fi brinogen in a mat-
ter of minutes (Green et al.  1999 ). These experiments clearly demonstrated the cas-
cade of protein adsorption that blood-based biofl uids undergo on surfaces, and the 
infl uence of the presence of several molecules in the reaction mixture. Thus, there 
has been a driving force to study surfaces in actual biofl uids to evaluate the nonspe-
cifi c adsorption resistance of self-assembled monolayers. 

 Dextran is one of the most common surface chemistries in SPR studies. It pro-
vides high-density immobilization of molecular receptors, resulting in large SPR 
responses in the detection of analytes. Depending on the molecular weight and sur-
face modifi cations, dextran can be made quite stable in biofl uids (Frazier et al. 
 2000 ). Dextrans of lower molecular weight are less prone to nonspecifi c adsorption 
of serum on SPR sensors and immobilization of antibodies does not change the 
nonspecifi c adsorption properties (Masson et al.  2004a ). However, it is important to 
measure the capability of surface chemistries in creating an effective biosensor and 
in protecting against nonspecifi c adsorption for assessing the performance of differ-
ent surfaces for SPR biosensors. For example, dextrans of low molecular weight do 
not provide suffi cient binding sites to detect low concentrations of cardiac Troponin 
I (Masson et al.  2005 ). It was observed that dextran of 500 kDa offered moderate 
protection in serum and provided relatively large signals in a biosensing experi-
ment. However, the performance in crude serum was insuffi cient for the use of these 
sensors in biofl uids. 

 Polyethylene glycol (PEG) surfaces provide better protection against nonspecifi c 
adsorption than dextran. However, PEG surfaces suffer from lower sensitivity due 
to fewer binding sites on the surface of the SPR sensor and more limited dynamic 
range in a myoglobin sensor (Masson et al.  2005 ). We recently revisited the perfor-
mance of PEG monolayers in biosensing assays and confi rmed that PEG was under-
performing for the detection of IgG in comparison to mercaptoalkanoic acid and 
ionic liquid monolayers (Ratel et al.  2013 ). PEG monolayers immobilized three to 
fi ve times fewer antibodies using an identical surface chemistry, and thus detection 
of IgG was reduced by an equivalent factor. Self-assembled monolayers based on 
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mercaptoalkanoic acids have previously been used to improve the performance of 
sensors for myoglobin, with reasonable stability in serum (Masson et al.  2006a ). 
These monolayers offered a good compromise between stability to nonspecifi c 
adsorption and sensing performance. Thus, they were employed in the detection of 
proteins in crude serum (Masson et al.  2007 ) and cell culture medium (Battaglia 
et al.  2005 ). These sensors, however, must be pre-incubated in the media prior to 
sample analysis, which may be limiting in the analysis of actual clinical samples, 
and therefore it was important to investigate alternative surface chemistries. 

 In the past decade new surface chemistries have been developed that further 
improve the performance of SPR sensors in crude biofl uids (Blaszykowski et al. 
 2012 ). One of the very promising approaches to simultaneously minimizing non-
specifi c adsorption and improving biosensing exploits zwitterionic betaine layers. 
The betaine motif is composed of a quaternary alkylammonium with an acid group 
on one of the chains. The acid group can serve to anchor antibodies in biosensing 
assays. A series of papers published by the Jiang group demonstrated the ultralow 
fouling properties of sulfo- and carboxy-betaine monolayers in plasma and serum 
(Ladd et al.  2008 ; Vaisocherova et al.  2008 ,  2009b ; Zhang et al.  2008 ; Cheng et al. 
 2009 ). They were able to achieve biosensing in crude serum for activated-leukocyte 
cell adhesion molecule (ALCAM   ) with less than 3 ng/cm 2  residual nonspecifi c 
adsorption on a classical SPR instrument (Vaisocherova et al.  2008 ) and with SPR 
imaging (Brault et al.  2013 ). These surfaces were also employed in long-term glu-
cose sensing in whole blood with an excellent limit of detection and stability (Yang 
et al.  2012 ). These surfaces were recently used to protect implants imbedded in 
mice for extended periods of time of at least 3 months (Zhang et al.  2013 ). These 
excellent properties of betaine hold great promise in sensing applications. 

 In parallel with the development of betaine surface chemistry, peptide monolay-
ers were also proposed to both minimize nonspecifi c adsorption and immobilize 
molecular receptors in biosensing schemes. Peptide and peptidomimetic monolay-
ers are based on a modifi ed peptide with a thiol on either the C- or N-terminus of the 
peptide. The group of Messersmith was fi rst to propose a peptidomimetic mono-
layer with excellent properties to protect against nonspecifi c adsorption (Statz et al. 
 2005 ). They revealed that the side chain has an infl uence on nonspecifi c adsorption 
of serum, fi brinogen and lysozyme (Statz et al.  2008 ). The peptidomimetic com-
pound with an ethyleneglycol side chain was more effi cient at reducing nonspecifi c 
adsorption with 15 ng/cm 2  of residual nonspecifi cally bound proteins from serum 
(Statz et al.  2008 ). The potential of this class of molecule for reducing nonspecifi c 
adsorption was thus clearly demonstrated. 

 The early work by Whitesides revealed that amide compounds with amino acids 
protect against nonspecifi c adsorption (Table  15.1 ). Peptide coupling chemistry is 
simple to perform between an amino acid or peptide monolayer and a protein, usu-
ally with minimal impact on the activity of proteins. The potential of peptide mono-
layers to reduce nonspecifi c adsorption was demonstrated by the groups of Masson 
and Jiang. A survey of the nonspecifi c adsorption properties of amino acid mono-
layers demonstrated that the small, polar and charged amino acids were most effi -
cient at reducing nonspecifi c adsorption (Fig.  15.2 ) (Bolduc and Masson  2008 ). 
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While amino acids were moderately effective at reducing nonspecifi c adsorption of 
serum (about 400–800 ng/cm 2  of nonspecifi c adsorption), constructing  homopeptides 
of increasing chain length improved resistance to nonspecifi c adsorption by up to 
70 % (Bolduc et al.  2009a ). Increasing the complexity of the peptide structure led to 
further improvement of nonspecifi c adsorption to 23 ng/cm 2  for binary patterned 
peptide monolayers (Bolduc et al.  2010 ) and to 12 ng/cm 2  for 3-MPA-LHDLHD-OH 
(Bolduc et al.  2011 ). These values report nonspecifi c adsorption of crude serum on 
the SPR sensors. Jiang et al. proposed a peptide with alternating charges that was 
able to reduce nonspecifi c adsorption of lysozyme and fi brinogen to less than 0.3 ng/
cm 2  (Chen et al.  2009 ). The applicability of peptide monolayers was demonstrated 
in biosensing schemes by immobilizing enzymes, histidine-tagged biomolecules 
and antibodies to the peptide monolayer (Bolduc et al.  2011 ).  

 While serum and blood-based biofl uids have been the main focus of nonspecifi c 
adsorption studies, other important biofl uids for analysis include urine, cell lysate or 
saliva. We recently measured the nonspecifi c adsorption of urine from a single 
donor (the consent of the donor was obtained). Centrifugation was performed at 

  Fig. 15.2    Clustering of the nonspecifi c adsorption on 3-MPA-amino acids monolayer around a 
few physico-chemical properties represented by the Venn diagram. The surface coverage induced 
by bovine serum proteins is represented by the  subscript  next to each amino acid (ng/cm 2 ). Amino 
acids in  bold  have a surface coverage below the average of 551 ng/cm 2 , while the others have a 
surface coverage above the average. Reprinted with permission from Bolduc and Masson ( 2008 ). 
Copyright (2008) American Chemical Society       
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1,500 rpm for 5 min to remove cells. Nonspecifi c adsorption was measured at 26 ng/
cm 2  with a monolayer of 3-MPA-LHDLHD-OH (unpublished data), demonstrating 
that measurements in undiluted urine are possible with SPR. 

 The rupture of the cell membrane by a mechanical or chemical force creates cell 
lysate, a medium rich in lipids and proteins. This biofl uid is especially interesting in 
the study of the intracellular matrix for monitoring cell culture processes or in the 
analysis of biomolecules in biopsies. Peptide monolayers (Bolduc et al.  2009a ; 
Aubé et al.  2013 ) and PEG (Kyo et al.  2005 ) were evaluated in crude cell lysate for 
biosensing. It was revealed that the negative charge on the monolayer favored high 
nonspecifi c adsorption. Hydrophobic and positively charged peptide monolayers 
were most effective at reducing nonspecifi c adsorption. However, the performance 
of these monolayers remains average in cell lysate, with approximately 150 ng/cm 2  
of material nonspecifi cally bound to the surface (Aubé et al.  2013 ). The high con-
centration of lipids contained in cell lysate explains the difference in physico- 
chemical properties required to minimize nonspecifi c adsorption. Mass spectrometric 
studies confi rmed the presence of a high concentration of lipids on the SPR sensors 
when exposed to cell lysate (Aubé et al.  2013 ). 

 In conclusion, many of the common surface chemistries fail in crude biofl uids 
due to either high protein/lipid adsorption or low sensitivity in bioassays (Table  15.2 ). 
Employing peptide monolayers or betaine surface chemistries can lower nonspe-
cifi c adsorption to less than 15 ng/cm 2 , a level suffi ciently low to analyze 
 biomolecules in crude biofl uids. Sensitivity can be improved with detection schemes 
involving secondary amplifi cation of the signal or by using enhanced plasmonic 
materials in the fabrication of the SPR sensors (see Sect.  15.4 ). While challenges 
remain for the analysis of biofl uids other than serum, the recent progress in mini-
mizing serum nonspecifi c adsorption provides encouragement that novel surface 
chemistries will be developed for crude cell lysate and other biofl uids.

15.4         Enhancing Sensitivity with Nanomaterials 

 The performance of SPR biosensors is often assessed from the sensitivity to bulk 
refractive index. Bulk sensitivity of novel plasmonic materials is often compared for 
predicting analytical performance. While this parameter is important, surface 

   Table 15.2    Properties of common surface chemistries and low-fouling surfaces   

 Surface  Sensitivity 
 Nonspecifi c 
adsorption 

 Detection 
in serum 

 Commercially 
available 

 Dextran  High  Average to high  Diluted  Yes 
 Alkanethiols  Average  Average to high  Possible  Yes 
 PEG  Low  Low  Possible  Yes 
 Betaines  High  Ultralow  Yes  No 
 Peptides  High  Low  Yes  No 
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sensitivity (i.e. binding of a molecule) and plasmon enhancing effect (i.e. plasmon 
coupling) are also critical in improving sensitivity. Thus, the ideal plasmonic mate-
rial must combine high bulk sensitivity and short penetration depth (high surface 
sensitivity) and promote plasmon enhancing effects. 

 SPR sensing is generally performed on a thin Au fi lm. Au has the advantages of 
being inert to oxidation, forming chemical bonds with thiols and forming self- 
assembled monolayers with thiolated compounds. It exhibits a high sensitivity to 
bulk refractive index and it is simple to manufacture. However, detection limits with 
Au fi lms are generally in the high picomolar to low nanomolar range, suffi cient for 
selected applications but not applicable to many biomarkers or DNA detection 
where low picomolar to high femtomolar detection limits are desirable. 

 Several sensing strategies have been developed to improve the detection limits of 
SPR sensors (Table  15.3 ). SPR sensors are sensitive to changes of refractive index, 
which is greater for molecules or nanomaterials of greater mass. SPR is thus 
 sometime referred to (rightfully or not) as a mass sensor. A widely popular strategy 
involves mass augmentation of the detection step with large molecules or nanostruc-
tures. A larger signal-to-noise ratio is obtained by increasing the refractive index or 
mass of the detection step. Secondary detection employing antibodies improves 
detection limits. Antibodies are large (150 kDa) biomolecules for which SPR is 
very sensitive. Improvement of the limit of detection of about one order of magni-
tude is typically observed with antibody secondary detection steps. This strategy 
relies on established methods developed for ELISA assays, making it simple and 
amenable to SPR analysis.

   Small molecules such as metabolites are diffi cult to detect with SPR. Their low 
masses are synonymous with low refractive index change and poor SPR sensitivity. 
To circumvent this problem, a competition assay between the metabolite or small 
molecule and an analog with a mass tag is created to enhance the response in SPR. 
The response of the analog with the mass tag is large in SPR, which decreases in 
proportion to the concentration of the metabolite or small molecules. In the case of 
DNA detection, enzyme amplifi cation creates a cascade of reactions to digest the 
capture probe in the presence of the target (Goodrich et al.  2004 ; Lee et al.  2005 ) 
and the digestion of the probe decreases the mass bound to the sensor (Fig.  15.3 ). 

   Table 15.3    Signal amplifi cation strategies in SPR sensing   

 Method  Material  Amplifi cation principles  Applications 

 Secondary detection/
competition assays 

 Antibodies, 
analogs 

 Mass augmentation  Proteins, metabolites, 
small molecules 

 Enzyme 
amplifi cation 

 Enzymes  Multiple detection of single 
binding events, mass 
augmentation 

 DNA, protein, 
bacteria 

 Nanoparticles  Silica, polymer  Mass augmentation  General 
 Plasmon coupling  Au or Ag  Mass augmentation and 

changes in optical properties 
 General 

 Plasmonic materials  Gratings, hole 
arrays 

 Changes in optical properties, 
high sensitivity 

 General 
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This sensing scheme has a theoretical detection limit of a single molecule, since a sin-
gle molecule can react with all probes immobilized on the sensor if given enough time.  

 Enzymes are also exploited to increase the detection of proteins. The enzyme 
serves to precipitate a compound to the surface (generally 3,3′,5,5′-tetramethylben-
zidine; TMB) of the SPR sensor (Li et al.  2007 ), which causes a signifi cant mass 
increase on the sensor. In the fi rst step, the analyte is captured by an aptamer or an 
antibody immobilized on the SPR sensor (Fig.  15.4 —step a). The enzyme is bound 
to a primary antibody, captured by the analyte bound to the SPR sensor (Fig.  15.4 —
step b). The enzyme then catalyzes the reaction of TMB to form a dark blue precipi-
tate on the SPR sensor. The large augmentation in mass due to the precipitation 
process results in a larger SPR response and lower detection limits. This process 
was also applied to the detection of bacteria in food samples (Linman et al.  2010 ). 
Using a process of in situ polymerization, Cheng succeeded in augmenting the mass 
detected for cholera toxin on the SPR sensor and lowering the detection limit by 
nearly two orders of magnitude (Liu et al.  2010 ).  

