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Preface

Biosensors, combining the specificity of biological recognition and the sensitivity of physico-
chemical detection, represent a flexible and rapid alternative to conventional analytical tech-
nologies. They have been applied to solve diverse analytical problems in medicine and
biomedical research, drug discovery, the environment, food and process industries, security,
and defence.

Fast technological progress has boosted the implementation of novel ideas and hi-tech solu-
tions in all analytical equipment. Along with extending the selection of detectable com-
pounds, the development of biosensors has been focused on making the systems more
compact and easy to handle. Scaling down the dimensions, new qualitative features can be
achieved and the analyses can be carried out with remarkably low detection limits. Micro
and nanoscale biosensors show high potential to be used for carrying out automated online
monitoring of minute concentrations of different chemical compounds, including various bi-
omarkers and potentially hazardous compounds in a wide selection of matrixes. In addition,
the footprint of analyses is small and enables sensing in living systems. Due to high specific-
ity and sensitivity, biosensors can be used for the characterization of metabolic processes
even in single cells.

The present book, including 16 chapters, introduces novel approaches and materials for the
micro- and nanoscale biosensor construction and application for the detection of different
biological and synthetic compounds in living organisms and natural matrixes in vitro. I
would like to express my appreciation and gratitude to all the authors for their contribution
and cooperation and wish them success in their forthcoming activities. Special thanks to the
InTech team, particularly publishing process managers Ana Pantar and Ivona Lovric for
their professional commitment and dedication.

Toonika Rinken, PhD
University of Tartu
Estonia






Chapter 1

New Materials for the Construction of Electrochemical
Biosensors

Robert Sandulescu, Mihaela Tertis,
Cecilia Cristea and Ede Bodoki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60510

Abstract

The development of electrochemical sensors has attracted great interest due to these
sensors’ high sensitivity and selectivity. Here, we present the general concept and the
classification of biosensors, their advantages and drawbacks, the main strategies in
electrochemical biosensor technology and the materials used in electrochemical
sensors, such as electrodes and supporting substrates, materials for improved
sensitivity and selectivity, materials for bioreceptor immobilization, and biological
recognition elements. Various nanomaterials, such as carbon-based materials (carbon
nanotubes, graphene, carbon nanoparticles), inorganic and organic nanoparticles
(magnetic and metal nanoparticles, nanosized clays), conductive and insulating
polymers (nanosized and nanostructured polymers, molecularly imprinted poly-
mers), and hybrid materials, etc., have been successfully applied for the enhancement
of the electroanalytical performance of biosensors and for the immobilization of
biorecognition elements. Among these, due to their unique physiochemical features,
carbon-based materials, such as carbon nanotubes and graphenes, have received
special attention in recent years, and examples of surface functionalization using
various types of nanoparticles are presented. The future trends in sensor research
activities and areas of development that are expected to have an impact in biosensor
performance, like immobilization techniques, nanotechnology, miniaturization and

multisensor array determinations, are also examined.

Keywords: Carbon-based nanomaterials, metal nanoparticles, magnetic nanoparticles, nanostruc-

ture, molecularly imprinted polymers

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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Biosensors - Micro and Nanoscale Applications

1. Introduction

The development of electrochemical sensors has attracted a great deal of interest due to their
high sensitivity and selectivity, and they are being increasingly used in many fields, such as
analytical chemistry, industrial process monitoring and control, clinical diagnostics, environ-
mental monitoring and security, and food safety. By adding an enzyme at the electrode surface,
they can also gain high specificity: thus the biosensor research area was born.

Biosensors (analytical devices coupling a transducer with a biorecognition element) are
attractive for pharmaceutical and biomedical analysis due to their sensitivity (ng/mL or less)
and high selectivity, and sometimes their specificity, high benefit/cost ratio, simple use and
rapidity of data collection [1].

The major advantages of biosensors over traditional analytical methods, which will certainly
lead in the near future to their even more pronounced use in the biomedical field, are: the fact
that analyte detection can very often be made without prior separation; the short response
times that make possible the real-time monitoring of biological and manufacturing processes;
their ease of use, allowing in-field or point-of-care measurements; the flexibility and simplicity
of preparation; the possibility of mass production and low production costs; and the possibility
of miniaturization and automatization. Miniaturization is of great importance because
biological samples are available in small amounts, and tissue damage must be minimized in
cases of in-vivo monitoring. Therefore, the use of biosensors as components of modern medical
devices has improved their portability, functionality and reliability for point-of-care analysis
and real-time diagnosis [2].

However, many amperometric biosensors described in the recent literature still display a few
drawbacks compared to other analytical methods. The most difficult problems to overcome
for biosensors with biomedical applications are: the reduced stability, the electrochemical
interferences, and the lack of or low response reproducibility. Removed from their natural
environment, most biocomponents tend to rapidly lose their activity and thus limit the lifetime
of the sensor. Modifying electrode surfaces in a way that exclusively favours one single
electrochemical process is a difficult task and sample matrices in the biomedical field are very
complex. Last but not least, in the case of in-vivo measurements biocompatibility and biofoul-
ing are critical issues [3].

The selectivity of the biosensor for the target analyte is mainly determined by the biorecogni-
tion element, whilst the sensitivity of the biosensor is greatly influenced by the transducer.

New sensing elements like genetically transformed cells and genetically engineered receptor
molecules can improve affinity and specificity; therefore, genetic engineering and mass
production of the molecular recognition may ultimately dictate the success of biosensor
technologies. Enzyme variants that are specific for individual analytes have already been
obtained by genetic modification, and novel gene fusions will lead to more sensitive
biosensors [4].

As for the electrochemical transducer, important advances have been recently made thanks
to the introduction of new platforms for biosensor design, such as nanotechnological
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materials and nanostructured architectures (i.e., nanoparticles, carbon nanotubes and
nanofibres, graphenes, nanostructured surfaces, etc.), which have improved the sensitivity
of the assembly [5].

2. Strategies of electrochemical biosensor technology

The biosensor development and construction strategy includes five features: 1) the detected
or measured parameter and the matrix, 2) the working principle of the transducer, 3) the
chemical/biochemical model, 4) the field of application and 5) the technology and materials
for sensor fabrication [6].

Materials generally used for electrochemical sensors are classified as: (1) materials for the
electrode and supporting substrate, (2) materials for improving electroanalytical performan-
ces, (3) materials for the immobilization of biological recognition elements and (4) biological
elements; the last two are applicable for electrochemical biosensors [5].

Materials used for the electrode and supporting substrate are usually conductive materials
exhibiting low currents in an electrolyte solution, free of any electroactive species, over a
relatively wide potential window. Among the most frequently used materials for the electrode
and supporting substrate, the following may be mentioned: metals (mercury, platinum, gold,
silver and stainless steel), metal oxides (indium tin oxide, ITO) carbon-based materials (glassy
carbon, graphite, carbon black and carbon fibre), new hybrid materials, and organic electro-
conductive polymers or salts. Boron-doped diamond is a special case of material, because bare
diamond is a non-conducting, allotropic form of carbon. In the last decade, in order to avoid
mercury-based electrodes (which are highly toxic), different metallic films (Au, Hg, Bi, Ag, Pb,
Sn, Sb, Co, Ga, Se) that are relatively simple to achieve and easy to reproduce were developed.
Some strategies to develop two- and three-dimensional nanostructured electrodes with larger
surfaces (mesoporous silicates, metal oxides, polymers or carbons) were also recently reported
[7]. The major challenge in the field of electrochemical sensors, consisting in the improvement
of their electroanalytical performances, mainly in terms of sensitivity and selectivity, was
addressed by the development of nanotechnology (especially nanoparticles, carbon nanotubes
and graphenes) and nanostructured architectures, and this will be detailed in section 3.

The stable immobilization of a bioelement on an electrode surface, with complete reten-
tion of its biological activity and good diffusion properties for substrates, is a crucial
problem for the commercial development of biosensors. A successful matrix should stably
immobilize or integrate biomolecules at the transducer’s surface, it should efficiently
maintain their functionality, while providing accessibility for the target analyte, and it
should also ensure an intimate contact with the transducer surface [8]. The immobiliza-
tion matrix may function purely as a support or may also be involved in the mechanism
of signal transduction mediation. The selection of an appropriate immobilization method
depends on the nature of the biological element, the type of transducer used, the physico-
chemical properties of the analyte and the biosensor’s operating conditions [9]. The choice
of materials for the immobilization of biological recognition elements strongly depends on

3
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the employed procedure. The procedures that may be employed are as follows: 1) Entrap-
ment behind a permeable membrane as a thin film covering the electrochemical detector
(dialysis membrane) [10]; 2) Entrapment within a polymeric matrix (polyacrylonitrile, agar
gel, polyurethane or poly(vinyl-alcohol) membranes, sol gels or redox hydrogels with redox
centres such as [Os(bpy),Cl]", conducting polymers [11]; 3) Entrapment within self-assem-
bled monolayers (SAMs) [12] or bilayer lipid membranes (BLMs) [13]; 4) Covalent bond-
ing on membranes or surfaces activated by means of bifunctional groups or spacers
(glutaraldehyde, carbodiimide, SAMs or multilayers, avidin-biotin, silanization) [14]; 5) Bulk
modification of the electrode material (graphite epoxy resin or carbon paste modified with
polyoxometallates, clays and double layered hydroxides, zeolites, functionalized silica, sol-
gel-derived inorganic and hybrid materials, nanomaterials, sparingly soluble or insoluble
inorganic salts, molecular and macrocyclic ligands, complex compounds, organic poly-
mers, surfactants and lipids) [7].

The biorecognition elements used for biosensor development are classified into biologi-
cal and artificial (biomimetic) receptors. They are selected depending on the application
and the desired performance criteria, based on the following interaction principles: enzyme/
substrate, antigen/antibody, mRNA/DNA, PNA/DNA or RNA, microorganism/substrate or
toxic molecules, cell receptor/hormone and (semi)synthetic receptor/target molecule [15].
Initially, three types of biorecognition elements were identified [16]: 1) Enzyme (mono or
multienzyme), the most common and best developed recognition system, including
antibodies, natural receptors and nucleic acids; 2) Whole cells (microorganisms, such as
bacteria, fungi, eukaryotic cells or yeast), or cell organelles or particles (mitochondria, cell
walls); 3) Tissue (plant or animal tissue slice). More recently, the range of biochemical
receptors was extended with biomimetic recognition elements (aptamers, ribosymes and
molecularly imprinted polymers) [17]. The biological recognition elements are based either
on catalytic or bioaffinity features, whilst biomimetic ones are based on biocomplexing and
bioaffinity.

The biocatalytic recognition sensors are based on a reaction catalysed by macromolecules,
either in their original biological environment, in their isolated form, or as a product of
semisynthesis. Thus, a continuous consumption of substrate(s) is achieved by the immobilized
biocatalyst incorporated into the sensor, and transient or steady-state responses are monitored
by the integrated detector. In the construction of biosensors, enzymes are the most commonly
used biological elements, despite their rather high extraction, isolation and purification costs,
as they rapidly and cleanly form selective bonds with the substrate. Among the enzymes
commercially available the most commonly used are the oxidases, such as glucose oxidase
(GOx) and horseradish peroxidase (HRP), beta-lactamase, urease, tyrosinase, and acetylcho-
line esterase or choline oxidase.

The biocomplexing or bioaffinity sensors are based on antibodies, natural biological
chemoreceptors, nucleic acids, aptamers or molecularly imprinted polymers (MIPs). These
biosensors provide selective interactions of the analyte with a given ligand to form a thermody-
namically stable complex. The analyte interacts with macromolecules or organized molecular
assemblies that have either been isolated from their original biological environment or
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engineered. Thus, equilibrium is usually reached and there is no further consumption of the
analyte by the immobilized biocomplexing agent. These equilibrium responses are either
monitored by the integrated detector or by using a complementary biocatalytic reaction. The
most developed examples of biosensors using biocomplexing receptors are based on immuno-
chemical reactions, i.e., the binding of an antigen (Ag) to a specific antibody (Ab), and will be
discussed in detail in the chapter concerning immunosensors.

The biological chemoreceptors [18] are used for drug and neurotransmitter detection, and they
are based on an affinity reaction. Using nucleic acids as a biocomponent, one can detect the
interaction between the synthetic drug and the genetic material and also the hybridization
processes by working with single-strand DNA [19, 20].

The use of microorganisms and of whole vegetal or animal tissues is complex and very often their
selectivity is limited [21].

3. Nanomaterials involved in biosensor construction

Advances in nanotechnology have led to the recent development of many nanomaterials,
including carbon nanomaterials, magnetic and metallic nanoparticles [22]. Nanomaterials,
generally defined as materials with feature sizes smaller than 100 nm, have a remarkable
impact on various fields of application due to their properties (enhanced electrical conductiv-
ity, tensile strength and chemical reactivity), which are imparted by their increased surface
area per unit weight. Nanomaterials have already been applied in electronics, foods, cosmetics,
electronics, drug development and sensing devices. The use of nanomaterials, especially
nanoparticles and nanostructured films, offers advantageous properties that can be exploited
in order to maximize the interactions with specific bioelements, to maintain their activity,
minimize structural changes, and enhance the catalytic step. In the biosensor field, the
analytical exploitation of such protein-nanomaterial interactions are an emerging trend that
spans many disciplines [23]. Nanomaterials based on metals, semiconductors and organic
compounds contribute to the enhancement of optical, electrical, chemical and magnetic
properties that are relevant in the case of sensing devices, and due to these facts they have been
frequently used in this research field [24, 25].

Nanomaterials are mainly used for electrode construction or modification and as biomolecule
tracers. Nanoparticles (NPs) are very stable (compared to enzyme labels), offering high
sensitivity (thousands of atoms can be released from one nanoparticle) and a wide variety are
available on the market. Nanoparticles are used nowadays as electrochemical labels or as
vehicles containing several hundreds or thousands of electroactive labels, pushing detection
limits down to several hundreds of biomolecules [26].

Various nanomaterials have been successfully applied for the immobilization of bioelements,
such as metallic nanoparticles, carbon or metallic nanotubes, nanosilver-coated magnetic
beads, magnetic particles, functionalized conductive polymers, etc.



6 Biosensors - Micro and Nanoscale Applications

3.1. Carbon-based materials

Different types of carbon nanostructures are becoming more and more popular due to their
specific structures, properties and the possibility of being used for many applications. In fact,
a wide variety of carbon-based materials are available, such as nanoparticles, nanodiamonds,
nano-onions, peapods, nanofibers, nanorings, fullerenes and nanotubes, which have been
extensively used in analytical applications. The basic structure of fullerenes and nanotubes
consists of a layer of sp>-bonded carbon atoms. This configuration, which resembles that of
graphene, is responsible for their good electrical conductivity and their ability to form charge-
transfer complexes when in contact with electron donor groups [27]. This configuration is
responsible for the development of strong van der Waals forces that significantly hamper the
solubility and dispersion of carbon-based nanoparticles. In order to avoid these problems,
different pretreatment methods have been proposed [28, 29, 30], such as the addition of polar
groups (oxygen, hydroxyl, phenyl and polyvinylpyrrolidone). The surface defects could also
affect the stability, the mechanical and electrical properties of carbon nanostructures [31, 32,
33, 34].

The carbon nanomaterials (Figure 1) cover a broad range of structures, beginning with zero-
dimensional structures (fullerenes, diamond clusters), continuing with one-dimensional
(nanotubes), two-dimensional (graphene), and three-dimensional structures (nanocrystalline
diamond, fullerite).

Diamond Graphite Amorphous
carbon

Carbon onions

S et

CNT: MWCNT

Figure 1. Main carbon entities at nanoscale level

Carbon nanomaterials, including fullerenes, graphene and carbon nanotubes, have many
technological advantages such as facile modification by functional groups, high carrier
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capacity, incorporating both hydrophilic and hydrophobic substances, and high chemical
stability.

3.1.1. Carbon nanotubes

Within the family of nanomaterials, carbon nanotubes (CNTs), described for the first time by
lijima [35], are arousing growing interest in relation to several modern devices, such as
transducers, for the improvement of biosensing systems, mainly due to their unique structural,
electronic and chemical properties, which include large surface area, high electrical conduc-
tivity, and excellent properties of electron transfer reactions. Furthermore, CNTs have a unique
tubular structure, good biocompatibility and modifiable sidewall, making them ideal candi-
dates for the construction of sensors with high performances [36].

Electrochemical nanobiosensors have been increasingly used in various types of nanomate-
rials, mainly CNTs, as electrochemical transducers, in order to improve them from the
perspectives of automation, miniaturization and multiplexed analysis, but also to im-
prove the analytical performances of such devices [37, 38]. For example, the detection of
diseases at an early stage is one of the goals in developing and improving CNT biosen-
sors, focusing on their sensitivity, fast response and small sample volume, in order to
provide new strategies for the detection of specific biomarkers at low concentrations in
complex sample media (e.g., serum) [39].

Many properties and the quality of CNTs are directly influenced by the way in which the
graphene sheets are wrapped around [40], and they are affected by the operating conditions
in their fabrication process. The production methods generally require transition metal
nanoparticles (i.e., Fe, Co and Ni) to function as growth catalysts. When the catalysts are in
contact with a gaseous carbon or a hydrocarbon source, the resulting carbon is deposited on
the particle surface and the CNT grows rapidly at the surface of the catalyst. The diameter of
the CNTs, their quantity and quality can be controlled by varying some reaction parameters
(e.g., temperature, metal concentration, gas type and pressure). The diameter of the NPs
defines the nature of the CNTs, whether single-walled (SWCNTs) with diameters in the range
0.4-3 nm, or a group of concentric CNTs sharing a common axis constituting double- and
multiwalled (MWCNTs) with diameters in the range 1.4-100 nm [36].

In the case of CNT structures, the reactivity of atoms situated in the plane is different from
those at the edges. For a number of biologically important compounds, the electrochemis-
try of atoms located at the edge-plane sites of the CNT is comparable to that of different
planes of graphite [41], and the metal and non-metal impurities contained determine some
of the electrochemical catalytic properties and limitations of CNTs [42, 43, 44]. It is also
worth mentioning that the electrode surface modification with CNTs leads to a changed
mass transport regime from semi-infinite diffusion to effective thin-layer diffusion in a
porous layer, and the increased current may frequently be erroneously assigned to
electrocatalysis [45, 46, 47].

Currently, SWCNTs and MWCNTs are synthesized by high-temperature processes (e.g.,
electric arc discharge and laser ablation, which are physical methods to convert carbon into
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NTs) and chemical vapour deposition (CVD), which is performed at lower temperatures and
atmospheric pressure.

Usually, the nanostructured materials obtained using CNTs were morphologically charac-
terized using transmission electron microscopy (TEM) and scanning electron microscopy
(SEM). Figure 2 presents the SEM images obtained for SWCNT [48] and MWCNT [49].

Figure 2. (A) SEM image of SWCNT composite film [48]; (B) FE-SEM images of MWCNT in high magnification [49]

Many papers published in recent years report CNT biosensors based on different oxidases
applied for the detection of glucose [50, 51, 52, 53, 54], H,O, [55, 56, 57], L-lactate [58, 59, 60],
acetaminophen [61, 62, 63, 64, 65], etc. The construction and optimization of new biosensors
with HRP immobilized onto the transducer surface, either screen-printed electrode (SPE) or
glassy carbon electrode (GCE), by entrapment into polymer films (polyethylenimine (PEI) and
polypyrrole (Ppy)) doped with SWCNT and MWCNT, was described [61, 66].

The obtained configurations were used to monitor the signal produced by the electrochemical
reduction of the enzymatically generated electroactive N-acetylbenzoquinoneimine (the
oxidized form of acetaminophen) in the presence of hydrogen peroxide using amperometry,
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in synthetic and real
samples, with the best limit of detection (LOD) obtained for acetaminophen of 1.36 uM [61].

3.1.2. Graphene

Graphene is another material that offers great prospects for the future of analytical chemistry,
consisting of a one-atom-thick sheet of sp? hybridized carbon atom composed of six member
rings that provide a surface area that is nearly twice as large as that of SWCNT [43]. This
material presents high mechanical strength, high elasticity and high thermal conductivity [43],
but also presents a major disadvantage: its poor dispersion in aqueous medium. Stable
dispersions of graphene sheets have been achieved using amphiphilic polymers, alkylamines
and hydrophilic carboxyl groups, among others, as dispersing agents [67]. The functionaliza-
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tion of graphene is considered an important route for improving its dispersion. Therefore,
different authors have tried producing graphene oxide, a graphite derivative with hydroxyl,
epoxy and carboxyl groups covalently attached to its layers, with a better dispersion in some
solvents being obtained.

Graphene can be interlinked with CNT for the fabrication of high-performance transparent
electrodes, and the resulting films present features comparable to indium tin oxide [68]. The
electrochemical activity of crystalline graphene is different from that of reduced graphene
oxide flakes [69]. A wide variety of methods are available for graphene fabrication, the first
being published in 2004 [70], and consist in the mechanical exfoliation (repeated peeling) of
small patches of highly ordered pyrolytic graphite. Many other fabrication methods have been
developed, including unzipping MWCNT to form graphene ribbons [71, 72], substrate-
independent methods using micromoulding inside a capillary [73], and spray deposition of
graphene oxide-hydrazine dispersions [74].

SEM images of a graphene film deposited on GCE revealed the typical crumpled and wrinkled
graphene sheet structure on the rough surface of the film (Figure 3 A). The TEM image
presented in Figure 3B shows the wrinkled graphene sheet with no aggregation, indicating
that the functionalized graphene sheets were well dispersed in ethanol, forming stable
suspensions [75].

Figure 3. (A) SEM image of graphene-film-modified GCE. (B) TEM image of graphene in ethanol [75]

With regard to aptasensor development, graphene looks like it could have the necessary
requirements to implement next-generation and high-performance aptasensors. Graphene
naturally adsorbs the unfolded aptamer through the r—m stacking interaction between the
purine and pyrimidine bases and the graphene plane, and hinders the adsorption of the folded
aptamer [76, 77].

The currently developed strategies for graphene functionalization with aptamers include
covalent and non-covalent approaches. The covalent approach often relies on the oxidation or

9
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the reduction of graphene oxide that presents carbonyl and carboxyl functional groups [78].
The density of carbonyl and carboxyl functional groups can be increased through chemical
oxidation, which is widely used for the chemical modification of the inert graphitic structure
[79]. Because this procedure affects the properties of graphene, the covalent modification of
graphitic surface through a free radical addition reaction is used, without a preoxidation step
and with less impact on the electronic properties [80]. Besides the immobilization methods
mentioned above, amide [81] and phosphoramidate reactions [82] were employed towards the
fabrication of graphene-based biosensors. Some graphene derivatives, such as graphene oxide,
were also used as transducers in electrochemical biosensor development [83].

Graphene can also mediate electron transfer in view of the high-density edge-plane-like defects
present within its nanostructure. In the absence of a target, aptamers immobilized on the gold
electrode adsorb graphene nanosheets due to the strong m—m interaction that accelerates the
electron transfer ratio between the electroactive species and the electrode surface. In the
presence of a target, the binding reaction inhibits the adsorption of graphene and blocks the
electron transfer. A label-free electrochemical aptasensor was constructed by taking advantage
of the ultra-fast electron transfer ratio of graphene [84]. This detection strategy was further
improved by nuclease for interferon gamma, yielding an LOD of 0.065 pM [85]. Other authors
[86] employed graphene oxide nanoplatelets (GONPs) as electroactive labels for thrombin
detection.

A simple label-free electrochemical immunosensor was constructed by modifying a graphite-
based SPE with graphene oxide after functionalization with N-hydroxysuccinimide in the
presence of 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride, Figure 4.
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Figure 4. Steps involved in the antiacetaminophen Ab-based immunosensor development; GO=Graphene oxide;
NHS=N-hydroxysuccinimide; EDAC=1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride; Ab anti
APAP=antibody antiacetaminophen; APAP=acetaminophen; SWV=square wave voltammetry [87]

The above-described immunosensor was applied with good results for the determination of
acetaminophen in synthetic and real samples by using square wave voltammetry (SWV) with
an LOD of 0.17 uM [87].

3.1.3. Carbon nanoparticle-based electrochemical sensor

A sensitive and selective electrochemical sensor fabricated via the drop-casting of a suspension
of carbon nanoparticles (CNPs) onto a GCE was investigated in simultaneous determination
of acetaminophen and tramadol in pharmaceuticals and human plasma. CV and DPV studies
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of acetaminophen and tramadol were carried out at the modified and bare GCE. The results
of the electrochemical investigations showed that CNPs enhanced the electroactive surface
area and caused a remarkable increase in the peak currents, due to the diffusion within the
porous layer. Enhanced sensitivity and a considerable decrease in the anodic overpotential
leading to negative shifts in peak potentials was obtained with the modified GCE. By using
DPV, the sensor showed good sensitivity and selectivity: LODs for acetaminophen and
tramadol were 0.05 and 1 uM, respectively [88].

3.2. Inorganic and organic nanoparticles

Nanoparticles of major environmental, pharmaceutical and biomedical importance include
magnetic nanoparticles, quantum dots, metal nanoparticles, silica nanoparticles and polymeric
types with intrinsic properties contributing to their use in specific applications. Typically,
nanoparticles are classified into: magnetic nanoparticles (possessing a core of Fe;O,) frequently
used in drug delivery and lately in immunosensing; semiconductor/QDs (based on CdS, CdSe)
used in bio- and immunosensing; metal nanoparticles (Ag, Au, Pd) used in biosensing and drug
delivery; polymeric nanoparticles (polystyrene) mainly used in drug and gene delivery; hybrid
nanoparticles (carbon or Fe;O, covered with different materials like metal oxides, polymers,
amino acids, etc.) [89].

3.2.1. Magnetic nanoparticles

In recent years, considerable efforts were made to develop magnetic nanoparticles (MNPs),
due to their inherent advantages (magnetism, nanosize) and low cost of production. MNPs
with 10-20 nm diameters exhibit their best performance, due to supermagnetism, which makes
them especially suitable for a fast response. Due to their inherent dimensions, they possess a
large surface area and high mass transfer capacity [90].

MNPs can be integrated into the transducer materials and/or be dispersed in the sample
followed by their attraction by an external magnetic field onto the active detection surface of
the (bio)sensor. Biorecognition molecules like enzymes, antibodies or oligonucleotides
immobilized onto magnetic particles can be easily trapped by magnets and retained close to
or on an electrode surface [90, 91]. Since the properties of MNPs depend strongly on their
dimensions, their synthesis and preparation have to be designed in order to obtain particles
with adequate size-dependent physicochemical properties. MNPs possessing adequate
physicochemistry and tailored surface properties have been synthesized under precise
conditions and applied for sensors, biosensors and other detection systems [92, 93].

Magnetic particles consist of a magnetic core surrounded by a non-magnetic shell. Iron oxides,
such as magnetite (Fe;O,) or maghemite (y-Fe,O;), are often used as core materials instead of
iron due to their higher stability [94]. For biological applications, magnetic particles generally
consist of nanosized superparamagnetic iron oxide distributed through a matrix, mainly
composed of silica [95] or an organic polymer [96]. Silica-based magneticbeads can be prepared
in different shapes and sizes with different degrees of porosity, which are much more attractive
for the immobilization of biomolecules due to their chemical and mechanical stability and their

11
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resistance to bacterial attack [97]. Many types of magnetic particles, functionalized with
different groups like carboxyl, amino, hydroxyl or epoxy, are currently available for different
applications.

The majority of MNP-based systems use inorganic nanocrystals as magnetic cores. The
composition of these inorganic nanocrystal ranges from metals and alloys to metal oxides.
Among the metal oxide compounds, superparamagnetic iron oxide nanoparticles, including
magnetite (Fe;O,) and maghemite (y-Fe,O;), are the most popular [98]. The surfaces of the
particles can be modified with organic polymer or inorganic compounds (e.g., gold, silica,
alumina), suitable for further functionalization by the attachment of various bioactive mole-
cules [99]. The functionalization of MNPs with bioelements exhibits specificity, due to both
the bioreceptor and the magnetism.

MNPs amplify the electrochemical signal, improving the sensitivity of electrochemical devices
[90], through their contact with the electrode surface, transport of a redox-active species to the
electrode surface, and formation of a thin film on the electrode surface. The detection for MNP-
based electrochemical biosensors can be performed by potentiometry [100, 101], amperometry
[102, 103], electrochemiluminescence [104, 105], electrochemical impedance spectroscopy [106,
107] and especially voltammetry [108, 109, 110, 111, 112, 113, 114, 115].

Protein G-MNP-based label-free electrochemical immunosensor was elaborated for the
ultrasensitive and specific detection of acetaminophen using a carbon-based SPE as immobi-
lization platform (Figure 5). An LOD of 1.76 uM was calculated based on the calibration data.
The performances of the optimized immunoassay were tested using two pharmaceutical
products containing acetaminophen with excellent recoveries [116].
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Figure 5. Protein G-MNP-based label-free electrochemical immunosensor development [116]

Protein G-functionalized magnetic beads and graphite-based SPEs were also used to develop
an HRP-labelled sandwich type immunosensor for Mucin 1 (MUC1) electrochemical detection
with LOD of 1.34 ppb [117].

Fe;O, magnetic dipolar attraction and its large surface area/volume ratio may lead to aggre-
gation in clusters when exposed to biological solutions. Functionalization can overcome this
problem and also enhance biocompatibility. Many strategies were used for the functionaliza-
tion of MNPs, such as core-shell Au-Fe,O, [109], core-shell Au-Fe;O,@SiO, [102], core-shell
Fe;0,@5i0, [112], Au-Fe;O,composite NPs [108], Fe;0,@5i0,/MWCNTs [103], Fe;O, anchored
on reduced graphene oxide [113] and Fe;0,@ Au-MWCNT-chitosan [114]. Among all these,
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core-shell Fe,O,@SiO, contributes to the stabilization of MNPs in solution and enhances the
binding of ligands at the surface of MNPs. Electrode surface modified with core-shell
Fe;0,@Si0, shows good electrical conductivity and more electroactive interaction sites,
providing enhanced mass transport and easier accessibility to the active sites, thus increasing
the analytical signal and sensitivity [90]. A comparison between the analytical performances
of some recently developed electrochemical sensors and biosensors based on MNPs is
presented in Table 1.

Detection method MNPs type Analyte LOD Reference
Voltammetry Au-Fe,0O, Organochloride pesticides 56 pg/mL [108]
Voltammetry Core-shell Au-Fe;O, Carcinoembryonic Ag 10 ng/mL [109]
Voltammetry Fe,O, Au NP Clenbuterol 220 ng/mL [110]
Voltammetry Fe,O, Au NP H,0, 20 uM [111]
Voltammetry Core-shell Fe,0,@SiO, Metronidazole 18 nM [112]
Voltammetry Fe,O,-RGO Cr(1II) - [113]

Fe;0,@Au-MWCNT-
Voltammetry ) Streptomycin 1.5nM [114]
chitosan
Core-shell Fe;0,@SiO,/
Voltammetry Uric acid 0.13 uyM [115]
MWCNT
Potentiometry MaMB Dynabeads Protein G Zearalenone 7 ng/mL [100]
Potentiometry Core-shell-Fe,O, Glucose 0.5 uM [101]
Amperommetry Core-shell Au-Fe,O,@SiO, Glucose 0.01 mM [102]
Amperommetry Fe,0,@Si0,-MWCNT Glucose 800 nM [118]
EIS Fe,O,-COOH/MNP OchratoxinA 10 pg/mL [106]
Fe@Au NP-2-
EIS aminoethanethiol DNA 2 fM [107]
- graphene NP
Detection method MNPs type Analyte LOD Reference

Table 1. Selected examples of sensors and biosensors based on magnetic nanoparticles

3.2.2. Metal nanoparticles

Metal nanoparticles and CNTs, have been employed to immobilize biomolecules for the
construction of sol-gel biosensors, due to their large surface area, high catalytic activity and
good biocompatibility. Moreover, the excellent conductivity of gold nanoparticles (AuNPs)
provides the potential to construct amperometric biosensors based on redox enzymes (as
sensing elements) and nanoparticle arrays (as conductive matrices where enzyme molecules
are immobilized) [118, 119]. Metal nanoparticles, such as Pd and Pt, were deposited on
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SWCNTs and MWCNTs in order to increase the electrocatalytic activity of CNTs. Animproved
conductivity and electrocatalytic behaviour was obtained by combining sol-gel materials with
CNTs, the electron transfer between the redox enzyme and the electrode being facilitated [120].

Gold nanomaterials have unusual optical and electronic properties, high stability and
biological compatibility. Aptamer-conjugated gold nanomaterials provide powerful
platforms to facilitate targeted recognition, detection and therapy applications, due to their
controllable morphology, size dispersion and easy surface functionalization [121].

Many applications of nanoparticles, such as metal NPs (gold, silver) or semiconductor dots in
biosensing, have been recently reported [122, 123]. A DNA array detection system based on
oligonucleotide targets labelled with AuNPs was developed [124], and AuNPs or silver-
enhanced colloidal gold were used as labels for electrochemical detection of DNA hybridiza-
tion [125, 126, 127]. These NP-based electrochemical biosensors employed the stripping
voltammetric technique as the read-out principle due to the preconcentration step resulting in
ultra-trace-level LODs.

AuNPs are irreversibly immobilized on the transducer, the electrode surface being difficult to
regenerate. To overcome this problem, Chen et al. [128] have developed anovel electrochemical
system for the sensitive detection of glucose (LOD of 1 mM) as well as single-nucleotide
polymorphism, which has the AuNPs directly in the supporting electrolyte. This one-pot
detection system can be operated and regenerated very easily, since all the components are
integrated in the electrolyte of the gold colloid and the unmodified electrode can be reused.

The sensing mechanism of potentiometric biosensors using NPs is based on a sandwich assay
(Figure 6), the target being captured by the immobilized primary receptor and then attached
to the NP-labelled secondary receptor. Potentiometry is finally used to detect the dissolution
products of NPs after a release step with H,O, [123].

Miniaturized ion-selective electrodes (ISEs) designed to detect ions in microvolume samples,
with a concentration of fM, were reported [129, 130], and an LOD of 12.5 pmol/50uL was
obtained for IgG using an ISE based on silver-enhanced AuNPs [131]. Metal NPs can also be
used as a catalyst for the reduction of metal ion, via the enzymatically generated reducing
agent, and the biometallization processes can be monitored by ISEs in real time [132]. Thereby,
an ISE based on AuNPs was developed and applied for highly sensitive detection of glucose
[132, 133], while the NADH potentiometric detection was successfully obtained by monitoring
the NADH-stimulated catalytic reduction of Cu* in the presence of AuNPs (which have a
crucial role in improving the sensitivity) with a Cu®-ISE [134]. Wang et al. [135] reported a
highly sensitive potentiometric biosensor for detecting DNA hybridization based on the
depletion of Ag*ions induced by the biocatalytic reaction of alkaline phosphatase, recorded
in the presence of AuNPs. The sensor has been used to detect DNA and 16S rRNA of Escherichia
coli with LOD of 50 fM, using only 4 uL of sample solution.

Two simple electrochemical aptasensors were developed for the detection of Mucin 1 (MUC1)
tumour marker based on its specific recognition by thiolated aptamers immobilized on Au
NP-modified graphite and gold SPEs. The quantitative detection of MUC1 protein was
electrochemically achieved by electrochemical impedance spectroscopy (EIS) and DPV. The
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Figure 6. Potentiometric biosensors using nanoparticles as labels [123]

estimated detection limits for MUC1 were 3.6 ng/mL at AuNP modified graphite SPE by EIS
and 0.95 ng/mL at AuNP modified gold SPE by DPV [136].

3.2.3. Nanosized clays

Nanosized clays can serve as matrices for electroactive species because they are usually able
to incorporate ions by an ion exchange process. Moreover, adsorption of proteins on clay
mineral surfaces plays a very important role in the development of biosensors. By modifying
the electrode surface with clays, the heterogeneous electron transfer process between the
protein and the electrode surface is facilitated.

The entrapment of biomolecules in the clay matrix represents an inexpensive, fast and easy
method for the elaboration of enzyme electrodes. The procedure consisting in the adsorption
of an enzyme/clay aqueous colloid mixture onto the electrode surface offered the possibility
of entrapping a large and known amount of enzyme into the clay film, and could also be
adapted for interdigitated microelectrodes [137].

Mesoporous silica nanoparticles can be easily synthesized by using surfactant templating
methods [138]. Silica nanoparticles have become an important platform in biomedical appli-
cations and bioanalysis because of their high density, which facilitates separation through
centrifugation during their synthesis, and their modification and detection steps [139]. The
silica surface also provides a biocompatible and versatile substrate for biomolecule immobi-
lization, required for further utilization in biosystems and for drug delivery [140]. Following
typical DNA silica surface conjugate chemistry, the aptamer immobilization on silica nano-
particles has been well developed for various applications [141].

15
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Biosensors based on clay materials can play an important role as efficient tools in the field of
forensic analysis considering their well-known advantages of sensitivity, selectivity, simple
functioning and affordability [142]. Thereby, a bienzyme biosensor based on acid phosphatase
(AcP) and polyphenol oxidase (PPO) simultaneously entrapped in anionic clays was con-
structed and applied for the specific amperometric determination of As(V). The biosensor
relied on the successive hydrolysis of phenyl phosphate to phenol catalysed by AcP and the
oxidation of phenol to o-quinone catalysed by PPO. The electrochemical reduction of the
formed o-quinone was accomplished at a detection potential of -0.2 V vs Ag/AgCl with a
detection limit of 0.15 ng/mL [143]. DNA-functionalized, layer-by-layer assembled SWCNT
hybrids with clay nanoparticles were proposed for the detection of As(Ill) achieving an LOD
of 0.05 mg L' [144]. Another simple amperometric biosensor for cyanide involved the immo-
bilization of PPO into ion exchanger clay based on Zn-Al double-layered hydroxides (LOD of
0.1 nM). The low LOD was a consequence of the anion accumulation in the ion exchanger clay
which also contained the immobilized enzyme [145].

3.2.4. Nanosized and nanostructured polymeric films

One of the most important aspects of biosensor development is the bioelement immobilization
platform, which needs to ensure high stability and maintain its activity as long as possible.
Several types of conductive or insulating polymers were used to obtain a nano/micropat-
terned surface with applications in the biosensor field [146]. Electropolymerization in the
presence of a template, removed after the polymer formation, is an efficient route for the
synthesis of 2D and 3D conductive polymers (CPs). Among the conductive polymers, poly-
pyrrole and polyaniline [147, 148] were extensively studied because of their electrochemical
properties, aqueous compatibility and their ability to form nanostructures like nanowires,
nanotubes or microcontainers [149].

Hydrogels are cross-linked hydrophilic polymer structures that can hold large amounts of
water or biological fluids in their pores. As one of the newest classes of polymer-based systems,
target-responsive hydrogels have found numerous biomedical and pharmaceutical applica-
tions [121, 150]. Polyacrylamide/acrylate is a copolymer of acrylamide and acrylic acid, and
acrydite-modified oligonucleotides can form hydrogels by the introduction of proper com-
plementary DNA as a cross-linker. He et al. [151] reported an aptamer-based reversible DNA
induced hydrogel system for molecular recognition and separation.

Different types of hydrogel nanoparticles were used together with various biocomponents,
such as enzymes, proteins and nucleic acids, during the development of electrochemical
biosensing systems, in order to increase their sensing performances [152].

CPs and in particular functionalized CPs are useful for biosensor construction as a platform
to immobilize the primary Ab on the electrode surface. Poly 0-aminobenzoic acid (PABA) can
be considered a carboxyl-functionalized aniline CP, capable of self-doping, and is also a soluble
derivative of polyaniline. Its carboxyl group can be exploited as a linker, either for PABA
immobilization onto the electrode, or for covalent bond formation with biomolecules such as
proteins and antibodies [153].
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An electrochemical aptamer-based biosensing assay for MUC1 protein detection by the
modification of the graphite-based SPE’s surface using a functionalized conductive polymer
(PABA), and by using methylene blue (MB) as an electrochemical indicator was developed.
The recognition of immunoreactions and aptamer binding events was assessed by monitoring
the interfacial electron transfer resistance with EIS, while CV and DPV were employed for
sensitive indirect quantification of MUC1 via MB with a detection limit of 0.62 ppb [154]. In
order to establish the optimal configuration of HRP-based biosensors able to detect acetami-
nophen in various matrices, another conductive polymer, polypyrrole, was deposited on GCE
and SPE by several methods. Chronoamperometric studies performed proved the interaction
between the immobilized enzyme and the electroactive species of paracetamol, NAPQI,
enzymatically generated in the presence of H,O, [155].

The combination of nanosphere lithography, electrodeposition and click chemistry was
applied for the immobilization of ferrocene at GCE. The nanostructuration of the surface
was obtained by adsorption of 100 and 900 nm diameter polystyrene nanospheres fol-
lowed either by electropolymerization of N-(10-azidodecyl) pyrrole or by electrografting of
4-azidobenzenediazonium. This approach offered potential applications such as engineer-
ing of porous materials and was used for HRP immobilization. The nanostructured
biosensor was applied for acetaminophen detection in the presence of hydrogen perox-
ide, and showed better performances in terms of sensitivity and LOD in comparison with
a non-structured electrode [156]. Another template based on nanostructured polymeric film
was developed combining latex nanosphere lithography with electropolymerization of N-
substituted pyrrole monomer in order to immobilize both tyrosinase and GOx and to obtain
a biosensor with higher sensing performances [148].

3.2.5. Molecularly imprinted polymers

MIPs can be successfully used in applications relying on selective molecular binding as they
are fully artificial macromolecular structures with biomimetic properties, imitating receptor-
ligand, Ab-Ag, or enzyme-substrate biorecognition [157].

MIPs possess several advantages over their biological counterparts, including low cost, ease
of preparation, long term stability and shelf life, inherent reusability, high mechanical strength,
and remarkable chemical and thermal stability under various experimental conditions,
allowing the very specific binding of the analyte in “harsh” chemical media [158, 159].

The rational design of MIPs is still considered a challenge due to the numerous experimental
variables to be addressed, and it has been previously reviewed in detail by several groups of
authors [157, 158, 160, 161] along with their most important analytical applications.

MIPs prepared by bulk polymerization have proven to be poorly compatible with transducers
in terms of efficient immobilization strategies, mass transfer and rebinding kinetics, even if
they are ground before use. Therefore, several aspects related to the in-situ polymerization,
and more specifically to the electrosynthesis of MIPs and hybrid technologies involving MIPs
in the fabrication of biosensors, as well as their most recent advances in addressing two
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important challenges for MIP-based electrochemical biosensors, the determination of bioma-
cromolecules and enantiospecific analysis, will be very briefly presented.

Electroactive organic functional monomers can polymerize to form conducting, semiconduct-
ing or insulating polymers. Polymerization may be performed chemically (using an oxidizer
as external reagent) or electrochemically (by electropolymerization). Electropolymerization is
the more convenient approach, in terms of simplicity and time-effectiveness, for electrochem-
ical biosensor fabrication as it leads to a tight binding of an MIP film onto the surface of the
transducer. This procedure ensures both the synthesis and the surface immobilization of the
biomimetic layer, along with the possibility of controlling polymer nucleation and growth,
film thickness and morphology by the proper selection of the electropolymerization parame-
ters. The reproducible preparation of thin MIP layers is of the utmost importance in sensing
applications, because it reduces response time by significantly shortening diffusional path
lengths. Solvent swelling and the inclusion of the supporting electrolyte’s ions tunes the
rigidity and porosity of the MIP film. Electropolymerization may be performed under
galvanostatic, potentiometric or most frequently potentiodynamic conditions, in both non-
aqueous and aqueous solutions. The first two techniques are able to generate well-ordered,
charged polymericlayers doped with counter ions for charge neutralization, whereas the latter
generates a more tangled, charged or neutral polymeric matrix due to the continuous influx
and release of solvated ions during its growth upon film charging and discharging [157].

Using electroinsulating MIP films in the fabrication of electrochemical sensors carries a major
disadvantage due to the high resistance to charge transfer and the lack of direct path for
electron conduction from the recognition sites to the electrode transducer, suffering from an
incomplete template removal upon their overoxidation. Using electronically conducting
polymers for MIP synthesis avoids these undesirable effects.

Some of the most common electroinsulating layers employed in MIP technology are acrylic-
and vinylic-based polymers, but the most frequently reported electrosynthesized insulating
MIPs are polyphenylenediamine, polyphenol, polyaminophenol and polythiophenol. Due to
their low conductivity, sensors based on such MIPs usually use optical, piezoelectric or
impedimetric signal transduction. However, as long as they are electrodeposited in a thickness
that does not insulate the underlying conductive electrode surface (<10 nm) [162], a successful
voltamperometric signal transduction may also be performed [163].

In the case of electrosynthesis of conducting MIP layers for biosensing, electroactive
functional monomers such as pyrrole, thiophene, aniline, 3-aminophenylboronic acid and
porphyrin derivatives are most often reported. Analyte determination using such conduct-
ing layers may be performed by any available signal transduction procedure, such as
optical, piezoelectric, voltammetric, potentiometric, chronoamperometric, impedimetric or
conductometric procedures. Poly(pyrrole), poly(thiophene), poly(aniline) and their deriva-
tives are amongst the most widely studied conducting polymers [157, 160], due to their
high conductivities in their oxidized form and their ability to reversibly switch between
conducting and insulating states by doping and undoping [160]. As mentioned earlier, in
the non-covalent molecular imprinting, a wide variety of templates are amenable to be used
with elevated imprinting efficiencies, ranging from small analytes to macromolecules
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(proteins, nucleotides). Additional promising approaches include implementing surface MIP
for cells (yeast), bacteria, virus or blood [164, 165, 166]. In the case of using small organic
molecules as templates, MIP synthesis is well established, however the imprinting of much
larger molecules is still considered to be a challenge. Larger templates are less rigid, which
does not ensure the formation of well-defined binding cavities during macromolecular
imprinting, and, furthermore, the secondary and tertiary structures of biomacromolecules
(i.e., proteins) may be also affected under the imprinting conditions. The large size hinders
the protein both in reaching and leaving the artificial binding sites, and their molecular
complexity increases the chances of non-specific binding with the MIP, leading to poor
selectivity and cross-reactivity. More importantly, proteins are often incompatible with the
organic solvents used in MIPs synthesis. The use of an aqueous solution for macromolecu-
lar imprinting greatly restricts the choice of reactive functional monomers and cross-
linkers. Additionally, water could compete for and potentially disrupt any hydrogen bonds
between the template and the functional monomers. The protein as template in macromo-
lecular imprinting may be introduced by three different approaches: it may be dissolved
into the prepolymerization mixture (bulk imprinting), grafted to the surface of the
transducer followed by a partial inclusion into the bulk polymer with the resulting binding
sites situated on the MIP surface (surface imprinting), or only a small epitope part of the
protein (epitope imprinting) may be used as a template, resulting in an MIP that is able to
recognize the whole target protein. Surface and epitope imprinting enhance the imprint-
ing effect for biomolecules, leading to higher affinity and capacity for the template, as well
as to reduced non-specific binding; they improve protein binding kinetics, overcoming
difficulties to mass transfer and protein removal in imprinted matrices. While surface
imprinting is an efficient technique, the conditions used to accomplish the imprinting
process must be carefully considered. The conformational stability of proteins is sensitive
to their surrounding conditions, including temperature, pH, ion concentration, surfactant
and its concentration, the ratio of template to functional monomers, the types of function-
al monomers used, and initiator type [167]. MIPs generated by epitope imprinting mani-
fest minimal non-specific binding and improved affinity. Furthermore, it is less costly
working with short peptides as templates, and more importantly, because of the tem-
plate’s higher stability, organic solvents may also be used during the imprinting process.
The detection of the bound non-electroactive target macromolecule is performed indirect-
ly, in the presence or absence of a redox probe, by various signal transduction principles,
such as voltammetry, piezomicrogravimetry, impedance spectroscopy, etc.

The high selectivity of such biomimetic polymers is also demonstrated by their efficient use
for the molecular imprinting of optically active templates. This special application of MIP-
based chiral electrochemical sensing has not been fully exploited, even though there is a great
necessity in the pharmaceutical industry for developing fast and cost-effective methods of
chiral analysis applicable from the early stages of drug development. The vast majority of MIP-
based electrochemical sensors were developed for non-chiral analysis. Only around 20 articles
report MIP-based sensors designed for the chiral analysis of different small-molecules, but not
pharmaceutically active compounds, like amino acids [168, 169, 170] or monosaccharides [171].
Moreover, enantiospecific signal transduction was only reported in the case of amino acids.
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Nevertheless, very recently an MIP-based electrochemical sensor has been reported for the
simultaneous enantiospecific recognition of several -blocker enantiomers [163].

In spite of the electroinsulating properties of the R(+)-atenolol imprinted acrylate-based MIP,
voltamperometric signal transduction was successfully performed, due to the resulting very
thin (less than 4 nm) and porous MIP layer. The sensor exhibited distinctive enantiospecific
oxidation peaks towards the R-antipodes of four p-blocker representatives and additional
oxidation peaks common to both enantiomers of each studied g-blocker, thus allowing the
simultaneous analysis of all of their enantiomers in a single determination.

3.3. Hybrid materials

Metal NPs decorating CNTs or graphene sheets, carbon-coated magnetic NPs, nanoparticles
included in carbon paste electrodes, MWCNT-alumina-coated silica, and insulating MIPs
combined with various nanostructures are examples of some hybrid nanomaterials used for
the enhancement of biosensor sensitivity.

3.3.1. CNT-based hybrid materials

Electrodes modified by hybrid materials, consisting of CNTs and metal nanoparticles, have
been developed for use as fuel cell catalysts and biosensors [172]. For example, platinum
nanoparticles (PtNPs) catalyse the electrochemical oxidation of H,0O,, which is generated by
the enzymatic reaction, while MWCNTSs can be employed to modify the working electrode for
the enlargement of the electroactive surface area [173]. A highly sensitive Pt-CNT-glucose
biosensor was developed using the incorporation of GOx on a Pt-CNT electrode but with poor
enzyme stability after storage [174]. Electrodes modified by CNTs/PtNPs hybrids protected
by dendrimers were first developed for methanol electrochemical oxidation [175], and then
adapted for the detection of inorganic phosphorous pesticide through the inhibition of the
acetylcholinesterase [172]. These electrochemical biosensors are based on a hybrid material,
consisting of MWCNTs, PtNPs and poly(amidoamine) dendrimer (DEN) as a binder for
enzyme immobilization (Figure 7).
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Figure 7. Biosensor preparation by loading MWCNT, PtNPs and enzyme through dendrimer binders [172]

MWCNTs increase the surface area and promote the electron transfer properties, PtNPs
intensify the electron transferability in addition to catalytic performance, and dendrimers play
a role in the uptake of the redox agent as well as the binder functionality.
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Two new xanthine biosensors, based on GC modified with chitosan (CS), Co,O,NPs and
MWCNTs were developed [176]. Two different enzyme systems were investigated involving
monoenzyme xanthine oxidase (XO) immobilization and bienzyme xanthine oxidase
(XO)/HRP co-immobilization. Xanthine amperometric determination was achieved by both
electrooxidation and electroreduction of the enzymatically generated hydrogen peroxide, with
LODs of 0.2 uM and 20 uM with anodic and cathodic processes, respectively. The proposed
biosensors were applied for detecting xanthine in fish with average recoveries of 96.2+3.5 %
with XO/Co,O,MWCNTs/CS/GCE and 95.4+2.1 % with XO/HRP/Co,O,MWCNTs/CS/GCE,
respectively.

3.3.2. Graphene-based hybrid materials

Graphene can be decorated with AuNPs to enhance the signal transduction or to increase the
grafting area for biocomponent immobilization. AuNPs are the most commonly used metal
nanoparticles in graphene-based biosensing systems, mainly due to their ability to form strong
covalent bonds with the thiol groups [26].

An electrochemical aptasensor using graphene-AuNPs composite obtained by the reduction
of tetrachloroauric acid with sodium citrate in a graphene water suspension was reported
[109]. Direct electrodeposition technique of AuNPs was also applied to graphene-based
electrochemical transducers yielding a high density of nanoparticles that provide an ultra-
large specific surface area available for aptamer immobilization [177].

A graphene-CNTs-incorporating zinc oxide NPs hybrid composite (GR-CNT-ZnO) was
synthesized and applied to fabricate an enzyme-based glucose biosensor (Figure 8).
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Figure 8. The preparation of GR-CNT-ZnO composite [178]

By using CV, authors have concluded that the modified film in the presence of oxygen has
high electrocatalytic ability in glucose detection with a wide linear detection range and a
LOD of 4.5 pM of glucose. The sensor was successfully applied for human serum sam-
ples, and the results were in good agreement with those determined using a standard
photometric method [178].
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3.3.3. Molecularly imprinted polymer-based hybrid materials

Hybrid materials combining insulating MIPs with electronically conducting polymers tend to
correct the drawbacks of the former and feature networks of molecular wires connecting
recognitions sites to the electrode surface [179]. Molecularly imprinted nanoparticles, nano-
spheres, nanoshells or nanofibres obtained by various synthesis procedures (precipitation or
emulsion/suspension polymerization, mini/femulsion precipitation, etc.), along with various
organic/inorganic hybrid materials [165, 180, 181], metal nanoparticles, such as Ag [182] and
Au [183] or carbon nanomaterials [173], may be combined with electrosynthesized MIP films,
leading to composite MIP/nanomaterial biosensing systems [160, 161] with larger specific
surface area, higher sensibility and specificity, and higher biocompatibility for trace electro-
chemical analysis of small analytes and biomacromolecules.

4. Perspectives and future development

The selection of materials and fabrication techniques is crucial for adequate sensor function
and the performance of a biosensor often ultimately depends upon these, rather than upon
other factors. Consequently, future developments in biosensor design will inevitably focus
upon the technology of new materials, especially the new copolymers that promise to solve
the biocompatibility problem and offer the prospect of more widespread use of biosen-
sors in clinical monitoring. The future trends in sensor development that are expected to
have an impact on biosensor performances mainly concern immobilization techniques,
nanotechnology, miniaturization and design of multisensor arrays.
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Abstract

Graphene, mother of all carbon materials, has opened up new era of exploration due
to its unique properties. Graphene, one-atom thick, exhibits a unique chemical
structure and outstanding electronic, optical, thermal, and mechanical properties that
made it compelling for various engineering applications. Graphene and graphene-
based materials are promising candidates for fabricating state-of-the-art nano-scale
sensors and biosensors. They featured with good conductivity and large specific
surface area thereby; graphene-based sensors/biosensors performed well with good
accuracy, rapidness, high sensitivity and selectivity, low detection limits, and long-
term stability. They are ideally used as gas sensors, electrochemical sensors for heavy
metal ions, immunosensors and dihydronicotinamide dinucleotide NADH, DNA,
catecholamine neurotransmitters, paracetamol, glucose, H,O, hemoglobin, and
myoglobin biosensors. This chapter reviews the applications of graphene in nano-
technology since it came to the field particularly in sensing and biosensing applica-
tions. It updates the reader with the scientific progress of the current use of graphene
as sensors and biosensors. There is still much room for the scientific research and
application development of graphene-based theory, materials, and devices. Despite
the vast amount of research already conducted on graphene for various applications,

the field is still growing and many questions remain to be answered.

Keywords: Graphene, Graphene-based materials, Nano-composites, Sensors, Bio-

sensors

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



38 Biosensors - Micro and Nanoscale Applications

1. Introduction

Carbon is an abundant element playing a major role in the chemistry of life [1]. Some of the
advantageous properties of carbon-based electrodes include wide potential windows, fairly
inert electrochemistry, and good electrocatalytic activity for many redox reactions [2]. Various
carbon allotropes including diamond (the carbon atoms are bonded together in a tetrahedral
lattice arrangement, 3D), graphite (the carbon atoms are bonded together in sheets of a
hexagonal lattice, 3D), graphene (2D), carbon nanotubes (single-walled carbon nanotubes
(SWCNT), multi-walled carbon nanotubes (MWCNT), 1D), and fullerenes (the carbon atoms
are bonded together in spherical, tubular, or ellipsoidal formations, 0D) have very different
physical and electrochemical properties from each other (see Table 1 and Figure 1) [2-4]. The
advents of sp? and/or sp® hybridized structures, such as fullerenes, carbon nanotubes, and
conducting diamond, provide a route for surface modification and are very beneficial to
electrochemical research, especially electrocatalysis [2]. The former 3D allotropes have been
known and widely used for centuries whereas fullerenes and nanotubes have been only
discovered and studied in the last two decades. With the exception of diamond, it is possible
to think of fullerenes, nanotubes, and graphite as different structures built from the same
hexagonal array of sp? carbon atoms, namely, graphene [3].

(1) MWONT

A0 Dinmsoamd

(310 Graphite

Figure 1. Different allotropes of carbon.

Graphene consists of a single sheet of carbon atoms that bind with each other in a honeycomb
lattice. Graphene sheets are one-atom thick and 2D layers of sp*bonded carbon [4]. It is the
basic building block for graphitic materials of all other dimensionalities. Graphene can be
wrapped up into spherical shape to form 0D fullerenes (buckyballs), rolled into a cylindrical
shape to form 1D nanotubes or stacked in layers to form 3D graphite as illustrated in Figure
211, 3, 5-8]. The electronic structure of graphene sheets, individual layers of graphite, was first
discussed by Wallace in 1947 [2]. Boehm and co-workers separated thin lamellae of carbon by
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heating and chemical reduction of graphite oxide in 1962 [6]. Until 2004, single layers of
graphite were believed to be thermodynamically unstable under ambient conditions [2, 6].
Since the historical observation of single layer graphene in 2004 by two Nobel Laureates in
physics, Prof. Andre Geim and Prof. Konstantin Novoselov, this atomically thin carbon film
has received ever increasing attention and become the hottest topics and a rapidly “rising star”
on the horizon of materials science and condensed-matter physics attracting enormous
interests [8-10]. This revolutionary discovery has added a new dimension of research in the
fields of physics, chemistry, biotechnology, and materials science [6]. Technologists and
materials scientists have rapidly grabbed some of the assets of graphene and are already
exploring the ways of incorporating graphene into applied devices and materials [3].

2D Graphene

0D Fullerene

3D Graphite

1D} Carbon nanolubes

Figure 2. Basis of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionali-
ties. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite [6].

Dimension 0D 1D 2D 3D
Isomer Fullerene Nanotube Graphene Diamond
Hybridization sp? sp? sp? sp®
Density (g/cm®) 1.72 1.2-2.0 226 3.515
. 1.40 (C=C)
Bond length (A) 1.44 (C=C) 1.42 (C=C) 1.54 (C-C)
1.46 (C-O)
Semiconductor Meta/semiconductor Zero-gap
Electronic properties Insulator
E,=19eV E,=~03-1.1eV semiconductor

Table 1. Important parameters of carbon materials of different dimensionalities [6].
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2. Graphene: Promising material for different applications

Graphene, a monolayer of sp*bonded carbon atoms arranged in a honeycomb lattice, has
attracted tremendous attention from both the theoretical and experimental scientific com-
munities in recent years because of its unique nanostructure and extraordinary properties [11,
12]. It has become a novel and very promising material for nanoelectronics, nanocomposites,
optoelectronic devices, electrochemical supercapacitor devices, fabricated field-effect transis-
tors, drug delivery systems, solar cells, memory devices, and constructed ultrasensitive
chemical sensors such as pH sensors, gas sensors, biosensors, etc. [6, 11, 12]. The rapid adoption
of graphene as a material of interest lies in its actual availability by a range of techniques and
methods and may also be principally because monolayer and few-layer graphene possess a
diverse set of unusual properties. These properties happen to be matching the short-comings
of other materials, such as carbon nanotubes, graphite, or indium tin oxide (ITO) that have
been studied and used for some time [3]. In the following points, we will give an exhaustive
account of the unique physical and chemical properties of graphene.

* Graphene implies large theoretical specific surface area (~ 2630 m? g, for single-layer
graphene), exhibiting high electrocatalytic activities and ultrahigh loading capacity for
biomolecules and drugs [6, 8, 13].

* Graphene is a unique bendable material with excellent mechanical flexibility and high
crystallographic quality. It is strictly 2D and stable under ambient conditions [6, 11, 14].

* Graphene exhibits high optical transparency [6, 11] with an absorption of ~ 2.3% toward
visible light [15]. Indeed, in the visible range, thin graphene films have a transparency that
decreases linearly with the film thickness. For 2-nm thick films, the transmittance is higher
than 95% and remains above 70% for 10-nm thick films. This optical characteristic combined
with the excellent conductivity of graphene-based materials holds promises as a replace-
ment to the cost-raising standard ITO [3].

* The breaking strength of graphene is 200 times higher than steel making it the strongest
material ever tested. Graphene exhibits high values of Young’s modulus (~1.1 Tpa) [6, 11].

* It is one of the thinnest known materials. The carbon atoms are densely packed in a
honeycomb crystal lattice with a bond length of 0.141 nm. Different research groups have
measured the thickness of graphene from 0.35 nm to 1.00 nm. Novoselov et al. have
determined platelet thicknesses of 1.00-1.60 nm [6].

* Itis well established that the superior properties of graphene are associated with its single
layer [6]. Figure 3 (a) shows the honeycomb lattice of graphene that is formed by a triangular
lattice with a basis of 2 atoms per unit cell. Each atom has four valence electrons: one s and
three p orbitals. The s and two p orbitals hybridize to form strong covalent bonds in the
plane. The out of plane p orbital contributes to the conductivity [1, 3]. The hexagonal
structure of graphene possesses an alternate double bond arrangement that makes it
perfectly conjugated in sp* hybridization. In this case, its p, and p, orbitals contain one
electron each and the remaining p. has only one electron. This p, orbital overlaps with the
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p. orbital of a neighbor carbon atom to form a m-bond while the remaining orbitals form o-
bonds with other neighboring carbons. The mt-electrons in graphene are delocalized and are
largely responsible for its conduction properties while mt-orbitals are the most important for
determining the solid state properties of graphene [4]. Thus, graphene has extraordinary
electronic transport properties and high electrocatalytic activities owing to its subtle
electronic characteristics and attractive m—t interaction [12].

* It exhibits excellent room temperature electrical conductivity (~ 7200 S.m™) [6, 11] with
amazing intrinsic mobilities of ~ 200,000 cm*V"'s™. The room temperature thermal conduc-
tivity values have been determined to be ~ (4.84 + 0.44)x10° to (5.30 + 0.48)x10°* WmK! for
single-layer graphene [5, 6, 16].

* One of the factors that made graphene so attractive in the research field is its low energy
dynamics of electrons. The 2D crystal of sp* hybridized carbon is a zero band gap semicon-
ductor in which the m and 7* bands touch in a single point at the Fermi energy at the corner
of the Brillouin zone and close to this so-called Dirac point, the bands display a linear
dispersion (see Figure 3(b)) [1]. This topology of the bands gives rise to exotic electronic
transport properties — the charge carriers behave like relativistic particles — which manifest
themselves in unusual phenomena such as room-temperature anomalous quantum Hall
effect and electrons behaving like massless (zero effective mass) Dirac fermions [2, 10, 16].
The ballistic charge carrier transport at 300 K and at high charge carrier concentrations
makes graphene also interesting for applications in electronic devices [14].

* Graphene exhibits strong adsorptive capability [12] since every atom in a graphene sheet is
a surface atom thus molecular interaction and electron transport through graphene can be
highly sensitive to adsorbed molecules [17]. The unique electrochemical responses of
graphene to target molecules are from the planar geometric structure and special electronic
character of graphene [10].

* Easy synthesis, low cost, and non-toxicity of graphene make this material a promising
candidate for many technological applications [5, 16].

* Graphene is an ideal material for various applications because of its very large 2D electrical
conductivity, large surface area, and low cost. In comparison with carbon nanotubes (CNTs),
two advantages of graphene are obvious as follows:

1. Graphene does not contain metallic impurities as CNTs do. In many cases, such
impurities dominate the electrochemistry of CNTs and lead to misleading conclusions.

2. The production of graphene can be achieved using graphite that is cheap and
accessible [18].

3. Methods of graphene preparation

The rapid adoption of graphene as a material of interest lies in its actual availability by a range
of techniques and methods [3, 5]. In 2004, Geim and coworkers first reported graphene sheets
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Figure 3. (a) Honeycomb lattice of graphene showing two triangular sublattices A and B. (b) Linear energy bands in
the honeycomb lattice close to the Dirac point [1].

prepared by mechanical exfoliation (repeated peeling) of highly oriented pyrolytic graphite.
This method, which is called the “scotch-tape” method, is still widely used in many laborato-
ries to obtain pristine perfect structured graphene layer(s) for basic scientific research and for
making proof-of-concept devices [18, 19]. However, this method is not suitable for the large-
scale production of graphene necessary to fulfill the requirements in different areas. A large
amount of recent effort has been devoted to develop methods to synthesize graphene at large
scale for practical electronic applications. These methods include mechanical exfoliation and
cleavage of natural graphite, chemical vapor deposition on metals, electric arc discharge,
epitaxial growth on electrically insulating surfaces, unzipping of carbon nanotubes, solution-
based chemical approaches (chemical or thermal reduction of graphite oxide), and thermal
decomposition of SiC wafer under ultrahigh vacuum conditions [2, 5, 6, 19].

3.1. Chemical vapor deposition

Chemical vapor deposition (CVD) is a simple, scalable, and cost-efficient method to prepare
single and few-layer of graphene on various substrates. It opens a new route to large-area
production of high-quality graphene films for practical applications [20-23]. In general, CVD
techniques involve the decomposition of fluid (gas and liquid sprays) at high temperature to
form either thin films on substrates or powders through filters. There are many forms of CVD
like hot wire CVD, thermal CVD [24], plasma-enhanced CVD [25], radio-frequency CVD, and
ultrasonic spray pyrolysis. Evaporated Ni film on SiO,/Si wafers or copper foils are ideal
substrates for graphene synthesis. Synthesis of graphene on Ni supported on Si/SiO, wafers
facilitated the breakthrough approach for large-scale graphene. This is attributed to the
excellent geometrical fit of the ordered graphene/graphite phase of carbon to the crystalline
metal surface that is provided by Ni films. Another reason is the convenient interactions that
favor bond formation between carbon atoms at specific conditions. Carbon atoms dissolve into
the Ni crystalline surface and they arrange epitaxially on the Ni (111) surface to form graphene
at certain temperatures (Figure 4). CVD synthesis of graphene can be carried out at ambient
pressure or vacuum by systematically varying parameters such as gas composition and flow
rate, temperature, and deposition time [4, 19]. The carbon precursor in CVD is methane [26-29].
By using diluted methane, single and few-layers of graphene (less than 5 layers) were grown,
while using concentrated methane results in multilayer growth [4]. Other carbon precursors
can be used in CVD such as ethanol [30], isopropanol [27], ethylene, acetylene, and others [4].
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Figure 4. Schematic representation of the atomic arrangement of the hexagonal lattice of the (111) face of nickel (blue
spheres) and how carbon atoms (gray spheres) would arrange on the Ni (111) surface to form graphene [4].

3.2. Unzipping of CNTs into monolayer graphene

The method of unzipping single-walled carbon nanotubes to form monolayer graphene has
been reported recently accomplishing by harsh acids and the right thermodynamic conditions
(Figure 5) [31]. Recently, Dai and coworker have taken a unique approach to fabricate graphene
nanoribbons (GNRs) with well-controlled dimensions. Based on the concept that CNTs are
considered to be GNRs rolled up into seamless tubes and the fact that the size of CNTs has
been well controlled, Dai’s group developed a method to produce GNRs through controlled
unzipping of CNTs using the Ar plasma etching method. Shimizu and coworkers produced
GNRs through the oxidization and longitudinal unzipping of MWCNTs in concentrated
sulfuric acid followed by treatment with KMnO, [32]. Another approach involved the prepa-
ration of longitudinal unzipped MWCNTs by controlled oxidation and intercalation through
reaction with concentrated H,SO, and HNO; at room temperature in order to control the
reaction rate. The unzipped MWCNTs are thermally treated up to 1000°C and 2500°C in an
inert atmosphere to exfoliate and reduce the edge defects. The sonication process is responsible
for chemo-mechanical breaking and the separation of multi-layer nanoribbons [33]. Further-
more, graphene nanoribbons were synthesized by the oxidative unzipping of SWCNTs using
a mixture of concentrated HNO,/H,SO, in a 1:3 volume ratio followed by 8 hours of ultrasonic
treatment performed at 50 W at 45°C [34]. In addition, catalytic unzipping of single-, double-,
and multi-walled carbon nanotubes (SWCNTs, DWCNTs, and MWCNTs) in the presence of
Pd nanoparticles and an oxygen-containing liquid medium yielding few layer graphene sheets
was performed under microwave irradiation [35].

