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1. Introduction

Nanotechnology is the scientific area which includes materials with at least one dimension
smaller than 100 nm. Not only the size but also the functionality at nano or macroscale is
essential for a material to be considered as nanomaterial. Beyond the vastly increasing
application areas, nanostructures are becoming superstars of analytical chemistry centered
research, which are devoted to nanotechnology in order to achieve higher sensitivity, lower the
price and detection limits (Jianrong, Yuging, Nongyue, Xiaohua & Sijiao, 2004; Merkoci, 2013).
The integration of nanomaterials into biosensing systems represents one of the hottest topics of
the todays research. Science direct search for the keywords “Nanomaterial AND Biosensor”
came up with 1380 article and 138 reviews in Chemistry, Analytical Chemistry and Material
Science Journals in the last five years, with a logarithmic increase in report number per year. This
increased demand is due to unique properties possessed by nanoscale materials as a result of
their tailorable nanosize and structure which offer excellent prospects for designing novel
sensing systems and enhancing the performance of the biorecognition element with proved
electronic signal transduction (Jianrong et al., 2004; Merkogi, 2009).

The engagement of nanomaterials with sensing devices and/or in building sensor platforms
generates novel interfaces that enable optical or electrochemical detection of the biomolecule
of whim with enhanced sensitivity (Jianrong et al., 2004; Michalet, Pinaud, Bentolila, Tsay,
Doose, Li et al.,, 2005; Putzbach & Ronkainen, 2013). Nanomaterial can enrolled as either
effective optical (Byun, 2010) (Staleva, Skrabalak, Carey, Kosel, Xia, Hartland et al., 2009),
fluorescent (Michalet et al., 2005), and catalytic labels (Saha, Agasti, Kim, Li & Rotello, 2012)
(Costa, De la Escosura-Mufiiz & Merkogi, 2010) with signal amplifying features to increase the
sensor sensitivity. In the meantime, they could be functional building blocks for functional,
highly catalytic and conductive sensor platforms (Zhang, Carr & Alocilja, 2009).

The number of different type of nanostructures is increasing and wide range of nanoscale
materials of different sizes, shapes and compositions are now available (Burda, Chen, Narayanan
& El-Sayed, 2005; Kim, Hiraiwa, Lee & Lee, 2013; Xia & Lim, 2010). From those, mainly,
nanomaterials can be divided into three main classes depending on the material they are made
up of: i) inorganic nanoparticles where the core material is an inorganic element or mixture (e.g;
gold, silver, TiO,, ZnO, CdS and so on) (Lee, Sung & Park, 2011), ii) organic soft nanomaterials
which are formed of organic materials including lipids, peptides, genetic material, (Geng, Ortiz &
O’Sullivan, 2009; Hartgerink, Beniash & Stupp, 2001) and finally, iii) nanocomposites which are
based on both organic and inorganic materials, for example, magnetosomes (Goldhawk, Rohani,
Sengupta, Gelman & Prato, 2012), metal coated carbon nanotubes (Jiang, Zhang, Wang, Xu & Li,
2011) and peptide amphiphiles (Templates, 2002). However, this chapter will only cover the
state of the art associated to the advantages offered by different types of inorganic
nanomaterials and their composites. Collection of literature on challenges and drawbacks, and
real world applications of these kinds of nanomaterials in biosensor development, including
current status and future prospects will also be served to the readers’ interest.
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2. Inorganic Nanostructures

2.1. Gold and Silver nanoparticles

Gold and silver are the most widely employed metals in nanotechnology, which their use goes
back to ancient times (e.g. for staining ruby glass (Himmelhaus & Takei, 2000), potion making, as
healer (Vohs & Fahlman, 2007), bactericide (Matsumura, Yoshikata, Kunisaki & Tsuchido, 2003)
and medicine (Mahdihassan, 1984)). Today, scientific authorities have also appreciated gold and
silver due to their size and shape depended unique optical, electrochemical and electrical
properties which can be altered towards the needs of specific applications including targeted
drug therapy (Wang, Sui & Fan, 2010) and design of diagnosis and screening tools (Esseghaier,
Ng & Zourob, 2012). In particular, these nanoparticles have great potential as contrast agents,
fluorescent labels, and functional sensing platforms for the optical imaging and biosensing (Guo
& Wang, 2007; Merkogi, 2009, 2013).

The nanosized gold and silver show a localized surface plasmon resonance (SPR) property, which
makes them perfect tools for optical sensing (D’Agata & Spoto, 2013). This size and shape
depended physical plasmonic phenomenon can be explained as the absorption of the light in the
visible spectrum due to the photoexcitation driven oscillation of conduction electrons inside the
metal nanostructure (Mody, Siwale, Singh & Mody, 2010). A complete theoretical insight to the
phenomenon was given in the book edited by Merkoc¢i (Merkogi, 2013) and some other
comprehensible reviews (Sato, Hosokawa & Maeda, 2007; Guerrini & Graham, 2012; Saha et al.,
2012; Staleva et al., 2009; West & Halas, 2003).

The strong change in the absorption spectrum of the colloidal solution of metal nanostructures
with varied sizes and shapes can be distinguishable even by naked eye. Beside these, the
location of the SPR band is strongly sensitive to the environment of the nanostructure (Burda et
al., 2005). A small change on the surface chemistry as a result of interaction with the target
molecule will result in a strong absorbance shift from red to blue, which can easily be detected
by optical methods. There are several attempts in the literature reporting optical detection of
disease markers in which the detection sensitivity was altered by changing the morphology and
the size of metal nanostructures, or combining with other strategies (Byun, 2010; Kim, Yoo, Park,
Yoshikawa, Tamiya, Park et al., 2011; West & Halas, 2003). However, we will limit the discussion
to recent examples of such achievements.
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Figure 1. Gold nanoparticle based optical biosensors. a) Solution based Alkaline phosphatase (ALP) assay

depicting color changes during peptide-induced Au-NP aggregation. b) Optical solid surface biosensor: cap

shaped gold nanoparticles are deposited on polystyrene surface. Images are modified from Choi, Ho and
Tung, 2007; Himmelhaus and Takei, 2000.
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The most common strategy is the use of colloidal solution of nanoparticles which are previously
bioconjugated with the capture molecule (single strand DNA, antibody/antigen, receptor,
peptide and aptamer vs.) (Sato et al.,, 2007; Saha et al., 2012; Zhang, Guo & Cui, 2009).
Interaction of the analyte with the particle surface will eventually lead a shift in SPR band which
later be correlated with the analyte concentration (Figure 1a). However, the smallest working
volume is limited to as much as hundreds of microns and the sensitivity of this bulk system is still
poor. Same approach can also be conducted to the surfaces, where nanoparticle embedded
glass surfaces can be used (Figure 1b) as a biosensor platform (Himmelhaus & Takei, 2000). This
strategy is more suited for Lab on a Chip applications since it provides the opportunity to
produce multi-compartmental sensors with the ability to screen multivariate analysis with
minimized sample volume (Kim et al., 2011). The limiting factors of working with such system
are, frst, obtaining the uniform metal nanoparticle deposited surface, and later surface
biofunctionalization with the capture molecule and blocking agents, since most of the
absorbance shifts may occur in these very first steps depending on the size of the capture
molecule, a it effects the measurement sensitivity and narrows the linear range of sample
concentration.
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Figure 2. Introduction of different shaped gold and silver nanostructures to LSPR biosensors. Image
reformatted from Alvarez-Puebla, Zubarev, Kotov and Liz-Marzdn, 2012; Fang, Liu and Li, 2011; Khoury and
Vo-dinh, 2008; Kneipp, Kneipp, McLaughlin, Brown and Kneipp, 2006; Yi, Chen, Chen, Luo, Wu, Yi et al., 2012.
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Another technology that uses the localized SPR of nanoparticles for sensing is the surface
enhanced raman scattering (SERS) (Tripp, Dluhy & Zhao, 2008) which is a powerful analytical tool
provides quantification of trace constituents in biological and environmental samples, in many
cases, with single-molecule sensitivity (Gunawidjaja, Kharlampieva, Choi & Tsukruk, 2009). Use
of suitable nano-patterned surfaces or functionalized surfaces made up of metal nanoparticles
can improve the raman signal up to 10® fold (Pustovit & Shahbazyan, 2006). By this mean, both
gold and silver are considered as noble materials for nanoparticle based SERS, however, they
have drawbacks, too. For example, while silver shows larger SERS enhancements at visible and
near IR region, gold possesses several advantageous properties over silver, such as higher
performance, inertness, facile preparation and surface modification (Pustovit & Shahbazyan,
2006).

SERS platforms can be built from either deposited nanoparticles or graphed using nanolithography.
Nanoparticles with tunable gaps by use of various linkers and bridge molecules alters the SERS
signal more effectively while sensor surfaces constructed with these strategies still shows lack of
reproducibility. Thus, there are several attempts for constructing sensor platforms with enhanced
signal, reproducibility, sensitivity and stability via conducting different shaped nanostructures, as
depicted in Figure 2 (nanocages, nanorod, nanowires, nanostars and dentric nanostructures)
(Alvarez-Puebla et al., 2012; Fang et al., 2011; Kattumenu, Lee, Tian, McConney & Singamaneni,
2011; Khoury & Vo-Dinh, 2008; Ranjan & Facsko, 2012; Schiitz, Steinigeweg, Salehi, Kbmpe &
Schliicker, 2011; Yi et al., 2012), as well as, developing new generation composites and hybrids
with other structures including carbon nanotubes (Beqga, Singh, Fan, Senapati & Ray, 2011; Jiang et
al., 2011), silica (Guerrini & Graham, 2012; Gunawidjaja et al., 2009) and quantum dots
(Rumyantseva, Kostcheev, Adam, Gaponenko, Vaschenko, Kulakovich et al., 2013).

Besides the optical properties of the gold and silver nanoparticles, they are also appreciated
members of electrochemical sensors. As defined by IUPAC, electrochemical sensors are “Self-
contained integrated devices, which are capable of providing specific quantitative or semi-
guantitative information using a biological recognition element (biochemical receptor) which is
retained in direct spatial contact with an electrochemical transduction element.” (Thévenot,
Toth, Durst & Wilson, 1999) and are still lead the way for biomolecule detection among the
other analytical approaches.

One of the known problems of electrochemical sensing of proteins is to find the suitable
mediator for building the right connection between the active side of the protein and the
electrode. Deposited gold nanoparticles on sensor surfaces were reported as they act like
mediator which comforts the protein’s free orientation and leads direct electron transfer
through quantum tunneling effect. (Guo & Wang, 2007). Not only their conductivity but also
catalytically properties due to high surface area, and electron density are abundantly employed
to sensor technology. When colloidal gold at acidic conditions oxidized electrochemically, it
produces reduced AuCl, ions, and in this way analyte can be quantified by measuring the
change in the reduction current (Omidfar, Khorsand & Azizi, 2013). Reports consist of several
other novel strategies using various types of gold nanostructures for the detection of molecules
such as glycoproteins, growth factors, viruses and even metabolites directly from the cells, are
exist in the literature and reader is directed to very valuable recent reviews and articles on the
progress so far. (Ankri, Peretz, Motiei, Popovtzer & Fixler, 2012; Cheng, Huan & Yu, 2012; De La
Escosura-Mufiz & Merkogi, 2011; Liu, Wang & Lin, 2006). In some of these strategies, systems
combining gold nanoparticles with other functional nanomaterials (carbon nanotubes, denritic
nanoparticles, silica nanoparticles and magnetic nanoparticles, so on) were reported in order to
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increase the sensitivity and analyte-ligand interaction, as well as maintaining the physiological
environment. A very interesting example is the study of Costa et al. in which they used gold
nanoparticles as label and redox-element in magnetoimmunoassays for Humana IgG detection
(Costa et al., 2010). While magnetic nanoparticles used to pre-concentrate the analyte and
deposit them on sensor surface, gold nanoparticle label provided catalytic system revealing
Hydrogen Evolution Reaction (HER) in acidic conditions (Figure 3).
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Figure 3. Gold nanoparticles (AuNPs) catalyzed Hydrogen Evolution Reaction (HER) at acidic environment
which is for electrochemical detection of human IgG (Costa et al., 2010).