 Nanoparticles are large entities in comparison to molecules. Their relatively large 
weight and refractive index change at the surface of the SPR sensors makes them 

  Fig. 15.3    Schematic of the enzyme-amplifi ed detection of DNA. The enzyme digests the capture 
probe only when the target DNA analyte has hybridized, after which the analyte is released. The 
target is then recaptured on the surface by another probe, and the cycle is repeated. The digestion 
of the capture probes decreases the mass bound to the sensor, leading to SPR detection. Reprinted 
with permission from Lee et al. ( 2005 ). Copyright (2005) American Chemical Society       

 

J.-F. Masson and S.S. Zhao



315

ideal for amplifying the response in SPR. Schasfoort et al. reported that the limit of 
detection for direct prostate-specifi c antigen    (PSA) detection was improved from 
300 ng/mL to single digit nanograms per milliliter with the use of secondary detec-
tion with nanoparticles (Besselink et al.  2004 ). Latex (Besselink et al.  2004 ), and 
silica (Zhou et al.  2011a ) nanoparticles were employed in biosensing schemes where 
primary antibodies or DNA strands are bound to the nanoparticle. Following capture 
of the analyte onto the surface of the biosensor, the antibody–nanoparticle conjugate 
is reacted with the captured analyte and leads to large mass changes on the surface of 
the SPR sensor. The use of metallic nanoparticles can further improve detection lim-
its in biosensing schemes in SPR (Besselink et al.  2004 ). Metallic nanoparticles 
undergo plasmonic coupling with metallic surfaces, further amplifying the changes in 
refractive index and lowering the detection limit. Porter et al. elegantly demonstrated 
that Au nanoparticles, when located in close proximity to the SPR sensor, have a large 
infl uence on the plasmonic properties (Driskell et al.  2006 ). The high sensitivity of 
Au nanoparticles as a secondary detection in SPR sensing schemes explains the great 
popularity of this methodology. A review by Bedford et al. details the recent advances 
in the use of Au nanoparticles in SPR sensing technology (Bedford et al.  2012 ). 

 SPR sensors are heralded as simple and label-free techniques for the detection of 
biomolecules. Many researchers are actively working in making SPR instruments 
smaller, cheaper and simpler to operate. However, secondary detection with nanopar-
ticles is a labeling technique that limits the scope of these advantages of SPR sens-
ing. In recent years, researchers have been interested in developing novel SPR 
substrates for improving the sensitivity of SPR sensors adapted to portable SPR 
sensing (Breault-Turcot and Masson  2012 ). Sensitivity to bulk refractive index and 
sensitivity to surface processes are important in SPR sensing. The bulk sensitivity 

  Fig. 15.4    Schematic representation of the enzyme-amplifi ed precipitation of TMB on the SPR sen-
sor. Reprinted with permission from Li et al. ( 2007 ). Copyright (2007) American Chemical Society       
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and the penetration depth of the plasmon fi eld control the surface sensitivity. Small 
penetration depth is advantageous to concentrate the SPR fi eld in the region where 
the molecule binds (Fig.  15.5 ). This leads to larger SPR shifts, a phenomenon 
exploited in localized SPR sensing.  

 Nanostructures are becoming ubiquitous in SPR sensing (Bolduc and Masson 
 2011 ; Roh et al.  2011 ; Breault-Turcot and Masson  2012 ; Couture et al.  2013b ). The 
use of grating and grating-like SPR substrates currently represents one of the best 
options for enhancing the sensitivity of SPR sensors. The light is coupled to the 
plasmon using the grating modes of these nanostructures, changing the sensitivity 
(Homola et al.  1999 ) and penetration depth of the sensor (Gao et al.  2010 ). Sensitivity 
is generally smaller for grating structures than for SPR sensors based on a thin Au 
fi lm (Homola et al.  1999 ; Couture et al.  2013b ). Grating structures have been used 
in SPR sensing to simplify the detection scheme (direct excitation is possible, thus 
eliminating the need for prism coupling) (Piliarik et al.  2009 ). In this confi guration, 
light usually travels through the solution for excitation of the plasmon, causing opti-
cal interference with absorption and scattering of the solution and increasing the 
noise in the system (Hoa et al.  2007 ). Similarly, nanosensors can be excited using 
the instrumental confi guration of transmission spectroscopy, such as for Au nanopar-
ticles or nanohole arrays. They represent an interesting alternative to classical SPR, 
as nanosensors exploiting the localized or the propagating surface plasmon phe-
nomenon have similar analytical performance (Haes and Van Duyne  2004 ). 
Nanohole arrays are gaining signifi cant interest for the design of chemical and 

  Fig. 15.5    Illustration of the effect of the decay length of the plasmon fi eld on sensing. The optimal 
scenario ( left panel ) consists of having a decay length slightly larger than the total thickness of 
material deposited on the sensor during the bioassay. Longer decay lengths ( right panel ) will lead 
to small changes in the refractive index of the sensing volume, while smaller decay lengths ( center 
panel ) will result in binding of the analyte outside the most sensitive region of the SPR sensor       
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 biological sensors (Masson et al.  2010 ). It has been recently reported that nanohole 
arrays exhibit superior analytical performance in the prism-coupling confi guration 
in comparison to transmission measurements (Couture et al.  2012 ). We recently 
found that tuning the grating coupling conditions has a severe impact on the plas-
mon properties of nanohole arrays and that the sensitivity can be signifi cantly 
improved by using angled excitation (Couture et al.  2013a ). With non-zero excita-
tion angles, the penetration depth and the resonance wavelength of the surface plas-
mon decreases, resulting in a higher sensitivity towards binding events. Nonetheless, 
these sensors are also subject to optical interference of biofl uids. To circumvent this 
problem, 1D or 2D grating structures have been recently investigated in the prism- 
coupling confi guration. 

 Theoretical analysis of implementing a grating structure on a thin metal fi lm was 
performed using rigorous coupled wave analysis (RCWA) modeling (Kyung Min 
et al.  2008 ). These simulations predicted that the coupling of the localized and bulk 
surface plasmon modes should lead to enhanced sensitivity. In addition, it is possible 
to locate the molecular receptors in the locations of highest sensitivity on the grating 
structure to further enhance the SPR response (Hoa et al.  2009 ). The light entering 
resonance with nanowire gratings undergoes a phase shift upon binding of the ana-
lytes to the grating (Zhou et al.  2011b ). This phase shift is very sensitive to binding 
events and leads to lower detection limits (for example, a 20-fold reduction in throm-
bin detection was reported by Corn et al. (Zhou et al.  2011b )). The coupling of local-
ized and propagating surface plasmon modes was thoroughly investigated by Bartlett 
et al. (Kelf et al.  2006 ; Sugawara et al.  2006 ). His team revealed that the co-excitation 
of the localized and propagating modes leads to enhanced sensitivity of the electric 
fi eld. These fundamental studies prove the potential of grating-based structures. 

 Based on these fundamental advances, Masson has investigated the prism- 
coupling confi guration of SPR and the plasmonic properties of microhole arrays. 
A periodicity of a few microns, with hole diameters in the same order of magnitude 
and a metal thickness of 50–200 nm, characterizes microhole arrays (Fig.  15.6 ). The 
localized and propagating properties of hole arrays were studied in detail with 
wavelength interrogation in the Kretschmann SPR confi guration (Live and Masson 
 2009 ; Live et al.  2009 ,  2010 ). It was observed that localized and propagating SPR 
modes are accessible with prism coupling.  

 The optical properties of microhole arrays change signifi cantly according to the 
ratio of hole diameter to periodicity. For large ratios, the substrate corresponds to 
triangle arrays and exhibits localized surface plasmon resonance properties. The 
optical properties are similar to propagating surface plasmon resonance for small 
hole diameter/periodicity ratios, corresponding to a hole array substrate. The transi-
tion region between triangle and hole arrays is particularly interesting. In the transi-
tion region, the structure is a combination of triangle and hole arrays. With these 
optimal specifi cations of 3.2 μm periodicity, 1.8 μm hole diameter and 65 nm 
 thickness/depth, the plasmonic substrate exhibits both localized and propagating 
surface plasmon resonances (Live et al.  2012 ). This is characterized by the presence 
of two plasmon bands in the dispersion curve (Fig.  15.7 ), a precursor condition for 
enhanced sensitivity in SPR sensing.  
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 Similar to nanovoid arrays (Kelf et al.  2006 ), the co-excitation of the localized 
and propagating plasmon bands at 72–73° leads to enhanced bulk refractive index 
sensitivity of the SPR sensor (Live et al.  2012 ). This enhanced sensitivity results in 
greater sensitivity for the detection of proteins, as demonstrated for IgG (Fig.  15.8 ). 
An overall improvement by a factor of 3 in the SPR response was observed with the 

  Fig. 15.6    Microhole arrays are excited in the Kretschmann confi guration of SPR. The periodicity 
is characterized by the center-to-center distance between adjacent holes (3.2 μm), the hole diam-
eter is in the order of 1.8 μm and the metal thickness is 65 nm. While the spectral analysis of 
microhole arrays focuses on the  m  = 0 mode, the  m  = ±1 modes are visible in the refl ection spec-
trum. Reprinted with permission from Live et al. ( 2012 ). Copyright (2012) Springer       
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  Fig. 15.7     Top panel : Representation of localized and propagating surface plasmons on nanovoid 
arrays. Reprinted with permission from Kelf et al. ( 2006 ). Copyright (2006) by the American 
Physical Society.  Lower panel : Plasmon dispersion curves for thin Au fi lm used in classical SPR 
sensing and for microhole arrays. The dispersion curve of thin Au fi lm exhibits a single band that 
changes resonance wavelength according to excitation angle, while the microhole arrays have two 
surface plasmon bands corresponding to localized (lower wavelength) and to the propagating sur-
face plasmon mode at higher wavelength. The coexcitation occurs at approximately 72–73° excita-
tion angle. Reprinted with permission from Live et al. ( 2012 ). Copyright (2012) Springer       
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microhole arrays analyzed in experimental conditions favoring the co-excitation of 
localized and propagating surface plasmons. Microhole arrays are thus providing 
superior analytical performance in biosensing schemes for SPR sensing.  

 Several strategies have been designed for enhancing the response of detection 
events in SPR sensing. Enhanced sensitivity can be obtained by improving the plas-
monic material or by augmenting the mass of the detection event with either 
nanoparticles or precipitation events mediated with enzymes. Each strategy is suited 
to different challenges. For applications where rapidity and simplicity of analysis is 
critical, sensitivity is enhanced using novel nanomaterials such as gratings or hole 
arrays. If ultralow detection limits are required and analysis time is not an issue, 
amplifi cation with the secondary detection techniques are more appropriate. SPR 
has become an established bioanalytical technique for the analysis of a wide range 
of biomolecules and these applications will be explored in the next section.  

15.5     Applications 

 SPR sensors are becoming versatile and widely applicable technologies in chemical 
and biological sensing (Homola  2008 ; Couture et al.  2013b ), for affi nity measure-
ments (Scarano et al.  2010 ), toxin detection (Hodnik and Anderluh  2009 ), food 
science (Situ et al.  2010 ) and for small molecules (Shankaran et al.  2007 ; Mitchell 
 2010 ). The broad applicability of SPR sensing is due to the quasi-universal refrac-
tive index transduction. Protein sensing is one of the strongholds of SPR sensing, as 
proteins are large biomolecules to which SPR is sensitive and low detection limits 
can be achieved using a direct assay. Direct assays in SPR sensing involve a single 

  Fig. 15.8     Left : Amplifi cation factor of the SPR response for the detection of antibody immobiliza-
tion and of IgG detection. The amplifi cation factor is defi ned by the ratio of the response to the 
biodetection event for the microhole array and the response obtained with a thin Au fi lm under the 
same experimental conditions.  Right : Calibration curve for IgG using a microhole array and thin 
Au fi lm in the Kretschmann confi guration of SPR. The detection limit was improved with the 
microhole arrays. Reprinted with permission from Live et al. ( 2012 ). Copyright (2012) Springer       
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capture and detection step performed in real time (Fig.  15.9b ), enabling rapid and 
sensitive measurements. The current workhorse in biochemistry laboratories is the 
ELISA assay, which requires multiple steps following the capture of the analyte to 
detect and quantify the concentration of proteins. SPR sensors can signifi cantly 
decrease analysis time and should in the near future provide a portable instrumenta-
tion for point-of-measurement applications (see Sect.  15.6 ). Protein detection and 
gas sensing were among the fi rst applications developed for SPR biosensing 
(Liedberg et al.  1983 ). Protein detection and quantifi cation with SPR sensing has 
been applied to cancer biomarker screening, general health markers and disease 
diagnostics. In addition, SPR has elucidated binding kinetics and thermodynamic 
data for binding events and is able to screen for specifi c binding partners. Most 
methodologies developed for protein detection using ELISA assays were translated 
for SPR sensing, such that it is currently one of the most advanced applications of 
SPR sensing. Section  15.5.1  will oversee the challenges and potential applications 
for protein sensing in crude biofl uids.  

 Small molecule detection is diffi cult with direct immunoassays, as the small 
molecular weight of this class of molecules does not induce signifi cant changes in 
the refractive index during detection events. Most manufacturers of SPR instru-
ments report the detection of small molecules to be in the 200–1,000-Da range. 
However, direct detection pushes the limits of the system and does not provide high 
signal-to-noise ratio. To circumvent this problem, small molecules have been 
detected with competitive immunoassays (Fig.  15.9a ) or with inhibition immunoas-
says to improve signal-to-noise and provide quantitative results (Shankaran et al. 
 2007 ). The development of SPR sensors for analytes of low molecular weight is 
specifi cally interesting for drug discovery, therapeutic drug monitoring, and food 
and environmental analysis. The speed, sensitivity, selectivity and reliability of an 

  Fig. 15.9    Schematic representation of competitive immunoassays ( a ) and direct detection ( b ) 
with SPR sensors. The competitive immunoassay involves the binding of the free analyte to a 
molecular receptor. The competition is established with an analog of the analyte, which is tagged 
with a molecule or nanoparticle that will signifi cantly enhance the mass detection. Capturing the 
analyte with a molecular receptor performs direct detection in SPR sensing. Reproduced from 
Breault-Turcot and Masson ( 2012 ) with permission from Springer       
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SPR analysis with a portable and miniaturized SPR instrument would benefi t this 
series of important applications (Shankaran et al.  2007 ). In Sect.  15.5.2  we will 
overview the challenges of developing a sensor for therapeutic drug monitoring. 

15.5.1      Protein Sensing 

 Serum is one of the most accessible biofl uids for clinical chemistry. It is available in 
relatively large quantities (mL) and is obtained through standard blood testing pro-
cedures. In addition, the clinical relevance of a serum sample is high. Several dis-
eases lead to elevated or decreased levels of proteins in serum which can be 
indicative of a specifi c disease (Polanski and Anderson  2006 ) and it is thus impor-
tant to measure biomarkers in serum. To circumvent nonspecifi c adsorption, mark-
ers in serum were previously detected in diluted serum (often using a 1:10 dilution 
ratio) (Situ et al.  2008 ; Schlichtiger et al.  2013 ). While this can work for markers 
present at suffi ciently high concentrations in serum, most markers are found at very 
low concentrations, and losing one order of magnitude in sensitivity due to dilution 
could be problematic. 