TN

Figure 5. Modelling illustration of the SWCNT unzipped into monolayer graphene [31].
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3.3. Arc discharge

Arc discharge is a versatile and low-cost method for producing various kinds of carbon
nanomaterials. Compared to other methods, the graphene sheets synthesized by arc discharge
method have merits of good dispersibility in organic solvent, few defects, and high thermal
stability [36]. In the arc discharge technique, graphite rods (purity: 99.99 %) are used as
electrodes for high voltage arcing. At extremely high voltages between the electrodes that are
separated by very small distances, very high electric fields can be produced leading to
instantaneous sparks like in a welding process. The fall-out during the discharge process is
the end product that contains the carbon nano-structures [31]. To prepare pure few-layered
graphene, a direct current arc discharge of graphite evaporation was carried out in a water-
cooled stainless steel chamber filled with different buffer gases after evacuating the chamber
by a mechanical pump [31, 36]. When the arc discharge process ended, the generated soot was
collected under ambient conditions. The soot deposited on the inner and top wall of the
reaction chamber was only collected in order to exclude relatively heavy products (amorphous
carbon nanoparticles or multi-layered graphene sheets) dropped to the bottom of the chamber
during the arc discharge process [36]. Different discharge atmospheres may induce different
chemical bonds that cause the prepared graphene sheets to have different properties. Direct
current hydrogen arc discharge evaporation of pure graphite electrodes in various gas
mixtures can be used to mass-produce high-crystalline few-layer graphene sheets [40]. Various
gas mixtures were reported such as H,, He, mixture of H, and He, mixture of NH, and He, and
mixture of CO, and He to synthesize few-layered graphene sheets with high electrical
conductivity [36-38]. On the other hand, a novel method for the large-scale production of
graphene flakes in an arc discharge enhanced with a specially shaped magnetic field and a
custom-designed catalyst was reported [39].

3.4. Reduction of graphene oxide into graphene

Graphene oxide (GO) was synthesized by the strong oxidation of flake graphite using acid via
Hummers” method [40, 41] or modified Hummers’ method [42-44]. GO, an oxidized form of
graphene, is decorated by hydroxyl and epoxy functional groups on the hexagonal network
of carbon atoms with carbonyl and carboxyl groups at the edges. GO is highly hydrophilic and
forms stable aqueous colloids due to the large number of oxygen-containing functional groups
as well as the repulsive electrostatic interactions at the edges of the platelets [41, 45]. It was
reported that GO can be reduced via thermal, chemical, electrochemical, and laser-scribing
methods.

3.4.1. Thermal reduction

The thermal method is believed to be a green method in which no hazardous reductants are
used. This process requires heating up to 1050°C in an oven under argon gas, up to 800°C
under hydrogen gas, or up to 700°C in a quartz tube. The thermal reduction of GO was
accompanied by the elimination of epoxy and carboxyl groups in the forms of O,, CO, CO,,
and H,O as predicted from thermogravimetry data [46-48]. Recently, graphene sheets were
prepared by a solvothermal reduction of GO suspension in water, octadecylamine, butanol,
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or N,N-dimethylacetamide [46]. Wei Huang synthesized high-performance graphene nano-
sheets by thermal reduction of GO under ethanol atmosphere at 900°C. This method can
effectively remove the oxygen-containing functional groups and restore its graphic structure
compared to the ones obtained using hydrazine or hydrogen. It can provide a simple, low-
cost, and high yield approach for the preparation of high performance graphene nanosheets
[49]. Furthermore, graphene sheets with different reduction levels were produced through
thermal reduction of GO in the temperature range of 200-900°C under N, atmosphere for
supercapacitor applications [50, 51]. Thermal reduction can produce few layer graphene with
less agglomeration, higher specific surface area, and higher electrical conductivity compared
to other reduction routes [51].

3.4.2. Chemical reduction

GO formation was followed by subsequent chemical reduction with a reducing agent such as
hydroquinone, sodium borohydride, hydrazine, and hydrazine with NH, [42, 47, 52]. Hydra-
zine hydrate was proved to be the best reducing agent for the chemical reduction of GO into
graphene and very thin graphene-like sheets were obtained. Moreover, the hydrazine treat-
ment resulted in the formation of unsaturated and conjugated carbon atoms, which in turn
imparts electrical conductivity of the graphene sheets [41]. These reducing agents, particularly
hydrazine, are highly toxic, explosive, and their use should be with extreme care and mini-
mized [42, 52]. The chemical reduction may also leave some residual epoxide groups on the
reduced GO sheets leading to some loss in electron mobility [52]. On the basis of these
observations, a new approach was employed to develop a “green” synthesis method for the
production of graphene by using environmentally friendly reducing agents such as vitamin C
[44], reducing, sugars and 1-glutathione under mild conditions [42].

On the other hand, the chemical reduction methods of exfoliated GO with reducing agents
such as hydrazine hydrate provide a promising approach for the efficient large-scale produc-
tion of chemically converted graphene (CCG) sheets. However, in most cases heating to nearly
100°C over several hours is required. A novel, facile, convenient, and scalable method for the
synthesis of CCG sheets as well as metallic and bimetallic nanoparticles supported on the CCG
sheets using a simple household microwave oven was utilized [53-56]. It was reported that
graphene is a good microwave-absorbing material and can reach a high temperature in
minutes [57]. Microwave irradiation (MWI) has been demonstrated for the synthesis of a
variety of nanomaterials with controlled size and shape without the need for high temperature
or high pressure. The main advantages of MWI over other conventional heating methods are
(i) rapid reaction velocity, (ii) clean and energy efficient, and (iii) uniform heating of the
reaction mixture [47, 58-60]. Due to the difference in the solvent and reactant dielectric
constants, selective dielectric heating can provide significant enhancement in the transfer of
energy directly to the reactants causing an instantaneous internal temperature rise. Dried GO
was sonicated in deionized water until homogenous dispersion was obtained. After thatit was
placed inside a conventional microwave after adding 100 ul of a reducing agent [hydrazine
hydrate, ethylenediamine, or ammonium hydroxide] in 30 s cycles for a total reaction time of
60 s. A black color was obtained indicating the complete chemical reduction to graphene. The
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graphene sheets were separated by using centrifuge operated at 5000 rpm for 15 min and dried
overnight under vacuum [53]. Microwave-assisted methods allowed the rapid chemical
reduction of GO using a variety of reducing agents in either aqueous or organic media. By
using this method, many types of metallic and bimetallic nanoparticles can be dispersed on
the graphene sheets via simultaneous reduction of GO and a variety of metal salts to create
novel nanocatalysts supported on the large surface area of the thermally stable 2D graphene
[61]. Moreover, this method provides a low-cost approach to the facile production of nano-
particles/graphene composites on a large scale for applications [57, 61, 62].

3.4.3. Electrochemical reduction

As pointed out by Kaner and co-workers, both chemical and thermal reduction techniques
have some obvious drawbacks, namely, the highly toxic reductant hydrazine, lack control of
the film thickness, and the incompatibility of the thermal reduction process under some
conditions. Thus, the electrochemical method was adopted as an effective and controllable
alternative technique for the modification of electronic states [63]. It has drawn great attention
due to its fast and green nature [17, 52]. This is done by adjusting the external power source
to change the Fermi energy level of the electrode surface that reduces GO in the presence of
direct current bias [63]. Typically, the electrochemical synthesis of graphene was carried out
via two steps, namely, GO being first assembled on the electrodes by solution deposition
methods then being subjected to electrochemical reduction by scanning the potential (cyclic
voltammetry) [45, 47, 52, 64, 65] or by applying constant potential (bulk electrolysis) [66, 67].
Another approach was achieved via a one-step technique in which graphene films can be
prepared on electrodes directly from GO dispersions by simultaneous electrodeposition and
electroreduction [17]. The reduction of GO can be confirmed from the color of GO electrodes
that changes from yellow (before reduction) to black (after reduction) [64], involving the
reduction of the high number of functional groups present in the GO sheets such as OH,
COOH, and epoxides [52].

The properties of electrochemically converted graphene (ECG) are quite different from other
nanostructured carbons (CNTs) and even different from CCG. The morphology of CCG and
ECG on glassy carbon sheet was characterized by high field emission-scanning electron
microscopy (FE-SEM) (Figure 6 (A, B)), respectively. The micrographs show that CCG sheets
are rippled and crumpled with a dimension of several nm to few pm while ECG sheets are
more homogeneous and more compact on the surface than CCG [66]. ECG exhibits greatly
enhanced activity for the electrocatalytic reduction of O, and H,0, and much higher electro-
chemical capacitance for potential application in ultracapacitors [64]. Moreover, the ECG
coating is very stable as a result of its poor insolubility in common solvents [17].

3.4.4. Laser-scribing technology

Compared to chemical and thermal methods, pulsed laser irradiation reduction is simple,
rapid (shorten the reaction time from several hours to few minutes), energy efficient, and free
from poisonous material and high temperature. Also, the pulsed laser reduction of GO in
solution makes it particularly attractive for producing graphene composites by pre-mixing
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Figure 6. SEM images using FE-SEM for a) CCG, b) ECG [66].

with other materials [68]. Moreover, Feng-Shou Xiao fabricated graphene microcircuits by
direct reduction and patterning of GO films using femtosecond laser representing well-
conductivity for electrical applications [69]. Recently, Kaner and co-workers prepared
graphene using standard laser-scribing technology more typically used to etch labels and
images onto DVDs. Initially, a thin film of GO dispersed in water was drop-cast onto a flexible
substrate (a DVD covered with a layer of plastic). Irradiation of the film with an infrared laser
inside an inexpensive commercially available light scribe CD/DVD optical drive reduces the
GO to laser-scribed graphene (LSG), as indicated by the change in film color from golden
brown to black. Analysis of cross sections of the film with scanning electron microscopy
showed that the initially stacked GO sheets were converted into well-exfoliated LSG sheets
without any sticking together through laser irradiation [70].

4. Functionalization of graphene

GO contains oxygen functional groups such as epoxides, OH, and COOH that make it
hydrophilic and well dispersed in water. However, GO is incompatible with most organic
polymers [52]. It is well established that the superior properties of graphene are associated
with its single layer. However, the fabrication of single-layer graphene is difficult at ambient
temperature. Graphene sheets with a high specific surface area tend to form irreversible
agglomerates or even restack to form graphite through m-m stacking and van der Waals
interactions if the sheets are not well separated from each other. Aggregation can be reduced
by the attachment of other small molecules or polymers to the graphene sheets. The presence
of hydrophilic or hydrophobic groups prevents aggregation of graphene sheets by strong
polar-polar interactions or by their bulky size. The attachment of functional groups to
graphene also aids in dispersion in a hydrophilic or hydrophobic media as well as in the
organic polymer [6, 52]. Furthermore, the oxidized rings of functionalized and defective
graphene sheets contain abundant C-O-C (epoxide) and C-OH groups while the sheets are
terminated with C-OH and -COOH groups. Defects of graphene may change its electronic
and chemical properties. The functionalized and defective graphene sheets are more hydro-
philic and can be easily dispersed in solvents with long-term stability [12]. Moreover, they are
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more easily produced in mass quantities as compared with the carbon nanotubes [12, 16, 52].
They may be used to prepare some novel graphene-based nanocomposite films that could
facilitate the further manipulation and processing of these materials for developing novel
electronic devices such as chemical sensors, biosensors [12], cellular imaging, and drug
delivery [52]. On the other hand, various polymer and nanoparticle (metal, metal oxide,
semiconductor) composites have been developed based on the unique properties of graphene.
The bulk production of GO and graphene has given opportunities to explore this flat structure
of carbon with polymer and nanoparticles in composites [32]. Pristine graphene is a hydro-
phobic material and has no appreciable solubility in most solvents. Nevertheless, the process-
ing of graphene composites concerns itself foremost with the solubilization of graphene. To
improve the solubility of graphene, different functional groups have been attached to the
carbon backbone by chemical modification, covalent or non-covalent functionalization [15].

* Covalent modification: The structural alteration can take place at the end of the sheets and/
or on the surface. Surface functionalization is associated with rehybridization of one or more
sp? carbon atoms of the carbon network into the sp® configuration accompanied by simul-
taneous loss of electronic conjugation. Covalent functional groups can attach to the surface
through the reaction between the functional groups (-OH, -COOH, -CO) present on the GO
and reduced graphene oxide (rGO) surfaces and edges [15, 32]. The covalent modification
of graphene can be achieved in four different ways: nucleophilic substitution, electrophilic
addition, condensation, and addition [6].

* Non-covalent modification: It is based on the van der Waals force or the m—m interaction
between reduced graphene oxide (rGO) and stabilizers that not only gives less negative
impact on the structure of graphene and its derivatives, but also provides the feasibility to
tune their solubility and electronic properties [15, 32].

5. Applications of graphene to sensors and biosensors

Graphene has recently attracted tremendous interest because of its unique thermal, mechan-
ical, and electrical properties. One of the promising applications of graphene is electrochemical
sensing. Since every atom in a graphene sheet is a surface atom, molecular interaction and thus
electron transport through graphene can be highly sensitive to adsorbed molecules [17, 71].
Graphene is a strictly 2D material and as such enables devices based on graphene to have an
identical performance on a large scale. In addition, with the 2D structure, the monolayer
graphene has its whole volume exposed to the environment that can maximize the sensing
effect. The principle of graphene devices is based on changes in device conductance due to
chemical or biological species adsorbed on the surface of graphene acting as electron donors
or acceptors [19]. On the other hand, graphene-based nanomaterials have recently shown
fascinating applications in electrochemical sensors and biosensors. Owing to the extraordinary
electronic transport property and high electrocatalytic activity of graphene, the electrochem-
ical reactions of analyte are greatly promoted on graphene film resulting in enhanced voltam-
metric response. Moreover, the electrochemical properties of graphene can be effectively



Graphene — A Platform for Sensor and Biosensor Applications
http://dx.doi.org/10.5772/60676

modified by integration with other functional nanomaterials such as catalyst nanoparticles to
produce versatile electrochemical sensing performance. Comparing with CNTs, graphene has
shown the advantages of high conductivity, ease of production and function, good biocom-
patibility, and abundance of inexpensive source material [71, 72]. Thus, graphene was a good
candidate of advanced electrode materials and could be combined with other functional
materials to fabricate the sensing interface for electroanalysis [8, 10].

5.1. Gas sensors

Graphene has potential use in gas sensors owing to its 2D structure with extremely high surface
area. Gas sensing by graphene generally involves the adsorption and desorption of gaseous
molecules (which act as electron donors or acceptors) on the graphene surface leading to
change in the conductance of graphene. The high sensitivity of graphene toward different
gaseous molecules has led to its use as gas sensor for hydrogen, H,O, CO, NH;, NO,, CL,
ethanol, I,, and O, [73]. Graphene/ZnO hybrid [74] and reduced graphene oxide (rGO) [75]
were utilized as highly efficient gas sensors. Qingkai Yu et al. synthesized Pd-decorated
graphene films to be used as hydrogen sensor. This gas sensor was fabricated on graphene
film with a 1 nm Pd film deposited for hydrogen detection in the concentration range of 25—
10,000 ppm. H, sensor based on Pd-decorated graphene films showed high sensitivity, fast
response, and good recovery and can be used with multiple cycles [19]. Besides, Gupta et al.
prepared a nanocomposite film based on poly(methyl methacrylate) (PMMA), rGO, and
PMMA/rGO to be used as NHj; gas sensor. The sensor performance in terms of selectivity and
sensitivity was much better in the case of PMMA/rGO nanocomposite compared to the
individual layers of tGO or PMMA [76]. On the other hand, an acetylene gas sensor was
fabricated by synthesizing Ag-loaded ZnO-rGO hybrid via a facile chemical route (Figure 7).
A well-structured crystalline nature and mixed phases of Ag, graphene (Gr), and ZnO was
obtained. The morphological characterization revealed that particle-like nanostructures of
Zn0O and Ag were well distributed and closely distributed onto the surface of thin-layer RGO
sheets. A low detection limit of 1 ppm, fast response of 25 s, recovery of 80 s, and good
repeatability were obtained [77].

Figure 7. Schematic diagram of the fabricated sensor device [77].
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5.2. Graphene-based electrochemical sensors for heavy metal ions

Metal ions such as lead, cadmium, silver, mercury, and arsenic have severe environmental and
medical effects so that they require careful monitoring. Therefore, the development of a
sensitive and selective detection method would benefit both the environmental and food
chemists [5, 73]. A novel stannum film/poly(p-aminobenzene sulfonic acid, p-ABSA)/graphene
composite modified glassy carbon electrode (GCE) was used for sensitive determination of
trace Cd*" ions by square wave anodic stripping voltammetry. Graphene layer presents
enhanced electron transfer and enlarged specific surface area. The resulting matrix offers a
good stripping performance for the analysis of Cd* in the linear range from 1.0 to 70.0 ug L~
with a detection limit of 0.05 pg L [78]. Furthermore, Erkang Wang used graphene nanosheets
dispersed in Nafion (Nafion-G) solution in combination with in situ plated bismuth film
electrode for fabricating the enhanced electrochemical sensing platform for Pb* and Cd* by
differential pulse anodic stripping voltammetry. The prepared Nafion-G composite film
exhibited improved sensitivity for the metal ion detections and alleviated the interferences as
a result of the synergistic effect of Nafion-G. The stripping current signal is greatly enhanced
and well distinguished on graphene electrodes with a wide linear range and 0.02 pg L™
detection limit for both ions (Figure 8) [5, 79]. Moreover, various modified surfaces were
constructed for the sensitive and simultaneous determination of Pb* and Cd* such as
graphene/polyaniline/polystyrene nanoporous fiber [80] and graphene/ionic liquid/bismuth
film composite modified screen-printed electrodes [81], functionalized graphene (GNS™*) with
potassium hexafluorophosphate [82], and a hybrid nanocomposite of one-dimensional
MWCNTs and graphene sheets [83]. Large surface area, good ionic and electronic conductivity,
wide electrochemical window, as well as high stability, sensitivity, low detection limit, and
applicability in real samples are the obvious characteristics of the proposed sensors. On the
other hand, functionalized graphene sheets were fabricated and used for simultaneous
removal of high concentration of inorganic species of arsenic (both trivalent and pentavalent)
and sodium from aqueous solution using a supercapacitor-based water filter. Also, they were
utilized for the desalination of sea water. High adsorption capacity for both inorganic species
of arsenic and sodium along with the desalination ability of a graphene based supercapacitor
provides a solution for a commercially feasible water filter. Additionally, the cost effective
production of graphene sheets and better performance compared to other adsorbents like
CNTs provides a platform for the development of commercially feasible supercapacitor-based
water filter [84]. Furthermore, rGO-lead dioxide composite was presented as an excellent
material for the detection of a low level of arsenic with a low detection limit of 10 nM. This
study opens up the possibility of using the composite for simultaneous detection of arsenic
and lead [85]. Furthermore, Zhuangjun Fan synthesized a type of graphene nanosheet/d-
MnO, (GNS/MnO,) composite by a microwave-assisted method to be used as an adsorbent for
the removal of nickel ions from waste water [86].

5.3. Biosensor for some biological compounds

5.3.1. Paracetamol

Paracetamol or acetaminophen (ACOP) is a long-established and one of the most extensively
employed “over the counter” drugs in the world. It is non-carcinogenic and an effective
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Figure 8. Striping voltammograms for the different concentrations of Cd** and Pb* on an in situ plated Nafion-G-BFE
(bismuth film electrode) in solution containing 0.4 mg L™ Bi**79] ].

Electrode Linear range Detection limit Reference
Nafion/TiO,~graphene 1-100 uM 210 nM 7]
nanocomposite
Electrochemically reduced and 5.0 nM-800 uM 2.13nM [91]

deposited graphene onto GCE
Electrochemically reduced 0.04-100 uM 0.02 uM [92]

graphene loaded nickel oxides
(Ni,0;-NiO) nanoparticles
coated onto GCE
Poly(4-aminobenzoic acid)/ 0.1-65 uM 0.01 uM [93]

electrochemically reduced
graphene oxide composite film
modified GCE

Table 2. Examples of modified electrodes for ACOP detection.

substitute for aspirin for patients with sensitivity to aspirin. It is used to reduce fever, cough,
and cold and reduce mild to moderate pain. It is also useful in osteoarthritis therapy, protects
hardening of arteries, relieves asthma patients, and protects against ovarian cancer. So it is
very important to establish a simple, fast, sensitive, and accurate detection method for ACOP
[87, 88]. Yuehe Lin et al. presented an electrochemical sensor for ACOP based on the electro-
catalytic activity of functionalized graphene. Graphene-modified GCE obviously promotes the
sensitivity of the determination of paracetamol with a low detection limit of 32 nM and a
satisfied recovery from 96.4% to 103.3% [12]. Moreover, SWCNTs [89] or MWCNTs [90]
graphene nanosheet nanocomposite modified GCE (SWCNTs-GNS/GCE or MWCNTs-GNS/
GCE) was utilized as a novel, simple, and highly selective electrochemical sensor for tyrosine
and paracetamol. The proposed sensor exhibited perfect characteristics like high effective
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surface area, high porosity, more reactive sites, excellent electrochemical catalytic activity, and
applicability in human blood serum and pharmaceutical samples. Very low detection limits
of 0.19 uM and 0.10 uM were obtained for tyrosine and paracetamol, respectively [90]. Table
2 contains examples of various modified electrodes for ACOP detection [7, 91-93].

5.3.2. Catecholamine neurotransmitters

Catecholamines are a class of neurotransmitters and their detection in the human body has
been of great interest to neuroscientists. They include dopamine (DA), epinephrine (EP), and
norepinephrine (NE) playing important roles in various biological, pharmacological, and
physical processes. They are widely distributed in the mammalian central nervous system for
message transfer [94, 95].

EP, a hormone secreted by the medulla of adrenal glands, is an important catecholamine
inhibitory neurotransmitter. The presence of EP in the body affects the regulation of blood
pressure and the heart rate, lipolysis, immune system, and glycogen metabolism. Low levels
of EP have been found in patients with Parkinson’s disease. Therefore, the quantitative
determination of EP in different human fluids such as plasma and urine is important for
developing nerve physiology, pharmacological research, and life science [96]. Xiaoli Zhang
fabricated graphene/Au nanocomposites modified GCE (GR/Au/GCE) for the detection of EP
with high sensitivity. The oxidation of EP at this modified electrode occurred at less positive
potentials than on bare GCE. In addition, the oxidation peaks of EP and ascorbic acid (AA)
were separated from each other by approximately 180 mV. At the same time, this electrode
also showed favorable electrocatalytic activity toward some other small biomolecules (such as
DA, b-nicotinamide adenine dinucleotide, and uric acid) suggesting the potential applications
of GR/Au nanocomposites for constructing biosensors [97]. Moreover, GR modified Pd was
prepared to be used as a voltammetric sensor for NE, an important neurotransmitter. GR as
well as Pd nanoparticles presented perfect characteristics for the proposed sensor-like excellent
electrocatalytic activity for the oxidation of NE in terms of remarkable enhancement in the
peak current and lowering of peak potential. Also, low detection and quantification limits were
obtained that were 67.44 nM and 224.8 nM, respectively. The application of the proposed
sensor in pharmaceutical dosage forms and human urine samples in the presence of high
concentration of uric acid was achieved with excellent recovery results [98].

On the other hand, DA, ascorbic acid (AA), and uric acid (UA) are compounds of great
biomedical interests playing determining roles in human metabolism. DA is one of the crucial
catecholamine neurotransmitters playing an important role in the function of central nervous,
renal, hormonal, and cardiovascular systems. Thus, a loss of DA-containing neurons may lead
to neurological disorders such as Parkinsonism and schizophrenia [94, 95, 99]. AA (vitamin
C), an antioxidant, is a vital vitamin in human diet existing in both animal and plant kingdoms.
Ithas been used for the prevention and treatment of the common cold, mental illness, infertility,
and cancer and in some clinical manifestations of human immunodeficiency virus infections.
UA is the primary end product of purine metabolism. The extreme abnormalities of UA levels
in the body are symptoms of several diseases including gout, hyperuricemia, and Lesch-
Nyhan. Therefore, simultaneous detection of DA, AA, and UA is a challenge of critical
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importance not only in the field of biomedical chemistry and neurochemistry but also for
diagnostic and pathological research [94, 95]. Feng Li et al. prepared a graphene doped carbon
paste electrode (CPE) by the addition of graphene into the carbon paste mixture for the
successful determination of AA. This sensor showed an excellent electrocatalytic oxidation
activity toward AA with a lower overvoltage, pronounced current response, and good
sensitivity. The proposed sensor exhibited a rapid response to AA within 5 s and a good linear
calibration plot from 0.1 to 106 uM with low detection limit of 70 nM [8]. On the other hand,
Jinghong Li et al. synthesized graphene chemically by the Hummers and Offeman method
and the graphene-modified electrode was applied for the selective determination of DA in the
linear range of 5-200 pM in a large excess of AA. Selective detection was realized in completely
eliminating AA based on the unique planar structure of graphene. The interesting performance
of graphene to DA and AA may be correlated with the following reasons:

1. The high quality of the sp? conjugated bond in the carbon lattice, graphene is highly
conductive and shows metallic conductance even in the limit of zero carrier density. The
unusual density of electronic states of graphene affects its electrochemical reactivity.

2. Molecular structures of DA and AA are distinct from each other. The m—m interaction
between the phenyl structure of DA and 2D planar hexagonal carbon structure of
graphene makes the electron transfer feasible. AA oxidation is inactive most likely because
of its weak m—mt interaction with graphene [10].

Several sensors were utilized for the simultaneous determination of DA and AA such as
graphene modified electrode [100], graphene sheets/Congo red-molecular imprinted polymers
[101], and Pt nanoparticles/polyelectrolyte-functionalized ionic liquid/graphene sheets [102].
On the other hand, TiO,-graphene nanocomposite modified GCE exhibited remarkable
electron transfer kinetics, electrocatalytic activity, and selective determination of DA in the
presence of UA and AA. Differential pulse voltammetry (DPV) peaks of DA, AA, and UA are
well resolved with peak potentials at 108 mV, 272 mV, and 403 mV for AA, DA, and UA,
respectively. The separation of DPV peak potentials for AA-DA and DA-UA are calculated
to be 164 mV and 131 mV, respectively, which are large enough to determine DA selectively
[103]. Several electrochemical sensors based on graphene-modified surfaces were employed
for the simultaneous determination of DA, AA, and UA like polystyrene-grafted-graphene
hybrid [104] and nafion covered core—shell structured Fe;O,@graphene nanospheres (GNs)
[105] modified GCE, graphene-AuAg (Au/Gr-AuAg) composite modified gold electrode [106],
Au nanoplates and rGO modified GCE (Au/rGO/GCE) [107], three-dimensional reduced
graphene oxide (3D-rGO) material [108], water-soluble sulfonated graphene [109], ferulic acid
functionalized electrochemically reduced graphene [110], graphene/nickel hydroxide compo-
site [111], and well-defined flower-like graphene-nanosheet clusters (f-RGO) modified GCE
[112]. In addition, Pd-Pt bimetallic nanoparticles anchored on functionalized rGO nanomate-
rials [113], electrochemically reduced graphene oxide (ERGO) [114], nitrogen-doped graphene
(NG) [115], and tryptophan-functionalized graphene nanocomposite (Trp-GR) [116] were
fabricated for the simultaneous detection of DA, AA, and UA and multi-walled carbon
nanotubes (MWNTs) bridged mesocellular graphene foam (MGF) nanocomposite (MWNTs/
MGF) modified GCE for the simultaneous determination of DA, AA, UA, and tryptophan
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[117]. As well, graphene (Gr)/copper(Il) phthalocyanine-tetrasulfonic acid tetrasodium salt/
polyaniline nanocomposites [118] and NiO nanoparticles-graphene composite film were
employed as electrochemical sensors for the selective determination of AA in the presence of
DA and UA [118] and in the presence of folic acid [119], respectively.

On the other hand, serotonin (5-hydroxytryptamine, 5-HT) is an important neurotransmitter
and it is important to sensitively determine its concentration. A double-layered membrane of
rGO/polyaniline nanocomposites and molecularly imprinted polymers embedded with Au
nanoparticles was employed as an electrochemical sensor for 5-HT. The prepared sensor
displayed obvious selectivity to 5-HT and a low detection limit of 11.7 nM in the linear range
of 0.2-10.0 pM [120]. Moreover, graphene nanosheets [121] and graphene grafted poly(lactic
acid) with Pd nanoparticles [122] were applied as 5-HT sensor showing high sensitivity, good
selectivity, low detection limit, fast response time, and stability. In addition, electrochemically
reduced GO-P (graphene oxide and 5,15-pentafluorophenyl-10,20-p-aminophenyl porphyrin)
was employed as an electrochemical sensor for the simultaneous and selective determination
of DA and 5-HT in the presence of AA. The detection limits of DA and 5-HT were 35 nM and
4.9 nM, respectively [123].

Levodopa (LD), an important neurotransmitter, was determined at modified CPE modified
with graphene (GR), 1-(6,7-dihydroxy-2,4-dimethylbenzofuran-3-yl) ethanone (DE), and ionic
liquid (IL) (GR-DE-IL/CPE). GR-DE-IL/CPE showed enhanced electrocatalytic activity
toward LD with a lower oxidation potential and good electrochemical performance with
higher conductivity and lower electron transfer resistance. Very low detection limit of 5.0 nM
in the linear range of 0.015 to 1000 uM was obtained [124]. An assembly of rtGO, Au nanopar-
ticles, and 2-(3,4-dihydroxy phenyl) benzothiazole [125] and graphene nanosheets modified
GCE [126] and reduced graphene nanoribbons modified carbon screen-printed electrode [127]
were employed for the simultaneous determination of LD, UA and folicacid, LD and carbidopa
and AA, LD and UA, respectively.

5.3.3. Hydroquinone and catechol

Graphene has the great potential for distinguishing a diverse range of aromatic isomers.
Chengbin Liu et al. had utilized graphene modified electrode (EG/GCE) for the simultane-
ous detection of hydroquinone HQ (1,4-dihydroxybenzene) and catechol CC (1,2-dihydrox-
ybenzene). It showed enhanced electron transfer properties, good potential separation of
oxidation peaks between HQ and CC (about 110 mV), wide linear concentration ranges,
low detection limits, excellent reproducibility and stability, and high resolution capacity to
the HQ and CC isomers [17]. On the other hand, a highly stable (pyridine-NG) was used
as an electrochemical sensor for simultaneous determination of HQ and CC. Excellent
electrocatalysis of pyridine-NG for simultaneous determination of HQ and CC was achieved
due to the m-m interactions between the benzene ring of CC and graphene layer and the
hydrogen bonds formed between hydroxyl in HQ molecule and pyridinic nitrogen atoms
within graphene layers, especially the less density distribution of m electron cloud in
pyridinic-NG in acidic condition [128]. Several novel sensors like poly(3,4-ethylenedioxy-
thiophene)/nitrogen-doped graphene composite [129], MWCNTs-poly(diallyldimethylam-
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monium chloride)-graphene [130], and laser reduced graphene [131] modified GCE were
fabricated for the simultaneous detection of CC and HQ with low detection limit, high
sensitivity, excellent potential peak separation, and anti-interference ability. Table 3 contains
examples of modified electrodes for HQ and CC detection [132-135].

Electrode Linear range Detection limit Linear range Detection limit Reference
of HQ of HQ of CC of CC

Graphene and TiO, 0.5-100 uM ~ 0.082 uM 0.5-100 uM 0.087 uM [132]

nanocomposite

Electrochemically reduced --- 35nM -—- 49 nM [133]

graphene oxide- MWCNTs
and terthiophene

1D MWCNTs and 2D - 0.1 puM - 0.06 uM [134]
graphene modified GCE

using 1-butyl-3-methyl-

imidazolium hexafluoro-

phosphate ionic liquid

Au nanoparticle and 0.06-800 uM 0.018 uM - == [135]
graphene composite film
modified carbon ionic

liquid electrode

Table 3. Examples of modified electrodes for HQ and CC detection.

5.4. Drug biosensor

Morphine, noscapine, and heroin are three major alkaloids in heroin samples. Morphine and
noscapine that are directly extracted from poppy are the most abundant constituents in opium.
The widespread use of illicit drugs has led to an increased effort toward developing and
improving methods for their determination in biological samples, which is still a very
challenging task. Graphene nanosheets (GNSs) modified GCE was employed for the simulta-
neous determination of morphine, noscapine, and heroin exhibiting excellent electrocatalytic
activity at reduced overpotentials in wide pH range. Fast response time, high sensitivity and
stability, low cost, low detection limit, and ease of preparation method without using any
specific electron-transfer mediator or specific reagent are the advantages of the proposed
sensor [136]. In addition, electrochemically reduced MWNTs-doped GO (ER-MWNTs-doped-
GO) composite film modified GCE was employed as morphine sensor combining the excellent
conductivity of MWNTSs and ER-GO with the film forming properties of GO [137]. Also, rGO-
Pd (rGO-Pd) hybrid had higher current response toward morphine oxidation compared to the
unmodified rGO with a low detection limit of 12.95 nM [138].

On the other hand, graphene and Nafion film modified GCE was fabricated for the detection
of codeine displaying an excellent analytical performance and enhanced applicability for
codeine detection in urine samples and cough syrup. The high electrocatalytic activity of the
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proposed sensor toward codeine was attributed to the outstanding electric conductivity of
graphene and the high codeine loading capacity on the electrode surface [139]. Furthermore,
a nanocomposite of Gr and CoFe,O, nanoparticles modified CPE was proved to be an ultra-
sensitive electrochemical sensor for codeine and ACOP with low detection limits of 0.011 and
0.025 uM, respectively. The proposed method was free from interference effects of glucose,
ascorbic acid, caffeine, naproxen, alanine, phenylalanine, glycine, and others [140]. On the
other hand, rapid and simultaneous determination of tramadol and ACOP was achieved based
on NiFe,O,/graphene nanoparticles modified CPE with a low detection limit of 0.0036 and
0.0030 uM, respectively [141]. Table 4 contained a summary of some modified electrodes for
drug sensing.

Electrode Drug Linear range Detection limit Reference
Graphene nanosheets morphine, up to 65,40 and 100 0.4, 0.2 and 0.5 uM, [136]
modified GCE noscapine and  pM, respectively respectively

heroin
electrochemically reduced morphine - - [137]
MWNTs-doped GO
modified GCE
rGO-Pd modified GCE morphine 0.34-12 uM 12.95 nM [138]
graphene and Nafion film codeine 5x10%t03x10°M  15nM [139]
modified GCE
a nanocomposite of Gr and codeine and 0.03 to 12.0 uM for 0.011 uM and 0.025 [140]
CoFe,0, nanoparticles ACOP both UM, respecively
modified CPE
NiFe,O,/graphene tramadol and 0.01-9 uM 0.0036 and 0.0030 uM, [141]
nanoparticles modified CPE ACOP respectively

Table 4. Examples of modified electrodes for drug detection.

5.5. NADH biosensor

B-nicotinamide adenine dinucleotide (NAD) and its reduced form (NADH) are a cofactor of
many dehydrogenases, which have received considerable interest in developing amperometric
biosensors, biofuel cells, and bioelectronic devices [2, 5, 18, 73]. The oxidation of NADH serves
as the anodic signal and regenerates the NAD cofactor, which is of great significance in
biosensing important substrates such as lactate, alcohol, or glucose. Problems inherent to such
anodic detection are the large overvoltage for NADH oxidation and surface fouling associated
with the accumulation of reaction products. Graphene shows promise in addressing these
problems [73, 142]. Jinghong Li studied the oxidation of NADH at GCE and reduced graphene
sheet films (rGSF)/GC. The oxidation of NADH occurs at bare GC electrode at 0.75 V vs. Ag/
AgCl, which decreased to 0.42 V at rGSF/GC [2]. Table 5 contained examples of several sensors
for the sensitive and selective determination of NADH with low detection limit.
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Electrode Linear range Detection limit Reference

methylene green - - [5]

functionalized graphene

modified GCE

ionic liquid functionalized - - [73]
graphene modified GCE
chemically reduced graphene -— -— [18]
oxides modified GCE

graphene assembled electrode - - [142]

modified GCE
electroreduced graphene oxide 0.01-3.9 mM 0.1 uM [144]

and polythionine modified
GCE

nitrogen-doped graphene - - [145]

modified GCE
graphene—Au nanorods hybrid 5to 377 uM 1.5 uM [146]

nanosheets modified GCE

Au nanoparticles /reduced 50 nM to 500 uM 1.13nM [147]
graphene oxide
nanocomposites modified
GCE

graphene paste electrode - - [148]
modified GCE

GCE modified with 10 uM to 1.50 mM 1.0 pM [143]
deoxyribonucleic acid,

graphene methylene blue

Table 5. Examples of modified electrodes for NADH detection.

5.6. DNA biosensors

Electrochemical DNA sensors offer high sensitivity, good selectivity, and low cost for the
detection of selected DNA sequences or mutated genes associated with human disease and
promise to provide a simple, accurate, and inexpensive platform of patient diagnosis. Elec-
trochemical DNA sensors also allow device miniaturization for samples with a very small
volume. Among all kinds of electrochemical DNA sensors, the one based on the direct
oxidation of DNA is the simplest [5, 13]. Zhou et al. reported an electrochemical DNA sensor
based on CR-GO. The current signals of the four free bases of DNA (i.e., guanine (G), adenine
(A), thymine (T) and cytosine (C)) on the CR-GO/GC electrode are all separated efficiently
indicating that CR-GO/GC can simultaneously detect four free bases but neither graphite nor
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GCE can. This is attributed to the antifouling properties and the high electron transfer kinetics
for bases oxidation on CR-GO/GC electrode resulting from a high density of edge-plane-like
defective sites and oxygen containing functional groups on CR-GO. These functional groups
are beneficial for accelerating electron transfer between the electrode and species in solution
providing many active sites. CR-GO/GC is also able to efficiently separate all four DNA bases
in both single-stranded DNA (ssDNA) and double-stranded DNA (ds-DNA), which are more
difficult to oxidize than free bases at physiological pH without the need of a prehydrolysis
step. This is attributed to the unique physicochemical properties of CR-GO (the single sheet
nature, high conductivity, large surface area, antifouling properties, high electron transfer
kinetics, etc.) [5, 73]. Furthermore, a zinc sulfur-coated poly (3,4-ethylenedioxythiophene)-
reduced graphene oxide hybrid film was developed for the simultaneous determination of
three deoxyribonucleic acid (DNA) bases: G, A, and T. This electrochemical sensor displayed
a good photoelectronic effect and the peak currents of G, A, and T increased obviously. The
proposed sensor was successfully applied to the analysis of G, A, and T contents in real-life
samples such as herring sperm DNA samples, milk powder, and urine sample from human
beings with satisfactory results [149]. As well, an electrochemical DNA biosensor for the
detection of ssDNA sequence related to transgenic maize MON810 was fabricated based on
electrochemical reduced graphene (ERG) modified carbon ionic liquid electrode (CILE) and
methylene blue (MB). The presence of ERG increased the adsorption amounts of probe ssDNA
sequence on the electrode resulting in the enhancement of the reduction peak current of MB
that used as the hybridization indicator. Under optimal conditions, the linear range of ssDNA
sequences was 1.0 x 10! to 1.0 x 10° M with the detection limit of 4.52 x 10> mol/L [150]. In
addition, the simultaneous determination of adenine and guanine was achieved at the ionic
liquid-functionalized graphene-modified carbon paste electrode (IL-graphene/CPE) with very
low detection limits of 65 nM for guanine and 32 nM for adenine [13]. Moreover, TiO,-graphene
nanocomposite modified GCE exhibited high electrocatalytic activity, wide linear range, and
low detection limit for the simultaneous determination of adenine and guanine. The excellent
performance of this electrochemical sensor was attributed to the high adsorptivity and
conductivity of TiO,-graphene nanocomposite providing an efficient microenvironment for
the electrochemical reaction of these purine bases [151]. On the other hand, a graphene-based
electrochemical DNA sensor was developed for the detection of low concentrations of breast
cancer-related BRCA1 gene. The sensor was stable, reproducible, and sensitive and it could
detect up to 1 femtomolar BRCA1 gene (5.896 femtogram/ml) [152]. Moreover, a graphene
sheets/polyaniline/gold nanoparticle based DNA sensor was employed for the electrochemical
determination of BCR/ABL fusion gene in chronic myelogenous leukemia. Under optimum
conditions, the DNA sensor exhibited a detection limit as low as 2.11 pM (S/N=3) with an
excellent differentiation ability. It has been applied for assay of BCR/ABL fusion gene from
real samples with satisfactory results [153]. Also, a riboflavin electrochemical sensor based on
homoadenine single-stranded DNA/molybdenum disulfide-graphene nanocomposite
modified gold electrode was fabricated. This sensor possessed a wide linear range from 0.025
to 2.25 uM with a low detection limit of 20 nM [154]. A brief summary of DNA biosensors is
given in Table 6.
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Electrode DNA sequences Linear range Detection limit Reference

and mutated genes

zinc sulfur-coated poly (3,4- guanine, adenine - - [149]
ethylenedioxythiophene)-reduced  and thymine
graphene oxide hybrids film

Chemically reduced graphene  guanine, adenine, - - [5, 73]
oxide modified GCE thymine and
cytosine
electrochemical reduced graphene ssDNA sequence 1.0 x10™M 4.52 x 1072 mol/L [150]
modified carbon ionic liquid related to to 1.0x 10° M
electrode and methylene blue  transgenic maize
MONS810
ionic liquid-functionalized adenine and --- 65 nM and 32 nM [13]
graphene modified carbon paste guanine for guanine and
electrode adenine,
respectively
TiO,-graphene nanocomposite adenine and 0.5-200 uM 0.10 and 0.15 pM [151]
modified GCE guanine for adenine and
guanine,
respevtively
graphene-based electrochemical ~ breast cancer- - - [152]
DNA sensor related BRCA1 gene
graphene sheets/polyaniline/gold BCR/ABL fusion - 2.11 pM [153]
nanoparticles based DNA sensor  gene in chronic
myelogenous
leukemia
homoadenine single-stranded riboflavin 0.025 to 2.25 uM 20nM [154]

DNA/molybdenum disulfide—
graphene nanocomposite

modified gold electrode

Table 6. Examples of modified electrodes for DNA detection.

5.7. Graphene-based immunosensor

Increasing attention has been focused on the development of immunoassay because it has
become a major analytical tool in clinical diagnosis. In immunoassay, the determination of
cancer markers associated with certain tumors in patients plays an important role in diagnos-
ing cancer diseases. Carcinoembryonic antigen (CEA) is one of the most extensively used
tumor markers. An elevated CEA level in serum may be an early indication of lung cancer,
ovarian carcinoma, colon cancer, breast cancer, and cystadenocarcinoma. Hence, Sheng Yu
used gold nanoparticles (AuNPs), reduced graphene oxide (R-GO) and poly(L-Arginine)
composite material modified CILE as the platform for the construction of a new electrochem-
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ical CEA immunosensor. The poly(L-Arginine)/R-GO composite film was used to modify CILE
to fabricate Arg/R-GO/CILE through electropolymerization of L-Arginine on R-GO/CILE.
AuNPs were adsorbed on the modified electrode to immobilize the CEA antibody and to
construct the immunosensor. By combining the specific properties such as the biocompatibility
and big surface area of AuNPs, the excellent electron transfer ability of R-GO and the high
conductivity of CILE, the synergistic effects of composite increased the amounts of CEA
antibody adsorbed on the electrode surface resulting in the greatly increase of the electro-
chemical responses. The proposed immunosensor showed good reproducibility, selectivity,
low detection limit, and acceptable stability [155]. As well, ultrathin Au-Pt nanowire-decorated
thionine/reduced graphene oxide (AuPtNWs/THI/rGO) [156] and Au nanoparticles—gra-
phene—chitosan nanocomposite cryogel electrode [157] were developed for CEA detection
showing high sensitivity, reproducibility, stability, and applicability in real samples (Table 7).
Moreover, Jiadong Huang developed an ultrasensitive electrochemical immunosensor based
on nanogold particles (nano-Au), Prussian Blue (PB), polyaniline/poly(acrylic acid) (PANI
(PAA)), and Au-hybrid graphene nanocomposite (AuGN) for the detection of salbutamol
(SAL). SAL is the most widely used 3,-adrenergic receptor agonist that induces bronchodila-
tion making it highly useful for curing bronchial asthma, chronic obstructive pulmonary
disease, and other allergic diseases associated with respiratory pathway. Nano-Au, PB, and
PANI (PAA)-incorporated film was used to enhance the electroactivity, stability, and catalytic
activity for hydrogen reduction of the electrode. AuGN was used to immobilize chitosan, nano-
Au, and horseradish peroxidase-anti-SAL antibody (HRP-AAb). The resulting nanostructure
(AuGN-HRP-A Ab) was used as the label for the immunosensor. This is attributed to the high
surface-to-volume ratio of graphene that allows the immobilization of a high level of chitosan,
nano-Au, and HRP-AAb and its good electrical conductivity that can improve the electron
transfer among HRP, H,0,, and electrode. The proposed immunosensor showed low detection
limit, excellent selectivity, good reproducibility, long-term stability, and high accuracy [158].
Furthermore, the synergistic effect between graphene sheet (GS) and cobalt hexacyanoferrate
nanoparticle (CoNP) was investigated showing that the electroactivity of CoNP was greatly
enhanced in the presence of GS due to the great electron-transfer ability of GS. A label-free
electrochemical immunosensor for the sensitive detection of prostate specific antigen (PSA),
it was widely used in prostate cancer diagnosis and screening, was fabricated. Molecule 1-
pyrenebutanoic acid, succinimidyl ester (PBSE) was adsorbed onto GS and the colloidal
solution containing GS-CoNP-PBSE was added onto the GCE surface to form a stable thin
film with high electroactivity. After anti-PSA antibody was conjugated onto PBSE, the
modified electrode could be used as an amperometric immunosensor for the detection of PSA.
This immunosensor has the advantages of high sensitivity with a low detection limit of 0.01
ng/mL, good selectivity, and stability and could become a promising technique for cancer
marker detection [159]. In addition, highly conductive graphene (GR)-gold (Au) composite
modified electrode [160] and amino-functionalized graphene sheet-ferrocenecarboxaldehyde
composite materials (NH,-GS@FCA) and silver hybridized mesoporous silica nanoparticles
(Ag@NH,-MCM48) [161] were utilized as PSA immunosensor displaying an enhanced electron
transfer and high sensitivity toward PSA (Table 7). On the other hand, ultrasensitive electro-
chemical immunosensor for carbohydrate antigen 19-9 was developed using Au nanoparticles
functionalized porous graphene (Au-PGO) as sensing platform and Au@Pd core shell bimet-
allic functionalized graphene nanocomposites (Au@Pd-Gra) as signal enhancers [162].
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Moreover, an electrochemical immunosensor for the sensitive detection of carbohydrate
antigen 15-3 (CA15-3) was fabricated based on ionic liquid functionalized graphene and Cd*-
functionalized nanoporous TiO,. The good performance of the immunosensor was attributed
to (i) high surface-to-volume ratio of graphene, (ii) excellent biocompatibility and electron
transfer rate originating from ionic liquid functionalized graphene, and (iii) the highly specific
surface area of nanoporous TiO, facilitating the adsorption of a high amount of Cd?* for signal
amplification [163].

Electrode Immunosensor Linear range Detection limit Reference
gold nanoparticles, reduced Carcinoembryonic 0.5 t0 200 ng mL"! 0.03 ng mL"! [155]
graphene oxide and poly(L- antigen (CEA)
Arginine) composite material
modified CILE
ultrathin Au-Pt nanowire- CEA 50 fg/mL to 100 ng/mL 6 fg/mL [156]

decorated thionine/reduced

graphene oxide

Au nanoparticles-graphene— CEA 1.0x 10 2.0 x 107 ng/mL [157]
chitosan nanocomposite cryogel to 1.0 ng/mL
electrode
nanogold particles, Prussian salbutamol 0.08 ng/mL 0.04 ng/mL [158]
Blue, polyaniline/poly(acrylic and 1000 ng/mL
acid) and Au-hybrid graphene
nanocomposite
graphene sheet and cobalt  prostate specific antigen - 0.01 ng/mL [159]
hexacyanoferrate nanoparticle (PSA)
graphene-gold composite PSA 0-10 ng/mL 0.59 ng/mL [160]

modified electrode

amino-functionalized graphene PSA 0.01-10.0 ng/mL 2 pg/mL [161]
sheet—ferrocenecarboxaldehyde
composite materials and silver

hybridized mesoporous silica

nanoparticles
Au nanoparticles functionalized ~ carbohydrate antigen ~ 0.015 to 150 U/mL 0.006 U/mL [162]
porous graphene and Au@Pd 19-9

core shell bimetallic

functionalized graphene

nanocomposites
ionic liquid functionalized carbohydrate antigen 0.02-60 U/mL 0.008 U/mL [163]
graphene and Cd*- 15-3

functionalized nanoporous TiO,

Table 7. Examples of modified electrodes used as immunosensors.
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5.8. Hemoglobin and myoglobin biosensors

Hemoglobin (Hb) is the most important part of blood responsible for transporting O, through-
out the circulatory system. Change of Hb concentration in blood can cause several diseases
and even death. Therefore, accurate determination of Hb content in blood is medically very
essential [73]. Chunming Wang and Jun-Jie Zhu synthesized functionalized graphene nano-
sheets (PDDA-G) with poly(diallyldimethylammonium chloride) (PDDA) and used to
combine with room temperature ionic liquid (RTIL). The resulting RTIL/PDDA-G composite
displayed an enhanced capability for the immobilization of Hb to realize its direct electro-
chemistry. The proposed biosensor showed a fast direct electron transfer of Hb. Moreover, the
RTIL/PDDA-G based biosensor exhibited excellent electrocatalytic activity for the detection of
nitrite with wide linear range and low detection limit. The present strategy definitely paves a
way for the functionalization of graphene sheets with good biocompatibility and solubility,
thus provides a novel and promising platform for the study of the biological application of
graphene [164]. Moreover, Ke-Jing Huang fabricated a promising biosensor, hemoglobin (Hb)/
chitosan (Chit)-ionic liquid (IL)-ferrocene (Fc)/graphene (Gr)/GCE, that exploited the syner-
gistic beneficial characteristics of Fc, Gr, and IL for Hb detection. The proposed biosensor
showed a strong electrocatalytic activity toward the reduction of H,O, which could be
attributed to the favored orientation of Hb in the well-confined surface as well as the high
electrical conductivity of the resulting Chit-IL-Fc/Gr inorganic hybrid composite. The
developed biosensor exhibited a fast amperometric response, a good linear response toward
H,0O, over a wide range of concentration, and a low detection limit of 3.8 uM. High sensitivity
and stability, technically simple, and the possibility of preparation at short period of time are
of great advantage of the developed biosensors [165]. Moreover, GR and Mg,Al layered double
hydroxide composite was prepared and used for the immobilization of Hb on a CILE to obtain
an electrochemical biosensor exhibiting electrocatalytic reduction to trichloroacetic acid [166].
As well, a biocompatible biosensor based on immobilized Hb on carboxymethyl cellulose
functionalized reduced graphene oxide (rGO) nanocomposite was developed. The proposed
Hb biosensor exhibited excellent bioelectrocatalytic activity toward the reduction of NO and
H,0O,. This biosensor opened up a promising platform for protein immobilization and biosen-
sor preparation [167]. Also, a mediator-free biosensor was fabricated by the immobilization of
Hb on TiO,NPs-rGO with a double-layered structure. TiO,NPs-rGO nanocomposite was an
excellent matrix for immobilization and biocompatibility for redox protein presenting good
protein bioactivity and stability. The direct electron transfer of Hb is facilitated due to the
special double-layered structure of TiO,NPs-rGO. The prepared biosensor showed good
performance for H,O, detection with a low detection limit of 10 nM in the linear range of 0.1-
140 uM [168]. On the other hand, a novel biocompatible sensing strategy based on a graphene
(GR), ionicliquid (IL) 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBE,) and chitosan
(CTS) composite film for the immobilization of myoglobin (Mb) was adopted. The CTS-Mb-
GR-IL modified electrode exhibited an excellent enzyme-like catalytic activity for the reduc-
tion of trichloroacetic acid [169]. Another nanocomposite based on Pt nanoparticle decorated
GR nanosheet was developed for the direct electrochemistry and electrocatalysis of Mb. GR-
Pt nanocomposite was integrated with Mb on the surface of CILE. Nafion/Mb-GR-Pt/CILE
electrochemical biosensor had potential applications for the electrocatalytic reduction of
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trichloroacetic acid in the linear range of 0.9 to 9.0 mM with the detection limit of 0.32 mM
[170]. Moreover, 1-hexylpyridinium hexafluorophosphate based CILE was used as a substrate
for the in situ electrodeposition of GR and nickel oxide (NiO) to get NiO/GR/CILE.
Nafion/Mb/NiO/GR/CILE electrochemical sensor was constructed by the immobilization of
Mb on the surface of NiO/GR/CILE with a Nafion film. The presence of the NiO/GR nano-
composite on the electrode promoted the direct electron transfer of Mb. A third-generation
electrochemical Mb biosensor based on NiO/GR/CILE was constructed for the electrocatalytic
reduction of trichloroacetic acid and H,O, [171]. Table 8 contained a brief summary of some
hemoglobin and myoglobin biosensors.

Electrode Hb and Mb biosensor Linear range Detection limit Reference

poly(diallyldimethylammonium nitrite 0.2t032.6 uM 0.04 uM [164]
chloride) functionalized
graphene nanosheets combined
with room temperature ionic
liquid and modified with Hb

Hb/chitosan—ionic liquid- H,0, 50 uM to 1200 uM 3.8 uM [165]
ferrocene/graphene/GCE

Hb/ GR and Mg,Al layered trichloroacetic acid 1.6 to 25.0 mM 0.534 mM [166]

double hydroxide composite

immobilized Hb on NO and H,0, 0.864 uM-19.8 uM and 0.37 uM and 0.08 [167]
carboxymethyl cellulose 0.083-13.94 uM for ~ uM for NO and
functionalized reduced graphene NO and H,0,, H,0,, respectively
oxide (rGO) nanocomposite respectively
Hb/ TiO,NPs-rGO H,0O, 0.1-140 uM 10 nM [168]
myoglobin (Mb)/graphene , 1- trichloroacetic acid - - [169]

ethyl-3-methyl-imidazolium
tetrafluoroborate and chitosan

composite film

Mb/ Pt nanoparticle decorated trichloroacetic acid 0.9 t0 9.0 mM 0.32 mM [170]

GR nanosheet

Nafion/Mb/NiO/GR/1- trichloroacetic acid and -—- -—- [171]
hexylpyridinium H,0O,
hexafluorophosphate CILE

Table 8. Examples of modified electrodes used as Hemoglobin and Myoglobin Biosensors.

5.9. Glucose and H,0, biosensors

Glucose biosensors are becoming increasingly important due to their applications in biologi-
cal and chemical analyses, clinical detection, and environmental monitoring. The immobiliza-
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tion of enzymes onelectrodesis generally the firststep in fabrication attracting significant efforts
because enzymes are highly selective and quickly responsive to specific substrates. Glucose
oxidase (GOD) is employed as the enzyme in most of the glucose biosensors. It catalyzes the
electron transfer from glucose to oxygen accompanied by the production of gluconolactone and
hydrogen peroxide. The quantification of glucose can be achieved via electrochemical detec-
tion of the enzymatically liberated H,O, [172]. Hua Zhang proposed a direct electrochemical
method to reduce single-layer GO adsorbed on the 3-aminopropyltriethoxysilane (APTES)
modified GCE. The reduced GO was modified with GOD and the obtained GCE-APTES-rGO-
GOD was successfully used to detect glucose opening up a potential application in biosens-
ing[52].Inaddition, abionanocomposite film consisting of GOD/Pt/functional graphene sheets/
chitosan (GOD/Pt/FGS/chitosan) was employed for glucose sensing. With the electrocatalytic
synergy of FGS and Pt nanoparticles to H,O,, a sensitive biosensor with a detection limit of 0.6
uM for glucose was achieved displaying good reproducibility, long-term stability, and anti-
interfering ability from AA and UA. The large surface area and good electrical conductivity of
graphene suggests that graphene is a potential candidate as a sensor material [173]. Also,
AuNPs-graphene nanocomposite was prepared and its electrocatalytic activity toward glucose
oxidation was investigated. The results indicated that AuNPs-graphene nanocomposite had a
higher catalytic activity than AuNPs or graphene alone indicating the synergistic effect of
graphene and AuNPs [174]. Furthermore, Li Niu developed a novel glucose biosensor based
on graphene/AuNPs/chitosan at gold electrode exhibiting good electrocatalytic activity toward
H,0, and O,. With GOD as a model, the graphene/AuNPs/GOD/chitosan composite-modi-
fied electrode was constructed through a simple casting method. The resulting biosensor
exhibited good amperometric response to glucose with linear range, good reproducibility, and
low detection limit of 180 uM [175]. Also, amperometric glucose biosensors were fabricated by
using Pt-Au and Au nanoparticle spacers decorated functionalized graphene (f-G) nano-
sheets. The immobilization of GOD over nafion-solubilized metal nanoparticles dispersed
graphene f-G-(Pt—Au) and {-G-(Au) electrodes has been achieved by physical adsorption. The
resultant bioelectrode retains its biocatalytic activity offering fast and sensitive glucose
quantification. The fabricated f-G-(Au) based glucose biosensor exhibited best sensing
performance with a linear response up to 30 mM with an excellent detection limit of 1 uM [172].
Moreover, a dual biosensor platform based on hemin-functionalized graphene nanosheets (H-
GNs) was presented. The nanomaterial combines the features of both graphene (high conduc-
tivity and surface area) and hemin (excellent catalysis and intrinsic peroxidase-like activity).
Based on these features, the simple, economical, and highly sensitive amperometric and
colorimetric biosensors for H,0O, and glucose have been developed. The detection limits for
H,0, and glucose reached 0.2 uM and 0.3 uM by the amperometric method, respectively. By
the colorimetric methods, the detection limits for H,O, and glucose were as low as 20 nM and
30 nM, respectively. The rapid, simple, and sensitive sensing platform showed great promis-
ing applications in the pharmaceutical, clinical, and industrial detection of H,0O, and glucose
[176]. Also, GCE modified with electrochemically reduced graphene oxide/sodium dodecyl
sulfate (GCE/ERGO/SDS) was further modified with GOD to be used as an enzymatic glu-
cose biosensor with a low detection limit of 40.8 uM [177]. On the other hand, graphene
functionalized with poly(diallyldimethylammonium chloride) (PDDA) can be used as non-
enzymatic H,O, biosensor showing enhanced electrocatalytic activity toward H,O, reduction.
As well, this modified surface can be used as an enzymatic glucose sensor by the immobiliza-
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tion of the negatively charged GOD onto the positively charged PDDA-G matrix through
electrostatic interaction. GOD/PDDA-G bionanocomposite can detect glucose with a low
detection limit of 8 uM in the linear range of 0.02 to 1.8 mM [178]. In addition, a graphene and
cobalt oxide nanoparticle composite was employed as non-enzymatic H,O, and enzymatic
glucose biosensor [179]. Several modified surfaces were utilized as non-enzymatic H,O,
biosensors, which were summarized in Table 9. On the other hand, a stable and sensitive non-
enzymatic glucose biosensor based on CuO and rGO nanocomposite was developed. The
proposed biosensor presented a high sensitivity of 2221 pA/mM.cm? and a wide linear range
from 0.4 pM to 12 mM toward glucose with good selectivity and stability. The TEM of rGO
sheets showed a typical wrinkled and crumpled shape with thin layers. Upon CuO modifica-
tion, there is a uniform distribution of rod-like nanoparticles with an average length of 20-30
nm on the surface of rGO indicating the successful synthesis of CuO-rGO nanocomposite [186].
Also, Ni(OH),/electroreduced graphene oxide-MWCNTs film was employed as non-enzymat-
ic H,0, and glucose biosensors [187].

Electrode H,0, and glucose Linear range Detection limit Reference
biosensor
GOD modified reduced GO enzymatic glucose - - [52]

adsorbed on the 3-

aminopropyltriethoxysilane

(APTES) modified GCE
GOD/Pt/functional graphene enzymatic glucose - 0.6 uM [173]
sheets/chitosan
AuNPs-graphene nanocomposite ~ enzymatic glucose - - [174]
graphene/AuNPs/GOD/chitosan ~ enzymatic glucose 2to 10 mM 180 uM [175]

composite-modified electrode

GOD modified Pt-Au and Au enzymatic glucose up to 30 mM 1M [172]
nanoparticle spacers decorated

functionalized graphene (f-G)

nanosheets
hemin-functionalized graphene H,0, and glucose - 0.2 uM for H,0, [176]
nanosheets (H-GNs) and 0.3 uM for
glucose
GCE modified with enzymatic glucose - 40.8 uM [177]
electrochemically reduced
graphene oxide/sodium dodecyl
sulfate and GOD
graphene functionalized with Non-enzymatic H,O,and  0.02 to 1.8 mM 8 uM [178]

poly(diallyldimethylammonium  enzymatic glucose
chloride)
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Electrode H,0, and glucose Linear range Detection limit Reference
biosensor
graphene and cobalt oxide non-enzymatic H)O, and 0.5mM to16.5mM 0.06 uM for H,0, [179]
nanoparticle composite enzymatic glucose for glucose.
0.2 to 211.5 uM for
H,0,
prussian blue nanocubes on non-enzymatic H,O, 1.2 uM to 15.25 mM 0.4 uM [180]

nitrobenzene-functionalized

reduced graphene oxide

layer-by-layer deposited low non-enzymatic H,O, - - [181]
dimensional building blocks of
graphene-prussian blue onto

graphite screen-printed electrodes

Ag nanoparticles/graphene non-enzymatic H,O, 0.1 to 100 mM 0.5 uM [61]
nanosheet
prussian blue-graphene modified non-enzymatic H,O, 10-1440 uM 3uM [182]
GCE

graphene/Nafion/azure I/Au non-enzymatic H,0, 30 uM to 5 mM 10 uM [183]

nanoparticles composites
modified GCE
rGO and Fe;O, nanocomposites ~ non-enzymatic H,O, 0.1 mM to 6 mM 3.2uM [184]
cationic polyelectrolyte- non-enzymatic H,O, - - [185]

functionalized ionic liquid

decorated graphene sheets

nanocomposite
CuO and rGO nanocomposite  non-enzymatic glucose 0.4 pM to 12 mM - [186]
Ni(OH),/electroreduced graphene non-enzymatic H;O, and 10-1500 uM and 10~ 2.7 uM and 4.0 [187]
oxide-MWCNTs film non-enzymatic glucose ~ uM-9050 uM for uM for glucose
glucose and H,0,, and H,0,,
respectively respectively

Table 9. Examples of modified electrodes used as Glucose and H,O, Biosensors.

6. Conclusions

Graphene exhibits a unique chemical structure and outstanding properties making it very
attractive for various engineering applications. Graphene and graphene-based materials have
a profound impact on electroanalysis, electrocatalysis, sensors, and biosensors. In sensing
applications, graphene-based materials featured with good conductivity and large specific
surface area have demonstrated accurate, rapid, selective, sensitive, and even single-molecular
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sensing abilities. Graphene-based materials are ideally used as gas sensors, electrochemical
sensors for heavy metal ions, immunosensors and NADH, DNA, catecholamine neurotrans-
mitters, paracetamol, glucose, H,O,, hemoglobin, and myoglobin biosensors. Future investi-
gations on graphene-based sensing platforms, combined with versatile sensing strategies, are
expected to continuingly lower the detection threshold.
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Abstract

In this chapter we discus molecular imprinting technology (MIT), molecular imprint-
ed polymers (MIPs), and their compatibility on a proper transducer to construct a
sensing system. Molecularly imprinted sensors (MISens), in other words, artificial
receptor-based sensors synthesized in the presence of the target molecule, are capable
of sensing target molecules by using their specific cavities and are compatible with
the target molecule. This MIP technology is a viable alternative of artificial receptor
technology, and the sensor technology is capable of detecting any kind of molecule
without pre-analytic preparations. In this chapter, you can find examples, sensor
construction techniques and fundamentals of MIP and sensor combinations to look
forward in your studies. For sensor technology, we explained and discussed the new
sensing technologies of MIP-based electrochemical, optical (especially surface
plasmon resonance, SPR), and piezoelectric techniques. Therefore, this chapter
presents a short guideline of MISens.

Keywords: molecular imprinting, sensors, artificial receptors, impedimetric sensors,
capacitive sensors, potentiometric sensors, amperometric sensors, fluorimetric sen-

sors, SPR sensors, QCM sensors, piezoelectric sensors

1. Introduction

Nowadays, technology develops exponentially and the rate of article publishing and patent
applications are immensely high reflecting the growth of technological improvements and
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discoveries. The purpose of all developmental statuses is to simplify human life. Therefore,
every system is being designed in an “all in one fashion” for devices and equipment. You can
imagine, for instance, that if we compare the current mobile phone systems with 10 years
earlier, we will see that there is a big jump. This technological development has a wide area
of application ranging from health to food applications, from environment to space. The best
providence of this technology is its ability to provide people a simpler life, which comes within
the simplified new treatment systems for medicine, or with the control of the environmental
balance more easily by simple devices. These simple devices are being developed especially
for personal use such as chemical sensors and biosensors. These devices are famous for their
features such as that they are easy to use, cost-effective with a high sensitivity and selectivity.
Therefore, sensor technology is widely used in different platforms ranging from health
technologies to environmental analysis methods [1-6]. Generally, sensors consist of three parts:
transducers, recognition elements, and an analytical device. Transducers are part of sensors
which convert energy from one form to another. For example, piezoelectric transducers
convert electrical charges produced by piezoelectric solid materials into energy. Recognition
elements (enzyme, DNA, antibodies, etc.) and a proper analytical device to show noticeable
signals formed by transducers are the elements of chemical and biochemical sensors [7-11].
Chemical sensors use chemically formed materials (nanomaterials, MIPs, etc.) as recognition
elements, whereas biochemical sensors use biomolecules (enzymes, antibodies, DNAs,
receptors, proteins, etc.) as recognition elements. If we compare these sensor types, although
biosensors are more selective then chemical sensors, chemical sensors have advantages such
as the capacity to resist harsh conditions such as strong pH, extreme ionic strength, and a wide
variety of organic solvents. In this chapter, we especially point out these differences together
with the concepts of construction of molecularly imprinted sensors. Just like biosensors, the
chemical sensors are divided into two main functional combinations: affinity-based sensors
and catalytic sensors. Catalytic sensors are modified with different molecules that show
catalytic properties [12]. Affinitybased sensors, which are MIP-based sensors, have a specific
recognition patter mechanism of recognition for the target analyte which mimics to recognize
target analyte [13].

2. Molecular imprinting technology

In brief, molecular imprinting is defined as the formation of artificial receptors for a specific
target molecule on a polymer or on self-assembled materials. Natural receptors are widely
used for sensor technology to target the analyte, leading to electrochemical, optical, and mass
or magnetic changes on transducers [14-18]. MIPs are obtained by polymerization of a
monomer and a cross-linker, which are located around the target molecule (Fig. 1). This
assembly of a monomer around a target molecule is encouraged by covalent and non-covalent
interactions. Itis easier to remove the target molecule from a non-covalently formed MIP-target
molecule complex than removing from a covalently formed MIP-target molecule complex. Just
as we described, MIPs are synthetic polymers, which can only be used as plastic antibodies for
now. It means that, currently, MIPs on sensors are only used as affinity sensors and not as a
catalytic biochemical enzyme mimicking sensors.
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Figure 1. A schematic of MIP preparation steps.

Molecular imprinting technology, in general, is developed as bulk polymerization (3-D) and
surface imprinting polymerization (2-D). Bulk polymerization is prepared as bulk materials,
so they have further preparation steps before use to recognize desired materials, for example,
grinding of bulky MIPs, which cause disruptive heterogeneous binding sites leading to poor
site accessibility. Moreover, there are embedded target molecules inside the bulk polymers
[19]. Surface imprinting is more advantageous due to controlled surface imprinting and its
convenience for sensor technology. For the sensor and the analytical device preparation by
using MIPs, there are two methods to design MIPs; one is an in situ technique that imprinted
polymer is prepared on the transducer, whereas the other is an ex situ technique that imprinted
polymer is prepared separately from transducers, where MIPs are immobilized on transducers
after this preparation to construct MISens

3. Sensors

Chemical sensors are a major class of sensors, which have many applications, such as envi-
ronmental and food analysis, process control, and medical diagnosis. A chemical sensor is a
device that transforms chemical information, ranging from the concentration of a specific
sample component to the analysis of the total composition of a sample, into an analytically
useful signal [20] and [21]. Like many fields in science, chemical sensors have benefited from
the growing power of computers, integrated electronics, new materials, novel designs, and
processing tools. Breakthroughs over the last decade have pushed chemical sensors into new
markets, as well as to new applications within existing markets [22].