Silver nanoparticles and other nanostructures including nanowires and dendritic forms on the
other hand, displays advantageous features same as gold, including easy dissolution, oxidization
without additional chemicals and better electrochemical properties providing signal
amplification (Yang, Hua, Chen & Tsai, 2013; Yi et al., 2012). For both gold and silver based
nanostructures, homogenous deposition of them to the electrode surface and effectiveness of
the functionalization are critical points to sustain sensor selectivity and the performance.

2.2. Quantum Dots

Fluorescent labels, mostly organic dyes such as rhodamine derivatives, fluorescein and cyanine
dyes, are indisputable members of biosensors and bioassays. However, due to limitations of
traditional fluorophores, for example; short band range, low stability by means of photo-
bleaching and photo-oxidation, and short fluorescence lifetime, attentions are directed to a new
generation inorganic, semi-conductive florescent nanoparticle, so called quantum dots (QDots)
(Resch-Genger, Grabolle, Cavaliere-Jaricot, Nitschke & Nann, 2008). These nanoparticles show
unique fliorescence properties which overcomes aforementioned limitations of organic
fluorophores. Compared to the traditional dyes, inorganic QDots have higher resistance to the
photobleaching, less sensitive to their local environment with narrower and symmetric
fluorescence spectra which offer longer times of measurement (Bang & Kamat, 2009; Michalet
et al., 2005; Resch-Genger et al., 2008). Most importantly, various types of quantum dots which
emit light with exceptionally pure and bright colors with changing bulk band gap energies can
easily be obtained by simply tuning their size or the formulation (Figure 4) (Asokan, Krueger,
Alkhawaldeh, Carreon, Mu, Colvin et al.,, 2005). Quantum dots synthesized from several
semiconductor materials in which they can be classified as II-VI type QDots from CdS, CdSe,
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CdTel; llI-V type QDots from InP, InAsl and IV-VI type QDots from: PbSel (Michalet et al., 2005).
Besides, with their core-shell analogues, they are widely used as label in bioimaging, diagnosis,
and drug delivery/tracking (Asokan et al., 2005; Dabbousi, Rodriguez-Viejo, Mikulec, Heine,
Mattoussi, Ober et al., 1997). Combining QDots as label for different targets offers quite versatile
tool for designing multiplex detection systems (Koehne, Chen, Cassell, Ye, Han, Meyyappan et
al.,, 2004; Lowe, Dick, Cohen & Stevens, 2011; Rissin, Kan, Song, Rivnak, Fishburn, Shao et al.,
2013). Introduction of nanomaterials to barcode amplification detection methods enables
multivariant detection of proteins at submicron concentrations (Hill & Mirkin, 2006; Nam, Wise
& Groves, 2005; Zhang, Carr & Alocilja, 2009). QDots with wide range of colors are versatile tools
for barcoding. For example, a barcode assay system combining advantages of QDots and
magnetic beads together in a single microfluidic system was reported by Gao et al, where they
successfully demonstrated the multiplex recognition of four genetic targets; HIV, hepatitis B
(HBV) and syphilis (Treponema pallidum) with a detection limit reaching to nM (Gao, Lam &
Chan, 2013).

Another important strategy where QDots are effectively used is Forster resonance energy
transfer (FRET) based sensing systems. The FRET phenomenon emerges as a result of a distance-
dependent interaction which chromophore (a donor and an acceptor molecule) at close
proximity (Wegner, Lanh, Jennings, Jain, Fairclough et al., 2013). In these systems, there is a
signal ON-OFF switch which regulated by changes in the close proximity (maximum 10 nm)
between FRET pairs as a result of target-host interaction (Lowe et al., 2011). In this scenario,
while the quantum dots are mostly act as donor; acceptor can be either QDots, fluorescent dyes,
proteins or metal and metal nanoparticles. A multiplex analysis time gated FRET based detection
system for measuring protease activity was reported by use of single QDot as both donor and
acceptor in contrary to the traditional multiplex analysis devices with multiple QDot label (Algar,
Malanoski, Susumu, Stewart, Hildebrandt & Medintz, 2012). Qdot were coated with peptidic
substrates designed for trypsin and chymotrypsin which labeled with florescent Terbium, Tb,
(donor) and another fluorophore Asy; (acceptor). As a result, real time protease activity was
measured through the cleavage of peptide substrates resulting in photoluminescence intensity
change in Th, QDot, and A647 giving two distinct analytical signals (Figure 4a). The designed
approach offers a versatile real time detection strategy with full-package of information on the
protease activity including substrate/product concentrations, initial reaction rates,
enzyme-substrate specificity constants (Kc/Km), and apparent inhibition constants with no
significant cross contamination (Ki). This type of FRET based strategies can be extended to
several other examples (Merkogi, 2009).
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Figure 4. a) (Upper) Schematic of a time-gated FRET for multiplexed protease sensing using single QDot and
its surface functionalisation with two labeles with either Tb or A647, serve as substrates for different
proteases, where the cleavage sites are highlighted in the peptide sequences. (Buttom) Fluorescence signal
at mixtures of different concentrations of TRP (8-126 nM) and ChT (3-40 nM) (Algar et al., 2012)
b) reformed image of CdSe Quantum Dots enhanced nanogap devices for analysis of streptavidine-biotin
pair as model target system (Yu, Chen, Wei, Liu, Yu & Huang, 2012).

Last but not the least, as explained in Section 2.1, in quantum gap regulated biosensor studies,
the nanogaps in between metal nanoparticles are used as conducting bridges allowing direct
flow of electrons (Li, Hu & Zhu, 2010; Lin, Bai & Huang, 2009). Once the analyte paired with its
substrate/ligand in the nanogap (Figure 4b), it quickly reforms a strong electrical signal, which is
applicable to the detection of any target from atoms to macromolecules (Li et al., 2010).
Regarding to in situ growth of nanoparticles on the electrode surface, the aim is obtaining
nanoparticles localized in close proximity enough for the electron tunneling. However, the
dilemma of this methodology is that, to obtain nanogaps close enough (<5 nm), high number of
nanoparticle is required and this naturally drives nanoparticles to agglomeration which reveals
heterogeneous film on the electrode (Zhu, Zhang, Guo, Wang, Liu & Zhang, 2012). Whereas,
introducing quantum dots to the nanogap based systems would overcome this drawback by
propagating a supporting bridge conducting the nanoparticles grown at considerably lower
concentrations, and thus, localized with larger gap interval (Yu et al., 2012). By this way, QDots
could not only build a connecting bridge between nanoparticles and enrolled in signal
enhancement, but also, they can regulate the electron tunneling path fist between
nanoelectrodes (AuNPs) and in big picture between the microelectrodes (Dahnovsky, Krevchik,
Semenov, Yamamoto, Zhukovsky, Aringazin et al., 2005).

Despite many advantages of QDots as fluorescent label and signal transducer and/or enhancer in
biosensing/bioimaging approaches, there are some negative aspects to be clarified before
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widening their use in clinical applications. They might be cytotoxic leading cell apoptosis, they
are not biodegradable, and accumulation of them in certain tissues and organs might result in
further problems (Amna, Van Ba, Vaseem, Hassan, Khil, Hahn et al., 2013; Knight & Serrano,
2006; Winnik & Maysinger, 2013). Moreover, their optical properties can randomly vary over
time. A phenomenon regarding to these variations is quantum-dot "blinking” which is associated
with mobile charges on the nanoparticle surface (Frantsuzov & Marcus, 2005; Lee & Osborne,
2009). However, indispensable Pros of quantum dots over organic dyes shadow any of these
negative aspects and carry them among the top nanomaterials list for future developments in
biosensor development.

2.3. Magnetic Nanoparticles

Magnetic nanoparticles (MNP) which show size depended superparamagnetism have possessed
great success in separation processes. These nanoparticles with no magnetic memory -they
exhibit their magnetic behavior only when an external magnetic field is applied- have the
advantage over bulk counterparts with no agglomeration after a proper surface modification or
coating (Mody et al., 2010). Polymers, lipids, silica and amphipathic molecules have been
successfully used as coating material for not only prevent from precipitation but also favor the
further functionalization of them with active molecules (Alwi, Telenkov, Mandelis, Leshuk, Gu,
Oladepo et al., 2012; Floris, Ardu, Musinu, Piccaluga, Fadda, Sinico et al., 2011; Goldhawk et al.,
2012; Kim, Mikhaylova, Wang, Kehr, Bjelke, Zhang et al., 2003; Mikhaylova, Kim, Bobrysheva,
Osmolowsky, Semenov, Tsakalakos et al, 2004; Sawant, Sawant, Gultepe, Nagesha,
Papahadjopoulos-Sternberg, Sridhar et al., 2009). Among all types of magnetic nanoparticles,
iron oxides (magnetite and maghemites) are found to be more potent for analytical uses due to
their being inert and also their FDA certified biocompatibility, and low level of toxicity (Gupta &
Gupta, 2005; Yu, Jeong, Park, Park, Kim, Min et al., 2008). Although, most of the studies on the
use of magnetic nanoparticles in biosensor development, they were used as separating tools in
order to eliminate washing steps or attaching the sensing bodies on to the biosensor platform
via magnetic field, there are increasing number of studies on the use of physicochemical
properties of MNPs for sensing (Chemla, Grossman, Poon, McDermott, Stevens, Alper et al.,
2000; Mody et al., 2010; Peng, Liang, Zhang & Qiu, 2013; Zhang, Carr et al., 2009).

Published study from Trahms’s Lab in 1997 on a of superconducting quantum interference
device (SQUID)-based detection system for the interaction of biomolecules is one of the first
examples in which magnetic nanoparticles used as sensing body (Koétitz, Bunte, Weitschies &
Trahms, 1997). This label free immunosensor bases mainly on the difference in magnetic
relaxation time of magnetic nanoparticles before and after the reunion of target molecule
(antigen) and the recognition element (antiobody) which is immobilized onto particle surface
(Chemla et al., 2000; Titz, Matz, Drung, Hartwig, Gro( & Ko, 1999).