 The detection of biomarkers can be made possible in serum by removing nonspe-
cifi cally bound proteins after the detection step. A membrane cloaking strategy was 
designed to remove nonspecifi cally bound proteins on an SPR sensor, leaving only 
the analyte bound to the molecular receptor at the surface. This strategy was 
employed for the detection of undiluted serum spiked with IgG (Phillips et al.  2007 ). 
Nonspecifi c adsorption can also be minimized using a wash buffer that removes 
nonspecifi cally adsorbed proteins. A series of papers by the Lechuga group has 
exploited this method to detect pituitary hormone (Trevino et al.  2009a ) and human 
growth hormone (Trevino et al.  2009b ), and to distinguish between the isoforms of 
human growth hormone (22 and 20 K) (de Juan-Franco et al.  2013 ) in serum. 
Secondary detection using either Au nanoparticles (Uludag and Tothill  2012 ) or 
antibodies modifi ed with enzymes (Garay et al.  2010 ) enabled the detection of 
CK-MB (Garay et al.  2010 ) and PSA (Uludag and Tothill  2012 ) in serum samples. 
The use of specifi cally designed polymers in conjunction with BSA blocking and 
secondary detection using antibodies allowed for the detection of PSA at 5 ng/mL 
in 20 % serum samples (Kyprianou et al.  2013 ). While these methods work rela-
tively well in laboratory settings, the extra steps required for the detection of the 
biomarkers in serum are labor-intensive. 

 Direct detection of biomarkers was demonstrated in cell culture medium 
(Battaglia et al.  2005 ) and in serum (Masson et al.  2007 ) by pre-incubating the sen-
sor in an “analyte-free” biofl uid. Detection of TNF-α, IL-1, IL-6, cTNI and myoglo-
bin was achieved at the ng/mL level in undiluted biofl uids. Recent developments in 
surface chemistries further reduced nonspecifi c adsorption and allowed quantifi ca-
tion of analytes in undiluted serum. Peptide monolayers were recently used to 
detect MMP-3 in crude serum using SPR sensing (Bolduc et al.  2010 ). The Jiang 
group has developed an anti-fouling layer based on polycarboxybetaine capable of 
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signifi cantly suppressing nonspecifi c adsorption (Yang et al.  2009 ). They successfully 
reduced nonspecifi c binding from serum and plasma to barely detectable levels, 
allowing for detection of markers directly in crude biofl uids. They applied this 
methodology to detect carcinoembryonic antigen autoantibodies (Ladd et al.  2009 ), 
CD166/ALCAM (Vaisocherova et al.  2009a ), streptavidin (Vaisocherova et al. 
 2009b ) and ALCAM (Vaisocherova et al.  2008 ). Figure  15.10  demonstrates the low 
fouling and quantitative nature of biosensors working in crude biofl uids, utilising 
adequate surface chemistry. PEG failed to detect low concentrations of ALCAM, 
while the carboxybetaine surfaces were successful under the same conditions. These 
examples highlight the potential of SPR sensing in crude biofl uids, with no or mini-
mal sample preparation.   

15.5.2      Drug Sensing 

 Patients undergoing treatment for diseases can be administered either a single drug 
or a cocktail of drugs. A patient’s response to the treatment depends on a series of 
factors such as age, sex and genetic variations (Dasgupta  2012 ). Therapeutic drug 
monitoring (TDM) closely monitors the effective dose in the patient’s biofl uids, 
with the benefi t of safer and more effective therapy. Thus, there is an increasing 
need to develop novel techniques for TDM. Surface plasmon resonance, in conjunc-
tion with Au nanoparticles, has the potential to signifi cantly improve the detection 
of small molecules (Bedford et al.  2012 ) and could be applicable in TDM. 

 Competitive immunoassays function by establishing a competition between the 
analyte and an analog (or the analyte) tagged with a nanoparticle. Due to the high 
mass of the analog tagged with the nanoparticle, competition assays offer increased 
sensitivity for the detection of small molecules. The case of methotrexate (MTX) 
sensing will be examined in greater detail in this section. 

 Methotrexate is an anticancer agent commonly used in chemotherapy. It is very 
effective in treating cancer by halting the cascade of reactions occurring in DNA 
synthesis. MTX is a slow and tight binding inhibitor of the human dihydrofolate 
reductase enzyme (hDHFR), at the center of the purine and thymidine synthesis 
process essential to DNA replication. While blocking this enzyme, methotrexate 
also acts on healthy cells and causes side-effects. The safe and effective concentra-
tion window for methotrexate is relatively narrow, and as such TDM would be 
extremely benefi cial. 

 Methotrexate provides an excellent model system for validating SPR biosensors 
in TDM. Direct detection leads to poor sensitivity (in the high micromolar range) 
and a competition assay had to be developed whereby physisorbing folic acid modi-
fi ed Au nanoparticles were able to compete with hDHFR (Fig.  15.11 ). It was real-
ized that the stoichiometry of the reaction, driven by the concentration of Au NPs 
and the concentration of hDHFR, played a signifi cant role in the performance and 
dynamic range of the assay (Zhao et al.  2012 ). While the K D  of methotrexate 
for hDHFR is in the low picomolar range, the assay could be tuned from the low 
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  Fig. 15.10    Demonstration of the detection of ALCAM in undiluted plasma.  Panel A  shows the 
sensor response with reference compensation to remove the effect of bulk refractive index and 
temperature drift.  Panel B  shows the raw data of the SPR sensor constructed with the carboxybe-
taine surfaces.  Panel C  demonstrates that PEG surfaces lead to undetectable responses for low 
concentrations, under the same conditions as for the carboxybetaine surfaces in panel A. Reprinted 
with permission from Vaisocherova et al. ( 2008 ). Copyright (2008) American Chemical Society       

 



325

nanomolar to the high nanomolar by simply changing the concentration of hDHFR. 
Calibration curves were established for the sensor in solution (as a localized surface 
plasmon resonance sensor). However, as previously mentioned, the optical interfer-
ence of serum can be prohibitive for direct analysis of serum samples from patients.  

 To circumvent the issue of serum scattering and adsorption, a sample pretreatment 
step was added to the experimental setup for methotrexate quantifi cation. A solid-
phase extraction cartridge was used to remove proteins and isolate methotrexate from 
the complex matrix. Elution of methotrexate created an interference-free matrix for 
analysis. Calibration in serum was thus undertaken (Fig.  15.12 ) and the analysis of 

  Fig. 15.11    Principles of nanoparticle-based SPR sensors for methotrexate detection. Folic acid 
Au nanoparticles (FA AuNP) competes with methotrexate (MTX) for the molecular receptor 
(hDHFR). A high methotrexate concentration blocks the enzyme from reacting with the AuNP and 
leads to no signal. A low methotrexate concentration favors the binding of hDHFR with the AuNP 
and leads to a high signal in SPR       

  Fig. 15.12    Calibration curve for methotrexate in serum ( left ) which is within the clinical range. 
Comparison of the quantifi cation of actual clinical samples from patients undergoing chemother-
apy with the SPR assay ( right ). LC-MS/MS and fl uorescence polarization immunoassay were 
selected due to their wide availability in clinical chemistry laboratories       

 

 

15 Plasmonic Sensors for Analysis of Proteins and an Oncologic Drug in Human Serum



326

actual clinical samples was compared to established techniques. LC-MS/MS, fl uo-
rescence polarization immunoassays and SPR were in good agreement. This indi-
cated the suitability of the competitive assay for the quantifi cation of methotrexate.  

 While the competition assay works well in solution as a localized SPR test, sam-
ple preparation remains an issue with this methodology. It is impractical and time- 
consuming to perform solid-phase extraction of all samples. The use of SPR with 
the Kretschmann confi guration is advisable for clinical analysis, as demonstrated in 
the section on protein analysis. Thus, the methodology for methotrexate detection 
was adapted on the SPR sensor (Bukar et al.  2014 ; Zhao et al.  2015 ). The assay was 
optimized to allow immobilization of active hDHFR on the surface of the SPR sen-
sor (Bolduc et al.  2011 ; Ratel et al.  2013 ). hDHFR was histidine-tagged to allow 
chelation with the SPR sensor with a modifi ed self-assembled monolayer (either 
16-mercaptohexadecanoic acid or peptide monolayer) capable of chelating His-
tags. hHDFR is prone to denaturation when immobilized using standard EDC-NHS 
chemistry (Bolduc et al.  2011 ), and thus this modifi ed peptide monolayer is critical 
in the success of the assay. By using the binding shift (at equilibrium), detection of 
methotrexate was performed in the nanomolar range in less than 20 min. The detec-
tion time can be signifi cantly improved by using the binding rate of the fi rst 60 s, 
with equivalent results in calibration curves. This example shows the potential 
application of SPR sensing within clinical chemistry.   

15.6      Towards Small and Portable Instrumentation 
for Biosensing 

 Miniature SPR sensors are being developed to combine sensitivity, simplicity and 
cost-effectiveness. Early attempts at SPR miniaturization relied on simple optics for 
angle interrogation SPR, which resulted in lower resolution. In addition, these sys-
tems were proposed without fl uid handling components, requiring a great deal of 
user input in order to create a fully integrated system. For example, the Spreeta SPR 
instrument comprised optical and electronic parts only (Chinowsky et al.  2003b ), 
with refractive index resolution about one order of magnitude worse than laboratory- 
based instruments. Nonetheless, they were successfully deployed in airborne bio-
sensing (Chinowsky et al.  2003a ), for the detection of  Staphylococcus aureus  
enterotoxin B (Naimushin et al.  2002 ), for the measurement of serum albumin in 
urine (Navratilova and Skladal  2003 ) and for the detection of  E. coli  (Spangler et al. 
 2001 ). These results paved the way for the development of portable sensors. 

 Fiberoptic-based SPR sensors were evaluated for sensing biomolecules. The 
SPR sensor is located on the side of a fi beroptic in which the core has been exposed 
(Gentleman et al.  2004 ; Masson et al.  2004b ) or at the distal end of a fi beroptic 
(Masson et al.  2006b ). Detection of proteins at nanomolar concentrations was 
achieved in serum samples (Masson et al.  2007 ) and in cell culture medium 
(Battaglia et al.  2005 ). These SPR sensors rely on wavelength interrogation, which 
requires a single excitation wavelength for optimal resolution. While simple to use 
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and to manufacture in a small-sized instrument, the multiple modes propagating in 
the fi beroptic lead to broadening of the plasmon resonance and poorer resolution. 
SPR sensors based on fi beroptics are also subject to mode mixing due to environ-
mentally induced vibrations. This increases the noise level such that fi beroptic SPR 
sensing is diffi cult to implement in portable sensors. Recent developments in tilted 
fi ber Bragg gratings has progressed towards solving these challenges (Shevchenko 
and Albert  2007 ; Shao et al.  2010 ; Caucheteur et al.  2011 ; Shevchenko et al.  2011 ). 

 Recently, portable SPR instruments have been proposed by several commercial 
sources: SPR micro (KMAC) (  http://www.kmac.to/eng/product/php?cid=sprlab    , 
accessed 16 Dec 2012), SPIRIT (Seattle sensing systems) (Chinowsky et al.  2007 ), 
Smart SPR SS-1001 (Mebius advance technology) (  http://www.ntt-at.com/
products_e/handy_spr/    , accessed 16 Dec 2012) and Biosuplar 6 (Analytical 
μ-systems/Mivitec) (  http://www.biosuplar.de/    , accessed 16 Dec 2012). Fluidics and 
often injection systems have been included in the more recent versions of these SPR 
systems. The resolution of portable SPR systems remains in the 10 −6  RIU range in 
comparison to 10 −7  RIU for laboratory-based instruments (Chinowsky et al.  2007 ). 
A small and compact SPR instrument was designed based on the dove prism con-
fi guration (Bolduc et al.  2009b ), and was recently augmented to a four-channel 
instrument (Zhao et al.  2015 ). The bioassay for methotrexate detection was adapted 
to the four- channel SPR instrument and tested in the clinical chemistry laboratory 
of a Montreal hospital (Fig.  15.13 ).  

 Spiking the pooled sera of six healthy    patients with methotrexate was used to 
calibrate the SPR sensors with clinical samples. Triplicate analysis was performed 
in the calibration process. Using the multichannel system decreased the coeffi cient 
of variation from 31 % with the single channel instrument, to as low as 5 % with a 
multichannel instrument. Actual clinical samples were analyzed with the system. 
Sample preparation consisted of a ten-fold dilution in the folic acid Au nanoparticle 
solution, necessary to perform the competition assay. A series of clinical samples 

  Fig. 15.13     Left : The four-channel SPR instrument was designed based on a 20 × 12 mm dove 
prism. A fl uidic cell delivers the sample to three channels for a triplicate measurement and a fourth 
channel serves as the reference.  Right : The system takes little space in a laboratory. The total space 
needed to run experiments is less than 1 m 2 . No external power is required to run the instrument, 
making it portable. Reproduced from Zhao et al. ( 2015 ) with permission from Elsevier       
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were provided to the researchers in a blind assay. Results from the methotrexate 
detection were compared with FPIA and LC-MS/MS. The results were in good 
agreement with the reference techniques (Fig.  15.14 ), showing the possibility of 
using the SPR instrument in quantifi cation of a drug in TDM. Several users per-
formed measurements with the SPR instrument with coeffi cients of variation 
between 6 and 23 %. Feedback from clinical chemists was positive, while they 
noted that automated injection might be more appropriate in a clinical chemistry 
environment. These results show that SPR sensors are suited for use in clinical 
chemistry laboratories (Zhao et al.  2015 ).   

15.7     Conclusions 

 SPR sensing has matured as a viable technique for the analysis of a plethora of bio-
molecules. Examples illustrating the use of SPR in relevant biofl uids are increasing 
and the technique is advancing towards use within clinical settings. Smaller SPR 
instruments are more integrated and perform well in comparison to previous genera-
tions of portable SPR systems. To achieve sensing in crude biofl uids, new surface 
chemistries and novel nanomaterials have been developed to minimize nonspecifi c 
adsorption and to maximize sensitivity. Future developments in SPR will build on 
these achievements to refi ne surface chemistry in order to further decrease nonspe-
cifi c adsorption, to further improve the sensitivity of the system and to increase the 
number of applications in clinical chemistry. It is also foreseeable that surface plas-
mon coupled techniques such as Raman and fl uorescence spectroscopies will gain 
signifi cant attention due to greater sensitivity.    

  Fig. 15.14    Correlation 
study of methotrexate 
quantifi cation in clinical 
samples. FPIA and LC-MS/
MS results were compared 
with an SPR sensor. The 
 black line  represents a perfect 
correlation between FPIA 
and LC-MS or SPR. Data 
points in  black  were obtained 
with SPR and those in  red  
with LC-MS       
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Chapter 16
Scanning Electrochemical Microscopy 
for Imaging Single Cells and Biomolecules

Yasufumi Takahashi, Hitoshi Shiku, and Tomokazu Matsue

Abstract  This article presents an overview of the recent progress in scanning elec-
trochemical microscopy (SECM) for imaging single cells and biomolecules. SECM 
is a technique for characterizing the local electrochemical nature of various materi-
als by scanning a probe microelectrode. The probe current reflects the electrochemi-
cal processes occurring in the small space surrounded by the probe and the substrate. 
The spatial resolution of SECM is inferior to conventional scanning probe micro-
scopes such as scanning tunneling microscopy (STM) and atomic force microscopy 
(AFM), since the fabrication of the probe microelectrodes with nanometer sizes is 
quite difficult. However, recent progress in the fabrication of nanometer-scale elec-
trodes and the development of electrode–sample distance control systems has 
greatly enhanced the capacity of SECM systems to solve problems in cell biology. 
The topics reviewed include the following: enzyme activity evaluation, electro-
chemical enzyme-linked immunosorbent assays, membrane permeability evalua-
tion, respiratory activity measurements, reporter gene assays, membrane protein 
imaging, and neurotransmitter detection.