When operated, a chemical sensor performs two functions: recognition and transduction. First,
the analyte interacts in a more or less selective way with the recognition (or sensing) element,
which shows affinity for the analyte. The sensing element may be composed of distinct
molecular units called recognition receptors. Alternatively, the recognition element can be a
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material that includes certain recognition sites in its composition. Beyond this, the recognition
element can be formed of a material with no distinct recognition sites, but capable of interacting
with the analyte. In a chemical sensor, the recognition and transduction functions are inte-
grated within the same device. An analytical device with no recognition function is not a
chemical sensor but a concentration transducer [20, 23]. The signal from a sensor is typically
electronic in nature, being a current, voltage, or impedance/conductance change caused by the
change in analyte composition or quality. While chemical sensors contain a physical transducer
and a chemically sensitive layer or recognition layer, the micro-instrument or spectrometer
sends out an energy signal, which can be thermal, electrical, or optical, and reads the change
in this same property caused by the intervening chemical and this is close to molecular
spectroscopy [24].

Biosensors have specific recognition elements of the proper chemical substances, which is
performed as an analytical devise. The biological material that serves as recognition element
is used in combination with a transducer. The transducer transforms the concentration of
substrate or product to electrical signal that is amplified and further processed. The biosensors
may utilize enzymes, antibodies, nucleic acids, organelles, plant and animal tissue, whole
organism, or organs. Biosensors that contain biological catalysts (enzymes) are called catalytic
biosensors. These types of biosensors are the most abundant, and they have their largest
application area in medicine, ecology, and environmental monitoring [25-27].

Molecularly imprinted polymers (MIPs) are synthetic materials used as recognition elements
in the design of sensors due to their higher thermal stability than biological receptor, reusa-
bility, and selectivity compared to biological receptors. These polymeric materials bind to the
target molecules causing variations in physical parameters, such as mass, absorbance, or
refractive index depending upon the shape, charge, and functionality of the target molecule
leading to Ref. [28]. The design of these synthetic materials, which are able to mimic the
recognition processes found in nature, has become an important and active area of research
making molecular imprinting one of the strategies followed to create materials with recogni-
tion ability comparable to the natural systems in recent years.

4. Molecularly imprinted sensors

A combination of molecularly imprinted polymers and transducers form a synergistic device.
Just as we mentioned before, MIPs have the ability to resist pH, organic environment, and ionic
strength. Therefore, their usage in sensor technology is very beneficial. Because of this, studies
including molecular imprinting are increasing year by year, which can be clearly seen in Fig.
2. Moreover, this technology is quite suitable and advantageous for non-electroactive molecule
detection. Non-electroactive species are molecules that cannot be transformed by electro-
chemical reactions such as pesticides, drugs, etc. Therefore, they can be measured by affinity
techniques, or catalytic secondary molecule usage. Secondary molecule usage, however, has
disadvantages such as secondary molecule and target molecule interaction, solvent problems,
where template and secondary molecule may not be solved in the same solvent or harsh
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conditions can affect the reaction of target molecule, hence the measurement. Therefore,
affinity measurement is very beneficial for these kinds of molecules. Affinity measurement is
used to detect molecules depending on the affinity between target molecule and the molecule
it shows affinity. In biosensor technology DNA, antibody, protein, and receptor-based systems
are designed which could be collectively called affinity-based systems. However, these bio-
compounds are expensive, hard to immobilize onto transducers, and challenging to study on
their optimum conditions. Then, an idea came up to the scientists to avoid these disabilities
for use of MIPs on transducer surfaces. MIP-based sensors have been constructed since then
as electrochemically, optically, and piezoelectrically.
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Figure 2. The number of papers referring to biosensor based on MIPs in the last 15 years (searching was performed
using “molecularly imprinted sensors” as search key terms on Google Scholar [29]).

4.1. Electrochemical MISens

The fundamentals of electrochemistry are to study the interaction between matter and
electricity (Fig. 3). This interaction gives information and provides quantitative measurement
of the analyte. Electrochemical techniques of MISens mostly measure surface properties of the
transducers, binding kinetics and polymer rearrangements. In this section we gave examples
of electrochemical MISens.

Silva and co-workers designed a novel electrochemical sensor for the determination of
trimethoprim by electropolymerization of pyrrole (PY) and molecularly imprinted polymer
(MIP) which was synthesized onto a glassy carbon electrode (GCE) in aqueous solution using
cyclic voltammetry. In their study, they used graphene (GNPs) in order to enhance the
sensitivity of the sensor by an increase in the electrochemical conductivity. The performance
of the imprinted and non-imprinted (NIP) films was investigated by electrochemical impe-
dance spectroscopy (EIS) and the cyclic voltammetry (CV) of a ferric solution. The sensor they
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Figure 3. A representative molecularly imprinted electrochemical sensor system.

developed presented a linear range between peak current intensity and logarithm of TMP
(trimethoprim) concentration with a range from 10 to 10 M. The results were accurate (with
recoveries higher than 94%), precise (with standard deviations less than 5%), and the detection
limit was 1.3 x 107 M [30].

Xue et al. reported an electrochemical sensor for the amperometric detection of dopamine that
was carried out via gold nanoparticles doped MIP. In this work, dopamine (DA) was used as
the template molecule, functionalized AuNPs (F-AuNPs) as functional monomers and p-
aminobenzenethiol (p-ATP) as the cross-linker. They synthesized MIP following these steps:
An electrolyte solution containing 1 mmol L™ DA, 10 mmol L™ F-AuNPs, 7 mmol L™ p-ATP,
and 0.1 mol L™ ABS (acetate buffer solution) (pH 5.0) was kept in the dark under a nitrogenous
atmosphere at room temperature for 6 h to complete the pre-assembly between DA and F-
AuNPs through the hydrogen-bond interaction. The AuNPs-modified electrode was im-
mersed into the electrolyte solution and the AuNPs@MIES (gold nanoparticle and MIPs
modified sensor) was prepared by the electropolymerization at a constant potential of 1.0 V
for 400 s. After that, the electrode was immersed in 0.5 mol L H,SO, and treated with a
constant potential of 0.5 V for 400 s to remove the templates and dried under nitrogen flow.
The developed sensor effectively minimized the interferences caused by ascorbic acid (AA)
and uricacid (UA). Also according to linear range (0.02 pmol L™ to 0.54 pmol L") and detection
limit (with the detection limit of 7.8 nmol L) of reported dopamine sensor, it can be said that
the developed sensor exhibited high sensitivity and high selectivity [31].

Yu et al. designed a molecularly imprinted electrochemical sensor based on nickel nanoparti-
cle-modified electrodes for phenobarbital determination. Reported electrochemical sensor was
developed by thermal polymerization with the use of methacrylicacid (MAA) as the functional
monomer, 2,2-azobisisobutyronitrile (AIBN) and ethylene glycol maleic rosinate (EGMRA)
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acrylate as the crosslinking agent, phenobarbitals (PBs) as the template molecule, and dimethyl
sulfoxide (DMSQO) as an organic solvent. In the sensor fabrication process, 0.0464 g PB and
0.0688 g MA A were mixed in 3 mL DMSO and sonicated for 10 min. After 5h, 1.0244 g EGMRA
and 0.0074 g AIBN were added into the mixture and sonicated for 30 min to obtain PB-
imprinted polymer solutions. After that, 10 pL of 2.0 mg mL! Ninanoparticle solution dropped
on the GCE surface and then the sensor was dried at room temperature. Approximately 5 puL
of the prepared PB-imprinted polymer solution was then coated on the Ni nanoparticle-
modified GCE and vacuum dried at 750C for 6 h. Following the thermal polymerization, the
imprinted sensor was washed with (acetic acid) HAc/methanol (volume ratio, 3:7) for 7 min
to remove the template molecules. The electrochemical properties of the modified molecularly
imprinted and non-imprinted polymer sensors were investigated by cyclic voltammetry,
differential pulse voltammetry, electrochemical impedance spectroscopy, and chronoamper-
ometry. Under optimized conditions, the currents were found to be proportional to the PB
concentrations within a range of 1.4 x 107 mol L™ to 1.3 x 10™* mol L™ (1* = 0.9976), with a
detection limit of 8.2 x 10 mol L™. The developed sensor was used to determine PB in actual
fish samples [32].

Anirudhan and co-workers reported molecularly imprinted polymer-based potentiometric
sensor from the surface modified multiwalled carbon nanotube (MWCNT) for the determina-
tion of an organochlorine pesticide that is lindane (y-hexachlorocyclohexane). A MWCNT
modified imprinted electrochemical sensor was developed by the following these steps:
MWCNT-CH=CH2 was added to the solvent mixture of 60 mL of acetonitrile and 10 mL of
toluene in a 500 mL round-bottom flask. After that the mixture was purged with N, gas under
a constant magnetic stirring. A mixture of y-HCCH (y-hexachlorocyclohexane) and MAA was
prepared and dissolved in 35 mL of N,N-dimethylformamide. It was stirred for 30 min to get
a compound of template molecule and functional monomer. To that mixture, the cross linker
ethylene glycol dimethacrylate (EGDMA) and initiator AIBN were also added; the reaction
was allowed to proceed for 16 h at 70°C. Ethanol was used to remove template molecules. A
MWCNT was grafted using glycidyl methacrylate (GMA). The reaction of MWCNT with GMA
produces MWCNT-g-GMA and the epoxide ring present in the GMA upon reaction with
allylamine produces the vinylated MWCNT (MWCNT-CH=CH2). MWCNT-based imprinted
polymer (MWCNT-MIP) was synthesized by means of methacrylic acid (MAA) as the
monomer, EGDMA as the cross linker, a,a” azobisisobutyronitrile (AIBN) as the initiator, and
v-HCCH, an organochlorine pesticide molecule, as the template. The properties of the
modified molecularly imprinted and non-imprinted polymer sensors were investigated by
linear sweep voltagrams, FTIR, XRD, Raman spectra, and TEM analyses. This developed
sensor presented a linear range of 10"°-10° M and the detection limit of 107° M [33].

Patra and co-workers developed a molecular imprinting-based sensor for medullary thyroid
carcinoma marker. The fabrication of the sensor was made by the following steps. Accordingly,
bipyridyl (0.2 mmol) and CuCl, (0.1 mmol) were dissolved in 2 mL DMSO (dimethyl sulfoxide)
to obtain a solution of Cu(Il)-complex. Subsequently, this complex was mixed with a ZnO
nanostructure modified monomer (10 mg, 1.0 mL DMSO), template (calcitonin, 2.0 mg, 1.0 mL
DMSO0), and EGDMA (ethylene glycol dimethacrylate) (1 mmol, 180mL) in the presence of
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ascorbic acid (0.1 mmol) as the reducing agent. A sharp colour change from light blue to green
indicated the in situ reduction of Cu(II)-complex to Cu(l)-complex that catalysed the chain
propagation in the presence of the ethyl-2-bromo isobutyrate (2 mmol, 300mL) as initiator. The
whole mixture was purged with N2 gas for 10 min. A drop of this mixture (5.0uL) was spread
over the protruding tip of the functionalized PGE and kept in a pre-heated oven for half an
hour at 45°C, resulting in calcitonin adduct polymer modified electrochemical sensor. The
morphologies and properties of the developed sensor were characterized by scanning electron
microscopy, cyclic voltammetry, difference pulse voltammetry, and chronocoulometry. Linear
responses of the imprinted sensor to calcitonin were observed for concentrations ranging from
9.99 ng L' to0 7.919 mg L and the detection limit was as low as 3.09+ 0.01 ng L. The reported
imprinted electrochemical sensor was used to determine the concentration of calcitonin in the
human blood serum samples [34].

Karimian and co-workers reported an on/off-switchable molecularly imprinted polymer (MIP)
affinity sensor for folic acid using copolymerization of poly(N-isopropylacrylamide) (PNI-
PAAm) with a cross-linker (N,N'-methylenebisacrylamide) (MBA) and additional monomer
(o-phenylenediamine (0-PD)), in the presence of folic acid as template. Polymerization was
carried out following these steps: The folic acid molecularly imprinted film was prepared by
the electrochemical polymerization of PNIPAAm and o-PD on the surface of gold electrode,
using cyclic voltammetry in the potential range between 0 and 1.1 V (versus Ag/AgCl), for 20
cycles at a scanning rate of 50 mV s™'. The polymerization mixture consisted of an aqueous
solution containing 10 mM o-PD, 2.5 mM PNIPAAm, 2.5 mM MBA, and 0.2 mM folic acid. For
the preparation of the polymers, the components were dissolved in acetate buffer (0.5 M, pH
5.8). For the washing procedure, the polymer film was rinsed in methanol-acetic acid (9:1,
v/v) solution for 20 min at 50°C, followed by subsequent washing with methanol to remove
the template entrapped in the polymeric matrix. The electrochemical behaviour of the thin film
(MIP) was characterized using differential pulse voltammetry and cyclic voltammetry.
Reported sensor response shows a limit of detection of 0.9 uM with linear range from 1.0 pM
to 200 uM [35].

Wang et al. have developed an electrochemical sensor for the determination of aflatoxin B,
based on MWCNT-supported Au/Pt bimetallic nanoparticles. This study involves a molecu-
larly imprinted sensor technology, which was a modification of glassy carbon electrode (GCE)
by o-phenylenediamine (OPD), electrochemically. Carbon nanotubes were used as support
material and supported by Au/Pt bimetallic nanoparticles. Moreover, this layer formation was
monitored by cyclic voltammetry (CV). Amine groups on OPD were the donor of hydrogen
to form hydrogen bonds between AFB1’s oxygen. After MWCNT coating, Au/PtNPs were
deposited onto MWCNTs-GCE. DP and CV measurements were carried out by using
Fe(CN), redox solution. Template molecule was removed by using HCl solution pH=2 for 9
min. A linear relationship between the sensor response signal and the logarithm of AFB1
concentrations ranging from 1x107% to 1x10~° mol L was obtained with a detection limit of 30
pikomol L™. It was applied to detect AFB1 in hogwash oil successfully [1]. As you can
understand, the main objective of this study is based on examination of the surface character-
istics of the modified electrode. Ferricyanide oxidation/reduction peaks altered, when selective
cavities of OPD/MWCNT-Au/Pt layer bind the AFB1 [36].
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Uygun and Dilgin developed a novel impedimetric sensor based on molecularly imprinted
polypyrrole (PPy) modified pencil graphite electrode (PGE) for trace level determination of
chlorpyrifos (CPF), which is a pesticide. In this study, they used PGE as transducer, and PGE
was modified by pyrrole electrochemically formed polymers on electrode by cyclic voltam-
metry, and CPF was used in polymerization process simultaneously. CPF was used as template
and removed after polymerization by using pH=2 HCI solution to remove H bonds between
PPy and CPF. The whole surface polymerization steps and measurement steps were examined
by electrochemical impedance spectroscopy, which is an electrochemical electron resistance-
based surface characterization technique, by using ferri/ferrocyanide redox probes. Under
experimental conditions, the proposed impedimetric sensor has a linear response range from
20 to 300 pg L™ CPF with a detection limit of 4.5 ug L™ (based on 3sb). Furthermore, the
fabricated sensor was successfully applied to determine CPF in CPF-added artificial corn
leaves, tap water, and soil samples. Two types of organophosphates and two metabolite of
CPF that chlorpyrifos oxon (CPFO) and 3,5,6-trichloro-2-pyridinol (TPD) and 2,4-dichloro-
phenoxyacetic acid (2,4D) which is a common systemic pesticide/herbicide were selected for
the control experiments [13].

Zhong et al. have developed a pyrrole-phenyl boronic acid: a novel monomer for dopa-
mine (DA) recognition and detection based on imprinted electrochemical sensor. They used
a new monomer for MIP by synthesizing pyrrole-phenyl boronic acid. In this study GCE
used as a transducer. Dopamine was used as template and polymerization was per-
formed by CV. DA was extracted by H,SO, and applied electrical force 0-0.15 V to remove
DA from imprinted polymer cavities. Differential pulse voltammetry (DPV) was used as
measurement method, a linear ranging from 5.0x10® to 1.0x10° mol L for the detection of
DA was obtained with a detection limit of 3.3 x 10® mol L? (S/N=3). For the recovery tests,
the samples were spiked with 4.0 x 10 mol L, 6.0 x 10° mol L, and 8.0 x 10° mol L' DA
varied from 91.5% to 105.2% [37].

For another study of electrochemical sensor, Wang et al. developed a sensor technology that
is an ultrasensitive molecularly imprinted electrochemical sensor based on magnetic graphene
oxide/B-cyclodextrin (CD)/Au nanoparticle composites for chrysoidine, which is an azoic dye.
Asyou canread, a magnetic graphene oxide (MGO), cyclodextrin, which has hydrophobic and
hydrophilic residues, and gold nanoparticles as electrical conductive material were used. GCE
was used as the transducer for measurements. MGO/CD@AuNPs modified GCE was putin a
solution, which contains pyrrole and chrysoidine together to form an imprinted material by
employing CV method. After polymerization, the template molecule was removed from the
surface by soaking modified GCE in ethanol. The surface of both non-imprinted and imprinted
sensor system was characterized by SEM (scanning electron microscopy), EIS, and CV
measurements. The measurement system was based on the differential pulse voltammetry
(DPV) to quantify chrysoidine. The calibration curve data was between 5.0 x 10 and 5.0 x
10*mol L. The detection limit was estimated to be 1.7 x 10 mol L at a signal-to-noise ratio
of 30 (where o is the standard deviation of the blank, n = 6) [38].

Yola et al. reported a study where a molecularly imprinted electrochemical biosensor based
on Fe@Au nanoparticles involved in 2-amino ethanethiol (2-AET) functionalized multiwalled

93



94  Biosensors - Micro and Nanoscale Applications

carbon nanotubes was developed for the sensitive determination of cefixime (CEF) in human
plasma. In this study, they modified a GCE by p-nitro phenyl diazonium tetra fluoro borate
(p-NPDEFB) salt in MeCN with TBATFB (Tetrabutylammonium tetrafluoroborate) using CV,
reduced the formed nitro groups by applying negative voltage, activated MWCNT tubes that
were attached onto the modified electrode surface, and 2-AET and Fe@Au layers were formed
by self-assembling, respectively. After electrode surface modification, the modified electrode
was soaked in a solution, which contains pyrrole and CEF, to form CEF imprinted layers by
using CV. NaCl solution was used as a desorption agent of CEF. For the measurement, square
wave voltammograms were used as a function of concentration. Limit of detection(LOD) was
calculated as 2.2 x 10""M and the calibration curve was created from 0.1 nM to 10nM [39].
Oxygen groups on the CEF and N groups on the PPy were the fundamentals of attraction of
specified cavities.

4.2. Surface plasmon resonance MISens

Surface plasmons are formed by an electromagnetic wave, which propagate along the surface
of a thin metal layer. According to Abbas et al., surface plasmon resonance (SPR) is a collective
oscillation of conduction electrons, which present at the interface of metal-dielectric media.
SPR have three features, important in terms of any new sensor: firstly the enhancement of the
electric field, secondly the propagation length, and the lastly the penetration depth [40].

The SPR phenomenon was recognized in 1960s after Otto and Kretschmann had invented
surface plasma with invisible light. The SPR sensor technique has been used in very different
areas for immunosensors, the determination of interaction between immunoglobulin G (IgG)
protein and antigen, monitoring of the interactions between drugs and biological molecules,
and so on [41]. There are plenty of planar configurations of SPR biosensors. Among these, in
general, Otto configuration is used. Generally, SPR sensor is formed of six parts, including a
light source, a detector, a transduction surface, a prism, biomolecule, and a flow system.

A typical SPR system (immunoassay technique is described), as mentioned above and can be
seen in Fig. 4., uses microfluids to pass controlled amounts of analyte across the sensor surface
to which the antibody is immobilized. With reflecting a beam of polarized light to the back
surface of the metal film, the analysis is made through a prism. After the beam of light hits the
noble metal surface, not all the light is reflected. Some of the energy of photons is absorbed by
the metal and causes electron oscillations at the interface of two materials. When molecules
are bound to the sensor surface, the refractive index (RI) changes. RI affects also reflected light
intensity, angle, and wavelength. It is measured as resonance units (RU). In general, 1 RU is
equal to 1 pg mm-2 of analyte concentration [41].

As can be seen from Fig. 4, there are two mediums and an interface. One medium is optically
denser. When light passing from the optically denser medium is exposed to the light-thinning
medium, at the interface of two mediums, total reflection will occur, if an appropriate range
of incident angles are inherent in the medium, change of resonance amplitude occurs, with a
penetration depth. For example, if antibody was hold on sensor chip and was let to interact
with antigen solution, the refractive index (RI) of the metal film surface would change. The
change of SPR resonance angle would change with a change of refractive index. The change
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Figure 4. Schematic representation of SPR.

of refractive index will be proportional to mass change, due to the absorption of antigens to
antibodies. This means that the mass change of biological macromolecules causes refractive
index change with SPR resonance angle change [42].

Optical sensor research has very advantageous features that it allows label-free analysis, it is
simple to construct, and has the ease of use — inexpensive and highly sensitive [41].

Carlucci et al. made a study to determine Vitamin D (250HD) with a novel optical and
electrochemical-based biosensor. For SPR measurements, first, gold SPR disks were cleaned
with fresh piranha solution (3:1 H,SO, 98% : H,O, 30%). Then, a self-assembled monolayer
with 11-mercaptoundecanoic acid (MUA) was formed on gold surface. The carboxyl functions
on the SAM layer were activated with a mixture of N-(3-dimethylaminopropyl)-N’-ethylcar-
bodiimide (EDC) and N-hydroxysuccinimide (NHS). After removing the mixture, making
later steps, a LOD of 2 pg mL" but when vitamin D was modified with gold nanoparticles
(AuNPs) a lower LOD of 1 ug mL" was reached. With an electrochemical biosensor, which
was based on the reaction of vitamin D with 4-ferrocenylmethyl-1,2,4-triazoline-3,5-dione
(FMTAD), vitamin D was determined with a LOD of 10 ng mL" [44].

In a study of Choi et al., Zearalenone, found in a number of cereal crops, was deter-
mined via surface plasmon resonance sensor. Zearalenone is a mycoestrogen, which acts
like an endocrine disruptor. For determination, pyrrole was electropolymerized in the
presence of Zearalenone. Electropolymerization was made with a three-electrode electro-
chemical system. Au film was used as the working electrode, Ag/AgCl as reference, and
Pt grid as counter. After that, PPy-coated Au chips were mounted on the SPR cell and
change of incident angle of laser was measured. According to the results, the sensor
exhibited a linear response in the range of 0.3-3000 ng mL* with a LOD of 0.3 ng g. For
selectivity test, structural analogues of Zearalenone were used (a-Zearalenone, Zearale-
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none, 3-Zearalenone). Among these compounds, the sensor showed the highest selectivi-
ty to Zearalenone, due to the strong binding capacity [45].

Yao et al. made a SPR sensor to determine pesticide, which has high toxicity and binds
irreversibly to acetylcholinesterase (AChE). Because of this, it causes serious harm in the
respiratory tract, human nervous system, and cardiovascular system. To detect and enhance
detection sensitivity, magnetic molecularly imprinted nanoparticles (NPs) were used. Mag-
netic NPs were prepared through the self-polymerization of dopamine on the Fe;O, NP surface
in the presence of template, chlorpyrifos (CPF). Using these NPs, pesticide was detected in a
range from 0.001 to 10 uM with a detection limit of 0.76 nM [46].

Like other examples, the SPR technique is also used for the detection of another organic
molecule, domoic acid (DA), which is a neurotoxic amino acid. This toxin accumulates in
mussels (such as Mytilus edulis), crabs or anchovies and when DA-contaminated shell-
fish is taken,) called an intoxication syndrome known as amnesic shellfish poisoning (ASP)
can occur. The typical symptoms of ASP are vomiting, cramps, and diarrhoea and
neurological symptoms including severe headache, seizures, and either temporary or
permanent memory loss. Lotierzo et al. prepared a MIP film by direct photo-grafting onto
a gold chip. Firstly, the gold surface was functionalized with a self-assembled monolayer
of 2-mercaptoethylamine and subsequent carbodiimide. This provided covalent attach-
ment of the photo initiator 4,4’-azobis(cyanovaleric acid). After proper steps, DA contain-
ing polymerization solution was deposited on the gold surface, and for polymerization the
chip was irradiated with ultraviolet light. Non-printed control chips were prepared with
the same procedure but without the template, DA. According to the results, DA was
detected in a range of 2-3300 pg L*. After a number of tests, molecularly imprinted DA
sensor protected its stability until 30 (£5) analysis [47].

Molecular imprinting based surface plasmon resonance technology can be applied also for
enzyme detection. Matsunaga et al. prepared molecularly imprinted polymers for lysozyme
with acrylic acid (AAc) as the functional monomer, and N,N’-methylenebisacrylamide
(MBAA) as the cross-linker. For preparation of SPR sensor, firstly an Au-coated SPR sensor
chip was immersed in N,N’-bis(acryloyl)cystamine to bear vinyl groups on Au surface. A
polymerization mixture (including template, lysozyme) was applied on Au and polymerized
by radical polymerization. For polymerization, the vinyl group grafted SPR sensor chip was
poured on glass, on which the polymerization mixture had been poured. After that another
glass plate and a weight were placed on the sensor. A non-imprinted polymer thin film was
prepared with the same procedure but without adding template. After proper steps, SPR
measurements were made. To examine the effect of salt concentration on the rebinding of
lysozyme, imprinted sensors were prepared in various concentrations of NaCl (0, 20, 40 mM).
It was seen that the bound amounts of proteins were decreased with the increasing concen-
trations of NaCl in the rebinding buffer. From this result, it can be thought that electrostatic
interactions took place between proteins and acrylic acid residues. With examples of different
proteins, it was seen that binding changed upon isoelectric points of amino acid residues. For
example at pH 7.4, lysozyme (pl:11), Cytochrome C (pl:10), and RNAse (ribonucleotidase) (pl:
9,5) were positively charged and strongly bound to the films via acrylic acid residues. At the
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same pH value, myoglobin (pl.7) and lactalbumin (pI:4,5) were negatively charged and that is
why they showed almost no binding because of this electrostatic repulsion. This study is also
an example for selective protein sensors with SPR sensing technique [48].

Enterotoxins can be detected with SPR technique just in the same way as with quartz crystal
microbalance (QCM) sensors. Homola et al. developed a new SPR sensor for Staphylococcal
enterotoxin B (SEB), which is a soluble protein, secreted by Staphylococcus aureus. According to
the results SEB could be detected at low concentrations, such as 5.0 ug L, in pure samples,
directly. But, by using a sandwich assay, this limit has been decreased to 0.5 pig L™ in both pure
samples and in milk [49].

Food allergens can be detected via SPR technology. Yman et al. detected peanut allergen
protein with optical sensor with both direct and sandwich immunoassays. By these methods
they detected milk, hazelnut, sesam, egg, and peanut proteins in food samples. They used
polyclonal antibodies to detect these allergens. According to the results, allergens were
detected in the range of 1.0-12.5 pg g™ in food samples [50].

As it can be seen from these examples, SPR sensing technology can be used in a variety of areas
changing from protein detection to environmental pollutants with a low detection range, faster

attainment of results, and selectivity.

4.3. Quartz Crystal Microbalance (QCM) MISens

The QCM consists of a thin piezoelectric plate, which has acoustic resonances in the MHz
range. When the crystal comes into contact with the sample, the resonance properties change.
QCM technology was first recognized by Sauerbrey in 1959. He indicated usefulness of the
method for measuring the characteristic frequency of an oscillator circuit. The frequency
changes were determined by using a piezoelectric crystal and as can be seen in Fig. 5, the
oscillating frequency of the crystal decreases with the adsorption of foreign substances on the

surface.

Time

Figure 5. Frequency change on QCM electrode, while interacting with sample.
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Because of the sensitive nature of quartz crystal, this method was described as a very precise
method. The results of this work are embodied in the equation. According to the Sauerbrey
equation, the mass change per unit area at the QCM electrode surface and frequency changes
are proportional.

The observed change in oscillation frequency of the crystal:
Af =—CfxAm 1)

where
Af = the observed frequency change (Hz)
Am= the change in mass per unit area (g/cm?)

Cf = the sensitivity factor for the crystal (56.6 Hz pg? cm? for a 5 MHz AT-cut quartz crystal at
room temperature)

As mentioned above, the Sauerbrey equation relies on a linear sensitivity factor, Cf, which is
a fundamental property of the QCM crystal. The method was also utilized for the direct
weighed of a mass [51]. QCM, which is used for the biosensor experiment, is consisted of
piezoelectric crystal, oscillator, and frequency counter(Fig 6.).

The piezoelectric quartz crystal is driven by a low-frequency transistor oscillator. The fre-
quency of the vibrating crystal is monitored by the frequency counter. The crystal, which is
mounted on its holder, is connected to the oscillator circuit. The frequency counter is connected
to the oscillatory device. By frequency counter, frequency changes are recorded after each step
in coating or in interaction with the sample.

Metal Electrodes on Oppaosite Sides

Quartz Plate

Holders

Oscillator

Frequency
Counter

0.546,632.215.02 Mz

Figure 6. The schematic diagram of experimental piezoelectric sensor.
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The advantages of the technique are surface specificity, monolayer sensitivity, and high
acoustic contrast for dilute adsorbents [52]. Besides QCM does not require any labelling, has
low barriers of entry, ease-of-use, low cost, and speed to result [54].

The theoretical detection limit of oscillating quartz crystals is about 10-12 g, which means a
detection in pictogram range. With this low detection limit, the QCM can be used in trace
analysis, immunosensors, DNA biosensors, and drug analysis. Piezoelectric crystals can also
be used in microbalances for thin film technology [53].

Because of expense, sensitivity, and short shelf life of biological materials, molecularly
imprinted polymers (MIPs) are used on sensor surface. In addition in QCM analysis, MIPs are
used to achieve a specific binding site and a high affinity. MIPs are advantageous because of
their features, like high similarity to natural receptors, physicochemical, mechanic, thermal
stability, simple preparation, and easy adaptation of application [53].

The crystal frequency changes when the interaction occurs between imprinted polymer and
template solution. It can be seen that before and after the interaction crystal frequency
decreases due to the uptake of template by the imprinted polymer. Liao et al. made a study
for stereospecific L-histidine sensor with imprinted polyacrylamide membranes. According
to the study when the crystals were interacted with L-histidine, the net frequency shifts of the
crystal modified with L-histidine is found much more than the shifts, which belongs to D-
histidine. It can be concluded that the L-histidine imprinted membrane showed better
selectivity to L-histidine. Besides specificity, selectivity is also an important feature of im-
printed polymers. In this study, L-tyrosine and L-arginine were tested with the L-histidine
imprinted membrane and DL-phenylalanine was tested with D-histidine imprinted mem-
brane. Under the same reaction conditions (time, concentration, etc.), the imprinted membrane
showed much more affinity to the same molecule, which was used as template because of
specific cavities, formed in the polymer. From these results, it can be concluded that this
imprinted piezoelectric sensor can be used for the chiral separation of histidine [55].

In another study, Liu et al. reported a novel method for the separation of D- and L-tryptophan
using molecularly imprinted quartz crystal microbalance (QCM) sensor. They fabricated the
sensor by using molecularly imprinted polymers, which was prepared by using acrylamide
(AM) as monomer and 1,1,1-trimethylolpropane trimethacrylate (TRIM) as cross-linker in
different molar ratios. With the fabricated optimum imprinted polymer, the binding of
template L-tryptophan was about four-fold to three-fold larger than that obtained with the D-
tryptophan enantiomer. It was calculated that the enantiomeric selectivity coefficient of the
fabricated molecularly imprinted sensor was 6.4. Moreover, it was observed that the binding
of L- and D-tryptophan enantiomers on the non-imprinted polymer (NIP) was almost the same.
This indicated the sensitivity and enantioselectivity of molecularly imprinted polymer [52].

It is also possible to make mass determinations in protein mixtures via MIP-QCM sensor. Lin
et al. prepared an albumin imprinted copolymer of 3-dimethylaminopropyl methacrylamide
(DMAPMA) and different acrylate series cross-linking agents. Gold surface was used and four
kinds of Au-coated crystals were prepared. One of them was bare and the other three were
prepared with different functional groups bonded to the surface of the sensor. As functional
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groups, they used -NH2, -OH, -COOH on Au surface. According to the results, the greatest
adsorption capacity belonged to Au-OH electrode and to a lesser extent, to bare Au electrode.
However, according to the time effectiveness to obtain stability and according to the adsorbed
albumin amount, Au-NH, and Au-OH were the optimal electrodes. Between NIP and MIP
electrodes prepared, the molecularly imprinted electrode showed more efficient albumin
determination than non-imprinted electrode with the time taken to receive a steady state
frequency and adsorbed amount of albumin. In addition to this, the prepared albumin-
imprinted QCM sensor showed largest adsorption of albumin among similar molecules like
cytochrome c, lysozyme, and myoglobin, whose molecular sizes were far smaller than
albumin. In the range between 60 and 150 ppm, albumin was obtained. With results of this
study, it can be indicated that the presence of albumin-specific cavities in the prepared
electrode gave a greater adsorption and a smaller diffusion resistance, which makes response
time shorter [53].

Sun et al. used piezoelectric quartz crystal for sensing taste-causing molecules by using
molecular imprinting technology. A PQC (piezoelectric quartz crystal) sensor array, which is
MIP coated, is developed to quickly and more sensitively detect taste-causing compounds in
beverage. They studied quinine, which is a bitter-taste causing compound, and usually
flavoured with saccharine to reduce its unpleasant bitter taste. Because of this they used
quinine and saccharine as template molecules. Methacrylic acid (MAA) is used as a monomer.
The MIP coated PQC sensor array was studied under flow injection analysis and results were
compared with the results of volunteer human taste panellists. With the satisfactory repeata-
bility, and with a high sensitivity to detect the change in bitter taste in tonic water with much
less suppressing effect in the presence of saccharine, the developed sensor was very compre-
hensive. According to results, the quinine-MIP modified PQC sensor displayed a linear
working range for quinine from 10 mg L to 1080 mg L" and for saccharine from 51 mg L™ to
3420 mg L. The calculated limit of detection is 2.04 mg/L for quinine and 32.8 mg L™ for
saccharine [56].

MIP-PQC is used not only for taste application but also to distinguish different taste causing
compounds [57] and to detect organic pollutants with taste implication such as organic/
inorganic acids and amines in drinking water [58].

Due to the use of QCM in the gas phase, it has application as odour sensors. Ji et al. used 2-
methylisoborneol (MIB) and geosmin (GEO) as off-flavour compounds which cause odour
problems in drinking water. They are produced by some microorganisms. These odour
chemicals were analysed with GC-MS or Enzyme-Linked Immunosorbent Assay(ELISA) and
detection limits were ca. 1 ng/L and 1 ug/L, respectively. But these methods need a high budget
in terms of chemicals and equipment. But with the piezoelectric sensor, the analysis could be
done at a lower cost and more sensitively. In their study, they made pre-treatment with nylon
layers to QCM electrode. After that, they used MIB and GEO as template molecules and
imprinted polymers are prepared with methacrylic acid as functional monomer, ethylene
glycol dimethacrylate as cross-linker, and 2,2’-azobis (2,4-dimethyl)valeronitrile as initiator.
They were all dissolved in hexane, used as porogen, under nitrogenous atmosphere. Five
microliters of this solution were pipetted onto prepared QCM and polymerized at 40°C for 48
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h. Non-imprinted polymers were synthesized under the same conditions except the use of the
template. The prepared QCMs were interacted with template molecules in a thermostat
chamber in a stream of nitrogen flowing. After interaction, imprinted sensors showed an
average frequency change of 2864 Hz + 6.26 % (n=3) and NIP-sensors 3014 Hz + 5.14%. It
indicates a similar amount of substrate immobilization on sensors (ca. 3 pg). It was observed
that the frequency change after MIP application to the nylon sublayer was about 50% higher
than after application of the MIP to a bare QCM. To analyse selectivity except MIB and GEO,
some other odorants like terpinol, 3-ionone, and citronellol were also interacted with MIB-
imprinted sensor and it was found that the highest frequency change was observed at MIB-
sensor after interaction with MIB. In spite of their previous sensor with an LOD of 200 ppb,
these synthesized sensors could detect above 10 ppb. This means approximately 20-fold more
sensitive detection capacity [59].

QCM sensor could be used for influenza detection. Either influenza virus can be detected or
influenza virus binding capabilities can be analysed. Diltemiz et al. have developed a sensor
for recognition of the hemagglutinin (HA) protein, which occurs by influenza virus with
infection and causes hemagglutination. For this, they used 4-aminophenyl boronic acid (4-
APBA) as a new ligand for binding of sialic acid (SA), which has a valuable role in the binding
of HA through boronic acid sugar interaction. QCM sensor surface was modified with thiol
groups and then 4-aminophenyl boronic acid and sialic acid were immobilized on sensor
surfaces, respectively. To do these, first QCM electrodes were cleaned with alkaline piranha
solution (1:1:5 deionized water : H,O,: NH; v/v). After cleaning, electrode surfaces were
modified with 11-mercaptoundecanoic (MUA) acid. By using MUA, carboxy] fictionalization
were achieved. After that, QCM electrodes were modified with imide groups by using N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide and N-hydroxysuccinimide for immobilization
of 4-APBA and SA. After interaction with the samples, the binding capacity and limit of
detection of QCM sensors were found to be 4.7x102 uM and 0.26 pM ml”, respectively [60].

As mentioned above, QCM finds lots of application areas in terms of low cost, speed to result,
and low detection limit. Because of these advantages, studies made with QCM sensor are
increasing day by day.

5. Comparison of MI-sensors

In this section we compared MISens by showing Table 1 to describe polymer type, measure-
ment type, LOD, and detection range.

Sensor Type Modification Target Molecule Detection Range LOD Reference
Impedimetric PGE/PPy CPF 20 to 300 ug L™ 45ugL! 13
Impedimetric/ GCE/PPy Trimethoprim  10°-10* M 0.13 uM 30

voltammetric
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Sensor Type Modification Target Molecule Detection Range LOD Reference
Amperometric AuE/ Dopamine 7.8 nM 31
AuNPs@MIES
CV/DPV/ GCE/Ni/MIP Phenobarbital ~ 0.14uM-1.3mM 8.2nM 32
Amperometric
Potentiometric CuE/MWCNT- - 10°-10°M 10°M 33
detection MIP hexachlorocycloh
exane
CV/DPV/ PGE/MAA Calcitonin 9.99ngL'-7.919mgL'  3.09ng L! 34
chronocoulometry
DPV/CV AuE/ Folic Acid 1-200 uM 0.9 uM 35
PNIPAAm/o-PD
DPV/CV GCE/ Aflatoxin B1 1x10-10 — 1x10~5 mol L™ 30 pmol L™ 36
MWCNT/Au-
Pt/oPD
DPV GCE/ Chrysodine 5.0x10%- 1.7 x10¥mol L' 38
AuNPs/oCD/MG 5.0 x 10 mol L
0]
SWV GCE/MWCNT/p- Cefexime 0.1 nM-10nM 22x10"M 39
NPDEFB/2-AET-
Fe@Au

Table 1. Modification, measurement type, LOD, and detection range

Sensor Type Modification Target Molecule Detection Range LOD Reference
Optical GOx/PtOEP Glucose 2-120 mg dL! 1.5£0.2 mg dL! 44
Optical Au/MUA Vitamin D 0.05-1.0 ugmL?'  0.045 ug mL™! 45
Optical Au/Pyrrole Zearalenone 0.3-3000ng mL?  0.3ngg" 46
Optical Au/MUA Chlorpyrifos 0.001-10 uM 0.76 nM 47
(CPF)
Piezoelectric Au electrode/Acrylamide L-Tryptophan  1-4 mM 8.8 uM 53
Piezoelectric Au electrode/Methacrylic Quinine 10-1080 mg L™ 2,04 mg L™ 56
Acid Saccharine 51-3420 mg L™ 32.8 mg L

PGE: Pencil Graphite Electrode, PPy: Polypyrrole, CPF: Chlorpyrifos, GCE: Glassy Carbon Electrode, AuE: Gold
Electrode, MIES: MIP modified electrode, Ni: Nickel, MWCNT: Multi-Walled Carbon Nanotube, MAA: Methacrylic Acid,
0-PD: o-Phenylenediamine, o-CD: o0-Cyclodextrin, MGO: Magnetic graphene oxide, AET: Aminoethenethiol, MUA:
Mercaptoundecanoicacid

Table 2. Modification type, measurement type, LOD, and detection range
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6. Conclusion

As a result of these examples and studies, molecularly imprinted sensor systems have been
developing, and they will continue to be developed. Just as we mentioned above, biological
receptors are restricted to detect analyte by environmental parameters. Therefore, the combi-
nation of molecular imprinting technology and the chemical sensor technologies useful to be
employed as bio-mimicking measurement system, and these combinations are easy to
construct as well as they have a low cost causing them to become more prominent to focus on.

Acknowledgements

We, the authors of this chapter, would like to thank PhD. Elif KARADADAS, who studies in
Ege University Medical Biochemistry Department. Thanks to her efforts, comments, and
revisions in the publishing process.

Author details

Zihni Onur Uygun", Hilmiye Deniz Ertugrul Uygun? Nihal Ermis® and Erhan Canbay!
*Address all correspondence to: onur_uygun@hotmail.com

1 Ege University, Faculty of Medicine, Medical Biochemistry Department, Bornova, {zmir,
Turkey

2 Dokuz Eyliil University, Faculty of Science, Chemistry Department, Buca, Izmir, Turkey”,
Turkey

3 Ondokuz Mayis University, Faculty of Science and Arts, Chemistry Department, Kurupe-
lit, izmir, Tu rkey

References

[1] Rodriguez-Mozaz S, Lopez de Alda MJ, Marco MP, Barcelo D. Biosensors for envi-
ronmental monitoring: a global perspective. Talanta. 2005; 65: 291-297.

[2] Kirsch ], Siltanen C, Zhou Q, Revzin A, Simonian A. Biosensor technology: recent ad-
vances in threat agent detection and medicine. Chem Soc Rev. 2014; 42(22): 8733-68.

[3] Liu SQ, Zheng ZZ, Li XY. Advances in pesticide biosensors: current status, challeng-
es, and future perspectives. Anal Bioanal Chem. 2013; 405(1): 63-90.

103



104  Biosensors - Micro and Nanoscale Applications

[4]

[5]

(8]

[17]

Yadav R, Dwivedi S, Kumar S, Chaudhury A. Trends and perspectives of biosensors
for food and environmental virology. Food Environ Virol. 2010; 2(2): 53-63.

Van Dorst B, Mehta J, Bekaert K, Rouah-Martin E, De Coen W, Dubruel P, et al. Re-
cent advances in recognition elements of food and environmental biosensors: A re-
view. Biosens Bioelectron. 2010 Dec 15; 26(4): 1178-94.

Thakur MS, Ragavan KV. Biosensors in food processing. ] Food Sci Tech Mys. 2013;
50(4): 625-41.

Park JW, Lee C, Jang J. High-performance field-effect transistor-type glucose biosen-
sor based on nanohybrids of carboxylated polypyrrole nanotube wrapped graphene
sheet transducer. Sensor Actuat B-Chem. 2015 Mar 1; 208: 532-7.

Banerjee S, Sarkar P, Turner APF. Amperometric biosensor based on Prussian Blue
nanoparticle-modified screen-printed electrode for estimation of glucose-6-phos-
phate. Anal Biochem. 2013 Aug 15; 439(2): 194-200.

Krieg AK, Gauglitz G. An optical sensor for the detection of human pancreatic lipase.
Sensor Actuat B-Chem. 2014 Nov; 203: 663-9.

Ali MA, Singh N, Srivastava S, Agrawal VV, John R, Onoda M, et al. Chitosan-modi-
fied carbon nanotubes-based platform for low-density lipoprotein detection. Appl Bi-
ochem Biotech. 2014 Oct; 174(3): 926-35.

Massad-Ivanir N, Segal E. Porous silicon for bacteria detection. Woodh Publ Ser Bi-
om. 2014; (68): 286-303.

Li RY, Zhang JJ, Wang ZP, Li Z], Liu JK, Gu ZG, et al. Novel graphene-gold nanohy-
brid with excellent electrocatalytic performance for the electrochemical detection of
glucose. Sensor Actuat B-Chem. 2015 Mar 1; 208: 421-8.

Uygun ZO, Dilgin Y. A novel impedimetric sensor based on molecularly imprinted
polypyrrole modified pencil graphite electrode for trace level determination of chlor-
pyrifos. Sensor Actuat B-Chem. 2013 Nov; 188: 78-84.

Taghdisi SM, Danesh NM, Lavaee P, Emrani AS, Ramezani M, Abnous K. Aptamer
biosensor for selective and rapid determination of insulin. Anal Lett. 2015 Mar 4;
48(4): 672-81.

Zhu GC, Zhang CY. Functional nucleic acid-based sensors for heavy metal ion as-
says. Analyst. 2014 Dec 21; 139(24): 6326-42.

De Avila BEF, Escamilla-Gomez V, Campuzano S, Pedrero M, Salvador JP, Marco
MP, et al. Ultrasensitive amperometric magnetoimmunosensor for human C-reactive
protein quantification in serum. Sensor Actuat B-Chem. 2013 Nov; 188: 212-20.

Date Y, Aota A, Sasaki K, Namiki Y, Matsumoto N, Watanabe Y, et al. Label-free im-
pedimetric immunoassay for trace levels of polychlorinated biphenyls in insulating
oil. Anal Chem. 2014 Mar 18; 86(6): 2989-96.



(18]

[19]
[20]

[21]

[24]

[25]

[26]
[27]

(28]

[32]

[33]

Molecularly Imprinted Sensors — New Sensing Technologies
http://dx.doi.org/10.5772/60781

Baykov IK, Matveev AL, Stronin OV, Ryzhikov AB, Matveev LE, Kasakin MF, et al.
A protective chimeric antibody to tick-borne encephalitis virus. Vaccine. 2014 Jun 17;
32(29): 3589-94.

Mosbach K. The promise of molecular imprinting. Sci Am. 2006 Oct; 295(4): 86-91.

Hulanicki A, Geab S, Ingman F. Chemical sensors: definitions and classification. Pure
Appl. Chem. 1991; (63): 1247-50.

Cammann K, Ross B, Katerkamp A, Reinbold ], Grundig B, Renneberg R. Chemical
and Biochemical Sensors, Ullmann’s Encyclopedia of Industrial Chemistry Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, 2012, 109-221.

Praveen K.S., Eric L.B., Rangachary M., Fernando H.G. Chemical sensors for environ-
mental monitoring and homeland security. The Electrochemical Society. 2010; 35-40.

Florinel-Gabriel B. Chemical Sensors and Biosensors; Fundamantels and Applica-
tions, Wiley, 2012.

Joseph RS, William RP, Sheng Y. Sensors, Chemical sensors, electrochemical sensors,
and ECS. Journal of the Electrochemical Society. 2003; (150): 11-6.

Canbay E, Habip A, Kara G, Eren Z, Akyilmaz E. A microbial biosensor based on
Lactobacillus delbruecki sp. bacterial cells for simultaneous determination of lactic
and pyruvic acid. Food Chemistry. 2015; (169): 197-202.

Wilson JS, Sensor Technology Handbook, Elsevier, Amsterdam/ Boston, 2005.

Blum LJ, Coulet PR (Eds.). Biosensor Principles and Applications, Marcel Dekker,
New York, 1991.

Avila M, Zougagh M, Rios A. Molecularly Imprinted Polymers for Selective Piezo-
electric Sensing of Small Molecules. Trends Anal. Chem. 2008; (27): 54-65.

www.scholar.google.com

Silva H, Jalia JGP, Subramanian MCSM, Matos VCD. A MIP-graphene-modified
glassy carbon electrode for the determination of trimethoprim. Biosensors and Bioe-
lectronics. 2014; (52): 56-61.

Xue C, Han Q, Wang Y, Wu ], Wen T, Wang R, Hong ], Zhou X, Jiang H. Ampero-
metric detection of dopamine in human serum by electrochemical sensor based on
gold nanoparticles doped molecularly imprinted polymers. Biosensors and Bioelec-
tronics. 2013; (49): 199-203.

Yu HC, Huang XY, Lei FH, Tan XC, Wei YC, Li H. Molecularly imprinted electro-
chemical sensor based on nickel nanoparticle-modified electrodes for phenobarbital
determination. Electrochimica Acta. 2014, (141), 45-50.

Anirudhan TS, Alexander S. Design and fabrication of molecularly imprinted poly-
mer-based potentiometric sensor from the surface modified multiwalled carbon

105



106  Biosensors - Micro and Nanoscale Applications

[36]

[37]

[38]

[39]

[43]

[44]

nanotube for the determination of lindane (y-hexachlorocyclohexane), an organo-
chlorine pesticide. Biosensors and Bioelectronics. 2015; (64): 586-93.

Patra S, Roy E, Madhuri R, Sharma PK. Imprinted ZnO nanostructure-based electro-
chemical sensing of calcitonin: A clinical marker for medullary thyroid carcinoma.
Analytica Chimica Acta. 2015; (853): 271-284.

Karimian N, Zavar MHA, Chamsaz M, Turner APF, Tiwari A. On/off-switchable
electrochemical folic acid sensor based on molecularly imprinted polymer electrode.
Electrochemistry Communications. 2013; (36): 92-5.

Wang ZH, Li JS, Xu L], Feng Y], Lu XQ. Electrochemical sensor for determination of
aflatoxin B-1 based on multiwalled carbon nanotubes-supported Au/Pt bimetallic
nanoparticles. ] Solid State Electr. 2014 Sep; 18(9):2487-96.

Zhong M, Teng Y, Pang SF, Yan LQ, Kan XW. Pyrrole-phenylboronic acid: A novel
monomer for dopamine recognition and detection based on imprinted electrochemi-
cal sensor. Biosens Bioelectron. 2015 Feb 15; 64: 212-8.

Wang X]J, Li XJ, Luo CN, Sun M, Li LL, Duan HM. Ultrasensitive molecularly im-
printed electrochemical sensor based on magnetism graphene oxide/beta-cyclodex-

trin/Au nanoparticles composites for chrysoidine analysis. Electrochim Acta. 2014
Jun 1; 130: 519-25.

Yola ML, Eren T, Atar N. Molecularly imprinted electrochemical biosensor based on
Fe@Au nanoparticles involved in 2-aminoethanethiol functionalized multi-walled
carbon nanotubes for sensitive determination of cefexime in human plasma. Biosens
Bioelectron. 2014 Oct 15; 60: 277-85.

Abbas A, Linman M], Cheng QA. New trends in instrumental design for surface
plasmon resonance-based biosensors. Biosens Bioelectron. 2011 Jan 15; 26(5): 1815-24.

Holford TR], Davis F, Higson SPJ. Recent trends in antibody based sensors. Biosens
Bioelectron. 2012 Apr 15; 34(1): 12-24.

XuX, Ye ZZ, Wu JA, Ying YB. Application and research development of surface plas-
mon resonance-based immunosensors for protein detection. Chinese ] Anal Chem.
2010 Jul; 38(7): 1052-9.

Stein EW, Grant PS, Zhu HG, McShane M]J. Microscale enzymatic optical biosensors
using mass transport limiting nanofilms. 1. Fabrication and characterization using
glucose as a model analyte. Anal Chem. 2007 Feb 15; 79(4): 1339-48.

Carlucci L, Favero G, Tortolini C, Di Fusco M, Romagnoli E, Minisola S, et al. Several
approaches for vitamin D determination by surface plasmon resonance and electro-
chemical affinity biosensors. Biosens Bioelectron. 2013 Feb 15; 40(1): 350-5.



[45]

[46]

(48]

[49]

[55]

[56]

Molecularly Imprinted Sensors — New Sensing Technologies
http://dx.doi.org/10.5772/60781

Choi SW, Chang H]J, Lee N, Kim JH, Chun HS. Detection of mycoestrogen zearale-
none by a molecularly imprinted polypyrrole-based surface plasmon resonance
(SPR) sensor. ] Agr Food Chem. 2009 Feb 25; 57(4): 1113-8.

Yao GH, Liang RP, Huang CF, Wang Y, Qiu JD. Surface plasmon resonance sensor
based on magnetic molecularly imprinted polymers amplification for pesticide rec-
ognition. Anal Chem. 2013 Dec 17; 85(24): 11944-51.

Lotierzo M, Henry OYF, Piletsky S, Tothill I, Cullen D, Kania M, et al. Surface plas-
mon resonance sensor for domoic acid based on grafted imprinted polymer. Biosens
Bioelectron. 2004 Sep 15; 20(2): 145-52.

Matsunaga T, Hishiya T, Takeuchi T. Surface plasmon resonance sensor for lysozyme
based on molecularly imprinted thin films. Anal Chim Acta. 2007 May 15; 591(1):
63-7.

Homola J, Dostalek ], Chen SF, Rasooly A, Jiang SY, Yee SS. Spectral surface plasmon
resonance biosensor for detection of staphylococcal enterotoxin B in milk. Int ] Food
Microbiol. 2002 May 5; 75(1-2): 61-9.

Yman IM, Eriksson A, Johansson MA, Hellenas KE. Food allergen detection with bio-
sensor immunoassays. ] Aoac Int. 2006 May-Jun; 89(3): 856-61.

Sauerbrey G. Verwendung von Schwingquarzen zur Wagung diinner Schichten und
zur Mikrowagung. Zeitschrift fiir Physik 1959; 155(2): 206-222.

Liu F, Liu X, Ng SC, Chan HSO. Enantioselective molecular imprinting polymer coat-
ed QCM for the recognition of L-tryptophan. Sensor Actuat B-Chem. 2006 Jan 17;
113(1): 234-40.

Lin TY, Hu CH, Chou TC. Determination of albumin concentration by MIP-QCM
sensor. Biosens Bioelectron. 2004 Jul 30; 20(1): 75-81.

Uludag Y, Piletsky SA, Turner APF, Cooper MA. Piezoelectric sensors based on mo-
lecular imprinted polymers for detection of low molecular mass analytes. Febs J. 2007
Nov; 274(21): 5471-80.

Liao HP, Zhang ZH, Nie LH, Yao SZ. Electrosynthesis of imprinted polyacrylamide
membranes for the stereospecific L-histidine sensor and its characterization by AC
impedance spectroscopy and piezoelectric quartz crystal technique. ] Biochem Bioph
Meth. 2004 Apr 30; 59(1): 75-87.

Sun H, Mo ZH, Choy JTS, Zhu DR, Fung YS. Piezoelectric quartz crystal sensor for
sensing taste-causing compounds in food. Sensor Actuat B-Chem. 2008 Apr 14;
131(1): 148-58.

Leonte II, Sehra G, Cole M, Hesketh P, Gardner JW. Taste sensors utilizing high-fre-
quency SH-SAW devices. Sensor Actuat B-Chem. 2006 Oct 25; 118(1-2): 349-55.

107



108 Biosensors - Micro and Nanoscale Applications

[58]

[59]

[60]

Rosler S, Lucklum R, Borngraber R, Hartmann J, Hauptmann P. Sensor system for
the detection of organic pollutants in water by thickness shear mode resonators. Sen-
sor Actuat B-Chem. 1998 May 30; 48(1-3): 415-24.

Ji HS, McNiven S, Lee KH, Saito T, Ikebukuro K, Karube I. Increasing the sensitivity
of piezoelectric odour sensors based on molecularly imprinted polymers. Biosens Bi-
oelectron. 2000 Oct; 15(7-8): 403-9.

Diltemiz SE, Ersoz A, Hur D, Kecili R, Say R. 4-Aminophenyl boronic acid modified
gold platforms for influenza diagnosis. Mat Sci Eng C-Mater. 2013 Mar 1; 33(2):
824-30.



Chapter 4

Silicon-based Integrated
Microarray Biochips for
Biosensing and Biodetection Applications

Lei Zhang, Cheng Zhu, Jinwen Geng, Xizeng Shi,
Yunhua Gao, Zhijie Chang and He Qian

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60441

Abstract

The silicon-based integrated microarray biochip (IMB) is an inter-disciplinary
research direction of microelectronics and biological science. It has caught the
attention of both industry and academia, in applications such as deoxyribonucle-
ic acid (DNA) and immunological detection, medical inspection and point-of-care
(PoC) diagnosis, as well as food safety and environmental surveillance. Future
biodetection strategies demand biochips with high sensitivity, miniaturization,
integration, parallel, multi-target and even intelligence capabilities. In this chapter,
a comprehensive investigation of current research on state-of-the-art silicon-
based integrated microarray biochips is presented. These include the electrochem-
ical biochip, magnetic tunnelling junction (MTJ) based biochip, giant
magnetoresistance (GMR) biochip and integrated oscillator-based biochip. The
principles, methodologies and challenges of the aforementioned biochips will also
be discussed and compared from all aspects, e.g., sensitivity, fabrication complex-
ity and cost, compatibility with silicon-based complementary metal-oxide-
semiconductor (CMOS) technology, multi-target detection capabilities, signal
processing and system integrations, etc. In this way, we discuss future silicon-
based fully integrated biochips, which could be used for portable medical detection

and low cost PoC diagnosis applications.
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1. Introduction

Silicon-based integrated microarray biochips (IMB) are an inter-disciplinary research
direction of microelectronics and biological science. They have caught the attention of both
industry and academia, in applications such as deoxyribonucleic acid (DNA) and immuno-
logical detection, medical inspection and point-of-care (PoC) diagnosis, as well as food
safety and environmental surveillance. Future biodetection strategies demand biochips with
high sensitivity, miniaturization, integration, parallel, multi-target and even intelligence
capabilities [1, 2]. Recent studies focus on the high sensitivity and multi-target microarray
biochips for accurate and early disease diagnosis. They also discuss treatment that is based
on silicon compatible technologies due to its low cost, large-scale and readily integration
with signal extraction and processing front-end and back-end circuits monolithically for a
lab-on-a-chip solution [3-16]. Such studies oppose conventional assays that are currently
used in hospitals and laboratories, e.g., enzyme-linked immunosorbent assay (ELISA) [17]
and fluorescent detections [18], etc.

Biosensor microarray assays are one type of popular method to perform comparable biological
detections. These are typically carried out for the analysis of large-scale gene and protein
expression changes in a biological sample. Although there are many different forms of
microarray biochips, they can be generally classified into two categories, based on the sensing
methodologies: labelled and label-free. Labelled techniques tag an analyte of interest with an
externally observable label such as a magnetic tag [9-16] or fluorophore [18]. On the other hand,
label-free techniques detect an intrinsic property of the biomolecule such as the electrochemical
charge/current [3-8], mass, thermal reactivity, etc. One typical example of label-free detection
is electrochemical microarray, which senses the current induced in the binding reaction during
detection. Meanwhile, magnetically labelled assays with ultra-high sensitivity, such as GMR
and MT] microarrays, are labelled techniques.

Recent studies of IMB focus on high sensitivity and multi-target microarray biochips, based
on silicon compatible technologies. For example, CMOS, due to its low cost, large-scale and
readily integration with signal extraction and processing front-end and back-end circuits
monolithically for a lab-on-a-chip solution. State-of-the-art silicon-based IMB assays include
the electrochemical microarray biochip [3-8], GMR and MT] microarray biochips [9-14] and
the fully CMOS compatible oscillator microarray biochip [15-17].

This chapter is organized as follows. Section 2 presents the electrochemical microarray biochip
and illustrates examples of state-of-the-art electrochemical microarray biochips. Furthermore,
design issues and considerations are elaborately analysed and discussed. Section 3 discusses
magnetically labelled detection assay that are based on GMR and MT]J sensors and biochips.
Methodology, trade-offs and calibration strategies are also presented, as well as a system
prototype with performance evaluations and comparisons. Section 4 discusses biochip assay
based on on-chip oscillator microarray that is fully compatible with modern aggressively
scaled CMOS technology, with a proposed in-situ calibration strategy. Finally, the chapter
concludes in Section 5, where future directions for IMB research are envisioned and reviewed.
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2. Electrochemical microarray biochips

An electrochemical microarray biochip is one type of sensor used for DNA and protein
detection. It has caught the attention of both academia and industry due to its applications in
DNA and immunological analysis, analyte detection, drug delivery, trends of miniaturization
and large-scale integration with CMOS technology for a system-on-a-chip (SoC) solution. In
this strategy, the target detection and hybridization action are converted into electric current
signals on the microarray electrodes on the chip surface. This is readily extracted by the high
sensitivity analogue circuit front-end of the CMOS biochip. The integrated circuit (IC)
interfacing, which is composed of an analogue circuit front-end for signal extraction, multi-
plexor (mux) and demultiplexor (demux) circuits for electrode enabling and decoding, as well
as a potentiostat for electrode voltage stabilization, governs the overall performance of the
microarray biochip.

2.1. Design challenges and considerations

Along with the development of micro- and nano-fabrication technologies, such as lithograph,
nano-imprint, electron beam, etc., the feature size of recent electrode microarray tends to shrink
towards a nanometre scale, together with the scaling down of CMOS technology. However,
electrodes of nanoscale seriously suffer from background noise and random currents in a
biochemical sample solution medium. This degrades the sensitivity and makes the design of
IC interfacing difficult. Previous research suggests that the minimal sensitivity of signal
extraction front-end IC should be at least at the order of pico-ampere (pA, 107> A) or lower.
Moreover, for an effective current monitoring and response, the bandwidth must be several
MHz or higher - an even more difficult task. Prior applications of interfacing IC, based on
potentiostat [19], trans-impedance amplifier [20] and current amplifier [21, 22] have been
reported.

Large-scale integration also presents challenges regarding the signal processing back-end. For
example, there are at least 20 known amino acids, while there are over 500 types of haemo-
globin in human blood. A large amount of data has to be extracted and analysed by the back-
end circuitry during a single detection phase. This heavily burdens the digital signal processor
(DSP) or field-programmable gate array (FPGA). Recent research on neuromorphic circuits
and systems, based on memristive devices and circuit, may provide a novel pathway for the
large-scale, parallel signal processing and mode recognition in the near future.

The scaling down of electrode microarray is also a challenging task. Investigators have
proposed a post-CMOS fabrication methodology [8]. However, when shrinking the device
sizes, this methodology suffers from keyhole issues, resulting in the deterioration of the surface
roughness and eventually, the sensitivity. Therefore, a co-design and fabrication regarding the
microarray floor planning, lithography and etching are currently under investigation.

2.2. Current research

In previous studies, the electrochemical detection and sensing of DNA has been reported [3].
Here, the viability of the methodology has been verified. The first fully CMOS integrated DNA
microarray biochip was published by Infineon. In this case, a 128-spot electrode structure with
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in-pixel analogue-to-digital conversion was realized, achieving 100 dB of a dynamic range for
direct current (DC) detection [4]. The chip was improved to a sub-nanoampere level [5] by
introducing differential architecture. However, limited by the in-pixel integrator, the scale of
single electrode could not be reduced beyond 100 um. This prevented the downscaling of the
electrode feature size and the upscaling of the microarray’s integration level. A fluorescent-
based biosensor microarray was introduced [6], which utilized the in-pixel photo-diode. This
was followed by a preamplifier and analogue-to-digital converter (ADC), which were used to
detect the fluorescence on the target. A 1072A level current sensitivity and a detection limit of
0.5 nM were achieved. Although a microarray is extremely sensitive in DC detection, it can
hardly respond to transient signals with a bandwidth of 1 kHz and above. This is mandatory
in broadband sensing (10 kHz and above) and low noise alternating current (AC) detections.

In this section, we present a fully integrated 64-pixel CMOS biosensor microarray, which
is based on memory addressing architecture. Thanks to the pixel-decoding scheme, the
embedded potentiostat operational amplifier (opamp) and current amplifiers are shared by
all of the pixels in the microarray. This helps to reduce the pixel complexity and pro-
vides a pathway to the miniaturization of electrodes towards a nanoscale. An electrode
feature size of 600 nm has been successfully demonstrated. To the best of our knowledge,
this is the smallest size among published works. Moreover, the embedded current amplifi-
er is realized with pico-ampere sensitivity in order to reconcile with the current level of
the nanoscale electrodes. This is over 15 kHz bandwidth, which supports both the high-
speed sensing and low noise AC detections [7, 21].

The system architecture of the proposed biosensor microarray is shown in Figure 1. It is
designed with a 64-pixel of 8 x 8 working electrode microarray, together with interdigital
references and counter electrodes. A two-stage address decoding approach (pre-decoding and
pixel-decoding) is introduced to selectively activate the microarray’s working electrodes. An
on-chip potentiostat opamp P is implemented to stably control the electrode potential and
provide electrochemical current to the electrolyte from a negative feedback mechanism during
biosensing detections. Meanwhile, an ultra-low-current amplifier (ULCA) is also integrated in
order to sense the detection current and introduce amplification, before being sent out to off-
chip devices. The proposed ULCA achieved a gain of 20 dB, a bandwidth of 15.5 kHz and a
current sensitivity of less than 38 pA [21]. The potentiostat serving for stabilizations of
electrolyte potential and accommodation of electrochemical current is realized by an opamp
with a rail-to-rail input common-mode range and Class-AB output stage. The proposed
biosensor microarray is realized in standard 0.18 pm CMOS technology. Figure 2(a) shows the
die micrograph of the chip, which occupies 2 mm by 2 mm of the chip area. The top electrodes
of the microarray are fabricated following the procedures in previous studies [8]. Limited by
the etching resolution, the minimal electrode feature size demonstrated was 600 nm, which is
the smallest among published works. A biosensor detection system, based on magnetic nano-
particle (MNP), biotinlated polystyrene and streptavidin, is utilized to demonstrate the
functionalities of the proposed microarray. The fluorescent results are shown in Figure 2(b)
and zoomed in by Figure 2(c) and (d). The normalized fluorescent intensities are measured as
127 and 136, while the noise background is 12.3. The translating to signal-to-noise ratio (SNR)
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is 10.1 dB and 10.4 dB, respectively. The measured currents start from 1~2 pA and gradually
reduce in the first 20 seconds, due to the electric shielding effect of the targets. They eventually
saturate at about 20 nA and 7.3 nA, respectively.
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Figure 1. (a): Circuit architecture of proposed biosensor microarray.

Figure 2. (a): Addressed working electrodes on the microarray, (b) fluorescent detection results on the addressed elec-
trodes, (c) zoom in on the 8 um square electrode and (d) zoom in on the 600 nm spiral electrode.
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2.3. Discussions

Electrochemical microarray biochips are one type of widely interested assay that are capable
of mid-sensitivity multi-target detection. They have important applications in multi-target
DNA and immunological analysis, as well as in analyte detection and drug delivery. Along
with the trends of miniaturization and large-scale integration with CMOS technology for a
SoC solution, various issues need to be solved in future research. Such issues include back-
ground noise and random currents in a biochemical sample solution medium during the
shrinking of electrode feature size, post-CMOS fabrication technologies, parallel back-end
signal processing and mode recognition. The current sensitivity of recent reported applications
falls in the nano-ampere range, which is limited by background noise and random currents in
the biochemical medium and buffer. This prevents its application for higher sensitivity sensing
and detection applications.

3. GMR and MT]J microarray biochips

In recent years, rapid biological detection based on GMR and MT]J sensors and biochips is a
hot issue. This is due to its interesting features such as being fast, cheap, user-friendly and
acceptable high sensitivity [9-14]. As there is less magnetic material in body fluid, the magnetic
signal detected by GMR and MT] biosensors suffers minimally from the interferences of body
fluid and therefore, exhibits a high sensitivity.

3.1. Overview

The GMR and MT]J biosensor detection system generally consists of several steps. These
include the biochemical reaction on the surface of the sensor, analyte tagging by super-para-
magnetic nano-particles, receiving signals from the top of the sensor, small signal extraction
circuit front-end, digital domain data processing and correction back-end. These are shown in
Figure 3 and Figure 4.

Figure 3 and Figure 4 show the detailed detection scheme and signal processing steps. Firstly,
probe molecules that target multiple specific analytes are immobilized on the biosensor chip
surface through biochemical bonding and/or reactions. During the detection phase, the analyte
molecules are introduced, which are specifically captured by probes that are readily immobi-
lized on the sensor surface. In the labelling phase, a labelling molecule tagging with MNP is
subsequently bonded with analyte molecules, which are captured by probes in the detection
phase. The analytes, acting as a bridge between the probe molecule and the MNP label, are
therefore fixed on the surface of the biosensor chip. Finally, MNPs and analytes that are not
fixed on the top of the sensor surface are washed away. The number/density of MNPs
immobilized on the biosensor surface is proportional to the analyte concentration to be
detected. The probe and analyte in the aforementioned detection assay can either be DNA or
antigen/antibody protein, depending on the applications.
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Figure 3. Biochemical detections paradigms based on MNP-labelled targets.
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Figure 4. Signal flow and processing steps of GMR and MT] biosensor detection system.