In a more recent study, Baratella, Magro, Sinigaglia, Zboril, Salviulo and Vianello (2013) used
maghemite nanoparticles attached on a carbon paste (CP) electrode as hydrogen peroxide
electro-catalyst, and reported an oxidase based reagentless glucosensor device with a sensitivity
of 45.85 nA puM™cm™, and a detection limit of 0.9 uM (Baratella et al., 2013). Same approach was
conducted by incorporating magnetic nanoparticles to an exfoliated graphene oxide sheet with
carboxyl-long-chains together with glucose oxide and poly[aniline-co-N-(1-one-butyric acid)
aniline] (SPAnH) (Yang, Tjiu, Fan & Liu, 2013). In this study, glucose (they also detected hydrogen
peroxide) was detected with sensitivity higher than that reported by Bratella et al.
(1074.6 uA mM™ cm™), however with a poorer linear detection range in mM level.
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Esseghaier and Zourob were used magnetic particles with a handy procedure in order to detect
HIV-1 protease which is essential for the HIV for the maintenance of its reproduciblity
(Esseghaier & Zourob, 2012). They fist built SEMs of peptide (HIV-1 protease substrate)
conjugated magnetic particles constructed on gold electrode. Cleavage of the protease substrate
by addition of HIV-1 protease under appropriate magnetic field, results in dissociation of the
MNPs from the sensor surface (Figure 5). That kind of dissociation leads an electrochemical and
optical signal change which is expected to be proportional to the target concentration. Authors
claimed a detection limit as low as 100 pg HIV-1 protease /mL. This strategy could have potential
with applicability to several other enzymes capable of cleaving, and can be extended to other
types of biomolecules by designing engineered bridge molecules.

One other detection approach that we come across often is Giant-magnetoresistive (GMR) type
sensors where the signal is measured due to the change in the resistivity of a material or a
structure as a function of an external magnetic field. Due to claimed high sensitivity and quick
response, GMR sensors have been utilized in many areas of science and technology including
biosensor development with increased demand on materials showing high magnetoresistance.
One of the examples of GMR sensors is the investigation of the uptake of macromolecules by
cells. In such examples, magnetic beads left to reach with the cells, which previously grown on
the biochip surface by sedimentation, and the progress of particle uptake, so that of
phagocytosis, was monitored real-time by measuring the change in signal on a biochip system
(Shoshi, Schotter, Schroeder, Milnera, Ertl, Charwat et al., 2012). In another example, Kim and
Wang reported a magneto-nanosensor biochip for fungal detection by use
of giant magnetoresistive (GMR) spin-valve sensor array in which biomarkers were successfully
detected at pictogram levels (Dokyoon & Wang, 2012). These examples can be extended to
genotyping of human hepatitis B virus (HBV), DNA and many other biomarkers (Li, Jing, Yao,
Srinivasan, Xu, Xing et al., 2009; Xu, Yu, Han, Osterfeld, White, Pourmand & Wang, 2008). In
addition to aforementioned analytical approaches, there are many other strategies aiming to
make full potential of these unique materials (eg. fluxgate sensor (Baltag & Costandache, 1997;
Ripka, 2003), Hall effect sensor (Volmer & Avram, 2013) and induction coil (Tumanski, 2007),
exc.) in analytical chemistry. However, there are still more steps to be taken for understanding
the magnetic behavior of them and finding better approaches for surface biofunctionalisation
avoiding aggregations and loss of magnetic properties.
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HIV-1 Protease
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Figure 5. Mechanism of HIV-1 protease detection by magnetic nanoparticles.
Reprinted from Esseghaier and Zourob, 2012.
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2.4. Carbon nanotubes

Carbon nanotubes (CNT) are carbon based tubular structures formed from two dimensional
graphene sheets with nanometer-size diameters and micrometer lengths (Jorio, Dresselhaus,
Dresselhaus, 2008). They hold excellent mechanical stiffness and chemical stability. Although,
their history goes back to early 50s, CNTs became popular and noticed by scientific community
after the paper published by Sumio lijima in 1991 (lijima, 1991). There are several techniques for
the synthesis of carbon nanotubes with well-defined structure and dimensions (Dresselhaus,
Dresselhaus & Avouris, 2001; Ren, 2007; Shanov, Yun & Schulz, 2006) as well as wall number
(single wall, multi wall ext.) but demands on greener and facile synthesis methodologies are
uprising. Since the first report focused on the catalytically properties of CNTs and their possible
potential as biosensor element published in 1996 to present day, over 2000 articles and reviews
were published according to Science Direct records in which over thousands of them were
published in the last 5 years. This increased urge to the subject is due to their extraordinary
mechanical features and conductivity in addition to their highly reactive surface with possibility
to be functionalized with any molecule, making them ideal tools for the development of
nanoelectronic devices, circuits and sensors (Balasubramanian & Burghard, 2006; Dresselhaus et
al., 2001; Putzbach & Ronkainen, 2013). The surface functionalization of the CNTs with bacteria,
aptamer, DNA, polymers, enzymes, metal nanoparticles and cells were demonstrated and used
as multifunctional sensor platforms in Lab-on-Chip technologies (Bareket-Keren & Hanein, 2012;
Chiariello, Miano & Maffucci, 2009; Choong, Milne & Teo, 2008; Yantzi & Yeow, 2005). Rius
group published an aptosensor where they used high-affinity RNA aptamer that specifically binds
to type IVB pili of Salmonella Typhi as recognition element (Zelada-Guillén, Riu, Diizgiin & Rius,
2009). They immobilized aptamer onto the carbon nanotube, which horizontally attached to
glassy carbon electrode through TI-IT stacking (Figure 6c). By detecting the charge changes due
to a conformation change of aptamer as a result of its interaction with bacteria, they reported
the possibility to detect extremely low concentrations of bacteria without cross reaction with
other types of bacteria. A close strategy using glycosylated single walled CNTs (Figure 6c) was
used to direct detection of secreted metabolites and biomolecules from cells (Sudibya, Ma,
Dong, Ng, Li, Liu et al., 2009). These noninvasive methodologies for cell based detection can be
extended to several other examples, such as genetic material, propteins, enzymes, aminoacids,
cell proliferation, cancer biomarkers and viruses (Boero, Olivo,Carrara & De Micheli, 2012; Han,
Doepke, Cho, Likodimos, de la Cruz, Back et al., 2013; Koehne et al., 2004; Lata, Batra, Kumar &
Pundir, 2013; Merkogi, 2009; Pandiaraj, Madasamy, Gollavilli, Balamurugan, Kotamraju, Rao et
al., 2013; Yang et al., 2013; Zhang, Guo et al., 2009).
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Figure 6. An assortment of different approaches for employing carbon nanotube as a part of biosensor for
detection of various targets: a) Multiwalled-Carbon-Nanotube-Based biosensor for monitoring
microcystin-LR in drinking water supplies (Han et al., 2013), b) aptamer based detection of bacteria on
carbon nanotube embedded electrode (Zelada-Guillén et al., 2009), c) real time analysis of dynamic
secretion from cells (Sudibya et al., 2009), and d) Neuro-gliacortical cell culture from embryonic rats grown
on a carbon nanotube microelectrode array (Bareket-Keren & Hanein, 2012).

There are other approaches in which the shape of the CNTs comes forward. The 2D and 3D
assembly of these high aspect ratio structures hollow inside, results in enormous high surface
areas tasking account both the exterior and interior which allows not only immobilization of
bioactive molecules on each CNTs but also forming highly catalytic surface allowing direct
electron flow (Gomez-Gualdron, Burgos & Balbuena, 2011; Yang, Thordarson, Gooding, Ringer &
Braet, 2010). AMES Research Center, NASA, researchers reported a label free DNA microchip
built up of vertically aligned multiwalled carbon nanotubes (MWCNTs) by wafer-scale plasma
enhanced chemical vapor deposition (PECVD) method (Koehne et al., 2004). The probe
molecules (antibody, nucleic acids vs.) were attached to the tips of MWCNTs and analyte
concentration was directly measured from oxidized guanine signal with several fold higher
sensitivity, low detection limit and with multiplex property.

High aspect ratio CNTs also found a lot of use in the formation of composites where they have
been employed for the growth of various kinds of metal and metal oxide coated or decorated
nanotube structures and composites (Ajayan, Stephan, Redlich & Colliex, 1995; Chastel, Flahaut,
Peigney & Rousset, 2000; Chen, Hu, Shao, Li & Wang, 2009; Harris, 2004). These catalytically or
optically activated sensor surfaces demonstrated high sensitivity and selectivity for the label free
detection of biomolecules. (Baro, Nayak, Baby & Ramaprabhu, 2013; Jiang et al., 2011; Kumar,
Mehdipour & Ostrikov, 2013)
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Despite their huge potentials in sensor technology, the non-ideal (or even cytotoxic) interface
between CNTs and the living cells, asbestos like pathogenicity, limits their application to
biological systems and wider use (Ali-Boucetta, Nunes, Sainz, Herrero, Tian, Prato et al., 2013;
Osmond-McLeod, Poland, Murphy, Waddington, Morris, Hawkins et al., 2011; Poland, Duffin,
Kinloch, Maynard, Wallace, Seaton et al., 2008), thus, new coating materials and strategies in
order to overcome biocompatibility issues as well as new synthesis techniques to increase
deposition homogeneity and to make the in situ nanotube growth easier are strongly required.

3. Conclusions and Future Aspects

Today scientists are capable of developing sensing systems to detect biomarkers, essential
proteins, genetic material, and so on, with the help of nanotechnology. Nanotechnology holds a
great potential for imaging, diagnosis and therapy, where different nanostructures from
different material could be used as labels, signal enhancers, catalyst and as tools to build sensor
platforms. The final aim is to obtain efficient techniques for improved real-time molecular
imaging, monitoring drug trafficking, as well as development of Lab-on-a-Chip devices capable of
detecting diseases and report real-time. Although, still the use of them in clinical requires
extensive effort, there are several ongoing projects worldwide aiming to understand the basis of
nanoworld. The forthcoming years would see their potential applications in building Lab-on-Chip
system for home-based point-of-care diagnosis. However, how much harmful are those
nanoparticles and nanostructures to the living organisms and environment is still a major
qguestion to be concerned and should be resolved before they engaged to in bio-related areas.

References

Ajayan, P.M., Stephan, O., Redlich, P., & Colliex, C. (1995). Carbon Nanotubes as Removable
Templates for Metal-Oxide Nanocomposites and Nanostructures. Nature, 375(6532), 564-567.
http://dx.doi.org/10.1038/375564a0

Algar, W.R., Malanoski, A.P., Susumu, K., Stewart, M.H., Hildebrandt, N., & Medintz, I.L. (2012).
Multiplexed Tracking of Protease Activity Using a Single Color of Quantum Dot Vector and a
Time-Gated Foérster Resonance Energy Transfer Relay. Analytical chemistry, 84(22), 10136-
10146. http://www.ncbi.nlm.nih.gov/pubmed/23128345 (Last access date: January 2014).
http://dx.doi.org/10.1021/ac3028068

Ali-Boucetta, H., Nunes, A., Sainz, R., Herrero, M.A., Tian, B., Prato, M., et al. (2013). Asbestos-
like pathogenicity of long carbon nanotubes alleviated by chemical functionalization.
Angewandte Chemie, 52(8), 2274-2278. http://www.ncbi.nim.nih.gov/pubmed/23319294 (Last
access date: June 2013).