16.1  �Introduction

Electrochemical analysis has been used to characterize various electroactive spe-
cies, including in situ, in vivo, and in vitro measurements of biologically important 
species. Small electrodes are sometimes called ultramicroelectrodes (UMEs) to dis-
tinguish them from the traditionally termed microelectrodes with millimeter-sized 
domains (Matsue 2012; Matsue 2013). UMEs have unique characteristics such 
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as  the capability to perform localized measurements, low double-layer charging 
currents, low ohmic drops, and fast mass transport. These characteristics enable 
the following:

• Simplified electrochemical measurements under steady-state conditions.
• Detection of chemical species in localized volumes such as living cells.
• Electrochemical measurements in highly resistive media.
• Monitoring of electrochemical processes over short time domains.

A steady-state, hemispheric diffusion region is formed on the UME in short time 
domains (less than 500 ms in the case of 10 μm radius), and the voltammogram of 
the UME shows a diffusion-controlled current expressed as follows (Amphlett and 
Denuault 1998; Shao and Mirkin 1998):

	 i nFDCa=4 	 (16.1)

where F is Faraday’s constant; D and C are the diffusion coefficient and the bulk 
concentration of the redox species, respectively; and a is the radius of the UME. This 
equation is particularly useful in the determination of biomolecules for character-
izing localized events in biological samples. In this chapter, we summarize our 
research on the characterization of biomaterials and the sensing of biologically 
important species by scanning electrochemical microscopy (SECM).

16.2  �Principles of Scanning Electrochemical Microscopy

SECM, a type of scanning probe microscopy (SPM), has been used to characterize 
and image the local electrochemical nature of various materials by scanning sample 
surfaces with a UME (Fig. 16.1) (Edwards et al. 2006; Sun et al. 2007; Mirkin et al. 
2011). The spatial resolution of SECM is primarily dependent on the tip size of the 
UME and the distance between the UME and sample. SECM has unique character-
istics that cannot be achieved with conventional SPM methods; for example, SECM 
can image and induce localized chemical reactions in a controlled manner. SECM 
has been widely applied for analyzing numerous systems involving electrochemis-
try, such as electrode surfaces, polymers, biomaterials, and liquid/liquid interfaces 
(Mirkin et al. 2011). There are two basic measurement modes for SECM: genera-
tion/collection (G/C) and feedback (FB).

16.2.1  �Instrumentation

Although commercial instruments for SECM are available, many instruments are 
constructed by individual research groups and tailored to specific applications. The 
basic SECM system consists of four major components: an electrochemical cell 
(including UME, counter electrode, and reference electrode), a current detector 
(current amplifier or potentiostat), a micro/nano-positioner, and a data acquisition 
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system (Fig. 16.1). A vibration-free table is necessary to provide adequate vibration 
isolation for high-resolution measurements. In a typical SECM measurement, a 
two-electrode setup is employed because the current flow is extremely small (pA–nA), 
and therefore, the IR drop is negligible. If the sample needs external bias, a bipoten-
tiostat is required. The UME is held on a micro/nano-positioner, which allows 
movement and positioning relative to the interface under investigation. Various 
positioners have been employed in SECM instruments, where the best choice 
depends on the type of measurement and spatial resolution required (Guell et al. 
2012; Takahashi et al. 2012). To acquire the data, conventional AD/DA boards are 
available. However, in case of constant-distance-mode SECM, high-speed data 
transfer without imposing a load on the CPU is desired. We have used a field-
programmable gate array board, which contains a matrix of reconfigurable gate 
array logic circuitry and can perform complex and discrete signal processing algo-
rithms with clock rates at a maximum of 40 MHz, to enhance feedback distance 
regulation and decrease imaging time (Takahashi et al. 2010a).

16.2.2  �Generation/Collection Mode

The substrate-generation/tip-collection (G/C) mode, as depicted in Fig.  16.2a, is 
used for imaging redox species concentration profiles and evaluating the redox spe-
cies flux generated from the sample. When the UME is scanned through the thick 
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diffusion layer produced by the sample, the current changes reflect local variations 
in the concentration of the redox species. In contrast to the FB mode, the G/C mode 
offers high sensitivity measurements because the background current is lower (dis-
cussed later). This is because the solution contains no redox species except those 
generated by the sample. The G/C mode measurements have also been applied to 
detect short-lived active species, chemical release, and chemical consumption. Bard 
and coworkers used SECM to evaluate a half-life time of 0.2 ms for tri-n-propylamine 
radical (TPrA•+), which is generated during electrogenerated chemiluminescence 
process (Miao et al. 2002).

16.2.3  �Feedback Mode

The FB mode, as depicted in Fig. 16.2b, is used for imaging and evaluating the 
redox activity of the sample surface. A mediator is oxidized or reduced at the UME 
and diffuses to the sample surface where it is converted back to its original form by 
a surface redox reaction if the sample surface promotes regeneration. The mediator 
at the sample surface diffuses again to the UME, thereby establishing a feedback 
cycle and enhancing the current through the UME. This situation is called positive 
feedback. If the sample surface is an inert electrical insulator, the species generated at 
the UME cannot react at the surface. In this case, the closer the UME is to the sample 
surface, the smaller the measured response. This situation is called negative feedback. 
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In the FB mode, either positive or negative, the probe current largely depends on the 
probe–substrate distance (Fig. 16.2c). Therefore, the FB mode has a high spatial 
resolution compared to the GC mode. The FB mode is particularly useful for study-
ing redox enzymes such as glucose oxidase (GOD) and diaphorase (Dp) immobi-
lized at surfaces. The FB mode is also used for observing living cells, which contain 
intracellular redox enzymes.

16.2.4  �Fabrication of UMEs

Various methods for miniaturizing UMEs have been advocated to improve the reso-
lution of SECM imaging. The reliable fabrication of nanoelectrodes with a small 
ratio of electrode insulation to active electrode is of particular importance for 
improving the spatial resolution of SECM. In particular, various approaches have 
been adopted to create small electrodes with a thin insulating coating, such as pho-
tolithography, chemical vapor deposition, electrodeposited paint methods, laser 
pulling techniques, and pyrolytic carbon deposition. Mezour and coworkers have 
recently developed a reproducible procedure for the fabrication of Pt disk-shaped 
microelectrodes with characteristic dimensions ranging from 50  nm to 1  μm in 
diameter by using a laser pulling technique (Mezour et al. 2011). We have devel-
oped a fabrication technique, pyrolytic carbon deposition inside glass pipettes, 
which enables fabrication of nanoelectrodes with insulation of excellent integrity 
(Takahashi et al. 2011b; Takahashi et al. 2012). For the fabrication of the pyrolytic 
carbon electrode, a quartz glass capillary (O.D. 1.2  mm, I.D. 0.9  mm; Sutter 
Instrument, USA) was pulled using a CO2 laser puller (model P-2000, Sutter 
Instrument, USA). Butane was passed through the quartz capillary using a Tygon 
tube (O.D. 2.4 mm, I.D. 0.8 mm). The pipette was pressurized internally with butane 
gas to deposit the carbon. The taper of the pipette was inserted into another quartz 
capillary (O.D. 1.0 mm, I.D. 0.7 mm; Sutter Instrument, USA), which was filled 
with argon gas to prevent oxidation of the carbon layer and bending of the capillary 
at high temperatures. This approach also protected the pipette aperture from closing 
due to the softening of the quartz pipette walls. To form a pyrolytic carbon layer 
inside the capillary, the pipette taper was then heated with a Bunsen burner for times 
ranging from 0.5 s for a 100-nm radius electrode to 3 s for a 1-μm radius electrode.

16.2.5  �Electrode–Sample Distance Control

Control of the distance between the electrode and sample is critical to achieve elec-
trochemical measurements that are free from topographical artifacts. Various feed-
back distance-control systems have been developed, including those based on 
atomic force microscopy (Macpherson and Unwin 2000; Kranz et al. 2001), shear 
force (Hengstenberg et  al. 2000; Takahashi et  al. 2006; Takahashi et  al. 2009b), 
impedance (Alpuche-Aviles and Wipf 2001; Kurulugama et al. 2005; Zhao et al. 2010), 
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faradaic current (Fan and Bard 1999; Kurulugama et al. 2005), ion current (Comstock 
et al. 2010; Takahashi et al. 2010b; Takahashi et al. 2011b), and electrochemical 
signaling (Williams et al. 2009; Lai et al. 2011; Guell et al. 2012). Impedance feed-
back and constant-current distance control are effective methods for obtaining high-
resolution topography images because they do not require additional modification 
of the electrode for distance control. However, the impedance-feedback mode has 
resolution limitations due to the measurement principle (Kurulugama et al. 2005). 
The constant-current mode has been shown to be capable of high-resolution imag-
ing, but only for topography to date (Fan and Bard 1999).

Shear force-based tip–sample distance control is a successful feedback mecha-
nism for high-resolution imaging. In particular, the feedback mechanism using a 
tuning fork has become the standard system for controlling the probe position with 
a relatively simple and low-cost design (Takahashi et al. 2009b). We successfully 
imaged the topography of a single cell and the respiration activity using a conical 
optical fiber electrode (Takahashi et al. 2006). For the successful imaging of living 
cell topographies using scanning force microscopy, the magnitude of the force inter-
action between the probe and cell is important (Takahashi et al. 2009b). We opti-
mized the operating conditions of the vibrating probe to detect shear forces against 
living cells when the probe approached different oscillation amplitudes.

Scanning ion conductance microscopy (SICM) is a promising technique for non-
contact topographical analyses under physiological conditions (Korchev et al. 1997; 
Novak et al. 2009). SICM uses a nanopipette as a scanning probe to detect ionic 
current between an electrode inside the pipette and one located in a bath. The 
pipette–sample distance is regulated by the ionic currents used as feedback signals. 
The magnitude of the ionic current depends on the pipette–sample distance; when 
the pipette approaches the sample surface, the resistance between the two electrodes 
increases, and the ionic current decreases. Therefore, the ionic current can be used 
as a feedback signal to maintain a constant distance. We have developed a combined 
SECM–SICM system to study living cells in a physiological environment (Takahashi 
et al. 2010b; Takahashi et al. 2011b).

The voltage-switching mode (VSM) SECM was developed to achieve constant-
distance mode measurements with the possibility of simultaneous (electro) chemi-
cal flux measurements at the same location (Takahashi et al. 2012). The electrode 
was moved toward the sample surface while detecting the distance-dependent cur-
rent for the hindered diffusion of a redox-active solute to the tip. The probe potential 
was biased to activate the cathodic process. Compared to the bulk solution, when 
the current diminished by a set amount, the probe was at a desired distance from the 
surface or structure of interest (typically one electrode radius away). The probe was 
then stopped and the z-position of the piezoelectric actuator was registered. By con-
ducting this process at numerous points over the surface, the topography was 
mapped. When the electrode reached the desired position at each point, the applied 
voltage could be switched to a positive value for electrochemical (flux) imaging of 
the sample surface.

The probe-scanning program is also important in the imaging of living cell 
topographies. The hopping mode, in which the probe repetitively approaches the 

Y. Takahashi et al.



341

sample surface and retracts at each point, is a promising method for imaging the 
convoluted surface topography of living cells (Novak et al. 2009; Takahashi et al. 
2010b; Takahashi et al. 2011b; Takahashi et al. 2012). Such image acquisition is 
very time-consuming compared with conventional lateral scanning methods. 
However, this limitation was resolved by changing the step size during measure-
ment and pre-scanning the area of interest (Novak et al. 2009).

16.3  �Applications of Scanning Electrochemical Microscopy

16.3.1  �Enzyme Activity Evaluation

The FB mode has been used for the characterization of the kinetic constant of local-
ized patterned enzymes. Pierce and coworkers immobilized GOD on a nylon and 
hydrogel membrane and studied the kinetics of GOD and mediators on the basis of 
zero- and first-order electron-transfer kinetics (Pierce et al. 1992). They proposed 
the following empirical equation to estimate the detection limit of the FB-mode 
SECM for a zero-order heterogeneous enzymatic reaction:

	 J DC am > -10 3 / , 	

where Jm is the flux of the mediator at the surface; D and C are the diffusion coef-
ficient and the bulk concentration of the mediator, respectively; and a is the radius 
of the probe microelectrode. This relationship suggests that high spatial resolution 
can only be attained for enzymes with high activities. The activity of a monolayer 
of GOD was found insufficiently high to yield a detectable response using a micro-
electrode with a radius of several microns; however, the characterization of a Dp 
monolayer on a glass surface in the FB mode was possible (Shiku et al. 1995).

The G/C mode has also been used for the investigation of localized enzyme reac-
tions (Wittstock and Schuhmann 1997). Besides GOD, enzymes typically charac-
terized with this mode are alkaline phosphatase (AP) and β-galactosidase (β-GAL). 
AP catalyzes the hydrolysis of p-aminophenylphosphate (PAPP) to p-aminophenol 
(PAP), which can be detected with a microelectrode located close to 
AP. Wijayawardhana and coworkers used SECM for sensing an AP-labeled antigen 
(Wijayawardhana et al. 2000). We have also used AP and β-GAL as reporter pro-
teins to detect gene expression with SECM, as described later.

16.3.2  �Electrochemical Enzyme-Linked Immunosorbent Assay

The combination of SECM with an enzyme-linked immunosorbent assay (ELISA) 
offers a novel assay system. We have characterized carcinoembryonic antigen 
(CEA) microspotted on a glass substrate (Shiku et al. 1996). Sample preparation 
was similar to the conventional sandwich method utilizing horseradish peroxidase 
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(HRP)-labeled antibodies; however, the analyte solution containing CEA was 
microspotted in a 20-μm radius region with a tapered glass capillary. In the presence 
of H2O2 and ferrocenemethanol (FcCH2OH), the probe detected the reduction cur-
rent of FcCH2OH + produced by the HRP-catalyzed reaction on the substrate. Using 
SECM, as few as 104 CEA molecules per spot were detectable (Fig.  16.3). The 
SECM–ELISA method was applied to assay leukocidin, a toxic protein produced by 
methicillin-resistant Staphylococcus aureus (MRSA), in the pg/mL concentration 
range (Kasai et  al. 2000). With the aim of improving the sensitivity of SECM–
ELISA, the procedure to form the sandwich structure was refined by optimizing the 
preparation conditions such as pH. In addition, protein A and bovine serum albumin 
were used as the base layer of the sandwich structure and as the blocking layer for 
nonspecific adsorptions, respectively. The size of the microelectrode tip was also 
optimized. Through these modifications, the detection limit of 5.25 pg/mL leukoci-
din was achieved. The sensitivity attained here would facilitate early diagnosis of 
MRSA infections. The SECM–ELISA technique was also applied as a sensing sys-
tem for antibody arrays to detect several proteins in a small sample volume simulta-
neously (Shiku et al. 1997).