3.2. MT] microarray biochips

Recent progress on the MT] biosensor multi-target microarray biochip has been reported [9].
In such studies, a fully automated in vitro diagnostic (IVD) system for diagnosing acute
myocardial infarction was developed. This uses high sensitivity MT] array as sensors and 300
nm nano-magnetic particles as tags. An array of 12 x 10° MT] devices are integrated with a
three metal layer CMOS circuit. Consequently, 48 different types of bio targets can be analysed
simultaneously. A micro-fluidic cartridge, which contains all of the reagents necessary for
completing the assaying process, is also assembled. Electrical, mechanical and micro-fluidic
pumping devices are also integrated. The system yields results of the three major acute
myocardial infarction (AMI) biomarkers (cTnl, MYO, CK-MB) in 15 minutes. An extremely
high sensitivity of 0.1 ng/mlis realized and the dynamic range of detention is over three orders.
However, system solutions that are based on MT] microarray biochips are pricy in terms of
the MTJ sensor itself and the circuit board/microfluidic channel integration. Meanwhile, over
100 wiring connections have to be realized and therefore lowering the yield. In the present
form, this can hardly be commercialized.
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3.3. GMR microarray biochips

GMR biosensors and biochips are proposed and utilized in the above detection assay for their
acceptable high sensitivity responses to MNP labels, as well as their lower fabrication cost,
compared with MTJ] microarray biochips. This makes them potentially suitable for mass
production and commercialization. Recent progress has been reported by researchers in
Stanford [10]. In their study, 256 separate GMR sensors were fabricated and a CMOS signal
extraction front-end with 16 channel YA modulators was designed and realized in 180 nm
CMOS process. This has a sensitivity of around 10 picomolar (pM), roughly equivalent to about
50 ppm of GMR resistance change. However, a number of issues remain unsolved. Firstly,
temperature calibrations must be performed during the detection phase in order to cancel out
the local temperature variation effects around the GMR sensor detection region. The calibra-
tion is made with one single fixed temperature coefficient over a wide range of GMR sensors.
This incurs inaccurate results. Secondly, the biochemical buffer solution on the detection region
is manually controlled on a disposable test stick. This can hardly be extended for multi-target
applications with 10 or more samples and thus, is impractical with regard to efficiently
controlling the biochemical reactions on multiple targets.

In this section, a complete prototype of GMR microarray biochips and system is presented.
The GMR biochip, signal extraction IC, back-end signal processing, microfluidic channels,
novel calibration strategies and mechanical parts with microfluidic channels are all integrated.
The system performance shows a sub-50 ppm sensitivity, corresponding to roughly two 500
nm MNPs within a 1000 um? GMR sensor detection area on average. This advances the present
application [11].

The physical structures of the GMR biosensor are illustrated in Figure 5.

The GMR biosensor is a multilayer structure device. It has two major functionality layers: a
pinned layer and a free layer. The pinned layer is a layer with fixed magnetic moment direction.
Meanwhile, the free layer features a changeable magnetic moment direction, which can be
modulated by an externally applied magnetic field. Both of the layers are ferromagnetic and
are separated by a non-ferromagnetic layer in between them.

A GMR sensor is generally designed with two alternative structures, as shown in Figure 5. In
the left subfigure, the electrons flow vertically through both the pinned and free layer (Current
Perpendicular to Plane, CPP). The electrons experience scattering in ferromagnetic layers,
depending on the magnetic moment of the layer and the electron spin. When the pinned and
free layers exhibit parallel magnetic moment direction, the electrons experience the lowest
scattering through both layers, corresponding to the lowest resistance state. If the magnetic
moment directions of the pinned and free layer are antiparallel, electrons experience large
scattering though both layers. This results in the highest resistance state. In the right subfigure,
the electrons flow horizontally (Current In Plane, CIP). The physics of CIP is similar to the CPP
structure. Furthermore, the sensor exhibits different resistances when the magnetic moment
direction of the free layer is modulated by the external magnetic field. As the length of the
GMR sensor is far larger than the thickness, the CPP structure normally has a higher magneto-
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Figure 5. GMR biosensor structures.

resistance (MR) than its CIP counterpart. However, it is hard to fabricate and not easily
integrated with the planar process. Modern GMR biosensors are generally fabricated with a
CIP structure.

Super-paramagnetism MNP is utilized. This can be magnetized by the applied magnetic field
and produce a small magnetic field around the MNPs, modulating the resistance of the sensor.

Firstly, a DC biasing magnetic field is applied to the sensor. This magnetic field magnetizes
the MNPs on top of the sensor and forces them to produce small magnetic fields in the same
direction, with the applied magnetic field on top of the sensor. An extra AC magnetic field is
further applied in order to modulate the magnetic field of the MNP and consequently, induce
the resistance change of the sensor itself at the same frequency.

To readout the change of the resistance of GMR sensor, a voltage is applied to the sensor. The
output current flowing through the sensor is measured and readout. Considering that the
flicker noise is large at a low frequency and that the resistance change caused by the MNPs is
only several tens ppm of the initial resistance (chosen as a few kQ) of the sensor, an AC voltage
running at several kHz, together with an AC magnetic field at a few hundred Hz, is utilized
to read out the signal. Therefore, the output current through the sensor can be calculated by
the following formula:

B Vcos(27rfct)
oM R, + ARcos(Zﬂfst)

= Rlcos(Zﬂfct)— Zlif (cos(27r(fc + fs)t) + c:os(27z(fc —fs)t) (1)

0 0

where V is the amplitude of the applied voltage, R, is the initial resistance of the sensor, AR is
the resistance change of the sensor due to the applied magnetic field, MNPs, f, is the frequency
of the external AC voltage and f, is the frequency of the AC magnetic field.
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Figure 6. Signal processing flow of the proposed GMR sensing system, including the main tone cancellation, amplifica-
tion, filtering, ADC, FFT and output correction.

It can be seen from Figure 6 that the sensor acts as a mixer and produces three tones at £, f.+f,
and ff.. As AR is much smaller than R, the main tone amplitude at f, is higher than the side
tones amplitudes at f.+f, and f.-f, which are signals of interest, since the effects of MNPs only
relate to AR.

The MR of a GMR sensor is generally less than 15 %. The operation point is chosen at the middle
point with maximal slope and the AR is generally about 1~3 % of R,. Meanwhile, the resistance
change due to MNPs can be as small as 0.1 % of AR. The signal is very small compared to the
centre tone, requiring an ADC with a dynamic range of over 100 dB - an extremely difficult
number to achieve. To overcome this issue, cancellation of the main tone is necessary. This can
be implemented by applying an AC voltage with the opposite phase to a reference resistor of
the same resistance as the GMR sensor. The centre tone can be reduced by at least 20 dB,
considering a 10 % deviation between the resistance of the GMR sensor and the cancellation
resistor.

After cancellation, a filter is introduced to suppress the noise out of the band. It is followed by
an amplifier before ADC in order to transform the signal from an analogue to digital domain.
In the digital domain, Fast Fourier Transform (FFT) is used to calculate the frequency spectrum
and eventually extract the signal from the side tones.

The signal can be extracted by the following formulas:

R 5T @
CT-2ST
, MR(t)—- MR(0)
Signal= ———~—— 3)

MR

max
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where CT is the centre tone or main tone of the GMR signal before cancellation, ST is the side
tone. The centre tone amplitude before cancellation can be easily recovered based on the gain,
cancelling resistance and source amplitude:

VR
CT, £+ CT

before—cancellation = R after—cancellation (4)
c

with the sign decided by the resistances of the GMR sensor and the cancellation resistor.

As the sensor resistances are sensitive to the environment, output correction and calibrations
of temperature variations are always necessary in order to ensure the veracity of the detection.
Therefore, the temperature-calibrated scheme is proposed in this section.

Firstly, considering the temperature variations of the initial resistance of the GMR sensor and
the resistance change caused by the magnetic field and MNPs, the GMR current can be written
as,

Vcos(27rfct)
Ioyg = @)
R,(1+aAT)+ AR(1+ BAT)cos(27 f 1)

where a is the temperature coefficient of the initial resistance of GMR sensor and £ is the
coefficient factor of the resistance change due to MNPs. It follows that

Vv 1 VAR 1+ SAT
I ®—cos(27ft) ——— |——=(cos(2z(f. + f)t)+cos(27(f. - f)t)) ——— 6
oo = rcon(2m 1) e | (os(2n = 30 o2t~ ) | ©
Then, the CT and ST can be calculated by:
v 1 v
CT(t)=—| ——— | —(1-0aAT AT <1
(0= (rar ) -T)
ST(t)= VAF “ﬂATZ ~ VAf(nﬂAT)(l—zaAT) ~ VAf(1+(ﬂ—2a)AT) @)
2R, (1+(ZAT) 2R, 2R,
(aAT <« 1, pAT <« 1)
In normalizing the CT and ST to them at initial time 0, we have,
%z(l—aAT)
CT(0) ®)
ST(

Ol ~
ST(O) =1+(p-2a)AT
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We can define « as the following relationship between CT and ST,

ST()

CT(0)

One can obtain k by linear fitting and utilizing the centre tone to calibrate the side tone,

[1() ]: ( : )
€T ) 1e(s-2a)aT

(10)
VAR
ST=ST(t)xCF=~ - (1+(B-2a)AT)x

0

1 _ VAR
1+(f-2a)AT 2R

From the above equation, the temperature variation can be easily calibrated out during the
detection. The major improvement is that the data obtained at the beginning of the test are
utilized to calculate the temperature coefficient « for every single sensor instead of using a
standard number. Consequently, this produces a better correction and more accurately reduces
the temperature effect over the whole chip.

A complete circuit and system solution prototype, including the GMR biosensor design and
fabrication, small signal extraction front-end, data conversion and signal processing back-end
for the GMR biosensing and detection assay, has been proposed and realized by the experi-
ment.

The proposed GMR biosensor is a NiFe/CoFe/Cu/CoFe/PtMn multilayer structure, as shown
in Figure 7(a). A 40 nm thick SiO, layer is fabricated on top of the multilayer sensor in order
to keep it from oxidization and prevent electrical shorting. Furthermore, a thinner passivation
layer achieves closer proximity between the magnetic particle and sensor surface for higher
sensitivity, resulting in an easier electric broken down.

A biosensor chip containing 12 separate GMR sensors was fabricated, as shown in Figure
7(b). Taking into consideration the trade-off between the statistical fluctuation of magnetic
particle distributions and uneven magnetic field effect during detection, the physical size of
each sensor is 120 um x 120 pm.

In the system prototype, the signal extraction front-end with main tone cancellation, amplifi-
cation and filtering functions has been realized by CMOS ICs. The sampling frequency of the
ADCis 1 MHz and each packet of data contains a signal of six seconds. First, the data is divided
into 60 pieces and each piece is sent to a Hanning Window for data smoothing before FFT. An
average of over 10 groups of data is used to reduce the noise. An adaptive filter algorithm is
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used to further reduce the noise and a 50 % noise reduction can be achieved. To further improve
the sensitivity of the sensing system, the proposed temperature calibration scheme is also
introduced and realized.

S5i0z, 40nm

CoFa. Tnm
Cu. 1.2nm

CoFe, Znm

Pinned
Seed layer, GBnm
S5i0z, 10nm

5i, 450um

EEEEEN EENEEN
(a) (b)

Figure 7. (a): Multilayer structure of the proposed GMR sensor and (b) the GMR biosensor chip containing 12 sensors.

Figure 8(a) shows the o prototype detector utilizing the GMR biosensor detection scheme that
is proposed in this section. The structure of the detector is shown in Figure 8(b), including the
front-end circuit board, signal processing DSP, PC interface and mechanical parts of the
disposable microfluidic box.

DSP and
PC interface

Disposable
» microfluidic box

Front-end
circuit board

@) (b)

Figure 8. (a): a prototype detector system, utilizing the proposed GMR biosensor detection scheme and microarray bi-
ochip and (b) structure of the a prototype detector.
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Figure 9. Magnetic signal versus the number of magnetic particles. Each magnetic particle produces a signal of about 2
ppm.

In the experiment, magnetic particles with diameters of 500 nm are utilized to produce the
target magnetic signal. The current leakage between the two connection wires can introduce
a signal as large as several hundred ppm. As a result, the data has to be collected when the
surface is dry. A microscope is used to observe and count the magnetic particles on top of the
sensor. The relationship between the number of magnetic particles and the output signal is
shown in Figure 9. It can be seen that a sensitivity of sub-50 ppm has been achieved in the
proposed system. In this case, about 30 magnetic particles on a 120 um x 120 pm sensor surface
are observed. Therefore, on average, each magnetic particle roughly produces a signal of about
2 ppm. Table 1 shows comparisons with other GMR biosensing systems. This work achieves
superior performance versus prior arts. In summary, biological detections based on the
proposed GMR biochips and system have been verified by experiments and a sub-50 ppm
sensitivity has been reached, advancing the present work.

Sensor Size MNP Diameter (nm) Min. Detectable Num. N per 1000 pm2 Area
(um x pm) N

[10] 100 x 100 50 2000 200

[12] 120 < 67.5 30 N/A N/A

[13] 160 x 58.5 1000 N/A N/A

[14] 1500 300 3 (theoretical) 2

This Work 120 % 120 500 30 2.08

Table 1. Comparisons with state-of-the-art GMR biosensing systems.
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3.4. Discussions

Magneto-sensitive detection assays are proved with extremely high sensitivities and provide
full support to multi-target (~100 targets) biochemical analysis applications, e.g., DNA and
immunological detections that are widely used in laboratories and hospitals. Biosensing
systems and chips based on MT] and GMR microarrays are possible candidates. Previous
research suggests that a MT] microarray biochip has a pricy sensor with unsatisfied yield.
Thus, in the present form, it can hardly be commercialized. On the other hand, a GMR
microarray biochip features a sub-50 ppm high sensitivity response to MNP labels and a lower
fabrication cost compared to a MT] microarray biochip. This makes it potentially suitable for
mass production and commercialization in the near future. However, both biochips require
an extra fabrication flow beyond the CMOS process, preventing the monolithic integration
with acquisition IC front-end, signal processing back-end and DSP for a SoC solution to further
improve system performance and reduce costs.

4. Oscillator-based microarray biochips

In the area of medical diagnosis, high accuracy, fast speed and low cost biosensor systems are
always in demand. However, conventional biosensor systems, such as fluorescent labelled
biosensor and MT] and GMR biosensors, require complicated extra-process steps or fabrica-
tions. These are not fully compatible with CMOS technology and, consequently, the cost and
design complexity can hardly be reduced. Moreover, both MT] and GMR sensors require
external biasing magnetic field, which complicates implementing the system.

4.1. Overview

An oscillator-based microarray biochip, which relies on the frequency-shift of LC oscillators,
is one type of scheme that is potentially capable of solving these problems [15-17]. It uses an
electromagnetic mechanism to detect the changes of output frequency, which directly corre-
sponds to the number of targets tagged by MNPs. It potentially features high sensitivity, low
cost, multi-target and easy integration, compared to GMR and MTJ biosensing strategies.

An LC oscillator is a basic component for local oscillation (LO) generation in radio-frequency
(RF) integrated circuits [23]. An inductor and a fixed capacitor oscillate at a free running
frequency f,, driven by a negative resistance from a cross-coupled transistor pair. We suppose
that some probe molecules are deposited on the inductor surface. During the detection phase,
some target molecules with MNPs labels are also deposited on the inductor and bonded with
the probes. Therefore, the MNPs change the magnetic field around the detection region defined
by the inductor, effectively changing the inductance L, to Ly+AL. This eventually shifts the
oscillation frequency f,, as shown in Eq. (11), where M is the target concentration and ot is a
factor.
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1 AL aM
= f | l-—— = f | 1-———
f 2 (L0+AL)C fo( 2L0] fo[ 2L0] (th

The frequency shift Afis proportional to the inductance change AL and therefore, reflects the
target molecule concentration in a sample solution.

The principle of the oscillator-based high sensitivity multi-target biochip detection is illustrat-
ed in Figure 10. Firstly, the CMOS biochip surface with multiple detection regions is treated
by various probe molecules, which are a target of interest for probe immobilization, as shown
in Figure 10(a) and (b). During the detection phase, the sample solutions with target molecules
labelled with MNPs are brought to the detection region by either droplet or microfluidic
channel for chemical bonding and hybridization. The chip is then rinsed by DI water for surface
cleaning in order to remove non-specific bonding or contaminations. Eventually, the electric
signal induced by the tag MNPs on the target of interest is detected by the buried CMOS signal
extraction front-end circuit and conveyed off-chip (or to the on-chip ASIC) for signal process-
ing by the back-end circuits. Since the chemical bonding and hybridization between the probe
and target are specific, multiple target detections from one sample droplet can, therefore, be
realized in parallel on the single biochip. This increases the detection efficiency and reduces
the cost. Depending on the non-specific bonding rate between the different probes and targets,
the number of targets supported by a single detection has to be traded with the fake positive
rate and detection sensitivity.

() (b)

Probe Molecule

Immobilization
*
CMOS|Chip
I I I | ! |

Detection Detection Detection Probe 1 Probe 2 Probe 3
Region 1 Region 2 Region 3
Target * J—
d Detection Y YQ ——Probe Molecules
(d) (c) _
® ® € —Target Molecule
Signal ® L
Extraction and m ’.’ m ’ ’ . —— MNP
Evaluation Rinse
*

Figure 10. Oscillator-based high sensitivity multi-target biochip detection sketch.
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4.2. Design challenges and considerations
4.2.1. Sensor design

4.2.1.1. Running frequency

The free running frequency f, of the oscillator has to be optimized, based on the consider-
ations of phase noise, inductor detection region geometry and the response frequency of
MNPs. Most MNPs with a diameter of 500 nm or below exhibit a response frequency of
lower than 1.5 GHz [24], defining the upper boundary of f;. Although a low f, would present
a lower phase noise, other factors include increasing the number of turns of the inductor
itself, shrinking the effective detection region size and degrading the uniformity of magnetic
field on the surface. Among the above factors, experiments suggest an f, of around 1 GHz
- 1.5 GHz, with a proper trade-off.

4.2.1.2. Q of the inductor

The quality factor (Q) of the inductor also has to be optimized, considering the sensor dimen-
sion and phase noise of the LO oscillator, which directly correlate to the sensitivity of the
biochip. Sensor dimensions are normally established from the chip size, multi-target capabil-
ities and microfluidic channel structures, etc. For a given sensor size, the Q of the inductor can
be improved by optimizing the number of metal layers, turns, trace width and spacing of the
traces. For example, in a standard 180 nm CMOS process, the Q of the inductor can be
maximized as 5.2 by paralleling the top three to four layers of metals with a reasonable
inductance of 1.7 nH in a chip area of 130 um x 130 um. This is a fairly desirable value in the
design, as shown in Figure 11.
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Figure 11. Q and inductance of an optimized inductor versus metal layers.
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4.2.1.3. Uniformity of the magnetic field

Uniformity of the surface magnetic field becomes important when the sensitivity is pushed
aggressively to an extremely low level or even for single molecule/MNP detection applications.
In this case, it has to be co-optimized with Q and the inductance of the inductor itself. Bowl-
shape [16] and multi-layer structured [25] round shape inductor sensors are investigated to
improve the field uniformity. However, the Q of the inductor of interest is substantially
degraded. A non-uniform inductor trace width strategy has been investigated to improve the
field uniformity. For example, as the trace width of the inner winding has been adjusted to 9
pm, as opposed to a width of 8 um, for the rest of the outer windings in a three turn inductor,
the field uniformity can be decently improved, as shown in Figure 12. It can be seen that the
magnetic field intensity varies by roughly 20 % over the inductor surface before optimization.
With the proposed technique, it is reduced to about 5 %.
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Figure 12. Simulated magnetic field uniformity on the optimized inductor surface.

4.2.2. Biochip design

The block diagram of a CMOS high sensitivity oscillator-based biochip is shown in Figure 13.
On different detection regions in a microarray, the output oscillation signal from the LC
oscillators is firstly processed by a multiplexer for selection. It is then down-converted to an
intermediate frequency (IF) and subsequently extracted by a low noise band-pass filter (BPF)
for out-of-band noise and spur suppression. The frequency synthesizer and circuitry supply
can be realized either on-chip or off-chip, depending on the applications. The IF signal is further
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Figure 14. Block diagram of a CMOS high sensitivity oscillator-based biochip front-end and signal processing back-

end.

digitized by an ADC off-chip, as shown in Figure 14. FFT is applied on the digitized IF signal
to calculate the frequency shift induced by the attached MNPs and eventually, obtain the
standard curve for biodetection and evaluation purposes. The ADC, FFT and following
calculation can be verified through off-chip and commercial chips/FPGA/Matlab. It is then
considered to be realized on-chip for a system-on-a-chip (50C) solution.
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Figure 13. Circuit schematic of the oscillator-based biochip.

The challenging parts from the front-end biochip and back-end circuits are from the following

aspects.
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4.2.2.1. Architecture of the signal down-conversion chain

The down-conversion chain of the proposed oscillator-based biochip is similar to that of the
conventional RF front-end circuits for wireless communication, including direct conversion
and heterodyne architectures. Since the output from a detection unit is a large signal with high
output swing and considering the injection pulling effects, the LO signal from the frequency
synthesizer should be at a different frequency from the unit. On the other hand, since the
frequency of interest is around 1 GHz - 1.5 GHz, a double conversion is less efficient, owing
to the power hungry dividers, buffers, etc. Therefore, a low IF architecture is preferred,
considering the trade-off among architectures, complexity and power.

4.2.2.2. Optimization of LO frequency

Being different from conventional receivers, there are no imaging effects in the proposed
biochip. Unfortunately, the selection of LO should be traded with the dynamic range and
sensitivity. A high LO would induce a reduction in the dynamic range and sensitivity, while
an over-low LO frequency would increase the IF frequency, burdening the design of BPF and
increasing power. The LO frequency has to be optimized based on the considerations of
sensitivity, dynamic range and power.

As shown in Figure 14, FFT is applied on the digitized IF signal from the ADC in order to
calculate the frequency shift induced by the attached MNPs and eventually, obtain the
standard curve for biodetection and evaluation purposes.

In this part, we need to apply a Hanning window on the signal to suppress the spectrum
leakage of FFT, before translating it into frequency domain. This improves the spectrum
uniformity and sensitivity.

4.2.3. Calibrations

Frequency drifting is a major issue for oscillator-based microarray biochips. Conventional
assays introduce an additional LC tank for reference in order to cancel out the common-
mode noises including drifts and PVT variations, however, increasing the chip area due to
the large footprint of the on-chip inductor [24]. In this section, an "in-situ switched capacitor
(ISSC) based calibration" scheme is presented by introducing only one switched capacitor
in the LC tank for common-mode noise rejection, as shown in Figure 15. An enabling switch
is used for the state switching and the measured frequencies between the adjacent time
cycles are subtracted for the cancellation of common-mode voltage and temperature
variations. The obtained frequency offsets in the initial state f,, and after introducing the
MNPs £z, follow that:

, AL
ﬁv‘fb‘et = foﬂ‘sm (1 - Z_L‘OJ (12)
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Then, we have:

AL fopat  Af  aM
_:1_£:_f:_ (13)
2L0 foﬁsyt fo ZLO

Since all of the frequency drifting relating to the voltage and temperature variations are
common-mode and cancelled out, the output signal, which is proportional to the MNP density
within the inductor detection region, can therefore be obtained from the above relation.

The switching time has to be optimized, considering the typical voltage and temperature
variation rates for the best cancellation. In this prototype, an empirical value of 0.1 s is found.
In comparison to conventional dual-site cancellation scheme, this method is advantageous in
terms of both circuit complexity and cost areas, supporting more detection regions on a single
chip. It is capable of swiping out both drifts and PVT variation and does not require compli-
cated external processing. Therefore, it improves the sensitivity and reliability of the multi-
target detection, as well as simplifying the implementation.
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Figure 15. ISSC differential reference scheme for the voltage and temperature calibrations.
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4.2.4. Experimental results and discussions

An oscillator-based microarray biochip prototype has been designed and fabricated in the
standard 180 nm CMOS process. The die micrograph is shown in Figure 16(a). The chip is
designed with two inductor detection regions, which are 130 um in diameter. The measured
results show that the oscillator works properly at a centre frequency of 1.45 GHz, with a phase
noise of -120 dBc/Hz at 1 MHz offset and an output swing of larger than 1.25 V, while
consuming 55 mW of power.

In the experiment, a standard 500 nm MNP sample solution has been utilized for verification
and evaluation of the oscillator-based microarray biochip. The microscope picture of the
distributed MNPs on the inductor detection region of the biochip is shown in Figure 16(b). The
sample solution has been diluted by 50, 500, 5000 and 50000 times, respectively. The measured
output frequency offset versus the dilution ratio is shown in Figure 17.
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Figure 16. (a): Die micrograph of the oscillator-based microarray prototype and (b) the distributed MNPs on the induc-
tor detection region of the oscillator-based microarray biochip.

Itis found that the oscillator-based biochip works properly and a frequency shifting sensitivity
of about 17 kHz has been achieved, roughly corresponding to about 10 ppm. The proposed
ISSC calibration scheme is further applied and characterized through experiment. The output
frequency shifts corresponding to different numbers of MNPs on the detection region are
measured as shown in Figure 18, in which the exact quantity of MNPs is obtained from
scanning electron microscope (SEM) images. The effective noise floor (defined as the standard
deviation of measured frequency shift) of the sensor after ISSC calibration is 896 Hz, corre-
sponding to about 0.62 ppm, and the extrapolated frequency shift for one single 500 nm MNP
is 138.5 Hz which is related to the size and material of the MNPs, running frequency, and
inductor structure. The maximal frequency shift is measured as 9.2 MHz, implying a dynamic
range of at least 80.2 dB, while the area of the sensor detection region is only 60000 pm?, well
below other calibration schemes. The comparisons with prior arts are shown in Table 2.

Compared with the electrochemical, GMR and MT] biosensing strategies, the oscillator-based
microarray biochip potentially features high sensitivity, good compatibility with CMOS
technology, low cost, and multi-target capabilities.
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ISSC scheme CDC scheme
Differential scheme [17]
This work [17]
Operation freq. f 1.44 GHz 1.13 GHz 1.13 GHz
Phase noise at IMHz -123.4 dBc/Hz -120.3 dBc/Hz -120.3 dBc/Hz
Dynamic range 80.2 dB 85.4 dB 85.4 dB
Effective noise floor/
. 0.62 ppm 1.07 ppm 0.35 ppm
operation freq.
On-chip area per sensing
. 60000 pum? >72000 um? 72000 pm?
region
Technology 0.18-um CMOS 45-nm SOI CMOS 45-nm SOI CMOS

Table 2. Comparisons with state-of-the-art oscillator-based biochips with calibrations.

5. Conclusions and future directions of IMB

Silicon-based IMBs with high sensitivity and multi-target capabilities have caught the attention
of both industry and academia for future accurate and early disease diagnosis and treatment.
Compared with conventional assays, such as ELISA and fluorescent detections, CMOS IMBs
are advantageous in various aspects. Such advantages include low cost, large-scale, readily
integration with signal extraction and processing front-end and back-end circuits monolithi-
cally for a lab-on-a-chip solution, etc. In this chapter, state-of-the-art silicon-based IMB assays,
including electrochemical microarray biochips, GMR and MT] microarray biochips and fully
CMOS compatible oscillator microarray biochips, are reviewed and discussed. Multiple
challenges and issues, as well as novel techniques in the research and production of silicon-
based IMB, are also presented.

In summary, silicon-based IMB provides fertile ground for future innovations. More specifi-
cally, electrochemical microarray biochips are one type of widely interested assay, which are
capable of mid-sensitivity multi-target detection. In future research, various issues need to be
solved such as background noise and random currents in a biochemical sample solution
medium during the shrinking of electrode feature size, post-CMOS fabrication technologies
and parallel back-end signal processing and mode recognition. MT] and GMR microarrays
assays are proved with extremely high sensitivities and provide full support to multi-target
(~100 targets) biochemical analysis applications. However, both biochips require extra
fabrication flow beyond the CMOS process, preventing the monolithic integration with
acquisition IC front-end, signal processing back-end and DSP for a SoC solution in order to
further improve system performance and reduce costs. Efforts have to be made to fix the
process compatibility issues. This can be achieved through chip-level integration and system-
in-a-package (SiP) solutions, etc. The oscillator-based microarray biochip features high
sensitivity, wide dynamic range, multi-target capabilities and full compatibility with CMOS
technology. Thus, it is potentially a suitable candidate for future SoC solutions. Calibration
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techniques for phase noise of LC oscillators and frequency drifting due to PVT variations
remains challenging and requires further innovations.
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Abstract

Itisincontestable that theinteractions and bonds thatkeep molecules united to generate
unique supramolecular compounds, with individual properties, morphologies and
behaviour, are of special dynamics and singular forces. Therefore, it is necessary to
discuss and consider the types of interactions that may occur in a determined system,
their dynamics and number, which directly act on the energetic balance that strength-

en the union between participants and give rise to a supramolecule.

In this chapter, a number of such supramolecular systems that find application as any
component of a biosensor are presented and discussed, considering intermolecular
interaction forces that confer them shape, function and unique properties. To better
understand their structural dynamics and the mechanisms through which they can
be used in biosensing, a brief explanation on the interaction thermodynamics, types
of intermolecular interactions that compete against each other and the energetic
equilibrium that originate and stabilize supramolecular systems is given. To explain
how this balance of forces can be extensively exploited to develop methods to produce
supramolecular compounds, an overview on supramolecular strategies is presented
and their contribution is explored in each example presented in this text, to evidence

the importance of planning and developing methodologies of preparation, based on

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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accurate information on structural characteristics and properties of the initial
compounds. Thus, an approach to different procedures of preparation or adaptation
methods applied to supramolecular compounds to fit a determined application, as
well as newly developed materials, is the focus of the following discussions. For
instance, supramolecules presenting interesting and singular characteristics that can
be advantageous in biosensors, such as high quantum yield luminescence, high
efficiency of energy conversion, which enable charge transfer and migration process-
es, adaptive and mimetic properties, among others, are discussed on preparation and
function basis. A variety of supramolecules and supramolecule-based materials
produced via distinct supramolecular strategies are discussed and examples of their
applications are presented. Specifically, new and extraordinary supramolecular
materials that present properties and characteristics that could not occur in ordinary
organic/inorganic compounds, but notoriously enhance optical and electrochemical
biosensor performance, will be presented and their properties, detailed. Also, the
mechanisms of action of supramolecule-based optical and electrochemical biosensors
and their dependence on singular properties of each type of supramolecular system
are discussed to provide an understanding of the most prominent aspects that govern
a compound behaviour in a device and guide the scientist through the choice of the
appropriate material for biosensing applications in the wide field of available
supramolecular compounds. In an attempt to provide accurate information to those
who desire to understand the importance of supramolecular materials in biosensor
applications, an overview on the recent progress on materials for optical, electro-
chemical and photoelectrochemical biosensors are presented, in order to inspire
research on new and even more delicate and effective supramolecular materials for
biosensing applications. Moreover, we discuss some of our recent results, which are
provided as examples, that highlight the advantages of producing supramolecules
based on peptides for applications in optical biosensors and introduce some interest-
ing methods to anchor enzymes in electrodes to enhance device performances, as well

as provide new technologies for distinct device production.

Keywords: Self-assembled materials, optical biosensors, electrochemical biosensors,

fluorescence, cyclic voltammetry, electronic energy transfer, peptides

1. Introduction

1.1. Recognition mechanism — The fundamental concept of supramolecular chemistry

The property of molecular recognition is of great importance to describe most biological
processes, such as DNA replication, enzyme activity, among several others, and consequently,
it has played a significant role in supramolecular chemistry development. Among them, the
implementation of molecular recognition as a method to control the production of supramo-
lecular species, since it is based on the combination of small components, was a breakthrough.
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Supramolecular control of synthesis of compounds is achieved by the development of methods
that combine the design of the spontaneously generated complex molecular structures, based
on self-assembly of chosen components, with pre-determined experimental conditions. As
these self-assembled structures are obtained with impressive success, self-assembly property
has been exploited in a distinguished number of organic and inorganic systems, which gave
rise to the known bottom-up and top-down supramolecular built-up strategies.

The first step on producing a supramolecular compound is to have in mind the properties
expected for this compound to present. It will both, to justify its applications and to enable the
selection of the adequate experimental steps to produce it with high quality, yield and purity.
Bottom-up strategies are preferred when a property found in a single molecule is desired in
the supramolecular complex, since they tend to preserve such molecular characteristics. On
the other hand, top-down strategies are preferred when the objective is to prepare represen-
tative small structures of major ones, presenting the desired structure and properties, being
important on miniaturization processes.

1.2. Supramolecular strategies — Towards excellent structures for biosensors

1.2.1. Bottom-up strategies

In comparison to top-down strategies, bottom-up ones enable better chemical control of the
produced supramolecular surface, better size control and higher degree of purity. They
correspond to synthetic processes that involve the supramolecular growth from atoms,
achieving molecules and further to aggregate with the desired dimensions and presenting the
desired properties. Most of the bottom-up strategies occur in vapour and liquid phases. Among
them are the following:

* Condensation methods, usually occurring in sealed chambers in which the precursor
compound is vaporized and condensed in the substrate. The sublimation of the compound
can be processed either by laser ablation or by thermal heating.

* Vapour phase nucleation methods, in which structure growth occurs usually in a vapour
phase reactor. These methods present advantages, such as the use of precursors in solid,
liquid and gas phase, mild conditions of preparation and homogeneous multi-component
supramolecular structures production.

* Liquid phase nucleation methods, in which structures are prepared in a wide variety of
conditions, depending on the desired supramolecular structure.

* Layer-by-layer methods of film preparation, which enable film production from large
compounds such as polymers, proteins, even DNA or from small molecules and atoms.
Figure 1 illustrates some bottom-up strategies to obtain supramolecules.

1.2.2. Top-down strategies

To particulate materials is the fundamental conception of any top-down preparation method
that can be conceived. Especially, physical methods of fragmentation or disaggregation, in
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Figure 1. Schematic illustration of distinct bottom-up strategies to produce supramolecular compounds.

which the major structure is broken, nevertheless conserving its organization and physical-

chemical properties, are based on the basic principle of top-down methods. Among the most

employed top-down methods are the following:

Laser ablation, in which supramolecular compounds of distinct nature are obtained by a
surface irradiation process that promotes particle removal.

Ball milling, in which highly energetic collisions between small balls in the milling chamber
and the material repeatedly occur, resulting in a fine and uniform material dispersion and

conserving all physicochemical characteristics of the initial material.

Atomic force microscopy (AFM), which has been recently proved to be adequate to
manipulate particles of a surface [1], due to an attraction/repulsion force balance between
the surface and the cantilever of the microscope.

Thermal treatment of a compound to weaken interaction forces that keep the major structure
together and sonication of the material solution in an appropriate solvent are simple
methods of physical separation that are employed to separate the aggregation units and
generate the desired supramolecules. Figure 2 illustrates some top-down supramolecular
strategies.
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Figure 2. Scheme of supramolecular top-down strategies based on ball mills and ablation techniques.

2. Supramolecular interactions

Whatever strategy is considered adequate to build a super compound, the nature of interac-
tions that govern the self-organization of primary compounds into the complex one is usually
of the weak kind. This means that the units responsible for super compounds or supramole-
cules are kept together by non-covalent interactions, rather than covalent bonds.

It is clear that covalent bonds are, and always will be, the fundamental occurrence between
atomic orbitals that originate molecules, structures, tissues and, therefore, materials and life.
Nevertheless, the participation of weak forces on conferring identity and possibilities of change
to every molecule formed cannot be neglected. In supramolecular chemistry, the modelling
characteristics of compounds are derived from weak interaction forces that are exploited to
confer them the abilities of formation and change, by accumulation of interaction forces. In
fact, to generate a supramolecular compound, weak interaction forces work synergistically to
create alternative forms of bonds that give rise to functional structures, in dynamic environ-
ments and mild conditions. As predicted by Steed and Atwood [2], very stable complexes can
be formed based on non-covalent interactions that present, each one, a small contribution to
the supramolecular compound stabilization, which, when allied to others, become important
and overwhelms any environmental disturb that could lead to the compound dissociation.
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Indeed, to have an idea of the binding forces and which supramolecular structures are
energetically favourable, it is important to correctly identify the non-covalent bonds that
dominate the formation processes and their comparative forces. In an attempt to better identify
the most prominent processes and the equilibrium that is formed between components and
the environment, the most important non-covalent interactions that are present in such
complexes are as follows:

* Charge interactions

Due to their characteristic of making use of the strong effect that charged group may exert
upon uncharged molecules, these interactions are favourable, since they promote a temporary
completion of orbital charges. They involve positively or negatively charged entities affecting
uncharged molecules or groups that present surface charge. Among them are the following:

* lon-ion interaction: in compounds structured upon these interactions, there is a strong
electrostatic interaction of an attractive character that enables the strong interaction that
holds the isolated participants together, although at a distance from each other, which
preserves their individual identities. These interactions present strength similar to those of
covalent bonds with energetic values around 100-350 k] mol™.

* lon—Dipole Interactions: these interactions occur between an ion and a polar molecule, also
susceptible to electrostatic effects. Since one of the components is uncharged, these interac-
tions are weaker than the former, presenting binding energies of 50 — 200 kJ mol.

* Cation/Anion—m, 1t Interactions: these are examples of electrostatic interactions that occur
between charged moieties, mostly aromatic rings, although they are of the same nature of
those observed between positively charged elements and carbon-carbon double bonds
(C=C). They are of moderate intensity, presenting binding energies of 30-80 k] mol [3].

* Hydrogen Bonding: Linus Pauling described it [4] as a versatile interaction, presenting energy
of moderate intensity (4 — 100 k] mol™) and occurring between a compound that possesses
a hydrogen atom adjacent to an electronegative or electron withdrawing group and the
dipole portion of a neighbouring molecule.

* Induced charge interactions

These are interactions that occur whenever neutral groups or molecules approximate to each
other, being perceived due to their distinct electron densities. They occur with small energetic
changes and are more important when numerous in a given structure. They are modulated by
the identity of participants and, therefore, by the singular characteristics of each molecular
combination. They may present a wide range of lengths, angles and can be classified depending
on the main characteristics of their participants:

* n—n Interactions: they involve m-orbitals of any compound and are common in aromatic
rings, being very important in self-assembling processes. Presenting energies of 1-10 k]
mol”, their occurrence is justified by an electron density divergence between the partici-
pants.
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* Dipole-Dipole Interactions: When a dipole is nearby another, they tend to align, due to their
perception of each other, by attractive and/or repulsive interaction forces. They are of
moderate intensity, presenting energies of 5-50 k] mol™.

* Van der Waals Interactions: they are weak interactions of approximately 1-5 k] mol™! that arise
from the perception of polarizable molecules on charged or possessing charge character
compounds.

All these interactions occur in any supramolecular system, and their balance of forces and the
role that each interaction plays in the configuration and stability of each system depends
exclusively upon the preparation methods, the individual characteristics of the participants
and the proposed molecular designs. Some of the above-mentioned interactions are illustrated
in figure 3, in which water interacts with poly[5-methoxy-2-(3-sulfopropoxy)-1,4-phenylene-
vinylene] (MPS-PPV) moieties through hydrogen bonds and the polymer moieties interact
with other molecules through m- 7 interactions.
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Figure 3. Examples of ion-ion and 7t- 7 interactions as they occur in an aqueous solution of MPS-PPV.

It is important to consider that all these interactions work synergistically in order to form
a compound with some ideal characteristics that enhance the effects of the environment on
their ability to act as host/guest system, such as the structural characteristics that are
assumed when solvation is possible, participation in lattices, component changes, etc.
Regarding these abilities, supramolecular chemistry has played a fundamental role in the
biosensors development.
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3. Optical and electrochemical biosensors

Since biosensors are devices that can perform a rigorous exploration of a system, under
conditions that require the minimum possible human intervention, they can be constructed
upon a variety of compounds, depending on their application and environmental conditions
they will be subject to. The selection of the appropriate recognition element considers not only
what the information needed is, but also the ease of construction of the devices employing
such elements and their durability.

Once the recognition component is selected and, thus, the mechanism in which it interacts with
the analyte is selected, it is important to find an appropriate mechanism to transform the
resulting perturbation, or signal, into comprehensible information. The selection of the
appropriate transducer determines the type of the biosensor to be constructed. Its selection
enables a fast and precise data interpretation, which is an important requirement. Examples
of biosensor components are displayed in figure 4.

BIORECEPTORS INTERFACES TRANSDUCERS SIGNAL
PROCESSOR

DISPLAY

Bactariem

R
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x -—-a
& ."! ""'- - -“"':‘ Magnieic

an -
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Figure 4. Illustration of materials commonly used in biosensor component proposals.

Transducers are available based on a variety of sensing techniques. In optical biosensors they
include Fluorescence Spectroscopy, intensity/lifetime measurements of luminescence, light
absorption or light reflectance in the ultraviolet (UV), visible, or near-infrared (NIR), spectral
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regions and Surface Plasmon Resonance (SPR). Also included are techniques based on
microscopy, such as Atomic Force Microscopy (AFM), Fluorescence Confocal Microscopy,
Raman Confocal Microscopy or Surface Enhanced Raman Spectroscopy (SERS). Also based on
the transducer choice, electrochemical biosensors are classified into amperometric, conducto-
metric, potentiometric and voltammetric categories. The variety of electrochemical and optical
techniques that are exploited as transducers confer to the devices improvements on selectivity,
sensibility, configuration versatility, ease of construction, possibility of miniaturization. The
combination of optical to electrochemical transducers give rise to optical-electrochemical
biosensors, which deliver either electrical or optical signals that are interpreted together or
separately.

Independently of the chosen components, an efficient biosensor must effectively recognize the
analyte and selectively interact with it, to deliver comprehensible data in short time, to avoid
loss of information, mainly by analyte’s degradation. This means that the guest-host ability of
the biosensor is the key factor for a device to show high selectivity and sensibility and, thus,
this ability may be modulated by the recognition of material choice. As depicted by Lehn,
molecular recognition is related to the binding energy and the interaction ability between host
and guest [5]. When it involves compounds with unique structures, it can occur in a specific
way, and implies in the union of the spatial and functional characteristics of the molecular
groups, that interact to each other and shapes the selectivity and sensibility characteristics of
a compound. As predicted by Araki [6], selectivity and specificity are measures of the inter-
action of free energy between the binding moieties and, thus, the role of surface and electronic
aspects is fundamental to modulate the free energy. In fact, shape, size, conformation changes
of binding sites in host-guest systems, polarity, polarizability, charge density of groups and
terminations are the most important features to be determined and considered when evalu-
ating the selectivity of a host. Those are also the most important features when designing an
efficient recognition element for a biosensor.

Indeed, with the rise of a variety of supramolecular structures and the number of studies that
aim to describe their singular properties and performance in several applications, the diversity
of compounds that showed perspective of use in biosensors arose significantly, and the
resulting devices have enhanced its selectivity, sensibility and usage spectra.

4. Supramolecular compounds for optical biosensors

In optical biosensors, due to the wide range of compounds that can be employed in their
construction, to result in selective recognition systems that converts the optical signal by
several techniques, significant development have been achieved in the past twenty years. In
particular, biosensors based on fluorescent responses greatly benefit from supramolecular
compounds used as recognition systems and transducers, since they are able to significantly
enhance charge transfer processes and this property can be exploited to label the analyte and,
hence, enable detection via fluorescence imaging or enabling FRET, which can be efficiently
detected using special biosensors [7-9].
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A wide range of luminescent supramolecular compounds are available for biosensor con-
struction, and the reason for this diversity is that supramolecular compounds can self-
assemble. Self-assembling is the characteristic that distinguishes large molecules and
supramolecules. Due to it, the alternatives for the design of a supramolecule are almost
unlimited and production of supramolecules is becoming cheaper as they become compre-
hensible to the scientists [10]. Based on the variety of interactions that is possible in self-
assembled structures and due to their lability, supramolecular materials can be designed based
onorganic and inorganic polymers, hybrid materials, charged molecules and macromolecules,
crystals, liquid crystals, gels, metallic nanoparticles, some alternatives containing rare-earths
[11], giving rise to new materials and nanomaterials presenting so many distinguished
properties that confer them new applications and classifications, such as adaptive and self-
healing materials.

In the past five years, much has been produced in the supramolecular and new materials
research themes. New materials are often proposed to improve devices and technologies, but
sometimes they carry so many innovations that new applications must be proposed. Due to
that, the sensing development has achieved this great status and is still on its way up!

Earlier, the secondary interactions that predominate in supramolecular chemistry and their
associated energies were discussed; nevertheless, it is important to reinforce that supramo-
lecular compounds are formed by a balance of interaction forces that form a dynamic system,
formed by distinct structural parts that struggle to remain in their possible less energetic
conformation. In self-assembling processes, the major influence of one or a couple interaction
types is often recognizable. When electrostatic interactions dominate, ionic self-assembling
(ISA) is expected to occur. This type of self-assembling process gives rise to an enormous
variety of supramolecules, each presenting its own characteristics [10, 12]. An example is the
result of the combination of two dyes synthesized by Bohm et al. [13], 1,4-dihydroxyanthra-
quinone (AQ-OH) and 1,4-di- N —adamantyl-amino-anthraquinone (AQ-H), with the hyper-
branched polyethylenimine attached to (3 —cyclodextrin (3 -CD-PEI), which is a spontaneously
formed host—guest complex with high hydrodynamic diameter. In their work, to demonstrate
enlarged networks produced on supramolecular basis, due to host—guest interactions, they
had measured the initial and final hydrodynamic diameters by dynamic light scattering, and
they found that, after the assembling process, the hydrodynamic diameter presented a 40-fold
increase.

Supramolecular compounds formed upon electrostatic interactions find many applications,
including in optical and electrochemical biosensors. In their work, Wang et al. [14] produced
a H,0, non-enzymatic biosensor based on a self-assembled peptide nanofiber that was, then,
metalized to give silver nanowires. This material was supported in graphene nanosheets to
build the device, which presented high sensitivity, high selectivity and low detection limit.
The use of this interesting designed peptide presented two important breakthroughs: it
enabled the production of 1D peptide nanofibers by self-assembly and it rendered metal
nanowires by metallization. The authors claim that this system may present potential appli-
cations in nanodevices, especially other biosensors, as well as in biomedicine and in Raman
analysis.
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Also, the self-assembling properties presented by polyelectrolytes have been widely explored
to develop a series of multifunctional compounds. In their work, Habibi et al. [15] presented
a self-assembled system based on anionic poly(styrene sulfonate) (PSS) and cationic poly(al-
lylamine hydrochloride) (PAH) modified with S-protein to promote the loading and release
of macromolecules from the interior of the obtained capsule. The permeability of this system
was pH tuned and the encapsulation and release of macromolecules were promoted by
controlled pH change. The functionality is based on the fact that S- proteins self-assemble into
monomolecular arrays at different interfaces, which provide a regular arrangement of
functional groups in the final structure, following a bottom-up self-assembly strategy to
generate functional supramolecular structures and devices. As they showed that this system
is biocompatible [16, 17], they suggest that its application in biosensing, in drug delivery and
as micro-reactors, among several others, is highly probable.

Nanostructured materials have been studied aiming the biosensing application due to their
specific physical-chemical properties and to their quantum-size effects when compared to bulk
[18]. Specifically, highly luminescent compounds and charge transporter materials have also
been widely employed to generate supramolecular structures for biosensing applications. This
class of materials includes quantum dots, metallic or magnetic nanoparticles, nanostructured
materials into one-dimensional or bi-dimensional structures such as nanowires, nanoribbons,
nanospheres or nanosheets and may improve device sensitivities due to their large surface-to-
volume ratios. Also, due to their small sizes, they can be delivered into living cells, enabling
in vivo sensing applications. Among the devices that can be thought for in vivo applications,
fluorescence-based biosensors have been developed, possessing several configurations, sizes
and, thus, functions. Tunceroglu et al. [19] described a time-dependent fluorescence-based
biosensor with the ability to evaluate drug resistance, by monitoring Ber-Abl activity in
patients diagnosed with chronic myelogenous leukemia (CML), and Gulyani et al. [20]
developed a device that analyses the fluorescence enhancement when it binds to the target
kinase with the determined conformation, becoming a Src merobody biosensor.

Rare-earth-based materials and quantum dots (QD) are of great interest due to their high
quantum yield of luminescence at UV/Vis solar spectrum region [21, 22]. They also present
narrow and tunable emission spectra and usually present good photostability, which sub-
stantially increase their hall of applications. Nguyen et al. [23] described a CdTe quantum dot-
based biosensor, developed specifically to detect flu virus H5N1. They reported that the
biosensors consisted of CdTe/CdS quantum dots of high quantum yield, chromatophores
extracted from a bacteria and of B-subunit antibody, all connected to a protein, which was,
then, connected to the H5N1 antibody. They recorded the changes in the QD photolumines-
cence spectra and collected images of the QD-labelled chromatophores in an optical micro-
scope to evaluate the specificity of the biosensor [23].

Hybrid materials are often thought as interesting materials for biosensing, since nanoparticles,
which present high surface-to-volume ratio, can be attached to biomolecules, resulting in a
biologically active compound with improved characteristics. Semiconductor QDs are fre-
quently a good alternative for this purpose. Boeneman et al. [24] developed a hybrid material
based on CdSe/ZnS core/shell quantum dot conjugated to fluorescent proteins and to a light-
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harvesting compound. The activity of the resulting hybrid is based on the QDs electron-donor
characteristic for Forster resonance energy transfer (FRET) and on the fact that the fluorescent
proteins are FRET acceptors. Their results showed that QDs and fluorescent proteins can be
conjugated in cellular environment, inclusively, which confer them the potential for live-cell
imaging and biosensing applications. Brunetti et al. [25] also successfully produced a Cadmi-
um-free QD, with in vivo and in vitro toxicity testing done.

Since Cadmium-based quantum dots may present a risk for living organisms, their substitution
for more biocompatible elements has leveraged quantum dots research. Recently, biocompat-
ible quantum dots have been developed, and for biosensors application and in vivo imaging,
silicon QDs (Si QDs), which are expected to be less toxic than the common group II-VI based
QDs, are good alternatives. [26]. Notwithstanding, an interesting cadmium-free quantum dots
class based on carbon was rapidly suggested as biocompatible and environmentally friendly,
with its multi-coloured luminescence, as presented by Sun et al. [27], being its most attractive
characteristic. It is prepared by the supramolecular top-down strategy of laser ablation of a
carbon target in water vapour, employing Argon as the carrier gas. The surface passivation is
necessary and it is held by attaching organic biocompatible polymers such as PEG5y,N, as they
purposed, since this polymer is hydrophilic and can be readily conjugated to proteins,
antibodies and several others bioactive molecules.

Although proteins are very important in selective QD-based biosensor design, they are often
too large, which causes sterical problems that restrict the biosensor activity. As an alternative,
peptides have been thought of as substitutes, since they also can provide biological activity to
the device with the advantage of size accommodation. They are also of facile synthesis,
biocompatible, commercially available and, as a chemical advantage, they present a well-
known structure. Also, their ability to self-assemble enables their use in strategically designed
biosensors. In their work, Nagy et al. [28] presented biosensors based on peptide-functional-
ized quantum dots, exploring the Forster Resonance Energy Transfer that occurs between the
peptide and the Quantum Dot. Choulier et al. [29] compared the sensibility of protein-based
and peptide-based fluorescent biosensors and they found that peptides perform as good as
protein receptors; nevertheless, the ability of forming complexes with the target provided a
significant difference due to size interference. They employed a 3-hydroxychromone (3HC)
derivative as dye in this system, since it presents a two-band fluorescence emission, whose
ratio is susceptible to environmental changes. They observed that a quantitative target
determination is more efficient in the peptide-target interface than in the protein-target
interface, due to its smaller size and high flexibility [29]. Another important advantage of using
peptides in biosensors, with no doubt, lies on their ability to self-assemble. Kim et al. [30]
produced a hydrogel based on diphenylalanine dipeptide that encapsulates enzymatic
bioreceptors along with fluorescent probes based on Cadmium quantum dots. They argued
that enzymes and quantum dots (QDs) physically immobilized in a self-assembled hydrogel
peptide result in efficient biosensors due to the three-dimension network formed of 70-90 nm
diameter nanofibers. This system was tested for detection of glucose and phenols by means of
photoluminescence quenching of the hybridized QDs.
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Recently, our research group showed that fluorescent environmental biosensors can be
produced with self-assembled peptides and they can be equally active in solution or solid
phase, with high sensibility, reproducibility, durability and low costs of fabrication. Souza [31]
registered a fluorescent system consisting of diphenylalanine self-assembled nanotubes doped
with a coumarin dye derivative and supported in glass substrate. It was tested regarding
efficiency, reproducibility and durability, with good results. The sensor was tested for water
dissolved Oxygen (O,) after respiration processes of living bodies in the environment.
Coumarin fluorescence is modulated by O, presence in any environment, since its populated
electronic excited state is resonant with O, triplet electronic state. An energy transfer process
occurs to convert O, triplet into O, singlet, resulting in the coumarin fluorescence intensity
decreases. Very low limits were detected, which suggest that this system can be used to explore
cellular environments. Since its function is based on singlet O, generation and since it is
constructed with biocompatible components, this system may also be used in photodynamic
strategies for cancer treatment.

Other self-assembled structures find application in biosensors, such as those produced with
carbon. An example is the work by Robinson et al. [32], which applied single-walled carbon
nanotubes (SWNTs) for in vivo imaging of tumour cells in mice. Their system took advantage
of the unique optical properties of SWNTs to perform 3D reconstructions of in vivo fluorescent
imaging. They functionalized it with an amphiphilic surfactant to turn the SWNTSs biocom-
patible and performed video imaging of tumours. The tumour was pointed within ~20 s after
injection!

In fact, the use of carbon nanotubes in biosensors presents several advantages, mainly due to
their photophysical properties that enable to explore phenomena at the NIR emission range,
which is coincident to the tissue transparency window and guarantee in vivo security of
exploration. They do not suffer bleaching or blinking and present a large Stokes Shift, turning
them ideal materials for long-term sensing applications. Nevertheless, they cannot be easily
regenerated due to their facile functionalization [33]. Some other carbon structures are being
currently tested in biosensors construction. One of the most interesting is graphene oxide, due
to its ability of charge transfer quenching. In their work, Shi et al. [34] reported a biosensor
consisting of a peptide supported in 2D graphene oxide film to monitor, via fluorescence
resonance energy transfer (FRET), the BONT serotype-A protease activity. The system was able
to selectively detect it. Tao et al. [35] produced biosensors based on self-assembled graphene
modified with DNA, whose sensitivity is such that they claim it could be a universal biosensor.
It consists of a colorimetric label-free sensor able to detect distinct compounds, such as metal
ions, DNA and small molecules as well. Several other optical and electrochemical biosensors
using graphene were already reported [36, 37].

Strategies with good results are often based on combining materials. Metallic nanoparticles
are interesting due to the possibility of modulating their properties depending on size.
Combining it with carbon nanostructures have been widely explored for biosensing applica-
tions. Among the nanoparticles with application in sensing, those of gold are highlighted due
to their high surface-volume ratio, stability, biocompatibility and their unique optical prop-
erties, such as their intense colour changes upon aggregation, enabling their use in optical
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biosensors. An example is the work by Kim et al. [38], in which these nanoparticles were
assembled to distinct cathepsins to show selectivity to the B variety, which is related to distinct
types of cancer, such as brain, breast, gastric, thyroid cancers, among others.

Metallic nanoparticles are also interesting in biosensing and therapies due to their property of
magnetism. Since their magnetic properties can be modulated by controlling nanoparticle size
and by coating them to avoid irreversible aggregation, biosensors based on distinct transduc-
tion methods such as electrochemical, optical, piezoelectric or exploiting magnetic fields, can
be built. In a recent work, Wang et al. [39] presented a biosensor constructed upon magnetic
nanoparticle composites, while another researcher Wang produced biosensors for rabbit IgG
detection employing magnetic nanoparticle supported on SiO, surfaces [40].

In our research activities, Dias prepared a fluorescent self-assembled peptide nanotube
combined to iron nanoparticles and to a highly fluorescent cadmium-based quantum dot via
liquid synthesis. The resulting system presented high fluorescence quantum efficiency
dependent of the dominant interactions between the system components, being tunable and
occurring in a wide spectral range, from near UV to visible red-region, including the thera-
peutic window (621 nm), which indicated that this system is adequate for biosensing and
therapeutic applications [41].

Polymers are also widely used in several types of devices, including biosensors, in which they
are used to immobilize proteins, enzymes, DNA [42], as coatings and traps [43, 44] and as
electron donor/acceptor in transducers [45]. They are also combined to metallic nanoparticles
[46] and carbon nanotubes [47] to enhance the biosensor sensitivity and to diversify the
analytical routine that can be conducted.

New supramolecular compounds have been developed in order to facilitate devices fabrication
and to turn sampling, sensing and fabrication procedures as much sustainable as possible. In
this path, non-covalent interactions are being stimulated in order to create new conceptions of
compounds. It had its start on the behaviour characterization of nanoscaled materials and,
now, it has been applied to achieve complex and ordered non-covalent systems. Due to that,
some interesting characteristics have been achieved such as multi-functions, self-healing,
adaptativity, recycling ability, self-assembling, characteristics that enable a variety of biomed-
ical, technological and scientific applications. Adaptive materials are able to respond to
externally imposed situations by implementing changes in structure or function. In supramo-
lecular compounds, this is possible due to the lability of non-covalent interactions, which can
quickly change upon environmental changes. In biosensor development, this characteristic
can be of great importance [48]. Recently, Zhang et al. [49] reported a biosensor based on an
adaptive material composed by an electro-active supramolecular ionic material of imidazoli-
um di-cation and di-anionic dyes. These compounds self-assemble, resulting in a structure
with unique optical and electrochemical properties and adaptive encapsulation properties in
the presence of cationic dyes. It was tested to sense NADH at a low potential of -0.07 V.

Self-healing materials are, in a simple description, stretchable materials in which non-covalent
interactions enable them to recover their form, even after severe stress. This characteristic turns
them into convenient materials for almost any application one can imagine. When this physical
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property is associated to electrochemical sensibility or energy transfer, the material can be
explored in sensing, biomedical, biophysical and photovoltaic applications. Kim et al. [50]
reported a biosensor designed upon self-healing materials that are able to conveniently mould
themselvesinto tissues of complex geometry. They were applied in sensors for cardiac muscles,
while Ramuz et al. [51] described their optical and pressure biosensor as having activity similar
to electronic skin, since it is suitable for covering large areas. Figure 5 illustrates the self-healing
behaviour presented by some supramolecular compounds.
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Figure 5. Schematic concept of self-healing activity of some supramolecular materials.

5. Supramolecular compounds for electrochemical biosensors

An electrochemical sensor is a device that provides an electrochemical response in the presence
of an analyte such as amperometric, potentiometric, conductometric or impedimetric respons-
es, which can be, thus, detected by electrochemical techniques [52]. Electrochemical biosensors
consist of electrochemical sensors that use a biomolecule in its conception, either as recognition
element or as transducer. For biosensing applications, it is common to employ enzymes as
recognition element, adding simplicity to analysis, reproducibility, selectivity, low-cost, high
sensitivity and short response time to the device. Durability is often observed in enzyme-based
electrochemical biosensors. In such biosensors, the enzyme catalyses a chemical reaction,
generating an electron flow that is identified by the device as dependent on analyte concen-
tration. Therefore, the enzyme must be in contact with a transducer to conveniently enable the
electron transfer to an electrode and generate a comprehensible signal.

The enzymes catalyse electrochemical reactions in biosensors by two main mechanisms as
described below and illustrated in figure 6:

* Through substrate modification, producing an intermediate that can be reduced or oxidized
atlower potentials, compared with those of the original substrate. In this system, the electron
transfer is promoted by an electron carrier, which is immobilized in the electrode surface
and in contact with the activated substrate, modified by an enzymatic reaction. This is a
common process, exploited for instance, on the ethanol oxidation process, enabled by the
enzymatic NADH/NAD+ reduction couple. In their work, Neto et al. [53] developed a
supramolecular complex based on gold nanoparticle coupled to carbon nanotubes, whose
function is to enhance NADH/NAD+ conversion rates, leading to lower potentials.
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Figure 6. Scheme of the catalytic activity of an enzyme A) through electrochemical process of involving substrate mod-
ification and B) through enzyme-electrode interactions.

* Through enzyme immobilization in the electrode surface, enabling direct electron transfer
to the electrode and eliminating the carrier.

Although many forms of attaching an enzyme to the electrode have been developed in the last
years, it still remains the limitation of the bioelectrochemical devices. The most common
method is the physical adsorption of an enzyme onto an electrode surface, nevertheless it
usually results in enzymatic activity loss and, since the enzyme- electrode interaction is weak,
the enzyme can be dragged by the electrolyte, which leads to a low efficient electron transfer
[54] and may also result in biomolecule inactivation [55]. Supramolecular strategies of
immobilization are at the forefront of the enzyme-based biosensors [56-60] in an attempt to
repair the hazardous effects of binding-immobilization, such as reduction of enzymatic activity
or inactivation and loss of electrode due to irreversible modifications on its surface. The
common strategy of permanent modification is cross-linking of enzymes, which results in
immobilization with no significant activity loss and stability, therefore, there are several
strategies available for the fabrication and characterization of cross-linked enzymes [61].
Glutaraldehyde, is the most popular cross-linking agent for enzymes, however cross-linking
conditions must be optimized and the best results are often obtained at glutaraldehyde
concentrations of 0.1 to 5%. Even in supramolecular methods, this is popular, as in Alves et al.
[62] work, which prepared a glucose biosensor by immobilizing glucose oxidase onto platinum
electrode, executing the enzyme immobilization via cross-linking process, using a 2.5 %
glutaraldehyde solution.

Arya et al. [63] proposed a biosensor for human influenza virus, which employed a self-
assembled peptide interacting with the virus hemagglutinin antibody, in a microelectrode
design that is claimed to be more sensitive than common macro-electrodes, due to its radial
diffusion profile, as opposed to planar diffusion in macroelectrodes. Electrochemical impe-
dance and cyclic voltammetry techniques were used to characterize the electrode and to
estimate human Influenza virus hemagglutinin antibody concentration.

Among the enzymes that can be immobilized in biosensor electrodes, peroxidases are by far
the most popular to detect distinct organic compounds, such as phenol, peroxides, poisons,
hormones, gases, etc. [64]. Due to its powerful catalytic activity, through electron transfer
mechanisms, peroxidase has found application in a variety of biosensors, mainly electrochem-
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ical ones, in which distinct types of responses can be recorded and treated to give accurate
information on a specific analyte. Attar et al. [65] constructed a biosensor based on horseradish
peroxidase to detect cyanides, which consist of extremely poisonous substances and is present
in surface and ground-waters. In their proposal, peroxidase enzymatic activity is inhibited,
and the decrease is inversely proportional to cyanide concentration increase. This process is
followed by current density measurements, in an amperometric biosensor. Oliveira et al. [66]
prepared a bi-enzymatic biosensor based onlaccase and tyrosinase to detect carbamates, which
are dangerous pesticides largely used to increment crop yields. The biosensor consisted of a
hybrid film self-assembled onto a grapheme-doped carbon paste electrode, which presented
good sensitivity and fast response.

Another strategy for biosensors development is to consider the electrode modification.
Krzyczmonik et al. [67] produced a glucose oxidase biosensor in which the electrode was
modified with poly(3,4-ethylenedioxythiophene) and polyacrylic acid doped with poly(4-
lithium styrene-sulfonic acid), conferring good sensitivity and durability to the electrode.

Pure enzymes are highly selective, but they are costly and present low stability. As alternatives,
crude enzyme preparations have been commercially available and scientifically exploited for
devices application [61]. In our recent work [68], crude Brazilian zucchini (Cucurbirta pepo)
extract was used as peroxidase source. The procedure to extract the enzyme was adapted from
Fatibello and Vieira [69] and consisted of the adequate preparation of C. pepo aqueous
suspension thatis added to active carbon. To carry out the electrochemical experiments, carbon
paste was prepared by with crude enzyme extract, carbon Vulcan XC 72R and mineral oil ca.
Nujol®. The resulting emulsion was used to coat a carbon electrode. The bioelectrocatalytic
property was characterized by cyclic voltammetry in the presence and absence of hydrogen
peroxide. Figure 7A shows cyclic voltammetry data registered in this condition.
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Figure 7. A) Cyclic Voltammetry of crude extract source peroxidase enzyme in buffer phosphate (pH = 6.5) in absence
and in presence of H,0, at distinct concentrations, v = 100m V s?, T = 25°C; B) Cronoamperometry of crude extract
source of peroxidase enzyme catalysing the peroxide reduction reaction in buffer phosfate (pH = 6.5) with H,O, at dis-
tinct concentrations. Electrode polarized at -0.5V vs. Ag/AgCl
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In figure 7A, data shows no Faraday current in the positive scan until 0.45 V vs. Ag/AgCl/Cl-
(sat). At0.5V, asmall peak related to oxidation of some electroactive species is observed, above
this potential the current increases due to enzyme oxidation process. Negative scan shows a
current peak related to hydrogen peroxide reduction. The onset potential is-0.2 V and the peak
current is 0.65 V. Moreover, with increase of H,O, concentration in the electrolyte, the current
peak increases due to the catalytically activated peroxide reduction, enabling electron transfer
from the electrode to the electrochemical active species formed (reduced), which is H,O. Since
the electrode contains the crude enzymatic extract, cofactor and coenzymes are present and
they enable the electron transfer. Regarding stability, cronoamperometry experiments were
carried out in crude extract polarized at 0.5 V (half peak) during 10 minutes and the current
decrease in different hydrogen peroxide concentrations was recorded. No current changes
were observed during the experiment, as observed in Figure 7B. The crude peroxidase extract-
based biosensor is easily prepared, presents low cost and is ideal to determine peroxide. Yet,
in this device, reproducibility is a challenge.

Lima et al. [70] developed a biosensor based on the enzymatic extract of the Brazilian fruit
pequi (Caryocar brasiliense), suitable for thiodicarb determination. In this case, the crude
enzymatic extract is the source of polyphenol oxidase.

The development of an enzymatic biosensor for 3,4-dihydroxyphenyl ethylamine (dopamine)
determination, based on functionalized multi-walled carbon nanotubes and horseradish
peroxidase obtained from the crude extract of zucchini (Cucurbita pepo L.) as supramolecular
active interface, was proposed by Ribeiro et al. [71]. In the procedure, C. pepo L. was homo-
genized in phosphate buffer (pH 6.5) and Polyclar SB-100 to produce the enzymatic source. In
a similar procedure, Moccelini et al. [72] constructed a biosensor based on alfalfa sprout
(Medicago sativa) as peroxidase source, also for thiodicarb determination. This enzyme was
immobilized by self-assembled monolayers of l-cysteine on gold electrode.

Depending on the biosensor finality, the immobilization technique may vary, making use of
a wide range of material classes, from organic polymers to metallic nanoparticles, biological
materials, self-assembled materials, among others. This variety is stimulated by supramolec-
ular approaches. Besides the above-mentioned surfaces with enzymes immobilized, carbon
structures are widespread [52]. In their work, Puri et al. [47] proposed a biosensor for myo-
globin detection, presenting high sensibility of 118% per decade, with high specificity. Their
device consisted of a single-walled carbon nanotube (SWNT)-based label-free biosensor,
containing poly(pyrrole-co-pyrrolepropylic acid) with pendant carboxyl groups electrochem-
ically deposited on carbon structures to act as a conducting linker for immobilization, specif-
ically of cardiac myoglobin antibodies. They performed the device characterization by source-
drain current-voltage (I-V) and charge transfer studies. It presented a linear change in
conductance in SWNT channel towards a wide range of myoglobin concentrations.

Lu et al. [58] proposed a graphene-functionalized self-assembled cyclodextrin for horseradish
peroxidase immobilization by host-guest supramolecular strategy, to construct a biosensor for
H,0O, determination. It was evaluated by means of electrochemical impedance spectroscopy
and cyclic voltammetry, while Diez et al. [59] employed cyclodextrin combined with (3-
aminopropyl)triethoxysilane-coated superparamagnetic Fe;O, nanoparticles to construct
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amperometric biosensors towards catechol and xanthine, since the capped- magnetic nano-
particles are able to support the host-guest supramolecular immobilization of two different
enzymes, tyrosinase and xanthine oxidase. Also, Ozturk et al. [73] developed a supramolecular
version of an amperometric biosensor to determine xanthine in urine samples, consisting of
xanthine oxidase immobilized into Fe;O, nanoparticles-modified carbon paste. Its activity is
based on the electron transfer properties between the electrode components and it was
characterized by cyclic voltammetry and electrochemical impedance spectroscopy. Its activity
was amplified due to an increase of the electroactive surface area of the electrode with the
addition of Fe;O, nanoparticles and to the resulting efficient electron transfer that occurs at the
solution/electrode interface. A composition of these self-assembled materials with distinct
characteristics can be also explored to result in better properties and innovative biosensor
applications [56, 60].