Alvarez-Puebla, R.A., Zubarev, E.R., Kotov, N.A., & Liz-Marzan, L.M. (2012). Self-assembled
nanorod supercrystals for ultrasensitive SERS diagnostics. Nano Today, 7(1), 6-9.
http://linkinghub.elsevier.com/retrieve/pii/S1748013211001332 (Last access date: June 2013).
http://dx.doi.org/10.1016/j.nantod.2011.11.001

27


http://dx.doi.org/10.1016/j.nantod.2011.11.001
http://linkinghub.elsevier.com/retrieve/pii/S1748013211001332
http://www.ncbi.nlm.nih.gov/pubmed/23319294
http://dx.doi.org/10.1021/ac3028068
http://www.ncbi.nlm.nih.gov/pubmed/23128345
http://dx.doi.org/10.1038/375564a0

R. Genc

Alwi, R., Telenkov, S., Mandelis, A., Leshuk, T., Gu, F., Oladepo, S., et al. (2012). Silica-coated
super paramagnetic iron oxide nanoparticles (SPION) as biocompatible contrast agent in
biomedical photoacoustics. Biomedical Optics Express, 3(10), 2500-25009.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3470002&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1364/BOE.3.002500

Amna, T., Van Ba, H., Vaseem, M., Hassan, M.S., Khil, M.S., Hahn, Y.B., et al. (2013). Apoptosis
induced by copper oxide quantum dots in cultured C2C12 cells via caspase 3 and caspase 7: a
study on cytotoxicity assessment. Applied Microbiology and Biotechnology, 97(12), 5545-5553.
http://www.ncbi.nlm.nih.gov/pubmed/23467821 (Last access date: June 2013).
http://dx.doi.org/10.1007/s00253-013-4724-1

Ankri, R., Peretz, V., Motiei, M., Popovtzer, R., & Fixler, D. (2012). A new method for cancer
detection based on diffusion reflection measurements of targeted gold nanorods. International
Journal of Nanomedicine, 7, 449-455. http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3273979&tool=pmcentrez&rendertype=abstract

Asokan, S., Krueger, K.M., Alkhawaldeh, A., Carreon, A.R., Mu, Z., Colvin V.L., et al. (2005). The
use of heat transfer fluids in the synthesis of high-quality CdSe quantum dots, core/shell
quantum dots, and quantum rods. Nanotechnology, 16(10), 2000-2011. http://stacks.iop.org/0957-
4484/16/i=10/a=004?key=crossref.df474413a7fa832dc1e25fd8996d4182 http://dx.doi.org/10.1088/0957-
4484/16/10/004

Balasubramanian, K., & Burghard, M. (2006). Biosensors based on carbon nanotubes. Analytical
and Bioanalytical Chemistry, 385(3), 452-468. http://www.ncbi.nlm.nih.gov/pubmed/16568294
(Last access date: May 2013). http://dx.doi.org/10.1007/s00216-006-0314-8

Baltag, 0., & Costandache, D. (1997). Sensor with ferrofluid for magnetic measurements.
Proceedings of 20th Biennial Conference on Precision Electromagnetic Measurements, 46(2),
629-631. http://ieeexplore.ieee.org/Ipdocs/epic03/wrapper.htm?arnumber=571941

Bang, J.H., & Kamat, P.V. (2009). Quantum dot sensitized solar cells. A tale of two semiconductor
nanocrystals: CdSe and CdTe. ACS Nano, 3(6), 1467-1476.
http://www.ncbi.nlm.nih.gov/pubmed/19435373 http://dx.doi.org/10.1021/nn900324q

Baratella, D., Magro, M., Sinigaglia, G., Zboril, R., Salviulo, G., & Vianello, F. (2013). A glucose
biosensor based on surface active maghemite nanoparticles. Biosensors Bioelectronics, 45,
13-18. http://www.ncbi.nlm.nih.gov/pubmed/23454337 nhttp://dx.doi.org/10.1016/j.bios.2013.01.043

Bareket-Keren, L., & Hanein, Y. (2012). Carbon nanotube-based multi electrode arrays for
neuronal interfacing: progress and prospects. Frontiers in Neural Circuits, 6(January), 122.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3540767&tool=pmcentrez&rendertype=abstract (Last access date: May 2013).

28


http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3540767&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3540767&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1016/j.bios.2013.01.043
http://www.ncbi.nlm.nih.gov/pubmed/23454337
http://dx.doi.org/10.1021/nn900324q
http://www.ncbi.nlm.nih.gov/pubmed/19435373
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=571941
http://dx.doi.org/10.1007/s00216-006-0314-8
http://www.ncbi.nlm.nih.gov/pubmed/16568294
http://dx.doi.org/10.1088/0957-4484/16/10/004
http://dx.doi.org/10.1088/0957-4484/16/10/004
http://stacks.iop.org/0957-4484/16/i=10/a=004?key=crossref.df474413a7fa832dc1e25fd8996d4182
http://stacks.iop.org/0957-4484/16/i=10/a=004?key=crossref.df474413a7fa832dc1e25fd8996d4182
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3273979&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3273979&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1007/s00253-013-4724-1
http://www.ncbi.nlm.nih.gov/pubmed/23467821
http://dx.doi.org/10.1364/BOE.3.002500
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3470002&tool=pmcentrez&rendertype=abstract

Biosensors: Recent Advances and Mathematical Challenges

Baro, M., Nayak, P., Baby, T.T., & Ramaprabhu, S. (2013). Green approach for the large-scale
synthesis of metal/metal oxide nanoparticle decorated multiwalled carbon nanotubes. Journal
of Materials Chemistry A, 1(3), 482. http://xlink.rsc.org/?DOI=c2ta00483f (Last access date: June
2013). http://dx.doi.org/10.1039/c2ta00483f

Beqa, L., Singh, A.K.,, Fan, Z., Senapati, D., & Ray, P.C. (2011). Chemically attached gold
nanoparticle-carbon nanotube hybrids for highly sensitive SERS substrate. Chemical Physics
Letters, 512(4-6), 237-242. http://linkinghub.elsevier.com/retrieve/pii/S0009261411008530 (Last
access date: June 2013). http://dx.doi.org/10.1016/j.cplett.2011.07.037

Boero, C., Olivo, J., Carrara, S., & De Micheli, G. (2012). A Self-Contained System With CNTs-
Based Biosensors for Cell Culture Monitoring. IEEE Journal on Emerging and Selected Topics in
Circuits and Systems, 2(4), 658-671. http://ieeexplore.ieee.org/Ipdocs/epic03/wrapper.htm?
arnumber=6365265 http://dx.doi.org/10.1109/JETCAS.2012.2223592

Burda, C., Chen, X., Narayanan, R., & El-Sayed, M.A. (2005). Chemistry and properties of
nanocrystals of different shapes. Chemical Reviews, 105, 1025-1102.
http://www.ncbi.nlm.nih.gov/pubmed/15826010 http://dx.doi.org/10.1021/cr030063a

Byun, K.M. (2010). Development of Nanostructured Plasmonic Substrates for Enhanced Optical
Biosensing. Journal of the Op ttal  Society of Koreaq, 14(2), 65-76.
http://koreascience.or.kr/journal/view.jsp?kj=E10SAB&py=2010&vnc=v14n28&sp=65 (Last
access date: June 2013). http://dx.doi.org/10.3807/J0SK.2010.14.2.065

Chastel, F., Flahaut, E., Peigney, A., & Rousset, A. (2000). Carbon nanotube-metal-oxide
nanocomposites : microstructure, electrical conductivity and mechanical properties. Acta
Materialia, 48(14), 3803-3812. http://linkinghub.elsevier.com/retrieve/pii/S1359645400001476
http://dx.doi.org/10.1016/51359-6454(00)00147-6

Chemla, Y.R., Grossman, H.L., Poon, Y., McDermott, R., Stevens, R., Alper, M.D., et al. (2000).
Ultrasensitive magnetic biosensor for homogeneous immunoassay. Proceedings of the National
Academy of Sciences of the United States of America, 97(26), 14268-14272.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=18907&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1073/pnas.97.26.14268

Chen, C., Hu, J., Shao, D, Li, J., & Wang, X. (2009). Adsorption behavior of multiwall carbon
nanotube/iron oxide magnetic composites for Ni(ll) and Sr(ll). Journal of Hazardous Materials,
164(2-3), 923-928. http://www.ncbi.nlm.nih.gov/pubmed/18842337
http://dx.doi.org/10.1016/j.jhazmat.2008.08.089

Cheng, H.W., Huan, S.Y., & Yu, R.Q. (2012). Nanoparticle-based substrates for surface-enhanced
Raman scattering detection of bacterial spores. The Analyst, 137(16), 3601-3608.
http://www.ncbi.nlm.nih.gov/pubmed/22745931 http://dx.doi.org/10.1039/c2an35448a

29


http://dx.doi.org/10.1039/c2an35448a
http://www.ncbi.nlm.nih.gov/pubmed/22745931
http://dx.doi.org/10.1016/j.jhazmat.2008.08.089
http://www.ncbi.nlm.nih.gov/pubmed/18842337
http://dx.doi.org/10.1073/pnas.97.26.14268
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=18907&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1016/S1359-6454(00)00147-6
http://linkinghub.elsevier.com/retrieve/pii/S1359645400001476
http://dx.doi.org/10.3807/JOSK.2010.14.2.065
http://koreascience.or.kr/journal/view.jsp?kj=E1OSAB&py=2010&vnc=v14n2&sp=65
http://dx.doi.org/10.1021/cr030063a
http://www.ncbi.nlm.nih.gov/pubmed/15826010
http://dx.doi.org/10.1109/JETCAS.2012.2223592
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6365265
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6365265
http://dx.doi.org/10.1016/j.cplett.2011.07.037
http://linkinghub.elsevier.com/retrieve/pii/S0009261411008530
http://dx.doi.org/10.1039/c2ta00483f
http://xlink.rsc.org/?DOI=c2ta00483f

R. Genc

Chiariello, A.G., Miano, G., & Maffucci, A. (2009). Carbon nanotube bundles as nanoscale chip to
package interconnects. 9th IEEE Conference on Nanotechnology. IEEE-NANO 2009, 8, 58-61.
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=5394569

Choi, Y., Ho, N.H., & Tung, C.H. (2007). Sensing phosphatase activity by using gold nanoparticles.
Angewandte Chemie (Interna tonal ed. in English), 46(5), 707-709.
http://www.ncbi.nlm.nih.gov/pubmed/17143915 (Last access date: May 2013).
http://dx.doi.org/10.1002/anie.200603735

Choong, C.L., Milne, W.I., & Teo, K.B. (2008). Review: carbon nanotube for microfluidic lab-on-a-
chip application. International Journal of Material Forming, 1(2), 117-125.
http://www.springerlink.com/index/10.1007/s12289-008-0379-3 http://dx.doi.org/10.1007/512289-
008-0379-3

Costa, M.M.D., De la Escosura-Muiiiz, A., & Merkogi, A. (2010). Electrochemical quantification of
gold nanoparticles based on their catalytic properties toward hydrogen formation: Application in
magnetoimmunoassays. Electrochemistry Communications, 12(11), 1501-1504.
http://linkinghub.elsevier.com/retrieve/pii/51388248110003644 (Last access date: June 2013).
http://dx.doi.org/10.1016/j.elecom.2010.08.018