16.3.3  �Membrane Permeability Evaluation

SECM affords a microscopic view of the heterogeneous flux distribution across 
porous membranes. The probe senses a particular redox species by choosing a suit-
able electrode potential; moreover, the local flux can be quantitatively determined 

Fig. 16.3  (a) Schematic illustration of SECM-ELISA. (b) SECM image of a series of antigen–
antibody immobilized spots. CEA concentration of the solution for making spots, 2.0 (left) and 
0.2 μg/mL (right) (Reprinted with permission from Shiku et al. 1996, Copyright 1996 ACS)
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by analyzing SECM images. Bath and coworkers imaged the transportation of redox 
species through porous membranes (Bath et al. 1998). The local fluxes of a particu-
lar redox species through the membrane pores were measured using a probe located 
close to the membrane surface. The G/C-mode SECM imaging allows the quantita-
tive estimation of the flux through an individual pore and the pore size. Macpherson 
and coworkers measured osmotically driven redox fluxes through porous laryngeal 
cartilage (Macpherson et al. 1997). The topographic image was subtracted to yield 
the two-dimensional flux distributions. The bilayer lipid membrane (BLM) perme-
ation process for hydrophobic ferrocene derivatives has been investigated by micro-
voltammetry (Yamada et al. 1991). Linear sweep voltammetry was conducted using 
a microelectrode positioned close to the BLM. The results clearly reflect the differ-
ences in BLM permeability to different redox species. Digital simulations analyzed 
the permeation phenomena by considering several processes such as transmem-
brane mass transfer and diffusion in the vicinity of the BLM at each side of the 
membrane. A similar experimental procedure was applied to estimate the perme-
ation of several redox species through a cell membrane of an algal protoplast 
(Yasukawa et al. 1998). The ion transport across voltage-gated ion channels was 
investigated using the BLM method (Yamada et  al. 1991; Matsue et  al. 1994). 
Alamethicin, a polypeptide antibiotic, forms barrel-type ion channels penetrating 
through the BLM when membrane potentials are applied. Figure 16.4 shows a sche-
matic of this experimental system. A redox species was added to the cis-side of the 
membrane. A microelectrode soaked in the trans-side was positioned close to the 
BLM incorporating alamethicin channels. Then, a positive membrane potential 
pulse was applied at the working electrode on the cis-side, where the total ionic cur-
rent was measured. Simultaneously, the probe microelectrode detected the redox 
current of the electroactive species, which permeated from the cis- to the trans-side 
through the alamethicin ion channels. The chronoamperometric responses were 
recorded using the microelectrode and analyzed by digital simulation to obtain the 
permselectivity of the channels for several redox species. The transportation of 
Fe(CN)6

4− through the channels was found to be restricted compared with that of 
cationic Ru(NH3)6

3+, because of its negative charge.
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Fig. 16.4  Ionic and redox 
current simultaneous 
measurements of transport 
across a BLM (Reprinted 
with permission from  
Matsue et al. 1994,  
Copyright 1994 ACS)
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16.3.4  �Respiratory Activity Measurements

An SECM image of the oxygen concentration around a cell directly reflects its res-
piration activity and indicates the status of the cell. The quantitative and noninvasive 
characterization of the respiration activity of living cells has received considerable 
attention.

Photosynthetic oxygen generation from protoplasts was imaged using SECM 
(Yasukawa et al. 1999). In this experiment, we used dual-Pt microdisks to obtain the 
topography and concentration profile of oxygen simultaneously. Figure 16.5 shows 
dual-SECM images of the topography and photosynthetic activity of a single living 
protoplast (radius, 25 μm). The dark area with low oxidation currents for Fe(CN)6

4− 
(Fig. 16.5a) coincided with the location of the protoplast in an optical microscopic 
image. The oxidation current decreased because of the blocking of diffusion when 

Fig. 16.5  (a) Horizontal and vertical microscopic images of dual-microdisk electrodes. (b) Dual-
SECM images of a single, living protoplast based on (top) the oxidation current for Fe(CN)6

4− and 
(bottom) the reduction current for oxygen (Reprinted with permission from Yasukawa et al. 1999, 
Copyright 1999 ACS)

Y. Takahashi et al.



345

the tip approached the protoplast surface. Therefore, the image based on the oxida-
tion current for Fe(CN)6

4− shows topographic information at the single-cell level. The 
SECM image based on the reduction current for oxygen (Fig. 16.5b) shows the oppo-
site image. The image of the cell appears as an area with a large reduction current 
because of the photosynthetic generation of oxygen from the single protoplast. Thus, 
this image provides information about the photosynthetic activity of individual cells.

The evaluation of the respiratory activity of patterned mammalian cells (HeLa 
cells) has been performed by SECM (Nishizawa et al. 2002). The patterning of liv-
ing cells has been extensively investigated by several research groups since the spa-
tial control of mammalian cell adhesion and growth is a critical issue in many areas 
of biotechnology. The SECM results proved that the micropatterned HeLa cells 
were viable because of the oxygen uptake. The control of the degree of cell spread-
ing by patterning was found to affect cellular respiratory activity.

The evaluation of single embryo activity has also been characterized by SECM 
(Shiku et al. 2001). The oxygen concentration profiles near the embryos were in good 
agreement with the theoretical spherical diffusion. When an embryo reached the stage 
of a morula with a 74-μm radius on day six after in vitro fertilization, the oxygen 
concentration difference between the bulk solution and the morula surface was 
7  μM.  The oxygen consumption rate of a single morula was estimated to be 
1.4 × 10−14 mol/s. After the SECM analysis, the embryo was continuously cultured for 
another 2 days and grew to the stage of a blastocyst with a 10-μm radius. For the blas-
tocyst, the oxygen consumption was found to be in the range (2.50 ± 0.46) × 10−14 mol/s. 
The oxygen consumption of the morulae on day six after in vitro fertilization was 
strongly related to the morphological quality of the embryo. The morulae showing a 
larger oxygen consumption rate developed into blastocysts of a larger size.

Drug sensitivity assays have also been performed by SECM (Torisawa et  al. 
2003). Cell-containing collagen droplets were immobilized in an array of micro-
holes machined in a silicon wafer. Two types of cancer cells, the human erythroleu-
kemia cell line (K562) and its adriamycin-resistant sub-line (K562/ADM), were 
spatially addressed within the silicon microstructure for the comparative character-
ization of their sensitivity to the anticancer drug ADM. The results obtained by the 
SECM respiratory activity assay showed results comparable to the conventional 
colorimetric succinic dehydrogenase inhibition assay. This indicates that the change 
in the number of living cells (cell proliferation rate) is predominantly responsible 
for the observed change in the degree of oxygen consumption.

16.3.5  �Reporter Gene Assays

An SECM-based assay has been applied to modern genetic engineering. Among the 
various technologies currently used in biotechnology facilities, the reporter gene sys-
tem has been recognized as a rapid and convenient method for mRNA detection to 
analyze gene expression. Reporter gene systems are frequently used in gene expres-
sion studies by the incorporation of a vector plasmid or fusion of a promoter gene.
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The gene lacZ, which encodes β-GAL, is a widely used reporter. Since β-GAL 
catalyzes the hydrolysis of p-aminophenyl β-d-galactopyranoside to yield electro-
active PAP, lacZ has been used as a reporter gene for electrochemical detection 
(Kaya et al. 2004). PAP was oxidized at an SECM scanning probe set at 0.30 V vs. 
Ag/AgCl. The gene expression activity of recombinant cells can be easily imaged 
and monitored with conventional SECM systems. Our group also developed an 
electrochemical microbial chip for mutagen screening (Matsui et  al. 2006). 
Recombinant E. coli carrying lacZ were exposed to mutagen solutions and embed-
ded in a microcavity (5 nL) on a glass substrate using collagen gel (Fig. 16.6). The 
β-GAL expression on the microbial chip was electrochemically monitored by 
SECM. This system has several advantages compared with the conventional umu 
test: drastic reduction of the required sample volume, much faster β-GAL detection, 
and a lower detection limit for the three mutagens.

AP has also been used as a reporter protein that dephosphorylates PAPP to elec-
troactive PAP. However, the expressed proteins, in general, remain inside the cells 
and only react with the substrate that permeates through the cell membrane. Since 
the permeability of PAPP through cell membranes is usually low, the electrochemi-
cal signals of PAP are also small. Therefore, we used secreted placental alkaline 
phosphatase (SEAP) as a reporter protein. SEAP is a useful reporter because it is 
secreted into the culture medium. The cellular secretion of SEAP is directly 
proportional to the changes in the intracellular SEAP mRNA. This characteristic 
allows the continuous electrochemical quantification of gene expression in living 
cells. Our group investigated in situ cellular signal transduction of three-dimensional 
cultured cells (Torisawa et  al. 2006). These cells were genetically engineered to 
produce SEAP and immobilized in an array of microholes on a chip. Cellular SEAP 
expression was triggered by exposure to tumor necrosis factor α and was continu-
ously monitored by employing an SECM-based assay.

Fig. 16.6  (a) Schematic illustration of electrochemical mutagen screening. (b) SECM images of 
the E. coli-collagen gel micro pattern (left) with and (right) without 5.0 × 10−1 μg/mL mutagen 
(AF-2) (Reprinted with permission from Matsui et al. 2006, Copyright 2006 Elsevier)
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16.3.6  �Membrane Protein Imaging

SECM has been used to visualize receptor proteins on living cell membranes. The 
measurement of membrane proteins by SECM has several advantages. First, a sin-
gle adherent cell can be measured without removing it from the culture dish; sec-
ond, the optimization of the labeling antibody concentration is possible because the 
faradaic current is suitable for quantitative estimation; and third, a faradaic current 
image corresponding to the expression state of the measured membrane protein is 
available at the single-cell level. We characterized the expression level of epidermal 
growth factor receptor (EGFR) by SECM (Takahashi et al. 2009a). EGFR is a key 
membrane protein associated with cancer. It elicits various cell-type-specific 
responses, leading to cell proliferation, differentiation, apoptosis, and migration. To 
estimate EGFR expression levels by SECM, EGFR was labeled with AP via an 
antibody (Fig. 16.7a). The oxidation current of PAP produced by the AP-catalyzed 
reaction was monitored to estimate the density of EGFR on the cell surface. The 
decrease in the expression level of EGFR induced by the EGF-triggered endocytosis 
was estimated by comparing the faradaic current responses of the cells with and 
without EGF stimulation. Figure 16.7b shows the SECM images of a single EGFR-
expressing CHO cell and a wild-type CHO cell. The genetically engineered CHO 
shows high electrochemical signals, indicating that EGFR is expressed at the cell 
surface. We optimized the concentration of the labeling antibody for EGFR at the 
cell surface and confirmed distinct differences in EGFR expression levels among 
different cell types. SECM measurements were found to be comparable with the 
results of flow cytometry experiments.

Fig. 16.7  (a) Schematic illustration of EGFR detection using SECM. (b) Single CHO cell SECM 
image of EGFR/CHO cell and normal CHO cell (Reprinted with permission from Takahashi et al. 
2009b, Copyright 2009 ACS)
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We have also reported an SECM-based receptor-mediated endocytosis detection 
method (Takahashi et  al. 2011a). Receptor-mediated endocytosis is an important 
process that negatively regulates the receptor-mediated signals by reducing the sur-
face concentration of the receptor itself (down-regulation), and controls the strength 
and duration of the signals downstream. Then, the receptor is recycled back into the 
plasma membrane. EGF binds to EGFR, and the activated EGFR initiates the sig-
naling cascades, thereby promoting cell proliferation, differentiation, apoptosis, and 
migration. This signaling is controlled by EGF-triggered endocytosis, which 
reduces the number of EGFR molecules exposed to the outside medium. Since 
SECM detected the ALP activity on the outer membrane, the procedure helped dis-
criminate EGFR on the outer membrane from the intracellular EGFR involved in 
endocytosis. SECM showed a marked decrease of 93 % in the current responses 
generated due to the AP activity with the addition of the EGF, clearly indicating that 
EGF triggered the endocytosis, which led to the withdrawal of most EGFRs from 
the outer membrane.

16.3.7  �Neurotransmitter Detection

The high temporal and spatial resolution of the carbon-fiber microelectrode has 
facilitated the study of exocytosis by single neural cells. It enables the detection of 
the quantities of neurotransmitters from a single neural vesicle as a transient current 
spike in the electrode response (Chen et al. 1994; Troyer et al. 2002). SECM is a 
powerful tool for investigating the spatial distribution of neurotransmitter release 
and for quantitatively analyzing single vesicles. Hengstenberg and coworkers 
detected the neurotransmitters using shear-force distance control SECM 
(Hengstenberg et  al. 2001). Liebetrau and coworkers imaged differentiated and 
undifferentiated PC12 cell topographies using several mediators that were selected 
for their biocompatibility from a larger pool of candidates (Liebetrau et al. 2003). 
They also performed topography imaging of differentiated and undifferentiated 
PC12 cells using constant-current mode or constant-impedance mode (Kurulugama 
et  al. 2005). The exposure of undifferentiated PC12 cells to nerve growth factor 
induced the growth of neuritis, which was also imaged by constant-distance-mode 
SECM. Because of the thin structure of neurites compared to the cell height, they 
are difficult to image using constant-height mode. The constant-impedance mode 
was applied to image the differentiated PC12 cells. An advantage of the impedance-
based constant-distance mode is that the images can be recorded in the growth 
media without an added mediator, facilitating long-term imaging during growth and 
development. By combining amperometry and constant-height impedance, SECM 
has even allowed the simultaneous mapping of topography and the detection of 
vesicular release events while moving the tip across a cell.

We developed SECM–SICM (Takahashi et  al. 2011b) and VSM-SECM 
(Takahashi et al. 2012), both of which have visualized differentiated PC12 topogra-
phy and detected neurotransmitter release events (Fig.  16.8). An advantage of 
SECM–SICM is that the probe filled with electrolyte can be used to apply different 
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reagents for the local stimulation of the cell. Therefore, voltage-driven application 
of K+ ions was realized by SECM–SICM itself to achieve both the local depolariza-
tion of the cell membrane and simultaneous detection of the neurotransmitter. With 
local stimulation, we always detected a low frequency of current spikes compared 
to the entire cell stimulation. This finding suggests that SECM–SICM can induce 
and detect localized releases of neurotransmitters over the cell surface, thus opening 
up possibilities to perform mapping of neurotransmitter release sites.