6. Photoelectrochemical biosensors

The photon-to-electricity conversion process consists of a versatile phenomenon presented by
many supramolecular structures and, nowadays, have been extremely advantageous to
several technological and scientific areas of application. It is based on the charge separation
and subsequent charge transfer that occurs in a photoactive material after its interaction with
photons of light presenting the proper energy. The electron-hole pairs that rise in the material
interface are responsible for several photo-physical-chemical processes that go into the
materials towards its ground and stable electronic state. Due to the increasing demand for
faster and reliable bioanalysis, supramolecular compounds have been thought of as facilitators
in the process to integrate new and even more sensitive and analysis and imaging techniques,
in such a way that gave rise to a new sensing area, which integrates the photoelectrochemistry
to bioanalysis, the photoelectrochemical (PEC) bioanalysis [74, 75].

Research in this area is recent and in the past 5 years, a variety of contributions were registered.
Freeman et al. [76] produced a hybrid system based on quantum dots as doping agents of
nucleic acids for photoelectrochemical biosensor application. In their approach, the recogni-
tion and catalytic properties of nucleic acids were added to the photophysical properties of a
quantum dot (QD), which enabled different photophysical mechanisms, such as fluorescence
emission, electron transfer quenching, as well as fluorescence resonance energy transfer
(FRET) and chemiluminescence resonance energy transfer (CRET), which were exploited in a
multi-parameter biosensor construction. These processes are schematically represented in
figure 8.

Moreover, Zhang et al. [77] constructed a bi-enzyme-based biosensor electrostatically inter-
acting with multi-walled carbon nanotubes (MWCNT), along with a set of bilayers consisting
of MWCNT-polyethyleneimine and MWCNT-DNA supported on glassy carbon electrode for
selectively detect pesticides. Using apple samples, they reported remarkable detection results,
with highly discriminative signals obtained for organophosphorus pesticides towards non-
organophosphorus pesticides. They employed cyclic voltammetry and UV-Vis absorption as
detection methods.
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Figure 8. Scheme of QD-based sensing processes suitable for detection in Freeman'’s biosensor: (a) luminescence, (b)
electron transfer, (c) FRET, (d) photocurrent generation. Reprinted with permission from ref [76] Freeman R, Girsh ],
Willner I. Nucleic Acid/Quantum Dots (Qds) Hybrid Systems for Optical and Photoelectrochemical Sensing. ACS Applied Mate-
rial and Interfaces. 2013, 5 (8) 2815-2849. Copyright 2015 American Chemical Society.

These multiple detection method devices are the most reliable perspectives for biosensing
application. It opens several opportunities for device designs, conserving the integrity of
organisms and the individuality of each assessed environment. The detection principle is that
the change of photocurrent into photopotential could be driven by biological interactions
between recognition elements of distinct classes and chemical constitutions and any analyte.

In a crude way, photoelectrochemical detection is the reverse of the electrochemiluminescence
process, which is applied to photovoltaics, photocatalysis, and photosynthesis, since light
excites a compound and the generated photocurrent results in the detected signal. Therefore,
as the same principles are applied to these distinct applications, the developments achieved
in photovoltaic device fabrication could be brought about to photoelectrochemical biosensor
fabrication, in an attempt to achieve low cost fabrication, enabling their commercial production
and practical use [78].

Due to the versatility of excitation sources and the variety of detection techniques that can be
exploited in such biosensors, they are advantageous and attractive alternatives for bioanalysis.
They are becoming more popular than conventional electrochemical methods, as they present
higher sensitivity and selectivity and are more simple and cheaper than optical techniques,
which usually need complicated and expensive equipment.

7. Conclusion: What about the future?

Supramolecular materials-based biosensors provide a new and powerful enhancement of
biosensor functionalities and construction, which encompasses distinct applications in



Supramolecular Materials for Optical and Electrochemical Biosensors
http://dx.doi.org/10.5772/60710

diagnosis and therapeutics, as well as contribute to biological and biochemical research areas.
Several electrochemical, photophysical and photochemical biosensing strategies are enabled
by the unique physical-chemical properties such supramolecular compounds present, which
is the reason for the rapid development of this research area.

From the achievements commented in this chapter, the share of supramolecular com-
pounds in biosensing development is incontestable. Because of them, optical and electro-
chemical biosensors constitute potent and sensitive devices for in vitro, cellular environment
and in vivo sensing, making use of innumerous processes that enable monitoring dynam-
ic molecular events, living processes, degradation processes and, also, enable accurate
imaging of organisms and biological processes with high precision and sensibility. The
possibilities incremented by, for instance, the fluorescence spectroscopic development,
giving rise to a variety of techniques that explore specific aspects of ground and excited,
electronic and vibrational energy levels, open the perspective for many other materials for
biosensor construction and to several other applications. Also, electrochemical sensors
constructed on the supramolecular basis have enhanced the current molecular abilities of
diagnosis, by enabling rapid and highly accurate responses delivery and it is thought, in
the near future, to contribute to the integration of diagnostic and therapeutic techniques,
enhancing medical care procedures and reliability. The possibility of combining detection
techniques provide the proposal of versatile devices and enable a variety of designs and
materials for biosensors, fitting clinical needs. With the analytical techniques develop-
ment and the simplicity of the synthetic routines enabled by supramolecular chemistry in
order to obtain pure and diverse compounds, improvements on key issues, such as
sensitivity and signal-noise ratio have been fixed and the biosensors confidence have been
exponentially enhanced. The perspective for the near future of biosensors application senses
no limits and comprehends distinct areas such as drug delivery, therapeutics, biophysics,
artificial tissue engineering, imaging, diagnosis, cellular and molecular levels exploration,
as well as complete organisms, environmental studies, recycling processes development,
energy harvesting and production and its limits depend almost exclusively on scientists’
imagination.
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Abstract

Immunosensors are solid-state devices in which the immunochemical reaction is
coupled to a transducer. They form one of the most important classes of affinity
biosensors based on the specific recognition of antigens by antibodies to form a stable
complex, in a similar way to immunoassay. Depending on the type of transducer there
are four types of immunosensor: electrochemical, optical, microgravimetric and
thermometric. The most commonly used bioelements for the development of
electrochemical immunosensors are antibodies (Ab), followed by aptamers (Apt) and,
in the last five years, microRNA (miRNA). In order to perform an early diagnosis, a
method that is able to measure peptides and proteins directly in a sample, without any
sample pre-treatment or any separation, is preferred. This direct detection can be
performed with methods making use of the specific interaction of proteins with Ab,
Apt and miRNA. The recent developments made in the immunosensor field,
regarding the incorporation of nanomaterials for increased sensitivity, multiplexing
or microfluidic-based devices, may have potential for promising use in industry and
clinical analysis. Some examples of assays for several commercially available
biomarkers will be presented. The main application fields, beside biomedical analysis,

are drug abuse control, food analysis and environmental analysis.
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1. Introduction

1.1. Immunosensors and immunoassays

Immunosensors are solid-state devices in which the immunochemical reaction is coupled to a
transducer. They form one of the most important classes of affinity biosensors based on the
specific molecular recognition of antigens by antibodies to form a stable complex, in a similar
way to immunoassay. In contrast to immunoassay, modern transducer technology enables the
label-free detection and quantification of the immune complex [1]. The immune system
possesses a great ability to distinguish self from non-self. Antibodies (Abs) with high specificity
are synthesized by the organism in reasonable quantities after sensing the foreign species
called antigens (Ag), as part of the immune defence system. The ability of organisms to
recognize the presence of Ags and to respond rapidly by synthesizing Abs that exhibit high
binding constants [2] was and continues to be exploited by scientists in order to create new
specific analytical devices. Molecules generally designed as Abs include a number of classes
and subclasses of immunoglobulins with high specificity towards various targets.

The high sensitivity and selectivity of the immunoreactions together with the availability of
Abs or Apt for a broad range of molecules make immunochemical methods useful tools in a
large variety of applications, including clinical analysis. The use of immunosensors instead of
other immunochemical techniques simplifies the analysis considerably, making it rapid and
reliable [3].

Lately, a plethora of biomolecules whose presence or level of expression is an indicator of some
pathological condition (we refer here to biomarkers) are currently used in immunoassays.
Those devices represent a convenient way of measuring the concentration of biomolecules in
biological fluids (such as serum, urine, etc.) by means of immunological reactions.

Most clinical protein biomarker detection is done today by enzyme-linked immunosorbent
assay (ELISA), but requirements for the relatively expensive test kits and the plate readers limit
ELISA’s usefulness for fast diagnostics [4]. LC-MS-based proteomics is currently used for
biomarker discovery, but is currently too expensive and technically too complex for routine
clinical diagnostics [5, 6]. Microarrays developed on a 96- or 384-well plate format, Ab-coated
with colorimetric detection are also being used in clinical diagnostic. These arrays are simple
and highly selective and allow multiplexed measurement of proteins [7, 8, 9, 10]. Several
commercially available automatic or semiautomatic analysers for multiplexed protein
measurements, employing fluorescence (Luminex, Myriad RBM), electrochemiluminescence
(ECL) (Roche Diagnostics, Mesoscale Discovery), or surface plasmon resonance (Horiba Inc.,
BIO-RAD; Biacore Life Sciences, GE Healthcare) measurement technologies are currently used
inhospital laboratories [11]. Assay kits are available for measurement of up to 10 selected target
proteins per sample with detection limits (LOD) of 1-100 pg/mL™" in serum [4]. These com-
mercial instruments require specialized consumables, including sample well plates, chips and
reagent kits [12], which are expensive and, thus, they have limited usefulness for point-of-care
(POC) applications where resources are limited. Fluorescence-based detection strategies
typically require laser sources and precise alignment of optical components, whereas electro-
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chemical detection strategies offer robust, quantitative measurements using low-cost, simple
instrumentation [11].

Depending on the type of transducer there are four types of immunosensor: electrochemical
(also classified into potentiometric, amperometric and impedimetric), optical, microgravimet-
ric and thermometric. All of these types can either be run as direct (non-labelled) or indirect
(labelled) immunosensors. The most commonly used labels are enzymes such as peroxidase,
glucose oxidase, alkaline phosphatase, catalase or luciferase. Some other labels such as
electroactive compounds (ferrocene or In* salts), fluorescent reagents (rhodamine, fluorescein,
Cy5, ruthenium diimine complexes, phosphorescent porphyrin dyes, etc.) and since recently
metallic nanoparticle (gold or silver produced in situ electrochemically) are also used [3].
Although indirect immunosensors are highly sensitive, mainly due to the analytical label, the
concept of direct sensing represents a reliable alternative in the development of immunoassay
systems [13]. The appropriate immobilization of the recognition element at the surface of the
transducer element is of paramount importance. Different immobilization techniques, such as
direct adsorption onto the electrode surface, self-assembled monolayers (SAMs), polymer
matrices or magnetic beads (MBs), etc., can be used. Direct adsorption is simple, but the proper
orientation of the recognition element for the immunocomplex formation is poor and passi-
vation of the electrode surface frequently occurs. A more ordered, oriented immobilization is
obtained with SAMs that are generally formed on gold surfaces, using either thiolated Abs or
DNA, or compounds containing a thiol group at one end and a carboxyl or amino group at the
other end able to form a covalent bond with the Ab. SAMs can also be obtained on graphite
surfaces using diazonium salt chemistry. Polymers with different functional groups, such as
chitosan, polysulphone or polyaminobenzoic acid, may also be used for the immobilization of
these recognition elements [14]. MBs have gained popularity in the development of immuno-
sensors due to their good stability, small size and spherical geometry with a high load of
recognition elements, fast-reaction kinetics, and the ease of surface modification with func-
tional groups, DNA, enzymes, streptavidin, protein A or G, etc. [15].

The role of electrochemical immunosensors in analysis has considerably increased in the last
years, due to their low cost, high sensitivity, potential for miniaturization and automation, and
low power requirements. Important developments have been secured, especially in sensor
design concerning the type of bioelement (Ab, Apt, Affibody, miRNA) and the immobilization
technique.

2. Label-free versus labelled immunosensors

The immunoassay is a device based on biochemical detection and measurement of
biomolecules in a test solution using a specific Ab or immunoglobulin. Inmunoassays rely
on the specificity of the immunoreaction, and more precisely on the ability of an Ab or Apt
to recognize and bind to a specific target, usually an Ag. The measurable signal proportion-
al to the Ag concentrations is obtained with the aid of a label. Some of the commonly
employed labels include radioisotopes [16], chromophores [17], fluorophores [18] and
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enzymes [19]. Depending on the nature of the label, the immunoassay could be classified
into radioimmunoassay, chromoimmunoassay, fluoroimmunoassay and enzyme immunoas-
say, respectively [20].

The enzyme immunoassay or enzyme-linked immunosorbent assay (ELISA) is the most
commonly used technique employed as a diagnostic tool for clinical purposes. The working
principle of ELISA consists in the immobilization of an unknown amount of Ag onto a solid
surface, and then a specific Ab is added over the surface so that it can bind to the Ag. This
antibody is usually labelled with an enzyme; the substrate of the enzyme is then added,
which will be converted into a compound that can be quantified by means of optical
methods. There are four types of ELISA: direct ELISA, indirect ELISA, sandwich ELISA
and competitive ELISA [20].

The simplest protocol is the one used in the case of direct ELISA [21]. The Ag is adsorbed to a
plastic plate, then an excess of another protein (normally bovine serum albumin) is added to
block the free binding sites. An enzyme is linked to an Ab in a separate reaction and the formed
enzyme-Ab complex is added to the well. The Ab interacts with its Ag, forming an Ag/Ab-
enzyme complex, and the excess of unreacted Ab-enzyme is washed off. Afterwards the
substrate of the enzyme is added, and is converted into a compound that gives a measurable
signal directly linked to the Ag quantity.

Indirect ELISA is a two-step ELISA assay which involves the use of two Abs to bind the Ag: a
primary capture Ab and a secondary signalling Ab. The primary Ab is incubated with the Ag
followed by the incubation with the secondary Ab. However, this may lead to non-specific
signals because of a cross-reaction that the secondary Ab may bring about. This technique has
a high sensitivity because more than one labelled Ab is bound per Ag molecule.

Sandwich ELISA is a less common alternative, but is highly efficient in sample Ag detection.
Moreover, many commercial ELISA pair sets are built on this sandwich ELISA.

The sandwich ELISA quantifies antigens between two layers of antibodies (i.e., capture and
detection antibody). The Ag to be measured must contain at least two antigenic epitopes
capable of binding to Ab, since at least two Abs act in the sandwich. Either monoclonal or
polyclonal Abs can be used as the capture and detection Abs in sandwich ELISA systems.
Monoclonal Abs recognize a single epitope that allows fine detection and quantification of
small differences in Ag. A polyclonal is often used as the capture Ab to pull down as much of
the Ag as possible. The advantage of sandwich ELISA is that the sample does not have to be
purified before analysis, and the assay can be very sensitive (up to two to five times more
sensitive than direct or indirect ELISA, but lower than ELISpot). The central event of compet-
itive ELISA is a competitive binding process executed by original Ag (sample Ag) and add-in
Ag. The procedures of competitive ELISA are different in some aspects compared with indirect,
sandwich and direct ELISA assays. In competitive ELISA assays, the following successive steps
are involved: 1) primary Ab (unlabelled) is incubated with sample Ag; 2) Abs-Ag complexes
are then added to 96-well plates which are pre-coated with the same Ag; 3) unbound Ab is
removed by washing the plate (the more Ags in the sample, the fewer Abs will be able to bind
to the Ag in the well, hence "competition"); 4) the secondary Ab that is specific to the primary
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Ab and conjugated with an enzyme is added; 5) a substrate is added, and the remaining
enzymes elicit a chromogenic or fluorescent signal. For competitive ELISA, the higher the
sample Ag concentration, the weaker the eventual signal is. The major advantage of a com-
petitive ELISA is the ability to use crude or impure samples and still selectively bind any Ag
that may be present.

In order to avoid confusion, the term ‘immunoassay’ is used for tests based on immunoreac-
tions, while the term ‘immunosensor’ is specifically employed to describe whole instruments,
i.e., immunoreaction-based biosensors. In the heterogeneous immunoassays, the Ab or Ag is
immobilized at a solid substrate (e.g., microplate), while homogeneous immunoassays take
place in solution [22]. Heterogeneous immunoassays are easier to design and construct, but
they require a separation of the Ag and the Ab from the samples and their immobilization at
a solid surface. In contrast, the homogeneous immunoassays usually involve the immobiliza-
tion of the biomolecules on nano-/microbeads, thus allowing the integration of multiple liquid
handling processes [23, 24]. The homogeneous immunoassays coupled with microfluidic
devices are relatively inexpensive and efficient alternatives and can be used for the detection
of complex samples, such as urine or blood, without any sample pre-treatment or large volume
consumption. Microfluidic lab-on-a-chip technology also has the advantages of portability,
integration and automation.

In the immunosensor design, the sensing element is formed by means of immobilization of
Ags or Abs, and the binding event is transformed into a measurable signal by the transducer
[25]. The performances of immunosensors are obviously related to the selectivity and affinity
of the Ab-analyte binding reaction. The immunosensors can be either direct (where the
immunochemical reaction is directly determined by measuring the physical changes induced
by the formation of the complex) or indirect (where a sensitively detectable label is combined
with the Ab or Ag of interest, Figure 1) [20]. The distinction has an entirely different meaning
to the terms direct and indirect in the immunoassay fields, which are both tracer-related. They
are distinguished by whether Ab binding is directly detected, for example, after an enzyme-
labelled Ab is bound to an immobilized coating conjugate or an enzyme tracer to an immobi-
lized Ab, or whether the detection only takes place after a secondary binding reaction, for
example, if an enzyme-labelled secondary Ab is used to label the first Ab bound to an immo-
bilized coating conjugate [21, 22, 23].

Immunoassays can be performed either in competitive or sandwich-type configurations. The
competitive-type assay is based on the competition between the analyte in the sample which
is unlabelled and a labelled analyte for a limited number of captured Abs. Two approaches
can be employed: the first is based on immobilized Abs that react with free Ags in competition
with labelled Ags; the second consists in immobilized Ags and labelled Abs. The sandwich-
type ELISA-like assay is the most widely used format and employs a pair of matched, high-
affinity Abs and appropriate labels, leading to an increased sensitivity and selectivity. The Ag
of interest is captured between a pair of Abs and a labelled Ab is further used to obtain a
detectable signal [26, 27, 28].

The reaction of proteins in solution with their complementary proteins immobilized on a
surface leads to changes in, for example, refractive index, thickness and dielectric constant of
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Figure 1. Scheme of the sandwich assay for protein biomarker detection using magnetic beads

the immobilized layer. With proteins immobilized on a piezoelectric material, a change in
resonance frequency is detected which is proportional to the mass change on the surface. These
properties are exploited in optical, electrochemical and piezoelectric immunosensors. Ideally,
immunosensors are devices with fast response, a high specificity and sensitivity. It is also
preferable that they are regenerable, which means that they can be reused immediately after
dissociation of the Ab-Ag complex, e.g., by using a chaotropic reagent [29].

To be able to detect the interaction, one of the immunoagents has to be labelled. Various labels
have been applied, of which radioisotopes were among the first because of their inherent
sensitivity. Other frequently used labels are chemiluminescent compounds and enzymes (e.g.,
alkaline phosphatase, horseradish peroxidase), which convert an enzyme substrate into a
measurable product (Figure 2).

Many different configurations have been described and the four most commonly used formats
are shown in Figure 3. In a homogeneous immunoassay Abs (Figure 3a), Ags and labelled Ags
are mixed. Free labelled Ags and those bound to an Ab, can be distinguished by a change of
the label’s activity upon binding. Usually, immunoassays are heterogeneous, which means
that either the Ab or the Ag isimmobilized on a solid carrier and an immunocomplex is formed
upon contact with a solution containing the other immunoagent.

The unbound proteins are removed by washing and the response obtained from the labels is
proportional to the amount of protein bound. In a sandwich immunoassay, Abs are immobi-
lized and after addition of the sample containing the Ag, a labelled secondary Ab is added
(Figure 3b). Besides these non-competitive formats, competitive configurations can also be
applied. In a competitive assay, competition takes place between free and bound Ag for a
limited amount of labelled Ab (Figure 3c) or between Ag (the sample) and labelled Ag for a
limited amount of Ab (Figure 3d) [30]. Electrochemical detection of immune interaction can
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Figure 3. (a) Homogeneous competitive immunoassay; (b) Heterogeneous non-competitive immunoassay; (c) Hetero-
geneous competitive immunoassay; (d) Heterogeneous competitive immunometric assay

be performed both with and withoutlabelling [31]. A frequently used format in electrochemical
immunosensing is the amperometric immunosensor, where proteins are labelled with

enzymes producing an electroactive product from an added substrate [32]. Direct detection
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without labelling can be performed by cyclic voltammetry, chronoamperometry, impedime-
try, and by measuring the current during potential pulses (pulsed amperometric detection).
These methods are able to detect the electrode change in capacitance and/or resistance, induced
by the binding of protein. These immunosensors have been developed using various support-
ing materials. Those built on silicon, silanized metal, or polypyrrole are often regenerable,
while those based on SAMs, on silver or gold, are not. Chaotropic reagents, used to accomplish
disruption of the Ab-Ag bond, have been reported to affect the SAM [33, 34] or to induce a
decrease in the sensitivity of the sensor [34, 35].

3. Types of bioelement used in the development of immunosensors

The most common bioelements used in the development of electrochemical immunosensors
are Abs, followed by Apt, and in the last five years the miRNA. In order to perform an early
diagnosis, a method that is able to measure peptides and proteins directly in a sample, without
any sample pre-treatment or any separation, is preferred. This direct detection can be per-
formed with methods making use of the specific interaction of proteins with Ab, Apt and
miRNA.

Abs are proteins produced in animals by an immunological response to the presence of a
foreign substance (with a molecular weight larger than 1.5 kDa), a so-called Ag, and which
have a specific affinity for this Ag [36, 37, 38, 39, 40]. Abs may be monoclonal or polyclonal.
Polyclonal Abs have a specific affinity for the Ag, but they are directed to different binding
sites (epitopes) on the Ag with different affinities. In immunoassays, often the use of mono-
clonal Abs is preferred. These Abs are formed by using identical cells cultivated by the
hybridoma technology, and have optimized characteristics such as high affinity or high
specificity. To conclude, polyclonal Abs are isolated after immunization of animals, while
monoclonal Abs require hybridomal selection. Abs are structurally very similar. Of the five
classes of immunoglobulins (IgA, IgD, IgE, IgG and IgM), which differ in glycosylation and
the number and position of disulphide bridges, IgG (150 kDa) are mainly used for immuno-
assays. An IgG consists of two heavy and two light chains, which are interconnected by
disulphide bridges (Figure 4). All chains have a variable and a constant region. The variable
regions of the heavy and light chain combine in one interaction site for the Ag, which is called
the antigenic site. Thus, an IgG molecule has two identical binding locations for the Ag [41,
42]. Abs often demonstrate strong binding features and high selectivity; however they have
some intrinsic limitations related to their molecular properties. The most commonly used Ab
type, the IgG molecule, is a large, bivalent, multidomain protein, dependent on disulphide
bonds and with a complex glycosylation pattern. This explains its relatively poor heat stability
and a difficult and expensive manufacturing process. In addition, Abs use only a minor part
of the molecule for Ag recognition [43].

A number of techniques are known today for the in vitro generation of a wide range of
molecular recognition bioelements besides Abs, from which binders with high affinity and
specificity can be selected. Besides the favourable molecular recognition properties of Abs,
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these alternative scaffold proteins often offer improved characteristics such as small size, high
stability in rough conditions, absence of cysteine, high yield in bacterial expression and the
option to use them for multispecific analysis.

Affibody molecules are a class of engineered affinity proteins with high potential for thera-
peutic, diagnostic and biotechnological applications. Affibody molecules are small (6.5 kDa),
single-domain proteins that can be isolated for high affinity and specificity to any given protein
target [43].
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Figure 4. (A) Illustration of the structure of a typical monoclonal Ab along with the various sites of heterogeneity that
are commonly observed [38]. (B) Class I GTP Apt structure [39]. “Reprinted from Trends. Biotechnol. (Cell Press).
27(12), Ratore AS, Follow-on protein products: Scientific issues, developments and challenges. A review, 698-705,
copyright (2009), with permission from Elsevier”. Figure 4b reprinted from an open access article according to Creative
Commons Attribution 4.0 International License”

Affibody molecules have already been investigated as affinity probes in ELISA setup and
protein microarrays. For example, in one such study, dimeric Affibody molecules with affinity
for IgA, IgE, IgG, TNFa, Insulin and Taq polymerase were immobilized on thiol dextran
microarray and an LOD of 70 fM was obtained [44]. Affibody molecules were also evaluated
as capture agents in a sandwich array format with unlabelled target protein and monoclonal
Abs for detection, demonstrating specificity in a complex serum or plasma sample. The use of
Affibody molecules in sandwich assays for analysis of human samples might also be advan-
tageous in a cross-reactivity perspective, since human anti-animal Abs are occasionally present
which might lead to cross-linking of capture and detection Abs, resulting in elevated back-
ground signals, which are avoided when affibodies are used [44].

Apts, derived from the Latin word “aptus” (meaning to fit) are synthetic single-stranded DNA
or RNA molecules that can bind with high affinity and specificity to their target molecules.
These artificial “nucleic acid” ligands can be generated against proteins, small molecules, ions,
whole cells, tissues and organs [45]. Those specific nucleic acids, selected from random
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sequence pools, have been shown to bind various targets that do not have a nucleic acid
structure. The development of in vitro selection and amplification techniques has allowed the
identification of specific Apts, which bind to the target molecules with high affinity. Many
small organic molecules with molecular weights from 100 to 10,000 Da have been shown to be
good targets for selection. Moreover, Apts can be selected against difficult target haptens, such
as toxins or prions. The selected Apts can bind to their targets with high affinity and even
discriminate between closely related targets. Apts can thus be considered a valid alternative
to Abs or other biomimetic receptors, for the development of biosensors and other analytical
methods [46]. The process to select Apts, known as in vitro selection and amplification or SELEX
(from Systematic Evolution of Ligands by Exponential enrichment), was first reported in 1990,
independently by two research teams [42].

It was demonstrated that the Apts could bind their targets by adaptive binding. Thus, small
molecules usually become an integral part of a three-dimensional structure, while for proteins,
the oligonucleotide combines with the protein into a larger molecular structure [46].

Apts offer several advantages over Abs. Being isolated through an in vitro procedure, they can
be easily adapted to completely non-physiological conditions and against targets that would
otherwise be invisible to the immune system. The conditions of their selection process can be
adjusted to change their kinetic parameters (i.e., k,, and k; rates). Other advantages include
the ability of Apts to denature and refold easily, with better shelf life and ease of attachment
and detachment of the bound molecule. Their resistance in harsh conditions (temperatures,
pH) and their ability to distinguish between similar proteins (e.g., mucin class) are also
appreciated by scientists developing aptasensors [47]. The advantage of having a recognition
region that can repeatedly refolded as been effectively demonstrated recently in a microarray
application [48], where denaturing conditions (e.g., with 7M urea) were used to regenerate
free Apts that were refolded into their active conformations in the binding buffer after the
measurement was completed. Such a procedure allows for multiple measurements with the
same Apt.

Discovered in 1993 [49], microRNAs (miRNAs) are 22 nucleotide-long non-coding RNA
molecules that regulate the expression of target genes at the post-transcriptional level by either
translational repression or degradation of miRNAs [50]. It has been estimated that the human
genome may encode over 1000 miRNAs, which are thought to regulate about 60 % of the
mammalian genes. Altered expression patterns of miRNAs have been associated with many
diseases, including several types of cancer, cardiovascular disorders, diabetes, rheumatic
disease and neurological disorders [51]. Due to their unique miRNA expression signatures that
have been demonstrated in many pathological conditions, these molecules have been proposed
asnovel biomarkers in diagnostics. The miRNA profiles in clinical samples will not only signify
the presence of a disease, but can also help in the prediction of its course and help to select
personalized treatments. miRNAs are currently detected in blood serum, plasma, urine, saliva,
sweat and other bodily fluids. The levels of circulating miRNAs in serum were estimated to
be in the 200 aM to 20 pM range [52]. The field of circulating miRNA analysis is in its early
stages, but it has great potential due to the fact that miRNAs are relatively stable molecules
and can be easily accessible in a non-invasive manner.
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4. Immunosensors for biomedical and environmental analysis

There is a strong and continuous demand for fast, easy and cheap analytical devices for trace
detection of compounds of clinical and environmental interest, as well as for pharmaceutical
and food industries. The high selectivity and sensitivity of immunosensors make them the
most appropriate for the detection and monitoring of the above mentioned domains. The
recent developments made in the immunosensor field regarding the optimal orientation of
Abs, incorporation of nanomaterials for increased sensitivity, multiplexing and microfluidic-
based devices may have potential for promising use in industry and clinical analysis.

Some examples of assays for several commercially available biomarkers are presented in
Table 1.

Target Method LOD Reference
Mucin 1 (MUC1) Ab-lectins sandwich optical immunoassays 1.2 U/mlL [53]
0.4 U/mL
MUC1 Zn0O nanorods QCM sensor 1 U/mL [54]

EIS: 3.6 ng/mL

MUC1 Electrochemical aptasensors based on AuNP DPV: 095 ng/mL [55]

Total Prostate specific antigen

(PSA) White-light reflectance spectroscopy (()J 12§ :g//::ll: [56]

Free-PSA on8

PSA 3D label-free immunosensF)r based on crumpled 0.59 ng/ml 57]
graphene-Au nanocomposites

(Ccaéir)'loembryomc antigen Electrochemical 3D origami microfluidic paper 0.08 pg/mL (58]

Carcinoma antigen 125 (CA125) based immunosensor 0.06 mU/mL

Myoglobin SPR immunosensor 31.0 ng/mL [59]

Troponin I (cTnI) poly(dimethylsiloxane)-AuNP — QDs microfluidic cTnl: 0.004 ug/L [60]

C-reactive protein (CRP) electrochemical sensor CRP: 0.22 ug/L

Sandwich-type aptasensor based on planar hall
Thrombin magnetoresistivetransducer and 86 pM [61]
superparamagnetic labels
Electrochemical aptasensor based on methylene

Thrombin blue and ferrocenne 170pM [62]

LDL cholesterol Impedimetric. %mmunosen.sor ?ased on AuNP- 034 pg/mlL 631
AgCl/polyaniline composite film

LDL cholesterol Impedimetric immunosensor based on reduced 5 mg/dL (64]

graphene platform

Creatinine Electrochem{cal 1m1?1T,mo.sensor based on 046 mg/dL [65]
polypyrrole immobilization platform

Influenza virus E'lec'troch'erlmcal DNA sensor based on avidin- 8.51.104 M [66]
biotin affinity reaction

Influenza A virus Surface acoustic sensor based on Love waves 1 ng/mL [67]
Electrochemical immunosensor based on ZnO

Legionell hil 1 L 68

egionella pneumophila nanorods pg/ml [68]

Neisseria gonorrhoeae Electrochemlcal DNA sensor based on polyaniline 0.510-15 M [69]
films on In-SnO:z plates

HIV C'apacmve immunosensor based on polytyramine 7.910% pg/ml [70]
films

Clenbuterol ECL sensor with incorporated AuNP and QD 8.4 pg/mL [71]

Ketamine Impedimetric sensor based on SAM 0.41 pmol/L [72]

Ciprofloxacin Label free polypyrrole based immunosensor 10 pg/mL [73]
El hemical i h

Acetaminophen ectrochemical immunosensor based on graphene 017 M 74]

oxide
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Target Method LOD Reference

Ochratoxin A Evanescent wave all fibersensor 3nM [75]

Est'radml . MBs based electrochemical immunosensor Lng/ml [76]

Ehinylestradiol 10 ng/mL

Trinitrotoluene Fluorescence microfluidic immunosensor 0.01 ng/mL [77]

Endosulfan Electrochemical immunosensor based on SWCNT 0.05 ppb 78]

Paraoxon forrest 2 ppb

Aflatoxin Bl EQCM i{nunosensor based on SAM of 4- 0012 ng/mL [79]
aminothiophenol

Escherichia coli O157:H7 Label free ITO based impedimetric immunosensor 1 CFU/mL [80]
Electrochemical immunosensor based on MoS:2

CEA nanosheets-Au composites and Ag nanosphere 0.27 pg/mL [81]
labels

Lymphoblastic leukemia antigen

i 21012
(CD10) Label free QCM immunosensor 241012 M [82]

Sandwich electrochemical immunosensor based on
Carbohydrate antigen 72-4 nanoporous Au film platform and polyaniline-Au 0.10 U/mL [83]
asymmetric multicomponent NP labels

Carbohydrate antigen 19-9 ECL immunosensor based on graphene oxide 0.0005 U/mL [84]
Electrochemical immunosensor based on

Squamos cell carcinoma antigen montmorillonite-polyaniline-gold nanocomposites 0.3 pg/mL [85]
labels
Electrochemical immunosensor based on graphene

a-fetoprotein-AFP sheets-thionine platforms and ferroferric oxide- 4 pg/mL [86]
HRP labels

Human chorionic

gonadotrophin-hCG Electrochemical sensor based on SWCNT on SPE 0.01 pg/mL [87]

Electrochemical immunosensor in based on
Histamine graphene sheets-HRP initiated deposition of an 0.5 pg/mL [88]
insulated polymer film
Electrochemical impedance immunosensor based

Bovine interferon gamma on TiO» nanorods 0.1 pg/mL [89]
e . . Capacitive interdigitated immunosensor based on

Heart fatty-acid binding protein SAMSs 0.836 ng/mL [90]

Zearalenona Label free amperometric immunosensor with 1.7 pg/mL 91]

trimetallic nanorattles(Au core and AgPt shell)

. . Fluorescence immunosensor based on Au nano-
Microcystin LR - [92]
crossed surface enhacement

Penicilin G Competitive amperometric immunosensor 100 M [93]
Label-free ECLsandwich immunosensor based on
Neurotensin sombrero model with graphene-hyaluronate- 0.001 pg/mL [94]

luminol composite
Electrochemical immunosesnor based on

Melanoma adhesion molecule

. amination graphene and mesoporous nano-CosOs 3.4 pg/ml [95]
antigen-CD146 sheet combined with AuNPs
Cancer biomarker miRNA 21 Electrochemical immunosensor based on graphene 3.12 pmol [96]

Table 1. Inmunosensors reported in scientific journals in the last decade

4.1. Immunosensors as diagnostic tools

The most important feature of immunosensors, the specificity of Ab-Ag reactions, makes them
attractive candidates for developing diagnostic tools. Other advantages immunosensors may
offer are: decreased medical cost by reducing, e.g., the hospitalization period due to their rapid
analysis response; ease of use and miniaturization, making them suitable for “in-home” or
“POC” use, thus improving the compliance of patients in follow-up therapy; and rapid
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response, which can have a determining role in life-threatening diseases such as myocardial
infarct or infectious diseases. Different molecules such as proteins, nucleic acids, metabolites,
hormones, whole cells and various pathogens are bioanalytical targets for the development of
diagnostic devices.

4.1.1. Immunosensors for detection of proteins

4.1.1.1. Cancer biomarkers

The high prevalence of cancer worldwide, together with its high recurrence and high mortality,
creates an urge for rapid, reliable and sensitive detection methods, focusing the scientists’
attention on proteins that are frequently investigated as cancer biomarkers. Cancer biomarkers,
like all other biomarkers, are generally defined as “a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention” [97].

Their aberrant expression in biological fluids (serum, saliva) or cells and tissues can be an
indicator of the presence of neoplastic processes. Because their abnormal levels appear from
the first stages of cancer, they can play an important role in early stage detection, improving
the survival rate of patients. Generally, more than one cancer biomarker is overexpressed for
the same type of cancer. Therefore, in order to avoid false positive results, a panel for simul-
taneous detection of several significant cancer biomarkers is usually required.

Several strategies will be presented below for the detection of cancer protein biomarkers, such
as Mucin 1 (MUC1, CA 15-3), prostate-specific antigen (PSA), cancer antigen CA125 and
carcinoembryonic antigen (CEA), with an emphasis on electrochemical immunosensors
reported in the last years.

Mucins are glycoproteins, either secreted or membrane bound, that have a specific pattern of
expression altered during tumour progression, recently investigated as new potent biomarkers
in epithelial cancers [98]. Among them, MUCI has been more extensively studied, being
involved in tumour proliferation and metastasis [99], as well as in chemoresistance and
alteration of drug metabolism [100, 101]. Overexpression of MUC1 has been associated with
breast, ovarian, pancreatic, liver, colon or lung cancer.

An Ab-lectin sandwich assay coupled with optical detection was proposed by Park et al. Abs
against MUC1 were immobilized on a gold sensing surface and the protein was captured
between Abs and lectins conjugated with fluoro-microbeads. Two different lectins were used:
Sambucus nigra agglutinin and peanut agglutinin lectins. The fluoro-microbead guiding chip
contained multiple sensing and fluidic channels and exhibited LODs of 1.2 and 0.4 U/mL,
respectively, over the clinically important range of 1.25 to 25 U/mL [53]. Quartz crystal
microbalance (QCM) sensors have gained increased attention lately due to their simple
operating principles and the absence of labelling. A QCM sensor based on ZnO nanorods was
developed by Wang et al. The label-free detection method exhibited a fast response time of 10
s and high sensitivity of 25.34+0.67 Hz/scale (1 U/mL) in the concentration range of CA15.3
from 0.5 to 26 U/mL [54]. Two simple aptasensors based on gold nanoparticle (AuNPs)
modified screen-printed electrodes (SPEs) were reported for sensitive detection of MUC1. A

177



178 Biosensors - Micro and Nanoscale Applications

SAM of thiolated Apt was firstly formed on the surface of AuNP-modified disposable
electrodes. The quantitative detection of MUC1 protein was achieved by electrochemical
impedance spectroscopy (EIS), by measuring the changes in the charge transfer resistance after
binding various concentrations of Ag, and by differential pulse voltammetry (DPV) using the
signal of intercalated methylene blue (MB), which decreased after protein binding. LODs of
3.6 ng/mL by EIS and 0.95 ng/mL by DPV were obtained, in the linear range of 0-10 ng/mL [55].
Another Apt sandwich-based sensor for MUC 1 detection was proposed, using Abs as capture
probes and MB labels as detection probes. Specific Abs were immobilized on the poly(o-
aminobenzoic acid) polymeric film (PABA) through the interaction between the COOH groups
activated by the EDC/NHS chemistry and NH, groups of the Abs (Figure 5) [102].
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Figure 5. Preparation of sandwich aptasensor for MUC1 detection: (a) 0-ABA polymerization; (b, c) MUC1 monoclonal
mouse Ab immobilization onto PABA-modified graphite SPEs by carboxyl activation; (d) PABA free binding sites
blocking with 10 mM ethanolamine; (e) incubation with human MUCI of different concentrations; (f) specific binding
of Apt with human MUC1 Ag (g) interaction of MB with G bases in Apt; (h) DPV measurements [102]. “Reprinted
from J. Electroanal. Chem. 717-718, Taleat Z, Cristea C, Marrazza G, Mazloum-Ardakani M, Sandulescu R. Electro-
chemical immunoassay based on aptamer—protein interaction and functionalized polymer for cancer biomarker detec-
tion, 119-124, Copyright (2014), with permission from Elsevier”

After the reaction with Ag, the Apt binds to the immunocomplex which allows the accumu-
lation of MB by interaction with the guanine bases of the Apt. DPV was then performed to
measure the oxidation peak of MB. A linear response of the current with MUC1 concentration
was observed in the range of 1-12 ng/mL with an LOD of 0.62 ppb [102]. Other strategies for
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MUCI detection include electrochemical aptasensors based on MB-labelled hairpin Apt, where
the detection is based on the conformational changes of the labelled Apt after the binding of
the protein [103] or on a dual signal amplification strategy, using poly(o-phenylenediamine)-
AuNPs film for the immobilization of the captured Apt and AuNPs functionalized-silica/
MWCNT core-shell nanocomposites as the tracing tag for the Apt detection [104].

PSA is produced by the prostate gland with normal levels ranging from 0 to 4 ng/mL, and it
is overexpressed in prostate cancer. A label-free immunosensor based on white light reflec-
tance spectroscopy for the determination of total- and free-PSA in human serum was reported.
A two-site immunoassay was used, employing a biotinylated Ab in combination with
streptavidin. High sensitivity was achieved with LOD of 0.2 and 0.15 ng/mL for total and free
PSA, in the range of 0.5 to 100 ng/mL, and 0.5 to 20 ng/mL for total and free PSA, respectively
[56]. Another interesting approach was used for the construction of a 3D label-free immuno-
sensor for PSA-based crumpled graphene-gold nanocomposites (Figure 6). The graphene
sheets decorated with AuNPs were prepared by aerosol spray pyrolysis. LOD of 0.59 ng/mL
and a linear range of 0-10 ng/mL were achieved, due to the synergistic effect of graphene and
Au, with increased biocompatibility, high level of bound Ag and fast electron transfer. The
sensors also proved to be selective towards interferents such as alpha-fetoprotein, glucose, uric
acid, bovine serum albumin and vitamin C [57].
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Figure 6. Illustration of (a) 2D GR-Au and 3D GR-Au electrodes, (b) the formation of crumpled GR-Au composites via
aerosol spray pyrolysis and (c) fabricating step of 3D label-free PSA immunosensor using crumpled GR-Au composites
[57]. “Reprinted from Biosens. Bioelectron. 63, Jang HD, Kim SK, Chang H, Choi J-W. 3D label-free prostate specific
antigen (PSA) immunosensor based on graphene-gold composites, 546-551, Copyright (2015), with permission from
Elsevier”
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CA125is a glycoprotein that exhibits abnormal levels in ovarian, breast, liver, lung and gastric
cancer, serving as biomarker for the diagnosis and therapeutic monitoring of these diseases.
Since its discovery in the ovarian epithelia by Bast et al. [105], CA 125 has served as a target
for the development of several label-free [106] or labelled electrochemical or optical sensors
[107, 108]. CEA is another tumour-associated Ag used as a biomarker for clinical diagnosis of
ovarian, breast and colon carcinoma, and was also widely investigated as a target for the
development of optical or electrochemical sensors [109, 110, 111].

Efforts have been made to improve cost effectiveness and miniaturize diagnostic devices, as
well as in multiplexing detection of several cancer biomarkers, which would reduce analysis
costs and increase diagnose accuracy. Special attention has been given to microfluidic devices
that reduce the volume of used reagents, are easy to use, transport and store, and give a fast
analytical response. Paper-based platforms have also been investigated as low-cost and simple
to use materials. For example, a 3D origami microfluidic paper-based immunosensor for
simultaneous detection of CA125 and CEA using metal ions as electroactive labels was
developed (Figure 7).
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Figure 7. Origami EC immunodevice [58]. “Reprinted from Biosens. Bioelectron., 63, Ma C, Li W, Kong Q, Yang H,
Bian Z, Song X, et al, 3D origami electrochemical immunodevice for sensitive point-of-care testing based on dual-signal
amplification strategy, 7-13, Copyright (2015), with permission from Elsevier”

The support for the immobilization of captured Abs was constituted by a paper working
electrode, modified with Aunanorods to ensure a large surface area and superior conductivity.
For signal amplification, Au/BSA nanocarriers were used for loading Pd* and Cd*, which
were conjugated with anti-CA125 and anti-CEA for a sandwich assay. DPV measurements
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were recorded and the quantification of the two different Ags was obtained, based on the
different stripping peaks obtained for the oxidation of the two metal tracers. LOD of 0.08
pg/mL and 0.06 mU/mL were obtained and the developed microfluidic POC device was
successfully applied for the quantification of the biomarkers in human serum [58].

An interdigitated electrode-based capacitive sensor was reported for multiple biomarker
detection: CEA, epidermal growth factor receptor (hEGFR) and CA15-3, based on AuNPs
amplification. CEA and epidermal growth factor receptor (hEGFR) could be successfully
detected in the concentration range of 20-1000 pg/mL, while cancer antigen 15-3 (CA15-3) was
detected in the range of 10-200 U/mL, with LODs of 20 pg/mL and 10 U/ml, respectively
[112].

4.1.1.2. Cardiac biomarkers

Cardiovascular diseases include diseases of the heart and blood vessels and are a leading cause
of death globally. The WHO estimated that deaths due to cardiovascular diseases in 2008
accounted for 30 % of worldwide deaths, and by 2030 the number of deaths per year will reach
23.3 million [113]. The main risk factors include smoking, alcohol abuse, hyperlipidaemia, high
blood pressure, diabetes, physical inactivity and unhealthy diet. Myocardial infarct and stroke
are acute events caused by obstructions of blood vessels or rupture of brain blood vessels.
Rapid diagnosis in this case is crucial for the survival of patients. Beside signs and symptoms,
current diagnosis of myocardial infarction is based on ECK and measurements of cardiac
enzymes, while stroke is usually diagnosed using brain computed tomography, magnetic
resonance imaging or carotid ultrasound. Other methods for diagnosis of cardiac conditions
include echocardiography, chest X-ray, angiography or catheterization. Although ECK
remains the main management method, some patients show normal ECK even in the presence
of cardiopathies, and thus ECK may be inconclusive. Several markers exhibit elevated blood
levels in the presence of heart conditions serving as diagnostic tools with important prognostic
significance. As in the case of cancer, simultaneous multianalyte detection is preferred.

Myoglobin is released from injured muscle tissues and is a potential marker used in the
diagnosis of myocardial infarction. However myoglobin is not specific for cardiac damage,
and therefore it is usually used together with other biomarkers such as troponin or creatinine
kinase MB subform (Ck-MB). Troponin I or T are proteins with important roles in muscle
contraction that also detect cardiac damage as they are released in blood in elevated levels in
case of cardiac muscle cell death. Ck-MB is an enzyme of the creatinine phosphokinase family
specific to the heart cell; increased levels are present in case of heart muscle injuries. Serum
levels of these markers rise rapidly within the first hours after a heart attack (myoglobin being
the first to increase) reaching a maximum after several hours, depending on the size of the
infarct [114]. Due to the fluctuation of the levels of cardiac markers, real-time monitoring is
important for accurate measurements.

An SPR-based sensor for continuous monitoring of myoglobin levels in human serum was
reported [59]. A recyclable Ab was immobilized at the surface of a label-free sensor that can
quantify Ab-Ag reaction in real time. Two flow channels were used, one with specific Ab and
the second, serving as control, with non-specific Ab. Buffered solutions and spiked serum
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samples of different concentration were then injected for the formation of immunocomplexes.
The problems associated with the continuous sensing of myoglobin in human serum were
overcome as follows: the non-specific binding of the analyte was avoided by pre-treating the
sample with a mixture of detergents, specifically sodium dodecyl sulphate and P20, and
adjusting the micelle size and net charge; and the aggregation of serum components was
avoided by inactivating certain serum components by chelation of heavy metals. The sensor
was able to detect the varying concentration of myoglobin over about 8 h with periodic one-
point calibration every 3 h, with an LOD of 31.0 ng/mL, in the range from 31 ng/mL to 2000
ng/mL [58]. An electrochemical sensor for simultaneous detection of cardiac markers Troponin
I (cTnl) and C-reactive protein (CRP), a known marker for inflammation and cardiac damage,
has been reported based on a poly(dimethylsiloxane)-AuNP composite microfluidic system.
Captured Abs for the two proteins were conjugated with CdTe and ZnSe QDs and square-
wave anodic stripping voltammetry was used to detect the metal ions from the QDs in order
to quantify the amount of bonded proteins. A linear range was obtained between 0.01 and 50
pg/L and 0.5 and 200 pg/L, with a very low LOD of approximately 0.004 pg/L and 0.22 ug/L,
for cTnl and CRP, respectively [60]. Another target biomarker for cardiovascular disease is
thrombin, a serine protease involved in blood coagulation, which acts as both a procoagulant
(converting soluble fibrinogen in insoluble fibrin) and anticoagulant factor. It is also involved
in the process of atherosclerosis and its cardiovascular complications [115]. The first Apt for
thrombin, synthesized via SELEX in 1992, has a G-quadruplex structure and binds exosite I of
thrombin [116]. A highly specific aptasensor was developed in a sandwich-type assay using
planar Hall magnetoresistive transducer in combination with superparamagnetic labels. The
sensor surface was modified with thiolated Apt to capture the thrombin added in the next step.
Finally, a biotin-labelled secondary Apt was added to bind the thrombin-primary Apt complex
and streptavidin-magnetic nanoparticles were used to measure the magnetoresistance signal.
A linear response to thrombin concentration in the range of 86 pM-8.6 mM and an LOD as low
as 86 pM was achieved using low sample volumes of only 2uL [61]. Interestingly, a simple
Apt-target-Apt sensor was elaborated using the signal obtained after the electro-oxidation of
intercalated MB and ferrocene for the quantification of thrombin. MB-tagged Apts were
introduced by hybridization with complementary DNA sequences immobilized on the surface
of the electrode. Thrombin was then added and its interaction with the Apt led to conforma-
tional changes of MB-Apt, driving the MB tag far from the electrode surface. A second Apt,
tagged with ferrocene on both sides, was added to interact with thrombin, and the Apt’s
conformational changes allow the two Fc tags to be close to the electrode surface. These
conformational changes resulted in a decrease in the oxidation peak current of MB (I;) and
an increase in that of Fc (I;.), and the logarithmic value of I;/I\;z was shown to be linear with
the logarithm of thrombin concentration. An LOD of 170 pM was achieved, in the linear range
of 1 nM to 600 nM [62]. Several label-free aptasensors for thrombin detection coupled with
electrochemical [117, 118] or optical detection [119, 120] were reported.

4.1.2. Immunosensor for detection of metabolites

The detection of metabolites has gained increasing attention in recent years for the diagnosis
of various diseases, metabolites being correlated with different pathologies. Glucose, for
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example, exhibits high levels in patients with diabetes and its monitoring plays a crucial
role in the management of the disease. The devices used for the detection of glucose are
mainly constituted by enzymatic sensors. The well-known glucometer accounts for 85 % of
the market of commercially available biosensors [121]. Other metabolites of great interest
are cholesterol and triglycerides, due to their involvement in atherosclerosis and in the
pathology of cardiovascular diseases. Creatinine is a metabolite of creatine, eliminated by
kidneys and excreted in urine, and it has become the preferred clinical marker for the
diagnosis of renal filtration dysfunctions. The development of POC diagnostic devices could
have an important impact on the improvement of the quality of life of patients suffering
from metabolic disorders. Several POC devices for the detection of creatinine are already
commercially available: IRMA TRUpoint (ITC, Edison, NJ), Radiometer ABL800 FLEX
(Radiometer A/S, Bronshoj, Denmark), StatSensor (Nova Biomedical, Waltham, MA), and
i-STAT (Abbott Diagnostics, East Windsor, NJ).

An interesting approach for detecting low-density lipoprotein (LDL) cholesterol was proposed
based on immobilization of a large number of Abs on AuNP-silver chloride/polyaniline
composite film. Abs specific to apolipoprotein 100 were chosen that recognized and bound
apolipoprotein B present in the phospholipidic coats of the structure of LDL. EIS studies were
performed to monitor the formation of Ab-Ag complex using [Fe(CN)]*”* redox probe. An
increase in the charge transfer resistance was observed after the binding of LDL, due to its low
conductivity coupled with the repulsion between negatively-charged phospholipid units and
the negative charge of the redox probe. This simple, label-free immunosensor allowed for the
detection of low concentrations of LDL of 0.34 pg/mL, in the linear range of 0-33.5 pg/mL [63].
With a similar approach, an impedimetric label-free sensor was developed using aminated
reduced graphene oxides for the immobilization of anti-apolipoprotein B on the electrode
surface. The aminated graphene oxides were synthesized chemically and deposited on the
surface of the transducers through electrophoretic deposition. EDC/NHS was then used for
covalent attachment of Abs via amide bond formation, followed by the addition of LDL
solutions. The change in the resistance after the formation of Ab-Ag complexes allowed for
the detection of higher concentrations of LDL of 5mg/dL [64].

Besides metal nanoparticles and carbon-based nanomaterials, conductive polymers have
been widely applied, for many years, as immobilization platforms for the development of
immunosensors, due to their low cost, ease of preparation, and most importantly good
biocompatibility. A simple electrochemical sensor was developed for the detection of
creatinine in whole blood obtained from patients with renal transplant. The surface of a 16-
gold electrode array was covered with a film of polypyrrole via electropolymerization, by
applying a cyclic square-wave electrical field. Creatinine was embedded in the film in the
same step. Anti-creatinine Abs labelled with HRP were mixed with a low volume of blood
sample containing creatinine for the formation of immunocomplexes and added to the array
for competitive reaction with the immobilized Ag. The decreased current of the HRP-Ab is
proportional to the level of creatinine in the samples in the linear range of 0 mg/dL to 11.3
mg/dL with an LOD of 0.46 mg/dL. The method has the advantage of short response time
<5 min and low sample volume (40 uL) [65].
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4.1.3. Immunosensors for detection of pathogens

Infectious diseases have increased rapidly in recent years, causing high fatality rates due to
incorrect diagnosis, delay in treatment and various complications. Worldwide, infectious
diseases account for nearly 40 % of the total 50 million annual estimated deaths, and represent
the major cause of death in many developing countries [122].

Infections are caused by pathogenic microorganisms, such as bacteria, viruses, fungi or
parasites. Most of the infections are highly contagious and can spread rapidly with the risk of
causing epidemic or pandemic. Rapid and portable devices for the detection of pathogens are
of paramount importance. Rapid screening for differentiation between viral and bacterial
infection is extremely important for diagnosis and correct management of disease, limiting the
overuse of antibiotics and reducing antibiotic resistance. A correct, rapid diagnosis may reduce
the need for or period of hospitalization, with a high impact on medical costs. Current
diagnosis is mostly based on cell culture and microscopic methods, serology or nucleic
amplification testing, which are time-consuming. Most of the existing POC tests consist of
immunoassays: agglutination, immunochromatographic and immunofiltration tests [123]. The
development of portable devices that can be used at home or in doctors’ offices may permit a
rapid diagnosis of various infections, allowing quick establishment of treatment and fast
recovery by the patients. POC devices also have the advantages of being used in biological
fluids with no need for complex sample pre-treatment.

Most of the sensors reported in the literature for the detection of pathogens are based on
electrochemical techniques, due to their simplicity, low cost, rapid response and suitability for
developing in small portable devices. The majority of these devices employ nucleic acids as
recognition elements for the pathogenic agent, based on hybridization processes with a
complementary DNA strand immobilized onto transducers, intercalation of redox mediators
in double-stranded DNA, or label-free detection based mainly on impedimetric measure-
ments.

Influenza is the most common acute respiratory infection, accounting for 52,294 deaths in the
USA in 2011 [113]. It is caused by influenza type A, B and C viruses; the type A virus being
responsible for the annually recurring epidemics. Mutations can also occur (e.g., avian or swine
flu), raising health concerns.

A simple electrochemical DNA sensor was proposed based on avidin-biotin reaction for the
immobilization of DNA capture probes on the surface of glassy carbon electrodes (GCEs). The
surface of the electrode was firstly functionalized with carboxylic groups using 4-carboxy-
phenyl diazonium salts. Avidin was then bound, after ethylene carbodiimide/N-hydroxysuc-
cinimide activation. Afterwards biotinylated DNA probes were immobilized through avidin-
biotin interaction followed by the hybridization with target DNA. The hybridization process
between the probe (5-biotin-ATGAGTCTTCTAACCGAGGTCGAA-3) and the target DNA (5-
TTCGACCTCGGTTAGAAGACTCAT-3, a fragment of influenza virus gene sequence) was
investigated by CV. A dynamic range between 10®* M and 10"° M was achieved with an LOD
of 8.51 10 M [66].
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Another label-free electrochemical immunosensor was reported for swine flu influenza virus
(SIV), based on a self-assembled SWCNT network modified with anti-SIV Abs. The change in
resistance upon binding of the Ag permits LODs of 180 TCID 50/mL (50 % Tissue Culture
Infective Dose) to be achieved [124].

Piezoelectric techniques have attracted interest lately. A surface acoustic sensor based on Love
waves was recently developed for the detection of influenza virus type A. SiO,coated piezo-
electric LINbO,; wafers were used to bind Ags against haemagglutinin (HA) of influenza A
HINT1 subtype. After a silanization process of the wafers using tri-ethoxy-silyl-butyraldehyde
and tri-ethoxy-silyl-undecanal ethylene-glycol-acetal, and the reaction of the silan groups with
EDC/NHS, the substrates were immersed in a solution containing anti-HA Ags. Phycoery-
thrin-conjugated Abs were immobilized for fluorescence microscopy analysis in order to check
the successful binding of HA. Non-conjugated Abs were used for surface acoustic wave testing
giving an LOD of Ing/mL [67].

Legionella pneumophila is a bacterium that causes Legionnaires” disease and Pontiac fever, life-
threatening diseases with high mortality. An electrochemical immunosensor based on ZnO
nanorods was reported on its detection. The nanorods were prepared by hydrothermal method
atlow temperature, and used to immobilize primary Abs by electrostatic interactions. The Ag
was then captured by the recognition of its peptidoglycan-associated lipoprotein. A sandwich
ELISA-like assay was performed by adding secondary Abs labelled with HRP in the next step,
and the electroactivity of the product of the enzymatic reaction was investigated. A dynamic
range of 1-5000 pg/mL was obtained in this case with an LOD of 1 pg/mL [68].

Sexually-transmitted diseases (STDs) are viral or bacterial infections transmitted from one
human to another through unprotected sexual contact. The most common viral STDs are HIV/
AIDS, hepatitis B, herpes and human papillomavirus, while for bacterial infections the highest
numbers of cases are diagnosed for gonorrhoea, chlamydia and syphilis. The incidence of these
diseases is worryingly high; approximately 20 million people will contract an STD each year
in the USA, and half of the infections occur in the age range 15-24 [125].

A simple device was developed for the detection of Neisseria gonorrhoea by electropolymeri-
zation of polyaniline films on indium-tin-oxide plates. Avidin was then immobilized on the
films after EDC/NHS activation to bind biotinylated ssDNA. The hybridization process with
the target DNA and the amount of bound DNA was investigated by DPV and EIS measure-
ments. DPV measurements have been performed using two methods: the first is based on
monitoring of the oxidation peak of guanine in the capture probe, which decreased after the
binding of complementary DNA; the second approach used the oxidation peak of intercalated
MB for the monitoring of the hybridization process. The MB peak disappears after hybridiza-
tion with the complementary oligomer, due to steric inhibition of MB packing between the
double helix of the hybrid. EIS measurements confirmed the hybridization: an increase in the
impedance was observed due to electrostatic repulsion between DNA and the redox probe.
An LOD of 0.5 10> M was obtained [69].

Human immunodeficiency virus (HIV) causes acquired immunodeficiency syndrome (AIDS)
and is transmitted mainly by unprotected sexual intercourse or use of unclean syringes [126].
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A rapid, label-free capacitive immunosensor has been developed for real-time analysis of p24
Ag, a HIV-1 capsid protein that is detectable in serum shortly after infection. Silicon wafers
were nanopatterned with gold via photolithography. A polytyramine film was then electro-
deposited on the surface of the transducer, which chemisorbed AuNPs through the amine
groups. Anti-HIV-1 p24 monoclonal Abs were then immobilized to capture the Ag from
injected buffered or plasma samples, and the capacitance change was investigated. A linear
relationship was observed from 2.4 10 to 2.4 10° pg/mL with an LOD of 7.9 10 pg/ml [70].

A simple electrochemical ELISA-type sensor for the detection of HIV-1 and HIV-2 Abs was
recently reported. HIV-1 gp41 and HIV-2 gp36 Ags were immobilized at the surface of the
transducers followed by the addition of anti-HIV Abs and IgG labelled with alkaline phos-
phatase. The substrate p-aminophenyl phosphate was added to produce the redox-active
product, p-aminophenol. It was observed that its oxidation peak increased linearly over a wide
Ab concentration range (0.001-1pg/mL), with an LOD of 1 ng/mL (6.7 pM) for both HIV-1 and
HIV-2 [127].

Hepatitis is an inflammatory condition of the liver affecting many people worldwide, caused
by various types of hepatitis viruses (A-E). Hepatitis B and C are chronic diseases causing
cirrhosis and liver cancer [128].

An optical immunosensor for the detection of hepatitis C virus Abs was developed using the
photoimmobilization method [129]. For this purpose, a photoactivatable electrogenerated
polymer film was deposited on the surface of conductive fibre optics in order to link the
bioreceptor to the fibre tip through light mediation, and a solution containing HCV-E2
envelope protein Ag was added and illuminated with UV light. Due to the photochemical
reaction, a thin layer of the Ag is covalently attached to the polypyrrole-benzophenone-
modified surface that is able to bind anti-E2 Abs from samples. Chemiluminescence measure-
ments allowed anti-E2 Ig detection at a low titer [129].

A disposable impedimetric sensor was reported for the detection of Streptococcus, based on
gold SPEs modified with polytyramine film. Avidin was bound through the polymer amine
groups, and the biotinylated Ab was then immobilized. The sensor was tested in (50 % (v/v)
human saliva, resulting in a detection range of 100 to 105 cells per 10pL and 100 to 104 cells
per 10 pL of bacteria, for cumulative and single-shot incubations, respectively [130].

4.2. Immunosensors for drug safety

Therapeutic monitoring is important for drug adjustment to achieve optimum efficiency and
minimal toxicity of the drug. Ideally, the concentrations of drugs should be measured at the
site of the action - the receptor - but due to its inaccessibility, drug concentrations are measured
in bodily fluids such as serum, plasma, saliva, urine or cerebrospinal fluids [131]. The most
commonly used techniques for establishing drug levels for drug monitoring such as HPLC,
GC-MS, LC-MA, radioimmunoassay, chemiluminescence, etc., are time- and reagent-consum-
ing, require qualified personnel and complex sample pre-treatment, and are expensive.
Therefore, there is an urge to develop new, minimally invasive devices for drug detection that
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could be easily used in homes, laboratories and clinics. Special attention should be given to
targeting drugs with a narrow therapeutic range, which may be easily over- and under-dosed.

A simple ECL sensor was developed for the detection of clenbuterol, a drug used for
pulmonary diseases, incorporating AuNPs and QDs for enhanced signals. The AuNP/
ovalbumin-clenbuterol/anti-clenbuterol-QDs sensor was characterized using EIS and ECL
emission achieving LOD of 0.0084 ng/mL in the range of 0.02-50 ng/mL [71]. An impedimet-
ric sensor based on 3-mercaptopropionic acid SAMs was reported for the sensitive and
selective detection of ketamine, an anaesthetic drug. The immobilization of Abs via SAM
and the recognition of the target Ag were evaluated by the change in the charge transfer
resistance, allowing for the detection of ketamine levels of 0.41 pmol/L [72]. EIS has also
been employed for the detection of ciprofloxacin by a label-free immunosensor, which is
widely used for the treatment of pulmonary, urinary or digestive infections. Polypyrrole-
NHS electrogenerated films were used to immobilize anti-ciprofloxacin Abs, with an LOD
of 10 pg/mL being obtained [73].

Developing new methods for drug quantification is also important in the quality control of
drug formulations in the pharmaceutical industry. A label-free immunosensor based on the
graphite oxide immobilization platform was proposed to quantify acetaminophen from
pharmaceutical formulations. Anti-acetaminophen Abs were linked via amide groups by
NHS/EDC chemistry on graphene oxide-modified SPEs. The preparation steps were investi-
gated by several electrochemical techniques such as SWV, EIS and EQCM, and the LOD found
by SWV measurements was 0.17 pM [74].

Another important social and health issue is drug abuse and doping [132]. The development
of fast, sensitive and specific screening tests is gaining increasing interest, mainly in sport, with
special attention being given to the development of portable on-site detection methods for
doping agents. Several devices for the detection of such drugs from saliva are already com-
mercially available, for example, a gold particle-based lateral in-flow immunoassay named
Oratect is available for the detection of marijuana (THC), cocaine, amphetamines, opiates,
methamphetamines including MDMA (ecstasy) and either phencyclidines or benzodiaze-
pines. Some of the most commonly used drugs for sport doping are beta-blockers, steroidal
hormones, growth hormones, theophylline and derivatives, peptides and methamphetamines.

A simple and sensitive electrochemical sensor was developed for the simultaneous detection
of two illicit drugs: morphine and methamphetamine. The simple approach employed SAM
of 3-mercaptopropionic acid on a gold electrode that served to bind Abs specific for the
targeted drugs. CV and EIS were employed as electrochemical techniques, revealing a decrease
in the current together with an increase in the impedance after Ab binding and immunocom-
plex formation, due to the hindrance of electron transfer from the redox probe to the surface
of electrodes. The sensors were able to detect morphine and methamphetamine in the linear
range of 4 to 80 pg/L and 20-200 pg/L, respectively, with an LOD of 0.27 pg/L and 10.1 pg/L.
The sensor is stable, reusable and may also be used in serum samples [133]. Another anti-
doping device has been reported for the detection of human growth hormone, which is usually
associated with anabolic steroids used to improve sporting performance. An SPR platform-
based sandwich assay was developed using avidin-biotin coupling for the proper orientation
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of primary Abs, and the obtained sensor allowed the simultaneous detection of both hCG
isoforms (20K and 22K) in concentrations as low as 0.9 ng/mL [134].

4.3. Immunosensors for food safety

Detection of food contaminants is a major issue, since these contaminants may have serious
consequences for food safety and human health, as well as for medical and economical costs.
The rapid and sensitive detection of food contaminants is important to prevent intoxication
and provide efficient treatment [135]. Diseases caused by food contaminants may vary widely
from several million cases to 81 million cases in the USA, with bacterial foodborne outbreaks
accounting for 91 % of the total outbreaks [122].

The most common foodborne pathogens include Escherichia coliO157:H7, Salmonella typhimu-
rium, Listeria monocytogenes, Staphylococcus aureus, Clostridium perfringens, Enterobacter sakaza-
kii, Campylobacter jejuni and Yersinia enterocolitica. The most common methods for their
identification, such as the conventional cell culture and microscopy, as well as the more
recently applied methods such as ELISA and PCR, are time-consuming, and therefore
immunosensors, through their advantages, are promising tools. An electrochemical immuno-
sensor for the simultaneous detection of Escherichia coli O157:H7 (E. coli O157:H7) and
Enterobacter sakazakii (E. sakazakii) was reported using carbon screen-printed low-density arrays
modified with MWCNTs/sodium alginate (SA)/carboxymethyl chitosan (CMC) composite
films. The film served for the immobilization of HRP-labelled Abs against the two pathogens.
The array exhibited a linear response from 10* to 10" cfu/mL with LOD of 4.57 10* cfu/mL for
E.coli and 3.2710* cfu/mL for E. sakazakii [136].

Salmonella is another dangerous foodborne pathogen causing infections with various clinical
symptoms depending on the serotype, ranging from diarrhoea, fever and abdominal cramps
to more severe illnesses such as Reiter’s syndrome that can lead to chronic arthritis. About 1.4
million salmonellosis cases occur annually in the United States, resulting in about 16,000
hospitalizations with nearly 600 deaths [137].

An impedimetric immunosensor was developed for the detection of Salmonella thyphurium in
milk samples. Gold electrodes were functionalized with: single 11-amino-1-undecanethiol
(MUAM); a mixture of MUAM and 6-mercapto-1-hexanol (MCH); and a mixture of MUAM,
MCH in the presence of triethylamine (TEA) to prevent formation of interplane hydrogen
bonds among amine-terminated thiols. Specific Abs were then immobilized via SAM that
served to capture the Ag from samples, resulting in changes of the resistivity of the solution.
Signal amplification was obtained by performing the measurements in the sample media,
which offered several advantages such as: higher response in shorter time due to simultaneous
proliferation of the viable bacteria cells in the tested samples, insensitivity to the presence of
dead cells, and elimination of the centrifugation and washing steps that are normally used to
isolate bacterial cells. The results showed the importance of MCH in SAMs while the addition
of TEA had rather negative effects. For a detection time of 2 h, the MUAM-MCH-based sensor
provided reliable analytical signals for a concentration of three orders of magnitude lower than
the infectious dosage of S. typhimurium [138].
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Listeria monocytogenes can be transmitted to humans through consumption of contaminated
food, such as smoked fish, poultry, meat and dairy products, and ready-to-eat foods [139, 140].
An impedance immunosensor for the detection of Listeria monocytogenes using TiO, nanowire
bundle microelectrodes as the Ab immobilization platform was reported. The TiO, nanowire
bundle was prepared through a hydrothermal reaction of alkali with TiO, powder and
connected to the gold microelectrodes by mask welding. Impedance changes were investigated
after the formation of nanowire-Ab-Ag complexes and correlated to bacterial number. The
immunosensor was able to specifically detect 10 cfu/mL Listeria monocytogenes [141]. Ochra-
toxin A (OTA) is a thermostable mycotoxin produced by species of Aspergillus or Penicillium
fungi, which contaminates a high variety of food stuffs, such as cereals, dried fruits, coffee,
grapes, wine and beer, with nephrotoxic and carcinogenic effects on mammalians [142].