D’Agata, R., & Spoto, G. (2013). Surface plasmon resonance imaging for nucleic acid detection.
Analy ttal and Bioanalytical Chemistry, 405(2-3), 573-584.
http://www.ncbi.nlm.nih.gov/pubmed/23187826  (Last  access date: June  2013).
http://dx.doi.org/10.1007/s00216-012-6563-9

Dabbousi, B.O., Rodriguez-Viejo, J., Mikulec, F.V., Heine, J.R., Mattoussi, H., Ober, R., et al.
(1997). (CdSe)ZnS Core-Shell Quantum Dots: Synthesis and Characterization of a Size Series of
Highly Luminescent Nanocrystallites. The Journal of Physical Chemistry B, 101(46), 9463-9475.
http://pubs.acs.org/doi/abs/10.1021/jp971091y http://dx.doi.org/10.1021/jp971091y

Dahnovsky, Y.1., Krevchik, V.D., Semenov, M.B., Yamamoto, K., Zhukovsky, V.C., Aringazin, A.K.,
et al. (2005). Dissipative tunneling in structures with quantum dots and quantum molecules.
Physics, 18. http://arxiv.org/abs/cond-mat/0509119

De La Escosura-Muiiiz, A., & Merkogi, A. (2011). A nanochannel/nanoparticle-based filtering and
sensing platform for direct detection of a cancer biomarker in blood. Small Weinheim an der
Bergstrasse  Germany, 7(5), 675-682. http://www.ncbi.nlm.nih.gov/pubmed/21294272
http://dx.doi.org/10.1002/smll.201002349

Dokyoon, K., & Wang, S.X. (2012). A Magneto-Nanosensor Immunoassay for Sensitive Detection
of Aspergillus Fumigatus Allergen. IEEE Transactions on Magnetics, 48(11), 3266-3268.
http://dx.doi.org/10.1109/TMAG.2012.2195163

30


http://dx.doi.org/10.1109/TMAG.2012.2195163
http://dx.doi.org/10.1002/smll.201002349
http://www.ncbi.nlm.nih.gov/pubmed/21294272
http://arxiv.org/abs/cond-mat/0509119
http://dx.doi.org/10.1021/jp971091y
http://pubs.acs.org/doi/abs/10.1021/jp971091y
http://dx.doi.org/10.1007/s00216-012-6563-9
http://www.ncbi.nlm.nih.gov/pubmed/23187826
http://dx.doi.org/10.1016/j.elecom.2010.08.018
http://linkinghub.elsevier.com/retrieve/pii/S1388248110003644
http://dx.doi.org/10.1007/s12289-008-0379-3
http://dx.doi.org/10.1007/s12289-008-0379-3
http://www.springerlink.com/index/10.1007/s12289-008-0379-3
http://dx.doi.org/10.1002/anie.200603735
http://www.ncbi.nlm.nih.gov/pubmed/17143915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=5394569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=5394569

Biosensors: Recent Advances and Mathematical Challenges

Dresselhaus, M.S., Dresselhaus, G., & Avouris, P. (2001). Carbon nanotubes: synthesis, structure,
properties, and applications. 1 Journal of Physical Chemistry, 6-53. Dresselhaus, M.S.
Dresselhaus, G, &  Avouris, P (Eds.). Springer. http://books.google.com/books?
hl=en&amp;lr=&amp;id=dkvDhZJnafgC&amp;oi=fnd&amp;pg=PA1&amp;dg=Carbon+Nanotubes+Synthesis,+Structure,
+Properties,+and+Applications&amp;ots=G4yz0oZmDu&amp;sig=mBJEM2H2cSiGIGkUX_apROjiHNs

Esseghaier, C., Ng, A., & Zourob, M. (2012). A novel assay for rapid HIV-1 protease detection
using optical sensors and magnetic carriers. Photonics North 2012, International Society for
Optics and Photonics, 841209-841209-6.
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1387269 (Last access date:
June 2013).

Fang, J., Liu. S., & Li, Z. (2011). Polyhedral silver mesocages for single particle surface-enhanced
Raman sca ttering-based biosensor. Biomaterials, 32(21), 4877-4884.
http://www.ncbi.nlm.nih.gov/pubmed/21492933  (Last  access date: June  2013).
http://dx.doi.org/10.1016/j.biomaterials.2011.03.029

Floris, A., Ardu, A., Musinu, A., Piccaluga, G., Fadda, A.M., Sinico, C. et al. (2011).
SPION@liposomes hybrid nanoarchitectures with high density SPION association. Soft Matter,
7(13), 6239-6247. http://dx.doi.org/10.1039/c1sm05059a

Frantsuzov, P.A., & Marcus, R.A. (2005). Explanation of quantum dot blinking without long-lived
trap hypothesis. Physical Review B, 72(15), 1-10. http://arxiv.org/abs/cond-mat/0505604
http://dx.doi.org/10.1103/PhysRevB.72.155321

Gao, Y., Lam, A.W., & Chan, W.C. (2013). Automating Quantum Dot Barcode Assays Using
Microfluidics and Magnetism for the Development of a Point-of-Care Device. ACS Applied
Materials & Interfaces, 5(8), 2853-2860. http://www.ncbi.nlm.nih.gov/pubmed/23438061
http://dx.doi.org/10.1021/am302633h

Geng, R., Ortiz, M., & O’Sullivan, C.K. (2009). Curvature-Tuned Preparation of Nanoliposomes.
Langmuir, 25(21), 12604-12613. http://www.ncbi.nlm.nih.gov/pubmed/19856992
http://dx.doi.org/10.1021/1a90178%h

Goldhawk, D.E., Rohani, R., Sengupta, A., Gelman, N., & Prato, F.S. (2012). Using the
magnetosome to model effective gene-based contrast for magnetic resonance imaging. Wiley
Interdisciplinary ~ Reviews  Nanomedicine and  nanobiotechnology, 4(4), 378-388.
http://www.ncbi.nlm.nih.gov/pubmed/22407727 http://dx.doi.org/10.1002/wnan.1165

Gomez-Gualdron, D.A., Burgos, J.C., Yu, J., & Balbuena, P.B. (2011). Carbon Nanotubes:
Engineering Biomedical Applications. Progress in Molecular Biology and Translational Science,
104, 175-245. http://dx.doi.org/10.1016/B978-0-12-416020-0.00005-X

Guerrini, L., & Graham, D. (2012). Molecularly-mediated assemblies of plasmonic nanoparticles
for Surface-Enhanced Raman Spectroscopy applications. Chemical Society Reviews, 41(21),
7085-7107. http://www.ncbi.nlm.nih.gov/pubmed/22833008 (Last access date: June 2013).

31


http://www.ncbi.nlm.nih.gov/pubmed/22833008
http://dx.doi.org/10.1016/B978-0-12-416020-0.00005-X
http://dx.doi.org/10.1002/wnan.1165
http://www.ncbi.nlm.nih.gov/pubmed/22407727
http://dx.doi.org/10.1021/la901789h
http://www.ncbi.nlm.nih.gov/pubmed/19856992
http://dx.doi.org/10.1021/am302633h
http://www.ncbi.nlm.nih.gov/pubmed/23438061
http://dx.doi.org/10.1103/PhysRevB.72.155321
http://arxiv.org/abs/cond-mat/0505604
http://dx.doi.org/10.1039/c1sm05059a
http://dx.doi.org/10.1016/j.biomaterials.2011.03.029
http://www.ncbi.nlm.nih.gov/pubmed/21492933
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1387269
http://books.google.com/books?hl=en&amp;lr=&amp;id=dkvDhZJnafgC&amp;oi=fnd&amp;pg=PA1&amp;dq=Carbon+Nanotubes+Synthesis,+Structure,+Properties,+and+Applications&amp;ots=G4yzOoZmDu&amp;sig=mBJEM2H2cSiG9GkUX_apROjiHNs
http://books.google.com/books?hl=en&amp;lr=&amp;id=dkvDhZJnafgC&amp;oi=fnd&amp;pg=PA1&amp;dq=Carbon+Nanotubes+Synthesis,+Structure,+Properties,+and+Applications&amp;ots=G4yzOoZmDu&amp;sig=mBJEM2H2cSiG9GkUX_apROjiHNs
http://books.google.com/books?hl=en&amp;lr=&amp;id=dkvDhZJnafgC&amp;oi=fnd&amp;pg=PA1&amp;dq=Carbon+Nanotubes+Synthesis,+Structure,+Properties,+and+Applications&amp;ots=G4yzOoZmDu&amp;sig=mBJEM2H2cSiG9GkUX_apROjiHNs

R. Genc

Gunawidjaja, R., Kharlampieva, E., Choi, I., & Tsukruk, V.V. (2009). Bimetallic Nanostructures as
Active Raman Markers: Gold-Nanoparticle Assembly on 1D and 2D Silver Nanostructure
Surfaces. Materials Science, (21), 2460-2466.

Guo, S., & Wang, E. (2007). Synthesis and electrochemical applications of gold nanoparticles.
Analytica Chimica Acta, 598(2), 181-192. http://www.ncbi.nlm.nih.gov/pubmed/17719891 (Last
access date: May 2013). http://dx.doi.org/10.1016/j.aca.2007.07.054

Gupta, A.K., & Gupta, M. (2005). Synthesis and surface engineering of iron oxide nanoparticles
for biomedical applica tons. Biomaterials, 26(18), 3995-4021.
http://www.ncbi.nlm.nih.gov/pubmed/15626447 (Last access date: March  2012).
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012

Han, C., Doepke, A., Cho, W., Likodimos, V., de la Cruz, A.A., Back, T., et al. (2013). A Multiwalled-
Carbon-Nanotube-Based Biosensor for Monitoring Microcystin-LR in Sources of Drinking Water
Supplies. Advanced Func tbnal Materials, 23(14), 1807-1816.
http://doi.wiley.com/10.1002/adfm.201201920 (Last access date: June 2013).
http://dx.doi.org/10.1002/adfm.201201920

Harris, P.J.F. (2004). Carbon nanotube comp05|tes lnternat'lona/ Materials Reviews, 49(1), 31-43.

http://dx.doi.org/10.1179/095066004225010505

Hartgerink, J.D., Beniash, E., & Stupp, S.I. (2001). Self-Assembly and Mineralization of
Peptide-Amphiphile Nanofibers. Science, 1684. http://dx.doi.org/10.1126/science.1063187

Hill, H.D., & Mirkin, C.A. (2006). The bio-barcode assay for the detection of protein and nucleic
acid targets using DTT-induced ligand exchange. Nature Protocols, 1(1), 324-336.
http://www.ncbi.nIm.nih.gov/pubmed/17406253 http://dx.doi.org/10.1038/nprot.2006.51

Himmelhaus, M., & Takei, H. (2000). Cap-shaped gold nanoparticles for an optical biosensor.
Sensors and Actuators B: Chemical, 63(1-2), 24-30.

http://linkinghub.elsevier.com/retrieve/pii/S0925400599003937 http://dx.doi.org/10.1016/S0925-
4005(99)00393-7

lijima, S. (1991). Helical microtubules of graphitic carbon. Nature, 354(6348), 56-58.
http://www.nature.com/doifinder/10.1038/354056a0 http://dx.doi.org/10.1038/354056a0