Fig. 16.8  (a) Nanoscale topography images of differentiated PC12 cells using SECM–SICM. The 
arrows showed the dendritic structures. A series of current spikes corresponding to neurotransmit-
ter release detected after (b) whole cell stimulation with 105 mM K+ using another micropipette 
and (c) voltage-driven delivery of K+ ions using a SICM barrel (Reprinted with permission from 
Takahashi et al. 2011a, b, Copyright 2011 John Wiley and Sons)
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16.4  �Conclusions and Outlook

The fabrication of nanometer-scale electrodes and the development of electrode–
sample distance control systems have greatly enhanced the capacity of SECM sys-
tems to solve problems in cell biology. We have introduced impressive studies using 
SECM to examine biological molecules, such as enzyme activity evaluation, elec-
trochemical enzyme-linked immunosorbent assays, membrane permeability evalu-
ations, respiratory activity measurements, reporter gene assays, membrane protein 
imaging, and neurotransmitter detection. In the future, SECM will provide us with 
information on the heterogeneous distribution of chemicals at the cell surface and 
intracellular chemical reaction profiles, which will improve our understanding of 
many biological phenomena.
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Chapter 17
Field-Effect Transistors: Current Advances 
and Challenges in Bringing Them 
to Point-of-Care

Shrey Pathak and Pedro Estrela

Abstract  Portable, facile and accurate detection of biomarkers is essential for the 
development of clinically relevant and commercially viable point-of-care diagnos-
tic devices. Such diagnostic solutions have and are constantly transforming the 
healthcare, environmental monitoring and food safety industries. The ever-growing 
demand for devices with higher sensitivity along with cost-effective packaging has 
put tremendous pressure on the field of biosensors. This demand for ever more par-
allel detection with lower manufacturing costs has to be satisfied by employing 
semiconductor technologies. Field-effect transistors have played an instrumental 
role in the development of various biosensing techniques, both as sensors and as 
enablers for other electronic and electrochemical techniques. This chapter reviews 
the application of field-effect transistors as transducer elements for biosensing 
applications (BioFETs), recent advances in BioFETs using novel semiconductor 
technologies and nanomaterials, the role of standard FETs in addressing large arrays 
of electrochemical sensors, and the challenges in circuitry and integration faced by 
electronic biosensing arrays.

Keywords Device integration • Field-effect transistors • Impedimetric biosensors •
Potentiometric biosensors

17.1  �Introduction

There is a growing need for point-of-care (POC) technologies to be more miniatur-
ized, portable, accurate and disposable. Such devices are critical in settings where 
laboratory facilities are minimal and time is a crucial factor—e.g. in emergency 
wards, for military applications and for use in developing countries. Moreover the 
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origin of such POC devices has to be attributed to the driving forces in the areas of 
molecular analysis, bio-defence, molecular biology and electronics. But it is the 
area of micro- and nano-electronics which has provided the tools that have truly 
helped this area to go from bulky instrumentation to miniaturized hand-held devices. 
POC devices using label-free techniques have the added advantage of reducing 
costs and avoiding the need for sample pre-treatment.

Over the past few decades, efforts have been devoted to exploiting semiconduc-
tor field-effect transistors (FETs) in chemical and biological sensors due to their 
highly characterized behaviour and the ease of implementation in portable instru-
mentation. Additionally, electrical detection of bimolecular interactions is highly 
desirable due to its suitability for low-cost portable sensors that can be used in the 
field by non-specialized personnel. Most of the efforts have been devoted to the 
development of ion-sensitive field-effect transistors (ISFETs) thanks to the pioneer
work carried out by Bergveld in the 1970s (Bergveld 1970). Research in this area 
has focussed mostly on the development of ISFETs for the detection of specific ions
and analytes using appropriate ion-selective or enzymatic membranes. Selectivity 
of ISFETs can be induced by the appropriate incorporation of certain pH-sensitive
insulators or ion-selective membranes. One of the main advantages of such FET 
microsensors is their ability to operate in equilibrium conditions.

Another attribute that makes electrical measurements so attractive is the ability 
to parallel-process information, thus enabling faster analysis. The current gold stan-
dards are fluorescence DNA and protein microarrays. In terms of scalability, most
optical technologies suffer from the diffraction limit of light creating an upper limit 
for the probe and thus compromising the quality of information received. In that
regard, electrical methods based on FETs offer an attractive alternative, which in 
contrast to most methods (e.g. optical, piezoelectric, etc.) is downsizable—in theory 
down to the molecular scale.

Besides these potentiometric FET-based methods, a series of other electrochemi-
cal techniques can be applied to the detection of biomolecular interactions. 
Depending on the desired dynamic detection range and the specific properties of the 
system under study, techniques such as electrochemical impedance spectroscopy, 
voltage step capacitance measurements, amperometry, differential pulse voltamme-
try, squarewave voltammetry, AC voltammetry and chrono-potentiometric stripping 
analysis can be used for label-free detection of DNA, proteins and other biomole-
cules. Often these techniques require the use of redox mediators. Electrochemical 
impedance spectroscopy (EIS), in particular, is a very promising technique for DNA
biosensing.

Of special interest for FET-based chemical and biological sensors is the use of 
thin-film transistors (TFTs). For example, polycrystalline silicon (poly-Si) TFTs, 
which can provide the drive logic as well as the switching matrix, are a very inter-
esting technology for the development of low-cost, disposable biosensors, with a 
large number of parallel channels. By employing poly-Si TFTs, a microarray of 
over 105 channels, with integrated logic drivers, would require only a few tens of 
electrical connections to the rest of the system. These could be provided by edge 
connectors, thereby enabling easy insertion and removal of the sensor array from 
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the external reading system and, therefore, single use of a complex microarray. 
Furthermore, poly-Si TFTs with a special extended gate structure have been used as 
potentiometric sensors for DNA hybridization. The construction of TFT-addressed 
biosensor microarrays with integral scan and readout circuits constitutes, in our 
opinion, one of the great future challenges for TFT-integrated electronics.

17.2  �Field-Effect Transistors

One of the major advantages of employing FETs in sensor applications is their 
mature manufacturing technology. Due to the development of the microelectronics 
industry, microfabrication processes have been well established, allowing FETs to 
be mass-produced with extremely high yield. Thin films of different materials (met-
als, dielectrics) can be deposited on large areas of substrates and device patterns can 
be created by lithography. The area it occupies on the silicon wafer during the fab-
rication run mainly determines the cost of each die, and thus complex sensor arrays 
can be fabricated at affordable cost. This is especially attractive for biosensor appli-
cations, as disposability is a highly emphasized feature to avoid contamination.

17.2.1  �Field-Effect Device Technologies

In order to understand the operating principle of a field-effect transistor, we must first
examine one of the most basic and commonly employed FETs, the metal–oxide–
semiconductor FET (MOSFET). It consists of a p-type single crystal silicon semi-
conductor substrate with two heavily doped n-type regions, namely the source and 
drain, a dielectric layer, usually SiO2, and a top metal layer, namely the gate deposited 
on the dielectric in contact with both the source and the drain (in essence depicting 
two back-to-back diodes), as shown in Fig. 17.1a. Another popular variation of the 
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Fig. 17.1  Structure of (a) a metal–oxide–semiconductor field-effect transistor (MOSFET) and (b) 
an ion-sensitive field-effect transistor (ISFET)
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MOSFET that has attracted lot of attention in the area of point-of-care diagnostics 
and potentiometric biosensing is the ion-sensitive FET, shown in Fig. 17.1b. In an
ISFET, the gate metal is replaced by an electrolyte with an external reference elec-
trode and sensing takes place via changes at the dielectric–electrolyte interface.

The flow of charge between the source and the drain of a FET is modulated by 
the magnitude of the voltage applied at the gate electrode. When the metal gate volt-
age with respect to the source, VGS, is lower than the threshold voltage VT, the p–n 
junction between the drain and the substrate is reverse-biased, resulting in no cur-
rent flow between the source and drain. When VGS is greater than VT, the induced 
electric field across the dielectric is large enough to convert a small area of the 
lightly doped p-type silicon substrate into n-type (inversion—minority carriers of 
the p-type silicon). This results in the formation of a continuous channel at the gate 
allowing electrons (majority carriers of the n-doped region) to flow between source 
and drain. Due to the presence of an insulating dielectric layer, no current is allowed 
to flow from the gate into the semiconductor—although, depending on the nature 
and the thickness of the oxide, leakage currents of the order of 10−15 A should be 
expected. Typical characteristics of the drain current (ID) with respect to the voltage 
between the drain and source (VDS) are shown in Fig. 17.2 for different values of VGS.

By its working principle, the MOSFET amplifies the input signal VGS with an 
intrinsic gain given by the transconductance gm. In the linear region where VGS is 
small and in the saturation region where VGS is sufficiently large, gm is given by the 
following equations, respectively:
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where μ is the carrier mobility of the substrate material, C the gate capacitance per 
unit area and W and L the width and length of the conducting channel, respectively. 
Hence the amplification power of a MOSFET device is closely related to the mobil-
ity of the doped semiconductor material and can be tuned by the design of the 
transistor.

Fig. 17.2  An n-channel MOSFEt along with the generated output characteristics
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The sensitivity of the drain current to the charge on the gate electrode can hence 
be explored for sensor applications—i.e. the charge of a biolayer at the gate metal 
induces changes in the MOSFET. In the case of an ISFET, ions can adsorb on the
surface generating an electric field, similar to applying a voltage at the metal gate 
(Bergveld 1970; Estrela et  al. 2007). When an external gate voltage is applied 
through a reference electrode in the solution, the electrical field introduced by the 
adsorbed ions leads to a shift in the intrinsic characteristics of the device.

17.2.2  �Single Crystalline Silicon and CMOS

Traditional FET transistors are fabricated on a single crystalline silicon wafer of a 
few hundred micrometres thickness. The silicon crystalline framework is homoge-
neous and continuous with very low levels of defects. Complementary metal–oxide–
semiconductor (CMOS) is the standard single-crystal silicon-based semiconductor 
fabrication technology, which is distinguished from other types of fabrication tech-
nologies by providing both n-type and p-type MOSFETs on the same substrate. 
CMOS has been used predominantly in microprocessors, memories and other digital 
logic circuits due to its low power consumption and unmatched production yield. 
CMOS technology is also used for a wide variety of analog circuits such as image 
sensors, data converters and transceivers. Driven by the microelectronics industry, the 
CMOS fabrication process has been continuously refined to make smaller MOSFETs, 
which are both faster and more cost-efficient. Although the silicon MOSFET transis-
tor does not have the best noise and speed performances compared with other semi-
conductor devices in the field of electronics, the well-established CMOS technologies 
certainly makes it an obvious choice for biosensor applications.

Despite the high performance of CMOS, its manufacturing process requires very 
high-cost equipment, clean-room facilities and expensive high-purity single-crystal 
silicon wafers. Those limitations have created a barrier to further reduction of the 
fabrication costs and hindered the use of CMOS technology in large areas of elec-
tronics such as displays.

17.2.3  �Recent Advances

Besides using the CMOS process, which employs single crystalline silicon as  
a substrate, FETs can also be fabricated on thin films of semiconductors such 
as amorphous (α-Si) or polycrystalline silicon. A direct benefit of these technolo-
gies is  the replacement of expensive single crystalline silicon wafers with 
cheaper insulators supporting a thin layer of deposited semiconductor as substrate, 
which substantially reduces the manufacturing costs. A thin-film transistor is a 
metal–insulator–semiconductor field-effect transistor (MISFET) fabricated on
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an  insulating substrate by employing entirely thin-film constituents. The total 
thickness of the transistor is normally less than 1 μm (Li et al. 2012a). The following 
section highlights recent advances demonstrating how the different configurations 
are being employed in the area of biosensing.

17.2.3.1  �Thin-Film Transistors

In the case of amorphous silicon TFT, the conducting channel is created in the
amorphous silicon layer, in which the long-range order of lattice is absent and 
the atoms form a continuous random network. Due to this disordered nature of the 
material, α-Si has a high level of defects, which are normally passivated and reduced 
by hydrogen to prevent anomalous electrical behaviour. Consequently the electron 
mobility is reduced to 1–10 cm2 V−1 s−1, compared with a few hundred for single 
crystalline silicon. This essentially ruled out amorphous silicon TFT for analog cir-
cuits and high-speed logic circuits, where high internal gain and large fan-out of 
transistors are required.

While most amorphous silicon TFTs suffer from low electronic performance, 
they are very flexible in application and manufacturing. One important advantage is 
that amorphous Si can be deposited at temperatures as low as 75 °C. This makes it 
possible for the device to be made not only on glass, but also on plastics. In addition,
amorphous silicon can be deposited over very large areas by plasma-enhanced 
chemical vapour deposition (PECVD) with standard industrial equipment. Both 
these features make mass-scale production of amorphous silicon TFT-based devices 
relatively easy and economic. The main application for amorphous silicon TFTs is 
on liquid-crystal displays (LCDs), in which a TFT transistor individually drives 
each pixel. Despite its much reduced manufacturing cost and versatile form factor, 
the main drawback of TFTs compared with single crystalline silicon devices is their 
low electrical performance. This is a direct result of the low electron mobility of the 
semiconductor material employed for TFT fabrication.

Liquid-crystal displays normally employ a matrix of amorphous silicon TFTs to 
control the voltage applied to the individual pixels. Polycrystalline silicon TFTs 
have a much higher mobility (>100 cm2 V−1 s−1) than α-Si TFTs and can therefore 
be used to provide the drive logic as well as the pixel transistors. It is this property
that makes poly-Si TFTs a very interesting technology for the development of low-
cost disposable biosensors, with a large number of parallel channels. A microarray 
of 100,000 channels with integrated logic drivers would require only a few tens of 
electrical connections to the rest of the system.

In recent years, organic or polymer semiconductor materials have been inten-
sively researched to make TFTs. These organic TFTs can be made by processes 
which do not require clean-room facilities, making them suitable candidates for 
disposable biosensor applications. However, as the development of those devices is
still in its infancy and the manufacturing processes have not been well established, 
the use of organic semiconductor TFTs for biosensing applications is still very rare 
and has not made a real impact as yet.
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17.2.3.2  �Carbon Nanotube Field-Effect Transistors

Since the discovery of carbon nanotubes (CNTs) in 1991 by Iijima (1991), a great 
deal of effort has been devoted to the fundamental understanding of their electrical, 
mechanical and chemical properties and of their use in a wide range of applications 
such as electronics and sensors. CNTs are divided into single-walled carbon nano-
tubes (SWNTs) and multi-walled carbon nanotubes (MWNTs). A SWNT can be 
formed by rolling a graphene sheet (hexagonal structure) into a cylinder and a 
MWNT is composed of concentric graphene cylinders with an interlayer spacing of 
0.34 nm. Most CNTs are synthesized by arc discharge, laser ablation or chemical 
vapour deposition methods (Hu et al. 2010).

Semiconducting SWNTs play a central role in the operation of SWNT-based 
field-effect transistors (SWNT-FETs), first developed in the late 1990s (Tans et al. 
1998; Martel et al. 1998). SWNT-FET devices are composed of individual SWNTs 
or random networks of SWNTs placed between a source (S) and a drain (D) elec-
trode on a SiO2/Si substrate. The Si layer can act as back gate, which is separated by 
the SiO2 insulating layer. Since the work function of SWNTs is higher than that of 
most metals, the contact barrier between SWNTs and metals is usually a Schottky 
barrier (SB). The height of the SB in the SWNT-FET contact is determined by the 
work function of the electrode metal (Taillades et al. 1999). The conductance of 
SWNTs in devices can be modulated by applying a potential to the gate electrodes 
with a constant bias voltage VDS (Hu et al. 2010).