An Apt-based biosensing approach based on an evanescent wave all-fibre (EWA) platform
with embedded dethiobiotin-modified fibres was recently reported. In a simple target-
capturing step using Apt-modified magnetic microbeads, signal probes (represented by Apt-
complementary oligonucleotide) conjugated with streptavidin are released and further
detected by an EWA biosensor via facial dethiobiotin streptavidin recognition. A reusable,
sensitive sensor was thus obtained that can maintain its response after being reused 300 times,
with an LOD of 3 nM in the linear range of 6 nM to 500 nM [75].

OTA was also detected in wine samples using two indirect competitive ELISA-type immuno-
assays coupled with electrochemical methods. pAb and mAb were investigated for the capture
of the Ag and different enzymatic labels, horseradish peroxidase (HRP) and alkaline phos-
phatase (ALP) were used and compared. The results showed that although similar perform-
ance was observed in buffer solution for the HRP-Ab-based strategy and the ALP-conjugated
Ab sensor, when it comes to wine samples, the signal for the ALP-based sensor was affected
by interferences. LODs of 0.7 ng/mL and 0.3 ng/mL were obtained for HRP- and ALP-labelled
sensors [143].

4.4. Immunosensors for environmental control

Environmental air pollution and water control monitoring have become areas of intense
interest in the research field due to the serious consequences for public health. Gas sensors are
generally used for the detection of indoor and outdoor air pollutants such as carbon monoxide,
formaldehyde, ethylene oxide, nitric oxide, hydrogen sulphide or chloride. Many contami-
nants infiltrate the soil, arriving in wastewaters and drinking water. These contaminants
belong to various classes such as hormones, antibiotics, surfactants, endocrine disruptors,
human and veterinary pharmaceuticals, X-ray contrast media, pesticides and metabolites or
explosives, and are typically detected at concentrations ranging from 1 ng/L to 1 ug/L, reaching
in some cases as much as 100 pug/L [144]. Water pollution is harmful to human, animal and
water life, resulting in death of aquatic animals, disruption of food chains and diseases. The
effects of consuming contaminating water can range from mild effects (diarrhoea, vomiting
and nausea) to more severe diseases or even death. Pesticides, for example organochlorines,
organophosphates, carbamates, pyretroides and atrazine, can cause neurological effects,
asthma, allergies and endocrine disruption, and even cancer and reproduction problems.
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Other contaminants like nitroaromatic explosives, found in soil and groundwater near military
zones, are toxic and carcinogenic to living organisms, causing aplastic anaemia, toxic hepatitis,
hepatomegaly, cataract and skin irritation.

Standard methods for water quality analysis involve intensive sampling regimes and multistep
sample preparation, requiring manual inputs which prohibit their integration into continuous
monitoring systems, resulting in the need for developing new monitoring methods that can
be easily integrated into water flow systems [145] such as electrochemical immunosensors.

Kanso's group [76] reported on the development of electrochemical immunosensors based on
magnetic beads (MBs) for the detection of oestradiol and ethinyl oestradiol in wastewaters.
Oestradiol and ethinyl oestradiol are water contaminants found at levels of nanomolar range,
which act as endocrine-disrupting chemicals, interfering with the endocrine systems and
causing breast and testis cancers in humans. MBs were chemically modified with four different
types of synthetic oestrogen derivative that contained carboxylic or amino groups. The assay
wasbased on the competition between free oestrogen in the sample and immobilized oestrogen
using a primary Ab labelled with ALP. Using SWV, an LOD of 1 and 10 ng/mL was obtained
[76]. An interesting approach for a high-throughput microfluidic immunosensor for the
detection of explosives in water has been presented by Adams et al. Inmunoaffinity and
fluorescence detection assays were coupled on a microfluidic device containing 39 parallel
microchannels with immobilized Abs against TNT. With a total volume throughput of less
than 6 mL/min, the assay is performed 60 times faster than the usual immunoassay, achieving
an LOD of 0.01 ng/mL for TNT [77].

An electrochemical immunosensor for the simultaneous detection of pesticides, endosulphan
and paraoxon was reported. Microcontact printing was used to pattern an SWCNT forest on
the surface of transducers using diazonium salt chemistry. Redox probes of 1,1’-di(amino-
methyl) ferrocene (FDMA) and pyrroloquinoline quinone (PQQ) were linked to the nanotubes,
followed by Ab immobilization. Pesticides were quantified based on the current change of the
redox probes upon the formation of immunocomplexes: the electrochemical signal of FDMA
allowed the detection of endosulphan in the range of 0.05 to 100 ppb with an LOD of 0.05 ppb,
while PQQ signal allowed paraoxon detection in the range from 2 to 2500 ppb with an LOD
of 2 ppb [78].

5. Conclusions and perspectives

New approaches using magnetic nanoparticles, quantum dots, carbon nanotubes, noble metal
nanoparticles or hybrid nanomaterials, either as labels or immobilization platforms, have
increased the number of electrochemical immunosensors and their applications. These
materials offer important advantages, such as good biocompatibility, which maintains
bioreceptor activity, a high surface-to-volume ratio, which increases the amount of immobi-
lized bioreceptor, and unique conductivity and optical proprieties. Their high selectivity and
sensitivity, as well as the possibility to miniaturize these systems, have made the use of
electrochemical immunosensors for in vivo applications possible.
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Although numerous developments have been made in the field of immunosensors, novel
techniques are still needed to improve the selectivity, sensitivity and simplicity of these
devices, ready to meet the exigent requirements of clinical diagnosis or industry. The need for
miniaturization and integration on an electronic platform able to detect the biomarkers or
pathogens in real time are other challenges in this active area of research. In the past decade,
remarkable progress in nanotechnology techniques has been made, together with new
strategies using nanoparticles and nanostructured surfaces for electrochemical detection of a
large variety of proteins. Low-cost, reliable, portable, multiplexed protein detection devices,
especially those coupled with microfluidics, could ensure accurate detection of panels of cancer
biomarkers in blood, urine or saliva. The application of immunosensors in drug abuse or
doping as well as in the quantification of pathogens was achieved using various immobiliza-
tion nanoplatforms for immobilization, and also using multienzyme labelling on metal
nanoparticles, magnetic beads and carbon nanotubes or graphene, allowing for the ultrasen-
sitive detection of target analytes.

The integration of electrochemical immunoassays into microfluidic platforms will create a
versatile platform for the fabrication of devices for clinical diagnostics. The development and
deployment of these systems could ultimately lead to more rapid clinical decision-making,
reducing patient stress and health care costs.
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Abstract

Concentration processes for analytical systems based on different types of biosensors
are very important for many applications. The sample conditioning is oriented to
enhance the sensitivity or directly to make the detection or analysis possible. Processes
that may be used for concentration and conditioning of original samples are very
diverse, depending on applications that may range from clinical diagnostics to
industrial processes control, and there are different strategies to achieve the final goal.

This chapter presents an overview of the most important and relevant microscale
techniques to produce an effective separation and concentration of cells, mostly
bacterial cells. The main focus is put on the separation mechanisms as a tool for
biosensing toward the development of complete devices in a lab-on-a-chip format by
integrating the concentration, sample conditioning, and detection subsystems.

Keywords: Cell concentration, microfluidics, hydrodynamics, electrophoresis, die-
lectrophoresis

1. Introduction

The sensitivity and the detection limit of biosensors have natural limitations. It is possible to
enhance these analytical parameters and the performance of the system by increasing cell
concentration, reducing the sample volume in a preconcentration stage. The utilization of any

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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concentration technique is crucial for the diagnostic and detection of particular cells [1-3] or
metabolites [4] in clinical, food, or water environment [5].

Along with sensitivity and detection limits, another important aspect of any detection method
is related to the signal-to-noise ratio and false positives, which determine the specificity of the
system. This defines what percentage of the measured signal is related to our specific bacteria
of interest. To enhance this signal-to-noise ratio, it is useful to apply a selective preconcentra-
tion methodology adding some specificity to detect only the cell of interest. The most selective
methods to isolate specific bacteria from the complex mixture presenting a real sample are
immunological systems based on the utilization of specific markers or identifiers.

Cell detection for clinical diagnostics sometimes requires detection of low abundance cells
circulating in complex samples such as blood, e.g., specific detection of cancer cells from
tissue or determination of small quantities of cells in noncellular samples as urine. These
are only some examples of different types of bioanalysis that require the preconcentration
of samples [1, 3].

Bacteria detection, especially in environments affecting the public health risks, such as food,
water, and clinical, requires an efficient concentration process to guarantee low detection limits
corresponding to official law regulations. This means that the objective sometimes implies the
detection of few bacteria in large water volumes. The best option to solve this problem and
improve detection limits of a biosensor detection method is the sample treatment by retaining
all bacteria present in the sample, decreasing its volume and, in this way, increasing the
concentration of bacterial cells [1].

This section will mainly be focused on the concentration of cells for biosensor applications, but
we will try to present a complete view of the physical and chemical phenomena that could be
potentially used for this purpose. We will provide important details of each evaluated
methodology focusing on the main characteristics of the concentration system effectiveness:
the capacity of sample volume processing, the velocity of processing or extraction time, and
the recovery, concentration, purity, and detection factor.

The modern appeal for miniaturization requires the use of microtechnologies for sensor
fabrication as well as the application of microfluidic systems. These may be regarded as crucial
tools for the integration of concentration steps in sensor-based bioanalytical systems [6]. It is
clear that speaking about large volumes may cause confusion in terms of relative volume
amounts. In this chapter, we will focus on those concentration systems that could process
volumes up to 60 mL.

The main concept of concentration is the separation. Thus, many different techniques based
on various physical principles (electric, magnetic, gravitational, acoustic, hydrodynamic,
affinity chemistry, etc.) have been proposed for cell and protein separation within microfluidic
devices [6]. From the point of view of the flow conditions, the preconcentration techniques on
chip can be classified as static and dynamic [4]. The static techniques are those used to stop or
trap cells, blocking them in particular places[7], while dynamic techniques are those that
separate them from the main carrier flow to lateral streams by focusing or deviating the cells,
bringing them to specific places under continuous flow conditions[8].
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The most interesting static concentrators are those that trap the cells at particular places where
the sensing would be carried out. These systems enhance the sensitivity of the biosensor
technique, in this case, the detection limit, as they perform the measurements in a volume
limited by the sensor area. The dynamic concentration techniques are very interesting for their
use in sequential systems or devices, build up in a modular architectural design [9].

However, along with certain advantages, both methodologies possess some drawbacks,
mainly due to the relationship between the trapping forces and the dragging forces of the fluid
movement. This fact imposes limitations in terms of velocity and sample processing capacity
as well as proper characteristics such as efficiency, purity, and recovery factor. These limita-
tions may be improved by using large channel dimensions to generate relatively low flow
velocities, which implies high dead volumes and a low concentration ratio (samples/volume
unit). Thus, it is necessary to find a compromise between design limitations and concentration
volume requirements for a measurement or analysis.

In this chapter, from a general point of view, we present the main methods with the objectives
to show the most interesting technical solutions and to give some numbers characterizing their
performances in order to give an effective perspective in this field.

2. Filtration-based processes

Fibrous filters are routinely used in laboratory protocols for filtration of water and wastewater
samples. Typical wastewater filtration methods include the use of paper filters or glass fiber
filters as a mechanical trapping surface. After the trapping process, particle recovery should
be performed by diffusion, interception, gravitational settling, or impaction [10].

These mechanical filtration methods remain the most easy, cheap, and effective for very large
volumes. In particular, the tangential or cross-flow filtration has demonstrated a good
performance for volumes over 200 mL [11]. However, they present several drawbacks if its
integration into microfluidic devices is required.

Nevertheless, a filter-based bacteria preconcentrator embedded in a microfluidic system with
a miniaturized sensor based on electrical impedance spectroscopy method was presented by
Jiang and coworkers [12]. The design of a multistage filtering was comprised by the first layer
of a silicon chip having a large array of holes with a diameter of 10 um and the second layer
of a nanoporous filter paper with submicron pore size. This direct integration of a paper filter
is very interesting since the system is able to process 60 mL Escherichia coli samples with a
detection limit of 10? cell/mL.

A different perspective in terms of the reutilization of the system and release capacity repre-
sents the system reported by Bao and Lu [13]. They created an array of microscale beads by
pinching the polydimethylsiloxane (PDMS) channel using a pneumatic valve, which allows
the formation of a conglomeration of beads that are used as a filter. The device was tested using
E. coli cells, showing an increase in the concentration of two orders of magnitude.
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Therefore, different filtration-based concentration methods may be used for the detection of
low concentration cells. However, as it has been said, their integration in miniaturized systems
for the sensor fabrication is still a challenge.

3. Specific interaction of cells with functionalized surfaces or particles

This approach is based on the adsorption or binding of the microbial cells to a specific material
surfaces treated with special reagents. The main idea is to generate large surfaces with affinity
to certain bacteria cells or class of bacteria. Basically, this methodology is considered as a static
concentration process; however, the utilization of beads may be performed in dynamic
processes.

3.1. Treated surfaces

This concentration concept is fully applicable to sequential systems in which trapped cells are
released from the surface and resuspend in a smaller volume giving sufficient concentration
to be addressed by the detection system. In this kind of concentration process, it is important
to take into account the relationship between fluidic phenomena considerations and the
surface reactivity, in terms of its capability to capture and retain the target cells. This technique
may be modeled [14], studying the capacity of the system to transport cells or bacteria in the
sample solution to the treated surface (k;) and the probability that an association event will
occur during the time that the target cells are in proximity of the surface with capture mole-
cules. Another critical point is the relationship between the adhesion force (F,) experienced
by the target cell at the treated surface and the shear force (Fs) generated by the flow stream
that is tangentially directed trying to tear off the cell.

Cells can be trapped at particular places using different specific and nonspecific affinities.
Specific cell surface binding exploits selective interactions between a ligand and a target-
specific receptor, for example, a membrane protein. In this case, antigen/antibody is the most
extended strategy, although they present certain disadvantages such as difficulty of surface
immobilization or instability. To overcome these problems, new strategies have been proposed
[1], which make use of aptamers, peptides, or toxins to selectively bind and concentrate a
specific microorganism or cell.

A very important application of this separation technique is aimed on the separation and
concentration of rare cells or low concentration samples. Thus, we may find many different
options of isolation of circulating tumor cells (CTCs) from blood [15-21]. For example, Nagrath
and colleagues [15] presented in 2007 a device with 78,000 microposts coated with EpCAM
antibody, increasing the interaction surface to 970 mm? The EpCAM antibody was demon-
strated to trap different cells, such as lung, breast, prostate, and bladder cancer cells, in a whole
blood. The optimization of the microfluidic design and micropost distribution permitted to
minimize the shear stress at flow rates of 1-2 mL/h. This system permits to process maximum
sample volumes of 5.1 mL, reaching a best capture of the 65% of the target cells (meaning =65
cells/mL) with a final sample containing around 50% of CTC along with blood cells. The
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micropost array, forming obstacles for the cells within the flow, may be further optimized in
terms of the particular post diameter and distances between posts to enhance the collision
probability of cells with particular sizes, thus enhancing the purity of the concentration up to
90% [18, 21, 22].

These capture concepts also require the development of the cell release method to recover thus
immobilized cells for detection. The most relevant systems use digestive enzymes like trypsin
to break the bond between the ligands and the surface [15, 18, 21] or biopolymers to reduce
the possibility of damaging the recovered cells [23]. Adams et al. [16] presented an integrated
system where the cells are trapped and released to perform the sample concentration. The
following measurement of recovered cells was carried out by a conductivity sensor.

Another interesting approach is the concentration of cells by reactive binding directly on a
sensor surface. Recently, Souiri et al. [24] studied and characterized the immobilization of
antibodies on an indium-tin oxide (ITO) electrode and the capture of Legionella pneumophila.
The immobilization of the specific antibody for L. pneumophila was carried out by a covalent
binding to a silane self-assembled monolayer (SAM). Surface characterization by AFM,
confocal microscopy, and impedance spectroscopy demonstrated the deposition of different
layers at the ITO surface used as an impedimetric electrode sensor for characterization. Dulay
and colleagues [25] also used this silane SAM technique with a specific antibody for an
electrochemical ELISA detection of Francisella tularensis.

Surface chemistry and different physicochemical factors, such as hydrophobicity, hydrophi-
licity, steric hindrance, or roughness between others, play an important role in bacterial
adhesion to the surfaces [26]. Although the major part of the research in the bacterial adhesion
to solid surfaces is aimed on the prevention of biofilm formation, their results may be useful
for an opposite strategy [27, 28].

3.2. Treated magnetic particles

A particular case of the implementation of functionalized surfaces is the utilization of mi-
crobeads modified with antibodies to recognize certain groups of bacteria. This is a good
strategy to increase the interaction surface. Besides, it offers an easy way for the manipulation
of the captured cells. Thus, concentrated samples may be carried by a flow, fixing the beads
in particular places or deflecting them under flow conditions by different forces.

In particular, preconcentration techniques with magnetic particles are very popular in
microfluidic devices for biological applications, implementing and integrating on a chip
normal bench protocols to include high specificity attributed to the utilization of immunolog-
ical interaction. The use of magnetic beads is very widespread due to the facility of separation
and concentration by using a magnet. The utilization of this technique was implemented in a
system to extract E. coli from such complex samples as soil [29].

Verbarg et al. [30] presented a very promising spinning magnetic trap for automated assay
systems, which gives the possibility to perform a simple protocol assays typical for any
laboratory that includes catch, clean, and release steps. The system called “MagTrap” consists
of a mobile disk with magnetic rods disposed radially forming rotating magnet arrays that
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permit to entrap or to move the magnetic beads within the channel during processing. They
demonstrated the capabilities of the system presenting a 98% of capture efficiency with a
release capacity of 80%. The experiment was carried out processing from 0.1 to 1 mL sample
volumes with a flow rate of 10 uL/min. The system was used for the detection of E. coli,
Salmonella, Listeria, and Shigella integrated with flow microcytometer [31].

In terms of sensor sensitivity, magnetic particles may be used to increase the interaction
between the sample and the sensing transducer, enhancing the sensitivity to detection levels
of around 10 cfu/mL [32-34].

Some interesting examples may be presented concerning the use of microbeads for direct
concentration and posterior off-chip detection. Beyor et al. [35] presented an immobilized bed
of magnetic beads functionalized with specific antibodies. They processed 10, 20, and 100 puL
samples with different concentrations of E. coli with a mean flow rate of 0.24 yuL/min. Analysis
was performed by using off-chip polymerase reaction and capillary electrophoresis to evaluate
the trapping efficiency. The system presents a capacity of 70% capture yield from a pure sample
of 10° E. coli in 100 uL PBS, while a 40% capture efficiency was achieved in a complex mixture
of E. coli and S. aureus in a 1:100 ratio.

Recently, Lee and colleagues [36] presented a new device that implements the same idea of
the surface coated with magnetic beads. They used specific geometry of magnets and nano-
magnetic beads of around 150 nm functionalized with specific antibodies for Salmonella to trap
bacteria in a large volume container (see Figure 1). The release of particles was implemented
by removing the magnets and then flushing the particles with the captured bacteria. With this
system, a complete assay of 10 mL of a real food sample may be accomplished in less than 3
min, under flow rates of 25 mL/min. The concentrated sample of released cells is then analyzed
by ATP luminescence measurements, demonstrating a detection limit of 10 cfu/mL.
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Figure 1. Schematic illustrations of 3D immunomagnetic flow assay. The magnet-spacer assembly was placed in the
center opening during the capture and rinsing of the magnetic particles and the antibody-Salmonella complexes,
which were trapped. After removing the magnet assembly from the center opening, the concentrated AbMNC-Salmo-
nella solution was collected using a disposable syringe. Reprinted with permission from Lee et al. [36]. Copyright 2014,
American Chemical Society.

As mentioned at the beginning of the section, trapping processes have to take into account
dragging forces. With some devices, it is required to reduce the flow rates below 0.1 mL/min
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[31, 35] to allow effective reaction binding, which increases the time needed to process the
sample volume. However, the device presented by Lee and colleagues [36] is able to perform
athigh flow rates of 25 mL/min, but it presents a dead volume (=3 mL) comparable to the initial
sample volume(10 mL). Thus, working with microfluidic systems, it is necessary to consider
possible dead volumes of devices, which may affect the final cell concentration even for
systems with high trapping coefficients.

Most of the cited works employ immunochemical methods for cell entrapment. However, in
the case of bacteria concentration, we think that this entrapment concept should be extended
more, focusing on different bacteria cell capture strategies involving hydrophobic interactions
that are related to the adhesion involved in microbial infections [37], biofilm formation of
specific species in the presence of calcium ions [38],bacteria interactions with some known
polysaccharides [39], or antibacterial peptides [40, 41].

4. Electro capture

This process is based on the capture of charged or polarizable cells or other micro-objects due
to the interaction of the material with the external electric field. These phenomena generally
depend on the frequency and strength of the electric field. Some bacteria are typically charged
due to the presence of ionizable groups in its outer membrane and also are polarizable under
an electric field. Within electro capture-based methods, we may distinguish two different
groups of techniques: electrophoresis and dielectrophoresis, which can be used to perform
static or dynamic separations.

4.1. Electrophoresis

Electrophoresis is defined as the motion of a charged particle within a uniform electric field.
Due to such electric field of magnitude E, a particle with a charge Q will experience a Coulomb
force.

Some bacteria have a net negative charge on the cell wall, although the magnitude of this charge
varies from strains depending on the molecular structure of their membranes as well as on the
pH of the medium [42, 43].

The velocity of a particle under applied electric field force is defined by its intrinsic mobility
in a given buffer solution. This specific mobility of a particle (u,) could be expressed by

_v. <
M= o))

where v is the linear velocity of the particle and E is the electric field applied. The mobility of
the particle is then independent of the electric field applied and is proportional to the zeta
potential (¢) (which depends on the ionic strength of the fluid) and on the medium dynamic
viscosity (7).
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The static electrophoretic devices retain the particles at particular places due to the specific net
charges on the surface of some bacteria. For example, Balasubramanian et al. [44] used two
glass slides covered with chromium (15 nm) and gold (35 nm) with a spacer to create a
microcontainer 60 mm wide, 40 mm long, and 150 pm high, for static concentration. The glass
covers work as big electrodes where the bacteria may be attached depending on their net
charge. A water sample with a concentration of 10° cfu per mL is injected into the microcon-
tainer passing during few minutes at a very low flow rate (2-6 mL/h) while applying 1 V
between the electrodes. The efficiency of the trapping container, which was measured with a
negative control in agar plates, resulted in 95% of capture efficiency for Salmonella, E. coli, and
Pseudomonas under different flow rates.

An important improvement of this idea was presented by Podszun and colleagues [45], who
developed a more complex device for free-flow electrophoresis adapted for bacteria enrich-
ment of Enterococcus faecalis. The system incorporated a gel container where the bacteria may
be trapped and released by electrophoretic control. With this device, Podszun presented
trapping efficiencies of 80% and a concentration factor of 25 over 200 uL sample. The maximum
flow rate achieved was 6 puL/min.

This electrical separation concept permits to perform trapping and release steps, crucial for a
concentration process. However, it presents important drawbacks related to the necessity of
high voltages (>1 V) that may induce electrolysis, high temperatures associated with the
current pass, and cell damage. Also, the compromise between trapping forces and flow rates
should be achieved.

4.2. Nanogap: Exclusion-Enrichment Effect (EEE)

The generation of exclusion-enrichment zone effect by using nanogaps or nanopores to
generate a trap for charged particles has been demonstrated to be a very promising tool for
analytes static concentration [4]. The translation of this method to the preconcentration of
charged particles or cells may be regarded as a good option for biosensing.

The exclusion-enrichment effect is produced when an electric field is applied along a nano-
channel. Figure 2 represents a simplified scheme of this effect. If dimensions of the nanochannel
are comparable to the Debye length of the electrical double layer formed at the nanochannel
walls—electrolyte solution interface, then an overlap in electrical double layers occurs,
resulting in a higher concentration of positive ions (for a negatively charged surface) inside
the nanochannel. This effect produces unbalanced ionic flows that provide ionic enrichment
at the cathode side of the nanochannel, resulting in formation of an ionic exclusion zone at the
anode side [46].

Wang and colleagues [47] recently presented a preconcentrator microsystem consisting of two
microchannels connected by 205 nm high nanochannels fabricated by electric breakdown of a
25-um-thick polydimethylsiloxane (PDMS) membrane using high electric shock. Figure 2
shows the final concentration of E. coli produced by the ionic-enrichment effect and the electro-
osmotic flow. The detection of the concentrated bacteria was performed by fluorescence
measurements. Using this methodology, they estimated to reach a 10*-fold concentration factor
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within a few minutes. The main drawback of this method is similar to the classical electro-
phoresis, as it also requires high voltages. Even so, the capture capacity of this method seems
very promising and useful.
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Figure 2. Shows a scheme of the distribution of charges inside and outside the nanochannel. The green ellipsoids indi-
cate the concentration of E. coli cells at the cathode side.

4.3. Dielectrophoresis

Dielectrophoresis uses the effect of electrical polarization of particles under the influence of
nonuniform electric fields to induce a translational motion. The inner elements of the particle
under the influence of an electric field, together with the free charges and surrounding media,
are polarized, forming an induced dipole. The positive and the negative extremes of the dipole
are influenced by forces of different magnitude because of the nonuniformity of the electric
field. These forces depend on the strength and frequency of the applied field, as well as on the
conductivity of the supporting electrolyte. Thus, cells can be polarized in a highly conductive
electrolyte suspension [48, 49] or in diluted solutions.

The dielectrophoretic (DEP) model for cells is normally described by a spherical particle
approach [50], and the DEP force, Fp, may expressed by

2

Fopp = 27764, Re| K(w) [V , )

Erms

where r is the radius of the particle,¢,¢,, are the permittivities of the free space and suspending
medium, and E,,, is the root-mean-square electric field. The factor K, is the Clausius-Mossotti
factor (CM), which depends on the relationship between the particle and the medium complex
permittivity, that is,
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where ¢* is the dielectric complex permittivity, for the particle and medium, expressed by

g =6‘08—E, 4)
®

where j is (V-1), 0 is the conductivity of particle or medium, and w is the frequency in radians.

According to the simplified model proposed by Huang et al. in 1992 [51], cells can be presented
using a simple spherical concentric multishell model, composed of different spheres, shells,
contained from one to another with interfaces separating the different dielectric layers, as
presented in Figure 3.

Figure 3. Schematic representation of the multishell model for a nonnucleated cell (left) and a nucleated cell (right). m
indicates the medium; mem, cell membrane; cyt, cytoplasm; ncl, nucleus, a,, a,, and a;,, radius of the shells.

The complex permittivity of the cell is calculated by a geometrical relationship between shell
geometries, and it defines the sign of the dielectrophoretic forces. When the factor is positive,
the particles are attracted to the places where maximums of the electric field distribution
appear, and we talk about positive dielectrophoresis (pDEP). On the other hand, when the CM
is negative, the particles are repelled from the maximum of the electric field, and we talk about
negative dielectrophoresis (nDEP). Figure 4 presents the evolution of the CM factor with the
frequency of the applied electric field for a nonnucleated cell of 6-pm size with typical electric
parameters [52] in different conductivity mediums. It is important to note the evolution of the
pDEP with the solution conductivity, which disappears in high conductivity mediums.
Moreover, the maximum value of CM factor for pDEP is over 0.8, whereas that for nDEP is —
0.5, indicating that forces generated by negative DEP are weaker than positive DEP forces.

Despite that the bacteria multishell dielectrophoretic model [51] may be simplified to a sphere,
the majority of bacteria have different morphological shapes, and it is necessary to modify the
calculation of the CM factor taking into account their geometry, such as the ellipsoidal bacterial
cells [53].
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Figure 4. The solid lines represent the variation of the real part of the CM factor, and the dotted lines represent the
evolution of the imaginary part of CM. The conductivity of the medium, ¢,, affects to the cutting frequencies that de-
fine the sign of the DEP force. fcl indicates the transition from nDEP to pDEP, and fc2 indicates the transition from
pDEP to nDEP. The color indicates the medium conductivity case. In high conductivity medium (blue line), the cell is

under negative DEP for all frequencies.

As we said previously, a nonuniform electric field is required for produce a DEP effect. These
nonuniform electric fields may be generated by electrodes of different geometrical arrange-
ment, the most common being coplanar electrode arrays, in which the current distribution
forms a maximum of electric field between the electrodes close to the electrode plain. This
electrode configuration opens the possibility to exploit two different functions offered by an
array of interdigitated electrodes (IDE), namely, simultaneous trapping and impedimetric
detection. Ferrier et al. [54] implemented an nDEP system for yeast cells to elevate the cells
over electrodes, measuring at the same time the capacitance changes associated to the cell
distance from the electrodes. Dastider et al. [55] used pDEP for E. coli trapping to enhance

impedance sensitivity and to lower detection limit down to 10* cfu/mL.

Another option for nonuniform electric field generation is the utilization of pore surfaces [56,
57]. Cho et al. [57] presented a system that implements a porous SU8 polymer membrane with
the optimized pore shape designed to generate a maximum electric field gradient inside the
pore. In this work, they optimized conditions for E. coli trapping in terms of frequency, media
conductivity, and flow rates. The optimal parameters were found to be 300 kHz, 0.2 S/m, and
flow rates below 50 uL/min. A complete concentration experiment performed with a 500-pL
sample with a concentration of #9 x 10° cells/mL at 100 uL/min flow rate in 5 min consisting
in capture and release of bacteria cells resulted in a trapping efficiency of more than 60% and

a recovery rate of 93% in approximately 150 uL.
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When it is required to work with physiological medium, normally highly conductive buffers,
itis necessary to use negative DEP because, as it was shown earlier, the CM values under these
medium conditions are negative for frequencies below 10® Hz. This implies certain limitations
because the forces generated by the negative DEP are weaker than of the positive DEP [58].

A very interesting method of the E. coli deviation and concentration by negative DEP was
implemented by Park and colleagues [59]. The complex fluidic system presented in Figure 5
involves simultaneous parallel laminar flow of two different solutions: a highly conductive
sample volume (where the separation is carried out by nDEP) and a low conductive water
solution (for trapping the cells by pDEP). The separation is carried out by deflecting the
bacterial cells moving them from the sample stream to the low conductivity buffer stream, as
it is shown in Figure 5(A). This buffer stream delivers cells to an IDE structure where the cells
are trapped by a positive DEP (Figure 5(B)).
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Figure 5. Scheme of the microfluidic device presented by Park et al. [59]. In scheme (A), the deviation of bacterial cells
from the sample stream is represented, to be incorporated to the buffer stream that brings bacteria to the concentration
chamber (B). Adapted from Park et al. [59], with permission of the Royal Society of Chemistry.

This method showed a separation efficiency of 95% at 800 uL/hand. The capture ratio in the
final chamber with the volume of 0.5 puL was reported to be of 100%. The concentration ratios
were unknown, and the measurements were performed by taking instant images that were
analyzed by Image] (Image processing software). The flow rate of sample processing (+13 pL/
min) is quite low, but the importance of this system lies in the use of nDEP for separation
process. The pDEP trapping permits to achieve separation at higher velocities, thanks to higher
values of the CM factor as, for example, in the device presented by Cho and colleagues [57],
with a retention capacity over 60% at flow rates 100 uL/min. These results were obtained by
the positive DEP in a low conductivity buffer (0.2 S/m).

4.3.1. Combination of DEP with functionalized surfaces or particles for enhanced capture strategies

Dielectrophoresisis acommonly used technique for low abundance sample enrichmentinmany
different applications, from the simple cells concentration to the differentiation of living and
dead bacteria or to enhance the efficiency of bacteria binding to immune-treated surfaces [60].
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The capacity of the DEP forces to attract particles to particular places gives a possibility to
combine this method with cell interaction with a specially treated surface [61-63] as discussed
previously. Yang and colleagues [61] used a microchannel system with interdigitated electro-
des on the surface of 5iO,, where monoclonal antibodies were attached. Binding of antibodies
was carried out by using a biotin/streptavidin strategy. Combining DEP with specific binding,
it was possible to collect 90% of Listeria monocytogenes under flow conditions of 0.2 pL/min.
The capture efficiency was calculated by counting colonies on plates and for concentrations
from =3 107 cells/mL to =2.5 10° cells/mL was estimated to be 90%.

Koo and colleagues [63] presented the increase in the capture rate of L. monocytogenes by using
a biotinylated Hsp60, a protein receptor responsible for cell adhesion during infection
processes. The capture efficiency of the Hsp60 in the DEP system in comparison with static
flow conditions was increased by 60%.

Another electric effect known as AC electro-osmotic flow could be useful to enhance the
trapping efficiency of functionalized surfaces [64]. This phenomenon is related to the genera-
tion of an electro-osmotic flow at the surface by the application of AC electric fields over
coplanar electrodes [52]. The net fluid flow depends directly on the electrode geometry. Using
a very specific geometry (asymmetric geometry with a conical electrodes), Vaidyanathan et al.
[64] were able to generated a lateral flow and microvortices that generate local shear forces
that prevent weak interactions at the surface, reducing the nonspecific attachment of cells. This
system permitted to capture breast cancer cells with 87% of efficiency.

Due to weakness of dielectrophoretic forces in comparison with dragging forces, the utilization
of surface-modified microbeads is more advantageous as the effect of electric field is higher
for abigger particle. This is the case of the device implemented by Hu et al. [65], in which pDEP
deviation under flow conditions was successfully used for separation of specific E. coli. In this
system, target cells were attached to polystyrene microbeads modified with monoclonal
antibody using a streptavidin—biotin method. The application of the positive DEP caused the
deviation of modified beads from the main stream flow facilitated by an angled electrode. This
method that permitted to recollect 95% of injected beads was reported under 300 uL/h flow
conditions.

5. Hydrodynamic mechanism

We would like to finish this chapter, introducing technologies permitting to perform sample
separation by hydrodynamics phenomena [66, 67], such as an inertial flow dynamics and Dean
flows [68] or hydrodynamic focusing [69, 70]. These concepts are very interesting for sample
separation and concentration in terms of sample processing capabilities. While the systems
based on surface binding, magnetic interaction, electrical trapping, acoustic separation, and
optical effects generate forces that are weaker in comparison to the dragging forces at flow
conditions, hydrodynamic mechanisms implement forces and effects produced at relatively
high flow rates.
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A very useful effect at high flow rates is the formation of fluid vortices, in which the cells are
trapped or focused. The generation of microvortices in microfluidic channels may be imple-
mented using spiral channels or asymmetrical geometries, called Dean vortices, as represented
in Figure 6(A) for a vortex formation on a channel curve. Under inertial conditions in curved
channels, the faster fluid at the central section tends to move outward by inertial effect, while
the slower parts of the fluid near to the channel walls tend to recirculate to the internal part of
the curve, generating two rotating vortices. On the other hand, vortices can also be created in
linear channels by a stepwise change of the channel width. Figure 6(B) shows the creation of
vortices, geometry, and sizes that depend on the Reynolds number, a value proportional to
the fluid velocity.
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Figure 6. (A) An example of a Dean flow [68] under inertial conditions. Faster moving fluid near the channel center
tends to continue outward, and to conserve mass, more stagnant fluid near the walls recirculates inward. This creates
two vortices perpendicular to the primary flow direction. (B) the representation of different vortices produced by the
change on the channel width at different Reynolds number (Re proportional to fluid velocity) [67]. (A) Reproduced
from Di Carlo [68], with permission of the Royal Society of Chemistry. (B) Adapted from Park et al. [67], with permis-
sion of the Royal Society of Chemistry.

Using a system with a consecutive succession of width variations in long channels, Mach et
al. [71] implemented a microfluidic device performing as a two-step concentration system able
to capture cells at the created vortices, releasing then afterward by reducing those vortices
lowering the fluid velocity. With this system, they treated a 10-mL sample of a diluted blood
(5% v/v) with a ratio of 10° blood cells to 500 cancer cells, processing the sample with ~5
mL/min flow rates, concentrating the cancer cells into a final volume of 200 pL in less than 3
min with a purity of 40%. Moon et al. [72] used a similar system with multiorifices combined
with an angled electrode DEP system to perform cell separation with high purification. The
sample flow rated decay to 126 uL/min, but the purity ratios increased up to 90%.

Inertial systems are mostly used for separation based on a particle size; however, these
hydrodynamic-based systems can perform a separation based on inner physical properties of
cells, such as its deformability. This kind of sorting can be determinant for the diagnosis of
illnesses that affect to the cell physical properties, such as cancer or diabetes [66]. Using an
inertial system with a final aperture, Hur et al. [73] demonstrated that at the aperture cells
suffer a lateral displacement depending on their deformability. According to this lateral
displacement, the cells were collected in different reservoirs. With this method, it was possible
to generate an enrichment by factor 5 with a recovery ratio of 96%, with flow rates between
tens to hundreds of microliters per minute.
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6. Conclusions

We have tried to show that the application of concentration techniques may result in consid-
erable improvement of biosensor-based analytical systems, helping to increase the sensitivity
and selectivity and reduce the overall analysis time. Some examples of the most interesting
and potentially useful strategies were presented. However, there are other mechanisms to
handle and concentrate cell samples in microfluidic environments, such as acoustic [74], CD
centrifugal microfluidic technologies [75, 76], or optical [77] methods that we have not treated
in this review.

Among different existing concentration mechanisms, one should implement the most con-
venient, satisfying the requirements of the detection sensor used. There are many possibilities
if we are looking for the concentration of large sample volumes with a very high concentration
ratio. However, in many cases, a very specific system is required with high rates of purity or
recovery efficiency.
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Table 1. Summary of some experimental parameters of different reported methods of cell concentration and
separation.

Table 1 summarizes experimental parameters of different reported methods of cells concen-
tration and separation, including processed sample volumes, initial and final concentration,
trapping efficiency, purity of the sample after separation, and respective flow rates. Some of
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the table data marked in cursive are our own estimations based on the direct data presented
by the authors and were introduced to provide the possibility to perform direct comparison
of different methods. However, due to the differences in the methodologies and measuring
setups and sometimes poor details on the release and final concentration obtained, this
comparison should be performed with care.

In general, to cover the real necessities of industry and the public health system in micrototal
analysis systems and for the wide application of concentration techniques for biosensor
applications, three main problems should be resolved:

* integration of known mechanisms into complete microfluidic systems
* capacity of sample processing and velocities of the most specific methodologies
* recovery performances and the purity of the recovered analyte

It seems that to enhance the performance of these systems, it is reasonable to look for a
combination of different capture and separation methods combining them effectively with
detection routines. This will open a future option to implement efficient concentration and
sensing on a chip for real-life applications, providing high levels of integration and velocity,
high volumes of sample processing, and high ratios of concentration and purity.
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Abstract

Living systems are fascinating sensing machines that outmatch all artificial machines.
Our aim is to put a focus on the dynamics of mechanosensing in cellular systems
through concepts and experimental approaches that have been developed during the
past decades. By recognizing that a cellular system is not simply the intricate assembly
of active and passive macromolecular actors but that it can also manifest scale-
invariant and/or highly nonlinear global dynamics, biophysicists have opened a new
domain of investigation of living systems. In this chapter, we review methods and
techniques that have been implemented to decipher the cascade of temporal events
which enable a cell to sense a mechanical stimulus and to elaborate a response to adapt
or to counteract this perturbation. We mainly describe intrusive (mechanical probes)
and nonintrusive (optical devices) experimental methods that have proved to be
efficient for real-time characterization of stationary and nonstationary cellular
dynamics. Finally, we discuss whether thermal fluctuations, which are inherent to
living systems, are a source of coordination (e.g., synchronization) or randomization

of the global dynamics of a cell.
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1. Introduction

The concept of mechanical sensing dates back to the 19th century with the emergent theory of
tone sensing proposed by H. Helmholtz and J. Muller [1, 2]. All living organisms have the
ability to sense mechanical stress and/or hydrostatic pressure, either locally or globally. One
of the most studied example is the touch perception of metazoa [3-6]. The first model of
mechanosensing proposed by physiologists was constructed on the concept of mechanical
receptors [3, 4, 7], i.e.,, mechanical machineries that are able to transform a mechanical infor-
mation in another signal that will afterward be interpreted by the cell and potentially trans-
formed into an adaptative response [8]. This concept of receptor or transducer is inspired from
mechanical engineering methods. The term mechanotransduction [5] has been more recently
introduced to explain how a single cell transforms a mechanical stress through signaling
pathways down to nuclear molecular processes.

Mechanosensing [9-11] is a complex mechanism that involves not only a whole range of
molecular actors with nanometer-scale sensibility but also a dynamical integration and
regulation of these molecular actors that allow a much larger scale (um to mm) response in
amplitude, with strength and duration adapted to the perturbation. Our physical models of
cellular nanomechanics still rarely consider active viscoelastic systems [12] and despite a recent
increase of the rate of publications devoted to nanobiomechanics of cells, the concept of cellular
biodynamics is still in its middle age. This relative slow progression comes from the necessity
to introduce concepts of active matter [13-18] into biology. All cells interact physically with
their surrounding tissue and they can establish their response on various timescales. To get a
full understanding of cellular biodynamics, we actually need to master the most fundamental
concepts of atomic and statistical physics, submicron-scale hydrodynamics and out-of-
equilibrium nonlinear dynamics and to associate nanotechnologies with optogenetic, micro-
fluidic tools and molecular and cellular biology methods to achieve a complete
mechanogenetic characterization of living cells. Actually, a cell is able to combine biochemical
submolecular and supramolecular active or passive interactions with micron-size mechanical
and electromagnetic informations that we still have much difficulty to reproduce, with either
our experimental devices or our huge computer machines.

There are three aspects that we would like to put forward in this chapter. The first one is the
importance of molecular machines of living systems, also called molecular motors, which drive
all the cell movements thanks to ATP consumption. These molecular machines are not fully
deterministic motors but are in part driven by thermal fluctuations. The second aspect that
seems important to us is the fact that fluctuations are predominant in biological systems, and
that the fluctuation dissipation theorem [19] must not be taken as granted in all situations. This
means that standard approaches in statistical physics and corresponding mathematical models
must be used with caution. The third aspect is the importance of multiscale properties in
mechanosensing: short-, middle-, and long-distance interactions contribute to the dynamics
of cellular systems and more widely of living systems [20-29]. Because they are nonlinear and
nonstationary, these interactions produce a global dynamics that each element could not
achieve alone. However, the nature of these interactions is still the subject of current debate.
We will illustrate different approaches that have been used so far to address this issue.
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The most striking example of the interplay of mechanics and cell dynamics is illustrated in cell
migration and adhesion. Actually, the mobility of a cell is a subtle combination of two
counteracting mechanisms: on the one hand, adhesion which tends to immobilize the cell and,
on the other hand, protrusion/retraction mechanisms which modify the cell shape and assist
its movement. These processes also underlie the ability of a cell to deform under a mechanical
perturbation. The cytoskeletal dynamics and mechanics are univocally linked to cellular
tension in cell adhesion [30-33]. Cellular movement by membrane protrusion and formation
of new adhesions at the cell front cannot occur without a tight link of the cell cortex to the
whole cytoskeleton (CSK), allowing the settling of traction forces that drive the cell forward
in motion in synchrony with the disassembly of the rear fibers. External membrane protrusions
are important components of the ability of a cell to migrate or interact with other neighboring
cells [34-36]. These protrusions can be viewed as local instabilities of the cell cortex. They are
not independent of the internal dynamics of the CSK: the microtubule plus ends associate with
F-actin via plus-tip proteins and act as a scaffolding complex [37] that recruits further down
other protein effectors involved in the actin network remodeling [38].

When cells are placed in adherent conditions, they rapidly develop integrin-mediated
adhesion complexes that link the extracellular matrix (ECM) to the actin CSK. These trans-
membrane proteins are associated with a complex of proteins (vinculin, actin, paxillin, tensin,
etc.) which allows very fast and reversible connectivity of the intracellular CSK to the outer
membrane complexes [39, 40]. The integrin-based molecular complexes concentrate in small
domains with different size and shapes that focalize the cell traction force on the ECM. In
addition to their function as adhesion sites, matrix adhesion foci also participate in the
adhesion-dependent signaling pathways via tyrosine kinases, tyrosine phosphatases, etc.
Focal adhesion (FA) centers function as both adhesion and signal transduction hubs that
communicate the external stresses of the ECM to the cell interior [39]. The maturation of these
FA complexes cannot exist if the cell does not have a contractile machinery, e.g., canceling the
cell contractility by inhibiting the Rho GTPase or tyrosine kinase activity aborts this matura-
tion. The higher the cell tension, the larger and more mature are the FA complexes. The FA
complexes can therefore be considered as mechanosensing intermediates coupling the internal
cell traction forces with the ECM ridigity [41-44].

The actin network can be viewed as a fluid-gel structure which plays both a passive (viscous)
and an active (ATP-driven) role in the spatiotemporal dynamics of the cells. This network is
dynamically intertwined with microtubules and interfilament networks in such a way that the
leading edge of the cell undergoes retrograde flow away from this edge simultaneously to the
cell migration. This retrograde flow occurs in two steps: (i) on short timescales, a fast flow in
the most peripheral region of the cell, the lamellipodium (a 1-4 y m width extension filled with
a dense network of branching F-actin filaments); and (ii) on longer timescales, a slower
centripetal flow over the broad (more than 10 ¢ m width) lamellum [45]. The fast lamellipo-
dium flow principally involves an F-actin network. The slower lamellum flow involves all the
CSK filaments (actin stress fibers, microtubules, and intermediate filaments) and a relatively
more sparse actin network. These two types of flow are each characterized by a specific
organization of the cytoskeletal network and a different turnover rate. In addition, they are
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driven by distinct forces, namely actin assembly/disassembly in lamellipodium and actomyo-
sin contraction in lamellum [46]. This indicates that the whole dynamics of a cell during
protrusion, traction, and migration is a highly correlated, multiscale (in time and in space)
process that entails long-range and short-range mechanisms that can only be tackled using
multiscale experimental concepts and methods.

2. Physical probes to capture the mechanical response of living cells

In this section, we concentrate on the nano and micromechanical tools which have been
designed in the past two decades to record in real time the mechanics and rheology of a living
cell, with the specific purpose to understand its mechanosensing properties. These methods
can be classified into two groups: (i) the methods that introduce mechanical tracers inside the
cell and follow their spatiotemporal dynamics and (ii) the methods remaining external to the
cell and that bring a mechanical device (nano- or microscale in size) close to the cell to follow
its response in real time. In each case, a few examples will be described as regard to their ability
and efficiency in extracting characteristic temporal and/or spatial scales in the dynamics of cell
adaptation to a mechanical stress.

Cellular rheology from the outer membrane Rheological properties of cells, their deform-
ability under stress are key features of their ability to sense their environment. Recent
studies of the microrheology of the intracellular medium have highlighted the fact that this
viscoelastic medium is complex and cannot be modeled by the association of a finite set of
elastic and viscous elements as usually done in mechanical engineering [25, 47]. Actually,
the viscoelastic complex modulus of the cell medium exhibits a weak power-law behav-
ior over a wide frequency range. Using magnetic twisting cytometry (MTC) coupled to an
optical detection of the motion of a bead coupled to membrane RGD receptor, Fabry et al.
[20, 21] succeeded in probing the cell surface dynamics in the frequency range from 0.01
Hz to 1 kHz. During the bead displacement on the cell surface (forced by a twisting
magnetic field), the cell responds with an opposing torque that reflects the cell mechani-
cal strength. The ratio of the complex torque T to the complex bead displacement d in
Fourier space is defined as the elastic modulus G(f):

G<f>=fg%f)), (1)

where the proportionality geometrical factor f, depends on the shape, thickness of the cell,

and the degree of embedding of the bead in the cell cortex. G=G +iG’, where G is the shear

modulus and G " the loss modulus. The range of stress and deformation used in this study was
limited to the linear response regime for the cell. These authors found for five types of adherent

cell models that both G and G " increase with excitation frequency as a weak power-law over
the whole frequency range. These power-law dependence of G and G * on frequency was also
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observed by other groups [22, 24, 48-50] and with other methods, such as atomic force
microscopy [51, 52]. Except for a small additive viscous term that emerged only at high
frequencies, mechanical responses collected from the cell surface did not appear to be tied to
any specific frequency and in that respect was considered as (time) scale-invariant.

When a power-law behavior emerges in the rheological response of a cell, a wide range of
frequencies is required to bring the experimental demonstration of the existence of scale in-
variance in the cell dynamical response to stress. Actually, a limited range of frequencies
could still be parameterized by a combination of a small number of viscoelastic elements, as
an exponential crossover between two regimes. The most impressive result of the above
studies is the fact that all the curves captured from different cells of various types could be
collapsed to single master curves typical of a soft glassy material (SGM) [25, 53], demon-
strating the universality of this behavior [24, 54]. This universality law can be written as

x-1
G(f)=G'(f)+iG"(f) :Go[ifiJ +27if 1, )

0

where x is a unifying parameter, G, and f are cell-type-dependent scaling factors for stiffness

and frequency, p is an additive Newtonian viscosity term that is negligible for frequencies
lower than 30 Hz. This equation tells us that (below 30 Hz) the phase angle ¢ of G,

$= tan_l(%) = %(x -1), 3)

is independent of the forcing frequency. This unifying parameter x depends on the cell state;
x decreases to 1 when the cell approaches an ideal elastic material (for instance, by increasing
its contraction) whereas x increases toward 2 (limit of a Newtonian viscous fluid) when the
cell prestress is diminished (e.g., by disrupting the actin CSK).

The common and generic features of SGMs are due to the fact that they are composed of
numerous discrete elements which are interconnected in a random way via weak interactions.
These materials are out-of-equilibrium metastable systems, very much like living cells.
However, soft glassy dynamics as proposed by soft glass rheology theory [53] is not the only
mechanism that can lead to scale-free mechanical behavior as expressed by power-law stress
relaxation. Power-law behavior can also be produced by models containing a large number of
viscoelastic compartments with a particular distribution of characteristic relaxation times

P(t) ~ 17" that must be related to intracellular processes.

With the same MTC device, it was also possible to track the spontaneous motions (without
magnetic twisting) of small beads linked to cell membrane integrin receptors on adherent cells.
Bursac et al. [48] observed that these motions were intermittent with periods of confinement
(stalling) punctuated by directed movement (hopping). Plotting the mean-square displace-
ment of the beads versus time revealed that they were subdiffusing (stalling) at short times
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but superdiffusing at longer times (hoping) and that intermittent motions reflecting nanoscale
CSK rearrangements depended on both the approach to kinetic arrest and energy release due
to ATP hydrolysis. The percentage of hopping events in the bead motion was shown to be
higher than in soft glassy systems where only thermal energy can push the system out of a
microenergy well. Thanks to ATP-driven motors and polymerization/depolymerization
cycles, the active properties of the cell CSK and cortex provide alternative ways to visit different
microconfigurations and adjust to the ECM changes, with an effective local temperature which
increases with the parameter x. Therefore, the exponent x tells us the extent to which the cell
behaves as a fluidic system (x ~2) or as an elastic solid (x ~1).

Cytoplasm rheology Microbeads engulfed inside living cells were used as tracers of the
internal cellular activity [55-57]. Two different regimes of transport were observed: on the one
hand, the passive fluctuations (local movements of the tracers) which characterize the local
viscosity of the cytoplasm and, on the other hand, the active trajectories which are driven by
molecular motors such as kinesins and dyneins along microtubules. The same type of experi-
ments has also been performed more recently by nanoparticule tracing and manipulation
inside A7 melanoma, MCF-10A and MCF-7 cells [58] with optical tweezers, leading again to
the conclusion that the elastic modulus follows a power-law: | G(f) | ~ f#, with f=x-1=0.15,
in agreement with previous measurements on the cell exterior [20, 21]. They also noted that
the measured cytoplasmic modulus is approximately of a few Pa, much lower than previously
estimated for its actin cortex [20]. Thus, these tweezers measurements confirmed the rubber-
like elastic properties of the cytoplasm of these cells in two-dimensional (2D) adherent
conditions.

Fluctuation dissipation theorem and cell rheology The equilibrium fluctuation-dissipa-
tion theorem (FDT) [19] assumes that the response of a system to a small perturbation is
hampered by spontaneous fluctuations at equilibrium (damping term). Understanding the
nature and the amplitude of nonequilibrium forces driving the dynamics of cells out of
equilibrium is a very important challenge for statistical physicists and biologists. There are
many evidences that FDT fails in living cells [59-62] as well as in active gel systems [63],
and it is therefore important to estimate the critical timescale at which active-force-driven
fluctuations are predominant over thermal fluctuations. Using micron-size silica beads
attached to the wall of a living adherent myoblast cell, Bohec et al. [64] have recently
identified a crossover time (7 ~1s) between thermally controlled fluctuations and active-
force-driven fluctuations. This seems to corroborate that the short-time behavior has
equilibrium-like properties, from which the subdiffusive nature of viscoelasticity emerges,
while the long-time behavior is strongly governed by active nonequilibrium forces. Bohec
et al. [64] also provided a quantitative estimation of the power dissipated by the active
forces into the system, which turns out to be three orders of magnitude smaller than the
chemical power injected into the underlying motors by the ATPase machinery.

Long-range cell deformation capture with an atomic force microscope As emerging in the
late 1990s from scanning tunneling microscopy (STM) technologies, atomic force microscopy
(AFM) was early recognized to provide a unique opportunity to investigate the structure,
morphology, micromechanical properties, and biochemical signaling activity of cells under
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physiological environment, and this with high temporal and spatial resolutions [65, 66]. The
principle of AFM is to bring directly in soft (or hard) contact a sharp-tip cantilever probe over
a cell surface and to capture with piconewton sensitivity the interaction force of the tip with
the cell surface. AFM is a very powerful technique that has been used to detect single biomo-
lecules (receptors, lipids) on single cell surface without the need for fixation or staining. AFM
has such sensitivity that it can be used to measure interaction between and within single
biomolecules [67-69]. Beyond its preliminary application for imaging the topography of
biological objects [70-72], AFM has become a multitask scanning probe versatile tool (antigen
recognition, molecular and membrane flexibility, single molecule, gel, cell and tissue elasticity,
electric current, conductance, near-field electromagnetic field) [73, 74]. AFM force spectrosco-
py can be applied to probe the elastic properties of a cell, either adherent or confined in a
narrow chamber [75-78]. Its unique ability to detect and to map the cellular elasticity of living
cells with a few tens of nanometers’ resolution definitely outmatches the performance of other
techniques such as magnetic or optical tweezers. However, it has as a main limitation that it
cannot probe cell internal structure without crossing before the cell cortex. This difficulty has
been partly overcome recently, thanks to a singular space-scale analysis of force-distance
curves to disentangle the viscoelastic moduli of the cell cortex and of the underlying CSK [79].
Interestingly, 2D mapping of mean elastic modulus on a large variety of cells [75, 76, 80-83]
was reconstructed, revealing for the first time intracellular interplay of mechanical forces in
living cells.

The purpose of this paragraph is not to make a detailed review of AFM or to advertise its
latest technological development which can be found in an increasing number of published
reports [84-88], but rather to (i) pinpoint the few approaches which were focused on dynam-
ical characteristics of living cells during large deformation and (ii) propose new research di-
rections to perform real-time capture of the cell dynamics when the cell is not in a stationary
phase. Unlike AFM-based microrheology measurements [51, 52] discussed in the previous
paragraph which were limited to very small deformations, we consider now much larger
deformations (more than 1/10 of the cell size) and their temporal and/or frequency decom-
position [89]. To perform large deformation cell study, a new experimental strategy has been
recently proposed that consists in exciting the cantilever and recording the cell response
over a band of frequencies rather than at a single frequency [90]. Note that broadband exci-
tation of the cantilever can also be achieved by thermal excitation [91]. When the probed ob-
ject is in a stationary regime, power spectral analysis of cantilever fluctuations, based on
Fourier analysis, is the best way to understand how the interaction of the cantilever tip is
changed when coming in contact with the sample surface. When the sampled surface is not
stationary, it is no longer possible to perform a simple spectral analysis which only displays
an averaged decomposition of the signal in frequency domain. The lower frequency part of
the power spectrum is biased by the cell dynamical adaptation to the cantilever stress. To
circumvent this difficulty, time-frequency analysis based on the wavelet transform has re-
cently been proposed [92-95]. The continuous wavelet transform (WT) performs the spectral
analysis of the signal on a compact window (given by the wavelet) and allows, therefore, to
follow how the cell mechanics changes during its strain-to-stress response. Such a study has
been recently performed on HOPG surfaces [96, 97] and on living myoblasts [98].
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Intracellular stress measurements External forces that are transferred across integrins in FAs
and channeled through the CSK can alter signaling activities deep inside the cell [99]. Another
evidence for long-distance force transfer was provided by intracellular stress tomography
measurements [89]. The long-distance force transmission mediated by intermediate filaments
was observed in response to fluid flow-induced shear stress applied to the apical surface of
endothelial cells [100]. Using the MTC technique, Laurent et al. [101] also found from alveolar
epithelial cells, that the submembranous “cortical” CSK, which is mainly composed of actin,
is less stiff and more responsive to external forces than the “deep” subcortical CSK, which also
includes intermediate filaments and microtubules. Based on these findings, these authors
concluded that “mechanical deformation is transmitted globally throughout the network,
whereas the cell surface is able to ‘sense’ very local deformation forces.” To analyze the
distribution and dynamics of traction stress within individual FAs, Plotnikov et al. [102]
applied high-resolution traction force microscopy (TFM) [103, 104] to mouse embryonic
fibroblasts expressing enhanced green fluorescent protein (eGFP)-paxillin as FA marker. These
fibroblasts were plated on fibronectin-coupled elastic polyacrylamide supports (PAA) of
known rigidity embedded with a mixture of red and far-red fluorescent beads. Cell-induced
ECM deformation was visualized by spinning disk confocal microscopy, and traction fields
were reconstructed at 0.7 um resolution with Fourier transform traction cytometry [104]. FAs
were found to exhibit tugging traction fluctuations on a wide range of ECM rigidities, but the
choice of tugging versus stable traction states was shown to be regulated by both tension and
a specific signaling pathway. These experiments suggest that strengthening the molecular
clutch via the FAK/phosphopaxillin/vinculin pathway broadens the range of rigidities over
which dynamic ECM rigidity sampling operates. The requirement for tugging focal adhesion
traction in durotaxis suggests that tugging is a means of repeatedly sensing the local ECM
rigidity landscape over time. Individual FAs within a single cell sense dynamically the sample
rigidity by applying fluctuating pulling forces to the ECM and behave therefore as dynamical
sensors to guide durotaxis.

3. Biochemical sensors based on fluorescence methods for capturing cell
dynamics: from the nano to the microscale

3.1. Fluorescence-based nanomechanical sensors of intra- and intermolecular dynamics

In the late nineties, combined progress in the biology of fluorescent proteins, miniaturization
of optical systems, and nanotechnologies have provided a tremendous asset throughout the
investigation of the kinetic properties of macromolecules in living cells [105]. The chemical
interaction between two molecular complexes of a metabolic pathway is conditioned by their
ability to come in contact, which is often assisted by ATP driven molecular motors. Transport
of protein actors in a randomly crowded space such as the cellular cytoplasm differs markedly
from a batch reactor. A common form of biochemical regulation is allostery, where an effector
molecule binds to a regulatory site and favors a global conformational change that alters
further down the structure and function of the active site. Mechanical forces regulate receptor-
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ligand binding conformation through control of allosteric conformational changes [106]. This
general idea of mechanical regulation of active site functions through allosteric-like regulation
of a distal site is termed mechanochemistry and is well accepted for motor proteins [107, 108].
We focus here on cytoskeletal proteins, since they are directly involved in mechanosensing
pathways; however, the approaches discussed below could be generalized to a wide variety
of biochemical interactions.

To dissect how mechanical stress impacts the structure of cytoskeletal proteins, molecular
labels have been designed by physicists to provide a fluorescence signal that could report on
the molecular strain. Whereas many proteins have been shown in vitro or predicted by
numerical simulations to undergo conformational changes in response to external mechanical
stress, we had to wait until the 2000s to get the demonstration of these changes in vivo. Most
of these molecular sensors use the Forster resonance energy transfer [109] (FRET). FRET is a
technique that can measure the proximity or spatial distance between a donor and an acceptor
molecule. It has been widely used to detect protein conformational changes, thanks to
molecular constructions with various fluorescent proteins [110]. The principle of stress FRET
sensors was elaborated by combining two mutants of a fluorescent protein [111] with either a
stable a -helix linker [112, 113], a spectrin linker [114], or a spider silk domain as linker [115].
These force sensors share a common mechanism for interpreting force: tension in the host
induces strain in the linker, leading to increased distance between the donor and acceptor. The
dynamic range of these sensors is limited by the nearly linear relationship between FRET
efficiency and strain [113].

Recently, using the high flexibility of the vinculin linker domain, a sensor based on force
transmission through FAs was developed [115, 116]. When the head integrin domain Vh binds
to talin, it recruits vinculin to FA, whereas on the other side the tail integrin domain Vt binds
to F-actin and paxillin. This intermediate flexible vinculin linker plays an important role in the
transmission of adhesion strength from the FAs to the actin CSK. This calibrated biosensor has
piconewton (pN) sensitivity, and the tension across vinculin in stable FAs was estimated to
2.5 pN. It was also demonstrated that higher tension across vinculin favors adhesion assembly
and enlargement, and conversely that low tension vinculin favors disassembly or sliding of
FAsat the trailing edge of migrating cells. Finally, this study [115] revealed that FA stabilization
under force requires both vinculin recruitment and force transmission, and surprisingly, that
these processes can be controlled independently.

Another type of strain sensors was elaborated from proximity imaging microscopy (PRIM)
combined with GFP dimers [117] and further called PRI-based strain sensor module (PriSSM).
If two GFP molecules are brought into physical contact, changes in the ratio of fluorescence
emitted when excited with 395 nm and 475 nm light occur. Proximity imaging exploits these
changes to reveal homotypic protein-protein interactions in vivo. Unlike FRET, PRIM involves
only 2 types of fluorescent excitation spectra corresponding to monomeric and dimeric GFP,
so that an estimated excitation ratio should simply reflect a mixing ratio of the monomer and
the dimer. By combining the GFP-based PRIM technique and myosin-actin as the model
system, Iwai et al. [117] used this genetically encoded fluorescent sensor to visualize the
interaction between myosin II and F-actin in Dictyostelium cells. Both spectroscopic and
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microscopic studies suggested that the fraction of PriSSM-myosin bound to F-actin is low in
normal cells.

We have just given few examples of application of FRET to probe cellular internal molecular
structures and their transformation under mechanical stress and association with molecular
partners. If one can use this method to identify the mechanical organizing centers in a
mechanotransduction pathway, the range of forces estimated in vivo can be biased by several
limitations. FRET is sensitive to changes in distance between 0.5 and 2 times the Forster radius
(i.e., between 2 and 10 nm) and to the fluorescence lifetimes of the donor (free or engaged in
FRET). Indeed, the dynamic range accessible to this technique is rather low because the
interactions which are probed by FRET are typically in the range of a few ns (the fluorescence
lifetime of the donor) and difficult to discriminate from background thermal or shot noise. The
donor fluorescence lifetime decreases due to energy transfer in the excited state. In adhesion,
molecules interact with their closer neighbors but also with other partners on much longer
distances which can reach several tens of nm, and thus may be missed by FRET. Conversely,
molecules that do not actually participate to a mechanotransduction complex can nevertheless
be in juxtaposition and show FRET. FRET experiments suffer from additional artifacts: the
method is aimed at probing the interaction of two partners butitis quite impossible to separate
the fluorescence responses coming from multiple donor and acceptor interactions even if
extensive controls for every FRET pair studied have been performed a priori. Finally, none of
these methods can determine the number of molecules of a certain component and stoichi-
ometry within an adhesion. A partial correction of these limitations has recently been proposed
by coupling FRET biosensors with fluorescence lifetime imaging microscopy [118-120]. Note
that this method also provides a millisecond temporal resolution.

3.2. Spanning short- to long-range interactions and transport with fluorescence correlation
spectroscopy

Analyzing the fluorescence fluctuation signals offered a simple, high-resolution, quantitative
method to probe the intracellular dynamics that other fluorescence imaging techniques could
not afford. From a single fluctuation temporal signal it is possible to get several informations
over a wide range of frequencies, such as molecular densities, interaction rate and stochiom-
etry, intra- and extracellular transport (diffusion, advection, etc.). These fluctuation signals
should therefore be a very good candidate to capture the multiscale properties of cells in space
and in time. Fluorescence correlation spectroscopy (FCS) was originally developed [121] to
measure diffusion coefficients and chemical rate constants of biomolecules in solution. It has
also been applied successfully to characterize the nature of transport processes of colloidal
particles in complex flows [122]. This method uses a focused laser beam to define a very small
focal volume (~1 femtoliter) from which the fluctuations of fluorescence intensity are
recorded. These fluctuations are analyzed in the nanosecond-to-hour temporal range, and can
therefore give information about many different processes including transport, exchange and
binding interactions, fluorescence bleaching or blinking. The characteristic times of these
different processes are uncovered by computing autocorrelation functions (ACF). Modeling
of these ACFs allows the estimation of diffusion, transport, and reaction rates, but it can also
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be generalized to cross-correlation analysis to quantify molecular interactions if two fluoro-
phores are used simultaneously in the confocal volume [123-125].

In experiments where the fluorescence signal is too weak or lacks contrast, thereby preventing
separation of features from background signals, the spatial and temporal fluorescence cross-
correlation functions allow to recover enough contrast thanks to their temporal fluctuations.
This method was recently applied by Chiu ef al. [126] to capture actin flow as well as F-actin
dynamics and location of F-actin bundles in human breast adenocarcinoma cells (MDA-
MB-231) grown in three-dimensional collagen gels. By recording simultaneously the collagen
signal using confocal reflection microscopy, they also showed that collagen fibers move in
concert with the actin-bundle flow. This experimental study is an impressive demonstration
of the impact of fluctuations on internal cell dynamics, and of the power of fluorescence cross-
correlation methods to discriminate different molecular entities inside living cells to reach a
quantitative model of the intracellular architecture that resembles a random obstacle network
for diffusion proteins [125]. Correlation of fluorescence amplitude fluctuations with two colors
was also applied to detect the presence of molecular complexes in FAs [127]. In addition to
their participation in the structural linking of the ECM to actin filaments, these complexes also
serve as signaling “hubs” that regulate many cellular processes, including their own assembly
and turnover, migration, gene expression, apoptosis, and proliferation. Capturing the dynam-
ics of assembly and disassembly of these complexes is therefore of major importance to
understand how a cell senses its environment. Indeed, there is not a single irreversible event
of adhesion but rather a fully orchestrated sequence of adhesion events, which may take from
seconds to many minutes to be established. This is typically a multifrequency behavior and
applying FCS was a definite step toward deciphering the intricate mechanisms of adhesion.
Adhesion complexes and interacting protein actors comprise more than 100 different mole-
cules; some are stably associated and others only transiently [128]. When staining FAK, paxillin
(Pax) and vinculin (Vn), with enhanced green fluorescent protein (EGFP) and mCherry,
respectively, Digman et al. [127] evidenced a heterogeneity in the dynamics and aggregation
state of paxillin in different regions across the cell. Taking diffusion as the main mode of
transport for adhesion molecules through the cytoplasm, they showed that exchange (binding-
unbinding) kinetics with a broad range of rates (0.1-10" s) dominate in the vicinity of adhesion
zones. They observed large clusters and complexes exchanging rather slowly in the vicinity of
the disassembling adhesion regions, whereas small aggregates (largely monomers) were
observed exchanging rapidly in assembling adhesion zones.