Jiang, W.F., Zhang, Y.F., Wang, Y.S., Xu, L., & Li, S.J. (2011). SERS activity of Au nanoparticles
coated on an array of carbon nanotube nested into silicon nanoporous pillar. Applied Surface
Science, 258(5), 1662-1665. http://linkinghub.elsevier.com/retrieve/pii/S0169433211015170
(Last access date: June 2013). http://dx.doi.org/10.1016/j.apsusc.2011.09.114

Jianrong, C., Yuqging, M., Nongyue, H., Xiaohua, W., & Sijiao, L. (2004). Nanotechnology and
biosensors. Biotechnology Advances, 22(7), 505-518.
http://www.ncbi.nlm.nih.gov/pubmed/15262314 (Last access date: May 2013).
http://dx.doi.org/10.1016/j.biotechadv.2004.03.004

32


http://dx.doi.org/10.1016/j.biotechadv.2004.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15262314
http://dx.doi.org/10.1016/j.apsusc.2011.09.114
http://linkinghub.elsevier.com/retrieve/pii/S0169433211015170
http://dx.doi.org/10.1038/354056a0
http://www.nature.com/doifinder/10.1038/354056a0
http://dx.doi.org/10.1016/S0925-4005(99)00393-7
http://dx.doi.org/10.1016/S0925-4005(99)00393-7
http://linkinghub.elsevier.com/retrieve/pii/S0925400599003937
http://dx.doi.org/10.1038/nprot.2006.51
http://www.ncbi.nlm.nih.gov/pubmed/17406253
http://dx.doi.org/10.1126/science.1063187
http://dx.doi.org/10.1179/095066004225010505
http://www.ingentaselect.com/rpsv/cgi-bin/cgi?ini=xref&body=linker&reqdoi=10.1179/095066004225010505
http://dx.doi.org/10.1002/adfm.201201920
http://doi.wiley.com/10.1002/adfm.201201920
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15626447
http://dx.doi.org/10.1016/j.aca.2007.07.054
http://www.ncbi.nlm.nih.gov/pubmed/17719891

Biosensors: Recent Advances and Mathematical Challenges

Jorio, A.; Dresselhaus, G., & Dresselhaus, M.S. (Eds.). (2008). Carbon Nanotubes: Advanced
Topics in the Synthesis, Structure, Properties and Applications, 111. Springer Netherlands.

Kattumenu, R., Lee, C.H., Tian, L., McConney, M.E., & Singamaneni, S. (2011). Nanorod decorated
nanowires as highly efficient SERS-active hybrids. Journal of Materials Chemistry, 21(39), 15218.
http://xlink.rsc.org/?DOl=c1jm12426a (Last access date: June 2013).
http://dx.doi.org/10.1039/c1jm12426a

Khoury, C.G., & Vo-Dinh, T. (2008). Gold Nanostars For Surface-Enhanced Raman Scattering :
Synthesis, Characterization and Optimization. Growth (Lakeland), 18849-18859.

Kim, D.K., Mikhaylova, M., Wang, F.H., Kehr, J, Bjelke, B., Zhang, Y., et al. (2003). Starch-coated
superparamagnetic nanoparticles as MR contrast agents. Chemistry of Materials, 15(23),
4343-4351. http://pubs.acs.org/doi/abs/10.1021/cm031104m http://dx.doi.org/10.1021/cm031104m

Kim, D.K., Yoo, S.M., Park, T.J., Yoshikawa, H., Tamiya, E., Park, J.Y., et al. (2011). Plasmonic
Properties of the Multispot Copper-Capped Nanoparticle Array Chip and Its Application to
Optical Biosensors for Pathogen Detection of Multiplex DNAs. Anal. Chem., 83(16), 6215-6222.
http://www.ncbi.nlm.nih.gov/pubmed/21714496. http://dx.doi.org/10.1021/ac2007762

Kim, J.H., Hiraiwa, M., Lee, H.B.,, & Lee, K.H. (2013). Electrolyte-free amperomettric
immunosensor using a dendritic nano tip. RSC  Advances, 3 4281-4287.
http://dx.doi.org/10.1039/c3ra40262b

Kneipp, J., Kneipp, H., MclLaughlin, M., Brown, D., & Kneipp, K. (2006). In vivo molecular probing
of cellular compartments with gold nanoparticles and nanoaggregates. Nano Letters, 6(10),
2225-2231. http://www.ncbi.nlm.nih.gov/pubmed/17034088 http://dx.doi.org/10.1021/nl061517x

Knight, V.B., & Serrano, E.E. (2006). Tissue and Species Differences in the Application of
Quantum Dots as Probes for Biomolecular Targets in the Inner Ear and Kidney. IEEE Transactions
on  NanoBioscience,  5(4), 251-262. http://www.ncbi.nIlm.nih.gov/pubmed/17181024
http://dx.doi.org/10.1109/TNB.2006.886551

Koehne, J.E., Chen, H., Cassell, A.M., Ye, Q., Han, J., Meyyappan, M., et al. (2004). Miniaturized
multiplex label-free electronic chip for rapid nucleic acid analysis based on carbon nanotube
nanoelectrode arrays. Clinical Chemistry, 50(10), 1886-1893.
http://www.ncbi.nlm.nih.gov/pubmed/15319319  (Last  access date: June  2013).
http://dx.doi.org/10.1373/clinchem.2004.036285

Kotitz, R., Bunte, T., Weitschies, W., & Trahms, L. (1997). Superconducting quantum interference
device-based magnetic nanoparticle relaxation measurement as a novel tool for the binding
specific detection of biological binding reactions. Journal of Applied Physics, 81(8), 4317.
http://dx.doi.org/10.1063/1.364754

33


http://dx.doi.org/10.1063/1.364754
http://dx.doi.org/10.1373/clinchem.2004.036285
http://www.ncbi.nlm.nih.gov/pubmed/15319319
http://dx.doi.org/10.1109/TNB.2006.886551
http://www.ncbi.nlm.nih.gov/pubmed/17181024
http://dx.doi.org/10.1021/nl061517x
http://www.ncbi.nlm.nih.gov/pubmed/17034088
http://dx.doi.org/10.1039/c3ra40262b
http://dx.doi.org/10.1021/ac2007762
http://www.ncbi.nlm.nih.gov/pubmed/21714496
http://dx.doi.org/10.1021/cm031104m
http://pubs.acs.org/doi/abs/10.1021/cm031104m
http://dx.doi.org/10.1039/c1jm12426a
http://xlink.rsc.org/?DOI=c1jm12426a

R. Genc

Kumar, S., Mehdipour, H., & Ostrikov, K. K. (2013). Plasma-enabled graded nanotube biosensing
arrays on a Si nanodevice platform: catalyst-free integration and in situ detection of nucleation
events. Advanced Materials (Deer feld Beach, Fla.), 25(1), 69-74.
http://www.ncbi.nlm.nih.gov/pubmed/23108975  (Last  access date: June  2013).
http://dx.doi.org/10.1002/adma.201203163

Lata, S., Batra, B., Kumar, P., & Pundir, C.S. (2013). Construction of an amperometric d-amino
acid biosensor based on d-amino acid oxidase/carboxylated mutliwalled carbon
nanotube/copper nanoparticles/polyalinine modified gold electrode. Analytical Biochemistry,
437(1), 1-9. http://www.ncbi.nlm.nih.gov/pubmed/23399389 (Last access date: May 2013).
http://dx.doi.org/10.1016/j.ab.2013.01.030

Lee, S.H., Sung, J.H., & Park, T.H. (2011). Nanomaterial-Based Biosensor as an Emerging Tool for
Biomedical Applications. Annals of Biomedical Engineering, 40(6), 1384-1397.
http://www.ncbi.nlm.nih.gov/pubmed/22065202 http://dx.doi.org/10.1007/s10439-011-0457-4

Lee, S.F., & Osborne, M.A. (2009). Brightening, Blinking, Bluing and Bleaching in the Life of a
Quantum Dot: Friend or Foe?. Chemphyschem A European Journal Of Chemical Physics And
Physical Chemistry, 10(13), 2174-2191. http://dx.doi.org/10.1002/cphc.200900200

Li, T., Hu, W., & Zhu, D. (2010). Nanogap electrodes. Advanced materials Deerfield Beach Fla,
22(2), 286-300. http://www.ncbi.nim.nih.gov/pubmed/20217688
http://dx.doi.org/10.1002/adma.200900864

Li, Y., Jing, Y., Yao, X, Srinivasan, B., Xu, Y., Xing C., et al. (2009). Biomarkers identification and
detection based on GMR sensor and sub 13 nm magnetic nanoparticles. Conference Proceedings
of the International Conference of IEEE Engineering in Medicine and Biology Society 2009,
5432-5435.

Lin, Y.C., Bai, J., & Huang, Y. (2009). Self-aligned nanolithography in a nanogap. Nano Letters,
9(6), 2234-2238. http://www.ncbi.nlm.nih.gov/pubmed/19413343
http://dx.doi.org/10.1021/nI9000597

Liu, G., Wang, J., & Lin, Y. (2006). Nanoparticle Labels/Electrochemical Immunosensor for
Detection of Biomarkers. NTSINanotech, 2, 192-195.

Lowe, S.B., Dick, J.A., Cohen, B.E., & Stevens, M.M. (2011). Multiplex Sensing of Protease and
Kinase Enzyme Activity via Orthogonal Coupling of Quantum Dot-Peptide Conjugates. ACS Nano,
6(1), 851-857. http://www.ncbi.nlm.nih.gov/pubmed/22148227 (Las access date: January 2014).
http://dx.doi.org/10.1021/nn204361s

Mahdihassan, S. (1984). Outline of the beginnings of alchemy and its antecedents. The American
Journal Of Chinese Medicine, 12(1-4), 32-42. http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=6388307
http://dx.doi.org/10.1142/S0192415X84000039

34


http://dx.doi.org/10.1142/S0192415X84000039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=6388307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=6388307
http://dx.doi.org/10.1021/nn204361s
http://www.ncbi.nlm.nih.gov/pubmed/22148227
http://dx.doi.org/10.1021/nl9000597
http://www.ncbi.nlm.nih.gov/pubmed/19413343
http://dx.doi.org/10.1002/adma.200900864
http://www.ncbi.nlm.nih.gov/pubmed/20217688
http://dx.doi.org/10.1002/cphc.200900200
http://dx.doi.org/10.1007/s10439-011-0457-4
http://www.ncbi.nlm.nih.gov/pubmed/22065202
http://dx.doi.org/10.1016/j.ab.2013.01.030
http://www.ncbi.nlm.nih.gov/pubmed/23399389
http://dx.doi.org/10.1002/adma.201203163
http://www.ncbi.nlm.nih.gov/pubmed/23108975

Biosensors: Recent Advances and Mathematical Challenges

Matsumura, Y., Yoshikata, K., Kunisaki, S.I., & Tsuchido, T. (2003). Mode of Bactericidal Action of
Silver Zeolite and Its Comparison with That of Silver Nitrate. Society, 69(7), 4278-4281.
http://aem.asm.org/content/69/7/4278.short

Merkogi, A. (Ed.) (2009). Structure Biosensing Using Nanomaterials. John Wiley & Sons, Inc.
http://doi.wiley.com/10.1002/9780470447734 nhttp://dx.doi.org/10.1002/9780470447734

Merkogi, A. (2013). Nanoparticles Based Electroanalysis in Diagnostics Applications.
Electroanalysis, 25(1), 15-27. http://doi.wiley.com/10.1002/elan.201200476 (Last access date:
June 2013). http://dx.doi.org/10.1002/elan.201200476