Sensing gas or organic vapour molecules is central to environmental monitoring, 
control of chemical processes, health protection and agricultural applications—
another application of POC devices. SWNT-FET sensors have been shown to be 
sensitive to gases such as NH3, NO2, H2, CH4, CO and H2S, and some volatile 
organic compounds such as ethanol and methanol. Liu et al. (2006) first demon-
strated a CNT-based gas sensor using a FET consisting of individual semiconduct-
ing SWNTs. The FET was made by growing SWNTs via CVD on SiO2/Si substrates, 
then photo-lithographically patterning metal electrodes on a single SWNT.  The 
conductance of the SWNT-FET varied dramatically under various gate voltages 
when the device was exposed to NO2 or NH3. Upon exposure to NO2, the conduc-
tance of the FET increased by about three orders of magnitude, and the transfer 
characteristics showed a shift of +4 V in gate voltage. The response time, defined as 
the time duration for signal stability from the introduction of the sample, ranged 
from 2 to 10 s with 200 ppm of NO2. As for sensing NH3, the response time to 1 % 
NH3 was about 1 or 2 min, and sensitivity from 10 to 100 ppm was achieved. More 
recently, Mattmann et  al. (2009) demonstrated CNT-FETs with Al2O3 passivated 
contacts for NO2 detection with very low limit concentration (80 ppb). Other work 
reported in this area has been on organic chemical agents such as toxins very harm-
ful for human health and the environment. These chemicals usually exist in liquid 
form, but their vapours have the potential to be absorbed through the skin. Novak 
et al. (2003) demonstrated that a FET sensor based on a SWNT network can detect 
dimethyl methylphosphonate (DMMP), a stimulant for the nerve agent sarin. 
Roberts et  al. (2009) fabricated thin-film transistor (TFT) sensors consisting of 
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aligned, sorted nanotube networks. This device allowed them to achieve stable low-
voltage operation under aqueous conditions. The authors developed a method of 
enriching semiconducting SWNTs and aligning them in a one-step solution deposi-
tion process by controlling substrate surface chemistry on silicon. These SWNT-
TFTs were used to detect trace concentrations, down to 2  ppb, of dimethyl 
methylphosphonate (DMMP) and trinitrotoluene (TNT) in aqueous solutions. 
Along with reliable cycling underwater, the TFT sensors fabricated with aligned, 
sorted nanotube networks enriched with semiconductor SWNTs showed a higher 
sensitivity to analytes than those fabricated with random, unsorted networks with 
predominantly metallic charge transport. Peng et al. (2009b) systematically studied 
sensing mechanisms for CNT-based NH3 sensors. The electrical conductance of a 
semiconducting SWNT was found to be sensitive to its environment and was shown 
to vary significantly with surface adsorption of various chemicals and biomolecules. 
This makes SWNT-FETs very promising candidates for label-free biosensing. The 
SWNT-FETs for biosensor applications are composed of SWNT networks or indi-
vidual semiconducting SWNTs. SWNT-FET-based biosensors have been reported 
to detect various biological species such as DNA, proteins and cells (Hu et al. 2010). 
An exciting development was the detection of cancer in breath through the sensing 
of volatile organic compounds using random networks of CNTs (Peng et al. 2009a).

17.2.3.3  �Graphene-Based Field-Effect Transistors

The discovery of graphene by Novoselov et al. (2004) led to a significant amount of 
work on trying to achieve the ultimate biosensing limit of detection: the single mol-
ecule (Hu et al. 2010). The graphene-based FET, has a non-functionalized single-
layer graphene as the channel (between the source and the drain), exhibiting a linear 
increase in conductance dependent on the electrolyte pH—a potential use as a POC
sensor element. Chen et al. (2005) reported a graphene gas sensor by using partially 
reduced graphene oxide. The graphene oxide transistor demonstrated little response 
to chemical gases such as NO2, with the device showing a typical p-type transistor 
behaviour. However, the conductance of the sensor increased when annealed, thus
exhibiting higher sensitivity to exposures to NO2 from ~1.55 to 100 ppm. Ang et al. 
(2008) demonstrated solution-gated epitaxial graphene as a pH sensor. The sensor
was fabricated from a few layers of graphene epitaxially grown on a SiC substrate. 
The electrochemical double layer at the graphene–electrolyte interface was 
observed to be very sensitive to pH and the conductance of the device
responded accordingly.

Varghese et al. (2009) studied the noncovalent interaction of DNA nucleobases and 
nucleosides with graphene by isothermal titration calorimetry. The results demon-
strated that in an aqueous solution the interaction energies of the nucleotide bases vary 
in the order guanine (G) > adenine (A) > cytosine (C) > thymine (T), while the interac-
tion energies of A–T and G–C pairs are somewhere between those of the constituent 
bases. The conductance of graphene-based FETs has been reported to increase with 
adsorbed proteins (e.g. picomolar range of bovine serum albumin), which implies 
that graphene-based FETs could be used as highly sensitive electrical biosensors. 
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Mohanty and Berry (2008) developed a graphene-based single bacterium resolution 
biodevice and DNA FET, while Dong et al. (2010) demonstrated that CVD-grown 
large-sized graphene films consisting of monolayered and few-layered graphene 
domains could be used to fabricate liquid-gated transistors for DNA sensor with a 
detection concentration as low as 0.01 nM. The addition of gold nanoparticles on 
the surface of graphene devices could extend the upper limit of DNA detection due 
to the increase in loading of probe DNA molecules. Cohen-Karni et al. (2010) dem-
onstrated recordings from electrogenic cells using single-layer graphene FETs as 
well as simultaneous recording using graphene and SiNW-FETs. Graphene-FET 
conductance signals were recorded from spontaneously beating embryonic chicken 
cardiomyocytes which yielded well-defined extracellular signals.

17.3  �Microfluidics and Packaging

Microfluidics is an attractive technology for POC devices, in particular where low-
volume samples need to be processed or when parallel sensing of different analytes 
is required (Parsa et al. 2008). The coupling of microfluidics with FET-type biosen-
sor arrays can lead to better control of biorecognition layer immobilization pro-
cesses, faster analysis times and lower cross-talk issues.

17.3.1  �Traditional Packaging Techniques

Silicon was one of the first materials used to create microfluidic channels. Fabrication 
of silicon-based microfluidic devices was achieved by employing various etching 
methods (dry/wet) or some additive methods—e.g. chemical vapour deposition of 
metals (Iliescu et al. 2012). Although silicon surface chemistry is a highly devel-
oped area of research, one of the main reasons why such microfluidic devices were 
not employed was the fact that silicon has a relatively high elastic modulus (130–
180 GPa) and thus it is hard to fabricate active fluidic components such as valves 
and pumps. For these reasons glass and polymers are preferred choices (Washburn 
et al. 2009; Anderson et al. 2011).

Initially glass emerged as the main alternative substrate. Microstructures could
be created by etching into the glass through traditional means and channels could be 
created relatively easily (Iliescu et al. 2012). However, it quickly became apparent
that glass in itself could only be employed as part of a hybrid device, thus requiring 
more sophisticated techniques such as plasma etching. Wu et  al. (2010) demon-
strated a hybrid device containing glass and polydimethylsiloxane (PDMS) micro-
fluidics attached to electronic integrated circuits. Although glass has low background 
fluorescence and is biocompatible, the drawbacks include a relatively low nonspe-
cific adsorption coefficient and impermeability of gases. Mellors et al. (2008, 2010) 
demonstrated all-glass devices that combined microcapillary electrophoresis (μCE) 
and electrospray ionization–mass spectrometry (ESI-MS) by directing the separa-
tion channel to a corner of the device to create a nanospray.
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Another area which attracted significant interest in the early years of microfluid-
ics was that of ceramics. Low-temperature co-fired ceramics (LTCC) were laminar 
in nature, thus helping in the construction of a three-dimensional device where a 
stacked or a layered structure could be build. LTCCs are aluminium oxide-based 
materials that come in laminate sheets and which can be patterned, assembled and 
then fired at elevated temperatures. Fakunle and Fritsch (2010) demonstrated that 
LTCC devices provide low levels of non-specifically adsorbed molecules in immu-
noassays such as the enzyme-linked immunosorbent assay (ELISA). Zhang and
Eitel (2012) also investigated LTCC bio-stability by measuring material leaching in 
aqueous solutions; high rates of leaching occurred with acidic and basic solutions, 
while solutions near physiological pH resulted in low leaching rates. Electrodes can
be deposited onto LTCC using expansion-matched metal pastes. In this manner,
Almeida et al. (2011) used an LTCC device with potentiometric detection to analyze 
sulfamethoxazole and trimethoprim in fish farm water.

17.3.2  �Non-conventional Polymer Techniques

Polymers such as organic-based long-chain materials are some of the most com-
monly employed materials in the area of microfluidics. They have gained significant 
interest in microfluidics in the past couple of decades. One of the main advantages 
of employing polymers for microfluidic applications is the fact that they are easy to 
fabricate, relatively inexpensive, amenable to mass production processes, and can 
be adapted to a varied degree for different applications, through formulation changes 
or chemical modifications.

PDMS is one of the most used polymers for microfluidic applications. Device 
molds can be created by employing conventional micro-machining or photolithog-
raphy methods, and PDMS microstructures can be casted and cured on these molds. 
One of the main advantages of using PDMS is its relatively low elastic modulus 
(300–500 kPa) which enables the creation and integration of valves and pumps eas-
ily as well as complex microfluidic designs (Effenhauser et  al. 1997). Another 
advantage that PDMS lends to the area of microfluidics is its ability, in the cured 
form, to allow gas to permeate through. This is highly advantageous as it proves to 
be an ideal material for cellular studies as it allows oxygen and carbon dioxide to 
permeate through. Thus there is no doubt that PDMS offers several advantages over 
silicon, glass and ceramics, but like all materials it also has its own disadvantages. 
Being a low-molecular-weight polymer, it has been found to leach into the solution, 
thus negatively impacting cellular studies (Araci and Quake 2012). PDMS is also a 
hydrophobic polymer, thus increasing the chances of nonspecific adsorption and 
permeation of hydrophobic molecules (Berthier et  al. 2012). Although chemical 
modification by e.g. plasma exposure has the ability to negate the chances of non-
specific adsorption, it has been shown that the modification only lasts for a short 
time span (Roman et al. 2005; Bodas and Khan-Malek 2006).
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17.3.3  �Recent Advances

More recently, paper-based functionalized substrates have received much attention 
from the research community. They are proving to be valuable tools in the construc-
tion of microfluidic devices in rapid diagnostic test kits. This is because paper-based 
microfluidic devices offer four basic capabilities on a single analytical device: (1) 
distribution of a sample into segregated regions enabling the construction of high-
throughput assays; (2) the ability to move samples by using capillary forces; (3) com-
patibility with small volumes of samples, an important characteristic for kits which 
use low volumes for diagnosis; and (4) easy elimination of hazardous waste as the 
devices can be easily disposed off (Martinez et al. 2008). Although they offer signifi-
cant advantages over current technologies, paper-based microfluidics is still in a very 
early development stage (Li et al. 2012a, b; Ballerini et al. 2012; Liana et al. 2012).

17.4  �Signal Extraction, Conditioning and Quantification

When an electrolyte is in contact with an electrode, an electrochemical double layer 
forms. In the Gouy–Chapman–Stern model of the electrochemical double layer
(Bard and Faulkner 2001), it is assumed that the solvent provides a continuous 
dielectric medium with dielectric permittivity equal to its bulk value, that charges of 
discrete ions are smeared out into a continuous distribution of net charge density, 
and that ion–ion interactions can be neglected so that all ions in solution are free to 
contribute to the charge density. Due to their finite size, ions may not approach the 
electrode closer than the outer Helmholtz plane (OHP). Since there is no charge
between the electrode and OHP, the electric field E is constant in this region and the 
electrostatic potential φ varies linearly. Outside the OHP, the potential may be deter-
mined by considering the solution to be divided into laminae parallel to the elec-
trode. The laminae are in thermal equilibrium, but at differing energies due to the 
potential φ, so the concentration ni of species i with valence zi is related to its bulk 
concentration ni

0 by the Boltzmann factor ni = ni
0 exp(−zieφ/kT).

The net charge density ρ(x) is related to the potential by the Poisson equation
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where ε is the relative dielectric permittivity, ε0 is the permittivity of free space and 
x is the distance from the electrode. Use of boundary conditions leads to the non-
linear Poisson–Boltzmann equation. For φ ≪ kT/e, the linearized Poisson–
Boltzmann equation results. Alternatively, the non-linear Poisson–Boltzmann 
equation may be solved for a symmetrical electrolyte that contains only one cationic 
and one anionic species, both with charge magnitude z, giving the Grahame equation 
for the charge per unit area on the electrode σ1:
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The impedance of a FET with the gate immersed in solution and potential applied 
to a reference electrode in solution may be represented by the equivalent circuit 
shown in Fig. 17.3. The circuit consists of the silicon resistance RSi, space-charge 
capacitance CSC, oxide capacitance Cox of the FET and the Randles equivalent cir-
cuit for the double layer, where ZW has been omitted since there are no redox mol-
ecules in solution. In the absence of redox molecules, Rct is large and Zimag can be 
considered to result from the series combination of the three capacitances.

When the biomolecular interaction happens at the solid–solution interface, it 
changes the value of Cdl. At fixed applied potential, this would introduce charge 
redistribution between Cdl.and Cox, where the change of potential across Cox depends 
on the ratio of the two capacitors, Cdl and Cox. The value of this ratio is fixed when 
the biomolecular probe is immobilized directly on the gate dielectric or on the gate 
electrode directly on top of the dielectric. In an extended gate structure, a sensing
pad is electrically connected to the gate electrode. The area of the sensing pad can 
be much larger than that of the transistor. In this configuration, the ratio Cdl/Cox can 
be greatly improved by increasing the double-layer area, offering a larger voltage 
shift for the measurement (Estrela et al. 2007).

17.5  �Promises

17.5.1  �FETs Employed in DNA Sensing

DNA-based biologically-sensitive FETs (BioFETs) have been fabricated with very 
different approaches to immobilization strategies, hybridization, rinsing and mea-
surement conditions. A change in the charge density of a biolayer immobilized on an 
electrode induces a change in the electrode surface charge density, σ0, which in turn 
alters the surface potential, φ0, that is, the open circuit potential (OCP). A change in 
the surface potential may be generated by a catalytic reaction product, surface polar-
ization effects, or the change in dipole moments occurring with bio-affinity reactions. 
It can also be due to potential changes arising from biochemical processes in living
systems, such as the action potential of nerve cells. The FET acts as a potentiometric 
transducer. In the case of DNA, the increase in negative charge in a layer of immobi-
lized DNA probes upon hybridization with target oligonucleotides causes a signifi-
cant change in φ0. If immobilization is on the gate of an FET, hybridization causes a
shift in the flat-band potential, Vfb, of the semiconductor. This causes a shift in the 
current–voltage (ID versus VGS) characteristic of the FET (Estrela et al. 2007).

RSi

Rct

RsCsc Cox

Cdl

Fig. 17.3  Equivalent circuit 
for a field-effect device with 
gate immersed in solution
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These DNA FET sensors have had varying levels of success, achieving different 
immobilization densities, hybridization efficiencies, amount of non-specific bind-
ing, and stability. For a high sensitivity, a large voltage shift upon hybridization is 
needed. This requires a large increase in surface charge density upon hybridization, 
requiring a large surface density of probes that still allows high hybridization effi-
ciency. To achieve a stable, high-density probe layer resulting in high-efficiency 
hybridization, end-tethered covalent attachment is necessary. Many designs are 
based upon functionalization of the gate dielectric of an ISFET. However, since the
pH selectivity of the gate oxide is not required, functionalization of a gate metal is
an option that allows immobilization using thiol chemistry. This enables easy and 
reproducible fabrication of high-density and highly stable mixed self-assembled 
monolayers of thiolated oligonucleotides, using only a single surface chemistry step.