In a very recent paper, Baum et al. [125] used FCS to link protein mobility and cellular structure
in single cells at high resolution. They mapped the mobility of inert monomers, trimers, and
pentamers of the GFP domain on multiple length and timescales in the cytoplasm and nucleus
via parallelized FCS measurements. From the perspective of these proteins that cover the range
of size of most enzymes, they showed that the cellular interior appears as a porous medium
made up by randomly distributed obstacles that reorganize in response to intra- and extrac-
ellular cues for small molecules and acts as a viscous medium on large polymeric molecules.
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3.3. Confining fluorescence measurements with near field optical probes to improve
sensitivity

Reflection interference contrast microscopy (RICM) [129, 130] has been used since the seventies
for imaging the internal structure of cells adhering on solid surfaces. Due to a lack of quanti-
tative interpretation of these images, this method was early abandoned. This technique relies
on reflections from an incident beam passing through materials of different refractive indices.
The interference of these reflected beams is either constructive or destructive, depending on
the thickness and index of the layer of both the liquid medium and the cell in contact with the
glass coverslip. More recently, thanks to fast progress in data acquisition and storage and
improved modeling of the reflection signals, RICM was applied to a variety of biological
situations, such as adhesion of vesicles and cells [131]. It has the practical advantage of not
requiring any staining or labeling of the sample, and can be implemented with relative ease
and very little investment on a standard inverted microscope. It can also be combined with
several other microscopy techniques such as fluorescence or other scanning probe microscop-
ies (AFM, optical or magnetic tweezers [130, 132]). Reflected light imaging has also been
coupled to fluorescence excitation in total internal reflection fluorescence (TIRF) microscopy
[133-135] to capture the cellular structures involved in FA complexes. As compared to
transmission microscopy, this planar confinement (evanescent field) of light not only provides
a higher signal-to-noise ratio but also minimizes photodamage to the cellular material [136].
Interestingly, the fact that RICM can be performed without staining the cellular sample was
exploited to capture the spontaneous fluctuations (called Fluctuation Contrast RICM or
Dynamical RICM) of a soft interface to identify the organization of specific ligand-receptor
bonds in cellular adhesion [137, 138].

More recently, surface plasmon microscopy has been proposed for imaging internal structures
of cells without staining [139 -144]. This microscopy offers also the possibility to recover both
the amplitude and the phase of the reflected field and in some situations to retrieve the index
of the layer in contact with gold without needing to know its thickness [145-148]. This
microscopy combines total internal reflection of light with surface plasmon resonance
excitation to achieve high contrast and high resolution images. Lately, surface plasmon
resonance imaging ellipsometry (SPRIE) has been applied to capture cell-matrix adhesion
dynamics and strength [149].

3.4. Beyond fluorescence methods: quantitative phase microscopies for living cell data
capture

In the fifties, phase contrast (PC) and differential interference contrast (DIC) microscopies
[150] have revolutionized the biologist view of living systems, by inferring their morphometric
features without the need for exogenous contrast agents [151]. However, both PC and DIC
remain qualitative in terms of optical path-length measurement, since the relationship between
the incoming light power and the optical phase of the image field is generally nonlinear.
Quantifying the optical phase shifts associated with biological structures was expected to give
access to important information about morphology and dynamics at the nanometer scale
[152-154]. However, imaging large field of view samples required time-consuming raster
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scanning. Full-filed phase measurement techniques were also developed [155, 156], providing
simultaneous information from a large number of points on the sample. Fourier phase
microscopy (FPM) [157], digital holographic microscopy (DHM) [158] and quantitative phase
microscopy (QPM) [159-164] have recently been implemented to provide quantitative phase
images of biological samples with remarkable sensitivity and stability over extended periods
of time. Thanks to its sub-nanometer path-length stability over long periods and efficient
algorithms to retrieve the phase maps from fringe patterns [161, 165], QPM is well suited for
studying a wide range of temporal scales. This technique has been applied to capture red blood
cell fluctuations (spontaneous flickering), which manifest as submicron motions characterized
by membrane displacements in the millisecond (or less) timescale. Amin et al. [166] showed
that the frequency behavior of the complex modulus G(f) of healthy red blood cells is similar
to that obtained in SGMs. Over the frequency range 5 - 50 Hz, the storage and dissipation
moduli approach power-law behavior, G "o f **02and G " oc f 272095 where the errors indicate
cell-to-cell variations (N=13). As already discussed for MTC, the intermediate exponent of 0.7
tells us that normal (discoid) red blood cell membranes behave neither as purely elastic nor as
purely viscous media, but as viscoelastic gels. For red blood cells switching to echinocyte and
spherocyte shapes, the G exponent decreases consistently, indicating stronger confinement
of the membrane viscous motions. Finally, above 35 Hz, the viscous modulus becomes
dominant, i.e., the cell transits toward a dissipation-dominated regime, which has been
ascribed by the authors to the culture medium viscosity.

4, From fluctuations to deterministic behavior

4.1. Emergence of coherent dynamics in cellular systems

So far, most cellular models have been established at specific scales, those which focus on
molecular mechanisms are not suited to pave macroscopic scales and inversely. Establishing
a connection between the discrete stochastic microscopic and the continuous deterministic
macroscopic descriptions of the same biological phenomenon is likely to give new clues toward
the understanding of mechanotransduction and mechanosensing processes. The scale invari-
ance properties of the cell rheology revealed by MTC [24, 54] suggest that for very small
mechanical deformations, no characteristic timescale emerges. Even if fluctuations have been
shown to play an essential role in many biological systems, e.g., Brownian rachets [167-169],
does that mean that the molecular motors dynamics is not cooperative or synchronized?
Progressive molecular motors such as myosin, kinesin and dynein, RNA and DNA polymer-
ases, and chaperonins are macromolecules which hydrolyze ATP while moving unidirection-
ally along a linear macromolecular track. These progressive transport processes cannot operate
without the presence of thermal fluctuations, their directionality resulting from the rectifica-
tion (asymmetrization) of the Brownian motion [170].

A typical mechanism that crawling cells use to probe their environments is called protrusion,
which is a thin (sharp or flat) actin gel extension that the cells generate to move and invade
their environment. These protrusions result from many dynamical multicale processes namely
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polymerization/depolymerization of cytoskeleton filaments (actin, microtubules, and inter-
filaments), progressive molecular motors, and FA complexes recruitment [171]. These outer
cellular extensions are called filopodia and lamellipodia depending on the shape and dynamics
of the protrusion; they also vary with the presence of intra- and extracellular factors [172].
Protrusions grow and shrink in a random manner around the cell on a few minutes’ timescales
over micrometers. When protrusions are temporarily stabilized, adhesion mechanisms are
triggered and the cell can develop traction forces on its ECM. If the cell is polarized, an
imbalance between the protrusions at the cell ends may lead to a directional motion. Filopodia
stochastic dynamics was shown to play a key role in turning the nerve growth cone to face the
chemical signal of a specific partner cell [173-175]. In a recent experimental work, Caballero et
al. [176] have illustrated the key role of fluctuating protrusions on ratchet-like structures in
driving NIH3T3 cell migration. They have shown that stochasticity affects the short- and long-
term cell trajectories. They confirmed with a theoretical model that an asymmetry in the
protrusion fluctuations is sufficient for predicting the long-term motion, which can be
described as a biased persistent random walk. Depending on the type of cells and their
environment (ECM stiffness, culture medium), fairly nondeterministic ruffling- and bubbling-
like shape dynamics [80, 177] or low-dimensional “periodic” and coherent dynamics [178] can
be observed. When placed in conditions for adhesion and spreading on fibronectin-coated
glass plates, mouse embryonic fibroblasts (MEFs) show two modes of spreading [178, 179]: on
the one hand, anisotropic spreading extensions supported by randomly emerging filopodia
[180] and, on the other hand, deterministic spreading extensions that otherwise are rather
smooth and continuous. In the latter case, these smooth extensions were shown to be period-
ically interrupted with a period of about 24 s [178] and to depend on the rigidity of the ECM,
integrin binding and myosin light chain kinase (MLCK) activation. Giannone et al. [178]
suggested a local cytoskeletal signal transport via the actin cytoskeleton from the tips of the
lamellipodia to the back where contraction can be activated to start a new cycle. However, in
that situation the oscillating signal remained local and did not synchronize over the whole cell
cortex. In different situations, global cortical oscillations in spreading cells were observed and
attributed to a cyclic depolymerization of microtubules [181], to Arp2/3 complex [182], or to
calcium oscillations [183, 184]. These studies question the nature of the transition from
stochastic and dissipative [185, 186] local protrusions or membrane pearling [187, 188]
processes to global periodic morphological protrusions. This accumulation of experimental
evidences of the impact of fluctuations on cell dynamics together with our improved ability
to quantify and to model them are pushing the whole cellular biology community to revisit
our traditional models of cell shape and dynamics.

4.2. From mechanotransduction to mechanogenetics: is there a genomic signature of the cell
dynamics?

We have seen above that the cell mechanosensing mechanisms involve many length and
temporal scales; they are definitely out-of-equilibrium processes which can manifest as
stochastic in some situations or low-dimensional periodic dynamics in other situations.
Cellular systems have a unique property that no physical/chemical system can reproduce.
Depending on the external perturbation, they have the ability to evolve as they synthesize
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some cytoskeletal elements and/or biochemical activators, which may drastically change gene
expression and their mechanical phenotype. Cancer stem cells are vivid examples of very
drastic transformations [189]. The mechanical environment of a cell has a direct impact on its
genetic expression and reciprocally the interplay between the cell mechanics and its geomet-
rical constraints is conditioned by the gene expression level of all the cytoskeletal and adhesion
proteins. Large-scale cellular mechanosensing leads to an adaptative response of cell migration
to stiffness gradients [11, 190]. This two-way communication initially termed as mechano-
transduction could also be called mechanogenetics of a cell to enlighten the interplay of
genomic and mechanical functions. Recent advances in cellular biology have put forward
mechanical forces as major actuators in cell signaling in addition to biochemical pathways
[191]. Within the cell, the cytoskeleton provides a physical continuity from the ECM down to
the interior of the nucleus, enabling direct mechanical links between the cellular microenvir-
onment and chromosome organization. Sensed mechanical signals influence information
processing through complex cellular signaling and transcriptional networks that may or may
not be specifically force dependent [192]. In many cases, these responses feedback to remodel
the cytoskeleton and/or nuclear architecture and consequently modify also the mechanosen-
sitive structures that were initially involved in the response. It has been shown that both
integrin-mediated and cadherin-mediated adhesion foci enlarge and strengthen in response
to tension in the range of a few tens of seconds [193]. On longer timescales, signaling pathways
are activated over minutes (e.g. the small GTPase RhoA), which stimulates the formation of
actin stress fibers [32], whereas gene expression pathways that operate over hours or days
(e.g. the induction of vinculin through serum response factor [194]) change the composition
and structure of FAs and of the CSK. Although it seems reasonable to assume that cell
mechanics and motility require coordinated protein biosynthesis, nowadays the links between
cytoskeletal actin dynamics and correlated gene activities are still poorly understood. Olson
et al. [194] recently filled this gap by discovering that globular G-actin polymerization can
modulate myocardin-related transcription factor (MRTF) cofactors, thereby inducing the
nuclear transcription serum response factor (SRF) and subsequently impacting the expression
of genes encoding structural and regulatory effectors of actin dynamics. In cancer, the genome
architecture is often impacted directly by mutations and/or translocations or chromatin
rearrangements, but the influence of the cellular microenvironment may also change the
spatiotemporal program of replication and gene expression [195-199]. Recent large-scale
sequencing efforts have also helped scientists to delineate the enormous complexity of cancer
and the degree to which signaling, drug resistance and genomic alterations vary from patient
to patient and even within one patient [200].
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Abstract

The application of electrochemical biosensors based on impedance detection has
grown during the past years due to their high sensitivity and rapid response, making
this technique extremely useful to detect biological interactions with biosensor
platforms. This chapter is focused on the use of electrochemical impedance spectro-
scopy (EIS) for bacterial detection in two ways. On one hand, bacteria presence may
be determined by the detection of metabolites produced by bacterial growth involving
the media conductivity changes. On the other hand, faster and more selective bacterial
detection may be achieved by the immobilization of bacteria on a sensor surface using
biorecognition elements (antibodies, antimicrobial peptides, aptamers, etc.) and
registering changes produced in the charge transfer resistance (faradic process) or
interfacial impedance (nonfaradic process). Here we discuss different types of
impedimetric biosensors for microbiological applications, making stress on their most
important parameters, such as detection limits, detection times, selectivity, and
sensitivity. The aim of the paper was to give a critical review of recent publications in
the field and mark the future trends.

Keywords: Bacteria detection, impedance, biosensors, interdigitated electrode array

1. Introduction

Food- and water-borne bacterial outbreaks remain a major cause for disease and mortality
throughout the world [1, 2]. The rapid detection of these pathogenic microorganisms is critical
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for the prevention of these outbursts [3]. The identification and quantification of microorgan-
isms has become a key point in biodefense, food safety, diagnostics, and drug discovery
researches. The detection of pathogens and indicator microorganisms in water and food
samples plays a vital role in public and environmental health. Globally, there are nearly 1.7
billion cases of diarrheal disease every year, and it is responsible for killing around 760,000
children every year (http://www.who.int/mediacentre/factsheets/fs330/en/).

To date, the detection and identification of pathogens rely mainly on classical culturing
techniques, which require several handling steps in most cases, or on advanced “rapid”
techniques in microbiology, such as biochemical kits, enzyme-linked immunosorbent assay
(ELISA), and polymerase chain reaction (PCR) assays [4, 5].These methods are laborious and
time consuming and lack the ability to detect microorganisms in “real time” or outside the
laboratory environment [4, 6]. Over the past decade, there has been an immense effort to
develop new bioassays and biosensors for the detection of food- and water-borne pathogens
[7, 8]. Various biosensors for rapid identification of bacteria in food and water have been
reported [2], while the most popular are optical biosensors. These biosensors offer several
advantages, including speed, selectivity, sensitivity, and reproducibility of the measurement
[2]. To date, the most successful optical-based biosensors are based on surface plasmon
resonance (SPR) [8-10], whereby biomolecular binding events cause a change in the refractive
index that is recognized by a shift in the SPR signal. However, the widespread application of
these technologies for bacteria detection is limited mainly by the labor, high cost (US$10,000-
150,000), and complexity of the SPR biosensor system.

Electrochemical biosensors based on impedance technique [11] have proved to be a promising
method for pathogenic bacteria detection [12, 13] due to their portability, rapidity, sensitivity,
low cost, ease of miniaturization, and label-free operation, and more importantly, they can be
used for on-the-spot detection. Thereis alot of literature about impedance microbiology, which
is based on impedance changes that occurs in culture mediums due to bacterial growth as
changes in conductance, due to charged ions and compounds resulting from biological
metabolism, or due to bacteria cell adhesion to the electrode surface in interfacial capacitance.
It must be noted that traditional impedance microbiology is not a selective method. Some
selectivity may be achieved by using selective culture mediums. However, as it is presented
in this chapter, functionalization of the electrodes with high-affinity recognition elements, such
as antibodies, aptamers, proteins, etc., that selectively bind target cells permit to considerably
enhance the selectivity of the method. Along with this, the separation of the target cells from
the rest of the sample microorganisms and their preconcentration, as discussed in the chapter
“Cell Concentration Systems for Enhanced Biosensor Sensitivity” of this book, may help to
reduce the detection limits and raise the selectivity of the method.

Impedance biosensors register changes in the electrical properties at their surface (either
capacitance or resistance), affected by interactions between biorecognition element attached
to its surface and analyte present in a sample solution. Faradic impedance measurements in
the presence of a redox pair in a test solution may be performed on planar metal electrodes.
However, to enhance the sensitivity of the measurements and to miniaturize the final sensor
element, an impedimetric transducer with two planar interdigitated electrodes called
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interdigitated electrode array (IDEA) [11, 14, 15] was introduced which consists of a series of
parallel planar electrodes in which alternating electrodes are connected together, forming a
set of interdigitated electrode fingers. This sensor design permits to perform a label-free
detection of bacteria utilizing different biorecognition elements.

All important aspects of pathogen detection using electrochemical impedance spectrometry
(EIS) will be presented in more detail in the following sections of this review.

2. EIS for bacteria detection

The electrochemical technique of impedance has been used in microbiology for detecting and
quantifying bacteria during last decades. The integration of impedance technique with
biosensor technology in the past few years has allowed the development of impedance
biosensors, reducing assay times and detection limits.

One of the positive features of the impedance technique is its simplicity. The impedance Z is
determined by applying a voltage perturbation of a sinusoidal wave of small amplitude and
detecting the current response. Then impedance extends the concept of pure ohmic resistance
to alternate current (AC) circuits. The impedance is the quotient of the voltage-time function
V(t) and the resulting current-time function I(f):

V) V, sin(27 ft)
S I(t)  V,sin(2zft+9)

Z(t) )

where V; and I, are the maximum voltage and current signals, fis the frequency, f is the time,
and ¢ is the phase shift between the voltage-time and the current-time functions.

The impedance is a complex value because the current can differ in terms of amplitude and
also a phase shift compared to the voltage—time function. Thus, impedance, as shown in Figure
1, can be described by the modulus |Z| and the phase shift ¢ as well as the real part Z , and
the imaginary Z;, of the impedance. Therefore, for evaluating data graphically, the most
popular formats are the Bode and the Nyquist plots. In the Bode plots, log |Z| and ¢ are
represented as a function of log f, while Nyquist plot data are represented as the real component
of impedance (Z,.) on the x axis and imaginary component (Z;,,) on the y axis [16, 17].
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Figure 1. Complex impedance plane diagram and relation of voltage, current, and phase.
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EIS studies the response of an electrochemical cell to a voltage at different frequencies. Thus,
the impedance spectrum obtained allows the characterization of a complex electrode system
composed of surfaces, layers, and membranes where electrical charge transfer and ion
diffusion process take place. The most difficult part of the EIS is the correct interpretation of
spectra that are analyzed using an equivalent circuit (EC), which consists of resistances and
capacitances combined in parallel or serially, as required. Since an electrochemical cell is a
complex system, an EC with components representing different physicochemical parameters
and processes should be selected, reflecting the electrochemical cell’s physical characteristics.
However, it must be noted that typically more than one circuit model can fit obtained exper-
imental data. Monitoring the variation of impedance elements as a function of the system
properties (e.g., solution composition), it is possible to correlate total impedance changes to
individual EC components and thus to confirm correct selection of the EC.

The weight with which individual EC components give their input into the total impedance
depends on the applied frequency. This means that in some cases, it is possible to simplify the
measurements by working in a limited range of frequencies or just one selected frequency
where the relative changes of the component under interest are the largest.

Basically, for EIS performed on a metal electrode in an electrolyte solution in the presence of
electroactive compounds, the elements of the EC are well known from general electrochemistry
and include ohmic resistance of electrolyte (the bulk medium resistance), double-layer
capacitance, charge transfer resistance, and the Warburg impedance, as is presented in Figure
2. For more complex experimental systems, additional components such as dielectric capacitor,
polarization resistance, constant-phase element, interfacial impedance, coating capacitance,
stray capacitance, and virtual inductors may be required to include. The measured impedance
depends on all the individual contributions and distribution of this elements within the EC
[12]. However, the impedimetric response in real systems is very complex, and some of the
processes cannot be presented in the EC by simple (capacitor, resistance) elements. In this case,
some additional EIS elements, such as constant phase element (CPE) or Warburg impedance,
with known frequency response are introduced [16].

Resuming, EIS is a very powerful tool as it permits to elucidate physical and chemical
phenomena occurring in an electrochemical system, thus allowing to obtain information on
changes produced by the interaction of analytes of interest, such as proteins, antibodies, or
whole microorganisms, with an impedimetric sensor surface [11].

2.1. Faradic impedance

Impedimetric detection can be achieved either in a direct manner in an anylyte solution or in
the presence of an additional redox probe used as a marker. In the presence of electron mediator
as Fe(CN,)** (ferricyanide/ferrocyanide) or Ru(NH,)¢*? (hexaammineruthenium III/IT ions),
the impedance is termed faradic impedance. The use of electron mediators requires a plentiful
supply of redox species to guarantee that impedance does not become limited by the charge
transfer process between electrolyte and electrode surface. In faradic impedance measure-
ments, the main parameter is the charge transfer resistance that depends on the interface
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blocking by surface products of biochemical reactions and thus may be used to measure
concentration dependencies.

The behavior of simple impedance biosensors systems in faradic processes is typically
interpreted by a Randles EC presented in Figure 2.

(a) PO
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Figure 2. The Randles EC (a) and the Nyquist plot (b) of its frequency response.

The Randles EC, presented in Figure 2a, consists of solution resistance (R,), double-layer
capacitance (Cy), electron transfer resistance (R (also called charge-transfer resistance (Ry)),
and Warburg impedance (Z,,). R, is inserted as a series element in the EC because all the current
passes through the uncompensated solution, while the parallel elements are introduced
because the total current through electrodes is the sum of distinct contribution from faradic
process and double-layer charging. R, and Z, represent bulk properties of the electrolyte and
diffusion of the redox probe, while Cy and R depend on dielectric and insulating features at
the electrode/electrolyte interface. The attachment of bacteria on the electrode surface would
retard the interfacial electron transfer process blocking partially the surface and increase the
electron transfer resistance [18].

The Nyquist plot (Figure 2b) is the best way to visualize and determinate the Randles EC
elements. The semicircle observed at high frequencies corresponds to the electron transfer
limited process and linear part at lower frequencies represents the diffusion limited process.
The intercept of semicircle at high frequencies with the Z , axis is equal to R,, while extrapo-
lation of semicircle to lower frequencies into another intercept with Z,, axis is equivalent to R,
+ R The double-layer capacitance Cy can be calculated from the frequency at the maximum
of the semicircle. The Warburg impedance can be determined by extrapolating the 45° line
observed in Figure 2 to the real axis. In some analytical applications, the Warburg impedance
is often neglected by choosing a frequency range where no 45° line is observed in the Nyquist
plot and bulk impedance is dominant.

2.2. Nonfaradic impedance

In the case when a redox pair is absent in the electrolyte solution, the impedance is termed
nonfaradic [19] and depends on the conductivity of the supporting electrolyte and impedi-
metric electrode interfacial properties (interfacial capacitance or surface conductivity). Figure
3 shows the basic elements of EC in the case of nonfaradic process:
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Figure 3. Typical electrical components on ECs characterizing nonfaradic impedance. (a) General circuit elements; (b)
the resistance R, in some cases may depend on bulk solution resistance and surface resistance; (c) adsorption of bacte-
ria cells on the sensor surface results in additional capacitance that may be in parallel or in series with the electrolyte
double-layer capacitance depending on the bacteria amount.

In the absence of a redox pair or if its charge transfer rate on the electrode is very slow, no
faradic process occurs, and subsequent electron transfer is not produced. In these cases, the
interfacial capacitance changes are often studied [20]. These capacitance changes occur when
the dielectric constant or the thickness of the interfacial capacitance layer on the transducer
surface change their values due to surface chemical reactions [17]. The formation of biochem-
ical reaction products may be represented by an additional capacitor that depending on the
process may be included in parallel or in series with the double-layer capacitor (Figure 3c).

It must be noted that a lot of published works refer to changes in capacitance registered by
impedance spectroscopy as variations produced in the electrical double-layer capacitance.
However, the double-layer capacitance, defined as an outer capacitance at the solid/liquid
interface, depends basically on ionic species concentration, while interfacial capacitance
depends on the presence of adsorbed species or interfacial layer formation on the electrode
surface. On the other hand, R,, which represents the solution resistance in the case of parallel
electrode arrangement, may be constituted as a parallel combination of solution bulk resistance
and surface resistance in the case of in-plane electrodes, for example, IDEAs [14].

All these show once again the importance of accurate interpretation of impedance data that
should be based on a correct EC choice with the components that unambiguously reflect real
physicochemical processes at the electrode surface.

The use of different impedimetric sensors designs, the advances in microfabrication technol-
ogies resulting in miniaturization and integration of sensors into a chip format, and better
understanding of biochemical interfacial phenomena helping the analysis of impedance
components using ECs should help us to improve the biosensor detection systems serving to
reduce the assay time and improve the bacteria detection limits [18].
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3. Impedimetric detection of metabolites produced by bacterial cells

Metabolism refers to all the biochemical reactions that occur in a cell or organism. By metabolic
pathways, bacteria convert large molecules, such as polysaccharides, lipids, nucleic acids, and
proteins, into smaller units as monosaccharides, fatty acids, nucleotides, and amino acids,
respectively, to release energy. Consequently, this conversion of large organic substrate
molecules in the medium into charged, small and more mobile ionic metabolites, which can
include lactic acid, acetic acid, carbon dioxide, ammonia, bicarbonate, and urea, results in a
change of the ionic composition of the growth media. In this way, these changes can be
measured and related to bacterial concentration for determination of microbial growth.

Different electrochemical transduction techniques have been used for the detection of products
of microbial metabolism. Amperometric technique has been reported by the use of mediators
[21], which are reduced by the microorganism as a consequence of substrate metabolism;
however, no examples of direct metabolite detection are found in the literature, probably due
to the electroactive interference produced by the sample matrix, which can cause the trans-
ducer to generate a false current reading [22]. Potentiometric methods have been developed
to detect changes resulting from metabolite accumulation of hydrogen ions [23]. Nevertheless,
these electrochemical methods show some disadvantages such as insufficient sensitivity,
selectivity, and sample matrix effect [22]. In addition, these methods require the use of a
reference electrode, which complicates the system miniaturization and prevents its use in a
small volume samples. Among different electrochemical techniques, the most extended
transduction method is based on measurements of electrical impedance changes in the
medium resulting from the bacterial growth.

The correlation between microbial growth and impedance was first defined by Stewart in 1899
[24]. However, it was starting from 1970s when much attention and efforts were put in this
research [25-30] to monitor bacterial activity detecting changes in electrical impedance caused
by growing bacterial culture. Impedance technique was shown to be useful for the estimation
of microbial biomass [31], detection of microbial metabolism, and determination of the
physiological state of bacteria [32-37]. The advantages of this approach are high sensitivity,
relative simplicity, and comparatively low cost of the required experimental equipment [25].
In 1992, the impedance method was approved by the Association of Official Analytical
Chemists (AOAC) International as a first action method for screening Salmonella in food
samples [38]. Finally, in 1996, AOAC approved it as a final action method for the detection of
Salmonella in food [39].

Impedance microbiology is one of the most successful of all the recently introduced rapid
methods. Several analytical systems have been developed for bacteria detection, such as
Bactometer (Bio Merieux, Nuertingen, Germany), Malthus systems (Malthus Instruments Ltd.,
Crawley, UK), rapid automated bacterial impedance technique (RABIT) (Don Whitley
Scientific Ltd., Shipley, UK), and BacTrac (Sy-Lab, Purkersdorf, Austria) [18, 40-42]. They have
been validated against other conventional methods, such as the most probable number method
(MPN) [36] or microbial colony counts [43], showing a sensitivity comparable to these standard
methods. Existing commercial instruments are widely used for different applications. For
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example, all these systems have been reported to detect and make quantitative estimations
and differentiation of bacteria, such as Escherichia coli or Salmonella, among others typically
found in food [36, 44—48]. They have been also shown to be useful for the evaluation of different
mediums for selective bacterial growth [47, 49, 50]. The use of impedance technique for bacteria
determination is summarized in Table 1.

Electrodes
Detection
Target Microorganism Growth Medium (Measure Detection Limit Ref.
Time (h)
frequence)
-(8-Channel
Enterobacteriaceae BHI' +0.1% yeast
Mathus-Meter 104 cell cm™? 89 [37]
Family extract
Bactometer 32)
Gold plated and
stainless-steel
- BHI! 10°cell mL™! 2,6 [28]
(Bactometer,
2kHz)
Stainless steel
E. coli TSB? (Bactometer, 10° cell mL! 5-6 [29]
2kHz)
Interdigitated
Tris-Gly® buffer  platinum
Listeria innocua 105-107 cell mL! 2 [51]
+ dextrose electrodes
(11.43 kHz)
Interdigitated
Listeria innocua Listeria  Tris-Gly® buffer ~ platinum
. 107-108 cell mL* 2 [52]
monocytogenes E.coli + dextrose electrodes
(11.43 kHz)
. -(Bactometer,
Coliforms (E.coli) SM* 10*cell mL*! 5 [42]
2kHz)
Interdigitated
E.coli YPLT® 8-8 10° cell mL™ 14.7-0.8 [53]
electrodes
Bacillus lactis SM* -(Bac Trac) 108 cell mL* 6 [48]

! Brain Heart Infusion broth; 2 Trypticase Soy Broth; * Buffer Tris-glicine; * Specific Medium; ® Low conductivity Yeast-
Peptone-Lactose-TMAO medium

Table 1. The use of impedance technique for bacteria determination

Impedance microbiological techniques can be used to monitor bacteria viability during
growth. Since only live bacteria cells present metabolic activity and are able to produce changes
in the conductivity of the medium, impedance microbiology is used for differentiating live
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and dead cells [51-53]. Kinetics monitoring may give additional information since the
impedance growth curves under different conditions are found to be characteristic for different
bacteria species. Most applications of the traditional microbiological impedance technique for
the detection of bacteria were reviewed by Silley and Forsythe in 1996 [41] and Wawerla et al.

in 1999 [54].

Impedance changes associated with metabolic activity of microbial cells are often expressed
as the ratio of the reference impedance (medium without bacteria) to the sum of the reference
and the sample, resulting in the parameter known as normalized impedance change (NIC):
Z
NIC(%) = —=E—, (2)

ZREF + ZSAMPLE

which is related to microbial growth.

The typical impedance growth curve is presented in Figure 4, where the measured impedance
values are graphically plotted in relation to the incubation times.
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Figure 4. Microbial impedance growth curve with typical bacterial growth phases showing impedance changes (solid
line) and live cell number (dashed line) in time.

To provide detectable changes in the measured impedance, a minimum concentration of
microorganisms is needed in the medium. However, these microorganisms replicate and in
time reach numbers sufficient to cause a detectable impedance change. This concentration of
bacterial cells is defined as a threshold concentration. Thus, the threshold concentration, also
called detection limit, refers to the lowest concentration of microorganisms that must be present
to detect the change measured by impedance. The threshold concentration depends, in part,
on how the detectable impedance change is defined [28], which is normally referred to the
changes occurring in a control sample of a sterile broth (see Eq. (2)).
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The time required for the organisms to grow to threshold concentrations is called detection
time. The detection time depends on three main parameters:

* the initial concentration of microorganisms;

* lag phase (the initial period in which cellular metabolism is accelerated, cells are increasing
in size, but the bacteria are not able to replicate);

* the generation time of the population of microorganisms (time it takes bacterial to double
its concentration)

From this, it follows that if a population of organisms has similar generation times growing in
a concrete medium, the detection time can be used to estimate initial concentrations [28, 29].

Metabolic activity measurements can be performed in either direct or indirect ways. In direct
measurements, impedance electrodes immersed in the growth medium detect changes of the
bacterial metabolism taking place in the bulk of a growth media. Indirect technique, howev-
er, detects CO, produced by microorganisms [51]. In this indirectimpedance technique, the CO,
produced due to bacteria biological activity reacts with potassium hydroxide (KOH) solution
in a separate chamber. The formation of carbonates causes decrease in the solution conductiv-
ity. This technique was first described by Owens et al. [55], and it has been adapted for rapid
automated bacterial impedance apparatus in other works [32]. Using this approach, a recent
work of Johnson et al. [56] studies the viability of indirect impedance method using a commer-
cial system to study microbial growth in complex food matrices. The ability of the system to
detect different microorganisms in different food matrices was clearly demonstrated [56].

In direct measurements, the impedance changes may be produced by two primary sources:
microbial metabolism, which alter the conductivity of the medium, and electrode interfacial
impedance, changes in the surface properties of the electrodes affecting the capacitance of the
electrode/electrolyte interface due to bacteria presence [26, 29, 57]. Thus, the growth of
microorganisms usually results in an increase in both conductance and capacitance, causing a
decrease in impedance [58]. To account for this, the detection of microbial metabolism by
impedance systems is typically conducted by measuring relative or absolute changes in
impedance at different frequencies at regular time intervals during the growth of bacteria at
a given temperature. From the frequency dependence of the impedance using an appropriate
EC, the system conductance/resistance and capacitance may be determined.

Different studies have analyzed the relationship between microbial growth and relative
changes in both the capacitive and the resistive parts of impedance showing that both
components are indicative of bacterial growth. In low conductivity media, the change in the
conductance of the media clearly correlates with bacterial growth, whereas in more conductive
media, the relative changes in conductance are smaller in comparison to impedance changes
caused by polarization interfacial capacitance, the effect that can also be useful for monitoring
bacterial growth [59].

As it was noted, both components can be studied separately by measuring impedance in a
different frequency ranges. Various works have demonstrated the predominance at low
frequency of electrode surface impedance, while impedance at high frequencies is associated
with media conductance effect [60, 61]. However, the frequency range in which certain EC
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components give the main input into the overall impedance may vary depending on the
dimensions of the electrodes and their separation. The differentiation of the impedance effects
into electrode/electrolyte interfacial capacitance and medium resistance changes at different
frequencies has led to the development of impedance-splitting methods for the detection of
bacteria [18].

However, in most of publications on the impedance microbiology, only the conductance of the
medium is measured. In this case, impedance always decreases with time, indicating that the
microorganisms are consuming growth media substrates of low conductivity metabolizing
them into ionic products of higher conductivity [59].

Thus, altogether, changes registered in the microbiological impedance are dependent on
bacteria species, the number of microorganisms and properties of the medium in which they
are growing in, the frequency of the applied signal, the surface properties and geometry of the
measuring electrodes, and the temperature [31].

Since impedance microbiology relies on determining the changes in electrical impedance of a
culture medium resulting from the bacterial growth, it depends largely on the design of the
growth medium since the culture medium not only supports the bacteria growth but also
provides high, noninterfering signals to the overall impedance or its components. Therefore,
medium, besides providing the optimum growth, activity, products yield, and morphology of
the microorganisms, should contain substrates with low conductivity contribution to the
overall conductivity of the medium. In this case, the sensitivity of the impedance detection
strongly depends on designing an appropriate culture medium [62]. For this reason, in recent
years, much of the research in the field has been directed to find or design selective media with
low conductivity [49, 52, 62]. Another important feature of the culture media is its selectivity
that gives the main priority for growing only for specific bacteria. In the case of nonselective
detection, growth media changes in impedance may be induced by the growth of different
bacteria, not only the target microorganism one wants to determine. To solve the problem,
selectivity can be provided by using specific culture media designed for certain microbial type
by using specific inhibitors such as antibiotics [47].

Recently, Lopez Rodriguez and co-workers [62] designed a specific medium to impedance
monitoring of Streptomyces strain M7. The importance of this bacterium is its capacity to grow
in the presence of organochlorine pesticides used by them as a carbon source and using the
amino acid asparagine as a nitrogen source. Thus, the presence of these pesticides makes this
medium specific for bacteria growth. On the other hand, by monitoring Streptomyces bacteria
growth, it is possible to determine the presence of these pesticides and quantify them. Hence,
this system based on impedimetric biosensor has a potential use to detect these dangerous
compounds. Since amino acids frequently used in culture media interfere in impedance
determinations, the work presented an optimized design regarding the culture medium
capabilities on the impedance response of Streptomyces M7 activity. Finally, a specific medium
was designed using (NH,),50, instead of asparagine as nitrogen source [62].

Much attention has also been paid to miniaturization of impedimetric sensor systems by using
microelectronics lithographic techniques to fabricate microelectrodes in order to improve
sensitivities or add functionalities. Interdigitated array microelectrodes has been demonstrat-
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ed as a promise in impedance measurements for monitoring the growth of bacteria since they
present advantages in terms of the fast establishment of the steady-state signal, the increased
signal-to-noise ratio, and the use of small sample solution volumes [63, 64].

To enhance and facilitate the impedance sensing, microfluidic flow cells can be added to the
interdigitated microelectrodes to achieve a fully integrated microchip. This brings different
benefits such as high-detection sensitivity, small volume handling, low contamination during
bacterial growth, ability to concentrate cells, and rapid detection of small number of cells [64].

With the aim to study whether impedance measurements in the microscale could provide
information about the metabolic activity of bacteria, Gomez ef al. described a microfabricated
biochip with integrated fluidic paths and electrodes for impedance spectroscopy of nanoliter
volumes of bacterial suspensions [65]. Later experiments analyzed the use of this microsystem
to detect metabolic activity of small concentrations of different bacteria (Listeria and E. coli) in
two different media (Luria Bertani broth with high ionic content and a low-conductivity
medium denominated Tris—Gly-Dext). Thus, they demonstrated the capacity of the system to
detect viability of small numbers (around 10° cfu mL™, resulting in about five cells in the 5.27
nL chamber of the chip) in a couple of hours [52].

Varshney et al. [64] reported double interdigitated array microelectrodes-based flow system
to detect viable cells of E. coli O157:H7 selecting a frequency of 1 MHz to monitor the change
in the impedance values. They attribute the change in impedance to a decrease in the resistance
of the medium due to an increased concentration of highly charged ions corresponding to the
growth of the bacterium in a low conductive medium. Thus, they found that the system may
be successfully employed for the E. coli O157:H7 detection in a range from 8.0 to 8.2 10% cfu
mL after 14.7 and 0.8 h of cultivation time, respectively.
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Figure 5. (A) Calibration curves showing changes in sensor impedance at different concentrations of E. coli measured
at a fixed frequency of 10 kHz in a growth medium at 270 (®) and 390 (A) min, and the average of these two calibra-
tions (M). (B) Determination of E. coli concentration in milk samples after 6 h of incubation. Black squares represent
calibration plot used to determine E. coli in spiked milk samples. Squares on the left side are the results of impedance
changes measured in samples with “unknown” E. coli concentration.
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It should be noted that most of the bacteria metabolic products are of acidic nature, so that
the produced conductivity changes due to ionic products are accompanied by pH changes
[25] of the growth media. On this effect, measurements of pH to control the bacteria growth
are based [66].

Experiments performed in our research group [67] with E. coli in Luria Bertani (LB) bacterial
growth medium supplemented with glucose performed with a miniature pH sensor-reference
electrode pair showed subsequent pH changes in the pH 7-5 range with the bacteria incubation
time.

In order to miniaturize the system, an IDEA [11] was used instead of the pH sensor and the
reference electrode. Experimental results presented in Figure 5A show that changes of E. coli
concentration in the growth medium provoke changes of impedance measured at a fixed
frequency of 10 kHz. To avoid the undesirable effect of the bacteria attachment to the interdi-
gitated electrode surface that might provoke additional changes in the impedance magnitude,
the developed method consisted of a single measurement after a certain incubation time of E.
coli, when a drop of the growth media was placed on a sensor surface. Impedance changes
were found to depend on the number of microorganisms in a sample in the concentration range
10% to 10° cfu mL™". However, as the kinetics of the impedance changes greatly depends on the
bacterial concentration, it was not possible to obtain a single calibration curve in a wide
concentration range at one specifically fixed incubation time. To resolve this, a novel calibra-
tion method was proposed [67] by measuring the sensor response at 270 and 390 min of
incubation and taking a mean value.

Thus, this method of measuring impedance using interdigitated microelectrodes at a fix
frequency to control the bacterial growth was used for E. coli determination in real samples.
Our impedimetric biosensor was tested on quantification of Escherichia coli bacterium in milk,
demonstrating the capacity of the method to detect concentrations in a range between 10% and
10°¢ cfu mL* with 6%—-12% error margin in only 6 h (Figure 5B).

Summarizing, we may conclude that impedance microbiology, being a useful and well
established bacteria control method, finds itself in a new stage of development based on the
application of modern technologies oriented on a chip-based method. Advances in microfab-
rication are allowing the transfer of impedance microbiology to microdevices increasing signal
and therefore sensitivity, minimizing sample volume, and reducing assay time [18].

4. Detection based on impedance measurements produced by surface
changes of the electrodes

Most of bacteria cells are electrically charged, so due to bacterial cells, immobilization on the
electrode surface of impedimetric biosensor variations in electrical impedance may be
produced. The bacterial attachment also implies a reduction of the effective electrode area that
may affect the charge transfer resistance in faradic impedance measurements. This means that
bacterial cells attached to the sensor surface may produce variations in interfacial impedance
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due to changes in surface conductivity produced by their electrical charge or the surface layer
capacitance. Direct label-free impedance method of bacteria detection has gained much interest
permitting to reduce substantially the detection time compared with growth-based impedance
methods because this methodology is not dependent on cells replication in a culture medium
or the production of metabolites [18, 68]. Different kind of electrodes, especially IDEAs, also
named as interdigitated array microelectrodes (IDAM), differing in their geometry and
immobilization strategies can be used as impedimetric transducers for bacteria detection.

IDEA transducers present promising advantages compared to other impedimetric biosensors
as rapid detection kinetics, increase of signal-to-noise ratio, fast establishment of a steady-state
response, potential low cost, and ease of miniaturization. Moreover, IDEA eliminates the
requirement of a reference electrode compared to three or four electrode systems or potentio-
metric and amperometric devices. IDEA devices consist of a pair of comblike metal electrodes
formed on a planar insulating substrate, in which a series of parallel microband electrodes are
connected together by a common bus, forming a set of interdigitating electrode fingers. At
present, IDEAs are widely used as impedimetric biosensors for bacterial detection [12].

Parameter designs and materials employed for electrode fabrication are important as they
affect the sensitivity and operation of an IDEA. The selection of materials for electrode
fabrication depends on the future application, chosen surface modification method, ionic
species involved, production costs, and fabrication process. The number of electrode fingers,
the spacing between each pairs, and the width, length, or height will determinate the sensitivity
of the sensor [69]. Several studies show the importance of geometry for microbiological
applications [70]. Bratov et al. [15] developed a transducer for biosensor applications based on
a three-dimensional interdigitated electrode array (3D-IDEA) with electrode digits separated
by an insulating barrier. This sensor presented considerable improvement in sensitivity
compared with a standard planar IDEA design, resulting in a viable option for integrated
biosensing applications.

4.1. Nonspecific immobilization on electrodes surface

The majority of detection systems in impedimetric biosensors involve a biorecognition element
directly immobilized on the electrode surface to react and attach bacterial cells. However, some
studies [12] pointed out that when antibodies or another biomolecules with affinity against
bacteria are immobilized on the surface of electrode, the functional area of the electrode is not
optimally utilized. Moreover, these biosensors show lack of reproducibility as it is difficult to
repeatedly achieve the same surface density of biorecognition molecules on the sensor surface.
Different strategies of the detection of bacteria without the direct immobilization of biodetec-
tion molecules are discussed here.

Varshney and Li [12] suggested the use of biofunctionalized microbeads or nanoparticles as
an indirect impedance measurement. The same authors developed a biosensor based on an
IDEA coupled with magnetic nanoparticle-antibody conjugates for the rapid and specific
detection of E. coli O157:H7 in ground beef samples [71]. Nanoparticles were prepared
previously by immobilizing biotin-labeled polyclonal anti-E. coli antibodies onto streptavidin-
coated magnetic nanoparticles to carry out the preselection and preconcentration of bacteria.
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After the separation of bacteria immobilized on nanoparticle-antibody conjugates, they were
resuspended into a low conductivity mannitol 0.1 M solution, and the concentrated sample
was uniformly spread on the surface of the sensor. The frequency response of the impedance
in a 10-Hz to 1-MHz range showed that the bulk resistance and the surface capacitance were
responsible of the impedance changes caused by presence of E. coli on the surface of IDEA.
The detection limit of E. coli O157:H7 was 7.4 x 10* in pure cultures and 8 x 10° cfu mL™ in
ground beef samples, while the detection time was 35 min. The same methodology was used
in a microfabricated flow cell to detect E. coli O157:H7 [72]. In this case, a volume of 60 nL. was
used, and the detection limit was as low as 1.6 x 10? and 1.3 x 10° cells in pure cultures and beef
samples, respectively. This detection limit, being recalculated for a 5 mL volume, corresponds
to 8.4 x 10* cfu mL™".

Recent studies of Kanayeva et al. [73] used a preconcentration technique for Listeria monocy-
togenes detection, a food-borne pathogenic bacteria. Immunomagnetic nanoparticles were
functionalized with anti-L. monocytogenes antibodies via biotin-streptavidin bonds to capture
Listeria in a sample during 2-h immunoreaction. To collect the complex of nanoparticles with
bacteria, a magnetic separator was used and, after a washing step, L. monocytogenes was
removed from the samples and injected in a microfluidic chip. The impedance change
produced by bacteria was measured by an IDEA in the microfluidic chip in a phosphate-
buffered solution. An equivalent concentration of 10° cfu mL~ of the original sample was
detected without interferences by other bacteria as Listeria innocua, E. coli K12, E. coli O157:H?7,
Salmonella typhimurium, and Staphylococcus aureus. EC analysis indicated that impedance
change was mainly produced by decrease in the medium resistance. Results obtained in milk,
lettuce, and ground beef samples showed that the sample matrix effect affects the detection
limit that was between 10* and 10° cfu mL. The required detection time was around 3 h.

Advantages of using microbeads and nanoparticles are based in the separation and concen-
tration of a specific strain of bacteria from the native sample previous to registration process,
which permits to reduce the background noise caused by nontarget compounds or other
bacteria. Furthermore, in some cases, the surface of the electrodes can be used multiple times
because recognition elements are not attached to the sensor surface. However, the increase in
number of the detection process steps from the initial sample treatment to the final bacteria
detection could result in the sensitivity and reproducibility loss of a biosensor device.

In this field of detection without chemical attachment of a biorecognition element to the sensor
surface, our group has recently developed a modified TaSi, IDEA on a SiO, substrate to study
interactions with bacteria present in a sample solution [74]. Bacteria immobilized on the sensor
affect the surface charge and produce changes in the superficial impedance. In the studied
case, the sensor surface was chemically modified by a layer-by-layer method [75] with
oppositely charged polyelectrolyte layers by alternating polyethyleneimine (PEI) and poly(so-
dium 4-styrenesulfonate) (PSS). E. coli ATCC 10536 was employed for sensitivity and time
evaluation. Bacteria were immobilized on the IDEA with a PEI-PSS-PEI multilayer, taking
into account the ability of PEI to react chemically with outer membrane compounds of gram-
negative bacteria. Results obtained showed a detection limit of the sensor as low as 10' cfu
mL™ and response time around 20 min.
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Despite the satisfactory results obtained, the main drawback of this technique was the
nonspecificity of this methodology because all other negatively charged particles that might
be present in the sample would adhere to the sensor surface as well. Moreover, the reuse of
thus fabricated sensors is very complicated due to a very strong adhesion of PEI polyelectrolyte
to silicon dioxide sensor surface. However, in combination with preconcentration and
separation techniques mentioned above, this device [74] may be advantageous due toits higher
sensitivity.

4.2. Bacteria detection by biorecognition elements on the sensor surface

Most of the studied impedimetric biosensors have been functionalized by the immobilization
of biorecognition elements on their surface. A biorecognition element is a biomolecule
(antibody, protein, peptide, etc.) with specific affinity that selectively reacts with a specific
target analyte [17, 76]. The detection process involves the formation of a complex between the
sensing recognition biomolecule and the specific analyte (proteins, nucleic acids, antibodies,
antigens, microorganisms, or whole cells). Generally, the electrical properties of the sensor
surface are altered by the two components, the biorecognition element in a first phase and the
specific target in a second phase.

Different strategies are used to promote the immobilization of the biorecognition element on
impedimetric biosensors [7, 17, 77]:

* Bioaffinity layers (avidin-biotin system)

* Thiol containing self-assembled monolayers (SAMs) on gold
* Langmuir-Blodgett films

* Chemical grafting through silanization strategies

* Thin polymers

* Polyelectrolyte films (layer by layer)

The choice of the appropriate immobilization technique depends on the biomolecule nature,
reproducibility, cost, and difficulty of immobilization. Immobilized biomolecules have to
maintain their active structure, function, high sensitivity and selectivity, fast reaction kinetics,
and high stability and not to be desorbed during the use of biosensor. More information on
immobilization strategies may be found in a specific review [78].

Previously in Section 2, the main differences between faradic and nonfaradic impedance has
been reported. In next sections, impedimetric biosensors functionalized with biorecognition
elements attached on electrode surface will be discussed, taking into account whether faradic
or nonfaradic processes are responsible for sensitivity.

4.2.1. Impedimetric immunosensors

Immunochemistry is a well-studied and developed area, so the implementation of this
technique to different kinds of electrochemical impedimetric biosensors has been widely used
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in the past years. The major advantage of immunosensors is the specificity and sensitivity of
biomolecular interactions between the antibody and the antigen (from a little target molecule
to bacteria). Moreover, the advances in production techniques of monoclonal antibodies,
genetic engineering, and recombinant antibodies have improved binding-ability and stability
on biosensor surfaces [79]. However, the main drawback of antibodies that prevents their
widespread use in biosensors is the lack of stability, as many of them lose their activity quite
rapidly. A few examples of reported impedimetric immunobiosensors for microbiological
applications are discussed later in this section, stressing the impact of sensor geometry and
electrodes configurations and their materials, antibodies, and bacteria species detected.

A high number of impedimetric immunobiosensors reported in literature are based on faradic
impedance measurements. One of the earliest works on electrochemical impedance spectro-
scopic biosensors is by Ruan and Yang in 2002 [80], who reported an immunosensor based on
a planar IDEA with indium tin-oxide (ITO) electrodes. Anti-E. coli antibodies were immobi-
lized using an epoxysilane layer for chemical anchoring of antibodies to capture E. coli cells.
Impedance was measured in the presence of a redox couple, Fe(CN,)**+, in that way attached
bacteria partially block the metal electrode surface, which allows to register the increase of
electron transfer resistance (R*) with increasing concentration of bacteria. The biosensor could
detect the E. coli bacteria with a detection limit of 6 x 10° cells/mL and a linear response in the
R, between 6 x 10* and 6 x 107 cells/mL. Lately, Yang et al. [81] developed another immuno-
sensor for detecting the same bacteria using the same antibodies, but in this case, anti-E. coli
0157:H7 antibodies were immobilized on an ITO interdigitated array sensor surface through
hydroxyl groups of ITO electrode and carboxylic groups of antibodies. As in previous studies
conducted by Ruan and colleagues [80], faradic EIS was measured using a redox probe. The
R, increased on the immobilization of antibodies and bacterial cells that behaved as insulators,
allowing to obtain a correlation between the electron transfer resistance and bacterial concen-
tration between 10° and 10® cfu mL™, but a detection limit of 10° cfu mL™ was quite high.

It should be noted that faradic impedance measurements with a redox probe do not use any
possible advantages presented by IDEAs, as the charge transfer resistance is not dependent
on the electrode geometry and is affected only by the total electrode area [11]. For these
measurements, simple plane electrodes can be used as well.

Although E. coli is the most popular model bacterial system, many studies are focused on
detecting other bacteria. For example, Mantzila et al. [82] developed a faradic impedimetric
immunosensor for the detection of S. typhimurium in milk samples. Polyclonal antibodies anti-
Salmonella were cross-linked in gold electrodes in presence of glutaraldehyde and different
mixed SAMs. High selectivity was obtained in front E. coli bacteria in milk samples, while the
detection limit for Salmonella was indicated at a concentration level three orders of magnitude
lower than the infectious dosage that is around 10° cfu mL™ [83].

The mostimportant challenge in microbial sensor development is the reduction of the detection
limit and detection time. One of the latest publications [84] report E. coli O157:H7 bacteria
immobilization on a gold electrode with anti-E. coli antibodies through the SAM of mercap-
tohexadecanoic acid. EIS was used for detecting pathogenic bacteria, while SPR was used to
monitor the antibody immobilization. Rct values obtained with a redox probe were used to
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monitor changes produced by bacterial interaction with antibody. To our knowledge, this
work reported the lowest detection limit of 2 cfu mL™".

On the other hand, other studies were focused on nonfaradic impedance measurements. Radke
and co-workers [85] used an IDEA chip with gold electrodes modified by a 3-mercaptome-
thyldimethylethoxysilane and a heterobifunctional cross-linker to immobilize antibodies. The
reported optimum width and spacing were 3 and 4 pum, respectively. The impedance across
the interdigitated electrode was measured after immersing the functionalized biosensor in a
peptone solution with E. coli O157:H7, and the resulting impedance change caused by bacterial
attachment was monitored. In this case, the impedance was measured in a frequency range of
100 Hz to 10 MHz, and main differences due to bacteria concentration were obtained at low
frequencies where the impedance depends mainly on interfacial capacitance. The biosensor
was able to discriminate between different concentrations from 10° to 107 cfu mL™ at a
frequency of 1 kHz. The same electrode system being used in pure cultures and food samples
(romaine lettuce) showed reduced one order of magnitude detection limit (10* cfu mL™) [5].

Tan et al. [86] developed a PDMS microfluidic immunosensor integrated with specific
antibodies on an alumina nanoporus membrane for the rapid detection of S. aureus and E.
coli O157:H7 with EIS. In this case, antibodies were immobilized on the membrane using self-
assembled (3-glycidoxypropyl)trimethoxysilane (GPMS). For bacteria detection, a frequency
range from 1 to 100 Hz was applied for both bacteria, and changes produced by bacterial
attachment were obtained around 100 Hz. Cross-bacteria experiments showed a high specif-
icity of anti-E. coli and anti-S. aureus antibodies utilized, and detection within 2 h showed a
detection limit of 10? cfu mL". Thus, the combination of a microfluidic chamber and different
substrates such as an alumina nanoporous membrane for the immobilization of antibodies
offered new approaches for the immunodetection of bacteria.

One of the main problems of immunosensors is the difficulty to reuse the biosensor once
bacteria are attached. Single-use disposable sensors are attractive; however, their production
cost should be very low, and this typically is not the case. Hence, it is required to find some
treatment to remove the sensor surface coating in order to use it several times. Dweik et al. [87]
established a cleaning protocol for a biosensor based on a gold interdigitated microelectrodes
for the detection of viable E. coli O157:H7 using anti-E. coli IgG antibodies. They assured that
a 30-min treatment with acetone, followed by a wash with isopropanol and distilled water,
and exposure to plasma for 2 min with a power of 48 W permit to restore the sensor surface
to its initial state and thus to reuse each device at least for five times.

Without any doubt, antibodies are the most widely used bioreceptors in biosensor research
and development. However, as it was mentioned, the main problem of the stability of
antibodies after the immobilization on a sensor surface remains a challenge as well as short
shelf lifetime and decrease of binding efficiency over time [19]. Furthermore, antibodies
production and purification costs are an added difficulty. For this reason, there is a permanent
search for other biorecognition elements as bioreceptors for biosensing.

4.2.2. Aptamers

Aptamers are short series of single-stranded DNA or RNA oligonucleotides obtained artifi-
cially via in vitro process called systematic evolution of ligands exponential enrichment
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(SELEX) [88]. Aptamers have been used for biosensing applications due to their ability to bind
with high selectivity to a specific target molecule. These artificial nucleic acid ligands can be
generated against amino acids, proteins, drugs, and other molecules, and they can be applied
for the detection of various targets molecules and even whole cells or organisms [12]. The high
specificity and affinity to target molecules, the ease of synthesis, and immobilization without
compromising their biological activity allows their use as biorecognition elements for bacterial
detection. The majority of aptasensors are focused on the detection of protein targets, but
recently appeared publications devoted to direct bacterial detection. During the SELEX
process, whole microorganisms can be employed as target during aptamer synthesis because
of the interesting membrane proteins bound specifically to aptamer [89]. One of principal
advantages of this method of aptamer synthesis is the ability to target and specifically
differentiate microbial strains without having previous knowledge of the membrane molecules
or structural changes present in that particular microorganism [90]. Compared to antibodies,
aptamers can be chemically modified and labeled more easily facilitating the functionalization
of solid surfaces and nanoparticles and can be used in real samples, which is especially useful
for environmental and food control applications. The major disadvantage is probably that
DNA and RNA structures are highly sensitive to nuclease degradation, but in biosensing
applications, the presence of nucleases is not very common.

The majority of assays with aptamers in impedimetric biosensing applications have been
reported in terms of faradic measurements. Labib and co-workers reported impedimetric
sensors for bacteria viability and typing [91, 92]. In particular, they developed DNA aptamers
against Salmonella enteritidis pathogen and used it in a mixture of related pathogens including
S. typhimurium, E. coli, S. aureus, Pseudomonas aeruginosa, and Citrobacter freundii to confirm
specificity of the aptamers. The integration of aptamer onto an impedimetric biosensor was
conducted via self-assembling onto gold nanoparticle-modified screen-printed carbon
electrode. The aptasensor was incubated for 1 h in different aliquots with increasing concen-
tration of S. enteritidis in phosphate-buffered saline. The binding between the target bacteria
and the respective aptamers blocked the charge transfer resistance (R.,) from a solution-based
redox probe to the electrode surface. The obtained detection limit was 600 cfu mL™, while R,
changes produced by other bacterial species were very low compared with S. enteritidis target
bacteria. This work presented a significant proof of concept for the first aptamer-based
impedimetric sensor for typing bacteria [92].

More recent studies has been focused on developing electrochemical impedimetric biosensors
for Salmonella detection using a specific ssDNA aptamer [93]. In this case, the biosensor was
based on a glassy carbon electrode modified with graphene oxide and gold nanoparticles.
Nanoparticles were used for signal amplification and better biocompatibility to detect
biological molecules. The modified electrode was incubated in the presence of Salmonella, and
its faradic impedance was measured. The optimal incubation time was determined to be 35
min, while the detection limit obtained was as low as 3 cfu mL™. Furthermore, the specificity
was also compared with different strains of bacteria as L. monocytogenes, B. subtilis, E. coli, S.
aureus, or S. pyogenes, and changes registered after 35 min of incubation were much lower than
for the Salmonella. The resistance value was also obtained monitoring the electron transfer
between the Fe(CN,)*>7* electrolyte solution and the electrode. Similar methodology was used
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by Jia et al. [88] on the performance of an impedimetric aptasensor for S. aureus detection by
EIS. In this case, a detection limit of 10 cfu mL™ was obtained and high selectivity over other
pathogens was also demonstrated.

Probably, alluding to advantages mentioned previously, the use of aptamers in biosensing by
electrochemical techniques will increase in the subsequent years.

4.2.3. Antimicrobial peptides

The use of antimicrobial peptides (AMPs) as biorecognition elements for bacterial detection
on impedimetric sensors has progressed in recent years. AMPs are a family of biomolecules
that are crucial in the innate immune defense of many organisms that display a broad spectrum
of activity against gram-negative and gram-positive bacteria. Basically, the antimicrobial
activity has been attributed to their capacity to target and disrupt bacterial membranes [94,
95]. First experiments of AMPs for biosensor applications were conducted by Kulagina et al.
[96, 97]. They reported two biosensor assays using magainin I as the recognition molecule in
the fluorescent-based detection of E. coli and Salmonella.

Firsts experiments with electrochemical nonfaradic impedance technique with an APM
immobilized on IDEAs were done by Mannoor et al. [98] in 2010. They accentuated the high
stability of AMPs in harsh environmental conditions, the durability of AMPs immobilized on
sensors under natural ambient environment, and their semiselective binding nature to target
cells that allows to bind a variety of pathogens [98]. In this case, the AMPs were immobilized
on a gold a microcapacitive electrodes via a C-terminal cysteine residue, and the biosensor was
exposed to various bacteria concentrations ranging from 10° to 107 cfu mL™. The variation in
impedance change at a fixed frequency of 10 Hz was observed directly proportional to the
number of bacterial cells bound to the immobilized AMPs and manifested in a logarithmic
increase with serially diluted bacterial concentrations. The detection limit of the device to E.
coli was 10° cfu mL™ (1 bacterium/uL). Other bacterial species were tested to investigate the
selectivity of AMP-functionalized microelectrodes: gram-negative pathogenic E. coli O157:H?7,
E. coli ATCC 35218, pathogenic S. typhimurium, and gram-positive pathogenic L. monocyto-
genes. The response of biosensor with magainin I was clear preferential toward pathogenic
gram-negative species of E. coli and Salmonella, especially toward E. coli O157:H7, demon-
strating interbacterial strain differentiation and maintaining recognition capabilities toward
pathogenic strains of E. coli and Salmonella. This research group also demonstrated antimi-
crobial peptides self-assembling onto a wireless graphene nanosensor integrated on a tooth
for remote monitoring of a respiration and bacteria detection in saliva [99].

Similar studies were conducted by Lillehoj et al. [100], who reported a microfluidic chip for
the multiplexed detection of bacterial cells using AMPs. Peptide immobilization on the sensors
was made via cysteine—gold interactions, revealing robust surface binding. Samples containing
Streptococcus mutans and Pseudomonas aeruginosa were attached to the chip, and both microor-
ganisms were detected at minimum concentrations of 10° cfu mL in 25 min.

Other works used interdigitated impedimetric arrays for gram-positive bacteria detection with
naturally produced AMPs from class Ila bactericins. Etayash et al. [101] used leucocin A, a
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representative a class Ila bacteriocin, chemically synthesized and immobilized on interdigi-
tated gold microlelectrodes via C-terminal carboxylic acid of the peptide and free amines of a
preattached thiolated linker, as antilisterial microbial peptide. In this case, the authors
highlighted the narrow activity spectrum of class Ila bacteriocins with high effectiveness with
which they act by receptor-mediated mechanism with the target bacterial cells. In this case,
leucocin A was used for the real-time detection of L. monocytogenes. The detection limit was as
low as 10° cfu mL~!, which is the equivalent of 1 bacterium/ul. The biosensor also selectively
detected Listeria in front of other gram-positive strains at 10* cfu mL-1. Thus, in this work, high
sensitivity and selectivity were obtained.

Finally, Li et al. [102] developed a novel biosensor based on faradicimpedance for the detection
of E. coli O157:H7 using a film formed of ferrocene—peptide conjugate on a gold electrode, and
magainin I as antimicrobial peptide. Other bacteria as nonpathogenic E. coli K12, Staphylococcus
epidermidis and Bacillus subtilis, were used to evaluate the selectivity of biosensors. Obtained
results revealed that E. coli O157:H7 was preferentially selected as reported before [98]. For
impedance measurements, a redox probe with 5 mM of K;[Fe(CN),]/K,[Fe(CN),] was used to
optimized detection and study changes produced in the charge transfer resistance (AR,,). The
detection limit obtained was 10° cfu mL, similar to previous studies.

Although the use of antimicrobial peptides in biosensing applications offers a robustness and
stability compared to other biorecognition elements such as antibodies, the main drawback of
these elements is the low or lack of specificity against different species and especially different
bacterial strains. We have mentioned some examples of aptamer biosensors with more affinity
for certain species than others, but for real biomedical or biosafety applications, where the
identification of pathogenic bacteria causing human diseases is really important, AMPs
performance remains a challenge and has to be studied more in detail.

4.2.4. Lectins

Another kind of biorecognition element described in literature is lectin, a carbohydrate-
binding protein or glycoprotein produced by many organisms (from viruses and microorgan-
isms to plants and mammals) that selectively and reversibly react with mono- and
oligosaccharides, widely present on bacterial cell surface [103]. The recognition of these
carbohydrates on bacteria surface can be used for the specific detection of bacteria. Carbohy-
drate—protein interaction is much weaker than protein—protein interaction, but these molecules
are more stable and smaller than antibodies, and they can neither be denatured easily nor lose
their activity [104]. Moreover, the small size of lectins allows to obtain higher densities of
carbohydrate-sensing elements on a sensor surface, leading to higher sensitivity and lower
nonspecific adsorption [13].

Gamella et al. [105] reported a lectin-based screen-printed gold electrode for the impedimetric
detection of bacteria based on faradic impedimetric measurements. In this case, concanavalin
A (ConA), a mannose- and glucose-binding lectin, was used as biorecognition element for
interaction with carbohydrate of E. coli surface. Biotinylated ConA and E. coli formed a complex
in solution, and after 1 h at room temperature, the complex was immobilized on the surface.
Impedimetric measurements were conducted afterward in a solution of the redox probe of
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K;[Fe(CN)l/K,[Fe(CN)y]. The electron transfer resistance (R,,) varied linearly from 5 x 10° to 5
x 107 cfu mL. The selectivity was evaluated with different lectins and three different bacteria:
E. coli, S. aureus, and Mycobacterium phlei, and satisfactory conclusions were achieved.

Other studies have been conducted to detect sulfate-reducing bacteria such as Desulforibrio
caledoinensis by immobilizing ConA using an agglutination assay. Wan et al. [106] immobilized
ConA onto a gold electrode using amine coupling on the surface with 11-mercaptoundecanoic
acid. A redox probe with Fe(CN)*/* was used to obtain faradic impedance spectra, and an
electron transfer resistance (R,,) was monitored with the increases of bacterial concentration.
The system showed high sensitivity with a linear correlation in the concentration range from
1.8 x 10° to 1.8 x 107 cfu mL™.

Recent studies has been performed by our group [74] developing an impedimetric transducer
based on an interdigitated electrode where ConA lectin was utilized as a biorecognition
element. Nonfaradic processes were monitored through R, changes on IDEA surface. ConA
was attached on sensor surface by a layer-by-layer method through PEI-ConA interaction. E.
coli was used as bacterial model, and similar detection limits of 10* cfu mL-! were obtained as
reported by others [105].

Despite advantages presented by lectins as biorecognition elements for biosensing applications
described previously, some drawbacks have to be mentioned. The inherent disadvantage of
lectins is that several lectins can bind different carbohydrates as well as different carbohydrates
can bind the same lectin [107]. These properties of lectins reduce significantly the specificity
between bacterial species and especially between bacterial strains. Therefore, in bacterial
detection where bacterial membrane consists of a series of different carbohydrates and
lipopolysaccharides (aside from other components), the specific detection of bacterial species
can produce false positive in complex samples.

4.2.5. Other biorecognition elements

Asarecent alternative, the use of bacteriophages as biorecognition elements has been proposed
[108, 109]. Bacteriophages are virus of bacteria that utilize bioreplicative machinery to multiply
and bind selectively against outer membrane of the bacterial cell-surface proteins, lipopoly-
saccharides, pili, and lipoproteins. Therefore, bacteriophages can be used as biorecognition
element due to additional properties such as high specificity, low-cost production, long shelf
life, and thermostability during handling. Furthermore, metabolic products or intracellular
components of bacteria realized by lytic action of phages can be an alternative route for
biosensing.

Mejri and co-workers [110] developed a biosensor based on the use of T4 bacteriophage for E.
coli recognition. In this case, antibodies and phages were compared for E. coli biosensing by
using EIS. Both biorecognition elements were physisorbed on interdigitated gold microelectr-
odes. Measurements with phages immobilized on the surface were conducted by monitoring
the variations in impedance module (AZ) at a fixed frequency of 233 MHz. Results showed an
increase of the initial impedance after about 20-25 min, followed by an important decrease in
impedance. The initial increase was attributed to the phage-bacteria recognition, while the
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subsequent decrease presumably happens as consequence of bacterial lysis and release of
intracellular components. In case of antibodies, only the initial increase was observed,
demonstrating the lytic effect of T4 phage. Linear response was observed for E. coli range
concentrations from 10* to 10” cfu mL'. However, no response was produced in the case of
Lactobacillus at the same concentrations.

Other recent work conducted by Tlili et al. [111] studies a bacteriophage-impedimetric
biosensor for the identification and quantification of E. coli with bacteriophage T4. In this case,
during the lytic process, the realization of Tuf gene was amplified by a loop-mediated
isothermal amplification (LAMP) method and monitored by linear sweep voltammetry (LSV)
as a confirmation assay. The phage was attached on a cysteamine-modified gold electrode in
the presence of 1,4-phenylene diisothiocyanate, and bacteria adhesion was monitored by
changes in electron transfer resistance (AR,,) in Fe(CN)®* redox pair solution. Electrochemical
impedance results reveal a detection limit of 800 cfu mL-1 and a detection time of 15 min, while
confirmation assay by LAMP assay and LSV requires 40 min. The reduction of one order of
magnitude was obtained by the detection of Tuf gene.

Some drawbacks on the use of bacteriophages in biosensing applications have to be mentioned.
During lytic process of bacterium, the signal on a biosensor would be lost or significantly
affected due to the components released with bacterial cell disruption [112]. Moreover, some
studies suggest that phages bound to the sensor lose their bacterial binding capability upon
drying because their tail fibers collapse and are unavailable to bind to the bacterial host [113].
In addition, phages have relatively large sizes, which limit their biosensing applications on
particular sensor where detection is limited by distance.

5. Final remarks

Electrochemical biosensors based on impedance detection each year are used more widely due
to their high sensitivity and rapid response, which makes this technique extremely useful to
detect biological interactions. The detection of pathogenic bacteria using impedance techni-
ques, introduced in this chapter, is an important field that still requires further development.

The detection of bacteria by EIS may be performed in two ways: (1) by the detection of
metabolites produced by bacterial growth and involving conductivity changes in the sample
and (2) by bacterial detection based on the immobilization of bacteria on electrode surface
through biorecognition elements (antibodies, antimicrobial peptides, aptamers, etc.), which is
oriented basically on registration of changes in charge transfer resistance (faradic process) and
interfacial impedance (nonfaradic process).