Michalet, X., Pinaud, F.F., Bentolila, L.A., Tsay, J.M., Doose, S., Li, J.J., et al. (2005). Quantum dots
for live cells, in vivo |mag|ng, and diagnostics. Science, 307(5709), 538-544.
i?arti (Last

access date May 2013)

Mikhaylova, M., Kim, D. K., Bobrysheva, N., Osmolowsky, M., Semenov, V., Tsakalakos, T., et al.
(2004). Superparamagnetism of magnetite nanoparticles: dependence on surface modification.
Langmuir The Acs Journal Of Surfaces And Colloids, 20(6), 2472-2477.
http://www.ncbi.nlm.nih.gov/pubmed/15835712 http://dx.doi.org/10.1021/1a035648e

Mody, V.V., Siwale, R., Singh, A., & Mody, H.R. (2010). Introduction to metallic nanoparticles.
Journal of Pharmacy and Bloallled Sciences, 2(4) 282 289.

http://dx.doi.org/10.4103/0975-7406.72127

Nam, J.M., Wise, A.R., & Groves, J.T. (2005). Colorimetric bio-barcode amplification assay for
cytokines. Analytical Chemistry, 77(21), 6985-6988.
http://www.ncbi.nlm.nih.gov/pubmed/16255599 http://dx.doi.org/10.1021/ac0513764

Omidfar, K., Khorsand, F., & Azizi, M.D. (2013). New analytical applications of gold nanoparticles
as label in antibody based sensors. Biosensors & Bioelectronics, 43, 336-347.
http://www.ncbi.nlm.nih.gov/pubmed/23356999  (Last  access date: June  2013).
http://dx.doi.org/10.1016/j.bi0s.2012.12.045

Osmond-McLeod, M.J., Poland, C.A., Murphy, F., Waddington, L., Morris, H., Hawkins, S.C., et al.
(2011). Durability and inflammogenic impact of carbon nanotubes compared with asbestos
fibres. Particle and Fibre Toxicology, 8(1), 15.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3126712&tool=pmcentrez&rendertype=abstract

http://dx.doi.org/10.1186/1743-8977-8-15

Pandiaraj, M., Madasamy, T., Gollavilli, P.N., Balamurugan, M., Kotamraju, S., Rao, V.K., et al.
(2013). Nanomaterial-based electrochemical biosensors for cytochrome c using cytochrome c
reductase. Bioelectrochemistry, 91, 1-7. http://www.ncbi.nlm.nih.gov/pubmed/23220491 (Last
access date: May 2013). http://dx.doi.org/10.1016/j.bioelechem.2012.09.004

35


http://dx.doi.org/10.1016/j.bioelechem.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23220491
http://dx.doi.org/10.1186/1743-8977-8-15
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3126712&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3126712&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1016/j.bios.2012.12.045
http://www.ncbi.nlm.nih.gov/pubmed/23356999
http://dx.doi.org/10.1021/ac0513764
http://www.ncbi.nlm.nih.gov/pubmed/16255599
http://dx.doi.org/10.4103/0975-7406.72127
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2996072&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1021/la035648e
http://www.ncbi.nlm.nih.gov/pubmed/15835712
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1201471&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1002/elan.201200476
http://doi.wiley.com/10.1002/elan.201200476
http://dx.doi.org/10.1002/9780470447734
http://doi.wiley.com/10.1002/9780470447734
http://aem.asm.org/content/69/7/4278.short

R. Genc

Patolsky, F., Weizmann, Y., Lioubashevski, O., & Willner, I. (2002). Au-Nanoparticle Nanowires
Based on DNA and polylysine templates. Angerwandte Chemie (International ed. In english)
41(13), 2323-2327. http://www.ncbi.nlm.nih.gov/pubmed/12203580 (Last access date: January
2014). http://dx.doi.org/10.1002/1521-3773(20020703)41:13<2323::AID-ANIE2323>3.0.CO; 2-H

Peng, H.P., Liang, R.P., Zhang, L., & Qiu, J.D. (2013). Facile preparation of novel core-shell
enzyme-Au-polydopamine-FesO, magnetic bionanoparticles for glucosesensor. Biosensors &
Bioelectronics, 42, 293-299. http://www.ncbi.nlm.nih.gov/pubmed/23208101 (Last access date:
June 2013). http://dx.doi.org/10.1016/j.bios.2012.10.074

Poland, C.A., Duffin, R., Kinloch, I., Maynard, A., Wallace, W.A., Seaton, A., et al. (2008). Carbon
nanotubes introduced into the abdominal cavity of mice show asbestos-like pathogenicity in a
pilot study. Nature Nanotechnology, 3(7), 423-428.
http://www.ncbi.nlm.nih.gov/pubmed/18654567 http://dx.doi.org/10.1038/nnano.2008.111

Pustovit, V.N., & Shahbazyan, T.V. (2006). Finite-size effects in surface-enhanced Raman
scattering in noble-metal nanoparticles: a semiclassical approach. Journal of the Optical Society
of America A, 23(6), 1369-1374.  http://www.ncbi.nlm.nih.gov/pubmed/16715155
http://dx.doi.org/10.1364/J0SAA.23.001369

Putzbach, W., & Ronkainen, N.J. (2013). Immobilization techniques in the fabrication of
nanomaterial-based electrochemical biosensors: a review. Sensors, 13(4), 4811-4840.
http://www.ncbi.nlm.nih.gov/pubmed/23580051  (Last  access  date: May  2013).
http://dx.doi.org/10.3390/s130404811

Ranjan, M., & Facsko, S. (2012). Anisotropic surface enhanced Raman scattering in nanoparticle
and nanowire arrays. Nanotechnology, 23(48), 485307.
http://www.ncbi.nlm.nih.gov/pubmed/23128982  (Last  access date: June  2013).
http://dx.doi.org/10.1088/0957-4484/23/48/485307

Ren, Z.F. (2007). Nanotube synthesis-Cloning carbon. Nature Nanotechnology, 2(1), 17-18.
http://dx.doi.org/10.1038/nnano.2006.192

Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R., & Nann, T. (2008). Quantum
dots versus organic dyes as fluorescent labels. Nature  Methods, 5(9).
http://dx.doi.org/10.1038/nmeth.1248

Ripka, P. (2003). Advances in fluxgate sensors. Sensors and Actuators A: Physical, 106(1-3), 8-14.
http://linkinghub.elsevier.com/retrieve/pii/S0924424703000943
http://dx.doi.org/10.1016/S0924-4247(03)00094-3

Rissin, D.M., Kan C.W., Song, L., Rivnak, A.J., Fishburn, M.W., Shao, Q., et al. (2013). Multiplexed
single molecule immunoassays. Lab on a Chip. http://xlink.rsc.org/?DOI=c31c50416f (Last access
date: May 2013).

36


http://xlink.rsc.org/?DOI=c3lc50416f
http://dx.doi.org/10.1016/S0924-4247(03)00094-3
http://linkinghub.elsevier.com/retrieve/pii/S0924424703000943
http://dx.doi.org/10.1038/nmeth.1248
http://dx.doi.org/10.1038/nnano.2006.192
http://dx.doi.org/10.1088/0957-4484/23/48/485307
http://www.ncbi.nlm.nih.gov/pubmed/23128982
http://dx.doi.org/10.3390/s130404811
http://www.ncbi.nlm.nih.gov/pubmed/23580051
http://dx.doi.org/10.1364/JOSAA.23.001369
http://www.ncbi.nlm.nih.gov/pubmed/16715155
http://dx.doi.org/10.1038/nnano.2008.111
http://www.ncbi.nlm.nih.gov/pubmed/18654567
http://dx.doi.org/10.1016/j.bios.2012.10.074
http://www.ncbi.nlm.nih.gov/pubmed/23208101
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2323::AID-ANIE2323%3E3.0.CO;2-H
http://www.ncbi.nlm.nih.gov/pubmed/12203580

Biosensors: Recent Advances and Mathematical Challenges

Rumyantseva, A., Kostcheev, S., Adam, P.M., Gaponenko, S.V., Vaschenko, S.V., Kulakovich, O.S.,
et al. (2013). Nonresonant Surface-Enhanced Raman Scattering of ZnO Quantum Dots with Au
and Ag Nanoparticles. ACS Nano, 7(4), 3420-3426.
http://www.ncbi.nlm.nih.gov/pubmed/23464800 http://dx.doi.org/10.1021/nn400307a

Saha, K., Agasti, S.S., Kim, C,, Li, X., & Rotello, V.M. (2012). Gold nanoparticles in chemical and
biological sensing. Chemical Reviews, 112(5), 2739-2379.
http://www.ncbi.nlm.nih.gov/pubmed/22295941 http://dx.doi.org/10.1021/cr2001178

Sato, K., Hosokawa, K. & Maeda, M. (2007). Colorimetric Biosensors Based on DNA-nanoparticle
Conjugates. Analytical Chemistry, 23(1), 17-20.

Sawant, R.M., Sawant, R.R., Gultepe, E., Nagesha, D., Papahadjopoulos-Sternberg, B., Sridhar, S.,
et al. (2009). Nanosized cancer cell-targeted polymeric immunomicelles loaded with
superparamagnetic iron oxide nanoparticles. Journal of Nanoparticle Research, 11(7), 1777-
1785. http://www.springerlink.com/content/p2m33612178q02n0/ http://dx.doi.org/10.1007/s11051-009-
9611-4

Schiitz, M., Steinigeweg, D., Salehi, M., Kémpe, K., & Schliicker, S. (2011). Hydrophilically
stabilized gold nanostars as SERS labels for tissue imaging of the tumor suppressor p63 by
immuno-SERS microscopy. Chemical Communications, 47(14), 4216-4218.
http://www.ncbi.nlm.nih.gov/pubmed/21359379  (Last  access date: June  2013).
http://dx.doi.org/10.1039/c0cc05229a

Shanov, V., Yun, Y.H., & Schulz, M.J. (2006). Synthesis and characterization of carbon nanotube
materials (review). Chemical Vapor Deposition, 41(4), 377-390.
http://adm1.uctm.edu/journal/j2006-4/01-Shanov-377-390.pdf

Shoshi, A., Schotter, J., Schroeder, P., Milnera, M., Ertl, P., Charwat, V., et al. (2012). Biosensors
and Bioelectronics Magnetoresistive-based real-time cell phagocytosis monitoring. Biosensors
and Bioelectronics, 36, 116-122. http://dx.doi.org/10.1016/j.bi0s.2012.04.002

Staleva, H., Skrabalak, S.E., Carey, C.R., Kosel, T., Xia, Y., Hartland, G.V., et al. (2009).
Nanophotonics: plasmonics and metal nanoparticles. Physical Chemistry Chemical Physics
(PCCP), 11(28), 5866. http://www.ncbi.nIm.nih.gov/pubmed/19588004 (Last access date: May
2013). http://dx.doi.org/10.1039/b911746f

Sudibya, H.G., Ma, J.,, Dong, X., Ng, S., Li, LJ., Liu, X.W., et al. (2009). Interfacing glycosylated
carbon-nanotube-network devices with living cells to detect dynamic secretion of biomolecules.
Angewandte Chemie, 48(15), 2723-2726. http://www.ncbi.nlm.nih.gov/pubmed/19263455 (Last
access date: June 2013).