Several groups have independently demonstrated the feasibility of such applica-
tions (Astier et al. 2006; Estrela and Migliorato 2007; Benner et al. 2007; Hornblower
et al. 2007; Cockro et al. 2008) with some groups demonstrating, to a certain extent, 
the ability to read an entire genome. Matsumoto et  al. (2012) demonstrated that 
primer extension reactions could be detected using an ISFET device. Their system
demonstrated that under optimized conditions the primer extension reactions could 
be monitored with a resolution of a single base, thus leading to the development of 
the ability to read the entire sequence of the target DNA (Maehashi et  al. 2007; 
Matsumoto and Miyahara 2013). Estrela and Migliorato (2007) have shown DNA 
detection on poly-Si TFTs. A mixed self-assembled monolayer of thiolated DNA 
probes and mercaptohexanol was immobilized onto the gold gate of an extended-gate 
poly-Si TFT. A shift of the ID–VGS characteristics of the order of 300 mV was obtained 
upon hybridization of the immobilized probe with a fully complementary strand. The 
shift was independent of the electrode area thus demonstrating that a microarray 
could be constructed where a known DNA probe is immobilized on each FET. The 
inherent miniaturization and compatibility with micro-fabrication technologies make 
the technique highly promising for the development of low-cost portable devices.

More recently, Rothberg et al. (2011) developed an ISFET array with 1.2 million
wells that facilitated in independent sequencing reactions using three bacterial 
genomes, demonstrating a massively parallel array of semiconductor-sensing 
devices or an “ion chip”. Although they have demonstrated the sequencing of the 
bacterial genome, such a technology could well be employed for studying the 
human genome at the device level and could open other avenues in the area of medi-
cal diagnostics.

SWNT-FET sensors which measure DNA hybridization also hold great potential 
for large-scale genetic testing, clinical diagnosis and fast detection of biological 
warfare agents. Much attention has been given to the problem of interaction of 
CNTs and DNA, with the purpose of application in drug delivery and sensing. The 
promising application of functionalized SWNTs in monitoring DNA hybridization 
was demonstrated by Williams et  al. (2002). A coupling peptide nucleic acid 
(PNA)—an uncharged DNA analogue—was covalently linked to the carboxyl-
functionalized tip of SWNTs. Star et  al. (2006) reported SWNT network FETs 
that  function as selective detectors of DNA immobilization and hybridization. 
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SWNT network FETs with immobilized synthetic oligonucleotides have been 
shown to specifically recognize target DNA sequences. DNA hybridization with 
complementary target DNA sequences resulted in reduction of the SWNT-FET con-
ductance. The sensing mechanism relies on the fact that single-stranded DNA 
adsorbed on sidewalls of SWNTs can result in electron doping to the SWNT 
semiconductor channels. This SWNT-FET DNA sensor can detect samples with 
picomolar to micromolar DNA concentrations. Dastagir et al. (2007) reported the 
unambiguous detection of a sequence of hepatitis C virus (HCV) at concentrations
down to the fractional picomolar range using SWNT-FET devices functionalized 
with peptide nucleic acid sequences.

17.5.2  �FETs Employed in Protein Sensing

The number of analytes that have been reportedly detected using enzyme-modified 
ISFETs (EnFETs) include a series of saccharides, urea, penicillin, ethanol, formalde-
hyde, lactose, lactate, organophosphorus pesticides, ascorbic acid, acetylcholine, cre-
atinine and so on (Schöning and Poghossian 2002; Estrela and Migliorato 2007; 
Matsumoto and Miyahara 2013). Very recently, Bhalla et al. (2014) have used field-
effect devices to measure protein phosphorylation. Another class of FETs that fall 
into the protein-coupled BioFET category is the immuno-reaction coupled FET 
(ImmunoFET). The analytes that have been reportedly detected using the different
commercialized immunoassays relate to viruses (e.g. anti-HIV antibodies and p24
antigen for HIV), bacteria (e.g. anti-treponemal antibodies for syphilis and early
secretory antigenic target 6 for tuberculosis) and parasites (e.g. histidine-rich protein 
2 for malaria) (Chin et al. 2007). Such assay techniques have also been commonly 
used to detect diseases that are non-communicable, e.g. prostate cancer via measuring 
the levels of prostate-specific antigen, or heart diseases via the measurement of levels 
of B-type natriuretic peptide. The reference gold standard of immunoassays is ELISA,
which employs multi-well substrates (von Lode 2005; Madhivanan et al. 2009).

Although success has been achieved in this area, there are still major issues in 
relation to detection: for example, issues relating to the double-layer capacitance or 
the Debye length. BioFET detection is inherently permitted only within a short 
distance, which corresponds to the Debye length, i.e. a few nanometers. Beyond this 
length counter-ion screening effects predominate and the charge detection is 
severely hampered. Some approaches have been presented that, to some extent, are 
successful although an increasing interest has developed in exploiting the ISFET as
a means to examine proteins themselves. For example, it has been utilized as a plat-
form for monitoring structural changes in proteins. Maltose-binding protein (MBP) 
undergoes a structural change upon stimulation with maltose. During this event, a 
significant decrease in the current on the basis of the charge-dependent capacitance 
measurement was observed in a manner sensitive to maltose but not to the control 
glucose. Such specific conformational changes can also be monitored using ISFETs.
Other works have investigated the quantitative and kinetic aspect of the nonspecific 
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protein adsorption (onto an extended gold electrode) based on the BioFET format. 
Estrela et al. (2010) have shown sub-picomolar protein detection using CMOS gold 
gate FETs. Self-assembled monolayers (SAMs) of alkanethiols with various termi-
nal groups were prepared and tested for interactions with different types of proteins 
including bovine serum albumin (BSA) (Hu et al. 2010).

17.6  �Challenges

17.6.1  �Surface Interaction

Advancement in the area of FET-based biosensors is ultimately dependent on the 
search for optimal transducer materials, i.e. the gate electrode or dielectric material. 
The current standard CMOS technology employs aluminium as the top layer, which 
is not biocompatible. Another problem associated with Al is its high corrosion rate 
when in contact with any liquid. Some research groups have reportedly modified the 
Al layer by depositing an additional layer using clean-room facilities, but limited 
success has been reported using this technique. Graham et al. (2011) demonstrated 
a simple technique which could be carried out in a very minimalistic and cost-
effective manner. They first anodized the aluminium electrode to create porous 
structures of Al2O3 which were then electroplated with gold chloride/cyanide solu-
tion. They then carried out successful characterization of nerve fibres on the modi-
fied surface. From the point-of-care perspective this seems to be a very attractive 
option in order to make the surface biocompatible, although limited studies have 
been reported using this method.

17.6.2  �System Integration

With the currently available technology, a CMOS die measures only a few square 
millimetres to centimetres in area. With the additional demand for high-throughput 
assay, the integration of such miniature devices with microfluidics has been an 
issue. Although there are specialist clean-room facilities which can be used to inte-
grate such systems, one of the major drawbacks of most POC diagnostic systems is 
their bulky nature dictated by the current micromachining technology, which adds 
further to the production cost thus pushing prices up. A key challenge in this area is 
to integrate chips into packages which are flexible and yet cheap to mass-produce. 
This demand has opened a new field of research which deals with flexible integrated 
circuit/microfluidics integration and packaging technology. Recently Zhang et al.
(2013) reported the seamless integration of CMOS sensor chips with PDMS micro-
fluidics into a flexible unit, thus achieving a true “lab-on-a-chip” system that has 
both CMOS functionalities and microfluidic sample manipulation on the same flex-
ible substrate. They also employed “liquid metals” to create connections between 
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the sensor chip and the external measurement setup. Although this area of research 
is still in its adolescence, it is believed that the potentials rewards outweigh the risks 
if such systems can be commercialized.

17.6.3  �Signal Quantification

The signal levels generated due to biomolecular interactions can be extracted and 
quantified using various techniques. An understanding of the electrical and electro-
chemical properties of the biolayer is fundamental for the optimization of potentio-
metric BioFET measurements. Electrochemical impedance spectroscopy can, within 
certain constraints, provide an accurate description of the system. However, the
description of the system in terms of an equivalent electrical circuit requires the use 
of constant phase elements (CPEs) instead of a double-layer capacitance element. 
This arises mainly from inhomogeneous protein or DNA distribution on the elec-
trode surface. As the physical units of CPE depend on the parameter which defines 
the level of inhomogeneity of the system, direct comparison of the CPE values is not 
physically relevant (even though many reports seem to attempt to do so). There are 
different models which can be used for the calculation of the system’s capacitance 
from the CPE values. The first model, proposed by Brug et al. (1984), is appropriate 
for surface distribution, whereas the model by Hsu and Mansfeld (2001) is for a 
normal distribution. Although the formulae are for very different conditions, they are 
generally found to be applied incorrectly, leading to flawed values of effective resis-
tance and capacitance thus leading to macroscopic errors in many hypotheses. 
Hirschorn et al. (2010) demonstrated the subtle different between the models and 
illustrated the importance of using the correct formulae for a given system.

17.7  �Conclusions

We have reviewed the field of FETs for point-of-care diagnostics. It is only fair to
assume that over the last decade micro- and nano-devices employed for POC diag-
nostics have furthered the progress of research of both academic and industrial labo-
ratories. Having said this, we see several challenges in this area before these
technologies can be translated into ideal POC tools. Through the extensive research 
being carried out in this area, some groups have demonstrated the successful minia-
turization of most peripheral instrumentation required for the readout and condi-
tioning of miniaturized BioFET arrays (Lafleur et al. 2013). This could prove to be 
an important trend for the miniaturization and, most importantly, the cost reduction 
of the whole system, opening new avenues towards the development of biosensors 
for POC diagnostics. Such a low-cost requirement is an essential feature for sensors 
for the developing world, for example (Yager et al. 2006; Chin et al. 2007).

With regards to detection, the employment of various nanomaterials and nano-
structures as elements for the signal-transduction of FETs is increasingly gaining 
research interest and this direction of research is firmly justified in terms of target-
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ing nanoscale species. Unfortunately, efforts and the ability to maintain control at 
these levels of matter while maintaining reproducible signal and economically 
viable devices are still premature. To add more colour to this conundrum, the under-
lying mechanisms for the observed signal-transduction pathways are also not 
always evident, thus providing plenty of avenues for further research and develop-
ment in this area.
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                      Concluding Remarks 

 Through the preceding chapters, this book has constructed a panoramic picture of 
the fast-growing fi eld of nanobiosensors and nanobioanalysis. From the inspiring 
examples and insightful exposition provided by the authors, who are preeminent 
researchers at the leading edge of this fi eld, it has become palpable that nanotech-
nology has been, and will continue to be, playing an essential role in the revolutions 
occurring in the fi eld of biosensing and bioanalysis. The emergence of novel nano-
materials, and the ability to manipulate structures at the nanoscale, have contributed 
tremendously to the development of ground-breaking biosensing and bioanalytical 
technologies, in addition to signifi cantly improving the performance of traditional 
methods. It can be expected that breakthroughs in the fi eld of nanobiosensors and 
nanobioanalysis will likely bring profound benefi ts and advancement to the improve-
ments of people’s health and quality of life. Nevertheless, along with the exciting 
opportunities, there exist huge challenges that call for continuous inputs and sup-
plies of talents, efforts, and resources. 

 Following an insightful review in the fi rst part, by Profs. Vestergaard and Tamiya, 
of the basic principles, main players, and detection strategies in the fi eld of nanobio-
sensing and nanobioanalysis (Chap.   1    ), the four chapters in the second part of the 
book represent the most updated and frontier breakthroughs in this fi eld, wherein 
nanotechnology and nanomaterials serve as an indispensable cornerstone. The ana-
lytical strategies developed by Razeeb et al. and described in Chap.   2     demonstrate 
that vertically aligned nanowires can be an excellent sensor platform, especially for 
the detection of hydrogen peroxide, glutamate, and glucose. In Chap.   3    , Chen et al. 
show readers how SiNW-FETs and graphene-FETs are successfully used in various 
biosensing applications to provide important performance advantages. A novel 
Au-capped nanopillar LSPR chip developed by Saito and Yamanaka for the detec-
tion of anti- antigen reactions is demonstrated in Chap.   4    , while Ünlü et al. present a 
multiplexed digital molecular detection strategy using metallic nanoparticle labels 
and taking advantage of the unique properties of the Interferometric Refl ectance 
Imaging Sensor (IRIS) in Chap.   5    . It is diffi cult to imagine that without the help of 
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these nanomaterials, such exceptional performances in terms of sensitivity, selectiv-
ity, and operational simplicity could be achieved. 

 Based on the recognition that nanomaterials play an essential role in the advance-
ment of biosensing and bioanalysis, the third part of this book is devoted to a discus-
sion of the functionalization and applications of nanomaterials commonly used in 
the fi eld (gold nanoparticles in Chap.   6    , nanocarbon fi lm in Chap.   7    , hybrid metallic 
nanoparticles in Chap.   8    , silver nanoparticles in Chap.   9    , quantum dots in Chaps.   10     
and   11    , and inorganic and organic nanoparticles in Chap.   12    ). From the plentitude 
and diversity of novel nanomaterials, and the availability of tools and methods for 
their functionalization, it is not diffi cult for one to realize that more opportunities 
for breakthroughs in this fi eld are yet to be made, and that the marriage between 
nanotechnology and biosensing and bioanalytical technologies is bound to give 
birth to next generations of more exciting and infl uential technologies. 

 Focusing on the applications of nanobiosensor technologies, the fourth part of 
the book provides a series of vivid examples to give the reader a better understand-
ing of the feasibility of these novel technologies. In this part, the authors  demonstrate 
the applications of CNT-composite materials and metal nanoparticles (Chap.   13    ), 
nanoneedles (Chap.   14    ), SPR sensing (Chap.   15    ), nanometer-scale electrodes 
(Chap.   16    ), and FETs (Chap.   17    ) in areas such as point-of-care testing and diagnos-
tics, detection of intracellular processes, SECM systems, and so on. We believe that 
after reading these chapters, the values of these new technologies and the capabili-
ties enabled thereby will become apparent to the readers. 

 In conclusion, it is our belief that the readers of this book will be enabled to 
appreciate the tremendous and exciting opportunities brought by the integration of 
nanotechnologies into biosensing and bioanalytical platforms. On the other hand, 
the challenges that researchers encounter in this fi eld are huge and intimidating, 
which is no doubt a result of the preciseness required for the manipulation of matter 
on the nanoscale, in combination with the inherent complexity of biological  systems. 
Nothing less than consistent and focused efforts are required to overcome these 
challenges. Both the opportunities and the challenges lead one to conclude that a 
larger number of talents and more sizable resources need to be invested in the fi eld 
of nanobiosensors and nanobioanalysis, a fi eld that is bound to bring the next epoch-
making technology to the world.       
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