The first method is simpler but requires working with low conductivity media and takes longer
times. The second method, especially accompanied by some preconcentration technique, may
be very fast, selective, and sensitive. Nevertheless, there are still a lot of challenges to be
overcome aimed on lower detection limits, shorter detection times, selectivity, and sensitivity.
A great help in resolving some of these problems may arrive from using IDEAs. However,

279



280 Biosensors - Micro and Nanoscale Applications

analyzing current publications, we may note that there is poor understanding of how bio-
chemical interactions on a sensor surface affect its electrical properties. Without clear knowl-
edge of interfacial chemical processes and their effect on a complex interfacial impedance, it
would not be possible to optimize the measurement procedures and sensor geometry, thus

improving sensors performance.
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Abstract

In this chapter, the development of a point-of-care device for bio-medical applications
has been discussed. Our main objective is to research new electronic solutions for the
detection, quantification, and monitoring of important biological agents in medical
environments. The proposed systems and technologies rely on label-free disposable
sensors, with portable electronics for user-friendly, low-cost solutions for medical
disease diagnosis, monitoring, and treatment. In this chapter, we will focus on a
specific point-of-care device for cellular analysis, applied to the case of anemia
detection and monitoring. The methodology used for anemia monitoring is based on
hematocrit measurement directly from whole blood samples by means of impedance
analysis. The designed device is based on straightforward electronic standards for low
power consumption and low-cost disposable sensor for low volume samples,
resulting in a robust and low power consumption device for portable monitoring
purposes of anemia. The device has been validated through different whole blood

samples to prove the response, effectiveness, and robustness to detect anemia.
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1. Introduction

The integration of medical and electronic technologies allows the development of biomedical
devices able to diagnose and/or treat pathologies by detecting, quantifying, and monitoring
cellular species in different conductive media. In this chapter, the main attention is focused on
the development of instrumentation electronics and sensing systems as well as design
protocols for point-of-care (PoC) devices for cellular detection and monitoring, relying on
straightforward standards for economic, low power consumption, versatile, safe, and reliable
devices.

Several studies have reported that cellular detection, quantification, and monitoring can be
accurately monitored by means of its biological electrical impedance (BioZ) [1-10] in different
environments, in vivo or ex vivo experiences. One example of such work is the paper presented
by Pop et al. (2013) [2], where blood hematocrit (HCT) was continuously in vivo monitored in
the human right atrium by a dedicated central venous catheter equipped with an impedance
measuring device. Pradhan et al. (2012) [5] studied ex vivo the electrical properties of blood
and its constituents using impedance spectroscopy (IS) and three-electrode sensors. Ramasw-
amy et al. (2013) [6] performed a blood coagulation test based on a custom microfluidic device
and the electrical impedance detection of whole blood samples. Li et al. (2012) [8] monitored
Legionella serogroupsin clinical and environmental samples by means of IS. Dweik et al. (2012)
[9] demonstrated the detection of E. coli where bacterial presence was rapidly detected by
measuring the antibody-antigen bonding by impedance analysis between 100 Hz and 10 MHz.
Also, in the work developed by Grossi et al. (2010) [10], the quantity of bacteria during a culture
process was detected by impedance measured at 200 Hz sinusoidal with a 100 mV peak-to-
peak signal. Furthermore, other studies have reported the detection of cell-derived micropar-
ticles [11] and insulin in blood serum [12] based on an IS technique.

1.1. Biological electrical impedance

Dilute cellular sample suspensions can be described as a network of electrical passive com-
ponents. The BioZ, identical to the definition from the Ohm’s law [13], is defined as the
response of applying an electrical stimulus to a biological material through a sensing system
and measuring its electrical response. The electrical response is frequency dependant, and
depending on the samples under examination and the sensing system, there are different
frequency working ranges where an appropriate electric response can be found, so a frequency
sweep is needed to evaluate the electrical response of the whole designed system (biological
sample along with the sensing system). There are different sensing electrodes topologies to be
considered depending on the number of electrodes used. Typical cellular electrical model for
dilute cell suspensions can be described as network of electrical components [14] (Figure 1).

Injected current can flow through external media (Rg resistance) or through the cell across the
membrane (R, C,,) and the intracellular medium (R; resistance). Considering that Ry

resistance is nearly negligible, a simplified model is considered.
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Figure 1. Cellular electrical model. Sensing system based on 3 electrodes and 4 electrodes approach.

A two-electrode topology is defined by the working electrode (WE), where the sample is placed
and the electrical signal is applied, in addition to the auxiliary electrode (AE), which tracks the
solution potential and supplies the current required for experience. This topology brings some
kind of problematic behavior by the AE polarization effects causing a distortion of the applied
electrical signal. The three-electrode configuration is defined as follows: the working electrode
(WE), where the object is under investigation, the reference electrode (RE), which tracks the
electric signal, and the counter or auxiliary electrode (CE), which supplies the required current.
This topology avoids the distortion of the applied electrical signal.

Finally, the fourelectrode configuration avoids the measurement distortion due to the WE
impedance polarization, as in the threeelectrode topology, the electric signal is directly applied
where the single-ended voltage measurement signal is read. The fourelectrode topology is
composed of two current-injection electrodes and two voltage-reading electrodes avoiding the
electrode polarization distortion in impedance measurement due to a complete differential
voltage measurement [15].
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BioZ technique allows the use of different sensing topologies and systems, making possible
the integration of such electrodes in a great variety of devices and environments, such as
biosensors and microfluidic devices for increased functionality and performance. Moreover,
the simplicity of the technique implementation makes it possible to accomplish the experience
objectives with very simple sensing systems. Hernandez et al. (2011) [4] obtained the electric
impedance spectrum of human blood using reactive strips of the Bayer’s portable glucometer.

The electronics involved in customized PoC devices are implemented as a front-end electronics
depending on the sensing topology, and a back-end user interface for data processing and user
interface. As a general standard, the whole PoC device can be described in a general outline
as it is depicted in Figure 2.

ElectronicDevice

A_ .
- N\ Sensing System

Power Instrumentation & Data f \

Supply. Conditioning. I Disposable
Sensor.

Data Post-Processing & User
Interface.

Figure 2. PoC device schematic development view.

2. Point-of-care device electronics design

2.1. Front-end electronics depending on the sensing topology

As it has been stated before, there are different electrodes topologies for the sensing system
implementation, depending on the system and applications requirements. Different configu-
rations must be designed for the front-end electronics architecture depending on the sensing

topology.

In case of a three-electrode sensing topology, the potentiostat is the key electronic component
for this sensing configuration, which is the interface between the biological elements and the
instrumentation electronics. The potentiostat can be implemented in different ways, especially
in terms of electrodes current, which can be designed as an instrumentation amplifier current
readout stage or a transimpedance amplifier readout stage [16].

In figure 3A, a simple potentiostat with an instrumentation amplifier readout stage has
been shown. It consists of an operational amplifier (OA), which tracks the input signal (V)
on to electrodes, and an instrumentation amplifier (IA) that senses the current through the
electrodes.



Bioimpedance Technique for Point-of-Care Devices Relying on Label-Free Disposable Label-Free Sensors...
http://dx.doi.org/10.5772/60843

Figure 3. Cellular model, sensing system, and front-end electronics. A: 3-electrode cofiguration. B: 4-electrode configu-
ration.

The current readout electronics consists of the direct conversion of the current through the
biological species (Icg ;) into a voltage signal by means of a resistor (Rggnsg), where an instru-
mentation amplifier measures the voltage difference. The current through resistor (Rggnsg) is
equal to the current through the biological species (I, ), and the voltage between RE and WE
is steady due to the direct connection of WE to ground reference. Instrumentation amplifier’s
gain has been set to 1 to optimize the amplifier’s total harmonic distortion.

Zeprr, = Ropnse [Vi]
our

In case of a four-electrode configuration, a voltage-to-current converter is implemented. In
Figure 3B, the voltage-to-current converter is a modified Howland cell based on operational
amplifiers (OA1 and OA2), which must guarantee a wide bandwidth and a high slew-rate
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while maintaining a low spectral noise and a low offset performance. The Howland cell uses
Rggr and the input signal (Vi) amplitude to define a stable current signal (Ioyy) at the output
of the circuit regardless of the connected load related to the biological species.

1
I, =l—1V
CELL [ RSETJ N

The differential voltage between ER1 and ER2 electrodes is acquired by means of the instru-
mentation amplifier (IA). The measured voltage (signal Vs) is related to the differential voltage
between the reading electrodes (ER1 and ER2), G being the instrumentation amplifier gain.

VOLIT = G(VER] - VERZ) = G'(ZCELL'ICELL)

\%
Zegr, = Roer [ G(%;IT ]
YIN

2.2. Back-end electronics for data post-processing and user interface

The sensing topology and front-end electronics chosen for the implementation of the PoC
device outputs a voltage signal related to the biological impedance, which is of complex
magnitude. The purpose of the back-end electronics, independent of the front-end electronics
and sensing system, is to supply the proper voltage signal to bias the instrumentation elec-
tronics, depending on the biological sample, sensor, and experimental setup; process the
output data; and present a proper user interface.

Taking into account these considerations, the first approach based on impedance spectroscopy
(IS) is a versatile solution in different topics and environments. Two different approaches can
be considered for the IS method; the Fast Fourier Transform (FFT) [17] method and the
Frequency Response Analyzer (FRA) [18]. In the FFT method, a pulse is applied, ideally a Dirac
delta function, to the sample and considering that it contains a wide frequency content, the
response provides a full spectrum data of the analyzed sample impedance. The front-end
electronics response is analyzed with an FFT algorithm in order to extract the frequency
components of the impedance spectra [17]. This method is a simple and fast solution for the
IS, but there are several drawbacks in the implementation. It is very difficult to generate a fast
step function and a very fast electronic instrumentation capable of driving this step on the
electrodes and extracting the resulting signal, producing a distortion in the measurement.
Moreover, the important impedance information is contained in a short period of time after
the step is applied; so, in addition to a very fast electronic instrumentation, a very fast analog-
to-digital converter (ADC) with a high-precision bit resolution is also required, resulting in a
high-speed hardware and heavy algorithm implementation device. Considering the PoC
characteristics of the device, the FRA approach is a simpler and more efficient solution based
on a lock-in amplifier (LIA). This method is much slower, as every frequency component is
analyzed separately, to obtain the Bode plot of the measured impedance. The FRA solution is
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a good solution in terms of the trade-off between speed and complexity, particularly if not too
low frequencies need to be measured, as it actually happens on biological cellular samples [3,
5,19, 20]. Moreover, the implementation of a LIA is useful to reject undesirable harmonics and
noise interferences [21-23], which are predominant on biological environments, such as
bacteria culture, saline solution buffers, blood plasma, etc.

Complete back-end electronics have been designed to perform the FRA solution based on a
real-time mathematical processing digital lock-in amplifier (DLIA) embedded on a real-time
platform sbRIO 9632 (National Instruments, Austin, TX, USA), which has been used for fast
software prototype development and versatility. To perform the FRA analysis based on a
DLIA, the biasing signal of the front-end electronics (Vyy) is adopted as a reference signal to
analyze the response of the sensing system (Vgyr). The sine and cosine signals are derived from
Vv and by means of two multipliers and a filter stage, the real and imaginary components of
Vour are obtained [16] (Figure 4). This measurement must be done for each frequency and
front-end electronics output signal to obtain the Bode plot which consists of its magnitude |
Vour! and phase @qyr, where Vigy and Vi, are the real part and imaginary part of the output
signal, respectively.

A

VReaL Q‘ Vin
-« —_—
Front

Vin (0°) \V} End
ADC  |e—22

Vin (90°)

A
A

Figure 4. Lock-in software diagram. Vg is the input signal coming from the front-end electronics, Vyy is the reference
signal and Vgga, Vi, respectively, are the real and the imaginary parts of the sensing system response.
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Figure 5 depicts the back-end electronics architecture for the IA device. It is composed by the
sbRIO 9632 real-time platform that allows us to develop different back-end functionalities,
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such as an oscillator (OSC) (Figure 5) that provides the desired biasing signal (V) for the front-
end electronics, and the signal conditioning for dual analog-to-digital conversion of both Vyy
and Vgyr signals needed for the FRA approach. The oscillator is based on a signal generator
AD9833 (Analog Devices, Norwood, MA, USA) that provides a stable voltage signal with a
wide variable frequency range, 0 MHz to 12.5 MHz, which is controlled by a serial peripheral
interface (SPI) communication protocol. The signal conditioning consists of a 12-bit dual, low
power consuming ADC (Figure 5) known as ADC12D040 (Texas Instruments, Dallas, TX,
USA), capable of converting both analog input signals at 40 MSPS simultaneously. The analog
inputs are converted from single-ended input to differential output with a differential
amplifier (Figure 5) AD8138 (Analog Devices, Norwood, MA, USA).
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Figure 5. Back-end electronics based on a real-time platform sbRIO 9632.

Finally, a software for system control, data processing, and user interface is embedded on the
real-time platform, which offers several functionalities.

First of all, it provides steady clock signals as needed that can be automatically real-time
adjusted, allowing complete parallel signal acquisition for all the frequency ranges and more
precise control of the oscillator, enabling the development of a signal generator automatic
frequency sweep for an automated and complete FRA.

Furthermore, some functionalities on the front-end electronics, like Rggysi 01 Repr multiplexed
auto-scale, are basic features for a precise FRA method and can be implemented by means of
additional digital control as it is depicted in Figure 5 (front-end control signals). The real-time
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platform allows the system configuration and data display, with a user-friendly front-end user
panel using Labview (National Instruments, Austin, TX, USA), by means of an external
computer connected to the platform with a standard Ethernet connection.

2.3. Back-end electronics test

DLIA is the key component of the whole back-end electronics system, and must be capable to
extract information from highly contaminated signals provided by the sensing system, usually
electrical signals buried in noise. To estimate the signal-to-noise ratio (SNR) of the DLIA; the
parameter that quantifies the ability of the DLIA to extract information of highly contaminated
signals; a signal of 10 mV amplitude had been injected at the back-end electronics input Voyr,
as the information signal to be processed, for different frequencies ranging from 10 Hz to 100
kHz. Different noise signals representing different noise amplitude values had been added to
the information signal for two different frequencies, 50 Hz and 200 kHz.
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Figure 6. System response to a resistor impedance measurement. A: 50 Hz, low-frequency noise signal. B: 200 kHz,
high-frequency noise signal.

Figure 6 shows the error and standard deviation when recovering the information from the
different noise-contaminated 10 mV electrical signal. Measurement errors are below 10% for
signal-to-noise ratio up to-45 dB, noise levels 200 times higher than the signal amplitude, which
means a great environmental noise rejection for both lower (50 Hz) and higher frequencies
(200 kHz).

2.4. Combined front-end and back-end electronics test using passive components

The complete PoC device combining both front-end instrumentation for sensing system
driving and back-end electronics for data processing and device control, have been tested using
passive components (Figure 7). The three-electrode front-end architecture, based on a poten-
tiostat, has been selected for these studies, as three-electrode commercial sensors will be used
later. Moreover, the passive components used in the study are in the ranges of typical blood
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impedance values [4, 5, 8, 12, 24], as the PoC device will be later applied to particular blood
analysis. The operational amplifier to bias the sensor is the AD825 (Analog Devices, Norwood,
MA, USA), a dual-supply high-speed Junction Gate Field Effect Transistor (JFET) amplifier
with low leakage current and low distortion capable of high output driving. The instrumen-
tation amplifier, AD8421 (Analog Devices, Norwood, MA, USA), is a dual-supply high-speed
instrumentation amplifier with low noise and ultralow bias current. The amplifier’s gain has
been set to 1 in order to optimize the amplifier’s total harmonic distortion. This stage has been
designed with four different multiplexed sensing resistors (Rgpyse) taking into account the
expected impedance values shown in the literature between 100 Q2 and 100 kQ [4, 5, 8, 12, 24],
as was subsequently confirmed in the system validation experiments. These resistors are
automatically multiplexed with an auto-scale function controlled by the embedded software.
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Figure 7. PoC impedance analysis device schematic diagram. A: Front-end electronics. B: Back-end electronics

First of all, we analyze a single resistor of different values as an electrode load in both impe-
dance magnitude (Figure 8A) and phase (Figure 8B). Results demonstrate a great performance
and reliability with an impedance magnitude standard deviation of 1%, maximum error of
12.3% in a 100 kHz bandwidth for loads less than 10 k(. For loads greater than 10 k(), the
system performance declines with an impedance magnitude standard deviation of 3% and
maximum error of 14% and bandwidth less than 10 kHz. In terms of impedance phase, Figure
8B, the system performance shows a standard deviation of 3.7 degrees in a 10 kHz bandwidth
except for higher load values. The potentiostat topology causes a bandwidth limitation, as the
instrumentation amplifier current readout system introduces an extra load (Rggysg) on the main
amplifier feedback loop, especially when the load increases.
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Figure 8. System response for a different resistor values. A: Impedance magnitude. B: Impedance phase.

A transimpedance amplifier topology [16] may solve this problem, as the current readout
system and the sensing resistor (Rgnsg) are placed outside the feedback loop of the main
amplifier. However, the generation of a voltage reference on the electrodes is based on a virtual
ground provided by the transimpedance amplifier (Figure 9B), leading to possible errors on
electrodes biasing [16].
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Figure 9. Potentiostat topologies. A: Instrumentation amplifier current readout topology. B: Transimpedance amplifier
current readout topology.

Moreover, presence of stray capacitances creates a high-frequency measurement deviation
called “Hook Effect.” It is caused by leaking currents on the instrumentation [25], produc-
ing an impedance measurement error that can be observed above the 100 kHz. This error
is frequency and load dependant, as leaking current paths through parasitic capacitances
is more conductive at high frequencies and loads. In spite of these limitations, it is not a
major drawback to the PoC device application, because the typical impedance and working
frequency values for HCT analysis found in literature are below the described limitations
[4, 5, 8, 12, 24].
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Finally, the whole PoC device has been tested adopting a parallel resistor and capacitor as a
load configuration (Table 1). Figure 10 shows the impedance magnitude and phase, in
comparison with the theoretical load behavior. Three different resistor and capacitor values
have been tested:

Resistor Value. Capacitor Value.
Test 1 597Q) 9.98nF
Test 2 9940) 3.86nF
Test 3 9940Q2 9.98nF
Table 1. Load values.
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Figure 10. System response for a different parallel resistor and capacitor values. A: Impedance magnitude. B: Impe-
dance phase.

Results in Figure 10 show a great performance with an impedance magnitude standard
deviation of 1.5%, a mean error of 3.5% with a defined 100 kHz bandwidth.

2.5. Combined front-end and back-end electronics test using a ferrocyanide/ferricyanide
solution

Finally, the whole PoC device has been validated for different sensors topology and compared
the device measurements with a commercial equipment SP-150 (BioLogic Science Instruments,
Grenoble, France) using a ferrocyanide/ferricyanide solution, a commonly used substance on
sensor and equipment characterization [26-28].

Two different sensors have been used: a disposable commercial three screen-printed electrode
C223AT (DropSens, Llaneras, Spain); and a standard three-electrode laboratory sensor
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composed by three different probes. Figures 11A and 11B show the impedance magnitude and

phase comparison between the developed device and the commercial equipment SP-150, using

the same disposable three screen-printed electrode (C223AT).
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Figure 11. Comparative results with commercial equipment SP-150. A: Commercial sensor C223AT impedance magni-
tude. B: Commercial sensor C223AT impedance phase. C: Standard laboratory probe impedance magnitude. D: Stand-

ard laboratory probe impedance phase.

Figures 11C and 11D show the impedance magnitude and phase comparison between the

developed device and the commercial equipment SP-150 using the same standard laboratory

three probe electrodes sensor for all the experiments. The system has a proper impedance

measurement response in the frequency operating range from 10 to 100 kHz, working within

the ranges described earlier, with an impedance magnitude standard deviation of 1% and a

maximum error of 1.5%. In terms of phase, maximum error is less than 12.1 degrees and the

electrodes electrical pole positions represented are at accurate position. A final system

characteristics summary is reported in Table 2:
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Conditions (T = 25°C) Value

Power Consumption 24 VDC
035A

Applied Voltage Signal Amplitude 10 Vrms
Frequency Working Range Load <10 kQ <100 kHz
Frequency Working Range Load > 10 kQ <10 kHz
Magnitude Maximum Error In Frequency Working Range <12.3%
Phase Maximum Error In Frequency Working Range <12.1°
Lock-In Average SNR Rejected -43 dB

Table 2. System characteristics summary.

3. Point-of-care device for anemia detection using commercial disposable
sensors

3.1. Introduction to anemia

In this section, the previously reported PoC solution is studied for the detection of anemia
through whole blood HCT monitoring, using a plug-and-play low-cost disposable commercial
Sensor.

Anemia is defined by the World Health Organization (WHO) as the stage at which the
amount of hemoglobin in blood is below a certain threshold, being considered a world-
wide problem [29]. HCT is the proportion of blood volume occupied by red blood cells
(RBCs) and is determined by cell number and size, so HCT values below a certain reference
range may also indicate anemia or abnormal cell development. 1.62 billion people (24.8%
of the global population) are affected by anemia. The highest prevalence of anemia is in
less developed countries, such as Africa and south-east Asia (~65%), and around 20% in
developed countries, such as the Americas, Europe, and Western Pacific [30]. Severe anemia
can lead to major health consequences such as pregnancy disorders, poor physical and
cognitive development, and increased risk of morbidity, while less severe cases provoke
weakness, fatigue, and dizziness [30, 31]. Nutritional deficiencies, such as severe malnutri-
tion [32], colon cancer [33], or gastrointestinal lesions [34], are the most common cause of
anemia, while other anemia originators are hematologic diseases such as sickle cell anemia
[35] or thalassemia [36], cancer treatments (chemotherapy and radiation) [37], and indi-
rect causes, such as lower erythropoietin production [38]. Also, frequent blood donations
and huge blood draws from hospitalized patients may induce anemia [39]. Non-invasive
methods are being studied and developed for anemia screening but have been demonstrat-
ed to have lower precision and sensitivity level [40, 41].

These different factors push toward the development of PoC anemia equipment providing an
easy-to-use, reliable, and sensitive test with a short response time relying on 50 pL blood
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sample, which can be collected from capillary by standard medical procedures [42], providing
reduced disposition decision time [43] and replacing current venipuncture-based laboratory
test and improving patient satisfaction [44]. Moreover, low-volume blood samples avoid
inducing anemia or making it worse, as phlebotomy is reported to induce anemia in hospital-
ized patients [45].

Currently, non-specific huge laboratory devices utilize IS-based applications, involving
complex experimental setups and significant expenditure of time. Furthermore, whole blood
PoC specific sensing systems also rely on complex microfluidic devices [46] entailing a low
environmental integration level to develop autonomous PoC applications [47]. Moreover, IA
measurements were performed at 10 mVy,s, to prevent undesired effects like electroporation
or irreversible electrical breakdown, which will damage RBCs membranes [48].
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Figure 12. Red Blood Cell (RBC) electrical model. A: Three-electrode model for RBC sample. B: Current flow path
through different blood samples with different hematocrit.

The electrical model for dilute cell suspensions in a three-electrode sensor (Figure 12) can be
described as an electrical components network, where the close relation between HCT and
impedance atlow frequencies (up to 100 kHz) has been confirmed [49]. At this frequency range,
the current Iz, flows outside the RBCs, across RE impedance. HCT increment on the sample
makes the current flow path larger between RE and WE electrodes, becoming an increment on
Zcp impedance. According to literature, this phenomenon occurs at the 10 Hz to 100 kHz
frequency range [2, 49].

3.2. Sensor

The sensing system is a low-cost disposable commercial sensor, easy to manipulate by clinical
laboratory technicians using standard clinical laboratory tools. It works with 50 uL blood
samples, the standard volume for a whole blood drop, easily collected from capillaries [42],
and it is made of gold, an acknowledged bio-compatible material. Different commercial
sensors have been evaluated, such as ACI sensor from BVT Technologies (Brno, Czech
Republic) or the G-AUG sensor series from Bio-Logic SAS (Claix, France), and the commercial
sensor that best meets the defined specifications is the C223AT from Dropsens (Llaneras,
Spain).
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The device has a plug-and-play sensor system inside a Faraday cage and it is connected to the
electronics with a custom-made three-wire coaxial insulated cable in order to provide an easy-
to-use setup and reliable performance. Blood samples were put on top of the sensor with an
automatic pipette (Labopette Manual 10-100 pL; Hirschmann Laborgerite, Eberstadt, Ger-
many).

Instrumentation

Group 2 10 Whale [retection Grouplls 3 Whale
Bload Samples alzorithm Elood Samplaz

Results
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Conclusions

Yalidation

Figure 13. Device prototype electronics: Two custom printed circuit board and a sbRIO 9632 board (National Instru-
ments, Austin, TX, USA) inside a faraday cage. Experimental setup: disposable sensor; electronic instrumentation; ex-
ternal computer with control and data displaying software. Whole blood samples groups and experimental procedure.

3.3. Blood samples

We used 48 whole blood samples obtained from hospitalized patients in Hospital Clinic.
However, personal data of the patients was not available to the investigators and samples were
randomly selected. Whole blood samples were obtained in 4 mL tubes containing ethylene-
diaminetetraacetic acid (EDTA 7.2 mg; BD Vacutainer®, Madrid, Spain).

We performed a complete blood count (CBC) of the blood samples with a hematology analyzer
(Advia 2120, Siemens AG, Madrid, Spain), which reported the hemoglobin and HCT results
as g/dL and percentage (%), respectively. With this methodology, the blood sample stream is
divided into two parts, one portion is used for RBC counting and size and other portion is used
for hemoglobinometry. RBC counting and size analysis is performed by singly passing the
RBCs through a small direct current, where the temporary increase in impedance provides the
information about number and volume. HCT is calculated from the measured RBC number
and volume [50].

These 48 whole blood samples were distributed in two different groups (Figure 13). The first
one (group I), consisted of 10 samples, was used to calibrate the system, whereas the second
one (group II), composed by the other randomly collected 38 whole blood samples, was used
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to validate the whole system performance. The samples in group I have been selected to cover
the entire possible HCT range present in human blood.

3.4. Software description

A user-friendly front-end panel on a remote computer has been designed for system config-
uration and data display. The real-time platform allows us to connect our device to a remote
computer by means of a standard Ethernet connection. The user panel, depicted in Figure 14,
has two different configurations that can be selected from a menu (A label). Each option allows
the system to perform different experiments when the start button (D label) key is pressed.
The first one is a complete impedance spectroscopy that provides the Bode diagrams for both
impedance magnitude (F label) and phase (G label), where the user could choose the number
of points per decade (C label). IA frequency ranges are fixed to the defined bandwidth on
section 3.2 and Rgys;; values are auto-scaled. The second is an automatic HCT analyzer, where
the blood sample HCT is displayed with four significant numbers (B label).
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Figure 14. Software front panel for system control and data displaying.

Moreover, the front panel has several displays for user control and error monitoring. The two
signals needed for the FRA analysis, reference signal (Vyy in Figure 5), and measurement signal
(Vourin Figure 5), are real-time monitored and shown on a graph (E label). Errors in electronics
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connection with the remote computer are displayed (H label) and generic Labview errors are
explained (J label).

3.5. Anemia detection device validation

3.5.1. System calibration: 1A spectra analysis

The designed device was validated through IS experiences with the specified sensor described,
for each whole blood sample collected, with all the measurements performed at clinical
laboratory room temperature. First of all, we measured a complete impedance spectrum for
the group I whole blood samples.

The obtained impedance magnitude (Figure 15A) and phase (Figure 15B) Bode diagrams for
whole blood samples demonstrate that there exists a difference between measurements for
different samples in specific frequency ranges. Furthermore, these differences must be related
to whole blood HCT, as the response current I, flows outside the RBCs, as discussed in
previous section. When HCT is higher, the current flow path becomes larger between the RE
and WE electrodes, which represents an increment on measured Z; impedance. Therefore,
measured impedance differences must be defined as impedance increments related to HCT
increments. This phenomenon is present on specific frequency ranges depending on the
correlation between impedance measurement and HCT. In terms of impedance magnitude
(Figure 15C), the frequency working range is from 10 kHz to 100 kHz and for impedance phase
(Figure 15D), it is in the range from 1 kHz to 5 kHz.

The capacity of determining impedance magnitude and phase differences for different HCT
samples on a wide frequency working range gives flexibility and data redundancy to the
system device, as long as it is not single frequency response dependant, which makes simple
statistical data analysis techniques, such as linear regression, feasible, strengthening the
robustness and reliability of the device.

Hence, once we have assumed that measured impedance increments, on the defined frequency
working range, are related to blood samples HCT increment, we must determine the system’s
capacity for detection, resolution, and sensitivity. A control software, embedded on the
microprocessor from the real-time platform sbRIO 9632, has been created to instantly measure
impedance on the previously defined frequency working range, and we have studied the
sensitivity, accuracy, and coefficient of variation of the device.

3.5.2. System calibration: Automatic hematocrit detection

To determine the system accuracy, sensitivity, and coefficient of variation, the first approach
to the detection system evaluates only the impedance magnitude measurements. Although
impedance phase measurements may be related to HCT, as it is shown in Figure 15D, these
values, unlike the impedance magnitude, are strongly frequency dependant, so more complex
data analysis is needed, resulting in a more complex and slower system. To calibrate the
system, the impedance magnitude measurements of the whole blood samples from group I
will be compared with the HCT values (%) (Figure 16.). The relation of impedance magnitude
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Figure 15. Whole blood impedance magnitude and phase measurement for group I whole blood samples. A: Impe-
dance magnitude over full frequency spectra. B: Impedance phase over full frequency spectra. C: Impedance magni-
tude over frequency working range. D: Impedance phase over frequency working range.

(1Z1) mean value and whole blood samples HCT had been analyzed using linear regression
approach, where the slope (8,) defines the sensitivity, in terms of ohms per HCT percentage

(Q/%).

Meanwhile the HCT detection accuracy (%) is the relation between the linear regression
standard deviation and 3. Precision can be evaluated with the coefficient of variation, that is,
the standard deviation divided by the mean value of the five repetitions measurements. In
Figure 16, the impedance magnitude for the different HCT values is depicted. The HCT
detection system has 10.46 QO/% sensitivity and a 1.13% accuracy error with a linear correlation
of 0.987. The coefficient of variation of the system is acceptable as it is normally below 5%.

3.5.3. Whole blood hematocrit detection validation

Once the whole system has been calibrated, and we have confirmed the HCT relation with
impedance measurement, in both magnitude and phase, with the data from these previous
studies, we have implemented an automatic real-time anemia detection device that provides
instantaneous HCT measurement. An HCT (%) evaluation algorithm, based on impedance
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Figure 16. Measured impedance magnitude as a function of whole blood samples HCT value (%). Calibration curve.

magnitude measurement, has been embedded on the microprocessor from the real-time
platform. The accuracy, precision, and repeatability of the detection device will be evaluated
using 38 whole blood samples from the validation group, described in previous section (group
II), which were randomly collected. Five repetitions have been done for each whole blood
sample, using different sensors and sub-samples, to evaluate the precision of the device. The
predicted HCT from the detection device is the mean value of the five measurements per-
formed with each whole blood sample, and it was compared with the HCT measurement of
the CBC performed with the hematology analyzer (Advia 2120, Siemens AG, Madrid, Spain).

In Figure 17, a comparison between detected HCT and HCT calculated with a clinical hema-
tology analyzer is shown. The proposed device presented great accuracy in detecting HCT,
with a linearity of 0.93 and an accuracy error of 1.75% with a correlation of 0.98. The coefficient
of variation has a mean value of 3.27% for the whole samples, without any particular case with
value more than 5%. In quality control procedures in clinical hematology measurements,
coefficient of variation of value less than 5% for a test is considered acceptable [50]. As a first
approach, which only contemplates impedance magnitude to a HCT analysis algorithm for
anemia detection, as previously stated, it would be interesting to develop a more complex
algorithm involving both impedance magnitude and phase on a wide frequency working
range, for more precision and better performance on detection.

3.5.4. Conclusions

A first approach to a PoC device has been designed, fabricated, and tested for instantaneous
anemia detection based on custom instrumentation electronics, electrical IA technique, and



Bioimpedance Technique for Point-of-Care Devices Relying on Label-Free Disposable Label-Free Sensors...
http://dx.doi.org/10.5772/60843

50 -
DHCT(%) = a + B-CHCT (%) ) I
1 a=144% I
= _
— 45+ p=0.93 3 L
5 :
T 1 1
i - .. '
= 40 4 ) L
5 i 1t
E 1 . |
T 35 o
T g_* 8
E [ s 8"
2 ‘ T3t -
2 504 . .. ®
[ T |
O | :,
IO
25 L
L]
d’ T J | ¥ T J T ¥ T J 1
25 30 35 40 45 50

CBC Hematoctrit CHCT (%)

Figure 17. Whole blood HCT measurement from the detection device compared with HCT measurements obtained
with a CBC performed by a hematology analyzer. Error bars represent the standard deviations across five repetitions.

disposable sensor. The system performs real-time instrumentation control, data acquisition,
and results display by means of an external computer and user-friendly software. The device
has been proved to exhibit reliable, robust, and effective results using label-free disposable
commercial sensors using 50 uL whole blood samples. Furthermore, unlike actual clinical
equipment for blood analysis, whole blood samples are not destroyed in the measurement
process.

Considering this device as a first approach algorithm for anemia detection, the development
of a more complex algorithm and a more accurate clinical assay with higher testing population
will lead to more accurate results to assess the device performance. In addition, as the system
isbased on straightforward standards on instrumentation electronics and sensing, it represents
an economic, portable, safe, and reliable system of anemia detection with a high degree of
integration for the clinical environment.

However, further development must be considered for future stages: real-time platform sbRIO
9632 (National Instruments, Austin, TX, USA) has been used for fast prototyping purposes
and versatility, but it has a major drawback in terms of power consumption, size, and price. It
must be replaced by alow-cost solution for instrumentation control, data acquisition, and post-
processing. The future system improvements must push toward the development of a truly
autonomous, portable, and versatile device relying on the IA analysis technique.
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4. Development of a truly autonomous low-cost point-of-care anemia
detection device

4.1. System improvement

In this section, we will develop a truly autonomous PoC anemia detection device, based on
the previous approach depicted in Section 3, as a more compact, economic, and portable PoC
solution. Once the electronics and sensing system have been calibrated, the electronics
involved in the data processing for a full spectrum analysis (DLIA based on FRA), such as a
microprocessor, a serial peripheral interface-controlled oscillator, and a specific ADC, are no
longer needed. Furthermore, a real-time platform was used which was increasing device
power consumption, price and size, a major drawback when aiming for specific low-cost PoC
device. The final system must be composed of an economic and reusable electronic device,
with the previously reported plug-and-play disposable commercial sensor, based on three
screen-printed electrodes for a 50 L sample.

The main advantages of the proposed device are the facility of use, compactness and small
size, and low-cost accessibility. These characteristics are valuable for both patients at risk of
anemia and patients with chronic anemia.

Recently, other PoC anemia devices have been introduced, such as color-based diagnostic test
for self-screening/self-monitoring of anemia presented by Tybursky et al. [51], which repre-
sents one of the more advanced PoC diagnostic test for self-screening/self-monitoring of
anemia. This device measures hemoglobin levels, which are visually interpreted by the user
using a color scale, and presents a very similar anemia detection performance compared with
the device relying on IA measurements. However, there are several drawbacks to be consid-
ered; first of all, the readout stage, based on a color scale, relies on the visual interpretation of
the user, which could introduce errors on the data interpretation, and reduces considerably
the system resolution. Moreover, the principle of operation is based on biochemical reactions,
where the blood comes into contact with a reagent solution initiating a redox reaction, which
is a slow and destructive procedure.

4.2. System description

The principle of operation of the new device is the same biophysical principle of cellular IS
described in Section 3. So, a full custom electronic circuit was specifically designed to carry
out the impedance measurements, using a disposable three-electrode C223AT sensor (Drop-
sens, Llaneras, Spain), and considering the specifications of the previous study. The architec-
ture of the device is divided in three parts: an oscillator that provides the AC voltage signal
(Vegwp), a sensor driving instrumentation, and an RMS-to-DC converter (Figure 18).

The oscillator is based on a Wien bridge that provides a stable output amplitude signal with
low distortion. The operational amplifier (OSC in Figure 18A) called AD8066 from Analog
Devices (Norwood, MA, USA) is a low-cost, high-speed JFET amplifier, with low leakage
current and distortion, in order to provide a stable AC voltage signal with low offset. The
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Figure 18. A: Custom electronic instrumentation. B: Commercial C223AT disposable sensor with a 50 uL whole blood
drop. C: Device prototype electronics and different suitable and functional user readout interfaces. D: Actual user-
friendly front-end user interface develop with Labview.

oscillator has been configured to provide a 33 kHz voltage signal, a well-suited frequency for
HCT detection using the C223AT sensor. The AD8066 commercial integrated circuit provides
two isolated amplifiers, so the second amplifier has been used as a follower (AB in Figure
18A) due to its high-speed and low-distortion specifications, as an isolator of the oscillator
from the instrumentation.

The main electronics involved in the sensor driving is a potentiostat with a transimpedance
amplifier current readout stage topology [16]. It is composed of an operational amplifier to
bias the sensor and an operational amplifier in transimpedance configuration as a current
readout. The operational amplifier in the potentiostat (OA, AT in Figure 18A) is the AD8066
from Analog Devices (Norwood, MA, USA), which is perfectly designed for singly driving the
electrodes and track the voltage-biasing signal (Vyy) to the electrodes. The JFET high input
impedance avoids RE electrode voltage distortion, and the high bandwidth and slew-rate
provides stability to the system. The transimpedance amplifier converts the current through
the electrodes into a voltage signal (Voyr) by means of a sensing resistor (Rggyge in Figure
18A). The AD8066 have a JFET input to attenuate the current losses through the input
impedance, the main drawback of this configuration [16]:
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The RMS-to-DC converter is the AD8436 from Analog Devices (Norwood, MA, USA) that
provides a DC equivalent (Vyys) of the transimpedance amplifier AC signal (Voyr). It is a low
power consumption device with a ZFET input buffer for electronic isolation from the instru-
mentation stage. Considering the biasing voltage (Vi) and the sensing resistor (Rgpnsg) Stable
and well known, the variations of DC voltage Vy are only related to the variations of Zg, .
The device output voltage (Viyg) is inverse compared to the HCT values on the blood sample,
so as the HCT increases, Vg, decreases.

A software interface on an external computer, connected by means of a NI USB-6361 data
acquisition (National Instruments, Dallas, TX, USA), controls an electric switch to enable the
power supply providing the measurement, and presents the resultant data on a user-friendly
user interface (Figure 18D).

However, one of the main advantages of the presented device is the readout stage versatility
which is capable of addressing different applications (Figure 18C), such as an integrated LCD
display for an untrained user self-screening, a remote computer connected by a standardized
protocol (USB, ethernet, Bluetooth, etc.) for telemedicine applications. In addition, the presence
of an electrical signal directly correlated to HCT, and the high level of integration, allows the
device implementation as a controller of other clinical actuators in different environments and
situations, increasing functionalities of other devices and applications.

The overall low-cost and low power consumption system composed of optimized straight-
forward standards for instrumentation electronics results in a reusable, robust, and low power
consumption device (<300 mWh), making it completely mobile with a long battery life time.

4.3. Low-cost PoC anemia detection device validation

4.3.1. Blood samples

Twenty four whole blood samples were obtained in 4 mL tubes containing EDTA (7.2 mg; BD
Vacutainer, Franklin Lakes, NJ, USA), from four random hospitalized patients in Hospital
Clinic. The whole blood samples were centrifuged (Jouan CR412 from DJB Labcare, Newport
Pagnell, UK) at 2200 rpm for 15 minutes to separate blood plasma from RBCs. To obtain 24
blood samples, RBCs were diluted in different volumes of blood plasma using an automatic
pipette Labopette Manual 10-100 uL (Hirschmann Laborgeréte, Louisville, KY, USA). Blood
plasma was used as a reference value. We performed a CBC of the 24 blood samples with an
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ABX Micros 60 hematology analyzer (Horiba, Kyoto, Japan) which reported the hemoglobin
and HCT results as g/dL and percentage (%), respectively.

4.3.2. PoC device validation

To validate the PoC device for instantaneous detection of anemia, we analyzed 24 consecutive
blood samples from patients hospitalized at Hospital Clinic in Barcelona. We tested all samples
with the prototype within 2 hours of blood collection and CBC. Every whole blood sample
was tested five times consecutively using fresh sensors and fresh sub-samples. Figure 19
depicts the output DC voltage (Vgys) of the device and compares it with the different whole
blood samples HCT.
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Figure 19. Measured output DC voltage (Vyys (mV)) mean value (n =5) as a function of blood samples HCT (HCT (%)).

The proposed anemia detector device presented a correlation coefficient of —0.96, an accuracy
error of 2.83% HCT, and a coefficient of determination of 92.72%. The mean coefficient of
variation is 2.57% without any particular case above 5%. This result represents a great
performance and accuracy, according to the acceptable standards in quality control procedures
in clinical hematology [50]. The device presents reliable, sensitive, and robust anemia detection
compared with other commercial PoC devices, such as AnemiaCheck from Express Diagnos-
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tics (Blue Earth, MN, USA), STAT-Site from Stanbio Laboratory (Boerne, TX, USA), or
HemoPoint H2 from Alere (Waltham, MA, USA).

5. Conclusions

The PoC device outputs instantaneous reliable results based on electric voltage data directly
correlated to HCT. The system has further versatility in terms of applications, compared with
other commercial devices, due to the stable DC voltage output. It is an interesting tool as a PoC
HCT detector for non-skilled users, a monitoring device for telemedicine patient monitoring,
and can be used as a controller of other clinical actuators on more complex lab-on-a-chip
devices. Furthermore, one of the most important features of an impedance-based device is that,
unlike actual clinical equipment for blood analysis, RBCs are not destroyed in the measure-
ment process, mitigating the adverse effects for patients and samples. Actual commercial
devices for PoC anemia detection, based on microfluidic manipulator devices, such as
AnemiaCheck from Express Diagnostics (Blue Earth, MN, USA), STAT-Site from Stanbio
Laboratory (Boerne, TX, USA), or HemoPoint H2 from Alere (Waltham, MA, USA), rely on
slower hemoglobin measurement for a subsequent HCT indirect calculation, with results open
to ambiguous readout stages optically interpreted, and decrease functionalities and versatility,
with a similar detection performance compared to the proposed PoC device (Table 3).

In summary, this chapter describes the design, development, and test of a PoC anemia
detection device with low-cost disposable sensors and specific electronics, highlighting the
different advantages and drawbacks of PoC electronic devices for biomedical applications.

X X Range (HCT (%) Standard Deviation =~ Coefficient Variation

Device Test Time (sec.)
and Hb (g/dL)) (%) (%)

Presented device. Instantaneous HCT: 0%-100% 2.83% 2.57%
STAT-Site (Stanbio
Laboratory, Boerne, 900 HCT: 12%-42% 0.74% 4.10%
Texas).
HemoPoint H2 System
(Alere, Waltham, 120 Hb: 5.6 g/dL-20.6 g/dL NA 4.20%
Massachusetts).
Anemia Check

. ) Hb: 0 g/dL-25.6 g/dL
(Express Diagnostics, 60 NA 1.5%
HCT: 36%-54%
Blue Earth, Minnesota).

Hb: <9 g/dL-"/>12
Tybursky et al. [52] 60 NA NA
g/dL

Table 3. Comparison of Point-of-care devices for HCT and Hb detection.
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Abstract

Analysis of many biochemical processes is of great significance for clinical, biological,
food, environmental as well as bioterror applications. But, exchanging of the
biochemical information to kind of electronic signal is a defiance due to connecting
an electronic tool directly to a biological surrounding. Electrochemical detection
instrument due to its advantageous to analyze the subject of a biological sample has

a great potential in conversion of a biochemical occurrence to an electronic signal.

In this chapter we presented the advancements made in the field of electrochemical
biosensors targeted at medical field as well as optical elements used in modern
biosensors. This material encompasses the technology, performance and commerci-
alization of this brood of sensors. We have focused on the future development
perspectives of this class of sensors, based on the experience gathered by different
groups researching this field.

Keywords: biosensors, electrochemistry, optical biosensors, medical applications,
nucleic acids, lactate, optical fiber

1. Introduction

Electrochemical detection instrument due to its advantageous to analyze the subject of a
biological sample has a great potential in conversion of a biochemical occurrence to an
electronic signal [1]. Due to its advances reported earlier [2] they are great alternative for other
analytical detection methods used elsewhere, Fig. 1. The connection among quick, sensitive,

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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selective, precise, miniaturizable and inexpensive electrochemistry-based biosensing [3-5] and
areas as genetics, proteomics, biochemistry, and molecular biology, conduct to the develop-
ment of electrochemical sensing tools of unique selectivity and sensitivity for a mass of the
samples being tested on this truck.

As was reported earlier by Almeida et al. [6], since Clark glucose sensor [7], this system was
improved highly [6-9], and novel sensing systems for detection i.e. urea [10], creatinine [11],
cholesterol [12], insulin [13], cancer cells [14] were developed. Electrochemical biosensors were
also found for determination of microorganisms as Escherichia coli [15] or Salmonella typhimu-
rium [16].

Furthermore, the optical fiber as biosensor part is suitable for rough and unsafe surround-
ings, because of their notably potent, flexible and persistent arrangements. This is non-
electrical; consequently, it may be utilized in varied disrepair electric current adoptions.
Optical fibers are usually applied since upstanding quality and the base price for sensing
appliances. Especially, the major impressive features of optical fibers may allow transmis-
sion of multiple signals synchronously. Due to the fact, it may receive variety capacities for
detecting of analyte [17].

BIOSENSOR

Clinical Non-Clinical
I
I 1 1 | | 1
In vivo In vitro Single analysis Reactive monitoring Bioagent detection

Long-term implantable
Single-shot
i.e. artificial organs

Short-term invasive Multi-analysis

Figure 1. Various applications of biosensors

2. Electrochemical detection in clinical analysis-overview

Electrochemical parameters do not present direct correlations with biological data. However,
there are several factors that influence the action mechanisms of drugs, such as stereochemis-
try, diffusion, solubility, membrane permeability, bioavailability and others, and these
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parameters can be related to electrochemical reactions. Electron transfer plays an important
role in describing the action mechanisms of many drugs, such as alkylating agents. Other
metabolic pathways that involve electron transfer and redox processes include the generation
of reactive oxygen species and free radicals and the metabolism of xenobiotics [6,18]. After a
brief search of the literature, several biological studies that include electrochemical mecha-
nisms were found. Moreover, it is important to consider the type of the appropriate electro-
chemical technique that has to be developed to achieve the measurements and the associated
parameters.

Among the four common electrochemical techniques, amperometry, pulsed chronoamper-
ometry, differential normal pulse amperometry and differential normal pulse voltamperom-
etry, only the sampled and/or differential techniques permit to determine the analytical signals
independent of background and capacitive components [19]. For example, the differential
normal pulse amperometry guarantees a stability to the sensor system since this further is
polarised at the measurement potential of NO.

The determination of nitric oxide is valid for direct examination of its regulatory roles in
biochemical systems. NO assists in the control of crucial cell activities as proliferation or
apoptosis. Its unsuitable metabolism can lead to the varied pathologies, as cardiovascular
dysfunctions.

One of the NO detection systems was developed by Brunet et al. [19]. The system concerns an
appropriate analysis of interfering compounds (hydrogen peroxide, ONOO:;, ascorbate) that
should be done to evaluate the specificity of the electrochemical sensing of NO in solution.
Measuring setup is designed of a nickel porphyrin and Nafion®-coated carbon microfiber.
Ames and Kovacic [20] suggested that anti-ulcer agent, as omeprazole could inhibit the H*/K
* ATPase from an electron transfer process at the binding site. The electrochemical techniques
used in the experiments were cyclic voltammetry and normal pulse polarography.

Liang et al. proposed an electrochemical sensor fabricated by imprinting D- and L-tyrosine on
polypyrrole at the surface of Ni electrode [21]. The enantioselectivity of the designed system
was determined by coulometry applying positive potential to prompt adsorption of the
objective analyte. The L-tyrosine imprinted polypyrrole layer rendered good selectivity for its
own template and presented only a minimal relation for the tyrosine derivatives, nor-
epinephrine, epinephrine and dopamine.

Winkler et al. designed catechol-modified chitosan redox cycling system to amplify and detect
the electrochemical clozapine signal in undiluted human serum [22]. Clozapine is the anti-
psychotic ratified by the FDA for treatment-resistant schizophrenia [23]. The authors exem-
plify the critical function of the reducing mediator in the redox cycling approach, where
accurate attention has to be paid to the choice of concentration, contributing up to 1.75-fold to
signal reinforcement. The study of electrical potential adoption displays electrophoretic
transfer of clozapine playing a similarly significant role in signal amplification, especially in
diffusion-limited surroundings, accounting for a factor of up to 2.47 [22]. Recently, Keeley et
al. has utilized cyclic voltammetry as well as differential normal pulse voltamperometry in
electrochemical biosensing tool for determination of paracetamol in human serum [24]. The
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electrochemical active layer was designed as pyrolytic carbon films created using non-catalytic
chemical vapour depositionon Si/SiO, wafers. The proposed sensor was selective, stable and
reproducible, with a low detection limit (uM), high sensitivity and broad linear range. Its
accuracy has been verified using human serum and commercially available pharmaceutical
products. The electroanalytical properties of pyrolytic carbon were found to be competitive
with the best available carbon electrodes [24].

Electrochemistry in biosensing/clinical context, as was mentioned earlier [25], has many
profits, which make it an appealing choice for clinical analysis. Most electrochemical methods
have excellent limits of detection and a wide dynamic range. Electroanalytical techniques
require only very small sample volumes, often in the microliter range, coupled with the low
detection limits allowing analysis on even subpicogram amounts of analyte [25]. Moreover,
the selectivity of electrochemical detection in complex samples is excellent because fewer
electroactive interferents are often encountered than spectroscopic interferents.

2.1. Nucleic acid electrochemical biosensors

The rapid detection of nucleic acid sequences (DNA o rRNA) represents a challenging research
of bioanalytical chemistry applied to biosensors. Over the last few years, many works have
been focused on this aim, with applications ranging from environmental monitoring to food
and clinical analysis, developing platforms based on different transduction principles, i.e.
piezoelectric, optical and electrochemical [26].

Present clinical diagnostics and monitoring demands rapid and accurate analyses. Vital
factors complicating these procedures are often cost of analytical proceedings. Moreover, if
it is considered that a qualified personnel is needed for clinical analyses, the natural
necessity for alternative analytical technologies is present. For this purpose, biosensors can
serve as an option for solving problems mentioned before, or become a helpful in a
personalized medicine [27].

Electrochemical biosensors are used to the moment for detection several pathogens (Table 1).
These types of detection are the ones that test with complex samples such as tissue, cell culture
(without the aid of PCR), or food. It should be noted that many studies utilize synthetic
nucleotides [28,29]. Some of the more striking innovations in DNA detection have occurred in
the field of virus detection, especially with respect to probe design. Researchers who examined
sensing of viruses investigate various capture probes that are tagged with redox species [30].

In one approach, polythiolated DNA probe tagged with ferrocene was evaluated [30]. When
the capture probe was not hybridized, the ferrocene molecule on the flexible ssDNA is more
mobile and migrates to the electrode surface. When the target DNA hybridizes with the probe,
a stiff double helix is formed, which significantly decreases the DPV signal due to relatively
immobile ferrocene. Use of peptide nucleic acids (PNA) as capture probes has also been
investigated, as it provides for neutral DNA analogs, which lowers electrostatic repulsion, and
form “triplex” with dsDNA [31]. In the study reported by Aguilar and Fritsch, an electro-
chemical approach targeted 121-mer mRNA of the hsp70 heat shock protein in Cryptosporidium
parvum [28]. A sample of 2.6x 06 oocysts/ml was heat shocked for 10 min to induce transcription
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of hsp70. A capture DNA probe was immobilized onto an aminated Au/SiO, wafer. Then, 500
ul of a 50-pg/ml solution of heat-shocked oocysts was incubated with the functionalized wafer
for 1 h for hybridization to be completed. Subsequently, incubation with a reporter probe
consisting of 42-base ssDNA conjugated to alkaline phosphatase was used. The modified wafer
was rinsed and transferred to a solution containing the substrate for the enzyme, p-amino-
phenyl phosphate (PAPP). Over a 12-h period, alkaline phosphatase generated the electroac-
tive species, p-aminophenyl, which was measured by cyclic voltammetry. The authors
established that there was very limited cross-reactivity with several common pathogens such
as Cryptosporidium parvum, Listeria monocytogenes, Campylobacter lari, E. coli O157:H7, and
Salmonella typhi.

. . Analysis time .
Detection method Target Sample matrix (hours) Detection limit Ref.
ours

Escherichia coli 50 puL sample of
DPV 7 5 cfu/mL [34]
ssDNA separated SSDNA

0.75 amol
Escherichia coli
SWV 1 uL buffer ~1 nucleotide in 1 pL [35]
ssDNA
sample
10 cfu (0.2 amol
Escherichia coli
Potentiometric sensor 4 uL buffer 1 165 rRNA) in 4 uL [32]
rRNA
sample
o “meat juice”
Chronoamperometry Escherichia coli ~7 1 cfu/mL [36]
lysate
. Cryptosporidium 2 ug mRNA (37
Cyclic voltammetry 500 pL lysate 16 [28]
parvum oocysts)/1 mL
Salmonella
Impedance spectroscopy choleraesuis PCR mix ~3 1nM [37]
amplicon
Staphylococcus
DPV ) cell lysate 0.5 1 cfu/pL [38]
saprophyticus DNA
DPV HBV ssDNA 10 uL buffer 3 0.300 pM [39]

Table 1. Electrochemical detection of nucleic acids of pathogens

The limit of detection for Cryptosporidium is poor in comparison to the femtomol and attomol
values in the E. coli experiments. The 2 pg/ml limit of detection was established using a
synthetic target as in all the work summarized in Table 1, with the exception of Wu et al.
[32] where they used bacterial lysate with no PCR. The limits of detection given in Table
1 would be more relevant to food safety and environmental monitoring if they were
extracted from experiments that used actual samples of the pathogens as in Wu et al. [32].
Electrochemical sensors, in combination with PCR techniques, are a powerful approach to



326 Biosensors - Micro and Nanoscale Applications

detecting nucleic acid sequences in batch assays. The cyclic voltammetry and impedimet-
ric assays also provide characterization of adsorbed monolayers. An alternative sensing
approach is to use electromechanical sensors to detect nucleic acids with flow-through
sample analysis, where the sample volume is larger than the 1- to 50 pl volumes report-
ed for the electrochemical sensors [33].

2.2. Electrochemical lactate biosensors

L-Lactate plays a vital role in various biochemical processes. Physiological lactate levels are
related to the status of anaerobic metabolism associated with muscle contraction. Under
normal conditions, healthy persons have lactate concentrations between 0.6 and 2 mM, but
during physical activity the value of this parameter can rise up to 20 or 30 mM. That is the
reason, L-lactate quantification is vital in i.e. sports medicine [40].

Formation of lactate is followed in the wake of growth in H* concentration within the cells;
when the rapidity of lactate production is high enough, the H* buffering ability may be
oversteped, the cellular pH reduces, and the fact may influence on cell acidosis which results
on performance of muscles [41].

Even though glucose is usually assumed to be the main energy source for living tissues, there
are some evidences that it is lactate, and not glucose, that is preferentially metabolized by
neurons in the brain of several mammalian species (i.e. humans) [42], and its monitoring
provides a crucial signal in brain stroke and head trauma [43,44]. There was also also revealed
that lactate is an indicator for sleep periods [45].

The significance of lactate monitoring in medical diagnostics is indicated by the certainty that
blood lactate levels have long been a vital marker of sport as well as clinical states. The facts
display the considerable regard in the development of efficient lactate sensors for diagnostics.

2.2.1. Amperometric lactate biosensors

Amperometric transduction is based on the survey of the current appearing from the electro-
chemical oxidation or reduction of an electroactive species. The resulting current is immedi-
ately correlated to the bulk connection of the electroactive species or its production or
consumption rate within the adjacent biocatalytic layer. Because of the fact, amperometric
sensors alter the concentration of the analyte in their closest vicinity, that is within the diffusion
layer [46]. The simplest amperometric biosensors in common usage involve the Clark oxygen
electrode.

The enzymes commonly utilized in the development of amperometric biosensors for L-lactate
detection are lactate oxidase as well as L-lactate dehydrogenase. In the case of lactate oxidase,
oxygen consumption or hydrogen peroxide formation is verified - H,O, provides a current
proportional to amount of L-lactate. In dehydrogenase-based sensor, the protein catalyzes the
oxidation of lactate to pyruvate in the presence of nicotinamide NAD* and the reduced NADH
is amperometrically determined. As was reviewed by Rassaei et al. [47] cytochrome b2 [48,49]
and lactate monooxygenase [50] have been used in the structure of lactate sensors rarely.
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One of the first amperometric lactate biosensor was presented by Faridnia et al. [51]. An
amperometric hydrogen peroxide-based biosensor has been developed for non-invasive
determination of L-lactate. The biosensor utilizes lactate oxidase immobilized between a
polycarbonate membrane and a polytetrafluoroethylene blocking membrane to effectively
eliminate electrochemical interferences. The response times were found as 2 min and 10 s,
respectively. The biosensor was applied to the analysis of sweat L-lactate content of healthy
subjects during physical exercise [51].

Romero et al. has developed [40] biosensor requires only 0.2 U of lactate oxidase, which is
immobilized in a mucin/albumin hydrogel matrix. By protecting the platinum surface with a
Nafion membrane, typical interference related to negatively charged species such as ascorbic
acid has been minimized to practically undetectable levels. A detection limit was found as 0.8
uUM. The lactate biosensor presents remarkable operational stability and sensitivity (0.537 +
0.007) mA M™. In this regard, the sensor keeps practically the same sensitivity for 5 months.

Because of the fact, the sensors based on L-lactate oxidase involve the electrochemical detection
of enzymatically generated H,O,. The lactate oxidase based sensors invariably suffers from the
interference due to other electroactive compounds such as ascorbate, as the detection of H,O,
requires high overpotential. Moreover, the sensitivity of the sensor depends on the oxygen
concentration [52]. The method to avoid the oxygen depletion [53] is replacement of lactate
oxidase on lactate dehydrogenase, which needs to operate NADH or NADPH.

As was reviewed earlier [47], the character of NAD+/NADH is mediating to shuttle the
electrons between the enzyme and the electrode. Nevertheless, hardship in introducing the
coenzymes into biosensing device as well as its regeneration, which is connected with high
oxidation potential, may frequently cause the need of optimization of collateral parameters.
That is the main reason the L-lactate oxidase is mostly used in design and production of
amperometric L-lactate sensing devices.

But there are still several models of sensing tools based on L-lactate dehydrogenase as
biosensor proposed by Pereira et al. [54]. The amperometric biosensor is based on lactate
dehydrogenase and Meldola's Blue. The measured response was based on the electrocatalytical
properties of Meldola’s Blue to oxidize NADH, which was generated in the enzymatic reaction
of lactate with NAD" under catalytic activity of lactate dehydrogenase. The amperometric
response for lactate using this biosensor showed excellent sensitivity (3.46 pA cm™? mmol L),
operational stability (around 96.5%) and wide linear response range (0.10-10 mmol L™).
Another example of lactate dehydrogenase-based biosensor was reported by Jena and Raj [52].
The setup was developed using L-lactate dehydrogenase and hydroxylamine enlarged gold
nanoparticles (GNPs). Lactate dehydrogenase and GNPs have been integrated with the sol-
gel 3-D silicate network derived from 3-(mercaptopropyl)trimethoxysilane. The biosensing of
L-lactate is based on the electrocatalytic determination of enzymatically generated NADH by
GNPs of the integrated assembly.

As was reported earlier by Rassaei et al. [47] in the design and construction of amperometric
lactate biosensor the most attention has centered on electrode, technologies of protein immo-
bilization, coenzymes, mediators, the lifetime and biocatalyst stability.
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According to IUPAC definition, the sensor sensitivity and selectivity may be improved by
using of mediators. Fulz and Durst [55], as well as Nikolaus and Strehlitz [46] reported that
the irreversible electrochemical characteristic of several biological species is due to slow
heterogeneous electron transport at electrode. This keeps to a sever electrode fouling by
adsorption of the bioelement on the electrode or insulation of the active protein center by the
surrounding proteins. To avoid these problems the mediators (electroactive agents which
operate as an electron shuttle) are utilized. Mediators may also extend the slow rate of electron
transfer and reduce the overpotential [46]. In L-lactate detection is suggested to use the
polymeric FAD as environment-friendly mediator [56].

As was mentioned earlier by Rassaei et al. [47], enzymes used in lactate biosensor technology
may be stabilized on the electrode by a number of different strategies, such as cross-linking
[57], entrapment in conductive or nonconductive polymers [58], confinement in a sol-gel [59,
60] or hydrogel [61] matrix, immobilization with another biological component, such as bovine
serum albumin [62], or covalent attachment of the enzyme to the electrode [63]. Since the
biosensor technologies have emerged, the researches permanently work on the stability,
activity as well as efficiency of used enzymes [64].

2.3. Electrochemical biosensors in pharmaceutical assay

Taking into account the fact, that the pharmacological methods are often time-consuming and
not cheap, biosensing tools have appeared an entertaining option. Many investigations have
been conducted in consideration of the optimization of immobilization procedures as well as
the obtaining of the analytical rate. Modern biomimetic identifying setups have been investi-
gated [65]. Moreover, redox properties of drugs can provide insight into metabolic fate, into
their in vivo redox processes, and their pharmacological effect.

The analytical policy adapted in the expansion of biosensing tools extend from the identifica-
tion of a signal created by the straight interaction amongst the analyte and the recognizing
factor, or indirectly, engaging mediating elements and coupling processes.

The magnitude of biosensors depend on biocatalytic reactions, therewith the essence of the
species in the biochemical process, as the molecular features of the analyte, establish the finest
group of transducer to be applied [66].

Transport of electron between the enzyme and the electrode surface can arrive by three
pathways, qualifying the kind of amperometric tools used, which may be sorted into three
classes:

1. The 1* class of electrodes are dependent on the redox proceeding of cofactors (S-NAD(P)
+).

2. The 2" class has included the employment of electron mediators due to reduce potential
and rationalize electron transport and sensitivity.

3. The 3™ class of electrodes - the electron transport takes place fairly amongst the active
center of protein and electrode [67].
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Towards drug specifics inclosing hydrolysable and unstable clusters and/or when proton
release is observed, the employment of ion-selective electrodes or potentiometric biosensing
tools is the most routinely used variant [68].

Amongst the favorable points of view affected the future of biosensors is the employment of
biomimetic systems, which link updated chemical stability with almost identical activity of
the particular enzyme [66, 69].

2.3.1. Antiviral drugs

Drug analysis has a large influence on social health. Many analytical techniques have been
investigated for the quantitative determination of drugs in both pharmaceutical and biological
samples. Even though e.g. chromatographic methods are sensitive and selective, they are
tedious and time consuming due to the requisite pretreatment of samples and optimization of
chromatogram conditions. Electrochemical methods have been utilized for the determination
of wide range of drug compounds, repeatedly without derivatization [70].

Substituted purines represent an important category of compounds actively studied as
potential therapeutics against viral infection. Acyclovir is the most commonly utilized
nucleoside analog antiviral drug. It is mainly used for the treatment herpes simplex as well as
herpes zoster infections. But also may be used for treatment of primary genital herpes or
herpetic encephalitis, it is effective in preventing HSV (human herpes virus) infections. This
drug provides significant therapeutic benefits in the treatment of viral diseases, and no serious
side effects associated with its use have been reported [71]. Based on above description the
quantitative determination of ACV become very important and has been widely studied.
Several analytical methods have been proposed for individual measurement of acyclovir by
fluorometric, high-performance liquid chromatography (HPLC), radioimmunoassay, spec-
trophotometric methods, GCV by HPLC and PCV by fluorometric [72].

Recently, Heli et al. [70] has reported the electrochemical assay for acyclovir determination by
electrocatalytic oxidation of acyclovir on copper nanopartciles-modified carbon paste elec-
trode. Due to investigate simple and time-saving method for the analysis of acyclovir in pure
form as well as pharmaceutical formulations, amperometry method was used. Also electro-
chemical technique coupled with carbon nanotube (CNT) modified electrodes, as was
presented by Shah et al. [72] as comfortable and cost-effective. Another example of acyclovir
electrochemical analysis was shown by Shetti et al. [73]. The oxidation of acyclovir was
investigated at fullerene-Cy-modified glassy carbon by cyclic and differential pulse voltam-
metry. The authors have shown that no reduction peak was observed in the reverse scan,
suggesting that the electrochemical reaction was a totally irreversible process. They have
assumed also that the oxidation process is located on the guanine moiety in the molecule. It
can be concluded that the electrochemical oxidation of acyclovir involves two electron and two
proton transfer process to the formation of 8-oxoacyclovir, which is analogous to the initial
oxidation product of guanine [73].
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2.3.2. Neurotransmitters drugs

The useful in electrochemistry procedures are particularly advantageous in the survey of
neurotransmitters and neuronal medicines, not only according to a quality verification, but
also for physiological aims. Voltammetry paired to microelectrodes altered with medicine or
neurotransmitter receptors are a subservient tool for rating the physiopathological process,
clarifying their pharmacological effect, as well as for the extension of novel drugs [74].

Catecholamines

As was reported earlier by de Souza Gil and Rodrigues de Melo, catecholamines apply a great
deal of duties at the central as well as autonomous nervous systems [66]. They possess an
oxidized catecholic grouping which can be catalyzed by a numerous of oxidases.

The utilization of vegetal material as an origin of oxidases for biosensor destinations images
a favorable choice for the quantification of this group of compounds [66, 75-77].

The enzymatic protein - polyphenoloxidase, inherent in coconut fiber material [78], apple
tissue [79], avocado pulp [76], zucchini [66], and a lot of sorts of palms [75] have been utilized
as source of biocatalysts for biological sensor design concentrating on the assay of particles
including catecholic and phenolic groups. Biosensors including palm fruit (Livistona chinen-
sis) have been utilized for the test of epinephrine in pharmaceutical formulations when
concentration is ranging between 0.05 - 0.35mM. In parallel to classical procedures, the effects
rendered significant notability (3.1%) and repeatability [80]. Another palm material-based
biosensing tools for catecholamine detection contain the coconut biosensor [81] and the
guariroba (Syagrus oleracea) biosensor [75].

A biosensor enclosing 25% (p/p) polyphenoloxidase isolated from banana (Annona muricata
L.), 30% (p/p) graphite, 30% (p/p) silicone oil, and 15% (p/p) of 7,7,8,8-tetracyanoquinodime-
thane (TCNQ) linked to flow injection systems (FIA) was efficiently employed for the analysis
of dopamine in various pharmaceutical species [81].

Benzodiazepines

Benzodiazepines are central nervous system inhibitors, usually utilized for anxiety curing.
Since the curing triumph of this group of medicines depends on the support of accurate serum
levels, a lot of occurrence can take place regarding to the intake of benzodiazepines. Due to
typical antipsychotics, they are not net dopaminergic antagonists but possess other receiver
antagonistic activities (e.g. acting on serotonin and/or adrenergic receivers); these specific
advantages make them convenient in a wide confine of psychotic diseases (mania, schizo-
phrenia and delirium) with a decreased risk of inducing extrapyramidal effects and acting on
negative symptoms of schizophrenia (alogia, anhedonia and avolition) [82].

Thereby, the invention of procedures for benzodiazepines determination is significant in a lot
of areas, i.e. quality control, clinical diagnostics and forensic investigations [66].

Aswas reviewed before [66], reports representing the electrochemical character of temazepam,
oxazepam and diazepam on carbon paste electrodes were developed by cyclic and pulse
differential voltammetry. For determination of olanzapine (2-methyl-4-(4-methyl-1-pipera-
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zinyl)-10H-thieno[2,3-b][1,5]benzodiazepine) Brunton et al. used modified carbon glass
electrode with multiwalled nanotubes and layer of TiO,. The optimal pH for temazepam and
oxazepam was found ranging from 3.0 to 5.0, in case of olanzapine it was found as 5.0 as well
as no influences of various foreign species on the determination of olanzapine were investi-
gated by square wave voltammetry [82]. On the other hand, Liu et al. reported the combination
of electrochemistry and mass spectrometry (nanospray desorption electrospray ionization) as
a powerful analytical tool for identification of benzodiazepines [83]. The advantage of the
system was found as high sensitivity and the capability of analyzing small volumes of
electrolyzed solution. This capability is crucial in analyzing trace amounts of biological
samples.

3. Optical sensors

Recently, the optical biosensing devices had been developed rapidly and have been utilized
in a numerous of significant fields enclosing food safety, security, environmental monitoring
and clinical analysis [47,84]. In clinical analysis, the optical sensor has been used in both regular
clinical diagnostic and for clinical research adoptions [85]. The word optrode is a fusion of the
optical and electrode. It is used to qualify opt