Thévenot, D.R., Toth, K., Durst, R.A.,, & Wilson, G.S. (1999). Electrochemical Biosensors:
Recommended Definitions and Classification (Technical Report). Pure and Applied Chemistry,
71(12), 2333-2348. http://dx.doi.org/10.1351/pac199971122333

37


http://dx.doi.org/10.1351/pac199971122333
http://www.ncbi.nlm.nih.gov/pubmed/19263455
http://dx.doi.org/10.1039/b911746f
http://www.ncbi.nlm.nih.gov/pubmed/19588004
http://dx.doi.org/10.1016/j.bios.2012.04.002
http://adm1.uctm.edu/journal/j2006-4/01-Shanov-377-390.pdf
http://dx.doi.org/10.1039/c0cc05229a
http://www.ncbi.nlm.nih.gov/pubmed/21359379
http://dx.doi.org/10.1007/s11051-009-9611-4
http://dx.doi.org/10.1007/s11051-009-9611-4
http://www.springerlink.com/content/p2m33612178q02n0/
http://dx.doi.org/10.1021/cr2001178
http://www.ncbi.nlm.nih.gov/pubmed/22295941
http://dx.doi.org/10.1021/nn400307a
http://www.ncbi.nlm.nih.gov/pubmed/23464800

R. Genc

Titz, E., Matz, H., Drung, D., Hartwig, S., GroQ, H., & R Ko, R. (1999). A squid measurement
system for immunoassays. Applied Superconductivity, 6(99), 577-583.

Tripp, R.A., Dluhy, R.A.,, & Zhao, Y. (2008). Novel nanostructures for SERS biosensing recent
progress in SERS biosensing is given in this article. Review Literature And Arts Of The Americas,
3(3), 31-37.

Tumanski, S. (2007). Induction coil sensors-a review. Measurement Science and Technology,
18(3), R31-R46.
http://stacks.iop.org/0957-0233/18/i=3/a=R01?key=crossref.46d204a2215e615d8cfled4b25518f39
http://dx.doi.org/10.1088/0957-0233/18/3/R01

Vohs, J.K., & Fahlman, B.D. (2007). Advances in the controlled growth of nanoclusters using a
dendritic architecture. New Journal of Chemistry, 31(7), 1041.
http://xlink.rsc.org/?DOI=b616472m http://dx.doi.org/10.1039/b616472m

Volmer, M., & Avram, M. (2013). Signal dependence on magnetic nanoparticles position over a
planar Hall effect biosensor. Microelectronic Engineering, 108, 116-120.
http://linkinghub.elsevier.com/retrieve/pii/S0167931713001664 (Last access date: January
2014). http://dx.doi.org/10.1016/j.mee.2013.02.055

Wang, J., Sui, M., & Fan, W. (2010). Nanoparticles for tumor targeted therapies and their
pharmacokinetics. Current Drug Metabolism, 11(2), 129-141.
http://www.ncbi.nlm.nih.gov/pubmed/20359289 http://dx.doi.org/10.2174/138920010791110827

Wegner, K.D., Lanh, P.T., Jennings, T., Oh, E., Jain, V., Fairclough, S.M., et al. (2013). Influence of
Luminescence Quantum Yield, Surface Coating, and Functionalization of Quantum Dots on the
Sensitivity of Time-Resolved FRET Bioassays. ACS Applied Materials & Interfaces, 5(8), 2881-
2892. http://www.ncbi.nlm.nih.gov/pubmed/23496235 http://dx.doi.org/10.1021/am3030728

West, J.L., & Halas, N.J. (2003). Engineered nanomaterials for biophotonics applications:
improving sensing, imaging, and therapeutics. Annual Review of Biomedical Engineering, 5,
285-292. http://www.ncbi.nlm.nih.gov/pubmed/14527314 (Last access date: June 2013).

Winnik, F.M., & Maysinger,D. (2013). Quantum dot cytotoxicity and ways to reduce it. Accounts
of chemical research, 46(3), 672—-80. http://www.ncbi.nIm.nih.gov/pubmed/22775328 (Last
access date: January 22, 2014).

Xia, Y., & Lim, B. (2010). Nanotechnology: Beyond the confines of templates. Nature, 467(7318),
923-924. http://dx.doi.org/10.1038/467923a

Xu, L., Yu, H., Han, S.J., Osterfeld, S., White, R.L.,, Pourmand, N., & Wang, S.X. (2008). Giant
Magnetoresistive Sensors for DNA Microarray. IEEE Transactions on Magnetics, 44(11),
3989-3991.
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2933090&tool=
http://dx.doi.org/10.1109/TMAG.2008.2002795

38


http://dx.doi.org/10.1109/TMAG.2008.2002795
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2933090&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.1038/467923a
http://www.ncbi.nlm.nih.gov/pubmed/22775328
http://www.ncbi.nlm.nih.gov/pubmed/14527314
http://dx.doi.org/10.1021/am3030728
http://www.ncbi.nlm.nih.gov/pubmed/23496235
http://dx.doi.org/10.2174/138920010791110827
http://www.ncbi.nlm.nih.gov/pubmed/20359289
http://dx.doi.org/10.1016/j.mee.2013.02.055
http://linkinghub.elsevier.com/retrieve/pii/S0167931713001664
http://dx.doi.org/10.1039/b616472m
http://xlink.rsc.org/?DOI=b616472m
http://dx.doi.org/10.1088/0957-0233/18/3/R01
http://stacks.iop.org/0957-0233/18/i=3/a=R01?key=crossref.46d204a2215e615d8cf1ed4b25518f39

Biosensors: Recent Advances and Mathematical Challenges

Yang, H.W., Hua, M.Y,, Chen, S.L, & Tsai, R.Y. (2013). Reusable sensor based on high
magnetization carboxyl-modified graphene oxide with intrinsic hydrogen peroxide catalytic
activity for hydrogen peroxide and glucose detection. Biosensors & Bioelectronics, 41, 172-179.
http://www.ncbi.nlm.nih.gov/pubmed/22959012  (Last  access date: June  2013).
http://dx.doi.org/10.1016/j.bios.2012.08.008

Yang, W., Thordarson, P., Gooding, J.J., Ringer, S.P., & Braet, F. (2010). Carbon nanotubes for
biological and biomedical applications. Nanotechnology, 18(41), 412001.
http://dx.doi.org/10.1088/0957-4484/18/41/412001

Yang, Z., Tjiu, W.W., Fan, W., & Liu, T. (2013). Electrodepositing Ag nanodendrites on layered
double hydroxides modified glassy carbon electrode: Novel hierarchical structure for hydrogen
peroxide detec ton. Electrochimica Acta, 90, 400-407.
http://linkinghub.elsevier.com/retrieve/pii/S0013468612019974 (Last access date: June 2013).
http://dx.doi.org/10.1016/j.electacta.2012.12.038

Yantzi, J.D., & Yeow, J.T.W. (2005). Carbon nanotube enhanced pulsed electric feld
electroporation for biomedical applications. 2005 IEEE International Conference Mechatronics

and Automation, 4, 1872-1877. http://ieeexplore.icee.org/Ipdocs/epic03/wrapper.htm?arnumber=1626847
http://dx.doi.org/10.1109/ICMA.2005.1626847

Yi, Z., Chen, S., Chen, Y., Luo, J.,, Wu, W., Yi, Y., et al. (2012). Preparation of dendritic Ag/Au
bimetallic nanostructures and their application in surface-enhanced Raman scattering. Thin Solid
Films, 520(7), 2701-2707. http://linkinghub.elsevier.com/retrieve/pii/5S0040609011020554 (Last
access date: June 2013). http://dx.doi.org/10.1016/j.tsf.2011.11.042

Yu, M.K., Jeong, Y.Y., Park, J.,, Park, S., Kim, J.W., Min, JJ., et al. (2008). Drug-loaded
superparamagnetic iron oxide nanoparticles for combined cancer imaging and therapy in vivo.
Angewandte Chemie, 47(29), 5362-5365. http://www.ncbi.nlm.nih.gov/pubmed/18551493 (Last
access date: March 2012).

Yu, Y., Chen, X., Wei, Y., Liu, J.H., Yu, S.H., & Huang, X.J. (2012). CdSe Quantum Dots Enhance
Electrical and Electrochemical Signals of Nanogap Devices for Bioanalysis. Small Weinheim an
der Bergstrasse Germany, 8(21), 3274-3281. http://www.ncbi.nlm.nih.gov/pubmed/22761032
http://dx.doi.org/10.1002/smIl.201200487

Zelada-Guillén, G.A., Riu, J., Dlzgin, A., & Rius, F.X. (2009). Immediate detection of living
bacteria at ultralow concentrations using a carbon nanotube based potentiometric aptasensor.
Angewandte Chemie, 48(40), 7334-7337. http://www.ncbi.nlm.nih.gov/pubmed/19569156 (Last
access date: May 2013).

Zhang, D., Carr, D.J., & Alocilja, E.C. (2009). Fluorescent bio-barcode DNA assay for the detection
of Salmonella enterica serovar Enteritidis. Biosensors and Bioelectronics, 24(5), 1377-1381.
http://www.ncbi.nlm.nih.gov/pubmed/18835708 http://dx.doi.org/10.1016/j.bios.2008.07.081

39


http://dx.doi.org/10.1016/j.bios.2008.07.081
http://www.ncbi.nlm.nih.gov/pubmed/18835708
http://www.ncbi.nlm.nih.gov/pubmed/19569156
http://dx.doi.org/10.1002/smll.201200487
http://www.ncbi.nlm.nih.gov/pubmed/22761032
http://www.ncbi.nlm.nih.gov/pubmed/18551493
http://dx.doi.org/10.1016/j.tsf.2011.11.042
http://linkinghub.elsevier.com/retrieve/pii/S0040609011020554
http://dx.doi.org/10.1109/ICMA.2005.1626847
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1626847
http://dx.doi.org/10.1016/j.electacta.2012.12.038
http://linkinghub.elsevier.com/retrieve/pii/S0013468612019974
http://dx.doi.org/10.1088/0957-4484/18/41/412001
http://dx.doi.org/10.1016/j.bios.2012.08.008
http://www.ncbi.nlm.nih.gov/pubmed/22959012

R. Genc

Zhang, X., Guo, Q., & Cui, D. (2009). Recent advances in nanotechnology applied to biosensors.

Sensors (Basel, Switzerland), 9(2), 1033-1053. http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3280846&tool=pmcentrez&rendertype=abstract (Last access date: May 2013).
http://dx.doi.org/10.3390/s90201033

Zhu, S.Q., Zhang, T., Guo, X.L., Wang, Q.L., Liu, X., & Zhang, X.Y. (2012). Gold nanoparticle thin
films fabricated by electrophoretic deposition method for highly sensitive SERS application.

Nanoscale Research Letters, 7(1), 613. http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3502474&tool=pmcentrez&rendertype=abstract http://dx.doi.org/10.1186/1556-276X-7-613

40


http://dx.doi.org/10.1186/1556-276X-7-613
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3502474&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3502474&tool=pmcentrez&rendertype=abstract
http://dx.doi.org/10.3390/s90201033
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3280846&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3280846&tool=pmcentrez&rendertype=abstract



